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Protein tyrosine kinase Pyk2 is activated by a variety of G-protein-coupled receptors and by extracellular
signals that elevate intracellular Ca*>* concentration. We have identified a new Pyk2 binding protein desig-
nated Pap. Pap is a multidomain protein composed of an N-terminal «-helical region with a coiled-coil motif,
followed by a pleckstrin homology domain, an Arf-GAP domain, an ankyrin homology region, a proline-rich
region, and a C-terminal SH3 domain. We demonstrate that Pap forms a stable complex with Pyk2 and that
activation of Pyk2 leads to tyrosine phosphorylation of Pap in living cells. Inmunofluorescence experiments
demonstrate that Pap is localized in the Golgi apparatus and at the plasma membrane, where it is colocalized
with Pyk2. In addition, in vitro recombinant Pap exhibits strong GTPase-activating protein (GAP) activity
towards the small GTPases Arfl and Arf5 and weak activity towards Arf6. Addition of recombinant Pap protein
to Golgi preparations prevented Arf-dependent generation of post-Golgi vesicles in vitro. Moreover, overex-
pression of Pap in cultured cells reduced the constitutive secretion of a marker protein. We propose that Pap
functions as a GAP for Arf and that Pyk2 may be involved in regulation of vesicular transport through its

interaction with Pap.

Protein tyrosine kinases can be divided into receptor and
nonreceptor classes by virtue of whether they possess or lack
extracellular ligand-binding and transmembrane domains (57).
On the basis of sequence similarity in the catalytic kinase
domain and the presence of common structural motifs, numer-
ous families of nonreceptor tyrosine kinases have been defined
(45). Nonreceptor tyrosine kinases may be recruited to the
plasma membrane, where they mediate cellular signaling by
cell surface receptors lacking intrinsic protein tyrosine kinase
activities. For instance, members of the Src family of protein
tyrosine kinases are activated in response to stimulation of
growth factor receptors, different G-protein-coupled receptors,
and many other extracellular stimuli (63). Focal adhesion ki-
nase (FAK) on the other hand plays a central role in integrin-
mediated signaling (56).

FAK and Pyk2 (proline-rich tyrosine kinase 2 [also known as
RAFTK, CAKB, and CADTK]) comprise one family of PTKs
(56). Pyk2 and FAK exhibit approximately 45% amino acid
identity and similar domain structure: a unique N terminus, a
centrally located protein tyrosine kinase domain, and two pro-
line-rich regions at the C terminus. Pyk2 can be activated by a
variety of extracellular signals that elevate intracellular calcium
concentration (37). In addition, treatments with phorbol esters
or agonists of G-protein-coupled receptors lead to Pyk2 ty-
rosine phosphorylation (17, 37, 40). Moreover, Pyk2, like FAK,
can be regulated by the activation of integrin receptors (4, 38).
However, Pyk2 is not localized in focal contacts but rather
concentrated in the perinuclear region of cells. The major
autophosphorylation site of Pyk2 at tyrosine 402 functions as a
docking site for the SH2 domain of Src. It has been shown that,
together with Src, Pyk2 functions as a link between heterotri-
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meric G-protein-coupled receptors and the mitogen-activated
protein (MAP) kinase signaling pathway (17).

There is evidence indicating that nonreceptor protein ty-
rosine kinases may be involved in the regulation of some as-
pects of membrane trafficking, such as secretory vesicle forma-
tion from the trans-Golgi network in endocrine cells (5). Src
family kinases have been found associated with coated-mem-
brane regions in platelets (62), while Src itself copurified with
synaptic vesicles in PC12 cells (41). It was shown that Src
associates with and phosphorylates several proteins involved in
membrane trafficking, such as the neuronal synaptic vesicle-
associated proteins synapsin I, synaptophysin, and synapto-
gyrin (6, 22, 32).

Vesicular traffic is controlled by different regulatory pro-
teins, including Ras-like GTPases (54), heterotrimeric G pro-
teins (8, 18), phosphatidyl inositol (PI) transfer proteins (46),
PI-3 kinases (16), phospholipase D (PLD) (19), Ca** influx
(26), as well as by protein kinase C (10, 59). Substantial evi-
dence indicates that heterotrimeric G proteins may control
vesicular transport through the Golgi apparatus by regulating
the activity of the small GTP-binding protein Arf (ADP-ribo-
sylation factor) that controls vesicle formation (8).

Arfs were first isolated as cytosolic cofactors required for
cholera toxin-dependent ADP ribosylation of the G, in an in
vitro assay (33). This property, and its ability to rescue the
lethal double arfl-arf2 deletion in the yeast Saccharomyces
cerevisiae, distinguish Arfs from structurally similar Arf-like
proteins (34). Six Arf family members have been so far iden-
tified. Arfl, the best characterized of the mammalian Arfs,
functions in the recruitment of coat proteins to membranes of
the Golgi apparatus either directly or through the activation of
PLD (18, 55). It was shown that disruption of the Golgi com-
plex by the fungal metabolite brefeldin A is due to the inhibi-
tion of GDP-to-GTP exchange on Arfl (29). Arfl has been
also implicated in endoplasmic reticulum (ER)-to-Golgi trans-
port, endosome function, and synaptic-vesicle formation (18,
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20). Recent experiments provide evidence that Arfl may phys-
ically associate with G-protein-coupled receptors at the plasma
membrane and enhance activation of PLD (44). Arf6 is local-
ized to the plasma membrane (11), where it appears to mod-
ulate both assembly of actin cytoskeleton and endocytosis (15,
48). The sites of action of other Arf family members are cur-
rently unknown.

Arfs are distinct from other small GTPases in their GTP-
dependent binding to membranes and in the absence of intrin-
sic GTPase activity. The completion of the GTPase cycle,
therefore, requires interaction with guanine-nucleotide ex-
change factors (GEFs) and GTPase-activating proteins (GAPs).
Three Arf GEFs have been characterized, (12, 36, 43), but their
substrate specificity in vivo remains to be determined (23). Sev-
eral Arf GAP activities from yeast cells (47), bovine brain (51),
and rat liver (42, 50) have been detected. Acidic lipids and
PtdIns(4,5)P, were found to be necessary cofactors for stimula-
tion of GTP hydrolysis by certain Arf GAPs (35, 49). Recently, a
GAP protein for Arfl was identified (14). Arfl-GAP protein
contains a zinc finger sequence of approximately 120 amino acids
termed Arf GAP domain. This part of Arfl GAP exhibits a high
degree of similarity to the S. cerevisiae family of “zinc finger”
proteins. One of them, GCS1, mediates the transition from sta-
tionary phase to cell proliferation (30) and has been shown to
function as yeast Arf GAP in vitro and in vivo (47). It remains
uncertain whether GAPs drive the GTPase cycle of Arfs auton-
omously or whether their GAP activity can be regulated by other
proteins as well as by extracellular signals.

In this report we describe the cloning and characterization of
a novel protein that specifically binds to Pyk2 and is designated
Pap (Pyk2 C terminus-associated protein). Analysis of the pri-
mary structure of Pap revealed an N-terminal a-helical region
with coiled-coil motif, a pleckstrin homology (PH) domain, a
zinc finger containing Arf GAP domain, an ankyrin homology
region, a proline-rich region, and an SH3 domain. We dem-
onstrate an association between Pap and Pyk2, both in vitro
and in vivo, and show that endogenous Pap is phosphorylated
on tyrosine residues in response to phorbol ester stimulation.
Activation of Pyk2 leads to tyrosine phosphorylation of Pap
but the closely related kinase FAK does not phosphorylate
Pap. Immunofluorescence analysis of Pap reveals localization
in the plasma membrane, in the cytoplasm, and in the Golgi
compartment. The addition of recombinant Pap strongly acti-
vates GTP hydrolysis on Arf in vitro and inhibits Arf-depen-
dent generation of post-Golgi vesicles. Moreover, while over-
expressed in 293 cells, Pap downregulates constitutive secretion of
a marker protein (SEAP). We propose that Pap functions as an
Arf GAP protein in vivo and that, when recruited to Golgi
membranes, it can control Arf-mediated vesicle budding. In
addition, Pap functions as a substrate and downstream target
for the protein tyrosine kinases Pyk2 and Src. We propose that
through their interaction with Pap, these two protein tyrosine
kinases may be involved in the regulation of some aspects of
vesicular transport.

MATERIALS AND METHODS

SRS. The Sos recruitment system (SRS) for detecting protein-protein inter-
actions has been described elsewhere (2, 3). Temperature-sensitive S. cerevisiae
cdc25-2, pADNS-h5'Sos constructs and a galactose-inducible expression library
of rat pituitary cDNA fused to the Src myristylation signal were obtained from A.
Aronheim, Haifa, Israel. Full-length Pyk2 was subcloned into pADNS expression
vector in frame with h5'Sos. Lysates of S. cerevisiae cdc25-2 transfected with
PADNS-h5'SOS-Pyk2 were subjected to immunoprecipitation with anti-Pyk2
antibodies followed by blotting with anti-Pyk2 or anti-Sos antibodies to verify the
expression of h5’Sos-Pyk2 fusion protein.

Approximately 4 X 10° cdc25-2 transformants containing library plasmids and
the h5'Sos-Pyk2 “bait” were grown at room temperature, replica plated onto
galactose plates, and incubated at 37°C. Library plasmids (pYES2 expression
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vector) were isolated from clones that exhibited galactose-dependent growth at
37°C and retransformed into strain cdc25-2 cells with pADNS vector expressing
either h5’Sos-Pyk2, nonrelevant bait (h5’SOS-FAK), or h5’Sos alone. Clones
which suppressed the cdc25-2 phenotype only in the presence of h5’Sos-Pyk2
were considered positive and further analyzed. Conventional yeast manipulation
protocols were used. Yeast transfection was done as described previously (25).
Media composition and replica plating were as previously described (3).

Northern blot analysis. Human multiple tissues for Northern blotting (Clon-
tech) were hybridized under high-stringency conditions with a 3*P-labeled cDNA
fragment of Papa corresponding to amino acids 281 to 691 as a probe according
to the manufacturer’s instructions; this was followed by autoradiography.

Plasmids, subcloning, isolation of Pap ¢cDNA, and sequence analysis. The
clone obtained in the screen of rat pituitary cDNA library contained the C-
terminal region of Pap protein and the 3’ region of the Pap gene. To identify the
5" end of the gene, mouse brain lambda cDNA library (Stratagene) was screened
with 32P-labeled probe corresponding to the Pap C terminus (639 bp) according
to standard procedures. Positive clones were plaque purified, and excised cDNAs
were sequenced in both directions from internal and external primers by using an
automated sequencer (Applied Biosystems). Clone KIAA0400 containing Papa
was kindly provided by P. A. Nagaso, Kisarazu, Japan. Genetics Computer
Group sequence analysis software (University of Wisconsin, Madison, Wis.) was
used to analyze DNA and amino acid sequences. The PH domain was identified
by comparison with the PH domain database (31).

For mammalian expression, cDNAs encoding Papa and Pap were subcloned
into pRK5 expression vector (39). A myc tag was fused in frame to the C-
terminal end of Papa. pRKS vectors containing FAK, hemagglutinin (HA)-
tagged Pyk2, and HA-tagged PKM were as previously described (37). To gen-
erate PC12 cells stably expressing PapP, cDNA of PapB was subcloned into
PLXSN retrovirus by using PCR.

For glutathione S-transferase (GST)-PAP fusion protein, the C-terminal part
of Pap encoding the proline-rich region and SH3 domain was amplified by PCR,
subcloned into pGEX-2T vector (Pharmacia Biotech, Inc.) in frame with GST,
expressed in Escherichia coli, and purified by affinity chromatography on gluta-
thione-Sepharose beads as previously described (61).

For Arf GAP assay, the region of Papp containing the PH domain, the Arf
GAP domain, and ankyrin homology region (amino acids 111 to 522) was am-
plified by PCR and subcloned into bacterial expression vector pET22b(+) (No-
vagen) in frame with a His tag sequence. The protein product was expressed in
bacteria and purified by sequential chromatography on Hiload Q and nickel-
chelating columns (Pharmacia Biotech, Inc.).

Cell lines and transient and stable transfections. Human kidney (293), mon-
key kidney (COS-7), and human epithelial (HeLa) cells were grown in Dulbecco
modified Eagle medium (DMEM; Cellgro) supplemented with 10% fetal bovine
serum (Life Technologies, Inc.). Rat pheochromocytoma (PC12) cells were
grown in DMEM with 10% fetal bovine serum and 10% horse serum. PC12 cells
were starved in growth medium without serum for 24 h before stimulation with
phorbol myristate acetate (PMA; 2 uM) for 10 min or with the mixture of H,O,
and NaVOj; (1 mM) for 20 min. Nearly confluent 293 cells were transfected by
using the calcium precipitation method (13) with 1 pg of DNA per well of
six-well plates, or as indicated. Stably transfected PC12 cells expressing Papf
were generated by using the PLXSN retroviral expression vector essentially as
described previously (28). The expression level of PapB was determined by
immunoblotting the PC12 cell lysates after selection.

Antibodies, immunoprecipitation, and immunoblotting. Antibodies against
Pap were raised in rabbits immunized with keyhole limpet hemocyanin-conju-
gated synthetic peptide corresponding to amino acids 612 to 623 (PapB) or with
GST-PAP fusion protein (see above). Antibodies against FAK were obtained
from Transduction Laboratories. Antibodies against Pyk2 were as previously
described (17). Anti-Pyk2 antibodies recognized Pyk2 and PKM but did not
recognize FAK or Pap. Polyclonal anti-phosphotyrosine antibodies were as pre-
viously described (7). The anti-mannosidase IT and anti-B-Cop polyclonal anti-
bodies were a kind gift from Marilyn Farquhar (San Diego, Calif.) and Kelley
Moremen (Atlanta, Ga.). Rabbit polyclonal anti-Sos and anti-Src antibodies,
anti-HA tag, anti-myc tag, and anti-GST monoclonal antibodies were from Santa
Cruz Biotechnology, Inc.

For immunoprecipitation and immunoblotting analysis, the cells were washed
with ice-cold phosphate-buffered saline (PBS) and lysed in 50 mM HEPES (pH
7.2), 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM sodium
orthovanadate, 40 mM B-gycerophosphate, 10 mM sodium pyrophosphate, 1
mM phenylmethyl sulfonyl fluoride (PMSF), 10 pg of leupeptin per ml, and 10
pg of aprotinin per ml (lysis buffer). Cell extracts were precleared by centri-
fugation and subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (total lysate) or incubated with antibodies cross-linked to
protein A-Sepharose beads in a nutator at 4°C for 3 h or overnight. Immuno-
complexes were washed in lysis buffer and analyzed as described earlier (24).

For Far Western blot, total cell lysates and immunoprecipitates from trans-
fected 293 cells were separated by SDS-PAGE and transferred to nitrocellulose
by conventional techniques. Filters were blocked overnight with TBS buffer
containing 5% bovine serum albumin at 4°C and incubated with the mixture of
GST-PAP fusion protein (3 pg/ml) and anti-GST monoclonal antibodies (1:
1,000) overnight at 4°C. Filters were then processed as regular immunoblots.

Mouse brain homogenate (20% [wt/vol]) was prepared by rapidly excising the



2340

A

ANDREEV ET AL.

Coiled coil

PAPo 5’

PAPB

©
=

161

69

321

149

229

481

309

561

384

641

721

549

801

623

664

961

~
w
©

'@Q'@Q'@Q@Q@Q'@Q@Q'@Q'@Q'@Q'@QQQ

PH  Arf GAP

Ank  Pro rich SH3

s —F

MPDQISVSEF VAETHEDYKA PTASSFTTRT AQCRNTVAAI EEALDVDRMV

KFGGNCVCRD DPDLGSAFLK FSVFTKELTA LFKNLIQNMN NIISFPLDSL

EKEKKEHAKL, HGMIRTEISG AEIAEEMEKE RRFFQLOMCE YLLKVNEIKI

T

ik

............. MIRTEISG AEIAEEMEKE RRFFQLQMCE YLLKVNEIKV

AR

LKP&'LST DLHTTKQAQD EERRQLIQLR |DILKSALQVE QKEDSQIRQS

T

A

LKPRIETLST DLHTIKQAQD EERRQLIQLR/DILKSALQVE QKEDSQLRQS

KVWQKRKCSV KNGFLTISHG TANRPPAKLN LLTCQVKTNP EEKKCFDLIS

CELTEEE TEEEETEE TEEE

T

T

KVWQKRKCSV KNGFLTISHG TANRPPAKLN LITCQVKTNP EEKKCFDLIS

LYKMKKSVKA INSSGLAHVE NEEQYTQALE
LKGDLKGVKG DLKKPFDKAW KDYETKITKI

KKGVDLLQNL IKYFHAQCNF FQDGLKAVES

CECLTEETE TEEEEE FEE L

KKGVDLLQNL IKYFHAQCNF FQDGLKAVES

TAYSLHQPQG NKEHGTERNG SLYKKSDGIR

R

TAYSLHQPQG NKEHGTERNG NLYKKSDGIR

HDRTYHFQAE DEQECQTWMS VLQNSKEEAL
CECEEETE TUEETTET FEE T
HDRTYHFQAE DEQECQIWMS VIQNSKEEAL

NNAFKGDDNT G!

R e

NNAFKGDDNT G

VQELT KEIISEVORM TGNDVCCDCG APDPTWLSTN

LT

QELT KEIISEVQRM TGNDVCCDCG APDPTWLSTN

T

LGILTCIECS GIHRELGVHY SRMQSLTLDV

CELEEEE DL T

LGILTCIECS GIHRELGVHY SRMQSLTLDV

LGTSELLLAK NIGNAGFNEI MECCLPAEDS VKPNPGSDMN ARKDYITAKY

CECLEETE TEEEETEEE TET 1

T

LT

LGTSELLLAK NIGNAGFNEI MECCLPSEDP VKPNPGSDMI ARKDYITAKY

TIERRYARKKH ADNAAKLHSL CEAVKTRDIF

AT T T T

MERRYARKKH ADTAAKLHSL CEAVKTRDIF

GLLQAYADGV DLTEKIPLAN GHEPDETALH LAVRSVDRTS LHIVDFLVON

EEEEEEE TEPEET R TEET LT

T

GLLQAYADGV DLTEKIPLAN GHEPDETALH LAVRSVDRTS

T

LRGKASTETA NESGETPLDI AKRLKHEHCE ELLTQALSGR FNSHVHVEYE

CELTLEE T T TE R T

T

LRGKASTETA NESGETPLDI AKRLKHEHCE ELLTQALSGR FNSHVHVEYE

ISFYQLGSNQ LQSNAVSLAR DAANLAKEKQ RAFMPSILON ETYGALLSGS

s

NNIRRIRR IR

=11

VSFYQLGSSQ FQSNAVSLAR DTANLTKDKQ RGFGPSILQN ETYGAILSGS

SGNLDKQTGK GSTALHYCCL TDNAECLKLL

LT TP THE

LHIVDFLVON SGNLDKQTGK GSTALHYCCL TDNAECLKLL

WRLLHEDLDE SDDDMDEKLQ PSENRREDRP

e

WRLLHEDLDE SDDDVDEKLQ PSENRREDRP

PPPAQPAAPS TTSAPPLPPR NVGKVQTASS

RN

PPSSQSIPPS TTSAPPLPPR NVCK......

ANTLWKTNSV SVDGGSRQRS SSDPPAVHPP LPPLRVTSTN PLTPTPPPPV

< T

...... D PLTTTPPPPV

AKTPSVMEAL SQPSKPAPPG ISQIRPPPLP

RN R

AKTSGTLEAM NQPSKSSQPG TSQSKPPPLP

POPPSRLPQK KPAPGTDKST PLTNKGQPRG PVDLSATEAL GPLSNAMVLQ

RN

PQPPSRLPQK KPASGADKPT PLTNKGQPRG P

[T THTH T

....EAS GPLSNAMALQ

PPAPMPRKSQ ATKLKPKRVK |ALYNCVADNP

N RnRennnmn

PPAPMPRKSQ ATKSKPKRVK ALYNCVADNP

DELTFSEGDV IIVDGEEDQE WWIGHIDGDP GRKGAFPVSF VHFIAD

nsneninis

s

DELTFSEGDV IIVDGEEDQE WWIGHIDGEP SRKGAFPVSF VHFIAD

i . 3’

MoL. CELL. BIOL.

Coiled
coil

PH

Arf
GAP

Ankyrin
repeats

Proline
rich

SH3

FIG. 1. Primary structure of Pap isoforms and tissue expression pattern. (A) Schematic diagram and amino ?cid sequences of I"ap(x (humap) and ?apB (murine).
The amino acid sequences are shown in single-letter code. The numbers represent positions of the amino aciq residues. Predicted c011'ed'—c011 region (leSgan program,
GCG package) is enclosed in a rectangle with rounded corners. The PH domain is underlined with a double line. "_Fh(_f Arf GAP domain is l?oxed. The ankyrin hom_()logy
region is underlined with a dashed line. The proline-rich region is underlined with a solid line. The SH3 domaln is boxed. (B) Comparlsog of Arf GAP QOmalns of
murine Pap, Arfl GAP, and GCS1. Multiple sequence alignment of the regions containing the zinc finger motif (CXXCX,,CXXC, where X is any amino acid) of Arfl
GAP (residues 1 to 119), GCSI1 (residues 5 to 122), and murine Pap (residues 243 to 381). Identical residues are framed and shadowed. The positions of four conserved
cysteins of zinc finger motif are marked by dots. (C) Northern blot analysis of Pap mRNA expression in various hu.mal'l tissues. Human multiple tissues for Northern
blotting were hybridized with radiolabeled probe for Pap as described in Materials and Methods. Size markers in kilobases are shown on the right of the figure.

Abbreviations: H, heart; B, brain; P, placenta; Lu, lungs; Li, liver; S, spleen; K, kidney; Pa, pancreas.
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FIG. 1—Continued.

brain from the sacrificed mice. The tissue was soaked briefly in ice-cold PBS and
then homogenized in a Teflon-glass homogenizer (10 strokes) in an ice-cold lysis
buffer. The extract was centrifuged at 4°C in table-top centrifuge for 10 min at
maximum speed and then recentrifuged at 4°C for 1 h (100,000 X g). The
supernatant was used for immunoprecipitation and immunoblotting.

Arf GAP assay. Arf GAP activity was determined by an in vitro assay that
measures a single round of GTP hydrolysis on recombinant Arf (51). Crude
phosphoinositides, phosphatidylinositol (PI) from bovine liver, phosphatidylino-
sitol-4,5-bisphosphate (PIP,), phosphatidylcholine (PC), phosphatidylserine
(PS) from bovine brain, and phosphatidic acid (PA) prepared from lecithin were
obtained from Sigma. Phospholipids were solubilized in 0.1% Triton X-100 and
added to the assay as mixed micelles. Myristoylated Arfl, nonmyristoylated Arf1,
Arl2, and myristoylated Arf5 were prepared as described earlier (50, 52). While
comparing the Arf specificities of Pap, all Arfs were used in myristoylated form.
The ¢cDNA for Arf6 was expressed in E. coli BL21(DE3) and purified as de-
scribed previously (9). To determine Arf GAP activity in cell lysates, 293 cell
extracts were prepared as described above.

Immunofluorescence analysis and subcellular fractionation. HeLLa or COS-7
cells were grown on uncoated coverslips, transfected by the calcium precipitation
method, washed twice in PBS (37°C), fixed in 2% formaldehyde for 20 min at
room temperature, permeabilized in PBS containing Triton X-100 (0.2%) for 20
min, and washed with PBS. Coverslips were incubated with primary antibodies or
preimmune serum diluted in TBS buffer containing bovine serum albumin (5%)
for 1 h, washed in PBS, incubated with secondary antibodies for 1 h, washed

again in PBS, mounted in Fluorostab (ICN Pharmaceuticals, Inc.), and inspected
with a confocal microscope (Sarastro-2000). For double-label immunofluores-
cence experiments, the incubation with primary (rabbit) and secondary (anti-
rabbit) antibodies was followed by incubation with the second set of primary
(mouse) and secondary (anti-mouse) antibodies. In control experiments primary
antibodies from the second set were not used.

For subcellular fractionation, 293 cells overexpressing Papa were lysed in lysis
buffer without detergent by repeatedly freezing and thawing three times. Total
lysate was separated into soluble and particulate fractions by a 30-min centrifu-
gation at 16,000 X g at 4°C.

In vitro generation of post-Golgi vesicles. Golgi fractions were isolated from
vesicular stomatitis virus (VSV)-infected MDCK cells and the cytosolic proteins
fractions from rat liver cytosol (60). The Golgi fractions contained 3>S-labeled
sialylated VSV-G protein that had been allowed to accumulate in the trans-Golgi
Network (TGN) during incubation of the cells at 20°C for 2 h prior to lysis.
Vesicle generation proceeded during the incubation at 37°C for 60 min and was
supported by either ATP (1 mM) or the poorly hydrolyzable GTP analog gua-
nylyl-imidodiphosphate (GMP-PNP) (100 wM). The reactions were terminated
by cooling on ice, Golgi membranes were removed by sedimentation at 10,000 X
g for 10 min, and the release of labeled viral glycoprotein was measured as the
percentage of total labeled protein initially present in the Golgi fraction that
appeared in the supernatant. In some instances cooled reactions were analyzed
by sucrose density gradient centrifugation, which allowed separation of the re-
leased vesicles (60).
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Secreted alkaline phosphatase (SEAP) assay. Human 293 cells grown in six-
well plates were cotransfected with pPCDNA3.SEAP and pRKS5-based constructs
(1:100) by the calcium precipitation method. At 36 h after transfection the
medium was changed. Then, 4 h later the culture supernatant probes were taken,
and the cells were lysed in ice-cold growth medium supplemented with 1% Triton
X-100 and 1 mM PMSF, 10 pg of leupeptin per ml, and 10 pg of aprotinin per
ml. SEAP activity in culture supernatants and in cell lysates was determined by
using the SEAP reporter gene assay (Boehringer Mannheim). The presence of
1% Triton X-100 did not affect the SEAP activity in cell lysates (not shown).
Secretion was expressed as the ratio of SEAP activity in culture supernatants to
the sum of SEAP activity in culture supernatants and cell lysates. All experiments
were performed three times in triplicate. The expression of pRK5-based con-
structs was verified by immunoblotting.

RESULTS

Isolation of a Pyk2-associated protein by using the SRS. The
SRS (also known as the cytoplasmic two-hybrid screen) is a
genetic method that enables the detection of protein-protein
interactions in yeast cells (3). To identify Pyk2 binding pro-
teins, we used SRS for screening of a rat pituitary cDNA
library with Pyk2 as a bait. One clone interacting specifically
with Pyk2 but not with a heterologous bait (FAK) was isolated
after screening 4 X 10° transformants. This clone (639 bases)
was used as a probe for screening a mouse brain cDNA library
to identify two new clones. Sequence analysis of one of the
clones revealed an open reading frame of 783 amino acids with
a predicted molecular size of 88 kDa. A human homolog
(KIAA0400) containing 5,711 bases was identified by searching
the database with the murine sequence. The human homolog
exhibits 95% sequence identity with the murine sequence and
contains 1,006 amino acids, with a predicted molecular mass
of 112 kDa. The human homologue is larger than murine
Pyk2-associated protein (Pap) since it contains additional
sequences that are probably generated by alternative splic-
ing. The shorter form lacks 45 amino acids from the proline-
rich domain and 172 amino acids from the N terminus. The
long form is designated Papa and the short form is desig-
nated Papp (Fig. 1A). Papa and Papp cDNAs were tran-
siently expressed in 293 cells, and proteins with appropriate
molecular sizes were detected by immunoprecipitation with
polyclonal rabbit anti-Pap antibodies followed by SDS-
PAGE and autoradiography.

Analysis of the primary structures of murine and human
sequences shows that Pap is a multidomain protein composed
of several previously described sequence motifs. The N termi-
nus of Pap contains a unique amino acid sequence that is
followed by a PH domain, an Arf GAP domain, three ankyrin
repeats, a proline-rich region, and an SH3 domain (Fig. 1A).
The Arf GAP domain of Pap contains a typical CXXCX, ,CXXC
zinc finger sequence with high sequence identity to the zinc
finger-containing domains of Arfl GAP and GCS1 proteins
(Fig. 1B). It was demonstrated that Arfl GAP and GCS1
function as GTPase-activating proteins for Arf1 in vitro and in
yeast cells, respectively (14, 47) and that the zinc finger domain
is essential for GAP activity (14). The proline-rich sequence of
Pap contains several consensus binding sites for SH3 domains
(PXXP), including four binding sites for type II SH3 domains
(PXXPXR) (21). Splicing out 45 amino acids from this region
distinguishes Papa from Papp.

The chromosomal localization of Papa was determined by
using the Genebridge 4 Radiation Hybrid Panel. Using this
approach we demonstrated that the Papa gene is closely linked
to the D2S359 marker on chromosome 2p24. The tissue ex-
pression pattern of Pap was determined by Northern blot anal-
ysis of various human tissues with a specific Pap probe (Fig.
1C). Pap transcript of approximately 5.7 kb was detected pre-
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dominantly in brain, kidney, and heart tissues, as well as in the
placenta, lungs, and pancreas.

A closely related protein termed ASAP1 composed of sim-
ilar sequence motifs was recently identified (9). Both Pap and
ASAP1 contain a unique amino-terminal sequence followed by
a PH domain, Arf GAP domain, three ankyrin repeats, a pro-
line-rich sequence, and an SH3 domain. Pap and ASAP1 ex-
hibit overall 68% identity; the PH and Arf GAP domains are
69% identical, while the SH3 domains are 75% identical.

In vitro and in vivo association between Pyk2 and Pap. The
association between Pap and Pyk2 was confirmed by Far West-
ern blot analysis by using a GST fusion protein containing the
proline-rich region and the SH3 domain of Pap as a probe for
examining direct binding to Pyk2. The experiment presented in
Fig. 2A demonstrates that this region of Pap binds specifically
to Pyk2 and to the kinase-negative Pyk2 mutant PKM.

We next cotransfected human 293 cells with expression vec-
tors for Pyk2-HA and Papf or expression vectors for PKM-HA
and PapP or each expression vector alone. The transfected
cells were lysed and subjected to immunoprecipitation and
immunoblotting with anti-Pap and anti-HA antibodies. The
experiment presented in Fig. 2B shows that Papp forms a
complex with Pyk2 and with PKM, indicating that the associ-
ation between these two proteins is independent of the kinase
activity of Pyk2.

Association between Pyk2 and Pap was also detected in
lysates prepared from mouse brain and from PCI2 cells in-
fected with Pap virus (Fig. 2C). In brain lysates, anti-Pyk2
antibodies immunoprecipitated a protein that migrates in the
SDS gel with an apparent molecular size of 112 kDa that was
specifically recognized by anti-Pap antibodies (Fig. 2C, upper
right panel). Similarly, in PC12 cells infected with Papp virus,
anti-Pyk2 antibodies immunoprecipitated both the exog-
enously expressed murine 90-kDa form of Papp and the en-
dogenous 112-kDa form of rat Papa (Fig. 2C, upper left pan-
el).

We have noticed that the proline-rich region of Papa or
Papp contains a PPLPPRNVGK sequence that closely resem-
bles the consensus binding site for the SH3 domain of Src (53).
To test the possibility of whether Src can bind to Pap, human
293 cells were transfected with expression vectors for Src and
Papa, and lysates from transfected cells were subjected to
immunoprecipitation with anti-Pap antibodies followed by im-
munoblotting with anti-Src antibodies. The experiment pre-
sented in Fig. 2D demonstrates stable complex formation be-
tween Papa and Src in lysates from these cells.

Tyrosine phosphorylation of Pap by Pyk2 or Src kinases.
We have previously demonstrated that the phorbol ester PMA
or pervanadate (NaVO;) stimulate tyrosine phosphorylation of
Pyk2 in PC12 and other cell types (17, 37). We therefore
examined the status of Pap phosphorylation in response to
pervanadate or PMA stimulation of PC12 cells. Stimulated or
unstimulated cells were lysed, subjected to immunoprecipita-
tion with anti-Pap antibodies, and immunoblotted with anti-
bodies against phosphotyrosine. The result of this experiment
(Fig. 3A) shows that both PMA and vanadate treatment induce
tyrosine phosphorylation of Papa. To further examine the pos-
sibility of whether Pap is phosphorylated by Pyk2, 293 cells
were cotransfected with expression vectors for Pyk2-HA and
PapB or expression vectors for PKM-HA and Papp. Cell ly-
sates were subjected to immunoprecipitation with anti-Pap
antibodies, and phosphorylation of Papp on tyrosine residues
was determined by immunoblotting with anti-phosphotyrosine
antibodies (Fig. 3B). Analysis of PapB immunoprecipitates of
lysates prepared from cells coexpressing Papp and Pyk2 dem-
onstrated that the two proteins form a complex and are ty-
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FIG. 2. Interaction between Pyk2 and Pap in vitro, in cultured cells, and in brain tissue. (A) Lysates from 293 cells transfected with expression vectors for Pyk2 or
PKM or with vector alone were subjected to SDS-PAGE immediately (total lysate) or after immunoprecipitation (IP) with anti-Pyk2 antibodies, then transferred to
nitrocellulose filters, and blotted with GST fusion protein containing the proline-rich region and the SH3 domain of Pap (3 pg/ml) and anti-GST monoclonal antibodies
(1:1,000) (upper panel). The same filter was reprobed with anti-Pyk2 antibodies (lower panel). About 0.5 mg of total protein was used per immunoprecipitation
experiment. Endogenous Pyk2 protein could not be detected with anti-Pyk2 antibodies under these conditions. Arrows mark the Pyk2 and PKM. Positions of standard
protein markers (in kilodaltons) are indicated on the right. (B) Lysates from 293 cells transfected with expression vectors for Pyk2-HA and Papp, with expression vectors
for PKM-HA and Papp, or with Papp and Pyk2-HA alone were immunoprecipitated (IP) with anti-HA, anti-Pap, or anti-Pyk2 antibodies. Immunoprecipitates were
subjected to immunoblotting (IB) with anti-HA, anti-Pyk2, or anti-Pap antibodies. About 5 mg of total protein was used per immunoprecipitation experiment. Arrows
mark the Pyk2/PKM or Pap. Positions of standard protein markers (in kilodaltons) are indicated on the right. (C) Lysates of PC12 cells infected with Pap virus were
immunoprecipitated with anti-Pyk2 antibodies and preimmune serum followed by immunoblotting (IB) with anti-Pap (left upper panels) or anti-Pyk2 (left lower panels)
antibodies. Neither Pyk2 nor Pap were detected in this experiment with a preimmune serum (PI). Arrows mark the Papa or PapB. Adult mouse brain homogenate was
subjected to immunoprecipitation (IP) with anti-Pyk2 antibodies and immunoblotting (IB) with anti-Pap antibodies (right upper panel) or anti-Pyk2 antibodies (right
lower panel). (D) Lysates from 293 cells transfected with expression vector for Src or with expression vectors for Papa and Src were immunoprecipitated (IP) with either
preimmune (PI) or anti-Pap antibodies (PAP). Immunoprecipitations were performed either in lysis buffer or in lysis buffer supplemented with 1% Nonidet P-40, 0.5%
deoxycholate, and 0.1% SDS instead of 1% Triton X-100 (SDS). Immunoprecipitates were subjected to immunoblotting (IB) with anti-Src antibodies. The arrows mark
Src or the immunoglobulin G (IgG) heavy chain. Positions of standard protein markers (in kilodaltons) are indicated on the right.

rosine phosphorylated. By contrast, Pap was not tyrosine
phosphorylated in cells expressing Papp alone or in cells co-
expressing Pap and the kinase negative mutant of Pyk2-PKM
(Fig. 3B).

To examine the specificity of tyrosine phosphorylation by
and the association between Pyk2 and Pap, 293 cells were
cotransfected with PapB and Pyk2 expression vectors or with
expression vectors for Papp and FAK. The experiment pre-
sented in Fig. 4 shows that Papp is tyrosine phosphorylated in
Pyk2-expressing cells but not in FAK-expressing cells. Upon
vast overexpression, trace amounts of FAK were found in

PapB immunoprecipitates; however, no tyrosine phosphoryla-
tion of Papp was detected. Taken together, these experiments
demonstrate that Papf is tyrosine phosphorylated by Pyk2 but
not by the closely related kinase FAK.

To examine the possibility of whether Pap is the substrate of
Src, lysates from 293 cells cotransfected with Papa and Src
were separated by SDS-PAGE and immunoblotted with anti-
phosphotyrosine antibodies. The same filter was reprobed with
anti-Src and anti-Pap antibodies. Fig. 3C shows that Src and
Papa are tyrosine phosphorylated when coexpressed in 293
cells. However, tyrosine phosphorylation of Papa was not de-
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FIG. 3. Tyrosine phosphorylation of Pap by Pyk2 and by Src kinases. (A) PC12 cells were stimulated with the mixture of H,O, and Na3;VO, (1 mM) for 20 min
or with PMA (2 pM) for 10 min at 37°C. Pap was immunoprecipitated from unstimulated (—) or stimulated (+) cells, immunoblotted (IB) with anti-pY antibodies
(upper panels), and reprobed with anti-Pap antibodies (lower panels). The arrows mark Papa. Positions of standard protein markers (in kilodaltons) are indicated on
the right. Apart from endogenous Papa (112 kDa), anti-Pap antibodies precipitated a band with an apparent molecular size of 140 kDa (lower panels), which may
represent an additional uncharacterized PAP isoform expressed in PC12 cells. (B) Lysates from 293 cells transfected with expression vectors for PapB and Pyk2-HA,
expression vectors for Papp and PKM-HA, or expression vectors for Papp alone were subjected to immunoprecipitation with anti-Pap antibodies and immunoblotting
with anti-pY antibodies. The same filters were reprobed with anti-Pap and anti-HA antibodies. The arrows mark the Pyk2/PKM or Papp. Positions of standard protein
markers (in kilodaltons) are indicated on the right. (C) Lysates from 293 cells transfected with expression vectors for Papa and Src or expression vectors for Papa and
Src(—) (kinase-negative mutant of Src) were either separated by SDS-PAGE, immunoblotted with anti-pY antibodies, and reprobed with anti-Pap or anti-Src antibodies
or else subjected to immunoprecipitation with anti-Pap antibodies and immunoblotting with anti-pY and anti-Pap antibodies. The arrows mark the Papa or Src.

Positions of standard protein markers (in kilodaltons) are indicated on the right.

tected in lysates from 293 cells cotransfected with expression
vectors for Papa and for a kinase-negative mutant of Src (Fig.
3C, right panel).

Pap protein exhibits Arf GAP activity in vitro. The presence
of an Arf GAP domain in Pap amino acid sequence (Fig. 1B)
implied that Pap may activate GTP hydrolysis by Arf. The part
of Pap containing the PH domain, the Arf GAP domain, and
the ankyrin homology region (amino acids 111 to 522) was
expressed in bacteria and tested in vitro for Arf GAP activity
(51) by using Arfl, Arf5, Arf6, and Arl2 as substrates. In
the presence of crude phosphoinositides containing mainly
PtdIns(4,5)P,, recombinant Pap exhibited GAP activity to-
wards Arfl and Arf5, weaker activity towards Arf6, and no

activity towards Arl2 (Fig. 5A). We also determined the effect
of phospholipids upon Arf GAP activity exhibited by recom-
binant Pap. As shown in Fig. 5B, GAP activity was detected
only in the presence of PtdIns(4,5)P, but not in the presence of
PA, PI, PS, or PC. Finally, lysates prepared from 293 cells
transfected with myc-tagged Papa had approximately 100-fold-
greater Arf GAP activity towards Arfl compared to lysates
prepared from cells transfected with vector alone (data not
shown).

Intracellular localization of Pap. We have determined the
intracellular localization of Pap by using immunofluorescence
microscopy to visualize permeabilized HeLa cells overexpress-
ing myc-tagged Papa. We were not able to determine the
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FIG. 4. Pap is tyrosine phosphorylated by Pyk2 but not by FAK. Human 293
cells were transfected with different amounts of expression vectors for Papp and
Pyk2 or expression vectors for Papp and FAK. Lysates from these cells were
subjected to SDS-PAGE immediately (total lysate) or after immunoprecipitation
(IP) with anti-Pap antibodies and then processed for immunoblotting with an-
ti-pY antibodies (right lower and upper panels). The right upper filter was
reprobed with anti-Pyk2 or anti-FAK antibodies (left upper panel) and anti-Pap
antibodies (left lower panel). The tyrosine phosphorylated 112-kDa proteins
detected in the total cell lysate (right lower panel) correspond to Pyk2 and FAK,
as determined by reprobing the same filter with anti-Pyk2 or anti-FAK antibodies
(data not shown). The arrows mark the Pyk2, FAK, or Papp. Positions of
standard protein markers (in kilodaltons) are indicated on the right.

cellular localization of endogenous Pap by using our currently
available antibodies; the experiments presented below reveal
the cellular localization of exogenous Pap expressed alone or
coexpressed with Pyk2 in transfected cells. Inspection of the
fluorescently labeled HeLa cells showed that Papa is located in
the cytoplasm and at the edge of the cells in membrane pro-
trusions (Fig. 6A). Plasma membrane localization of Papa was
further confirmed by inspecting permeabilized HeLa or COS-7
cells overexpressing Papa and Pyk2-HA by double-label im-
munofluorescence microscopy with anti-Pap and anti-HA an-
tibodies, respectively. This experiment demonstrates (Fig. 6B)
that in both cell lines Pyk2 and Papa are localized in the
plasma membrane and in membrane protrusions. These results
are consistent with a subcellular fractionation experiment dem-
onstrating that a certain amount of overexpressed Papa pro-
tein is constantly associated with the particulate fraction (Fig.
6A).

The cytoplasmic location of Pap was further analyzed by
performing double-label immunofluorescence microscopy
analysis with antibodies that recognize known marker proteins.
In these experiments COS-7 cells overexpressing Papa-myc
were permeabilized, labeled with anti-myc antibodies, and with
antibodies that recognize specific intracellular compartments.
These experiments demonstrated that a population of Papa
molecules is colocalized with B-Cop and mannosidase II, two
specific markers of the Golgi compartment (Fig. 6C). How-
ever, while coexpressed with Pyk2 in COS-7 or HeLa cells, Pap
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FIG. 5. Recombinant Pap exhibits Arf GAP activity in vitro. (A) A single
round of GTP hydrolysis on myristoylated Arfl (open circles), myristoylated
Arf5 (solid circles), myristoylated Arf6 (squares), and unmodified Arl2 (trian-
gles) was measured in the presence of crude phosphoinositides (1 mg/ml) as a
source of PtdIns(4,5)P, and the indicated concentrations of recombinant Pap.
GAP activity is expressed as the percentage of initially bound GTP hydrolyzed in
4 min. Myristoylated Arfl was indistinguishable from nonmyristoylated Arfl
(data not shown). (B) A single round of GTP hydrolysis on nonmyristoylated
Arfl was measured in the presence of 1.5 nM recombinant Pap, and the indi-
cated phospholipids are as described in Materials and Methods. None, no added
phospholipid; PIP,, 90 wM phosphatidylinositol 4,5-bisphosphate; PA, 750 uM
phosphatidic acid; PI, 720 pM phosphatidylinositol; PS, 720 uM phosphatidyl-
serine; PC, 720 uM phosphatidylcholine. Error bars indicate the standard devi-
ation.

did not colocalize with Golgi complex markers but was found
at the plasma membrane. It is noteworthy that overexpression
of Papa did not influence the integrity of the Golgi compart-
ment in contrast to Arfl-GAP which, upon overexpression,
causes fusion of the Golgi complex with the ER (1).
Enhancing Pap levels inhibits the generation of post-Golgi
vesicles and reduces constitutive secretion. The role of Arfl-
GTP in the facilitation of vesicles budding from the TGN is
well established (18, 60). The immunofluorescence localization
experiments described here suggest that one of the potential
sites of PAP action is in the Golgi compartment. We postu-
lated that the recruitment of Pap to the Golgi compartment
may inhibit vesicle budding by reducing the pool of Arfl-GTP
associated with the TGN. To examine the possibility that Pap
may function in the Golgi complex, we have utilized an in vitro
system for the generation of post-Golgi vesicles from an iso-
lated Golgi fraction prepared from VSV-infected MDCK cells
(60). In this system, vesicle generation is cytosol and temper-
ature dependent and requires a source of nucleotide triphos-
phates. When vesicle generation is supported by ATP, the
released vesicles are 50 to 80 nm in diameter and lack coat
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FIG. 6. Subcellular localization of Pap at the cell surface and in the Golgi complex. (A) 293 cells overexpressing Papa, fibroblast growth factor receptor (FGFR1,
transmembrane protein), or Grb2 (cytosolic protein) were subjected to subcellular fractionation as described in Materials and Methods. Total (T), soluble (S), and
particulate (P) fractions were separated by SDS-PAGE and immunoblotted (IB) with anti-Pap, anti-FGFR1, or anti-Grb2 antibodies. HeLa cells were transiently
transfected with expression vector for Papa-myc. After 48 h, the cells were fixed, permeabilized, labeled with anti-myc antibodies, stained with fluorescein-conjugated
anti-myc antibodies, and then examined with a confocal microscope. The arrows mark the Papa localization in the plasma membrane protrusions. (B) HeLa and COS-7
cells were transiently transfected with Papa-myc and Pyk2-HA expression vectors. After 48 h, the cells were fixed, permeabilized, and double labeled with anti-HA
monoclonal antibodies and anti-Pap polyclonal antibodies, followed by staining with fluorescein-conjugated anti-mouse IgG antibodies and rhodamine-conjugated
anti-rabbit IgG antibodies, and then examined by confocal fluorescence microscopy. The images were superimposed (anaglyph) to detect the areas of overlapping
localization. The arrows mark the regions of Pap and Pyk2 colocalization at the plasma membrane. (C) COS-7 cells were transiently transfected with expression vectors
for Papa-myc. After 48 h, cells were fixed, permeabilized, labeled with anti-myc, anti-mannosidase II, or anti-B-Cop antibodies. The cells were then stained with
fluorescein-conjugated anti-mouse IgG antibodies and with rhodamine-conjugated anti-rabbit IgG antibodies and examined by confocal fluorescence microscopy. The
images were superimposed (anaglyph) to detect the areas of overlapping localization. The arrows indicate the regions of Pap and mannosidase II or B-Cop
colocalization in the perinuclear area.

structure (60). In this case ATP serves to generate GTP mol- The experiments presented in Fig. 7A and B show that in the
ecules required for Arf-dependent coat assembly (59). When presence of ATP, recombinant Pap inhibited vesicle genera-
ATP is replaced by the poorly hydrolyzable GTP analog GMP- tion in a concentration-dependent manner. When nucleotides
PNP, the released post-Golgi vesicles remained coated with a were excluded from the reaction mixture no vesicle production
non-clathrin COP-1 coat due to the fact that uncoating re- occurred (Fig. 7C), but when GMP-PNP was used instead of
quires the hydrolysis of GTP bound to Arf (60). ATP, Pap did not have any effect on coated vesicle production
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(Fig. 7D). The fact that PAP could only inhibit vesicle release
when it was supported by hydrolyzable nucleotides and had no
effect when the nonhydrolyzable GTP analog was used indi-
cates that it serves as an Arf GAP that prevents the stable
association of Arf with the TGN membranes.

We next determined whether overexpression of Pap has an
inhibitory effect on secretion in vivo, as would be expected
from its effect on post-Golgi vesicle production in an in vitro
assay. When expressed in transfected cells, the truncated form
of placental alkaline phosphatase (SEAP) serves as a marker
to assess constitutive secretion (27). This protein undergoes
N-glycosylation in the Golgi apparatus, from which it is trans-
ported to the plasma membrane for release into the culture
medium. The experiment presented in Fig. 8 shows that ap-
proximately 80% of the total SEAP synthesized in transiently
transfected 293 cells was released into the medium after 4 h.
As expected, brefeldin A treatment blocked secretion com-
pletely, indicating that this process requires Arf-GTP. How-
ever, when Pap was cotransfected with SEAP into 293 cells, a
small but reproducible decrease in SEAP secretion was de-
tected (Fig. 8). Cotransfection with Pyk2 did not affect either
SEAP secretion or Pap-mediated inhibition of SEAP secre-
tion.

DISCUSSION

By using the full-length Pyk2 as a bait in a yeast two-hybrid
screen, we have isolated a new Pyk2 binding protein designated
Pap. Northern blot analysis with a specific probe demonstrated
that Pap mRNA is most abundant in brain, kidney, and heart
tissues; lower expression is detected in the placenta, lungs, and
liver. Pap is a multidomain protein composed of a unique

N-terminal domain, a PH domain, a zinc finger containing the
Arf GAP domain, three ankyrin repeats, a proline-rich region
containing potential binding sites for SH3 domains, and an
SH3 domain in the carboxy terminus of the protein. The amino
terminus of Pap exhibits weak homology to the a-helical se-
quences of myosin and kinesin. It contains predicted coiled-
coil structure followed by a typical PH domain. It is now well
established that the PH domains function as membrane-tar-
geting signals and that many PH domains bind specifically to
phosphoinositides. For example, the PH domain of PLC?1
binds specifically to PtdIns(4,5)P,, and the PH domains of
PKB or Grpl bind to PtdIns(3,4,5)P; (31). Immunofluores-
cence experiments demonstrated that a population of Pap mol-
ecules is localized at the plasma membrane (Fig. 6). Moreover,
when the PH domain of Pap was subcloned in frame with
h5'Sos construct and expressed in temperature-sensitive S. cer-
evisiae cdc25-2 (2, 3, 31), the yeast cells grew at nonpermissive
temperatures, demonstrating that the PH domain of Pap is
targeted to the cell membrane (data not shown). Although the
exact ligand of the PH domain of Pap is not yet known, the PH
domain is probably responsible for targeting the protein to cell
membranes.

We have cloned and characterized two Papa and Papp iso-
forms that differ by deletion of 45 amino acids from the pro-
line-rich region and by 172 amino acids from the N terminus of
the protein. Using Pap-specific antibodies, several immunore-
active species were identified, suggesting that additional iso-
forms of Pap may be generated by alternative splicing. A pro-
tein closely related to Pap termed ASAP1 was recently cloned
by using Src as a bait in a yeast two-hybrid screen (9). Pap and
ASAPI1 contain identical structural elements and similar Arf
GAP activities. However, Pap and ASAP1 exhibit different
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FIG. 7. Inhibition of generation of post-Golgi vesicles by Pap. (A) Assay mixtures containing Golgi fractions with 3*S-labeled sialylated VSV-G proteins, liver cytosol
proteins, and ATP were incubated at 37°C for 1 h with the indicated concentrations of recombinant Pap, and the reactions were stopped by chilling on ice. The
radioactivity recovered in the supernatant after removal of the residual Golgi membranes is expressed as a percentage of the initial radioactivity in the Golgi (release
of VSV-G [%]). Assay mixtures were incubated at 37°C for 1 h with (solid circles) or without (open circles) recombinant Pap (0.25 mg/ml), with liver cytosol, with (B)
or without (C) ATP (1 mM), or with GMP-PNP (100 pM) (D). After incubation, the mixtures were chilled on ice, and the released vesicles were separated in a sucrose
density gradient as described in Materials and Methods. The radioactivity distribution in the gradient fractions, loading zone (S), and resuspended pellet (P) is expressed
as a percentage of the total VSV-G radioactivity recovered in the gradient. Uncoated vesicles (fractions 2 to 5) sedimented more slowly than coated ones (fractions
5 to 11). Points represent the averages from three independent experiments with two different Golgi and cytosolic protein preparations. Error bars represent the

standard-deviation values.

tissue expression patterns, and the two proteins contain dis-
tinct proline-rich sequences, suggesting interaction with diver-
gent SH3 or WW domains containing signaling molecules.
We have demonstrated that a GST fusion protein containing
the SH3 domain of Pap binds to Pyk2 in vitro. It appears,
therefore, that the interaction between Pyk2 and Pap is medi-
ated by binding of the SH3 domain of Pap to the proline-rich

region in the C terminus of Pyk2. The proline-rich region of
Papa contains four putative binding sites for SH3 domains;
one of them is spliced out to generate the Papp isoform, and
one site is nearly identical to the canonical binding site for the
SH3 domain of Src. Therefore, complex formation with Src is
probably mediated by binding of the SH3 domain of Src to the
proline-rich sequence of Pap.
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We have shown that Pyk2 forms a stable complex with Pap
both in vitro and in vivo and that these two proteins are
localized in plasma membrane (Fig. 6). Moreover, endogenous
Pap is tyrosine phosphorylated in vivo in response to stimula-
tion with PMA, a well-known activator of Pyk2 in different cell
types. In 293 cells Pap is tyrosine phosphorylated by Src or
Pyk2 but not by the closely related protein tyrosine kinase
FAK. Tyrosine phosphorylation of Pap by Pyk2 or by the other
protein tyrosine kinases may generate binding sites for SH2
domains of signaling proteins (58); Tyr-470, for example, re-
sides within a consensus binding site for the SH2 domain p85,
the regulatory subunit of the PI-3 kinase (PXXM).

The presence of the Arf GAP domain implied that Pap may
contain an intrinsic GAP activity for Arf proteins. Indeed, a
recombinant protein composed of the PH domain, the Arf
GAP domain, and the ankyrin homology region exhibited
strong GAP activity towards Arfl and ArfS and weaker activity
towards Arf6 (Fig. 5). The GAP activity was strictly dependent
on the presence of PtdIns(4,5)P, in the assay mixture, and a
truncated protein lacking the PH domain did not have detect-
able GAP activity (data not shown). The PH domain, there-
fore, may mediate the membrane association of Pap, allowing
PtdIns(4,5)P,-dependent stimulation of Arf GAP activity.

Arfl was implicated in the control of vesicle transport in
different intracellular compartments, including the Golgi com-
plex. It has been shown that the integrity of the Golgi complex
and the recruitment of coat proteins are dependent upon Arfl
activation. Overexpression of Arfl GAP in cells caused disin-
tegration of Golgi complex due to depletion of Arf-GTP asso-
ciated with Golgi membranes (1). The immunofluorescence
localization experiments presented here demonstrate that Pap
is indeed localized in the Golgi compartment. Nevertheless,
overexpression of Pap did not influence the integrity of the
Golgi complex (Fig. 6C). To determine whether Pap possesses
Arf GAP activity when recruited to Golgi membranes, we took
advantage of an in vitro experimental system that allows gen-
eration of post-Golgi vesicles from an isolated Golgi fraction
(60). Experiments are presented demonstrating that post-
Golgi vesicle release is inhibited in the presence of recombi-
nant Pap protein. The inhibition took place only when a hy-
drolyzable nucleotide was used and therefore was due to
enhancement of the GTPase activity of an endogenous Arf

NEW Pyk2 BINDING PROTEIN WITH Arf-GAP ACTIVITY 2349

protein associated with Golgi membranes (Fig. 7). We there-
fore conclude that endogeneous Arfl proteins in Golgi mem-
branes respond to the Arf GAP activity of Pap. Moreover,
overexpression of Pap protein in 293 cells caused partial inhi-
bition of the constitutive secretion of SEAP, indicating that
Pap may also exert similar Arf GAP activity in these cells.
However, Pap-mediated reduction in SEAP secretion was not
influenced by the expression of Pyk2. This result is consistent
with the cellular distribution of Pyk2 and Pap analyzed in cells
transfected with Pap or Pyk2 expression vectors. Pap and Pyk2
are colocalized in the plasma membrane but, unlike Pap, Pyk2
is not found in the Golgi compartment. It appears therefore
that the interaction between Pyk2 and Pap is restricted to the
plasma membrane; Pap may interact with other tyrosine ki-
nases in the Golgi complex.

Pyk2 was shown to be activated by various G-protein-cou-
pled receptors, by phorbol ester, and by extracellular stimuli
that elevate the intracellular Ca** concentration (17, 37, 40),
signals that also play a role in the control of vesicular transport
and Arf activity. It is not yet clear how the interaction between
the protein tyrosine kinases Pyk2 and Src with Arf can regulate
these processes. Nevertheless, Pap represents a new target of
Pyk2 and Src, and future studies will reveal the biological role
of Pap and its mode of regulation by Pyk2, Src and other
proteins involved in the control of intracellular signaling pro-
cesses.
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