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The PAG gene product, a stress-induced
protein with antioxidant properties, is an
Abl SH3-binding protein and a
physiological inhibitor of c-Abl tyrosine
kinase activity
Shih-Te Wen and Richard A. Van Etten1

Center for Blood Research, Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115 USA

Biochemical and genetic evidence suggests that the tyrosine kinase activity of c-Abl is tightly regulated in
vivo by a cellular factor binding to the Src homology 3 (SH3) domain of Abl. We used the yeast two-hybrid
system to identify a gene, PAG, whose protein product (Pag) interacts specifically with the Abl SH3 domain.
Pag, also known as macrophage 23-kD stress protein (MSP23), is a member of a novel family of proteins with
antioxidant activity implicated in the cellular response to oxidative stress and in control of cell proliferation
and differentiation. In a co-expression assay, Pag associates with c-Abl in vivo and inhibits tyrosine
phosphorylation induced by overexpression of c-Abl. Inhibition requires the Abl SH3 and kinase domains and
is not observed with other Abl SH3-binding proteins. Expression of Pag also inhibits the in vitro kinase
activity of c-Abl, but not SH3-mutated Abl or v-Abl. When transfected in NIH-3T3 cells, Pag is localized to
nucleus and cytoplasm and rescues the cytostatic effect induced by c-Abl. These observations suggest Pag is a
physiological inhibitor of c-Abl in vivo.

[Key Words: c-Abl; Bcr-Abl; Philadelphia chromosome; two-hybrid system; SH3 binding protein]
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The c-abl proto-oncogene encodes a nonreceptor tyro-
sine kinase similar to the Src family of tyrosine kinases.
It was originally identified as the cellular homolog of the
transforming gene of Abelson murine leukemia virus
(Goff et al. 1980; Wang et al. 1984). Structurally, the
amino-terminal half of c-Abl is similar to many Src fam-
ily kinases, consisting of a variable region followed by an
SH3 domain, a Src homology 2 (SH2) domain, then the
catalytic kinase or Src homology 1 (SH1) domain.
Unique to the c-Abl tyrosine kinase, however, is a large
carboxy terminus that is encoded by a single large exon.
In this segment of >600 amino acids, there are three
nuclear localization signals (Van Etten et al. 1989; Wen
et al. 1996), several proline-rich sequences capable of
binding to SH3-containing proteins such as Crk (Feller et
al. 1994; Ren et al. 1994), a DNA-binding domain
(Kipreos and Wang 1992), an actin-binding domain
(McWhirter and Wang 1993; Van Etten et al. 1994), and
sites for phosphorylation by protein kinase C (Pendergast
et al. 1987) and cdc-2 kinase (Kipreos and Wang 1990).
The physiological role of c-Abl is unknown. The ubiqui-

tous expression pattern of c-Abl and its complex struc-
ture suggest that this tyrosine kinase may have a funda-
mental function in cell physiology. This is supported by
the fact that mice with homozygous inactivation of the
c-abl locus display a strong tendency for runted growth
and neonatal death (Schwartzberg et al. 1991; Ty-
bulewicz et al. 1991). Recently, it has been found that
the nuclear form of c-Abl is an inhibitor of cell prolifera-
tion (Sawyers et al. 1994; Wen et al. 1996), and that c-Abl
kinase activity can be activated by DNA damage (Khar-
banda et al. 1995; Liu et al. 1996; Yuan et al. 1996) and is
required for activation of the Jun kinase (JNK)/stress-
activated protein kinase (SAPK) pathway, suggesting a
role for c-Abl in the stress response to genotoxic insult.

In v-Abl- and Bcr/Abl-transformed cells, there are in-
creased levels of phosphotyrosine-containing proteins
(Sefton et al. 1981), and one of the most prominent phos-
photyrosinated species is the Abl protein itself (Witte et
al. 1981; Pendergast et al. 1993). Overexpression of c-Abl
at levels 5- to 10-fold over the endogenous c-Abl, how-
ever, does not result in cell transformation or elevated
tyrosine phosphorylation in cells, suggesting that the c-
Abl tyrosine kinase activity is tightly regulated in vivo
(Franz et al. 1989; Jackson and Baltimore 1989). In con-
trast, phosphotyrosine can be detected on c-Abl and
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many other cellular proteins after overexpression of c-
Abl 100-fold or more in Cos cells or Sf9 insect cells (Pen-
dergast et al. 1991a), suggesting that a cellular factor that
regulates Abl tyrosine kinase activity may be titrated
out. Abl proteins with deletion or point mutations of the
SH3 domain induce transformation and increase phos-
photyrosine levels in a variety of cell types (Franz et al.
1989; Jackson and Baltimore 1989; Van Etten et al. 1995),
suggesting that the SH3 domain suppresses the intrinsic
transforming ability of c-Abl. The negative regulatory
effect of the SH3 domain, however, does not appear to
act in cis, because SH3-deleted Abl and c-Abl have iden-
tical tyrosine kinase activity when assayed in vitro
(Franz et al. 1989; Mayer and Baltimore 1994; Van Etten
et al. 1995). Taken together, these observations suggest
that c-Abl tyrosine kinase activity is reversibly inhibited
in vivo by a cellular factor that interacts with the SH3
domain, such that mutations in SH3 lead to loss of in-
hibition of the Abl kinase by this factor, allowing expres-
sion of the latent kinase activity of Abl.

In this study, we have identified an Abl SH3-binding
protein which, when overexpressed, can inhibit Abl ki-
nase activity both in vivo and in vitro. This inhibitor
associates with Abl through both the SH3 and the kinase
(SH1) domains. Further, it can rescue the cytostatic ef-
fect induced by c-Abl. This protein, therefore, has many
of the properties expected of a physiological inhibitor of
c-Abl. Interestingly, this putative Abl inhibitor has been
identified previously as a serum- and oxidative stress-
induced protein with antioxidant and cell cycle regula-
tory properties.

Results

Identification of Abl SH3 domain binding proteins

To isolate candidate Abl inhibitors that interact with the
Abl SH3 domain, we screened a HeLa cell cDNA library
with the yeast two-hybrid system (Chien et al. 1991;
Gyuris et al. 1993) with the murine Abl SH3 domain as
a fusion bait. From a total of 10 million library transfor-
mants, we identified several positive clones that showed
galactose-dependent growth on Leu− selective medium
and galactose-dependent b-galactosidase activity. We re-
screened these clones by use of an SH3 domain point
mutant P131L as the bait in the yeast interaction trap.
The P131L mutation, which substitutes leucine for a
highly conserved proline residue at the hydrophobic-
binding surface of SH3, blocks binding of the Abl SH3
domain to proline-rich ligands and potently activates
transformation by c-Abl in vivo (Van Etten et al. 1995).
Only those clones that had absent or reduced interaction
with the P131L SH3 domain were analyzed further by
DNA sequencing. Some of these remaining clones had
proline-rich PXXP sequences, the canonical motif
known to bind SH3 domains (Cicchetti et al. 1992; Ren
et al. 1993), although others did not.

The most abundant clone, comprising nearly one-
quarter of the final population, was recovered as two
independent cDNA clones, one 650 nucleotides, the

other 600 nucleotides. Both sequences were 100% iden-
tical to a previously cloned cDNA called human prolif-
eration-associated gene (PAG) (Prosperi et al. 1993) (Fig.
1). The PAG gene is constitutively expressed in most
human cells and is induced to higher levels on serum
stimulation. The PAG cDNA codes for a 22-kD protein
that is devoid of any consensus motif, is not particularly
proline-rich, and lacks PXXP motifs. The murine homo-
log of Pag has been cloned as a macrophage protein
(MSP23) induced by oxidative stress (Ishii et al. 1993) and
as a protein (OSF-3) up-regulated during differentiation
of osteoblasts (Kawai et al. 1994). Pag/MSP23 also shows
significant homology to cell-surface antigens from Ent-
amoeba histolytica and Helicobacter pylori, and to bac-
terial and yeast peroxiredoxin proteins (Chae et al.
1994a).

Pag interacts specifically with the Abl SH3 domain

To test the interaction specificity between Pag and the
Abl SH3 domain, we repeated the yeast two-hybrid in-
teraction with SH3 domains from c-Src, Grb-2, and the
phosphatidylinositol 3-kinase (PI3K) p85 subunit. None
of these SH3 domains showed any interaction with Pag
(Fig. 2). Similarly, other domains of c-Abl including the
carboxyl terminus and the kinase (SH1) domain, as well
as several unrelated protein baits (Bicoid, cdc2 and b2-
integrin; data not shown) did not interact with Pag in the
yeast system.

Pag inhibits the tyrosine kinase activity of c-Abl in
vivo

High-level expression of c-Abl by transient transfection
induces tyrosine phosphorylation of Abl and other cel-
lular proteins, possibly because a cellular inhibitor is
present in limiting amounts (Pendergast et al. 1991a;
Van Etten et al. 1995). We reasoned that an Abl SH3-
binding protein that was a physiological inhibitor of c-

Figure 1. Amino acid sequence of Pag and its murine and rat
homologs. The sequence of human Pag (Prosperi et al. 1993) is
given according to the single letter amino acid code. Letters
above denote substitutions present in the murine homolog
MSP23 (Ishii et al. 1993); letters below indicate substitutions in
the rat homolog (HBP23) (Iwahara et al. 1995). Domains I and II
are regions containing cysteine residues that are conserved
among the family of peroxide reductases (Chae et al. 1994a). The
arrows indicate the locations of the point of fusion of the two
cDNAs recovered in the yeast two-hybrid screen with the B42
transactivation domain.
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Abl might suppress tyrosine phosphorylation when co-
expressed with Abl. Accordingly, we tested clones iden-
tified in the two-hybrid screen for the ability to reduce or
abrogate tyrosine phosphorylation induced by c-Abl in
this assay. Coexpression of Pag in the sense, but not the
antisense, orientation significantly suppressed the tyro-
sine phosphorylation induced by c-Abl, but not that in-
duced by Abl proteins with SH3 deletion (DSH3) (Fig. 3A)
or the activating SH3 point mutation (P131L) (data not
shown). Interestingly, Pag was an excellent substrate for
SH3-mutated Abl. None of the other clones we isolated
in the two-hybrid screen had such an inhibitory effect
(data not shown). Inhibition of Abl tyrosine kinase ac-
tivity by Pag was sensitive to the level of expression of
Pag (Fig. 3B).

We also tested several other known Abl SH3-binding
proteins including Mena, the mouse homolog of Dro-
sophila Ena (Gertler et al. 1996), and Abi-1 and Abi-2,
SH3-containing proteins identified by two-hybrid
screens (Dai and Pendergast 1995; Shi et al. 1995). When
coexpressed with c-Abl, these SH3-binding proteins
failed to inhibit tyrosine phosphorylation (Fig. 3C) but
were instead good substrates for Abl kinase activity. Rb
SE, the C pocket of the retinoblastoma gene product, has
been shown to bind to the ATP-binding domain of
nuclear Abl and inhibits its kinase activity in a cell-

cycle-specific manner (Welch and Wang 1995). However,
the Rb SE protein also failed to inhibit Abl-induced ty-
rosine phosphorylation in this hyperexpression assay
(Fig. 3C). These observations show that inhibition of c-
Abl kinase activity is a unique property of Pag.

In some experiments, coexpression of Pag appeared to
slightly decrease the level of c-Abl protein in transfected
cells (Fig. 3C, middle panel). This effect was never ob-
served with SH3-mutated Abl or with expression of Pag
in the antisense orientation. Because of the difficulty in
comparing the relative expression of proteins by Western
blotting, we labeled transfected cells with [35S]methio-
nine and found a 20%–25% decrease in the level of c-Abl
protein in cells cotransfected with Pag (Fig. 3C, top), sug-
gesting that part of the reduction in phosphotyrosine me-
diated by Pag may be caused by decreased Abl expres-
sion. Increasing the level of Pag, however, resulted in
further decreases in phosphotyrosine without affecting
the expression of c-Abl (Fig. 2B), and coexpression of Pag
inhibited the in vitro kinase activity of c-Abl (see below),
showing that Pag also has a direct inhibitory effect on
c-Abl kinase activity.

Inhibition of tyrosine phosphorylation might also be
caused by some nonspecific effect of overexpression of
Pag such as activation of a tyrosine phosphatase. To ad-
dress this issue, we tested the effect of Pag on a closely
related nonreceptor tyrosine kinase, c-Src, in the hyper-
expression assay. Pag had no effect on phosphotyrosine
levels induced by either overexpressed c-Src (Fig. 3D) or
the c-Src mutant Y527F (data not shown). We also tested
the effect of Pag on an Abl-SrcTK chimera in which the
kinase domain from c-Src had been substituted for the
Abl kinase domain, and could not detect any inhibition
of the tyrosine phosphorylation induced by this chimera
(Fig. 3D). These observations suggest that inhibition of
tyrosine phosphorylation by Pag is specific to Abl and
requires the Abl SH3 and kinase domains.

Pag and c-Abl associate in vivo

To investigate the in vivo association between Pag and
c-Abl, the PAG gene product was epitope-tagged with
the nine amino acid epitope from the influenza hemag-
glutinin (HA) protein recognized by monoclonal anti-
body 12CA5 (Wilson et al. 1984), and coexpressed with
Abl in 293T cells. Pag coimmunoprecipitated with c-Abl
(Fig. 4A), showing an in vivo association between Pag
and Abl. Surprisingly, c4 DSH3, the SH3 deletion mutant
of Abl, also coimmunoprecipitated with Pag, raising the
possibility that the interaction between Pag and Abl in
vivo may involve more than just the SH3 domain alone.
To map a second interacting site, a series of Abl deletion
mutant proteins with or without the SH3 domain were
coexpressed with Pag. The c4 DSH3 DBcl protein, which
is missing most of the carboxyl terminus, coimmunopre-
cipitated with Pag (Fig. 4B), indicating the carboxyl ter-
minus of Abl is dispensable for this interaction. How-
ever, Abl proteins with deletion of the entire kinase do-
main (DSH1) or just the ATP-binding lobe (DATP)
showed a drastic decrease in coimmunoprecipitation,

Figure 2. Pag interacts specifically with the Abl SH3 domain
in the yeast two-hybrid system. Yeast strain EGY48, containing
Pag fused to the B42 transactivation domain, was transformed
with different LexA baits and b-galactosidase activity detected
on galactose X-gal plates as blue color (dark). I3 and I7 are posi-
tive controls (Gyuris et al. 1993) with I3 demonstrating strong
transactivation and I7 weaker transactivation. (A) Pag interacts
with the Abl SH3 domain, but not with a mutant SH3 domain
containing an activating point mutation (P131L) or the Abl ki-
nase domain (SH1). (B) Pag fails to interact with SH3 domains
from Grb2, PI3K p85 subunit, and c-Src.
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suggesting that the ATP-binding lobe of the Abl kinase
domain may be directly or indirectly involved in the in-
teraction of Pag and Abl. Tyrosine phosphorylation of
Abl is not required for the Pag-Abl interaction because
the mutant c4 DBgl-Bcl, which lacks the carboxy-termi-
nal catalytic lobe of the kinase domain and is not detect-
ably tyrosine phosphorylated upon overexpression (data
not shown), retained significant co-immunoprecipita-
tion with Pag (Fig. 4B).

Pag is localized to nucleus and cytoplasm

To determine the subcellular localization of Pag, epit-
ope-tagged Pag was coexpressed with c-Abl in both 293T
and NIH-3T3 cells. Double immunofluorescence stain-
ing with anti-epitope monoclonal antibody (mAb)
12CA5 and anti-Abl antibodies was performed. Pag was
expressed both in the nucleus and the cytoplasm in both
cell types, a localization pattern similar to that of c-Abl
(Fig. 5). Although Pag lacks a canonical nuclear localiza-
tion signal, it could be translocated into the nucleus by
association with other proteins such as Abl or enter pas-

sively because of its small size (Dingwall and Laskey
1991).

Pag inhibits phosphorylation by Abl in an in vitro
kinase assay

Although c-Abl is not normally tyrosine phosphorylated
in vivo, Abl tyrosine kinase activity, measured as auto-
phosphorylation or phosphorylation of a physiological
substrate such as c-Crk, can be readily detected after
immunoprecipitation of c-Abl (Pendergast et al. 1991a).
This suggests that cellular inhibitors of Abl may be par-
tially or completely purified away during the immuno-
precipitation process. We reasoned that overexpression
of Pag might restore inhibition to Abl in an immune
complex kinase assay. We immunoprecipitated c-Abl,
SH3-deleted Abl, Bcr/Abl, and p160 v-Abl from 293T
cells cotransfected with Pag, and tested their in vitro
kinase activity with glutathione S-transferase (GST)–Crk
as a substrate. Under conditions where significant coim-
munoprecipitation of Pag and Abl was detected, Pag in-
hibited c-Abl autophosphorylation and phosphorylation

Figure 3. Pag inhibits the tyrosine phosphorylation induced by c-Abl in vivo. The indicated proteins were expressed by transient
transfection of 293T cells, and lysates containing equal amounts of protein compared for their phosphotyrosine levels by immunob-
lotting with anti-phosphotyrosine antibody 4G10. Where indicated, the blot was then stripped and reprobed with anti-Abl mAb 8E9
to detect c-Abl or anti-hemagglutinin mAb 12CA5 to detect epitope-tagged Pag. (A) Pag inhibits c-Abl but not SH3-deleted Abl. Pag,
in either sense (S) or antisense (AS) orientation, was cotransfected with wild-type c-Abl (c4) or SH3-deleted Abl into 293T cells. (B)
Inhibition of Abl by Pag is dose-dependent. 293T cells were cotransfected with 5 ug of c-Abl (c4) and increasing amounts (1, 3, 5, 7,
and 10 µg) of Pag. (C) Other SH3-binding proteins and pRb fail to inhibit c-Abl. 293T cells were cotransfected with Abl and different
Abl SH3 domain binding proteins (Pag, Mena, Abi-1, Abi-2) or Rb SE, the C pocket of retinoblastoma gene product. Expression of these
proteins at levels similar to that of Pag was confirmed by immunoblotting with anti-Mena or anti-epitope antibodies (data not shown).
(D) Inhibition of Abl by Pag requires the Abl kinase domain. 293T cells were cotransfected with Pag in either sense (S) or antisense
(AS) orientation and with the Abl c4-SrcTK chimera or c-Src.
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of GST–Crk in vitro by 60%–70%, whereas it had no
significant effect on the in vitro kinase activity of SH3-
deleted Abl and v-Abl, which lacks the Abl SH3 domain
(Fig. 6A). Interestingly, Pag did inhibit the auto- and trans-
kinase activity of Bcr/Abl by ∼30% (Fig. 6A).

By analogy to c-Src, tyrosine phosphorylation of c-Abl
may stimulate Abl tyrosine kinase activity (Cooper and
MacAuley 1988). Because coexpression of Pag and c-Abl

in 293T cells suppresses tyrosine phosphorylation of
Abl, the lower kinase activity of immunoprecipitated
Abl might merely reflect decreased Abl tyrosine phos-
phorylation. To address this, we tested whether overex-
pression of Pag could inhibit the in vitro kinase activity
of endogenous c-Abl after immunoprecipitation from
NIH-3T3 cells. We overexpressed Pag transiently in
NIH-3T3 cells together with human ICAM-1 as a cell
surface marker, selected positively transfected cells with
magnetic beads coated with antibody against huICAM-1,
immunoprecipitated endogenous c-Abl, and performed
an in vitro kinase assay with GST–Crk as a substrate.
Overexpression of Pag had a significant (60%) inhibitory
effect on the phosphorylation of GST–Crk by c-Abl, al-
though it had less effect on the autophosphorylation of
endogenous c-Abl (Fig. 6B).

These results showed that Pag had an inhibitory effect
on Abl kinase activity in vitro when both Pag and Abl
were purified from cells, but did not rule out the possi-
bility that additional factor(s) coimmunoprecipitating
with Abl and Pag were necessary for inhibition. To de-
termine whether Pag protein could directly inhibit c-
Abl, we purified hexahistidine-tagged c-Abl from trans-
fected 293T cells by affinity chromatography on Nickel-
agarose (B. Brasher and R.A. Van Etten, unpubl.), and
tested whether the kinase activity of (His)6-c-Abl was
inhibited by the addition of a GST–Pag fusion protein.
When Pag was added at 10- to 15-fold molar excess over

Figure 4. Pag interacts with Abl in vivo. (A) Epitope-tagged Pag
and the indicated Abl proteins were coexpressed in 293T cells,
cell extracts immunoprecipitated with anti-Abl antisera a-
GEX4 (directed against the carboxyl terminus of Abl) (Jackson et
al. 1993) or a-type Ib Abl antisera (directed against the Abl
amino terminus, for the c4 DSH3 DBcl protein), and immunob-
lotted with anti-HA mAb 12CA5 for the detection of Pag or
anti-Abl Ab 8E9 (directed against the SH2 domain of Abl). The
DSH2 proteins were detected with a different anti-Abl Ab and
found to be expressed at equivalent levels (data not shown).
Coimmunoprecipitation of Abl with Pag was also observed
when the anti-HA mAb was used for immunoprecipitation (data
not shown). (B) Schematic representation of Abl deletion con-
structs and their interaction with Pag as measured by coimmu-
noprecipitation. The location of the SH3, SH2, and SH1 do-
mains, the ATP-binding lobe of the kinase domain, the pentaly-
sine nuclear localization signal, and the DNA-binding and
actin-binding domains are indicated.

Figure 5. Pag is localized to nucleus and cytoplasm. NIH-3T3
cells were transfected with epitope-tagged Pag and type IV c-Abl
and the expressed proteins were localized with indirect immu-
nofluorescence with rabbit anti-Abl antibodies (A) and anti-HA
mAb 12CA5 (B). Background staining levels are indicated by
several nontransfected cells in the field. Cells transfected with
Pag or Abl alone and stained with the opposite secondary anti-
body gave similar background staining (data not shown). Bar, 10
µM.

Wen and Van Etten

2460 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on December 17, 2014 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


c-Abl, there was no inhibition of Abl kinase activity as
measured by phosphorylation of GST–Crk (Fig. 6C).
Only when Pag was added at higher (40- to 75-fold) molar
excess over Abl was a modest decrease in GST–Crk phos-
phorylation observed (data not shown). These results
suggest that Pag alone is unable to inhibit Abl kinase
activity, but requires the presence of one or more addi-
tional cellular factors for efficient inhibition of c-Abl.

Pag rescues the cytostatic effect of c-Abl in NIH-3T3
cells

c-Abl has been reported to contribute to G1 arrest (Yuan
et al. 1996) and apoptosis (Yuan et al. 1997) in response
to ionizing radiation in fibroblasts. Overexpression of
Abl in NIH-3T3 cells leads to growth arrest in G1 of the
cell cycle (Jackson and Baltimore 1989; Sawyers et al.
1994), an effect that requires nuclear localization of Abl,
Abl kinase activity, and the p53 and Rb tumor suppres-
sor gene products (Wen et al. 1996). The mechanism of
the Abl cytostatic effect is not known, but likely in-
volves activation of c-Abl kinase in the nucleus of trans-
fected cells. If Pag is a bona fide Abl inhibitor, it should
be able to abrogate this G1/S cell cycle block. Impor-
tantly, cotransfection of Pag in the sense, but not anti-
sense, orientation rescued the cytostatic effect induced
in NIH-3T3 cells by c-Abl, but Pag had no effect on the
cytostatic effect induced by SH3-mutated Abl, P131L
(Fig. 7), nor did expression of Pag alone have any effect on
the G1/S transition. Coexpression of Pag also dramati-
cally increased the transfection efficiency of c-Abl in this
assay (Fig. 7), suggesting that Pag also rescues the cyto-
toxic effect of c-Abl. These results suggest that Pag may
normally function to inhibit negative growth and apop-

Figure 6. Pag inhibits Abl kinase activity
in vitro. (A) 293T cells cotransfected with
Pag and wild-type c-Abl, SH3-deleted Abl
(c4 DSH3), Bcr/Abl, or p160 v-Abl were
immunoprecipitated with anti-Abl anti-
body and immune complex kinase assays
performed with GST–Crk as a substrate.
(Top) Western blot with anti-Abl antibody
showing equivalent amounts of Abl pro-
teins were immunoprecipitated. (Bottom)
Autoradiograph showing32P incorpora-
tion. (B) NIH-3T3 cells were transfected
with Pag in either sense (S) or antisense
(AS) orientation and huICAM-1 as a cell-
surface marker, selected with magnetic
beads, immunoprecipitated with anti-Abl
Ab, and immune complex kinase assays
performed with GST–Crk as a substrate.
(C) (His)6-purified Abl protein was tested
for its in vitro kinase activity with GST–
Crk as a substrate and increasing amounts
of parental GST or GST–Pag fusion protein
added.

Figure 7. Pag rescues the cytostatic and cytotoxic effects in-
duced by c-Abl. NIH-3T3 cells were transfected with the indi-
cated Abl constructs with or without PAG in the sense (S) or
antisense (AS) orientation, and entry into the S phase of the cell
cycle was measured as the percentage of transfected cells posi-
tive for BrdU incorporation relative to kinase-inactive Abl.
(LacZ) Transfection of the b-galactosidase reporter construct
alone; (c4) c-Abl type IV; (K290M) kinase-inactivating point mu-
tant; (1Q2Q3Q) site-specific mutations in the first, second, and
third Abl nuclear localization signals; (P131L) activated SH3
point mutant of c-Abl; (PAG-S and PAG-AS) cotransfection of a
PAG expression vector in the sense or antisense orientation,
respectively. The transfection efficiency (absolute percentage of
b-galactosidase positive cells) is shown in parentheses after the
construct name.
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totic responses associated with activation of nuclear c-
Abl.

Discussion

A large body of experimental evidence suggests that Src-
like tyrosine kinases are negatively regulated by intra-
molecular interactions. Src family kinases such as c-Src
and Hck are inhibited by interaction of a phosphorylated
tyrosine (residue 527 in c-Src) in the carboxy-terminal
tail with the SH2 domain, with the SH3 domain also
participating (Sicheri et al. 1997; Xu et al. 1997). Kinases
of the Tec family, including Btk and Itk, are likely to be
negatively regulated by intramolecular association of the
SH3 domain with an adjacent proline-rich domain (An-
dreotti et al. 1997). It is unlikely that c-Abl is similarly
regulated by intramolecular interactions, however. First,
Abl has no Tyr 527 homolog in its carboxyl terminus and
is not tyrosine-phosphorylated in the inactive state
(Jackson and Baltimore 1989). Second, although muta-
tion of the conserved FLVRES motif in the SH2 domain
activates c-Src (Hirai and Varmus 1990a,b), the same mu-
tation in the Abl SH2 domain abolishes fibroblast trans-
formation by activated Abl (Mayer et al. 1992). Third,
SH3-deleted or mutated Abl does not have increased ty-
rosine kinase activity in vitro (Mayer and Baltimore
1994; Van Etten et al. 1995), but Src proteins with dele-
tions of the SH3 or SH2 domain have elevated in vitro
kinase activity (Seidel-Dugan et al. 1992). Fourth, al-
though we have detected binding of the Abl SH3 domain
to a region in the carboxyl terminus of Abl (R.A. Van
Etten, unpubl.), deletion of the carboxyl terminus does
not activate Abl in vitro or in vivo. Taken together, these
observations indicate that Abl and Src-like kinases are
regulated by different mechanisms.

The existence of a cellular Abl inhibitor has been sug-
gested by several lines of evidence, as mentioned previ-
ously. By use of a yeast two-hybrid system with the Abl
SH3 domain fusion protein as a bait, we isolated several
Abl SH3 domain interacting clones. One of these clones,
the PAG gene, encodes a polypeptide that has many
properties expected of a physiological inhibitor of c-Abl.
First, Pag interacts specifically with Abl SH3 domain in
the yeast system, and not with other SH3 domains from
c-Src, Grb-2, or the PI3K p85 subunit. Second, when Pag
and Abl are coexpressed in 293T cells, Pag inhibits the
tyrosine phosphorylation induced by wild-type Abl but
not that induced by Abl SH3 domain deletion (DSH3) and
point (P131L) mutants. Further, the inhibition of tyro-
sine phosphorylation is both Abl-specific, as Pag has no
effect on the closely related c-Src tyrosine kinase, and
Pag-specific, as inhibition of c-Abl is not observed with
other Abl SH3 domain-binding proteins such as Mena,
Abi-1, and Abi-2. Third, Pag and Abl associate in vivo, as
shown by coimmunoprecipitation. Fourth, Pag inhibits
phosphorylation by Abl in an in vitro kinase assay by use
of GST–Crk as a substrate. Finally, Pag rescues the cy-
tostatic effect induced by c-Abl in NIH-3T3 cells, lend-
ing further support to the physiological significance of
Pag.

Pag is the first Abl SH3 domain-interacting protein
that can inhibit Abl kinase activity both in vivo and in
vitro. Three other genes have been cloned by use of the
two-hybrid screen in the search for Abl inhibitors. Abi-1
and Abi-2 are members of a family of SH3-containing
proteins that have homology to homeobox transcription
factors. Abi-1 binds to the carboxyl terminus of Abl and
can suppress v-Abl transformation (Shi et al. 1995). Abi-
2, identified with the Abl SH3 domain as a bait, also
binds to the carboxyl terminus of Abl. Coexpression of a
carboxy-terminal fragment of Abi-2 with c-Abl in fibro-
blasts appears to activate transformation by Abl (Dai and
Pendergast 1995). Abi-1 and Abi-2, however, have not
been shown directly to inhibit c-Abl kinase activity, but
rather have some properties that suggest they may be
effectors of Abl function. The AAP1 protein, isolated
with the Abl SH3–SH2 domain as a bait, decreases the
phosphorylation of GST–Crk by Abl in vitro (Zhu and
Shore 1996); however, no in vivo role for AAP1 has been
shown.

Pag appears to interact with Abl in vivo through mul-
tiple domains. Pag was initially identified in our two-
hybrid screen as an SH3-interacting protein. Although
some prolines are present in the Pag sequence, they do
not form the consensus PXXP, a motif that has been
shown to bind to SH3 domains (Cicchetti et al. 1992;
Ren et al. 1993). The failure of Pag to interact with the
P131L SH3 domain in yeast, however, strongly suggests
Pag binds to SH3 via the same ligand-binding surface
occupied by PXXP-containing ligands. The PXXP-bind-
ing motif was identified with combinatorial peptide
(Feng et al. 1994; Yu et al. 1994) or phage display (Rickles
et al. 1994, 1995) libraries to select SH3-binding sites,
which may select for peptide ligands with prolines at i
and i + 3 positions because of the requirement for poly-
proline II (PPII) helix formation for SH3 binding. Because
polypeptides lacking proline can also assume a PPII con-
formation (Adzhubei and Sternberg 1993), it is possible
that other classes of SH3 ligand exist. In support of this,
in the three-dimensional crystal structure of c-Src, the
SH3 domain and kinase domain are closely apposed by
interaction of SH3 with a 14-residue polypeptide linker
that contains only one proline, but adopts a PPII helical
conformation in complex with the SH3 domain (Xu et al.
1997). The Pag protein may assume a similar conforma-
tion in making contact with the Abl SH3 domain. The
location of the SH3-binding site in Pag is currently under
investigation, but can be inferred to be in the carboxyl
terminus, because a B42–Pag fusion protein containing
only the carboxy-terminal 79 amino acids of Pag binds
strongly to the Abl SH3 domain in yeast (Fig. 1).

Interestingly, Pag appears to interact with both the
SH3 and the kinase domains of Abl in vivo. Indeed, the
interaction of Pag with the kinase domain appears to be
quantitatively more important than the SH3 interaction
for coimmunoprecipitation of Pag and Abl. This might
reflect the relatively low (micromolar) binding affinity
observed for SH3-ligand interactions (Feng et al. 1994;
Van Etten et al. 1995). Analysis of Abl deletion mutants
suggests that Pag interacts with the amino-terminal por-
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tion of the kinase domain, which comprises the ATP-
binding lobe. In this respect, the interaction of Pag with
Abl is reminiscent of cyclin-dependent kinase inhibitors.
Mutagenesis of the p21WAF1/CIP1 cyclin-dependent ki-
nase inhibitor reveals independent binding sites for cyc-
lin and cdk2, both of which are required for inhibitory
activity (Fotedar et al. 1996); this type of interaction is
confirmed in the structure of the the p27Kip1 cyclin-de-
pendent-kinase inhibitor, which binds to the cyclin A–
cdk2 complex by making contact with both the cyclin A
subunit and the ATP-binding lobe of cdk2 (Russo et al.
1996). It is possible that Pag does not contact the kinase
domain directly, however, because Pag failed to interact
with the SH1 domain in yeast. Also, Pag was unable to
efficiently inhibit c-Abl kinase activity when the two
purified proteins were mixed in vitro. Failure of GST–
Pag to inhibit purified c-Abl might again reflect a low
binding affinity of Pag for Abl and the concentration of
Pag (2–5 µM) that we used, but the strength of induction
of the lacZ reporter gene by B42-Pag in yeast (Fig. 2) was
suggestive of a considerably stronger Pag-SH3 associa-
tion, on the order of 50–100 nM (Gyuris et al. 1993). An-
other possibility is that addition of the GST moiety to
the amino terminus of Pag interferes with its function as
an inhibitor, which seems unlikely because Pag can tol-
erate addition of an epitope tag (consisting of 22 amino
acids) at its amino terminus and retain inhibitory func-
tion in vivo. The most plausible explanation is that Pag
may require another cellular factor to inhibit Abl effi-
ciently, and it is possible that this factor makes direct
contact with the catalytic cleft of the Abl kinase domain.
The use of Pag as the bait in a two-hybrid screen might
help to identify this cofactor.

Pag only weakly inhibited the in vitro kinase activity
of Bcr/Abl fusion protein of human chronic myeloge-
nous leukemia (Fig. 6A), and coexpression of Pag did not
decrease the level of tyrosine phosphorylation induced
by Bcr/Abl in vivo (data not shown). This is interesting
because the Bcr/Abl protein retains the Abl SH3 domain.
The Bcr moiety of the fusion protein contains a coiled-
coil oligomerization domain (McWhirter et al. 1993) and
a region which mediates binding to the Abl SH2 domain
(Pendergast et al. 1991b), both of which are required for
Bcr/Abl transforming activity. In addition, Bcr/Abl ex-
hibits elevated in vitro kinase activity relative to c-Abl
(Lugo et al. 1990), whereas deletion of the Abl SH2 do-
main reduces the in vitro kinase activity of Bcr/Abl to
that of c-Abl (Ilaria and Van Etten 1995). These observa-
tions suggest that the kinase activity of Bcr/Abl is
stimulated by inter- or intramolecular interactions me-
diated by Bcr and Abl SH2, and it is plausible that the
SH3 domain of Bcr/Abl may be inaccessible to ligands
such as Pag as a consequence.

The PAG gene was cloned by differential screening of
cDNA libraries from an untransformed and ras-trans-
formed human mammary epithelial cell line (Prosperi et
al. 1993). It is fairly ubiquitously expressed, as is c-Abl,
and is induced to higher levels with serum stimulation.
The murine homolog of Pag, MSP23, was cloned as a
cDNA induced in mouse peritoneal macrophages by oxi-

dative stress (Ishii et al. 1993). Like Pag, MSP23 is widely
expressed among various tissues under normal condi-
tions. Pag/MSP23 has homology to a growing family of
proteins from prokaryotes and eukaryotes, many of
which function as peroxide reductases (Chae et al.
1994a), and purified MSP23 has been shown to have
thiol-specific antioxidant activity in vitro (Ishii et al.
1995). Additional functional roles are suggested for sev-
eral members of this family. The MER5 gene was iden-
tified as a cDNA induced during early differentiation of
murine erythroleukemia (MEL) cells (Yamamoto et al.
1989), and antisense-mediated inhibition of MER5 ex-
pression partially blocks MEL cell differentiation (Ne-
moto et al. 1990). A close relative of Pag, NKEF-A, was
originally identified as a factor capable of enhancing
natural killer cell cytotoxicity (Shau et al. 1994).

Our results suggest an additional function for Pag/
MSP23: inhibition of c-Abl kinase activity. It is unlikely
that antioxidant activity of Pag is responsible for this
inhibition, because we have observed significant sup-
pression of Abl-induced tyrosine phosphorylation with
amino-terminal truncation mutants of Pag that lack the
conserved Cys52 residue required for antioxidant activ-
ity (Chae et al. 1994b), (data not shown). Abl SH3-bind-
ing and kinase inhibition is, therefore, likely to represent
a distinct function of Pag. Oxidative stress induces a
pleiotropic physiologic response in mammalian cells, in-
cluding induction of antioxidant proteins, protein-tyro-
sine phosphatases, and transcription factors such as c-
Jun and NF-kB (Sies 1993). It is provocative that c-Abl
kinase activity is stimulated by ionizing radiation and
radiomimetic chemicals such as mitomycin C and cis-
platin, both of which induce DNA damage via genera-
tion of free radicals. It is possible that the direct activa-
tion of c-Abl by these stimuli is mediated by free radi-
cals, causing dissociation of Pag and increased enzymatic
activity of both Abl and Pag, whereas the subsequent
increase in Pag levels restores inhibition to Abl as part of
a negative feedback response.

Pag might also play a role in regulating the cell cycle in
the absence of oxidative stress. Dominant negative and
antisense approaches suggest c-Abl may inhibit the G0 to
G1 transition in fibroblasts (Sawyers et al. 1994; Daniel
et al. 1995). It is possible that up-regulation of Pag with
serum stimulation serves to relieve an Abl-dependent
block to cell cycle entry. In addition, as an inhibitor of a
proto-oncogene, PAG is also a candidate tumor suppres-
sor gene. It is of interest that structural alterations of the
chromosome 1p34.1, where PAG is located (Prosperi et
al. 1994), are not infrequent in several types of human
cancer, with translocations involving 1p34 in leukemia,
particularly acute lymphoblastic leukemia (ALL), and
deletions of distal 1p frequent in ALL, breast cancer, and
neuroblastoma (Mitelman 1994).

Materials and methods

Cells and cell culture

NIH-3T3 and 293T cells were the kind gift of L. Klickstein
(Brigham and Women’s Hospital, Boston, MA). NIH-3T3 cells
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were propagated in Dulbecco’s modified Eagle medium
(DMEM) with 4.5 grams/liter of glucose, 10% calf serum, and
penicillin/streptomycin. 293T cells were grown in DMEM,
10% heat-inactivated fetal calf serum, glutamine, nonessential
amino acids, and penicillin/streptomycin.

DNA constructs

A cDNA fragment encoding the c-Abl SH3 domain (amino acids
72–138) was excised from pPLc4 Abl (Van Etten et al. 1989) by
XmnI–HincII restriction enzyme digestion, then fitted with
BamHI linkers and subcloned in frame into the plasmid
Lex202+PL (kind gift of R. Brent, Massachusetts General Hos-
pital, Boston). The resultant plasmid LexA–Abl SH3 directed
the synthesis of a fusion protein containing the LexA DNA-
binding domain and the SH3 domain of Abl when expressed in
yeast strain EGY48. A similar strategy was used to generate
yeast expression plasmids for the LexA-c-Src SH3 (amino acids
85–145), LexA–PI3K p85 SH3 (amino acids 1–85), LexA–Grb2
N-SH3 (amino acids 4–60), LexA–Abl SH1 (amino acids 239–
540), and LexA–Abl carboxyl terminus.

The PAG cDNA was a generous gift of G. Goubin (Institut
Curie, Paris, France). To express Pag in mammalian cells, the
entire PAG cDNA was subcloned in-frame into pCGN (ob-
tained from W. Herr, Cold Spring Harbor Laboratory, NY) at the
BamHI site downstream of the sequence encoding the hemag-
glutinin (HA) tag.

The mammalian expression vector pcDNA-c4 Abl and its
various internal deletion mutations have been described previ-
ously (Wen et al. 1996). To generate the kinase domain deletion
mutants, the plasmid pGDN–Abl (kind gift of B. Mayer; Mayer
and Baltimore 1994), in which a BamHI site had been created at
the beginning of the kinase domain, was used. Constructs with
deletion of the entire kinase domain or just the ATP-binding
lobe were generated by BamHI–BclI or BamHI–BglII digestion
respectively, fusing the ends in-frame, and subcloning the de-
leted cDNAs back into pcDNA vector. The GSC-Abl–SrcTK
chimera plasmid (also a gift of B. Mayer; Mayer and Baltimore
1994) was similarly subcloned into the pcDNA vector.

For production of bacterial fusion protein, the PAG cDNA
was subcloned in-frame into pGEX-4T-2 (Pharmacia) at the
BamHI site. pGEX-2T-Crk (amino acids 120–225) and pGEX-
4T-2-Pag were introduced into the Escherichia coli host strain
NB42 F8, and GST fusion proteins purified by affinity chroma-
tography on glutathione-agarose (Molecular Probes) as described
(Van Etten et al. 1989).

The cDNA-encoding murine Mena was a generous gift of F.
Gertler (Fred Hutchinson Cancer Research, Seattle, WA). The
entire coding sequence of Mena was subcloned in-frame into
pCGN mammalian expression vector. A cDNA encoding the
full-length Abi-1 protein was the kind gift of S. Goff (Columbia
University School of Medicine, New York, NY) and was cloned
into pcDNAI. The pCGN-Abi-2 plasmid was a kind gift of A.M.
Pendergast (Duke University Medical Center, Durham, NC).
pFLAG-Rb SE was a gift of J. Wang (University of California, San
Diego). The pBSK-c-Src and pBSK-c-Src Y527F were gifts of D.
Morgan (University of California, San Francisco); the entire cod-
ing sequence of these two cDNAs were subcloned in frame into
pcDNAI. The pCDM8-huICAM-1 was a gift of T. Springer (Har-
vard Medical School, Boston, MA).

Yeast two-hybrid screen

A genetic screen using the yeast interaction trap was performed
as described (Gyuris et al. 1993; Zervos et al. 1993). The bait
plasmid LexA–Abl SH3 was transformed into yeast strain

EGY48 with a reporter plasmid (JK103) that contained the Lex-
Aop–LEU2 reporter gene. This strain was transformed with the
HeLa interaction library, generated by fusion of cDNAs with
the activation domain carried on the B42 acid blob (Zervos et al.
1993). Yeast transformation was performed by the lithium ac-
etate method (Gietz et al. 1992). Ten million primary library
transformants were amplified and screened. Seven hundred and
fifty interacting clones were selected as meeting the following
criteria: (1) They grew on Ura− His− Trp− Leu−–galactose plates
but not on Ura− His− Trp− Leu−–glucose plates; and (2) they
turned blue on Ura− His− Trp− X-gal–galactose plates but not on
Ura− His− Trp− X-gal–glucose plates. Plasmids from these inter-
acting clones were isolated by transformation of E. coli strain
KC8. To test whether the library cDNAs encoded proteins that
interacted specifically with the Abl SH3 domain, the library
clones were transformed back into yeast along with either Lex-
A–Abl SH3, LexA–Abl SH3 (P131L), LexA–Bicoid, LexA–cdc2,
or LexA–Integrin. Those clones that interacted with SH3
(P131L) or the nonspecific baits were not considered further.
The remaining specific interacting clones (∼200 clones) were
DNA sequenced with dideoxy sequencing according to the
manufacturer’s directions (U.S. Biochemical).

Transfections and Abl cytostatic assay

Calcium phosphate transfection of 293T cells was performed as
described (Van Etten et al. 1995). LipofectAMINE was used to
transfect NIH-3T3 cells according to manufacturer’s directions
(GIBCO/Life Technologies). For the analysis of cell cycle arrest
by Abl, the cells were labeled with 5-bromo-2-deoxyuridine
(BrdU), then analyzed with immunofluorescence and histo-
chemical staining as described previously (Wen et al. 1996). In
some experiments, NIH-3T3 cells cotransfected with the hu-
ICAM-1 expression plasmid were positively selected by staining
cells with the anti-huICAM-1 mAb R6-5 and anti-mouse mi-
crobeads, followed by selection on a MicroMACS column
(Miltenyi Biotec).

Protein analysis

Proteins were analyzed by direct Western blotting or blotting
after immunoprecipitation. 293T cell extracts containing
equivalent amounts of Abl proteins were immunoprecipitated
with anti-GEX4 antibody (directed against carboxy-terminal
Abl sequences) as described (Van Etten et al. 1995), or with
anti-exon Ib c-Abl antibody (gift of O. Witte, University of Cali-
fornia, Los Angeles), then blotted with either anti-HA 12CA5
mAb (BabCo), anti-phosphotyrosine mAb 4G10 (Upstate Bio-
technology, Inc.), or anti-Abl SH2 domain antibody 8E9 (Pharm-
ingen), and developed with enhanced chemiluminescence (Am-
ersham). For 35S-labeling of proteins, cells were labeled over-
night with 35S-EXPRESS Protein labeling mix (125 µCi/plate,
New England Nuclear), and extracts prepared and immunopre-
cipitated with anti-GEX4 antisera under conditions of quan-
titative immunoprecipitation of Abl. Immunoprecipitated
proteins were resolved by SDS-PAGE and detected by autoradi-
ography utilizing Amplify fluorescence enhancement (Amer-
sham).

In vitro kinase assay

The immune complex kinase was performed as described (Ko-
nopka and Witte 1985; Jackson and Baltimore 1989). The kinase
reaction was carried out in 50–100 µl of kinase buffer containing
20 mM PIPES at pH 7.2, 20 mM MnCl2, 0.5 µg GST–Crk, and 0.2
µl of [g-32P]ATP (10 mCi/ml) at room temperature for 20 min.
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The proteins were eluted in Laemmli sample buffer and ana-
lyzed by SDS-PAGE and autoradiography. For the in vitro kinase
assay with purified Abl, (His)6-tagged Abl was purified from
293T cells with nickel–agarose (Qiagen), eluted with 80 mM

imidazole in high salt buffer (500 mM NaCl, 20 mM HEPES at
pH 7.5), and concentrated with centricon-10 microfiltration
unit (Amicon) (B. Brasher, unpubl.). GST or the GST–Pag fusion
protein, purified from E. coli by affinity chromatography on
glutathione–agarose, was added in 1.5- to 15-fold molar excess
(corresponding to a Pag concentration of 0.2–2.0 µM) or 7.5- to
75-fold molar excess relative to Abl protein and the kinase re-
action performed under similar conditions. Results were quan-
titated by densitometry and by PhosphorImager analysis.

Immunofluorescence

NIH-3T3 and 293T cells transfected with pCGN–PAG and pcD-
NA–c4 Abl were fixed with methanol and acetone and stained
with anti-HA mAb 12CA5 and affinity-purified rabbit anti-
GEX4 Abl antibodies, followed by rhodamine-conjugated don-
key anti-rabbit IgG and fluorescein-conjugated donkey anti-
mouse IgG (Jackson Immunoresearch), as described (Wen et al.
1996). Expressing cells were photographed on a Zeiss Axiophot
microscope with Tmax ASA 400 black-and-white film (Kodak).
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