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The pleckstrin homology (PH) domain is a conserved
protein module present in diverse signal transducing
proteins. To investigate the function of the PH
domain of the Ras exchanger Sos, we have generated
a recombinant (His)-tagged PH domain from human
Sosl (PH-Sos). Here we show that PH-Sos binds
with high affinity(1.5 pM) to lipid vesicles containing
the negatively charged phospholipid phosphatidylinos-
itol 4,5-bisphosphate (PIB). When microinjected into
serum-deprived rat embryo fibroblasts or COS
cells, PH-Sos displays a homogenous subcellular
distribution. However, PH-Sos rapidly accumulates
in the plasma membrane following serum stimulation
and, under these conditions, is localized preferentially
to the leading edge of motile cells. Surprisingly, the
membrane localization of PH-Sos is not dependent
on its ability to bind PIP,. Overexpression of the
PH domain of Sos has a pronounced dominant-
negative effect on serum-induced activation of the
Ras signaling pathway. These results suggest that
the PH domain of Sos participates in regulating the
inducible association of Sos with the membrane, and
indicate the presence of specific ligands that interact
with this domain to bring about the activation of Ras.
Keywords leading edge/lipids/PH domains/Ras/Sos

Introduction

a-helix (Lemmonet al,, 1996). Recently, a second class of
PH domains, the phosphotyrosine-binding (PTB) or phos-
photyrosine interaction (Pl) domains from Shc and insulin
receptor substrate-1 (IRS-1), have been characterized struc-
turally (Zhouet al, 1995; Ecket al, 1996). These PTB
domains share no sequence homology with PH domains,
but have a very similar overall architecture.

By analogy with SH2 and SH3 domains, it has been
postulated that PH domains are structural modules involved
in mediating intermolecular interactions. However, the
identity of the physiological ligands of PH domains is, to a
large extent, unknown. Several PH domains, specifically
those fromf-spectrin, pleckstrin, dynamin and PL&g-
have been shown to bind to phosphoinositides and their
head groups. The PH domain of Pldgbinds specifically
to both inositol 1,4,5-trisphosphate [Ins(1,4,§)hd phos-
phatidylinositol 4,5-bisphosphate (B)Rvith high affinities
[Kg= 1.7puM for PIP, andKy = 0.21uM for Ins(1,4,5)R)]
(Lemmonet al,, 1995). It has been proposed that this inter-
action serves to recruit the enzyme to membrane regions
enriched with its substrate. In contrast, the PH domains from
B-spectrin and pleckstrin bind to phospholipids weakly and
with little specificity (Harlanet al, 1994; Hyvaenet al,
1995), and the physiological relevance of these interactions
is not known. In addition to lipid binding, the PH domain
of B-adrenergic receptor kinasB-ARK) has been shown
to be required for its interaction wifBy subunits of hetero-
trimeric G proteins (Pitcheaat al,, 1995), and the PH domain
of Akt contributes to the formation of Akt protein complexes
(Datta et al, 1995). The ligands for PTB domains are
specific protein sequences containing phosphorylated tyro-
sines (Bork and Margolis, 1995; Zhat al,, 1995). PTB-
mediated interactions play a role in the recruitment of sig-
naling molecules to activated receptors (Batteal., 1995;
Yajnik et al, 1996).

Although little is known about the molecular basis for

Pleckstrin homology (PH) domains are sequence motifs thatthe function of PH domains, several lines of evidence indi-
share homology with an internal repeat in pleckstrin, the cate thatthese domains are critical for the biological activity
major substrate of protein kinase C in platelets (Konishi of various signaling molecules. First, specific point
et al, 1994; Yaoet al, 1994). They contain ~120 amino mutations in the PH domain of Bruton’s tyrosine kinase
acids, and are present in a large variety of proteins involved (Btk) are thought to constitute the primary genetic defect
in intracellular signaling or cytoskeletal organization underlying X-linked immunodeficiency in mice and agam-
(reviewed by Musacchiet al, 1993; Gibsoret al,, 1994; maglobulinemia in humans (Rawlingsal., 1993; Thomas
Shaw, 1995; Lemmost al, 1996). These include protein et al, 1993; Vihinenet al, 1995). Second, the PH domain
kinases such as Akt and Btk; guanine nucleotide exchangeof B-ARK is required for its membrane association and
factors for small GTPases such as Dbl and Sos; phospholip-activation (Pitcheret al, 1995). Third, the coupling of
ase Cisoforms (PL(; -yand 9); and cytoskeletal proteins  insulin receptors and IRS-1 depends in part on the PH
such ag-spectrin. Despite the factthatthe sequence identity domain of IRS-1 (Myerset al, 1995; Voliovitch et al,
between PH domains is limited, their tertiary structures 1995). Fourth, the PH domain of PL&;-is necessary and
appear to be strikingly similar. The three-dimensional struc- sufficient for the interaction of PL@; with the plasma
tures of the PH domains frofitspectrin, pleckstrin, dyna- membrane (Cifuentest al, 1994; Patersoet al, 1995).
min and PL®; reveal that each PH domain consists of a Fifth, the PH domain of the protein kinase Akt has been
seven strandefl-sandwich of two orthogonal antiparallel implicated in the activation of Akt by phosphatidylinositol
B-sheets closed at one end with a C-terminal amphipathic 3-kinase (PI-3 kinase) (Etaalkel995). Finally, the
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Fig. 1. Purification and subcellular localization of PH-Sao&) Purification of PH-Sos. SDS—PAGE (15%) of cell lysates prepared &arli

carrying plasmid pET28b-PH-Sos that were grown without (lane 1) or with (lane 2) 1 mM IPTG. The PH-Sos was purified by Ni affinity
chromatography (lane 3)BJ Localization of the PH-Sos following microinjection into COS (a) and REF-52 (b) cells. A purified preparation

(2 mg/ml) of PH-Sos was microinjected into subconfluent cells, and the distribution of the injected protein was examined by indirect
immunofluorescence staining using anti-T7 primary antibody and rhodamine-conjugated goat anti-mouse IgG secondary antibody. The fluorescence
staining pattern was analyzed by confocal microscopy.

PH domain of oncogenic Dbl mediates its targeting to the High affinity binding of PH-Sos to
cytoskeletal matrix and is essential for its oncogenic activity phosphatidylinositol-4,5-bisphosphate
(Zhenget al,, 1996b). Several PH domains have been shown to bind negatively
PH domains are present in the Ras guanine nucleotidecharged phospholipids (Rebecetal., 1992; Harlaret al,,
exchange factors Sos and p140Ras-GRF and have beed994; Yagisawatal, 1994; Hyvmenetal, 1995; Lemmon
implicated in the regulation of their guanine nucleotide etal, 1995; Zhengtal, 1996a). We tested whether PH-Sos
exchange activity (Karlovichkt al,, 1995; McCollanet al,, would interact with phospholipids using a vesicle binding
1995; Wanget al,, 1995; Buchsbaurat al., 1996). In this assay (Rebecclhdt al,, 1992). Different concentrations of
study, we have examined the function of the PH domain of purified PH-Sos were mixed with 1 mM lipid vesicles con-
Sos. We report that the isolated PH domain of Sos (PH- taining or not containing 2% PJPThe vesicles were pel-
Sos) binds to acidic phospholipids with high affinity and is leted by ultracentrifugation and then analyzed for the
targeted to specific regions within the plasma membrane. presence of the bound PH-Sos by the bicinchoninic acid
Surprisingly, lipid binding does not appear to be required (BCA) protein assay. Inthe presence of IPH-Sos bound
for the membrane targeting of PH-Sos. Rather, the localiz- to the phospholipid vesicles in a concentration-dependent
ation of PH-Sos to the membrane is dependent on growthmanner (Figure 2A) with an apparent dissociation constant
factor stimulation. Our results suggest a role for PH-Sos in 0f 1.5 uM (Figure 2B). This binding affinity is similar to
the signal-dependent recruitment and activation of Sos.  that observed for the binding of the isolated PACPH
domain Kyg = 1.7 uM) or PTB domain Ky = 7.3 uM) to
PIP, in phospholipid vesicles (Lemmaat al., 1995; Zhou
etal, 1995). In contrast, the binding of PH-Sos to phospholi-
pid vesicles was relatively insignificant in the absence of
PH-Sos is localized to the plasma membrane PIP, (Figure 2A).
To study the function of the PH domain of hSosl (PH-
Sos), we generated a recombinant fusion protein in which a phospholipid binding is not critical for the
fragment encompassing residues 422-551 of hSosl WaSmembrane association of the PH-Sos

N-terminally fused to six histidines followed by a T7 epitope  Most proteins that contain PH domains require membrane
tag. Using Ni affinity chromatography, the PH-Sos was association for their function. Thus, it has been proposed
purified to homogeneity (Figure 1A) and microinjected into  that the interaction between PH domains and phospholipids
subconfluent cells. The distribution of the injected protein may serve as a mechanism to anchor PH domain-con-
was then examined by indirect immunofluorescence stain- taining proteins to the membrane. To investigate whether
ing using anti-T7 primary antibody and rhodamine-conjug- the lipid-binding activity of the PH-Sos plays a role in its
ated secondary antibody (Figure 1B). Analysis of the membrane association, we generated a mutant of PH-Sos
fluorescence staining patterns by confocal microscopy in which two residues, Lys456 and Arg459, were mutated
revealed that both in COS cells (panel a) and in rat embryo simultaneously to glutamic acid. Based on an alignment
fibroblasts (panel b) the PH-Sos was present throughout thewith other PH domains of known structures, these posit-
cytoplasm butwas specifically enriched atthe cell periphery. ively charged residues in the PH-Sos are predicted to be
These results indicate that the PH-Sos can target itself tolocated at the N-terminal portion of tHg2 strand (Figure
the plasma membrane. 2C), aregion shown to be critical for lipid binding (Harlan

Results
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Fig. 2. Binding of PH-Sos to acidic phospholipids and identification of residues which are critical for the lipid binding of PHAB&or(centration
dependence of the binding of PH-Sos to lipid vesicles. Increasing concentrations of purified PH-Sos protein (WT) were incubated with 1 mM lipid
vesicles containing 2% P}R®) or 0% PIR (O). PH-Sos mutant, KR EE (A), was incubated with 1 mM lipid vesicles containing 2% pPimder

the same conditions as for PH-Sos WT. PH-Sos bound and PH-Sos free were separated and measured as indicated in Materials and methods.

(B) Apparent dissociation constants, 1 for WT and 73uM for KR - EE, were calculated by fitting the experimental data to the Scatchard

equation: Y/[PH-Sos]= K4 (1 - Y). (C) Sequence alignment and secondary structure comparison of PH-Sos domain with other PH domains of
known structure. Conserved elements of secondary structure (8esteeets and one helix) are represented by boxes located under the primary
sequence. The main amino acid residues involved in the interaction of P-RItC phosphoinositides are marked by asterisks. The positions of
mutations in PH-Sos that were found to affect lipid binding (see B) are indicated by the arrows. Potential protein kinase C phosphorylation sites are
indicated by a square. Potential casein kinase Il phosphorylation sites are indicated by a dot.

et al, 1994; Fergusort al,, 1995; Zhenget al, 1996a). homogenous cytoplasmic distribution (Figure 4A, panel
The PIR dependence of the binding of the wild-type and a). However, following serum stimulation, the PH-Sos
mutant PH-Sos was compared by the vesicle binding rapidly accumulated in the plasma membrane (Figure
assay. As shown in Figure 2A, RIRad no effect on the  4A, panel b). We have consistently observed that the
binding of the double mutant PH-Sos, indicating that membrane staining of PH-Sos is localized preferentially
this mutant completely lost the PHependent binding  to one side of the cell periphery which is not in contact

activity. Scatchard analysis reveals that the apparent disso-With other cells. This polarized staining pattern resembles
ciation constant for the mutant PH-Sos is 78V the localization of membrane proteins associated with

(Figure 2B). the leading edges of motile cells. Therefore, we tested
To test whether the impaired lipid binding of the Whether the PH-Sos is localized preferentially to the
PH-Sos double mutant affected its cellular localization, '€2ding edge by performing a wound-healing experiment.
a purified preparation of the mutant protein was In cell monolayers, the individual cells that are most
microinjected into COS cells and the subcellular adjiacent to a newly formed wound rapidly reorient
localization of the injected protein was analyzed by themselves such that their leading edges point towards

; - : the wound. Experimentally, this phenomenon can be
immunofluorescence staining and confocal microscopy. b y P

. X s : mimicked by introducing a scratch in a confluent
Figure 3 illustrates that similarly to the W"d'.Wpe PH- monolayer of cells. Under these conditions, the space
Sos, the double mutant was able to localize to the

) - generated by the scratch represents the wound. For our
plasma membrane. Therefore, the Plitnding activity  gyperiments, a scratch was introduced in a confluent
is not essential for the membrane localization of PH-Sos. monolayer of rat embryo fibroblasts and the PH-Sos

was microinjected into cells positioned along the wound.

PH-Sos is recruited to the plasma membrane in Immunofluorescence staining revealed that the PH-Sos
a serum-dependent manner and is localized was concentrated at the leading edges of the cells
preferentially to the leading edges of motile cells (Figure 4B). The preferential increase in the concentration

To gain insights into the mechanisms that regulate the of PH-Sos at the leading edge was also observed by
localization of the PH-Sos to the plasma membrane, we confocal microscopy (not shown). These observations
tested the effect of growth factor stimulation on the raise the possibility that PH-Sos may be involved in

subcellular distribution of PH-Sos. When microinjected the targeting of Sos to specialized regions within the

into serum-starved COS cells, the PH-Sos displayed aplasma membrane.
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Fig. 3. Comparison between the subcellular localization of PH-Sos (WT) and PH-Sos mutantEK]R Subconfluent COS cells were microinjected
with purified preparations (2 mg/ml) of WT or mutant PH-Sos. The distribution of the injected protein was examined by indirect
immunofluorescence staining as described in the legend to Figure 1. Fluorescence images were viewed by confocal microscopy.

A

Fig. 4. Regulation of the subcellular localization of PH-So&) Serum-dependent membrane localization of PH-Sos. Serum-starved subconfluent
COS cells were microinjected with PH-Sos. Two hours after injection, cells were stimulated with (10%) serum for 5 min. Localization of the
injected protein in serum-starved (a) and serum-stimulated (b) cells was determined by indirect immunofluorescence staining and confocal
microscopy as described in Figure B)(Localization of PH-Sos to the leading edge of motile cells. A scratch was made in a confluent monolayer

of REF-52 cells. The cells near one side of the wound were microinjected with PH-Sos (2 mg/ml) and the distribution of the injected protein was
analyzed by indirect immunofluorescence staining and conventional fluorescence microscopy. The fluorescence staining image is shown in panel b
and the corresponding phase-contrast micrograph is shown in panel a. Arrows denote the high concentration of PH-Sos at the leading edge.
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Fig. 5. Purification and localization of GST-PTB from Sh&)(A GST-PTB preparation which was expressedinoli and purified using
glutathione—agarose beadB) Subcellular distribution of the GST-PTB domain in COS cells. Purified GST-PTB was microinjected into COS cells

and the localization of the injected protein was examined by indirect immunofluorescence staining using anti-GST mouse monoclonal antibody and
rhodamine-conjugated goat anti-mouse 1gG secondary antibody. Injected cells were viewed by conventional fluorescence microscopy (panel a) or by
phase-contrast microscopy (panel b). The cell boundaries are delineated by the broken lines (panel ¢) which were hand-drawn by overlapping the
phase and fluorescence micrographs. Note that the fluorescent staining does not coincide with the cell periphery.

The Shc PTB domain displays a localization detected by immunoblotting, were similar among the
pattern distinct from that of PH-Sos various transfected cells. Under the experimental condi-
The PTB or PI domains of Shc and IRS-1 recently tions we have used, serum-induced activation of MAP
have been shown by structural studies to adopt the kinase is predominantly Sos dependent. This is indicated
same structural folds as the PH domains and therefore by the fact that the expression of a dominant interfering
could be perceived as bona fide PH domains. To testmutant of Sos lacking the catalytic domaif\Qat)
whether membrane localization is a general property of resulted in a 75% inhibition of MAP kinase activity
PH domains, a GST fusion protein containing the PTB (Figure 6B). Significantly, the expression of the PH
domain from Shc was purified (Figure 5A) and domain of Sos (PH-WT) alone was also accompanied
microinjected into COS cells. Immunofluorescence stain- by a marked inhibition (75%) of serum-induced MAP
ing of the injected cells with anti-GST antibody showed kinase activation (Figure 6B). This interfering effect
a patchy distribution pattern organized in a ring-like was independent of PJPbinding (Figure 6B, PH-
structure that does not correspond to the cell periphery  —IEE). This suggests that the PH domain can
(Figure 5B). Confocal microscopy analysis of the Shc compete with endogenous Sos molecules for a cellular
PTB staining indicated that the protein was present in target that is critical for Sos activation. It could be
the ventral part of the cell close to areas of contact argued that, when overexpressed, the PH domain might
with the substratum (data not shown). This localization interfere with MAP kinase activation by affecting other
pattern is markedly different from that observed for components of the MAP kinase cascade. However, the
PH-Sos. Moreover, in contrast to PH-Sos, the distribution expression of the PH domain did not interfere with the
of Shc PTB was not affected by serum stimulation. ability of Raf-CAAX, a constitutively active membrane-
Thus the regulated membrane localization of PH-Sos targeted form of Raf, to activate MAP kinase (Figure
most likely reflects properties that are specific for 6B). Thus the dominant-negative effect of the over-
this protein. expressed PH domain is exerted upstream of Ras and
most likely at the level of Sos itself.
Role of the PH domain in Sos activation
To investigate the functional significance of the PH [ .
domain of Sos, we analyzed the effects of different Discussion

deletion mutants of Sos on serum-induced activation of To study the function of the PH domain of Sos, we
mitogen-activated protein (MAP) kinase. COS cells were generated a recombinant protein corresponding to the
co-transfected with plasmids encoding hemagglutinin PH domain of hSosl. Biochemically, the purified PH
(HA)-tagged ERK2 MAP kinase and HA-tagged deletion domain of hSosl1 displays characteristics that are similar
mutants of Sos. ERK2 was immunoprecipitated with to other PH domains in that it binds with high affinity
the anti-HA antibody and MAP kinase activity was to PIR. It is noteworthy that, with the exclusion of the
measured byin vitro kinase assay using myelin basic PH domain of RCthe interaction of PH-Sos with
protein (MBP) as an exogenous substrate. As illustrated PIP, is stronger than that seen in studies with any of

in Figures 6A, the expression levels of ERK2, as the other PH domains. For PH domains of known
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Fig. 6. Role of the PH domain in Sos-mediated Ras activation. COS
cells were transiently co-transfected with HA-tagged ERK2 and the
indicated HA-tagged Sos constructs. MAP kinase activation was
measured in serum-starved and serum-stimulated cells by
immunocomplex kinase assay using MBP as a substrate.

(A) Immunoblot with anti-HA antibody showing the level of
expression of the co-transfected hSos constructs, PH-WT, PH-ER
andACat (upper panel), and ERK2 constructs (bottom panel).

(B) MBP phosphorylation as visualized by autoradiography. The
amount 0f®2P incorporated into MBP was determined using
phosphorimaging and is indicated above each lane in arbitrary units.
Results shown are from a single representative experiment.
Experiments were repeated three times with similar results.

structure, it has been shown that each domain is
electrostatically polarized, with the N-terminal region
forming a positively charged surface comprised of
B strands and variable loops (Shaw, 1995; Lemmon
et al, 1996). This surface contains a cluster of basic
residues which appear to mediate the binding to
phosphoinositide head groups. Although the three-
dimensional structure of the PH domain of Sos is not
known, our finding that its binding to PJRs dependent

on basic residues located in the presumptive positively

Sos which abolish PPbinding do not interfere with
the ability of the protein to target itself to the plasma
membrane. Thus, it appears that PIBinding is not
necessary for the anchoring of PH-Sos to the membrane.
Moreover, the binding of PH domains to BIHoes not
seem to be sufficient for membrane association, as the
isolated PTB domain, which has been shown to bind
PIP, with high affinity, failed to interact with the plasma
membrane. Thus, although we cannot definitively rule
out the possibility that interactions with negatively
charged lipids other than PiFAmight be necessary for
membrane localization, our data are most consistent
with the interpretation that the recruitment of PH-Sos
to the membrane is mediated by a specific ligand that
is distinct from PIB. The identity of such ligand(s) is
not known. Whereas the PH domain of oncogenic Dbl
has been shown to mediate interaction with the detergent-
resistant cytoskeletal matrix (Zhergg al., 1996b), both

the isolated PH domain of Sos and the intact Sos
protein are detergent soluble (R.-H.Chen and D.Bar-
Sagi, unpublished observations). Thus the differential
interactions of PH domains with cellular ligands might
constitute a mechanism for the targeting of PH domain-
containing signaling molecules to distinct subcellular
locations. In this context, it is of interest to note that
the PH domain of Sos appears to be recruited
preferentially to the leading edge of motile cells. Since
several cell surface receptors have been shown to be
concentrated at the leading edge (Regen and Horwitz,
1992; Warnet al, 1993), the enrichment of Sos in this
region might provide the means by which signals could
be generated in a specific spatial pattern.

Given their postulated function in the cellular targeting
of signaling molecules, PH domains would be predicted
to function in a signal-dependent fashion. Consistent
with this view, we found that the recruitment of the
PH domain of Sos to the membrane is serum dependent.
The mechanisms by which serum growth factors might
modulate the membrane anchoring of the PH domain
remain to be determined. The presence of several
potential phosphorylation sites for kinases within the
PH domain of Sos involved in signaling (e.g. protein
kinase C and casein kinase Il) raises the possibility that
the PH domain itself might be the target for modulation
by extracellular signals. However, it is also possible
that these signals act on the ligand(s) of the PH domain
of Sos to enhance their accessibility and/or affinity.

The activation of Ras by Sos in response to growth
factor stimulation is not mediated by a change in the

catalytic activity of Sos (Buday and Downward, 1993;

McCormick, 1993; Olivier et al, 1993). Rather, it

appears that the functional activity of Sos depends on

its accessibility to Ras (Aronheirat al, 1994; Quilliam
et al, 1994). Since Grb2 mediates the recruitment of
Sos to the activated receptor, the initial view has been

that the interaction of Sos with Grb2 serves as the

charged surface suggests that the basic fold of the PHprinciple mechanism to place Sos in spatial proximity

domain of Sos might be similar to that of other PH
domains.

It has been proposed that the interaction of PH
domains with PIP may provide a mechanism for their
binding to membrane surfaces (Cifuentetsal, 1994).
We have found that mutations in the PH domain of
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to Ras (Buday and Downward, 1993; Clerdih
1993; Eganet al, 1993; Li et al, 1993). However,

more
indicated that activation of Ras by Sos can occur even
in the absence of interaction with Grb2 (Karlovich
et al, 1995; McCollamet al, 1995; Wanget al, 1995).

recent genetic and biochemical studies have
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Under these conditions the N-terminal domain of Sos Subconfluent or confluent cells were starved in serum-free DMEM at

. ; S yat least 16 h prior to microinjection. Proteins (2—4 mg/ml) in either0.5
algptTars htO bel tf;ggg_ﬂt'{/lcaé: cljletermm?mlgfgg_ a\f\}lvatlon PBS or microinjection buffer (20 mM Tris-acetate pH 7.4, 20 mM NacCl,
( arlovich et al, ; McCollamet al, ; vwang 1 mM MgCl, 0.1 mM EDTA and 5 mMf-mercaptoethanol) were

et al, 1995). Our observation that the PH domain of injected into the cytoplasm of cells in selected squares of the coverslips.
Sos can target itself to the plasma membrane suggestg-or serum stimulation, cells were stimulated for 5 min with DMEM
a mechanism by which the N-terminal domain of Sos containing 20% FBS, 2 h after injections. Transfections of COS-1 cells

. . o were performed using calcium phosphate as described by Waglak.
can interact with cellular membranes thereby gaining (;977) “griefly, DNA was diluted in TriS/EDTA buffer and 2 M CaCl

access to membrane-bound Ras. The ability of overex-was added to a final concentration of 125 mM. The mixture was then

pressed PH domain of Sos to exert a dominant-negativediluted in HEPES/NgHPO, buffer and allowed to stand at room

effect lends further support to this concept and suggeststemperature for 30 min prior to being added to the culture medium.

the existence of specific cellular targets that contribute Twelve hours after transfection, media were aspirated and cultures were
. . . . . fed with 10 ml of DMEM supplemented with 5% FBS.

to the regulation of Sos activity by interacting with

this domain. Indirect immunofluorescence
It is becoming increasingly evident that the proper Cells were fixed with 3.7% formaldehyde in PBS for 1 h at room

presentation of Sos to Ras is achieved through muItipIe temperature or overnight at 4°C and then permeabilized with 0.1%

! . - . . Triton X-100 in PBS for 3 min at room temperature. The coverslips
intermolecular interactions mvolvmg both the N- and were incubated for 1 h at 37°C with the primary antibody (mouse anti-

C-terminal domains of the protein. ThUSi further ana|Y$i5 T7 antibody or mouse anti-GST antibody) diluted in 1% bovine serum
of the structure of the PH domain of Sos and its albumin (BSA) in PBS, followed by 1 h incubation with the secondary
functional interaction with ligands should contribute to antibody (affinity-purified rhodamine-conjugated goat anti-mouse IgG).
the elucidation of the mechanisms that govern the The stained cells were observed by conventional fluorescence and

l f . Ki R S confocal microscopies. For confocal fluorescence microscopy, cells were
coupling of receptor tyrosine kinases to Ras activation. viewed using an Odyssey confocal system (NORAN Instrument Inc.).

Each image shown represents a i\ optical cross-sectiorx(-y) taken
through the ventral region of the cell.
Materials and methods ? ’
) ) ) Lipid binding assay
Construction of expression plasmids ) Lipid vesicles were generated by mixing equimolar solutions of
The DNA fragments corresponding to the PH domain of human Sosl 1_paimitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC), 1-palmitoyl-
(residues 422-551) were amplified using PCR. The PCR products 2.oleoylsnglycero-3-phosphoserine (POPS) and 1-palmitoyl-2-oleoyl-
were digested by the restriction enzymBanH!| and Sal and then snglycero-3-phosphoethanolamine (POPE) (1:1:1) with or without 2%
ligated into the pET28b() bacterial expression vector, which contains  p|p, as described (Rebecattial, 1992). Organic solvent was evaporated
a 6-His tag and a T7 epitope tag (Novagen). Mutants of the PH from |ipid solutions under vacuum, buffer was added (50 mM HEPES
domain were generated using PCR mutagenesis and cloned into thep 7.2 80 mM KCI and 3 mM EGTA), and the lipid suspensions
same expression vector. All the constructs were confirmed by DNA gypjected to five rapid freeze—thaw cycles. The suspensions were then
sequencing. The hSosl constructs used in this study correspond toextruded through 0.im polycarbonate membranes (Costar, Cambridge,
the following amino acids: PH-WT, 422-551; PH-KREE, 422-551 MA) 10 times and were diluted in binding buffer to appropriate
(K456E and R459E)ACat 1-616 and 993-1334. All constructs were  concentrations. The binding of the purified PH domain of Sos to

subcloned into pCGN vector which contains an amino-terminus HA phospholipids was examined using a centrifugation assay (Rebecchi

epitope extension. et al, 1992). Briefly, increasing concentrations of protein were added to
centrifuge tubes. Unilamellar vesicles (1 mM total lipid) were then
Expression and purification of the PH and PTB domains added, and the mixture (1 ml total volume) was incubated for 10 min
The pET28b{) plasmid containing the wild-type or mutant PH  prior to centrifugation at 100 00@ for 30 min (4°C) using a Beckman
domains was transformed into BL21(DEB}cherichia colicells. The TL-100 ultracentrifuge and a TLA-100 rotor. The vesicles were pelleted
bacterial cultures (OR, of 0.7-0.9) were induced fo4 h at with this treatment, removing any bound protein from the supernatant.

30°C with 1 mM of isopropyl-1-thi-p-galactopyranoside (IPTG)  Protein concentration was determined by BCA protein assay (Pierce)
(Boehringer Mannheim). The cells were lysed by sonication in lysis hoth in the supernatant and in the pellet. Dissociation constants were
buffer (50 mM phosphate buffer, pH 8.0 and 300 mM NaCl) containing calculated from Scatchard equation, Y/[PH-$o0s] K, (1-Y), where
protease inhibitors [10 mM benzamidine, 1 mM phenylmethylsulfonyl [PH-S} is the fraction of PH domain free in solution after centrifugation,
fluoride (PMSF), 10ug/ml of leupeptin, 10ug/ml of aprotinin, 10ug/ K, is the equilibrium association constant and Y is the fraction of
ml of pepstatin A and 1Qug/ml of trypsin inhibitor]. The lysate was  macromolecule sites occupied by the ligand: [PH-gfisbid]-[PH-
clarified by centrifugation and the soluble fractions were incubated Sos], is the fraction of PH domain bound to the lipid vesicles after
with ProBond Ni beads (Invitrogen) for at least 2 h at 4°C. The Ni centrifugation. Lipid concentration was considered as half of the total,
beads were washed extensively with lysis buffer and then with lysis based on the assumption that only the outer leaflet of unilamellar vesicles
buffer containing 20 mM imidazole. The bound fractions were eluted s available for interaction. The reciprocal of these numbers can be taken
with the same buffer containing 50, 200 and 500 mM imidazole. as an apparent dissociation constant.

The GST-PTB domain of Shc was a gift from Ben Margolis (Yajnik

et al, 1996). The construct was transformed into HBIB.toli cells. ERK2 immune complex kinase assay

The bacterial cultures (Qfgp 0.6) were induced with 0.1 mM IPTG ~ COS-1 cells were transiently co-transfected with epitope (HA)-tagged
for 5 h at 30°C. The cells were lysed by sonication in lysis constructs of 0.5ug of ERK2 and 2ug of PH-WT, 2ug of PH-KR- EE,
buffer (20 mM triethanolamine pH 7.5, 150 mM NaCl and 0.1% 10 pg of ACat and 4ug of Raf-CAAX. After incubation for 24 h in
B-mercaptoethanol) containing protease inhibitors (10 mM benzamidine, serum-free DMEM, cells were harvested and the phosphorylation of
1 mM PMSF, 10ug/ml of leupeptin, 1Qug/ml of aprotinin, 10ug/ml of MBP by immunopurified ERK2 was determined. The cells were lysed
pepstatin A and 1Qug/ml of trypsin inhibitor). The soluble fraction of in co-immunoprecipitation (co-IP) buffer (150 mM NacCl, 10 mM Tris—
the lysate was incubated with glutathione-Sepharose beads for 20 minHCI pH 7.4, 1% Triton X-100, 10% glycerol, 1 mM EDTA, 1 mM

at 4°C. The beads were washed with phosphate-buffered saline (PBS)PMSF, 10 mg/ml pepstatin, 50 mM NaF, 1% aprotinin, fu§/mi

and the proteins were eluted with 15 mM glutathione in lysis buffer |eupeptin, 1 mM sodium vanadate, 10 mM benzamidine, ug@ml

pH 8.0. PH and PTB domains eluents were desalted and concentratedsoybean trypsin inhibitor and @M okadaic acid). Fiftyug of protein

using an Ultrafree-15 centrifugal filter unit (Millipore). from each lysate were electrophoresed on 12.5% SDS-PAGE and
transferred to nitrocellulose. Immunoblot analysis of the epitope-tagged

Cell culture, transfection and microinjection transiently expressed proteins was carried out with mAb 12CA5 using

COS-1 or REF-52 cells were maintained in Dulbecco’s modified Eagle’s enhanced chemiluminesence. ERK2 was immunoprecipitated from lys-

medium (DMEM) supplemented with 5 or 10% fetal bovine serum ates by incubation with mAb 12CA5 for 1.5 h at 4°C, followed by a 30

(FBS), respectively. Cells were plated onto gridded glass coverslips. min incubation witho5@ 50% solution of protein A—Sepharose at
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4°C. The immune complexes were collected by centrifugation for 15 s
at 1000g, washed three times with co-IP buffer and twice with kinase
buffer (25 mM Tris pH 7.4, 20 mM MgG| 2 mM MnCh, 1 mM
NagVO, and 20uM ATP). ERK2 kinase activity was assayed in kinase
buffer including 10uCi of [y-32P]ATP and 0.2 mg/ml of MBP. Reaction
products were analyzed by 15% SDS-PAGE and quantitated with a
Phosphorimager.
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