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Recruitment of intracellular proteins to the plasma membrane is a commonly found require-
ment for the initiation of signal transduction events. The recently discovered pleckstrin
homology (PH) domain, a structurally conserved element found in ~100 signaling proteins,
has been implicated in this function, because some PH domains have been described to be
involved in plasma membrane association. Furthermore, several PH domains bind to the
phosphoinositides phosphatidylinositol-(4,5)-bisphosphate and phosphatidylinositol-(3,4,5)-
trisphosphate in vitro, however, mostly with low affinity. It is unclear how such weak
interactions can be responsible for observed membrane binding in vivo as well as the
resulting biological phenomena. Here, we investigate the structural and functional require-
ments for membrane association of cytohesin-1, a recently discovered regulatory protein of
T cell adhesion. We demonstrate that both the PH domain and the adjacent carboxyl-terminal
polybasic sequence of cytohesin-1 (c domain) are necessary for plasma membrane association
and biological function, namely interference with Jurkat cell adhesion to intercellular adhe-
sion molecule 1. Biosensor measurements revealed that phosphatidylinositol-(3,4,5)-tris-
phosphate binds to the PH domain and ¢ domain together with high affinity (100 nM),
whereas the isolated PH domain has a substantially lower affinity (2-3 uM). The cooperat-
ivity of both elements appears specific, because a chimeric protein, consisting of the c domain
of cytohesin-1 and the PH domain of the B-adrenergic receptor kinase does not associate with
membranes, nor does it inhibit adhesion. Moreover, replacement of the ¢ domain of cytohe-
sin-1 with a palmitoylation-isoprenylation motif partially restored the biological function,
but the specific targeting to the plasma membrane was not retained. Thus we conclude that
two elements of cytohesin-1, the PH domain and the ¢ domain, are required and sufficient for
membrane association. This appears to be a common mechanism for plasma membrane
targeting of PH domains, because we observed a similar functional cooperativity of the PH
domain of Bruton’s tyrosine kinase with the adjacent Bruton’s tyrosine kinase motif, a novel
zinc-containing fold.

INTRODUCTION

Intracellular signal transduction pathways are often
initiated by recruitment of cytoplasmic proteins into
specific cellular compartments, e.g., the inner leaflet of
the plasma membrane. Prominent examples are the
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initial steps of the mitogenic signaling cascade: the
induced binding of the grb2-SOS1 complex to plasma
membrane-resident, tyrosine-phosphorylated growth
factor receptors triggers a second recruitment event,
the interaction of the raf kinase with the activated ras
protein, and thereby activates downstream events.
Specific interaction domains present in the recruited
factors, e.g., the Src homology 2 domain and the re-
cently discovered pleckstrin homology (PH) domain,
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are thought to be responsible for the tethering of cy-
tosolic proteins to the membrane compartment.

PH domains are structural modules present in ~100
proteins, which play known or postulated roles in
signal transduction or cytoskeletal organization
(Musacchio et al., 1993). It is now known that PH
domains may aid in membrane recruitment of pro-
teins through their interactions with phosphorylated
ligands present in cellular membranes (Pawson, 1995;
Lemmon et al., 1996, 1997). Although a subgroup of
PH domains is capable of interacting with tyrosine-
phosphorylated proteins (Lemmon et al., 1996), much
reminiscent of the Src homology 2 domain function,
several isolated PH domains have been shown to bind
to phosphoinositides such as phosphatidylinosi-
tol-(4,5)-bisphosphate (PIP,) in vitro (Harlan et al.,
1994, 1995; Ferguson et al., 1995; Garcia et al., 1995;
Hyvonen ef al., 1995; Lemmon et al., 1995; Pitcher et al.,
1995; Touhara et al., 1995; Wang and Shaw, 1995; Miki
et al., 1996; Salim et al., 1996; Zheng et al., 1996; Chen et
al., 1997; Frech et al., 1997; Kubiseski et al., 1997).
Interestingly, certain PH domains show in vitro bind-
ing preference to lipid compounds that are in vivo
phosphorylation products of phosphoinositol (PI)
3-kinase (Salim et al., 1996; Franke et al., 1997a,b; Klar-
lund et al., 1997).

Cytohesin-1 is a 47-kDa intracellular protein that
interacts specifically in several systems with the cyto-
plasmic domain of the leukocyte integrin «Lp2
(CD11a/18, leukocyte functional antigen-1 [LFA-1])
(Kolanus et al., 1996). Cytohesin-1 bears a short amino-
terminal domain, which may aid in oligomerization,
an extended central homology region, which is similar
to the yeast Sec7 protein, and a carboxyl-terminal PH
domain, followed by the ¢ domain. Overexpression of
cytohesin-1 or subdomain constructs in the Jurkat T
cell line E6 was shown to have pronounced effects on
the binding of aLB2 to its ligand, the intercellular
adhesion molecule 1 (ICAM-1). Overexpression of
full-length cytohesin-1 or of the isolated Sec7 domain
in Jurkat cells resulted in a constitutive adhesion of
aLB2, whereas the expression of a cytohesin-1 PH
domain construct, which still contained the ¢ domain,
specifically inhibited the activation of LFA-1 in a dom-
inant negative manner. Because the PH domain was
not found to be mediating the interaction with the
integrin cytoplasmic domain, it has been postulated
that its unidentified cellular ligand may be an up-
stream component of the inside-out signaling path-
way of aLB2 (Kolanus et al., 1996).

We have recently shown that an intact PH domain
of cytohesin-1 is required for its association with the
plasma membrane and that membrane localization of
cytohesin-1 can be regulated by PI 3-kinase (Nagel et
al., 1998). Furthermore, the PH domains of cytohesin-1
and general receptor for phosphoinositides-1, a close
homologue of cytohesin-1, have both been demon-
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strated to bind phosphatidylinositol-(3,4,5)-trisphos-
phate (PIP;) (Klarlund et al., 1997). However, affinities
of PH domains for their ligands are often in the mi-
cromolar range, which appears rather low and leaves
open the question of whether these rather weak inter-
actions are sufficient or compatible with observed bi-
ological activities in vivo (Shpetner et al., 1996; Patki et
al., 1997).

In this study we show by functional and biochemi-
cal means, as well as by confocal laser microscopy
techniques, that the PH domain of cytohesin-1 specif-
ically mediates membrane association cooperatively
with the ¢ domain, a 17-amino-acid stretch that is
located carboxyl-terminally adjacent to the PH do-
main and that is rich in basic residues. The carboxyl
terminus is conserved between all members of the
cytohesin family that have been described so far (Fig-
ure 1). Similar polybasic regions have previously been
described to be involved in membrane attachment of
cellular or viral proteins (Hancock et al., 1990, 1991;
Adamson et al., 1992; Newman et al., 1992; Cadwal-
lader et al., 1994; Mitchell ef al., 1994; Ghomashchi et
al., 1995; Kwong and Lublin, 1995; Kreck et al., 1996;
Soneoka et al., 1997). Both elements, PH domain and ¢
domain, are required to maintain association of cyto-
hesin-1 with the plasma membrane. When the ¢ do-
main is replaced by the combined isoprenylation—pal-
mitoylation sequence derived from H-ras (Hancock et
al., 1991) (termed CAAX motif throughout the article;
Figure 2), function is partially retained and membrane
association is restored, but targeting specificity is lost,
because the fusion protein localizes to a perinuclear
membrane compartment in addition to the plasma
membrane. Furthermore, an effective membrane asso-
ciation element cannot be generated by grafting the c
domain of cytohesin-1 onto the B-adrenergic receptor
kinase (BARK) PH domain, thus demonstrating that
the plasma membrane localization of cytohesin-1 is
achieved by two highly specific plasma membrane
interaction elements, the PH domain and the basic ¢
domain. In vitro studies show that the ¢ domain sta-
bilizes the interaction of the PH domain with PIP,
markedly. Although the glutathione S-transferase
(GST) fusion protein of the PH domain alone binds to
the PIP; with an affinity of ~2-3 uM, use of the fusion
protein containing the PH domain and the ¢ domain
results in high-affinity binding (100 nM).

To further investigate the cooperativity of PH do-
mains with adjacent protein stretches in specific
plasma membrane targeting, we introduced the PH
domain of Bruton’s tyrosine kinase (Btk) in our study.
In this case we could demonstrate as well that the PH
domain cooperates with the neighboring protein ele-
ment, the so-called btk motif in specific plasma mem-
brane association. Interestingly, the zinc-containing
btk motif of Btk bears no similarity to the ¢ domain of
cytohesin-1.
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1 * 50
cyhl-PHc NPDREGWLLK LGGGRVKTWK RRWFILTDNC LYYFEYTTDK EPRGIIPLEN
cyh2-PHc NPDREGWLLK LGGGRVKTWK RRWFILTDNC LYYFEYTTDK EPRGIIPLEN
grpl-PHc NPDREGWLLK L.GGRVKTWK RRWFILTDNC LYYFEYTTDK EPRGIIPLEN
BARK—PHC DCIMHGYMSK MGNPFLTQWQ RRYFYLFPNR LEWRGEG..E APQSLLTMEE
51 100
cyhl-PHc LSIREVEDSK KPNCFELYIP DNKDQVIKAC KTEADGRVVE GNHTVYRISA
cyh2-PHc LSIREVDDPR KPNCFELYIP NNKGQLIKAC KTEADGRVVE GNHMVYRISA
grpl-PHc LSIREVEDPR KPNCFELYNP SHKGQVIKAC KTEADGRVVE GNHVVYRISA
BARK-PHC IQSVEETQIK ERKCLLLKIR GGK....... .......... ... LQFILQC
. Figure 1. Alignment of the carboxyl-terminal
101 150 portions (including PH and basic ¢ domains) of
cyhl-PHc PTPEEKEEWI KCIKAAISRD PFYEMLAARK KRVSSTKRH. .. human cytohesin-1, cytohesin-2 (also known as
cyh2-PHe PTQEEKDEWI KSIQAAVSVD PFYEMLAARK KRISVKKKQE QP ARNO; Chardin et al., 1997), and the homologous
grpl-PHc PSPEEKEEWM KSIKASISRD PFYDMLATRK RRIANKK. .. .. murine protein grp-l (Klarlund et al., 1997). For
BARK-PHc DSDPELVOWK KELRDAYREA QQLVQRVPKM KNKPRSPVVE LSKVPLVQRG comparison, the sequence of the carboxyl terminus
of the B adrenergic receptor kinase (BARK) is
151 given, which also contains PH and basic domains.
BARK-PHC SANGL The asterisk indicates the position of arginine 281.

MATERIALS AND METHODS

Construction of Expression Plasmids

PCR products were derived from existing expression plasmids and
inserted into the MIul and Notl sites of the vaccinia expression
vector pclgTkg, subsequently encoding cytoplasmic immunoglobu-
lin (Ig) fusion proteins as described (Kolanus et al., 1996). Specifi-
cally, the following primer pairs were used: CGC GGG ACG CGT
ACC ATG GGT TTC AAT CCA GAC CGA GAA GGC TGG and
CGC GGG GCG GCC GCT TTA GTG TCG CTT CGT GGA GGA
GAC CTT (PH); CGC GGG ACG CGT ACC ATG GGT TTC AAT
CCA GAC CGA GAA GGC TGG and CGC GGG GCG GCC GCT
TTA GTG TCG CTT CGT GGA GGA GAC CTT (PHc,4); GCG
GGG ACG CGT ACC ATG GAC TAC GCC CTG GGC AAG GAC
and GCG GGG GCG GCC GCT TTA CTG CTG GGC CTC GCG
GTA GGC GTC (BARK-PH); GCG GGG ACG CGT ACC ATG GAC
TAC GCC CTG GGC AAG GAC and GG GCG GGG GCG GCC
GCT TTA GAG GCC GTT GGC ACT GCC (BARK-PHcgri); GCG
GGG ACG CGT ACC ATG GAC TAC GCC CTG GGC AAG GAC
and GCG GGG GCG GCC GCT TTA GTG TCG CTT CGT GGA
GGA GACCTT CTT TTT CCG TGC TGC GAG CAT TTC GTA CTG

Arginine and lysine residues of the ¢ domain are
shown in bold letters.

CTG GGC CTC GCG GTA GGC GTC (BARK-PH-c;, ;); CGC GGG
ACG CGT ACC ATG GGT TTC AAT CCA GAC CGA GAA GGC
TGG and CGC GCG CGG CCG CTT TAG CTC AGC ACG CAC
TTG CAG CTC ATG CAG CCG GGG CCG CTG GCG CCC CCG
AGC TCG AAA GGG TCC CTG CTG ATG GCT [PH-CAAX and PH
(R281C)-CAAX]; CGC GGG ACG CGT GCC ACC ATG GCT GCA
GTG ATA CTG GAG AGC and GCG GGG GCG GCC GCT TTA
GAT TAC ATT TTT GAG CTG GTG AAT CC (Btk-PH); and CGC
GGG ACG CGT GCC ACC ATG GCT GCA GTG ATA CTG GAG
AGC and GCG GGG GCG GCC GCT TTA GTIT CTC CAA AAT
TTG GCA GCC C (Btk-PHp e motif)-

All PCR products were confirmed by double-stranded sequenc-
ing. Secreted receptor-globulin fusion proteins of the ICAM-1 ex-
tracellular domains were used as described (Kolanus et al., 1996).

Eukaryotic Expression and Adhesion Assay

Vaccinia expression constructs were recombined with wild-type
vaccinia virus (WR strain) in CV-1 cells; recombinant plaques were
purified; and high-titer virus stocks were generated as described
(Romeo and Seed, 1991). The ICAM-1-Rg fusion protein was ex-

Immunoglobulin fusion constructs of the PH-domain of cytohesin-1

lg-control W:Hz | CHSJ
lg-PH [ cH2 [ CH3 | cyh-1-PH|
19-PHCyh-1 [ CH2 [ CH3 | cyh-1-PH}Y

Ig-PH (R281C)ceyn | CH2 | CH3 || C\;h-1-PH
R281C

Ig-PH-CAAX [ cH2 [ cH3 ][ cyh-1-PHIF]

ig-PH (R281C)-CAAX [ CH2 | CH3 || cyh-1-PH ]

Figure 2. Schematic outline of the cytohesin-1 constructs used in this study.
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pressed in COS cells, purified from culture supernatants by protein
A-Sepharose, eluted, resuspended in PBS and subsequently coated
onto Falcon (Lincoln Park, NJ) 1008 dishes as described (Walz et al.,
1990). Jurkat cells (2 X 10°) were infected with recombinant viruses
and incubated for 4 h at 37°C. After centrifugation cells were resus-
pended in RPMI medium and incubated for 5 min at 37°C with or
without the addition of 40 ng/ml phorbol 12-myristate 13-acetate.
Cells were subsequently allowed to adhere to ICAM-1-Rg-coated
dishes at 37°C for 10 min, and the bound fraction was determined
with the aid of an ocular reticle.

Measurement of Phosphatidylinositol Binding of
Various GST-PH Domain Constructs by IAsys
Biosensor Technology

PH domains of cytohesin -1 were expressed as (GST) fusion proteins
as described (Nagel et al., 1998). An optical evanescence resonant
mirror cuvette system (IAsys, Affinity Sensors, Cambridge, United
Kingdom) was used to measure interaction of GST fusion proteins
with phosphatidylinositol-(3,4,5)-triphosphate (PIP;). A lipid mono-
layer containing 70% (wt/wt) B-palmitoyl-y-oleoyl-L-a-phosphati-
dylcholine (POPC), 30% (wt/wt) dioleoyl-L-a-phosphatidyl-prL-
glycerol, or a lipid mixture of 60% (wt/wt) palmitoyl-y-oleoyl-L-a-
phosphatidylcholine and 30% (wt/wt) and 10% (wt/wt) PIP;
(Mantreya, Pleasant Gap, PA) was mounted on an IAsys hydropho-
bic sensor surface (FCH-0601) at 0.1 mg/ml lipid. The cuvette was
subsequently washed with 0.1 M HCl, PBS, and 10 mM NaOH.
After the final wash with PBS, the cuvette was equilibrated in
binding buffer (PDIL: PBS, 2 mM DTT, 0.001% [vol/vol] Igepal CA-
630, Sigma), and affinity-purified GST fusion proteins dissolved in
binding buffer were added. The binding of various concentrations of
the GST-PH domain fusion proteins were monitored for 5 min.
Dissociation was initiated by adding PDI to the cuvette. Determi-
nation of the association equilibrium constant was done by equilib-
rium titration. The interaction profiles for each protein concentra-
tion were analyzed using FASTfit kinetics analysis software
supplied with the instrument.

Cellular Fractionation

Cells that had been infected with recombinant vaccinia viruses were
collected by centrifugation and resuspended on ice in 0.5 ml ice-cold
hypotonic solution (HS: 10 mM HEPES, pH 7.5, 10 mM KCl, 10 mM
MgCl,, 0.5 mM DTT) containing 10 pg/ml leupeptin, 10 ug/ml
aprotinin, and 1 mM PMSF. Fractionation of cells was performed as
described (Meller et al., 1996). Briefly, cells were sheared, the nuclei
were removed by centrifugation at 1000 X g for 10 min, and the
supernatant cytosol was collected. The cytosolic fraction was
brought to a final concentration of 1% (vol/vol) Igepal CA-630
(Sigma, St. Louis, MO; identical to Nonidet P-40) and 150 mM NaCl
and used directly for immunoprecipitation. The pellet was resus-
pended, washed with 0.5 ml HS, and centrifuged at 15,000 X g for
15 min. The resulting pellet was resuspended in HS containing 1%
(vol/vol) Igepal CA-630 and 150 mM NaCl, and centrifuged again,
and the supernatant representing the particulate fraction was sub-
jected to immunoprecipitation. For precipitation of the Ig fusion (Ig)
proteins fractions were incubated with protein A-Sepharose 6 MB
beads (Pharmacia, Piscataway, NJ) for 2 h at 4°C. Then beads were
washed with 1 ml HS containing 1% (vol/vol) Igepal CA-630 and
150 mM NaCl, and immunoprecipitates were resolved by 10% SDS-
PAGE and analyzed by standard Western blot techniques. Specifi-
cally, proteins were blotted onto nitrocellulose and detected by a
primary mouse polyclonal antibody preparation that had been
raised against the intracellular CH2 and CH3 domains (Kolanus,
unpublished data). A peroxidase-conjugated anti-mouse IgG anti-
body (Jackson ImmunoResearch, West Grove, PA) and subsequent
ECL reaction (Amersham, Arlington Heights, IL) were used for
visualization of the bands. To assess that cytoplasmic contents were
not trapped in the particulate fraction, lactate dehydrogenase activ-
ities were monitored as described (Ma et al., 1997).
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Figure 3. (A) Adhesion assay. The intact PH domain and the
adjacent ¢ domain of cytohesin-1 are both required for dominant
inhibition of Jurkat cell adhesion to ICAM-1. Cytoplasmic Ig fu-
sion constructs were expressed using recombinant vaccinia vi-
ruses, and the adhesion assay was performed as described in
MATERIALS AND METHODS. Normalization was performed
against the positive control (Ig-control + PMA). (B) Cellular frac-
tionation assay. The intact PH domain and the adjacent ¢ domain
of cytohesin-1 are both required for particulate association in
Jurkat cells. “Particulate fraction” denotes a crude lysate of cellular
membranes. The Ig-control, which is exclusively expressed in the
cytoplasm, serves as an internal control for cellular fractionation.
(C facing page) Confocal laser scans of the subcellular localization
of cytohesin-1 subdomain constructs Ig-PH (C7-C9) and Ig-PHc-
eyh-1 (C4-C6), respectively. Ig fusion proteins were visualized with
an FITC-conjugated anti-human IgG Fcy-specific antibody. For
quantitation of subcellular localization, cells were double stained
with FITC-labeled anti-Ig (Fcy) for the respective fusion protein
and with TRITC-labeled phalloidin for the visualization of actin.
Actin only is shown in C1-C3. Staining intensities measured ac-
cording to pixel brightness were quantified along cell transects for
each construct in a representative positively stained cell. The large,
central unstained region visible in C8 is due to the nucleus.

Confocal Laser Scanning Microscopy

Six hours after infection of Jurkat E6 cells with recombinant vaccinia
viruses, cells were placed on poly-L-lysine-covered microscope
slides for 1 h in a humidified chamber at 37°C. Then nonadherent
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cells were washed off with HBSS, and adherent cells were fixed and
immobilized with freshly prepared 3% (wt/vol) paraformaldehyde
in PBS overnight at 4°C. Subsequently, cells were permeabilized for
15 min with 0.2% (vol/vol) Triton X-100 in PBS, blocked with 2%
(wt/vol) glycine in PBS, and incubated with an FITC-labeled goat
anti-human IgG (Fcy specific; Jackson ImmunoResearch) antibody
at 1:100 dilution in PBS for 2 h at room temperature. After the final
wash with PBS, slides were mounted on a 9:1 mixture of glycerol
and PBS (pH 9.0) containing n-propyl-gallate at 20 mg/ml as an
antifading reagent. Cells were examined using a confocal laser
scanning microscope (TCS-NT system; Leica, Nussloch, Germany)
attached to a Leica DMIRB inverted microscope with a plane apo-

Vol. 9, August 1998

21
N
c
[<}]
et
c
.
= 0

®

distance [um] 10

—_———

Figure 3 (legend on facing page).

chromatic objective 63X, 1.32 oil immersion objective. Confocal
images were collected as 512 X 512 pixel files and processed with
the help of the Photoshop program (Adobe Systems, San Jose, CA).

RESULTS

PH Domain and C Domain of Cytohesin-1 Are Both
Required for Membrane Association and Dominant
Negative Inhibition of T Cell Adhesion

We have previously shown that the PH domain of
cytohesin-1 is required for its association with the
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plasma membrane, because a point mutant of the PH
domain (R281C) abrogated both membrane associa-
tion as well as in vitro binding to PIP; (Nagel et al.,
1998). Furthermore, overexpression of a recombinant
PH domain construct that retained the 17-amino acid
carboxyl terminus of cytohesin-1 resulted in a domi-
nant negative abrogation of LFA-1-mediated adhesion
to its counter-receptor ICAM-1 (Kolanus et al., 1996).
The dominant negative effect has been shown to be
correlated with competitive inhibition of the mem-
brane attachment of endogenous cytohesin-1 and
therefore serves as a valid correlate of cellular function
(Nagel et al., 1998).

In this study, we attempted to dissect the functional
relationship between two structural elements of cyto-
hesin-1, the PH domain and the adjacent ¢ domain.
Consequently, a construct was made in which the c
domain was deleted from the PH domain context
(Ig-PH). This fusion protein was subsequently exam-
ined with respect to its effect on cell adhesion and
membrane association. For comparison, the entire car-
boxyl-terminal region of cytohesin-1 (Ig-PHc 1) or a
point mutant derivative thereof [Ig-PH (R281C)c.yp, 4],
containing the previously described, functionally in-
activated PH domain, were used (Nagel et al., 1998).
These and the constructs described below were ex-
pressed in the Jurkat E6 (T cell leukemia) line with the
help of recombinant vaccinia viruses (Figure 2). They
all contain amino-terminal Ig domains for convenient
immunoprecipitation and detection (Kolanus et al.,
1996). LFA-1-mediated adhesion was monitored by
specific binding of the cells to an immobilized ICAM-1
Ig fusion protein (Kolanus et al., 1996).

Figure 3 confirms that an intact PH domain is nec-
essary for membrane association (Figure 3B) and dom-
inant negative inhibition of LFA-1 adhesion to
ICAM-1 (Figure 3A), because the R281C mutation ab-
rogates both functions. Thus, the PH domain alone is
not sufficient for both membrane association and func-
tion, because it requires the presence of the ¢ domain
(Figure 3, A and B). The c domain alone, used in the
context of an inactive PH domain [Ig-PH (R281C)c.y,_
1], was not sufficient for membrane association and
had no effect on T cell adhesion (Figure 3, A and B). It
therefore appears that the PH domain and ¢ domain
are both responsible for membrane association of cy-
tohesin-1.

PH Domain and C Domain of Cytohesin-1
Determine Predominant Targeting Specificity to the
Plasma Membrane

We and others have shown that cytohesin-1 PH do-
main binds to the phosphoinositide PIP; in vitro (Klar-
lund et al., 1997; Nagel et al., 1998) and, consistent with
this notion, that its association with membranes is
possibly regulated by PI 3-kinase in vivo. Figure 3C
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Figure 4. Affinities of GST-PHec,y,; and GST-PH for immobilized
PIP; were measured using IAsys biosensor technology. The top
panel shows high-affinity binding of a 125 nM solution of GST-
PHc,y,.1, whereas the middle panel demonstrates that GST-PH has
to be used at micromolar concentrations to detect binding. The
bottom part shows Coomassie stains of the purified fusion proteins
on 10% SDS-PAGE. GST-PH (R281C)c g1 or GST, respectively,
does not bind to PIP; at any concentration. None of the fusion
proteins used bind to control cuvette surfaces containing the lipid
moiety without PIP; (our unpublished results).

shows that PH and ¢ domains are simultaneously
required for predominant plasma membrane associa-
tion in Jurkat cells. Confocal laser scanning micros-
copy was used to show that the PH domain alone was
localized in the cytoplasm, whereas the PHcCyh con-
struct colocalized very well with actin, a cytoskeletal

Molecular Biology of the Cell



protein that resides at the inner leaflet of the plasma
membrane.

In Vitro Binding of the Carboxyl-Terminal Domains
of Cytohesin-1 to Phosphatidylinosi-
tol-(3,4,5)-Triphosphate

How does the ¢ domain aid the PH domain in plasma
membrane association? Although PH domains alone
can bind to inositol-(1,3,4,5)-tetrakisphosphate or PIP;,
it is possible that the positively charged ¢ domain
stabilizes this interaction. We used IAsys interaction
measurement technology to determine the relative af-
finities of the PH domain or of PHc_,, ; for PIP;, which
had been mounted on a hydrophobic sensor surface.
Figure 4 shows that GST fusion proteins containing
either the PH domain alone or the PH domain includ-
ing the ¢ domain can both bind to PIP;, confirming
that the PH domain is sufficient for phosphoinositide
binding in vitro. Quantitative analyses showed that
there are considerable differences in affinity. Although
a 125 nM preparation of GST-PHc,;,; bound to PIP;
with a fast on-rate and very slow off-rate there was
basically no binding of GST-PH at that concentration.
At 2.5 puM, however, GST-PH bound to PIP; with
similar kinetics as GST-PHc,;, ;. It therefore appears
that the ¢ domain enhances the on-rate of the interac-
tion. Once the proteins were bound to the phospho-
lipid they dissociated very slowly. We then deter-
mined the affinities of either GST- -PHey o1 GST-PH
for PIP3 This was done by measuring binding to PIP;
at various protein concentrations (our unpublished
results). We found half-maximal binding to PIP; using
100 nM GST-PHc.y,4 or 3 uM GST-PH, respectively.
Although the number for GST-PH is less exact, we
conclude that there is at least one order of magnitude
difference between the affinites of the two fusion pro-
teins for PIP;, which may well account for the ob-
served biological effects.

The ¢ Domain Does Not Support the Membrane
Association of a Heterologous PH Domain

We went on to determine whether the cytohesin-1 ¢
domain specifically complements the cytohesin-1 PH
domain, or whether it would also cooperate with a
different PH domain in membrane association. The
rationale behind this is that the ¢ domain is positively
charged and may therefore nonspecifically aid PH
domains in binding negatively charged membrane
phospholipids. A similar, nonspecific auxiliary contri-
bution to membrane association has been suggested
for charged elements in phospholipase CB1, which
resemble the ¢ domain (Kim et al., 1996). The PH
domain of BARK was chosen because it has been
described to bind PIP, in vitro (Pitcher et al., 1995) and
has also therefore been implicated in membrane asso-
ciation. Moreover, wild-type BARK also contains a
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polybasic stretch, carboxyl-terminally adjacent to the
PH domain (Figures 1 and 5A). Consequently, the c
domain of cytohesin-1 was grafted onto the BARK PH
domain, and the resulting fusion protein (Ig-BARK-
PH-c.yn1) was compared with the wild-type BARK
constructs (Ig-BARK-PH and Ig-BARK-PHcgagy) for
its ability to interfere with LFA-1-mediated adhesion
and for its capacity to associate with membranes. Fig-
ure 5C shows that the wild-type PH domain of BARK
does not associate with membranes. Addition of either
the wild-type ¢ domain of BARK or of the cytohesin-1
PH domain supports membrane association of the
respective fusion proteins to a minor but reproducible
extent. However, confocal laser scanning microscopy
confirmed that both proteins were predominantly ex-
pressed in the cytoplasm (Figure 5D). As expected
from these data, neither fusion protein had a signifi-
cant effect on Jurkat cell adhesion compared with the
cytohesin-1 Ig-PHc,y;, 4 construct (Figure 5B). Thus, it
appears that the carboxyl -terminal elements of cyto-
hesin-1 cooperate specifically in membrane associa-
tion and cellular function.

Substitution of the c Domain by a Heterologous
Membrane-targeting Element (CAAX Motif) Leads
to Unspecific Association with Various Intracellular
Membranes and Therefore Results in Incomplete
Functional Complementation

We replaced the ¢ domain of cytohesin-1 with the
CAAX motif from H-ras, known to be sufficient for
membrane association in cells, and tested the respec-
tive constructs [Ig-PH-CAAX and Ig-PH (R281C)-
CAAX] in both systems. Biochemical analyses showed
that both CAAX constructs retained the ability to as-
sociate with cellular membranes, even if the PH do-
main was inactivated (Figure 6B). Although the Ig-PH
(R281C)-CAAX construct did readily partition into the
particulate (membrane) fraction (Figure 6B), it did not
exert dominant negative inhibition of Jurkat cell ad-
hesion to ICAM-1 (Figure 6A). This suggests that the
cellular function of the cytohesin-1 PH domain re-
quires proper in vivo ligand binding and is not only
dependent on its expression in the membrane fraction
per se. The intact Ig-PH-CAAX fusion protein, on the
other hand, did partially retain in vivo activity with
respect to dominant negative inhibition of Jurkat cell
adhesion to ICAM-1, thus demonstrating that the Ig-
PH-CAAX fusion protein was functional in principle
(Figure 6A).

Confocal laser scanning microscopy experiments
were conducted to elucidate the subcellular localiza-
tion of the fusion proteins. Figure 6C2 shows that the
Ig-PHc,yp,4 construct is both found in the cytoplasm
and associated with the plasma membrane. On the
other hand, Ig-PH (Figure 6C3) as well as Ig-PH
(R281C)cypy (Figure 6C5) are only detected in the

1987



W. Nagel et al.

A Immunoglobulin fusion constructs of the PH-domain of ARK

lg-BARK-PH [ cH2 | cH3 | BARK-PH |

Ig-BARK-PHCgapk | CH2 | CH3 |{ BARK-PH | |

Ig-BARK-PH-Ccyy [ CH2 | CH3 || BARK-PH |

B =)
c
5 120 -
£
0
£
& 80 -
o
Y
= 3
=
g
& 40-
c -
=]
% 0 T T T T
8 — + — + — 4+ — + — + PMA
s s
2 A
) o‘§\ R G X
066 QQS’ Q*: Q{o QQ‘C&
® ¢ ¥ F
G 9
C Figure 5. (A) Outline of the BARK-PH do-
P L main constructs used in this part of the study.
> ,0‘# o ,ofx( c&‘g_ In the Ig-BARK-PH-c.,; construct, the c do-
< "b "b N g’z‘ ,Q‘b g’b main of cytohesin-1 has been fused to the PH
0\ "k' ¥+ L T o domain of BARK. (B) Adhesion assay of BARK-
,2\ Q' o Q\O # y
° ,Q;v' ‘V' ‘Q-?' &L &?‘ ¥ D PH fusion proteins. Neither the wild-type
\q \Q WS« OO OO BARK-PH domain and polybasic c-terminus
195 =— 195 — nor a fusion protein of the BARK-PH domain
112 = 112 — with the ¢ domain of cytohesin-1 (Ig-BARK-PH-
84 — 84 — Ceyn.1) interferes with induced adhesion of Jur-
63 — 63 — kat cells to ICAM-1. (C) Cellular fractionation
52 — 52 —— of BARK-PH fusion proteins. Polybasic ele-
— - p— ments of either BARK or cytohesin-1 do not
35 — — cooperate significantly with the BARK-PH do-
— = 35 main in membrane association. (D facing page)
32 32 — Confocal laser scans of the subcellular distribu-

cytoplasmic fraction

particulate fraction

tion of BARK-PH fusion proteins. All tested
fusion proteins are expressed in the cytoplasm.

partments, predominantly perinuclear membranes
and also plasma membrane, appearing very different
in cellular distribution if compared with the wild-type

cytoplasm, consistent with all functional and biochem-
ical analyses above. The CAAX constructs (Figure 6,
C4 and C6) were present in multiple membrane com-
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Figure 5 (legend on facing page).

domains. It is apparent that the CAAX motif targets
the fusion proteins to various cellular membrane com-
partments in a nonspecific manner. Although it was
initially described that the combined palmitoylation—
isoprenylation sequence is sufficient for plasma mem-
brane association (Hancock et al., 1991), a different
report showed that fusion proteins containing this
element can also be detected in the Golgi apparatus,
the latter finding being in concordance with our re-
sults (D’Souza and Stahl, 1995).

The PH Domain of Bruton’s Tyrosine Kinase
Requires the Carboxyl-Terminally Adjacent Btk
Motif for Membrane Association

Because many PH domains bind phosphatidylinosi-
tols with low affinity, we thought that the functional
cooperativity of PH domains with adjacent amino acid
stretches might be a common paradigm for PH do-
main function. Therefore, we investigated the mem-
brane association of the PH domain of Btk in the
presence or absence of the adjacent Btk motif. In per-

Vol. 9, August 1998

fect analogy to the findings with cytohesin-1, we
found that the Btk-PH, ;. ot Structure associated ex-
tremely well with the plasma membrane, whereas the
Btk-PH domain alone failed to do so (Figure 7, C and
D). Interestingly, the Btk-PHy . o4¢ Structure did not
block LFA-1-mediated cell adhesion (Figure 7B), de-
spite its predominant plasma membrane localization.
This indicates that cytohesin-1 and Btk bind to highly
distinct plasma membrane ligands, at least in Jurkat
cells. The ¢ domain of cytohesin-1 was also grafted
onto the PH domain of Btk, but as in the case of the
BARK-PH domain, no restoration of membrane asso-
ciation was observed (our unpublished results).
Again, this stresses the notion that the cooperativity of
PH domains with intramolecular motifs like the c
domain or the btk motif is highly specific and proba-
bly dependent on tight structural constraints.

DISCUSSION

In this paper we show that the PH domain of cytohe-
sin-1 and a carboxyl-terminal, positively charged se-
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quence element coordinately mediate correct subcel-
lular targeting, as well as functional specificity. PH
domains have been suggested to participate in mem-
brane recruitment of proteins (Garcia et al., 1995;
Wang and Shaw, 1995; Wang et al., 1996, 1997; Chen et
al., 1997, Ma et al., 1997, Michiels et al., 1997). This
assumption was supported by the finding that several
PH domains were found to bind PIP,, other phosphoi-
nositides, and soluble inositol phosphates in vitro (see
INTRODUCTION and references therein). However,
the same finding led to the obvious question of target-
ing specificity, because it appeared highly implausible
that the majority of proteins that contain PH domains
are attached to cellular membranes by PIP, in vivo. The
finding that most—but not all—PH domains bind
PIP, with rather low affinity in vitro also ruled against

1990

—

particulate

PMA

Figure 6. (A) Adhesion assay of cytohesin-1 PH-

CAAX chimeras. Replacement of the ¢ domain

with a CAAX motif partially restores the dominant

inhibition of Jurkat cell adhesion by the PH do-

??j. main of cytohesin-1. (B) Cellular fractionation of

{ cytohesin-1 PH-CAAX chimeras. The CAAX motif
\0\ is sufficient for particulate association of cytoplas-

Q‘_‘S’ mic Ig fusion proteins in Jurkat cells. (C facing
Q~\‘ page) Confocal laser scans of the subcellular dis-

tribution of various intracellular Ig fusion proteins
derived from cytohesin-1. C1 (Ig control), C3, (Ig-
PH), and C5 [Ig-PH (R281C)c.yp, ;] show diffuse
cytoplasmic localization of the Ig chimeras. In ad-
dition to some cytoplasmic staining, C2 (Ig-PHc-
yh1) €xhibits pronounced plasma membrane stain-
ing of the respective chimera due to intact PH and
¢ domains. PH domain chimeras containing the
CAAX motif Ig-PH-CAAX (C4) and Ig-PH
(R281C)-CAAX (C6) appear both in the plasma
membrane and within a perinuclear compartment.
Ig fusion proteins were visualized with an FITC-
conjugated anti-human IgG Fcy-specific antibody.

this structure as a commonly used ligand for PH do-
mains in vivo (Lemmon et al., 1997).

Our work presented here uses genetic fusion protein
technology as well as functional, biochemical, and
immunofluorescence techniques to show that two el-
ements of cytohesin-1, the PH domain and the basic ¢
domain, cooperate specifically in directing the protein
to the plasma membrane compartment. Both domains
were shown to be simultaneously required for plasma
membrane association. Replacement of the ¢ domain
by an isoprenylation motif partially restored the cel-
lular function of the PH domain, but the precise tar-
geting specificity was lost, because the resulting fusion
protein was also found in a perinuclear membrane
compartment. Moreover, grafting of the ¢ domain
onto the BARK-PH domain or onto the Btk-PH do-
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main was not sufficient to confer membrane associa-
tion of the resulting fusion proteins or interference
with B2 integrin function in Jurkat cells. These find-
ings further support the view that cooperation of PH
domains with additional membrane recruitment ele-
ments can result in a remarkable specificity of cellular
localization and function. However, at this point it
cannot be ruled out that the ¢ domain of cytohesin-1
may be capable of aiding other PH domains in mem-
brane association. A previous report also showed spe-
cific cooperation between a polybasic sequence and
myristoylation of K-ras in plasma membrane associa-
tion (Cadwallader et al., 1994).

Does the ¢ domain bind a distinct ligand, or does it
support PIP; binding by the PH domain? In vitro
binding studies revealed enhanced binding of the PH
and ¢ domains to PIP; compared with the isolated PH
domain. These findings would argue against a dis-
tinct, as of yet unidentified, ligand for the ¢ domain,
which is located at the inner leaflet of the plasma
membrane, but rather for a stabilization role and
maybe a regulatory function of the ¢ domain in PIP;
binding. This does not appear to be a mere charge
compensation effect, because at least two other PH
domains do not seem to profit from the attachment of
the cytohesin-1 ¢ domain to their carboxyl terminus
with respect to membrane association inside the cell.

We found that the PH domain of Btk required the
presence of the btk motif for membrane association.
The btk motif is not homologous to the ¢ domain and
is not polybasic. In fact, it shifts the isoelectric point of
the protein to more acidic values, again suggesting a
structurally defined contribution to ligand binding by
the PH domain, a view that is supported by the reso-
lution of Btk-PH and btk motif crystal structure
(Hyvonen and Saraste, 1997). This study revealed that
the btk motif resides in close contact with the PH
domain and may therefore modulate ligand binding.
Remarkably, overexpression of the Btk-PH domain,,,
motif construct did not inhibit LFA-1 binding to
ICAM-1 at all. This finding points to distinct ligand
uses of cytohesin-1 and Btk. The PH domain of Btk
also binds PIP; in vitro but apparently binds higher-
order phosphorylation products of phosphatidylinosi-
tol, too (Fukada et al., 1996).

Taken together, our findings support a general ex-
planation for the in vivo membrane-targeting specific-
ity of signaling proteins: cooperativity of interaction
elements.
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