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ABSTRACT: Activation of the SH2 domain-possessing protein-tyrosine phosphatase SHP-1 by acidic
phospholipids as phosphatidic acid (PA) has been described earlier and suggested to participate in regulation
of SHP-1 activity toward cellular substrates. The mechanism of this activation is poorly understood. Direct
binding of phosphatidic acid to recombinant SHP-1 could be demonstrated by measuring the extent of
[**C]PA binding in a chromatographic assay, by measuring the extent of binding of SHP-1 to PA-coated
ELISA plates or silica beads (TRANSIL), and by spectroscopic assays employing fluorescently labeled
PA liposomes. In addition to PA, phosphatidylinositol 3,4,5-trisphosphate (PIP3), dipalmitoylphosphati-
dylglycerol, phosphatidylinositol 4,5-bisphosphate, and phosphatidylserine (PS) were found to bind to
SHP-1, albeit to a lesser extent. A high-affinity binding site for PA and PIP3 was mapped to the 41
C-terminal amino acids of SHP-1. This site was absent from the related protein-tyrosine phosphatase
SHP-2 and conferred activation of SHP-1 by PA toward two different substrates at low lipid concentrations.
A SHP-1 mutant missing this binding site could, however, still be activated toward phosphorylated myelin
basic protein as a substrate at high PA concentrations. This activation is likely to be mediated by a second,
low-affinity binding site for PA in the N-terminal part of SHP-1 within the SH2 domains. High-affinity
phospholipid binding to the C-terminus of SHP-1 may present a specific mechanism of regulating activity
and/or cellular localization.

Protein-tyrosine phosphatases (PTRsgpresent a large  similar to those of SHP-2 under certain conditions, but in
family of structurally diverse molecules which reverse the majority of the experimental systems that were studied,
cellular tyrosine phosphorylations and are therefore consid- SHP-1 seems to negatively regulate signal transduction of
ered to be as important for cellular regulation as protein- diverse types of receptor8<16).
tyrosine kinasesl( 2). While for many PTPs substrates and  aAp important mechanism for activity regulation of both
exact cgllular roles have not been. well mvels'qgated, the types of SH2 domain PTPs is their activation as a conse-
subfamily of PTPs with SH2 domains comprising SHP-1 4, ence of recruitment of the SH2 domains by tyrosine-
(PTP1C, HCP) and SHP-2 (PTP1D, sy) has received  ohqosohorylated proteind 7—21). A further level of activity
much attention and multiple cellular binding partners and |4 jation may involve phosphorylation on tyrosine or serine
potential substrates have been identified (for reviews, S€€ asidues 22, 23). Finally, activation of both SHP-1 and
;elfﬁlll and4—7).t_S|HfP-2 tI'S W'.delt{] expressletd an(éij Set?ms th SHP-2 toward macromolecular substrates by acidic phos-
uillll-an essential function in the signal transduction o pholipids has been described4( 25). In line with these
multiple growth factor receptors. SHP-1 may have functions observations, we have previously found that SHP-1 becomes

T This work was supported by grants from the Sonderforschungs- a,Ctivated, tO_Wﬂrd the autophosphorylated EGF r,eceptor in
bereich 197 (Projects A9 and A10) of the Deutsche Forschungsge- Vitro and in intact cells by PAI3). Thus, SH2 domain PTPs
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phatidylglycerol; EGF, epidermal growth factor; ELISA, enzyme-linked modulate the activity of enzymes involved in signal trans-

immunosorbent assay; LUV, large unilamellar vesicles; MBP, myelin - - . . ) L ) - )
basic protein; MLV, multilamellar vesicles; PA, phosphatidic acid; PBS, duction, including rolipram-sensitive, CAMP-specific phos

phosphate-buffered saline; PC, phosphatidylcholine; PIP2, phosphati-Phodiesterase isoform83), phospholipase D34), and the
dylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5-trisphos- protein kinase Raf-135, 36). Raf-1 binds PA via a 35-amino

phate; pNPPp-nitrophenyl phosphate; PS, phosphatidylserine; PTP, ; it ~ ; ; inid hindi
protein-tyrosine phosphatase; pyC10PPC, 1-hexadecanoyl-2-(1-pyrene-.a'Cld segment within the C-terminal domain, and lipid binding

decanoyl)sn-glycero-3-phosphatidylcholine; SUV, small unilameilar 1S believed to _part.icipate in .m_embrane recruitment and
vesicles. enzyme regulation in the proximity of the membrane.
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In the course of this study, we sought to better characterize (39). Truncation of the last 41 amino acids of the C-terminus
the lipid modulation of SHP-1. We demonstrate with four of SHP-1 (GSTSHP-1Atail) was performed using oligo-
different methods that SHP-1 can directly bind PA. Two nucleotide primers 'SAAG AAT TCC CCT ACA GAG
different binding sites with distinct lipid specificity reside AGA TGC TGT CC-3 and 3-TCA GCG GGA GGC CTT
in the 41 C-terminal amino acids of the molecule and in the GGC ATG-3 to amplify a PCR fragment with & #EcaRl
N-terminal part comprising the SH2 domains and hinge site from SHP-1 DNA. The fragment was cloned into
domain, respectively. The latter, low-affinity binding site pBluescript KSEcoRI/Smad and subcloned in pGEX-5X-1/
partially overlaps with the SH2 domain phosphopeptide EcoRI/Notl. The C-terminal peptide of SHP-1 (GSBHP-
binding site and confers activation of SHP-1 at high lipid 1tail) was obtained from pGEX-5X-1-SHPSitl/Notl and
concentrations, while the former, which is absent in SHP-2, cloned into pGEX-5X-3ma/Notl. GST-SHP-2 was ob-

confers activation at low lipid concentrations. tained using oligonucleotide primers-AGA TCA AGC
TTG GGA GGA ACA TGA CAT CGC GG-3and 3-CTA
EXPERIMENTAL PROCEDURES GTC TAG ATCATC TGAAAC TTT TCT GCT GTT G-3

. o . : to amplify a PCR fragment with &&lindlll and a 3-Xba
Materials. The 96-well microtiter plates (ProBind variety) site fr%r];y SHP-2 DgA The fragment was cloned into

gxlere ohbtaineéj fr(;]m Bectzg Dickinsonh(Fragkllin La:;is’ NJ).. Bluescript KSHindlll/ Xbd. This construct was sequentially
utathione Sepharose was purchased Irom Fharmacig,q yraq withNotl, Pfu DNA polymerase, andHindlll, and

Bioteph. quine serum albumin (essentially fatty acid free), the obtained SHP-2 DNA was cloned into pRK5 RS treated
myelin basic protein (MBP), ang-nitrophenyl phosphate i, xhq  PfuDNA polymerase, andtindlll. The SHP-2

(PNPP) were purchased from Sigma. All phospholipids tested DNA-containin
. > ; e - g fragment from pRK5 REtoRI/Xhd was
i‘ng DPE were olb;alqed from ?gma or A\I/ant| P(:)))Iathlp|ds. then subcloned into pGEX-5X-1. The construction of the
;] ?'()j(a| icr?noy ) éigg::ege ecar]loyt}g,al/clero-l P POSE) SHP-1-SHP-2 chimera was performed using an exisist)
phatidylcholine (py ) was from Molecular Probes site in the DNA of SHP-1 and SHP-2 corresponding to the

32 1]
(Eugggng ’ /ORW'( PIATP (11h1 TBC?/ ][nmol)NaEr:\(Ij F_%]DEP.A amino acids depicted in Figure 4. All constructs were verified
(5. g/mmol) were purchased from ife Science by DNA sequencing.

F:,?T?%%ZhbfIg%;gﬁgxqvazgéoﬂtiﬂzrd; ;agt?r:)éas\gatsa Expression and purification of the fusion proteins as well
' Inger im, antibodies wer & as removal of the GST tag with factor Xa and purification

Cruz Biotechnology. ] ) ] of the free SHP-1, SHP-2, and SHR(4il were carried out
Substrate and Competitor Peptiddyrosine-phosphory- 55 described previousiB9).
lated MBP (F2P]Y-MBP) was prepared using/2P]JATP Binding of [“CIDPPA to SHP-1[“C]DPPA and unla-

and @ GS¥p60c-src fusion protein following a protocol  pejed DPPA were dried from chloroform solutions under a
described previously3(). In brief, a GST-p60c-src fusion  gyream of nitrogen and redissolved in binding buffer [20 mM
protein was obtained by subcloning of the hummsrc-1 — jmigazole (pH 7.0), 1 mM EDTA, and 1 mM dithiothreitol].
gene from the pBA3CS plasmid DNA3§ generously  yesicles were prepared by sonication for-6&min until
provided by D. Fujita, University of Calgary, Calgary, AB)  he solution became clear. Binding 6f¢]DPPA to GST-
in frame into the pGEX-5X-2 vector (Pharmacia, Uppsala, spp.1 was performed in 1QEL of a solution containing 1
Sweden), and the fusion protein was expressed and purlfledMM GST—SHP-1 or GST and 0.2Ci of [“C]DPPA (final
using standard techniquelIBP (5 mg/mL) was phospho-  concentration of 1&M) in the presence or absence of a 40-
rylated by GSTF-p60c-src (2Qug/mL) in a reaction mixture  fo| excess of unlabeled DPPA in binding buffer overnight
containing 50 mM Tris-HCI (pH 7.5), 10 mM Mg&l0.1  4i 4°C. The mixtures were then chromatographed on a 1
mM N&EDTA, 1 mM DTT, 0.015% Brij 35, 10Qug/mL cm x 2.5 cm column of LIPIDEX-1000, previously equili-
BSA, and f-*PJATP (100uCi/umol) (final concentrations).  hrated with binding buffer at 4C. Protein-boundfC]DPPA
The incubation was allowed to proceed at 3D for 2 h. was eluted in the void volumeC]DPPA bound to the
The reaction was terminated by addition of ice-cold 100% qjumn was then eluted with methanol. Fractions (0.5 mL)
(w/v) trichloroacetic acid to a final concentration of 20% \yere collected, and radioactivity in aliquots of the fractions
(w/v). The following steps were identical to the published ;55 measured by liquid scintillation counting.
protocol @7). Lipid Binding Assay by ELISAThe binding of GST
Peptides DPPHLKYLYLVVSDSK and DPPHLK(p)-  SHP-1 to phospholipid-coated 96-well microtiter plates was
YLYLVVSDSK representing the binding site for the SHP-1  performed following the protocol described by Gosh et al.
N-terminal SH2 domain in the human erythropoietin receptor (36). In brief, phospholipids (65 ug per well) dissolved in

(14, 18) were obtained from BioTez GmbH (Berlin). methanol were allowed to bind overnight ar@. All the
Expression and Purification of GST Fusion Proteins following ELISA steps were performed at room temperature.
Representing Different PTPs and PTP FragmenBNAs The wells were blocked with 3% bovine serum albumin in

for SHP-1 and SHP-2 were generously provided by A. PBS [20 mM NaHPQ, 80 mM NaHPQ, and 100 mM
Ullrich and R. Lammers (Max-Planck-Institutrf8iochemie, NaCl (pH 7.5)] for 1 h. GST fusion proteins diluted in PBS
Martinsried, Germany). In general, the expression constructs(pH 7.5) containing 0.3% bovine serum albumin were added
for GST fusion proteins used in this study were obtained by to the wells, and binding was allowed for 1 h. Bound GST
direct subcloning or by cloning of PCR-amplified fragments fusion proteins were detected by employing anti-GST rabbit
from constructs containing SHP-1, SHP-2, or SHPSHP-2 polyclonal antiserum (1/500) and a goat anti-rabbit +{gG
chimerical DNA described previousiy1?) into pGEX-5X alkaline phospatase conjugate (1/2000). The plate was
vectors (Pharmacia Biotech). Cloning of pPGEX-5X-1-SHP-1 washed with PBS containing 0.1% Tween 20 (three times
and pGEX-5X-1-SHP-1-SH2 has been described previouslyfor 5 min each) after incubation with GST fusion proteins
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and antibodies. After excess secondary antibody had been Calculation of Binding ConstantsTheoretical binding
washed off, a 10 mg/mL solution of pNPP in buffer [LO0 mM isotherms were calculated from spectroscopic data on the
Tris-HCI (pH 9.5), 100 mM NaCl, and 5 mM Mgég}lwas basis of a model in which protein molecules are considered
added to the wells for color development. The reaction was ligands that bind independently to sites on the phospholipid
terminated by the addition of 33 mM EDTA, and the vesicles with an apparent association conskan{=1/Kp);
resulting absorbancies were quantitated at 405 nm on aneach site consists af phospholipid molecules.
ELISA plate reader. Controls including GSBHP-1 but ) o ) o
without secondary antibodies yielded background values [Protein]+ [phospholipig] < [protein—phospholipid]
identical to controls without GST fusion proteins. Also, the
total amounts of SHP-2GST fusion protein used in these
assays had virtually no activity under the conditions of
alkaline phosphatase assay.
Binding of SHP-1 to TRANSIISilica gel coated with a
single phospholipid bilayer (TRANSIL) containing PC (egg i ini i =
yolk) and PA (from egg yolk PC) (4/1, w/w) was purchased [protein-phospholipidl/[phospholipiglio = AAmna:
from NIMBUS (Leipzig, Germany). The binding of GST A simple quadratic equation was solved to give [protein
SHP-1 to TRANSIL was performed by following the phospholipi¢]. A is obtained from
manufacturer’s instructions. Five hundred microliters of a
solution containing 0.&M GST—SHP-1 and various amounts A = Ay, Jprotein—phospholipig]/[phospholipiq]
of a TRANSIL dispersion (lipid concentration of@ mM) i o ) .
in buffer [10 mM Tris-HCI (pH 7.4), 1 mM EDTA, and 100 Protein/phospholipid ratios were calculatec_;l by assuming that
mM NaCl] was incubated at room temperature by being 50% of the t_otal ph_osphollpld_ was acceSS|_bIe to the_ prot_eln.
gently shaken for 1 h. After incubation, the mixture was Dgta were fitted using a nonlinear regression algorithm in a
centrifuged (5 min at 100@f), and 10QuL of the supernatant ~ Sigmaplot 4.0 spreadsheet.
was analyzed by SDSPAGE. The amount of protein “An gna_tlogous procedure was used to calculate apparent
remaining in the supernatant was quantified densitometri- dissociation constants from data from the ELISA binding
cally. assay, assuming in this case that 100% of the coated
Evaluation of Interactions between Lipid and SHP-1 by Phospholipid was accessible to protein and that the coated
Fluorescence Spectroscopydultilamellar phospholipid lipid was homogeneously dispersed in the |nc_ubat.|on volume.
vesicles (MLV) were prepared using the method of Bangham P TP AssaysPTP assays were performed with either pNPP
(40). DPE was mixed with the phospholipids in chloroform (10 mM) or radioactively tyrosine-phosphorylated MBP
at a phospholipid/DPE molar ratio of 26800 before  ([*P]Y-MBP, approximately 2uM) in the presence or
evaporation. The lipid was initially dried from chloroform, ~aPsence of 0.0350 ug/mL phospholipids at 36C for the
subsequently dispersed in buffer solution [10 mM HEPES periods of incubation time given in the. figure Iegend;. In
and 100 mM NaCl (pH 7.4)], and shaken at a temperature the case of.t.he pNPP assay, the reactions were t.ermlnated
above the gel-to-liquid-crystalline transition temperature for by the addition of 66 mM NaOH and the activity was

10 min. Large unilamellar vesicles (LUV) were then prepared duantitated at 405 nm on an ELISA plate reader. The
via five freezing-thawing cycles of MLV and following following buffers were used for ad]ustment_ of the different
extrusion (five times) through 0.km Nucleopore filter ~ PH values: pH 5.1 and 5.4, 100 mM sodium acetate; pH
membranes using an extruder (Lipex Biomembranes, Van-°-8 and 6.3, 100 mM BIS-TRIS; and pH 7.4, 100 mM
couver, BC) at 30°C. Alternatively, small unilamellar HEPES. In addition, all buffers contained 150 mM NacCl, 1

vesicles (SUV) containing 5% pyC10PPC were prepared by MM EDTA, and 1 mMj-mercaptoethanol. For estimation
sonicating MLV (2 min under temperature control). The ©f €énzyme kinetic parameters, SHP-1 (50 nM) was subjected
fluorescence assays were carried out on a Jobin Yvon Spex0 assays with pNPP as described above in the absence or
Fluoro Max-2 spectrofluorimeter (Edison, NJ) using quartz Presence of DPPA (2bg/mL), varying the pNPP concentra-
cuvettes equipped with a magnetic stirrer. Vesicles were tion from 1 to 500 mM. The data were evaluated employing
suspended in 1.0 mL of buffer at concentrations of about 80 the program Enzyme Kinetics (Trinity Software, Campton,
uM for the DPE assay, and 2V for the pyC10PPC assay. NH)._ Activation measurements using the synth_etlc phospho-
The recording started after the system had reached equilib-P€Ptide DPPHLK(p)YLYLVVSDSK were carried out as
rium (about 3-5 min). Appropriate aliquots of aqueous described previously39). _

protein stock solutions were added to the vesicle suspension 1he assays with*fP]Y-MBP were performed in buffer
and continuously stirred. The experiments were performed containing 25 mM imidazole (pH 7.2), 1 mg/mL bovine
at 37°C. For measurements with DPE-containing LUV, the S€rum albumin, and 0.1%mercaptoethanol. The reactions
excitation wavelength was 340 nm, and the emission wasWere terml_nated with 1_5% trichloroacetic acid; the samples
measured in the range of 40800 nm. For measurements Were centrifuged (10 min at 150g)) and the releasedP]-
with the pyC10PPC-containing SUV, the excitation wave- Phosphate in the supermatant was quantified by liquid
length was 340 nm. The emission spectra were measuredscintillation counting.

from 360 to 500 nm. For the evaluation of the data in the RESULTS

latter case, the excimer/monomer rattN]) of pyC10PPC

was used. For this purpose, the emission intensities at 378 SHP-1 Directly Binds Phosphatidic Aciflrevious findings
and 475 nm were calculated. ProtefBUV interaction results  for the activation of SHP-1 by acidic phospholipids suggested
in changes in th&/M ratio. that SHP-1 possesses a binding site(s) for such lidi8s (

The observed changa in E/M divided by the maximal
changeAnax was taken to be proportional to the number of
sites occupied by the protein divided by the total number of
sites.
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24). To assess the presence of putative binding sites, we first
tested the binding of {C]dipalmitoylphosphatidic acid
(DPPA) to SHP-1. A GST fusion protein of SHP-1 was
incubated with“C-labeled DPPA in the absence or presence
of an excess of unlabeled DPPA. The mixtures were
separated over a hydrophobic gel chromatography matrix
(LIPIDEX-1000). Any P“CIDPPA bound to SHP-1 is
expected to elute in the void volume in this setting, whereas
unbound *C]DPPA is retarded and can be eluted with
methanol. As shown in Figure 1AMC]DPPA can be
recovered in the void volume with GSTSHP-1 and is
displaced by an excess of DPPA. GST alone exhibits only a
background level of binding td4C]DPPA. Further evidence

for direct binding of SHP-1 to PA was obtained using beads
(TRANSIL) coated with a PA (20%)/PC (80%) bilayer for

a binding assay. As shown in Figure 1B, GS3HP-1 can

be depleted from solution in a dose-dependent manner with
these beads, whereas beads coated with PC alone did not
bind GST-SHP-1. To further establish the binding of PA
to SHP-1, we employed an assay previously used to
demonstrate binding of phospholipids to Raf-1 kina@®.(
DPPA was coated onto ELISA plates; binding of GST
SHP-1 to the coated lipid was allowed, and the bound protein
was detected by an ELISA with anti-GST antibodies. As
depicted in Figure 2A, GSTSHP-1 binds in a time-
dependent manner to DPPA. No binding can be observed to
ELISA plates which were not coated with DPPA or for free
GST (Figure 2B). The binding depends in a saturable manner
on the amount of coated DPPA (Figure 2C) and the amount
of GST-SHP-1 (Figure 2D). Finally, interaction of SHP-1
with PA could also be demonstrated by fluorescence
spectroscopy employing fluorescently labeled PA liposomes
(Figure 3). In the first experimental setup, we tested selected
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lipids for their interaction with SHP-1 using large unilamellar

liposomes containing DPE as a fluorescent probe. The
wavelength of the maximum of the emission spectrum
depends on the dielectric properties of the environment of
the probe. Protein interaction of the liposomes leads to
formation of dehydrated areas in the proximity of the protein
and in turn to lowering of the dielectric constant. As a

Ficure 1: Binding of phosphatidic acid to SHP-1. (A) Ten
micrograms of GSTSHP-1 was incubated with'4C]dipalmi-
toylphosphatidic acid {fC]DPPA, 13uM, ca. 4 x 1(° dpm) in

the presence or absence of a 40-fold excess of DPPA (as indicated)
at 4 °C overnight at pH 7.0. The mixture was separated over a
hydrophobic gel chromatography (LIPIDEX-1000) column, and the
radioactivity in the void volume and the radioactivity bound to the
column and subsequently eluted with methanol were determined.
The radioactivity eluting in the void volume is presented as a

consequence, the maximum of the emission spectrum ispercentage of the total radioactivity eluted from the column.

shifted to a lower wavelengthtl). This method has been
extensively employed previously to characterize hpid
annexin interactions 4Q). In Figure 3A, the emission
wavelength shift of DPE-containing PA, PS, and PC LUV
is shown as a function of protein concentration. Clearly,
interaction of both GSFSHP-1 and SHP-1 but not free GST
with PA liposomes could be detected with this technique,
while negligible interaction occurred with PS or PC lipo-
somes (Figure 3A). The wavelength shift occurred apparently
at lower concentrations with GSISHP-1 than with SHP-

1. This may indicate sterical differences in the accessibility
of the lipid binding site(s) in the two different proteins;
however, given the relatively low sensitivity of this method,
such quantitative differences are difficult to interpret. An
alternative, more sensitive technique utilizes the fluorescent
probe 1-hexadecanoyl-2-(1-pyrenedecansytjlycero-3-
phosphatidylcholine (pyC10PPC) incorporated in PA small
unilammelar vesicles (SUV). Interaction of GSEHP-1

Corresponding control assays were performed for free GST and in
the absence of any protein, as indicated. (B) Binding of SHP-1 to
phosphatidic acid-coated beads. Different amounts of beads (TRAN-
SIL) coated with a bilayer of either PA (from egg yolk)/PC (20%/
80%) or PC only were incubated with GSBHP-1 (50ug/mL)

for 1 h atroom temperature under end-over-end rotation. The beads
were centrifuged, and the GSBHP-1 remaining in the supernatant
was detected by SDSPAGE. (Upper panel) Representative experi-
ment with PA/PC beads. PA/PC (1/4) concentrations are (1) 136,
(2) 272, (3) 544, (4) 816, (5) 1088, and (6) 1684. (Lower panel)
Quantification of GSTSHP-1 remaining in the supernatant as
revealed by densitometric scanning of a representative binding
experiment with PA/PCH) or PC @).

no interaction occurs for free GST with PA SUV or for
GST—SHP-1 with PC SUV. Fitting of these data assuming
a simple model of SHP-1PA interaction described in
Experimental Procedures reveals an apparent dissociation
constant of 4.33x 108 mol/L.

Specificity of Phospholipid Binding to SHP-Different

with these vesicles leads to concentration-dependent alterdipids were compared for their capacity to bind SHP-1, using
ations in the ratio of emission intensities at 378 (excimer) the ELISA technique. Equal amounts of lipids were coated
and 475 nm (monomer) of pyC10PPC (Figure 3B), while onto the plates, and binding of GSBHP-1 was evaluated.
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Ficure 2: Binding of SHP-1 to dipalmitoylphosphatidic acid as determined by ELISAs. (A) Wells of an ELISA plate were coated with 100
ng/well DPPA and were subsequently blocked by incubation with BSA. Thereafter, the wells were incubated with 25 ABHEST at

room temperature for different periods of time, as indicated. The wells were washed, and GST in the wells was detected with an ELISA
employing anti-GST antibodies. (B) The assay was performed as described for panel A with 50 rMEBBAL or GST alone. The wells

were coated with DPPA (100 ng/well) or treated with solvent only (control). Binding was allowed to occur for 1 h. (C) The assay was
performed as described for panel A with 50 nM GSIHP-1 as a binding partner for different amounts of coated DPPA. (D) Concentration
dependence of GSTSHP-1 binding to DPPA (g/well), otherwise performed as described for panel A.

As shown in Table 1, the strongest binding of GSSHP-1 length SHP-1, suggesting that much of the lipid binding
was obtained with DPPA. Significant binding was also capacity of SHP-1 resides in the C-terminus. In agreement
observed for PA from egg yolk lecithin, DPPG (not shown), with this assumption, lipid binding was lost with the
and phosphatidylinositol 4,5-bisphosphate, and interestingly, corresponding SHP-1 variant with a truncated tail (GST
a rather strong binding was observed with phosphatidyli- SHP-1Atail). In contrast to GSFSHP-1, GSFSHP-2
nositol 3,4,5-trisphosphate. Reproducibly, very low-level exhibited only a comparatively low level of binding of all
binding occurred also to PS. Negligible binding could be lipids tested. A SHP-+SHP-2 chimera with the tail of
detected with PC, DPPC, or phosphatidylinositol 4-phosphate SHP-1 replaced by the one of SHP-2 (GSIJHP-1-SHP-
(not shown). This specificity assay may be partially biased 2tail) bound no lipid, like GSFSHP-1Atail. In contrast, the
by the different coating efficiencies of the various lipids; reverse SHP-2SHP-1 chimera (GSFSHP-2-SHP-1tail)
however, a clear preference for binding of SHP-1 to PA over exhibited again a binding profile very similar to that of
PS and no binding to PC was likewise observed in the GST—SHP-1tail. In summary, these data support the pres-
interaction studies with fluorescently labeled liposomes, ence of a lipid binding site in the C-terminal tail of SHP-1
described above. which does not exist in SHP-2 with a clear preference for
A PA Binding Site in the C-Terminal Tail of SHP-To DPPA, PIP3, and PA over PIP2 and PS. Interestingly, another
localize the PA binding site(s) on the SHP-1 protein, different fragment of SHP-1 containing the SH2 domains and a short
SHP-1 deletion mutants were generated and expressed astretch of amino acids (“hinge”) intervening the SH2 domains
GST fusion proteins. For comparison, the related PTP SHP-2and the catalytic domain (GSTSHP-1SH2) exhibited a low
and SHP-1+SHP-2 chimerical proteins with exchanged level of binding to PA and PS in the ELISA, indicating the
C-terminal parts were also included in the analysis (Figure presence of a second, lower-affinity lipid binding site in this
4). The various proteins were tested for their interaction with part of the SHP-1 molecule (Table 1). This binding site seems
DPPA, PA, PS, PIP2, and PIP3 in the ELISA. The results to be inaccessible under the standard assay conditions in the
are shown in Table 1. A GST fusion protein harboring the ELISA in GST—SHP-1Atail or GST-SHP-1-SHP-2tail but
last 43 amino acids of SHP-1 (GSBHP-1tail) exhibited may contribute to lipid binding in full-length GSTSHP-1.
lipid binding characteristics almost identical to those of full- In fact, lipid binding to GSTSHP-1Atail similar to the
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A ) Table 1: Binding of Lipids to SHP-1, SHP-2, and SHP-1 Mutants
[

515;_%—‘\'—‘\.——‘-—. protein DPPA PA PS PIP2 PIP3
GST-SHP-1 1.00 027 005 020 056

510 GST-SHP-2 0.24 009 0.07 0.04 0.06
GST-SHP-1--SHP-2tait  0.01 0.02 001 0.01 0.00

505 GST-SHP-2-SHP-1tal 1.20 050 0.18 0.37 0.80
GST-SHP-1Atail® 0.06 002 0.1 0.1 0.01

500} GST—SHP-1tail 118 039 004 020 055

GST-SHP-1SH2 006 011 0.11 0.04 0.04

control (GST) 0.01 001 0.00 0.01 0.00

Fluorescence Maximum (nm)

aBinding assays were carried out with the different recombinant GST
fusion proteins depicted in Figure 4 as described in the legend of Figure
2. Values are normalized to binding of GSSHP-1 to DPPA (1.0).
b Lipid binding similar to that of GSFSHP-1SH2 is observed for these
mutants at elevated salt concentrations.

3 104 112 212 271 514
510 GSTH nsiz W cswe I%I caT 51T"9I GST-SHP-1
PS 55% 54% 60% 14% homology
505 —_— GST emEs GST-SHP2
3 104 112 212 271
S15p et ey GSTA woe W ose P28 Sron
6 104 112 21321427122 459 456 514 o7 Y
510 GSTATEE s IR e o GaTand
PC 104 11 12 71 14
505 S S S GST{6 N-SHZON =T I#lz caT ) I?I56 ggll'-SHP—1
0 1 2 3 4 5 6 7 8 9 10 ¢
Protein (pg/ml) GSTT;ﬁ7 ngST,SHp_1
B GST 6 N_SH2104 112C-SH2212 hmgQZSQ SS;-'SHP'1
0.5f
FiIGUrRe 4: Structure and designation of SHP-1 and SHP-2
804l constructs used for mapping of the lipid binding sites. The depicted
S structural elements are N- and C-terminal SH2 domains (N-SH2
S03f and C-SH2, respectively), the “hinge” sequence between the
= C-terminal SH2 domain and the catalytic domain (CAT), and the
= 0.2} C-terminal “tail” structure. Percentages of sequence identity at the
o amino acid level are depicted for the different domains of SHP-1
0.1} and SHP-2. The amino acid numbering is for SHP-1 as described
in ref 53 and for SHP-2 as described in r2at.
0 2 ) * —2
0 50 1700 150 200 To further characterize the two lipid binding sites in SHP-

GST-SHP-1 (nM) 1, the time and concentration dependencies of lipid binding
FIGURE 3: SHP-1 interaction with fluorescently labeled phosphatidic Were Chf_—:tra_cterlzed for GS—T_SHP-ltaH and GS:FSHP_'
acid liposomes. (A) Liposomes with a diameter<df00 nm (LUV) ~ 1SH2. Binding of both proteins was saturable with time,
were prepared from the indicated lipids and 1% DPE as describedreaching a plateau after incubation for approximately 60 min
in Experimental Procedures. Fluorescence spectra were recorde(tnot shown). With respect to concentration dependence

at 37°C in the presence of GST alon®), GST-SHP-1 &), or - . .
free recombinant SHP-LJ. Protein interaction with the liposomes ~ CST—SHP-1tail behaves very much like full-length GST

is indicated by a concentration-dependent shift of a maximum of SHP-1 (Figure 5A,B; compare to Figure 2), indicating again
fluorescence at approximately 515 nm in the absence of protein tothat much of the lipid binding observed with the full-length

a lower wavelength. (B) SUV from phosphatidic acll énd ®) enzyme is mediated via the C-terminal tail. Analysis of
or phosphatidylcholine«) containing 5% pyC10PPC were prepared GST—SHP-1tail in the binding assay with pyC10PPC-labeled

and exposed to different concentrations of GSHP-1 @ and - - .
) or free GST @). Fluorescence spectra were recorded, and IP0somes also revealed saturable binding (not shown) with

excimer/monomerB/M) ratios were determined as described in an apparent dissociation constant of 28.30°8 mol/L, an
Experimental Procedures. Interaction of the proteins with the SUV affinity somewhat lower than that for the full-length enzyme.
s 32 i 1 v caveem o o saas of GSTSHP-ASHZ also bound o PA in 2 saurable manner
| . . . . .
éSpTO—SeHP-l with the PA IIci)posomes, the data were fitted and the (Figure SC.’D); however,. saturation requwgd mgch higher
theoretical curve according to the fit is also depicted (no symbols). concentrations of PA (Figure 5C) or protein (Figure 5D).
The calculation of apparent dissociation constants from these
data requires a number of assumptions (see Experimental
binding of GST-SHP-1SH2 in the ELISA could be obtained  Procedures) which makes direct comparison with the absolute
upon elevation of the salt concentration (not shown). It seemsvalues derived from the fluorescence measurements difficult
also tempting to speculate that lipid binding to GSIHP-2 but allows comparison of binding characteristics for the
occurs with the SHP-2 SH2 domain/hinge part, since the tail different SHP-1 variants. Calculations yielded values of 1.34
of SHP-2 has no lipid binding capacity. x 1078 mol/L for the full-length enzyme (data from Figure
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Ficure 5: Binding of SHP-1 fragments to phosphatidic acid as determined by ELISAs. Wells of an ELISA plate were coated with DPPA
(A and B) or PA (C and D) and were subsequently blocked by incubation with BSA. Binding of a GST fusion protein containing the 43
C-terminal amino acids of SHP-1 (A and B, GSSHP-1tail) or of a GST fusion protein containing the SHP-1 SH2 domains (C and D,
GST—-SHP-1SH2) was assessed as described in the legend of Figure 2. (A) The assay was performed with 56-8MREHail as the
binding partner for different amounts of coated DPPA. (B) Concentration dependence ofSBFF1tail binding to DPPA (zg/well). (C)

The assay was performed with 100 nM GSIHP-1SH2 as the binding partner for different amounts of coated PA. (D) Concentration
dependence of GSTSHP-1SH2 binding to PA (gg/well). (E) Competition of lipid binding to GSTSHP-1SH2 by a tyrosine-phosphorylated
peptide. Binding of GSFSHP-1SH2 (100 nM) to PA (10g/well) was performed in the presence of different concentrations of a peptide

representing the binding site for SHP-1 in the human erythropoietin receptor in the nonphosphomjategliosphorylated«) form.

Relative binding is presented compared to control without peptides (100%). When the peptide concentration was further increased up to
100 uM, the level of binding in the presence of the nonphosphorylated form increased up to values 2-fold greater than control values,
probably because of physicochemical effects. Still, the level of binding in the presence of the phosphorylated peptide remained at only 50%
of these values (not depicted).

2D), 1.47 x 108 mol/L for GST-SHP-1tail (Figure 5B), would be competitive. Indeed, a phosphopeptide from the
and 1.48x 108 mol/L for GST-SHP-1SH2 (Figure 5D)  human erythropoietin receptor representing the binding site
in this assay. Thus, again, GSBHP-1tail binds in a manner  for the SHP-1 N-terminal SH2 domairi4, 18) competed
similar to, and possibly somewhat weaker than, that of the with the binding of GSFSHP-1SH2 to PA in the ELISA,
full-length enzyme, whereas GSBHP-1SH2 exhibits an  reducing the level of binding to approximately 50% at5L
affinity that is about 2 orders of magnitude lower than that «M and above, while the nonphosphorylated peptide exhib-
of the C-terminal binding site. ited no competition (Figure 5E). Thus, the PA binding site
The SH2 domains of SHP-1 are known to bind tyrosine- in GST-SHP-1SH2 probably overlaps with the binding site
phosphorylated peptides with high affinity which leads to for the phosphopeptide in the N-terminal SH2 domain.
activation of the enzyme. We therefore tested whether Relation of PA Binding and SHP-1 Agtly Modulation
binding of PA and a phosphopeptide to GSSHP-1SH2 by PA.Knowing lipid binding characteristics of SHP-1, we
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the activity of the resulting PTP derivative SHR(aI

20t toward pNPP at any of the pH values that were tested, but
rendered this variant refractory to DPPA activation (Figure
6A). Likewise, SHP-2 could not be activated toward pNPP
with DPPA (Figure 6A). The extent of activation of SHP-1
and SHP-A\tail toward pNPP by the synthetic phosphopep-
tide from the erythropoietin receptor sequence representing

/’"‘—' : the SHP-1 binding site was similar (10.8- and 8.7-fold,
o— — — respectively, at pH 7.4 with 100M phosphopeptide). Thus,

>

ey
o

Fold Activation
o

0 10 20 30 40 %0 deletion of the C-terminal lipid binding site does apparently
DPPA (ug/mi) not alter susceptibility to regulation by SH2 domain occupa-
tion. Similar experiments were carried out witfH]Y-MBP
B 70 - as a substrate, phosphorylated by using p60c-src. Toward
this substrate, SHP-1 could be strongly activated with PA
s 80 already at concentrations of Qufy/mL (approximately 0.15
= 50 uM), and activation was almost maximal withy@/mL PA
% 40 (approxmately 1.%M) (F|gure 6B). The .SHP-l variant with
< the deletion of 41 C-terminal amino acids (SHRt4il) and
2 SHP-2 were affected by these concentrations of PA to a much
w20 _ . lesser extent (Figure 6B). At higher PA concentrations (5
10 20 ug/mL, i.e., approximately 730 M), SHP-1Atail and
0 SHP-2 were also significantly activated towa#tP]Y-MBP.
6 2 4 6 8 10 12 14 16 18 20 PIP3 also activated SHP-1 towardH]Y-MBP, albeit to a
DPPA (pg/ml) lesser extent than PA (not shown). These data are consistent

FiGURE 6: Effect of phosphatidic acid on the activity of SHP-1, With a role of the C-terminal high-affinity lipid binding site
SHP-2, and SHPAtail against two different substrates. (A) SHP-1  in activity regulation of SHP-1 by PA and PIP3.

(25 nM, W), SHP-tail (25 nM, a), or SHP-2 (300 nM®) was

incubated at pH 6.3 with 10 mM pNPP in the presence of different

concentrations of DPPA fo2 h at 30°C. The reaction was DISCUSSION

guenched by addition of NaOH, and the absorption at 405 nm was . .
recorded as a measure of PTP activity. The activity in the absence Both hitherto known SH2 domain PTPs SHP-1 and SHP-2

of DPPA was normalized to 1.0. (B) SHPM){ SHP-1Atail (a), have previously been shown to become activated against
and SHP-2 @) (25 nM each) were incubated with tyrosine- different macromolecular substrates by acidic phospholipids

phosphorylated myelin basic proteif4p]Y-MBP, approximately (24, 25). This activation has been proposed to contribute to
2 uM) in the absence or presence of different amounts of DPPA at PTP activity in proximity to cellular membranes. Also, data

pH 7.2 for 30 s at 30C. The reaction was terminated with TCA, . A
and the amount of releasé® was determined. The activity of all  Obtained for activation of SHP-1 toward the EGF receptor

enzyme variants in the absence of PA was normalized to 1.0. by PA in vitro and in intact cells led us to propose that lipid
modulation of SHP-1 activity may be physiologically relevant
explored the potential importance of the assigned binding for regulation of EGF receptor signaling3). To date, little
sites for the previously described modulation of SHP-1 was known about the mechanistic basis for SHP-1 or SHP-2
activity by PA. The activities of SHP-1, of the SHP-1 variant activation by phospholipids. Here we demonstrate that SHP-1
with C-terminal deletion of 41 amino acids, and of SHP-2 can directly bind acidic phospholipids. One high-affinity
were measured against two different substrates, pNPP andinding site could be narrowed to the 41 C-terminal amino
[3?P]Y-MBP, and the effect of PA was analyzed. For these acids of SHP-1. It exhibits a preference for DPPA, PIP3,
assays, the respective recombinant PTP variants wereand PA over other phospholipids, does not exist in SHP-2,
analyzed not as GST fusion proteins but in their free form, and confers activation of SHP-1 by PA toward pNPP and
since GST fusion is known to result in artificial activation [3?P]Y-MBP. Apparent dissociation constants of approxi-
of SHP-1. DPPA activated SHP-1 toward pNPP in a mately 0.04uM for the full-length enzyme and of 0.28
concentration- and pH-dependent manner (Figure 6A and notfor the isolated C-terminal fragment were obtained from
shown). Activation could be detected in the pH range of5.8  binding studies with fluorescently labeled PA-containing
7.4, whereas no activation could be observed at pH 5.1 orSUV. It is possible that the apparently higher affinity of the
5.4. At pH 5.8-7.4, maximal activation was already detect- full-length enzyme is related to the presence of a second,
able with 5-10 ug of DPPA/mL, and half-maximal activa-  low-affinity binding site in this protein (see below), which
tion was reached with 0-51 ug of DPPA/mL, i.e., approxi-  contributes to the total binding. The dissociation constants
mately 1uM. High concentrations (2550 ug/mL) eventually are in reasonable agreement with PA concentrations of
inhibited activity (Figure 6A). The activation by DPPAwas 0.15-1 uM resulting in half-maximal SHP-1 activation.
the consequence of lowering tKg, (approximately 50 mM Similar dissociation constants and effective lipid concentra-
in the presence of DPPA vs approximately 225 mM in its tions were observed for the binding of phosphatidylinositol
absence at pH 6.3), while thén.x was not increased in the  4-phosphate to the dynamin pleckstrin homology domain
presence of DPPA. In contrast to DPPA, little activation of (43), the binding of phosphatidylinositol 4,5-bisphosphate
SHP-1 was seen in this assay with PA from egg yolk lecithin, to an inward rectifier potassium channé#y, the activation
or PS (not shown). Interestingly, deletion of the 41 C- of cAMP-specific phosphodiesterase by phosphatidic acid
terminal amino acids of SHP-1 did not change significantly (45), and the activation of protein kinase B by PIFRRL)
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A second site which binds several acidic phospholipids The available crystal structures of SHP49Y and SHP-2
to a similar extent but with an about 2 order of magnitude (19) do not contain the C-terminus of the enzymes, and
lower affinity resides in the N-terminal part of SHP-1, therefore do not allow predictions about the possible role of
comprising the SH2 domains and the hinge domain. In SHP-1the C-terminus for activity regulation. We have identified
variants with a deleted C-terminus or with the C-terminus the C-terminus of SHP-1 as a high-affinity binding site for
of SHP-2, this binding site seems to be cryptic and can be acidic phospholipids. Interestingly, this binding site in the
detected via ELISA-type binding studies only at elevated C-terminus confers activation of SHP-1 toward the two
salt concentrations, but becomes accessible in SH2 demain substrates pNPP an#fP]Y-MBP. The C-terminal sequence
hinge constructs. A phosphopeptide which is known to bind of SHP-1 contains three clusters of basic amino acids (amino
to the SHP-1 N-terminal SH2 domain can partially compete acids 572-575, 578-583, and 595597) which share
with PA binding to this site. It is therefore likely that low-  similarities with the previously identified PA binding site in
affinity PA binding to SHP-1 occurs at least partly within Raf-1 kinase §5). A GST fusion protein harboring SHP-1
the N-terminal SH2 domain. A similar binding site seems amino acids 577597 exhibited a clearly decreased DPPA
to exist in SHP-2, and the obtained data suggest that thisbinding activity, but DPPA binding was not completely lost
site confers susceptibility of both enzymes for activation (not shown). This finding renders unlikely the possibility that
toward the macromolecular substratéP]Y-MBP at high a single basic cluster is exclusively responsible for binding;
PA concentrations. Structural models for SHP-1 and SHP-2 however, analysis of point mutants will be necessary to fully
have been derived from mutant enzyme activity data, clarify the contribution of individual sequence motifs to PA
phosphopeptide activation analysis, and the recent elucidatiorbinding. PA fatty acid composition affected binding strength,
of the crystal structure of SHP-A7—19, 46—48). In the in that PA species with saturated fatty acids (DPPA and
absence of an interacting tyrosine-phosphorylated binding distearoyl-PA, latter not shown) bound more avidly in the
partner for the SH2 domains, SHP-2 exists in a closed ELISAs than PA species from natural sources containing
inactive conformation with the N-terminal SH2 domain unsaturated fatty acids. It is currently unknown whether these
plugging the catalytic center. Phosphopeptide occupation of differences are related to physiologically important specifici-
the SH2 domains abrogates this interaction and leads toties of the binding site on SHP-1 or more to the availability
activation. Artificial activation occurs upon deletion of the of PA for binding in particular types of assays as a result of
N-terminal SH2 domain or both SH2 domains. Although the physicochemical properties. PA identity used in previous
currently available structural data for SHP-1 do not allow studies for activation of SHP-1 has in most cases not been
direct conclusions about the role of the SH2 domains for specified; however, it is likely that PA from natural sources
activity regulation to be reachedq), the very similar overall has usually been used. This fact probably explains why, in
architecture of SHP-1 and SHP-2, conservation of residuesprevious studies, activation of SHP-1 toward pNPP has never
involved in the SH2 domain catalytic domain interaction in been found as we observed it only with DPPA and not with
SHP-2 (9) in both molecules, and enzymatic data are in PA derived from natural PC. With the macromolecular
agreement with a similar mode of activation. When our substrate¥P]Y-MBP, activation was readily observed with
binding data are considered, the most obvious explanationPA from natural sources as well as with DPPA, and given
for the observed activation of both SHP-1 and SHP-2 by the low concentrations required for activation, we were
high concentrations of acidic phospholipids seems to be unable to discern possible differences in the potency of
therefore that binding of these lipids through the SH2 different PA species.
domains leads to structural changes similar to phosphopeptide The mechanism of SHP-1 activation by C-terminal lipid
binding. Given the required high lipid concentrations for this binding is not clear. Lipid activation reduces tkg toward
effect, however, the physiological relevance of this lipid pNPP and is observed at pH 6.3 and 7.4, i.e., under pH
activation mechanism is questionable. conditions where SHP-1 has very low activitig]. While

SHP-1 and SHP-2 exhibit a high degree of overall amino C-terminal truncation abrogates activation via the C-terminal
acid sequence homology except in the C-terminal tail where lipid binding site, activation of the truncated enyzme by a
the degree of homology is only about 15%. Little is known phosphopeptide binding partner is similar to that for the full-
about the function of the SHP-1 C-terminal tail. A role of length enzyme. It seems tempting to speculate that lipid
the C-terminal tail has been reported for SHP-1 binding to binding to the C-terminus of SHP-1 could lead to structural
the insulin receptord?) in vitro but not to the EGF receptor changes similar to phosphopeptide binding, facilitating
(12). Deletion of parts of the C-terminus has been reported substrate access to the active site. Monitoring these structural
to lead to enzyme activation toward some artificial substrates, changes by spectroscopic methods in solution should be
suggesting a role of the C-terminus in activity regulation or helpful in clarifying this point.
substrate recognitionl8, 50, 51). Some of the published What may be the biological significance of the C-terminal
data are, however, controversial. In our hands, deletion of lipid binding site of SHP-1? Given the reasonable affinity,
41 C-terminal amino acids had no effect on activity toward PA may be a physiological ligand for the C-terminus of SHP-
pNPP or toward¥P]Y-MBP at any pH that was tested (not 1. Interestingly, PIP3 also binds to the C-terminal lipid
shown). Activation by C-terminal deletions may depend in binding site and is capable of activating SHP-1. Lipid binding
a subtle way on assay conditions. Also, most data reportedto the C-terminus of SHP-1 may contribute to activation and/
hitherto were obtained with the hematopoietic variant of or localization of SHP-1. Experiments are underway to test
SHP-1, whereas we used the epithelial form of SHP-1 which this concept in intact cells. The existence of this binding site
possesses a somewhat different N-termirti2y. (One could clearly distinguishes SHP-1 from SHP-2 and predicts alter-
speculate that this form may have a higher basal activity nate ways of regulation. Although we were unable to observe
and therefore cannot be activated by C-terminal deletions. activation of SHP-1 by C-terminal deletions, our finding of
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SHP-1 activation via a C-terminal lipid binding site highlights
a putative role of the SHP-1 C-terminus in activity regulation.
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