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ABSTRACT: The LAR transmembrane tyrosine phosphatase associates with liprin-R proteins and colocalizes
with liprin-R1 at focal adhesions. LAR has been implicated in axon guidance, and liprins are involved in
synapse formation and synapse protein trafficking. Several liprin mutants have weaker binding to LAR
as assessed by yeast interaction trap assays, and the extents of in vitro and in vivo phosphorylation of
these mutants were reduced relative to that of wild-type liprin-R1. Treatment of liprin-R1 with calf intestinal
phosphatase weakened its interaction with the recombinant GST-LAR protein. A liprin LH region mutant
that inhibited liprin phosphorylation did not bind to LAR as assessed by coprecipitation studies. Endogenous
LAR was shown to bind phosphorylated liprin-R1 from MDA-486 cells labeled in vivo with
[32P]orthophosphate. In further characterizing the phosphorylation of liprin, we found immunoprecipitates
of liprin-R1 expressed in COS-7 cells to incorporate phosphate after washes of up to 4 M NaCl.
Additionally, purified liprin-R1 derived from Sf-9 insect cells retained the ability to incorporate phosphate
in in vitro phosphorylation assays, and a liprin-R1 truncation mutant incorporated phosphate after
denaturation and/or renaturation in SDS gels. Finally, binding assays showed that liprin binds to ATP-
agarose and that the interaction is challenged by free ATP, but not by free GTP. Moreover, liprin LH
region mutations that inhibit liprin phosphorylation stabilized the association of liprin with ATP-agarose.
Taken together, our results suggest that liprin autophosphorylation regulates its association with LAR.

The founding member of the liprin protein family, liprin-
R1, was originally identified by virtue of its ability to bind
the cytoplasmic phosphatase domains of the transmembrane
tyrosine phosphatase LAR (1). Liprin-R1 is made up of a
tail domain consisting of a long NH2-terminal R-helical
coiled-coil segment followed by three tandem sterileR-motif
(SAM)1 domains and ends with a 100-amino acid segment
which contains a binding site for the protein GRIP (1, 2).
Liprin-R1 binds the LAR phosphatase domains via its SAM
domains, and yeast interaction trap screens using this region
of liprin also isolated a homologous protein that was termed
liprin-â1 (3). Ultimately, an extensive protein family in
mammals consisting of liprin-R1-4 and liprin-â1 and -2 was
isolated (3), and liprins were also identified inDrosophila
and Caenorhabditis elegans(4, 5). The part of liprin that
contains the three SAM domains is highly conserved among

all family members and is termed the liprin homology (LH)
region. All liprin-R’s bind via their LH regions to the
intracellular phosphatase domains of LAR and the related
phosphatases PTPδ and PTPσ (1, 6). Liprin-R’s and liprin-
â’s also interact via their LH regions, and liprins of each
subclass homodimerize via their coiled-coil tail domains (3).

Liprin-R1 colocalizes with LAR at focal adhesions, and
liprin-R2 was shown to cross-link LAR on the cell surface,
suggesting that liprins may be involved in regulating LAR
localization within the cell (1, 3). More recently, liprin-R’s
have been shown to bind several proteins present in the
“active zone” of neurons, including KIF1A, the ERC family
of RIM-binding proteins, RIM itself, and GIT1 (7-9). The
association of liprin-R1 with KIF1A led to speculation that
liprins act as an adaptor for that particular motor protein.
The interaction between liprin and GRIP appears to be
involved in regulating AMPA receptor trafficking (2, 10).
Liprin-R1 and -R4 bind GIT1, and dominant negative
constructs of GIT1 led to a reduction in the degree of
dendritic and surface clustering of AMPA receptors in
cultured neurons, implying that liprins, GIT1, and GRIP may
work together to coordinate AMPA receptor trafficking.
Through these myriad interactions, a general role for liprins
may be protein trafficking to the active zone of synapses.
Deletion of the liprin homologue syd-2 fromC. elegansled
to lengthening of the presynaptic active zone and impairment
of synaptic transmission (5). However, as previously noted,
the localization of liprin-R’s to regions in neurons other than

† This research was supported by Grants CA55547 and CA75091
from the National Institutes of Health.

* To whom correspondence should be addressed. Phone: (617) 995-
1874. Fax: (617) 995-2510. E-mail: Quintus_Medley@dfci.harvard.edu.

‡ Dana-Farber Cancer Institute.
§ Department of Medicine, Harvard Medical School.
| Present address: Dept d’Immunologia, Hospital Clinic

i Provincial de Barcelona, Villarroel 170, 08036 Barcelona, Spain.
⊥ Department of Pathology, Harvard Medical School.
@ Present address: ImmunoGen Inc., 128 Sidney St., Cambridge,

MA 02446.
1 Abbreviations: SAM, sterileR-motif; LH, liprin homology; HA,

hemagglutinin; mAb, monoclonal antibody; GST, glutathione
S-transferase; CIP, calf intestinal phosphatase.

15715Biochemistry2005,44, 15715-15724

10.1021/bi051434f CCC: $30.25 © 2005 American Chemical Society
Published on Web 11/10/2005



synaptic zones suggests that it has additional roles in the
cell beyond organizing synaptic multiprotein complexes (11).

Since liprin-R1 was already known to be a phosphoprotein
(1), we studied the effect of liprin-R1 phosphorylation on
its interaction with LAR. Through yeast interaction trap
analysis, biochemical precipitation of expressed and endog-
enous protein, and colocalization of expressed protein, we
determined that the interaction between liprin-R1 and LAR
requires specific liprin-R1 phosphorylation. Moreover, studies
on liprin-R1 indicated that it binds to ATP-bound agarose
(ATP-agarose hereafter), possesses in vitro autophospho-
rylation activity after purification, and also retains this
activity after denaturation and renaturation in an SDS gel.
These findings suggest that the ability to autophosphorylate
is intrinsic to liprin-R1.

EXPERIMENTAL PROCEDURES

Plasmid Constructions. Liprin expression constructs were
made using standard techniques and confirmed by restriction
mapping and DNA sequencing. Liprin cDNA constructs were
cloned into pMT or pMT.HA tag expression vectors which
use either the liprin initiation methionine or a hemagglutinin
(HA) epitope tag sequence immediately upstream of the
cloning site. The liprin constructs used for this study are
shown schematically in Figure 1. The amino acid numbering
of liprin is according to a full-length liprin-R1 of 1202 amino
acids (GenBank accession number U22815). The liprin-∆1
construct has residues 274-744 removed. Liprin-∆2 has
residues 1-672 removed. Liprin-∆3 has residues 671-1202
removed. Liprin-∆4 has residues 1-793 removed. GST-
tagged liprin-∆2 was cloned into pFASTBAC (Invitrogen),
and baculovirus was generated and propagated following the
manufacturer’s instructions. For precipitation studies, the two
intracellular phosphatase domains of LAR corresponding to
residues 1275-1881 were fused to GST (6). GST-Tara
consists of amino acids 12-385 of Tara fused to GST as
described previously (12). For immunofluorescence,
pMT.LAR was used, encoding residues 1-1881 (13).

Interaction Trap Assay.Plasmid DNAs and yeast strains
used for the interaction trap assay were provided by R. Brent
and colleagues (14) and used as described previously (1).
The various liprin and LAR PTPase regions fused to LexA
or the B42 transcription activation domain are given in Table
1.

Cell Transfections.COS-7 cell transient transfections were
done by the DEAE-dextran/Me2SO method using approxi-
mately 2µg of plasmid DNA per 2× 105 cells, and cells

were harvested approximately 20 h after transfection. Proteins
were metabolically labeled with [35S]methionine and [35S]-
cysteine during the final 4 h prior to cell harvesting. COS-7
cells wer plated onto glass coverslips 1 day after transfection
and fixed and stained the following day.

Immunofluorescence.Cells were stained essentially as
described previously (15). Briefly, cells were rinsed in PBS,
fixed in 2% paraformaldehyde in PBS for 15 min, and then
permeabilized for 10 min in a 0.1% Triton X-100/PBS
solution containing 2% horse serum. Nonspecific ab-binding
sites were blocked by a 30 min incubation in blocking buffer
(10% normal goat serum in PBS). To detect liprin, either
anti-liprin-R1 mAb 1.77 (1) or anti-HA mAb HA-11
(BabCO, Richmond, CA) were used, and to detect LAR, anti-
LAR mAb 11.1A was used (13). Primary antibodies were
incubated for 1 h, washed, and detected after a 30 min
incubation with Texas Red or fluorescein isothiocyanate-
linked goat anti-mouse secondary antibodies. Slides were
mounted in polyvinyl alcohol medium and viewed on a
Nikon E800 microscope equipped for epifluorescence.

Cell Labeling and Protein Analysis.Cell proteins were
metabolically labeled with [35S]methionine and [35S]cysteine
essentially as described previously (1). Following labeling,
cells were washed in PBS and lysed in Nonidet P-40 lysis
buffer [1% Nonidet P-40, 150 mM NaCl, 50 mM Tris-HCl
(pH 7.5), and 1 mM EDTA] containing 1 mM phenyl-
methanesulfonyl fluoride, 10µg/mL leupeptin, and 10µg/
mL aprotonin. Insoluble material was removed from the
lysates by centrifugation in a microcentrifuge. Cell lysates
were then precleared once with 25µL of protein A-Sepharose
(Amersham Pharmacia Biotech) for 1 h. For immunopre-
cipitations, either 1µg of anti-HA mAb Ha-11 or 1µg of
anti-liprin-R1 mAb anti-Lip.1.77 was used with 25µL of
protein A-Sepharose per milliliter of precleared lysate for
1-2 h. Precipitates were washed with wash buffer containing
0.5% Nonidet P-40, 150 mM NaCl, 25 mM Tris-HCl (pH
7.5), and 1 mM EDTA. Precipitates treated with calf
intestinal phosphatase (CIP) were suspended in 200µL of
wash buffer adjusted with 5 mM MgCl2 and incubated for
0.5 h at 37°C. The CIP was removed by centrifugation and
washing the protein A beads twice in wash buffer. Precipita-
tions with the GST-LAR protein were conducted with 5-10
µg of purified GST-LAR protein bound to glutathione-
Sepharose and were washed as described above. Precipita-
tions with ATP-agarose (Sigma) used 50µL of beads
swollen and washed in lysis buffer. Precipitates were washed
as described above. Precipitated proteins were analyzed using
SDS-PAGE under reducing conditions followed by auto-
radiography. Autoradiographs were quantitated from scanned
films using Un-Scan-It digitizing software from Silk Scien-
tific, Inc. (Orem, UT). Proteins from cell lysates from
nonlabeled cells were resolved by SDS-PAGE and then
transferred to Immobilon-P (Millipore, Bedford, MA), and
immunoblots were probed with anti-HA mAb HA-11.

Human breast adenocarcinoma MDA-486 (ATCC HTB
132) cell lines were grown in DMEM containing 10% FCS,
50µg/mL gentamicin sulfate, and 2 mML-glutamine. In vivo
phosphorylation of COS-7 and MDA cells was performed
as described previously (1). Briefly, 2 days following
transfection (COS-7 cells), or 1 day following cell plating
(MDA-486), cells were preincubated for 1 h in phosphate-
free RPMI medium (Life Technologies) containing 2%

Table 1: Interaction Trap Analysis between Liprin and LARa

pJG45/pLEX LARD1D2 LARD2

liprin-∆4 +++ ++++
liprin-∆4-H1078AA ++ ++
liprin-∆4-D1001A +++ ++
liprin-∆4-D990A + +
liprin-∆4-GVHG10794A - -

a Shown is the ranking of colony growth on Leu-deficient media
and blue color representingâ-galactosidase activity of yeast colonies
containing various pairs of liprin interaction trap baits and interactors.
The liprin-∆4 constructs (amino acids 794-1202) are fused to the LexA
DNA binding domain (the baits), and the LAR constructs are fused to
the B42 transcription activation domains (the interactors). For each
interaction pair, five clones were streaked for evaluation.
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dialyzed FCS and 2 mM HEPES (pH 7.2) and then
metabolically labeled with [32P]orthophosphate (9000 Ci/
mmol, DuPont NEN) in the same medium for 3 h at 37°C
(0.6 mCi of [32P]orthophosphate per 0.5-5 × 106 cells/mL).

Following labeling, cells were washed in PBS and lysed as
described above.

Expression in Insect Cells.Baculovirus expressing GST‚
liprin-∆2 was created using the FASTBAC system (Invit-

FIGURE 1: Liprin-R1 and liprin-R1 mutants. (A) The structure of the 1202-amino acid liprin-R1 structure is shown schematically with the
coiled coil, the three SAM domains making up the liprin homology region (LH region), and the liprin mAb epitope which was mapped to
the region of amino acids 1-273. The residues encoding each construct are listed. Constructs containing an amino-terminal hemagglutinin
(HA) tag will have the prefix HA. (B) Liprin-R1 LH region homology. An alignment of the LH region of different liprin protein family
members: (1) human liprin-R2 (GenBank accession number AF034799), (2) human liprin-R4 (GenBank accession number AF034801), (3)
human liprin-R1 (GenBank accession number U22815), (4) human liprin-R3 (GenBank accession number AF034800), (5)Drosophila
liprin (GenBank accession number AAN10596), (6)C. elegansliprin-R (GenBank accession number Z50794), (7) human liprin-â1 (GenBank
accession number AF034802), (8) human liprin-â2 (GenBank accession number AF034803), and (9)C. elegansliprin-â (GenBank accession
number Z78546). Identical residues are outlined in black. Specific individual mutants in the LH region used in this study are shown with
a line above the appropriate residue(s). These mutants are liprin‚874PF875AA, liprin ‚929LHR9313A, liprin‚D990A, liprin‚D1001A, liprin‚S1075A,
liprin‚1076GVHG10794A, and liprin‚H1078A.
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rogen), and protein was expressed in Sf-9 insect cells. Cells
were washed in PBS and lysed in NP-40 lysis buffer (as
above), and insoluble material was removed by centrifugation
at 10000g. Glutathione-Sepharose (200µL) was then added
to the lysate, and the sample was rotated for 2 h at 4°C.
Precipitates were washed extensively in a disposable Poly-
prep column (Bio-Rad) with 15 mL of wash buffer (as
described above with 500 mM NaCl) and 15 mL of wash
buffer. Resin was collected from the column, and protein
was eluted batchwise with 500µL of elution buffer [100
mM NaCl, 20 mM Tris-HCl (pH 7.5), and 1 mM EDTA]
containing 3 mM glutathione. The glutathione was removed
by dialysis for 0.5 h against 1 L of elution buffer on 0.025
µm MF filters (Millipore) and the purified protein stored on
ice.

Phosphorylation Assays.For the gel renaturation studies,
approximately 0.5µg of liprin constructs was subjected to
SDS-PAGE and renatured following incubation in 6 M
guanidine HCl as described previously (16, 17). The gel was
then incubated for 1 h at 25°C with 3 mL of 10 mM Tris
(pH 7.5), 2 mM MgCl2, 1 mM dithiothreitol, and 50µM
[γ-32P]ATP (0.5 Ci/mmol). Radioactivity was removed by
extensive washing in 5% trichloroacetic acid and 1% sodium
pyrophosphate. The gel was then stained with Coomassie
Blue, dried, and exposed to X-ray film. For in vitro
phosphorylation assays, the experiments used washed im-
munoprecipitates resuspended in 100µL of kinase buffer
[20 mM Tris (pH 7.5), 5 mM MgCl2, 1 mM DTT, and 0.1
mM [γ-32P]ATP] and incubated for 5-30 min at 37°C. The
kinase assay buffer was removed following centrifugation,
and the beads were boiled in SDS sample buffer and
subjected to SDS-PAGE.

Peptide Maps.Peptide maps were performed as described
previously (18). Gel slices were hydrated, washed in MeOH
to remove SDS, and digested in 0.1 M ammonium bicarbon-
ate with 0.1 mg/mL trypsin (Sigma) in a minimal volume
for 24 h at 37°C. Liberated peptides were dried and separated
in two dimensions by electrophoresis at pH 1.9 in an acetic
acid/formic acid/water mixture (8:2:90, v/v) for 45 min at
800 V and by ascending chromatography in a 1-butanol/
pyridine/acetic acid/water mixture (37.5:25:7.5:30, v/v). The
plate was then dried, and the labeled peptides were visualized
by autoradiography.

RESULTS

Liprin Constructs.For simplicity, liprin-R1 or liprin-R1
deletion constructs are termed liprin throughout. Liprin
deletion constructs used in this study to characterize phos-
phorylation are depicted below the schematic drawing of full-
length liprin (Figure 1A). An alignment of human liprin-
R’s, liprin-â’s, andDrosophilaandC. elegansliprins reveals
a high number of conserved residues in the liprin LH region
(Figure 1B). Lines above the LH region alignment indicate
conserved residues that were mutated to alanine for some
liprin constructs used in these studies (Figure 1B). The liprin
LH region mutations consist of mutations of individual
residues (D990A, D1001A, S1075A, and H1078A) or of short
clusters of residues (874PF875AA, 929LHR9313A, and
1076GVHG10794A). The numbering of these constructs cor-
responds to that of human liprin-R1.

Weakened Binding of Liprin LH Region Mutants to LAR.
Using yeast interaction trap analysis, a series of liprin-∆4
constructs were used as bait with the LAR intracellular region
LARD1D2 as the interactor. In addition to wild-type liprin-
∆4, a series of constructs containing alanine substitutions
in several of the most highly conserved regions of the liprin
LH region were used. The874PF875AA and D990A mutations
each inhibited binding of liprin to LAR, and the
1076GVHG10794A mutation abolished binding (Table 1). The
mutated amino acids should not fundamentally destabilize
the SAM domains as they are predicted to reside in the loop
regions. The GVHG-4A mutation was introduced into liprin-
R2, as it is closely related to liprin-R1 and had been shown
previously to cross-link LAR on the surface of cells (3).
When wild-type liprin-R2 was coexpressed with LAR in
COS-7 cells, it markedly clustered LAR at the cell surface
as expected (Figure 2B,C). However, LAR that was coex-
pressed with liprin-R2‚GVHG-4A was evenly distributed
throughout the cell (Figure 2D,E), and the staining was
indistinguishable from that observed in cells expressing LAR
alone (Figure 2A). Unlike the punctate staining seen for wild-
type liprin-R2, the localization of liprin-R2‚GVHG-4A
expressed alone (data not shown) or with LAR (Figure 2D)
was evenly distributed throughout the cell.

Liprin LH Region Mutants Reduce the LeVel of Liprin
Phosphorylation in ViVo and in Vitro.Small mutations within
the liprin LH region were not expected to have such drastic
effects on the interaction between liprin and LAR. However,
analysis of the electrophoretic mobility of wild-type liprin
and the liprin‚1076GVHG10794A construct on SDS-poly-
acryamide gels revealed phosphorylation differences between
the proteins. COS-7 cells were transfected with full-length
liprin, the liprin truncation construct liprin-∆1, and 1076-
GVHG10794A mutant versions of each construct. The cells
were labeled with [35S]methionine and [35S]cysteine and the
proteins immunoprecipitated with an anti-liprin monoclonal
antibody. Liprin that had been incubated with calf intestinal
phosphatase (CIP) prior to electrophoresis had increased
mobility on SDS-polyacrylamide gels relative to untreated
liprin (Figure 3A). This suggests that liprin is constitutively
phosphorylated when expressed in COS-7 cells. Additionally,
the mobility of the liprin‚1076GVHG10794A mutant was greater
than that of wild-type liprin, suggesting that this mutation
inhibited the phosphorylation of liprin. The reduced gel
mobility of wild-type liprin relative to that of the
1076GVHG10794A mutant and CIP-treated liprin was especially
evident when the liprin-∆1 construct was analyzed (Figure
3A). Liprin-∆1 migrated on SDS-polyacrylamide gels as a
doublet with a lower-mobility form that is lost upon CIP
treatment. Again, this result suggests that the lower-mobility
form of liprin results from phosphorylation. The lower-
mobility form of liprin-∆1 was lost when the1076GVHG-
10794A mutation was present, again suggesting that this
mutation inhibits liprin phosphorylation.

To observe liprin phosphorylation in cells directly, COS-7
cells were transfected with full-length liprin or liprin-∆1
constructs and labeled with [35S]methionine and [35S]cysteine
or [32P]orthophosphate prior to cell lysis and immunopre-
cipitation. Wild-type liprin and constructs containing liprin
LH region mutations were used. The total levels of phosphate
incorporation into liprin and the liprin‚1076GVHG10794A
construct were similar, although liprin‚1076GVHG10794A had
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greater gel mobility than wild-type liprin (Figure 3B).
Similarly, other liprin-∆1 LH region mutants that had
weakened binding to LAR also had less phosphorylated gel-
shifted liprin when compared to wild-type protein. The lower-
mobility form of liprin-∆1 is approximately 60% of the total
liprin-∆1 in the case of the wild-type, D1001A, and S1075A
constructs but only 35% of the874PF875AA construct and 25%
of the D990A and 1076GVHG10794A constructs. While the
electrophoretic mobility of liprin was strongly affected by
the LH region mutations, the total phosphorylations of the
mutant liprin-∆1 constructs were similar to that of wild-type
protein when corrected for protein expression level. These
results suggest that liprin LH region mutants inhibit liprin
phosphorylation at key regulatory sites that affect gel

mobility, rather than simply reducing the total level of liprin
phosphorylation.

In addition to altered gel mobility, a clear difference
between wild-type liprin and liprin-containing LH region
mutations that inhibit binding to LAR was also observed in
in vitro phosphorylation assays. Wild-type liprin-∆1 and an
LH region mutant with unaltered binding to LAR, liprin-
∆1‚929LHR9313A, were both phosphorylated in in vitro assays
(Figure 3C). However, liprin mutations that inhibited binding
to LAR (874PF875AA, D990A, or 1076GVHG10794A) inhibited
phosphorylation in vitro. This suggests that in vitro liprin
phosphorylation correlates to the formation of a phosphor-
ylated form of liprin that binds LAR in vivo. Inclusion of
EDTA in in vitro assays eliminated liprin phosphorylation,

FIGURE 2: Expression of liprin-R2 but not liprin-R2-4A alters the LAR cellular distribution. Immunofluorescence images of cells transiently
transfected with LAR alone (A), liprin-R2 and LAR (B and C), or liprin-R2-4A and LAR (D and E). The cells were photographed for liprin
(green, B and D) and LAR (red, A, C, and E). All images are identical in terms of magnification.
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whereas no obvious difference in liprin phosphorylation was
observed using levels of MgCl2 from 2 to 10 mM (data not
shown).

Liprin Phosphorylation Strengthens Binding to LAR.We
next tested the effect of CIP treatment on the ability of liprin

to bind LAR. Treatment of cell lysates containing liprin with
CIP prior to incubation with LAR largely abolished an
interaction between liprin and LAR in coprecipitation studies
(Figure 4A). The effect of constitutive liprin phosphorylation
on LAR binding was further tested in precipitation assays.
For these experiments, liprin-∆1 was used, as the phospho-
rylation state of the protein is more easily seen on gels. The
two cytoplasmic phosphatase domains of LAR were ex-
pressed in bacteria as glutathioneS-transferase fusion proteins
(GST-LARD1D2) and used to precipitate liprin-∆1 from
lysates of COS-7 cells labeled with [35S]methionine an [35S]-
cysteine (Figure 4B). Liprin was not precipitated in control
experiments using GST-Tara, a protein that binds to actin
and to the LAR-associated protein Trio (12). SDS-PAGE
of control immunoprecipitates revealed that although the
customary lower-mobility and higher-mobility forms of
liprin-∆1 were present, GST-LARD1D2 precipitated the
lower-mobility, specifically phosphorylated form of liprin-
∆1 preferentially. The lower-mobility form of liprin-∆1
represents one-third of the total liprin-∆1 precipitated by the
antibody but two-thirds of the total liprin-∆1 precipitated
by LAR. The liprin-∆1-4A immunoprecipitate contained little
of the lower-mobility phosphorylated protein and was not
precipitated by LAR (Figure 4B).

LAR Binds Phosphorylated Liprin in Cultured Cells.The
relevance of liprin phosphorylation to its interaction with
LAR was seen through immunoprecipitation of endogenous
LAR and liprin from MDA-486 cells that were labeled in
vivo with [32P]orthophosphate. The liprin immunoprecipitate
contained large amounts of a32P-labeled 160 kDa protein
(Figure 5) as reported previously (1). A 32P-labeled protein
corresponding to the mobility of liprin was also present in
LAR immunoprecipitates (Figure 5). The proteins (designated

FIGURE 3: Liprin is phosphorylated in vivo and in vitro. (A) COS-7
cells were transfected with liprin constructs and metabolically
labeled with [35S]Met and [35S]Cys and the liprin constructs
immunoprecipitated as described in Experimental Procedures.
Liprin, liprin-∆1, and versions of each containing the1076GVHG-
10794A mutation (shown in Figure 1B) were subjected to SDS-
PAGE and autoradiography. Samples of liprin and liprin-∆1 treated
with CIP prior to electrophoresis are also present as indicated. (B)
COS-7 cells were transfected with liprin, liprin‚1076GVHG10794A,
liprin-∆1, and liprin-∆1 constructs containing LH region mutations.
The cells were metabolically labeled with either [32P]orthophosphate
or [35S]Met and [35S]Cys and the liprin constructs immunoprecipi-
tated from cell lysates and subjected to SDS-PAGE and auto-
radiography as described in Experimental Procedures. (C) COS-7
cells were transfected with HA-tagged liprin-∆1 and liprin-∆1
constructs with mutations in the LH region. The liprin constructs
were immunoprecipitated, washed extensively, and assayed in an
in vitro phosphorylation assay. After 10 and 30 min, samples were
boiled with sample buffer and subjected to SDS-PAGE and
autoradiography.

FIGURE 4: Liprin phosphorylation strengthens binding to LAR. (A)
Lysates of COS-7 cells transfected with HA-liprin were either
incubated directly with GST-LARD1D2 on glutathione-Sepharose
beads or first incubated with CIP for 30 min prior to addition of
LAR. The precipitates were washed and subjected to SDS-PAGE
and Western blotting analysis using an anti-HA antibody. GST-
LARD1D2 was detected nonspecifically in the anti-HA Western
blot as a result of the large amount of protein present on the blot
(indicated with an asterisk). (B) COS-7 cells transfected with
HA‚liprin-∆1 or HA‚liprin-∆1‚1076GVHG10794A were metabolically
labeled with [35S]Met and [35S]Cys, and cell lysates were used for
precipitation by GST-LARD1D2 or control GST-Tara. The
precipitates were washed and subjected to SDS-PAGE and
autoradiography.
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A and B, respectively) were excised from the gel, subjected
to a limit digestion with trypsin, and run on a two-
dimensional peptide map for comparison. The two maps are
very similar and indicate that the labeled protein in the LAR
immunoprecipitate is liprin. This result is consistent with
liprin phosphorylation positively regulating the interaction
between liprin and LAR and suggests that it is an important
regulatory process in vivo.

Autophosphorylation of Purified Liprin.To better char-
acterize liprin phosphorylation, we assayed liprin after
increasingly stringent purification procedures. Washing liprin
immunoprecipitates with up to 4 M NaCl had little effect
on liprin phosphorylation in in vitro assays (Figure 6A). To
obtain liprin that is not contaminated with associated proteins,
bacterial expression of liprin was attempted, but constructs
containing the LH region appeared to be unstable. Liprin
constructs that were tagged with GST or poly-His at the NH2-
or COOH-terminal ends of the protein and also liprin that
was targeted to the bacterial periplasmic space were not
expressed in bacteria (data not shown). Bacteria transformed
with liprin cDNA were boiled directly in SDS and subjected
to Western blot analysis. No liprin protein was detected (data
not shown), suggesting that the half-life of liprin in bacteria
was extremely short. Consequently, baculovirus was used
to express a GST-tagged version of liprin-∆2 in Sf-9 insect
cells. This particular liprin construct lacks any part of the
liprin coiled-coil tail (Figure 1A) and was used in an attempt
to inhibit nonspecific association of cellular proteins with
liprin via its coiled-coil tail. Liprin-∆2 was precipitated from
the lysate with glutathione-Sepharose, washed extensively,
eluted with free glutathione, and dialyzed. The liprin
preparation was highly pure and retained activity in in vitro
phosphorylation assays (Figure 6B). Liprin purified further
over a cationic exchange Uno S6 column (Bio-Rad) retained
activity in in vitro phosphorylation assays (data not shown).
In phosphorylation assays thus far, only liprin phosphory-
lation has been observed, and common kinase substrate
proteins were not phosphorylated in assays using purified
liprin or stringently washed liprin immunoprecipitates (data
not shown).

FIGURE 5: LAR associates in vivo with phosphorylated liprin.
MDA-486 cells were metabolically labeled with [32P]orthophosphate
and subjected to precipitation using anti-liprin or anti-LAR mAb.
The immunoprecipitates were washed and subjected to SDS-PAGE
and autoradiography. The precipitated liprin (A) and the protein
with the mobility of liprin present in the LAR precipitate (B) were
excised from the gel, subjected to a limited trypsin digestion, and
run on a peptide map (E denotes electrophoresis at pH 1.9, and C
denotes chromatography).

FIGURE 6: Highly purified preparations of liprin undergo auto-
phosphorylation. (A) Liprin was expressed in COS-7 cells, and liprin
was immunoprecipitated and washed with up to 4 M NaCl. The
washed immunoprecipitates were subjected to an in vitro phos-
phorylation assay, SDS-PAGE, and autoradiography. Shown is
the autoradiograph of samples washed with 150 mM, 250 mM,
500 mM, 1 M, or 4 M NaCl. After salt washes with higher
concentrations, immunoprecipitates were washed once with normal
wash buffer (150 mM NaCl) prior to the assay. (B) GST-tagged
liprin-∆2 in a baculovirus construct was expressed in Sf-9 insect
cells. The GST‚liprin-∆2 was precipitated using glutathione-
Sepharose, washed extensively, and eluted with 3 mM free
glutathione. The glutathione was removed by dialysis, and the
sample was subjected to an in vitro phosphorylation assay as
described in Experimental Procedures. Shown are the gel stained
for protein (SYPRO Orange, Bio-Rad) and the corresponding
autoradiograph. (C) COS-7 cells transfected with liprin, liprin-∆1,
or liprin-∆3 were lysed and the liprin constructs immunoprecipitated
with anti-liprin mAb. The liprin immunoprecipitates were washed
extensively, subjected to SDS-PAGE, renatured in the gel, and
incubated with [γ-32P]ATP as described in Experimental Procedures
and then stained with Coomassie Blue.
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We next performed in vitro phosphorylation reactions with
liprin, liprin-∆1, and liprin-∆3 after SDS-PAGE and gel
denaturation and renaturation. While full-length liprin and
liprin-∆3 (lacking the LH region) were not active following
renaturation, liprin-∆1 was (Figure 6C). It is possible that
the full-length liprin, with the entire coiled-coil region, was
renatured less efficiently than the smaller construct. Full-
length myosin heavy chain kinase A, a member of the
R-kinase protein kinase family that also possesses a long
R-helical coiled-coil domain, also renatured less efficiently
than shorter forms of the protein (17). It is also possible that
an inhibitory domain not present in liprin-∆1 inhibits
phosphorylation in renatured full-length liprin.

Liprin Binds ATP.The ability of liprin to bind ATP was
studied next. COS-7 cells were transfected with a series of
liprin constructs that systematically truncated the LH region
and with liprin and liprin-∆1 constructs containing LH region
mutations that inhibited liprin phosphorylation. Lysates from
these cells were used in ATP-agarose binding studies.
Liprin(1-815) did not bind ATP-agarose, indicating that
the coiled-coil domain is not involved in ATP binding (Figure
7A). Other liprin constructs did bind ATP-agarose, and the
ATP-binding domain of liprin was mapped to the LH region
between amino acids 854 and 1008. Interestingly, liprin or
liprin-∆1 constructs that contain the mutations1076GVHG1079-
4A or D990A, each of which inhibited in vitro and in vivo
liprin phosphorylation, bound ATP-agarose much more
strongly than the wild type (Figure 7A). Deletion constructs
that removed portions of the LH region also bound ATP-
agarose more strongly than wild-type liprin. These results
suggest that altering the LH region, through either small
mutations or larger deletions, stabilized the interaction
between liprin and ATP. Full-length liprin bound less well
to ATP-agarose than liprin-∆1, possibly suggesting the
presence of an inhibitory domain in liprin.

To test the specificity of liprin for ATP, COS-7 cells were
transfected with liprin‚1076GVHG10794A and the lysate was
incubated with ATP-agarose in the presence of free ATP
or GTP (Figure 7B). Under these conditions, 3 mM free ATP
abolished binding to ATP-agarose while 3 mM free GTP
had little effect. Titrating the amount of free ATP showed
that as little as 0.1 mM completely abolished binding to
ATP-agarose whereas up to 5 mM free GTP had little effect
on binding to ATP-agarose (Figure 7C).

In summary, several liprin LH region mutations inhibit
the formation of a phosphorylation-dependent gel-shifted
form of liprin that binds LAR. These LH region mutations
also inhibit liprin phosphorylation in in vitro phosphorylation
assays. Highly purified liprin retains activity in in vitro
phosphorylation assays and following gel denaturation and
renaturation. Additionally, liprin specifically binds ATP via
its LH region, and liprin LH region mutations that inhibit
phosphorylation and LAR binding also stabilized the inter-
action between liprin and ATP-agarose. Taken together,
these characteristics suggest that liprin undergoes autophos-
phorylation and that this process regulates its binding to LAR.

DISCUSSION

We report here that the interaction between the liprin-R’s
and the LAR protein tyrosine phosphatase is regulated by
liprin-R autophosphorylation. In vitro coprecipitation experi-

FIGURE 7: Liprin LH region binding ATP. (A) COS-7 cells were
transfected with various liprin and liprin-∆1 constructs. The cells
were metabolically labeled with [35S]Met and [35S]Cys, and lysates
were used for precipitation with either anti-liprin mAb or ATP-
agarose. After extensive washes, samples were boiled in SDS
sample buffer and subjected to SDS-PAGE and autoradiography.
Below is a table summarizing the results. Binding of liprin to ATP-
agarose is inhibited by free ATP but not free GTP. (B) Lysates
from COS-7 cells transfected with HA-liprin-∆4 were used for
precipitation with ATP-agarose alone or in the presence of 2 mM
ATP or 2 mM GTP. The samples were washed, boiled in sample
buffer, and subjected to SDS-PAGE and Western blot analysis
using anti-HA antibody. (C) Lysates from COS-7 cells transfected
with liprin‚1076GVHG10794A and metabolically labeled with [35S]-
Met and [35S]Cys were used for precipitation with either anti-liprin
mAb or ATP-agarose in the presence of 0, 0.1, 0.2, 0.5, 1, or 5
mM free ATP or in the presence of 1 or 5 mM free GTP. The
samples were washed, boiled in sample buffer, and subjected to
SDS-PAGE and autoradiography.
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ments revealed that dephosphorylated liprin did not bind to
LAR. Liprin LH region mutations that inhibit liprin auto-
phosphorylation also inhibit the binding of liprin to LAR in
yeast interaction trap studies and in biochemical pulldown
experiments. A liprin-R2 LH region mutant also failed to
cluster LAR when the proteins were coexpressed in heter-
ologous cells, suggesting that mutations that affect liprin
autophosphorylation alter the function of liprin in cells.
Additionally, endogenous LAR precipitated phosphorylated
liprin-R1 from cells that were labeled in vivo with [32P]-
orthophosphate.

It is not clear how liprin autophosphorylation promotes
binding between liprin and LAR. It is possible that one or
more of the liprin SAM domains are phosphorylated and that
their binding properties are altered. Although the SAM
domain of the ELK receptor protein tyrosine kinase is known
to require tyrosine phosphorylation to bind grb2 and grb10
(19), this phosphorylation creates a binding site for the grb
SH2 domains and does not appear to fundamentally alter
the SAM domain binding characteristics. It is also possible
that phosphorylation of a site within liprin results in a
conformational change that allows greater access of LAR to
the LH domain. Liprin is phosphorylated in vivo on serine
residues, and there are several clusters of serines between
residues 680 and 790 of liprin between the coiled-coil tail
and LH region. Phosphorylation in this region could alter
the position of the LH region relative to the coiled-coil tail
to promote binding to LAR. The binding of liprin to LAR
correlates with the presence of phosphorylated liprin with
reduced mobility on SDS-polyacrylamide gels, perhaps
reflecting an alteration in the conformation of liprin mono-
mers. In addition to LAR, liprin-R binds KIF, RIM, and GIT1
(1, 7, 8). However, it is unclear if liprin autophosphorylation
would regulate binding to these proteins as they bind the
coiled-coil region of liprin.

On the basis of amino acid sequence homology, there is
little to suggest that liprin would bind ATP. The liprin ATP-
binding site was mapped to the LH region which is composed
of three tandem SAM domains. SAM domains were initially
thought to be exclusively protein interaction domains but
have recently been shown to be capable of remarkable
versatility. They have been shown to dimerize or form
oligomers (20), to bind SAM domains from other proteins
(21, 22), to bind other proteins lacking SAM domains
(1, 3), and to bind RNA (23-25) and lipid membranes (26).
Moreover, there are numerous examples of proteins that were
shown to possess physical properties that were unexpected
on the basis of their amino acid sequence. The synapsin
protein family has little homology to ATP-clasp enzymes
yet, when crystallized, displayed a remarkable similarity in
conformation (27, 28). Similarly, the ATPase/kinase super-
family consists of proteins with similar catalytic domains
structurally but with little amino acid sequence homology
(reviewed in ref29) and includes diverse members such as
hsp90, histidine kinases, and pyruvate dehydrogenase kinase.
Finally, the members of theR-kinase protein family were
found to have strong structural similarities to conventional
protein kinases when crystallized despite a lack of amino
acid sequence homology to conventional kinases (30, 31).

Several characteristics of liprin phosphorylation suggest
the possibility that liprin possesses the intrinsic ability to
autophosphorylate. (1) Immunoprecipitated liprin is phos-

phorylated in vitro after stringent washing of the immuno-
precipitates with up to 4 M salt. (2) Highly purified
preparations of liprin expressed in insect cells were phos-
phorylated in in vitro assays. (3) The liprin deletion construct
liprin-∆1 retains the ability to autophosphorylate after
denaturation and renaturation in an SDS-polyacrylamide gel.
(4) Binding studies with ATP-agarose indicate that liprin
specifically binds ATP, but not GTP, and that the liprin
mutation D990A or 1076GVHG10794A stabilizes the interaction
between liprin and ATP-agarose. (5) Several short mutations
within the liprin LH region (D990A, 874PF875AA, and 1076-
GVHG10794A) resulted in the reduction of a phosphorylation-
dependent form of liprin with reduced mobility on SDS-
polyacrylamide gels when it was expressed in cells. These
same mutations also inhibit in vitro phosphorylation of liprin
in assays using stringently washed immunoprecipitates. To
eliminate the possibility of liprin preparations being con-
taminated by associated protein kinases, it will be necessary
to assay bacterially expressed liprin, and efforts to produce
liprin constructs that are stable in bacteria are ongoing.

The three LH region mutations that affected liprin phos-
phorylation,874PF875AA, D990A, and1076GVHG10794A, are in
each of the three separate SAM domains. The D990A and
1076GVHG10794A mutations fall within the loop adjacent to
helix 3 of SAM domains 2 and 3, respectively. This region
was shown to be part of the binding surface and to be
involved in oligomer formation for the SAM domain from
Tel (20). Since these liprin LH region mutations inhibit liprin
autophosphorylation and increase the level of binding to
ATP-agarose, they may be involved in catalysis. Mutation
of a catalytic residue could produce a form of liprin that
binds but does not use ATP, analogous to catalytic mutations
in tyrosine phosphatases that “trap” phosphorylated substrates
(32). Alternatively, if liprin autophosphorylation reduces its
affinity for ATP, the inhibition of autophosphorylation by
these LH region mutants may increase the level of binding
to ATP-agarose. The inability of these liprin mutants to
autophosphorylate efficiently may result from the alteration
of interactions between liprin SAM domains, either within
a single polypeptide chain or between SAM domains from
separate liprin monomers. Although the liprin-R LH regions
have little affinity for each other as assessed by interaction
trap analysis, an interaction between LH regions could be
stabilized by association of the liprin-R coiled-coil domains,
which have been shown to dimerize (3). Full-length liprin
bound less well to ATP-agarose than liprin-∆1 and was less
active in denaturation-renaturation experiments. These
results may suggest the presence of an inhibitory domain
within full-length liprin. The use of more comprehensive
liprin deletion constructs for ATP binding and autophos-
phorylation assays may allow a liprin inhibitory domain to
be identified. We have also not observed phosphorylation
of common kinase substrates by liprin (data not shown),
suggesting that liprin either possesses a relatively high degree
of specificity or is restricted to autophosphorylation.

While the experiments in this study are performed almost
exclusively using liprin-R1, there is a high degree of
homology between liprin-R1 and other liprin-R’s and liprin-
â’s in the LH region. The high level of identity of these key
LH region residues among all liprins suggests that other
liprins may also be regulated by autophosphorylation. The
inability of lipin-R2 containing the GVHG-4A mutation to
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cross-link LAR in cells indicates that findings for liprin-R1
may be generally applicable to other liprin-R’s at least.
Although liprin-â’s do not bind LAR, phosphorylation may
regulate the association between liprin-â and proteins as-
sociating with the its LH region, such as the small calcium
binding protein S100A4 (33).

In conclusion, rather than being exclusively an adaptor
protein, liprin appears to possess the ability to bind ATP
and autophosphorylate. Liprin autophosphorylation regulates
binding between liprin and LAR, and liprin may represent a
new class of adaptor proteins that self-regulate associations
through an intrinsic enzymatic activity.
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