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The cytoplasmic domain of LRP1 contains two NPXY motifs
that have been shown to interact with signaling proteins. In pre-
vious work, we showed that Tyr4507 in the distal NPXY motif is
phosphorylated by v-Src, whereas denaturation of the protein
was required for phosphorylation of Tyr4473 in the membrane-
proximal NPXYmotif. Amide H/D exchange studies reveal that
the distal NPXY motif is fully solvent-exposed, whereas the
proximal one is not. Phosphopeptidemapping combinedwith in
vitro and in vivo kinase experiments show that Tyr4473 can be
phosphorylated, but only if Tyr4507 is phosphorylated or substi-
tuted with glutamic acid. Amide H/D exchange experiments
indicate that solvent accessibility increases across the entire
LRP1 cytoplasmic region upon phosphorylation at Tyr4507; in
particular the NPXY4473 motif becomes much more exposed.
This differential phosphorylation is functionally relevant: bind-
ing of Snx17, which is known to bind at the proximal NPXY
motif, is inhibited by phosphorylation at Tyr4473. Conversely,
Shp2 binds most strongly when both of the NPXY motifs in
LRP1 are phosphorylated.

The lowdensity lipoprotein receptor-relatedproteinLRP1 is an
endocytic receptor involved in the uptake of a diverse range of
ligands including lipoproteins, proteases and protease-inhibitor
complexes, matrix proteins, and growth factors (1). LRP1 is pre-
sented on the cell surface as a two-chainmolecule, which consists
of a 515-kDa� chain and a 85-kDa� chain that are noncovalently
associated (2). The � chain is made up of ligand-binding repeats
organized in four domains, each resembling the extracellular
domain of the low density lipoprotein receptor. The ligand-bind-
ing repeats have been shown to bind up to 30 different extracellu-
lar ligands, many of which are found in the proteinaceous plaques
present in the brains of Alzheimer disease patients (3). The LRP1
cytoplasmic domain interacts with FE65, providing a direct link
between LRP1 and the amyloid precursor protein (APP)2 (4, 5).

The � chain is composed of epidermal growth factor-like
repeats, a single transmembrane domain, and a 100-amino acid
cytoplasmic region with two NPXY motifs (NPXY4473 and
NPXY4507) (2), which were thought to mediate interactions
with the receptor internalization machinery. Mutational stud-
ies identified the YXXL motif (which overlaps with Tyr4507) as
critical for LRP1 receptor endocytosis (6). Recently, the mem-
brane proximal NPXY motif has been identified as the binding
site for Snx17 (sorting nexin 17), and knock-in experiments in
mice showed a strong phenotype upon mutation of this site (7,
8). Mutation of Tyr4473 to alanine, which abolishes Snx17 bind-
ing, resulted in impaired receptor recycling and reduced
amounts of the mature form of LRP1 on the cell surface (7).
The cytoplasmic domain of LRP1 also binds the adapter pro-

tein, Shc, and this result provided the first hint of a signaling
role for LRP1 (9). Phosphorylation of Tyr4507, which occurs in
PDGF-stimulated or v-Src-transformed cells, is required for
binding of Shc (9–11). Recently, LRP1 was shown to bind JIP, a
scaffold protein involved in Jun N-terminal kinase activation
(12, 13). The distal NPXY4507 motif was also identified as the
primary site of binding to DAB1 (Disabled-1), an adaptor pro-
tein involved in neuronal path finding during the development
of the central nervous system (4). Interactions between LRP1
and the engulfment adapter protein Gulp also require the distal
NPXY4507 motif (14). Deletion of both NPXY motifs was
required to abrogate binding of the neuronal adaptor protein,
FE65. Finally, mutations at the distal NPXY4507 motif affected
processing of APP (5, 15).
The distal NPXY4507 motif can be phosphorylated in v-Src-

transformed cells (10, 16) and following stimulation of cells
with PDGF-BB (10, 16). It is surprising that phosphorylation of
only the distal of the two NPXY motifs has been observed,
because the amino acid sequences N-terminal to Tyr4473 and
Tyr4507 are very similar (9, 16). This raises the question as to
why v-Src phosphorylation of Tyr4473 was not observed. One
possible explanation is that the NPXY4473 site is bound by a
protein that prevents access to the kinase. If this is the case, in
vitro phosphorylation of the purified cytoplasmic tail should
result in phosphorylation of this site. A second possibility is that
the protein is somehow structured around theNPXY4473 site so
as to prevent phosphorylation. We report here that the proxi-
mal NPXY4473 motif of LRP1 can be tyrosine-phosphorylated.
However, our observations strongly suggest that Tyr4473 can
only become phosphorylated after Tyr4507 is phosphoryla-
ted. We further show by in vivo and in vitro experiments that
phosphorylation of Tyr4507 increases the solvent accessibil-
ity of much of the cytoplasmic tail, providing an explanation
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as to why Tyr4473 may only be accessible after Tyr4507 is
phosphorylated. Finally, we show that Snx17 binding at the
proximal NPXY4473 as well as Shp2 binding are regulated by
phosphorylation.

EXPERIMENTAL PROCEDURES

Materials—HEK293 cells were grown in Dulbecco-Vogt’s
modified Eagle’s medium containing 10% fetal bovine serum.
11H4 hybridoma cells (ATCC, Manassas, VA) were grown in
Iscove’s modified Dulbecco’s medium containing 10% fetal
bovine serum and 25 mM L-glutamine. Anti-phosphotyrosine
monoclonal antibody G410, anti-HA monoclonal antibody
12CA5, and horseradish peroxidase goat anti-mouse serum,
and protein G-agarose were purchased from Upstate Biotech-
nology, Inc. (Lake Placid, NY). Anti-Myc antibodies, �-cyano-
4-hydroxycinnamic acid, and protein A-Sepharose were
obtained from Sigma. Anti-His antibodies were purchased
from Qiagen. Glutathione-Sepharose was purchased from GE
Healthcare. Pepsin beads were obtained from Pierce. Recombi-
nant Src kinase domain andYopHphosphatase plasmidswere a
kind gift from Dr. John Kuriyan (University of California,
Berkeley, CA).
Bacterial Protein Expression and Purification—DNA corre-

sponding to the LRP1 C-terminal residues 4444–4544 was
cloned into pGEX 4T2. Mutations at Tyr4473 and Tyr4507 were
introduced using a Stratagene site-directed mutagenesis kit,
and mutants were sequenced to ensure fidelity. Glutathione
S-transferase (GST) fusion proteins were expressed in pLysS
cells and induced with 0.1 mM isopropyl thiogalactoside over-
night at room temperature. The cells were collected by centrif-
ugation, resuspended in lysis buffer (50 mM Tris-HCl, pH 7.4,
150 mMNaCl (TBS), 1 mM benzamidine, 1 mM dithiothreitol, 1
�g/ml leupeptin, 1�g/ml aprotinin), sonicated on ice, and cen-
trifuged for 30 min at 10,000 rpm. The supernatant was incu-
bated with 10 ml of glutathione-Sepharose for 1 h at 4 °C, and
the beads were washed exhaustively with TBS. Fusion pro-
teins were eluted with 10 mM reduced glutathione in TBS,
pH 7.4, dialyzed overnight in TBS at 4 °C, and quantified by
BCA assay (Pierce). Maintaining the LRP1-CT as a fusion
with GST reduced aggregation and improved stability.
Recombinant v-Src kinase domain was expressed and puri-
fied as described (17). Shp2SH21,2, (1–222), Shp2SH21(1–
109), and Shp2SH22(109–228) were produced as His-tagged
ubiquitin fusion proteins in Escherichia coli BL21(DE3).
Expression was induced overnight with 0.1 mM isopropyl
thiogalactoside. The cells were pelleted and sonicated, and
the extract was cleared by centrifugation. The proteins were
captured on 5 ml of nickel-nitrilotriacetic acid resin (Qia-
gen), eluted with 250 mM imidazole in TBS, pH 7.4, and
further purified by size exclusion chromatography (S-75 col-
umn in 50 mM Tris and 150 mM NaCl, pH 7.4).
PhosphopeptideMapping—Tomap the location of phospho-

rylation sites in LRP1, 1 �g of wild type and mutant GST-
LRP1-CT fusion proteins were incubated with 1 �l of v-Src
kinase in 25 �l of kinase buffer (100 mM Tris, pH 7.4, 10 mM
MnCl2, 10 mM MgCl2, 1 mM dithiothreitol, 25 �Ci of
[�-32P]ATP) for 15 min at 37 °C. The reaction was quenched,
and samples were resolved by SDS-PAGE. Phosphorylated pro-

teins were localized by autoradiography, isolated from the gel,
and digested with trypsin (18). The phosphopeptides were sep-
arated in two dimensions on a TLC plate by electrophoresis at
pH 1.9 for 35 min and by chromatography in isobutyric acid
buffer. Phosphopeptides were visualized by autoradiography.
Amino acid analysis was performed as described before (18).
Hydrogen/Deuterium Exchange Mass Spectrometry—Puri-

fied GST-LRP1 or full-length v-Src (Upstate Biotechnology,
Inc.)-phosphorylated GST-LRP1 (400 �g, in TBS, pH 7.4) was
bound to glutathione-Sepharose and cleavedwith thrombin for
1 h at room temperature. Free LRP1-CT was collected by cen-
trifugation and used immediately. Triplicate samples (2 �l) of
free LRP1-CTweremixedwith 20�l of 2H2O-TBS for 30 s to 10
min at room temperature. After quenching by the addition of
chilled 0.1% trifluoroacetic acid (adjusted with 2% trifluoroace-
tic acid so that the final pH of mixed solution was 2.2), the
mixture was added to prewashed (25 �l of beads washed twice
with 0.1% trifluoroacetic acid) pepsin beads and incubated for
10min at 0 °C. The supernatant was collected by centrifugation
and immediately frozen. Peptides produced by pepsin digests
were identified as described previously (19). Matrix-assisted
laser desorption ionization time-of-flight mass spectrometry
was used to monitor deuterium incorporation into the amide
positions of the LRP1-CT. The samples were thawed andmixed
with �-cyano-4-hydroxycinnamic acid matrix, and the spectra
were acquired on a Voyager DE-STR instrument (Applied Bio-
systems, Foster City, CA) exactly as previously described (19).
The centroids of the individual peptides were calculated using
the CAPP software program. Backbone deuteration is reported
for each peptide as previously described (20).
To directly compare the amount of deuterium incorporation

into the phospho- versus non-phospho-LRP1, an experiment
was performed in which 14N-LRP1 and 15N-phospho-LRP1
were compared in the same sample. 15N-Labeled GST-
LRP1-CT was isolated from cells grown in M9 minimal
medium containing 15N-NH4Cl. Labeled protein was then
phosphorylated with full-length v-Src (Upstate Biotechnology,
Inc.). Equal amounts of 14N-GST-LRP1-CT and 15N-GST-
LRP1-CT-P were bound to glutathione-Sepharose beads and
mixed together. The beads were washed and incubated with
thrombin as before, and free LRP1 was collected by centrifuga-
tion. Free protein was then used immediately for H/D experi-
ments as above.
Circular Dichromism and NMR—Freshly prepared LRP1-CT

and phospho-LRP1were concentrated to 63�M in 25mMTris, 50
mMNaCl, pH 7.4, and tested for structure of the LRP1-CT by CD
andNMR as described previously (21).
In Vitro Binding Experiments—HEK293 cells transiently

expressing Snx17 (1–470) were lysed in HUNT buffer (7) and
incubated with wild type and mutant GST-LRP1-CT fusion
proteins bound to glutathione-Sepharose beads for 2 h at 4 °C
while rocking. The beads were washed, and bound proteins
were detected by Western blotting. In other experiments,
recombinant His-tagged (ubiquitin)-Shp2 fusion proteins were
incubated with wild type and mutant GST-LRP1-CT fusion
proteins immobilized on Glutathione-Sepharose, and bound
proteins were identified by immunoblotting.

Consequences of Phosphorylation in LRP1 Cytoplasmic Domain

JUNE 6, 2008 • VOLUME 283 • NUMBER 23 JOURNAL OF BIOLOGICAL CHEMISTRY 15657



Transient Transfections—pcDNA3.1-based constructs con-
taining N-terminally Myc-tagged LRP1 � chain (Myc-LRP1�),
v-Src, N-terminally HA-tagged Snx-17, or N-terminally HA-
tagged Shp2 deletion mutants were expressed by transient
transfection into HEK293 cells as described before (10). Shp2
mutants Shp2�cterm (1–531), Shp2�nterm (SH22-PTP) (109–
598), Shp2(SH21,2) (1–222), Shp2 (PTP, 228–598), and Shp2
Y2F (1–598, Y542F/Y580F) were generated using a Stratagene
site-directed mutagenesis kit, and the mutants were sequenced
to ensure fidelity.
Immunoprecipitation and Immunoblotting—HEK293 cells

were lysed in PLC lysis buffer (50 mM HEPES, pH 7.5, 150 mM
NaCl, 10% glycerol, 0.1% Triton X-100, 1.5 mM MgCl2, 1 mM
EDTA, 10 mM NaP2O7, 100 mM NaF, 1 mM Na3VO4) (9) 48 h
after transfection, and incubated with primary antibodies for
1 h at 4 °C followed by incubation with 10 �l of protein G or
protein A for 1 h at 4 °C on rocker. The beads were washed four
times with PLC lysis buffer, and the proteins were resolved by
SDS-PAGE. The proteins were transferred to nitrocellulose
membranes by semi-dry blotting. The blots were incubated for
1 h at room temperature with 1% casein in TBS with 0.1%
Tween 20 (TBST) and incubated with primary antibodies
diluted in blocking buffer. The blots were washed twice for 10
min with TBST and twice with TBS for 10 min and then incu-
bated with a 1:5000 dilution of horseradish peroxidase goat
anti-mouse or horseradish peroxidase-protein A in TBST for
30 min at room temperature; the blots were washed as before,
and the proteins were visualized by ECL (22). The anti-LRP1,
anti-HA, anti-His, anti-phosphotyrosine, and anti-Myc anti-
bodies were used at 1:100, 1:20, 0.1 �g/ml, 1:10 and 1:1000,
respectively.

RESULTS

Tyrosine Phosphorylation of LRP1 NPXY4473 Motif Requires
Phosphorylation or a Phosphomimic at NPXY4507—LRP1 con-
tains two NPXYmotifs in its cytoplasmic domain. It was previ-
ously shown that Tyr4507 in the distal NPXY4507 motif of LRP1
can be phosphorylated in response to stimulation with
PDGF-BB and v-Src-transformed cells (10, 16).We also showed
that Tyr4473 in the proximal NPXYmotif could be phosphoryl-
ated in vitro if the LRP1proteinwas first denatured (10). Endog-
enous LRP1 isolated from v-Src-transformed fibroblasts
migrates in multiple bands, and upon vanadate/H2O2 treat-
ment the bandmigration ismost consistent with two phospho-
rylation events (Fig. 1A). However, the putative doubly
phosphorylated species was only observed in the vanadate-
H2O2-treated cells. To ascertain whether Tyr4473 was the sec-
ond site of phosphorylation and to understand why it appeared
to be less readily phosphorylated, we carried out in vitro kinase
reactions with recombinant v-Src using a purified GST fusion
protein containing the cytoplasmic domain of LRP1 (GST-
LRP1-CT) and [�-32P]ATP as substrates. In a time course
experiment, the wild type fusion protein continued to incorpo-
rate 32P for at least an hour, as did the Y4473Fmutant (Fig. 1B).
In contrast, the Y4507F and the Y2F (Y4473F,Y4507F) mutant
fusion proteins were not phosphorylated at all by recombinant
v-Src, but the mutant in which Tyr4507 was replaced by glu-
tamic acidwas able to be phosphorylated (Fig. 1B). Quantitative

analysis showed that thewild typeGST-LRP1-CT incorporated
approximately twice the amount of 32P as either the Y4473F or
the Y4507E mutant. This suggests that in the wild type protein
bothNPXYmotifs are subject to phosphorylation,whereas only
one of these motifs is phosphorylated in either the Y4473F or
the Y4507 mutant protein. Phosphorylation of the single
mutants appeared to lag at early times compared with the wild
type protein (Fig. 1C). Importantly, substitution of Tyr4507 with
Phe completely abrogated all phosphorylation of the LRP1

FIGURE 1. Phosphorylation of GST-LRP1-CT constructs. A, anti-LRP1 immu-
noprecipitates from control and vanadate/H2O2-treated v-Src-transformed
fibroblasts cells were analyzed by immunoblotting with anti-LRP1 antibodies.
The two bands observed for LRP1 in the absence of vanadate/H2O2 treatment
(lane 1) both migrate lower than that observed after treatment (lane 2). B, GST-
LRP1-CT fusion proteins were incubated with recombinant v-Src and
[�-32P]ATP. Samples were removed at 5, 10, 20, 30, and 60 min. The top band
corresponds to v-Src autophosphorylation. Lanes 4 and 5 show the lack of
phosphorylation of GST-LRP1-CT (Y4507F) and GST-LRP1-CT (Y2F). C, densi-
tometry of phosphorylated bands of GST-LRP1-CT (f), GST-LRP1-CT (Y4473F)
(F), and GST-LRP1-CT (Y4507E) (Œ) over 1 h.
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cytoplasmic region, whereas substitution of Tyr4507 with Glu
promoted phosphorylation, suggesting that phosphorylation of
Tyr4473 depends on phosphorylation of Tyr4507.
Phosphopeptide Mapping Identifies Both NPXY Motifs in

LRP1 as Sites of Phosphorylation—To confirm the identity of
the sites of phosphorylation in LRP-CT, phosphorylated pro-
teins from in vitro kinase reactions were analyzed by phos-
phopeptide mapping. Wild type GST-LRP1-CT phosphoryla-
ted with full-length v-Src yielded two major 32P-containing
peptides that were identified by comparison of maps obtained
from wild type and mutant proteins (Fig. 2). This analysis indi-
cates that the main phosphopeptide seen on maps of the wild
type protein represents the Tyr4507 phosphorylation site,
whereas the minor peptide represents the Tyr4473 phosphoryl-
ation site (Fig. 2, B and C). The relative intensities of the phos-
phopeptides indicated that themajority of phosphorylationwas
found on Tyr4507, whereas Tyr4473 had lower intensity corre-
sponding to a lower level of phosphorylation at this site. Possi-
ble phosphorylation of the other two tyrosine residues in the
LRP1-CT was ruled out by use of the Y2F mutant control,

which did not incorporate any label. The results from thismap-
ping experiment confirmed that phosphorylation of Tyr4473
only occurs following phosphorylation of Tyr4507 or upon sub-
stitution of Tyr4507 with glutamate.
Phosphorylation of NPXY4473 in Vivo—To test whether

Tyr4473 can also be phosphorylated in vivo,Myc-tagged LRP1-�
chain (Myc-LRP1�) and v-Src were coexpressed by transient
transfection in HEK293 cells (10, 16). Myc-LRP1� was isolated
by anti-Myc immunoprecipitation and probed for tyrosine
phosphorylation. In the presence of v-Src, phosphorylation of
thewild type protein aswell as the Y4473F andY4507Emutants
was observed (Fig. 3). The highest level of phosphorylation was
seen in the wild type protein, followed by the Y4473F mutant,
and the Y4507E gave a weak but detectable signal. These results
confirm that Tyr4473 can be phosphorylated in vivo. The
Y4507E Myc-LRP1� appeared to be a better kinase substrate
then the Y4507F form, in agreement with the in vitro results.
The observation that the wild type protein was phosphorylated
to a higher level than the Y4473F mutant again indicates that
phosphorylation of the Tyr4473 residue by v-Src is occurring in
these cells. Given that Tyr4473 can be phosphorylated in vitro
and in vivo but that it requires prior phosphorylation at
Tyr4507 or substitution with glutamic acid, we surmised that
the cytoplasmic domain might have structural constraints
preventing phosphorylation by v-Src but that phosphoryla-
tion or the presence of a negative charge at Tyr4507 might
relieve these constraints.
Structural Characterization of the LRP1 Cytoplasmic

Region—Having confirmed the dual tyrosine phosphorylation
of LRP1, we sought to determine whether a negative charge at
Tyr4507 might lead to a change in accessibility of Tyr4473. The
cytoplasmic tail is 100 amino acid residues long and has no
significant predicted structure according to homology or
sequence predictors. The CD spectrum of the untagged
LRP1-CT suggested that it consists primarily of random coil
secondary structure (Fig. 4). AdditionalCD spectra collected on
the GST-LRP1-CT as compared with GST alone and an NMR
HSQC spectrum of 15N-labeled GST-LRP1 all showed only
random coil secondary structure (data not shown).
Hydrogen/Deuterium Exchange of Wild Type and Phosphoryl-

ated LRP1 Cytoplasmic Region Shows Increased Solvent Acces-

FIGURE 2. Phosphopeptide mapping of the GST-LRP1-CT. GST-LRP1-CT
fusion proteins were incubated with [�-32P]ATP and full-length v-Src followed
by SDS-PAGE and autoradiography. Phosphorylated LRP1 was excised from
the gel and digested with trypsin, and the resulting peptide mixture was
resolved in two dimensions by electrophoresis and chromatography. A, wild
type GST-LRP1-CT, yielded two major 32P-phospho-peptides. B, Y4507E GST-
LRP1-CT yielded one 32P-phospho-peptide. C, Y4473F GST-LRP1-CT yielded
one 32P-phospho-peptide. D, schematic map of the 32P-phosphopeptides
derived from the tryptic digest of phospho-GST-LRP1-CT.

FIGURE 3. Phosphorylation of Tyr4473 in vivo. Wild type (WT) or mutant
myc-LRP1� was expressed in the absence (lanes 1, 3, 5, 7, and 9) or presence
(lanes 2, 4, 6, 8, 10, and 11) of v-Src. Myc (LRP1�) immunoprecipitations (IP)
were analyzed by anti-phosphotyrosine (top panel) or anti-LRP1 (bottom
panel) immunoblotting. v-Src phosphorylated wild type (lane 2) and Y4473F
(lane 4) but not Y4507F (lane 6) or Y2F (lane 8), indicating that Tyr4507 is readily
phosphorylated by v-Src. v-Src did not phosphorylate Y4507F (lane 6) but did
phosphorylate Y4507E (lane 10), indicating that Tyr4473 can be phosphoryla-
ted when a negative charge is present at 4507. WB, Western blot.
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sibility in the Phosphorylated Form—Todeterminewhether the
LRP1 cytoplasmic region was at all structured and whether
phosphorylation affected the structure, wemeasured the amide
hydrogen/deuterium exchange by mass spectrometry. This
experiment is ideal for probing weakly structured regions of
proteins (23). The extent of exchange depends on a number of
factors including whether or not the amide is sequestered from
solvent because it is in a folded part of the molecule and/or is
participating in a hydrogen bond. The experiment involved
incubating freshly prepared LRP1-CT or phospho-LRP1-CT in
buffered 2H2O, quenching the reaction by lowering the pH and
temperature, and digesting the protein with pepsin. The result-
ing peptides were analyzed by mass spectrometry. Peptides
covering 82% of the protein were identified, including those
that contain the twoNPXYmotifs (Fig. 5A). Phosphorylation of
Tyr4507 causes the peptides covering the NPXY4507 motif to
disappear from the spectrum. Surprisingly, much of the phos-
phorylated LRP1-CT became more deuterated than the
unphosphorylated protein (Fig. 5, B–E). The difference was
quantitatively significant at all time points measured (Table 1
gives the 2-min data). To control for the possibility of a system-
atic difference between the samples that may lead to such an
overall difference in deuteration, a sample of the phosphoryla-
ted protein that was 15N-labeled was prepared and compared
with unphosphorylated protein that was 14N-labeled in the
same reaction mixture (data not shown). This analysis con-
firmed the global differences in solvent accessibility between
the unphosphorylated and phosphorylated proteins.
The changes in solvent accessibility that occurred upon

phosphorylation led us to ask whether the same changes could
be induced simply by the presence of a negative charge at the
NPXY4507 site. To this end, we repeated the H/D exchange
experiment with the Y4507E mutant. The overall deuterium
incorporation of Y4507Emutant was higher than both the wild

type and phosphorylated protein. The phospho-LRP1 was only
approximately 30% phosphorylated by full-length v-Src, and
only Tyr4507 and not Tyr4473 was phosphorylated as seen by the
decreased intensity of peptide spanning residues 4492–4507
because of phosphorylation, whereas the peptide spanning
4466–4475 did not decrease in intensity.
The Effect of LRP1 Tyrosine Phosphorylation on Interaction

with Snx17—Sorting nexin protein Snx17 was recently shown
to bind to theNPXY4473motif of LRP1 (7). This prompted us to
investigate whether tyrosine phosphorylation affects the bind-
ing of Snx17 to LRP1. To do so, unphosphorylated and phos-
phorylatedGST-LRP1-CT fusion proteins immobilized on glu-
tathione-Sepharose were incubated with lysates of HEK293
cells containing HA-tagged Snx17, and bound proteins were
analyzed by anti-HA immunoblotting. By using a series ofGST-
LRP1-CTmutants, we determined that Snx17 prefers to bind to

FIGURE 4. CD Spectrum of free LRP1-CT. GST-LRP1-CT bound to glutathi-
one-Sepharose was cleaved in solution with thrombin (1:50) in TBS, pH 7.4, 2.5
mM CaCl2. The free LRP1-CT was rapidly concentrated by microcolumn cen-
trifugation before analysis. The sample conditions were 63 �M LRP1-CT in 25
mM Tris, 50 mM NaCl, 25 °C.

FIGURE 5. Increased deuterium exchange of LRP1-CT upon phosphoryla-
tion. A, pepsin cleavage of LRP1-CT resulted in nine peptides covering 82% of
the protein sequence. Tyrosine residues in the context of NPXY motifs are
marked in bold. B, the N terminus of LRP1-CT (residues 4442– 4452), which
was represented by the peptide of mass 1249.72, showed higher deuteration
in the phosphorylated form. i, the peptide before deuteration of LRP1-CT; ii,
the peptide after LRP1-CT was deuterated for 30 s; iii, the peptide after phos-
pho-LRP1-CT was deuterated for 30 s. C, residues 4453– 4465 of LRP1-CT (the
peptide of mass 1491.66) under the same conditions as in B. D, residues 4466 –
4475 of LRP1-CT, which includes NPXY4473 (peptide of mass 1151.57) under
the same conditions as in B. E, residues 4492– 4507 of LRP1-CT, which include
NPXY4507 (peptide of mass 1838.89), under the same conditions as in B except
iii is not shown because the intensity of the peptide signal decreased markedly
because of phosphorylation. The data for the C-terminal region is not shown.
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the LRP1-CT when Tyr4473 is either not phosphorylated or is
substituted with Phe. Phosphorylation of the wild type protein
(at both Tyr4507 and Tyr4473) abolished binding, but phospho-
rylation of the LRP1-CT at Tyr4507 or substitution of Tyr4507
with glutamic acid in the context of Y4473F did not affect bind-
ing of Snx17. Importantly, phosphorylation of the Y4507E
mutant, which is only phosphorylated at Tyr4473, also abolished
binding of Snx17 (Fig. 6A). To confirm this result in vivo, HA-
Snx17 was expressed in HEK 293 cells together with wild type
or mutant mycLRP1�, in the presence or absence of v-Src. HA
immunoprecipitates were probed for the presence of Myc-
LRP1�. Again, in all cases, phosphorylation of Tyr4473 blocked
binding (Fig. 6B). These results suggest strongly that the inter-
action between LRP1 and Snx17 is inhibited by tyrosine phos-
phorylation at Tyr4473.
Characterization of LRP1 Binding to Shp2—Shp2 contains

two SH2 domains that are known to bind to phosphorylated
NPXY motifs (24). We recently showed that Shp2 binds
strongly to peptides corresponding to the sequence containing
Tyr4507.3 To determine how Shp2 interacts with LRP1, we con-
structed a series of Shp2 deletion mutants (Fig. 7A). The HA-
tagged Shp2 proteins were coexpressed with Myc-LRP1� and
v-Src in HEK293 cells, and HA immunoprecipitates were
probed for the presence of Myc-LRP1�. We found that only
deletion of both SH2 domains from Shp2 (Fig. 7B, lane 1) com-
pletely abrogated binding to LRP1. A Shp2 mutant containing
only one SH2 domain showed strongly reduced binding to
Myc-LRP1� (Fig. 7B, lane 3). To test whether both SH2
domains can bind simultaneously if both NPXY motifs are
phosphorylated, wemade use of the phosphorylation of Tyr4473
in the context of the Y4507E mutant. Control and phosphoryl-
ated GST-LRP1-CT fusion proteins immobilized on glutathi-
one-Sepharose were mixed with Shp2 deletion mutants
expressed as His-tagged ubiquitin fusion proteins. Either SH2
domain could bind to either of the phosphorylated NPXY
motifs (Fig. 8A). The N-terminal SH2 domain bound better to
LRP1-CT phosphorylated on Tyr4507 than to LRP1-CT phos-
phorylated on Tyr4473, whereas the C-terminal SH2 domain
bound equally well to either one of the phosphorylated NPXY
motifs. Comparison of Shp2 binding to Myc-LRP1� showed a
large decrease in binding upon mutation of Y4473. We did not
observe Shp2 binding to the Y4507E mutant in vivo. This may
have been because the amount of Tyr4473 phosphorylation is

low in this mutant or because expression levels were low (Fig.
8B). In in vitro experiments using the extremely active recom-
binant v-Src, we were able to observe binding of the LRP1-CT,
in which only Tyr4473 is phosphorylated (Fig. 8C). Taken
together, the data suggest that binding is strongest when both
SH2 domains of Shp2 can engage LRP1 at both phosphorylated
NPXY motifs.

3 G. N. Betts, J. W. Torpey, H. Barnes, M. Guttman, D. W. Peterson, J. Lew, P. van
der Geer, and E. A. Komives, manuscript submitted.

FIGURE 6. Phosphorylation at Tyr4473 abolishes the LRP1-Snx17 interac-
tion. A, unphosphorylated and phosphorylated GST-LRP1-CT fusion proteins
immobilized on Sepharose beads were incubated with lysates of HEK293 cells
expressing HA-tagged Snx17. Bound proteins were analyzed by anti-HA
immunoblotting. B, wild type (WT) or mutant myc-LRP1� was expressed
together with HA-Snx17 in the presence or absence of v-Src. Anti-Myc immu-
noprecipitations (IP) were probed for the presence of Snx17 by anti-HA
immunoblotting. As controls for expression, whole cell lysates were analyzed
by anti-HA and anti-Myc immunoblotting. WB, Western blot.

TABLE 1
Summary of hydrogen/deuterium exchange in the LRP1 cytoplasmic domain

Peptide
(N to C termini)

Coverage
region

Number of
amides

Deuteration
in LRP1

Deuteration in LRP1-P
(Tyr(P)4507)

Deuteration in
LRP1 Y4507E

1249.72 4442–4452 10 7.5 � 0.1 8.4 � 0.2 9.7 � 0.1
1377.61 4452–4464 11 7.3 � 0.1 9.0 � 0.3 9.1 � 0.3
1491.64 4453–4465 12 7.8 � 0.2 9.7 � 0.3 10.1 � 0.5
1151.57 4466–4475 8 4.9 � 0.2 6.5 � 0.1 7.9 � 0.5
1800.80 4465–4480 14 8.1 � NAa 10.4 � 0.04 NA
1691.83 4493–4507 12 8.6 � 0.1 NA NA
1838.89 4492–4507 12 11.3 � 0.1 NA NA
1704.74 4511–4526 15 7.1 � NA 9.6 � 0.1 10.6 � NA
1965.03 4527–4544 15 8.6 � 0.5 12.2 � 0.1 11.0 � 0.1

a NA, not applicable.
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DISCUSSION

Implications of Phosphorylation at the Two NPXY Motifs in
LRP1—The LRP1-CT contains two NPXY motifs. The distal
NPXY4507 motif has been shown to bind signaling proteins (10,
16, 25), and the proximal NPXY4473motif has been shown to be
involved in receptor recycling and demonstrated a strong phe-
notype in knock-in mice (7, 8). Binding of Shc and Dab1 has
been localized to the NPXY4507 motif and a few surrounding
residues using peptides as the pull-down bait (4, 9). Phospho-
rylation at Tyr4507 is required for the binding of Shc in vitro and
in vivo (10).We previously reported that Tyr4507 is the principle
phosphorylation site on LRP1 because tyrosine phosphoryla-
tion in vitro and in vivowas blocked bymutation of this residue
(10). Phosphopeptidemapping studies reported here show that
LRP1 can be phosphorylated on two tyrosines that are repre-
sented by two phosphopeptides on the peptide map. Substitu-
tion of Tyr4473 with Phe results in the disappearance the phos-
phopeptide that represents the Tyr4473 phosphorylation site.
Strikingly, substitution of Tyr4507 with Phe results in disappear-
ance of both phosphopeptides. Mutation of Tyr4507 to gluta-
mate blocks phosphorylation on Tyr4507 but allows phospho-
rylation onTyr4473. These results are consistent with amodel in
which the LRP1 can be phosphorylated at both NPXY motifs,

but phosphorylation of Tyr4507, or mutation to glutamate, is a
prerequisite for phosphorylation of Tyr4473.
Phosphorylation at Tyr4507 Opens the Structure of LRP1-CT

near Tyr4473—Amide exchange followed bymass spectrometry
revealed different solvent accessibility of the two NPXY motifs
in LRP1. Whereas the distal NPXY4507 region was the most
solvent-accessible region in the LRP1-CT, the proximal

FIGURE 7. Shp2 domains responsible for LRP1 binding. Myc-LRP1� was
expressed together with v-Src and various Shp2 deletion mutants (A). HA
immunoprecipitates (IP) were probed for the presence of LRP1 by anti-Myc
immunoblotting (B). As a control for expression of myc-LRP1� and HA-Shp2,
whole cell lysates were probed by anti-Myc and anti-HA immunoblotting. WB,
Western blot.

FIGURE 8. Phosphorylation dependence of LRP1-Shp2 interaction.
A, unphosphorylated and phosphorylated GST-LRP1-CT fusion proteins
immobilized on Sepharose beads were incubated with recombinant His-
tagged Shp2 SH2 domains. Bound proteins were visualized by anti-His immu-
noblotting. Binding is always phosphorylation-dependent. Either of the
phosphorylation sites can act as binding sites, and both Shp2 SH2 domains
can bind. B, HA-Shp2, v-Src, and various Myc-LRP1� constructs were expressed
in HEK293 cells. HA (Shp2) immunoprecipitations (IP) were probed for the pres-
ence of LRP. Untransfected cells were analyzed in parallel. Even though the
expression of the LRP phenylalanine mutants is much higher, the amount bound
to Shp2 is still much lower compared with wild type (WT). C, Shp2 interacts with
LRP1-CT when only Tyr4473 is phosphorylated in vitro (lane 4). Binding is still stron-
ger to the dually phosphorylated protein (lane 2). WB, Western blot; WCL, whole
cell lysate.
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NPXY4473 appeared at least partly sequestered from solvent.
Phosphorylation at Tyr4507 caused a significant increase in sol-
vent accessibility of the region around Tyr4473. Thus, in the
unphosphorylated LRP1-CT, the proximal NPXY4473 motif is
sequestered from solvent and unavailable for phosphorylation
by v-Src. However, when Tyr4507 becomes phosphorylated, the
protein backbone near the proximal NPXY4473 motif becomes
more exposed. This experiment helps to define amechanism in
which the increase in solvent accessibility is likely to also
increase accessibility to v-Src. Notably, the increases both in
phosphorylation and in solvent accessibility are also seen in the
Y4507E mutant. The observation that phosphorylation of one
NPXY motif changes the reactivity of the other is, as far as we
know, novel.
LRP1 is one of many receptors that have short cytoplasmic

domains. Similar to the APP-CT, structure prediction pro-
grams, CD, and NMR generally predict that these domains are
mainly randomcoil (26). TheAPP-CT is approximately half the
size of the LRP1-CT and contains a single NPXY motif
(NPTY687) that forms a type I reverse turn (26). Phosphoryla-
tion at Thr668 in APP-CT was shown to alter the cis-trans ratio
of Pro669 located in a second type 1 reverse turn comprised of
residues TPEE671 some 15 amino acids upstream from the
NPXY. No long distance structural changes were seen near the
NPXY motif upon phosphorylation of Thr668 (26, 27). In con-
trast, phosphorylation of LRP1-CT at the distal NPXY4507

caused structural changes more than 30 residues away at the
proximal NPXY4473. Our results are consistent with the pos-
sibility that the LRP1-proximal NPXY4473 is present within a
type I reverse turn similar to that seen in APP-CT because a
tight turn would reduce solvent accessibility andmay restrict
access to the v-Src active site. Introduction of a phosphate at
Tyr4507 or replacement of Tyr4507 with a negatively charged
glutamic acid appears to disrupt the turn and open up the
Tyr4473 region both to backbone exchange with solvent and
to phosphorylation.
Phosphorylation at Tyr4473 Abolishes Binding of Snx17—

Binding of Snx17 aids in the proper recycling of LRP1, and
mutation of the Tyr4473-binding site and small interfering RNA
knockdownof Snx17 expression inU87 cells led to a decrease in
the distribution of LRP1 on the cell surface (7). It has also been
reported thatTyr4473 is necessary for correct basolateral sorting
of LRP1 in polarized cells (28). Snx17 interacts with the
LRP1-CT at the NPXY4473, but what effect phosphorylation of
LRP1 would have on the interaction was not determined (7).
Our results conclusively show that Snx17 binding is inhibited
by phosphorylation of the LRP1-CT at Tyr4473. Phosphoryla-
tion atTyr4507 had no effect on binding, hinting that Snx17 does
not discriminate between the more solvent-accessible and less
solvent-accessible conformations of the LRP1-CT. These
results suggest an interplay between control of the phosphoryl-
ation state of the LRP1-CT and receptor sorting/recycling.
Others have proposed that alteration of LRP1 recycling and/or
sorting may affect APP processing and A� peptide production
(15), and our results suggest a mechanism by which phospho-
rylation of the LRP1-CT may be important in this control.

Phosphorylation at Both NPXY Motifs Potentiates Binding of
Shp2—Weshowhere for the first time that neuronal Shp2 asso-
ciates directly with the LRP1-CT. Both SH2 domains of Shp2
can bind to tyrosine-phosphorylated GST-LRP1-CT. Deletion
of the N-terminal SH2 domain of Shp2 greatly weakened bind-
ing, recapitulating other experiments in Xenopus with similar
Shp2 truncations that also found a greater influence of the
N-SH2 domain in responding to basic fibroblast growth factor
(29). Binding was tightest when both SH2 domains of Shp2
bound to the dually phosphorylated LRP1-CT. This first report
of Shp2 interaction with LRP1 may provide a clue as to how
maintenance of vascular wall integrity depends, at least in part,
on the ability of LRP1 to regulate the activity of PDGFR� (Ref.
30 and references therein). It is known that Shp2 is recruited to
the PDGF receptor upon receptor stimulation by PDGF-BB
(31) and that PDGF stimulation of cells also results in tyrosine
phosphorylation of LRP1 and possibly formation of an LRP1-
PDGF receptor heterodimer (16, 32). Studies conflict as to
whether Shp2 inactivation is necessary for PDGF signaling to
occur or whether Shp2 activity contributes to this process (33,
34). Thus, one might speculate that binding of Shp2 to LRP1
may control its activity toward PDGFR�. Depending on the
localization and amount of expression of LRP1, activity of Shp2
toward PDGFR� and/or its downstream targets may increase
or decrease. Further experiments are required to ascertain the
exact role of these proteins in PDGFR� signaling processes in
different cellular contexts.
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