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The Neural Cell Adhesion Molecule L1 Interacts with the AP-2
Adaptor and Is Endocytosed via the Clathrin-Mediated Pathway
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Cell-cell interactions mediated via cell adhesion molecules
(CAMs) are dynamically regulated during nervous system de-
velopment. One mechanism to control the amount of cell sur-
face CAMs is to regulate their recycling from the plasma mem-
brane. The L1 subfamily of CAMs has a highly conserved
cytoplasmic domain that contains a tyrosine, followed by the
alternatively spliced RSLE (Arg-Ser-Leu-Glu) sequence. The
resulting sequence of YRSL conforms to a tyrosine-based sort-
ing signal that mediates clathrin-dependent endocytosis of
signal-bearing proteins. The present study shows that L1 as-
sociates in rat brain with AP-2, a clathrin adaptor that captures
plasma membrane proteins with tyrosine-based signals for en-
docytosis by coated pits. In vitro assays demonstrate that this
interaction occurs via the YRSL sequence of L1 and the p2
chain of AP-2. In L1-transfected 3T3 cells, L1 endocytosis is

blocked by dominant-negative dynamin that specifically dis-
rupts clathrin-mediated internalization. Furthermore, endocy-
tosed L1 colocalizes with the transferrin receptor (TfR), a
marker for clathrin-mediated internalization. Mutant forms of L1
that lack the YRSL do not colocalize with TfR, indicating that
the YRSL mediates endocytosis of L1. In neurons, L1 is endo-
cytosed preferentially at the rear of axonal growth cones, co-
localizing with Eps15, another marker for the clathrin endocytic
pathway. These results establish a mechanism by which L1 can
be internalized from the cell surface and suggest that an active
region of L1 endocytosis at the rear of growth cones is impor-
tant in L1-dependent axon growth.
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Cell adhesion molecules (CAMs) in the immunoglobulin (Ig)
superfamily play critical roles in neuronal migration and axon
growth and guidance (Brimmendorf and Rathjen, 1994). An
important subfamily of Ig CAMs includes L1, neurofascin, and
NrCAM, which are expressed at relatively high levels on axons
and growth cones. The fact that humans and mice with L1
mutations have defects in major axonal tracts confirms the im-
portance of this class of molecules (Cohen et al., 1997; Dahme et
al., 1997; Fransen et al., 1998; Kamiguchi et al., 1998).

For a cell to respond rapidly to changes in environmental
situations, the cell must be able to regulate the function and/or
expression of its CAMs. Little is known about how the function
of L1 subfamily members is regulated on a time scale of minutes,
especially in neuronal growth cones, where regulation via tran-
scription or translation is not possible locally. One way to control
the amount of L1 on the cell surface is to regulate its recycling
from and to the plasma membrane. Because it has been shown
that integrins are endocytosed at the rear of migrating cells and
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recycled to the front (Lawson and Maxfield, 1995; Palecek et al.,
1996), it is plausible that a similar phenomenon occurs in growth
cones advancing via an L1-dependent mechanism.

Clathrin-coated pits and vesicles provide for the rapid endocy-
tosis of plasma membrane proteins (Mellman, 1996). The cyto-
plasmic domains of some membrane proteins contain tyrosine-
based sorting signals that direct clathrin-mediated endocytosis.
Tyrosine-based signals conform to the motif Yxx@, where x is any
amino acid and @ is an amino acid with a bulky hydrophobic side
chain (Trowbridge et al., 1993). The assembly of clathrin coats at
the plasma membrane depends on the adaptor complex AP-2
(Gallusser and Kirchhausen, 1993), which is composed of two
large chains (a-adaptin and B1- or B2-adaptin), one medium
chain (u2), and one small chain (02). The u2 chain of AP-2
interacts with the tyrosine-based signal (Ohno et al., 1995; Rap-
oport et al., 1997) and concentrates the signal-bearing molecules
in clathrin-coated areas of the plasma membrane (Kirchhausen et
al., 1997; Marks et al., 1997).

L1 subfamily members have a highly conserved cytoplasmic
domain (Hortsch, 1996). Near the middle of the cytoplasmic
domains is an alternatively spliced RSLE (Arg-Ser-Leu-Glu)
sequence (Miura et al.,, 1991). In L1, the RSLE sequence is
expressed in neurons, but not in other L1-expressing cells such as
Schwann cells (Takeda et al.,, 1996). The RSLE sequence is
preceded by a tyrosine in L1 subfamily members. The resulting
YRSL sequence conforms to the tyrosine-based sorting signal
Yxx@. We have found that the YRSL sequence mediates L1
endocytosis by interacting with AP-2. We also have found that
clathrin-dependent endocytosis of L1 preferentially occurs at the
rear of axonal growth cones. In this way the surface expression of
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L1 can be regulated dynamically and spatially, which is likely to
be crucial for growth cone motility.

MATERIALS AND METHODS

Yeast two-hybrid system. The genotype of HF7c yeast (Clontech Lab-
oratories, Palo Alto, CA) is MATa wura3-52 his3-200 lys2-801
ade2-101 trpl-901 leu2-3,112 gal4-542 gal80-538 LYS2::GALI-HIS3
URA3::(GAL4 17-mers);CYCl-lacZ. Yeast were grown on YEPD
(yeast extract, peptone, dextrose) or on yeast minimal synthetic dextrose
dropout media (C-nutrient), prepared as described previously (Nelson
and Lemmon, 1993).

The cDNAs encoding the whole cytoplasmic domains of human LIFL,
L1v1176A, or L1ARSLE (see Fig. 1) were made with PCR amplification of
the L1FL, L1Y1176A, or L1ARSLE ¢cDNA in pBluescript II KS ™ (Wong et
al., 1995; Kamiguchi and Lemmon, 1998), respectively. The primers used
were 5'-CGCCATGCCATGGTCAAGCGCAGCAAGGGC-3" and 5'-
GCGGATCCACTATTCTAGGGCCAC-3'. The PCR products were
subcloned into PCR2.1 vecto, using a TA cloning kit (Invitrogen, Carls-
bad, CA) and then subcloned into the bait pAS vector (kind gift of Dr.
Stephen J. Elledge, Baylor College of Medicine, Houston, TX). The
entire PCR-amplified region was confirmed by sequencing. The prey
pACT vector containing a cDNA encoding the p2 chain of AP-2 (Ohno
et al., 1996) was provided by Dr. Juan S. Bonifacino (National Institutes
of Health, Bethesda, MD).

The HF7c strain was transformed sequentially with the pAS vector
containing the L1 cytoplasmic domain (L1CD) sequences and with the
PACT vector containing the u2 chain sequence or no insert as a control.
Yeast transformation was performed as described in the Clontech Yeast
Two Hybrid Kit (Clontech Laboratories, Cambridge, UK).

Interactions between the three L1CD fusion proteins [baits in pAS2
(TRPI)] and the u2 chain fusion protein [pACT (LEU2)] were tested by
the ability of cotransformed yeast cells to express -galactosidase and to
grow on histidine-deficient plates. Cotransformed yeast colonies were
grown on yeast dropout medium lacking leucine and tryptophan (C-Leu-
Trp), and then the cultures were tested for B-galactosidase activity by
liquid assay as described (Golemis et al., 1996). To test for HIS3 expres-
sion, we streaked cells onto C-Leu-Trp-His plates in the presence of 5 or
10 mm 3-amino-triazole (3-AT). Growth was scored on the basis of the
ability to form colonies within 10 d (Ohno et al., 1996).

Ultraviolet (UV)-induced cross-linking reaction. The photoreactive pep-
tide (designated as *YQRL), which bears a portion of the cytosolic
sequence of TGN38, including its YQRL tyrosine-based motif, was
synthesized as previously described (Rapoport et al., 1997). The *YQRL
peptide contains a UV-activatable cross-linker benzoylphenylalanine
(BPA) at position Y-3 and is biotinylated at the N terminus (biotin-
KVTRRPK-BPA-SDYQRL). The YRSL peptide (FGEYRSLESD
NEE) that corresponds to amino acids 1173-1185 of the L1CD, the
ARSL peptide (FGEARSLESDNEE) that has a Y1176A substitution,
and the YSDN peptide (FGEYSDNEE) that lacks the RSLE sequence
were synthesized by Research Genetics (Huntsville, AL).

The photoactivation cross-linking reaction was performed as described
previously (Rapoport et al., 1997). Briefly, AP-2 complexes purified from
calf brains were suspended in AP buffer [containing (in mm) 100
NaMES, 150 NaCl, 1 EDTA, and 0.5 DTT, pH 7.0, plus 0.02% NaN; and
0.1% Triton X-100]. Then, 16 ul of this solution (final AP-2 concentra-
tion of ~0.1 mg/ml) was mixed with 2 ul of the *YQRL peptide (final
concentration of 0.2 uM) and 2 ul of the competitor peptides (YRSL,
ARSL, or YSDN peptide; final concentrations in the range of 0-1000
uM). The mixture was maintained on ice for 20 min in total darkness.
The cross-linking reaction was triggered by a 3 min exposure to UV
radiation. After the cross-linking reaction, 5 ul of 5X Laemmli sample
buffer containing B-mercaptoethanol was added, and the samples were
boiled for 3 min. The cross-linked product was resolved by SDS-PAGE,
followed by transfer to a nitrocellulose membrane and incubation with
streptavidin-conjugated horseradish peroxidase (HRP; Boehringer
Mannheim, Indianapolis, IN). The labeled bands were detected by en-
hanced chemiluminescence (Amersham, Arlington Heights, IL).

Immunoprecipitation and Western blot analysis. Brains from P7 Sprague
Dawley rat pups were homogenized in (in mm) 20 Tris, pH 7.4, 1 EGTA,
1 sodium orthovanadate, and 10 p-nitrophenyl phosphate (TEV-PNP)
containing 0.32 M sucrose, 200 mM Pefabloc SC, 1ug/ml leupeptin, and
100 wg/ml aprotinin. The homogenates were separated by ultracentrifu-
gation on a sucrose gradient for 45 min at 58,400 X g at 4°C. The plasma
membrane layer was washed in TEV-PNP and then centrifuged for 30
min at 150,000 X g at 4°C to pellet the membranes. The plasma mem-
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brane pellet was solubilized in TEV-PNP containing 1% Triton X-100
and centrifuged for 45 min at 150,000 X g at 4°C to remove insoluble
material. Then the solubilized membrane fraction was incubated for >4
hr at 4°C with Sepharose beads conjugated to monoclonal anti-L1 anti-
body 74-5H7 (Lemmon et al., 1989), or to monoclonal anti-NCAM
antibody 3F4 (kind gift of Dr. Urs Rutishauser, Case Western Reserve
University, Cleveland, OH). The beads were washed six times with
TEV-PNP containing 1% Triton X-100. Immunoprecipitates were mixed
with sample buffer and boiled for 5 min. Then the samples were sepa-
rated by SDS-PAGE. The proteins were transferred to Immobilon-P
polyvinylidene difluoride membrane (Millipore, Marlborough, MA), and
the membrane then was blocked with 5% evaporated nonfat milk in
Tris-buffered saline (TBS). The following commercial primary antibod-
ies were used as recommended by the manufacturer: monoclonal anti-
bodies against AP180, p1- and B2-adaptin, and a-adaptin (Sigma, St.
Louis, MO). The monoclonal anti-NCAM antibody (3F4) was used at 10
ung/ml. The membrane was incubated with primary antibodies for 1 hr at
room temperature with shaking and was washed with 0.1% Tween-20 in
TBS. Then the membrane was probed with HRP-conjugated goat anti-
mouse IgG (1:1000 in 5% milk and 0.05% Tween-20/PBS, Boehringer
Mannheim) for 1 hr, washed, and visualized by enhanced chemilumines-
cence (DuPont NEN, Boston, MA).

Cell culture. National Institutes of Health-3T3 (NIH-3T3) cells (Amer-
ican Type Culture Collection, Rockville, MD) were grown in DMEM
(Life Technologies, Gaithersburg, MD) supplemented with 10% fetal
bovine serum (FBS).

Dorsal root ganglia (DRGs) were dissected from embryonic day 10
chicks and dissociated sequentially with 2.4 U/ml dispase II (Boehringer
Mannheim) and 0.1 mg/ml DNase (Boehringer Mannheim) in Ca®"/
Mg?*-free PBS. The dissociated cells were resuspended in RPMI me-
dium 1640 (Life Technologies) supplemented with L-glutamine, Na pyru-
vate, and 10% FBS and were preplated for 1 hr. Then 50 ng/ml nerve
growth factor was added to the medium, and the neuron-enriched culture
was prepared by replating the detached cells on glass coverslips sequen-
tially coated with poly-L-lysine (Sigma), 10 ug/ml goat anti-human IgG
(Fe-specific) (Sigma), and L1-Fc chimera. This chimeric molecule, which
consists of the Fc region of human IgG and the whole extracellular
domain of human L1, was constructed with the plg-tail expression system
(Novagen, Madison, WI), as described (Fransen et al., 1998).

The cultures were maintained in a humid atmosphere of 95% air/5%
CO, at 37°C.

DNA transfection. A pcDNA3-based expression plasmid containing a
cDNA insert that codes for L1FL, L1Y1176A, or L1ARSLE (see Fig. 1) was
constructed as described (Kamiguchi and Lemmon, 1998). Expression
constructs containing a cDNA insert that codes either for hemagglutinin
(HA)-tagged wild-type or for HA-tagged K44A dynamin were provided
by Dr. Sandra L. Schmid (The Scripps Research Institute, La Jolla, CA)
(Damke et al., 1994).

NIH-3T3 cells were transfected with the L1 expression plasmids, using
particle-mediated gene transfer (Helios Gene Gun System, Bio-Rad,
Richmond, CA). According to the manufacturer’s protocol, 50 mg of gold
particles (1.0 um in diameter) was coated with 100 ug of plasmid DNA.
Then the DNA-coated particles in an ethanol suspension were loaded
into Gold-Coat tubing and allowed to dry. NIH-3T3 cells were dissoci-
ated by trypsinization and resuspended in Leibovitz’s L-15 medium (Life
Technologies). Ten microliters of the cell suspension (1 X 10 cells) were
inoculated in the center of a 35 mm dish immediately before the gene
delivery. For each transfection, 0.5 mg of gold particles with 1 ug of
plasmid DNA was accelerated by 150 psi helium pressure to penetrate
and transfect the target cells. The transfected cells were suspended in
DMEM containing 10% FBS and plated on a two-chamber plastic slide
(Lab-Tek, Naperville, IL) sequentially coated with poly-L-lysine and 5
pg/cm? of fibronectin (Boehringer Mannheim).

Transfection of NIH-3T3 cells with the HA-tagged dynamin constructs
was performed by N-[1-(2,3-dioleoyloxy)propyl]-N,N, N-
trimethylammonium methylsulfate (DOTAP) lipofection, according to
the manufacturer’s protocol (Boehringer Mannheim).

Generation of stably transfected NIH-3T3 cells. NIH-3T3 cells were
transfected with pcDNA3 containing L1FL ¢cDNA, using Lipofectamine
reagent according to the manufacturer’s protocol (Life Technologies).
The cells were cultured in the presence of 600 wg/ml of G418 (Life
Technologies) for 10-14 d. G418-resistant clones were characterized for
L1FL expression by immunocytochemistry, and L1FL-expressing cells
were selected by fluorescence-activated cell sorting (FACS) as described
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previously (Wong et al., 1995). The cells were grown further in 10%
FBS-DMEM containing 600 ug/ml of G418.

Immunocytochemistry of NIH-3T3 cells. L1-transfected NIH-3T3 cells
were processed for immunocytochemistry 24 hr after gene transfer. In
the experiment designed to label cell surface and endocytosed L1 dif-
ferentially, living cells were incubated with rabbit polyclonal anti-human
L1 antibody (1:250) (Wong et al., 1995) or Fab of the same antibody (25
wng/ml) for 1 hr at 37°C to allow for L1 endocytosis. Then the cells were
washed with DMEM at 4°C and were incubated with Texas Red (TxR)-
conjugated anti-rabbit IgG (1:200; Molecular Probes, Eugene, OR) for 30
min at 4°C to visualize cell surface L1. Then unlabeled anti-rabbit IgG
(1:20; Molecular Probes) was used to block any remaining sites on the
cell surface for 1 hr at 4°C. The cells were fixed with 4% paraformalde-
hyde for 30 min, followed by blocking and permeabilization with 10%
horse serum (HS) and 0.02% Triton X-100 in PBS. After washes, the cells
were incubated with Oregon green (OrG)-conjugated anti-rabbit IgG
(1:200; Molecular Probes) for 1 hr at 20°C to label endocytosed L1—
antibody complexes.

In the experiment designed to double-label endocytosed L1 and trans-
ferrin receptors (TfR), endocytosed L1 was visualized as described
above, and TfR was labeled with mouse monoclonal anti-T{R antibody
(clone H68.4; Zymed Laboratories, San Francisco, CA). Living cells
were incubated with Fab of rabbit anti-L1 antibody (25 pg/ml) for 1 hr at
37°C, washed at 4°C, and incubated with unlabeled anti-rabbit IgG (1:20)
for 1 hr at 4°C. After fixation, blocking, and permeabilization, the cells
were incubated with anti-TfR antibody (1:100) for 16 hr at 4°C. Then the
cells were incubated with OrG-conjugated anti-rabbit IgG (1:200) to
visualize endocytosed L1 and with TxR-conjugated anti-mouse IgG
(1:200) to visualize TfR.

In the experiment designed to visualize endocytosed L1 and transferrin
(Tf), living cells were incubated with serum-free DMEM for 30 min,
followed by incubation with rabbit anti-L1 antibody (1:250) and TxR-
conjugated Tf (100 ug/ml; Molecular Probes) for 1 hr at 37°C to allow for
the endocytosis of both probes. The cells were incubated with unlabeled
anti-rabbit IgG, followed by fixation, blocking, and permeabilization. En-
docytosed L1 was visualized with OrG-conjugated anti-rabbit IgG.

In the experiment to study the effects of wild-type and K44A dynamin
on L1 endocytosis, L1FL-expressing NIH-3T3 cells (stable transfectant,
selected by FACS) were transfected with HA-tagged dynamin constructs
and processed for immunocytochemistry after 48 hr. Endocytosed L1
was labeled with rabbit anti-L1 antibody as described above, and then the
cells were incubated with unlabeled anti-rabbit IgG, followed by fixation,
blocking, and permeabilization. HA-tagged dynamin was labeled by
incubating the cells with mouse monoclonal anti-HA antibody (clone
12CAS, 10 ug/ml; Boehringer Mannheim) for 16 hr at 4°C. After being
washed, the cells were incubated with a mixture of TxR-X-conjugated
anti-rabbit IgG (1:100; Molecular Probes) and OrG-conjugated anti-
mouse IgG (1:200; Molecular Probes). The labeled cells were mounted
with SlowFade (Molecular Probes).

Immunocytochemistry of DRG neurons. In the experiment designed to
double-label L1 (74-5H7) and epidermal growth factor receptor pathway
substrate clone 15 (Eps15), DRG cultures were fixed sequentially with (1)
a cyclohexylamine/PIPES fixative containing 1% paraformaldehyde for 5
min (Luther and Bloch, 1989), followed by (2) a modified Bouin’s
solution containing saturated picric acid (75 ml), formalin (5 ml), glacial
acetic acid (5 ml), and distilled water (20 ml) for 5 min. After extensive
washes, the cells were permeabilized and blocked with 10% HS and
0.02% Triton-X 100 in PBS for 1 hr and incubated with primary anti-
bodies overnight at 4°C. The primary antibodies used were mouse mono-
clonal anti-L1CD antibody (74-5H7; 1:500) (Lemmon et al., 1989) and
rabbit polyclonal anti-Eps15 antibody (1:500) (Cupers et al., 1997). After
being rinsed, the cells were incubated for 1 hr at room temperature with
a mixture of OrG-conjugated anti-rabbit IgG (1:200) and TxR-X-
conjugated anti-mouse IgG (1:100; Molecular Probes).

In the experiment designed to visualize endocytosed L1 in growth
cones, living DRG neurons were incubated with rabbit polyclonal anti-
chick L1 antibody (8D9; 1:250) (Lemmon and McLoon, 1986) for 15 min
at 37°C to allow for L1 endocytosis. After being rinsed at 4°C, the cells
were fixed with 4% formaldehyde for 30 min, washed, and incubated with
unlabeled anti-rabbit IgG (1:20) to block the cell surface primary anti-
body. Then the cells were fixed again with 4% formaldehyde for 10 min
to immobilize the unlabeled secondary antibody. After being washed, the
cells were permeabilized and blocked with 10% HS and 0.02% Triton-X
100 in PBS for 1 hr and incubated with mouse monoclonal anti-chick
NCAM antibody (kind gift of Dr. Urs Rutishauser) for 16 hr at 4°C.
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FGEYRSEESDNEE —————coor L1FL
FGEARSLEESDNEE —————cooH  L1Y1176A
FGEYSDNEE ——————cooH L1ARSLE
FGEYRSLESDNEE YRSL peptide
FGEARSLESDNEE ARSL peptide
FGEYSDNEE YSDN peptide

Figure 1. A portion of the L1 cytoplasmic domain is shown in the
single-letter amino acid code. In the wild-type full-length L1 (LIFL), the
cytoplasmic domain consists of 114 amino acids (1144-1257) and contains
the RSLE sequence (shaded region), which is adjacent to Tyr''7®. The
resulting sequence of YRSL conforms to a tyrosine-based sorting motif,
YxxL (underlined region). L1Y1176A has a single amino acid substitution
(Y1176A) that mutates a critical tyrosine residue in the motif. In the
non-neuronal form of L1 (LIARsLE) that lacks the RSLE sequence, a
hydrophobic amino acid leucine at position Y+3 is replaced by a polar
amino acid asparagine. Therefore, the tyrosine-based motif YRSL is
disrupted in L1v1176A and L1ARSLE. A ¢cDNA that codes for the whole
cytoplasmic domain of these forms of L1 (L1FLCD, L1ARSLECD, or
L1v1176ACD) was used in the yeast two-hybrid system. The synthetic
peptides (YRSL, ARSL, and YSDN), which correspond to a part of
L1rLCD, L1ARSLECD, or L1Y1176ACD, respectively, were used as a com-
petitor in the UV-induced cross-linking experiments.

Endocytosed L1 was visualized with TxR-X-conjugated anti-rabbit IgG
(1:100), and NCAM was visualized with OrG-conjugated anti-mouse IgG
(1:200). The labeled cells were treated with SlowFade and mounted in
Elvanol.

Confocal microscopy. Images of NIH-3T3 cells and growth cones of
DRG neurons were taken with a Zeiss LSM 410 confocal laser micro-
scope (Zeiss, Gottingen, Germany), using an argon/krypton laser (exci-
tation lines, 488 and 568 nm) and a 100X Plan-Neofluar, numerical
aperture 1.3, oil objective.

L1 and Epsl15 distribution in growth cone images was analyzed by the
colocalization function in the LSM 410 software (Zeiss). The program
generates a scatterplot that compares pixel distribution and intensity in
stored red and green images. Red pixels of increasing intensity (0-255)
distribute along the abscissa; green pixels distribute along the ordinate.
Pixels with identical intensity values in the green and red channels are
found along the 45° diagonal and indicate colocalization of the fluores-
cently tagged antibodies that are used to detect different antigens. By
selecting pixels near the 45° diagonal, we can generate a mask that allows
for the direct comparison of the colocalization of two antigens with the
unprocessed image. Only high intensity pixels falling near the diagonal
were selected to generate the mask showing colocalized distribution of
L1 and Epsl5. Images were processed minimally; montages were assem-
bled in Adobe Photoshop and printed on a Tektronix Phaser 450 dye
sublimation printer.

RESULTS

The p2 chain of AP-2 specifically recognizes and
interacts with the tyrosine-based motif YRSL

in the L1CD

To test whether the tyrosine-based sorting motif YRSL in the
L1CD interacts with the u2 chain of AP-2, we used the yeast
two-hybrid assay, using the whole L1CD as the bait fused to the
Gal4 binding domain and the u2 chain as the prey fused to the
Gal4 activation domain. The cytoplasmic domains of wild-type
and mutant forms of L1 (L1FLCD, L1ARSLECD, and L1yv1176CD)
used in the yeast two-hybrid assay are shown in Figure 1. Inter-
actions between the three forms of L1CD and the u2 chain were
tested by the ability of cotransformed yeast cells to grow on
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L1v1176A-p2

ARSLE-H2

L1F.-Empty
B
L1FL-Empty
LiFL-p2 *
L1aRsLE-2
L1v1176a-12

0 2 4 6 8 10 12
p-galactosidase activity

Figure 2. The yeast two-hybrid assay demonstrates the interaction be-
tween the YRSL sequence of the L1CD and the u2 chain of AP-2.
A, Yeast cells, which were cotransformed with LIFLCD and u2 sequences
(LIFL-p2), were able to grow and form colonies on histidine-deficient
plates in the presence of 5 mM 3-AT between 3 and 5 d after plating.
However, cotransformants containing either LIARSLECD or L1Y1176ACD
and 2 sequences (LIARSLE-u2 or LI1v11764-u2, respectively) did not
form colonies after 10 d under the same conditions. B, L1FL-u2 expressed
a significantly higher level of p-galactosidase activity than a background
level (LIFL-Empty). However, both LIARSLE-u2 and LIY11764-p2 ex-
pressed comparable levels of B-galactosidase activity to the background
level. Values represent the mean *= SD of five determinations. *p <
0.0005; one-way ANOVA, followed by post hoc Fisher’s PLSD as com-
pared with LIFL-Empty.

histidine-deficient plates or to express B-galactosidase activity.
On C-Leu-Trp plates, which select for the presence of the bait
and prey vectors, all double transformants were able to grow and
produce colonies between 1 and 3 d after plating. However, on
histidine-deficient plates (C-Leu-Trp-His) in the presence of
3-AT (5 or 10 mm), only double transformants expressing
L1rLCD and pu2 grew and produced colonies between 3 and 5 d
(Fig. 2A4). All of the other transformants did not form colonies
after 10 d under the same conditions. Similar results were ob-
tained with 5 and 10 mMm 3-AT. The B-galactosidase liquid assay
showed that yeast cells cotransformed with pAS containing the
L1rLCD sequence and pACT containing the u2 chain sequence
expressed a significantly higher level of B-galactosidase activity
than the control strain, which carried pAS with the L1FrLCD
sequence and empty pACT (Fig. 2B). However, the
B-galactosidase activity of yeast cells that were cotransformed
with pAS containing either the L1v1176ACD or L1ARSLECD se-
quence and pACT containing the u2 chain sequence was com-
parable to the control level. These results demonstrate that the
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L1rLCD, but not L1v1176ACD or L1ARSLECD, interacts with the
isolated u2 chain of AP-2.

In previous studies it has been demonstrated that a photoreac-
tive peptide (*YQRL) bearing a portion of the cytosolic sequence
of TGN38, including its tyrosine-based sorting motif, specifically
labels the w2 subunit of the intact AP-2 complex (Rapoport et al.,
1997). To test whether the synthetic peptide, including the YRSL
sequence in the L1CD, also interacts with the u2 chain, we set up
an experiment in which a biotinylated *YQRL peptide was incu-
bated with purified AP-2 in the presence of increasing concen-
trations of the L1CD peptides (YRSL, ARSL, and YSDN pep-
tides; see Fig. 1). After photoactivation, samples were analyzed by
SDS-PAGE and probed with HRP-streptavidin to reveal the
product composed of u2 cross-linked to *YQRL (Fig. 3). The
YRSL peptide interfered with the cross-linking reaction between
the *YQRL peptide and the u2 chain. This competitive interac-
tion of the YRSL peptide is dependent on its tyrosine residue,
because the ARSL peptide did not interfere with the cross-
linking reaction. Further confirmation of the specificity of the
interaction was obtained by showing that another peptide, YSDN,
also failed to interfere with the cross-linking reaction. On the
basis of these observations, we conclude that the interaction
between the YRSL peptide and the AP-2 complex in solution is
specific and that this interaction occurs through a contact that
involves the u2 chain of the AP-2 complex.

The AP-2 complex associates with L1 in rat brain

In vitro biochemical assays have shown that the YRSL sequence
in the L1CD specifically binds the u2 chain of AP-2. To examine
whether L1 associates with AP-2 in vivo, we probed L1 immuno-
precipitates from rat brain membrane extracts with antibodies
against two of the subunits of AP-2 and against AP180. Anti-B1-
and B2-adaptin antibody labeled a band of ~105 kDa (Fig. 4,
lane 2). Anti-a-adaptin antibody, which is known to react with
105 and 110 kDa forms of a-adaptin in brain preparations (Ahle
and Ungewickell, 1990), labeled two bands of the corresponding
sizes in L1 immunoprecipitates (Fig. 4, lane 3). These data indi-
cate that the AP-2 complex associates with L1 in rat brain. AP180,
which is a clathrin assembly protein in coated vesicles (Ahle and
Ungewickell, 1986), coimmunoprecipitated with L1 (Fig. 4, lane
1), further confirming that L1 forms a complex with clathrin-
associated proteins in brain. As a negative control, antibodies to
NCAM readily detected NCAM in the brain membrane extracts
(Fig. 4, lane 5), but not in the L1 immunoprecipitate (Fig. 4, lane
4). Another negative control is provided in Figure 4 (lanes 7-10),
which shows that neither AP-2 nor AP-180 coimmunoprecipitated
with NCAM from rat brain membrane extracts.

L1 is endocytosed via a clathrin-mediated pathway

The interaction of the AP-2 adaptor with the tyrosine-based
signal of the L1CD suggests that L1 is endocytosed via an AP-2
and clathrin-mediated pathway. Therefore, we examined whether
or not L1 is internalized from the cell surface, using LI1FL-
transfected NIH-3T3 cells. Since it is difficult to visualize L1
clearly in intracellular vesicular compartments by conventional
immunocytochemistry because of a much higher level of L1
expression on the cell surface, we used two secondary antibodies
with different conjugates to label cell surface L1 and endocytosed
L1 differentially. Intracellular L1 in vesicular compartments, pos-
sibly endosomes, are shown clearly in L1rL-transfected NIH-3T3
cells (Fig. 54,B). Labeling of these structures is specific for L1,
because the cytoplasm of untransfected NIH-3T3 cells was never
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Figure 3. The u2 chain of AP-2 was labeled by the *YQRL
peptide containing photoreactive cross-linker in the absence
or presence of the competitor peptides (YRSL, ARSL, or
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Figure 4. L1 immunoprecipitates from rat brain membrane extracts were
probed with anti-AP180 antibody (lane 1), anti-B1- and B2-adaptin anti-
body (lane 2) or anti-a-adaptin antibody (lane 3), and no primary antibody
control (lane 6), showing that AP-2 and AP180 coimmunoprecipitated
with L1. As a control, the L1 immunoprecipitates (lane 4) and rat brain
membrane extracts (lane 5) were probed with anti-rat NCAM antibody.
As another control, NCAM immunoprecipitates from rat brain mem-
brane extracts were probed with anti-AP180 antibody (lane 7), anti-B1-
and p2-adaptin antibody (lane 8), anti-a-adaptin antibody (lane 9), or
anti-NCAM antibody (lane 10).

220 kD~

97.5 kD~

labeled under this immunocytochemical protocol (data not
shown). Furthermore, because the cells were incubated with
anti-L1 antibody only when they were alive, all of the positive
staining inside the cell represents endocytosed L1. This observa-
tion demonstrates that L1 is internalized from the cell surface. A
bivalent antibody against L1 tended to label a greater number of
intracellular structures than Fab, suggesting that cross-linking L1
on the cell surface triggers endocytosis of L1. As shown in Figure
5B, we often observed L1 in endocytic compartments enriched in
one side of the cell near the lateral membrane.

Subsequently, we conducted experiments to study whether or
not L1 endocytosis occurs via a clathrin-dependent pathway.
Transferrin (Tf) is known to be internalized via a clathrin-
mediated mechanism after binding to a transferrin receptor TfR
(Klausner et al., 1983; Trowbridge et al., 1993), which carries a
tyrosine-based endocytic signal that interacts with AP-2 (Ohno et
al., 1995). We found that, in L1rL-transfected NIH-3T3 cells, all
of the endocytosed L1FL labeled by anti-L1 antibody was found in
vesicular compartments (most likely endosomes) that contained
TxR-Tf (Fig. 5C-E), indicating that L1 endocytosis occurs via the
same pathway as that of Tf. To confirm further that L1 endocy-
tosis is clathrin-dependent, we tested whether disruption of dy-
namin function blocks L1 endocytosis. Dynamin, a member of
the GTPase superfamily, self-assembles into rings at the neck of
clathrin-coated pits and plays a critical role in the fission reaction

10 100 1000 pM

YSDN; see Fig. 1). The concentrations of each competitor
peptide are indicated in the figure. The YRSL peptide that
carries the tyrosine-based motif interfered with the cross-
linking reaction between the *YQRL peptide and the u2
chain when the YRSL peptide was presented at a concentra-
tion as low as 10 um. Both the ARSL and YSDN peptides
lacking the motif failed to interfere with the cross-linking
reaction at concentrations up to 1 mm.

2

to form coated vesicles (Hinshaw and Schmid, 1995; Takei et al.,
1995). Dominant-negative dynamin, which has a K44A mutation
in its GTP-binding domain, specifically blocks the formation of
endocytic coated vesicles but does not perturb -clathrin-
independent endocytosis (van der Bliek et al., 1993; Damke et al.,
1994). Therefore, we set up an experiment in which LI1FL-
expressing NIH-3T3 cells were selected by FACS and transfected
with HA-tagged wild-type or K44A dynamin. Then the cells were
processed for immunocytochemistry to visualize endocytosed L1.
A single-section confocal slice of a dynamin-transfected cell was
obtained such that the section contained the maximal number of
intracellular L1-positive compartments in that cell. K44A
dynamin-transfected cells showed impaired L1 endocytosis as
compared with untransfected (Fig. 5F,G) and wild-type
dynamin-transfected cells (Fig. 5H,I). L1 endocytosis was semi-
quantified by counting the number of intracellular L1-positive
compartments per cell: 3.7 = 3.6 in K44A dynamin-expressing
cells (n = 33) and 26.3 = 20.6 in wild-type dynamin-expressing
cells (n = 32) (mean = SD; p < 0.0001; unpaired Student’s 7 test).
We also confirmed that K44A dynamin blocks Tt endocytosis but
does not affect dextran uptake, a marker for clathrin-independent
pinocytosis (data not shown). These results provide solid evi-
dence that L1 is endocytosed via clathrin-coated vesicles.

To examine the role for the YRSL sequence in L1 endocytosis,
we transfected NIH-3T3 cells with an L1rL, L1Y1176A, or L1ARSLE
construct. These forms of L1 have been shown to be integrated
properly into the plasma membrane in NIH-3T3 cells (Kamigu-
chi and Lemmon, 1998). All of the endocytosed L1rL, which was
labeled by anti-LL1 Fab, was found in vesicular compartments
containing TfR (Fig. 64-C). Although both Lly1176a and
LI1ARSLE were internalized from the cell surface, these forms of
L1 did not colocalize with TR in their endocytic pathways (Fig.
6D-I). The failure of the L1 mutants to colocalize with the TfR
supports the idea that the YRSL sequence is critical for deter-
mining the pathways by which L1 is endocytosed.

L1 is endocytosed at the rear of axonal growth cones

Homophilic binding between substrate-bound L1 and axonal L1
stimulates axon growth in vitro (Lemmon et al., 1989). In the
axonal growth cone, L1-mediated adhesive interactions may be
dynamically regulated to create a front-versus-rear asymmetry in
growth cone-substrate adhesion (Kamiguchi and Lemmon,
1997). This is believed to be necessary for growth cone migration
(Lauffenburger and Horwitz, 1996). One possible mechanism to
create a gradient of adhesivity is that L1 is internalized from the
growth cone surface in a spatially regulated manner. To confirm
this possibility, we examined colocalization of L1 and Epsl5, a
protein present in coated pits of the clathrin-mediated endocytic
pathway (Tebar et al., 1996; van Delft et al., 1997), in DRG
growth cones growing on an L1 substrate. We used a monoclonal
antibody, 74-5SH7 (Lemmon et al., 1989), that binds to a
phosphorylation-sensitive site in the L1CD and does not label cell
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Figure 5. A, B, Shown are confocal sections (0.83 um in thickness) of L1FL-transfected NIH-3T3 cells in which cell surface L1 and endocytosed L1 were
differentially labeled. Living cells were incubated with bivalent anti-L1 antibody (A) or anti-L1 Fab (B) for 1 hr to allow for L1 endocytosis. A
superimposed image in which cell surface L1 is colored in red and endocytosed L1 in green is shown. Scale bar, 10 um. C-E, Confocal sections (0.83 um
in thickness) of a L1FL-transfected NIH-3T3 cell that was incubated with anti-L1 antibody and TxR-conjugated Tf for 1 hr to allow for the endocytosis
of both probes. Shown are endocytosed L1 (C), endocytosed Tt (D), and a superimposed image showing colocalization of L1 and Tf as evidenced by
yellow (E). Scale bar, 10 um. F-I, Confocal sections (0.71 wm in thickness) of L1FL-expressing NIH-3T3 cells that were transfected with K44A dynamin
(F, G) or wild-type dynamin (H, I). Endocytosed L1 is colored in red and transfected dynamin in green (F, H). To facilitate the visualization of

endocytosed L1, we have shown the red channel only in black and white (G, I). An asterisk indicates a cell that was not transfected with K44A dynamin.
Scale bar, 10 pwm.
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Figure 6. Confocal sections (0.83 wm in thickness) of NIH-3T3 cells expressing L1FL (4-C), L1Y1176A (D-F), or L1ARSLE (G-I). Living cells were
incubated with anti-L1 Fab for 1 hr to label endocytosed L1, and the cells were double-labeled with anti-TfR antibody. Endocytosed L1 (4, D, G), TfR
(B, E, H), and superimposed images (C, F, I') are shown. Yellow indicates colocalization of endocytosed L1 and TfR. Scale bar, 10 um.

surface L1 except at cell-cell contact sites (A. W. Schaefer, S.
Storms, G. Landreth, and V. Lemmon, unpublished observa-
tions). This antibody labeled vesicular structures in the growth
cone (Fig. 74). The growth cone was double-labeled with anti-
Eps15 antibody (Fig. 7B), showing the concentrated expression of
Epsl5 at the rear of the growth cone where L1 and Eps15 had
colocalized (Fig. 7C). This colocalization pattern was confirmed
further by using the colocalization function in the LSM 410
software (Fig. 7D). The site-specific colocalization of L1 and
Eps15 suggests that clathrin-mediated endocytosis of L1 prefer-
entially occurs at the rear of growth cones. To confirm this idea
further, we visualized intracellular L1 that had been endocytosed
during 15 min in DRG growth cones growing on an L1 substrate

(Fig. 7E,F). In the majority of growth cones examined, endocy-
tosed L1 is restricted to the rear and the central domain of the
growth cone and is absent from the peripheral domain.

DISCUSSION

Examples of cells rapidly altering CAM function are found in
diverse systems, from leukocyte rolling and extravasation through
the vascular endothelium to synaptic plasticity in the nervous
system (Ebnet et al., 1996; Fields and Itoh, 1996; Rutishauser and
Landmesser, 1996; Weber et al., 1996). A common strategy for
controlling CAM function is to regulate the adhesivity of the
extracellular domain by changing the conformation of its cyto-
plasmic tail. This inside-out signaling has been well documented
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Figure 7. A-D, Confocal sections (0.71 um in thickness) of a DRG growth cone growing on an L1 substrate. The growth cone was double-labeled with
anti-L1CD antibody (74-5H7) (A) and anti-Eps15 antibody (B). Superimposition of the images with L1 colored in red and Epsl5 in green exhibits
colocalization ( yellow) at the rear of the growth cone (C). A black and white mask shows the colocalized distribution of L1 and Eps15 (D). High intensity
pixels falling within the green tracing on the scatterplot (inset) were chosen to generate the mask (see Materials and Methods for details). Scale bar, 10
pm. E, F, Confocal sections (0.83 um in thickness) of a DRG growth cone growing on an L1 substrate. The living neuron was incubated with anti-L1
antibody for 15 min to label endocytosed L1. The cell was double-labeled with anti-NCAM antibody to visualize the outline of the growth cone.
Endocytosed L1 is colored in red and NCAM in green (E). To facilitate visualization of endocytosed L1, we have shown the red channel only in black
and white (F). Scale bar, 10 um.

for integrins and cadherins (Aberle et al., 1996; Kolanus and This suggests that alterations, such as phosphorylation or confor-
Seed, 1997). However, it is known that removing the cytoplasmic mational changes, in the L1CD may not regulate the adhesivity of
domain of L1 and its Drosophila homolog, neuroglian, does not its extracellular domain directly. Therefore, another strategy may
alter their adhesivity (Hortsch et al., 1995; Wong et al., 1995). be used to alter L1-mediated adhesion. For example, the amount
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of L1 expression on the cell surface could be controlled by
regulating its internalization from the plasma membrane.

The interaction between cytoplasmic coat proteins and specific
signals in the cytoplasmic tails of integral membrane proteins is
considered a general mechanism for controlling protein sorting in
the endocytic pathways. The tyrosine-based motif, Yxx@, is the
best characterized of the endocytic sorting signals that are rec-
ognized by and interact with the clathrin-associated AP-2 com-
plex (Ohno et al., 1995, 1996; Boll et al., 1996; Rapoport et al.,
1997). We have demonstrated that the tyrosine-based sorting
motif, YRSL, in the L1CD specifically interacts with the u2 chain
of AP-2 in vitro and that L1 associates with both AP-2 and AP180
in vivo. Because the interaction of tyrosine-based sorting signals
with AP-2 governs endocytosis of the signal-bearing proteins
(Kirchhausen et al., 1997; Marks et al., 1997), the binding of L1
with AP-2 strongly suggests that L1 is endocytosed via an AP-2
and clathrin-mediated pathway. This also has been demonstrated
in the present study by showing that L1 endocytosis is blocked by
dominant-negative dynamin, which is known specifically to block
clathrin-dependent endocytosis (van der Bliek et al, 1993;
Damke et al., 1994).

The YRSL sequence is conserved not only in mammalian L1
but also in chick and zebrafish homologs of L1 (Hlavin and
Lemmon, 1991; Tongiorgi et al., 1995; Buchstaller et al., 1996). It
also is conserved in other members of the L1 subfamily, including
neurofascin and NrCAM (Kayyem et al., 1992; Volkmer et al.,
1992), implying that the YRSL is a common signal mediating
endocytosis of L1 family CAMs. The L1CD contains three other
tyrosine residues (Hlavin and Lemmon, 1991), although none of
them constitutes a recognized sorting sequence that conforms to
either the Yxx@ motif or another type of tyrosine-based motif,
NPXY (Chen et al., 1990; Kirchhausen et al., 1997; Marks et al.,
1997). The YRSL sequence in the L1CD is followed immediately
by a cluster of acidic amino acids containing Ser''®! that can be
phosphorylated by casein kinase II (CKII; see Fig. 1) (Wong et
al., 1996). This consensus motif for CKII phosphorylation also is
conserved in neurofascin and NrCAM. Several proteins localized
to the trans-Golgi network (TGN), such as furin and varicella-
zoster virus glycoprotein I, carry an acidic stretch with CKII
phosphorylation sites, which is situated C-terminal to tyrosine-
based sorting signals. Internalization of these proteins from the
cell surface is dependent on both the CKII phosphorylation sites
and the tyrosine-based signals (Voorhees et al., 1995; Alconada et
al., 1996), implying that the phosphorylation of L1 by CKII also
might play a role in L1 endocytosis.

The present study has shown that endocytosed L1FL colocalizes
with Tf and TfR in L1rL-transfected NIH-3T3 cells. The endo-
cytic and recycling pathways of Tt and TR are well characterized
(Dautry-Varsat, 1986). The TfR bears a tyrosine-based signal
YTREF in its cytoplasmic tail, which is recognized by the u2 chain
of AP-2 (Ohno et al., 1995). The Tf/T{R complex formed at the
cell surface is endocytosed through the clathrin-coated pits by
interacting with AP-2. Upon the uncoating of the endocytic
vesicles and dissociation of AP-2, the Tf/TfR complex is recycled
to the cell surface via early and recycling endosomes, but it does
not enter lysosomally directed pathways (Dautry-Varsat et al.,
1983; Dautry-Varsat, 1986). It is also possible that, after clathrin-
mediated endocytosis, L1FL is targeted to early and recycling
endosomes to be directed back to the cell surface, considering the
significant colocalization of endocytosed L1FL and Tf/TfR. The
failure of endocytosed L1Y1176A and L1ARSLE to colocalize with
Tf/TfR suggests that these forms of L1 are internalized via a
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different pathway from T{/T{R uptake, for example, via clathrin-
independent endocytic pathways. These pathways, which include
caveolae and macropinocytosis, are known to exist in many types
of mammalian cells (Mellman, 1996). The observations that en-
docytosed L1FL, but not L1v1176A and L1ARSLE, colocalized with
Tf/TfR indicate that the YRSL sequence affects the endocytic
traffic pathways of L1, most likely by interacting with AP-2.

Endocytosis and recycling mechanisms are important not only
for ligand-transporting receptors, such as TfRs, but also for
CAMs, such as integrins, which are involved in cell motility. Cell
migration is a complex process requiring coordinated functions of
cytoskeletal, membrane, and adhesion systems. In migrating cells
and in the growth cone of extending axons, the backward flow of
the actin cytoskeleton is viewed as a force-generating system.
When coupled to an extracellular substrate via CAMs, the retro-
grade actin flow can generate force that is required for the
anterograde cell movement (Lin et al., 1994; Mitchison and
Cramer, 1996). CAMs, which have been translocated to the rear
by coupling to the backward actin flow, are internalized from the
cell surface and recycled to the leading edge (Lawson and Max-
field, 1995; Lauffenburger and Horwitz, 1996). The internaliza-
tion of CAMs provides a mechanism for creating a gradient of
adhesive strength from the front to the rear of migrating cells or
axonal growth cones, which is thought to be required for cell
locomotion (Lauffenburger and Horwitz, 1996).

The present work has demonstrated that L1, as visualized by
74-5H7, colocalizes with Eps15 only at the rear of axonal growth
cones. Because Epsl15 is present in an early phase of endocytosis
(clathrin-coated pits) (Tebar et al., 1996), the site-specific colo-
calization of L1 and Eps15 strongly suggests that L1 is endocy-
tosed preferentially at the rear of growth cones. This was con-
firmed further by directly visualizing endocytosed L1 in the
growth cones. Because endocytosed L1 is restricted to the sub-
region of growth cones where L1 and Eps15 colocalize, it is most
likely that the clathrin-mediated mechanism is the major endo-
cytic route for L1 in neurons. The observation that 74-5H7
labeled L1 in vesicular compartments also at the peripheral do-
main of growth cones implies that L1 has been transported
anterogradely after endocytosis. The preferential endocytosis of
L1 at the rear of growth cones and the subsequent anterograde
transport are consistent with the general concept of CAM traf-
ficking in migrating cells. Further studies are needed to clarify
what mechanism is involved in regulating the L1 and AP-2
interaction to allow the site-specific endocytosis of L1. It has been
speculated that Tyr''”® in the L1CD, which is a critical residue of
the tyrosine-based sorting signal YRSL, may be subject to phos-
phorylation (Heiland et al., 1996). Considering that the critical
tyrosine has to be in a nonphosphorylated state for the signals to
be active in sorting (Boll et al., 1996; Ohno et al., 1996), the
phosphorylation of Tyr'!'”® may be involved in regulating L1
endocytosis.

Another important implication of CAM endocytosis is that a
cell could regulate the surface expression of CAMs in response to
its extracellular environment. For example, integrin expression
on the neuronal cell surface is dynamically regulated by the
extracellular ligand density, providing a mechanism by which
neurons can maintain proper adhesive interactions over a broad
range of ligand concentrations (Condic and Letourneau, 1997). It
is also likely that extracellular ligand binding to L1 influences L1
endocytosis. Because cis-interactions of L1 with other Ig super-
family members are thought to initiate intracellular signaling in
response to ligand binding (Kamiguchi and Lemmon, 1997), it
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would be interesting to study whether the cis-interactions could
regulate L1 endocytosis.

In adult brain, L1 subfamily members are found in the hip-
pocampus and cerebellum (Briimmendorf and Rathjen, 1994),
regions in which the remodeling of synaptic connections is a
critical and ongoing process. Indeed, L1 has been implicated in
hippocampal long-term potentiation (Liithl et al., 1994) and in
spatial learning (Fransen et al., 1998). Endocytosis of apCAM, a
member of the Ig superfamily of CAMs, is important during
synaptic remodeling after conditioning in the gill withdrawal
reflex in Aplysia (Bailey et al., 1992; Mayford et al., 1992). It is
plausible that endocytosis of L1 also might play a role in synaptic
remodeling.
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