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The neural adhesion molecule L1 mediates the axon outgrowth,
adhesion, and fasciculation that are necessary for proper de-
velopment of synaptic connections. L1 gene mutations are
present in humans with the X-linked mental retardation syn-
drome CRASH (corpus callosum hypoplasia, retardation, apha-
sia, spastic paraplegia, hydrocephalus). Three missense muta-
tions associated with CRASH syndrome reside in the
cytoplasmic domain of L1, which contains a highly conserved
binding region for the cytoskeletal protein ankyrin. In a cellular
ankyrin recruitment assay that uses transfected human embry-
onic kidney (HEK) 293 cells, two of the pathologic mutations
located within the conserved SFIGQY sequence (S1224L and
Y1229H) strikingly reduced the ability of L1 to recruit 270 kDa
ankyrinG protein that was tagged with green fluorescent protein
(ankyrin–GFP) to the plasma membrane. In contrast, the L1
missense mutation S1194L and an L1 isoform lacking the
neuron-specific sequence RSLE in the cytoplasmic domain

were as effective as RSLE-containing neuronal L1 in the recruit-
ment of ankyrin–GFP. Ankyrin binding by L1 was independent
of cell–cell interactions. Receptor-mediated endocytosis of L1
regulates intracellular signal transduction, which is necessary
for neurite outgrowth. In rat B35 neuroblastoma cell lines stably
expressing L1 missense mutants, antibody-induced endocyto-
sis was unaffected by S1224L or S1194L mutations but ap-
peared to be enhanced by the Y1229H mutation. These results
suggested a critical role for tyrosine residue 1229 in the regu-
lation of L1 endocytosis. In conclusion, specific mutations
within key residues of the cytoplasmic domain of L1 (Ser1224,
Tyr1229) destabilize normal L1–ankyrin interactions and may
influence L1 endocytosis to contribute to the mechanism of
neuronal dysfunction in human X-linked mental retardation.
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The cell adhesion molecule L1 functions broadly in regulating the
growth of axons in developing neurons and in fostering learning
in the adult. L1 is localized in the plasmalemma of growth cones
and processes of developing neurons, on axons of mature non-
myelinating neurons, and in glial cells (for review, see Kamiguchi
et al., 1998b). L1 knock-out mice show axon guidance errors in
the corticospinal tract and corpus callosum, misoriented den-
drites of cortical pyramidal cells, degeneration of sensory axons,
and enlarged ventricles (Cohen et al., 1997; Dahme et al., 1997;
Demyanenko et al., 1999; Haney et al., 1999). Many of these
features are present in humans with the X-linked mental retar-
dation syndrome termed CRASH (corpus callosum hypoplasia,
retardation, aphasia, spastic paraplegia, hydrocephalus), which
results from L1 gene mutations (Fransen et al., 1997). However,
the molecular basis for L1 function in normal processes of neu-
rodevelopment and in human neurological disease is unclear.

L1 is the founding member of a subgroup of cell adhesion
molecules (Holm et al., 1996). These transmembrane glycopro-
teins have a short cytoplasmic domain containing a conserved

region capable of binding to the cytoskeletal protein ankyrin
(Davis and Bennett, 1994; Brümmendorf et al., 1998). An isoform
of ankyrin (440 kDa ankyrinB) colocalizes with L1 and may
stabilize L1 within the axon (Scotland et al., 1998); however, the
physiological role of L1–ankyrin binding is not yet defined. A
correspondence in the phenotypes of ankyrinB and L1 knock-out
mice in regard to dysplastic axon tracts (corpus callosum, pyra-
midal tracts) and ventricular dilation lends support to the signif-
icance of this interaction (Scotland et al., 1998). The cytoplasmic
region of L1 also contains a neuronal-specific sequence RSLE,
arising by alternative splicing, that targets L1 to axons (Kamigu-
chi and Lemmon, 1998). RSLE participates in receptor-mediated
endocytosis of L1, which depends on clathrin and dynamin
GTPase (Kamiguchi et al., 1998a). L1 endocytosis is required for
the activation of a MAP kinase signaling pathway that governs
neurite growth on L1 substrates (Schaefer et al., 1999; Schmid et
al., 2000).

Three missense mutations associated with CRASH syndrome
have been described in the cytoplasmic domain of L1 (Fig. 1).
Two of these pathological missense mutations (S1224L and
Y1229H) are located in the conserved SFIGQY sequence that is
within a region involved in ankyrin–L1 interactions (Fransen et
al., 1997; Saugier-Veber et al., 1998). The remaining missense
mutation (S1194L) is in a portion of the L1 cytoplasmic region of
unknown function, located midway between the RSLE sequence
and the ankyrin binding domain (Fransen et al., 1994). It is not
understood how these mutations perturb normal L1 properties to
give rise to neurological abnormalities.

We have explored the effects of the intracellular domain L1
point mutations on the interaction of L1 with ankyrin and have
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tested the hypothesis that ankyrin binding may stabilize L1
within the axon by decreasing the endocytosis of L1. Two of the
pathological missense mutations in the L1 cytoplasmic domain
(S1224L and Y1229H) reduced the ability of L1 to recruit ankyrin
to the plasma membrane, whereas the remaining mutation
(S1194L) had no effect on ankyrin recruitment. Interestingly, the
L1 Y1229H mutant also exhibited altered regulation of L1 endo-
cytosis. These results indicate that specific mutations of residues
Ser1224 or Tyr1229 in the cytoplasmic domain disrupt L1–ankyrin
binding and may influence the endocytotic machinery to regulate
normal development of the nervous system.

MATERIALS AND METHODS
cDNA constructs. The cDNAs encoding human L1 with and without the
RSLE exon were a gift from Dr. John Hemperly (Becton Dickinson,
Research Triangle Park, NC). L1 with the RSLE exon was subcloned into
the pALTER vector (Promega, Madison, WI), and point mutations in L1
corresponding to human mutations (Fig. 1) were prepared with the
Altered Sites II site-directed mutagenesis kit (Promega) according to the
manufacturer’s specifications and were confirmed by DNA sequencing.
Then the cDNAs encoding the wild-type and mutant L1 proteins were
subcloned into the eukaryotic expression plasmid pcDNA3 (Invitrogen,
San Diego, CA). The construct encoding a fusion protein between
ankyrin and green fluorescent protein (GFP) was a gift from Dr. Vann
Bennett (Duke University, NC). This construct, ankyrin–GFP, encodes
the full-length rat 270 kDa ankyrinG with GFP tagged at the C terminus
in the eukaryotic expression plasmid pEGFP-N1 (Clontech, Palo Alto,
CA) (Zhang et al., 1998).

Human embryonic kidney (HEK) 293 cell culture and transient transfec-
tion. Cultures of transformed HEK 293 cells were maintained in DMEM
supplemented with 10% fetal calf serum (HyClone, Logan, UT), genta-
mycin, and kanamycin in a humidified atmosphere containing 5% CO2 at
37°C. HEK 293 cells were transfected with plasmids, using Lipo-
fectamine (Life Technologies, Gaithersburg, MD) as described (Need-
ham and Rozengurt, 1998). Briefly, HEK 293 cells were plated at a
density of 8 3 10 5 cells/35 mm dish and were transfected the next day.
Cultures prepared for confocal microscopy analysis of ankyrin–GFP
recruitment to the plasma membrane by L1 were plated at the same
density into 35 mm dishes containing a poly-D-lysine-coated glass cover-
slip. In the standard transfection procedure, which yielded a transfection
efficiency of '60%, the HEK 293 cells were transfected with ankyrin–
GFP (0.5 mg) and the indicated L1 plasmid DNA (0.5 mg) plus 9 ml of
Lipofectamine in 1 ml of serum-free OptiMEM-1 medium (Life Tech-
nologies) per 35 mm dish for 18 hr in 5% CO2. The standard transfection
procedure was optimal for cell viability after transfection. In some
experiments the HEK 293 cells were plated at a density of 4 3 10 5

cells/35 mm dish to decrease cell density and cell–cell interaction. In
additional experiments an alternative procedure was used that yielded a
lower transfection efficiency ('10%). In the alternative transfection
procedure the HEK 293 cells were transfected with ankyrin–GFP DNA
(2.5 mg) and L1 plasmid DNA (2.5 mg), together with 10 ml of Lipo-
fectamine per 35 mm dish. HEK 293 cultures were analyzed for recruit-
ment of ankyrin to the plasma membrane 18 hr after the addition of the
Lipofectamine transfection medium.

B35 neuroblastoma cell culture and production of stable L1-expressing
B35 cell lines. The rat B35 neuroblastoma cell line was derived from the
CNS (Schubert et al., 1974) and expressed little or no detectable L1
(Schmid et al., 2000). B35 cells were maintained in DMEM supple-
mented with 10% fetal calf serum (HyClone), gentamycin, and kanamy-
cin in a humidified atmosphere containing 5% CO2 at 37°C. We previ-
ously characterized B35 cell lines stably expressing exogenous human L1
(Schmid et al., 2000). For the production of cell lines stably expressing L1
point mutants, B35 cells were transfected with neomycin-selectable
pcDNA3 expression plasmids encoding mutant L1, using Lipofectamine
(Life Technologies). Briefly, B35 neuroblastoma cells were plated in 100
mm dishes and transfected the next day when they were ;50% confluent.
The B35 cells were transfected with 10 mg of expression plasmid DNA
encoding L1 point mutants and 20 ml of Lipofectamine in 6.4 ml of
serum-free OptiMEM-1 medium per 100 mm dish for 12 hr in 5% CO2.
At 4 d after the addition of the Lipofectamine transfection medium, the
B35 cells were passaged for clonal selection into culture medium supple-
mented with 500 mg/ml G418 (Mediatech, Washington, DC) and cultured
for an additional 10–14 d. Then 12–24 G418-resistant clones from each

transfection were screened for L1 expression by Western blot analysis.
Examination of these B35 cell lines for L1 detected by indirect immu-
nofluorescence and confocal microscopy analysis showed that one or two
of the characterized clones expressed the mutant L1 at the cell surface at
a level equivalent to the B35 cell line expressing wild-type L1 (Fig. 5).
The stable L1-expressing B35 neuroblastoma cell lines were maintained
in culture medium supplemented with 250 mg/ml G418.

L1 expression analysis by Western blotting. For analysis of relative levels
of L1 expression the cells in 35 mm dishes were washed with buffered
saline and extracted in ice-cold NP-40 lysis buffer [1% Nonidet P-40,
0.25% (w/v) sodium deoxycholate, and (in mM) 50 HEPES, pH 7.4, 137
NaCl, 1 Na-EDTA, 10 NaF, 1 sodium orthovanadate, 10 p-nitrophenyl-
phosphate, 1 phenylmethylsulfonyl fluoride (PMSF), and 10 b-glycero-
phosphate plus 10 mg/ml leupeptin, 0.1 TIU/ml aprotinin, and 10%
glycerol]. Cell lysates were clarified by centrifugation at 16,000 3 g for 15
min at 4°C. The protein concentration of the clarified lysates was deter-
mined by using the bicinchoninic acid protein assay (Pierce, Rockford,
IL). Clarified lysates (25 mg) in Laemmli sample buffer containing 2 mM
Na-EDTA were resolved by discontinuous SDS-polyacrylamide gel elec-
trophoresis (Laemmli, 1970), and the proteins were transferred onto
nitrocellulose membranes on a semi-dry electroblot transfer. Then the
membranes were blocked by incubation for 2 hr with 1% polyvinylpyr-
rolidone (PVP-40, Sigma), 0.05% Tween 20, and 0.02% sodium azide in
TRIS-buffered saline, pH 7.4 (PVP-40 blocking buffer) (Haycock, 1993).
After being blocked, the membranes were incubated with purified L1
monoclonal antibody Neuro4 at 1 mg/ml in PVP-40 blocking buffer. The
monoclonal antibody Neuro4, which recognizes an extracellular domain
epitope of human L1, was a generous gift from Dr. Hemperly. After
being washed, the membranes were incubated with horseradish
peroxidase-conjugated goat anti-mouse IgG. After the membrane was
washed, the bound immune complexes were detected by using enhanced
chemiluminescence and x-ray film.

Analysis of ankyrin–GFP recruitment to the plasma membrane by wild-
type and mutant L1. HEK 293 cells on glass coverslips were transfected
with ankyrin–GFP and L1 expression plasmids and then were fixed with
4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 20 min; they
were washed and treated with 0.1 M glycine for 5 min. After being
washed, the cells were incubated with 10% normal goat serum in PBS. To
label cell surface L1, we then treated the fixed cells with purified L1
monoclonal antibody Neuro4 at a concentration of 1 mg/ml. Alterna-
tively, in some experiments an antibody directed against the C terminus
of the cytoplasmic domain of L1 was used to label L1 in permeabilized
transfected HEK 293 cells. In these experiments the fixed cells were
permeabilized with PBS containing 0.1% Triton X-100 and 10% rabbit
serum and then were treated with goat anti-L1 antibody C-20 (sc-1508,
Santa Cruz Biotechnology, Santa Cruz, CA) at a concentration of 0.2
mg/ml in rabbit serum containing PBS. After incubation with the primary
mouse or goat antibody against L1, the cells were washed and subjected
to secondary staining with tetramethylrhodamine isothiocyanate
(rhodamine)-conjugated goat anti-mouse IgG or rabbit anti-goat anti-
bodies in PBS, respectively. The GFP/immunofluorescence experiments
were recorded on a Zeiss LSM 210 laser confocal microscope at the
Microscopy Service Laboratory (Dr. Robert Bagnell, Director, Univer-
sity of North Carolina at Chapel Hill). The Zeiss confocal microscope
was equipped with a 633 Plan Apochromat oil objective, an argon laser
(excitation lines 488 and 514), and differential interference contrast
(DIC) optics. For each field of cells that was analyzed, DIC images were
recorded, and confocal images (optical section thickness, 0.5 mm) were
recorded of the rhodamine-labeled L1 by using the 514 excitation line of
the laser and of the ankyrin–GFP by using the 488 excitation line of the
laser. Each experiment was repeated at least three times.

Analysis of cell surface L1, antibody-induced endocytosis of L1, and
localization of cytoplasmic L1 in B35 neuroblastoma cell lines. B35 neu-
roblastoma cell lines stably expressing wild-type L1 or L1 point mutants
were plated onto poly-D-lysine-coated eight-well chamber slides (LabTek
II, Nunc, Naperville, IL) at 40,000 cells per chamber 18 hr before being
processed for indirect immunofluorescence. For the analysis of relative
levels of cell surface L1, B35 cells were fixed and stained with the Neuro4
monoclonal antibody that recognizes an extracellular domain epitope of
L1. Paraformaldehyde-fixed cells were incubated with PBS containing
10% goat serum and then were treated with purified anti-L1 Neuro4
monoclonal antibody at a concentration of 1 mg/ml. After being washed,
the cells were subjected to secondary staining with fluorescein isothio-
cyanate (fluorescein)-conjugated goat anti-mouse IgG antibodies. As a
control for the specificity of the Neuro4 mouse monoclonal IgG antibody,
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additional fixed cells were treated as above with the exception that
purified mouse IgG was substituted for the Neuro4 monoclonal antibody.

To examine the antibody-induced endocytosis of L1 mutants in the
B35 neuroblastoma cells lines, we treated living B35 cells with L1
antibody and used a procedure to label differentially the cell surface and
internalized L1 antibody complexes with double-label indirect immuno-
fluorescence and laser confocal microscopy. Purified Neuro4 monoclonal
L1 antibody was added (25 mg/ml final concentration) to cultures of
viable B35 cells to complex cell surface L1, and the cells were incubated
in DMEM at 37° for 30 min to allow for antibody-mediated endocytosis
of the cell surface L1 antibody complexes. As a control for the specificity
of the Neuro4 antibody, additional live cells were treated as above with
the exception that purified mouse IgG was substituted for the Neuro4
mouse monoclonal IgG antibody. To stop further endocytosis, we then
cooled the cell dishes on ice. The cells were washed with DMEM at 4°C,
and L1 antibody complexes remaining at the cell surface were labeled by
incubation with rhodamine-conjugated goat anti-mouse IgG antibodies
in DMEM for 30 min at 4°C. To block any remaining unlabeled cell
surface L1 antibody complexes, we then incubated the cells with unla-
beled goat anti-mouse IgG at 200 mg/ml in DMEM for 1 hr at 4°C. After
an additional wash at 4°C with PBS the cells were treated with parafor-
maldehyde, fixing the cell surface rhodamine-labeled L1 antibody com-
plexes, and the cells then were permeabilized with PBS containing 0.1%
Triton X-100 and 10% goat serum for 1 hr. After permeabilization the
internalized L1–Neuro4 antibody complexes were labeled by the addition
of fluorescein isothiocyanate (fluorescein)-conjugated goat anti-mouse
IgG antibodies in PBS containing 10% goat serum.

For the analysis of subcellular localization of cytoplasmic L1 in the
absence of antibody-induced endocytosis, B35 cells were fixed with
paraformaldehyde and permeabilized with PBS containing 0.1% Triton
X-100 and 10% normal goat serum before being labeled with Neuro4
monoclonal antibody IgG antibodies. Fixed and permeabilized B35 cells
were treated with purified anti-L1 Neuro4 monoclonal antibody at a
concentration of 1 mg/ml and subjected to secondary staining with
fluorescein-conjugated goat anti-mouse IgG antibodies. For each field of
cells that was analyzed, DIC images and confocal images were recorded
on the Zeiss LSM 210 laser confocal microscope. Rhodamine-labeled L1
was recorded by using the 514 excitation line, and fluorescein-labeled L1
was recorded by using the 488 excitation line of the laser. Each experi-
ment was repeated at least three times.

RESULTS
Interaction of wild-type and mutant L1 with ankyrin
cDNAs encoding the neuronal form of L1 expressing the RSLE
sequence were mutated to produce the L1 missense mutations
found in patients with CRASH syndrome. These mutations in-
cluded point mutations in the extracellular domain of L1
(L11R184Q, L11H210Q, L11E309K, L11Y784C, and
L11Y1070C) and point mutations in the intracellular domain of
L1 (L11S1194L, L11S1224L, and L11Y1229H). The alterna-
tively spliced neuron-specific RSLE sequence (Miura et al., 1991;

Takeda et al., 1996) contributes to the recognition sequence
YRSL for the AP-2 adaptor protein and thus targets L1 for
clathrin-mediated endocytosis (Kamiguchi et al., 1998a). cDNAs
encoding wild-type L1 with and without the RSLE sequence also
were used in these studies. The positions of these mutations in the
human L1 transmembrane protein are shown in Figure 1 relative
to the extracellular domains and the alternatively spliced RSLE
sequence. Two of the human L1 cytoplasmic domain mutations,
S1224L and Y1229H, are located at the N and C termini, respec-
tively, of a highly conserved sequence, SFIGQY, which is in-
volved in ankyrin binding (Zhang et al., 1998). The remaining
pathological missense mutation (S1194L) is found in a portion of
the L1 cytoplasmic region midway between the RSLE sequence
and the ankyrin binding domain (Fransen et al., 1994). Although
this serine is conserved in the members of the L1 subfamily of
proteins (Holm et al., 1996), its possible function is not known.

To examine the interaction between wild-type and mutant L1
and ankyrin, we adopted a cellular ankyrin recruitment assay
(Zhang et al., 1998), using transfected HEK 293 cells transiently
expressing L1 isoforms as well as ankyrin that was tagged with
GFP. No proteins cross-reactive with anti-human L1 antibodies
were detected in this human cell line by Western blot (Fig. 2) nor
by indirect immunofluorescence analysis (Fig. 3A). Western blot
analysis with the L1 monoclonal antibody Neuro4 confirmed that
the exogenous wild-type L1 and L1 proteins with point mutations
in the intracellular domain were expressed at equivalent levels in
transfected HEK 293 cells (Fig. 2). By SDS-PAGE and Western
blot analysis the wild-type and mutant L1 proteins were resolved
as two bands at apparent molecular weights of ;210 and 220 kDa.
Previous reports have suggested that the higher molecular weight
form of L1 is the mature glycosylated isoform predominantly
expressed at the cell surface (Zisch et al., 1997; Moulding et al.,
2000). In addition, indirect immunofluorescence analysis showed
that the exogenous wild-type L1 and the intracellular domain
mutant L1 proteins were expressed on the cell surface at approx-
imately equivalent levels in HEK 293 cells cotransfected with a
GFP-tagged 270 kDa ankyrinG protein (ankyrin–GFP) (Figs.
3A–D, 4A–D).

In the cellular ankyrin recruitment assay the interaction of
ankyrin–GFP with L1 was detected indirectly in HEK 293 cells
by the recruitment of ankyrin–GFP to the cytoplasmic domain of
L1 in the plasma membrane. When HEK 293 cells were trans-
fected with an ankyrin–GFP expression plasmid in the absence of

Figure 1. Schematic diagram of human L1 missense mutations. Human L1 is a transmembrane protein with the following domain structure: six
extracellular immunoglobulin domains (Ig domains, amino acid residues 33–609) and five extracellular fibronectin type III domains (FNIII-like domains,
amino acid residues 610–1113), a transmembrane domain (amino acid residues 1114–1144), and a cytoplasmic domain (amino acid residues 1145–1253).
Within the cytoplasmic domain the site of the RSLE sequence (amino acid residues 1177–1180) encoded by the alternatively spliced RSLE exon is
indicated. The location of each of the analyzed point mutations of L1 (R184Q, H210Q, E309K, Y784C, Y1070C, S1194L, S1224L, and Y1229H ) is
indicated.
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L1, no L1 was detected in HEK 293 cells by indirect immunoflu-
orescence with the L1 monoclonal antibody Neuro4 (Fig. 3A),
and the ankyrin–GFP remained cytoplasmic, as indicated by the
diffuse intracellular distribution and nuclear exclusion of the GFP
fluorescence (Fig. 3A9). Previous studies had demonstrated that
HEK 293 cells express endogenous spectrin and endogenous
ankyrin, which both are localized predominantly at the plasma
membrane (Zhang et al., 1998). In agreement with the previously
reported results, endogenous spectrin is insufficient in amount to
recruit exogenous ankyrin–GFP to the plasma membrane (Fig.
3A9). In contrast, when the HEK 293 cells were cotransfected
with ankyrin–GFP and wild-type L11RSLE, the ankyrin–GFP
became localized to the plasma membrane (Fig. 3B9). As shown
in Figure 3B–D, sites on L1-expressing cells that were not in
contact with other cells or that were in contact with cells not
expressing L1 were labeled readily with the monoclonal antibody
Neuro4, which recognizes an extracellular domain epitope of L1.
However, sites of cell–cell adhesion between transfected HEK
293 cells expressing L1 were, in general, poorly labeled with this
antibody. We obtained identical results by using a polyclonal
rabbit antibody that was directed against the extracellular domain
of L1 (data not shown). When HEK 293 cells expressing wild-
type L1 were permeabilized and stained with a goat antiserum
recognizing an intracellular domain epitope of L1, plasma mem-
brane sites of apposition between L1-expressing cells were la-
beled as readily as plasma membrane sites not in apposition to
L1-expressing cells (Fig. 3E). Therefore, these results suggested
that the apparent lack of localization of L1 at sites of cell–cell
adhesion between L1-expressing HEK 293 cells stained with the
Neuro4 antibody was an artifact caused by antibody inaccessibility
to sites of L1–L1 trans-interaction. When HEK 293 cells express-
ing wild-type L1 were stained with this intracellular domain
epitope antibody, there was a high degree of colocalization of
plasma membrane L1 and ankyrin–GFP, as shown in Figure
3E,E9. In conjunction, these results suggested that the cytoplasmic
domain of wild-type L1 provided an effective membrane-binding
site for recruitment of 270 kDa ankyrinG to the plasma mem-
brane. Because the intracellular domain epitope L1 antibody also
stained cytoplasmic L1 in permeabilized cells, the plasma
membrane-localized L1 often was obscured in HEK 293 cells,
which generally expressed high levels of L1 throughout the cell.

Therefore, the ankyrin recruitment assay data that used the
monoclonal Neuro4 L1 antibody against an extracellular domain
epitope to localize cell surface L1 in L1-expressing cells is
presented.

Cotransfection of wild-type L1 without the RSLE sequence,
together with ankyrin–GFP, resulted in the recruitment of anky-
rin–GFP to the plasma membrane in a manner that was indis-
tinguishable from that seen in HEK 293 cells cotransfected with
wild-type L1 with the RSLE sequence (Fig. 3C9). This result
suggested that the neuronal-specific RSLE sequence was not
required for the interaction of L1 and ankyrin.

Cotransfection of L1 and ankyrin–GFP into HEK 293 cells by
the standard transfection procedure resulted in a high percentage
of transfected cells ('60%), such that HEK 293 cells expressing
L1 were most often in contact with other L1-expressing cells. This
made it difficult to determine whether L1–L1 trans-interaction
was required for effective L1-mediated recruitment of ankyrin to
the plasma membrane. However, when an alternate transfection
procedure with a lower transfection efficiency ('10%) was used,
most HEK 293 cells expressing L1 were isolated from other
L1-expressing cells. Wild-type L1 effectively recruited ankyrin–
GFP to the plasma membrane in these HEK 293 cells that were
isolated from other L1-expressing cells (data not shown). These
results suggested that homophilic L1 trans-interaction was not
required for the recruitment of ankyrin to the plasma membrane
by L1 in this assay. Furthermore, when HEK 293 cells were plated
at a lower cell density before transfection by the standard proce-
dure, many of the L1-expressing cells did not contact any other
cells. As shown in Figure 3D9, wild-type L1 effectively recruited
ankyrin–GFP to the plasma membrane in these HEK 293 cells in
the absence of interaction with other cells. These results sug-
gested that neither heterophilic L1 trans-interactions nor cell–cell
adhesion was required for the recruitment of ankyrin to the
plasma membrane by L1 in this assay.

When HEK 293 cells were cotransfected with ankyrin–GFP
and L1 expressing point mutations in the extracellular do-
main (L11R184Q, L11H210Q, L11E309K, L11Y784C, and
L11Y1070C), Western blot and indirect immunofluorescence
analysis suggested that approximately equivalent levels of the
mutant L1 and wild-type L1 proteins were expressed in total and
at the cell surface (data not shown). HEK 293 cells expressing
these extracellular domain L1 point mutants efficiently recruited
ankyrin–GFP to the plasma membrane whether or not they were
in contact with other L1-expressing cells (data not shown). These
results suggested that the recruitment of ankyrin to the plasma
membrane by L1 in this assay was independent of the L1 extra-
cellular domain interactions affected by these extracellular do-
main mutations associated with CRASH syndrome. Further-
more, because the mutations R184Q and H210Q previously had
been shown to reduce L1–L1 trans-interactions substantially
(Zhao and Siu, 1996; De Angelis et al., 1999), these results
confirm the independence of L1–L1 trans-interaction and L1–
ankyrin interaction in this assay.

In striking contrast to the extracellular domain mutants, the L1
cytoplasmic domain mutant S1224L failed to recruit ankyrin to
the plasma membrane. When HEK 293 cells were cotransfected
with ankyrin–GFP and the L1 point mutant L11S1224L, the
ankyrin–GFP remained diffusely distributed throughout the cy-
toplasm (Fig. 4C9). Another L1 cytoplasmic domain mutant,
L11Y1229H, also failed to recruit ankyrin to the plasma mem-
brane (Fig. 4D9). On the other hand, a third mutation of L1 in the
cytoplasmic domain, L11S1194L, effectively recruited ankyrin–

Figure 2. L1 wild-type and mutant constructs are expressed at equivalent
levels in HEK 293 cells. HEK 293 cells were lysed, and aliquots were
analyzed by SDS-PAGE and Western blotting with monoclonal antibodies
specific for L1 to determine the relative levels of L1 expression. HEK 293
cells were transfected with the ankyrin–GFP expression plasmid and with
the following human L1 expression plasmids (L1): none (—); wild-type
L1 with or without the RSLE exon sequence (WT1RSLE and WT-
RSLE); or the point mutants L11S1194L (S1194L), L11S1224L
(S1224L), and L11Y1229H (Y1229H ), as indicated. The position of the
175 kDa molecular mass marker is indicated to the lef t of the panel.
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GFP to the plasma membrane (Fig. 4B9). These results suggest
that, for optimal interaction between L1 and ankyrin, the amino
acid residues Ser1224 and Tyr1229 of L1 are crucial. Thus, the L1
S1224L and Y1229H point mutations associated with the human
CRASH syndrome appeared intrinsically defective in a cellular
function involving ankyrin binding to the L1 cytoplasmic domain.

Endocytosis of wild-type L1 and the mutants
L11S1194L, L11S1224L, and L11Y1229H in B35
neuroblastoma cell lines
Rat B35 neuroblastoma is a CNS-derived cell line, which exhibits
neuronal properties including membrane excitability and expres-
sion of enzymes involved in neurotransmitter metabolism (Schu-

Figure 3. L1 recruits ankyrin to the plasma membrane independently of the L1 YRSL sequence. HEK 293 cells were cotransfected with the
ankyrin–GFP expression plasmid and the following L1 expression plasmids (lef t labels): none (no L1, A–A0), wild-type L1 containing the RSLE exon
sequence (WT1RSLE, B–B0, D–D0, E–E0), or wild-type L1 without the RSLE exon sequence (WT-RSLE, C–C0). At 18 hr after transfection the cells
were fixed and processed for indirect immunofluorescence staining by using antibodies specific for L1 and rhodamine-labeled secondary antibodies. The
cells in the horizontal panels A–A0 through D–D0 were stained with the L1 monoclonal antibody Neuro4 that recognizes an L1 extracellular domain
epitope. The cells in the horizontal panel E–E0 were permeabilized and stained with an L1 goat antiserum that recognizes an intracellular domain epitope
of L1. The lef t column presents confocal microscopy images of immunostained L1 (L1, A–E), the middle column presents confocal microscopy images
of ankyrin–GFP (ankyrin, A9–E9), and the right column presents differential interference contrast images (DIC, A0–E0). Each of the horizontal panels
(A–A0 through E–E0) presents the same field of cells. Scale bar, 10 mm.
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bert et al., 1974). B35 neuroblastoma cells were used for the
analysis of L1 mutations because they do not express detectable
levels of endogenous L1 and are transfected more easily than
primary neurons. Furthermore, L1 was shown to undergo
antibody-mediated endocytosis in B35 cells that stably express
exogenous L1 encoding the RSLE exon (B35-L11RSLE)
(Schmid et al., 2000). To compare the ability of L1 mutants to
undergo antibody-mediated endocytosis, we established B35 cell
lines stably expressing L1 cytoplasmic domain mutations: S1194L
(B35-L11S1194L), S1224L (B35-L11S1224L), or Y1229H (B35-
L11Y1229H). Analysis of these B35 cell lines via indirect immu-
nofluorescence with the monoclonal antibody Neuro4 and laser
confocal microscopy confirmed that the exogenous wild-type
L11RSLE and mutant L1 proteins were expressed at approxi-
mately equivalent levels at the cell surface (Fig. 5A–D). Western
blot analysis with the L1 monoclonal antibody Neuro4 confirmed

that the exogenous wild-type L1 and L1 proteins with point
mutations in the intracellular domain were expressed at equiva-
lent levels in the stably transfected B35 cells (Fig. 5E). By SDS-
PAGE and Western blot analysis the wild-type and mutant L1
proteins expressed in the B35 cells were resolved as two bands at
apparent molecular weights of ;210 and 220 kDa. No endoge-
nous protein cross-reactive with the anti-human L1 monoclonal
antibody was detected in the parental B35 cell line by indirect
immunofluorescence (data not shown) nor by Western blotting
(Fig. 5E).

To examine the antibody-induced endocytosis of L1 mutants in
the B35 neuroblastoma cell lines, we treated live B35 cells with L1
antibody and used a procedure to label differentially the cell
surface and internalized L1 antibody complexes with double-label
indirect immunofluorescence and laser confocal microscopy. On
treatment of living B35 cells stably expressing wild-type L1 (B35-

Figure 4. The serine residue S1224 and the tyrosine residue Y1229 in the SFIGQY sequence of L1 are crucial for the recruitment of ankyrin to the
plasma membrane. HEK 293 cells were cotransfected with the ankyrin–GFP expression plasmid and the following L1 expression plasmids (lef t labels):
wild-type L1 containing the RSLE exon sequence (WT1RSLE, A–A0), the L1 point mutants L11S1194L (S1194L, B–B0) or L11S1224L (S1224L, C–C0),
or L11Y1229H (Y1229H, D–D0). At 18 hr after transfection the cells were fixed and processed for indirect immunofluorescence staining by using
antibodies specific for L1 and rhodamine-labeled secondary antibodies. The lef t column presents confocal microscopy images of immunostained L1 (L1,
A–D), the middle column presents confocal microscopy images of ankyrin–GFP (ankyrin, A9–D9), and the right column presents differential interference
contrast images (DIC, A0–D0). Each of the horizontal panels (A–A0 through D–D0) presents the same field of cells. Scale bar, 10 mm.
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L11RSLE) with the L1 monoclonal antibody Neuro4, L1 anti-
body complexes became internalized into vesicles within the
cytoplasm of the B35 cells (Fig. 6A9). Additional L1 antibody
complexes remained localized at the cell surface (Fig. 6A). When
B35-L11S1194L, B35-L11S1224L, or B35-L11Y1229H cells
were treated with Neuro4, L1 antibody complexes also were
internalized effectively into vesicles within the cytoplasm of the

B35 cells (Fig. 6B9,C9,D9, respectively), with additional L1 anti-
body complexes remaining at the cell surface (Fig. 6B–D). When
B35-L11S1194L cells were treated with Neuro4, L1 antibody
complexes were internalized in a manner that was indistinguish-
able from the internalization of wild-type L1 in B35-L11RSLE
cells (Fig. 6B9), suggesting that Ser1194 was not required for the
endocytosis of L1. Because L11S1224L and L11Y1229H did not

Figure 5. L1 wild-type and mutant constructs are ex-
pressed at equivalent levels in B35 neuroblastoma cell
lines. The following stable cell lines of rat B35 neuro-
blastoma cells were processed for L1 indirect immuno-
fluorescence and Western blot analysis as described in
Materials and Methods: untransfected parental B35
cells (—, E); B35 cells expressing wild-type L1
(WT1RSLE, A, A9, E); or the L1 point mutants
L11S1194L (S1194L, B, B9, E), L11S1224L (S1224L, C,
C9, E), or L11Y1229H (Y1229H, D, D9, E). A–D9, B35
cells were fixed and processed for indirect immunoflu-
orescence staining and confocal microscopy analysis to
determine relative levels of L1 expression at the cell
surface. The lef t column presents confocal microscopy
images of immunostained L1 (L1, A–D) and the right
column presents differential interference contrast im-
ages (DIC, A9–D9). Each of the horizontal panels (A–A9
through D–D9) presents the same field of cells. Scale
bar, 10 mm. E, B35 cells were lysed, and the aliquots
were analyzed by SDS-PAGE and Western blotting with
monoclonal antibodies that are specific for L1 to deter-
mine relative levels of L1 expression. The position of the
175 kDa molecular mass marker is indicated to the lef t
of the panel.
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recruit ankyrin–GFP to the plasma membrane, these results
suggested that L1–ankyrin interaction was not required for en-
docytosis. Interestingly, when B35 cells stably expressing
L11Y1229H derived from two independently isolated clones
were treated to induce the antibody-mediated endocytosis of L1,
the vesicles containing endocytosed L1 antibody complexes were
consistently larger and brighter than those found in the B35 cell
line stably expressing wild-type L11RSLE. Because the exoge-
nous wild-type L11RSLE and mutant L1 proteins were ex-
pressed at approximately equivalent levels at the cell surface of
the B35 cells, these results suggested that antibody-induced en-
docytosis was enhanced by the Y1229H mutation.

To investigate the possibility that the L1 mutant Y1229H might
exhibit increased basal endocytosis in the absence of L1 antibody
treatment, we fixed and permeabilized the L1-expressing B35 cell
lines before treatment with the Neuro4 L1 antibody to analyze
the localization of intracellular L1. Strikingly, in permeabilized
B35 cells stably expressing L11Y1229H derived from two inde-
pendently isolated clones, large L1-containing vesicles were evi-
dent within the cytoplasm (Fig. 7D). These vesicles appeared
similar to the L1-containing vesicles internalized after the treat-
ment of living B35 cells stably expressing L11Y1229H with the
L1 monoclonal antibody Neuro4 (Fig. 6D9). However, they were

generally not as large nor as numerous as those L1-containing
vesicles internalized after L1 antibody treatment of B35 cells
expressing L11Y1229H. In contrast, when permeabilized B35-
L11RSLE cells, B35-L11S1194L cells, or B35-L11S1224L cells
were stained with Neuro4, L1 was localized diffusely within the
cytoplasm of the B35 cells and was not apparent within cytoplas-
mic vesicles (Fig. 7A–C). Interestingly, as shown in the DIC
images, the B35-L11Y1229H cells exhibited more vesicles than
the other B35-L1-expressing cell lines (Fig. 7A9–D9).

DISCUSSION
We have explored the effects of naturally occurring point muta-
tions in the cytoplasmic domain of L1 on its ability to recruit
ankyrin and undergo endocytosis. Two missense mutations lo-
cated within the cytoplasmic domain of L1 (S1224L and Y1229H)
strikingly reduced the ability of L1 to recruit ankyrin to the
plasma membrane, whereas the remaining S1194L mutation had
no effect. These results demonstrate that the L1 S1224L and
Y1229H point mutations associated with the human CRASH
syndrome are defective in cellular functions involving ankyrin
binding to the L1 cytoplasmic domain.

L1, a member of the immunoglobulin superfamily, is the found-
ing member of a subgroup of cell adhesion molecules including

Figure 6. Antibody-induced endocytosis of wild-type and
mutant L1 in B35 neuroblastoma cell lines. B35 cell lines
stably expressing wild-type L1 (WT1RSLE, A, A9) or the
L1 point mutants S1194L (B, B9), S1224L (C, C9), or
Y1229H (D, D9) were treated with Neuro4 monoclonal
antibodies against an extracellular epitope of L1 to induce
the endocytosis of L1. The cells were processed to localize
differentially the cell surface and endocytosed L1 by dou-
ble immunofluorescence staining and confocal microscopy
as described in Materials and Methods. Left column (Sur-
face L1, A–D), Stable L1-transfected B35 cell lines stained
for cell surface L1 with rhodamine-labeled secondary an-
tibodies. Right column (Endocytosed L1, A9–D9), Stable
L1-transfected B35 cell lines stained for internalized L1
with fluorescein-labeled secondary antibodies. Each of the
horizontal panels (A, A9 through D, D9) presents the same
field of cells. Scale bar, 10 mm.
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L1, CHL1, neurofascin, Nr-CAM, Ng-CAM, and Drosophila neu-
roglian (Holm et al., 1996). Each of these members of the L1
subfamily contains a short, highly conserved cytoplasmic region
within which is an ankyrin binding site. Two of the human L1
cytoplasmic domain mutations (S1224L and Y1229H) are located
at the N and C termini, respectively, of a highly conserved
sequence in the cytoplasmic region, SFIGQY, which is involved
in ankyrin binding (for review, see Zhang et al., 1998). Our study
demonstrates for the first time that the Ser1224 residue in the
SFIGQY sequence is crucial for ankyrin binding and that a
serine-to-leucine change disrupts ankyrin–L1 interactions. Our
study also revealed that the L1 Y1229H mutation resulted not
only in the loss of ankyrin binding but also in the increase of L1
endocytosis. Loss of ankyrin binding to the L1 Y1229H mutant is
in accord with studies of neurofascin (Zhang et al., 1998), which
showed that an equivalent tyrosine-to-histidine mutation within
the SFIGQY sequence results in loss of ankyrin binding. Because
phosphorylation of the tyrosine residue of SFIGQY by an un-
identified tyrosine kinase has been shown to regulate the inter-
action between L1 family members and ankyrin negatively
(Garver et al., 1997; Tuvia et al., 1997), our result demonstrating
that the L1 Ser1224 residue is crucial for ankyrin interaction raises

the possibility that this serine also may be phosphorylated to
regulate L1 interaction with ankyrin negatively.

In addition to the ankyrin binding domain, the cytoplasmic
region of L1 contains a neuronal-specific alternatively spliced
sequence (Y)-RSLE, which is homologous to the YRRL se-
quence that is a favored motif for recognition by the clathrin
adaptor AP-2 (Boll et al., 1996). Our study demonstrates that L1
recruits ankyrin to the plasma membrane independently of the
RSLE sequence. Because the deletion of the RSLE sequence
previously was shown to block the clathrin-mediated endocytosis
of L1 (Kamiguchi et al., 1998a), the binding of ankyrin to L1 did
not appear to be dependent on L1 interaction with the AP-2
adaptor protein nor on clathrin-mediated endocytosis. Other
studies have demonstrated that the activation of a MAP kinase
signaling pathway mediates neurite outgrowth on L1 (Schmid et
al., 2000) and that clathrin-mediated endocytosis is required for
L1-mediated MAP kinase activation (Schaefer et al., 1999;
Schmid et al., 2000). Because L1 and the 440 kDa isoform of
ankyrinB are colocalized in unmyelinated axons (Chan et al.,
1993) and L1 expression is greatly reduced in premyelinated axon
tracts of ankyrinB (2/2) mice, the 440 kDa isoform of ankyrinB
has been suggested to collaborate in L1 function by stabilizing L1

Figure 7. Localization of cytoplasmic wild-type and
mutant L1 in B35 neuroblastoma cell lines. B35 cell lines
stably expressing wild-type L1 (WT1RSLE, A, A9) or the
L1 point mutants S1194L (B, B9), S1224L (C, C9), or
Y1229H (D, D9) were fixed and permeabilized before
treatment with Neuro4 monoclonal antibodies and were
processed for immunofluorescence staining and confocal
microscopy as described in Materials and Methods. The
lef t column presents confocal microscopy images of im-
munostained L1 (L1, A–D), and the right column pre-
sents differential interference contrast images (DIC, A9–
D9). Each of the horizontal panels (A, A9 through D, D9)
presents the same field of cells. Scale bar, 10 mm.
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within the axon (Scotland et al., 1998). Taking into account these
findings, we suggest that ankyrin-mediated tethering of L1 to the
spectrin cytoskeleton could stabilize L1 within the axon and
negatively regulate L1-mediated signal transduction by decreas-
ing the endocytosis of L1.

To test the hypothesis that the interaction of L1 and ankyrin
may stabilize L1 within the axon by decreasing the endocytosis of
L1, we have investigated the endocytosis of the cytoplasmic L1
missense mutants that are associated with CRASH syndrome.
Treatment of living cells stably expressing wild-type L1 or L1
cytoplasmic domain mutants with L1 antibody resulted in the
internalization of L1 antibody complexes into vesicles. In B35-
L11S1194L cells, L1 antibody complexes were internalized in a
manner that was indistinguishable from the internalization of
wild-type L1 in B35-L11RSLE cells, which suggested that
Ser1194 was not required for endocytosis of L1. Because the
S1224L and Y1229H L1 mutants did not interact effectively with
ankyrin, the demonstration that L11S1224L and L11Y1229H
antibody complexes were internalized effectively suggested that
ankyrin–L1 binding was not necessary for endocytosis. However,
antibody-induced endocytosis of the L1 Y1229H mutant resulted
in internalized L1-containing vesicles that were larger and
brighter than those found in cells expressing wild-type L1 or the
L1 mutants S1194L or S1224L. Strikingly, the L1 Y1229H mutant
was localized in large cytoplasmic vesicles in cells stably express-
ing this mutant even in the absence of L1 antibody-induced
endocytosis, whereas L1 was localized diffusely throughout the
cytoplasm in cells stably expressing wild-type L1 or the S1194L
and S1224L L1 mutants. Because the exogenous wild-type
L11RSLE and mutant L1 proteins were expressed at equivalent
total levels in B35 cells, the large cytoplasmic L1-containing
vesicles found only in the B35-L11Y1229H cells were unlikely to
be attributable to overexpression of L11Y1229H. In addition,
because the exogenous wild-type L11RSLE and mutant L1 pro-
teins were expressed at approximately equivalent amounts at the
cell surface in B35 cells, the large cytoplasmic L1-containing
vesicles found only in the B35-L11Y1229H cells were unlikely to
be attributable to a decrease in trafficking of L11Y1229H to the
cell surface. Therefore, the increase in vesicular L11Y1229H in
the absence of antibody-induced endocytosis was consistent with
an interpretation that the Y1229H mutant L1 undergoes some
degree of increased constitutive endocytosis. These results sug-
gested that the Y1229H mutation may decrease the regulatory
constraints on endocytosis of L1 and thereby increase L1 endo-
cytosis. In view of the observations that the L1 S1224L mutant
also failed to interact with ankyrin but did not display alterations
in endocytosis, the possible modulatory effect of the Y1229H
mutation on L1 endocytosis cannot be attributable to only a
failure of L1 to interact with ankyrin. For example, phosphory-
lation of tyrosine 1229 within the SFIGQY motif also may be
involved in the endocytotic cycling of L1. An alternative expla-
nation is that the L11Y1229H mutation may not affect endocy-
tosis but may shunt newly synthesized mutant L1 directly into a
large vesicular endocytic compartment (Fig. 7) that also is
reached by L11Y1229H from the cell surface after antibody-
mediated endocytosis (Fig. 6).

Our investigation showing differences in cellular functioning
among the three known intracellular domain point mutations of
L1 associated with CRASH syndrome (S1194L, S1224L, and
Y1229H) suggests that cytoplasmic domain mutations may cause
pathological defects by different cellular mechanisms. The L1
Y1229H mutation results in alterations in ankyrin binding and in

endocytosis, the L1 S1224L mutation results only in alterations in
ankyrin binding, and the L1 S1194L mutation affects neither
ankyrin binding nor endocytosis. Abnormalities in nervous sys-
tem development associated with the L1 mutations S1224L and
Y1229H may result from reduced ankyrin binding with or without
endocytic defects, whereas that of the S1194L mutation is most
likely independent of these cellular functions. The widespread
dysgenesis of axonal tracts in ankyrinB (Scotland et al., 1998) and
L1 knock-out mice (Cohen et al., 1997; Dahme et al., 1997;
Demyanenko et al., 1999; Haney et al., 1999) underscores the
importance of L1–ankyrin interactions for normal development.

Although some regions of cell–cell adhesion between L1-
expressing cells appeared to accumulate both L1 and ankyrin–
GFP, our results showed that L1 was effective at recruiting
ankyrin to the plasma membrane in cells that were not in contact
with other cells. In addition, L1 mutations in the extracellular
domain (R184Q, H210Q, E309K, Y784C, and Y1070C) effec-
tively recruited ankyrin to the plasma membrane. The L1 R184Q
and H210Q mutations previously have been shown to disrupt
L1–L1 trans-interactions substantially (Zhao and Siu, 1996; De
Angelis et al., 1999). Furthermore, these two mutations as well as
the mutations E309K and Y1070C previously have been shown to
alter L1–heterophilic interactions with the L1-binding partners
F11/F3/contactin and axonin I/TAG1 (De Angelis et al., 1999).
Thus the recruitment of ankyrin to the plasma membrane by L1
appeared to be independent of homophilic and heterophilic L1
trans-interactions and cell–cell adhesion. This result was in
agreement with previous studies with ankyrin–GFP that showed
neurofascin recruitment of ankyrin–GFP to the plasma mem-
brane independently of extracellular interactions (Zhang et al.,
1998). On the contrary, studies using Drosophila S2 cell lines
stably expressing human L1 have indicated that Drosophila
ankyrin selectively associates with the plasma membrane at sites
of cell–cell contact (Hortsch et al., 1998). Relative levels of
expression of L1 and ankyrin in the transfected HEK 293 cells
and in the stable S2 cell lines might not be equivalent and could
contribute to the observed differences. It is conceivable that the
high levels of expression of L1 at the plasma membrane reached
after the transient transfection of HEK 293 cells might mimic the
clustering of L1 found at sites of cell–cell contact in the stable S2
cell lines. Alternatively, intrinsic differences between HEK 293
cells and Drosophila S2 cells or mammalian ankyrinG and Dro-
sophila ankyrin might contribute.

Our observations that the L11R184Q mutation is expressed at
normal levels at the cell surface in transiently transfected HEK
293 cells agree with the observation reported by De Angelis et al.
(1999) that L11R184Q is expressed at normal levels at the cell
surface in transiently transfected COS cells. In contrast, Mould-
ing et al. (2000) have reported that the R184Q mutation substan-
tially reduced the cell surface expression of L1. The discrepancy
between these observations may be attributable to experimental
differences. We examined the cell surface expression of L1 in
HEK 293 cells that had been transiently transfected with plasmid
DNA expression vectors, whereas Moulding et al. (2000) exam-
ined the cell surface expression of L1 in astrocytes, neurons, and
COS cells that were infected with herpes simplex virus vectors. It
is possible that different levels of L1 expression in transiently
transfected HEK 293 cells relative to virally infected astrocytes
mask a defect in protein processing and trafficking that is seen
after expression of virally derived L1 gene products in astrocytes.

In conclusion, the results suggest that the L1 cytoplasmic do-
main participates in multiple cellular functions that are necessary
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for normal development of the nervous system and that these
functions may be affected differentially by separate mutations
occurring in the X-linked mental retardation syndrome, CRASH.
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