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The neural cell adhesion molecule L1 participates in homophilic interactions that are important for
axon guidance and neuronal development. The structural details of homophilic adhesion mediated
by L1 and other immunoglobulin superfamily members containing an N-terminal horseshoe
arrangement of four immunoglobulin-like domains are unknown. Here we used cryoelectron
tomography to study liposomes to which intact or truncated forms of the L1 ectodomain were
attached. Tomographic reconstructions revealed an adhesion interface with a regular and repeating
pattern consistent with interactions between paired horseshoes contributed by L1 proteins from
neighboring liposomes. The characteristics of the pattern, such as the space between horseshoe pairs
and/or between adjacent membranes, changed when N-linked carbohydrates were altered by
removing sialic acids or converting from complex to high mannose or oligomannose glycans,
suggesting a regulatory role for carbohydrates in L1-mediated homophilic adhesion. Using the results
from tomograms and crystal structures of L1-related molecules, we present a structural model for
L1-mediated homophilic adhesion that depends on protein-protein, protein-carbohydrate, and
carbohydrate-carbohydrate interactions.
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The neural cell adhesion molecule L1 (CD171) is a cell surface protein expressed by
predominantly neuronal, as well as some non-neuronal, cells in vertebrate and invertebrate
species. L1 and related proteins function in neural development, axonal guidance, myelination,
and cell migration by mediating both homophilic and heterophilic adhesion at the cell surface
(Hortsch, 1996; Hortsch, 2000; Maness and Schachner, 2007). Heterophilic binding partners
of L1 include other cell adhesion molecules, proteoglycans, extracellular matrix-associated
molecules, integrins, receptor tyrosine phosphatases, and fibroblast growth factor receptor
(Crossin and Krushel, 2000; Hortsch et al., 1998; Moos et al., 1988). Both homophilic and
heterophilic interactions mediated by L1 are important in promoting or inhibiting neural
outgrowth in vivo (Maness and Schachner, 2007).
L1 is a member of the immunoglobulin (Ig) gene superfamily, which includes other neural cell
adhesion molecules such as neurofascin, NCAM, and TAG-1/axonin-1, all of which contain
tandem Ig-like domains followed in some cases by fibronectin type III (FNIII) domains. L1 is
composed of an ~1100 residue ectodomain containing six Ig-like domains followed by five
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FNIII repeats, a single-pass transmembrane region, and a 114-residue cytoplasm tail (Figure
1A) (Hortsch, 1996). Based on the crystal structures of two L1 homologues, hemolin (Su et
al., 1998) and axonin-1 (Freigang et al., 2000), the four N-terminal Ig-like domains of L1 are
predicted to adopt a horseshoe-shaped conformation in which the first and the second domains
(D1 and D2) fold back to interact with the fourth and the third domains (D4 and D3),
respectively (Figure 1A). The horseshoe conformation may be required for function, as the
first four domains of L1 and related proteins are necessary and sufficient for homophilic
adhesion (Haspel et al., 2000). The role of the FNIII domains in adhesion remains unclear,
although some results suggest that they are involved in cis-interactions that facilitate
heterophilic and/or homophilic interactions (Kunz et al., 2002).
The tandem arrangement of 11 consecutive domains in the L1 ectodomain suggests a flexible
and extended structure. Indeed, electron microscopy (EM) studies of negatively-stained EM
samples were consistent with an N-terminal horseshoe structure followed by a flexible
extended region representing the remainder of the domains (Schurmann et al., 2001). Rotaryshadowed samples showed a more extended structure that did not include the N-terminal
horseshoe, presumably because of interactions between the protein and the mica surface
(Schurmann et al., 2001).
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Like many surface adhesion proteins, human L1 is highly glycosylated, with 21 potential Nlinked glycosylation sites in its ectodomain: four within the N-terminal horseshoe domains,
five within the fifth and sixth Ig-like domains, and the remaining 12 sites in the FNIII domains.
Carbohydrates have been shown to play a role in L1- and N-CAM-mediated neural adhesion
(Acheson et al., 1991; Kadmon et al., 1990). In particular, L1 can bind to terminal sialic acids
attached to complex carbohydrates, thereby acting as a sialic acid-binding lectin in regulating
neurite growth (Crocker, 2002; Kleene et al., 2001).
Although X-ray and EM studies have provided some information about the structure of L1, a
mechanistic understanding of homophilic adhesion mediated by membrane-bound L1
molecules and the roles of carbohydrates in adhesion remain to be clarified. Here we used
cryoelectron tomography (cryoET) to investigate the three-dimensional structure of the
homophilic adhesion interface formed between L1 molecules on opposing membranes. Our
results suggest a new model for homophilic adhesion mediated by L1 family members in which
horseshoes from proteins on opposing membranes meet as trans pairs, which form a regularly
spaced lattice due to lateral contacts resulting from protein-carbohydrate and carbohydratecarbohydrate interactions. Taken together with the demonstration that alterations in
carbohydrate structure changed the structure of the adhesion interface, this model predicts a
primary role for carbohydrates in regulating adhesion mediated by L1 and related proteins.
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RESULTS
The L1 ectodomain and L1 Ig-like domains alone mediate homophilic adhesion
In order to prepare a model system in which the structural features of L1-mediated homophilic
adhesion could be imaged by cryoET, we expressed His-tagged L1 proteins that could be
attached to liposomes prepared from nickel-derivatized lipids. Since the cytoplasmic tail of L1
is not required for homophilic adhesion (Wong et al., 1995), we used recombinant proteins
including all or part of the L1 ectodomain followed by a C-terminal His-tag, so that attachment
to nickel lipids in a liposome would mimic the natural orientation on a cell membrane (Figure
1A). The proteins were expressed in mammalian (HEK293F) cells, which attach complex-type
oligosaccharides with terminal sialic acids to N-linked glycosylation sites, and in insect (Hi5)
cells, which attach smaller paucimannosidic or oligomannose structures to N-linked sites
(Tomiya et al., 2003). Two recombinant proteins, L1ecto, consisting of all 11 domains in the
L1 ectodomain (6 Ig-like and 5 FNIII domains), and Ig1–6, comprising the N-terminal Ig-like
Structure. Author manuscript; available in PMC 2009 September 15.
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domains only, were expressed in both systems, and named according to the nature of their Nlinked glycans: L1ecto (CC), Ig1–6 (CC), L1ecto (OM), and Ig1–6 (OM) (where “CC” refers to
complex carbohydrates produced in HEK293F cells and “OM” refers to oligomannose
carbohydrates produced in Hi5 cells). In addition, Ig1–4del (OM), an L1 deletion mutant in which
the four Ig-like domains involved in forming the N-terminal horseshoe were removed, was
expressed in insect cells. As expected due to the larger size of complex versus oligomannose
carbohydrates (Tomiya et al., 2003), SDS-PAGE analysis was consistent with higher molecular
weights for L1ecto (CC) and Ig1–6 (CC) compared with L1ecto (OM) and Ig1–6 (OM) (Figure 1B).
We tested the ability of the L1 proteins to mediate homophilic adhesion by using light scattering
to monitor liposome aggregation (Figure 2). In this assay, a His-tagged protein was added to
nickel-derivatized liposomes, and the absorbance at 650 nm was monitored as a function of
time. Addition of the mammalian and insect cell versions of L1ecto and Ig1–6 resulted in
increased light scattering compared to the background levels observed upon addition of
Ig1–4del (OM), unrelated His-tagged control proteins, or buffer alone. These results demonstrated
that the aggregation results were specific, as L1 proteins, but not unrelated His-tagged proteins
or the Ig1–4del (OM) L1 protein, mediated adhesion when attached to liposomes. In addition,
these results showed that the FNIII domains were not required for homophilic adhesion, since
both the intact L1 ectodomain and the Ig-like domains of L1 alone mediated liposome
aggregation.
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Structural features of L1-mediated homophilic revealed by cryoET
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Frozen hydrated samples of liposomes aggregated by addition of L1 proteins were examined
by cryoET (Supplementary Figure S1). Tomograms were calculated for liposomes prepared
with insect cell-derived and mammalian cell-derived versions of L1ecto and Ig1–6. In all cases,
the tomograms showed clustered liposomes and occasional isolated liposomes. Most liposomes
varied in diameter between 50 and 200 nm. Both leaflets of the membrane bilayer were usually
distinguished in tomograms, although not always in individual 2D tomographic slices.
Although most of the liposomes were unilamellar, some contained one or two inner vesicles.
The multilamellar liposomes served as controls for identifying density due to attached L1
proteins because the His-tagged proteins had access to only the outermost membrane bilayer.
L1 proteins attached to the liposome surface appeared as regions of higher density compared
with the background. The higher density regions were most apparent at interfaces between
clustered liposomes. We defined a homophilic interface as a contact area containing a region
of higher contrast in the middle between two membranes. By this definition, we identified more
than 50 individual interfaces in >20 tomograms. By contrast, liposomes prepared using
Ig1–4del samples showed few clustered liposomes and no specific contact areas (Supplementary
Figure S2).
Clustered liposomes showed regions separated by characteristic membrane-to-membrane
distances and both elongated and punctuated densities between the adjacent membranes (Figure
3,4). For both the insect cell- and mammalian cell-produced proteins, the inter-membrane
spacing at adhesion sites was usually larger for the L1ecto liposomes than for the Ig1–6
liposomes: 190±22 Å for L1ecto (OM) compared with 160±20 Å for Ig1–6 (OM), and 290±21 Å
for L1ecto (CC) compared with 250±16 Å for Ig1–6 (CC) (Figure 1D). In adhesion interfaces
derived from liposomes produced with proteins expressed in insect cells, we found rows of
regularly spaced “dots” of density parallel to the membrane planes in the middle of interface
(Figure 3A,B and Supplementary Movie S1). In the samples involving mammalian cellexpressed proteins, the interfaces included elongated densities roughly perpendicular to the
planes defined by the membranes in the adhesion interface in addition to dots in the middle of
the interface (Figure 4A,B). The spacing between dots in the L1ecto (OM) and Ig1–6(OM) samples
was ~140 Å, as compared to ~100 Å in the L1ecto (CC) and Ig1–6(CC) samples (Figure 1D). The
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dots were larger (~70 Å diameter) and more distinct in the interfaces involving insect cellderived proteins compared with proteins produced in mammalian cells (~60 Å diameter dots).
In tomograms from the L1ecto (OM) and Ig1–6 (OM) samples, we observed rows of up to 7–8
regularly spaced dots in some interfaces (more typically there were 2–5 dots per interface) and
occasional two-dimensional ordered arrays of hexagonally-packed dots (Supplementary Figure
S3). Examination of the tomograms revealed that many of the dot densities (at least half of
~100 observed dots) were distinctly U-shaped (Figure 3C), allowing the fitting of two
horseshoes interacting in a similar manner as seen in the crystal structures of Dscam isoforms
(Meijers et al., 2007) (Figure 3D,E and Supplementary Movies S2,S3). The same arrangement
of horseshoe pairs also fit the more spherical dot densities derived from the L1ecto (CC) and
Ig1–6 (CC) samples (Figure 4C,D and Supplementary Movie S4).
Alteration of L1 homophilic interfaces by carbohydrate modifications
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Although we observed adhesion interfaces between liposomes prepared with both mammalian
cell-derived and insect cell-derived L1 proteins, the structural details of the interfaces differed
(Figure 1D, 3,4). N-terminal sequencing revealed that the hydrophobic leader peptides were
cleaved at the same position in proteins produced in both systems (data not shown), and
analogous constructs terminated at the same residue (Experimental Procedures), thus the
protein portions of the molecules were the same. Instead of protein differences, we
hypothesized that differences in N-linked carbohydrates attached to the mammalian cell- and
insect cell-produced L1 proteins affected the structures of the resulting homophilic interfaces.
To investigate this possibility, we used drug and enzymatic treatments to alter the carbohydrates
attached to the mammalian cell-produced proteins. HEK293F cells were treated with
kifunensine, a mannosidase inhibitor that results in attachment of relatively small high mannose
(Man9(Glc2Nac)2) sugars (Elbein et al., 1990) (Figure 1D), as compared with larger complex
carbohydrates, to N-linked glycosylation sites. The resulting proteins, L1ecto (CC-kif) and
Ig1–6 (CC-kif), showed altered mobilities by SDS-PAGE and denaturing isoelectric focusing
(Figure 1B.C). The mass spectroscopy-derived molecular weight for Ig1–6 (CC-kif) was ~85 kD,
as compared with ~90 kD for Ig1–6 (CC) and ~81 kD for Ig1–6 (OM), thus the high mannose
carbohydrates resulting from kifunensine treatment of mammalian cells differed from the
oligomannose glycans attached to N-linked sites on proteins produced in insect cells (Tomiya
et al., 2003) (Figure 1D). We also treated purified L1ecto (CC) and Ig1–6 (CC) proteins with
sialidase to remove terminal sialic acids from the complex N-linked glycans. The resulting
proteins, L1ecto (CC-sial) and Ig1–6 (CC-sial), showed no reduction in apparent molecular mass by
SDS-PAGE (data not shown), but analysis by denaturing isoelectric focusing demonstrated a
shift to a more basic pI, consistent with removal of negatively-charged sialic acids (Figure 1C).
All of the carbohydrate-modified proteins mediated liposome aggregation to the same extent
as their untreated counterparts (Figure 2).
The adhesion interfaces in tomograms derived from both the kifunensine and sialidase-treated
samples revealed some of the same general features previously observed for the samples with
unaltered complex carbohydrates. However, the regularity of the interface density was largely
lost, with fewer regularly spaced dots appearing at the interfaces of L1ecto (CC-kif) and
Ig1–6 (CC-kif) liposomes (Figure 5). The distance between clustered liposomes in the
kifunensine- and sialidase-treated samples was generally smaller than their untreated
counterparts: 260±36 Å and 250±34 Å for the L1ecto (CC-kif) and L1ecto (CC-sial) samples,
respectively, and 200±22 Å for the Ig1–6 (CC-sial) sample (Figure 1D). Only the Ig1–6 (CC-kif)
sample showed a similar separation distance as its untreated counterpart.
To investigate the potential for positively-charged residues on L1 to interact with negativelycharged sialic acids, we used HEK293F cells to express an L1 mutant (Arg184 to glutamine),
which has been reported to lead to loss of function in vitro (Zhao et al., 1998) and neurological

Structure. Author manuscript; available in PMC 2009 September 15.

He et al.

Page 5

HHMI Author Manuscript

disorders in vivo (De Angelis et al., 2002). The resulting protein, L1-R184Qecto (CC), migrated
similarly to L1ecto (CC) on SDS-PAGE and mediated homophilic adhesion in the liposome
aggregation assay to the same degree as the L1ecto and Ig1–6 proteins (data not shown). Analysis
of the adhesion interfaces derived from L1-R184Qecto (CC)-coupled liposomes revealed similar
intermembrane and inter-dot distances as the L1ecto (CC) samples (270±27 Å and ~100 Å for
the intermembrane and inter-dot distances, respectively, of the L1-R184Qecto (CC) samples)
(Figure 1D). However, the L1-R184Qecto (CC) adhesion interfaces differed from L1ecto (CC)
interfaces in containing less regular density; i.e., regularly-spaced dots at the middle of the
interfaces were less frequently observed (~80% of L1ecto (CC) interfaces contained regularlyspaced dots, compared with ~30% of L1-R184Qecto (CC) interfaces). When dots were present
in the L1-R184Qecto (CC) interfaces, there were fewer connections between the dots and the
membrane (Figure 5I,J).

DISCUSSION
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At the leading edge of a growth cone, L1 proteins interact homophilically with partners on
adjacent membranes, a dynamic process involving endocytosis and recycling that requires both
outside-in and inside-out signaling (Kamiguchi and Lemmon, 2000a; Kamiguchi and Lemmon,
2000b). Homophilic binding by L1 initiates outside-in signaling by recruiting ankyrin, a protein
that associates with the actin-spectrin cytoskeleton (Bennett and Chen, 2001), to the adhesion
site via binding to a conserved ankyrin binding sequence in the L1 cytoplasmic tail (Hortsch
et al., 1998; Malhotra et al., 1998; Nagaraj and Hortsch, 2006). L1 homophilic adhesion also
triggers transient dephosphorylation of a YRSLE motif in the L1 cytoplasmic domain, resulting
in endocytosis (Nagaraj and Hortsch, 2006; Schaefer et al., 2002). A simple strategy for L1, a
monomeric protein with a single-pass transmembrane helix, to signal to the inside of the cell
that homophilic binding is taking place at the outside of the cell is to form clusters at adhesion
sites (Kamiguchi and Lemmon, 2000a), thus bringing the L1 cytoplasmic tails close enough
to allow ankyrin recruitment or dephosphorylation. Indeed, antibody-induced crosslinking of
L1 in the absence of homophilic binding induces dephosphorylation of the cytoplasmic tail
(Schaefer et al., 2002). This implies that lateral interactions between L1 proteins at an adhesion
interface act as important structural cues for outside-in signaling. Here we used cryoET to
investigate the structure of the L1 homophilic interface, finding a regular pattern of lateral
interactions that changed upon alteration of N-linked carbohydrates.
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We used a model system involving attachment of His-tagged L1 proteins to nickel-derivatized
liposomes in order to form homophilic interfaces. The smaller size of liposomes as compared
with cells allowed us to form interfaces in thin layers of ice that could be studied by cryoET
without sectioning. A light scattering assay showed that the liposomes adhered to each other
when L1 proteins, but not unrelated control proteins, were attached to the liposomes.
Correlating with previous results (Haspel et al., 2000), we observed no adhesion in either the
light scattering assay or by cryoET using Ig1–4del (OM), an L1 protein lacking the four Ig-like
domains that form the N-terminal horseshoe structure. However, we observed homophilic
adhesion using both the intact L1 ectodomain (L1ecto; six N-terminal Ig-like domains followed
by five FNIII domains) and using an L1 protein containing the Ig-like domains alone (Ig1–6).
These results are compatible with previous studies showing that constructs containing only the
Ig-like domains of L1 or its avian homolog Ng-CAM functioned in homophilic adhesion and
neurite outgrowth (Haspel et al., 2000). Although they were not absolutely required, other
studies suggested that the L1 FNIII domains facilitated L1 multimerization and heterophilic
or homophilic adhesion (Hall et al., 2000; Silletti et al., 2000; Stallcup, 2000).
Here we generated tomograms of the interfaces between adhering liposomes, which revealed
structural features of L1-mediated homophilic adhesion. The tomograms included diffuse
densities across the adhesion interfaces, and stronger, regularly-spaced globular densities,
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appearing as “dots” in a row at the center of the interface. These results are not consistent with
models for homophilic adhesion that postulate continuous zipper-like interactions arising from
translational symmetries that repeat indefinitely: e.g., a model in which domain-swapped
horseshoes were proposed to multimerize at the adhesion interface (Su et al., 1998) (Figure
6A, right model), which would appear in tomograms as densities corresponding to individual
horseshoes in a zig-zag, or a model in which individual horseshoes were proposed to interact
in a continuous zipper (Freigang et al., 2000) (Figure 6B), which would appear in tomograms
as a solid line of density at the center of the adhesion interface.
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Instead of a continuous arrangement of interacting proteins, the existence of discrete and
regularly spaced dots of density suggested that the interface was composed of molecules that
met in trans as pairs at the interface center, each partner contributing one N-terminal 4-domain
horseshoe to form an 8-domain unit composed of two interacting horseshoes (Figure 6C). Pairs
of interacting horseshoes, rather than a continuous zipper interaction, have also been proposed
to explain the homophilic recognition properties of individual isoforms of Dscam (Meijers et
al., 2007). The crystal structures of two Dscam isoforms revealed U-shaped horseshoe pairs in
which the two horseshoes were related by a two-fold symmetry axis. The horseshoe pairs
formed by the two different isoforms showed common interactions involving their D2 and D3
domains, but differed in the arrangement of the “arms” of the U (Meijers et al., 2007). The
sizes of the Dscam horseshoe pairs (measured as ~60 Å × 70 Å × 80 Å and ~60 Å × 60 Å ×
100 Å in the pdb files 2v5r and 2v5s) were in the range of the dots observed in our tomograms.
Indeed, many of the dots in tomograms derived from L1ecto (OM) and Ig1–6 (OM) samples were
U-shaped rather than spherical (Figure 3C). A Dscam horseshoe pair could be fit into the Ushaped densities if the angle of the “arms” of the U was changed (Figure 3D,E and
Supplementary Movie S2), a modification that seemed reasonable given that this angle differed
in the structures of two Dscam isoforms (Meijers et al., 2007). Although the resolution of the
tomograms (~4–5 nm) was adequate to approximately place individual domains within density
given the assumption of the Dscam horseshoe pair model, we could not resolve connections
between domains, thus a domain-swapped dimer of horseshoes, as hypothesized in one of the
models based on the structure of the L1-related protein hemolin (Su et al., 1998) (Figure 6A),
would also be compatible with the U-shaped densities and a Dscam style of pairing. Consistent
with the suggestion that a pairing of this type, either domain-swapped or not, accounts for L1mediated homophilic recognition, many of the critical interactions for Dscam pairing involved
D2 (Meijers et al., 2007), and L1 D2 has been shown to contain residues required for its activity
(Kenwrick and Doherty, 1998; Zhao et al., 1998). In addition, when the four predicted N-linked
glycosylation sites in the L1 horseshoe were mapped onto the structure of the Dscam horseshoe
pair, the carbohydrates were predicted to face solvent rather than the opposing horseshoe
(Figure 3D and Supplementary Movie S2), suggesting that L1 horseshoes could adopt this
mode of interaction without interference from N-linked glycans. An alignment of the horseshoe
domains from mammalian L1 proteins with known sequences (human, rat, mouse, monkey,
cow) reveals that the four predicted N-linked glycosylation sites are conserved in all sequences
and there are no additional predicted sites (data not shown).
Assuming that the primary unit of homophilic adhesion is a pair of L1 proteins interacting in
trans via their horseshoe domains, the next issue to address was what would account for
horseshoe pairs being separated from each other by a regular distance. The separation distances
differed in tomograms derived from liposomes containing proteins produced in mammalian
cells versus insect cell-derived proteins: adhesion interfaces derived from L1ecto (CC) and
Ig1–6 (CC) liposomes, which included complex N-linked carbohydrates with terminal sialic
acids, showed dots separated by ~100 Å, whereas interfaces derived from the analogous insect
cell-derived proteins containing oligomannose N-linked carbohydrates (L1ecto (OM) and
Ig1–6 (OM)) revealed dots separated by ~140 Å (Figure 1D, 3E, 4C,D). As the analogous proteins
produced in mammalian and insect cell cells had the same starting and ending residues (see
Structure. Author manuscript; available in PMC 2009 September 15.
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Experimental Procedures), the most likely explanation for the observed differences in adhesion
interfaces was the nature of the carbohydrate attached to potential N-linked carbohydrate sites
(nine within the six Ig-like domains and 12 in the five FNIII domains).

HHMI Author Manuscript
HHMI Author Manuscript

To test whether altering carbohydrates on an L1 protein could change its adhesion interface,
we treated L1ecto- and Ig1–6-expressing mammalian cells with kifunensine, resulting in proteins
(L1ecto (CC-kif) and Ig1–6 (CC-kif)) containing a high mannose form of N-linked carbohydrate
that lacked terminal sialic acids (Elbein et al., 1990). We also used sialidase to remove only
the terminal sialic acids from purified L1ecto (CC) and Ig1-6 (CC) proteins to create
L1ecto (CC–sial) and Ig1–6 (CC-sial). Treatment with kifunensine or sialidase raised the pI of the
proteins such that their migration on denaturing IEF gels was similar to their insect cell-derived
counterparts (Figure 1C), which were unaffected by sialidase treatment (data not shown),
consistent with reports that insect cell proteins do not include terminal sialic acids on their Nlinked glycans (Marchal et al., 2001). The N-linked glycans resulting from either kifunensine
or sialidase treatment of the mammalian cell-derived proteins differed from both their untreated
counterparts and from the oligomannose structures attached by insect cells (Figure 1D).
Accordingly, the interfaces of adhering liposomes produced using the kifunensine- or sialidasetreated L1ecto and Ig1–6 samples revealed differences from liposomes produced using either
the insect cell-derived or the untreated mammalian cell-derived proteins. For example, the
inter-membrane distances at the interfaces became smaller (Figure 1D) and the pattern of dots
at the center of the adhesion interface became less obvious (Figure 5). Taken together with the
observed differences in tomograms between the L1ecto (CC)/Ig1-6 (CC) versus L1ecto (OM)/
Ig1–6 (OM) samples, the kifunensine- and sialidase-induced differences in adhesion interefaces
suggested that the composition of the N-linked carbohydrate, and in particular, the presence
or absence of sialic acids on L1 N-linked glycans, affected the structure of homophilic
interfaces mediated by L1.
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Carbohydrate-mediated alterations in the structure of a homophilic interface is consistent with
current ideas that protein-carbohydrate and carbohydrate-carbohydrate interactions affect
adhesion (Bucior and Burger, 2004; Patel et al., 2007). For example, carbohydrates can
modulate homophilic adhesion by Ig superfamily members such as L1, N-CAM (Acheson et
al., 1991; Kadmon et al., 1990), and the coxsackie and adenovirus receptor (CAR) (Excoffon
et al., 2007). In particular, terminal sialic acids on complex carbohydrates regulated adhesion
functions of N-CAM (Fujimoto et al., 2001; Varki, 2007), and heterophilic recognition of CD24
by L1 (Kleene et al., 2001). In the case of the L1-CD24 interaction, recognition of CD24associated sialic acids was hypothesized to involve a conserved sequence in the first FNIII
domain of L1 (Kleene et al., 2001). However, an FNIII domain cannot be solely responsible
for the effect of sialic acids in our experiments, because we observed sialic acid-dependent
changes in homophilic interfaces using the Ig1–6 samples, which did not contain FNIII domains.
In addition, the lateral separation between adhesion dots was similar in the L1ecto (CC) and the
Ig1–6 (CC) samples, indicating that the FNIII domains were not required for the relevant
carbohydrate-protein interactions. Thus the potential involvement of sialic acids in homophilic
adhesion by L1 must, at least in part, involve its Ig-like domains.
Sialic acid recognition by Ig-like domains is well-documented in a family of sialic acid-binding
lectins, the Siglecs, which are members of the Ig superfamily (Crocker, 2002). Crystallographic
and sequence analyses suggest a common mode of recognition of sialic acids by Siglec
domains, involving an ionic interaction between the sialic acid carboxylate group and the
guanidino group of an arginine located on strand F of a Siglec Ig-like domain (Zaccai et al.,
2007). Arginine residues in the D2 and D3 domains of the L1-related protein hemolin also
mediate interactions with a negatively-charged binding partner (in this case, a phosphate ion
thought to mimic lipopolysaccharide) (Su et al., 1998). One of these arginines, Arg153 in the
hemolin D2 domain, is conserved in L1 and axonin-1 sequences (L1 Arg184), making it a
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potential candidate for recognition of negatively-charged sialic acids. In the Dscam-based
model for a pair of interacting L1 horseshoe domains, Arg184 is located on the outside of the
D2 domains of a horsehoe pair, where it is in a position that would be accessible to sialic acids
from a neighboring L1 protein (Figure 3D,E and Supplementary Movies S2, S3). Although
mutation of L1 Arg184 to glutamine leads to neurological disorders in vivo (De Angelis et al.,
2002), we found that an L1ecto version of this mutant expressed in mammalian cells (L1R184Qecto (CC)) still mediated homophilic adhesion, and that most features of its adhesion
interface were similar to those of wildtype L1 (Figure 1D, 4,5). However, the interface patterns
formed by this mutant were consistently less regular than wildtype L1 interfaces, suggesting
that the mutation has a subtle influence in lateral pattern formation that might affect normal
adhesive function. Further studies will be required to determine the effects of this mutation on
other L1 functions, including heterophilic adhesion, and to precisely map the L1 residues that
mediate lateral interactions involving complex carbohydrates.
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Combining observations derived from our tomography studies, we propose a structural model
for homophilic adhesion mediated by L1. Figure 6C shows schematic models for adhesion
interfaces predicted when L1 proteins contain complex carbohydrates (top) or oligomannose
carbohydrates (bottom). In both cases, two horseshoes from L1 proteins on opposing
membranes meet in trans as a homophilic binding pair, forming a two-fold symmetric pair of
horseshoes that resembles homophilic interactions of Dscam isoforms (Meijers et al., 2007).
Unlike previously-proposed models for L1-mediated adhesion (Freigang et al., 2000; Su et al.,
1998) (Figure 6A,B), the primary adhesion unit in our model is a pair of L1 proteins rather
than a repeating set of inter-membrane and lateral interactions with translational symmetry.
We propose that lateral (cis) interactions result from protein-carbohydrate interactions (in the
case of L1 proteins containing complex carbohydrates) or carbohydrate-carbohydrate
interactions (in the case of L1 proteins containing uncharged oligomannose carbohydrates).
Although both types of lateral interactions would create approximately regular intervals
between the adhesion pairs, the separation distances are predicted to differ in the case of L1
proteins containing complex (top schematic in Figure 6C) versus oligomannose carbohydrates
(bottom schematic in Figure 6C).
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Carbohydrates can extend ~35 Å from the surface of a protein (Flint et al., 2005) (Figure 3D),
thus accounting for part of the observed separation distances between horseshoe pairs (Figure
1D, 3,4). In situations in which N-linked carbohydrates contain terminal sialic acids,
recognition of the sialic acid on a neighboring L1 molecule would contribute to attractive forces
between L1 neighbors, decreasing the average lateral separation. Accordingly, in the adhesion
interfaces formed by the L1ecto (CC) and Ig1–6 (CC) proteins, the average separation between
adhesion pairs was ~100 Å, which can be accounted for by the diameter of an adhesion dot
(~60–70 Å) plus a carbohydrate unit (~35 Å) that is making a carbohydrate-protein contact
with a neighboring L1 protein (top schematic in Figure 6C). By contrast, the average dot
separation was ~140 Å in the interfaces from oligomannose-containing samples in which sialic
acids were not present (L1ecto (OM) and Ig1–6 (OM)), which can be accounted for by the diameter
of an adhesion dot plus a “shield” or “halo” of carbohydrate units (Figure 3D) that would add
another ~70 Å (bottom schematic in Figure 6C). In the oligomannose-containing samples, we
speculate that the separation distance was determined by carbohydrate-carbohydrate
interactions that form a “shield” around an L1 horseshoe pair, such that the pairs would space
regularly at an adhesion interface even in the absence of forces that would impose translational
or rotational symmetry.
Along with carbohydrate-induced changes in lateral spacing, we also observed changes in intermembrane spacing, such that the sialyated samples generally showed larger separations. This
could result from increased membrane repulsion, as observed for other adhesive interactions
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involving sialyated proteins (Johnson et al., 2005), and/or carbohydrate-induced changes in
the degree to which the L1 molecules were extended.
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Thus in our model for L1-mediated homophilic adhesion, protein-protein interactions are
responsible for trans interactions through pairing of horseshoe domains, and N-linked
carbohydrates determine the cis spacing between adjacent L1 proteins on a membrane and
influence the inter-membrane spacing. Given our evidence that N-linked carbohydrates play a
critical role in determining the structure of the adhesion interface, we believe that not all
physiologically-relevant interactions would be observed in structural studies involving protein
produced in bacteria (Freigang et al., 2000). Our model predicts that carbohydrate-mediated
changes in the pattern of lateral interactions could act as a regulating factor for downstream
signaling pathways, and that lateral interactions of adhesion molecules could be important in
setting the proper inter-membrane distance at adhesion sites, hence providing a scaffold for
further receptor-ligand interactions between membranes.

EXPERIMENTAL PROCEDURES
Protein expression
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The human L1 gene (kindly provided by Dr. Vance Lemmon, University of Miami) was
amplified by PCR to make C-terminally His-tagged constructs encoding the L1 hydrophobic
signal peptide (residues 1–19) and the ectodomain (residues 20–1119) (referred to as L1ecto),
or the signal peptide and the six Ig-like domains (residues 20–611) (referred to as Ig1–6). The
amplified products were subcloned into the pcDNA3.0 vector (Invitrogen), verified by
sequencing, and then introduced into HEK293F cells by transient transfection using
Lipofectamine (Invitrogen) following the manufacturer’s protocol. To distinguish the resulting
proteins from analogous versions with different carbohydrates, the proteins produced in
HEK293F cells were named L1ecto (CC) and Ig1–6 (CC), where “CC” refers to complex
carbohydrates. Secreted L1ecto (CC) and Ig1–6 (CC) proteins were purified from supernatants
collected six days after transfection by sequential Ni-NTA affinity chromatography and gel
filtration using a Superdex 200 column run in Tris-buffered saline (TBS; 50mM Tris pH 7.5,
150mM NaCl). The Arg184 to glutamine mutant of L1 (L1-R184Qecto (CC)) was prepared by
site-directed mutagenesis of the wild-type L1 gene. The protein was expressed and purified
from the supernatants of HEK293F cells as described above.
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For some experiments, purified proteins produced in HEK293F cells were incubated with
sialidase (Sigma) in 50 mM sodium phosphate, pH 5.0 for 5 hours at 37°C, and then buffer
exchanged into TBS. Sialidase-treated proteins were referred to as L1ecto (CC-sial) and
Ig1–6 (CC-sial). In other experiments, transfected HEK293F cells were cultured with 15 ng/ml
kifunensine (kif) (Toronto Research Chemical Inc.), a mannosidase I inhibitor that has been
used to produce proteins in mammalian cells that contain high mannose, rather than complex,
forms of N-linked oligosaccharides (Elbein et al., 1990). L1ecto (CC-kif) and Ig1–6 (CC-kif)
proteins were secreted from kifunensine-treated transfected HEK293F cells and purified as
described for the proteins produced by untreated HEK293F cells.
Proteins with paucimannosidic or oligomannose (OM) N-linked carbohydrates were produced
by expression in insect cells. L1ecto (OM), Ig1–6 (OM), and Ig1–4del (OM), an L1 protein missing
the four N-terminal horseshoe domains (constructed by fusing the cDNA encoding the L1
signal peptide to the cDNA encoding L1 residues 430–1119), were expressed as C-terminally
6x-His-tagged proteins in baculovirus-infected Hi5 cells. The L1 constructs were subcloned
after sequencing into the pFASTBac vector (Invitrogen) and recombinant baculoviruses were
generated as described by the manufacturer. Secreted 6x-His-tagged proteins were purified
from the supernatants from infected Hi5 cells as described for the proteins expressed in
mammalian cells.
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Protein characterization
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L1ecto (CC), L1ecto (OM), Ig1–6 (CC), and Ig1–6 (OM) proteins were blotted to polyvinylidene
difluoride (PVDF) membranes (Millipore) and N-terminal sequencing data were obtained on
a Procise protein micro-sequencer (Applied Biosystems) at the Caltech Protein/Peptide
Microanalytical Laboratory (PPMAL). In all cases, the sequence obtained was IQIPEEY,
demonstrating that cleavage of the hydrophobic leader peptide occurred in the same position
(after residue 19). Western blot analyses demonstrated that the soluble L1 proteins were
recognized by a goat anti-human L1 polyclonal antibody (Santa Cruz Biotechnology) (data not
shown). The approximate molecular weights of Ig1–6 (CC), Ig1–6 (OM), and Ig1–6 (CC-kif) proteins
were determined by matrix assisted, laser desorption, time-of-flight (MALDI-TOF) mass
spectroscopy using a Voyager DC.str mass spectrometer (PerSeptive Biosystems, Inc.) at the
Caltech PPMAL. The L1ecto proteins were too large for determining molecular weights by
MALDI-TOF mass spectroscopy.
Isoelectric focusing
Selected proteins were examined by denaturing isoelectric focusing (IEF) using 7.5%
acrylamide gels containing 8M urea and 8.5% Bio-lyte 3/10 ampholytes (Bio-Rad). Gels were
stained and destained with Biorad IEF gel staining and R-250 destain solutions, respectively.
Standard proteins with known pI values were obtained from Biorad.
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Preparation of liposomes
Liposomes were prepared using nickel-derivatized lipids (1,2-Dioleoyl-sn-Glycero-3-[(N-(5amino-1 carboxypentyl)iminodiacetic acid)succinyl] [Nickel salt]) (DOGS-NTA) (Avanti
Lipids) by a standard hydration-extrusion method as described by the manufacturer. Briefly,
0.5 μmoles of DOGS-NTA in CHCl3 were evaporated under nitrogen. The dry film was
hydrated with 0.65 ml of TBS. After one hour of hydration, the mixture was passed through
an Avanti Mini-Extruder using a 0.2 μm membrane.
Liposome aggregation assay
Nickel-derivatized liposomes were incubated in TBS with 1 μM His-tagged L1 proteins,
control His-tagged proteins [FcRY (West et al., 2004), M155 and MULT-1 (gifts of Z. Yang)],
or buffer alone. Aggregation of liposomes was followed by monitoring the light scattering at
650 nm as a function of time in a Beckman DU-64 spectrophotometer. Readings were taken
at time zero and then every five minutes for 40 minutes after adding a His-tagged protein or
buffer control.
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Electron cryotomography
Aggregated liposomes were mixed with 10 nm colloidal gold particles (BB International) to
serve as fiducial markers during image alignment procedures. Samples were loaded onto glowdischarged lacy carbon grids (Ted Pella, Inc.) and vitrified in liquid ethane using a Vitrobot
(FEI). Liposome aggregates were identified as regions of darker contrast in thin ice. Tilt series
(±60°, 1.5° angular increments) were digitally recorded on the GIF CCD using the UCSF
tomography software package (Zheng et al., 2007) on a 300 kV, FEG, G2 Polara transmission
EM (FEI). Images were acquired under low-dose conditions (80–100e−/Å2 total for the tilt
series) 6–8 μm underfocus (first CTF zero at 3.5 – 4.0 nm) at 34,000x such that each pixel
represented 6.8 Å. In some cases, dual-axis tilt series were recorded by rotating the grid 90°
(Iancu et al., 2005).
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3D reconstructions and image analysis
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Tomographic reconstructions were calculated using the IMOD software package (Kremer et
al., 1996; Mastronarde, 1997) for each tilt series using 10 nm gold particles as fiducial markers.
For dual-axis tilt series, the resulting tomograms were aligned to each other and combined
using IMOD. Areas of interest (adhering liposomes) were selected manually in the tomograms.
The tomograms were not denoised because the major structural features of L1-mediated
homophilic adhesion could be recognized without denoising. The programs O (Jones, 1990)
and Chimera (Goddard et al., 2007) were used for visualizing small volumes of the 3D maps
and for fitting crystal structures. Supplemental movies S1–S4 were made using Chimera.
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The crystal structures of two Dscam adhesion pairs (PDB codes 2v5r and 2v5m) were manually
fit into “U-shaped” dot densities after adjusting the angle between the two horseshoe-shaped
molecules in each pair, which differed between the two pairs of Dscam isoforms (Meijers et
al., 2007), while maintaining the adhesion interface around domains D2 and D3. Slightly
different adjustments in this angle were required for fitting different dots. In order to locate
potential N-linked glycosylation sites and L1 residue Arg184 on the horsehoe pairs, the
coordinates of the horseshoe domains from the closest L1 relative with a known structure
(axonin-1; pdb code 1cs6; 28% amino acid identity with L1) were superimposed on the Dscam
domains, and analogous positions for the residues of interest were identified in the Dscam/
axonin-1 model. An atomic model of an N-linked glycan constructed using carbohydrates from
pdb code 1w8t (Flint et al., 2005) was attached to the approximate positions of the four potential
N-linked glycosylation sites in each L1 horseshoe, creating eight N-linked glycans per
horseshoe pair.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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L1 proteins. (A) Schematic representation of membrane-bound L1. (B) SDS-PAGE analysis
of L1 constructs. (B) Denaturing IEF gel of L1 constructs. Standard proteins with pI values
between 4.45 and 9.6 are shown in the right lane. (D) Summary of the properties of the different
L1 samples used for cryoET of adhering liposomes. Each protein is listed along with the number
of potential N-linked glycosylation sites it contains, the assumed structure of its N-linked
carbohydrates (Elbein et al., 1990; Marchal et al., 2001; Tomiya et al., 2003; Varki, 2007), and
structural features of the adhesion interfaces it formed in tomograms. Values in the membrane
distance column refer to the mean and standard deviation for n measurements. The minimum
and maximum intermembrane distances observed are shown in parentheses.

Structure. Author manuscript; available in PMC 2009 September 15.

He et al.

Page 15

HHMI Author Manuscript
HHMI Author Manuscript

Figure 2.

Liposome aggregation assay using different L1 protein constructs. Control-1, -2, and -3 refer
to three different His-tagged control proteins (see Experimental Procedures) that did not
mediate adhesion when attached to liposomes.
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Adhesion interfaces between liposomes prepared with L1 proteins produced in insect cells.
(A,B) Tomographic slices (13.6 nm) derived from L1ecto (OM) (panel A) and Ig1–6 (OM) (panel
B) samples showing dots (brown arrows) formed at the interfaces (yellow arrows) between
neighboring membranes (red arrows). The two leaflets of the membrane bilayer are indicated
by blue arrows when apparent. Differences in visibility of the membranes and membrane
leaflets may be due to their orientation (strictly perpendicular or at another angle) within the
slice. Bar = 20 nm. (C) Gallery of U-shaped dots derived from L1ecto (OM) (left six) and
Ig1–6 (OM) (right six) samples. Bar = 5 nm. (D) Side (left, right) and top (middle) views of a
Dscam/axonin-1 horseshoe pair (red ribbons) (see Experimental Procedures) fit into a Ushaped adhesion dot density (green; corresponding to the middle dot in panel E). Complex
carbohydrates (pink) (derived from pdb code 1w8t) were attached to the predicted locations in
two L1 horseshoes for the eight potential N-linked glycosylation sites. Residue Arg184
(highlighted in blue) is located on the outer surface of the adhesion pair. This panel corresponds
to Supplementary Movie S2. (E) Horseshoe pairs fit into the densities for three adhesion dots
(yellow box in panel A). One carbohydrate from each horseshoe (pink or purple) is shown to
demonstrate how carbohydrate-carbohydrate interactions between neighboring horseshoe
pairs (totaling ~70 Å for two carbohydrate units) could result in a ~140 Å lateral separation.
This panel corresponds to Supplementary Movie S3.
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Figure 4.

Adhesion interfaces between liposomes prepared with L1 proteins produced in mammalian
cells. Brown arrows mark regularly-spaced elongated densities in all panels. The two leaflets
of the membrane bilayer are indicated by blue arrows when apparent. (A,B) Tomographic slices
(13.6 nm) derived from L1ecto (CC) (panel A) and Ig1–6 (CC) (panel B) samples showing the
regular pattern at the interfaces (yellow arrows) formed between neighboring membranes (red
arrows). One of the adhesion dots is enclosed in brown circle in the middle image of panel B.
Bar = 20 nm. (C,D) Six pairs of interacting horseshoes (modeled using the Dscam/axonin-1
model described in Experimental Procedures) placed into densities. Models were placed to
relate the size and spacing of the dots to the paired horseshoe structure rather than to indicate
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specific orientations. The densities in panels C and D correspond to the yellow boxes in panels
A and B, respectively. In panel D, one carbohydrate (purple) extending ~35 Å from each
horseshoe is shown to demonstrate how carbohydrate-protein interactions between
neighboring horseshoe pairs could result in a ~100 Å separation. This panel corresponds to
Supplementary Movie S4.
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Figure 5.
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Adhesion interfaces derived from liposomes prepared with mammalian cell-derived L1
proteins with altered carbohydrates. Tomographic slices (13.6 nm) derived from
L1ecto (CC-kif) (panels A,B), L1ecto (CC-sial) (panels C,D), Ig1–6 (CC-kif) (panels E,F),
Ig1–6 (CC-sial) (panels G,H), and L1-R184Qecto (CC) (panels I,J). Bar = 20 nm. Neighboring
membranes are indicated by red arrows. The lack of a regular pattern in the kifunensine-and
sialidase-treated samples is not unexpected given that the carbohydrates in these samples
differed from both their untreated counterparts and from the oligomannose structures attached
by insect cells, and neither the inhibitor nor the enzyme are likely to be 100% efficient.
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Figure 6.

Models for homophilic adhesion. (A) Domain-swapping models for homophilic adhesion (left:
domain-swapped dimer; right: domain-swapped multimer) suggested by the structure of
hemolin (Su et al., 1998). (B) Zipper model for homophilic adhesion based on the packing of
unglycosylated axonin-1 horseshoes in crystals (Freigang et al., 2000). (C) Model for
homophilic adhesion mediated by L1 and related proteins suggested by cryo-ET. The horseshoe
heads (red and pink) of L1 proteins from adjacent membranes (purple) form trans pairs at the
adhesion interface, with the lateral separation between pairs being controlled by cis interactions
mediated by carbohydrates (green). Top: Model for homophilic adhesion for L1 proteins
containing complex carbohydrates with terminal sialic acids. Sialic acids on carbohydrates
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from one horseshoe interact with a positive patch (blue) on a neighboring horseshoe to create
closely and approximately regularly spaced horseshoe pairs. Bottom: Model for homophilic
adhesion for L1 proteins containing uncharged oligomannose carbohydrates. Carbohydratecarbohydrate interactions between uncharged carbohydrates create a “shield” around each
horseshoe (see Figure 3D; for clarity, only one carbohydrate per horseshoe is shown in the
Figure 6C schematic), resulting in approximately regularly spaced, but randomly oriented,
pairs of horseshoes.
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