
Architecture of cell–cell adhesion mediated
by sidekicks
Hua Tanga,b,c,d,1, Haishuang Changa,b,c,d,1, Yue Donga,b,c,d,1, Luqiang Guoa,b,c,d, Xiangyi Shia,b,c,d, Yichun Wua,b,c,d,
Ying Huanga,b,c,d, and Yongning Hea,b,c,d,2

aState Key Laboratory of Molecular Biology, Shanghai Institute of Biochemistry and Cell Biology, CAS Center for Excellence in Molecular Cell Science,
Chinese Academy of Sciences 201210 Shanghai, China; bNational Center for Protein Science Shanghai, Shanghai Institute of Biochemistry and Cell Biology,
CAS Center for Excellence in Molecular Cell Science, Chinese Academy of Sciences, 201210 Shanghai, China; cShanghai Science Research Center, Shanghai
Institute of Biochemistry and Cell Biology, CAS Center for Excellence in Molecular Cell Science, Chinese Academy of Sciences, 201210 Shanghai, China;
and dUniversity of Chinese Academy of Sciences, Shanghai 201210, China

Edited by J. Richard McIntosh, University of Colorado, Boulder, CO, and approved August 6, 2018 (received for review February 2, 2018)

Cell–cell adhesion is important for cell growth, tissue develop-
ment, and neural network formation. Structures of cell adhesion
molecules have been widely studied by crystallography, revealing
the molecular details of adhesion interfaces. However, due to
technical limitations, the overall structure and organization of ad-
hesion molecules at cell adhesion interfaces has not been fully inves-
tigated. Here, we combine electron microscopy and other biophysical
methods to characterize the structure of cell–cell adhesion mediated
by the cell adhesion molecule Sidekick (Sidekick-1 and Sidekick-2) and
obtain 3D views of the Sidekick-mediated adhesion interfaces as well
as the organization of Sidekick molecules between cell membranes by
electron tomography. The results suggest that the Ig-like domains
and the fibronectin III (FnIII) domains of Sidekicks play different
roles in cell adhesion. The Ig-like domains mediate the homophilic
transinteractions bridging adjacent cells, while the FnIII domains
interact with membranes, resulting in a tight adhesion interface
between cells that may contribute to the specificity and plasticity of
cell–cell contacts during cell growth and neural development.
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Cell–cell interactions are important for the survival of living
organisms. Cell adhesion is a major type of cell–cell contact

for maintaining multicellular structures and is mediated by cell
adhesion molecules that bridge the membranes of adjacent cells
through either homophilic or heterophilic interactions (1, 2). To
date, a large number of cell adhesion molecules have been
identified and are involved in many biological processes in-
cluding cell growth, migration, and cellular network formation
and play multiple roles beyond connecting cells (3–5). Although
cell adhesion molecules exhibit abundant functional diversities,
their major structural features are less diversified, suggesting the
evolutionary relations among these molecules (6). For example,
many adhesion molecules belong to the Ig superfamily (IgSF),
which usually contain a number of Ig-like domains as well as
other types of domains, such as fibronectin type II or III domain
(FnII or III). The total number of domains varies in different
cases and, surprisingly, some adhesion molecules have more than
10 extracellular domains, resulting in long flexible molecules (6,
7). It is unclear why a large number of domains is required for
adhesion molecules and how these domains contribute to the
specificity and plasticity of cell–cell contacts. To address these
questions, structural studies of adhesion interfaces are necessary;
however, current imaging techniques cannot provide high-
resolution details of adhesion interfaces. Due to the develop-
ment of electron microscopy (EM) in recent years, electron to-
mography (ET) has become a powerful technique to generate 3D
views of biological specimens such as organelles, cells, or tissues
(8–10), therefore providing a practical tool to visualize the cell–
cell contacts in 3D, which would shed light on the architecture
and the molecular mechanisms of cell–cell interactions (11, 12).
Sidekick (Sdk) proteins are the members of the IgSF. Their

extracellular portion contains six N-terminal Ig-like domains

followed by 13 FnIII domains, which may be one of the largest
ectodomains in the IgSF (13). It has been shown that Sdk is
required for eye pattern formation of Drosophila (14) and, sim-
ilarly, their vertebrate homologs, Sdk1 and Sdk2, can promote
lamina-specific connectivity in the development of retina (15).
Recently, Sdk2 has been shown to be important for the forma-
tion of the retinal circuit that detects differential motions (16).
Besides their neuronal functions, Sdks have also been reported
to function in nonneuronal systems such as kidney, heart, in-
testines, and stomach and are involved in the development of
organs as well as in pathogenesis pathways (17, 18).
The roles of cell adhesion molecules in neural systems have

been widely investigated as they are essential for the formation
of neural networks where billions of neurons are connected with
specificity and plasticity (19, 20). It has been shown that adhesion
molecules are not only a scaffold for neuronal contacts, they may
also contribute to the specificity of neuron connectivity (3, 13,
21). Sdks have been reported to have homophilic adhesion ac-
tivities and are concentrated at synapses as the determinants of
laminar-specific synaptic connectivity in vertebrate retina (15, 22,
23). Along with Sdks, Dscam, DscamL1, and contactins, which
are also IgSF molecules with homophilic adhesion activities, are
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found having similar functions in determining the laminar speci-
ficities in the retina development (24, 25). Therefore, these mol-
ecules have been proposed as IgSF codes to define the specificity
of lamina targeting through homophilic interactions (25). Al-
though the functions of Sdks have been studied in both neuronal
and nonneuronal systems, the overall structure and organization
of Sdk molecules in adhesion interfaces remain unclear.
Here, we characterize the ectodomains of mouse Sdks by

electron microscopy and investigate the roles of the Ig-like do-
mains and the FnIII domains of Sdks in forming adhesion in-
terfaces. Moreover, we examine the architecture of the Sdk-
mediated cell adhesion with the high pressure freezing and
freeze substitution (HPF-FS) method and generated 3D views of
the adhesion interfaces using electron tomography.

Results
The Ectodomains of Sdks Adopt Flexible Conformations and Form
Homophilic Dimers. The ectodomains of both Sdk1 and Sdk2,
which contain six Ig-like domains and 13 FnIII domains (Fig.
1A), were expressed in HEK293 cells. Size exclusion chroma-
tography (SEC) showed that the ectodomains eluted much ear-
lier than expected, suggesting that Sdks may exist as homophilic
dimers in solution (SI Appendix, Fig. S1). To visualize the con-
formation of Sdks directly, the purified proteins were negatively
stained and examined by electron microscopy. EM images
showed that both Sdk1 and Sdk2 ectodomains adopt a linear

shape with multiple conformations (Fig. 1 B and C). According
to the average length of individual Ig-like domain and FnIII
domain (∼4 nm), the length of a fully extended Sdk ectodomain
was around 76 nm (Fig. 1D). However, the EM images also
showed that the length of both Sdk1 and Sdk2 ectodomains were
around 140 nm, suggesting they were forming homophilic dimers
(Fig. 1 B–E). It has been reported that the homophilic adhesion
of Sdk molecules occurred at the N-terminal Ig-like domains (22,
23), therefore we boxed out the central regions of the Sdk dimers
in the EM images and performed 2D averaging (Fig. 1 B and C).
The resulting images revealed the low-resolution contours of the
domains involved in forming homophilic dimers of Sdks (Fig. 1 B
and C, Insets).
Due to the highly flexible conformation of Sdks, determining

the intact structures of Sdk ectodomains would be difficult for
both crystallography and EM single-particle reconstruction.
Therefore, we expressed the four N-terminal Ig-like domains of
mouse Sdk1 and Sdk2 in baculovirus-infected insect cells. Puri-
fied proteins were screened for crystallization, and the crystals
of both Sdk1 Ig1∼4 and Sdk2 Ig1∼4 were obtained and refined to
1.6 Å and 2.4 Å resolution, respectively (SI Appendix, Fig. S2 and
Table S1). These structures are similar to the crystal structures of
Sdk1 Ig1∼4 and Sdk2 Ig1∼4 published recently (23). The crystal
structures showed that the four N-terminal domains of Sdks fold
into typical Ig-like domains that adopt a horseshoe-shaped
conformation (SI Appendix, Fig. S2), as found in structures of
other cell adhesion molecules such as hemolin and contactin (26,
27). Crystal structures also showed that both Sdk1 Ig1∼4 and Sdk2
Ig1∼4 form homophilic dimers (SI Appendix, Fig. S2), which is
consistent with the SEC results and EM images (Fig. 1). The Sdk
homophilic interactions occur between Ig1 and Ig2, which are in
agreement with previous mutagenesis and structural studies (22,
23). The overall shape of the dimeric structures of Sdk Ig1 to Ig4
resembles the 2D averaging results from EM (Fig. 1 B and C, In-
sets), suggesting that Ig1 and Ig2 might be the only contacting do-
mains mediating Sdk homophilic dimerization.

Sdks Mediate Cell Adhesion Through the N-Terminal Ig-Like Domains.
Before structural characterization of the Sdk mediated cell ad-
hesion, we generated a series of constructs of Sdks with a GFP
insertion between the ectodomain and the transmembrane do-
main and monitored the cell adhesion of the transfected
HEK293 cells by confocal fluorescence microscopy (Fig. 2). The
results showed that cell adhesion could be observed by trans-
fecting both full-length Sdk1 and Sdk2 as well as a Sdk1 mutant
containing only the N-terminal Ig-like domains (Ig 1∼6), where
the adhesion interfaces were highlighted between adjacent cells
(Fig. 2B). By contrast, a mutant of Sdk1 without the N-terminal
four Ig-like domains failed to form adhesion interfaces between
cells (Fig. 2B), thus confirming the importance of the Ig-like
domains in Sdk homophilic adhesion, consistent with the EM
and crystallographic data shown above as well as the published
results (22, 23). It is noteworthy that the fluorescent intensities at
the adhesion interfaces induced by Sdks were much brighter than
the nonadhesion regions on the cell surface, implying that Sdk
molecules might be densely packed or assembled in the adhesion
interfaces (Fig. 2B).

The FnIII Domains of Sdks Interact with Lipid Membranes. According
to the EM images shown above, the purified Sdk ectodomains
were highly flexible with multiple conformations and the fully
extended homophilic dimers of Sdk were ∼140 nm in length (Fig.
1E), therefore it would be expected that the intermembrane
spacing may vary for the adhesion interfaces. However, the
confocal images showed that the adhesion interfaces formed by
Sdks exhibited a roughly uniform distribution for the distance
between adjacent cell membranes (Fig. 2B), implying that these
long flexible molecules may adopt relatively rigid conformations

Fig. 1. The ectodomains of Sdk1 and Sdk2 form homophilic dimers with
flexible conformations. (A) Domain organization of Sdk1 and Sdk2. (B)
Negatively stained EM images of Sdk1 ectodomain (white arrowheads, Up-
per) and the selected Sdk1 particles (white arrowheads, Lower) as homo-
philic dimers with flexible conformations. The potential dimeric heads of
Sdk1 are shown in white squares. A 2D class averaged image of Sdk1 dimeric
head is shown in Inset. (C) Negatively stained EM images of Sdk2 ectodo-
main (white arrowheads, Upper) and the selected Sdk2 particles (white ar-
rowheads, Lower) as homophilic dimers with flexible conformations. The
potential dimeric heads of Sdk2 are shown in white squares. A 2D class av-
eraged image of Sdk2 dimeric head is shown in Inset. (D) A schematic model
of the extended Sdk ectodomain. (E) A schematic model of the extended Sdk
homophilic dimer. The dimerized horseshoe heads are shown in a black
dashed rectangle. (Scale bars: B and C, 20 nm; B and C, Insets, 5 nm.)
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in adhesion interfaces. Among the six Ig-like domains of Sdks,
the four N-terminal Ig-like domains form a trans-homophilic
dimer as revealed by the crystal structures, therefore they
should contribute to the intermembrane spacing between cells.
The FnIII domains, which make roughly two-thirds of the length
of Sdks, may also regulate the spacing between cell membranes.
However, the exact roles of the Ig-like domain and the FnIII
domain in defining the intermembrane distance are unclear. To
address this issue, we evaluated the potential interactions of Sdks
with lipid membranes using liposome pull-down assays, which
had been used to examine the protein–lipid interactions (28, 29).
The liposomes were prepared with phosphatidylcholines, which
is a major component of cell membrane, especially on the exo-
plasmic leaflet (29–31). Surprisingly, we found that the ectodo-
mains of both Sdk1 and Sdk2 could be pulled down by liposomes
(Fig. 3 A and C). Then, we constructed a series of Sdk truncation
mutants for liposome pull-down assays. The results showed that
the fragments of both Sdk1- and Sdk2-containing FnIII1∼13,
FnIII1∼6, or FnIII7∼13 could be pulled down by liposomes (Fig. 3
A and C). These results are similar to the EphA2 receptor where
the FnII domain interacts with the lipid membrane (28). By
contrast, the fragments including only the Ig-like domain 1∼4,
which form the horseshoe heads of Sdks, had no detectable
binding for liposomes (Fig. 3 B and D). Interestingly, the frag-
ments containing the Ig-like domain 1∼6 also showed binding
affinities with liposomes, suggesting that the Ig-like domain 5–6
might also interact with lipid membrane (Fig. 3 B and D). Taken
together, these data suggested that a large portion of Sdk ecto-
domains, especially the FnIII domains, might associate with
lipids, perhaps by “lying down” on the membrane surface, thus
reducing the intermembrane spacing of adhesion interfaces.

The Ectodomains of Sdks Introduce Tight Adhesion Between Lipid
Membranes. To visualize the Sdk adhesion interfaces directly,
we used liposomes to model the cell adhesion formation by
attaching the purified Sdk1 ectodomain fused with a His tag at
the C terminus to liposomes prepared with DOPC and DOGS-
NTA nickel lipids, therefore the binding between His tag and
DOGS-NTA lipid could mimic the cellular expressed Sdk mol-
ecule on the cell surface (32), which is anchored on the plasma
membrane through a transmembrane helix. The Sdk-incorporated

liposomes were frozen by a plunge freezer at liquid nitrogen
temperature and loaded onto an electron microscope for imaging
and cryo-electron tomographic data collection. The cryo-EM im-
ages showed that the adhesion interfaces were formed between
liposomes by the addition of purified Sdk1 ectodomain (Fig. 3 E
and G). To measure the intermembrane distances and visualize
the adhesion interfaces in 3D, tomographic reconstructions were
calculated and the results showed that the Sdk1-mediated adhe-
sion interfaces between liposomes had a uniformly distributed
spacing of ∼7 nm (Fig. 3 F and H), much shorter than the total
length of the Sdk1 dimer, which is ∼140 nm (Fig. 1), thus sup-
porting the adhesion model proposed above where the FnIII do-
mains of Sdk molecules were lying down on cell surface.
Moreover, consistent with the fluorescent images, the dark to-
mographic densities between the two adjacent membranes sug-
gested that Sdk1 ectodomain could be tightly packed in the
interfaces (Fig. 3 F and H). Unfortunately, the individual Sdk
molecules forming the adhesion connections between membranes
could not be identified unambiguously in the tomograms, probably
due to the low contrast of cryo-imaging conditions.

Sdks Mediate Tight Adhesion Between Cell Membranes. To validate
the liposome adhesion results and visualize the cell adhesion
interfaces directly in situ, we transfected HEK293 cells with the
full-length Sdk1 and Sdk2 as well as two Ig-like domain-only
mutants, Sdk1 Ig1∼6 and Sdk2 Ig1∼6. The transfected cells were
grown on sapphire discs for HPF-FS (33), then the plastic em-
bedded samples were sectioned and imaged by electron micros-
copy (SI Appendix, Fig. S3A). The formation of the Sdk-mediated
adhesion interfaces was also validated by the immune-gold label-
ing experiments (SI Appendix, Fig. S3B). To locate the Sdk-
mediated adhesion interfaces, we first checked cell adhesion

Fig. 2. Cell adhesion mediated by Sdks. (A) A diagram of the Sdk constructs
with GFP (green) generated for cell adhesion assays. (B) Cell–cell adhesion
monitored by fluorescence microscopy. HEK293 cells transfected with Sdk1,
Sdk2, Sdk1 Ig1∼6 form adhesion interfaces (white arrowheads) between cells,
whereas HEK293 cells transfected with Sdk1 Ig5∼6-FnIII1∼13 has no adhesion
between cells. (Scale bar: 10 μm.)

Fig. 3. The FnIII domains of Sdks interact with liposomes. The supernatants
after washing (W) and the liposome pellets (P) are assayed by Western blot
(A–D). (A) The ectodomain and the FnIII domain-only fragments (Sdk1
FnIII1∼13, Sdk1 FnIII1∼6, Sdk1 FnIII7∼13) of Sdk1 can be pulled down by lipo-
somes. (B) Sdk1 Ig1∼6 can be pulled down by liposomes, while Sdk1 Ig1∼4 has
no interaction with liposomes. (C) The ectodomain and the FnIII domain-only
fragments (Sdk2 FnIII1∼13, Sdk2 FnIII1∼6, Sdk2 FnIII7∼13) of Sdk2 can be pulled
down by liposomes. (D) Sdk2 Ig1∼6 can be pulled down by liposomes, while
the Sdk2 Ig1∼4 has no interaction with liposomes. (E and G) Cryo-images of
adhesion interfaces (white square) formed between the Sdk1 ectodomain-
incorporated liposomes. (F and H) Tomographic slices of the adhesion in-
terfaces indicated in E and G, respectively. The intermembrane distances are
indicated and labeled. (Scale bars: E and G, 15 nm; F and H, 10 nm.)
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formation under a fluorescence microscope and marked the
positions of the potential cell adhesion interfaces on sapphire
discs (Fig. 4A and SI Appendix, Fig. S3A) (34). The markers
were then relocated on the plastic-embedded resin block for
trimming and sectioning, thus correlating the fluorescent tar-
gets with EM (Fig. 4 A and B and SI Appendix, Fig. S3A) (12).
This procedure ensured that the Sdk-mediated adhesion in-
terfaces identified by fluorescent imaging could be located
specifically on thin sections for EM. The resulting EM images
showed that the lipid bilayers of cell membrane as well as the
adhesion interfaces were seen clearly with better contrast
comparing to the cryo-imaging results (Fig. 4 and SI Appendix,
Figs. S4 and S5). Indeed, the adhesion interfaces between cell
membranes are much narrower than the length of the purified
Sdk dimers. The averaged intermembrane distances (D) were

∼7 nm for the full-length Sdk1 (Figs. 4D and 5I and SI Ap-
pendix, Fig. S4) and Sdk2 (Figs. 4F and 5I and SI Appendix, Fig.
S4), similar to the distances found in the liposome-based adhesion
models (Fig. 3). The intermembrane distances of the interfaces
formed by the Sdk Ig-like domain-only fragments were ∼5 nm
(Figs. 4 E and G and 5I and SI Appendix, Fig. S5), slightly nar-
rower than the spacing formed by the full-length Sdks (Fig. 5I).
This is not surprising as the FnIII domains may contribute
somewhat to the intermembrane spacing even if they are lying
down on cell surface.
According to the liposome-binding assays (Fig. 3), the FnIII

domains and the Ig-like domain 5–6 of Sdks could associate with
the cell membrane, suggesting that the horseshoe heads of Sdks
would be the key component to define the spacing between ad-
jacent membranes. The crystal structures show that the N-
terminal horseshoe dimer of Sdk is about 8∼9 nm in length (SI
Appendix, Fig. S2), suggesting that it may need to be tilted be-
tween membranes to fit the intermembrane spacing that is around
7 nm (Fig. 5). In fact, according to the crystal structure that in-
cludes the Ig-like domain 1∼5 of Sdk1 (23), there is a tilt angle
about 130° between Ig4 and Ig5 (Fig. 5J), consistent with the
potential orientation of the Sdk horseshoe dimer in the adhesion
interfaces. Taken together, the results regarding the horseshoe
head, the Ig-like domains, and the FnIII domains provide a
structural model of cell–cell adhesion mediated by Sdks (Fig. 5J).

Visualization of the Sdk-Mediated Cell Adhesion by Electron Tomography.
To verify the structural model of the Sdk-mediated cell adhesion, we
reconstructed tomograms of the adhesion interfaces formed by the
full-length Sdk1 and Sdk2 (Fig. 5 A and C and SI Appendix, Fig. S6)
as well as the Ig-like domain-only mutants, Sdk1 Ig1∼6 and Sdk2
Ig1∼6, and generated the 3D views of the adhesion interfaces (Fig. 5
and SI Appendix, Fig. S6). As expected, the HPF-prepared speci-
mens exhibited better contrast than cryo-samples: The individual
Sdk connections between cell membranes can be identified in the
tomograms (Fig. 5 B and D), thus providing in situ visualization of
the architecture of the adhesion interfaces mediates by Sdks. Al-
though the atomic details of individual Sdk connections between cell
membranes cannot be seen due to resolution limitation, 3D visu-
alization of the adhesion interfaces is still informative. The volumes
of the Sdk connections in the interfaces show some variations, which
might be caused by the reagents used during the HPF-FS sample
preparation. The averaged diameter of the individual Sdk connec-
tions between membranes is about 4.7 ± 1.6 nm. According to the
crystal structures, the size of a Sdk horseshoe head dimer is about
∼8 nm in length and ∼5 nm in diameter (SI Appendix, Fig. S2),
therefore matching the size of the individual Sdk connections in the
tomograms (Fig. 5 E and F). The Sdk horseshoe dimer can be fitted
into the Sdk connection density reasonably well and generate a
molecular model for the adhesion interface (Fig. 5 E and F). A
noticeable feature in the tomograms is that most of the Sdk con-
nections in the interfaces are not perpendicular to cell membrane,
but with a tilted angle of about 130° instead (Fig. 5F). This is con-
sistent with the model suggested by the EM images and the crystal
structures (Fig. 5J). Previous studies have shown that myelin P0 may
interact with the cell membrane through the exposed tryptophan
residues (35). Interestingly, according to the crystal structure of Sdk1
Ig1∼5 (23), there is a conserved tryptophan residue Trp553 (corre-
sponds to Trp473 in PDB ID code 5k6w) for both Sdk1 (Trp553)
and Sdk2 (Trp497) near the C-terminal end of Ig5, therefore similar
membrane interactions may occur for Sdk molecules on the cell
surface. In addition, protrusions on membrane surface can be found
in some areas in the tomograms, which could be associated with the
cis clusters of Sdk molecules on cell surface, but details are not
available at the current resolution.
In parallel, the tomograms of the adhesion interfaces formed

by the Sdk Ig-like domain-only mutants are also calculated (Fig.
5 G and H), revealing the adhesion connections between cell

Fig. 4. Correlative light-electron microscopy and EM images of the Sdk-
mediated cell adhesion interfaces. (A) A merged fluorescence-light micro-
scopic image showing the formation of cell adhesion (Left; white arrow-
heads) between the Sdk1-transfected cells on a sapphire disk with carbon
marker (gray). Fluorescent images of the Sdk1-mediated adhesion interfaces
(white arrowheads) formed between the adherent cell pairs on sapphire disk
(Right). (B) A Sdk1-mediated cell adhesion pair identified by the fluorescence-
light imaging (Left; red box) can be located on the plastic-embedded sections
(Right; red box) prepared after HPF preservation for EM. (C) An electron mi-
crograph of a Sdk1-mediated cell adhesion interface located by the correlative
light-electron microscopy from B (red box). (D) An electron micrograph of a cell
adhesion interface (white arrowheads) mediated by the full-length Sdk1. (E)
An electron micrograph of a cell adhesion interface (white arrowheads) me-
diated by the Sdk1 Ig1∼6. (F) An electron micrograph of a cell adhesion interface
(white arrowheads) mediated by the full-length Sdk2. (G) An electron micrograph
of a cell adhesion interface (white arrowheads) mediated by the Sdk2 Ig1∼6. (Scale
bars: A, Left, 100 μm; A, Right and B, 50 μm; C, 2 μm; D–G, 25 nm.)
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membranes. Indeed, the intermembrane distances formed by the
Sdk Ig-like domain-only mutants are shorter than that formed by
the intact Sdk ectodomain (Fig. 5I), which is expected since the
FnIII domains may contribute a little to the intermembrane
spacing although they are lying down on the cell surface. How-
ever, the densities of the adhesion connections by these mutants
(Fig. 5 G and H) are much worse than those in the interfaces
formed by the full-length Sdks (Fig. 5 B and D), suggesting that
the FnIII domains might also play a role in stabilizing the

adhesion interfaces, although they do not form trans interactions
between cells. Assuming the FnIII domains lie down on the
membrane surface, their densities could be merged within cell
membrane densities and, therefore, were not resolved at the
resolution of the tomographic reconstructions (Fig. 5 B and D).
Nevertheless, the separation between the individual Sdk con-
nections (d) in the interfaces can be measured, showing that the
average distance between the full-length Sdk connections is
about 6.5 nm (Fig. 5 E and I). By contrast, the average separation
between the connections formed by the Ig-like domain-only
mutants is around 11 nm with larger variations (Fig. 5I), sug-
gesting that the FnIII domains might not only associate with cell
membranes, but also regulate the distribution of Sdk molecules
in the interfaces, probably through the cis interactions among
Sdk molecules (36), which may lead to a Sdk network on cell
surface and contribute to the stability and plasticity of adhesion
interfaces between cells (Fig. 5K).

Discussion
Cell adhesion molecules such as IgSF molecules usually have a
long extracellular portion containing multiple domains. The N-
terminal domains usually form homophilic pairs mediating the
trans interaction between cell membranes. For the IgSF adhesion
molecules, the N-terminal Ig-like domains could adopt either
linear or the horseshoe-like conformation for trans interactions.
A potential advantage of the horseshoe-shaped conformation is
that it may provide relatively larger binding interfaces with
higher specificity and selectivity (SI Appendix, Fig. S2). In the
case of Dscam, its N-terminal Ig-like domains form a unique S-
shaped conformation (dual horseshoe) with a larger dimerization
interface comparing to the horseshoe-shaped conformation, hence
providing the structural bases for the dimerization of a large
number of isoforms (37). Therefore, the number and the confor-
mation of the N-terminal Ig-like domains may correlate with the
selectivity and specificity of the IgSF adhesion molecules.
Sdks, Dscams, and contactins are the IgSF adhesion molecules

playing important roles in establishing sublaminar specificity in
the retina (15, 25) and have been proposed as cell surface rec-
ognition codes for forming precise synaptic connectivity in the
nervous system (25). Crystal structures of these molecules have
revealed the molecular details of the N-terminal Ig-like domains
as well as some Fn domains (23, 37–39). Although these N-
terminal domains adopt a conserved horseshoe-shaped confor-
mation, their dimerization patterns are different. The dimers of
Sdks are formed through the interactions between Ig1 and Ig2 of
the monomers, while the dimerization of Dscam is formed by the
interactions from Ig2, Ig3, and Ig7 (37). Different dimerization
patterns are also found for other horseshoe-shaped heads (27,
39, 40), suggesting that the dimerization modes may also be
relevant to the functional activities of IgSF adhesion molecules.
A common feature shared among many IgSF adhesion mole-

cules is that they usually contain different types of domains (6).
The Ig-like domains usually locate at the N terminus and are
involved in homophilic or heterophilic interactions by forming
trans interactions between cell membranes. The FnII or FnIII
domains are also frequently found in the IgSF adhesion mole-
cules, and the number of the Fn domains varies in different cases
(13). However, the roles of the Fn domains in cell adhesion have
not been clearly defined, although it has been suggested that Fn
domains may be involved in the cis interactions and facilitate the
cluster formation in adhesion interfaces (36). Similar to other
IgSF adhesion molecules, the N-terminal Ig-like domains of Sdks
mediate the trans-homophilic adhesion. A notable feature of Sdk
molecules is that they have 13 FnIII domains, which may be one
of the largest FnIII fragments among IgSF adhesion molecules
and makes two-thirds of the Sdk ectodomains (6). The extended
Sdk ectodomain is roughly 70–80 nm in length, and the EM
images show that the isolated Sdk ectodomains exhibit highly

Fig. 5. Architecture of Sdk-mediated cell–cell adhesion revealed by electron
tomography. (A) A tomographic slice of a cell adhesion interface (white
arrowheads) formed by Sdk1. (B) An isosurface of tomographic density
showing the connections and organization of Sdk1 molecules between cell
membranes. (C) A tomographic slice of a cell adhesion interface (white ar-
rowheads) formed by Sdk2. (D) An isosurface of tomographic density
showing the connections and organization of Sdk2 molecules between cell
membranes. (E) Fitting of the crystal structure of Sdk1 Ig1∼5 homophilic di-
mer (magenta and orange; PDB ID code 5k6w) into the tomographic density
(light blue) of Sdk1 in the adhesion interface. (F) Another view of the fitting
of Sdk1 Ig1∼5 into the tomographic density (light blue) showing the tilted
positions of Sdk1 horseshoe heads (magenta and orange) to cell membranes.
(G) An isosurface of tomographic density (green) showing the connections
and organization of Sdk1 Ig1∼6 molecules between cell membranes. (H) An
isosurface of tomographic density (green) showing the connections and
organization of Sdk2 Ig1∼6 molecules between cell membranes. (I) The av-
eraged intermembrane distances (D) and the distances between the Sdk
connections (d) in the Sdk mediated adhesion interfaces. (J) A structural
model of a homophilic pair of Sdk between cell membranes. (K) A model of
the cell adhesion interface mediated by Sdk molecules. (Scale bars: 25 nm.)
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flexible conformations, it would be difficult to imagine how these
long, flexible molecules could mediate stable interactions be-
tween cell membranes. However, the EM results show that the
adhesion interfaces mediated by Sdks are rather narrow with a
constant intermembrane distance that is much shorter than the
length of Sdk ectodomains, suggesting that a large part of Sdk
ectodomain may not contribute to the intermembrane spacing
directly. Indeed, our data also show that the FnIII domains are
associated with membranes and probably lying down on the
membrane surface, acting as anchors for Sdks on cell mem-
branes. In the meantime, the FnIII domains may also mediate cis
interactions among Sdk molecules and lead to a network for-
mation on cell surface, which may stabilize the adhesion between
membranes (Fig. 5K). Moreover, we are also trying to identify
potential 2D patterns of Sdk in the interfaces, but the current
data do not show any obvious 2D pattern in the interfaces, al-
though some small local patterns may exist. It is unclear whether
any regular 2D patterns are required for forming functional
adhesion interfaces or the packing density of Sdk molecules in
the interfaces could be important for adhesion.
Since a large number of IgSF adhesion molecules have been

identified, especially in neural systems, the major questions
about cell adhesion are how these molecules are organized in the
interfaces and how they regulate the specificity and plasticity of
adhesion. The results obtained here for Sdks may provide a ge-
neric model to address these questions. Although adhesion
molecules may have multiple domains and flexible conforma-
tions, they could lead to compact adhesion interfaces with

constant intermembrane spacing, and different types of domains
are playing different roles in establishing adhesion interfaces.
The Ig-like domains might behave as “hooks” to mediate the
trans-homophilic pair formation, while the Fn domains act as
“anchors” associating with membrane and also introduce cis in-
teractions among each other, resulting in a tightly packed stable
interface. The number and the conformation of the Ig-like do-
mains may reflect the specificity and selectivity of adhesion in-
teractions, while the number of the Fn domains may be relevant
to the plasticity or stability of adhesion interfaces. Therefore, the
combination of different types of domains might be evolved as
structural codes of IgSF adhesion molecules for establishing
precise cell–cell contacts with specificity and plasticity.

Materials and Methods
The ectodomain of mouse Sdk1, Sdk2, and their truncation mutants were
expressed in both insect cells and HEK293 cells, and the purified proteins were
applied for structural and biochemical experiments.

Further experimental details can be found in SI Appendix, Materials
and Methods.
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