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ABSTRACT

Contactin-associated protein-like 2 (CNTNAP2) is
a large multi-domain neuronal adhesion molecule
implicated in a number of neurological disorders,
including  epilepsy,  schizophrenia,  autistic
spectrum  disorder  (ASD),  intellectual  disability,
and  language  delay.  We reveal  here  by  electron
microscopy that the architecture of CNTNAP2 is
composed of a large, medium, and small lobe that
flex  with  respect  to  each  other.  Using  epitope
labeling and fragments, we assign the F58C, L1,
and L2 domains to the large lobe, the FBG and L3
domains to the middle lobe, and the L4 domain to
the  small  lobe  of  the  CNTNAP2  molecular
envelop.  Our  data  reveal  that  CNTNAP2  has  a
very  different  architecture  compared  to
neurexin  1,  a  fellow  member  of  the  neurexin
superfamily  and  a  prototype,  suggesting  that
CNTNAP2 uses  a  different  strategy  to  integrate
into the synaptic protein network . We show that
the  ectodomains  of  CNTNAP2  and  contactin  2
(CNTN2) bind directly and specifically, with low

nanomolar affinity. We show further that mutations
in  CNTNAP2  implicated  in  ASD  are  not
segregated,  but  are  distributed  over  the  whole
ectodomain. The molecular shape and dimensions
of  CNTNAP2  place  constraints  on  how
CNTNAP2 integrates in the cleft of axo-glial and
neuronal contact sites and how it functions as an
organizing and adhesive molecule.

INTRODUCTION

Contactin-associated  protein-like  2  (CNTNAP2,
also  known  as  CASPR2)  is  a  type  I  trans-
membrane cell  adhesion molecule. CNTNAP2 is
found  in  the  central  and  peripheral  nervous
system,  where  it  is  highly  expressed  throughout
brain  and spinal  cord,  particularly  in  the  frontal
and temporal lobes, striatum, dorsal thalamus, and
specific  layers  of  the  cortex  (1,  2).  In  humans,
alterations in the CNTNAP2 gene are associated
with a variety of neurological disorders, including
epilepsy, schizophrenia, autistic spectrum disorder

1



                                                                           Architecture of CNTNAP2 and its interaction with CNTN2

(ASD), intellectual disability, and language delay
but  also  obesity  (2-5).  In  addition,  in  humans,
auto-antibodies that target the extracellular domain
of  CNTNAP2  are  linked  to  autoimmune
epilepsies,  cerebellar  ataxia,  autoimmune
encephalitis, neuromyotonia, Morvan’s syndrome,
and  behavioral  abnormalities  including  amnesia,
confusion, and neuropsychiatric features (6-12).

CNTNAP2 carries  out  multiple  functions  in  the
nervous system. In myelinated axons, CNTNAP2
localizes  to  the  juxtaparanodes,  unique  regions
that flank the nodes of Ranvier. Here, CNTNAP2
takes part in an extensive network of proteins that
attaches  the glial myelin sheath to the  axon and
that  segregates  Na+ and K+ channels  in  order  to
propagate nerve impulses efficiently (13). At these
axo-glial  contact  points,  the  ectodomain  of
CNTNAP2 binds the adhesion molecule contactin
2 (CNTN2), forming a molecular bridge that spans
the extracellular space, while the cytoplasmic tail
of  CNTNAP2  recruits  K+ channels  (13-17).
CNTNAP2 has an emerging role as well at contact
points  between  neurons  called  synapses,  in
particular  inhibitory  synapses,  and  this  role  is
likely  important  for  its  clinical  significance (18-
20).  At  synapses,  CNTNAP2  localizes  to  the
presynaptic membrane and binds CNTN2 tethered
to the  post-synaptic  membrane,  forming a  trans-
synaptic bridge that spans the synaptic cleft (19).
CNTNAP2  knockout  mice  develop  seizures,
hyperactivity,  and  behavioral  abnormalities
associated with ASD (21). Knock-out and knock-
down studies indicate that CNTNAP2 is essential
to maintain normal network activity and synaptic
transmission; its loss leads to decreased dendritic
arborization  and  reduced  numbers  of  inhibitory
interneurons,  excitatory  synapses,  and  inhibitory
synapses  (21-23).  CNTNAP2 also influences  the
cellular  migration  of  neurons,  guiding  them  to
their  correct  position  in  the  final  layered
organization of the brain (1, 21, 24). CNTNAP2
thus plays  a key role  in  the  formation  of neural
circuits through its impact on neural connectivity,
neural  migration,  synapse  development,  and
synaptic  communication.  Through  its  organizing
role at the nodes of Ranvier it may influence nerve
conduction as well. 

The extracellular  domain of CNTNAP2 contains
eight defined domains: a F58C (discoidin) domain,

four LNS domains,  two EGF-like repeats,  and a
fibrinogen-like  domain  (Fig.  1A).  Because
CNTNAP2 contains a so-called ‘neurexin repeat’
(‘LNS-EGF-LNS’),  it  has  been  suggested  that
CNTNAPs are members of the neurexin family of
synaptic cell adhesion molecules (25-26). CNTN2
consists of 6 Ig-domains followed by 4 fibronectin
domains and it is tethered to the cell surface by a
GPI anchor (Fig. 1A). At axo-glial contacts, it has
been proposed that the ectodomains of CNTNAP2
and CNTN2 form a  cis-complex  tethered  to  the
axonal membrane which in turn recruits a second
CNTN2 molecule on the opposing glial membrane
to form a bridge spanning the axo-glial cleft (13,
16-17, 27). However,  a  trans-complex consisting
of  an  axonal  CNTNAP2  and  a  glial  CNTN2
molecule has also been proposed (28). At synaptic
contacts, CNTNAP2 and CNTN2 appear to form a
trans-complex spanning the synaptic cleft (19). 

The extracellular region of CNTNAP2 is directly
linked to disease. A putatively secreted form of the
CNTNAP2  ectodomain  generated  by  the
homozygous  mutation  I1253X  causes  cortical
dysplasia-focal  epilepsy  (CDFE)  in  humans,  a
disorder hallmarked by epilepsy, and cognitive and
behavioral deficits; several heterozygous in-frame
deletions  affecting the N-terminal  F58C,  L1 and
L2  domains  are  linked  to  mental  retardation,
seizures, and speech deficits  (24,  29-32). The N-
terminal  region  of  CNTNAP2,  in  particular  the
F58C domain, is targeted by human auto-immune
antibodies  associated  with  encephalitis  and/or
peripheral  nerve  hyperexcitability  (12,  19).
Furthermore,  many  point  mutations  in  the
CNTNAP2 ectodomain have been linked to ASD,
though their precise clinical impacts remains to be
delineated (18, 33).

To gain insight into the structure and function of
CNTNAP2  we  overexpressed  the  extracellular
domain of CNTNAP2 and its partner, CNTN2. We
established  that  the  ectodomains  of  CNTNAP2
and CNTN2 interact directly and specifically with
each other with low nanomolar affinity. Also, we
determined  the  architecture  of  the  large  multi-
domain  extracellular  region  of  CNTNAP2 using
electron microscopy. By identifying epitopes and
characterizing  fragments,  we  assigned  domains
within the CNTNAP2 molecular envelop. Our data
reveal  that  CNTNAP2  has  a  very  different
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architecture  compared  to  neurexin  1,  the
prototype for the neurexin superfamily, suggesting
that  CNTNAP2  uses  a  different  strategy  to
integrate  into  the  synaptic  protein  network.
Furthermore, the molecular shape and dimensions
of CNTNAP2 provide molecular insight into how
CNTNAP2 functions in the cleft of axo-glial and
neuronal  contacts  as  an organizing and adhesive
molecule.

RESULTS

To  delineate  the  architecture  of  CNTNAP2  and
probe its interaction with CNTN2, we produced a
panel  of  purified  recombinant  proteins  in  insect
cells  (Fig.  1B,  1C).  The  extracellular  region  of
CNTNAP2 is observed as a monodisperse protein
with an apparent molecular weight (Mw) ~124 kDa
by size exclusion chromatography, i.e., close to its
calculated Mw of 134.1 kDa, suggesting a globular
nature  (Fig.  2).  The  CNTN2 ectodomain  is  also
monodisperse in solution, but its apparent Mw of
~326 kDa is much larger than its calculated Mw of
108.6  kDa,  suggesting  that  it  forms  either  an
elongated  or  a  multimeric  species  which  gel
filtration  chromatography  cannot  distinguish
between  (Fig.  2).  To  confirm  these  results,  we
analyzed  the  ectodomains  of  CNTNAP2  and
CNTN2  by  dynamic  light  scattering  which
revealed  a  similar  difference  between  the  two
molecules, i.e., an estimated Mw  of 168 ± 66 kDa
(polydispersity index 0.154; ~39% polydispersity)
for CNTNAP2 and 444 ± 135 kDa (polydispersity
index 0.092;  ~ 30% polydispersity)  for CNTN2,
respectively. The monomeric nature of CNTNAP2
was confirmed by electron microscopy (EM), see
below, as it was for CNTN2 as well (unpublished
data).  

CNTNAP2  has  been  postulated  to  interact  with
CNTN2 on account of cell-based assays (13, 16,
17, 19, 27, 28). To test whether the ectodomains of
CNTNAP2 and CNTN2 are sufficient to bind each
other directly, we used a solid phase binding assay
and showed that  CNTNAP2 binds CNTN2 with
~3 nM affinity  (Fig. 3A, 3B). We confirmed this
interaction with surface plasmon resonance (SPR).
CNTN2 immobilized on a biosensor surface bound
CNTNAP2 with  high  affinity  (KD ~1.43  ±  0.01
nM) with kinetic parameters  ka ~(186.0  ± 0.01)
x104 M-1 s-1 and kd ~(26.50 ± 0.006) x 10-4  s-1 (Fig.

3C). In the reverse assay, immobilized CNTNAP2
also  bound  soluble  CNTN2  with  nanomolar
affinity (KD ~8 ± 3 nM) and kinetic parameters ka

~(8.63  ± 0.03) x104 M-1 s-1 and kd ~(6.96 ± 0.02) x
10-4  s-1 (Fig.  3D).  The  higher  affinity  observed
when  CNTN2  is  immobilized  suggests  that
constraining  the  flexibility  of  CNTN2  may
increase  its  affinity  for  CNTNAP2.  Regardless,
both the solid phase and SPR assays demonstrated
that the CNTNAP2 and CNTN2 ectodomains bind
each  other  directly  with  nanomolar  affinity.  To
assess the specificity of this interaction, we tested
the binding of CNTN2 and CNTN1 respectively to
a  CNTNAP2-coupled  biosensor  by  SPR,  and
revealed  that  while  CNTN2  binds  CNTNAP2
readily,  CNTN1  does  not  (Fig.  3E and  3F).
However,  when the contactins were immobilized
on the biosensor (the ‘reverse orientation’)  there
was little  difference,  which we believe could be
due  to  the  increased  affinity  gained  by
constraining  the  conformation  of  the  long  and
flexible  contactin  molecules  on  the  sensor
(yielding  a  ~  six-fold  difference  in  affinity  for
CNTNAP2 and CNTN2, Fig. 3C and 3D).  

To assess the architecture of CNTNAP2 we used
negative-staining  electron  microscopy  (NS-EM),
because  the  relatively  small  molecular  mass  of
CNTNAP2  (134  kDa)  makes  it  challenging  to
image  by  cryo-electron  microscopy  (cryo-EM).
The  CNTNAP2  ectodomain  is  observed  as  a
monomer  that  is  ~151  Å long and ~90 Å wide
(Fig.  4A).  Analysis  of  twelve  representative
CNTNAP2  particles  revealed  a  structure
composed  of  four  discrete  globular  densities,  a
large lobe, a middle lobe clearly composed of two
adjacent globules and a small lobe (Fig. 4B). To
reduce  the  noise,  53,774  particle  images  were
submitted  to  200 reference-free  two-dimensional
(2D) class averaging (Fig.  4C).  To highlight  the
major features of CNTNAP2 and its organization,
representative  particles  from  the  reference-free
class-averages  were  contrast  next  to  schematic
representations  revealing  an  ‘F’-shaped  structure
(Fig. 4D, 4E). To determine the three-dimensional
(3D)  structure of  CNTNAP2,  a  multi-reference
single-particle reconstruction method was used to
refine the particle images (34). To avoid potential
bias introduced by initial models during the single-
particle  3D refinement  and  reconstruction  stage,
we  used  initial  models  that  were  derived  from
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experimental  data  obtained  through  electron
tomography  (ET).  In  brief,  eight  representative
molecules were selected and imaged from a series
of tilt angles. The tilt images from each molecule
were  aligned  and  back-projected  to  produce  a
corresponding ab initio 3D reconstruction of each
molecule  using  the  individual-particle  electron
tomography  method  (IPET)  (35)  (Fig.  5A-5D).
These  eight  IPET  ab  initio 3D  reconstructions
served  as  initial  models  to  carry  out  the  multi-
refinement algorithm with EMAN (34) (Fig. 5E).
The  3D  reconstructions  refined  from  53,774
particles also indicated that CNTNAP2 forms an
asymmetric,  ‘F’  shaped  molecule  composed  of
three discrete regions, a large lobe (88 Å x 47 Å),
a middle lobe (91 Å x 40 Å) and a small lobe (54
Å x 44 Å). The CNTNAP2 ectodomain contains a
striking  combination  of  compact  lobes  that  flex
with respect  to each other via molecular hinges.
As shown for the panel of representative particles,
the  large,  middle  and  small  lobes  maintain
themselves  as  well  defined,  entities,  while  the
lobes flex with respect to each other (Fig. 5D, 5E).
This  conformational  heterogeneity  produces  a
portfolio  of  F-shaped  particles  reminiscent  of  a
running dog (Fig. 5F).  To examine the impact of
the  molecular  hinges  on  the  conformational
freedom of  the  CNTNAP2 molecule,  we carried
out  a  statistical  analysis  comparing 3,450
CNTNAP2 particle images. Using the middle lobe
as a reference point, we determined that the large
lobe flexes over a range of ~65 while the small
lobe shows even greater freedom, flexing over a
range of ~74 (Fig. 5G).

To  determine  the  domain  organization  within
CNTNAP2,  we  used  three  independent
approaches,  nanogold labeling,  antibody labeling
and  imaging  CNTNAP2  fragments.  For  the
nanogold labelling experiment, we labelled the C-
terminal  hexa-histidine tag at  the  CNTNAP2 L4
domain  with  two  types  of  Ni-NTA  nanogold
particles, 1.8 nm (Fig. 6A-6D) and 5.0 nm (Fig.
6E-6I).  Survey  EM  micrographs  and
representative images of 1.8 nm nanogold-labeled
CNTNAP2  showed  ‘F’-shaped  particles  with
nanogold  clusters  bound,  the  visualization  of
which were enhanced by inverting the contrast to
elevate the nanogold above the background noise
(Fig.  6B).  The  1.8  nm  nanogold  clusters
consistently  localized  next  to  the  small  lobe  of

CNTNAP2 (Fig. 6B). We confirmed the nanogold
location in three dimensions using ET images and
IPET  3D  reconstruction  of  a  representative
CNTNAP2 molecule bound to a 1.8 nm nanogold
particle, which enabled us to highlight the protein
and  the  nanogold  particle  respectively,  by
overlaying the 3D map and the contrast-inverted
3D map (Fig. 6C, 6D). Survey EM micrographs of
5  nm  nanogold-labeled  CNTNAP2  also  showed
dark,  round  densities  corresponding  to  the
nanogold  on  the  surface  of  CNTNAP2 particles
near the small lobe (Fig. 6E-6H). As done for 1.8
nm  nanogold  labeled  CNTNAP2,  we  confirmed
the 3D location of the 5 nm gold cluster near the
small lobe of a representative CNTNAP2 molecule
by  overlaying  the  3D  map  and  the  contrast-
inverted 3D map highlighting the protein and the
nanogold particle respectively (Fig. 6I, 6J). Both
nanogold labeling studies indicated that the small
lobe  contains  the  C-terminal  CNTNAP2  L4
domain.

Second,  we  then  used  the  monoclonal  antibody
K67/25 (raised against residues 1124-1265 of the
CNTNAP2 L4 domain) to confirm the location of
the  L4  domain  in  CNTNAP2  particles.  EM
micrographs  demonstrated  a  mixture  (Fig.  7A)
containing  F-shaped  CNTNAP2  particles,  Y-
shaped  antibody  particles,  and
CNTNAP2:antibody  complexes  (Fig.  7B,  7C).
Additionally, because of the flexible nature of the
complex and its individual partners, we analyzed
single CNTNAP2-antibody complexes using IPET
(Fig.  7D,  7E).  The  resolution  of  the  IPET  3D
density  maps was  sufficient  to  define  the  “Y”-
shaped antibody (three  ring-  or  donut-shaped
lobes in a triangular constellation corresponding to
the  two  Fab and  Fc lobes)  (35).  We  docked  the
antibody crystal structure (PDB ID:1IGT) into the
Y-shape 3D density portion by moving the rigid-
body structure   of the domains to each of ring/C-
shaped  density  while  allowing  the  loop  portion
flexible  and  change   in  its  structure  under
remaining chemical bonds condition (Fig. 7D and
7E).  The  remaining  portion  of  the  3D  map
revealed  density  consistent  with  the  “F”-shape
seen  for  the  3D  reconstruction  of  individual
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CNTNAP2 molecules,   with  the  small  lobe  or
base  of  the  “F”-shape  contacting  the  anti-body
(Fig.  5D). Although  the  complex  demonstrated
conformational  heterogeneity,  it  still  clearly
revealed that the  K67/25 antibody bound close  to
the  small  lobe  of the  “F”-shaped CNTNAP2,
confirming that the C-terminal L4 domain carrying
the antibody epitope coincides with the small lobe
of CNTNAP2. 

Third, we examined three fragments of CNTNAP2
(F58C-L1-L2,  FBG-L3,  and  L3-egfB-L4)  using
NS-EM,  ET,  and  small  angle  x-ray  scattering
(SAXS). The N-terminal fragment CNTNAP2-C2
(F58C-L1-L2) was seen as a compact moiety with
dimensions 101 Å x 67 Å, i.e., similar to those of
the  large  lobe  in  NS-EM images  (Fig.  8A-8C).
The  CNTNAP2-C2 fragment  resolved  into  three
similarly sized domains in raw particles and class
averages, consistent with it  containing one F58C
and  two  LNS  domains;  subsequent  careful
inspection  of  NS-EM  images  of  the  full-length
CNTNAP2  ectodomain  revealed  that  the  large
lobe could also be resolved into three individual
globules in some particles. The size and shape of
CNTNAP2-C2  were  further  confirmed  with  ET
images by reconstructing a representative IPET 3D
density map from an individual molecule (Fig. 8D,
8E) which matched the size and shape determined
by SAXS (Fig.  8F,  8G).  The  fragment  FBG-L3
(CNTNAP2-C3)  was  observed  as  two  globular
domains  connected  by  a  flexible  linker
(dimensions 96 Å x 43 Å) (Fig. 8H). The fragment
L3-egfB-L4 (CNTNAP2-C5) was also seen as two
connected globular domains with dimensions 108
Å x 50 Å though these were separated by a larger
distance consistent with the presence of an EGF-
like  repeat  (Fig.  8I).  Taken together,  our  results
suggest that the large lobe in CNTNAP2 contains
the domains F58C, L1 and L2, the medium lobe
contains the FBG and L3 domains and the small
lobe  the  C-terminal  L4  domain,  leading  to  a
putative assignment for the domain organization of
CNTNAP2  (Fig.  8J).  Our  conformational
variability  analysis  (Fig.  5G)  and  our  domain
assignment for CNTNAP2 (Fig. 8J) suggest that
CNTNAP2  has  molecular  hinges  that  coincide
with the EGF-like repeats permitting the lobes to
flex with respect to each other.

CNTNAP2  and  neurexin  1 possess  a  similar
domain  composition consisting  of  LNS domains
interspersed by  EGF-like  repeats  (Fig.  9A),
and  it  has  widely  been  assumed that  they  share
similar  architectures. Crystal  structures  and  EM
studies  have  shown  that  the  ectodomain  of
neurexin  1 forms a  rod-shaped assembly made
up of domains L2 through L5 (36-38). Though the
EGF-like repeats are not visible in the EM images
for  CNTNAP2 or  neurexin  1 (Fig.  4;  38),  the
location of these small, ~40 a.a. domains could be
determined via the crystal structures (36-37). The
domains L1 and L6 are flexibly tethered on either
side via egf-A and egf-B, yielding a molecule that
spans  ~200  Å (36-38). While  CNTNAP2  and
neurexin 1 contain EGF-like repeats adjacent to
molecular  hinges,  neurexin  1 contains  an
additional EGF-like repeat (egf-B) that works as a
lock, packing the central domains L3 and L4 side-
by-side into a horseshoe-shaped reelin-like repeat
forming the core of the rod-shaped assembly (36),
a configuration not seen in CNTNAP2. Thus the
location  of  the  molecular  hinges  in  the
extracellular region of CNTNAP2 and neurexin 1
are  different.  The  two  proteins  have  a
fundamentally  different  architecture,  i.e.,
CNTNAP2  adopts  an  F-shaped molecule
segregated into three  major  lobes, while neurexin
1 adopts  a  rod-shaped  core  with  terminal
domains  flexibly tethered on either side (Fig.  4,
Fig.  5 and  Fig.  9B). Consequently,  our  data
suggest that CNTNAP2 and alpha-neurexins may
possess fundamentally different structure-function
relationships  and molecular  mechanisms through
which  they  recruit  partners  and  carry  out  their
function at neuronal contact sites (further detailed
in the Discussion).

DISCUSSION

We  have  investigated  structure-function
relationships  of  CNTNAP2,  a  neuronal  cell
adhesion  molecule  at  axo-glial  and  synaptic
contacts  that  is  implicated  in  a  variety  of
neurological  disorders  including  epilepsies  and
autism spectrum disorder. Our results indicate that
1)  the  extracellular  domains  of  CNTNAP2  and
CNTN2 bind  each  other  tightly  and  specifically
with low nanomolar affinity; 2) CNTNAP2 forms
a  relatively  globular  F-shaped  molecule  that  is
divided into three distinct lobes; 3) the lobes flex
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with respect to each other at hinge points near the
EGF-like repeats; 4) the N-terminal large lobe is
composed of F58C, L1 and L2,  the middle lobe
contains the FBG and L3 domains, while the C-
terminal  small  lobe  contains  L4;  and  5)  the
structural organization of CNTNAP2 is profoundly
different from neurexin 1, the prototype for the
neurexin  superfamily.  Our  results  have
implications  for  how  CNTNAP2  stabilizes
synaptic  and  axo-glial  contacts,  because  the
architecture  and  dimensions  of  CNTNAP2  not
only  determine  how  CNTNAP2  fits  into  the
narrow extracellular clefts at contact sites, but also
how it  binds  protein  partners.  Our  results  differ
drastically  from  a  recent  study  examining  the
structure of CNTNAP2 by EM where the domains
were  assigned  in  the  opposite  order  in  the
CNTNAP2  molecular  envelop  compared  to  our
experimentally  validated  orientation  (39).  In
addition, in that study no interaction was detected
between  CNTNAP2  and  CNTN2  though
CNTNAP2 was found to bind CNTN1 (39) unlike
the results presented here. Key differences in the
experimental  approach  for  the  two  biolayer
interferometry studies are that we used as bait and
ligand highly  purified  monomeric  CNTNAP2
and CNTN2 carrying only a small hexa-histidine
affinity  tag  which  we  produced  in  insect  cells,
while  the  other  study  used  unpurified  Fc-fusion
proteins immobilized on an Fc-Capture biosensor
captured from conditioned medium of transfected
cells  and  the  proteins  were  produced  in
glycosylation deficient HEK293 GnTI cells.

CNTNAP2  at  synaptic  and  axo-glial  contacts:
Adhesion molecules like CNTNAP2 shape protein
networks  at  synaptic  and  axo-glial  contacts  by
binding  protein  partners.  Their  ability  to  recruit
partners  is  heavily  influenced  by  how  these
molecules are positioned in the extracellular space
between the cells at the contact site, i.e., how their
overall  dimensions,  domains,  and  molecular
hinges fit in the cleft. In the CNS, synaptic clefts
are  estimated  to  span  ~200-240  Å  at  excitatory
synapses  (40-43),  but  only ~120 Å at  inhibitory
synapses  (44),  though  even  narrower  gaps  were
recently  suggested  for  excitatory  (~160  Å)  and
inhibitory (100 Å) synapses, respectively (44). The
axo-glial cleft  at  juxtaparanodes putatively spans
~74-150 Å, i.e., an intermediate distance between
the paranodal and internodal clefts for which more

accurate  measurements  are  known  (45,  46).
Therefore, given the dimensions of the CNTNAP2
ectodomain (~145 Å long x ~90 Å wide x ~50 Å
thick  with  a  ~50  residue  membrane  tether),  the
long axis of the molecule likely fits horizontally in
the  narrow  cleft  of  inhibitory  synapses  and
juxtaparanodes, primary locations for CNTNAP2
(Fig.  10A).  Likewise,  CNTNAP2  is  also  easily
accommodated  in  a  horizontal  orientation  at
excitatory  synaptic  contacts,  though  a  vertical
orientation  (i.e. the  long  axis  orthogonal  to  the
membranes)  cannot  be  ruled  out  in  these  wider
clefts  (Fig.  10A).  Our  results  indicate  that  the
lobes  of  CNTNAP2  flex  with  respect  to  each
other; they may also change upon protein partner
binding so that the molecule could fit in alternative
ways  in  the  cleft.  If  CNTNAP2  seeks  out  the
periphery of the  cleft  where  the two membranes
widen from each other, then a vertical orientation
would  be  feasible  as  well.  Intriguingly,  the
synaptic  organizer  synCAM1  localizes  to  the
periphery  of  synaptic  contact  sites  and  its
distribution further changes in response to synaptic
activity (43). In the case of neurexin 1, its ~200
Å long, rod-like shape most certainly restricts it to
a  horizontal  orientation  in  the  synaptic  cleft,
facilitating the recruitment of its postsynaptically
tethered partners along its length (Fig. 10B). The
orientation  of  the  CNTNAP2 ectodomain  in  the
cleft  of  synaptic  and  axo-glial  contact  sites
therefore  is  important,  because  it  can
fundamentally  impact  how  CNTNAP2  interacts
with  its  protein  partners.  The  architecture  and
dimensions of CNTNAP2 provided in  this study
therefore place limits on how CNTNAP2 recruits
partners such as CNTN2 to stabilize axo-glial and
synaptic contact sites. Of course, the conformation
and  oligomerization  state  of  molecules  such  as
CNTNAP2 and CNTN2 could become altered in
the  synaptic  cleft,  for  example  in  response  to
synaptic activity.

Multiple CNTNAP2 molecules could easily fit in a
synaptic cleft given that the surface areas of post-
synaptic  densities  (PSDs)  for  synapses  on
dendritic spines typically span ~0.04-0.15  m2 in
adult mice corresponding to a ~2250–4370 Å wide
circular patch (42, 47). Surface areas for inhibitory
synaptic  contact  sites  are  much  larger  than
excitatory PSDs (6500–14000 Å in length)  (48).
Accurate  dimensions  for  juxtaparanodal  regions
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have not been performed yet.  Efforts to estimate
the number of CNTNAP2 molecules per contact
site,  however,  are  complicated  because  it  is  not
known  whether  the  distribution  of  CNTNAP2
throughout synaptic contacts or axo-glial contacts
is uniform.

Interaction  of  CNTNAP2  with  CNTN2:
Presynaptic CNTNAP2 and post-synaptic CNTN2
were recently shown to engage each other directly
in a macromolecular complex at synaptic contacts
(19).  However,  axo-glial  contacts,  it  has  been
proposed that CNTNAP2 binds CNTN2 in a side-
by-side complex tethered to the axonal membrane
(i.e.,  in cis);  this  cis-complex reaches  across the
extracellular  space  to  bind  a  second  CNTN2
molecule on the opposing glial membrane (i.e., in
trans) forming a tripartite complex that spans the
axo-glial  cleft  (13,  16,  27).  Whether  CNTNAP2
alone is sufficient to form the trans-complex with
a  bridging  CNTN2  molecule  or  whether  a  cis-
complex of CNTNAP2:CNT2 is required to form
a tripartite complex, is controversial (28). Our data
indicate  that  the  CNTNAP2  and  CNTN2
ectodomains  are  sufficient  to  bind  each  other
directly  with high affinity  in  the  low nanomolar
range though in the context of the contact site cleft
their affinity may be different. It will be important
to  investigate  the  structure  of  the  CNTNAP2-
CNTN2  complex  as  well  as  experimentally
determine  whether  CNTNAP2  uses  similar
mechanisms  to  bind  other  putative  partners  (16,
20, 22, 49).

CNTNAP2 and disease: Many alterations in  the
CNTNAP2 gene have been found; these include
SNPs,  deletions,  point  mutations,  and  defects  at
splice donor/acceptor splice sites (2, 18, 21, 29-31,
33,  50-52).  Homozygous  deletion  of  CNTNAP2
results in epilepsy, intellectual disability and ASD,
but  it  is  unclear  to  what  extent  heterozygous
mutations  of  CNTNAP2  confer  appreciable
disease risk (33, 52). Two large scale sequencing
studies identified ca. 66 point mutations of which
24 were found uniquely in ASD patients but not in
control  subjects  (18,  33).  Mapping  the  point
mutations on the CNTNAP2 envelop shows that
they distribute over the entire extracellular region
and  neither  the  disease  nor  the  control  group
mutations preferentially locate to a particular lobe
of the ectodomain (Fig. 10C). In contrast, human

pathogenic  auto-antibodies  targeting  CNTNAP2
appear  to  predominantly  target  the  N-terminal
region of CNTNAP2, in particular the F58C and
L1  domains  found  in  the  large  lobe  (12,  19),
suggesting they might disrupt a particular function
or have efficient access to only a limited portion of
CNTNAP2 in the cleft of contact sites.

Closer  examination  of  the  CNTNAP2  point
mutations  identified  in  the  disease  and  control
groups  reveals  complex  structure-function
relationships. Some point mutations in the disease
group  appear  to  be  mild  (substituting  similar
residues) and would not be expected to disrupt the
protein fold, while other mutations in the control
group  would  be  expected  to  be  deleterious.
Although no structures are known for CNTNAP2
LNS domains, they are structurally homologous to
LNS domains in  neurexin 1 enabling structural
predictions to be made (Fig. 10D). For example,
the  disease  mutation  N407S  maps  to  the  L2
domain in  CNTNAP2 and is  expected to have a
mild effect on the protein structure; this residue is
expected  to  be  solvent  exposed,  and  the  LNS
domain  fold  tolerates  many  different  residues
(Glu,  Asp,  Asn,  Trp,  Tyr,  Leu,  and  Pro)  at  this
position  (Fig.  10D).  N407S  is  not  aberrantly
retained in the ER or aberrantly trafficked (53). It
is  possible  that  this  mutation  disrupts  protein
function (for example protein partner binding) or
destabilizes interactions between the group F58C,
L1, and L2 or alters mRNA stability. In contrast,
the  control  group  mutation  T218M  in  the
CNTNAP2  L1  domain  appears  more  severe
because it likely replaces the terminal residue of a
-strand where normally exclusively a Ser or Thr
is found (Fig. 10D); the side chain hydroxyl plays
an  important  structural  role  in  the  LNS  domain
fold  by  forming  hydrogen  bonds  with  the
backbone of an adjacent  loop and  -strand.  The
much larger, hydrophobic Met would not be able
to  carry  out  this  structural  role  and  would  be
expected to destabilize the protein fold despite the
benign  clinical  manifestation  of  the  T218M
mutation. Further underscoring the complexity of
interpreting  disease  mutations,  R283C  and
R1119H are found in a very structurally conserved
region  of  the  LNS  domain  fold,  replacing  a
virtually conserved Arg residue in the CNTNAP2
L1  and  L4  domains  respectively.  In  structural
analogues this Arg is completely buried inside the
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protein  and  forms  key  hydrogen  bonds  with
residues  from  three  -stands.  Curiously,  while
R1119H  is  found  in  the  disease  group,  the
potentially structurally more damaging R283C is
found  in  the  control  group.  Higher  resolution
structural  information  will  inform  whether
mutations  in  CNTNAP2  have  the  potential  to
negatively impact structure-function relationships,

but the impact of each mutation will likely have to
be assessed by evaluating an endophenotype rather
than a clinical contribution.

Together the studies presented here form the basis
to pursue the molecular mechanisms of CNTNAP2
and its partners, in order to further understand its
role in the formation and stabilization of synaptic
and axo-glial contacts.
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EXPERIMENTAL PROCEDURES

Protein expression and purification: The human
contactin  associated  protein-like  2 (CNTNAP2)
ectodomain  (S32QK  …CGAS1217; accession:
BC093780) or fragments followed by a C-terminal
ASTSHHHHHH tag were produced using baculo-
virus  mediated  overexpression  in  HighFive  cells
with  Insect-XPRESS+L-Glutamine  medium
(Lonza). Briefly, medium containing the secreted
proteins was concentrated after protease inhibitors
were added,  dialyzed overnight  (25 mM sodium
phosphate  pH 8.0,  250 mM NaCl),  and purified
with  a  Ni-NTA  column  (Invitrogen,  25  mM
sodium phosphate pH 8.0, 500 mM NaCl, eluted
with  an  imidazole  gradient).  Subsequently,  the
protein was dialyzed into 50 mM MES pH 7.0, 50
mM NaCl, 3% glycerol overnight, incubated with
5  mM  CaCl2 for  0.5  hr,  applied  to  a  MonoQ
column (GE Healthcare) equilibrated with 50 mM
MES pH 7.0, and subsequently eluted with a NaCl
gradient. Lastly, proteins were applied to a HiLoad
Superdex-200  16/60  size  exclusion  column  (GE
Healthcare) equilibrated with 50 mM MES pH 7.0,
100  mM  NaCl.  Human  contactin  2 (CNTN2)
ectodomain (L29ESQ …VRNG1004;  accession:  BC
BC129986.1) followed  by  a  C-terminal
SASTSHHHHHH tag was produced using baculo-
virus  mediated  overexpression  as  well.  Human
contactin  1 (CNTN1)  ectodomain  (V32SEE …
KISGA995;  accession: NM_001843.2) followed by
a  C-terminal  GSASTSHHHHHH  tag  was
produced  using  baculo-virus  mediated
overexpression  also.  Briefly,  medium  containing
the  secreted  proteins  was  concentrated  after
protease inhibitors were added, dialyzed overnight
(25  mM  sodium  phosphate  pH  8.0,  250  mM
NaCl),  and  purified  with  a  Ni-NTA  column
(Invitrogen, 25 mM sodium phosphate pH 8.0, 500
mM  NaCl,  eluted  with  an  imidazole  gradient).
Subsequently,  the  protein  was  dialyzed  into  25
mM  Tris  pH  8.0,  100  mM  NaCl,  applied  to  a
Mono  Q  column  (GE  Healthcare)  equilibrated
with  25  mM  Tris  pH  8.0,  50  mM  NaCl,  and
subsequently eluted with a NaCl gradient. Lastly,
proteins were applied to a HiLoad Superdex-200
16/60 size exclusion column (GE Healthcare, 10
mM HEPES pH 8.0, 50 mM NaCl). Neurexin 1
was  prepared  as  previously  described  (36).
Purified  proteins  were  stored  in  in  flash-frozen
aliquots.  For  analytical  size  exclusion
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chromatography,  proteins  were  loaded  on  a
Superdex 200 PC 3.2/30  in  25 mM HEPES pH
8.0, 100 mM NaCl, 5 mM CaCl2 in a 50 l sample
volume  and  run  at  0.08  ml/min  (in  triplicate).
Protein  standards  (Sigma:  200,  66,  29,  and 12.4
kDa) and Blue Dextran (2000 kDa) were used to
calibrate  the  column  loaded  in  a  50  µl  sample
volume  and  run  at  0.08  ml/min.  In  parallel,
samples were analyzed by dynamic light scattering
using a Malvern Zetasizer Nano at 1 mg/ml in 10
mM HEPES pH 8.0, 50 mM NaCl, 20 mM EDTA
at  25C  following  centrifugation  for  10  min  at
13,000 rpm (3  l  sample  volume,  in  triplicate).
Relevant  theoretical  molecular  weights  are  as
follows:  CNTNAP2-C1  (131,134.6  Da),
CNTNAP2-C2  (59,720  Da),  CNTNAP2-C3
(43,420  Da),  CNTNAP2-C4  (86,624  Da),  and
CNTN2-C1 (107,105 Da).

Negative  stain  EM  specimen  preparation:  All
samples  were  prepared  by  optimized  negative
staining with dilution buffer 25 mM Tris pH 8.0,
100 mM NaCl, 3 mM CaCl2.  CNTNAP2 sample
was diluted to 0.005 mg/ml. For labeling studies,
CNTNAP2  and  Ni-NTA nanogold  (Nanoprobes)
were mixed with a molar ratio of ~1:5, incubated 1
hour at room temperature and then diluted to 0.005
mg/ml with respect to CNTNAP2. The CNTNAP2
monoclonal  antibody  K67/25  (NeuroMab)  was
diluted  to  0.005  mg/ml.  CNTNAP2 and K67/25
were mixed with a molar ratio of 1:1, incubated
for 1 hour at room temperature, and then diluted to
end  concentration  0.005  mg/ml  CNTNAP2  and
0.0068 mg/ml K67/25, respectively. Neurexin 1
was diluted to 0.005 mg/ml. When making grids,
an aliquot (~4 µl) of sample was placed on a 5 nm
thin-carbon-coated 200 mesh copper grid (CF200-
Cu, EMS) that had been glow-discharged for 15
seconds. After ~1 min incubation, excess solution
was blotted with filter paper, and the grid stained
for ~10-60 seconds by submersion  in  two drops
(~35 µl) of 1% (w/v) uranyl formate (UF) (54, 55)
on  Parafilm  before  being  dried  with  nitrogen  at
room temperature. 

Electron  microscopy  data  acquisition  and
image pre-processing: The NS micrographs were
acquired  at  room  temperature  on  a  Gatan
UltraScan  4Kx4K  CCD  by  a  Zeiss  Libra  120
transmission  electron  microscope  (Carl  Zeiss
NTS) operating at 120 kV at 80,000x to 125,000x

magnification under near Scherzer focus (0.1 µm)
and  a  defocus  of  0.6  µm.  Each  pixel  of  the
micrographs  corresponded  1.48  Å  for  80,000x
magnification  and  0.94  Å  for  125,000x
magnification.  Micrographs  were  processed  with
EMAN,  SPIDER,  and  FREALIGN  software
packages  (34,  56,  57).  The  defocus  and
astigmatism of each micrograph were examined by
fitting  the  contrast  transfer  function  (CTF)
parameters with its power spectrum by ctffind3 in
the  FREALIGN  software  package  (57).
Micrographs  with  distinguishable  drift  effects
were  excluded,  and  the  CTF  corrected  with
SPIDER  software  (56).  Only  isolated  particles
from  the  NS-EM  images  were  initially  selected
and windowed using the boxer program in EMAN
and  then  manually  adjusted.  A  total  of  1,392
micrographs  from  CNTNAP2  samples  was
acquired, in which a total of 53,774 particles was
windowed  and  selected.  A  total  of  105
micrographs  from  CNTNAP2  and
CNTNAP2:antibody  complex  samples  was
acquired,  in  which  a  total  of  945  particles  was
windowed and selected. Particles were aligned and
classified  by  reference-free  class  averaging  with
refine2d.py in the EMAN software package. 

Electron  tomography  data  acquisition  and
image pre-processing:  Electron tomography data
of  CNTNAP2,  CNTNAP2-nanogold,  antibody
K67/25,  CNTNAP2-antibody  K67/25  complex,
and       neurexin  1 specimens  were  acquired
under 125,000x magnification  (each pixel  of  the
micrograph  corresponds  to  0.94  Å  in  the
specimens) and 80,000x magnification (each pixel
of  the  micrograph corresponds  to  1.48  Å in  the
specimens) with 50 nm and 600 nm defocus by a
Gatan  Ultrascan  4,096  x  4,096  pixel  CCD
equipped in a Zeiss Libra 120 Plus TEM operated
under 120 kV. The specimens mounted on a Gatan
room-temperature  high-tilt  holder  were  tilted  at
angles ranging from -66° to 66° in steps of 1.5°.
The total electron dose was ~ 200 e-/Å2.  The tilt
series  of  tomographic  data  were  controlled  and
imaged  by  manual  operation  and  Gatan
tomography  software.  Tilt  series  were  initially
aligned together with the IMOD software package
(58).  The  CTF  of  each  tilt  micrograph  was
determined by ctffind3 in the FREALIGN software
package,  and  then  corrected  by  CTF  correction
software, TOMOCTF (59). The tilt series of each

10



                                                                           Architecture of CNTNAP2 and its interaction with CNTN2

particle  image  were  semi-automatically  tracked
and selected using IPET software (35). 

Individual-particle electron tomography (IPET)
3D reconstruction:  Ab initio  3D reconstructions
were  conducted  using  the  IPET  reconstruction
method described in (35). In brief, the small image
containing  only  a  single  targeted  particle  was
selected  and  windowed  from  a  series  of  tilted
whole-micrographs  after  CTF  correction.  An
initial  model  was  obtained  by  directly  back-
projecting  these  small  images  into  a  3D  map
according  to  their  tilted  angles.  The  3D
reconstruction  refinements  were  performed  with
three rounds of refinement using a focus electron
tomography  reconstruction  (FETR)  algorithm.
Each round contained several iterations. In the first
round,  circular  Gaussian-edge  soft-masks  were
used.  In  the  second  round,  particle-shaped  soft-
masks  were  used.  In  the  third  round,  the  last
particle-shaped soft-mask of the second round was
used in association with an additional interpolation
method  during  the  determination  of  the
translational  parameters.  In  this  last  round,
translational searching was carried out to sub-pixel
accuracy  by  interpolating  the  images  5  times  in
each dimension using the triangular interpolation
technique.

IPET Fourier shell correlation (FSC) analysis:
The resolution of the IPET 3D reconstructions was
analyzed using the Fourier Shell Correlation (FSC)
criterion, in which center-refined raw ET images
were  split  into  two  groups  based  on  having  an
odd- or even-numbered index in the order of tilting
angles.  Each  group  was  used  independently  to
generate its 3D reconstruction by IPET; these two
IPET  3D  reconstructions  were  then  used  to
compute the FSC curve over their corresponding
spatial frequency shells in Fourier space (using the
‘RF 3’ command in SPIDER) (56). The frequency
at which the FSC curve falls to a value of 0.5 was
used to assess the resolution of the final IPET 3D
density map. 

Single  particle  3D reconstruction:  Eight  IPET
ab initio 3D density maps of CNTNAP2 generated
through  IPET  reconstruction  were  low-pass-
filtered to 40 Å and then used as initial models for
single-particle multi-reference refinement by using
multirefine in  EMAN  (34).  The  final  single-

particle  3D maps  have  resolutions  from 13.7  to
17.0 Å based on the 0.5 Fourier shell correlation
criterion  (34).  The  maps  were  then  low-pass-
filtered  to  16  Å  for  structural  manipulation.  To
visualize  molecular  envelops  the  'hide  dust'
function was applied in Chimera (60).

Antibody docking and interpretation of  IPET
3D  density  maps  for  individual  antibody-
CNTNAP2  complexes. The  resolution  of  the
IPET  3D  reconstructions  (~1-3  nm)  of  the
antibody:CNTNAP2  complex  was  sufficient  to
first  locate  the  antibody in the  density  map.  We
docked the crystal structure of an antibody (PDB
ID:  1IGT (61)).  Using  our  previously  published
procedure (62), Fab and Fc domains were rigid-
body  docked  into  a  density  map  envelope  by
Chimera  (60)  allowing  the  lobes  to  flex  with
respect to each other. The remaining unoccupied
density corresponded to the CNTNAP2 molecule
in the complex.

CNTNAP2 angle statistical analysis: The angle
between the small and medium lobe () is defined
by  angle  between  line  P1P2  and  line  P2P3  in
which P1, P2 and P3 are characteristic points on
the small and medium lobes. The angle between
the medium and large lobe () is defined by the
angle between line P3P4 and P5P6 in which P3,
P4, P5 and P6 are characteristic points on medium
and  large  lobes.  Though  the  lobes  in  3D  maps
would be related by a dihedral angle, in 2D class
averages, we observe a projection of the dihedral
angle.  A  total  of  3,450  CNTNAP2  uniformly
oriented  particles  were  selected  for  measuring
angle   and  .  Particles  with  significantly
different orientations on the grid were excluded to
eliminate the influence of particle  orientation on
angle distributions. The results of angle   and  
distributions were shown in Fig. 5G.

Molecular ratio calculation: The  particle  ratios
of CNTNAP2, antibody K67/25 and their complex
were obtained by calculating average and standard
deviation of particle ratios in  10 micrographs of
80,000x magnification. A total of 1,136 particles
were counted. 

Solid  Phase  Binding  Assays:  For  solid  phase
binding assays with immobilized CNTN2, 200 ngr
of CNTN2 in Binding Buffer/Ca2+ (20 mM Tris pH
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8.0, 100 mM NaCl, 5 mM CaCl2) was coated in
96-well  plates  at  RT (for 2  hours),  blocked with
Blocking Buffer (1% Gelatin, 20 mM Tris pH 8.0,
100 mM NaCl, 5 mM CaCl2)  for 2 hours, and then
incubated  for  1  hour  with  increasing
concentrations of biotinylated CNTNAP2 C1* (0 –
20 nM) in Binding Buffer/Ca2+ (in triplicate). To
assess  non-specific  background  binding,  wells
without  CNTN2  were  also  incubated  with
biotinylated  CNTNAP2  C1*  (0  –  20  nM)  in
Binding  Buffer/Ca2+ (in  duplo).Wells  were  then
emptied and washed three times. To develop the
signal,  all  wells  were  incubated  with  the  anti-
Streptavidin HRP conjugate (1:5000) for 45 min
followed  by  addition  of  the  substrate  o-
phenylenediamine (OPD) for 10 min. The reaction
was  then  stopped  by  adding  50  l/well  of  2M
H2SO4 and the plate read at 490 nm. The KD value
was calculated by fitting the data after subtraction
of  the  background  to  a  one  site-total  binding
equation using the non-linear regression model in
GraphPad  Prism.  Error  bars  show  the  standard
error of the mean.

Surface  Plasmon  Resonance: Binding  of
CNTNAP2 to CNTN2 was assessed  in  Running
Buffer (25 mM HEPES pH 8.0, 150 mM NaCl, 5
mM CaCl2 and 0.05% Tween-20) at 25°C with a
Biacore T100. CNTN2 (217 RU) and CNTNAP2
(1009  RU)  were  immobilized  separately  on  C1
sensor  chips  (matrix-free  carboxymethylated
sensors  optimized  for  large  molecules;  GE
Healthcare). Specific binding data was obtained by
injecting  a  series  of  CNTNAP2  concentrations
over a ligand-coupled sensor and subtracting from
the  signal  that  obtained  from  a  series  flowing
CNTNAP2 simultaneously over a sensor with no
ligand  immobilized.  The  following  CNTNAP2
concentrations  were  used:  CNTNAP2  (0,  0.125,
0.25, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0 and 10 nM) and
CNTN2 (0, 1.565, 3.125, 6.25, 12.5, 25, 50, 100
and  200  nM)  flowed  at  30  µl/min  for  200  s
(association step) followed by Running Buffer for
200  s  (dissociation  step).The  sensor  was
regenerated after each protein injection with 3 mM
NaOH. The data  were processed using a  kinetic
analysis  and  the  KD calculated  from sensorgram
data fit to a ~1:1 stoichiometric model. The curves
were fit using a local fitting method (Rmax local
fitting).  Global  fitting  was  also  possible  but
resulted  in  slightly  worse  fits,  however  the

calculated KD values did not differ significantly.
The KD values for CNTNAP2/CNTN2 binding for
two independent experiments were averaged (the
average  and  error  (SD)  is  given).  For
CNTNAP2/CNTN2 binding the standard errors on
kd and ka calculated by the Biacore T100 software
were  used  to  calculate  the  error  on  the  KD.  To
assess the interaction of CNTNAP2 with CNTN1
versus  CNTN2,  CNTNAP2 was immobilized  on
C1  sensor  chip  (1664  RU;  GE  Healthcare);
specific binding data were obtained by injecting a
series  of  CNTN1  or  CNTN2  concentrations  (0,
1.56,  3.12,  6.25,  12.5,  25,  50,  100 and 200 nM)
over the same CNTNAP2-biosensor at a 30 µl/min
flowrate for 100 s (association step) followed by
Running  Buffer  for  100  s  (dissociation  step)  as
described  above.  The  experiment  was  repeated
twice  yielding  similar  results.  The  reverse
experiment  immobilizing  contactins  and  flowing
CNTNAP2 was performed as well. It is unknown
whether immobilizing CNTN2 and/or CNTNAP2
on the biosensor induces conformational changes
or changes in the oligomeric state.

Small angle X-ray scattering (SAXS): All SAXS
data  were  collected  using  a  Rigaku  BioSAXS-
1000  camera  on  a  FR-E++  x-ray  source.  The
CNTNAP2  C2  samples  were  measured  at
concentrations of 2.5,  1.25 and 0.62 mg/ml.  For
each  concentration  70  μl  of  buffer  and  sample
were manually pipetted into separate tubes of an
eight-tube  PCR  strip  capillary  cell  and  sealed.
These were loaded into an aligned quartz flow-cell
under vacuum in the BioSAXS camera using an
Automatic  Sample  Changer.  Series  of  one  hour
exposures  were  collected,  and  averaged  in
SAXLab  to  produce  separate  sample  and  buffer
curves ranging from 12 to 16 hours total exposure.
Buffer subtraction, absorption correction, and MW
calibration were performed using the SAXNS-ES
server  (http://xray.utmb.edu/SAXNS).   Data
analysis,  including  zero  concentration
extrapolation,  was  performed  with  the  Primus
program and the P(r) was calculated using GNOM,
both from the ATSAS suite (630).  The  ab initio
molecular shape was generated from an average of
25 DAMMIF (641) runs, using the saxns_dammif
utility.  Calculation of the fit to the SAXS data was
performed using CRYSOL. The EM2DAM utility
was used to find the optimum EM map contour
level for fitting to the SAXS data.
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3D maps have been deposited in the EM Data Bank with the following accession codes: for CNTNAP2
IPET  reconstructions  1-8  (D_1300001030,  D_1300000954,  D_1300000964,  D_1300000966,
D_1300000969,  D_1300000970,  D_1300000976,  D_1300000980);  for  CNTNAP2  single  particle
reconstructions 1-8 (D_1300000982, D_1300000983, D_1300000986, D_1300000987, D_1300000988,
D_1300000989, D_1300000990, D_1300000991); for CNTNAP2 labeled with 1.8 nm Ni-NTA nanogold
(D_1300000992);  for  CNTNAP2  labeled  with  5  nm  Ni-NTA nanogold  (D_1300000993)  and  for
CNTNAP2-C2 (D_1300000994).
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Figure 1:

Fig.1: CNTNAP2 and CNTN2. A) Domain structure of CNTNAP2 and CNTN2. CNTNAP2 contains a
coagulation factor 5/8 type C (F58C) domain; laminin, neurexin, sex hormone binding globulin (LNS or
L)  domains;  egf-like  repeats  (egf);  and  a  fibrinogen-like  (FBG)  domain.  CNTN2  contains
immunoglobulin (Ig) and fibronectin type III domains (FN). Signal peptides (SP) and trans-membrane
domain (TM) are indicated. B) CNTNAP2 constructs used in this study. C) CNTN2-C1 construct used in
this study. CNTN1-C1 has an analogous domain organization. To improve legibility, CNTNAP2-C1 is
abbreviated to CNTNAP2, CNTN2-C1 to CNTN2 and CNTN1-C1 to CNTN1 throughout the manuscript.



Figure 2:

Fig. 2: Extracellular  domains  of  CNTNAP2  and  CNTN2.  A)  SDS-PAGE  analysis  of  purified
recombinant CNTNAP2 (lane 1) and CNTN2 (lane 3). Markers (in kDa) in lane 2.  B)  Size exclusion
chromatography  of  CNTNAP2;  C) Size  exclusion  chromatography  of  CNTN2;  D) Size  exclusion
chromatography of standards (2000, 200, 66, 29, and 12.4 kDa) and resulting calibration line. Samples
and standards  were  run  in  triplicate.  The  average  elution  volume (EVave)  and  standard  deviation  are
shown. The apparent molecular weights (Mapp) are indicated and reflect ‘large’ versus ‘small’ species.



Figure 3:

Fig. 3: Binding  between  CNTNAP2  and  CNTN2  ectodomains.  A) Increasing  concentrations  of
biotinylated CNTNAP2* were incubated in wells with immobilized CNTN2 in presence of 5 mM CaCl 2

(■) or in wells lacking CNTN2 (∆). B) Specific binding, expressed as the total binding in presence of Ca2+

minus the binding in  absence of CNTN2. Standard error of the mean shown.  C) Binding of soluble
CNTNAP2 to a CNTN2-coupled sensor by SPR. Binding curves of CNTNAP2 (0.125 - 10 nM) (in black)
were fit to a 1:1 binding model (red). D) Binding of soluble CNTN2 to a CNTNAP2-coupled sensor by
SPR. Binding curves of CNTN2 (1.56 - 200 nM) (in black) were fit to a 1:1 binding model (red). E) and
F) Side-by-side comparison of CNTN2 and CNTN1 binding to a single CNTNAP2-coupled sensor by
SPR.



Figure 4:

Fig. 4: Negative-staining EM images and reference-free class averages of CNTNAP2.   A) Survey
view of CNTNAP2 particles prepared by optimized negative staining. B) Twelve representative particles
of CNTNAP2.  C)  All 200 reference-free class averages calculated from 53,774 particles picked from
1,392 micrographs. In some class averages a domain is fuzzy, likely due to flexibility and the dynamics of
the protein (arrowheads). D) Four selected reference-free class averages of the particles. E) Schematic of
particles corresponding to D). Scale bar in A) 200 Å; in B), C), D) and E) 100 Å.



Figure 5:

Fig. 5: Three dimensional reconstruction and conformational variability analysis of CNTNAP2. A-
C) Process to generate representative 3D density maps, each from an individual CNTNAP2 particle, using
IPET (left  panel).  Three examples are shown. Final IPET 3D density map of each single CNTNAP2
particle is displayed on top right panel and Fourier shell correlation is displayed on the bottom right panel.
D) Eight 3D density maps each reconstructed from a single molecule from electron tomographic images
using the IPET method.  F) Eight single-particle 3D reconstructions of CNTNAP2. Each reconstruction
was refined using an IPET 3D reconstruction as initial model obtained via a multi-reference refinement
algorithm  using  the  EMAN  single-particle  reconstruction  software.  G) Selected  referenced  2D
classifications  supporting  the  range  of  particle  conformational  variability  seen  in  E)  and  F).  H)
Histograms of the angles between the small and medium lobe () and between the medium and large lobe
(). Envelops in E) and F) are displayed at contour levels corresponding to volumes of ca. 133 kDa (cyan)
and 266 kDa (transparent). Scale bar in A), B), C), D), E) and F) 100 Å.



Figure 6:

Fig. 6: Identification of the C-terminal end of CNTNAP2 by nanogold labelling.  A) Survey NS EM
view of CNTNAP2 bound to 1.8 nm Ni-NTA nanogold. B) Eight representative images of complexes of
CNTNAP2 bound to 1.8 nm Ni-NTA nanogold.  Raw particle  images are  shown in  the  first  column
(nanogold  in  black),  contrast-inverted  images  in  second  column  (nanogold  in  white)  and  schematic
representations in the third column (protein in blue, gold particles in yellow).  C) Process to generate a
representative 3D density map from an individual particle of CNTNAP2 labeled with 1.8 nm nanogold
using IPET. D) Final IPET 3D density map of a single CNTNAP2 particle labeled with 1.8 nm nanogold
(top panel). To show the nanogold location with respect to the protein, we inverted the final 3D density
map (shown in yellow) and overlaid it with the original 3D density map (bottom panel). E) Survey NS-
EM of  CNTNAP2  bound  to  5  nm Ni-NTA nanogold.  F) Twenty  representative  images  of  selected
particles.   G) The particles shown in the last column of F) are overlaid with schematics of CNTNAP2
(green) and nanogold (yellow). H) Schematic representations of CNTNAP2 bound to nanogold shown in
G).  I) Process to generate a representative 3D density map from a targeted CNTNAP2 particle labeled
with 5 nm nanogold using IPET. J)  Final IPET 3D density map of a single CNTNAP2 particle labeled
with 5 nm nanogold (top panel). Final 3D density map (grey) overlaid with its inverted 3D density map
(yellow) to visualize the nanogold position bound to CNTNAP2. Scale bar in A) 200 Å; in B) and C) 100
Å; in E) 200 Å; in F) and J) 100 Å.
 



Figure 7:

Fig.  7:  Identification  of  the  C-terminal  end  of  CNTNAP2  by monoclonal  antibody  K67/25.
A) Survey NS-EM view of CNTNAP2 in complex with the monoclonal antibody K67/25. The ratio of
particles  observed  was  ~74±6%  CNTNAP2  (rectangles),  ~13±4%  antibody  (triangles)  and  ~13±3%
complex (ovals).  B) Representative CNTNAP2 particles (top panel), antibody particles (middle panel)
and  CNTNAP2:antibody  complexes  (bottom  panel).  The  last  two  columns  show  the  representative
reference-free class averages and corresponding schematic. C) Series of CNTNAP2:antibody complexes
indicating the range of conformational heterogeneity (top panel) and schematic representations (bottom
panel).  D) Process to generate a  representative 3D density  map from a targeted CNTNAP2:antibody
complex using IPET. Final IPET 3D density map of a single CNTNAP2:antibody complex shown in the
top right panel. Final 3D density map overlaid with an IgG antibody (PDB entry:1ITG) is shown in the
bottom panel. During docking, the linkers between the Fab and Fc domains were allowed to flex.  E)
Process to generate another representative 3D density map from a targeted CNTNAP2:antibody complex
using IPET as performed in D). Scale bar in A) 200 Å; in B), C) and E) 100 Å.



Figure 8:

Fig. 8: Deconstruction of the CNTNAP2 extracellular domain using fragments. A) Survey NS-EM
view of the CNTNAP2-C2 fragment (F58C-L1-L2). B) Selected raw images of CNTNAP2-C2 particles.
C) Selected reference-free 2D class averages of CNTNAP2-C2. D) Process to generate a representative
3D density map from a targeted CNTNAP2-C2 particle using IPET.  E) Final IPET 3D reconstruction
viewed from two perpendicular angles. F) Log-log plot of the SAXS data for CNTNAP2-C2 (●), the fit
from the averaged ab initio SAXS bead model (▬), and the calculated scattering from the CNTNAP2-C2
EM envelop contoured at 5.19 sigma (▬).  G) Left: averaged  ab initio SAXS shape (rainbow-colored)
calculated for 25 bead models and the range of all 25 bead models (gray). Right: superposition of the
averaged SAXS shape (rainbow-colored) with the CNTNAP2-C2 EM envelop (cyan) contoured at 5.19
sigma. H) Survey NS-EM view, selected particle images and selected reference-free 2D class averages of
CNTNAP2-C3 (FBG-L3).  I)  Survey NS-EM view, selected particle images and reference-free 2D class
averages of CNTNAP2-C5 (L3-egfB-L4), J) Tentative domain assignment of the large, middle and small
lobes of CNTNAP2. Scale bar in A) 200 Å; in B) and C) 100 Å; in E) 50 Å; in H) left panel 200 Å,
middle and right panels 100 Å; in I) left panel 200 Å, middle and right panels 100 Å.



Figure 9:

Fig. 9: CNTNAP2 and neurexin 1possess different three dimensional molecular architectures. A)
CNTNAP2 and neurexin 1 ectodomains color-coded according to their domain identities reveal a similar
composition. Based on amino acid sequence alone, neurexins can be divided into three repeats, I, II and
III; CNTNAP2 shares common aspects. Comparison of the domain composition between the CNTNAP2
and neurexin 1 ectodomains.  B) Composition of CNTNAP2 and neurexin 1 ectodomains colored-
coded to indicate their  three dimensional architectural organization (see also the text). Architecture of
CNTNAP2 and neurexin 1 ectodomains colored-coded to indicate their structural organization (see also
the text). 



Figure 10:

Fig. 10: Structural architecture and functional relationships of CNTNAP2. A) Possible orientations
of the CNTNAP2 ectodomain in the cleft of synaptic and axo-glial contacts. B) A horizontal orientation of
the presynaptic neurexin 1 ectodomain at synaptic clefts promotes binding of protein partners tethered to
the post-synaptic membrane (p1 and p2). C) Location of amino acid substitutions in CNTNAP2 found in
patient (red) and control (black) groups or both (green) as described in the text. D) Sequence alignment of
LNS domains from CNTNAP2 and neurexin 1. Secondary structure prediction is shown (e,  -strand).
Mutations discussed in the text indicated.




