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A B S T R A C T

Accumulating evidence has showed that anti-CASPR2 autoantibodies occur in a long list of neurological immune
disorders including limbic encephalitis (LE). Belonging to the well-known neurexin superfamily, CASPR2 has
been suggested to be a central node in the molecular networks controlling neurodevelopment. Distinct from
other subfamilies in the neurexin superfamily, the CASPR subfamily features a unique discoidin (Disc) domain.
As revealed by our and others' recent studies, CASPR2 Disc domain bears a major epitope for autoantibodies.
However, structural information on CASPR2 recognition by autoantibodies has been lacking. Here, we report the
crystal structure of human CASPR2 Disc domain at a high resolution of 1.31 Å, which is the first atomic-re-
solution structure of the CASPR subfamily members. The Disc domain adopts a total β structure and folds into a
distorted jellyroll-like barrel with a conserved disulfide-bond interlocking its N- and C-termini. Defined by four
loops and located in one end of the barrel, the “loop-tip surface” is totally polar and easily available for protein
docking. Based on structure-guided epitope prediction, we generated nine mutants and evaluated their binding
to autoantibodies of cerebrospinal fluid from twelve patients with limbic encephalitis. The quadruple mutant
G69N/A71S/S77N/D78R impaired CASPR2 binding to autoantibodies from eleven LE patients, which indicates
that the loop L1 in the Disc domain bears hot spots for autoantibody interaction. Structural mapping of auto-
epitopes within human CASPR2 Disc domain sheds light on how autoantibodies could sequester CASPR2 ec-
todomain and antagonize its functionalities in the pathogenic processes.

1. Introduction

As a fascinating advancement in the field of neuroimmunology in
the last decade, accumulating evidence has revealed that a wide range
of neurological diseases are mediated by autoantibodies against neu-
ronal cell surface proteins involved in synaptic signaling and plasticity
[1–3]. Among the neuronal cell-surface antigens, CASPR2 is an at-
tractive one, since anti-CASPR2 autoantibodies have been reported in a
long list of neurological immune disorders including Morvan's syn-
drome and limbic encephalitis [4–17]. Our recent cohort study has

showed that anti-CASPR2 antibodies in the cerebrospinal fluid (CSF)
are closely associated with a subtype of autoimmune encephalitis with
prominent limbic involvement and seizures [18].

Human CASPR2 encoded by the CNTNAP2 gene, is a 1331-residue
long and single-passing transmembrane protein that contains an N-
terminal signal peptide followed by an extracellular region, one trans-
membrane domain and a short C-terminal intracellular region. The
extracellular region is composed of a mosaic of domains, including the
N-terminal discoidin (Disc), laminin G (Lam1), laminin G (Lam2),
epidermal growth factor 1 (Egf1), fibrinogen C (FibC), laminin G
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(Lam3), Egf (Egf2), and laminin G (Lam4) domains [19]. As a cell-ad-
hesion molecule, CASPR2 belongs to the neurexin superfamily; how-
ever, distinct from other members in the neurexin superfamily, the
CASPR subfamily members, including CASPR1 through CASPR5 (also
named CNTNAP1-CNTNAP5), contain a Disc domain [19]. Like neur-
exin which is well-known for functioning in synapse formation and
association with neurological disorders such as autism [20], CASPR2
plays an important role for neuronal dendritic arborization, spine
morphology and synaptic formation [21–23], while mutations in the
CNTNAP2 gene encoding CASPR2 were mainly identified in patients
with focal epilepsy, intellectual disability, or autism [24–26]. Worthy to
mention, a high concentration of mutations was found in the exons
coding for the discoidin domain [27]. In addition, knockout of the
CNTNAP2 gene led to deficits in the core ASD behavioral domains in a
mouse model [28]. Multiple-domain organization in CASPR2 implicates
that it may engage in a number of protein-protein interactions to reg-
ulate functions [29]. Likely owing to multifaceted functions and in-
volvement in extensive protein interactions, CASPR2 has been sug-
gested to be a central node in the molecular networks controlling
neurodevelopment [30].

Mapping anti-CASPR2 antibody epitope(s) at the structural level
would facilitate revealing mechanisms for autoantibody pathogenicity
and improve diagnosis and treatment for CASPR2-associated auto-
immune diseases such as limbic encephalitis [31]. Using the cell-based
binding and neuron-based functional assays, we have showed that anti-
CASPR2 antibodies from a subtype of limbic encephalitis patients se-
lectively reacted with the N-terminal modules, including Disc and Lam1
domains of CASPR2, and that anti-CASPR2 antibodies mainly target
hippocampal inhibitory interneurons and may induce alteration of
CASPR2-mediated inhibitory synaptic contacts [32]. Deletion of the
Disc domain of CASPR2 showed significantly reduced im-
munoreactivity against antibody-positive patient sera, even though
without a complete abrogation of binding [33]. This report further
suggests that the Disc domain of CASPR2 contains a major epitope for
autoantibodies.

Although molecular architecture of the full-length ectodomain of
CASPR2 was constructed by electron microscopy [34,35], no high-re-
solution structure has been determined for any domain of CASPR2.
Structural information on CASPR2 interacting with autoantibodies has
also been lacking. Here, we report the crystal structure of human
CASPR2 Disc domain at 1.31 Å resolution, which to our best knowledge
is the first atomic-resolution structure for the CASPR subfamily. Using
structure-guided mutagenesis and protein-based ELISA, we have re-
vealed hot spots within the Disc domain for recognition by anti-CASPR2
autoantibodies from patients with limbic encephalitis. Hopefully, these
findings may shed light on how autoantibodies could antagonize
CASPR2's functionalities in the pathogenic processes.

2. Methods

2.1. Molecular cloning and baculovirus generation

cDNA fragments encoding the Disc domain (amino-acid residues
35–181) of human CASPR2 (NCBI Reference Sequence: NM_014141.5)
were amplified by PCR using gene-specific primers containing BamHI
and NotI sites. The PCR fragments were subsequently digested and li-
gated into a modified BacMam vector [36,37]. A hexahistidine tag was
introduced to the C-terminus of the construct to facilitate protein pur-
ification. After being verified by DNA sequencing, plasmids were co-
transfected with BacVector-3000 baculovirus DNA (EMD, USA) using
Cellfectin (Life technologies, USA) into sf9 insect cells in the serum and
antibiotics-free SF900-II media (Life technologies, USA). Primary pro-
geny of recombinant virus was used to infect sf9 cells for amplification.
6 d later, higher-titer baculovirus was harvested by centrifugation at
1000g for 10min.

2.2. Protein expression and purification

For protein expression, an appropriate volume of recombinant ba-
culovirus was used to transduce HEK293S cells cultured in the DMEM/
F12 (Gibco, USA) media supplemented with 10% FBS (Life technolo-
gies, USA). 72 h post viral transduction, the conditioned medium was
centrifuged at 3000 g at 277 K for 15min. The supernatant was har-
vested, buffer-exchanged to HBS (HEPES-buffered saline, containing
10mM HEPES pH 7.5 and 150mM NaCl) and applied to Ni2+–NTA
affinity chromatography. The unbound proteins were subsequently re-
moved from the affinity column using washing buffer (HBS supple-
mented with 20mM imidazole). The affinity column eluate from
300mM imidazole-containing HBS was further applied to a Superdex-
200 10/300 GL size-exclusion column (GE Healthcare) pre-equilibrated
with HBS. The fractions eluted at 17–18ml were verified by SDS-PAGE
with Coomassie blue staining, pooled and concentrated to 10mg/ml for
crystallization. The protein concentration was determined through
measuring OD280 values and calculated with extinction coefficients of
46535M−1·cm−1.

2.3. Crystallization

The initial crystallization conditions were screened at 293 K by the
sitting-drop vapor-diffusion method using the Hampton kit (HR2-130)
and the Emerald Biosystems kit (Wizard I and II). 3 d later, micro-
crystals were found in the No. 8 condition of the Wizard Classic kit II.
After optimization, diffraction-quality brick-like crystals, with a typical
dimension of 0.2× 0.2× 0.3mm3, were obtained from a sitting drop
in equilibration with the reservoir solution consisting of 20% (w/v)
PEG8000, 100mM Na2HPO4/KH2PO4 (pH 6.2) and 200mM NaCl.

2.4. Data collection and structure determination

Crystals were fast-soaked in the crystallization solution supple-
mented with 22–24% (v/v) ethylene glycerol prior to being flash-cooled
in liquid nitrogen. Diffraction data were collected on the beamline
BL19U1 at Shanghai Synchrotron Radiation Facility (SSRF). The data
sets were indexed and processed using HKL2000 [38]. Phases were
calculated with molecular replacement (MR) method in PHASER [39].
The crystal structure of the membrane-binding C2 domain of human
coagulation factor V (PDB code: 1CZV) [40] was used as a template for
searching MR solution. The resulting solution, with a TFZ score of 15.3,
was subjected to Autobuild in the software PHENIX [41]. The auto-built
model was improved by iterative manual building in COOT [42] and
refinement in PHENIX. During the final stage of refinement, water
molecules were introduced using PHENIX and manually edited in
COOT. The stereochemistry of the final model was evaluated using
Molprobity [43]. The statistics for data collection and refinement are
given in Table 1.

2.5. Epitope prediction and structure analysis

The crystal structure of human CASPR2 Disc domain was applied to
DiscoTope 2.0 server [44] for epitope prediction, with the threshold for
epitope identification set at−3.7. For structure analysis, DALI [45] was
used to search for structural homology. Structure-based sequence
alignment was executed using ClusterW [46] and mapped using
ESPRIPT [47]. Conservation of residues was based on chemical char-
acter: aromatic (F, Y, and W), hydrophobic (L, I, V, and M), acidic (E
and D), basic (K, R, and H), polar (S and T), tiny (G and A), and amide
(N and Q). Conservation was mapped to protein surface using Consurf
[48]. Solvent accessible surface area for each atom was calculated using
the program AREAIMOL in the CCP4 suite [49].
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2.6. Structure-based mutagenesis

cDNAs encoding human CASPR2 Disc domain plus the N-terminal
segment (residues 28-181) and its mutants S55N, G69N/A71S, S77N,
D78R, Y82A, W134S, D143S, R171E and G69N/A71S/S77N/D78R
were amplified by a single-step or two-step overlapping PCR.
Subcloning, baculovirus recombination and protein preparation for
these mutants were performed using the same protocol as used for the
construct produced for crystallization.

2.7. Patients

Approval for this study was granted by the institutional review
board of the Hospices Civils de Lyon (Comité de Protection des
Personnes SUD-EST IV). Written informed consent was obtained from
all patients. Titer, IgG subclass and target domains of the auto-
antibodies directed against CASPR2 in the limbic encephalitis (LE)
patient's CSF were previously characterized [18]. Twelve CSF samples
with titers between 1:320 and 1:10240 were obtained from the Neu-
roBioTec biobank (Hospices Civils de Lyon, France). In these CSF
samples, 6 had antibodies directed against the Disc and Lam1 domains
only (Disc-Lam1) and 6 against multiple domains of CASPR2 (Mult).
Basic immunological features of the LE patients are listed in Table 2.

2.8. Protein-based ELISA

Recombinant human CASPR2 Disc domain plus the N-terminal
segment (residues 28-181), or its mutants, or BSA, was coated onto a
96-well plate (Costar 3590, Corning Incorporated) with 0.4 μg protein
in 50 μl of Na2CO3/NaHCO3 buffer (pH 9.5) per well for overnight in-
cubation at 4 °C. The wells were each washed thrice with 200 μl of
phosphate-buffered saline containing 0.05% Tween-20 (PBS-T), and

blocked with 200 μl of PBS supplemented with 10% (v/v) fetal bovine
serum (FBS) for 2 h at 37 °C. The blocking solution was then removed
and 50 μl of CSF diluted in 2% (v/v) FBS-containing PBS was added.
After further incubation at 37 °C for 2 h, the wells were washed three
times with PBS-T, and incubated for 30min at 37 °C with 50 μl of 2%
(v/v) FBS-containing PBS in the presence of HRP-conjugated goat anti-
human IgG antibodies (Jackson Immuno Research, Ref. 109-036-064)
(diluted at 1:8000). After three washes in PBS-T, 50 μl of the TMB so-
lution was added to each well (Abcam, AB171523). After 15min, the
reaction was stopped by the addition of 50 μl of 2M HCl. Optical den-
sities (ODs) were recorded at 450 nm using a microplate reader (Tecan).
Unless otherwise stated, experiments were performed in triplicate and
the data were represented as a mean value ± standard deviation. The
represented OD450 value was calculated using the OD value for coated
Disc proteins subtracted by that for BSA (as a control). The OD decrease
was considered significant when it was two times larger than the
highest standard deviation (with a threshold set at 20%).

3. Results

3.1. Overall structure of the CASPR2 Disc domain

Using baculovirus-transduced mammalian cells, we obtained high-
expression of human CASPR2 Disc domain (residues 35-181) and pur-
ified it into high homogeneity and purity (Fig. 1A). The recombinant
protein had an elution volume of 17.7 ml, corresponding to an esti-
mated molecular mass of ∼14 kDa. The estimated molecular mass is
close to the calculated value, 17.4 kDa, based on its primary sequence
plus cloning scar and tag, which indicates that human CASPR2 Disc
domain mainly exists as a monomer in solution. This is consistent with
the previous report that the extracellular region of CASPR2 is likely
monomeric [50]. The purified protein crystallized in the P212121 space
group, and diffracted to 1.31 Å (Table 1). Given the presence of one
molecule of the Disc domain per asymmetric unit, the Matthews coef-
ficient (VM) was calculated to be 2.53Å3·Da−1, corresponding to a
reasonable solvent content of 51.3% [51]. Using the structure of the
membrane-binding C2 domain of human coagulation factor V [40] as a
template for molecular replacement, we solved the crystal structure of
human CASPR2 Disc domain, and the final model has relatively low
Rwork/Rfree factors and a reasonable stereochemistry (Table 1).

Human CASPR2 Disc domain adopts a total β structure and folds
into a distorted jellyroll-like barrel, with a dimension of approximately
35× 30×25 Å3. This barrel mainly consists of eight antiparallel β-
strands arranged in two sheets, with five strands β1, β2, β4, β5 and β7
forming one sheet packed against by the other one that is composed of

Table 1
Data collection and refinement statistics for human CASPR2 Disc domain.

Data collection
X-ray source SSRF BL19U1
Detector Pilatus3 6M
Wavelength (Å) 0.978
Crystal-to-detector distance (mm) 200
Oscillation range (°) 180
Oscillation width per image (°) 1
Space group P212121
Unit cell dimensions: a, b, c (Å); α, β, γ (°) 36.250, 59.680, 62.599; 90,

90, 90
Resolution range (Å)a 50–1.31 (1.33–1.31)
Unique reflections 33381 (1598)
Completeness (%) 99.6 (97.3)
I/σ(I) 35.4 (2.75)
Redundancy 8.5 (6.1)
Rmerge (%)b 7.8 (53.8)
Rmeas (%)b 8.3 (58.6)
Rpim (%)b 2.8 (22.7)
Refinement
Resolution range (Å) 31.37–1.31 (1.36–1.31)
Rwork

c 13.33 (15.99)
Rfree

c 16.51 (21.11)
Average B-factor for protein and solvent (Å2) 19.99, 34.17
r.m.s.d. bond length (Å) 0.01
r.m.s.d. bond angle (°) 1.18
Ramachandran (%; favored, allowed, generally

allowed, disallowed)
98.7, 1.3, 0, 0

a Values in parenthesis are for the highest resolution shell.
b Rmerge= Σhkl|I− 〈I〉|/ΣhklI, where I is the intensity of unique reflection hkl,

and 〈I〉 is the average over symmetry-related observations of unique reflection
hkl. Rpim: precision-indicating merging R-factor. Rmeas: multiplicity-corrected
merging R-factor.

c Rwork= Σ|Fo− Fc|/Σ|Fo|, where Fo and Fc are the observed and calculated
structure factors, respectively. Rfree was calculated using 5% of the reflections
set aside from refinement.

Table 2
Basic immunological features of LE patients with anti-CASPR2 antibodies.

Patient Titera Dilutionb Epitopec

Pat1 1:1280 1:20 Disc-Lam1
Pat2 1:10240 1:100 Disc-Lam1
Pat3 1:640 1:10 Disc-Lam1
Pat4 1:1280 1:20 Disc-Lam1
Pat5 1:10240 1:100 Disc-Lam1
Pat6 1:5120 1:40 Disc-Lam1
Pat7 1:1280 1:20 Mult
Pat8 1:5120 1:40 Mult
Pat9 1:320 1:10 Mult
Pat10 1:2560 1:20 Mult
Pat11 1:10240 1:100 Mult
Pat12 1:5120 1:40 Mult

a CSF titers (last dilution of CSF giving a positive signal) were previously
determined by cell based assay [18].

b Lowest dilution used in the ELISA.
c Disc-Lam1: for antibodies targeting the Disc and Lam1 domains only; Mult:

antibodies targeting the Disc and Lam1 domains as well as other domains.
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three strands β3, β6 and β8 (Fig. 1B). Different from other barrel-wall
strands, the strand β5 follows a protruding hairpin that is composed of
short strands βC and βD. The strand βC is proceeded by the strand βB
which joins the barrel sheet and is antiparallel with the C-terminal half
of the strand β4.

On one end of the barrel, the N-terminal residue Cys35 and the C-
terminal residue Cys181 forms a disulfide bond that locks the barrel.
Preceding the short strand β1, the N-terminal segment (residues 34-47)
assumes a loop configuration with residues 45-47 folding into a short
310 helix, η1. Adjacent to the C-terminal segment is an β-sheet of two
antiparallel strands βA and βB. The strand βA connects the barrel-wall
strands β2 and β3, while the strand βE is located in the middle of the
link between the strands β6 and β7. The long axis of the βA/βE sheet is
almost perpendicular to that of the barrel.

On the other end of the barrel are distributed four loops (named L1,
L2, L3 and L4) each connecting the barrel-wall strands. The L1, linking
the strands β1 and β2, is the longest and most twisted loop that contains
residues 51–84 and folds into two short 310 helices, η2 at residues 56-58
and η3 at residues 60-62. Noteworthy is that the L1 loop forms two
bulges at residues 68-72 (for bulge1) and residues 76-78 (for bulge2),
which flank the η2 helix (Fig. 1B). The loops L2 (connecting the strands
β3 and β4) and L4 (connecting β6 and β7) are interlocking with each
other. Meanwhile, the loop L2 is flanked by the loops L1 and L3 (linking
β5 and β6), and the loop L1 adopts a concave configuration and half-
wraps the loops L2 and L4 (Fig. S1). The tips of the loops L2, L3 and L4
are almost aligned to the same level with the two bulges and the η2
helix of L1, thus forming a relatively flat surface on one end of the
barrel (Fig. S1).

3.2. Structural comparison of CASPR2 Disc domain and its homologues

The overall structure of human CASPR2 Disc domain is similar to
that of the membrane-binding C2 domain of human coagulation factor
V [40], with an RMSD value of 0.81 Å for 114 aligned Cα atoms. These
aligned Cα atoms are mainly located in the barrel-wall strands, in-
dicating that CASPR2 Disc and coagulation factor V C2 domains share
the same folding (Fig. 2A). However, unlike the loops (such as L1 and
L2) of human CASPR2 Disc domain that constitute a relatively flat

Fig. 1. Biochemical characterization and overall structure of human CASPR2 Disc domain. (A) Gel filtration chromatogram of recombinant human CASPR2 Disc
domain. The inset (a) is an image for Coomassie blue-stained SDS-PAGE analysis of two fractions 1 and 2 eluted from a Superdex 200 gel filtration column. M,
molecular weight marker in kDa. A crystal of the Disc domain is shown in the inset (b). (B) Ribbon representation of human CASPR2 Disc domain (in cyan) with
secondary structure elements labeled and the loop L1 highlighted in grey. The N- and C-termini are respectively labeled as “N-ter” and “C-ter”. The disulfide bond
Cys35-Cys181 is indicated in sticks. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Structural comparison of human CASPR2 Disc domain (in cyan) with
homologues: (A), human coagulation factor V C2 domain (in pink); (B), DDR2
Disc domain (in orange). All structures are shown in cartoons, and the loops
with large structural variations are labeled in CASPR2 numbering. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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platform, the homologous counterparts in human coagulation factor V
protrude like spikes [40] (Fig. 2A). As revealed by Dali search [45], the
structure of the Disc domain of DDR2 (referring to Discoidin Domain
Receptor 2; PDB code: 2wuh) [52] can also be superimposed with that
of CASPR2 with an RMSD value of 0.75 Å for 127 paired Cα atoms, and
their structural variation also mainly occurs to the loops such as L1, L2
and L4 (Fig. 2B). In comparison with human coagulation factor V C2
domain, the Disc domain of both CASPR2 and DDR2 has a compact and
flat loop region that might facilitate docking to other proteins. There-
fore, similar to the case of DDR2 where the loop region in the Disc
domain engages in collagen recognition [52] (Fig. S2), CASPR2 Disc
domain might utilize its loop region for protein recognition. Finally, in
the human factor VIII C2 domain (PDB code: 1iqd), also able to overlay
with CASPR2 Disc domain, the loop region was shown to bind to a
patient-derived inhibitory antibody [53] (Fig. S2). This further im-
plicates that the loop region defined by the loops L1-L4 in human
CASPR2 Disc domain might constitute an epitope for recognition by
other proteins, including autoantibodies.

3.3. Surface properties of human CASPR2 Disc domain

Defined by the loop L1-L4, the loop region is located in one end of
the barrel-like human CASPR2 Disc domain, opposite to the other end
containing the N- and C-termini. The solvent-accessible surface of this
region, hereafter designated “loop-tip surface”, is totally polar and
hydrophilic, since it is mainly composed of the residues Ile54, Ser55,
Ser57, Tyr58, Arg68, Gly69, Ala71, Ser77 and Asp78 from the loop L1,
Arg103, Tyr104, Ser105, Ser107 and Asp108 from the loop L2, and
Glu169 and Arg171 from the loop L4 (Fig. S1 and Fig. 3). Located in the
center of the “loop-tip surface” is Arg103 that forms a salt bridge with
Asp108. Around the edge of the “loop-tip surface” are distributed
highly solvent-accessible hydrophilic residues such as Ser55, Arg68,
Ser77, Asp78, Tyr104, Ser105, Ser107, Glu169 and Arg171. The car-
bonyl oxygen of Gly69 forms a hydrogen bond with the main chain
amide nitrogen of Gly72, thus stabilizing the conformation of the
“bulge 1” in the loop L1. The side chains of Arg68 and Tyr104 are in
close proximity and form a cation-π interaction. Arg103 and Asp108 are
involved in a relay of hydrogen bonds among Try58, Ala71 and Arg171

(Fig. 3). The combination of all these interactions likely maintains the
construction of the “loop-tip surface”.

Noteworthy, in sharp contrast with Asp78 and Arg171 that re-
spectively have a solvent accessible surface area (SASA) of 92.3 and
128.2Å2, the surface center residues Asp108 and Arg103 are nearly
buried with an SASA of 14.3 and 37.4Å2, respectively. This implicates
that mutation of either Asp108 or Arg103 would likely alter the
structure of the “loop-tip surface”. Meanwhile, due to residence of the
salt-bridged residues Asp108 and Arg103, the surface center is ap-
proximately neutralized (Fig. S3). In comparison, the edge of the “loop-
tip surface” has considerable electrostatic potential, since its two ad-
jacent sides of the barrel-like domain are distributed with positively or
negatively charged patches (Fig. S3).

Also, it is worthy to mention that the residues on the “loop-tip
surface” of human CASPR2 Disc domain, except S55, R68 and G69,
have relatively low conservation among the five CASPR subfamily
members CASPR1-CAPSR5 (Fig. 3B and Fig. S4). Indeed, the residues
on the side surface of human CASPR2 Disc domain, such as Arg114 and
Arg160 that constitute a positively charged region (Fig. S3B), also have
low conservation. This suggests that the Disc domains of the CASPR
subfamily have diverse surface properties although the subfamily
members might have a conserved topology. The diversity in surface
property of the Disc domain in the CASPR subfamily members might
confer specificity in their autoantibody recognition.

3.4. Structure-based epitope prediction and mutagenesis

In order to dissect key residues in the epitope(s) within human
CASPR2 Disc domain, we first applied its crystal structure to DiscoTope
2.0 server [44] for epitope prediction. Six regions with high DiscoTope
scores above the default value of −3.7 are, from the N-terminus of the
Disc domain, sequentially named Epitope-1 through Epitope-6
(Fig. 4A). The predicted Epitope-1 (covering residues 52-57), Epitope-2
(residues 68-72) and Epitope-3 (residues 76-84) fall into the loop L1 of
the Disc domain, while the Epitope-4 mainly includes residues 103-112
that corresponds to the loop L2. The residues from the protruding
hairpin (βC and βD), the barrel wall strand β5, and the loop L3 (re-
sidues 140-144) are predicted to constitute the Epitope-5. The Epitope-

Fig. 3. Residues distributed over the “loop-tip surface” of human CASPR2 Disc domain. (A) Line representation of the residues with hydrogen bonds shown in slate
dotted lines. (B) Conservation of each residue among the CASPR subfamily members, CASPR1-5, mapped to the CASPR2 Disc domain surface. Bottom is shown a scale
for conservation degree.
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Fig. 4. Structure-based epitope prediction and mutagenesis of human CASPR2 Disc domain. (A) A plot of DiscoTope score (represented by the vertical axis) versus
residue number (by the horizontal axis). (B) Predicted epitopes mapped on the Disc domain surface (in grey). Color code: Epitope-1, pale cyan; Epitope-2, slate;
Epitope-3, light orange; Epitope-4, pale green; Epitope-5, light pink; Epitope-6, salmon. (C) Mutations mapped on the Disc domain surface and colored in cyan, with
S55N located in Epitope-1, G69N/A71S in Epitope-2, S77N, D78R and Y82A in Epitope-3, W134S and D143S in Epitope-5, and R171E in Epitope-6. Two potential N-
linked glycosylation sites N132 and N141 are colored in green. The Disc domain in the panels B and C has the same orientation that is related to Fig. 1B by 90° along
the vertical axis. (D–E) Gel filtration chromatograms of the wild-type (WT) human CASPR2 Disc domain and its mutants, with S55N, Y82A, W134S, D143S and
R171E displayed in the panel D, and G69N/A71S, S77N, D78R, and G69N/A71S/S77N/D78R shown in the panel E. The insets are indicated for SDS-PAGE analysis of
the recombinant proteins. The lane M is for molecular weight markers in kDa. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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6 is supposed to cover residues 164-171 that reside in the loop L4. In
short, the loop region defined by L1-L4 on one end of the barrel-like
Disc domain constitutes the majority of the predicted epitopes.

Correspondingly, we prepared nine mutants of human CASPR2 Disc
domain plus the N-terminal segment (residues 28-181). The mutations
S55N, G69N/A71S, S77N, D78R and Y82A, were located in the loop L1
and distributed in three predicted epitopes, Epitopes 1-3 (Fig. 4). The
mutations W134S and D143S occurred in the Epitope-5, while R171E
was located in the Epitope-6. Supposedly, the mutations S55N, G69N/
A71S, S77N, W134S and D143S would each introduce N-linked glycans
that may act as a wedge to block interaction between human CASPR2
and auto-antibodies. For the mutations W134S and D143S, the N-linked
glycans would be attached to N132 and N141, respectively (Fig. 4C). In
addition, we created a quadruple mutant that combined the G69N,
A71S, S77N and D78R mutations. All of the nine mutants, like the wild-
type protein, were expressed well in baculovirus-transduced mamma-
lian cells, and purified into high purity as demonstrated by SDS-PAGE
analysis (Fig. 4D and E). Also, all of them exhibited a similar chroma-
tographic peak on a gel-filtration column, indicating that they have
similar physical property, such as monodispersity, in solution (Fig. 4D
and E). For an unknown reason, these mutants and their wild-type
counterpart (including residues 28-181) migrated as two bands on an
SDS-PAGE gel, whereas the construct (including residues 35-181) used
for crystallization ran as a single band.

3.5. Protein-based ELISA revealed hot spots for autoantibody recognition

Using three rounds of protein-based ELISA assays, we tested if the
above mentioned mutations are able to alter interactions between
CASPR2 Disc domain and CASPR2 autoantibodies from LE patients. In
the ELISA assays, an OD450 value is supposed to be proportional to
CASPR2 autoantibodies bound to the coated Disc protein. In the first
round ELISA assay, CSF from the patient 1 (Pat1, recognizing only Disc-
Lam1 domains on CASPR2) was tested at a series of dilutions against
eight mutants S55N, G69N/A71S, S77N, D78R, Y82A, W134S, D143S
and R171E. Upon either G69N/A71S, S77N or D78R mutations, the
binding of Pat1 autoantibodies at a 1:40 dilution to human CASPR2
Disc domain was decreased by ∼22% for G69N/A71S, ∼28% for S77N
and ∼31% for D78R in comparison with the wild-type protein (Fig. 5).
For the D78R mutant, Pat1 autoantibodies binding to the D78R mutant
was decreased by 20–30%, while OD difference was only found at di-
lutions of 1:40 and 1:80. In contrast, other mutations hardly altered the
binding of Pat1 autoantibodies to CASPR2 Disc domain at any dilutions
(Fig. 5).

In the second round of ELISA assay, we focused on the mutants of

G69N/A71S, S77N and D78R for twelve LE patients including Pat1.
Meanwhile, a quadruple mutant of G69N/A71S/S77N/D78R was also
included. As indicated in Table 2, CSF antibody titers were variable
among patients ranging from 1:320 to 1:10240. All patients' CSF was
diluted based on their autoantibody titer at a ratio between 1:10 and
1:100 for ELISA assay (Fig. 6A). For patients Pat2, Pat3, Pat4, Pat8 and
Pat9 with CSF diluted at different folds, the four mutations in Disc
domain decreased OD450 to considerable extents as observed for Pat1
(Fig. 6A). In order to compare the percentage of OD decrease between
mutant and wild-type Disc domain protein among these patients with
different CSF titers, we chose for each patient the dilution that gave an
OD around 0.8 for the wild-type protein. In comparison with the wild-
type CASPR2 protein, the quadruple mutant was found to present an
OD450 decrease of 15%–70% in binding to autoantibodies from eleven
patients out of twelve LE patients tested (Fig. 6B and C). Especially, for
Pat1 and Pat3, a decrease of 72% and 70% was observed in OD450 for
the quadruple mutant, implicating that the four residues G69, A71, S77
and D78 have a synergic impact on autoantibody recognition (Fig. 6B
and C). The quadruple mutant also significantly impaired auto-
antibodies binding (from 38% to 51% decrease) to CASPR2 Disc do-
main for Pat2, Pat4, Pat8 and Pat9. In addition, for the Pat1, Pat2 and
Pat3, both S77N and D78R mutations significantly decreased auto-
antibodies binding to CASPR2 (Fig. 6B and C). Notably, Pat1, Pat2, Pat3
and Pat4 autoantibodies have been previously shown to target Disc-
Lam1 domains of CASPR2 only, while Pat8 and Pat9 autoantibodies
target multiple domains of CASPR2 (Table 2) [18]. The quadruple
mutation consistently impaired Disc domain binding to autoantibodies
from these patients (Fig. 6B and C), suggesting that anti-CASPR2 au-
toantibodies might share the same epitope in Disc domain.

In the third round of ELISA assay, we compared “relative affinity” of
CSF autoantibodies in binding to the wild-type and quadruple mutant
Disc domain. Taking into account of that a large amount of CSF sample
will be needed to obtain a binding curve with a saturation phase for
determining a relative affinity, we selected high-titer Pat5 CSF. Given
that the same amount of CSF autoantibodies was added in plates, the
maximal OD450 should be identical for the wild-type and mutant Disc
domain to reach in a saturated phase. In order to characterize the re-
lative affinity, “q50” was used to correspond to the quantity of protein
where 50% of maximal OD450 is reached. As shown in Fig. 7, a q50
value of 0.07 μg was estimated for the wild-type protein. In contrast, for
the quadruple mutant we obtained a q50 value of 0.14 μg. These results
indicated that Pat5 CSF presented lower binding affinity with the
quadruple mutant than the wild-type Disc domain, and further verified
that the spots at the G69, A71, S77 and D78 in Disc domain are de-
terminant for LE autoantibody recognition.

4. Discussion

Autoantibodies directed against CASPR2 have been associated with
a long list of neurological immune disorders including limbic en-
cephalitis. Recently we have found that anti-CASPR2 antibodies in the
CSF are prone to occur in a subtype of autoimmune encephalitis with
limbic involvement and seizures [18]. Although CASPR2 contains dif-
ferent epitopes within the extracellular region [54], we and other have
shown that autoantibodies appear to predominantly target the N-
terminal region of CASPR2 and that the Disc domain harbors a major
epitope [32,33]. Coincidentally, it is the Disc domain that structurally
distinguishes the CASPR subfamily from the others in the neurexin
superfamily. Structural mapping of autoepitopes within human CASPR2
Disc domain will reveal how autoantibodies affect multifaceted func-
tions and extensive protein interactions of CASPR2.

Using the emerging technology of baculovirus-transduced mam-
malian cells that we have successfully used for structural biology of
glycoproteins [37,55], we fulfilled high expression of human CASPR2
Disc domain as well as its derivates. The crystal structure of human
CASPR2 Disc domain was determined to a high resolution of 1.31 Å,

Fig. 5. Protein-based ELISA analysis for Pat1 CSF autoantibodies at the in-
dicated dilutions binding to human CASPR2 Disc domain wild-type and eight
mutants.
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partially due to high purity and monodispersity of the recombinant
protein. To our best knowledge, this is the first atomic-resolution
structure of the CASPR subfamily members, which reveals that the Disc
domain assumes a totally all β structure with a conserved disulfide-

bond interlocking its N- and C-termini.
Although human CASPR2 Disc domain and coagulation factor V C2

domain share a barrel-like topology, their loops connecting the barrel-
wall β-strands have variable conformations. In human coagulation

Fig. 6. Protein-based ELISA analysis for 12 LE patients CSF binding to Disc domain and its four variants. (A) Binding of CSF autoantibodies from patients
(Pat1 ∼ Pat12) at the indicated arbitrary unit of antibody quantity to Disc domain wild-type and mutants. Herein, an arbitrary unit refers to the reciprocal of dilution
fold. (B) Percentage of optical density (OD) decrease for the binding of anti-CASPR2 antibodies from twelve LE patients on the indicated mutant versus the wide-type
CASPR2 Disc domain. For the patient 9, anti-CASPR2 binding to the mutants G69N/A71S, S77N and D78R was only tested once. (C) Summary of mutations and their
impairment on CASPR2 Disc binding to CSF from patients. “+++”, strong; “++”, medium; “+”, weak; “-”, ignorable.

Fig. 7. Binding curves of Pat5 CSF against coated Disc do-
main wild-type and quadruple mutant G69N/A71S/S77N/
D78R. The horizontal coordinate axis represents the protein
quantity used to coat the 96-well plates. 0.01, 0.2, 0.8 and
1.6 μg of Disc domain wild-type or quadruple mutant were
respectively used to coat the plates, while the same amount
of Pat CSF (diluted at 1:100) was added to each well. The
relative affinity is represented by “q50” which corresponds
to the quantity of protein where 50% of maximal OD450 is
reached. Given that the same amount of CSF autoantibodies
was added, the maximal OD450 for the wild-type and mutant
Disc domain should be identical and thus labeled as
“ODmax”. Due to limitation in CSF source, this experiment
was performed only once.
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factor V C2 domain, loops protrude like spikes out of one end of the
barrel and form a predominantly positive-charge region for membrane-
binding [40]. In contrast, human CASPR2 Disc domain defines the
counterpart end using four loops L1-L4 to constitute a relatively flat
surface, named “loop-tip surface”, which is basically neutral in the
center and has considerable electrostatic potential on the edge. Such a
surface property likely confers human CASPR2 Disc domain binding to
other proteins including autoantibodies, similar to the case of DDR2
Disc domain [52]. Consistently, the predicted epitopes by DiscoTope
within human CASPR2 Disc domain also point to the “loop-tip surface”
and adjacent barrel-wall surfaces (Fig. 4).

Since LE patient CSF samples were truly limited, we adopted three
rounds of EILSA assays to investigate which hot spots in CASRP2 Disc
domain are critical for CSF autoantibody recognition. In the first round,
we used one patient's CSF to screen Disc mutants. Among the eight
mutants S55N, G69N/A71S, S77N, D78R, Y82A, W134S, D143S and
R171E, three mutants G69N/A71S, S77N and D78R impaired Pat1's CSF
autoantibodies binding to the CASPR2 Disc domain (Fig. 5). In the
second round, we focused on the three mutants plus their combination.
The quadruple mutant of G69N/A71S/S77N/D78R showed a decreased
binding for 11 out of 12 LE patients' CSF autoantibodies (Fig. 6).
Meanwhile, anti-CASPR2 autoantibodies from two types of LE patients
might share the same epitope in Disc domain, since the quadruple
mutant impaired Disc binding to autoantibodies not only from patients
Pat1, Pat2, Pat3 and Pat4, but also from Pat8 and Pat9 (Fig. 6). Fur-
thermore, the quadruple mutations occur to the “loop-tip-surface” of
Disc domain, which implicates that LE patient CSF autoantibodies
might bind to Disc domain in a single-epitope fashion. From this point
of view, it is reasonable to quantitatively measure a relative affinity of
Disc domain binding to CSF although it is a complex mixture of anti-
CASPR2 autoantibodies. Therefore, in the third round of ELISA assay,
we tried to compare “relative affinity” of CSF autoantibodies in binding
to the wild-type and quadruple mutant Disc domain (Fig. 7). Due to
limited CSF sample availability, we selected CSF from the patient Pat5
that had highest titer of autoantibodies, coated different amounts of
Disc protein in plates, and put forward to the phrase “q50” to present
the relative affinity (Fig. 7). The higher q50 value for the quadruple
mutant Disc domain means its lower affinity for Pat5 CSF auto-
antibodies. This result further verified that the spots at the G69, A71,
S77 and D78 in Disc domain are determinant for LE autoantibody re-
cognition. Stated differently, the ELISA assay results indicate that the
“loop-tip surface” in human CASPR2 Disc domain bears hot spots for LE
autoantibodies recognition. Different from either G69N/A71S or S77N
mutations that likely introduced N-linked glycans as steric hindrance
for antigen-antibody interaction, the charge-reversal mutation of D78R
implicated that CASPR2 recognition by autoantibodies in LE patients
likely depends on electrostatic complementarity. Interestingly, these
hot spots are located on the loop L1. Intrinsic flexibility of this loop
might increase the capacity for movement to form strong antigen-an-
tibody interactions by “induced fit” [56]. Indeed, flexibility appears to
be a structural feature associated with epitope sites on autoantigenic
molecules [57,58].

Recently, some authors showed that anti-CASPR2 antibodies asso-
ciated with limbic encephalitis mainly target hippocampal inhibitory
interneurons and may induce alteration of CASPR2-mediated inhibitory
synaptic contacts [32]. It was reported that in utero exposure to
CASPR2-directed autoantibodies cloned from a mother of an ASD child
can lead to an ASD-like phenotype in mice [11], although this ob-
servation seemed controversial [59]. Adult CASPR2 KO mice exhibited
a significant decrease in the number of inhibitory interneurons and
ASD-like behavioral abnormalities [28]. Thus, it seems that anti-
CASPR2 autoantibodies could play a fundamental role in the patho-
genic processes through a functional effect on CASPR2 [18], which is
similar to the effects exerted through gene knockout. Since functions of
CASPR2 may operate via interactions with other proteins such as TAG-1
and the VGKC complex subunits [1,21,60,61], we propose that CASPR2

autoantibodies would compete with these proteins for CASPR2 binding.
Indeed, it was shown that CASPR2 autoantibodies were able to decrease
CASPR2-TAG-1 association in ELISA [62].

As revealed by electron microscopy, the N-terminal domains, in-
cluding the Disc domain, of CASPR2 form a large lobe that deviates
from the main body of molecular architecture [34]. Such a domain
arrangement would facilitate exposure of the “loop-tip surface” of the
Disc domain for interactions with an endogenous ligand or auto-
antibodies. From this point, future searching for the endogenous ligand
of CASPR2 might be based on the Disc domain. A caveat for this
strategy is that autoantibodies against CASPR2 target other regions
beyond the Disc domain [18]. The fact that CASPR2 has multiple au-
toepitopes may explain that Pat12 autoantibodies maintained its
binding to the quadruple mutant in the protein-based ELISA assay. This
may also underlie the fact that autoantibodies against CASPR2 associate
with a wide spectrum of symptoms, including limbic or more extensive
encephalitis [63]. Given that autoantibodies from a subset of LE pa-
tients may target the Disc domain of CASPR2 and would likely compete
with a potential endogenous ligand, some autoantibodies in a wider
range of pathogenic conditions might direct against multiple domains
of CASPR2 and antagonize interactions with other proteins.

In summary, we have determined the crystal structure of human
CASPR2 Disc domain and found that the quadruple mutant G69N/
A71S/S77N/D78R impaired CASPR2 binding to autoantibodies from 11
out of 12 LE patients. These findings indicate that the loop L1 in the
Disc domain bears hot spots for LE autoantibody interaction. Together
with our previous study [32], structural mapping of autoepitopes
within human CASPR2 Disc domain sheds light on how autoantibodies
might affect CASPR2 functions in the pathological contexts such as
limbic encephalitis.
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