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SUMMARY
The cell-surface attached glycoprotein contactin 2 is ubiquitously expressed in the nervous system and me-
diates homotypic cell-cell interactions to organize cell guidance, differentiation, and adhesion. Contactin 2
consists of six Ig and four fibronectin type III domains (FnIII) of which the first four Ig domains form a horse-
shoe structure important for homodimerization and oligomerization. Here we report the crystal structure of
the six-domain contactin 2Ig1-6 and show that the Ig5-Ig6 combination is oriented away from the horseshoe
with flexion in interdomain connections. Two distinct dimer states, through Ig1-Ig2 and Ig3-Ig6 interactions,
together allow formation of larger oligomers. Combined size exclusion chromatography with multiangle light
scattering (SEC-MALS), small-angle X-ray scattering (SAXS) and nativeMS analysis indicates contactin 2Ig1-6

oligomerizes in a glycan dependent manner. SAXS and negative-stain electron microscopy reveals inherent
plasticity of the contactin 2 full-ectodomain. The combination of intermolecular binding sites and ectodomain
plasticity explains how contactin 2 can function as a homotypic adhesionmolecule in diverse intercellular en-
vironments.
INTRODUCTION

Contactin 2 (TAG-1/SNAP in rodent, and axonin-1/SC2 in

chicken) is a cell surface molecule belonging to the contactin

subfamily of the immunoglobulin-like cell adhesion molecule

(IgCAM) family.1 The contactin subfamily consist of a set of six

related glycophosphatidylinositol (GPI)-membrane anchored

proteins with six N-terminal immunoglobulin-like domains (Ig),

four fibronectin type III domains (FnIII) and posttranslational

modifications, e.g., N-linked glycosylation at multiple sites.2

Contactins are expressed as either membrane attached or

cleaved soluble forms across various tissues with strongest

expression in the nervous system.3–5 Crystal structures of con-

tactin partial segments revealed thus far that Ig1-4 domains

form a characteristic horseshoe supramodule with versatile

binding capacity,6–10 that the Ig5-FnIII2 domains are arranged

in an extended head-to-tail conformation and that the FnIII2-3

connection is bent.10

The ubiquitous expression of contactin 2 across diverse brain

regions and developmental time points,1,5,11 in either membrane

bound1 or soluble12–17 forms, underpins its critical role in cellular

processes in development and activity of the nervous system.

Contactin 2 has well established roles in neuronal cell pro-

liferation, differentiation, death, and migration18–21; neurite
60 Structure 32, 60–73, January 4, 2024 ª 2023 Elsevier Ltd.
outgrowth, and growth cone regulation22–24; axon guidance,

fasciculation, and regeneration24–28; and in specific subcellular

structures such as synapses,29,30 the axon initial segment

(AIS),22,31 and the myelinating juxtaparanodal region.32–34

Contactin 2 homophilic interactions contribute to a number of

cellular functions. Expression of contactin 2 induces cellular ag-

gregation in several heterologous systems through resulting

trans-cellular interaction.6,35–39 Furthermore, contactin 2 has a

well-documented role in dorsal root ganglion cellular adhesion

and neurite extension.27,40–43 Here, segments of the protein

show neurite outgrowth promoting activity for contactin 2 posi-

tive cells,43 while further works suggest homophilic interactions

anchor motor neuron cell bodies and may be responsible for

axonal fasciculation observed in contactin 2 positive cells.27 Ho-

mophilic interactions of contactin 2 further likely contribute to

migration of cells in the developing hindbrain along axons,44 jux-

taparanode adhesion,33 restriction of retinal dendrites to specific

layers,45 and polarization of cerebral cortex cells.20

Competingmodels have been proposed for contactin 2 homo-

philic interactions. On the one hand it has been reported that

C-terminal FnIII domains and not N-terminal Ig domains aggre-

gate cells through trans cellular homophilic interaction.36 On

the other hand mutation of the Ig2 FG loop segment appears

to abolish contactin 2 induced cellular aggregation, indicating
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a direct role for Ig2 in adhesion.6 Reduced contactin 2 induced

cellular aggregation by antibodies directed toward N-terminal

or C-terminal segments, lead to a cis-assisted trans-binding

model for contactin 2 adhesion.39 Structures of chicken6 and hu-

man7 contactin 2Ig1-4, have been used to propose alternate

zipper and dimerization mechanisms for contactin 2 immuno-

globulin induced homophilic adhesion, both involving the Ig2

FG loop.

A line of evidence suggests contactin 2 homophilic interac-

tions regulate heterophilic interactions. Complexes with NgCAM

promoting neurite extension have been detected as higher-order

molecular weight complexes,41 while intercellular contactin 2

mediated adhesion initiates ankyrin recruitment by L1.37 Contac-

tin 2 homophilic adhesion also appears necessary for CASPR

trans interaction in juxtaparanode adhesion.33 Furthermore,

immunoglobulin domains which can induce trans homophilic

adhesion, are also involved in binding of NgCAM,46 NrCAM

and L1,43 Kv channels,47 and CASPR2,47–49 suggesting possible

competition between homophilic and heterophilic binding and

highlighting the relevance of homophilic interactions in the func-

tion of contactin 2.

Given the importance of contactin 2 homophilic interac-

tions in mediating critical cellular functions in the nervous

system,20,27,33,44,45 at different developmental stages,1,3,4 and

competing structural hypothesis for immunoglobulin induced ho-

mophilic adhesion,6,7 we sought to gain further insights into its

mode of homophilic adhesion and potential factors regulating

this process. To this end, we structurally characterized mouse

contactin 2Ig1-6 produced with either mannose rich or complex

glycans, and contactin 2fe (full ectodomain) produced with com-

plex glycans. A 3.7 Å structure of contactin 2Ig1-6 reveals an inter-

action mode similar to that reported for human contactin 2Ig1-4

through an Ig2 interface,7 albeit with more extensive Ig2 CD

loop interactions in an interaction reminiscent of reported L1

family interactions.50 An additional, different dimer is present,

mediated by Ig3-Ig6 interactions, which may be relevant to

understanding the formation of previously suggested higher order

assemblies.39 In the glycosidase-treated sample, contactin 2Ig1-6

is still substantially glycosylated, with larger glycan trees buried in

the horseshoe and near the second dimer’s interface. Steric hin-

drance of the glycosidase enzyme possibly explains the lack of

glycan removal at these sites. Using MALS, small-angle X-ray

scattering (SAXS) and native MS we report contactin 2Ig1-6 oligo-

merization which appears partially modulated by the type of

N-glycan modifications. Interface mutations and site-directed

glycan deletions confirm glycan and glycan-type dependent

dimerization of contactin 2Ig1-6. SAXS and negative stain EM of

contactin 2fe with complex glycans reveals an intrinsically flexible

protein. Modeling of contactin 2fe using partial structures is

consistent with negative stain EM data and reveals, by evolu-

tionary analysis, the location of possible interaction sites appear-

ing as a patchwork of non-overlapping conserved interfaces.

RESULTS

Contactin 2Ig1-6 crystal structure reveals a highly
flexible molecule
To gain quantitative and structural insights into domain contribu-

tions to contactin 2 homophilic interactions, we determined the
structure of contactin 2Ig1-6 from a crystal that diffracted to a

maximum resolution of 3.7 Å (PDB: 8A0Y) (Figures 1A, 1B, and

S1A; Table 1). In this structure, the first four Ig domains adopt

a typical horseshoe conformation, while the Ig5-Ig6 combination

orients, nearly in plane, away from the horseshoe. This arrange-

ment gives themolecule a distinct revolver-like architecture, with

Ig1-Ig4 representing the ‘‘cylinder and barrel’’ region, and Ig5-

Ig6 the ‘‘handle’’ (Figures 1B and 1C).

The presence of three independent contactin 2Ig1-6 molecules

in our dataset allows comparison of conformations (Figure 1D),

revealing conformational flexibility of contactin 2Ig1-6. This flexi-

bility can be described by one major and two minor hinging mo-

tions. For the major motion, the Ig5-Ig6 segment hinges 45� off
the Ig1-Ig4 horseshoe at the Ig4-Ig5 connection (Figure 1D). In

the first minor motion, Ig6 hinges 9� off Ig5 at the Ig5-Ig6 connec-

tion (Figure S1B), exacerbating mobility of the Ig5-Ig6 ‘‘handle’’

in its orientation with respect to the Ig1-Ig4 horseshoe. In the

second minor motion, the Ig2-Ig3 unit hinges 15� off domains

Ig1 and Ig4, bending the plane of the Ig1-Ig4 horseshoe (Fig-

ure 1D). As previously reported,7 the horseshoe bending motion

captured in our dataset, is also present in structures published

for chicken (PDB:1CS6)6 and human (PDB:2OM5)7 contactin

2Ig1-4 (Figure S1C). The apparent flexibility captured in the con-

tactin 2Ig1-6 crystal structure is likely relevant to its solution state,

as SAXS measurements reveal normalized Kratky plots with

bimodal and untapered shapes for both high-mannose and com-

plex-glycan contactin 2Ig1-6 (Figure 1G). Indeed, normalized

Kratky plots with such shapes are expected for a multidomain

protein containing flexible regions. Flexibility of contactin 2Ig1-6

appears as an intrinsic property of the molecule with potential

to modulate adhesive and signaling interactions.

The Ig1-Ig4 horseshoe segment in the larger Ig1-Ig6 structure

we report, resembles previously reported chicken (PDB:1CS6)6

and human (PDB:2OM5)7 contactin 2Ig1-4 crystal structures

with Ca r.m.s.d. of 1.10 Å and 1.18 Å respectively for the most

conformationally similar chains. Furthermore r.m.s.d. of domains

aligned individually often drop below 1 Å indicating that higher

deviations in supramodules are likely due to conformational

freedom of the assembly. Similarly, the Ig5-Ig6 combination of

contactin 2Ig1-6 has Ca r.m.s.d. of 3.97 Å to the homologous

combination in mouse contactin 3Ig5�FnIII2 (PDB:5I99),10 while in-

dividual Ig 5 and 6 domains have 0.75 Å and 1.17 Ca RMSD,

respectively.

Contactin 2Ig1-6 has seven N-linked glycosylation sites
Contactin 2 ectodomain sequence has 13 potential N-glycosyl-

ation sites, with seven of these sites predicted in the contactin

2Ig1-6 segment (Figure 1A).51 Presence of electron density for

the first N-acetylglucosamine (GlcNAc) residue at all seven posi-

tions in contactin 2Ig1-6 confirms that these sites are glycosylated

(Figures 1A, 1B, and S1C). Contactin 2 vertebrate orthologue

sequence conservation analysis52 further reveals that 4 of 13

N-X-T/S glycosylation motifs in the contactin 2 ectodomain are

in the bin for residues showing highest degree of conservation

across orthologues (Figure 1A).

While contactin 2Ig1-6 used for crystallization was enzymati-

cally treated with Endo-Hf, to deglycosylate the sample to

enhance the chance of obtaining crystals, two glycosylation sites

in the molecule are unaffected by the process, possibly due to
Structure 32, 60–73, January 4, 2024 61
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Figure 1. Structural and biophysical insights into contactin 2Ig1-6

flexibility, N-glycosylation and oligomerization

(A) Annotated sequence schematic of contactin 2. Immunoglobulin-like (Ig)

and fibronectin type III (FnIII) domains are denoted with domain boundaries

(top lines), and crystallized Ig segments colored in. N-glycosylation sites

(bottom lines) confirmed by structures (green), predicted (brown), and highly
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steric hindrance of the glycan moiety for the deglycosylation

enzyme. For glycosylation sites at Asn 78 on Ig1 (Figures 1C

and 1D), and Asn 500 on Ig4 (Figure S1A) sufficient electron den-

sity was consistently present to model the ‘‘stalk’’ of a high-

mannose tree (Man1GlcNAc2) on all three contactin 2Ig1-6 chains

present in the asymmetric unit. And in several cases an addi-

tional one to four mannoses (Man) could be modeled in the elec-

tron density at these two glycosylation sites. The presence of

these more elongated glycosylation patterns suggests that the

glycans at Asn 78 and Asn 500 remained sterically inaccessible

to the Endo-Hf enzyme. For the glycan at Asn 78 this appears

likely due to the intramolecular location of the site within the

horseshoe (Figures 1C and 1D), while for the glycan at Asn 500

this is likely due to location near an intermolecular interface (Fig-

ure 2F). Mutation of the Asn 78 to an alanine in contactin 2Ig1-6,

thus preventing N-linked glycosylation at this site, resulted in

substantially reduced secreted contactin 2Ig1–6 N78A whereas

secretion of contactin 2Ig1–6 N500A was not affected (Figure 1D).

This suggests a role for the glycan at Asn 78 in folding or stability

of contactin 2, compatible with the observation of intramolecular

interactions in the crystal structure.
Contactin 2Ig1-6 oligomerization appears partially
dependent on N-glycan type
Peak shift and measured mass variation in size exclusion chro-

matography with multiangle light scattering (SEC-MALS) shows

that contactin 2Ig1-6 dimerizes in solution in a concentration-

dependent manner (Figure 1E, Table 2). The rate of assessed

concentration-dependent dimerization of contactin 2Ig1-6 using

this method appears independent on N-linked glycan type.

In agreement with the SEC-MALS analysis, batch SAXS ex-

periments of contactin 2Ig1-6 at concentrations ranging from 1

to 52 mM reveal a concentration-dependent oligomerization.

The high molecular weight (Mw) determined from I0 indicates

the presence of oligomers larger than contactin 2Ig1-6 dimers (Ta-

bles 3 and S1). The rates of oligomerization as assessed by

increasing particle size at increasing concentration in SAXS anal-

ysis however show dependence on glycosylation type (Figures

1F and 1G) as material produced with more mannose like gly-

cans (HM) oligomerizes more readily than material produced

with more complex glycans (CGs). Also, in native mass spec-

trometry (native MS) analysis more dimers are present for

contactin 2Ig1-6 containing high-mannose glycans compared to

contactin 2Ig1-6 containing complex glycans and in both cases
conserved in orthologue conservation analysis (*). Signal peptide (SP), and

pro-peptide (PP) are also indicated.

(B) Contactin 2Ig1-6 monomer (domain rainbow colored) with glycans shown as

sticks and transparent spheres, displaying a revolver-like architecture.

(C) Asn 78 horseshoe buried glycan and associated density (2mFobs-DFcalc)

at 1s.

(D) Superposed contactin 2Ig1-6 chains showing 45� Ig5-Ig6 hinging with

respect to Ig4, and 15� Ig2-Ig3 hinging with respect to Ig1 and 4.

(E) Contactin 2Ig1-6 complex-glycan (CG) and high-mannose (HM) SEC-MALS

analysis. Injection concentrations are indicated.

(F) Contactin 2Ig1-6 CG and HM batch SAXS analysis with Rg variations plotted

by concentration.

(G) SAXS-based Kratky plots. The SEC-MALS and SAXS analysis reveal

concentration-dependent dimerization and, possible higher-order oligomeri-

zation.



Table 1. Diffraction data collection and refinement statistics

Cntn2Ig1-6

Data Collection

Space group C2

Cell Dimensions

a,b,c (Å) 131.9, 159.8, 227.9

a,b,g (�) 90, 96.7, 90

Resolution (Å) 65–3.7 (3.82–3.70)a

Unique reflections 49878 (4525)

Rmerge 0.150 (1.146)

I/sI 5.2 (0.9)

Completeness (%) 99.2 (98.1)

Redundancy 5.9 (6.1)

CC1/2 0.975 (0.548)

Refinement

Resolution (Å) 54.01–3.7

No. of reflections 49801

Rwork/Rfree 0.22/0.26

No. of atoms

Protein 13275

Ligand/carb 615

Clashscore 6.64

B-factors (Å2)

Protein 229

Ligand/carb 262

TLS groups 18

R.m.s deviations

Bond lenghts (Å) 0.002

Bond angles (�) 0.59

Ramachandran

Favored (%) 93.4

Outliers (%) 0.3

Rotamer

Outliers (%) 0.6

Molprobity Score 1.46

PDB ID 8A0Y
aValues in parentheses are for the highest resolution shell.
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a small fraction of oligomers larger than dimers is observed (Ta-

ble 4, Figure S2).

Glycan modulated oligomerization of contactin 2Ig1-6 as re-

ported here suggest that glycosylation sites near relevant inter-

faces with HM trees potentially favor oligomerization or that

CG trees may sterically or electrostatically hinder it. Through

structural analyses in the following sections and determining

dimer formation of site-directed glycan deletions, we offer in-

sights into structural features likely underlying the molecular de-

tails of this process.

Contactin 2Ig1-6 is present in two dimeric forms in the
crystal
Analyses of intermolecular contacts in the contactin 2Ig1-6 crystal

structure reveal presence of two dimeric contactin 2Ig1-6 ar-

rangements, hereby referred to as the Ig1-2 dimer (Figure 2A)

and Ig3-6 dimer (Figure 2B), that offer molecular insights into

contactin 2Ig1-6 oligomerization. In the crystal structure, inter-

faces mediating these arrangements (Figures 2C and 2D) are

occupied for all molecules, and are present in contacts formed

between both asymmetric unit and symmetry related chains.

A few striking features stand out regarding these dimeric ar-

rangements. On one hand both dimer interfaces bury extensive

amounts of solvent accessible area �1906 Å2 (interface Ig1-2,

Figure 2C) and �3244 Å2 (interface Ig3-6, Figure 2D). Further-

more, both interfaces show striking degrees of conservation in

contactin 2 vertebrate orthologue sequence conservation anal-

ysis (Figures 2C and 2D). Lastly, both interfaces display potential

for glycan-dependent modulation given proximity of glycosyla-

tion sites near these interfaces (Figures 2E and 2F). For glycosyl-

ation of Asn 200 on Ig2, one GlcNAc was originally modeled

supported by density in our dataset owing to Endo-Hf treatment.

However, modeling a full mannose tree (Man5GlcNAc2) at Asn

200 (Figure 2E) reveals how amore extended glycan presumably

results in a glycan-glycan interface which may sterically

constrain the formation of the Ig1-2 dimer (Figure 2A) depending

on glycosylation microheterogeneity. As aforementioned, Asn

500 glycosylation appears sterically inaccessible to Endo-Hf

treatment, and HM glycan trees (Man3-5GlcNAc2) could be

modeled for this site in the electron density depending on the

contactin 2Ig1-6 chain in the asymmetric unit. Glycosylation of

Asn 500 on Ig4 could possibly impact formation of the Ig3-6

dimer (Figure 2F), as the HM glycan tree ends up in close prox-

imity to the Ig1 in the other chain in the dimer. This intermolecular

glycan-protein interface (Figure 2B) may stabilize potential Ig3-6

dimer formation.

To dissect the effects of glycosylation of Asn 200 and Asn 500

we introduced alanine mutations, preventing glycans to be

added at these sites. Mutant contactin 2Ig1-6 proteins were pro-

duced with high-mannose or complex glycans at the remaining

sequons and tested for dimer formation by native MS analysis.

For contactin 2Ig1-6 high-mannose material, knockout of the

glycan at Asn 200 does not affect dimerization, whereas kno-

ckout of the glycan at Asn 500 reduces dimerization (Table 4,

Figure S2). This may indicate that a high-mannose glycan on

Asn 500 aids in the dimerization via the Ig3-6 interface. For con-

tactin 2Ig1-6 complex glycan material, however, both knockouts

have elevated dimer levels compared toWT protein (Table 4, Fig-

ure S2). This suggests that complex-type glycans on both posi-
tions cause some steric hindrance or electrostatic repulsion for

contactin 2 dimerization through the Ig1-2 and Ig3-6 interfaces

and explain the slightly elevated dimer levels for contactin

2Ig1-6 with high-mannose glycans in SAXS and native MS (Fig-

ures 1F and S2; Table 4).

Similarities and differences in Ig1-2 mediated contactin
2 dimers
The 2-fold symmetric Ig1-2mediated contactin 2Ig1-6 dimer inter-

face presented here (Figures 2A, 2C, and 3A–3C) is reminiscent

of the interactionmodes reported for the neurofascin 186Ig1-4 ho-

modimer,50 the neurofascin 155Ig1-6 homodimer,53 and the con-

tactin 1Ig1-6 - neurofascin 155Ig1-6 complex.53 In this dimer the

Ig1-Ig4 horseshoes of contactin 2Ig1-6 interact in a near orthog-

onal edge-on orientation, largely using sides of the Ig2 domains
Structure 32, 60–73, January 4, 2024 63
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(D) Same as in (C) for the contactin 2Ig1-6 Ig3-6 mediated dimer.

(E) 90� rotated view from (A) of Asn 200 glycan-glycan interface showing possible steric clashes of modeled glycans.

(F) 60� rotated view from (B) of Asn 500 glycan-protein interface showing potential for dimer stabilizing interactions.

ll
Article
for interaction with more modest Ig1 domain contributions

(Figures 2A, 2C, and 3A–3C).

At the center of the Ig1-2 dimer interface presented here, a

‘‘super b sheet’’ is formed by joining of Ig2 GFC b-sheets of

both molecules through antiparallel interaction of opposing G
64 Structure 32, 60–73, January 4, 2024
b-strands. At the ‘‘top side’’ of the ‘‘super b sheet’’, side chains

of residues Lys 139 and Phe 223 of one chain, and Phe 217

and Thr 219 of the other chain form hydrophobic interactions

that, due to the 2-fold nature of the dimer, are sandwiching the

interface at both sides of the G strands (Figure 3A). Remarkably,



Table 3. Contactin 2 batch small-angle X-ray scattering data

summary

Construct

Conc.

(mM)

Guinier

I0

Mw

from

I0 (kDa) Rg (nm)

Oligomerization

state

Contactin 2Ig1-6

High mannose

Expected Mw

monomer:

75.2 kDa

1 0.012 147 5.13 ± 0.87 2.0

3 0.025 141 5.29 ± 0.63 1.9

6 0.058 174 5.35 ± 0.23 2.3

13 0.120 167 5.50 ± 0.14 2.2

26 0.270 189 5.98 ± 0.15 2.5

52 0.570 199 6.08 ± 0.10 2.6

Contactin 2Ig1-6

Complex glycan

Expected Mw

monomer:

78.7 kDa

1 0.014 146 5.59 ± 0.86 1.8

3 0.030 203 5.40 ± 0.50 2.6

5 0.055 186 5.54 ± 0.32 2.4

11 0.120 193 5.53 ± 0.12 2.5

24 0.250 191 5.61 ± 0.10 2.4

51 0.600 213 5.82 ± 0.09 2.7

Contactin 2fe

Complex glycan

Expected Mw

monomer:

129.8 kDa

1 0.021 361 9.33 ± 3.04 2.8

2 0.053 455 10.27 ± 1.62 3.5

3 0.120 515 11.20 ± 1.05 4.0

6 0.210 468 11.03 ± 0.64 3.6

12 0.390 470 11.32 ± 0.66 3.6

23 0.800 489 12.50 ± 0.64 3.8

50 1.970 566 14.18 ± 0.72 4.4

See also Figure S6 and Table S1.

Table 2. Contactin 2Ig1-6 SEC-MALS data summary

Contactin 2Ig1-6
Injection

conc. (mM)

Peak

conc. (mM)

Peak retention

volume (mL)

MALS

Mw (kDa)

High mannose

Expected Mw

monomer:

75.2 kDa

4 0.2 11.82 83.1 ± 2.5

15 0.7 11.44 99.2 ± 0.8

60 3 11.09 117.4 ± 0.2

120 6 10.94 126.0 ± 0.4

Complex glycan

Expected Mw

monomer:

78.7 kDa

4 0.2 11.34 85.4 ± 2.6

15 0.6 11.04 101.8 ± 0.4

60 3 10.72 120.1 ± 0.1

120 6 10.58 131.0 ± 0.3
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the Thr 219 residue kinks out disrupting the G strand beta sheet

secondary structure enabling intermolecular hydrogen bonding

with pseudo-A strand residue Glu 136 (Figure 3A). On the ‘‘bot-

tom side’’ of the ‘‘super b-sheet’’, a concave half barrel forms

that is closed off by the Ig2CD loops and characterized by exten-

sive hydrophobic contacts at its core involving side chains of Phe

175, Pro 176 and Phe 178 of both molecules in the dimer (Fig-

ure 3C). Overall, the interface is of a predominantly hydrophobic

nature, with several hydrogen bonds possibly providing further

stabilization (Figures 2A, 3B, and 3C).

Previous contactin 2Ig1-4 structures from chicken (PDB:1CS6)6

and human (PDB:2OM5)7 have offered competing Ig1-4 zipper

and Ig1-2 dimer interaction modes (Figure S3A), both consistent

with mutagenesis studies showing disrupted cell adhesion.6 Our

mouse contactin 2Ig1-6 Ig1-2 interaction is equally in accordance

with previous mutagenesis studies showing disrupted cell

adhesion,6 as those targeted residues reside in the interface

(Figure S3B).

Interestingly, while the mouse contactin 2Ig1-6 structure cap-

tures the same Ig1-2 interaction interface as human contactin

2Ig1-4 (PDB:2OM5),7 the conformational arrangement and inter-

action mode differs between the two structures (Figures 3,

S4A, and S4B). In the mouse structure, orthogonal horseshoes

form a narrower X or cross shape (Figure 3A), given the less

extensive beta strand secondary structure of the G strands (Fig-

ure 3B), which enables closer apposition of the hydrophobic res-

idues in the CD loops forming a hydrophobic cocoon (Figure 3C).

In the human structure the horseshoes form a flattened X shape

(Figure 3D), as they are tilted by 33� more in plane, with more

extensive antiparallel beta strand interactions supporting the

interaction (Figure 3E). In the human contactin 2 structure, the

hydrophobic cocoon does not form, as CD loops are positioned

further away from one another (Figure 3F). This is exemplified by

the 3.7 Å distance of the two Phe 178 sidechains in the dimer of

mouse contactin 2Ig1-6 that are at a much larger distance of

14.2 Å in human contactin 2. Various factors may explain these

different conformation-engaging residues in the interface in

distinct ways. While the interface residues remain the same, dif-

ferences in other regions—the human and mouse contactin 2

horseshoes have 94.3% sequence identity—may influence the

homomeric interaction mode via the Ig1-2 interface. For

example, the human and mouse contactin 2 have a different

composition of the Ig2 FG turn and Ig1 AB loop, that may affect

the Ig1-2 interface (Figures S4C and S4D). On the other hand, we

cannot exclude that the different interaction modes may have
arisen due to differences in crystal packing nor that they reflect

structural plasticity of contactin 2 homodimer formation.

To assess the role of the Ig1-2 interface in mouse contactin 2

dimerization, we produced two variants by mutating residues in

the hydrophobic cocoon to negative charged ones, contactin

2Ig1–6 R169D,F175D,F178D,L210D and contactin 2Ig1–6 F175D,F178D,

called interface 1a and 1b, respectively (Figure S1D). For con-

tactin 2Ig1-6 complex glycan material, these mutants as

compared to WT contactin 2Ig1-6 do not seem to affect dime-

rization. For contactin 2Ig1-6 high-mannose material, however,

both mutants have reduced dimerization, with the largest

effect for the more extensively altered interface, i.e., contactin

2Ig1–6 R169D,F175D,F178D,L210D (denoted interface 1a) (Table 4; Fig-

ure S2A). This indicates that, at least for the high-mannose

version of contactin 2, the Ig1-2 interface plays a role in

dimerization.

The contactin 2Ig1-6 Ig3-6 mediated dimer has
conformational plasticity
The Ig3-6 mediated contactin 2Ig1-6 dimer interface presented

here (Figures 2B, 2D, 2F, and 4A–4F) represents a potentially

novel oligomerization interaction mode for contactin 2. This

2-fold symmetric Ig3-6 interface may have gone unreported pre-

viously as the contactin 2Ig1-6 crystal structure is the first detailed

structure of contactin 2 that includes Ig5-6. In particular, the

hinge areas at Ig3-Ig4 and Ig5-Ig6 are contacting each other in

opposing molecules and form the core of the interaction in-

terface, with looser contacts between sides of Ig4 and Ig5
Structure 32, 60–73, January 4, 2024 65



Table 4. Contactin 2 dimer/monomer ratio from native MS

Contactin 2Ig1-6 Ratio dimer/monomer

High mannose WT 1.64

Interface1a 0.19

Interface1b 0.46

N200A 1.30

N500A 0.42

Complex glycan WT 0.57

Interface1a 0.62

Interface1b 0.51

N200A 1.07

N500A 1.31

See also Figure S2.
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extending it, resulting in a butterfly shaped dimeric arrangement

(Figure 2B).

The Ig3-6 interface buries a near continuous extended patch

(Figure 2D). Mixed hydrophilic, complementary charged, and hy-

drophobic interactions are present at the Ig3-4 and Ig5-6

‘‘hinges’’ portion of the interface. For example, Arg 508 from

the Ig5-6 hinge forms a salt bridge with Glu 330 as it is main-

tained in place by a hydrogen bond with Ig5 Ser 506, while the

Ig6 BC loop Thr 539 backbone hydrogen bonds with the back-

bone of Gly 354 in the Ig4-5 hinge (Figure 4C). These interactions

seem to contribute to correct orientation of the Ig3-6 domains

permitting more extensive hydrophobic contacts that sandwich
Figure 3. Similarities and differences between mouse and human con

terfaces

(A) Orthogonal horseshoes from mouse contactin 2Ig1-6 forming a narrower X shap

to less extensive beta strand secondary structure of the G strands (B), which ena

hydrophobic cocoon (C).

(D) Orthogonal horseshoes from human contactin 2Ig1-4 forming a broader X shape

more extensive beta strand secondary structure of the G strands (E) and in more

The difference in distance, from 3.7 to 14.2 Å, between the Phe 178 sidechains i

(D) indicate the 2-fold symmetry axis.
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the ‘‘hinge’’ portion. On the left side of the ‘‘hinge’’ interface,

Ig3 Phe 300 interacts with Ig6 BC loop Pro 538 (Figure 4C), while

on the right side a more extensive hydrophobic cluster is formed

by hydrophobic residues from the Ig3 facing end of the Ig4

domain that are contacting hydrophobic residues located near

the Ig5-Ig6 connection in the opposing molecule (Figure 4D).

Loosely packed additional charged and hydrophilic interactions

in the hinge interface and Ig4–5 segment additionally contribute

to the interface. Overall, the Ig3-6 interface is of a mixed

hydrophobic and hydrophilic nature, with striking electrostatic

complementarity (Figure 2D). The Ig3-Ig6 dimer interface con-

sists of two extended patches (Figure 2D) and we mutated

residues in both patches to assess dimerization through this

interface. Unfortunately, this mutant, Leu332Asp, Ala353Asp,

Arg508Asp, and Met540Asp, denoted interface 2, was not

secreted, preventing us from assessing the effect on dimeriza-

tion (Figure S1D).

Two conformational arrangements of the Ig3-6 contactin 2Ig1-6

dimer are present in the crystal structure that accommodate the

structural plasticity of the Ig4-5 and Ig5-6 connections (Figures

4A, 4B, and S5). The two Ig3-6 dimer states capture a complex

motion that resembles the flapping of a butterfly’s wings from

a more ‘‘spread’’ to a more ‘‘strained’’ position which results in

the dimer C-termini exchanging from a more distant 10 nm to a

closer 5 nm apart position (Figures 4A and 4B). The core of the

‘‘hinges’’ dimer interface is conserved between the two dimer

states, nonetheless looser charged and hydrophilic interactions

occurring at the sides engage in distinct ways. In the ‘‘hinges’’

portion a number of changes occur. Lys 355 interacting with
tactin 2 Ig1-2 mediated dimers and Ig1-2 GFC super beta sheet in-

e and a schematic indicating domain orientation. The narrower X-shape leads

bles closer apposition of the hydrophobic residues in the CD loops forming a

and a schematic indicating domain orientation. The broader X-shape results in

distant positioning of CD loops preventing hydrophobic cocoon formation (F).

s indicated by a dotted red line in (C) and (F). The dotted black lines in (A) and
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Figure 4. Conformational plasticity of contactin 2 Ig3-6 mediated dimer and effects on ‘‘hinge’’ and ‘‘Ig4-5’’ interface portions

(A) ‘‘Spread’’ conformation of Ig3-6 contactin 2 dimer resulting in more distant C-terminal Ig6 domains. Maintaining this configuration are extensive charged

(C) and hydrophobic (D) residue interactions in the hinge region, and closer apposition of Ig4 and 5 domains (D).

(B) ‘‘Strained’’ conformation of Ig3-6 contactin 2 dimer resulting in closer C-terminal Ig6 domains. In this configuration several charged residues swap interactions

in the hinge region (E), the hydrophobic hinge region cluster is predominantly maintained (F), while Ig4 and 5 domains more loosely contact each other (F).
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Glu 569 (Figure 4C) swaps from an intermolecular interaction to

an intramolecular interaction with Glu 303 (Figure 4E). Arg 357

forming a salt bridge with Asp 541 in both conformations loses

a hydrogen bond with Thr 543 (Figures 4C and 4E), while Arg

508 gains a hydrogen bond to the Trp 331 backbone carbonyl

oxygen (Figures 4C and 4E). The most striking changes however

occur in the Ig4-Ig5 edge interactions which aremostly lost in the

‘‘strained’’ conformation (Figures 4D and 4F). Here, loss of Arg

422 backbone hydrogen bond to Glu 339, and Arg 445 salt

bridge to Glu 339, results in loss of more extensive contacts be-

tween Ig4 and Ig5 and changes in Ig5 secondary structure ele-

ments comparing the ‘‘spread’’ conformation with the ‘‘strained’’

one.

Contactin 2fe has structural plasticity and undergoes
concentration-dependent oligomerization
To see if we could extrapolate insights gained by characteriza-

tion of contactin 2Ig1-6 segment to behavior of the full-length

molecule we further sought to structurally characterize contactin

2fe. In this case, suitable contactin 2fe material produced with

high-mannose type glycans for biophysical characterization

could not be obtained due to aggregation of the sample, we

could however obtain stable sample with complex glycans by

purifying contactin 2fe in high salt and imidazole containing buffer

(25 mMHEPES pH 7.5, 500mMNaCl, 500mM Imidazole). Given

the intrinsic flexibility of contactin 2 established by our chara-

cterization of the contactin 2Ig1-6 segment we turned to low res-

olution techniques and in silico approaches to obtain structural

insights into contactin 2fe function.

Using SAXS measurements we establish that contactin 2fe oli-

gomerizes (Figure 5A), and, judged from the molecular weight,

the oligomers may represent trimers or tetramers (Table 3; Fig-

ures S6A–S6C), or a mixture of different oligomeric species.

Size-exclusion chromatography comparing contactin 2fe and
the paralog contactin 1fe indicate contactin 2fe elutes as an olig-

omer, whereas contactin 1fe is amonomer (Figure S6D) as shown

previously.53 Kratky plots with bimodal and untapered shapes

illustrate the contactin 2 ectodomain behaves as a multidomain

protein containing flexible regions in solution (Figure 5B), even

more so compared to contactin 2Ig1-6. The concentration-depen-

dent oligomerization of contactin 2fe in the SAXS experiments

complicates the modeling of the data and hence we have not

tried to fit an ab initio or rigid-body model.

To quantitatively assess the flexibility of contactin 2fe we

turned to negative stain electron microscopy. Here, micrographs

revealed predominantly monodisperse molecules likely owing to

the low concentration sample conditions, of 39 nM, required for

imaging (Figure 5C). Additionally, in these images the horseshoe

structure of the first four domains is strikingly apparent as

molecules appear to sample a variety of linear, backfolded,

and sinusoidal conformational arrangements that suggest

intrinsic flexibility of the molecule (Figure 5C). 2D classification

revealed several class averages representing distinct linear

and U-shaped forms (Figure 5D). For a number of subclasses

only few domain segments are resolved, consistent with poten-

tial hinging between domain-domain connections along contac-

tin molecules as reported here in the Ig segment and by others in

the FnIII segment.10

To validate insights gained from low-resolution negative-stain

imaging, we built straightforward higher-resolution models for

contactin 2fe (Figures 5E, S7A, and S7B). These models were

generated using crystal structures of conformationally distinct

contactin 2Ig1-6 chains, mouse contactin 2FnIII1-3 (PDB:5EQ4),10

and an AlpaFold54 fourth FnIII domain model. These structures

were superposed with contactin 3Ig5�FnIII2 (PDB:5I99)10 to deter-

mine a sensible Ig6-FnIII1 orientation, and using the Alphafold

Protein Structure Database (Alphafold PSD)54,55 for a sensible

FnIII3-4 connection. Calculated projections of one model
Structure 32, 60–73, January 4, 2024 67



30 nm

50 μM Contactin 2fe CG

R
g

(Å
)

Concentration (μM)

90

100
105

50 μM Contactin 2fe CG

0 105 15
I/I

0*
(q

R
g)

2

qRg

0

0.5

1

1.5

20 25

2.5

2

3

95

110
115
120
125
130

140
145

135

0 10 20 30 40 50 60

Contactin 2fe CG

A B

C

D

Ig1

Ig2 Ig3

Ig4

Ig5
Ig6

Fn1

Fn2

Fn3

Fn4

180°

180°

Ig1-2
Interface

Ig3-6
Interface

Fn2-Fn3
Conserved

Patch

Ig5-Fn1
Conserved

Patch

ConservedVariable

vertebrate 
orthologue conservation

protein-protein interfaces

50 nm

E

~20 nm

30 nm

F

G
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Contactin 2fe batch SAXS analysis with Rg variations plotted by concentration (A) and characteristic normalized Kratky plot (B).

(C) Representative micrograph of negatively stained contactin 2fe (at 39 nM), showing predominantly monodisperse particles, characteristic Ig1–4 horseshoe at

one end of the molecules (examples highlighted by dashed circles), and broad conformational landscape suggesting inherent flexibility.

(D) Top eighteen 2D class averages of contactin 2fe corresponding to 1637 particles.

(E) Model of contactin 2fe generated by alignment and superposition of partial structures (see text).

(F) Vertebrate orthologue conservation analysis extended to the contactin 2fe model showing a patchwork of conserved interfaces.

(G) Representative projections calculated from the contactin 2fe model in (E), showing some similarity with the class averages in (D).
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(Figures 5E–5G), provide 2D views of contactin 2 ectodomain

that recapitulate observed features in negative-stain micro-

graphs and the class averages (Figures 5C and 5D) albeit that

in most class averages not all domains are visible, probably

due to the structural heterogeneity arising from the hinging in

domain-domain connections, and resultant blurring of density

after averaging. Interestingly, projections derived from the crys-

tal structure-based models appear to correspond better to the

particle conformations observed by negative stain than the in sil-

ico Alphafold ectodomain model (Figure S7).
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Given that both C-terminal and N-terminal contactin 2fe re-

gions have been implicated in various heterophilic and homo-

philic interactions, we decided to extend the conservation map-

ping to our ectodomain chain model (Figure 5F). In this model, 4

highly conserved ‘‘patches’’ stand out (Figure 5F). These include

the two interfaces we capture in our crystal structure, that we

speculate underlie oligomerization. As well as an extended sur-

face from Ig5 to FnIII1 found on the ‘‘opposite’’ side of the

Ig3-6 interface, and a patch on sides of FnIII2-FnIII3. Patches

on Ig5 to FnIII1 and FnIII2-FnIII3 stand out as likely potentially
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relevant to interactions given reports that the Ig5 to FnIII1 is the

minimal required segment for contactin-CASPR2 interactions,49

and that fibronectin domains help mediate contactin 2 homo-

philic interactions.36,39 Remarkably, modeling ectodomain

structures into dimer or trimer assemblies, using the contactin

2fe models and crystal packing reported here, illustrates that

various potential interactions do not obstruct one another (Fig-

ure S8) and, considering the presence of some flexion in domain

connections, the models are compatible with cis or trans cellular

interactions.

DISCUSSION

Similar to several other multi-domain subfamilies of the IgCAM

family, such as DSCAM, sidekick and L1, contactin 2 is charac-

terized by an N-terminal horseshoe and intrinsic conformational

inter-domain flexibility.53,56,57 The horseshoe is often involved in

homophilic interactions, albeit using strikingly different faces of

the module, and the members of these subfamilies differ sub-

stantially in number of domains.58 Diversity in size and inherent

structural plasticity explains the function of these proteins in

defining adhesion specificity at different intermembrane environ-

ments in numerous tissues.

Contactin 2 itself has pleotropic functions. Through roles in

diverse environments contactin 2 contributes to functional wiring

of the nervous system.1 Structural plasticity and intermolecular

interaction of contactin 2 that we uncover here likely play impor-

tant roles in enabling it to mediate adhesive and signaling

interactions in different cellular contexts. On one hand, more

elongated conformations may permit sensing of longer range

cues outside neuronal cells that underlie some of its functions

in cellular migration,18–21 neurite outgrowth,22–24 and axon

growth and regeneration.24–28While on the other hand, the ability

to fold into more compact arrangements, such as the Ig3-6

mediated dimer could underscore its functions at diverse cellular

contact sites such as synapses,29,30 the myelinating juxtapara-

nodal region,32–34 and between fasciculated axons27 which

dynamically sample a diverse range of intercellular distances.

Furthermore, by permitting presentation of protein interaction

sites arranged in distinct topologies the wide conformational

landscape of contactin 2 likely allows engagement with its struc-

turally diverse reported protein partners including IgCAMs from

contactin,1,3,4 L1,37,43 and NgCAM41,46 protein families, but

also CASPR2,29,31,33,34,47–49 Kv1 ion channels,47 amyloid pre-

cursor protein,59 and tropomyosin receptor kinase B (TrkB).28

Expression of contactin 2 in heterologous systems induces

cellular aggregation through resulting trans-cellular interac-

tion,6,35–39 and these trans interactions play a role in contactin

2 function in the biological setting exemplified by contactin 2

mediated adhesion to form and maintain axon-myelin interac-

tions at the juxtaparanodal region.32–34 Both chicken6 and hu-

man7 contactin 2Ig1-4 structures, have been used to propose

alternate zipper and dimerization mechanisms for homophilic

adhesion both involving an Ig2 FG loop, which when mutated

abolishes cellular aggregation. The mouse crystallographic con-

tactin 2Ig1-6 structure presented here, captures the same highly

conserved Ig1-2 interface as human contactin 2Ig1-4 7 and is

equally in accordance with previous mutagenesis studies.

Remarkably, while capturing the same interaction interface as
the human structure, Ig1-2 engaged in dimer interaction in

mouse contactin 2Ig1-6 presents a distinct conformational

arrangement with more extensive hydrophobic contacts in the

CD loops, enabling the formation of a hydrophobic cocoon remi-

niscent of dimer interaction modes proposed for L1 family mem-

bers.50 Ultimately, the distinct conformational arrangements that

we identify, highlight the plasticity of contactin 2 and potentially

enables looser or more constricted forms of engagement in a

cellular context.

N-linked glycosylation patterns have previously been shown

to regulate function of proteins from the contactin family. In

particular glycosylation of contactin 1 modulates its interactions

with paranodal adhesion partner neurofascin 155.53,60–62 To

date, N-linked glycosylation has however not been known to

mediate a role in contactin 2 functionality. Through detailed bio-

physical characterization the work presented here illustrates that

contactin 2Ig1-6 is a highly glycosylated segment of the molecule,

that N-linked glycan type appears to partially modulate its oligo-

merization in vitro, and that glycosylation of Asn residues 200

and 500 are most likely candidates to directly explain this pro-

cess through proximity to interaction sites showing high conser-

vation. Dimerization analysis of glycan knockouts Asn200Ala

and Asn500Ala support our notion that complex glycans at

these sites hinder dimerization, possibly by steric hindrance or

electrostatic repulsion from charged glycans, and that both

the Ig1-2 and the Ig3-6 interfaces play a role in contactin 2

dimerization. Furthermore the glycan-type-dependent differ-

ence in dimerization of the Ig1-2 interface mutants, contactin

2Ig1-6 R169D,F175D,F178D,L210D and contactin 2Ig1-6 F175D,F178D, sug-

gest a role for glycans in modulating dimer formation. Deter-

mining if and how these interfaces and the glycans contribute

to cis or trans cellular interactions will require future work. Finally,

given the importance of Ig1-Ig2 interactions, an Ig1-Ig2 hinge,

proximity of the Ig1 Asn 78 glycan tree to Ig2 and loss of secre-

tion of contactin 2Ig1-6 Asn78Ala fromHEK293 cells (Figure S1D),

it appears likely the glycan tree composition at this site could

play a role in protein stability or constraining molecular motion.

Several segments along the contactin 2 molecule have been

shown to contribute to cellular aggregation through underlying

homophilic interactions, resulting in the postulate that the mole-

cule may form higher-order assemblies through combined

interaction sites.6,7,36,39 Resolving organization of the larger con-

tactin 2Ig1-6 segment, we uncover the potential for the molecule

to form higher-order oligomers through two complementary di-

mers using highly conserved Ig1-Ig2 and Ig3-Ig6 interfaces

that do not obstruct one another in the full-length molecule (Fig-

ure S8). While further work will be needed to assess functional

relevance of these interfaces in the biological setting, it is equally

interesting that in the potential assemblies additional conserved

patches in the full-length molecule remain unobstructed (Figures

5E and S8). This feature is noteworthy as additional patches

stand out as segments previously reported to mediate

CASPR2 interactions,49 and fibronectin mediated homophilic

interactions.36,39

Contactin 2 is a molecule whose study has been of long-

standing interest given its ubiquitous roles in functionally wiring

vertebrate tissues, and in particular the nervous system.1,4,5 Mo-

lecular principles governing its biological action have remained

poorly understood in face of limited structural information
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regarding organization of larger segments, hampering potential

breakthroughs in treating associated pathologies in cancer,63,64

cardiac tissue malfunction,65–67 learning and memory defi-

ciency,68–70 nervous system regeneration,28,71–73 neurodevelop-

mental disorders,74,75 and neurodegenerative diseases.70,76–81

The structural and biophysical characterization of larger contac-

tin 2 segments reported here provide a basis for further work to

resolve the molecular mechanism underlying contactin 2 func-

tion in health and disease.
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TOP10 Invitrogen Cat# C404003
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Contactin 2fe CG 50 mM SAXS data This study SASBDB: SASDN99

Experimental models: Cell lines

HEK293 (EBNA) ImmunoPrecise Antibodies N/A

HEK293 GnTI- (EBNA) ImmunoPrecise Antibodies N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Oligonucleotides are listed in Table S2 This study N/A

Recombinant DNA

Contactin 2 Image Clone Image:30362931

Contactin 1 Image Clone Image:30099512

Software and algorithms

DLS processing pipeline Winter et al.82 https://www.diamond.ac.uk/Instruments/

Mx/I03/I03-Manual/Data-Analysis/

Automated-Software-Pipeline.html

Aimless Evans and Murshudov83 https://www.mrc-lmb.cam.ac.uk/

harry/pre/aimless.html

Coot Emsley and Cowtan87 https://www2.mrc-lmb.cam.ac.

uk/personal/pemsley/coot

PyMol Schrödinger https://pymol.org/2/

Phenix Adams et al.86 http://www.phenix-online.org/

Phaser McCoy et al.84 https://www.phaser.cimr.cam.ac.uk/index.

php/Phaser_Crystallographic_Software

tr-Rosetta Du et al.85 https://yanglab.nankai.edu.cn/trRosetta/

Molprobity Williams et al.88 http://molprobity.biochem.duke.edu/

jsPISA Krissinel89 https://www.ccp4.ac.uk/pisa/

PDB2PQR Dolinsky et al.91 https://www.cgl.ucsf.edu/chimera/docs/

ContributedSoftware/apbs/pdb2pqr.html

APBS Baker et al.92 https://apbs.readthedocs.io/en/latest/

CONSURF Ashkenazy et al.52 http://consurf.tau.ac.il/

UNIPROT Uniprot Consortium93 https://www.uniprot.org/

DAWN Filik et al.94 https://www.diamond.ac.uk/Science/

Research/Highlights/2017/DAWN-2.html

PRIMUS Konarev et al.95 https://www.embl-hamburg.de/

biosaxs/primus.html

FoXS Schneidman-Duhovny et al.96 https://modbase.compbio.ucsf.edu/foxs/

RELION Scheres97 https://relion.readthedocs.io/en/release-4.0/

gCTF Zhang98 https://www2.mrc-lmb.cam.ac.uk/download/gctf/

EMAN2 Tang et al.99 https://blake.bcm.edu/emanwiki/EMAN2

MassLynx V4.1 Waters https://www.waters.com/waters/en_US/

MassLynx-Mass-Spectrometry-

Software-/nav.htm

ASTRA6 Wyatt Technology https://www.wyatt.com/products/

software/astra.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bert Jans-

sen (b.j.c.janssen@uu.nl).

Materials availability
Plasmids are available through ImmunoPrecise Antibodies with a completed Material Transfer Agreement. All other unique/stable

reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
d Coordinates and structure factors for contactin 2Ig1-6 have been deposited at the Protein Data Bank with accession number

8A0Y and are publicly available as of the date of publication. All SAXS data have been deposited at the small-angle scattering
Structure 32, 60–73.e1–e5, January 4, 2024 e2

mailto:b.j.c.janssen@uu.nl
https://www.diamond.ac.uk/Instruments/Mx/I03/I03-Manual/Data-Analysis/Automated-Software-Pipeline.html
https://www.diamond.ac.uk/Instruments/Mx/I03/I03-Manual/Data-Analysis/Automated-Software-Pipeline.html
https://www.diamond.ac.uk/Instruments/Mx/I03/I03-Manual/Data-Analysis/Automated-Software-Pipeline.html
https://www.mrc-lmb.cam.ac.uk/harry/pre/aimless.html
https://www.mrc-lmb.cam.ac.uk/harry/pre/aimless.html
https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot
https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot
https://pymol.org/2/
http://www.phenix-online.org/
https://www.phaser.cimr.cam.ac.uk/index.php/Phaser_Crystallographic_Software
https://www.phaser.cimr.cam.ac.uk/index.php/Phaser_Crystallographic_Software
https://yanglab.nankai.edu.cn/trRosetta/
http://molprobity.biochem.duke.edu/
https://www.ccp4.ac.uk/pisa/
https://www.cgl.ucsf.edu/chimera/docs/ContributedSoftware/apbs/pdb2pqr.html
https://www.cgl.ucsf.edu/chimera/docs/ContributedSoftware/apbs/pdb2pqr.html
https://apbs.readthedocs.io/en/latest/
http://consurf.tau.ac.il/
https://www.uniprot.org/
https://www.diamond.ac.uk/Science/Research/Highlights/2017/DAWN-2.html
https://www.diamond.ac.uk/Science/Research/Highlights/2017/DAWN-2.html
https://www.embl-hamburg.de/biosaxs/primus.html
https://www.embl-hamburg.de/biosaxs/primus.html
https://modbase.compbio.ucsf.edu/foxs/
https://relion.readthedocs.io/en/release-4.0/
https://www2.mrc-lmb.cam.ac.uk/download/gctf/
https://blake.bcm.edu/emanwiki/EMAN2
https://www.waters.com/waters/en_US/MassLynx-Mass-Spectrometry-Software-/nav.htm
https://www.waters.com/waters/en_US/MassLynx-Mass-Spectrometry-Software-/nav.htm
https://www.waters.com/waters/en_US/MassLynx-Mass-Spectrometry-Software-/nav.htm
https://www.wyatt.com/products/software/astra.html
https://www.wyatt.com/products/software/astra.html


ll
Article

e3
biological data bank (SASBDB) and are publicly available as of the date of publication. Accession numbers are listed in the key

resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
HEK293 cells were used for recombinant protein expression. Transfected HEK293 cells that stably express Epstein-Barr virus nu-

clear antigen (EBNA) (HEK293-E, ImmunoPrecise Antibodies), and N-acetylglucoaminyltransferase I (GnTI)-deficient HEK293-

Epstein-Barr virus nuclear antigen (EBNA1) expressing cells (HEK293-ES, ImmunoPrecise Antibodies) were grown for five days in

suspension in FreeStyle medium (Invitrogen, Cat#12338026) at 37�C, with humidified atmosphere of 5% CO2.

Microbe strains
E. coli TOP10 cells were used for plasmid production and grown overnight at 37�C in lysogeny broth (LB) medium.

METHOD DETAILS

Construct generation and mutagenesis
Contactin 2 (CNTN2) based on Image Clone 30362931, was used as template to generate contactin 2Ig1-6 (residues 29-608) and con-

tactin 2fe (residues 29-1004) constructs by polymerase chain reaction (PCR). The contactin 1fe (residues 21-996) construct was

generated from CNTN1 Image Clone 30099512. Mutants were created using overlapping primers. All constructs were subcloned us-

ing BamHI/NotI sites into pUPE107.03 (cystatin secretion signal peptide, C-terminal His6 tag, ImmunoPrecise Antibodies).

Protein expression and purification
Complex glycan (CG) containing proteins were produced in suspension preparations of Epstein–Barr virus nuclear antigen I (EBNA1)-

expressing HEK293 cells (HEK293-E), while high-mannose (HM) proteins were produced in N-acetylglucoaminyltransferase I-defi-

cient (GnTI�) EBNA1-expressing HEK293 cells (HEK293-ES) (ImmunoPrecise Antibodies). Medium was harvested six days after

transfection and cells were spun down by 10 min of centrifugation at 1000 3 g. Cellular debris was then spun down from medium

for 15 minutes at 4000 3 g. Protein was purified using Ni Sepharose excel (GE Healthcare) affinity chromatography followed by

size exclusion chromatography (SEC) on either Superdex200 Hiload 16/600 (GE Healthcare) or Superdex200 10/300 (GE Healthcare)

columns equilibrated in SEC buffer (25 mM HEPES pH 7.5, 150 mM NaCl) for contactin 2Ig1-6 and contactin 1fe, and IMAC buffer

(25mMHEPES pH 7.5, 500mMNaCl, 500mM Imidazole) for contactin 2fe. Protein was then concentrated to 5-10mgml-1 and stored

at -80�C. Purity was evaluated by SDS-PAGE and Coomassie staining.

Crystallization and X-ray data collection
Initial crystallization attempts yielded poorly diffracting contactin 2Ig1-6 crystals. De-glycosylation was performed to enhance crys-

tallization by adding Endo-Hf (1.03106 U ml-1, New England Biolabs) 1:100 (v per v) directly to the concentrated protein 2 hours prior

to setting up crystallization screening. Sitting-drop vapour diffusion at 4�C was used for all crystallization trials, by mixing 150 nl of

protein solution (8 mgml-1) in SEC buffer with 150 nl of reservoir solution. Crystals of contactin 2Ig1-6 grew from a condition with 0.1 M

Sodiummalonate pH 6.0 and 12%w/v Polyethylene glycol 3,350. Reservoir solution supplemented with 30% of glycerol was added

as cryo-protectant to the crystals before plunge freezing them in liquid nitrogen. Contactin 2Ig1-6 data sets were collected at 100K at

Diamond Light Source beamline I03 at a wavelength of 0.9762Å.

Structure determination and refinement
Unmerged and unscaled integrated diffraction data were obtained for contactin 2Ig1-6 from the diamond beamline data auto pro-

cessing pipeline82 for two isomorphic contactin 2Ig1-6 datasets collected in succession from the same crystal. These data were

combined, scaled, merged and further processed in AIMLESS.83 Resolution limit cut off was determined based on mean intensity

correlation coefficient of half-data sets, CC1/2. The structure was solved by molecular replacement using PHASER.84 Initial search

models for contactin 2Ig1-6 were (PDB: 2OM5)7 for contactin 2 Ig1-4 residues 31-437 and tr-Rosetta85 generated models for Ig5

(TM-score: 0.937) and Ig6 (TM-score: 0.936) domains. Structure refinement was performed using PHENIX86 with automatic

weighting options, and manual model building, aided by the high solvent content of the crystals of 78%, was performed in

COOT.87 To minimize overfitting, secondary structure, local NCS, and reference model restraints using (PDB: 2OM5)7 and

(PDB: 5I99)10 were applied. Given observed mobility of domains between chains within the dataset, per domain TLS parameters

were set additionally to individual isotropic B-factors. MOLPROBITY88 was used for structure validation. Dataset and refinement

statistics are provided in Table 1.
Structure 32, 60–73.e1–e5, January 4, 2024
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Structural analyses
Structural analyses were performed using various programs. Interface properties and buried surface areas were determined with the

jsPISA89 server. Hydrophobic surface representation coloring was obtained using the YRB coloring scheme.90 Electrostatic surface

properties at pH 7.4 were obtained using the PDB2PQR91 and APBS92 webservers. Conservation analyses were performed using

CONSURF52 with curated sequence lists retrieved for vertebrate orthologues from the UNIPROT93 database. Figures were generated

with PyMol (Schrödinger).

Small-angle X-ray scattering
Batch SAXS experiments were carried out at the Diamond Light Source (DLS) beamline B21 operating at an energy of 12.4 keV and

using a sample-to-detector (Eiger 4M, Dectris) distance of 4.01 m. Scattering of pure water was used to calibrate the intensity to ab-

solute units. Data reduction was performed automatically using theDAWN94 pipeline. Frames were averaged after manual inspection

for radiation damage, scattering of SEC buffer for contactin 2Ig1-6 and IMAC buffer for contactin 2fe were subtracted, and intensities

were normalized by protein sample concentration (Table 3). Data was analyzed in PRIMUS95 and results were plotted in EXCEL (Mi-

crosoft). Expected monomer molecular weights for oligomerization analyses were estimated from sequence derived molecular

weight, adding 1.5 kDa or 2 kDa per predicted glycosylation sites for high mannose and complex glycan material, respectively.

P(r) analyses values were not determined given the non-monodispersity of samples. Rg values were calculated from the monomer

and oligomer structures present in the contactin 2Ig1-6 crystal using the FoXS96 webserver. To reflect the glycosylation state of these

structures, and to allow comparisonwith the SAXS data, high-mannose glycansweremodelled at glycosylation sites using geometric

restraints inCOOT.87 Two variations in the orientation of the glycan position with respect to the protein were generated; one version in

which the entire glycan trees were positioned closer to the protein surface, denoted ‘‘closer’’ and one version in which the glycan

trees were pointing away from the protein surface, denoted ‘‘looser’’ (Table S1).

SEC-MALS
SEC analysis was performed on contactin 2Ig1-6 HM and CG samples to characterize oligomer exchange through peak shift. Purified

samples (4-120 mM)were injected onto a Superdex200 10/300 increase (GE Healthcare) column equilibrated in SEC buffer and sepa-

rated with a flow rate of 0.40 ml min�1. For sample molecular weight characterization, light scattering measurements were per-

formed using a miniDAWN TREOS multiangle light scattering detector (Wyatt), connected to a differential refractive index monitor

(Shimadzu, RID-10A) used in protein concentration quantification. Collected chromatograms were analyzed and processed using

ASTRA6 software (Wyatt) using a calculated dn/dc value of 0.180 ml g-1 and 0.178 ml g-1 for HM and CGmaterial respectively, deter-

mined from dn/dc of 0.186 and 0.140 for the protein and glycan parts respectively, and 14% (w/w HM) and 18% (w/w CG) glycosyl-

ation calculated from 7 crystallographically confirmed glycosylation sites. Instrument calibration was assessed by injection of 5 mg

mL-1 monomeric conalbumin (Sigma-Aldrich).

Negative stain electron microscopy
4 ml of contactin 2fe sample in IMAC buffer diluted�1200 fold with SEC buffer to 5.0 mg/ml (39 nM) protein concentration was applied

to glow discharged carbon coated copper grids. After 60 s the excess sample was removed with blotting paper and the grids were

stained 2x 10 s with 2% uranyl acetate solution. Electron micrographs were acquired on a Tecnai 20 electron microscope with LaB6

filament, operating at 200 kV, equipped with a BM Eagle 4K CCD camera at a nominal magnification of 100 000 x and a defocus of

1.5 mm. For 2D classification new grids were prepared using 10 mg/ml protein in SEC buffer and micrographs were recorded on a

Talos L120C at 120 kV using a Ceta CMOS camera at 92 000 x magnification resulting in a pixel size of 1.55 Å/pixel.

Image processing for 2D classification
2000 particles were manually picked from 38 micrographs in RELION97 and the contrast transfer function (CTF) per micrograph was

estimated using gCTF.98 Reference-free 2D class averaging of four times down sampled images was performed in RELION with 50

classes and amask of 300 Å in diameter. Calculated projections of rigid-bodymodels were generatedwith EMAN2,99 either filtered to

20 Å (Figure 5G) or unfiltered (Figure S7).

Native mass spectrometry
A total amount of 50 mg protein was buffer exchanged into 150 mM ammonium acetate buffer pH 7.5, using 10 kDaMWCO spin-filter

columns (Amicon Ultra centrifugal filters 10 K MWCO). After buffer exchange, the concentrations of the solutions were quantified by

measuring the absorbance at 280 nm using a NanoDrop One instrument (Thermo Fisher). All samples were subsequently diluted to a

concentration of 0.3mg/ml (4 mM). The analysis of these samples was conducted using amodified LCT time-of-flight instrument (Wa-

ters). Nanoelectrospray needles were prepared in-house from borosilicate capillaries (World Precision Instruments), using a Sutter

P-97 puller (Sutter Instrument) to pull needle tips, and an Edwards Scancoat Six sputter coater (Edwards Laboratories) to apply

the gold coating. Sample aliquots of 2 mL were loaded into nanoelectrospray needles for measurements using a static spray. Con-

sistency in measurement conditions was ensured, with parameters set as follows: the capillary was maintained within the range of

1400-1500 V, the sample cone voltage was 75 V, the extraction cone 0 V and a backing pressure of 6 mbar was applied. Acquired

data was processed in MassLynx V4.1 (Waters).
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QUANTIFICATION AND STATISTICAL ANALYSIS

A summary of data collection and refinement statistics for diffraction data is reported in Table 1. Quantification of the small-angle

X-ray scattering (SAXS) data was performed using PRIMUS95 and standard deviations are provided with the estimated radius of gy-

ration value. A summary of the SAXS data statistics is reported in Table 3. Statistical analysis of the MALS data was performed using

ASTRA6 software (Wyatt) and weight-average molar mass (Mw) data are expressed as the average ± SD and reported in Table 2.
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Figure S1, related to figure 1: Electron density and differences of the three contactin 2Ig1-6 molecules in the
asymmetric unit. a (top) Electron density (2mFobs-DFcalc) at 1σ of contactin 2Ig1-6 from a crystal that diffracted to a
maximum resolution of 3.5 Å with chain density shown in black and glycan density shown in blue, and ribbon
representation with glycans illustrating sufficient electron density for modelling. Unsharpened and -100 Å2 B-factor
sharpened local electron density around glycosylated asn 500 (bottom panels). b Superposed Ig5-Ig6 from
conformationally distinct contactin 2Ig1-6 showing Ig6 hinges 9° off Ig5 at the Ig5-Ig6 connection. c Comparison of
horseshoe bending motion between chains A-C in the contactin 2Ig1-6 dataset and chicken and human contactin 2Ig1-4

structures. d Expression level and purification of contactin 2Ig1-6 mutants used in this study. Interface 1a is R169D,
F175D, F178D, L210D, interface 1b is F175D, F178D, and interface 2 is L332D, A353D, R508D, M540D. Interface 1a
and b are mutations in the Ig1-2 interface and interface 2 are mutations in the Ig3-6 interface. Contactin 2Ig1-6 bands are
indicated by black arrowheads next to the gels. The white line in the right gel indicates removal of irrelevant lanes. The
interface 2 and N78A mutants are not secreted by the HEK293 cells.
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Figure S2, related to table 4: Dimerization of contactin 2Ig1-6 is glycan and glycan-type dependent. a Contactin 2Ig1-6

variants with high-mannose glycans and, b with complex-type glycans analysed by native mass spectrometry. c Ratios
between monomer, dimer and higher-order oligomers determined from a and b. In all variants, monomers, dimers and
higher-order oligomers are present. Wt contactin 2Ig1-6 with complex glycans contains the largest fraction of oligomers.
The Ig1-2 interface mutants, interface 1a and 1b, lead to less dimer formation in the high-mannose but not in complex-
glycan contactin 2Ig1-6. Deletion of the glycan on N500 reduces dimerization of high-mannose contactin 2Ig1-6. Deletion
of the glycan on N200 or on N500 increases dimerization of complex-glycan contactin 2Ig1-6.



Figure S3, related to figure 3: The interaction mode of chicken contactin 2 differs from that of human and mouse
contactin 2. a Side by side of chicken contactin 2Ig1-4 Ig1-4 zipper interaction mode, and human and mouse contactin
2Ig1-4 Ig1-2 dimer interaction modes. b-c FG loop deletion mutation (blue) and double mutant (yellow) abrogating cell
clumping are located in the human (b) in and the mouse (c) Ig1-2 dimer interface. Top and bottom panels represent two
different views. Dimer colored as in fig. 2a.



human   26 SALGSQTTFGPVFEDQPLSVLFPEESTEEQVLLACRARASPPATYRWKMNGTEMKLEPGSRHQLVGGNLVIMNPTKAQDAGVYQCLASNPVGTVVSREAILRFG 129
mouse   29 FSQGTPATFGPVFEEQPVGLLFPEESAEDQVTLACRARASPPATYRWKMNGTEMNLEPGSRHQLMGGNLVIMSPTKAQDAGVYQCLASNPVGTVVSKEAVLRFG 132
            : *: :*******:**: :******:*:** **********************:*********:******* ***********************:**:****

human  130 FLQEFSKEERDPVKTHEGWGVMLPCNPPAHYPGLSYRWLLNEFPNFIPTDGRHFVSQTTGNLYIARTNASDLGNYSCLATSHMDFSTKSVFSKFAQLNLAAEDT 233
mouse  133 FLQEFSKEERDPVKTHEGWGVMLPCNPPAHYPGLSYRWLLNEFPNFIPTDGRHFVSQTTGNLYIARTNASDLGNYSCLATSHLDFSTKSVFSKFAQLNLAAEDP 236
           **********************************************************************************:********************            

d

Figure S4, related to figure 3: Mouse and human contactin 2 interaction modes are of similar architecture but have
differences as well. a Three views of mouse contactin 2Ig1-4 Ig1-2 dimer interaction mode. b Three views of human
contactin 2Ig1-4 (PDB:2OM5) Ig1-2 dimer interaction mode. c Mouse contactin 2 Ig1 – Ig2 intramolecular interface
colored by conservation, with black residues more conserved and yellow residues less conserved (top). Difference in
Ig1-2 intramolecular interface between mouse (middle) and human (bottom) could help explain differences in
interaction modes observed. d Sequence alignment of Ig1-2 of human and mouse contactin 2. The Ig1 AB loop (green)
and the Ig2 FG turn (cyan) are highlighted. Conserved residues are indicated by * and similar residues by :.



Figure S5, related to figure 4: Comparison of surface properties for conformationally distinct Ig3-6 contactin 2Ig1-6

dimers. a Cartoon representation of contactin 2Ig1-6 Ig3-6 mediated dimer in spread conformation and associated open
book surface representations. b Cartoon representation of contactin 2Ig1-6 Ig3-6 mediated dimer in strained conformation
and associated open book surface representations. c Lattice contacts are different for the two independent Ig3-6 dimers
in the crystal. Symmetry related molecules are shown in surface representation.
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Figure S6, related to table 3: SAXS-based Guinier plots including linear fits from which I0, molecular weight from I0
and Rg have been derived. a-c SAXS-based Guinier plots with fits shown as black line. Light symbols represent data not
used for fitting. The Ig1-6 contactin 2 variants with high mannose glycans (a) and complex glycans (b), and the full-
ectodomain contactin 2 variant with complex glycans (c) are shown at different concentrations. The I0, molecular weight
from I0 and Rg, determined from the fits are reported in Table 3. d Size-exclusion chromatography comparison of full-
ectodomain contactin 1 and contactin 2. Contactin 2 elutes with a smaller retention volume and is thus likely an
oligomer, whereas contactin 1 elutes as a monomer [S1].

Contactin 2fe

Contactin 1fe



Figure S7, related to figure 5: Calculated 2D projections for contactin ectodomain models. a,b Models produced using
partial structures and various chains of contactin 2Ig1-6. c Model available from the alphafold PSD. Interestingly, the
projections from a and b match better than those of c to the class averages as reported in Fig. 5d.



Figure S8, related to figure 5: Ectodomain models of contactin 2fe colored with either conservation coloring or
rainbow coloring per domain, modeled into Ig3-6 mediated dimer, Ig1-2 mediated dimer, or trimer arrangement
combining both dimers. The dimers and trimer are compatible with cis or trans cellular interactions considering the
presence of some flexion in domain connections.



Table S1, related to table 3: Calculated Rg for contactin 2Ig1-6 oligomer models with glycans closer 
to or pointing away from the protein surface.

Contactin 2Ig1-6 model Chains Mannose modelled 
glycans Calculated Rg (nm)

Monomer

A Looser 4.73
Closer 4.66

B Looser 4.70
Closer 5.13

C Looser 5.17
Closer 4.67

Dimer 1
AB Looser 6.59

Closer 6.55

CC Looser 6.49
Closer 6.47

Dimer 2
AC Looser 5.36

Closer 5.31

BB Looser 5.64
Closer 5.61

Trimer

ABC Looser 7.27
Closer 7.25

ACC Looser 7.26
Closer 7.23

BBA Looser 7.15
Closer 7.12



Table S2, related to STAR Methods: Oligonucleotides used for DNA amplification and 
mutagenesis.
Type protein Res# Mut Restr Sequence
forward Contactin 2 29 N/A BglII AATAATAGATCTTTTTCCCAGGGAACCCCAGC
reverse Contactin 2 (Ig1-6) 608 N/A NotI AATAATGCGGCCGCACCTCGGACCAGGACTGTG
reverse Contactin 2 (fe) 1004 N/A NotI AATAATGCGGCCGCTCTCACAATGTGGACTTCGGC
forward Contactin 2 N/A F175,178D N/A AACGACATCCCAACGGATGGGCGT
reverse Contactin 2 N/A F175,178D N/A GGGGTCCTCGTTGAGGAGCCAGCG
forward Contactin 2 N/A R169D (after F175N) N/A TTTGTCCTACGACTGGCTCCTCAACGAGG
reverse Contactin 2 N/A R169D N/A CCTGGGTAGTGGGCAGGT
forward Contactin 2 N/A L210D N/A CTACTCTTGCGACGCTACCAGCCACCTGGACTTC
reverse Contactin 2 N/A L210D N/A TTGCCCAGGTCCGAGGCA
forward Contactin 2 N/A L332D N/A GCCTGAGTGGGACAAGGTGATCTC
reverse Contactin 2 N/A L332D N/A TGAGCTTGCACAATGATG
forward Contactin 2 N/A A353D N/A CTGTGCTGCGGACGGCAAGCCTC
reverse Contactin 2 N/A A353D N/A CCCCAACGTAAGTTGGAAC
forward Contactin 2 N/A R508D N/A CCTGTCTGTGGACGATGCAACGAAGATCACGC
reverse Contactin 2 N/A R508D N/A ATCCCGGTACTGTTGGCT
forward Contactin 2 N/A M540D N/A TGACCCCACTGACGACCTCACGTTCACCTGG
reverse Contactin 2 N/A M540D N/A GCGAGGCGTGGCACTGT
forward Contactin 2 N/A N78A N/A GTGGAAGATGGCCGGCACAGAGATG
reverse Contactin 2 N/A N78A N/A CTATAGGTGGCTGGAGGG
forward Contactin 2 N/A N200A N/A CGCCCGCACCGCTGCCTCGGACC
reverse Contactin 2 N/A N200A N/A ATGTACAGGTTCCCTGTGGTC
forward Contactin 2 N/A N500A N/A GGGCAAAGCCGCCAGTACCGGGA
reverse Contactin 2 N/A N500A N/A ATGAAGTTCTCAGCAAAGC
forward Contactin 1 21 N/A BamHI AATAATGGATCCGACTTTACCTGGCACAGAAGATATG
reverse Contactin 1 (fe) 996 N/A NotI AATAATGCGGCCGCGCCTGAAATTTTGACTTGAGACAC
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