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In this issue of Structure, Chataigner et al. reveal that Contactin-2’s homotypic interaction, a glycosylation-
dependent process, generates a broad conformational landscape. This structural plasticity, driven by confor-
mational equilibria and sugar coating, facilitates adaptation to diverse ligands and environmental conditions,
highlighting its dynamic role in neuronal function.

The Contactin subfamily, a group of IgSF
(immunoglobulin  superfamily) cell adhe-
sion molecules, has six members. They
contain an extracellular domain composed
of six Ig-like domains at the N terminus and
four fibronectin type-lll repeats at the C
terminus, linked to the plasma membrane
through a glycosylphosphatidylinositol
(GPI) anchor. Contactin-2, also called Axo-
nin-1/TAG-1, is the functionally and struc-
turally well-characterized member of the
Contactin subfamily. Contactin-2, often
via homotypic interaction, proficiently me-
diates cell-cell contacts in trans between
molecules resident on apposed cell sur-
faces. Additionally, Contactin-2 is known
to form sixteen heterotypic interactions
both in cis and trans configurations. The
physiological functions of Contactin-2 are
reflected in guiding axon growth, promot-
ing synapse formation, and contributing
to the establishment of neural circuits.
The precise roles of each Contactin-2
can vary in different contexts and develop-
mental stages.

Structural views of Contactin-2, like
many IgSF adhesion molecules, have
been extensively explored through diverse
biochemical and biophysical methods. The
N-terminal Ig1-lg4 domains of Contactin-2
adopt a U- or horseshoe-shaped structure
akin to other IgSFs (e.g., Contactins 3, 4, 5,
and 6, Dscam, and DCC)." These Ig1-ig4
domains in Contactin-2 play a pivotal role
in driving both heterotypic interactions
(e.g., binding to NgCAM) and homotypic in-
teractions, influencing neural cell surface
adhesion and cell aggregation.” Crystal-
lography studies revealed unique configu-
rations for the C terminals of Contactin-3,
Contactin-1, and -6, extended and bent,
respectively. Additionally, Fnlll domains
were identified as facilitators of homotypic
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interactions. Two major models have been
proposed to define the structural arrange-
ment of Contactin-2 on cell surfaces: the
zipper-like model, where trans homotypic
interaction involves a loop in the Ig2-
domain, and the four-molecules mode
model, where Ig1-4 and Fnlll domains
participate in trans and cis interactions,
respectively.

In this issue of Structure, Chataigner
et al. employ an integrative approach,
incorporating various techniques (in-solu-
tion X-ray scattering, multiangle light scat-
tering, negative stain EM, X-ray crystallog-
raphy, mass spectrometry, and mutational
analysis) to examine and probe the confor-
mational plasticity of Contactin-2.> The
crystal structure of its I|g1-6 domains cap-
tures three molecules, all adopting the
classic horseshoe conformation within
their Ig1-4 domains. Previous size exclu-
sion chromatography demonstrated the
monodispersity of the Contactin-2 ecto-
domain, which adopts a trimeric or
extended linear conformation.* A compar-
ison of the two interacting dimers among
the trimeric molecules in the crystal lattice
reveals flexions between Ig domains, facil-
itating the formation of multiple conforma-
tions in the crystal lattice. Notably, L1, a
related adhesion molecule of Contactin-
2, was observed in the extended state.®
The observed flexibility reveals diverse
homotypic Ig1-Ig2 and Ig3-Ig6 dimers
formed by striking conservation and
massive surface areas within both inter-
faces. While Ig1-Ig2 dimerization strongly
supports the zipper-like homotypic inter-
action, the 1g3-6 dimer also offers plau-
sible insights into Contactin-2 oligomer
formation.

Understanding the molecular basis of
homotypic and heterotypic interactions

within the Contactin family, along with the
signaling events associated with each
binding mode, is essential for unraveling
the complex molecular mechanisms gov-
erning many physiological events involving
Contactins. Various modes of interaction
have indeed been observed in IgSFs®’
and other extracellular proteins,® owing to
their high intrinsic flexibility. The presence
of conformational plasticity, or “shape-
shifting,” becomes relevant for homotypic
and heterotypic complex formation of Con-
tactins and the selection of specific binding
sites by various molecules. However, con-
ventional structure determination methods
provide a technique-based snapshot of
flexible, multi-domain biomolecules, falling
short in defining their structural flexibility
and dynamics. X-ray diffraction typically
biases toward a single conformation in the
crystal lattice, while single-particle cryo-
EM reconstructions offer a single view or
limited view of conformational variability,
averaging out flexible portions in both tech-
niqgues. NMR (Nuclear Magnetic Reso-
nance), the best approach to probe and
measure protein flexibility, is limited by pro-
tein size. Nonetheless, observed confor-
mations differ depending on the methods
used in structural studies, suggesting high
structural flexibility within the domain
conglomerate of the Contactin family.
Human and mouse Contactin-2 are
heavily glycosylated, containing eleven
N-linked sites, creating vast structural
heterogeneity depending on the types,
lengths, and linkage of the carbohydrate
components. For instance, Contactin-1
glycan composition regulates its interac-
tions with NF155 and endows specificity
for autoantibodies in patients with chronic
inflammatory demyelinating polyradiculo-
neuropathy.9 Beyond intrinsic structural
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Figure 1. Representative Contacin-2 dimeric and monomeric states in conformational

equilibria

The monomeric Contactin-2 is compact adopting a bent-closed conformation, whereas its dimeric form
shows homotypic interaction with one another in two, if not more, states in cis and trans. Glycans were
added at Contactin-2 N-glycosylation sequons using the Contacin-2 crystal structure.® Intersubunit
crowding and electrostatic repulsions due to sugar coating(s) may regulate cis and trans homotypic in-
teractions as well as expose or shield epitopes for the heterotypic binding in such adhesion molecules
analogously to the regulation of conformational transitions in integrins and CAM molecules. Individual
domains from PDB# 8AQY are shown as 3D ellipses, and N-glycans are shown as green molecular sur-

faces. Images were prepared using PyMOL.

flexibility, the “sugar coating” of the Con-
tactin family also emerges as biologically
significant, adding an extra layer of
complexity to their structural plasticity.
Here, the authors pose more questions
than answers about conformational equi-
libria and allosteric regulation, crucial for
regulating homotypic and heterotypic in-
teractions of Contactin-2 as well as the
structural and functional features of many
other extracellular molecules. Contactin-2
belongs to a large class of highly glycosy-
lated molecules with extracellular domains
in tandem, many of which are multi-domain
and often cysteine-rich. The emerging hy-
pothesis is that conformational dynamism
often regulates the functional output of
these proteins through a graded or rheo-
stat-like mechanism.'® Changes in expres-
sion level, glycosylation, phosphorylation,
or any other post-translational modifica-
tions (PTMs) could be subtle inputs for
the temporal and spatial regulation of the
conformational equilibrium (Figure 1) that
directs specific biological processes (ho-
motypic and heterotypic protein interac-
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tions) and, when altered, could give rise to
a variety of pathologies.

Chataigner et al., using in-solution ob-
servables, provided evidence for the roles
of N-linked sugars and their coating
composition in Contactin-2 homo-dimer-
ization. Mannosylated glycans favored a
higher-order oligomeric state while the
complex sugar coating showed the oppo-
site effect. Alanine mutations of two highly
conserved N-glycan-bearing Asn resi-
dues clearly elevated the dimer level,
further supporting the roles of sugars
and composition of sugar coatings in
Contactin-2 homotypic interaction. The
authors also provided mechanistic insight
into the overlooked massive conforma-
tional space that N glycans occupy on
the surface of these molecules. Glyco-
sidic bonds characteristically have free-
rotation at the Asn-monosaccharide and
monosaccharide-monosaccharide  link-
ages, imparting them, if not fully but
partially, difficult to visualize in the elec-
tron density map. This intrinsic flexibility,
along with terminal charged sialic acid
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residues, also endows each glycan to
sweep a large hydrodynamic volume
over a domain it is attached to, creating
both “crowding” and electrostatic repel-
ling effects. These findings reinforce the
principle that variation in N glycan number
and composition regulate structural plas-
ticity, and thus, conformational equilibria
of multi-domain cell surface molecules.
Conformational flexibility and equilibria
of extracellular proteins and their glyco-
sylation events should continue to be an
interesting area to explore and will likely
provide fascinating insights into the bio-
logical events, especially those associ-
ated with human health and pathologies.
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In this issue of Structure, Heo and Feig present cg2all, a novel deep-learning model capable of efficiently pre-
dicting all-atom protein structures from coarse-grained (CG) representations. The model maintains high ac-
curacy, even when the CG model is simplified to a single bead per residue, and has a number of promising

applications.

Deep-learning methodologies have un-
dergone swift advances since the intro-
duction of the transformer architecture in
2017." Transformers leverage a deep-
learning technique known as “atten-
tion,” which allows neural-network
models to focus on interrelated seg-
ments within a data sequence when
generating outputs. This approach has
demonstrated exceptional efficacy in a
wide range of generative deep-learning
applications, from natural language pro-
cessing to computer vision, yielding
highly realistic and convincing results.
In the realm of biology, AlphaFold2 em-
ploys transformers to discern patterns
in protein sequence data, achieving
unparalleled accuracy in protein struc-
ture prediction.” In many cases, these
predictions are precise matches to
experimental structures.

However, a machine learning method
that can predict protein conformations
beyond just one (or a few) structures is still
missing, and molecular dynamics (MD)
simulation remains the predominant tool
to study protein dynamics in silico. Tradi-
tionally, MD simulations represent proteins
and their surrounding biological environ-
ments atom by atom, which contributes
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to their accuracy but also incurs a high
computational cost. One approach to miti-
gate the computational cost of MD simula-
tions is the use of coarse-grained (CG)
models, which reduce the resolution of
the system from atomistic to several beads
per residue. Over the years, CG models
have been utilized to address numerous
questions across fields such as biology
and materials science.®

Coarse graining enables MD simula-
tions to explore protein conformations
more rapidly; however, the reduced reso-
lution limits the accuracy and insights
that can be derived. For example,
hydrogen bonds and salt bridges play
important roles in protein structure and
dynamics; yet, without hydrogen atoms,
CG models fail to capture these interac-
tions explicitly. Prior attempts using li-
brary-based methods to reconstruct all-
atom models from CG models*® have
achieved modest accuracy but frequently
require extensive optimization to elimi-
nate steric clashes and other physical
imperfections.

Here, Heo and Feig introduce cg2all, a
deep-learning approach that converts CG
models back into their corresponding all-
atom representations (Figure 1).° Cg2all

utilizes the SE(3) transformer,” a variant of
the self-attention mechanism that remains
equivariant under 3D roto-translations, as
well as a rigid-body block representation
of the protein inspired by AlphaFold2, to
construct all-atom structures from CG
models at various resolutions. The model
is trained using high-resolution X-ray crys-
tal structures from the Protein Data Bank
(PDB), with a loss function that incorpo-
rates both data-dependent terms as well
as physics-based terms, such as torsion
energies.

The authors trained individual instances
of cg2all for a variety of CG models, with
resolutions ranging from one to eight
beads per residue, including some well-
established models such as MARTINI®
and PRIMO.® All models exhibited excel-
lent reconstruction accuracy for the vali-
dation set, with the average heavy-atom
RMSD being 0.31 A and 0.18 A for recon-
structions from MARTINI and PRIMO,
respectively. Remarkably, cg2all also
achieved an average heavy-atom RMSD
of 0.46 A when reconstructing from
the center-of-mass one-bead-per-resi-
due model, underscoring cg2all’s capa-
bility to predict and construct side-
chain-atom coordinates using only
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