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Summary

Homophilic interactions between clustered protocadherin protein isoforms (a-, B- and y-
Pcdhs) underlie self-recognition and non-self-discrimination between individual
vertebrate neurons. How Pcdhs bind one another to mediate homophilic interactions, and
how diverse Pcdh homophilic specificities are encoded, have not been determined. Here
we report crystal structures for extracellular regions from four mouse Pcdh isoforms (o4,
a7, B6 and B8), each revealing similar homophilic trans dimers, and each comprising
primary intermolecular EC1:EC4 and EC2:EC3 interactions, with smaller distinct
EC3:EC3 and EC2:EC2 interactions specific to a- and -Pcdhs. Isoform-specific
conservation of trans interface residues identified likely structural determinants of
specificity, and mutation of such residues, along with their trans-interacting partner
residues, created Pcdhs with new homophilic specificities. Together these data show how
the sequences of Pcdhs define their diverse homophilic specificities and suggest a

molecular mechanism for the evolution of Pcdh diversity.



Introduction

In functional neural circuits, axons and dendrites originating from the same neuron do not
stably contact one another or their own cell body; however, they are free to interact with
the cellular processes and surfaces of other neurons (Kramer and Kuwada, 1983; Kramer
and Stent, 1985; Zipursky and Sanes, 2010; Zipursky and Grueber, 2013). This property
of “self-avoidance”, with permissive interactions among non-self neurons, is mediated by
cell surface recognition mechanisms that generate high cell surface diversity such that
each neuron acquires a distinct stochastically determined cell surface identity (Zipursky
and Grueber, 2013; Zipursky and Sanes, 2010; Hattori et al., 2008; Matthews et al., 2007;
Chen and Maniatis, 2013; Kostadinov and Sanes, 2015). Pioneering work in Drosophila
has shown that the Dscam I gene, through stochastic alternative RNA splicing, encodes
cell-surface protein isoforms with up to 19,008 distinct extracellular regions, each
capable of highly specific homophilic recognition (Miura et al., 2013; Schmucker et al.,
2000; Wojtowicz et al., 2007). Each neuron expresses a small but distinct stochastic
repertoire of Dscam isoforms (Miura et al., 2013; Neves et al., 2004; Zhan et al., 2004).
These Dscam1 recognition proteins confer sufficiently unique cell surface identities to
mediate robust self-repulsion with permissive non-self engagement in the Drosophila
nervous system (Hattori et al., 2007; Hattori et al., 2009). This mechanism appears to be

common to insects and other arthropod invertebrates (Zipursky and Grueber, 2013).

In vertebrates, neuronal self-recognition and non-self discrimination is mediated, at least
in part, by the clustered protocadherins (Pcdhs) (Chen and Maniatis, 2013; Zipursky and

Grueber, 2013; Zipursky and Sanes, 2010; Lefebvre et al., 2012; Kostadinov and Sanes,



2015), a specialized family of cell-surface transmembrane cadherins (Suzuki, 1996). Like
Dscaml proteins, Pcdhs represent a family of similar but distinct protein isoforms that
mediate strictly homophilic cell—cell recognition and are stochastically expressed to
provide diverse single-neuron identities (Tasic et al., 2002; Wang et al., 2002; Yagi,
2013; Thu et al., 2014; Rubinstein et al., 2015). In humans and mouse, 52 and 58 Pcdhs,
respectively, are encoded by the tandemly arranged Pcdhea, f, and y gene clusters (Wu
and Maniatis, 1999; Wu et al., 2001). The mouse Pcdh gene cluster encodes 14 a, 22 f3,
and 22 y Pcdh protein isoforms. Each isoform is comprised of six extracellular cadherin
domains (EC1-6), a transmembrane region, and, for a- and y-Pcdhs, a short cytoplasmic
extension (Wu and Maniatis, 1999). Single-cell specific expression of Pcdh isoforms is
achieved through stochastic promoter choice (Tasic et al., 2002; Wang et al., 2002), as
opposed to stochastic alternative splicing for invertebrate Dscam (Schmucker et al.,
2000). Each neuron is thought to express a small subset of Pcdh isoforms comprising a
random repertoire of ~10 a, B, and y isoforms, which are monoallelically expressed,
along with constitutive biallelic expression of all 5 “C-type” isoforms, aC1—aC2 and
yC3—yC5, which are divergent in sequence from other Pcdh isoforms (Esumi et al., 2005;

Hirano et al., 2012; Kaneko et al., 2006).

Structure/function experiments from our laboratories have shown that Pcdhs emanate
from the membrane surface as EC6-mediated cis dimers (Thu et al., 2014; Rubinstein et
al., 2015). This observation is consistent with the requirement that a-Pcdhs form EC6-
mediated cis complexes with B, y or C-type Pcdh isoforms to enable their export to the

plasma membrane surface (Thu et al., 2014). In contrast to the high specificity of trans



binding implied by their exclusively homophilic cell aggregation properties (Schreiner
and Weiner, 2010; Thu et al., 2014), cis dimers are thought to form promiscuously
between Pcdh isoforms (Schreiner and Weiner, 2010; Thu et al., 2014; Rubinstein et al.,
2015). Our working model posits that Pcdh cis dimers form highly specific trans
interactions with Pcdh dimers displayed on apposed cell surfaces (Rubinstein et al.,

2015).

Although these studies provided important insights into the nature of Pcdh homophilic
interactions, they did not reveal the detailed molecular basis of Pcdh #rans binding and
did not reveal how variations in the sequences of Pcdh isoforms define their homophilic
binding specificity. While early domain-shuffling experiments for a subset of y-Pcdhs
suggested that the determinants of trans homophilic specificity localize to the EC2 and
EC3 domains (Schreiner and Weiner, 2010), we subsequently demonstrated that trans
homophilic interactions require domains EC1—4, with evidence for EC2:EC3 and
ECI1:EC4 interfaces, and an overall head-to-tail organization of the trans homodimer
(Rubinstein et al., 2015). Mutation correlation studies evaluated in light of crystal
structures of two EC1-EC3 Pcdh fragments also suggested an EC1-EC4 frans interface

(Nicoludis et al., 2015).

Here we report crystal structures for o- and 3-Pcdh extracellular regions, each engaged in
homophilic recognition, revealing the atomic-level basis of highly specific trans
recognition between Pcdhs from apposed cell surfaces. Structures of Pcdhs odgc) 4,

o 7gc1-s, POEci-4, and B8gci-4 each depict cognate homophilic trans dimer complexes.



Their conformations are highly similar, each binding in head-to-tail orientation as
predicted (Rubinstein et al., 2015; Nicoludis et al., 2015), and comprise EC1:EC4,
EC2:EC3, and small a-specific EC3:EC3 and distinct B-specific EC3:EC3 and EC2:EC2
interactions. The intermolecular interfaces for these Pcdh trans dimers are extensive,
burying between 3904 and 5071 A? revealing interaction surfaces mainly populated by
residues that vary among alternate a- and -Pcdh isoforms, alongside some that are
constant among alternate o- and B-Pcdh isoforms. We further show that mutation of
interacting variable interfacial residues, which code for specificity within each Pcdh
subfamily, generates new specificities. Considering the conservation of the clustered
Pcdhs, from cephalopod invertebrates to man (Albertin et al., 2015), and the critical role
Pcdhs play in the development of neural circuits (Chen and Maniatis, 2013; Kostadinov
and Sanes, 2015), an understanding of the nature of Pcdh homophilic specificity at the

atomic level is of fundamental importance.

Results

Structure Determination

Using a HEK-293 suspension-cell protein expression system, we produced a series of
Pcdh ectodomains, each encompassing the trans interaction region, which we previously
showed to comprise domains EC1-4 (Rubinstein et al., 2015). We produced both EC1-4
(Pcdhs a4, B6, 8) and EC1-5 (a7) proteins, omitting the EC6 domain, which
biophysical analysis previously showed to mediate cis dimer interactions between Pcdhs

(Rubinstein et al., 2015), and thus complicated the behavior of recombinant proteins.



We confirmed that these two o~ and two B-Pcdh ectodomain fragments formed dimers in
solution by sedimentation-equilibrium analytical ultracentrifugation. The dimer
dissociation constants for adgci 4 and a7gc;swere 37 = 8.2 nM and 2.91 + 0.55 uM

respectively (Table S2 and Rubinstein et al, 2015, respectively). The B-Pcdhs showed

weaker binding, with respective dissociation constants for B6gc; 4 and B8gc;40f 16.3 £

2.1 uM and 24.0 % 0.43 uM (Table S2).

We determined crystal structures for these Pcdh ectodomain fragments, each of which
adopted dimeric conformations geometrically consistent with trans cell—cell recognition.
Structures of a4gci -4, 075ci1-s, POEci-4 and P8gci-4 were determined to 2.8, 3.6, 2.9 and 2.9
A resolution, respectively (Table S1 and Experimental Procedures). We first determined
the crystal structure of a7gc|_s, for which phases were determined by single-isomorphous
replacement with anomalous scattering (SIRAS) with a platinum-derivative crystal. All
subsequent structures were determined by molecular replacement. Data collection and

refinement statistics are shown in Table S1.

Overall structural features of protocadherin ectodomains

The four Pcdh ectodomain structures reported here are highly similar overall (Table S3).
As expected, each comprises either four or five B-sandwich EC domains, arranged in
tandem and connected by inter-domain linker regions (Figure 1), all of which bind three
Ca’" jons via the canonical cadherin Ca**-binding motif as described previously
(Rubinstein et al., 2015; Nicoludis et al., 2015). The structures reported here are the first

to contain EC4 and ECS5, which adopt the canonical EC domain structure (Figure S1).



The overall arrangement of EC domains in each structure provides Pcdhs with straight,
rod-like ectodomains; this structure is distinct from that of classical cadherins, which are
curved such that the first and last EC domains are rotated relative to each other by ~90°
(Boggon et al., 2002; Harrison et al., 2011). For Pcdhs, angles between neighboring EC
domains deviate from co-linear between 6° and 22°, and deviations from linearity are
arranged so as to mostly cancel out one another, producing an overall linear structure for

EC14.

All four structures are decorated with N- and O-linked glycans on surface regions away
from the trans dimer interfaces (Figure 1). Single O-mannose residues—a glycan that
appears to be specific to cadherin-superfamily proteins (Vester-Christensen et al., 2013;
Lommel et al., 2013)—were observed at positions 194 and 196 (o7 numbering) of EC2
in the a7, 6 and B8 structures. These glycans were previously identified by mass
spectrometry in Pcdhs aC2, 1, YA8 and yC5, and S/T residues are conserved at these
positions among most Pcdhs (Vester-Christensen et al., 2013; Rubinstein et al., 2015).
Additionally, the B8 structure shows an additional O-mannose on the subsequent solvent
exposed residue T199. The a-Pcdh structures also reveal O-mannosylation of EC4 and
ECS residues. a4 EC4 contains three O-mannoses on adjacent solvent exposed residues:
T409, S411 and S413. T409 is also O-mannosylated in the o7 structure, as is the EC5

residue S449. The function of these O-mannose residues is currently unknown.



All structures show head-to-tail Pcdh trans recognition dimers

The structures of the trans dimers from the four different Pcdh isoforms are similar
overall. They each reveal head-to-tail dimers, with partner molecules positioned as if
emanating from adjacent cell surfaces (Figure 1). These head-to-tail interactions are
similar overall to the two-fold symmetric four interaction-domain arrangement of
receptor protein tyrosine phosphatase p (Aricescu et al., 2007). Among cadherins and
protocadherins one complex structure—between cadherin-23 and protocadherin-15—has
an antiparallel orientation (Sotomayor et al.. 2012), but the interfaces comprise only EC1

and EC2, and appear unrelated to Pcdhs.

As described below, there are notable differences between the a- and B-Pcdh dimers
sufficient to provide family-wide recognition specificity between alternate o- and [3-
Pcdhs. For the a4gc4 and a7gc1_s dimer structures, the RMSD is 1.9 A. The RMSDs
amongst the three P8ci_4 dimers in the asymmetric unit are between 1.5-2.1 A, a similar
range to the RMSDs between the B6gc;-4 and B8gc)-4 dimer structures of 1.9-2.5 A. In
contrast, RMSDs between a- and 3-Pcdh dimers are significantly larger, ranging between
3.6 and 4.8 A (Figure S2). This is due primarily to a difference in the relative rotations of
the dimer-mate protomers in the o- and B-Pcdh trans dimers. Superimposing one
protomer from each of the dimers reveals a family-specific ~30° difference in orientation

of the dimer-partner molecule between the a- and B-Pcdh dimers (Figure S2).

Each trans recognition dimer is composed of distinct sub-interfaces: large EC1:EC4 and

EC2:EC3 interfaces common to both subfamilies, small EC3:EC3 interfaces distinct in a-



and B-Pcdhs, and a small EC2:EC2 interface found only in B-Pcdhs. Since the EC2:EC3
region abuts the dimer 2-fold axis, the two symmetry-related EC2-3 interface regions per
complex form a nearly contiguous large (1975-2826 A) interface centered on the
symmetry axis. The EC1:EC4 interaction, in contrast, forms a separate interface region
~70 A distant (center-to-center). Altogether, large areas of molecular surface are buried
in the trans dimer for each Pcdh structure: 4619 A? for 04gci_sg, 3904 A? for 07gc1-s5, 4762

A? for B6gci_4 and 4893-5071 A? for B8kcy 4.

Conserved isoform-specific interface residues are likely specificity determinants

To help identify molecular regions important to establish specificities among o- and [3-
Pcdh isoforms, we produced sequence logos from multiple-sequence alignments of o.-
and 3-Pcdh isoform-orthologs from numerous mammalian species (Extended
Experimental Procedures). To focus on regions relevant to specificity, we extracted the
residue positions located within the homodimer interfaces to produce sub-logos (Figures
2D, 2G, 3E, and 4D). These show that some interfacial residues are conserved for all
isoforms; some residues vary among isoforms, but fail to show consensus among species;
and some are both isoform-specific and also conserved among species. For example,
interfacial residues 36 and 38 are QD in a8, but RA in other a-Pcdhs for >90% of
vertebrate species (Figure 2D). Such isoform-specific species-conserved interfacial
residues are highly likely to play a role in binding specificity, although those that are
isoform-specific but not conserved among species could also play specificity roles in

individual species. Below, we interpret the Pcdh recognition dimer crystal structures in

10



light of the sequence properties revealed by the logo analysis, and test the logo-identified

putative specificity residues through a functional mutational analysis.

The “opened-up” depictions of the a7gc)_s and B8gci4 homodimer interfaces (Figure 1C
and F), highlight the a- and B-Pcdh constant and variable interfacial residues from the
logo analysis. This reveals that variable residues—Ilikely specificity residues—generally
make intermolecular contacts with other variable residues on the partner molecule, while
a or B constant residues generally contact other constant residues. Constant residues
contribute ~50% of the buried surface area for a-Pcdhs, but only 5% of the buried surface
area in the B-Pcdh dimers (Table S4). Part of this remarkable difference arises from the

near identical sequences of a-Pcdh EC1:EC4 interface residues.

a-Pcdh EC1:EC4 interface

In the a-Pcdh structures, the EC1:EC4 interface (Figures 2A-D) buries ~975 A?, thereby
contributing ~1950 A? buried surface area overall via the two copies of EC1:EC4 present
in each of the a-Pcdh dimers (Table S4). The EC1:EC4 interface of a4 and a7 are shown
in Figure 2B (top and bottom, respectively). The a-isoform logo alignment in Figure 2D
identifies interface residues as either constant or variable among alternate vertebrate o.-
Pcdhs; the interface is shown “opened out” and displayed as a surface in Figure 2C, with

constant residues shown in orange and variable residues in purple.

The EC1:EC4 interface runs over about half the length of the cadherin domains,

involving the N-terminal end of the EC1 C, F, and G-strands and the C-terminal end of
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the A, D, E, and B-strands of EC4. Constant interactions include a cluster of conserved
aliphatic interface residues from the EC1 FG region (I80, P84, L85, and V87) and the B
and D-strands of EC4 (T338, V339, L342, and T371) (Figure 2B and C, left side).
Toward the C-terminal end of EC1 (Figures 2B and C, right side) constant elements of
the interface involve numerous polar and charged residues, including EC1 residues K40
(CD-loop), H76 and E78 (F-strand), and H89 and E91 (G-strand), which form conserved
interactions with EC4 residues F372, K373, and Y375 (DE-loop). Overall, these
constant:constant interactions account for ~70-88% of the EC1:EC4 interface buried

surface area (Table S4).

Elements of the EC1:EC4 interface that vary between a-isoforms are localized to the
edge of the interface, where variable residues from the C-strand of EC1 pack against
variable residues of the EC4 A-strand. Additionally the a4 structure reveals two isoform-
specific salt bridges between constant and variable residues (E78¢onstant:K32443 48 and

K40 constant:E32244) (Figure 2D).

B-Pcdh EC1:EC4 interface

The B-Pcdh EC1:EC4 interface involves similar residues and structural elements to the o-
Pcdh EC1:EC4 interface, although there is a greater contribution to the interface from the
EC1 C-strand and CD-loop, and no contribution from the EC1 A-strand (Figure 2E). The
B-Pcdhs have a slightly larger EC1:EC4 interface than the a-Pcdhs, contributing 2260
and 2120 A” buried surface area respectively to the B6 and B8 frans dimers. In contrast to

a-Pcdhs, almost all of the interface residues vary among 3 isoforms; a number of these

12



are conserved in the orthologous isoforms of other vertebrate species, underscoring their

likely function in recognition specificity (Figure 2F and 2G).

6 and B8 are the most closely related B-Pcdhs with 92% sequence identity in their EC1—
4 regions. Consequently their EC1:EC4 interfaces (Figure 2E) are nearly identical, with
only three differences in the identity of the interfacial residues, two of which interact
R/N41:E/K369. One further difference in the 6 and B8 EC1:EC4 interfaces is the
relative positions of EC4 A-strand residues S322 and L323, which differ despite their
conserved identities in 36 and 8. This positional difference enables the S322 side chain
to partake in the dimer interface of 6, but not 8, and conversely the L.323 side chain

makes dimer contacts in 38, but not 36.

a-Pcdh EC2:EC3 interface

The EC2:EC3 interface is highly variable for all three Pcdh families and appears to
represent the primary specificity region for a-Pcdhs, with variable residues accounting
for 83—-88% of the EC2:EC3 buried surface area. Taken as a whole, the symmetric EC2—
3:EC2-3 interface region buries 2627 A” in the a4 structure and 1975 A” in the a7
structure, involving contacts between the ABED-face of EC2 and the AGFC-face of EC3

(Figure 3B).

The majority of EC2:EC3 interfacial area in both a-Pcdh structures is provided by
interaction of the EC2 AB-loop and start of the EC2-3 linker region, with the EC3 FG-

loop and the C-terminal end of the EC2-3 linker region (colored pale purple and orange

13



in Figure 3D). Aside from the conserved calcium-coordinating linker residues (D205,
D208 and N209), over half of the surface residues in these contacting regions differ
between 04 and a7 (Figure 3B and 3E). In both structures, the majority of EC2-AB/EC3-
FG-loop residues in contact are hydrophobic, with the only charged residue that does not
coordinate calcium, EC2 AB-loop residue R117, forming a hydrogen bond with EC3 FG-
loop residue S302 in 04 and with Q300 in 7. This region also contains one notable a-
Pcdh constant interaction between H304 (EC3 G-strand), and EC2 B-strand residues
F123 and P124, which is conserved in all isoforms except a3, where it is serine (Figure

2D-E).

There are two additional interaction regions that make up the EC2:EC3 interface. Firstly
there is a small EC2 A-strand:EC3 CD-loop contact, which, in both a4 and a7, is a salt
bridge formed between K109 (EC2) and D255 (EC3). This interaction is conserved
across vertebrate species in 02, a3, a8 and a10, but not the other a-Pcdhs. Secondly there
is an EC2 DE-loop:EC3 AGF-sheet interaction, which is the most divergent region of the
EC2:EC3 interface since, as well as being highly variable in sequence (Figure 2E), the
EC2 DE-loop also adopts different conformations in the a4 and o7 structures, resulting in
differing interactions with the EC3 AGF-sheet surface (Figure 2B). Poor electron density
for the DE-loop regions in both structures suggest that the EC2 DE-loop is more mobile
than other a-Pcdh interfacial elements. Interestingly, a number of the contacts in this
interface are main-chain mediated. The role this region could play in a-Pcdh specificity

is therefore unclear.

14



B-Pcdh EC2:EC3 interface

The B-Pcdh EC2:EC3 interface involves the EC2 ABED-face and EC3 GFC-face, similar
to a-Pcdhs. Nonetheless, the B-Pcdh EC2:EC3 interface has marked differences, and
involves both residues in common with the a-interface as well as residues that are
distinct (Figure 4B). In common with a-Pcdhs, the f-Pcdh EC2:EC3 interface is highly
diversified amongst 3 isoforms, with 92-93% of the buried surface area contributed by
variable residues (Figure 4D and 4E and Table S4). However the, 36 and 8 isoforms
differ only in the identity of two EC2:EC3 interface residues, both of which are in EC2
(S/1117 and L/P125). The EC2:EC3 interface buries 2504 A? in the 6 dimer and 2826 A?

in the B8 dimer.

The B-Pcdh EC2 AB-loop and EC3 FG-loop form interactions similar to those observed
in the a structures; although the contacts are not as extensive in 3-Pcdhs because the EC3
FG-loop is two residues shorter and the apex of the loop consists of two glycine residues
in B6 and B8 (three in most other 3 isoforms). This allows Q115, near the apex of the
EC2 AB-loop to form hydrogen bonds with the EC2—3-linker region, rather than specific
contacts with the FG-loop as the equivalent residue (114) does in the a structures (Figure
4B). The contacts between the EC2 B-strand residues 122—125 and the EC3 F- and G-
strands are also similar to those of the a-Pcdhs. However, unlike a-Pcdhs, the CD-loop
makes extensive contacts in the interface, both with the remainder of the EC2 B-strand
(residues 127-132) and the EC2 DE-loop (Figure 4B). The CD-loop contains four

glycine residues in 6 and B8, but not in any other B-Pcdh (Figure 4E), and therefore may

15



not be able to insert so readily between the EC2 B-strand and the DE-loop in other -
Pcdh isoforms. The EC2 DE-loop also engages EC3 F- and G-strand residues, like in the
a’s, although the DE-loop is not so closely packed to the EC3 surface resulting in more
side chain:side chain interactions rather than main chain:side chain as seen in the a

structures.

Small EC2:EC2 and EC3:EC3 interfaces at the frans-dimer 2-fold

For the a-Pcdhs, a small region of EC3:EC3 intermolecular interaction is formed by
symmetry-related contacts between the side chains of FG-loop residue 298 from each
protomer of the trans dimer (Figure 3C). In a7 P299 also contributes to this interaction
alongside the hydrophobic F298:F298 interaction. Notably the EC3 FG-loop is two

residues shorter in 3-Pcdhs, too short to make contact at the 2-fold axis.

The B-Pcdh ectodomain structures indicate that small interaction regions at the trans
dimer two-fold axis—involving the self-interactions of the EC3 BC-loop residue 246 and
the EC2 AB-loop residue 117—will occur when these residues are large, as is the case for
some but not all B-Pcdhs (Figure 4C). Residue 246 does not make self-contacts in the 36
and B8 structures, where it is a histidine in both. However 246 is a phenylalanine or
tyrosine in 12 of the 22 mouse B-Pcdhs, which are both large enough that this residue
would be expected to self-interact in the trans dimer, and therefore contribute to the

binding energy and potentially to specificity.
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Residue 1117 self-interacts in the B8 crystal structure, but S117 in the B6 structure does
not since the serine is not large enough to span the gap between protomers. Residue 117
is also an isoleucine in 13, and an asparagine, which could also self-interact, in 10 other
mouse -Pcdhs. As mentioned above, the only differences in EC2:EC3 interfacial
residues between 6 and B8 occur in EC2 and one of these differences is S/I117. This is
consistent with previous data showing that a $6/B8 chimera containing EC1-2 from 38
and EC3—6 from 6 was able to intermix freely with 8. This differs from the usual
requirement for three out of the four interacting domains to be matched to convert
interaction specificity (Schreiner and Weiner, 2010; Thu et al., 2014; Rubinstein et al.,
2015). The basis for this EC1-2-only specificity conversion can be explained, at least in

part, by the self-interaction of residue 117.

Mutants of trans-interacting residues produce new protocadherins

In order to identify residues important for recognition specificity, we performed
mutagenesis experiments both in cells and in silico. We used logo analysis to identify
interface residues that are conserved across species in individual Pcdh isoforms, then
evaluated residue interactions across the frans interface, and chose pairs or clusters of
interacting residues that had significant differences in chemical character in different
isoforms. We then mutated these pairs or clusters of complementary trans-interacting
residues, in a full-length Pcdh-a7 or f6 context, to those from a different o or 3 isoform
and assessed whether a new specificity was generated using the K562 cell aggregation
assay (Thu et al., 2014). Cells transfected with these mutants were mixed with cells

expressing either wild-type a7 or f6. We then assessed whether the mutant and wild-type
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cell populations formed separate aggregates — which would indicate that the mutant Pcdh
preferentially recognized itself — or alternatively formed mixed aggregates — which would
indicate that the mutant did not create a new Pcdh specificity (Figure SA). In addition, we
produced models of heterophilic trans dimers for each mutant-Pcdh bound to the wild-
type Pcdh, as well as the homophilic complexes formed by each mutant, to assess the

likely structural impact of the mutation.

For example, in the case of a-Pcdhs, and focusing on the EC1:EC4 interaction, the logos
show that only two residues in EC1 have conserved changes between isoforms (Figure
2D). We chose EC1 residue 36, which is a glutamine in a8 and an arginine in all other a-
Pcdhs. In o7, R36 interacts with the EC4 residue S327, and therefore in a8, Q36 would
be expected to interact with W327, which is also exclusively present in a8 across species.
We generated the a7 R36QQ/S327W double mutant, and assessed its recognition
properties. a7 R36Q/S327W expressing cells formed mixed aggregates with wild-type
o7 expressing cells, indicating that these mutations were insufficient to generate a new
specificity (Figure 5Bi). We therefore expanded the area around these residues to produce
a new mutant in which residues 36—38gc; and 322-327p¢4 from a8 were swapped into
o7. In this case, mutant and wild-type expressing cells formed separate aggregates,
indicating that the mutant and wild-type Pcdhs displayed preferential homophilic
specificity (Figure 5Bii). Modeling the homophilic interface of the mutant a7 protein
containing these nine a8 interface residues, suggested the favorable formation of two salt
bridges involving the a8-specific residue K324. Modeling the heterophilic mutant:wild-

type interface showed an unfavorable interaction between R36 and W327. Together,
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these favorable homophilic and unfavorable heterophilic interactions appear to explain
the change in specificity (Figure 5Biii). Importantly, mutating the EC4 residues 322-327
alone, without mutating their counterpart interface residues in EC1, resulted in mixed
aggregates of mutant and wild-type o7 expressing cells, indicating that single-sided

mutations were insufficient to generate a new specificity.

To probe the a-Pcdh EC2:EC3 interface, we first chose the interacting residues 109¢c
and 255gc3. These residues show correlated changes in the logo analysis (Figure 3E),
where the Kg9:D,s5 pair is conserved in a2, a3, a4, a7, a8, and al0, while Q;g9:L;ss is
conserved in a5, a6, and 9. We generated both an a7 single mutant (D255L) and an o7
double mutant of the interacting pair (K109Q/D255L), and tested their binding
specificities with the parent o7 isoform. Cells expressing the a7 single mutant formed
mixed aggregates with cells expressing wild-type o7, while cells expressing the double
mutant formed separate aggregates from those expressing wild-type a7 (Figure 5Ci-ii).
Consistent with these observations, the model of the homophilic double mutant complex
showed no clashes, while the heterophilic complex model with wild-type o7 indicated
that a new specificity was likely formed due to electrostatic incompatibility between

residues L255 and K109 resulting in unfavorable heterophilic interactions (Figure 5Ciii).

Similarly, we introduced mutations in the interacting residues 114gc; and 301gcs3 from the
o-Pcdh EC2:EC3 interface, which we changed to the corresponding residues in a3
(Figure 5D). Mutating these residues did not result in a new specificity (Figure 5Di).

Based on the structure, we mutated an expanded area around residue 301 so as to produce
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an additional mutant in which residues 300 and 302 were also changed to a3 residues.
This mutant generated a new Pcdh specificity (Figure 5Dii). Modeling of the homophilic
complex for this mutant isoform suggested that the homophilic mutant:mutant interface
had compatible van der Waals interactions, as well as a favorable hydrogen bond between
R117 and T302. In contrast, the heterophilic interface with wild-type a7 lacked this
hydrogen bond, and had incompatible van der Waals interactions between Y114 and
Q300 (Figure 5Diii). We also tested self-interacting a7 EC3:EC3 interface residue 299
(Figure 5Ei). Mutating only this single residue (P299F) generated a new specificity

(Figure 5Ei). Modeling confirmed the possibility of F299 self-interacting (Figure 5Eii).

We next carried out a similar mutational analysis for the B-Pcdh interfaces. Mutations of
trans-interacting residues 39gc; and 41gc, with 340gc4 in the EC1:EC4 interface, were
sufficient to create a new Pcdh specificity (Figure 6Ai). In addition, three experiments
involving exchanges of interacting residue pairs in the 6 EC2:EC3 interface with
residues from B19, B10, or B7, respectively, were each sufficient to produce new Pcdh
specificities (Figure 6B-D). Modeling suggested that the homophilic interactions for the
EC1:EC4 interface mutant H39V/R41D/S340R, as well as two of the EC2:EC3 interface
mutants (K113E/S295R and R157N/E289K), were favored by electrostatic
complementarity between the interacting mutated residues. In contrast, interactions of all
three of these mutants with wild-type 36 would position residues with the same charge in
close proximity (Figure 6 Aii, Bii, and Dii). Modeling of the final EC2:EC3 interface
mutant, Q115P/L298F, suggested that the new specificity observed in cell aggregation

experiments resulted from van der Waals clashes, making heterophilic interaction with
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wild-type 6 unfavorable (Figure 6 Cii). In addition, we tested the self-interacting 3-Pcdh
EC2:EC2 interface residue 117 near the two-fold axis of the dimer interface. The 6
S1171 mutant resulted in formation of separate cell aggregates, indicating that this single

mutation was sufficient to generate a new specificity (Figure 6E).

Discussion

We showed previously that a, B, and y-Pcdhs, when expressed in non-adherent cells and
appropriately transported to the cell surface, mediate cell aggregation with strictly
homophilic specificity (Thu et al. 2014). The crystal structures reported here reveal the
atomic-level basis of this specific self-binding, revealing canonical modes of trans
interaction that are similar but distinct for a- and B-Pcdhs. Trans recognition is mediated
primarily by large EC2:EC3 and EC1:EC4 interactions, as well as small EC3:EC3
interfaces for a-Pcdhs and both EC2:EC2 and EC3:EC3 interfaces for 3-Pcdhs. The
structures explain the results of prior mutagenesis studies (Schreiner and Weiner, 2010;
Thu et al., 2014; Rubinstein et al., 2015) and mutation correlation analyses (Nicoludis et
al., 2015). Moreover, new structure-guided mutants reported here show that trans
interface residues that vary among isoforms, but are conserved in a given Pcdh isoform
across multiple species, play important roles in homophilic specificity. Together with our
previous mutagenesis results (Rubinstein et al., 2015), these data show that the combined
specificity of the EC1:EC4 and EC2:EC3 interfaces, the EC2:EC2 interface in 3-Pcdhs,
and the EC3:EC3interface in a-Pcdhs, underlie the homophilic recognition specificities

of Pcdh isoforms.
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The Pcdh trans-binding mode is completely different from that of the well-characterized
classical cadherins. For classical cadherins, a 90° curve in the ectodomain enables a
parallel trans binding configuration with domain:domain self-binding. Classical cadherin
recognition interfaces are contained within EC1 burying comparably small surface areas
(~1600-1800 A? for type I and ~2700-3300 A for type II cadherins). They are formed
by a core of conserved residues surrounded by specificity residues, which account for
~50% of interfacial surface area for the five type I cadherins (Boggon et al., 2002;
Harrison et al., 2011; Patel et al., 2006; Vendome et al., 2014). Pcdh ectodomains, in
contrast, are remarkably straight; they bind in trans in an antiparallel head-to-tail
orientation such that each adhesion dimer includes two symmetry-related copies each of
the EC1:EC4 and EC2:EC3 interfaces, which bury up to 5071 A? in total. Up to 96% of
the interfacial surface area in Pcdh recognition interfaces involves residues that vary
between isoforms to define binding specificity (Table S4). Thus, compared with classical
cadherins, Pcdhs have larger and more varied trans interfaces, consistent with the higher

number of Pcdh isoforms that must be distinguished.

The logo analyses shown in Figures 2, 3 and 4 reveal many binding-interface residues
that vary among isoforms, but are evolutionarily conserved for each isoform, suggesting
their likely importance in defining binding specificity. We used this observation as the
basis of functional studies in which we mutated these conserved isoform-specific
residues, along with their trans-interacting partner residues — most of which also showed
isoform-specific conservation — to determine if mutation of the interacting pairs were

sufficient to change Pcdh binding specificity. While some such mutants (e.g. Figure 5B)
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yielded wild-type and mutant transfected cell populations that formed mixed aggregates —
indicating they were insufficient to change binding specificity — others led to the
formation of separate cell aggregates, indicating a new Pcdh specificity had been created.
Thus, interface residues identified by their isoform-specific conservation effectively
formed “new” protocadherins that exhibited both homophilic specificity and the ability to
distinguish between self (the mutant) and non-self (the parental Pcdh). A recent study
showed that the bacterial ParD-ParE toxin-antitoxin system evolved specific protein-
protein interactions through promiscuous intermediate proteins, rather than through non-
interacting intermediate proteins that were rescued by compensatory mutations (Aakre et
al., 2015). Interestingly, the mutagenesis results presented here, as well as results from
domain swap mutagenesis in our previous study (Rubinstein et al., 2015), show that
mutating only one side of the Pcdh interface, e.g. EC1 without its trans-interacting
partner residues in EC4, typically resulted in a functional isoform with promiscuous
specificity, able to recognize both self and parent wild-type isoforms. This is likely to at
least partly mirror the process by which Pcdhs diversified in evolution, where initial
mutations could result in promiscuous interactions, and a second interacting mutation

could then generate a novel highly specific homophilic interaction.

While the structures of Pcdhs are different from those of Dscam1 isoforms, which
mediate homophilic recognition underlying neuronal self-avoidance in insects and other
arthropods, there appear to be commonalities in the character of Pcdh and Dscam1
domain:domain interactions. Recognition between Dscam1 proteins is mediated by three

self-to-self Ig-domain interface regions, 1g2:1g2, Ig3:1g3, and Ig7:1g7, which are
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diversified by alternative splicing (Sawaya et al., 2008). There are 12 different Ig2
isoforms, 48 different Ig3 isoforms and 33 different Ig7 isoforms. Thus, at the structural
level, each of the three interfaces must encode sufficient variability to distinguish 12, 48
and 33 isoforms for Ig2, Ig3 and Ig7, respectively using ~850—1330 A? buried surface
area per domain. Ig3 has the most difficult problem to solve, as it must distinguish among
the largest number of isoforms using only 850 A? of buried surface area. Although
Pcdh:Pcdh interfaces bury approximately 4000—5000 A%, only half of the two-fold
symmetric interface is available for the generation of diversity since the EC1:EC4 and
EC2:EC3 interfaces are duplicated. Pcdhs thus succeed in discriminating among 58
isoforms using ~2000—2500 A* of unique buried surface area. Variable residues in Pcdhs
and Dscam1 isoforms account for similar percentages of interfacial surface area (~80%
for Dscam1 and 47-96% for Pcdhs). Thus, in terms of the diversity encoded per
Angstrom interfacial surface area, Pcdhs are similar to Dscams (58%58 over 2000-2500

A? versus 12x12, 48x48 and 33x33 over 850-1330 A” each).

Recognition between Dscam1 isoforms depends on precisely matched recognition
domains (Zipursky and Grueber, 2013). A truncated Dscam1 molecule containing only
the N-terminal horseshoe structure that includes the Ig2:1g2 and Ig3:1g3 interfaces was
monomeric (Hughes et al., 2007). Additionally, high-throughput binding experiments
with Dscam1 protein isoforms showed that matches in all three specificity domains were
required for binding in the vast majority of cases (Wojtowicz et al., 2007). For Pcdhs,
EC1-3 fragments do not dimerize despite the fact that they contain the regions necessary

for the EC2:EC3 recognition interface to form (Rubinstein et al, 2015; Nicoludis et al.,
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2015). Additionally, experiments with Pcdh chimeras showed that matches in both
ECI1:EC4 and EC2:EC3 interfaces were required to mediate cell aggregation in
transfected-cell assays (Rubinstein et al., 2015). Thus for Pcdhs, as for Dscam1 isoforms,

homophilic specificity derives from the combination of all variable interface regions.

Stochastic expression of thousands of Dscam1 isoforms is sufficient to solve the problem
of self-recognition and non-self discrimination in arthropod invertebrate nervous systems
(Hattori 2009). In contrast, only ~60 stochastically expressed Pcdh isoforms (e.g. in
mouse and human) solve a similar problem at larger scale in vertebrates. The
combination of promiscuous EC6-mediated cis and specific trans interactions (Thu et al.,
2014) led us to propose formation a trans-cellular zipper-like assembly of Pcdhs whose
growth could be terminated by isoform mismatches (Rubinstein et al., 2015). In principle,
expansion of recognition diversity could be accomplished through this mechanism. Such
an assembly could potentially bring Pcdh cytoplasmic regions, and their associated
proteins, into apposition to activate downstream signaling pathways. This signal could
only be generated in the presence of an apposed neuronal surface with an identical Pcdh

isoform repertoire—the natural representation of “self”.

As demonstrated by the structures reported here, the a- and -Pcdhs have similar
interface regions, with specificity elements localized to corresponding structural regions.
Similarities in sequence combined with similar effects of domain deletions, swaps, and

point mutations, is suggestive of a related mechanism for y-Pcdhs, and potentially C-type
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Pcdhs as well. It remains possible, however, that specific assemblies dependent on the

properties of each subfamily could be required for the function of the clustered Pcdhs.

Experimental Procedures

Protein production and crystallography

Pcdh protein fragments a4gci4, 07gc1-s, POrci-4 and B8gc_4 were expressed in
suspension HEK293 cells (Invitrogen). Crystals were grown by vapor diffusion in: 3 M
sodium chloride, 0.1 M Mes pH 6.2 for a4gc;4; 14% PEG3350, 0.1 M Hepes pH 7.5 for
0 7gc1-s; 23% PEG3350, 0.2 M potassium thiocyanate for B6gc;-4; and 15.3%
PEG550MME, 7.7% PEG20000, 30 mM calcium chloride, 30 mM magnesium chloride,
0.1 M Tris/Bicine buffer pH 8.5 (Molecular Dimensions) for f8gc;_4. The a7gc_s crystals
were dehydrated against 35% PEG3350, 0.1 M Hepes pH 7.5 to improve stability. The

o 7gc1-s crystal structure was solved using the SIRAS technique with a platinum-
derivative crystal, and the other structures were solved by molecular replacement. See

Extended Experimental Procedures for details.

Co-aggregation assay to test trans binding specificity.

Cell aggregation assays were performed as previously described in Thu et al., 2014.
mCherry- or mVenus-tagged wild type or mutant Pcdh expression constructs were
transfected into K562 cells (human leukemia cell line, ATCC CCL243). Transfected cells
were mixed after 24 h by shaking for 1-3 h. Cell aggregates were then imaged. See

Extended Experimental Procedures for details.
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Structural modeling

Models of homophilic complexes formed by both the wild-type and mutant isoforms, as
well the heterophilic dimer between mutant and wild-type isoforms were generated using
the crystal structures of Pcdha7, Pcdha4 and Pcdhf38 as structural templates. Side chains
of mutated residues were first modified to alanine and then modeled using Scwrl (Krivov
et al., 2009). Importantly, the three models were generated using the same procedure and

therefore, there was no bias towards homophilic or heterophilic models.

Accession numbers
Atomic coordinates and structure factors have been deposited to the protein data bank
with accession codes SDZW, 5DZV, 5DZX and 5DZY for a4gci-4, & 7ec1-s, BOrc1-4 and

B8gci-4 respectively.
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Figure Legends

Figure 1. Crystal structures of the a- and B-Pcdh cell—cell recognition dimers

A. Crystal structure of the a4gci4 dimer. The two EC1—4 protomers (colored cyan and
grey) bind in a symmetrical anti-parallel configuration with EC1 interacting with EC4
and EC2 interacting with EC3. Bound calcium ions are shown as green spheres and
glycans are shown as red, blue and white spheres.

B. The a7gc;-s structure, protomers colored green and grey, shows a near identical EC1—
4 mediated head-to-tail dimer to o4 (RMSD = 1.9 A). The EC5 domains extend laterally,
and are therefore not involved in the dimer interaction.

C. Surface representation of the two a7gc;_s protomers, opened out to expose the dimer
interface, which is colored orange for residues that are constant among a-Pcdhs and
purple for residues that vary between a-Pcdhs.

D. The B6gci-4 dimer, protomers colored yellow and grey, showing a similar EC1-4
mediated head-to-tail dimer to the a-Pedh structures (RMSD to adgci4 dimer = 4.8 A).
E. The B8gci4 dimer (chains A and B from the crystal structure are shown), protomers
colored pink and grey, is near identical to the 6gci_4 dimer (RMSD = 1.6 A)

F. Surface representation of the two B8gc;_4 protomers, opened out to expose the dimer
interface, which is colored orange for residues that are constant among 3-Pcdhs and

purple for residues that vary between -Pcdhs.

See also Figures S1-S2 and Tables S1-S4.
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Figure 2. The EC1:EC4 interface is largely conserved amongst a-Pcdhs and highly
diverse amongst 3-Pcdhs

A. The a7gc;-s dimer structure with the EC1:EC4 interface highlighted (red box).

B. Close up of the EC1:EC4 interface in the a4gc;_4 (top panel, EC1 from one protomer
is colored cyan the EC4 from the other protomer grey) and a7gc;-s (bottom panel, EC1

green, EC4 grey) structures. Side chains are shown and labeled for all residues where the

side chain contributes to the dimer interface.

C. Surface representation of a7 EC1 and EC4 interfacial regions from an opened out
dimer, highlighting the putative specificity-determining residues. Interfacial residues are
colored orange if they are conserved amongst all a-Pcdhs and purple if they show
conserved differences in one or more of the 12 a-Pcdhs (see D).

D. a-Pcdh sequence logos of EC1:EC4 interface residues observed in the a-Pcdh
structures, for each of the 12 mouse a-Pcdh isoforms, generated from sequence
alignments of isoform orthologs from up to 29 species. Conserved isoform-specific
residues are underlined. Secondary structure is indicated, and colors of residue numbers
at top and bottom correspond to part (C).

E. Close up of the EC1:EC4 interface in the B6gc;_4 (top panel, EC1 yellow, EC4 grey)
and B8gci-4 (bottom panel, EC1 pink, EC4 grey) structures.

F. Surface representation of B8 EC1 and EC4 interfacial regions from an opened out
dimer, highlighting the putative specificity-determining residues. Interfacial residues are

colored orange if they are conserved amongst all B-Pcdhs and shades of purple if they
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differ in one or more of the 22 mouse B-Pcdhs. Residues in EC1 and EC4 are colored
matching shades of purple to show their predominant interaction.

G. B-Pcdh sequence logos of interface residues observed in the B-Pcdh structures are
shown for a subset of the mouse B-Pcdh isoforms, for which at least 29 orthologs could
be identified. The 6 and B8 interface residues are shown above the logos. Secondary

structure is indicated, and colors of residue numbers at top and bottom correspond to part

(F).

Figure 3. Diversity in the EC2:EC3 and EC3:EC3 interfaces of a-Pcdhs

A. The a7gc;_s dimer structure, with the EC2:EC3 interface (red box) and the EC3:EC3
interface (dashed red circle) highlighted.

B. Close-up view of the EC2:EC3 interface in a4dgc; 4 (top panel, EC2 cyan, and EC3
grey) and o7gc1.s structures (bottom panel, EC2 in green, EC3 in grey). Side chains are
shown and labeled for all residues where the side chain contributes to the dimer interface.
Bound calcium ions are shown as green spheres.

C. Close-up views of the EC3:EC3 interface in the a-Pcdh dimer structures. Residue 298
from the EC3 FG-loop makes a symmetrical contact with itself in both dimers: shown in
the left hand panel for a4 (cyan and grey protomers) and the right hand panel for a7
(green and grey protomers).

D. Surface representation of a7 EC2 and EC3 interfacial regions from an opened out
dimer, highlighting the putative specificity-determining residues. Interfacial residues are

colored orange if they are conserved amongst all a-Pcdh isoforms and shades of purple if
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they differ in one or more of the 12 a-Pcdhs. Matching shades of purple denote EC2 and
EC3 interacting residues.

E. a-Pcdh sequence logos of EC2 and EC3 interface residues observed in the a-Pcdh
structures for each of the 12 mouse a-Pcdh isoforms, generated from sequence
alignments of isoform orthologs from up to 29 species. Secondary structure is indicated,

and colors of residue numbers at top and bottom correspond to part (D).

Figure 4. Diversity in the EC2:EC3 and center of symmetry interfaces of f-Pcdhs
A. The B6gc;_4 dimer structure, with the EC2:EC3 interface (red box) and the center of
symmetry interfaces (dashed red circle) highlighted.

B. Close-up view of the EC2:EC3 interface in B6gc;-4 (top panel, EC2 yellow, and EC3
grey) and B8gci 4 structures (bottom panel, EC2 in pink, EC3 in grey). Side chains are
shown and labeled for all residues where the side chain contributes to the dimer interface.
Bound calcium ions are shown as green spheres.

C. Close-up views of the center of symmetry interfacial regions in the 36 (left hand
panel, protomers yellow and grey) and B8 (left hand panel, protomers pink and grey)
dimer structures.

D. Surface representation of B8 EC2 and EC3 interfacial regions from an opened out
dimer, highlighting the putative specificity-determining residues. Interfacial residues are
colored orange if they are conserved amongst all f-Pcdh isoforms and shades of purple if
they differ in one or more of the 22 3-Pcdhs.

E. B-Pcdh sequence logos of key EC2 and EC3 interface residues observed in the 3-Pcdh

structures are shown for a subset of the mouse -Pcdh isoforms, for which at least 29
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orthologs could be identified. The f6 and B8 interface residues are shown above the
logos. Secondary structure is indicated, and colors of residue numbers at top and bottom

correspond to part (D).

Figure 5. Mutants between trans-interacting residues generate new a-Pcdh
specificities.

A. Schematic representation of the strategy used to assess the contribution of isoform-
specific conserved interface residues. (i) Wild type and mutant Pcdhs where interacting
interfacial residues (shown in the diagram in EC2 and EC3) have been mutated. (ii) and
(ii1) Possible experimental outcomes for cell aggregation assays. When a mutant isoform
prefers self-recognition to recognition of its parent wild-type isoform, separate aggregates
form (panel i1). When a mutant isoform demonstrates either a similar or stronger
preference to interact with the wild-type isoform than to itself, a mixed aggregate forms
(panel 1ii).

B-E. Assessment of a7 mutants in cell aggregation assays. a7 residues were mutated to
the corresponding residues in other o isoforms. Mutated-in residues are shown in red in
the sequence alignments, and are displayed in red in opened-out surface representations
of the a7 recognition dimer. Interfacial regions are shaded in dark gray (top and middle
rows, B-D panels i and ii, and E panel i). The results of aggregation assays are shown in
the bottom row. Modeling results for the two possible homophilic (wild-type:wild-type
and mutant:mutant) and one possible heterophilic complexes (wild-type:mutant) are

shown (B-D panel iii, and E panel ii). Models marked by green circles show favorable
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interactions, and red circles indicate unfavorable interactions. The inclusion of an ‘E’ in

the circle indicates that electrostatic interactions play a primary role.

Figure 6. Mutants between trans-interacting residues generate new 3-Pcdh
specificities.

A-E. Assessment of f6 mutants in cell aggregation assays. 6 residues were mutated to
the corresponding residues in other 8 isoforms. Mutated-in residues are shown in red in
the sequence alignments, and are displayed in red in opened-out surface representations
of the 6 recognition dimer. Interfacial regions are shaded in dark gray (top and middle
rows, A—E panel i). The results of aggregation assays are shown in the bottom row.
Modeling results for the three possible complexes are shown (A—E panel ii). Models
marked by green circles show favorable interactions, and red circles indicate unfavorable
interactions. The inclusion of an ‘E’ in the circle indicates that electrostatic interactions

play a primary role, whereas ‘V’ indicates van der Waals interactions predominate.
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