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ABSTRACT: Plexins are transmembrane proteins that serve as guidance receptors during angiogenesis, lymphangiogenesis,
neuronal development, and zebraﬁsh ﬁn regeneration, with a putative role in cancer metastasis. Receptor dimerization or
clustering, induced by extracellular ligand binding but modulated in part by the plexin transmembrane (TM) and juxtamembrane
(JM) domains, is thought to drive plexin activity. Previous studies indicate that isolated plexin TM domains interact through a
conserved, small-x3-small packing motif, and the cytosolic JM region interacts through a hydrophobic heptad repeat; however,
the roles and interplay of these regions in plexin signal transduction remain unclear. Using an integrated experimental and
simulation approach, we ﬁnd disruption of the small-x3-small motifs in the Danio rerio Plexin A3 TM domain enhances
dimerization of the TM−JM domain by enhancing JM-mediated dimerization. Furthermore, mutations of the cytosolic JM
heptad repeat that disrupt dimerization do so even in the presence of TM domain mutations. However, mutations to the smallx3-small TM interfaces also disrupt Plexin A3 signaling in a zebraﬁsh axonal guidance assay, indicating the importance of this TM
interface in signal transduction. Collectively, our experimental and simulation results demonstrate that multiple TM and JM
interfaces exist in the Plexin A3 homodimer, and these interfaces independently regulate dimerization that is important in Plexin
A3 signal transduction.

P

design of novel therapeutics as well as their role in a myriad of
developmental processes.
Plxns contain an extracellular domain involved in ligand
binding, a glycine-rich single-span TM domain, and a cytosolic
domain (CYTO) involved in signal transduction.1,2,4,12,13
Activity is characterized by CYTO GTPase-activating protein
(GAP) activity and Rho GTPase binding leading to direct or
indirect RhoA activation.3,14−16 An early immunohistological
observation that NRP1 and PLXNA1 cluster in regions of high
local concentration upon SEMA3A addition in a chick dorsal

lexins (plxns) make up a group of type I transmembrane
(TM) receptors involved in the guidance of neurons and
vascular and lymphatic vessels during development as well as
zebraﬁsh ﬁn regeneration.1−7 Plxns also serve a putative role in
cancer metastasis, with altered expression levels or mutations to
plxns observed in melanomas and breast, lung, pancreatic, and
prostate cancers.8−11 Investigations with plxns’ semaphorin
(sema) ligands and neuropilin (nrp) coreceptors have also
implicated the plxn-nrp-sema pathway as being inﬂuential in
cancer metastasis, with overexpression of SEMA3F inhibiting
cancer metastasis in a mouse melanoma model.4,11 As such,
understanding the mechanisms necessary for activation of the
plxn-nrp-sema signaling pathway might provide insight into the
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Figure 1. Plexin transmembrane and juxtamembrane domains contribute to receptor clustering and activation. (A) Extracellular binding of a
semaphorin ligand (Sema) to plexin (Plxn) and neuropilin (Nrp) leads to receptor clustering and activation. (B) A small amino acid-rich region in
the transmembrane domain and a cytosolic juxtamembrane heptad repeat are conserved across class A plexins and postulated to modulate
homooligomerization. (C) Primary sequence analysis of the glycine-rich Danio rerio Plexin A3 transmembrane domain reveals two interfaces capable
of participating in small-x3-small packing motifs. Structural representation of the Plexin A3 transmembrane domain was generated using the
asymmetric Ez-3D Potential Finder.

two motifs capable of packing via small-x3-small interfaces.13
The small-x3-small motif is a highly conserved sequence
structure motif overrepresented in a wide range of helical
TM protein dimers such as glycophorin A and the plexin
coreceptor NRP1, in which small residues such as glycine,
serine, and alanine are placed along one face of the TM helix,
creating a speciﬁc, ridge-and-groove packing structure that
contributes to dimer stability.21−23 A similar series of interfaces
is also present in the D. rerio PlxnA3 TM domain (Figure 1B),
suggesting a role in dimerization. However, the relative
importance of TM versus JM and the interrelationship between
TM and JM interactions in PlxnA3 dimerization and signal
transduction remain open questions.
In this study, we examine the role of the glycine-rich region
of the D. rerio PlxnA3 TM domain in homodimerization as well
as the interplay of TM and JM interactions in PlxnA3
homodimerization and signal transduction. Interestingly, we
ﬁnd disruption of the small-x3-small TM interface through
glycine-to-leucine mutations enhances, rather than diminishes,
dimerization of the TM−JM domain. Similarly, extension of the
small-x3-small interfaces through introduction of additional oninterface glycines disrupts, rather than enhances, dimerization.
However, mutations to the JM heptad repeat that enhance or
diminish dimerization do so even in the presence of TM
domain small-x3-small mutations, suggesting the TM dimer
interface is distinct from that of the JM, and the two work in
opposition to one another; in other words, the TM small-x3small interfaces inhibit JM-mediated TM−JM dimerization.
CG- and AA-MD also reveal an interplay between TM and JM
interactions during dimerization. In a zebraﬁsh axonal guidance
assay using sidetracked (set) zebraﬁsh embryos, which exhibit
ectopic motor neuron exit points due to a truncation in the
plxnA3 gene,24,25 mutations to the small-x3-small interfaces
result in nonfunctional (mutation G1246L/G1250L) or only
partially functional (mutation G1244L/G1248L) PlxnA3.
Collectively, our results demonstrate multiple distinct, func-

root ganglion collapse assay led to the premise that receptor
dimerization or clustering confers activity.2 Indeed, a RapGAP
activity assay on puriﬁed CYTO domains of Mus musculus
PLXNA1, PLXNA2, PLXNA4, and PLXNC1 CYTO suggests
plxn CYTO domains dimerized through N-terminal fusions
exhibit enhanced activity over the monomeric CYTO
domains.16
Puriﬁed murine PLXNA2 extracellular domains and murine
PLXNA1 and PLXNA3 and human PLXNB1 CYTO domains
exhibit only weak homomeric tendencies in solution.5,14−17
Removal of the murine PLXNA1 sema-binding domain or
extracellular domain confers sema- and nrp-independent
collapse activity in a COS-7 growth cone model; this indicates
that PLXNA1 exists in an autoinhibited conformation and that
in the absence of the sema-binding domain, the PLXNA1 TM +
CYTO is suﬃcient for receptor activation.12 Expression of the
mouse PLXNA1 CYTO domain alone or with a myristoylation
signal fails to induce collapse, though replacement of the
human PLXNB1 TM domain with a membrane-anchored CD2
fusion followed by cross-linking permits cellular contraction.12,18,19 Collectively, this previous membrane-anchored
plxn clustering is important for activity, and the TM−JM
regions exhibit an inherent tendency to promote plxn
homooligomerization (Figure 1A).
Previous studies indicate a heptad repeat in the CYTO
juxtamembrane region (JM) modulates homomeric interactions
in the full-length receptor, with mutations to the JM of
Drosophila PLXNA and Danio rerio PlxnA3 showing only partial
activity in axonal guidance assays.14,20 Additionally, the human
PLXNA1 TM domain alone exhibits a weak tendency to
dimerize in a bacterial adenylate cyclase two-hybrid assay.13,21
Coarse-grained molecular dynamics simulations of the isolated
human PLXNA1 TM domain suggest a glycine-rich segment in
the TM region largely conserved across class A plxns may
modulate human PLXNA1 homomeric interactions (Figure
1C).13 In particular, this conserved glycine-rich region contains
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helices by having the closest contact of ∼0.8 nm. The Martini
force ﬁeld with nonpolarizable water (Martini 2.232,33) was
used with explicit solvent, and a bilayer of 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC) lipids with 100 lipids in
each leaﬂet was added for simulations. The systems were
neutralized by adding two Na+ ions, which may slightly increase
electrostatic interactions in our MD simulations compared to
higher-ionic strength solutions. MD simulations were conducted using GROMACS 5.0.4.34,35 The systems were energy
minimized using 5000 steps of a steepest descent algorithm
followed by equilibration runs. Ten microsecond production
runs (unscaled time) were performed in the constant molecule,
pressure, and temperature (NPT) ensemble at 310 K and 1 bar.
For pressure coupling, the Berendsen method36 was used with
semi-isotropic scaling at a pressure of 1 bar. Shift37 was used for
both electrostatics and van der Waals calculations with forces
decaying between 9 and 12 Å. A 25 fs time step was used, and
coordinates were saved every 125 ps. All runs were replicated
thrice to avoid biased results. Average distances between each
residue of one monomer and all other residues in the other
monomer were calculated using gmx distance. Inter-residue
contact maps were generated using MATLAB.
All-Atom MD (AA-MD). Plexin A3 dimer structures
obtained from CG simulations were used as initial conﬁgurations of AA-MD simulations. CG to AA conversion was
conducted using a backmapping tool that uses a library of
mapping deﬁnitions that encode geometrical reconstruction.38
Dimers were placed in a POPC explicit bilayer using the
CHARMM-GUI Membrane Builder;39−42 100 lipids were
selected per leaﬂet, and a 15 Å layer of water was used as a
buﬀer on the top and bottom of the system (including the
peptide). The NAMD simulation package43 was used to run all
simulations. The temperature and pressure were ﬁxed at 310.15
K and 1 bar, respectively. The Lennard-Jones potential was
used to describe van der Waals interactions, and a force-based
switching function in the range of 8−12 Å was chosen.44
Hydrogen atoms were constrained by using the RATTLE
algorithm.45 Langevin dynamics maintained the temperature,
and the Nosé−Hoover Langevin piston algorithm46,47 was used
to maintain the pressure. Three replicates using diﬀerent initial
CG structures were performed for wild-type and second
mutation conformations, while two runs were performed for
the ﬁrst mutant simulation. Simulations were run for 300 ns;
the time step was 2 fs, and two or three replicas were run to
provide better statistics with dimerization. The CHARMM36
(C36) force ﬁeld was used for the protein and lipids48,49 and
TIP3P for water.50,51 CHARMM31,52 was used to calculate the
distances between residues, and then contact maps were
generated using MATLAB. All images were made using visual
molecular dynamics (VMD).53

tionally important interfaces exist in the PlxnA3 receptor TM
and JM that regulate PlxnA3 signaling.

■

EXPERIMENTAL PROCEDURES
Homology Modeling. A model of the D. rerio PlxnA3
transmembrane domain (amino acids 1241−1262 of NCB
accession number BAF81998.1) (Figure 1C) was generated
using the asymmetric Ez-3D Potential Finder.26
Plasmids. Cloning for full-length wild-type (WT) D. rerio
plxnA3 in pcDNA3.1/V5-His-TOPO and the plxnA3 TM and
JM domains (amino acids 1241−1314 of NCB accession
number BAF81998.1) in pAraTM was previously described.20
Mutations were introduced using the QuikChange II SiteDirected Mutagenesis Kit (Agilent).
AraTM Assay. AraTM measurements and analyses were
performed as previously described.20,27 Brieﬂy, electrically
competent SB1676 cells were cotransformed with pAraGFP
and the pAraTM construct of interest via electroporation. The
transformed cells were grown in selective lysogeny broth
(Lennox) medium (LB) overnight, and glycerol stocks were
made from the cultures. Cultures for measurements (four per
experimental round) were started from these glycerol stocks
and allowed to grow 16−24 h in selective LB, at which time
ﬂuorescence (485 nm excitation, 530 nm emission) and
absorbance (560 nm) measurements were taken for each
culture (and 5-fold serial dilutions of each culture) using a
Tecan Inﬁnite F200 multiwell plate reader. Results are reported
as the average percent change in the slope of ﬂuorescence
versus absorbance from WT from three rounds of experiments,
with error bars indicating the standard error of the samples plus
the standard error of WT samples analyzed in parallel.
Expression and orientation in the membrane were conﬁrmed
by Western blotting and maltose complementation tests,
respectively (Figure S1).
Zebraﬁsh Care and Embryo Injections. The set zebraﬁsh
line, provided by M. Granato (University of Pennsylvania,
Philadelphia, PA), was used for this study.24,25 Care for parental
zebraﬁsh was previously described.20 Husbandry occurred
between adult heterozygous or homozygous plxna3/+ zebraﬁsh. This study did not require animal sacriﬁce. Generation of
mutant plxnA3 RNA, injection into embryos, embryo
processing (ﬁxation, staining, imaging, and genotyping), and
set phenotype classiﬁcation requirements were as previously
described.20 We used previously reported values for the
occurrence of the set phenotype with WT plxnA3 RNA
injections or uninjected set zebraﬁsh embryos20 for our
statistical analyses.
Coarse-Grained Molecular Dynamics (CG-MD). Molecular dynamics studies were performed on the wild-type
structures of Plexin A3 and two mutants to identify the eﬀect
of mutations on the dimerization of TM and JM regions. The
ﬁrst mutation was M1281F, and the second mutation was
L1252G/I1254G. The initial structure consisting of two
monomers each having 70 residues (residues 1240−1310)
was derived from homology modeling using MODELLER; the
initial structure of the Plexin A3 TM region was generated
using the asymmetric Ez-3D Potential Finder and integrated
into a homology model for the TM−JM region using the crystal
structure of the Plexin A3 intracellular domain.14 A similar
approach was also described recently for developing TM−JM
models for Plexin B1 and C1.28
The initial conformations were built using CHARMM-GUI
Martini Bilayer Maker29−31 with the separation of the two TM

■

RESULTS
Transmembrane Glycines Modulate PlxnA3 Homodimerization. The D. rerio PlxnA3 TM domain contains a
glycine-rich region [G1244IGAGGG1250 (Figure 1C)] with two
putative interfaces capable of promoting homodimerization via
small-x 3 -small packing motifs (G1244+G1248 and
G1246+G1250). Previous coarse-grained molecular dynamics
simulations implied the homologous interfaces in the human
PLXNA1 TM domain contribute to dimerization of the isolated
TM domain.13 To investigate the role of TM glycines in PlxnA3
TM and JM homodimerization, we employed site-directed
mutagenesis in conjunction with the AraTM assay.27 In this
4930

DOI: 10.1021/acs.biochem.6b00517
Biochemistry 2016, 55, 4928−4938

Article

Biochemistry

I1254G) disrupts, rather than enhances, TM−JM dimerization
(Figure 2A). Collectively, our results indicate small-x3-small
interfaces in the PlxnA3 TM domain negatively regulate TM−
JM dimerization (Figure 1).
TM and JM Interfaces Independently Regulate PlxnA3
Homodimerization. Previous work has demonstrated a
speciﬁc heptad repeat in the PlxnA3 JM domain contributes
to receptor TM−JM dimerization, with residue M1281 within
this heptad repeat acting as a dimerization “switch”, in which
mutation M1281F disrupts dimerization by destabilizing
packing in the hydrophobic core of the JM heptad repeat and
mutation M1281L enhances dimerization by enhancing packing
in the hydrophobic core of the JM heptad repeat.20 To
determine how interactions in the JM interface inﬂuence TM−
JM dimerization, and what role these interactions play in the
observed increase in the level of TM−JM dimerization caused
by disruption of the TM small-x3-small interface, we compared
eﬀects of key mutations in the TM region that enhance TM−
JM dimerization to mutations in the JM shown previously to
enhance or diminish TM−JM dimerization.
As shown in Figure 3, mutations to the JM region are
dominant versus those in the TM domain; regardless of

assay, the TM domain of interest is expressed as an AraC
fusion. Dimerization induced by TM homomeric interactions
forms a functional AraC transcription factor, which in turn
drives transcription of green ﬂuorescent protein (GFP)
regulated by a PBAD promoter. Hence, AraTM cultures
expressing TM domains with a stronger propensity to dimerize
will exhibit an increased intensity of the GFP signal versus
those of weaker dimer constructs for the same cell density.27
Our AraTM results illustrate that glycine-to-leucine mutations disrupting the small-x3-small packing interfaces in the
glycine-rich PlxnA3 TM domain actually enhance TM−JM
dimerization, either as single-point mutations to a given
interface [G1244L, G1246L, G1248L, and G1250L (Figure
2A)], double mutations to eliminate an interface [G1244L/
G1248L and G1246L/G1250L (Figure 2B)], or triple
mutations to disrupt both small-x3-small interfaces [G1244L/
G1246L/G1250L and G1246L/G1248L/G1250L (Figure
2B)]. Furthermore, extension of the small-x3-small motif by
placing additional glycines on either interface (L1252G and

Figure 3. Mutations to the Plexin A3 JM domain dominate
dimerization tendencies of the TM and JM in the AraTM assay.
Error bars indicate the standard error as determined from 12 replicates
collected over a minimum of three experiments.

mutations to the two putative small-x3-small interfaces of the
TM, all of which enhance dimerization, mutations made in
conjunction with the disruptive M1281F JM mutation weaken
TM−JM dimerization, whereas mutations made in conjunction
the enhancing M1281L JM mutation enhance TM−JM
dimerization. Furthermore, the enhancements to dimerization
through mutation of either of the two small-x3-small interfaces
(Figure 2) or M1281L20 are nonadditive; mutation of each
domain individually enhances dimerization by less than 25%
relative to wild-type dimerization, compared to more than 80%
observed with mutation to both the TM and the JM (Figure 3).
This suggests the TM small-x3-small interfaces serve as
competitive TM−JM dimers to those formed by the JM
heptad repeat interface. Thus, enhancement of the small-x3small dimerization interface via introduction of additional oninterface glycines [L1252G and I1254G (Figure 2A)]

Figure 2. (A) Disruption of small-x3-small interfaces in the Plexin A3
TM domain via point mutations enhances TM and JM dimerization in
the AraTM assay. Similarly, extension of the small-x3-small interfaces
via introduction of glycines disrupts TM and JM dimerization. (B)
Double and triple mutations disrupting the Plexin A3 TM small-x3small interfaces enhance dimerization of the TM and JM in the AraTM
assay. Error bars indicate the standard error as determined from 12
replicates collected over a minimum of three experiments. Data for
M1281L were adapted from ref 20.
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Figure 4. Results from CG- and AA-MD for the wild-type Plexin A3 TM−JM domain. The top three panels are contact maps for three CG runs (A−
C) with the residue numbers starting at 1240 in full-length protein numbering. The middle three panels (D−F) are for the respective AA-MD
simulations that correspond to the CG starting conﬁgurations. The color bars are in nanometers, and maps are averages over the last 2.5 μs and 100
ns of simulation for CG- and AA-MD, respectively. End snapshots from the 300 ns AA-MD runs are shown in the bottom panels, with nonpolar,
polar, acidic, and basic residues colored white, green, red, and blue, respectively. The phosphate atoms are colored gold.

4A−C) and snapshots (Figure S2) show some variations
between replicas but consistently show an interacting TM and
JM domain. Replica 1 (Figure 4A) shows weaker TM domain
packing and a slip in dimer interaction with an oﬀ diagonal
contact; in other words, a residue of Plexin A3 TM helix 1 is
not in contact with the same residue on the second Plexin A3
TM helix. The JM domain in replica 2 (Figure 4B) is
interacting more weakly, but the TM domain associates
strongly. The overall dimer character of replica 3 (Figure 4C)
is similar to that of replica 1, but the contact maps are on the
diagonal; in other words, a residue on Plexin A3 TM helix 1 is
in close contact with the same residue on the second Plexin A3
TM helix. There is a slightly weaker interaction for the TM
domain residues from position 1240 to 1255 for replica 3. On
the basis of these CG-MD simulations, there are slight changes
in the strength of the TM and JM interactions, but examples of
complete dissociation of these domains are lacking, except the

strengthens the TM dimer and pulls the TM−JM interface
away from the JM dimer, whereas disruption or removal of the
small-x3-small interfaces through glycine-to-leucine mutations
(Figure 2) removes the TM dimer competition and strengthens
the JM dimer. Collectively, our results are consistent with a
model in which TM dimerization and JM dimerization are
competitive, with each providing a distinct interface capable of
forming a TM−JM dimer (Figure 3).
Simulations of the Wild-Type and Mutant TM−JM
Interface Illustrate the Diversity of Speciﬁc TM and JM
Interactions That Contribute to the Dimeric States
Formed. As described in Experimental Procedures, the
homology-modeled Plexin A3 TM−JM domains were separated initially in a POPC bilayer and CG simulations with the
MARTINI force ﬁeld were performed. In <100 ns, the dimers
associated from their initial separation and remained tightly
packed for the 10 μs simulation. The contact maps (Figure
4932
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end of the TM region. Thus, for the wild-type Plexin A3 TM−
JM interface, multiple, independent TM and JM interactions,
each of which contain a speciﬁc interface, are consistently
observed; both the TM and JM interfaces contribute to a stable
Plexin A3 TM−JM homodimer.
Because the MARTINI CG-MD simulations lack the ability
to change secondary structure from the initial model, the
primary structure was ﬁxed as a helix for the TM−JM region
based on previous crystal structures of the JM region. To relax
this constraint, end conﬁgurations form the 10 μs simulations
were used to set up and run 300 ns AA MD. Our multiscale
approach allows for sampling at the CG level to overcome the
long times needed for association and rotation that tend to
occur on a microsecond time scale.54 Dimerization motifs that
are not observed in the CG-MD will require sampling with AAMD that might be beyond our AA-MD time scale. However, on
the basis of our AA MD simulations, this 300 ns time scale is
suﬃcient to observe helix shifts, small rotations, and helix
crossing that was not observed at the CG level (see below).
The results of AA-MD simulations show more diversity in
TM−JM association for Plexin A3 (Figure 5D−I and Figure
S3). Speciﬁcally, replica 1 (Figure 5D,G) shows a strongly tilted
helix in the membrane with weakened association in the
cytoplasmic leaﬂet; the main association is in the G-x3-G motif
region of the TM domain, which is stable for the last 100 ns
based on probability distance plots for the Gly1248 distance
(Figure S4D). Also, consistently across independent replicas,
there is a tendency to form a cross JM motif interaction.
Replica 2 completely separates in the TM but maintains JM
interaction to a lesser extent (Figure 5E,H). Replica 3 has no
association in the extracellular half of the TM domain but
enhanced association for the cytoplasmic half (Figure 5F,I); a
similar JM association is observed for replica 1, as well. The
stabilization of this JM region is promoted by hydrogen
bonding between R1287 (from helix 1) and E1285 (helix 2)
(Figure 6A), which varies in its stability during the course of the
last 100 ns (Figure S4A). It is clear that even with the JM
region there is some plasticity of homodimerization structures.
Overall, these wild-type AA-MD results suggest a strongly
interacting JM region and a weaker interacting TM region with
multiple dimeric conformations for Plexin A3 (Figure S3). This
weaker TM region interaction may be the result of not
including residues beyond the TM region of the N-terminus,
which was shown to be important in other proteins with a G-x3G motif.28,55 However, the lack of these residues does not
preclude stabilization of TM-associated motifs observed for the
wild type and mutants (see below).
MD simulations were performed for the disruptive JM
mutant M1281F to probe how this nonpolar, aromatic
substitution within the hydrophobic JM coiled-coil motif
inﬂuences JM association. From the CG-MD of the wild
type, the strongest JM association was with JM residues 1285−
1300 (Figure 4A−F). However, mutant M1281F abolishes this
preference and moderately promotes the association for JM
residues at positions 1300 and above (Figure 5A); this is
consistent with the expected result that removing hydrophobic
residues in the core of the coiled coil destabilizes JM
association. Furthermore, the M1281F mutant also appears to
enhance TM region association, again consistent with a model
in which loss of JM association can be compensated by
independent TM domain interactions.
The enhancement of TM domain interactions at the expense
of weakened JM interactions is in conﬂict with our AA-MD

Figure 5. Results from CG- and AA-MD for the mutant Plexin A3
TM−JM domain. The top two panels are sample CG-MD contact
maps with the residue numbers starting at 1240 in full-length protein
numbering. The middle two panels are contact maps for AA-MD.
Panels A, C, and E show data for the M1281F mutant, and panels B,
D, and F show data for the L1252G/I1254G double mutant. The color
bars are in nanometers, and maps are averages over the last 2.5 μs and
100 ns of simulation for the CG- and AA-MD, respectively. End
snapshots from the 300 ns AA-MD runs are shown in the bottom
panels with nonpolar, polar, acidic, and basic residues colored white,
green, red, and blue, respectively. The phosphate atoms are colored
gold.

Figure 6. (A) Wild-type simulation snapshot (replica 1). (B) M1281F
mutant simulation snapshot (replica 2). JM association due to
hydrogen bonding between Glu1285 and Arg1287.

(Figure 5C and E), which shows an enhanced interaction for
JM residues at positions 1300 and above (for one helix) and a
slight decrease in the residues near mutation M1281F, yet a
complete loss of interactions in the TM region. This result can
also be seen for the second replicate of this mutation (Figures
4933
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S5 and S6). This is likely due to the weaker interaction in the
TM region as well as the inability of the CG MARTINI model
to kink the helices, thus maintaining an extended, rodlike
structure that promotes helix association in the TM domain.
Although hydrogen bonding between R1287 and E1285 exists
(Figure 6B), this is less stable during the course of the
simulation than in the wild type (Figure S4A,B). Overall, these
results indicate that M1281F causes a speciﬁc disruption of the
JM coiled-coil dimer, resulting in a weaker association with a
variable and weaker TM association observed.
Simulations were performed for the TM double mutant
L1252G/I1254G, which places an additional glycine in registry
with each of the small-x3-small motifs (G1244 and G1248, and
G1246 and G1250) present in Plexin A3. Thus, this TM double
mutant is hypothesized to be a mutant that enhances TMmediated homodimerization. For CG-MD, there was a slight
reduction in the level of JM domain association, excluding
replica 1 (data not shown). However, with this double mutant,
there is an enhanced contact for TM residues 1240−1255,
which encompasses the region containing both small-x3-small
motifs.
The ﬁrst replicate of AA-MD of double mutant L1252G/
I1254G shows a more crossed TM and JM motif (Figure 5F)
with strong association in the TM region (Figure 5D). The
G1248 within the extracellular leaﬂet shows weakened
interaction compared to that of the wild type (Figure
S4D,F). However, for replica 1, the two additional glycines
promote interactions between G1252 and G1254 (Figure
S7A−D) to stabilize this crossed TM motif near the center of
the bilayer instead of near the extracellular space (Figure 5F).
This crossed TM motif results in a more upright dimer
compared to those observed in the wild type (Figure 4G−I).
The wild type has a slipped registry in cross TM interaction
compared to the more aligned registry for the double mutant
and its crossed motif (Figure S7A−D). The shortest contact for
the wild type is between residues G1250 and V1251, while for
the double mutant, this contact is between the mutated residues
(Figure S7E,F). The stabilization of the TM in replica 1
inﬂuences the JM motif in that the R1287···E1285 hydrogen
bond is destabilized. Replicas 2 and 3 resulted in weaker
interaction in the JM domain with a more parallel motif and a
similar motif in the TM region (Figures S4F, S8, and S9). Thus,
these results indicate mutations L1252G and I1254G that
enhance TM small-x3-small packing motifs do enhance overall
TM-mediated homodimerization relative to that of the wild
type and can do so at the expense of the JM coiled-coil
homodimer.
Glycines in the Transmembrane Domain Modulate
PlxnA3 Function in a Zebraﬁsh Axonal Guidance Assay.
Zebraﬁsh embryos failing to express membrane-anchored
PlxnA3, such as homozygous sidetracked (set) zebraﬁsh
embryos, exhibit anomalous motor neuron patterning, with
motor neurons exhibiting atypical branching and ectopic exit
points from the spinal cord (Figure 7).24,56 Previous studies
demonstrated that set embryos injected with WT plxnA3 RNA
rescue the set phenotypes, showing signiﬁcantly fewer ectopic
motor neuron exit points than uninjected set embryos do; a
representative image of the set phenotype rescue is provided
(Figure 7).20 To understand the functional eﬀects of PlxnA3
TM mutations, we tested the ability of mutant forms of PlxnA3
to also rescue the set phenotypes. This was accomplished by
injecting set embryos while in the single-cell stage with mutant
plxnA3 RNA. Motor neurons were evaluated for ectopic exit

Figure 7. Embryos with the sidetracked phenotype exhibit ectopic
motoneuron exit points (arrows) vs wild-type zebraﬁsh (wild-type)
and sidetracked phenotype rescued using WT plxnA3 RNA (rescue).
Endogenous motoneuron exit points are marked with an asterisk.
Embryos were 24 h postfertilization at the time of ﬁxation and are
oriented anterior to posterior (left to right, respectively).

points at 24 h postfertilization (Table 1). Comparisons to WT
plxnA3 RNA-injected and uninjected set embryos were made
Table 1. Percentages of Homozygous sidetracked Embryos
Exhibiting Phenotypesa
type of
RNA
injection

no. of
embryos
evaluated

percentage of embryos
exhibiting the sidetracked
phenotype

p value compared to
wild-type plxnA3 with
RNA injected

G1244L/
G1248L
G1246L/
G1250L
M1281L

13

62

0.2

19

74

0.03

12

50

0.07

a

p values were computed using a Fisher’s Exact Test and previously
reported values for uninjected and WT embryos.20 Data for M1281L
were taken from ref 20.

on the basis of previous studies.20 We found in this previous
study that the background of the set phenotypes in uninjected
set embryos is 80%, compared with 36% when WT plxnA3
RNA is injected.
Injection of set embryos with G1246L/G1250L plxnA3 RNA
results in signiﬁcantly more embryos than WT plxnA3 RNAinjected embryos exhibiting the set phenotype [74% of embryos
exhibited the set phenotype; p < 0.05 relative to WT as
determined by a Fisher’s Exact Test (FET)]. This demonstrates
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type Plexin A3 (replica 2 in Figures 4B and 6), a speciﬁc
interaction interface for the TM−JM heterodimer involving the
G-x3-G motif is observed based on CG-MD simulations. Hence,
the result that mutations to the PlxnA3 TM small-x3-small
motifs enhance TM−JM dimerization is at ﬁrst counterintuitive
(Figure 2). However, the interplay of TM and JM interfaces as
distinct dimers, but with both being signiﬁcant in terms of
promoting TM−JM dimerization, provides a model in which
multiple, competitive dimeric states occur for the TM−JM
region, each of which is important in negatively regulating
signal transduction. This interplay is also observed in CG-MD
wild-type Plexin A3, in which both speciﬁc TM (small-x3-small)
and JM (coiled-coil) interfaces are observed in the TM−JM
dimer (Figure 4). In this sense, the proposed TM−JM model
resembles a “push−pull” mechanism used in describing the
competition between integrin homo- and heterodimerization.
In the case of PlxnA3, the two states (TM dimer and JM dimer)
are intrinsic to the receptor and in competition, with mutations
that favor either of these interfaces “pulling” the receptor
toward that interface and mutations that destabilize either of
these interfaces “pushing” the TM−JM heterodimer toward the
other interface. Our results suggest glycines in the TM domain
contribute to dimers driven by small-x3-small packing motifs
that compete with JM-driven dimers, and this competition
prevents strong JM dimerization. We observe a similar pattern
of behavior for WT versus mutant TM−JM simulations (Figure
5) in which mutations that are disruptive to homodimerization
in the JM (M1281F) or enhance homodimerization in the TM
(L1252G/L1254G) do alter the conﬁguration of the TM−JM
heterodimer to promote switching between the two diﬀerent
interfaces. This mechanism likely contributes to class A plexin
ﬂexibility in coreceptor heterodimerization4,13,21 as well as
regulated switchability between active and inactive states.
Our study also indicates that PlxnA3 dimerization does not
necessarily correlate with enhanced function (Figure 2 and
Table 1), similar to previous results with mutations in the
PlxnA3 JM domain.20 Rather, an equilibrium between speciﬁc,
dimeric conformations of the Plexin A3 TM−JM system
participates in the regulation of Plexin A3 activity. The CG-MD
results also indicate the likelihood of multiple, independent
dimeric conformations occurring for the TM−JM heterodimer
(Figure 4). Our results for PlxnA3 are similar to those of
previous studies with ErbB2, for which dimerization is required,
but not suﬃcient, for activity; replacement of the ErbB2 TM
domain with the GpA TM domain, though dimerized through
the GpA small-x3-small motif, fails to elicit a transformation
phenotype.62 It is also analogous to the role of integrin TM
domains in integrin activation,63 in which the TM domain
makes only a modest contribution to receptor dimerization, yet
mutations to these TM interfaces have a signiﬁcant impact on
signal transduction (Table 1).
In summary, our AraTM results demonstrate that glycines in
the D. rerio PlxnA3 TM domain modulate receptor homomeric
interactions (Figure 2). In particular, small-x3-small dimerization motifs in the TM domain compete with dimerization
driven by the heptad repeat in the JM domain (Figure 1). As
JM-driven dimerization predominates in the TM−JM system
(Figure 3), mutation of the small-x3-small interfaces results in
overall enhancement of TM−JM dimerization. These interfaces
both act competitively to regulate signaling, with the TM smallx3-small interfaces exhibiting no or partial functionality in an
embryonic zebraﬁsh axonal guidance assay (Figure 7 and Table
1). Hence, the interplay of TM versus JM dimerization serves

a failure of the G1246L and G1250L mutations to rescue
PlxnA3 function. In contrast, injection of G1244L/G1248L
plxnA3 RNA partially rescues the set phenotype (62% of
embryos exhibited the set phenotype; p > 0.05 compared to
80% of embryos exhibiting the set phenotype in uninjected set
embryos as determined by a FET). Both of these mutations
enhanced dimerization of the TM and JM domains in the
AraTM assay (Figure 2). Thus, our results are broadly
consistent with a model in which destabilizing the TM dimer
facilitates formation of a stronger, nonfunctional JM dimer
during PlxnA3-dependent signaling.

■

DISCUSSION
Previous studies suggest that plxn function depends on receptor
clustering and that function and clustering are modulated by
the TM and JM domains (Figure 1).12,13,16,18−21,57 In this
study, we demonstrate that glycine-to-leucine mutations
disrupting putative small-x3-small packing interfaces in the
TM region of D. rerio PlxnA3 enhance dimerization of TM and
JM domains in the AraTM assay (Figure 2). Similarly,
extension of the small-x3-small interfaces disrupts dimerization
(Figure 2). Mutations to the previously established dimer
interface in the PlxnA3 JM20 dominate dimer formation of the
TM and JM, with mutations to either TM small-x3-small
interface in conjunction with M1281F JM disrupting
dimerization and mutations to the TM interfaces with
M1281L JM enhancing dimerization (Figure 3). Functionally,
disruption of the PlxnA3 TM interface fails to rescue WT
motor neuron patterning in a zebraﬁsh axonal guidance assay,
with the G1244L/G1248L mutant exhibiting partial activity and
the G1246L/G1250L mutant displaying no activity (Figure 7
and Table 1). Thus, our results point to a model for PlxnA3
dimerization in which the TM and JM both play important and
independent roles in regulating signal transduction. A model in
which both TM and JM interactions work independently is also
supported by the CG-MD and AA-MD simulations for the
Plexin A3 TM−JM interface presented in this study (Figures 4
and 5), in which consistently a coiled-coil JM interface and a
small-x3-small TM interface are observed for the homodimeric
WT Plexin A3 TM−JM domain. A recent CG-MD simulation
also suggests that the isolated human PLXNA1 TM domain
undergoes homooligomerization via two putative small-x3-small
interfaces,13 homologous to the D. rerio PlxnA3 interfaces of
G1244 and G1248, and G1246 and G1250, identiﬁed in this
study, although the role of the JM was not considered in the
simulation. Additional work investigating the role of TM and
JM interactions in Plexin B1 and C1 also provides insight into
the diversity of TM and JM dimerization motifs; while both
occur, there is a large degree of diversity in terms of cooperative
versus competitive interactions involving both the conserved
JM coiled coil and TM G-x3-G motif.28 Thus, the proposed
interaction model from the PlxnA3 TM−JM interface is
consistent with previous work regarding plexin TM domain
dimerization, as well as with functional, biochemical, and
simulation results regarding TM−JM dimerization. Furthermore, these results emphasize the importance of JM
interactions in describing models for receptor TM−JM
dimerization.
Typically, mutation of small-x3-small interaction motifs
disrupts dimerization, as has been shown with GpA and
NRP1.23,58 This motif promotes TM dimerization by providing
a speciﬁc interface that is favorable to steric packing constraints
as well as additional side chain associations.22,59−61 For wild4935
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as an important regulatory mechanism in PlxnA3 signal
transduction (Figure 1). Recent structures of Plexin A1 and
A2 ectodomains have suggested an autoinhibited conﬁrmation
of the ectodomain in which the cytosolic domains may be
separated;64 thus, the TM and JM regulatory roles described in
this work may serve as additional mechanisms to inhibit or
modulate signal transduction upon ligand binding. Given other
receptors in which JM interactions independently, and often
competitively, regulate transmembrane dimerization and signaling,65−68 it will be interesting to see how other receptor systems
couple TM and JM interactions to promote both homo- and
heterodimerization as well as to regulate speciﬁcity versus signal
transduction.

■
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