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RSY-1 Is a Local Inhibitor of
Presynaptic Assembly in C. elegans

Maulik R. Patel* and Kang Shen™?3*

As fundamental units of neuronal communication, chemical synapses are composed of presynaptic
and postsynaptic specializations that form at specific locations with defined shape and size.
Synaptic assembly must be tightly regulated to prevent overgrowth of the synapse size and number,
but the molecular mechanisms that inhibit synapse assembly are poorly understood. We identified
regulator of synaptogenesis—1 (RSY-1) as an evolutionarily conserved molecule that locally
antagonized presynaptic assembly. The loss of RSY-1 in Caenorhabditis elegans led to formation
of extra synapses and recruitment of excessive synaptic material to presynaptic sites. RSY-1
directly interacted with and negatively regulated SYD-2/liprin-alpha, a master assembly molecule
that recruits numerous synaptic components to presynaptic sites. RSY-1 also bound and regulated
SYD-1, a synaptic protein required for proper functioning of SYD-2. Thus, local inhibitory

mechanisms govern synapse formation.

regulated process. Although many positive

factors that promote synaptogenesis have
been identified (/-3), less is known about
negative regulators of synapse formation and
their mode of action (4-/0). We investigated
synapse development and its regulation in the
hermaphrodite-specific neuron HSNL, one of a
pair of motor neurons that controls egg-laying
behavior in Caenorhabditis elegans (11). Presyn-
aptic specializations in the HSNL neuron assem-
ble within a spatially discrete location along the
axon that is stereotyped between animals (Fig. 1,
A and B) (12). These presynaptic sites were visual-
ized by transgenically expressing fluorophore-
tagged synaptic proteins such as synaptic vesicle
component synaptobrevin (SNB-1) or active-zone
components ERC/CAST/Bruchpilot (ELKS-1) and
GIT-1 (Fig. 1B and fig. S1) (12, 13). SYD-1 and
SYD-2 are essential for synapse development in
the HSNL neuron; numerous synaptic components
failed to localize to presynaptic sites in syd-/ and
syd-2 mutants (Fig. 1, C and E, and fig. S1) (13, 14).
However, increasing SYD-2 function in syd-1
null mutants, either by overexpressing SYD-2 or
by introducing a gain-of-function (gf) mutation
in syd-2, rescues the synaptic defects observed in
syd-1 mutants (13, 14). Thus, under normal cir-
cumstances, SYD-1 is required for SYD-2 func-
tion. The existence of such positive regulators
suggests that negative regulators of SYD-2 might
counteract and balance the pro-synaptic function
of SYD-1.

To isolate putative negative regulators of
synaptogenesis, we performed a visual genetic
screen for mutants that suppress the synaptic defects
in the HSNL of syd-I mutants (15). We recovered
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two alleles of regulator of synaptogenesis—1 (rsy-1).
In syd-1;rsy-1 double mutants, the accumulation
of SNB-1::yellow fluorescent protein (YFP) in
the synaptic region of the HSNL was significant-
ly higher than in syd-1 single mutants (Fig. 1, C
to E). The accumulation of SNB-1::YFP in these
double mutants probably represents a restoration
of functional synapses. First, active-zone compo-
nents ELKS-1 and GIT-1 also localized at higher
levels to presynaptic sites in rsy-1;syd-1 double
mutants than in syd-/ single mutants (fig. S1). Sec-
ond, defects in the egg-laying behavior in syd-1
mutants, which are a cell-autonomous consequence
of the presynaptic assembly defects in the HSNL
neuron, were rescued in rsy-I;syd-1 - double mu-
tants (Fig. 1F). Thus RSY-1 appears to counteract
and balance the pro-synaptic function of SYD-1.
We mapped rsy-1 to the genetic locus
Y53HI1A.1, which encodes two isoforms. Iso-

form A encodes a 589—amino acid protein with a
proline-rich region, a coiled-coil domain, and a
serine/arginine—rich (SR) domain (fig. S2). The
SR domain of RSY-1 contains multiple putative
nuclear localization sequences (NLSs). Isoform
B encodes a smaller 517—amino acid protein that
lacks the SR domain, which is replaced by 22
amino acids with a single putative NLS that is
unique to the B isoform (fig. S2). RSY-1 is well
conserved in vertebrates with both a long and a
short isoform in Mus musculus (fig. S2). The
vertebrate homolog of RSY-1 interacts with pinin
(16), a dual resident of the nucleus and the
desmosome junction with proposed functions in-
cluding cell adhesion, transcription, and splicing
(17-20). Beyond its interaction with pinin, no
function has yet been assigned to RSY-1.

Both alleles of rsy-1 that we isolated con-
tained mutations that generate early stop codons,
suggesting that they are likely to be null alleles
(fig. S2). To determine where rsy-1 is expressed,
we made transgenic animals with a synthetic
operon in which expression of both RSY-1 and
cytoplasmic green fluorescent protein (GFP) is
under control of the rsy-1 promoter (fig. S3).
RSY-1 was reproducibly expressed in the HSNL
(Fig. 2A), as well as in other neurons and tissues
(fig. S4). To determine whether RSY-1 functions
cell-autonomously in the HSNL, we transgenically
expressed isoform A of RSY-1 under the control
of the unc-86 promoter, which only expresses in
the HSNss in the vulva region (27). Expression of
the Punc-86::rsy-1 transgene in rsy-1;syd-1
double mutants restored synaptic defects in the
HSNL of syd-1 single mutants (Fig. 2B and fig.
S5), consistent with a cell-autonomous role for
RSY-1 in inhibiting presynaptic assembly.

Next, we sought to determine the subcellular
localization of RSY-1. GFP-tagged RSY-1 (iso-

Fig. 1. RSY-1 antagonizes the
pro-synaptic function of SYD-1.
(A) Schematic of the HSNL
neuron. Synapses are shown
in the dotted rectangle. An-
terior, A; posterior, P; dorsal,

HSNL neuron

D; ventral, V. (B) SNB-1::YFP
is expressed in the HSNL in
wildtype(N2), (C) syd-1(ju82),
and (D) rsy-1(wy94);syd-1(ju82)
mutants. All images are of
adults. The dotted rectangle in-
dicates the synaptic region, and
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form A) expressed in the HSNL localized to pre-
synaptic sites as well as to the nucleus (Fig. 2C
and fig. S6). Because both isoforms of RSY-1
contain putative NLSs at the C terminus, we used
a truncated version of RSY-1 (RSY-1ASR) that

Fig. 2. Molecular char-
acterization of rsy-1. (A)
rsy-1::s12::gfp expressed
under the rsy-1 promot-
er, which consists of 580
base pairs upstream of
the rsy-1 start site. (B)

Student's t test n > 20.
Error bars indicate SEM.

Total SNB-1:YFPintensi- B
ty at the synaptic region o %60
normalized to wild type. > &
Punc-86:rsy-1and Punc- 3 S
86:rsy-1ASR denotetrans-  Z 540
genic expression of rsy-1 g ©
or rsy-1ASR cDNA (isoform & % 20
A), respectively. *P <001, & S

<

(=]

lacks all putative NLSs to determine whether the
synaptic function of RSY-1 requires its localiza-
tion to the nucleus. When expressed in the HSNL
of rsy-1;syd-1 double mutants, RSY-1ASR com-
pletely restored the reduction of SNB-1::YFP

syd-1 rsy-1;

(C) GFP::RSY-1 (isoform A) syd-1
expressed in the HSNL un-

der the unc-86 promoter.

rsy-1;

Punc-86 Punc-86:: 8 o
zrsy-1 rsy-1ASR SY-1AS

rsy-1;

(D) GFP:RSY-1ASR (RSY-1 without amino acids 503 to 589 of isoform A) (in green) and mCherry::RAB-3 (in
magenta) coexpressed in the HSNL in wild-type (V2) and (E) in unc-104(e1265) mutants. Insets in the lower
left-hand corner in (D) and (E) show GFP::RSY-1ASR (green) alone, and insets in the lower right-hand corner
show mcherry::RAB-3 (magenta) alone. All images are of adults. The dotted rectangle indicates the synaptic
region, and the asterisk marks the HSNL cell body. Scale bar, 5 um.

Fig. 3. RSY-1is a negative regu-
lator of SYD-2—dependent synapse
assembly. (A) SNB-1:YFP ex-
pressed in the HSNL wildtype(N2)
and (B) rsy-1(wy94) mutants. Ar-
rows denote ectopic SNB-1:YFP

puncta. (C) Percentage of ani- C_% 100 D = 0,
mals with ectopic SNB-1:YFP g8 80 'g‘gs .
puncta in wildtype(N2) and rsy- 2360 52 young
1(wy94) mutants at mid-L4 and 28 w0 5 L_>L_2 adult
young adult stages. **P < 0.01; 5%y £ =t
Fisher's exact test; n = 100 per g oLl 2z, ]

7} wildtype rsy-1 wildtype rsy-1

group. (D) Average number of
ectopic SNB-1:YFP puncta in
wildtype(N2) and rsy-1(wy94)
mutants at mid-L4 and young
adult stages. **P < 0.01; Stu-
dent’s t test; n = 100 per group.
Error bars indicate SEM. (E)
SNB-1::YFP accumulation at
synapses in syd-2(ju37), (F)
syd-2(ju37);rsy-1(wy94), (G)
rsy-1(wy94);syd-1(ju82), and (H)
rsy-1(wy94);syd-1(ju82);elks-
1(tm1233) mutants. All images
are of adults. The dotted rectan-
gle indicates the synaptic region,
and the asterisk marks the HSNL
cell body. Scale bar, 5 um. ()
Total SNB-1::YFP intensity at the
primary synaptic region in the

HSNL relative to wild type. *P <
0.05; **P < 0.01; Student’s ¢
test; n > 20 per group. Error bars indicate SEM.

wildtype
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accumulation at presynaptic sites to levels ob-
served in syd-/ mutants (Fig. 2B). Furthermore,
GFP-tagged RSY-1ASR was mostly excluded
from the HSNL nucleus but robustly localized
to the presynaptic sites, where it colocalized with
RAB-3, a synaptic vesicle marker (Fig. 2D and
fig. S6). Thus, localization of RSY-1 at the pre-
synaptic sites (but not in the nucleus) is prob-
ably important for its function in inhibiting
synaptogenesis.

To further characterize presynaptic localiza-
tion of RSY-1, we examined RSY-1ASR local-
ization in wunc-104 mutants. UNC-104 is an
ortholog of the vertebrate Kif1 A, a kinesin motor
essential for trafficking of synaptic vesicles (22).
RSY-1ASR localization to presynaptic sites was
not affected in unc-104 mutants (Fig. 2E), sug-
gesting that RSY-1 is not associated with synap-
tic vesicles. Furthermore, RSY-1ASR tightly
colocalized with active-zone component SYD-2
(fig. S7). RSY-1ASR also colocalized with syn-
aptic protein GIT-1 and was juxtaposed to
another active-zone protein, ELKS-1 (fig. S8).
Thus, RSY-1 occupies a particular subdomain of
the active zone and locally regulates synapse
assembly.

To determine when RSY-1 acts during the
synaptic maturation process, we examined the
localization of RSY-1ASR at nascent synapses of
HNSL in the early and mid-L4 stages of devel-
opment (/2). RSY-1 accumulated at the devel-
oping presynaptic sites in early and mid-L4
stages concomitantly with RAB-3 (fig. S9), sug-
gesting that RSY-1 could regulate synaptogenesis
from the very early stages of synapse develop-
ment. Future localization study of endogenous
RSY-1 protein will probably provide additional
information.

If RSY-1 is a negative regulator of synapse
formation, then rsy-/ single mutants should have
elevated synaptogenic activity. SNB-1::YFP
levels at presynaptic sites in the HSNL were
increased in 7sy-/ mutants (Fig. 3, A, B, and 1),
suggesting that excessive synaptic material is
recruited to the presynaptic sites. During devel-
opment, synapses form at secondary sites outside
of the normal synaptic region of the HSNL,
which are then gradually eliminated as animals
reach adulthood (8). Elimination of these syn-
apses is partially dependent on proteasomal degra-
dation (8). We observed a partial failure in the
elimination of SNB-1::YFP localized to these
secondary sites in :sy-/ mutants (Fig. 3, A to D).
These SNB-1::YFP accumulations probably
represent presynaptic specializations because
RAB-3 colocalized with the active-zone compo-
nents ELKS-1 and GIT-1 at these sites (fig. S10).
The persistence of synapses at secondary sites in
rsy-1 mutants suggests that local inhibition of
presynaptic assembly by RSY-1 also contributes
to the elimination of synapses. Thus, RSY-1 plays
a role in controlling the size and number of pre-
synaptic sites.

RSY-1 can inhibit synaptogenesis by either
negatively regulating SYD-2 function or antag-
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onizing an unknown SYD-2-independent
parallel assembly pathway. Similar to syd-1 sup-
pression, if rsy-I mutation is able to suppress
synaptic defects in syd-2 mutants, then the data
would be indicative of a model in which RSY-1
functions in parallel with SYD-2. However, we
found that syd-2 is epistatic to rsy-1; synaptic
defects in syd-2 mutants, as assayed by localiza-
tion of synaptic proteins and the egg-laying
behavior, were not rescued in syd-2;rsy-1 double
mutants (Fig. 3, E, F, and I, and fig. S5). Thus,

RSY-1 probably acts upstream of or in parallel
with SYD-2. Both models suggest that RSY-1 is
a negative regulator of SYD-2—dependent syn-
apse assembly.

According to the linear model in which syd-2
acts downstream of 7:sy-1, the function of SYD-2
should increase in rsy-/ mutants. If this is the
case, then the phenotype in rsy-/ mutants and
syd-2(gf) animals should be similar. Indeed, more
synaptic material was recruited to presynaptic
sites in the HSNL in syd-2(gf) animals (/4), sim-

SYD-2Rr184C SYD-2R184C

N
(9]
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Fig. 4. Molecular mechanisms of RSY-1 function. (A) mCherry::SYD-2SAM1-2 (amino acids 853 to 1085
of SYD-2) (magenta, main panel) coexpressed in Hek293T cells with membrane-targeted GFP::RSY-1ASR
(green, lower left panel; lower right panel shows a merged image). (B) mCherry::SYD-1 coexpressed
with membrane-targeted GFP::RSY-1ASR. (€) mCherry::SYD-2 coexpressed with membrane-targeted
GFP::ELKS-1 in the absence of and (D) in the presence of cytoplasmic GFP::SYD-1. (E) mCherry::SYD-1
coexpressed with membrane-targeted GFP::ELKS-1 in the absence of and (F) in the presence of cytoplasmic
GFP::RSY-1ASR. (G) Quantification of prey translocation to the plasma membrane. (H) eYFP::SYD-2R184C
(arginine amino acid at position 184 switched to cysteine) (green, main panel) coexpressed with membrane-
targeted mCerulean::ELKS-1 (magenta, lower left panel; lower right panel shows a merged image) in the
absence of and (I) in the presence of cytoplasmic mCherry::RSY-1ASR. (J) Quantification of prey
translocation to the plasma membrane. In (G) and (]), the index of prey enrichment at the membrane was
calculated by the following expression: (prey fluorescence intensity at the cell membrane/cytoplasm) — 1. An
index of 0 indicates equal fluorescence intensity at the membrane and in the cytoplasm. **P < 0.01; Student’s
t test; n = 15 per group. Error bars indicate SEM. Letters corresponding to figure panels are shown below the
appropriate bar. The prey, membrane-targeted bait, and third cytoplasmic protein present are indicated below
each bar. (K) Summary of biochemical interactions and their consequences. Promotion of SYD-2/ELKS-1
interaction by SYD-1 supports the genetic data that syd-1 is normally required for syd-2 function. Inhibition of
SYD-2/ELKS-1 and SYD-1/ELKS-1 interaction by RSY-1 supports the genetic role of rsy-1 in antagonizing syd-2
directly and indirectly via syd-1.

SYD-1 RSY-1asR

ilar to our observation in rsy-/ loss-of-function
mutants (Fig. 31). The linear model also predicts
that the rescued synapse assembly in rsy-1;syd-1
mutants, like in syd-2(gf);syd-1 mutants, is due to
an increase in SYD-2 function. If this is the case,
then synapses in both double mutants should be
similarly susceptible to various genetic manipu-
lations. ELKS-1 is a presynaptic active-zone
component shown to be important for the de-
velopment of presynaptic terminals at the neuro-
muscular junction in Drosophila (23, 24). In
C. elegans, although the loss of ELKS-1 function
by itself does not result in any detectable defects
in synapse assembly (13, 14, 25), synapse forma-
tion in the HSNL of syd-2(gf);syd-1 mutants is
crucially dependent on ELKS-1 (/4). Thus,
ELKS-1 functions redundantly with SYD-1 to
promote synapse assembly. Synapse formation in
rsy-1;syd-1 double mutants was also dependent
on elks-1 (Fig. 3, G to 1, and fig. S5). Thus, the syn-
apse assembly program deployed in rsy-1;syd-1
mutants is similar to the one in syd-2(gf);syd-1
mutants. In summary, the loss of RSY-1 function
has similar consequences as the gain of SYD-2
function. Although these results do not rule out the
possibility that RSY-1 functions in parallel with
SYD-2, given that RSY-1 interacts with SYD-2 as
described below, they are consistent with a genetic
model in which RSY-1 is a negative regulator of
SYD-2.

RSY-1 could interfere with the pro-synaptic
function of SYD-2 directly or inhibit the function
of SYD-2 indirectly by blocking SYD-1. To test
these possibilities, we used a single-cell in situ
protein-protein interaction assay (26, 27), in which
translocation of the prey to the plasma membrane
is tested in the presence of a membrane-tethered
bait, to determine whether RSY-1 physically in-
teracts with SYD-2 and SYD-1. RSY-1ASR bound
to both SYD-2 [via the first two SAM domains]
and SYD-1 (note the enrichment of SYD-2SAMI1-2
and SYD-1 on the plasma membrane in the pres-
ence of membrane-targeted RSY-1ASR) (Fig. 4,
A, B, and G). Furthermore, coimmunoprecipitation
from worm lysates confirmed that RSY-1ASR
interacted with both SYD-2 and SYD-1 in vivo
(fig. S11).

To study the molecular consequence of inter-
action of RSY-1 with SYD-2 and SYD-1, we first
established a readout of SYD-2 function. Verte-
brate homologs of ELKS-1 and SYD-2 directly
bind in vitro (28), whereas in C. elegans, SYD-2
and ELKS-1 coimmunoprecipitate from worm
lysate (/4). Furthermore, syd-2 loss-of-function
analysis suggests that SYD-2 is necessary for
localizing ELKS-1 to presynaptic sites, whereas
experiments with the syd-2(gf) allele suggest that
SYD-2 is sufficient for recruiting ELKS-1 (13, 14).
Given these data and the genetic evidence that
ELKS-1 is an important component of the
presynaptic assembly program, we used the
ELKS-1/SYD-2 interaction as one of the read-
outs of SYD-2 function.

Although there was little detectible interac-
tion between ELKS-1 and SYD-2 in our assay,
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the interaction was greatly enhanced in the pres-
ence of SYD-1 (Fig. 4, C, D, and G), suggesting
that SYD-1 facilitates binding between ELKS-1
and SYD-2. Consistent with this result, SYD-1
directly interacted with ELKS-1 (Fig. 4, E and
G), and this interaction was weakened in the
presence of RSY-1ASR (Fig. 4, F and G). Thus,
one way in which RSY-1 regulates SYD-2
function is indirectly by weakening the interac-
tion of SYD-1 with ELKS-1 and thus potentially
blocking the ability of SYD-1 to facilitate SYD-2
function (Fig. 4K).

Given that the ELKS-1/SYD-2 binding is
very weak in the absence of SYD-1 in our assay,
we could not test whether interaction of RSY-1
with SYD-2 inhibited ELKS-1/SYD-2 binding.
However, the ELKS-1/SYD-2 interaction does in-
crease when SYD-2 contains a gain-of-function
mutation, Arg'®* — Cys'®* (R184C) (14), which
was verified in our cell-based assay (Fig. 4, H
and J). We then tested the effect of RSY-1 on this
interaction and found that the interaction between
ELKS-1 and SYD-2R184C was weakened in the
presence of RSY-1ASR (Fig. 4, I and J), sug-
gesting that, besides acting via SYD-1, RSY-1
can also directly antagonize the ability of SYD-2
to recruit ELKS-1 (Fig. 4K).

It is increasingly clear that positive and nega-
tive regulators control synapse development at
multiple levels. For example, the transcription
factor MEF2 globally regulates the number of
excitatory synapses (7). Three ubiquitin ligase
complexes also regulate presynaptic develop-
ment (3, 8, 29). Here, RSY-1 was shown to act as
a negative regulator of synaptogenesis by coun-

teracting SYD-1 function to inhibit SYD-2—
dependent presynaptic assembly in the HSNL
neuron. RSY-1 controls the amount of synaptic
material recruited to presynaptic sites. RSY-1 also
plays a role in establishing a balance between
synapse formation and synapse elimination.
RSY-1 achieves these functions by interacting
with integral components of the synapse assem-
bly machinery and by regulating a dense network
of protein-protein interactions between various
active-zone molecules (Fig. 4K).
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The Role of Fingerprints in the
Coding of Tactile Information
Probed with a Biomimetic Sensor

]. Scheibert,* S. Leurent, A. Prevost,t G. Debrégeast

In humans, the tactile perception of fine textures (spatial scale <200 micrometers) is mediated
by skin vibrations generated as the finger scans the surface. To establish the relationship
between texture characteristics and subcutaneous vibrations, a biomimetic tactile sensor has
been designed whose dimensions match those of the fingertip. When the sensor surface is
patterned with parallel ridges mimicking the fingerprints, the spectrum of vibrations elicited by
randomly textured substrates is dominated by one frequency set by the ratio of the scanning speed
to the interridge distance. For human touch, this frequency falls within the optimal range of
sensitivity of Pacinian afferents, which mediate the coding of fine textures. Thus, fingerprints
may perform spectral selection and amplification of tactile information that facilitate its processing

by specific mechanoreceptors.

interaction with the physical environment
(7). Many of the tasks that the hand can
undertake—such as precision grasping and ma-
nipulation of objects, detection of individual de-
fects on smooth surfaces, and discrimination of
textures—depend on the exquisite tactile sensi-

The hand is an important means for human
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tivity of the fingertips. Tactile information is
conveyed by populations of mechanosensitive
afferent fibers innervating the distal fingerpads
(2, 3). In recent years, a breakthrough in our un-
derstanding of the coding of roughness perception
has been made with the experimental confirma-
tion of Katz’s historical proposition of the ex-

istence of two independent coding channels that
are specific for the perception of coarse and fine
textures (4—6). The perception of coarse textures
(with features of lateral dimensions larger than
about 200 um) relies on spatial variations of the
finger/substrate contact stress field and is me-
diated by the slowly adapting mechanoreceptors
(7). The perception of finer textures (<200 pm)
requires the finger to be scanned across the
surface because it is based on the cutaneous
vibrations thus elicited. These vibrations are in-
tensively encoded, principally by Pacinian fibers
(8), which are characterized by a band-pass be-
havior with a best frequency (i.e., the stimulus
frequency where maximum sensitivity occurs)
on the order of 250 Hz (9). The most elaborated
description of the latter coding scheme was given
by Bensmaia and Hollins, who directly measured
the skin vibrations of fingers scanning finely tex-
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