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Structural and functional analysis of cytoplasmic region of
synapse organizer Neurexin—1 that mediates intracellular

signals for synapse formation
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Summary of thesis contents

Neurexins are synaptic cell adhesion proteins originally isolated as receptors for
a-Latrotoxin, a widow spider venom, that attacks presynaptic terminals. Neurexins
consist of three proteins (Neurexin-1, -2, -3), each of which has two promoters that
produce longer a- and shorter B-form. Extracellular function of Neurexins has been
intensively studied. They have been shown to form complexes with postsynaptic
proteins, including Neuroligins, LRRTMs, and GIuRd32, via their extracellular domains
and induce synapse formation and maturation. Although Neurexins have been
expected to be presynaptic, their subcellular localization has not been determined due
to the absence of antibodies suitable for immunostaining. In addition, the existence
of thousands of isoforms in Neurexins makes it difficult to generate complete
knockout of these genes in mice. Thus, loss-of function effect of Neurexins,
especially in synaptic transmission, is poorly understood. Furthermore, intracellular
signaling by which Neurexins transmit upon induction of synapse formation remains
unsolved.

To study the subcellular localization of Neurexins, | first generated antibodies for
Neurexins. | immunized peptide with last nine amino acid sequence of mouse
Neurexins that conserved among all three Neurexins in rabbits and guinea pigs and
obtained those antisera. After confirmation of the specificity of these antibodies by
western Dblotting, | performed pre-embedding immuno electron microscopy in
molecular layer of the cerebellum of mice. In this experiment, | detected Neurexin
signals specifically in the presynaptic terminals of parallel fibers, suggesting that
Neurexins are presynaptic.

To study the Neurexin function in synapses, | knocked down all isoforms of
neurexin genes by introduction of shRNAs in cultured mouse hippocampal neurons.
| analyzed spontaneous synaptic activity using patch clamp technique in the presence
of tetrodotoxin and observed that frequency, but not amplitude, of miniature
excitatory postsynaptic currents (mEPSCs) was selectively reduced in neurexin
knocked down neurons, suggesting that the function of Neurexins was also
presynaptic.

There was no clue to solve the intracellular signaling for Neurexins. For this, |
first studied the structure of cytoplasmic tail (C-tail) of mouse Neurexin-1. A
computer program, called “PSIPRED”, predicted that this region was intrinsically
disordered. | confirmed this with a mouse recombinant Neurexin-1 C-tail protein
using circular dichroism spectroscopy. Intrinsically Disordered Proteins (IDPs) are
known to exhibit molecular interaction based on the property of amino acids
constituting the region, and phosphorylation tends to affect the interaction. The
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C-tail of Neurexin-1 is enriched by basic amino acids. 1 examined the interaction
with phospholipids constituting plasma membrane by dot blot using GST-fusion
Neurexin-1 C-tail protein as a probe. In this experiment, I found that Neurexin
C-tail bound negatively charged phospholipids including PI1(4,5)P2. There are eight
serines in Neurexin-1 C-tail. To test the effect of phosphorylation of these serines, I
examined the phospholipid interaction with phospho-mimic mutant of Neurexin-1
C-tail of which serines were mutated to aspartic acids. In this experiment, | found
that the phospho-mimic mutation in the last three serines sufficiently abolished the
interaction. To identify the kinase responsible for this phosphorylation, | transfected
HEK293T cells with mouse Neurexin constructs and treated with chemicals to induce
kinase activities. | monitored the phosphorylation by western blotting with phos-tag
gels in which phosphorylation was detected by mobility shift of Neurexin-1 band. In
this experiment, | found that Protein kinase C (PKC), but not Protein kinase A (PKA)
nor Ca?*/calmodulin-dependent protein kinase Il (CaMKII), phosphorylated these
serines. | performed the same experiment in mouse cultured cortical neurons and
confirmed that this phosphorylation was conserved in neurons.

To study the effect of this phosphorylation on synapse formation, I employed
HEK?293T-neuron co-culture assay. Neurons do not form synapses onto non-neuronal
cells, such as HEK293T cells. But when HEK293T cells were transfected with
mouse Neuroligin-1, co-cultured neurons form synapses onto HEK293T cells. This
artificial synapse formation was abolished when neurexins were knocked down in
co-cultured neurons.  Superinfection of lentivirus expressing wild-type mouse
Neurexin-1 in this co-cultured neurons rescued the artificial synapse formation. But
infection with phospho-mimic mutant Neurexin-1 failed to rescue the synapse
formation. These results suggest that phosphorylation of Neurexin-1 negatively
regulates synapse formation.

In conclusion, by using multidisciplinary approaches including immuno electron
microscopy, electrophysiology, biochemistry and molecular biology, | determined the
localization and function of Neurexins and the regulatory mechanism relevant to
synapse formation. | found that Neurexins were specifically localized at presynaptic
terminals and they contributed to the neurotransmitter release from presynaptic
terminals. The C-tail of Neurexin-1 bound phosphatidylinositol and this binding was
abolished by the PKC phosphorylation of the last three serines. And this reduced the
synaptogenic activity of Neurexin-1.
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Summary of the results of the doctoral thesis screening

Neurexin 7 7 S U =D X N I7HZ, b b VT TRAFAKRKES =T v N T H7FE
7 Cd 5 o-Latrotoxin DA KEM L L THEES AL ZMREERFTHY . BRIV TR
%R # v 237 4 Neuroliging LRRTM, GIURS2 72 E L AR E R T D2 EBnR &, v
TADEKBLOKBARICTHEE L TWVWDHEEZEZ LN TS, Z1LHOFERE R 5 Neurexin
T, YT T RAFMRRICREST D22 "7 ETHDLETFRINDLD, MAAL L TORE
ZRIECZDMEBGFELR DO EEERRBEOHEEIZITE > TR oto, 70,
Neurexin 7 7 S UV —13BEL DT A V 7+ — LA NFET LD, RTOTAY T+ — A%
BRELIE ) v 7 T U MU ABMMERSINTE LT, VT RICEBT DEEN 0 I fif T S
NTnWpinole, ¥, VF 7 ADBHMERBREZFET 22D OMAN T 7 F VI LT
T FEALEMANTELNLTWRNS T,

HifE 3 Chang WenHsin KX, ~ 7 % Neurexin D2 TDT A V7 5 — A TIHED C Kuf
D97 I BEIICHT LIV FRRELEY FORY 7 —F AHEEZERL, v R
D /NK 5y F J& O pre- embedding e Y AR K O FE T BMEBE B ZEIZ L D . Neurexin & > /X7
BN T ARKERMCHEROICRET D Z 2 RH LA, £/, Neurexin O&2TO 7T A
V74— AOMBENEREMSIZ BN S LT, MO ZIEN E L shRNA &~ U R iff
B R AR A I E A LB R MEAT 24T o 7ok . Neurexin @/ v 7 ¥ Tl
WNBEE S T T ABRBIROBHENMETLTWSZ &, T2bb, VI T AFIKRKENILD
HREEDE O ENET LTSI EE R LT,

WDOAT 7L LT, Neurexin #4 L7z v T 7 A - REAOMBEAN T 7 F iz >0 T
FH»Y #4155 7-H. Chang WenHsin K%, Neurexin-1 OffilaNFEIKOMEEE, 2 B2
—ZIC LD PHEOHEE AMEFERICI VML, Z OB RREMN Y X7 E Ok
MEaAITL2Z Lz AL, S6I1C, ZOEBIIGMEICHE LICEEET IV RICETR
Eb . REYICHE LIRS F L OBEBEFHMEFENZ THIL, MaEAZERT 5 Y
VIEE LOMAEE Ny P ry MCXVMITr Lz, TORE. PI(45)P2HEDRIEICHE L
feA 7 b= VIEEERET HZ L A2 WM L7z, Neurexin-1 Ol NaEE X, 8 &
DBV UNHFET DD, ZThoov ) v EZRBEICHMEBELET AT X UBICER L T,
U bR EBM LI ER Y R ZER LTI LIEE A, C Kl b8z T 3
BotvU oMM EMMEREN, b VEELEOKAZIRET I EARE L, £
72, HEK293T fifid, K OE&EMRMIL To U o ibiFEERIZ LV | Protein Kinase C 73
VU@Lt o TWnWD Z &AM L7, H W T, Neuroligin-1 88 HEK293T Hifa & #f
TEHIE O IR BRI X 0 Neurexin 20 L7z v F 7 A KRED N 247\, 2 OHALDO Y
VERALIC KD VST ARMENIKR T T2 2R LT,

PLbE, ARWFZEix, B E rBEMeisEls, EX/AEMPMELE. ZEICE S AL FENB IO
DT EWFINIR I L 2T MAaG b THLNTEERERZHK S L T, Neurexin
W, YT T ARMBERICHIE LCEDEOKRBICHFE T2 2L 2@EL, S HI1T, Ml C
KiunEIk A4 /2 v = U VIREICH AT 5 Z &, Protein Kinase C 12 k2 U VU EB{EIZ LV
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