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Abstract

Synaptic adhesion molecules, including presynamigrexins (NRXNs) and post-synaptic leucine-
rich repeat transmembrane (LRRTM) proteins are mambd for development and maintenance of
brain neuronal networks. NRXNs are probably the bharacterized synaptic adhesion molecules,
and one of the major presynaptic organizer proteiiee LRRTMs were found as ligands for
NRXNs. Many of the synaptic adhesion proteins haeen linked to neurological cognitive
disorders, such as schizophrenia and autism smedisorders, making them targets of interest
for both biological studies, and towards drug depeient. Therefore, we decided to develop a
screening method to target the adhesion proteiee the LRRTM-NRXN interaction, to find
small molecule probes for further studies in celtudettings. To our knowledge, no potent small
molecule compounds against the neuronal synaptiesadn proteins are available. We utilized
the AlphaScreen technology, and developed an assggting the NRXN-LRRTM2 interaction.
We carried out screening of 2000 compounds andtiftkh hits with moderate 16-values. We
also established an orthogonal in-cell western blegay to validate hits. This paves way for
future development of specific high affinity commpaos by further high throughput screening of
larger compound libraries using the methods esthbll here. The method could also be applied
to screening other NRXN-ligand interactions.



1. Introduction

The synaptic adhesion molecules such as presynagii@xins (NRXNs) and post-synaptic leucine-
rich repeat (LRR) proteins including the LRR traesntbrane (LRRTM) family of proteins are

important for the development and maintenance afnband formation of neuronal networks.

Synapses are the major contact and informatiory netants between the individual neurons that
constitute the neuronal network of the brain [1, IMRXNs are probably the best characterized

synaptic adhesion molecules [3, 4, 5, 6] and drireomajor presynaptic organizer proteins [7].

Mammals have three NRXN genes (NRXN1-3), and eaBXN gene produces two isoforms,
NRXNa and NRXN3. In addition, NRXNs can produce potentially thouds of different splice
variants [6]. The NRXNs have five canonical splice sites, SS1-SS5, otwldS4 and SS5 are
also present in the NRX{Ngenes [3]. The NRXN interactions are largely*Cdependent [3].
They have several post-synaptic ligands such asohgins [8], LRRTMs[4], neuroxophilin,
dystroglycan [9], cerebellin [10] and calsyntenidd]. The NRXNs and LRRTM interaction
requires the splice form lacking the SS4 splice skquence [12]. NRXNs family proteins are
found in both excitatory and inhibitory synapsebeTextracellular part of NRXNs constitutes of
LNS (laminin, NRXN and sex-hormone-binding protear)d EGF domains. NRX&Nhas 6 LNS
domains (L1-6), arranged in three modules with EBmains (E1-3) between two LNS domains
(Fig. 1A). NRXNB contains only one LNS-domain, identical to the NR¥ LNS6, after which
there is a highly glycosylated linker region andtransmembrane (TM) domain and an
intracellular tail with a PDZ binding motif, thanteracts with the presynaptic organizing
machinery [3]. Structures of both partial NR¥Nectodomain and various NRXNconstructs
alone and in complex with neuroligin ligands haweib resolved by X-ray crystallography [13,
14, 15, 16] .

The LRRTM family of proteins that include four meerb are found in the excitatory

glutamatergic synapses of the brain and were fauriginally as ligands of NRXNs [17, 18, 19].

LRRTMs all share the same domain organization Witterminal extracellular domain with ten

repeat LRR domain followed by a linker region arid domain, and intracellular tail with a PDZ

binding motif (Fig. 1A) anchoring the LRRTMs to pesy/naptic density organizing proteins and
the glutamate receptors. We have earlier solvedsthecture of engineered thermostabilized
LRRTM2 extracellular domain [20] and recently theRRTM2-NRXNB1 complex crystal

structure was solved [21], revealing the interaciiterface, located surprisingly in the helical C-



terminal capping region of the LRR domain on LRRTNRig. 1B). Further, in particular
LRRTM4, but probably also other LRRTMs, have alsseib found to be ligands for heparan
sulphate proteoglycans [18, 22]. It has been sugdethat NRXNs are post-translationally
decorated with heparan sulphate in the membranamab region of the extracellular domain and
this might increase the affinity towards LRRTMs J2@ther ligands are currently not known for
LRRTMs, and thus their ligand repertoire is noivade as for NRXNSs.

Many of the synaptic adhesion proteins have beeretgmlly linked to neuronal disorders, in
particular, cognitive disorders such as schizopiareautism spectrum disorders and bipolar
disorder [24, 25], which make them targets of ies¢rfor biological, therapeutic and disease
mechanism studies in model organisms or in celiucel For the functional studies of synaptic
adhesion proteins, both gain-of-function and lokfdaction studies have been important.
However, overall loss-of-function studies would bBnfrom specific compounds that target a
particular interaction, e.g. studies with knock-antmals or neuronal cultures would be potential
applications for such effector molecules. Losstofetion studies have involved generation of
knock-down and knock-out mice for various adhespynteins. For NRXNs, neuroligins and
LRRTMs it has been shown that single knock-dowmsrant necessarily lethal and probably single
knock-downs can be compensated functionally byother homologs or ligands to some extent [17],
while triple NRXNa knock-outs are lethal [26, 27]. Currently, no imkor compounds for these
synaptic adhesion proteins are available to oumitedge. Therefore, we have taken up the task
to develop a screening method to target adhesioteiprinteractions, here, the LRRTM-NRXN
interaction. We utilized the AlphaScreen techno[@8y (Fig. 1B) and developed an assay for
screening compounds targeting the LRRTM-NRXN intdomn. We carried out validatory
screening and identified several hits with moder#igy,-values in the range of tens of
micromolar. We also established and used an orthagassay to validate the potency of the hits
in a cell-based assay. This setup paves way fofutuze development of specific high-affinity
compounds either through optimization of the oledinhit compounds or by further high

throughput screening of larger compound librarigigg the methods established here.

2. Materials and methods

2.1 Cloning, protein expression and purification



Extracellular regions of the mouse LRRTM2 (LRRTHz:) and NRXNil (NRXNols;i-1286
lacking the SS4 splice site) were cloned imtoosophila pPRMHA3 expression vector [29]. The
expression constructs included a CD33 signal semuan the N-terminus of the insert and a C-
terminal Fc-tag. LRRTM2-Fc was expressed from stabhnsfectedDrosophila S2 cells, and
expressed and purified as described previously. [20]

NRXNal-Fc protein construct was expressed from stablgnsfiected Drosophila S2
cells. Expression was verified by transient trao8bn using western blot method with goat
polyclonal horse radish peroxidase (HRP) conjugatetibody (Abcam, ab98567) against human
lgG-Fc. For expression from stable cell line ofc®fls, 1.25 x1Bcells per well were plated on a six-
well plate at room temperature. After 24 hours, tdels were transfected with 4 pg of DNA
containing 1:20 part of selection plasmid pCoHygfbe DNA was diluted into 400 pL of the
medium; 8 uL of TransIT insect reagent (Mirus Biod) was mixed with the DNA, and the mixture
was incubated for 20 min and added to the cellerAf days, the selection was started; the cetls an
medium were centrifuged and the cells were resuggemto medium with 0.3 mg/mL hygromycin
and re-plated into the same wells. After 3 wedks,cells were grown in T75 flask (ThermoFischer).
The cells were passaged every 6 days in T75 flagkthe cell viability was above 95%. For large
scale purification from the generated stable ¢e#,Ithe S2 cells were diluted 1:10 into HyQ-SFX
(ThermoFischer) medium supplemented with 0.15 mghydromycin, grown in shaker at 25°C for
1 day, and induced with 0.7 mM CuSO4, and exprasgias conducted for further 6 days, after
which the medium was harvested and cells weretpdlley centrifugation at 7000 rpm for 20 min at
4°C. The protein was purified using the C-termiral-fusion tag with protein-A sepharose
(Invitrogen). Samples were eluted with 0.1 M glge(ipH 3.0) directly to neutralizing buffer, 60 mM
Tris (pH 7.4), 300 mM NaCl.

The NRXN31 gene constru¢Hiss-NRXNB140-216LNS domain lacking the SS4 splice site sequence)
was cloned into pHYRSF53LA vector. The resultingiRXNB1 construct was expressed fr&n

coli BL21(DE3) in LB medium at 37 °C and induced at @Dgpo of 0.8 with 1 mM IPTG, and
expressed for 4-5 h at 30 °C, after which the ee#lee collected and suspended in 50 mM Tris HCL
pH8, 300 mM NaCl. Cells were lysed via sonicatidhe Hig-tagged NRXN was purified with
HisTrap™ column (GE Healthcare) and eluted with 50 mM Hi3l pH 8, 300 mM NaCl, 250 mM
imidazole. The protein was further purified witlzesiexclusion chromatography with S-75 Superdex
10/300 column (GE Healthcare) in 30 mM Tris pH &l 300 mM NacCl.



The Fc-Hig-pETDuest plasmid was expressed francoli BL21(DE3) in LB media at 37 °C and
induced at an Ofyp of 0.6 with 1 mM IPTG, and expressed for 4 hour8@ °C, after which the
cells were collected and suspended in 20 mM sogibbasphate pH 8.0, 150 mM NacCl, and 10 mM
imidazole buffer. Cells were lysed via sonicatiow aupernatant collected, and Fcdtiotein was
purified with N#*-NTA resin (Qiagen), further purification by sizectusion chromatography was
done with S-200 Superdex 10/300 column in 1x PB&hu

2.2 Assay Devel opment

We utilized the AlphaScreen technology [28] to depea binding assay to screen inhibitors for the
LRRTM2-NRXN interaction. All AlphaScreen assays weperformed using AlphaPlate384
(PerkinElmer) plates. The AlphaScreen reaction iste$ of LRRTM2-Fc, His-NRXIH1, Protein A
donor and nickel chelate acceptor beads (Perkingl(fey. 1B) in assay buffer containing 30 mM
HEPES (pH 7.5), 150 mM NaCl, 1 mg/mL bovine serdbumin (BSA) and 0.2 mM CaglThe
plates were incubated at room temperature andgtestérom light after addition of the AlphaScreen
beads. Luminescence was monitored with Tecan tefil1000 Pro plate reader using the

AlphaScreen detection module with 100 ms excitaséind 300 ms integration times.

Assay sensitivity was first tested in order to eksa the optimal concentrations of LRRTM2-Fc and
His-NRXNpB1, and to obtain a maximal AlphaScreen signal (hpokit). A reaction mixture of
LRRTM2-Fc and His-NRXj1was prepared in a total volume of 15 pl, followeditcubation at
room temperature for 2 hours. After the incubatibwe, AlphaScreen beads were added according to
the recommended protocol (PerkinElmer): first Sofithe acceptor beads were added, followed by
30 min of incubation and addition of 5 pl of thendo beads, followed by 60 min incubation. The
final concentrations of LRRTM2-Fc and His-NRENwere 0-0.5 uM, and 50 pg/ml of the acceptor

and donor beads.

2.3 Assay optimization

After assay development, we optimized differentaggsarameters that included protein incubation
time, order of addition of beads, bead concentnadiod bead incubation time. First, we optimized
the incubation time for the interaction of LRRTM2-Bnd His-NRXMN1 by testing different times
from 5 minutes to 2 hours. Second, the order oft@adof the beads was determined with three
sequences, (a) both beads were added togethenvéallby 90 min of incubation; (b) the acceptor

beads were added and incubated for 30 min, folloledddition of the donor beads and addition



incubation for 60 min, and (c) the donor beads vestded and incubated for 30 min, followed by
addition of the acceptor beads and addition inéabafor 60 min. Third, the concentration and
incubation times of the beads was optimized byirtgstifferent concentrations: 20, 10, 5 and 2.5
pg/ml and incubation times from 60 minutes to 7reo&inally, we measured the DMSO tolerance

of the assay in the 0-10% DMSO concentration range

Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’tta acetic acid (EGTA) was tested as a positive
control to inhibit the LRRTM2-NRXN interaction. Wieeasured the effect of 100 pM - 1 mM
EGTA on the interaction using the selected finglgtsconditions. For the validation, we also tested
if EGTA in the range of 50 nM to 5 mM is able toemeh the AlphaScreen signal. For this we used
the commercial AlphaScreen Biotinylated-His peptadeay (PerkinElmer).

2.4 Assay validation

We validated the assay by measuring the repedtabflthe maximal and minimal signals between
different plates, wells and days. Altogether durlgdays, we measured five plates containing
maximal and minimal signals; one plate on days d 2nand three plates on day 3. Each plate
included forty maximal and minimal signal pointsariations of well-to-well, plate-to-plate, and
day-to-day were calculated as coefficients of temmes (CVs). The quality of the data was measured
with common statistical parameters: signal-to-naet#o (S/N), signal-to background-ratio (S/B),
and screening window coefficients (Z’) [30, 31].

2.5 Library and counter screening

We screened MicroSource Spectrum compound libramyy ®000 compounds (obtained from
FIMM, University of Helsinki) at a single concenticn (100 uM). 250 nl of 10 mM compounds
were transferred to the assay plates with LabcgteoE550 acoustic dispenser. 15 ul of the mixture
of 50 nM LRRTM2-Fc and 50 nM His-NRXMwas added to the assay plates. The plates were
incubated for 5 minutes at room temperature, faldwy addition of acceptor and donor bead
mixture (10 pul, final concentration of 5 pg/ml) aoding to the optimized procedure, and incubated
further at room temperature for 3 hours. Each singeplate contained blank wells (AlphaScreen
beads only), positive controls (inhibition by 0.2nEGTA) and negative controls (0% iniiilon; no
EGTA or added compounds).

The counter screening assay was performed in dodeunle out false positives obtained from the

library screening. For this we used Fc-Hmotein, which binds both donor and acceptor beads



creating an AlphaScreen signal. Compounds decrgaisensignal are considered as false-positives
due to interaction with the beads or quenchingstbeal. We performed the counter screening using
100 uM compound concentration. 15 ul of 16.5 nMHigs in 25 mM HEPES pH 7.5, 150 mM
NaCl, 1 mg/ml BSA was added to plate wells followsdaddition of 10 pl of AlphaScreen bead
mixture containing 5 pg/ml of the acceptor and dobeads. The plate was incubated at room

temperature for 3 hours before reading.

2.6 Potency Measurement

Concentration response curves for the hit compowmste measured in quadruplicates from 300 uM
to 1 uM using quarter-logarithmic dilutions. Thengmounds were transferred to the assay plate
using Labcyte Echo 550 acoustic dispenser, follobwe@ddition of 15 pl of the mixture of 50 nM
LRRTM2-Fc and 50 nM His-NRXBIL. The plates were incubated for 5 minutes at room
temperature, followed by addition of 10 ul of adoe@mnd donor bead mixture (final concentration 5
pg/ml) and an additional incubation at room tempeeafor 3 hours. The dose-response curves were
fitted using a four-parameter nonlinear regressaaoalysis (sigmoidal dose-response fitting with
variable slope) with GraphPad Prism version 5.03¥cndows (GraphPad Software).

2.7 Céll culture and cell-based binding assay

For cell-based binding assays, we used the mousIMR cDNA cloned into pEGFP-N1 plasmid
vector [20]. We employed the in-cell western blot method to detthie LRRTM2-NRXNx1
interaction on cell surface with the Odyssey Irdthrimaging System (LI-COR Biosciences)
following manufacturer’'s recommendations. In thssay LRRTM2 was expressed in HEK293T
cells as a C-terminal GFP-fusion to enable visa#ihn of the protein expression on 96-well cell
culture plates. The soluble NRX#l-Fc was added on the cells in a 96-well plate lsinding was
detected with anti-human Fc antibody and signal ywell was read with the Odyssey Imaging

system.

For the transfection of LRRTM2-pEGFP-N1 into Hurmeanbryonic kidney 293T (HEK293T) cells,
cells were grown to 90% confluency on a T75 flaskng DMEM media with 10% FBS
(ThermoFisher) at 37C and 5% CQ These cells were washed in 1x PBS and trypsiniz€d05%
Trypsin-EDTA pH 7.4. Cells were seeded into a dolysine-coated 96 well plate at approximately
20 000 cells/well, and they were allowed to growh&dirs at 37 C until they reached confluency of
90%. After 24 hours, the cells were transfectech WilRRTM2-pEGFP-N1 (400 pg/well) plasmid



and polyethylenimine (1.2 pg/well). The transfectetls were incubated at 3T for 48 hours and
preceded for in-cell western blot assay. The LRRIGFP fusion protein expression in transfected
cells was detected with FIdM Cell Imaging system (ThermoFischer). For the in-agstern blot
experiment, LRRTM2-pEGFP-NL1 transfected cells weashed with 1XxPBS and blocked with EGB
buffer [22] (168 mM NaCl, 2.6 mM KCI, 10 mM HEPE® 7.2, 2 mM CaGlL 2 mM MgCh, 10
mM D-glucose, and 5% BSA) for 2 hours at room terapee with slow shaking. Blocking buffer
was removed and cells were covered in 50 pl of NRXiRc diluted in EGB buffer with 1% BSA.
The cells were incubated overnight 4t@ with gentle shaking. Next day, cells were washéd
1XTBS buffer and were then incubated with 50 p1:@00 dilution of secondary antibody (goat anti-
human IgG IRDye 800CW) in EGB buffer with 1% BSAllBwing a 60 minute incubation at room
temperature with gentle shaking, plates were washidd 1xTBS, and further scanned using LI-
COR Odyssey (169 um resolution and medium quahiy) channel (800 nm) intensity of 8. For
assay development, initially different concentrnasioof NRXNx1-Fc (10 nM to 1000 nM) were
used, and the minimum concentration which gavestteration signal was used for the in-cell

western blot assay of LRRTM2 and NRXM-Fc in presence of inhibitor compounds.

Inhibition assay was performed in triplicates (n=8)d each assay was repeated three times. The
compounds pyrithione zinc, benzoxiquine, indoleaBmol and 6-methoxyharmalan were ordered
from Sigma-Aldrich, and iodoquinol, pyrvinium pameand econazole nitrate were ordered from
MedChemExpress. For inhibition assBf;K293T cells transfected with LRRTM2-pEGFP-N1 i 9
well plate was washed with 1 x PBS and blocked &i@B buffer with 5% BSA for 2 hours at room
temperature. After blocking for 2 hours, 0.8 uM NRXL-Fc diluted in EGB buffer with 1% BSA
and 300uM hit compounds were added in each well. Inhibitminthe LRRTM2-NRXNx1-Fc
interaction was detected using 1:200 dilution otganti-human IgG IRDye 800CW secondary
antibody and detected with the LI-COR Odyssey Im@gystem. As negative controls for the assay
we used i) 2 uM purified receptor protein tyrospteosphatase-Fc fusion protein (RPT&Fc) or

i) 1-2 uM purified Fc-fragment added on to thelgeland iii) plain HEK293T-cells without
LRRTM2 expression, but with addition of 1 uM NRXO-Fc or iv) HEK293T cell expressing
LRRTM2 but without soluble ligands added. RFIPc was purified as described previously [32].

3. Results

3.1 Binding assay for LRRTM2-NRXN f-1 interaction



In this paper, we have aimed to establish a sangeassay for identification of compounds inhibiting
trans-synaptic interaction of the postsynaptic LRRTwith presynaptic NRXNs. Previously, no
such assay has been reported for synaptic adhesadeins. The assay measures the proximity-
generated luminescence using the AlphaScreen tExhnoAn LRRTM2-Fc construct bound to
Protein A donor beads, and a His-NRXINconstruct lacking the SS4 splice site, bindinghe
nickel-chelate acceptor beads were used for theya$ée interaction of LRR domain of LRRTM2
with the LNS domain of NRXN brings the protein dom®ads close to the acceptor beads, and the
proximity of the beads leads to the transfer ofrgn@lue to excitation of donor beads, resulting in
luminescence emission by acceptor beads at 520u82@R\IphaScreen signal, Fig. 1B) [28]. Loss of
LRRTM2-NRXNP1 interaction is read as a decrease of in totalrlastence in comparison to the
control. The assay sensitivity was first testeédtablish the optimal concentrations of LRRTM2-Fc
and His-NRXNB1 to obtain the maximal AlphaScreen signal. This watained with 50 nM of
LRRTM2-Fc and 50 nM of His-NRXBL (Fig. 2A).

Once we had established the assay, we optimizddretit assay parameters including protein
incubation time, order of addition of donor and eqor beads, bead concentration and bead
incubation time. We first optimized the incubatittme for the interaction of LRRTM2-Fc and His-
NRXNpB1. No major difference in the AlphaScreen signas wlatected with increase in incubation
time, therefore we selected the shortest 5 mineproincubation time (Fig. 2B). To increase
robustness of the assay, we tested different afladdition of beads (Fig. 2C). Acceptable signal
window for screening was obtained after mixing do@mor and acceptor beads followed by addition
of bead mixture in the reaction mixture containidlgRTM2-Fc and His-NRXI§1, and further
incubation for 90 minutes. In order to decreasertiming cost of the assay, we tested different
beads concentrations and incubation times, andptadae signal was detected with 5 pg/mL of the
acceptor and donor bead mixture, followed by intiobatime of 3 hours (Fig. 2D and 2E). The aim
was to achieve robust screening assay with higrasig-noise ratio, with reduced the running costs.
We found the following protocol to be most optinad the assay in terms of the both robustness and
cost-effectiveness: 15 pl of a reaction solutiontaming 50 nM LRRTM2-Fc and 50 nM of His-
NRXNp1lwas incubated for 5 minutes, before adding 10f gljog/mL the AlphaScreen acceptor and
donor bead mixture followed by incubation of 3 lobefore signal detection. This would result in
approximately 0.15% costs per well for larger ass@.g. with tens of thousands of conditions)
excluding compound and dispensing costs.

10



The LRRTM2-NRXN interaction has clearly been shotenbe calcium dependent in cell-based
assays [3, 17]. Therefore, we tested if we coule thhe calcium chelator EGTA as a control for
inhibition the interaction. Experiments showed tlaaldition of 0.5 mM EGTA decreased the
AlphaScreen signal down to ca. 5% indicating losghe LRRTM2-NRXN interaction at 0.2 mM
C&*-ion concentration, while initial 2 mM Cagllsed in the assay was too high to be inhibited. (Fig
2F). It was further verified with Biotinyled-His pade (Biotinylated-HIS, PerkinElmer) that EGTA
did not interfere with the assay itself and EGTAard did not quench the AlphaScreen signal at the
concentrations used through e.g. Ni-chelation (Z@j).

We also measured the affinity for the LRRTM2-NRENinteraction with purified soluble proteins
by surface plasmon resonance (SPR) in presence’dfhd found it to be similar to that reported
recently by others [20], with ag&alue of 6.6uM. We further confirmed by SPR that in presence of
2 mM EGTA in the buffer the affinity was lost, aslp 2.4% of signal was left at 50M NRXN[(1

concentration (Supplementary material, Suppl. Ejg.

Next, since DMSO is a commonly used solvent for ¢cbenpound libraries, we tested the DMSO
tolerance of the assay. The assay was found toatel®MSO up to the tested 10% concentration.
No substantial deviation in signal between contezction without DMSO and the 10% DMSO

containing reaction was found (Fig. 2H).

In order to validate the quality of the assay faregning, we tested the changes in the plate-te-pla
and day-to-day minimal and maximal signals withefolifferent plates. The average Z' value for all
the plates was 0.82 with high signal-to-noise ratidicating that the screening assay was robust
(Table 1).

Table 1. Assay performance.

S/B 14.9+ 0.9

SIN 19.0+ 4.9

z 0.82+ 0.04

Well to well CV (max/min,%) 5.04 +0.98/8.35t 5.8
Plate to plate CV (%) * 4.7

Day-to-day CV (%)* 4.17 (2.83-6.59)

* Calculated from Z'-values (see text for definiti).
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3.2 Screening and potency measurements

We next performed a validatory screening assaygusia MicroSource Spectrum library of 2000
compounds, which includes drugs, natural prodtd, bioactive compounds. The compounds were
used at 100 uM concentration. The assay perforneddinvscreening, with an average Z' of &8
0.02 over six plates calculated from the controllsvéVe obtained 92 initial hits with a 4.6% hit-
rate, all of which decreased the AlphaScreen sighdéast to same extent as EGTA, indicating
potential inhibition of LRRTM2-NRXN1 interaction (Fig. 3A).

However, as the hit-rate was high due to the himircentration used, and likely due to the nature of
the validatory compound library, we also controlfed false positives through counter screening.
Possible mechanisms of non-specific interferendé tine AlphaScreen signal that the compounds
could manifest include 1) by acting as singlet atygquenchers, 2) by interfering with the
production of luminescence signal itself, or 3)ding to the donor or acceptor beads and interfering
with the ligand tag (His-tag or Fc-fragment) birglinn order to rule out false positives we
performed a counter screen with the initial 92 laitel His-tagged Fc-fragment binding both the
donor and acceptor beads in absence of the aaugéttinteractor proteins to monitor for the
AlphaScreen signal. From this we obtained 12 his ¢did not interfere with the output signal, ofit o
the initial 92 hits (Fig. 3B), 80 compounds thuterfered with the assay and were excluded. These
were not analyzed further, but the 12 hit compouhds did not interfere in the counter screen were
taken further for validation. The final hit-ratedes@ on the set hit limit after counter screening wa
thus 0.6%.

Dose-response curves were measured for furthedatedn for the 12 hit compounds (Fig. 4), which
revealed four of the initial hits (solasodine, metasyl acetate and harmaline and penicillin) as
actual false positives. The 4&values for the remaining eight hit compounds westwvken 30-76

MM (Fig. 4 & 5). These were further checked fon{a@say interference compounds (PAINS)
patterns to recognize possible frequent false fatg] from these early hit compounds only
iodoquinol and pyrvium pamoate (Fig. 5) containedognizable PAINS and aggregation patterns
when analysed with the ZINC server (http://zincbSking.org/patterns/home/) [33]. Hence, the

results on these two compounds should be furthigdatad, in case these compounds are used and

developed further.
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3.3 Céll binding assay

Next, we performed an in-cell western blot assagdtect the binding affinity of NRX&L-Fc to
LRRTM2 expressed on HEK293T cells in order to ubes tas an orthogonal assay for the
verification of inhibition of binding, as explainéd the methods. We measured the apparent binding
affinity of soluble dimeric NRXN1-Fc to LRRTM2 on the cell surface to be 1648 nM (Fig.
6A). The negative controls showed no detectablaasigFig. 6C), which confirmed the assay is

specific for detecting the interaction between LRIRZTand NRXNx1.

For the orthogonal in-cell western assay for irtbibhit validation, we used 0.8 uM NRXN-Fc as
ligand for LRRTM2 interaction. We measured the hiton of LRRTM2 and NRXN1-Fc
interaction with 300 uM AlphaScreen hit compouridist were separately ordered for this assay.
The assay shows average inhibition rate of 82%d¢onazole nitrate, 60% for pyrithione zirs4%

for 6-methoxyharmalan, 54% for iodoquinol, 47% foenzoxiquine, and 46% for pyrvinium
pamoate, while indole-3-carbinol did now show amiyibition. As a control, we tested for inhibition
by harmaline for which the Kg-value could not be determined, and it showed 8ty% inhibition

of the signal also in the cell-binding assay (FB). Cetylpyridinium chloride was excluded from
further assays due its unlikeliness to be a smepifotein binder or inhibitor based on the detetgen

like structure.

4. Discussion

The presynaptic NRXNs are in particular attractteegets as they have multiple post-synaptic
ligands [3], and several if not all of these progehave been linked genetically to neuronal digsrde
most probably as their misexpression will leadyloapse loss and imbalance of inhibitory/excitatory
synapse-ratio and regulation of signaling in therbrDirect studies of the effects of these praém
neuronal culture or tissue in animal models renwaiite challenging, and hence small molecule
chemical probes would be highly valuable in underding the functions of various adhesion

complexes at the cellular or tissue level and imahmodels.

In the current paper we establish a high-througmpethod to assay for inhibitors of the synaptic
NRXN-LRRTM interaction. The developed AlphaScreeasay detecting protein-protein interaction
is suitable for finding initial hits inhibiting neonal synaptic adhesion protein interactions. Assay

performs well based on statistical parameters @ablhighlighting the robustness and applicability
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for screening of large compound libraries in sitgyl@he assay tolerates DMSO (up to at least 10%),
enabling high compound concentrations to be scredtere we used high compound concentrations
in the validatory screening, in order to demonstrabth the performance and possibility for
identifying hit compounds. High concentration ofngmounds challenges most screening assays
through quenching the signal and affecting assageamets. AlphaScreen assay suffers also from
interference resulting in a large number of falesifives in the assay setup and that makes counter-
screening strategy necessary [34] . We used ani$gcebinstruct for counter screening, and indeed
found out that majority of the compounds inhibititing signal where not inhibiting protein-protein

interaction, but affected the signal by another ima@gsm.

In addition to counter screening it is importantn@asure the discovered hit effectively with an
orthogonal assay. With the described cell-basedyass demonstrated that AlphaScreen assay can
indeed be used to discover function compoundsferiag with the LRRTM2-NRXN interaction.
The assay can be readily automated for high-thrpuigbcreening and it can be also miniaturized for
the high density microplates. The obtained curh@ntompounds have relatively low affinities based
on their IGg-values and are limited in their usefulness as atenprobes. Based on the orthogonal
assay however, several compounds have specifibiiahy potential also in cellular environment
and varied in the efficacy: while indole-3-carbit@d no effect, econazole nitrate was clearly the
most promising scaffold from this compound seletiio a cell-based assay (Fig. 6). Furthermore,
some of the compounds active in the cell-basedyassa rather smalle(g. benzoxiquine and 6-
methoxyharmalan, Fig. 5) and could possibly berozeéd for increased potency. An interesting
finding is the very different effects of harmaliaed 6-methoxyharmalan, which are isomers of each

other, yet, harmaline (7-methoxyharmalan) was nbvain the validatory assays.

The current study provides proof-of-principle ftvetassay and shows that it can be utilized for
screening, although larger compound sets are needfad specific high affinity binder scaffolds
for further development. Together with the cell ding assay we provide a set of tools for the
discovery of protein-protein interaction inhibitorBhe assay was developed for LRRTM2-NRXN
interaction, but could be generalizable for othdinesion proteins. This is in particular true fdneat
NRXN-ligand interactionse.g. neuroligins and LRRTMs recognize the same bindipgope on
NRXNs [14, 35, 36]. Overall, to our knowledge trgghe first published account on development of
inhibitors towards synaptic adhesion protein int&@oes.
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Figure Legends

Figure 1. Protein organization, interactions and tle assay principle.A) Domain organization of
LRRTM2 and NRXN. Main features of LRRTM2 and NRXkeandicates as: L(1-6), LNS domains
1-6; E(1-3), EGF domains 1-3; and P; PDZ bindingimbRRTM2: white ellipsoids mark the LRR
repeats 1-10, and grey ellipsoids the LRRNT and CRRegions. LRRTMs bind to the LNS6
domain of NRXNea/NRXN-B. B) Schematic representation for the interactibLRRTM2 with
NRXN using the AlphaScreen assay. The interactibhRR domain of LRRTM2 (red) with the
LNS domain of NRXN (blue) brings the protein A dortweads closer to nickel chelate acceptor
beads. The excitation of protein A donor beads8&t im convert the ambient oxygen to a excited
singlet state. If an acceptor bead is within thexpnity, energy is transferred from the singlet
oxygen to the Acceptor bead, subsequently culmmgain light production at 520-620 nm
(AlphaScreen signal).

Figure 2. AlphaScreen assay development and optinaizon. A) The sensitivity of the
AlphaScreen assay was tested with concentratiaessef LRRTM2-Fc and His-NRXBt1. The
maximal signal (hook point) was determined fordlssay, measured in counts per second (cps). The
reaction mixture containing LRRTM2-Fc and His-NRpMiwere incubated for 2 hours, followed by
the addition of acceptor beads and incubation tbnBnutes, after which donor beads was added
with additional incubation for 60 minutes. B) Thein incubation time of LRRTM2-Fc and His-
NRXN B-1 was tested for different time periods using digwed AlphaScreen assay. C) The order of
addition of the AlphaScreen beads was tested: ) beads were added together, followed by 90
min of incubation; (b) the acceptor beads were dduhel incubated for 30 min, followed by addition
of the donor beads and addition incubation for 68, and (c) the donor beads were added and
incubated for 30 min, followed by addition of thecaptor beads and addition incubation for 60 min.
D) The optimal bead concentration was determinedingybating reaction mixture containing
LRRTM2-Fc and His-NRXNp-1for 5 minutes and addition of various beads cotreion and
additional incubation for 90 minutes. E) The effettead incubation time to the signal level was
optimized using a 5 pug/mL each bead concentraikonThe effect of addition of 50 nM to 5mM
EGTA on the beads using the standard AlphaScreenBiotinylated-HIS, PerkinElmer) G)
Inhibition of NRXN-LRRTM2 interaction by EGTA at tier at 2 mM (squares) or 0.2 mM Ca
(dots) concentration. In the experiment 50 nM eaichRRTM2-Fc, His-NRXNs-1and 100 uM to 1
mM EGTA were mixed and incubated for 5 minutes befihe addition of donor/acceptor beads.

The results are presented as %-signal comparetlet&EGTA-free control. H) DMSO tolerance
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assayed with reaction mixture containing 50 nM eaChRRTM2-Fc and His-NRXN3-1 and 0O-
10% DMSO, incubated for 5 minutes before the additf donor and acceptor beads. The results

are presented as signal percentage compare té4iaMSO control.

Figure 3. Primary screen results and counter screen resultof identification of false positives

A) LRRTM2-Fc and His-NRXI8-1 interaction screened against the MicroSourcectiBp®
compound library (%-inhibition plotted against campds). Relative inhibition of the compounds
calculated from the positive controls (0% inhibijoon the plate. The hit limit was set to >88%
inhibition, based on the EGTA control (88% inhibit). B) A counter-screen experiment with the
positive hit compounds from the initial screen wahFc-Hig protein to rule out non-specific
inhibition due to interference with interaction kvithe beads. Compounds that showed less than
30% inhibition (dashed line) were taken forward.

Figure 4. Dose—-response measurements to determine sizalues of the hit compoundsA)
iodoquinol B) cetylpyridinium chloride C) benzoqaoime D) pyrithione zinc E) indole-3-carbinol F)
pyrvinium pamoate G) econazole nitrate H) 6-metlhaxgnalan. Dose—response measurements were
done with hit compounds obtained after counterestexperiment. The compounds were assayed in
guadruplicates using quarter -logarithmic dilutioDetermined IGy-values are given as inserts in A

to H for each compound.

Figure 5. Structures of the hit compounds.Compounds are labeled A-H as in Figure 4. A)
iodoquinol B) pyrithione zinc C) benzoquinone D)rggium pamoate E) indole-3-carbinol F)

econazole nitrate G) 6-methoxyharmalan. Moleculaigit of each compounds in Daltons (Da) is
included in brackets.

Figure 6. Cell-based binding assay and validation of the hitompounds with orthogonal in-cell
western blot assayA) Cell binding assay of soluble NRXN1-Fc (0-1000nM) to LRRTM2 on the
HEK293T cells. Detected in-cell western blot sign@ight) and equilibrium binding curve (left). B)
Validation of the hit compounds from primary scredth the in-cell western blot assay. Detected
in-cell western blot signals (right) and intenstaetected in the presence of 300 M compounds
(left). Relative intensity of the assays was calted from the positive control (100% intensity). C)
Controls for the cell binding assay. From left;ipltHEK293T) cells (“-/-*) , HEK293T cells with
LRRTM2 transfected (“LRRTM2/ -*), plain HEK293T dslwith ligand NRXNx-1-Fc added (* - /
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NRXN”) , HEK293T (LRRTM2 expressed) with ligand RP3-Fc added (“LRRTM2/RPTP), and
HEK293T (LRRTM2 expressed) with ligand NRXNL-Fc added (“LRRTM2/NRXN?”).
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Figure 3.
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Figure 4.
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Figure 5.

C

@)ko
N\ e HO /N
P o\

Benzoxiquine (249.27 Da)

\

I
A B
ﬁ N A
| \N/ | / -//Zn\\é/,:‘ _
OH s

lodoquinol (396.95 Da) Pyrithione zinc (317.70 Da)

D

QO

o Pyrvinium pamoate (1151.42 Da)
N
F
o FL) 6
|
CH;— CH——0—CH, O a OCHy
e

N
H N
Indole-3-carbinol (147.17 Da) HNO, 6-methoxyharmalan (214.26 Da)

el
Econazole nitrate (444.69 Da)



Figure 6.
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Highlights

AlphaScreen assay for inhibitors of synaptic adhesion protein function is described

Optimized assay was robust for screening of NRXN-LRRTM interaction inhibitors

Eight early hit compounds were discovered

Orthogonal cell assay is described which can be used to confirm the potency of hits



