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Introduction
and a bit of history



Receptor Toxin

e "=-.'-a:;:-'.::-.' 1. . -
Electric ray Torpedo Krait Bungarus multicinctus

californicais “stuffed” with contains a-bungarotoxin which
binds specifically and tightly

nicotinic acetylcholine receptor (nAChR)

Karlsson E et al., FEBS Lett.28, 107-111 (1972)



Different groups of three-finger
proteins from snake venoms

Muscle-

type
nAChRs

Nonspecific
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Three-finger 0-Neurotoxins acting on
nicotinic acetylcholine receptors (nAChRs)
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Erabutoixin 3 o-bungarotoxin

Dimeric «-oo'bratoxin




C.geographus

(the geography
cone)

C. striatus
(the striated
cone)
C.textile

(the cloth-of-gold
cone)

C.purpurascens

(the purple cone)

Conotoxins

C.quercinus

(the oak cone)

C.radiatus
(the radial cone)
C.gloriamaris

(the glory-of-the —
sea)

C.magus

(the magus
cone)
C.marmoreus

(the marble
cone)



Family of nicotinic acetylcholine receptors

agonists;

antagonists: exogenous
eurotoxins from snake and
shail venoms,

endogenous prototoxin Lynx1
(binds here and somewhere else)

Cationic excitatory
ligand-gated ion channel

CID

Cryo-EM structure of Torpedo nAChR,
Unwin (2005)



Structural diversity of nicotinic acetylcholine receptors

muscle
subunits
ol,Bl,yore, o

5 subunits o7
neuronal
subunits :
o2 o3
od oS

Affinity for nicotine 6 nM 2000 nM

oS oS
o6 o7
o8 09 al10

B2, B3, B4,




Fragments of principal (‘““front’) and complementary
(“back”) sides of the subunits at the interface

principal face (+) complementary face (-)




Cys-loop ligand-gated ion channels

Heteromer Homomer
NZ
“«—

[ o-Subunit
B Non-g-subunit

1. Nicotinic acetylcholine receptors
peuenTopbl

2. SHT3 serotonin receptors

3. Glycine receptors

4. Ionotropic GABA-A receptors
5. Bacterial ligand —gated channels (ELIC, GLIC)

6. Glutamate receptor C.elegans
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Crystal structures of a-conotoxin and

a- neurotoxin complexes with nAChR models
a-conotoxin

a —cobratoxin or a-bungarotoxin

A: Bourne et al., 2005

B: Dellisanti et al., 2007
C: Huang et al., 2013
Zouridakis et al., 2014 (09)

Celie, Kasheverov
et al., 2005



Our work

o-conotoxins

o-neurotoxins

nAChRs






Aromatic box and loop C in the binding site for
agonists and competitive antagonists

Celie P.H.N., Kasheverov L.E. et al, Nature Str.&Mol.Biol. 12, 582-588
(2005)




Orientation of photoactivatable a-conotoxin Gl
(Bpal2) at the Torpedo nAChR binding sites

(combination of “wet biochemistry” and computer modeling)
— — "m,_{_—_ :_“--":;:::\

Kasheverov IE et al. FEBS J. 273,1373-1388 (2006).



OPEN @ ACCESS Freely available online PLOS BioLoGy

A Structural and Mutagenic Blueprint for Molecular
Recognition of Strychnine and d-Tubocurarine by
Different Cys-Loop Receptors

Marijke Brams'®, Anshul PandyaZ®?, Dmltry Kuzmin®, Rene van Elk?, Liz Krijnen’, Jerrel L. Yakel?, Victor
Tsetlin®, August B. Smit?, Chris Ulens™

binding mode 1 binding mode 2 binding mode 3
d-tubocurarine d-tubocurarine d-tubocurarine
binding mode 1 binding mode 2
strychnine strychnine
single occupancy double occupancy

different orientations and double occupancies
were found in 5 binding sites of one AChBP
molecule



Specific binding, %

Design of more potent

BT

a-conotoxin PnlA analogs

Kasheverov et al ., Marine Drugs (2015), | =
Toxins (2015) R ——

(I AChEPs from L. stgmalic (PnlA] RS, B9, 110, R140.
{2y AChBPs from A. califormics (PnlA[RS, B9, L0,

R14]), and {3} human of nAChR [I*nlA_!‘RQ. I.H}Jr. The
celculated ICq; values are 1.22 =004, 24+ 2 and 270 =
10 nM, respectively

Table 1. Pnmary structures of a-conotoxin PnlA and its proposed mutant analogs

C - PrlA MH" molecularwesght, Da
e TTW‘W‘] ! Amino acid sequence
AnC ILs anaiogs Theor Measur
PnlA GCCSLPPCAANNPDYC-NH; 1623.8 —
PnlA[RD] GCCSLPPCRANNPDYC-NH, 1708.9 17081
PnlA[RD, L10] GCCSLPPCRLNNPDYC-NH, 1731.0 1730.2
PnlA[RS, R9, L10, R14] GCCSRPPCRLNNPRYC-NH, 1835.1 1834.3

All peptides have amidated C end. Disulfide bonds in all peptides were formed between Cys2—Cys® and Cys3—Cyslé, analogowshy to most of
the natural a |-conotoxins, The introduced substitutions are marked gray. The calculated (Theor) and measured (Measur) by MALDI mass
cpectrometry molacular weights are shown,



® Fundamental problem :
principles of ligand-receptor recognition

® Practical tasks :

identification of distinct nAChR subtypes and
their quantification at normal state

and pathologies

(known and new toxins employed as tools)



Identification of o7 nAChRs in mouse dorsal root
ganglion with the aid of fluorescent a-bungarotoxin

Alexa 488 Bgt
wild type a7 -/-

Shelukhina et al. (2009) J. Neurochem. 109, 1087-1095.



Colocalization of a7 nAChRs

in dorsal root ganglion neurons with pain signal peptide
CGRP and nociceptive receptor TRPV1

( b ) [ Alexa-oBgt

E=INF200
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Shelukhina et al., Brain Str. Function, 2014






. Proteomic studies

Herpetolog[st
AZleOPSIH Vlad Starkov

from the Azemiops feae viper venom

DNWWPKPPHQGPRPPRPRPKP

the first peptide from animal venoms which blocks

muscle nicotinic receptor but does not
contain S-S bridges

By shortening and modifications (Ala-scanning) we came to a
S-member peptide retaining high activity.

Utkin Yu. et al., J Biol Chem. 287, 27079-86 (2012).



Dimeric S-S-bound a-cobratoxin

o7 and Torpedo nAChR o332 nAChR

S

b ; : R
o-CT oCT-aCT K-Bgt
10 % 0.01 % 0.1%

Dimerization is essential for 3-finger a-neurotoxins to recognize a

heteromeric nAChR

Osipov A.V. et al, J.Biol.Chem.283, 14571 (2008)



Crystal structure of dimeric a-cobratoxin

Osipov, Rucktooa et al, J.Biol.Chem. 287 , 6725-6734 (2012 ).



Action of polypeptide
and peptide toxins on

other Cys-loop receptors



Interaction of a-neurotoxins and other protein and

peptide neurotoxins with distinct subtypes of

GABA-A receptors

Kudryavtsey et al. J.Biol.Chem. 2015 (Epub)

McCann, C. M., Bracamontes, J., Steinbach, J. H., and Sanes, J. R. The
cholinergic antagonist alpha-bungarotoxin also binds and blocks a subset of

GABA receptors. Proc.
Natl. Acad. Sci. U. S. A. 103, 5149-5154 (2006)



Comparison of of a-bungarotoxin and
a-cobratoxin interaction with different
subtypes of GABA-A receptors

Alexa555 a-Bgt

Alexa5ds a-Ctx

Alexa555 a-Bgt Alexa546 a-Ctx
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Some long—chain a-neurotoxins and ‘‘non-
conventional’ toxins inhibit a13y2 GABA-A
receptor and some not.

a-Ctx LsIli WTX NTI
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Electrophysiology (C) and fluorescence (D) measurements
reveal non-competitive/competitive mode for a-Ctx
inhibition ofalf33y2 GABA-A receptor
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Tip of the a-cobratoxin loop II is essential for
inhibition of a1p3y2 GABA-A receptor
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Influence of single point mutations in a1 and a2
subunits of GABA-A receptor on inhibition by
a-cobratoxin
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Family of non-toxic
three-finger Ly6 proteins:

from insects to mammals



3F neurotoxins and endogenous proteins

Signal peptide M ATURE PROTETIN GPI
Intron 1 _W_
MTPLLTLILVVLMGLPLAQA GTGLATPATLALAPIL;;;;;;;Z\\\\\
1
[ [ | [ I |
RICEFNHQS------ SQ----P-QTT-KTCSPGESS-CYNKQW----S--DFRGT-II-ERGCG----C--P--TVK-P---G-IK---LSCCESEVCNN
1

IVCHTTA--T----S----- P--ISAVTCPPGENL-CYRKMWEDAFC--SSRGK-VV-ELGCAAT--C--P--S-KKP--Y----— EEVTCCSTDKCNPHPKQRPG
IRCFITPDIT----S--K-—-——--- D--CPNGH-V-CYTKTWEDAFC--SIRGK-RV-DLGCAAT--C--P--TVK--T--G-V--D-IQCCSTDNCNPFPTRKRP
LTCLNI—PEM—F——IG—KF ——————— QICRNGEKI-CFKKLHQRRPLS----WR-YI--RGCADT--C--P--—-- V----GKP-YEMIECCSTDKCNR
MKCKII——NFDT——I——R—AG——E—LKVCASGEKY—CFKESW—R ————— EARGT-RI-ERGCAAT--C--P---—- KGSVYG-L-Y--VLCCTTDDCN
LQCYNI—PNP—TADI——KTA———V———NCSSDFDA—CLI—T——KAGL ———————— QVYNK-CWKFEHCNENDVTTR-LRENE-LTY-Y--CCKKDLCNFNEQLEN*
LRCMQIKTNGD———I——R—————V—EE—CALGQDL—CRTTIVRLWEEGEEL———ELV—EKSCTHSEKTNRTLSYRTGLKITS—LT—E—VV—CGLDLCNQGNSGRAVTYSRSRY—

—LECISI—GSSDMS—I—ERGRHQS——LQ—CRSPEEQ—CLDVVTHWIQEGEEGRPKDDRHLRGCGYLPGC——P——GSNGFHNNDTFHFLK——CCNTTKCNEGPILELENLPQNG—
—RQCYSIKGNS—THGI————SSEETFLIDCRGPMNQ—CL—VATGTH—EP———KNQSYMV—RGCATASMC————QHAHLGDAFSMNH—IDVSCCTKSGCNHPDLDVQYRSG*

LDCHV@AYNGDN--@---F----NPMR-CPAMVAY-CMTTRT-YYT-P--TRMK--VS-KSCV--PRC——-——-— FETVYDGYSK-HASTTSCCQYDLCN¥*
LECHV@AYNGDN--@---F---K-PMR-CPAMATY-CMTTRT-YFT-P--YRMK--VR-KSCV--PSC----- FETVYDGYSK-HASATSCCQYYLCN*
IQCYQEEEFQLNND@SSP---E--FIVNCTVNVQDMCQKEVM--EQ-S--A-GIMY-R-KSCASSAACLIASAGYQSFCSPGKLNSVCISCCNTPLCN*
LLCYS@KAQVSNED@---LQ---V-E-NCTQLGEQ-CWTARIR-AV-G-LL-T--VIS-KGCS-L-NC-V-DDS-QDYYV-GK--KN-ITCCDTDLCNAS*
LOCYT@AS-PENSLEGREFSSSKVPTLPCPGT-DSVCI-K-GKSRV-GGDI-MVT--R--TCGTHSSC---QLFET--—-—-—-—-—-—-—-—-—— CQVCTSDKCN¥*
LHCWVISSDVD—PRIGDPFNMTHFAITDCNRDRMASSYLGSVGTCKKLKQIVGNEVTVIRSCHWDTDRSPSDSC—QTTS—YAKV——EHCSTCSTDTCN*
FKCFT@EKAADNYE@-NRWAP----DIYCPRDTRY-CYTQHT-MEVTGNSI-S---VT-KRCVPLEEC--LSTGCRDSEHEG--YKICTSCCEGNICN*
ECQTRSIYCYE@DSWTDA-R@KDPEFNYTALPR-DQP-PL-MTCNGCCVKMVRHQRSPYEVVRRMCTSQLQINLFMV--DHVCMME SSG--NGHMCFC-EEDMCN*
LKCNT@I-YTEGWKE-MAG----RG--TCIAKENELCSTTAY-FRGD-KHMYST--HM---CKYK--C---REEES-S-KRG--LLRVTLCCDRNFCNVF
LKCYT@KEPMTSAS@--RTI-T-R----CKP-EDTACMTTLVTVEAE-YPFNQSPVVT-RSCS-S-SC-VATD-P-DS-I-G--AAHLIFCCFRDLCNSEL
CHO@TGEFG---G@-SHG-S--R----CLRDS-THCVTTATRVLSNTEDL-PL--VT-KMC-HI-GC--P-DIPSLG-L-G--PYVSIACCQTSLCN
MLDCHVIAYNGDN——I———F————NPMR—CPAMVAY—CMTTRT—YYT—P——TRMK——VS—KSCV——PRC ————— FETVYDGYSK-HASTTSCCQYDLCNG
|

Tsetlin V. Trends Pharm. Sci.36, 109-123(2015)

erabutoxin a

o-bungarotoxin

a-cobratoxin

weak toxin

candoxin
CD59 human

uPAR b1

human
D3

Lynx1 human
Lynx1 mouse
Lynx2 mouse
PSCA human
Pr-lynx1
Nl-lynx1

Lypd6 mouse
SSS

PATE4 human

SLURP1 human
SLURP2 human

ws-Lynx1



Lynx 1 - endogenous ‘“prototoxin”, a
modulator of the nAChR activity
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Utkin et al.
J.Biol.Chem.276,

Miwa et al. 15810-15815 (2001)
Neuron 23,

105-14 (1999)

ws-Lynx1
Lyukmanova et al. J. Biol.Chem. 286,
10618-10627 (2011)



Ws-Lynx1 and its mutants bind with pM affinity
competitively to AChBP and muscle nAChR, but
non-competitively to neuronal nAChRs

Electrophysmlogy in Xenopus oocytes

g ® o A1 human o human wap2 A3 human 3p2
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Lyukmanova et al., J.Biol.Chem (2011, 2013)

Thomsen et al., Brain Str.and Function ( 2014)
Tsetlin Trends Pharm Sci. (2015)



a-Conotoxin ImlIl binds at different sites at neuronal
and muscle nicotinic receptors

a-conotoxin ImI GCCSDPRCAWRC*

a-conotoxin ImII ACCSDRRCRWRC*
(Ellison et al, J.Biol.Chem., 2003)

(a) 1
) 100+ _
= 80 | ~.
m =, 1
£ 0 s 80
- e o \ml
= 4 = 604 CTX \
] e
g o 404
;.E' = | —@— Imll
d g [
— : 8 20 —.sh_.. »
7 6 5 i 65 60 55 50 45 40 35 e =~ Imlliso

-lg [conotoxinsi (M)

- Ig [conotoxins], M OJ ool ImII(W10Y) -=_h
Imll Imllise ImII{W10Y) ImlIl Imlliso ImII(W10Y) 7?5 70 65 60 55 50 45 40
—— . _ﬂ-{_,_ ,,,,,,, - — 0 s . m... —lg [toxins] (M)
AChBP L.stagnalis o7 nAChR Torpedo nAChR
Binding at the classical site Binding outside

Kasheverov et al . J.Neurochem. 111,934-944 (2009)



Why do a-neurotoxins and LynxlI

have so different modes of action?
a-Neurotoxins are blocking nAChRs at nM
concentrations and virtually irreversibly .

whereas ws-lynx1 is active at ],lM concentrations

and can be Washed out qulckly . This might

explain a milder modulating activity of Lynx1 and its

homologs.



Competition of ws-lynx1 and its mutants with
[12°I]-a-bungarotoxin for binding to:

L.stagnalis AChBP T.californica nAChR
A B C
100{
SR $ 8 U 7
0380_ : 4 << « < X Q< X on 804 ; ;?
E 118858135 = |3 7
@60-3#&PI%>>— = 0
£ - 7 Tl [
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- Ig [compounds, M]



Electrophysiology: analysis of ws-lynx1
mutants effects on a7/GlyR chimera

A C

,PA Nic, 30 pM
600 -_—

400 - P36A /

443+98 || 443x98 || a53+132 | 300 pA
200 - n=7 n=7 n=4
control 10 sec
0 -
control T35A washout
B PA D PA
800 ]
800 -
600 — ]
600 - T
-
400 %
400 -
] 785+134 |l 534+122 |f] 618+86 ¢
200 - n=5 n=5
] I—% 200
0 — T T T T T T T T T T T II]_\ ]

control P36A washout



Similar or opposite effects of mutations on
binding to individual targets

loop III

1‘)1 vs4A lost interaction with o7
and 7Torpedo nAChR

for AChBP, but
lost activity loop II
against o7 Higher affinity for AChBP and a7
nAChR nAChR

Lyukmanova et al., J Biol Chem. 288, 15888-15899 (2013)




Naturally-occurring molecules and their
models, membrane-bound or soluble

NAChRS ---mcmmmmmmmccceeee AChBPs
Lynx1 (GPI-tethered) ----- ------ ws-Lynx1
SLURP-1 and SLURP-2 (no GPI) --secreted

Similar action of
ws-Lynx1 and
SLURP-1 on

o7 nAChRs
(unpublished)



Where is the enigmatic binding center on

‘)

neuronal nAChRs .

Muscle-type nAChR Neuronal o7 nAChR
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Kraits are venomous snakes of genus Bungarus from family Elapidae. Krait venoms are
generally neurotoxic, but toxicity strongly depends on the particular species and regional
origin of snakes. We analyzed the proteomes of Viethamese Bungarus multicinctus and
Bungarus fasciatus venoms both qualitatively and quantitatively. It should be noted that no
proteomic data for B. multicinctus venom existed so far. We have found that in this venom,
almost half (45%) of the proteins by weight was represented by B-bungarotoxins, followed
by three finger toxins (28%) and phospholipases A,(16%), other proteins being present at
the level of 1-3%. In B. fasciatus venom, phospholipase A,was the main component (71%),
followed by oxidase of I-amino acids (8%), acetylcholinesterase (5%) and
metalloproteinases (4%). Unexpectedly, extremely low amount of three finger toxins (1%)
was found in this venom. Interestingly, the presence of complement depleting factor was
observed in both venoms. Although our data showed the presence of the same toxin families
in Viethamese krait venoms as those found earlier in the venoms of kraits from other
geographic regions, their relative ratio is completely different. This concerns especially
B. fasciatus venom with predominant content of phospholipases A, and very low amount of

three finger toxins.

Quantitative
proteomic analysis of Viethamese krait venoms: Neurotoxins are the

major components in Bungarus multicinctus and phospholipases A2
in Bungarus fasciatus.

Ziganshin RH, Kovalchuk Sl, Arapidi GP, Starkov VG, Hoang AN, Thi
Nguyen TT, Nguyen KC, Shoibonov BB, Tsetlin VI, Utkin YN.



Latest news about Ly6—-nAChR interactions ...
SLEEPLESS (SSS)

1. induces sleep in Drosophila inhibiting

Lynx1 shifts nAChR nAChR or by potentiating Shaker type
stoichiometry to low sensitivity potassium channel
(04)3(B2)2 pentamers 2. Lynx1 in the cell culture binds to both

these targets

h h the i .
through the interaction Wu et al., Current Biology (2014)

in the endoplasmic

reticulum,
rather than via direct
modulation of activity on the

Ws-Lynx1 interacts with M3
muscarinic acetylcholine receptor

plasma membrane Lyukmanova et al. J.Biol.Chem,
Nichols et al., 2011
J.Biol.Chem.(2014)

Prototoxin Ly6h reduces trafficking of the a7 nAChRs to the cell
surface and potentiation of glutamate signaling

Puddifoot C. et al., J.Neurosci.35, 3420(2015)
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