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Discovery of proteins expressed in the central nervous system
sharing the three-finger structure with snake a-neurotoxins
provoked much interest to their role in brain functions. Proto-
toxin LYNX1, having homology both to Ly6 proteins and three-
finger neurotoxins, is the first identified member of this family
membrane-tethered by a GPI anchor, which considerably com-
plicates in vitro studies. We report for the first time the NMR
spatial structure for the water-soluble domain of human LYNX1
lacking a GPI anchor (ws-LYNX1) and its concentration-depen-
dent activity on nicotinic acetylcholine receptors (nAChRs). At
5-30 uM, ws-LYNX1 competed with ?°I-a-bungarotoxin for
binding to the acetylcholine-binding proteins (AChBPs) and to
Torpedo nAChR. Exposure of Xenopus oocytes expressing a7
nAChRs to 1 um ws-LYNX1 enhanced the response to acetyl-
choline, but no effect was detected on @432 and &332 nAChRs.
Increasing ws-LYNX1 concentration to 10 uMm caused a modest
inhibition of these three nAChR subtypes. A common feature
for ws-LYNX1 and LYNX1 is a decrease of nAChR sensitivity to
high concentrations of acetylcholine. NMR and functional anal-
ysis both demonstrate that ws-LYNX1 is an appropriate model
to shed light on the mechanism of LYNX1 action. Computer
modeling, based on ws-LYNX1 NMR structure and AChBP
x-ray structure, revealed a possible mode of ws-LYNX1 binding.

Endogenous “prototoxins” like LYNX1, LYNX2, SLURP-1,
and SLURP-2, belonging to the Ly6 protein family, modulate
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nicotinic acetylcholine receptors (nAChRs)? (1-8). In the cen-
tral nervous system, LYNX1 and LYNX2 regulate nAChR activ-
ity, preventing excessive excitation (3, 4). Gene deletion of
LYNX1 or LYNX2 indicates that these modulators are critical
for nAChR function in the brain. LYNX1 knock-out mice dem-
onstrated enhanced performance in specific tests of learning
ability and memory, whereas loss of LYNX2 results in increased
anxiety-related behaviors (3, 4). Prototoxins have also been
shown to affect cell growth in lung carcinoma (9), are involved
in skin diseases (6, 7), and are related to prostate stem cell anti-
gen (10).

LYNX1 and LYNX2 are tethered to the membrane by a GPI
anchor, which considerably complicates in vitro studies.
LYNX1 is co-localized in the brain with @42 and a7 nAChRs
(1-3), and its modulatory activity on a42 nAChR was shown
in experiments on Xenopus oocytes (1, 3). It was reported that
soluble form of LYNX1 (not containing a GPI anchor) potenti-
ates @432 receptor (1), but the concentration at which it acts
remains unknown. A secreted water-soluble protein SLURP-1
expressed in palmoplantar skin acts on a7 nAChR and regu-
lates keratinocyte proliferation (5).

It was predicted that the prototoxins should have a spatial
structure similar to that of snake venom a-neurotoxins, effec-
tive competitive inhibitors of nAChR (1). a-Neurotoxins are
characterized by a three-finger fold formed by three adjacent
loops arising from a small globular hydrophobic core, cross-
linked by four conserved disulfide bonds (11-13). Nicotinic
acetylcholine receptors are targeted by short-chain a-neuro-
toxins, by long-chain a-neurotoxins with additional fifth disul-
fide in the central loop II and an extended C-terminal tail, and
by structurally similar k-bungarotoxins, as well as by some so-
called nonconventional (or weak) neurotoxins. The latter, sim-
ilarly to Ly6 proteins, have the additional fifth disulfide bond in
the N-terminal loop I (see Fig. 1).

Elucidating molecular mechanisms of the prototoxins inter-
action with nAChRs requires the knowledge of their three-di-
mensional structures. Because the production of GPI-linked

3 The abbreviations used are: nAChR, nicotinic acetylcholine receptor; ws-
LYNX1, water-soluble LYNX1; ACh, acetylcholine; AChBP, acetylcholine-
binding protein; GPI, glycosylphosphatidylinositol; Ac-AChBP, Aplysia cali-
fornica AChBP; Ls-AChBP, Lymnaea stagnalis AChBP; mAChR, muscarinic
acetylcholine receptor; a-Cbtx, a-cobratoxin; WTX, weak toxin; a-Bgtx,
a-bungarotoxin; NMS, N-methylscopolamine; Epi, epibatidine.
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LYNX1 as an individual protein represents an unfeasible task, a
water-soluble LYNX1 appears to be a good substitute for struc-
tural analysis and may provide an adequate model for func-
tional studies. Here, we present the expression in Escherichia
coli of a water-soluble LYNX1 lacking a GPI anchor (ws-
LYNX1) and its high resolution NMR structure. It was found
that the protein has classical a three-finger fold formed by two
B-sheets composed of six antiparallel strands. A high degree of
structural homology between ws-LYNX1 and other members
of the Ly6/neurotoxin family was observed. Furthermore, we
demonstrated the interaction of ws-LYNX1 with acetylcholine-
binding proteins (AChBPs) and several nAChR subtypes. The
observed competition with '**I-a-bungarotoxin (a-Bgtx) for
binding to AChBPs and Torpedo nAChR revealed partial over-
lap in binding sites for ws-LYNX1 and a-neurotoxins on the
receptor surface. The concentration-dependent activation/de-
activation effects of ws-LYNX1 on a7 nAChR were observed in
electrophysiological experiments. This is of special interest
because for LYNX1 itself, no concentration dependences were
analyzed earlier.

EXPERIMENTAL PROCEDURES

Cloning and Bacterial Expression of ws-LYNXI—The ws-
lynx1 gene encoding 73 amino acids of water-soluble fragment
of a human LYNX1 (UniProt database accession no. Q9BZG9)
was constructed from six overlapping synthetic oligonucleo-
tides (supplemental Table S1) using a three-stage PCR. The
ws-lynxl gene was cloned into the expression vector pET-
22b(+) (Novagen) on the Ndel and BamHI restriction sites.
E. coli BL21(DE3) cells transformed with pET-22b(+)/ws-
lynx1 vector were grown at 37 °C on Terrific Broth medium
using a fermenter (Bioflow 3000, New Brunswick Scientific)
under automatic maintenance of oxygen content in the system
at a level of 30%. Gene expression was induced by addition of
isopropyl 1-thio-B-p-galactopyranoside to a final concentra-
tion of 0.025 mMm at Ay, 0.6, and cells were grown additionally
for 18 h. Ws-LYNX1 was purified and refolded as was described
for nonconventional neurotoxin WTX from Naja kaouthia
venom (17). Briefly, ws-LYNX1 was extracted from inclusion
bodies after incubation with 50 mm NaP,, 8 M urea, 1 mm tris(2-
carboxyethyl)phosphine, 5 mm DTT, pH 7.4. Next, reduced ws-
LYNX1 was purified on a SP Sepharose resin (GE Healthcare)
equilibrated in 50 mm NaP;, 8 Mm urea, 5 mm DTT, pH 5.0. The
protein was eluted by a gradient of NaCl. DTT and NaCl were
removed by gel filtration on a NAP-25 column (GE Healthcare)
equilibrated in 50 mm Tris/HCI, 8 m urea, pH 9.5. Refolding of
ws-LYNX1 was induced by dissolving of reduced protein in a
renaturation buffer (50 mm Tris/HCI, 1.5 M urea, 0.5 M L-Arg, 3
mM GSH, and 0.3 mm GSSG, pH 9.5) to final concentration of
0.1 mg/ml. Renaturation was performed during 3 days at 4 °C.
The refolded ws-LYNX1 was analyzed and purified on a
reverse-phase C4 HPLC column (4.6 X 250 mm, A300, Jupiter,
Phenomenex). For production of '°N-labeled ws-LYNXI,
transformed cells were grown on Terrific Broth medium until
Agoo 0f 0.6. The cells were harvested (2000 X g for 20 min) and
resuspended in an equal volume of minimal medium M9 con-
taining '"NH,Cl as a nitrogen source, and afterward, gene
expression was induced.
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NMR Experiments and Spatial Structure Calculation—The
NMR investigation was done using 0.5 mm samples of '>N-
labeled or unlabeled ws-LYNX1 in 5% D,O or 100% D,O at pH
5.3 and 25 °C. NMR spectra were acquired on a Bruker Avance
800 spectrometer equipped with a cryoprobe. "H and '°N res-
onance assignment was obtained by a standard procedure using
combination of two- and three-dimensional total correlation
spectroscopy (TOCSY) and NOESY spectra (18). The ]~ ,*
and ®J;® coupling constants were determined using three-
dimensional HNHA and HNHB experiments (19). The *J,,*,*
and ®J,,%,, coupling constants were measured using the ACME
program (20) in the COSY spectrum in 100% D,O solution.
Spatial structure calculation was performed in the CYANA
program (21). Upper interproton distance constraints were
derived from NOESY (1,, = 80 ms) cross-peaks via a “1/r°”
calibration. Torsion angle restraints and stereospecific assign-
ments were obtained from ] coupling constants and NOE inten-
sities. Hydrogen bonds were introduced basing on temperature
coefficients and deuterium exchange rates of HN protons (sup-
plemental Fig. S2). The disulfide bond connectivity pattern was
established on the basis of observed NOE contacts (22) and
verified during preliminary stages of spatial structure calcula-
tion. In the final rounds of structure calculation, lower distance
constraints (3.0 A), based on the expected cross-peaks but not
present in the NOESY spectra, were introduced. The NMR-
derived data (atomic coordinates, chemical shifts, and
restraints) have been deposited in the Protein Data Bank under
accession code 2L03.

Binding of ws-LYNX1I to nAChRs and AChBPs—The binding
of ws-LYNX1 to GH,C1 cells expressing human «7 nAChR,
nAChR-enriched Torpedo californica membranes, Aplysia
californica AChBP (Ac-AChBP), and Lymnaea stagnalis
AChBP (Ls-AChBP) was carried out in competitive experi-
ments with '*°I-a-Bgtx as described in Ref. 23. The tested
amounts of ws-LYNX1 (from 1 to 30 um) were preincubated 3 h
with the GH,Cl cells expressing human a7 nAChR (final con-
centration of toxin-binding sites, 0.4 nm), or nAChR-enriched
Torpedo membranes (final concentration of toxin-binding
sites, 1.25 nM), or the Ls-AChBP, or Ac-AChBP (final concen-
tration of toxin-binding sites 2.4 and 150 nm, respectively).
Binding with the GH,C1 cells and Torpedo membranes was
carried out in 50 ul of 20 mMm Tris/HCI buffer (containing 1
mg/ml of BSA, pH 8.0) and with the AChBPs, in 50 ul of binding
buffer (PBS, containing 0.7 mg/ml of BSA and 0.05% Tween 20,
pH 7.5), at 25°C. Next, "**I-a-Bgtx (~2000 Ci/mmol) was
added to a final concentration of 0.15-0.35 nwm for 5 min fol-
lowed by filtration of reaction mixture on GF/C filters (What-
man, Maidstone) presoaked in 0.25% polyethylenimine (for
cells and membranes) or on double DE-81 filters (Whatman)
presoaked in binding buffer (for AChBPs). Unbound radioac-
tivity was removed from the filters by washes (3 X 3 ml) with the
respective incubation buffers. Nonspecific binding was deter-
mined in the presence of 10 uM a-cobratoxin (a-Cbtx; 3-h
preincubation).

The binding of ws-LYNX1 to SH-EP1 epithelial cells express-
ing human 432 nAChR was carried out in competitive exper-
iments with [*H]epibatidine (49 Ci/mmol, Amersham Biosci-
ences) as follows. The tested amounts of ws-LYNX1 (from 1 to
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30 um) were incubated 4 h with SH-EP1 cells (final concentra-
tion of epibatidine-binding sites, 0.2 nm) and 2 nm [*H]epiba-
tidine. Filtration was performed on GF/C filters as mentioned
above, and nonspecific binding was determined in the presence
of 4 mM nicotine. Competition data were fit using ORIGIN
(version 7.5; OriginLab Corp.) to a one-site dose-response
curve using the Hill equation.

Binding of ws-LYNX1 to Muscarinic Acetylcholine Receptors—
Membranes from CHO cells expressing individual subtypes of
muscarinic receptors (for M; and M, 5 ug of membrane pro-
tein; for M,, M,, and M, 20 ug of membrane protein) were
incubated for 60 min at 30°C in the presence of 150 pm
[PH]INMS without (control) or with 10 um ws-LYNX1. Incuba-
tion was terminated by fast filtration through GF/B filters
(Whatman) essentially as described previously (24). Nonspe-
cific binding was determined in the presence of 10 um atropine.

Electrophysiology—Two-electrode voltage clamp experi-
ments were performed on Xenopus laevis oocytes. Oocytes
were prepared and injected as described in Ref. 25. Briefly,
oocytes were injected with 2 ng of cDNA encoding for human
a4 B2 (ratio 1:1), a3B2 (ratio 1:1), or a7 nAChRs and utilized
2-3 days later. All recordings were performed with an auto-
mated two-electrode voltage clamp robot. Oocytes were
clamped at —100 mV and perfused with OR2 (oocyte ringer)
containing 82.5 mm NaCl, 2.5 mm KCl, 2.5 mm Ca,Cl, 1 mm
MgCl,, 5 mm HEPES, and 20 pg/ml BSA. OR2 was adjusted to
pH 7.4. Atropine (0.5 um) was added to all solutions to block
activity of endogenous muscarinic receptors. Acetylcholine and
ws-LYNX1 were dissolved in OR2 just before use. Data were
digitized and analyzed off-line using MATLAB (Mathworks,
Natick, MA).

Computer Modeling of ws-LYNX1-Ls-AChBP Complex—The
x-ray structures of Ls-AChBP with nicotine, carbamylcholine,
and a-Cbtx (Protein Data Bank codes 1UW6, 1UV6, and 1YI5,
respectively) were used for modeling of the ws-LYNX1-Ls-
AChBP complex. All 20 NMR structures of ws-LYNX1 were
docked independently using both AutoDock (version 4) and
HEX (version 4.5) programs. The solutions of the complexes
were relaxed and underwent molecular dynamics simulation
with GROMACS for 20-ns trajectories as described in Ref. 26
(the OPLS-AA force field was used). Ws-LYNX1 structure was
also analyzed by molecular dynamics for 50 ns. The root mean
square deviation to starting coordinates did not exceed 2.5 A.

RESULTS

Expression of ws-LYNX1 in E. coli—The structural and func-
tional studies require the milligram quantities of a protein. For
obtaining the water-soluble domain of human LYNX1 (amino
acid residues 1-73), the production in bacterial E. coli cells was
chosen, as previous studies reported a successful application of
bacterial systems for expression of a-neurotoxins (27). Several
approaches, including the expression of thioredoxin-fused pro-
tein, secretion of ws-LYNX1 fused with the signal peptide of E.
coli heat-stable enterotoxin II (STII) (NCBI accession number
M35729), and the production in the form of E. coli inclusion
bodies with subsequent refolding, were tested. Despite the fact
that secretion system was the most efficient for production of
short-chain and long-chain a-neurotoxins (28), its application
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for ws-LYNX1 as well as production in the form of thioredoxin-
fused protein (29) were unsuccessful. However, the direct
expression into inclusion bodies followed by the refolding (see
“Experimental Procedures”) resulted in the milligram scaled
production of ws-LYNXI. Interestingly, a similar protocol was
previously successfully applied for bacterial production of non-
conventional (weak) toxin WTX from N. kaouthia venom,
which, similarly to LYNX1, contains a fifth disulfide bond in the
N-terminal loop (Fig. 1) (17). The yield of refolded ws-LYNX1
and of its '"N-labeled analog was 1.8 and 0.5 mg/l of bacterial
culture, respectively.

The homogeneity of the refolded ws-LYNX1 was confirmed
by SDS-PAGE, analytical HPLC, and mass spectrometry (sup-
plemental Fig. S1). The measured molecular mass of the recom-
binant protein (8400 Da) within experimental error coincides
with the calculated mass of water-soluble domain of human
LYNX1 (amino acids 1-73) with an additional Met residue at
the N terminus and five closed disulfide bridges (8399.6 Da,
supplemental Fig. S1C). Formation of disulfide bonds for the
refolded ws-LYNX1 was additionally confirmed using Ellman’s
reagent. CD spectroscopy of the refolded ws-LYNX1 revealed a
preferentially B-structural organization (supplemental Fig.
S1D).

Spatial Structure of ws-LYNX1I in Comparison with Struc-
tures of Other Three-finger Proteins—The spatial structure of
ws-LYNX1 was studied by "H-'>N NMR spectroscopy in aque-
ous solution at pH 5.3 (supplemental Fig. S2 and Table S2). The
calculated set of 20 ws-LYNX1 structures and the representa-
tive structure are shown on Fig. 2. The protein is composed by
three prolonged loops (I, II, and III) protruding from the “head”
region. The secondary structure of ws-LYNXI1 represents two
antiparallel B-sheets, one consisting of two strands (Asp®-His®
and Pro'”-Arg"? (loop I)) and another of four strands (Cys’—
Tyr® (loop 1), Tyr**~Thr>? (loop II), Arg**~Val*® (loop II), and
Ser®?—~Cys®” (loop III)). Almost the whole structure is well
defined, except for a part of the third loop (residues Thr*>—
Ala®") (Fig. 2B). The residues in this region demonstrate close
to random coil values of 'H chemical shifts and averaged
31, Ny* coupling constants with magnitudes ~7 Hz. Moreover,
no long and medium range NOE contacts were detected for
these residues indicating enhanced mobility of this fragment.

The ws-LYNX1 structure is stabilized by four disulfide bonds
in the head (Cys*-Cys*’, Cys*°-Cys*®, Cys*-Cys®, and
Cys®”—Cys”®) and one in the first loop (Cys’—Cys'*). These
results confirm the disposition of disulfide bonds earlier pro-
posed for LYNX1 (1). Apart from the backbone-backbone
hydrogen bonds associated with canonical elements of second-
ary structure, the head and loops of the protein are stabilized by
additional H-bonding and electrostatic interactions (Fig. 2C).
For instance, two hydrogen bonds (HN Leu”'~CO Asp® and
HN Asp®-0°' Asp”®) control the relative spatial arrangement
of N and C termini of the protein. The N-H-N hydrogen bond
(HN Asn'®~N°' His") and salt bridge (Asp>~Arg"®) stabilize the
first loop. The hydrogen bond HN Cys®*-O¢" Glu®' stabilizes
the third loop. In addition, several tight 8- and y-turns present
in the tips of the loops I and II and in the head region (supple-
mental Fig. S2). The comparison of NMR spectra of the ws-
LYNX1 measured at pH 5.3 and 7.0 (supplemental Fig. S3) indi-
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short-chain neurotoxins
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Erb a, Laticauda semifasciata RIC ——————————— P- QTTKTCSPG ESSCY OWSP-F---RGTII] GCG————CPTVKP ———————————— GIKLSCCESEVCNN 62
toxin o, Naja nigricollis LECHNQ@SSQ----------- P-PTTKTCP-G-ETNCY] ---RGTIIERGCG—---CPTVKP---=--—==—=== GIKLNCCTTDKCNN 61
long-chain neurotoxins

o-Cbtx, Naja kaouthia IRGFIT-----=-===-===-= PDITSKDCPNG--HVCYTKT SIRGKR GCAAT--CPTVKT----------—- GVDIQCCSTDNCNPEPTRKRP 71
o-Bgtx, Bungarus multicinctus IVEHTTATS-----------—- P-ISAVTCPPG-ENLCY! SSRG! GCAAT--CPSKKP--—------—-—- YEEVTCCSTDKCNPHPKQRPG 74
non-conventional toxins

candoxin, Bungarus candidus MKCKICNF----DTCRAG------ ELKVCASG-EKYCFKESWREA - - --RGTRIFRGEAAT--EPKGSVY-—--———-——- GLYVLECTTDDEN 66
WTX, Naja kaouthia LTCLNCPE----MFCGK-------- FQICRNG-EKICFKKLHORR---PLSWRYIRGCADT--CPVGKP--—-—-—=——==— YEMIECCSTDKCNR 65
lynx family

ws-lynxl, Homo sapiens MLDCHVCAYN--GDNCFN- -HASTTSCCQYDLCNG 74

LDCHVCAYN--GDNCFN—
LDCHVCAYN--GENCFN-
LECHVCAYN--GDNCFK---
IQCYQCEEFQLNNDCSSPE-

lynxl, Macaca mulatta
lynxl, Bos Taurus
lynxl, Mus musculus
lynx2, Mus musculus

'MRCPAM-VSYCMTTRT SKSCVPS—CFETVYDGYSK- -HASTTSCCQYDLCNG 73
-PMRCPAM-ATYCMTTRT YRMKVRKSCVPS—-CFETVYDGYSK-----~- HASATSCCQYYLCNG 73

-PMRCPAM-VAYCMTTRT P-—-- SKSCVPR-—CFETVYDGYSK-
PMRCPAM-VAYCMTTRT SKSCVPS-—CFETVYDGYSK- HASTTSCCQYDLCNS 73
LOCYNCPNP--TADCKT-—----—-.

CD59, Homo sapiens

CD59 a-cobratoxin

ws-lynx1 erabutoxin-a

. "A34

FIGURE 1. Amino acid sequence alignment of ws-LYNX1, other members of LYNX family (shown without GPI consensus sequence at the C terminus),
CD59, and three-finger a-neurotoxins from snake venoms (upper panel) and comparison of spatial structures of ws-LYNX1, CD59, candoxin, erabu-
toxin-a, and a-cobratoxin (lower panel). The sequence data were obtained from Swiss-Prot Protein Database. The artificially introduced Met' residue in the
ws-LYNX1 sequence is highlighted gray. Cysteine residues are colored in orange, and the disulfide linkages are shown. The atomic coordinates for a-Cbtx,
erabutoxin-a, candoxin, and CD59 were taken from the Protein Data Bank (Protein Data Bank codes 2CTX, 1QKD, 1JGK, and 2J8B, respectively). Residues of
a-Cbtx and erabutoxin-a important for binding to nAChRs according to mutagenesis data (14, 15), homologous residues in candoxin (16), and corresponding
residues in loop Il of ws-LYNX1 are shown. Aromatic, hydrophobic, positively charged, negatively charged, and polar residues are colored in green, yellow, blue,

red, and magenta, respectively.

cates that the protein has similar spatial structure at neutral and
moderately acidic conditions.

Because LYNX1 targets nAChRs, it is interesting to compare
its three-dimensional structure with those of snake venom
a-neurotoxins and some nonconventional toxins acting on
nAChRs (16, 30, 31). CD59, the complement regulatory protein
of the Ly6 family, was included for comparison because the
spatial structure is known for its GPI-lacking form (32, 33). Fig.
1 shows a similarity in the overall fold for all these proteins. The
fifth disulfide bond in the loop I is common for ws-LYNX1,
nonconventional toxins, and CD59. However, a large and
mostly disordered loop III is a unique feature of ws-LYNX1;
CD59 protein also contains quite long insertion in the loop III,
but this element is well structured and adopts an a-helical con-
formation in crystal and solution (32, 33).

ws-LYNX1 Binding to AChBPs, nAChRs, and Muscarinic
AChRs—Previous studies demonstrated LYNX1 effects on the
ACh-induced currents in Xenopus oocytes and cell lines
expressing a482 nAChR (1-3). However, it was not possible to
quantify the observed activity and measure K, or EC;, for
LYNX1 effects. Here, we measured the binding parameters for
ws-LYNX1 interaction with nAChRs as well as with Ac-AChBP
and Ls-AChBP, excellent structural models for nAChR ligand-
binding domains (34). Because homo-oligomeric AChBPs are
most similar to &7 homo-oligomeric nAChR, and as Ls-AChBP
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binds a-Bgtx with nanomolar affinity, competition with radio-
active a-Bgtx allows the detection of compounds that should
bind to &7 nAChR (34, 35). Moreover, compounds that target
other nAChR subtypes may also interact with AChBPs,
although with a lower affinity (36).

The competition experiments with ?°I-a-Bgtx yielded an
IC,, ~ 10 pum for ws-LYNX1 binding to AChBPs (Fig. 3A).
Although the affinity is not high, the attempts to crystallize the
ws-LYNX1-AChBP complexes were undertaken but still did
not yield positive results.* The binding of ws-LYNX1 to AChBPs
suggests that it may also bind to nAChRs. Indeed, the presence
of tight complexes of LYNX1 and a7 or o432 nAChRs was
earlier shown by co-immunoprecipitation (1-3). However, in
the case of human a7 nAChRs overexpressed in the GH,C, cell
line, no competition with a-Bgtx was detected at 30 um ws-
LYNX1 (Fig. 3C). Under the conditions necessary to analyze
competition with [*H]epibatidine for binding to o482 nAChR
in the SH-EP1 epithelial cell line, we achieved the same 30 um
concentration of ws-LYNX1, which did not show any inhibition
(Fig. 3D). For comparison, the displacements of these radioac-
tive ligands by a-bungarotoxin and epibatidine, respectively,
are shown in these figures.

4P. Rucktooa and T. Sixma, private communication.
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FIGURE 2. NMR data define the spatial structure of ws-LYNX1 in aqueous solution. A, two-dimensional "H,">N-HSQC spectrum of ws-LYNX1 (0.5 mm, pH 5.3,
25 °C). The obtained resonance assignments are shown. The resonances of side chain groups are marked with an S. The resonances of Asn and GIn NH, groups
are connected by dotted lines. B, the set of the best 20 ws-LYNX1 structures superimposed over the backbone atoms in regions with well defined structure. The
three loops and head of the protein are labeled. C, ribbon representation of ws-LYNX1 spatial structure. The electrostatic and hydrogen bonding interactions
that stabilize the protein fold are shown. The Arg, Asp/Glu, and His side chains participating in salt bridges and hydrogen bonds with backbone amides are in
blue, red, and green, respectively. The hydrogen bond HN Leu”"-CO Asp? is also shown. Backbone amide and carbonyl groups are shown by blue and red spheres,

respectively. The disulfide bonds are shown in orange.

Because LYNX2 was co-immunoprecipitated with muscle
nAChR (4), we tested ws-LYNX1 binding to the muscle-type
nAChR from T. californica and found IC, to be ~30 um (Fig.
3B). Thus, the observed competitions pointed to a possible
overlap in ws-LYNX1 and a-neurotoxin binding sites on the
surfaces of AChBPs and muscle type nAChR.

The additional disulfide bond in the loop I and micromolar
affinity to the muscle type and a7 nAChRs are characteristic for
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some nonconventional neurotoxins, e.g. WTX (37). Because
WTX binding to muscarinic acetylcholine receptors has been
reported recently (38), we tested the interaction of ws-LYNX1
with M;—M; muscarinic receptors. Fig. 3E shows that 10 um
ws-LYNX1 had no effect on all tested subtypes, with the excep-
tion of the M, receptor, for which a statistically significant 15%
increase in [*’H]N-methylscopolamine (NMS) binding in the
presence of ws-LYNX1 was observed. A weak positive allosteric
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FIGURE 3. Binding of ws-LYNX1 to AChBPs and nicotinic and muscarinic acetylcholine receptors. Competition of ws-LYNX1 with '?*l-a-Bgtx for binding
to Ls-AChBP and Ac-AChBP (A), to membrane-bound nAChR from T. californica (B), and to a7 nAChR in the GH,C, cell line (C). Competition of ws-LYNX1 with
[PHlepibatidine for binding to @432 nAChR in the SH-EP1 cell line is shown in D. For comparison, the displacements of '*°I-a-Bgtx and [*H]epibatidine by
unlabeled Bgtx and epibatidine are also shown in these panels. Each point is mean = S.E. of three independent experiments. The Hill equation (y = 100/(1 +
([toxin]/ICs0)™™)) was fitted to normalized data (% of control binding). The calculated parameters ICs, and nH were 10.7 um and 1.5 for Ls-AChBP, 9.4 umand 1.2
for Ac-AChBP, and 24 um and 2.3 for muscle-type nAChR. E, effects of 10 um ws-LYNX1 on [*HINMS binding at M,-Ms human muscarinic receptors expressed
in membranes of CHO cells. The asterisk indicates that binding of [PHINMS to the M, receptor in the presence of ws-LYNX1 was significantly different from
control (p < 0.05, according to t test). Each pointis mean * S.E. of quadruplicates. F, interaction of ws-LYNX1 with [?HINMS binding at muscarinic M, receptor.
Membranes expressing M, muscarinic receptor (5 ug of protein) were incubated in the presence of indicated concentrations of ws-LYNX1 and 108 pm P H]NMS.
[PHINMS binding is expressed in percent of control binding in the absence of ws-LYNX1. Each point is mean = S.E. of quadruplicates. The equation (y = 100 X
(INMS] + K)/(INMS] + K, X (K, + 10MWsEYNXU) /(i 1owsLYNXTI/e)) a5 fitted to normalized data (% of control binding). K, of [PHINMS binding (207 pm) was
determined in parallel saturation experiment. Estimated parameters are K, (equilibrium dissociation constant of ws-LYNX1) 3.0 um and a factor of cooperativity
(o) of 0.8. The correlation coefficient of the fit is 0.8.

interaction (factor of cooperativity o ~ 0.8) between obtained preliminary data point to a possible existence of non-
ws-LYNX1 and [*’H]NMS was confirmed in a pseudocompeti- nAChR molecular targets for LYNX1.

tion experiment at the M, receptor (Fig. 3F). The affinity of Electrophysiology Studies and Effect of ws-LYNX1 on Human
ws-LYNX1 was relatively low (K, ~ 3 um) as compared with the =~ nAChRs—Electrophysiological recordings were performed on
reported affinity of WTX (K, ~ 0.3 uM). Nevertheless, the Xenopus oocytes expressing o432, @332, and a7 nAChRs in the
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FIGURE 4. Effect of ws-LYNX1 on nAChRs expressed in Xenopus oocytes. A1-A3, concentration-response curve for ACh on human a7 (A7), human a4 32 (A2),
and human a382 nAChRs (A3) in the absence and presence of 1 um ws-LYNX1. B71-B3, ACh-induced responses on human a7 (B7), human a4 82 (B2),and human
a3B2nAChRs (B3) in the absence and presence of 10 umws-LYNX1. C7-C3, ACh-evoked activation curves of the fitted data for human a7 (C7), human o482 (C2),
and human a382 nAChRs (C3) in the absence and presence of 1 and 10 um ws-LYNX1 (n = 3-11). The highest ws-LYNX1 concentration (10 um) affects the
higher ACh-induced responses. At 1 um ws-LYNX1 an increased response was observed for human a7 nAChR at 1000 um ACh.
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FIGURE 5. Effect of 1 um ws-LYNX1 on human a7 nAChR expressed in
Xenopus oocytes. A, five repetitive ACh (1000 um) responses in the absence
and presence of 1 um ws-LYNX1. B, bar diagram of the data (n = 6), 1T um
ws-LYNX1 increases the ACh response.

absence and presence of 1 um or 10 uM ws-LYNX1. Currents
were measured at —100 mV and elicited by different ACh con-
centrations ranging from 10 nm to 1 mM. Application of 1 um
ws-LYNX1 showed no effect on a482 and «332; however, a
slight enhancement of the ACh-induced currents was observed
for a7 nAChR (Fig. 4, A and C). This effect was confirmed in
another batch of cells using a single concentration of 1 mm ACh
with or without exposure to 1 um ws-LYNX1 (n = 6) (Fig. 5).
Contrary to that, the application of 10 um ws-LYNX1 resulted
in inhibition of the ACh-induced currents for all three recep-
tors, but the effect was more profound on a42 nAChRs (Fig. 4,
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B and C). Interestingly, the blocking effect of ws-LYNX is not
suppressed by increasing ACh concentrations but becomes
even more visible, especially for o482 nAChRs as was earlier
observed for the membrane-tethered LYNX1 (2). This suggests
that inhibition caused by ws-LYNX1 is probably not competi-
tive. For naturally occurring LYNX1 (although at unknown
concentrations), an increase in desensitization rate has been
described for 482 nAChR (2), but our data did not reveal sig-
nificant modification of the response time course in the pres-
ence of 1 uM or 10 uMm ws-LYNX1 for any of receptors tested.
Computer Modeling of ws-LYNX1 Interaction with AChBP—
The established NMR structure of ws-LYNX1 made possible the
docking of ws-LYNX1 to Ls-AChBP and the comparison with
binding modes for three-finger a-neurotoxins. The Ls-AChBP
structures, with either loop C in an outward position (as in com-
plex with competitive antagonist a-Cbtx) or shifted to the central
axis (as in complexes with agonists carbamylcholine and nicotine)
(39, 40), were used. The docking and subsequent molecular
dynamics studies revealed that the ws-LYNX1 affinity to
Ls-AChBP in the latter case was considerably higher (estimated
energies of interaction are —239 and —342 kJ/mol/binding site,
respectively). Thus, ws-LYNX1 appears to stabilize loop C in the
position characteristic for Ls-AChBP complexes with agonists.

VOLUME 286+NUMBER 12+MARCH 25,2011



Structure-Function Study of Water-soluble LYNX1

= loopll \ ~

/

FIGURE 6. Model of ws-LYNX1-Ls-AChBP complex (A) in comparison with the x-ray structure of a-Cbtx-Ls-AChBP complex (Protein Data Bank code
1Y15) (B). One subunit of AChBP (principal side of the interface) is in blue; the other (complementary side) is in green. The vicinal disulfide bond in C-loop of
AChBP is marked by yellow. Ws-LYNX1 and a-Cbtx are in orange and beige, respectively. An ACh molecule is shown in A using a space-filled representation.

The resulting model for complex ws-LYNX1-Ls-AChBP is
shown in Fig. 6A4, and the structure of the a-Cbtx-Ls-AChBP
complex (39) is given for comparison (Fig. 6B). Similarly to
a-neurotoxins, the central loop II of ws-LYNX1 interacts with
loop C of the AChBP protomer. At the same time, the model
revealed some differences in the binding modes of ws-LYNX1
and a-Cbtx with Ls-AChBP. These include the disposition of
the loop C and opposite orientations of ligands; the loop I of
ws-LYNX1 is below loop II, and the loop I of a-Cbtx is above.

DISCUSSION

Membrane-tethered proteins LYNX1 and LYNX2 are co-lo-
calized with some nAChR subtypes and modulate their activity.
The structure-function investigations of these natural GPI-
tagged proteins would meet considerable problems, including
their production in sufficient amounts, solubilization, and esti-
mation of the effective concentrations. Thus, we focused our
study on a recombinant water-soluble analog of LYNX1 that
can permit detailed structure-function characterization. Due to
expected spatial similarity of LYNX1 with secreted three-finger
neurotoxins, we supposed that their action on nAChRs should
have some common features and, at least in part, does not
require the GPI anchor. Indeed, our NMR study revealed a high
degree of structural homology between ws-LYNX1 expressed
in E. coli and snake venom «-neurotoxins (Fig. 1). Moreover,
the comparison of obtained electrophysiological data on ws-
LYNX1 with previous investigations of natural membrane-
tethered LYNX1 (2) revealed some similarities in their action
on nAChRs (see below).

The presented data reveal new facets in the molecular mech-
anism of LYNXI1 action on the nicotinic receptors. One such
finding is the observation of competition between ws-LYNX1
and long-chain a-neurotoxin (a-Bgtx) for binding to Torpedo
nAChR and to AChBPs. The measured binding parameters
(Fig. 3, A and B) supplement the earlier co-immunoprecipita-
tion data on binding of LYNX1 or LYNX2 to a4f32, a7, and
muscle-type nAChRs (2—4). The observed profound inhibition
of ACh-evoked currents by 10 um ws-LYNX1 in 432 nAChR
(Fig. 4) agrees well with the previous proposal that this receptor
subtype is possibly the major target for GPI-anchored proto-
toxins LYNX1 and LYNX2 (2—4). Fig. 4 shows that 10 um ws-
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LYNX1 also inhibited (reduced the current amplitude) a7 and
a3B2 nAChRs. No substantial effects were observed for a7
nAChR at 10 uM ACh, but a clear reduction of the current was
registered at 100 and 1000 um ACh. Interestingly, ws-LYNX1 at
1 pum had no effect on currents induced in @42 and «a332
nAChRs but significantly increased the current of a7 nAChRs
(Fig. 5). These data imply the presence of concentration-depen-
dent effects of ws-LYNX1 on a7 nAChRs resulting in potenti-
ation or inhibition of the current amplitude. It should be noted
that attempts to elucidate the concentration dependences were
made previously only for the insect analog of LYNX1 by varying
the amount of its cRNA introduced into oocytes (41). More-
over, LYNX1 action on @332 nAChRs was not reported
previously.

Because in binding studies we saw neither inhibition of
[*H]epibatidine binding to @482 nAChR nor of '*°I-a-Bgtx
association with a7 nAChR at 30 um ws-LYNX1, the effects
observed in electrophysiological experiments with 1 and 10 um
ws-LYNX1 indicate that, at least in part, its activity could arise
from binding outside the classical nAChR binding site for ago-
nists/competitive antagonists. This assumption is further sup-
ported by the fact that in electrophysiological experiments, the
inhibitory effect of ws-LYNX1 becomes even more pronounced
at high concentrations of ACh (Fig. 4, C2).

The observed competition between ws-LYNX1 and a-Bgtx
for binding to muscle type nAChR and AChBPs suggests that
the ws-LYNX1 binding site at least partially overlaps with the
a-neurotoxin binding sites on these targets. The differences in
the ws-LYNX1 interactions with distinct nAChR subtypes can
be compared with those of the three-finger neurotoxins and
a-conotoxins: a-Bgtx, a long-chain neurotoxin, binds to the a7
and muscle-type nAChRs, whereas short-chain neurotoxins
target only the latter type. The most relevant to our case is the
example of a-conotoxin Imll; it has the same potency as
a-conotoxin Iml in blocking «7 nAChR but displaces '*°I-a-
Bgtx much more weakly (42). Moreover, it has been recently
shown that binding of a-conotoxin ImII occurs at the classical
site for agonists and competitive antagonists on AChBPs and
a7 nAChR, whereas at Torpedo nAChR, this conotoxin binds
mainly beyond this site (23).
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The different action modes of ws-LYNX1 and snake neuro-
toxins can be attributed to considerable differences in the
nature of their functional groups brought to the binding sites at
the receptor. Fig. 1 depicts a-Cbtx side chains important for
interaction with &7 nAChRs (14), whereas those necessary for
binding of short-chain a-neurotoxins to muscle-type receptors
(15) are shown on erabutoxin-a. The short- and long-chain
neurotoxins, together with those nonconventional neurotoxins
that block nAChRs with high affinity (e.g. candoxin (16)), have
in loop II a combination of aromatic, positively and negatively
charged residues (Fig. 1), which possibly determine the target-
ing of the toxin to the ligand binding pocket on the receptor
surface (39, 43). A positively charged residue located in the tip
of loop II (Arg®® in a-Cbtx and erabutoxin-a or Arg® in can-
doxin) imitates a positive charge of ACh, thus preventing the
simultaneous binding of neurotoxin and the agonist. Ws-
LYNX1 does not have such a set of residues and in principle can
be targeted to another site on the receptor surface, leaving a
possibility for simultaneous ACh binding.

There is another group of three-finger proteins, so-called
muscarinic toxins, mostly found in black mamba venoms,
which block muscarinic acetylcholine receptors (44). The dual
action of a three-finger protein on the nicotinic and muscarinic
AChRs was described for WTX, a nonconventional weak neu-
rotoxin from the N. kaouthia venom (38). In the present report,
we showed the preliminary data about the ws-LYNX1 action on
the M, subtype of human muscarinic AChR (Fig. 3, E and F),
which, in view of the described similarities in the activity of
ws-LYNX1 and LYNX1 on the nAChRs, suggest the necessity
to check the action of GPI-attached LYNX1 on muscarinic
AChRs and other putative targets.

Attaching a-Bgtx, a three-finger neurotoxin, to the mem-
brane via GPIanchor preserved its inhibition of &7 nAChR (45).
Our work, on the other hand, shows that the detachment of
LYNXI1, also a three-finger protein, from the membrane does
not destroy its activity. The release of water-soluble forms from
GPI-containing proteins due to effects of proteases and phos-
pholipases is well known (46); such forms were detected for
CD59 (33) and for uPAR proteins (composed of the prototypi-
cal three-finger domains), especially in cancer cells (47, 48).
Thus, our results suggest that if membrane-detached LYNX1
arises, some in vivo activities similar to those of ws-LYNX1 may
be anticipated.

The determined high resolution spatial structure of ws-lynx1
makes it possible to analyze how this molecule, and probably its
progenitor LYNX1, recognizes the target. As the highest affin-
ity for ws-LYNX1 was observed in binding to AChBPs, and the
x-ray structures for these proteins are known, at the first stage,
we confined this analysis to computer modeling of the
ws-LYNX1 complex with the L. stagnalis AChBP. We have
chosen this particular protein because the x-ray structure of its
complex with a-Cbtx, a three-finger neurotoxin, is known (39).

The results of docking and molecular dynamics illustrate a
general similarity between binding of ws-LYNX1 and a-Cbtx
(Fig. 6). However, marked dissimilarities were also identified;
a-Cbtx approaches the target with one side of its relatively flat
molecule, whereas ws-LYNX1 approaches with the opposite
side. In addition, the binding site for ws-LYNX1 overlaps only
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partially with that for snake neurotoxin. Contrary to a-Cbtx
(Fig. 6), ws-LYNX1 appears to stabilize the loop C of AChBP in
position closer to the central axis in a conformation that was
observed previously in complexes of AChBPs with agonists
(40). In principle, this would even allow a simultaneous binding
of ws-LYNX1 and acetylcholine depicted in the model. How-
ever, further studies are needed to verify how this model is close
to reality and to what extent it is applicable to different nAChR
subtypes.

In summary, the results presented here demonstrate that
the water-soluble domain of human LYNX1 (ws-LYNX1),
obtained by expression in E. coli, is an individual protein with
the correct primary structure and well defined three-dimen-
sional structure. A high resolution NMR study of ws-LYNX1
demonstrated a three-finger fold well characterized earlier for
snake venom neurotoxins. However, the marked differences
between ws-LYNX1 and neurotoxins in the conformation of
individual loops were revealed. In general, it was shown that
ws-LYNX1 provides a good model to elucidate at the molecular
level the modulatory effects of LYNX1 on nAChRs. Indeed, we
characterized the interaction of ws-LYNX1 with several
nAChR subtypes and AChBPs. Our results for the first time
demonstrated a concentration dependence of ws-LYNX1 mod-
ulatory effects and indicated that the activity of the naturally
occurring LYNX1 and its congeners is most probably not
restricted to o482 nAChR. Determination of the high resolu-
tion NMR structure of ws-LYNX1, one of the initial stages of
our research in this field, made docking and molecular dynam-
ics analysis of ws-LYNX1 interaction with its targets possible.
We hope that future mutagenesis studies, based on the solved
spatial structure of ws-LYNX1 and computational models, will
shed light on the detailed molecular mechanisms of LYNX1
modulating effects.
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