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Mapping the Structural Requirements for Nicotinic Acetylcholine Receptor
Activation by Using Tethered Alkyltrimethylammonium Agonists and Antagohists
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ABSTRACT:. A molecule as simple in structure as tetramethylammonium gates the nicotinic acetylcholine
receptor (hAAChR) with high efficacy. To compare the structure of the nAChR transmitter binding site in
the open channel state with that of the ACh binding protein, we determined the efficacy of NAChR gating
by —S(CH,)nN(CHs)s* (n = 1—4) tethered to substituted cysteines at positions iratkabunits ory and

0 subunits predicted to contribute to the ACh binding sites in mutampedonAChRs expressed in
Xenopu®ocytes. For tethered thiocholine $(CH.).N(CHz)s1], we previously reported that withinl95—

201 gating was observed only @¥198C while ataY93C it acted as an antagonist. We now show that
within a191-194, thiocholine activates when tethered&tys192 orCys193. Thiocholine also activates
when tethered attY190C or aW149C in nAChRs containing # subunit mutation fL257S) that
destabilizes the closed channel, but not freWt55COW57C, where longer adducts can activate. When
tethered at positions in binding site segment E, thiocholine activates onlyyftdf9C6HL121C, where

the shorter—S(CH,)1N(CH3)t acts as an antagonist. Longer adducts tethered 209C/L111C or
yL119CHL121C also activate, but less efficiently. The length requirements for efficient gating by tethered
agonists agree closely with predictions based upon the structure of the agonist site in a nAChR homology
model derived from the ACh binding protein structure, which suggests that this structure is an excellent
model of the nAChR agonist binding site in the open channel conformation. The inability of thiocholine
to activate fromoY93C, which is not predicted by the model, is discussed in terms of the structure of the
NAChR in the closed state.

The “cystine-loop” superfamily of transmitter-gated ion binding protein (AChBP), a soluble homopentamer with a
channels includes nicotinic acetylcholine receptors (nAChRs) subunit core organized as a hydrophgbisandwich and the
and serotonin 5-Hf receptors, containing cation selective transmitter binding sites at a position that in the nAChR
channels, as well as GABand glycine receptors with anion  would be 30 A above the bilaye5,(6). The AChBP structure
selective channeld (4). These receptors are each made up has been used to refine 4 A resolution the structure of the
of five identical or homologous transmembrane subunits TorpedonAChR transmembrane and extracellular domains
associated about a central axis that forms the ion channel,n the absence of agonist,@). The transmitter binding sites
and their transmitter binding sites are located in the extra- in the AChBP and nAChR are formed by amino acids from
cellular domain at subunit interfaces. The nAChRs of three noncontiguous stretches of primary structure of one
vertebrate skeletal muscle and the electric organs of a marinesubunit (segments AC, nAChRa subunit) and from two
ray, Torpedq have a subunit stoichiometry of;3yd, and regions of the adjacent subunit (segments D and E, nAChR
the transmitter binding sites are at ey anda—0 subunit y or ¢ subunit). In the AChBP, five aromatic amino acids
interfaces. from segments AD form a core aromatic “pocket” with a

The structure of the extracellular (N-terminal) domain of dimension optimal for accommodation of a trimethylammo-
a nAChR is homologous to that of the snail acetylcholine nium group. The binding site is “capped” by a vicinal
disulfide (NnAChRaCys192/193) forming the turn between

T This research was supported in part by United States Public Health an_tlpa_rallelﬂ strands 9 ar!d 10 (segment C), and _the amino
Service Grants NS 19522 and GM-58448. acids in they or 6 subunit closest to the aromatic pocket

* To whom correspondence should be addressed: Department ofare on three antiparall@ strands that form part of a rigid
e e ey s o™ %an: fourstrand sheet. Incontrast for the nACHR inthe absence
E-mail: jonathan_cohen@hms.harvard.edu. of agonist, there is a reorientation of binding site segments

1 Abbreviations: ACh, acetylcholine; AChBP, acetylcholine binding A—C resulting in the absence of the highly structured, core
protein ofLymnea stagnalimAChR, nicotinic acetylcholine receptor;  gromatic pocket, 8).
o-BgTx, a-bungarotoxin; TMA, tetramethylammonium; MTS, meth- o . .
anethiosulfonate; MTSEMA, [n-(trimethylammonium)(Ch),Jmethane- The ACh binding site structure of the AChBP in the
thiosulfonate, where = 1—4; MTSGTEA, [2-(triethylammonium)- presence of HEPES or agonist 6) is likely to approximate

ethyllmethanethiosulfonate; MTSEA, 2-aminoethylmethanethiosul- ; indi ; ;
fonate; MTSPrCh, 2-carboxyethylmethanethiosulfonate, choline ester; the structure of the nAChR transmitter binding sites in

MBTA. 4-(N-maleimido)benzyltrimethylammonium; BrACh, bromo-  r€ceptor conformations with high affinity fqr_ agonist, i.e.,
acetylcholine; TCEP, tris(2-carboxyethyl)phosphine. the open channel state and/or a desensitized state. One
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method of testing this experimentally is to determine whether ~ ©

the structural requirements for tethered agonists in a NAChR
are consistent with predictions based upon the distance

relations within the AChBP structure. A molecule as simple
as tetramethylammonium (TMA) gates the nAChR with high
efficacy, albeit with low potencyd; 10). Bromoacetylcholine
acts as a tethered agonist after reaction wiys192 or
aCys193 in reduced, native nAChREIL( 12), and thiocho-
line acts as an agonist when tetheredc#.98C but not at
other positions of Cys substitution withml195-201 or at
aY93C (13, 14).

In this report, we express Cys mutahdrpedonAChRs
in Xenopusoocytes and tether alkyltrimethylammonium
compounds of varying chain length in thheandd subunits
near the ACh binding sites or at additional positions in the
o subunits ¢188-194 andal149) to determine distance
relations that are important for activation. Functional proper-
ties are compared for mutant nAChRs after reaction with
trimethylammonium-alkyl-methanethiosulfonates (MTSs) of
varying chain length (MTSE'MAS), bromoacetylcholine,
and MTSpropionylcholine (MTSPrCh). Since each CH
group increases the maximal length of the tether by 0.8 A,
comparison of responses for tethere8(CH,),N(CHz)s™ (n
= 1-4) allows a definition at angstrom resolution of the
orientation of the positive charge relative to the binding site
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FiIGure 1. Structures.

MTSC,TEA

the unique BsiWI and BstXI restriction sites within tjse
subunit coding region. GIBCO PCR Super Mix High Fidelity
was used in the reactions as specified by the manufacturer’s
protocol. PCR products were purified and DNA enzymatic
reactions performed as described previoudl§).(aC192S,
0aC192S546C193S,0W57C, 6D59C, 6T119C, andoP123C
mutants were constructed using the Quick Change site-
directed mutagenesis kit (Stratagene). Oligonucleotide prim-

amino acids. Comparison of the length requirements for ers were purchased from Invitrogen LifeTechnologies. Bio-

gating reported here and in previous studi&3, (4) with

Rad miniprep kits were used to propagate plasmid DNA.

the tether lengths necessary to position the positive chargeMutants constructed using overlap extension were confirmed

in the center of the aromatic box forming the transmitter
binding site in the nAChR homology model based on the

by sequencing (Biopolymers Facility, Howard Hughes Medi-
cal Institute, Harvard Medical School) through the PCR

AChBP indicates that this structure provides an excellent region, and mutants prepared by the Quick Change method

model of the structure of the nAChR ACh site associated

with channel gating. However, the structure does not predict

the observed inability to activate when tethered®03C,

were confirmed by sequencing the entire coding region.
Electrophysiologyln vitro transcription ofT. californica
NAChR subunit specific cRNAs as well as the protocols for

which is better understood by consideration of the structure the isolation and injection oKenopus lagis oocytes and

of the nAChR transmitter binding site in the absence of
agonist.

EXPERIMENTAL PROCEDURES

cDNA MutagenesigConstruction of the nAChRY93C,
aW149C, aY190C, aY198C, yW55C, yE57C, yN107C,
yL109C, andyY113C mutants was described previoud$,(
14). Most new subunit mutants were constructed by “overlap
extension” PCR usingorpedo californicanAChR subunit
plamids €, v, ando in pMXT andp in pSP64) as described
previously (3). Theo subunit mutants:vV188C, otY189C,
aT191C, aC193S, andaP194C were generated using
primers which gave a PCR product 6f1200 bp that was
subcloned using the unique restriction sites BsiWI and Bbsl
of the a subunit coding region. Single Cys substitutions
within y114—121 were generated in ax1100 bp PCR
product that was subcloned using the Hindlll site in the
vector and the unique Stul site in threcoding region. The
0 subunit mutants (N109C, L111C, and L121C) were
generated using primers which gave a%00 bp PCR

the measurement of nAChR responses by two-electrode
voltage clamp were carried out as described previodsdy. (
The Cys mutant NnAChR subunit RNA was mixed with the
appropriate wild-type subunit RNAs at aug/y/0 molar
ratio. Isolated, follicle-free oocytes were injected with-8.5
10 ng of subunit specific RNAs, and the currents elicited by
ACh were measured 2472 h later. Salts, atropine, ACh,
and bromoacetylcholine were from Sigma (St. Louis, MO).
MTS reagents (Figure 1, MTSTMA, MTSC,TMA, MTSCs-
TMA, MTSC,TMA, MTSC,TEA, MTSEA, and MTSPrCh)
and maleimidobenzyltrimethylammonium (MBTA) were
from Toronto Research Chemicals (North York, ON). Tris-
(2-carboxyethyl)phosphine (TCEP) and Biotin-PEO male-
imide were from Pierce (Rockford, IL). ACh dosessponse
curves were fit to the equatiollmax = [1 + (Kapd
[ACh])™]~1, wherel andlnaxare the currents at the specified
concentration of ACh and the maximal current, respectively.
Kapp is the apparent activation constant for ACh, andis

the Hill coefficient. PCLAMP (Axon Instruments, Foster
City, CA) and SigmaPlot (SPSS Inc., Chicago, IL) were used

product that was subcloned using the unique BspEl and BstBIfor data analysis.

restriction sites within thé subunit coding region. PCRs
were for 24 cycles with a three-step protocol: 1.5 min at 94
°C, 2 min at 42C, and 2 min at 72C. ThefL257S {M2—

9) mutant was generated using primers which gave @d0

bp PCR product after a reaction for 1.5 min at 95, 45, and

72 for 24 cycles. That PCR fragment was subcloned using dose-dependent increase in the sustained current response

Rate Constants of NAChR ModificatidRate constants for
covalent modification of Cys mutant NnAChRs were deter-
mined, as previously describetid, in three ways depending
on the nature of the response after modification: by the
reduction of the ACh response after modification, by the
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after washout of the modifier, or upon modification by derivative of 0.001) with freedom of movement only for the
BrACh or MTSPrCh, by the decrease in reversible current tethered ligand and the Cys side chain. To tether other
response. Data were fit to the equatier= I, + (Io — l«) ligands, the initial position of the thiocholine quaternary
exp(—t/t), wherel; is the current after modification for ammonium was maintained with the replacement molecule
seconds/. is the current remaining after the reaction is generated by removing a methylene or replacing the sulfur
complete, and, is the initial current level. ¥/is the pseudo-  with the —(CH,),S, followed by disulfide bond formation
first-order rate constant, and the second-order rate constantand minimization.

k(mM~*s™), is (1k)/x, wherex is the concentration of the  The Docking module was used to dock TMA in the same
modifying reagent. We refer to “maximal modification” of  two-subunita—y agonist site model, with TMA initially
a receptor when further application of the modifying agent pjaced in the aromatic box. The “binding site” was defined
produces no further change in the measured response. FOjs any residue withi 6 A of theoriginal placement of the
modifications resulting in nAChR activation or partial positive charge of the bound carbamylcholine, and the protein
inhibition of ACh responses, we do not know the fraction was “charged” for the appropriate side chain ionization at
of nAChRs aCtua”y mOdiﬁed, which could be determined pH 7.0. Structures were energy_minimized for 500 Cyc|esy
only by experimental procedures beyond the scope of this and 17 “unique” structures were collected which identified
study. two distinct TMA binding sites, one inside the aromatic box
Surface nAChR Labelingo measure the level of surface (15 of 17) and the other outside the vicinal disulfide (2 of
expression of NnAChRs, oocytes were incubated with 2.5 "M 17). Within the aromatic box, TMA was displaced 9.6
[**]-a-BgTx (2000 Ci/mmol; Amersham Pharmacia Bio- A from the charge of carbamylcholine in the AChBP in a
tech) fa 2 h atroom temperature as described previously direction toward aTyr93, aTrp149, andoaTyr190. The
(13), and binding to individual oocytes was assessed’by positive charge was located 4.2 and 4.4 A from tha®ms
counting. Gating efficiencies of the expressed nAChRs of qCys192 and -193, respectively; between 4.8 and 5.2 A
(microamperes per femtomole @fBgTx) were determined  from the faces of the aromatic side chains wFrp149,
by quantifying in parallel for approximately five oocytes the ¢ Tyr190,aTyr198, andyTrp55; 6.3 A from that obxTyr93;
maximal current responses to ACh and surfa€g{a-BgTx and 5.5 A from the closest atom gheu119. TMA outside
binding. For these assays, oocytes were injected with 10 ngthe aromatic box was positioned 5.1 and 3.6 A from the C
of subunit RNAs, which for wild-type nAChRs and most atoms ofaCys192 and -193, respectively, and 4.3 and 4.8
mutants resulted in maximal ACh responses exceeding theA from the closest atoms oryLeull9 andyTyrll7,
capacity of the voltage clamp. In those cases, ACh was usedrespectively. When the docking was initiated with TMA in
at concentration (¥10 uM) giving a response within &  this outer site, this site was identified in 20 of 36 minimiza-
reliable voltage clamp range, and the maximal response wasions, while the site within the aromatic pocket was identified
calculated using those measurements andtgand Hill in 16 of 36 minimizations.
coefficient characteristic of that receptor. Whé&filJ- o-BgTx
binding was assessed in a single experiment for the oocytesRESULTS
injected with wild-type or mutant nAChR, the surface binding
per oocyte usually varied by20% (standard deviation), Functional Properties of Cys Mutant nAChR€Ch dose
while expression levels varied substantially more in experi- responses were measured by two-electrode voltage clamp
ments carried out over the course of a year. For wild-type to determineKyp, (the ACh concentration producing a half-
nAChRs, surface NAChR expression varied from 1 to 5 fmol maximal response), and the binding &f-o-BgTx to intact
of a-BgTx per oocyte when measured 2 days after injection, 00Cytes was assessed to quantify the level of NnAChR surface
with maximal responses of usua”y between 20 andtﬁo expression (Table 1). For each mutant, the maximal current
fmol of a-Bgtx. per surface nAChR (microamperes per femtomole.-d-
nAChR Homology Model with Tethered Agonists and/or 9TX) was compared to the level determined in parallel for
AntagonistsThe crystal structure of the AChBP with bound control oocytes expressing the wild-type nAChR.
carbamylcholine [PDB entry 1UV65}] was used to create Within ACh binding site segment C, single Cys substitu-
a homology model of th&. californicanAChR extracellular  tions were introduced atVal188,oTyr189,0Thr191, and
domain using Insight Il (version 98; MSI, San Diego, CA) aProl194, whileoCys192 andrCys193 were mutated singly
basically as described previousti4). The nAChRS andd to Ser @C192S andaC193S, respectively) to express
subunits and one of the subunits were removed from the nAChRs containing a single Cys at positiof93 ora192.
model, leaving the subunit pair forming tle-y agonist Although Mishina et al. 15) reported no detectable ACh
binding site. The core aromatics in the homology model responses for oocytes expressir@192S orC193S mutant
remained superimposed on those of the AChBP, while the nAChRs, we found that theC192S andxC193S mutants,
positions of the sulfurs ofiCys192 and -193 were shifted as well as thexC192S6C193S double mutant, resulted in
by ~1.5 A as a consequence of the additional amino acid in functional NnAChRs withK,,, values increased by +20-
the nAChR sequence betweelCys193 andaTyr198. To fold compared to that of the wild type. TheC192S and
tether thiocholine within the transmitter binding site at a oC193S mutants, however, were characterized by low ACh
substituted Cys, it was first placed in the transmitter binding responses unless the oocytes were first treated with the
site with its —N(CHz)s™ superimposed on that of carbam- sulfhydryl reductant TCEP, a reducing agent that is not itself
ylcholine and its—SH oriented toward substituted Cys, and a thiol (16). Oocytes expressing these mutants were routinely
the disulfide bond was made. To relax the strained disulfide, treated with 10 mM TCEP for 10 s, which cause@- and
the model was energy-minimized (Discovery module) by 10-fold increases in the maximal ACh response for the
steepest descent until a local minimum was reached (rmsaC192S andxC193S mutants, respectively, without increas-
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the yN107CHN109C andyY117CHT119C mutants, the
levels of surface expression werel0% of that of the wild
type, while the maximal ACh response per surface NAChR

Table 1: Functional Properties of Mutant nACKRs
a-BgTx binding  Ina/NAChR

0, 0,

NACHR ;:pzi(/:gﬂiite Seg(nf)e(:t \éVT) (% ot WT) was similar to that of the wild type. For thé.109CHL111C
wild type 30+ 8 100 100 andyL119CL121C mutants, the levels of surface expres-
oV188C 90+ 10 (2) 60 50 sion were 56-100% of that of the wild type, and the maximal
aY189C 10+ 2(2) 30 50 responses per surface NnAChR wer80% of that of the wild
aT191C 30 (1) 20 300 type.
aC192s 470t 130 90 3 T . .
aC193S 240+ 60 50 @ Within binding site segment D, we expressed as single or
aP194C 15+ 2 4 100 double mutants Cys-substituted rp556Trp57 oryGlu57/
aC19254C193S  55Ct 40 (1) 350 2 0Asp59. TheK,pp values for ACh of the/W55C (390+ 70

Binding Site Segment E uM)? and OW57C (250+ 70 uM) mutants were increased
Y Hig;gﬁmogc ggi 14(1) %8 2(5)8 by 10-fold compared to that of the wild type. For t&/55C/
gNlOQC 21+ 1 (1) 05 80 OW57C mutant, the ACh responses were too low for
yL109CKL111C 90+ 40 50 70 quantification oKy, although the level of surface expression
yL109C 100+ 20 70 200 was as high as-40% of that of the wild type. For theE57C,
ibllll%émgc Moot 10 @) 0 R 0D59C, andyE57CHD59C mutants, the ACKqp, values
¥Y117C NDF 90 30 were shifted less than 1.5-fold from that of the wild type,
0T119C 60 (1) 10 160 and for the double mutant, the level@BgTx binding was
yL119CpL121C  50+10 50 30 ~60% of that of the wild type.
gtﬁ?g ggi go 1728 11228 NAChR Actiation from 0191—194. Alkyltrimethylam-
yP121CHP123C 280 (1) 25 50 monium derivatives of variable chain length were tethered

a ACh dose-response curves were measured and fit as described in by reactinguT191C,aC193S (JLCyS_192),aC1928 (Cys193),
Experimental Procedures, with the tabulateg, values representing ~ Of aP194C mutant nAChR$ with MTSTMA, MTSC;-
the meant standard deviation determined from at least three oocytes TMA, or MTSC,TMA. Maximal ACh responses were
unless indicated. The efficiency of expression of each mutant nAChR measured before and after exposure to the MTS reagent and
on the oocyte surface was determined by assessing the bindifglef[ 5 \yash of -2 min. Representative current traces are shown
o-BgTx to intact oocytes in parallel with that for wild-type nAChRs. . Fi 2 d dat tifving tethered i d
For each mutant, the response per surface NnAChR was determined b)Jn Igure <, and ada _a quantifying e_ _ere_ 'gand responses
measuring in parallel the maximal ACh responses a#t}-a-BgTx are presented later in Table 3. Modification of #€191C
binding as described in Experimental Procedures. Values were normal-andoP194C nAChRs by any of the three MTS reagents did
ized relative to the maximal ACh response per wild-type NnAChR not produce detectable activation. The ACh responses were
measured at the same time. Surface expression of wild-type nAChRSinhibited by <30% after treatment, but the substituted Cys

varied from 1 to 4 fmol ofx-BgTx/oocyte, and maximal responses per . e .
NAChR varied from 20 to 6G:A/fmol of a-BgTx. ® ACh responses ~ Was accessible for modification, as evidenced by-&0%

measured after treatment of the oocyte with 10 mM TCHERot reduction in the ACh response after modification by a
determined. biotin—PEO-—maleimide species (not shown).

Tethering of thiocholine atiCys192 oraCys193, by
ing the levels of surface-BgTx binding, which were 56 reaction with MTSGTMA, resulted in inward currents that
100% of that of the wild type. After TCEP treatment, the persisted for minutes and wer€e75 and 30% as large as the
maximal ACh responses per surface nAChR were ori%o reversible ACh response. With thiocholine tethered at

of that of the wild type and at a level similar to the responses aCys192 and in the presence of the sustained current, after
of the aC192S4C193S mutant. Treatment with TCEP did maximal modification the ACh response was inhibited by
not increase the response for the other Cys mutants that were-99%, while only partial inhibition of the ACh response
studied (except foerY190C; see later), and it had no effect (~30%) was seen when thiocholine was tetheretits193.
on the ACh response for theC192S/C193S mutant. For  Modification by MTSGTMA also activated the nAChR from
the aT191C andoP194C mutants, th&a, values were  either position, with a higher efficacy fromCys192. At
shifted less than 2-fold compared to that of the wild type, oCys192, tethering-SGTMA inhibited the subsequent ACh
with the level of surface expression-20% of that of the response by>95%, while tethering ateCys193 inhibited
wild type and a reduction in the maximal response to ACh. the response by only 50%. Treatment with MT,S®IA did
For theoV188C ando.Y189C nAChRs, the levels of surface  not result in activation from eithexCys192 oraCys193,
expression and maximal ACh responses web8% of those and ACh responses were inhibited only fo€ys192.
of the wild type, with Kapp values of 90 and 1QuM, To further define the structural specificity for activation
respectively. Modification ofaV188C by MTSGTMA from aCys192 oraCys193, we examined responses after
resulted in>95% inhibition of the subsequent ACh response, modification by MTSEA, which tethers S(CHy)NHs", or
while the ACh response of the'Y189C nAChR was MTSGC,TEA, which tethers—S(CH,)o,N(C;Hs)s™. Neither
unaffected. These two mutants were not characterized furthermodification resulted in detectable activation (i.e., activation,
Within ACh binding site segment E, we focused on four
positions in they subunit and the corresponding positions 2 his is in contrast to our previous characterization of ti&55C
in the 6 subunit: yYAsn1075Asn109, yLeul109HLeulll, mutant (3), where the ACHap,was within 2-fold of that of the wild
yTyrll76Thr119, andylLeull9bLeull9. Whether ex-  type and no alteration of the ACh response was seen after treatment

i i il m swt with MTSC,TMA. Since the AChKqy, for a receptor lacking the
pressed as a subunit mutant with wild-type (y"0™), as subunit differs less than 2-fold fromppthat of the wild type, we cannot

YoM, or asy™o™, the AChKqpp values were inc_reased bY  determine retrospectively whether wild-typer a degraded mutant
no more than 3-fold compared to that of the wild type. For subunit RNA was used in error.
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FiGURe 2: Responses afC193S,aC192S, andtP194C mutant nAChRs after modification by MTJ®A’s and MBTA. ACh responses
from oocytes expressingC193S,aC192S (1 mM ACh, maximal response), @P194C (10uM ACh) nAChRs were measured before
application of 10QuM MTS reagent or 1 mM MBTA for 5 s, and then after a wash of-80 s, ACh responses were retested. ACh test
pulses were applied fd s and repeated at least four times. The horizontal bars indicat® shduration of application of ACh or MTS
reagent.

Table 2: Reaction Rate Constants of Mutant nAChRs with MTS Reagents, BrACh and MBTA

MTSC,TMA MTSC;TMA MTSC,TMA BrACh MBTA
aCys1926C193S 7800k 2700 (4) 9500t 5000 (2) 1900Gk 3000 (3) 0.2+ 0.1 (4) 2500+ 400 (3)
aC192S4Cys193 130t 60 (3) NDP 400 (1) <0.03 (3) 1700 (1)
yN107CHN109C 0.9+ 0.5 (2) 0.8 (1) ND NDb 0.1(1)
yL109CH111C 14+ 4 (2) 8 (1) 24 (1) ND 40 (1)
yY117CHT119C 0.2 (1) 1(1) 2 (1) ND 0.2 (1)
yL119CHL121C 1+ 0.3 (6) 14+ 4 (3) 0.5+ 0.2 (3) <0.05 (2) 0.5+ 0.1 (2)

aReaction rate constants(mM~ s71) were determined as described in Experimental Procedures. The numbers in parenthesis are the number
of oocytes used Not determined.

Table 3: Sustained Currents after Covalent Modificatiomamay?

-S(CH)N(CHz)s

NAChR mutant [ACHK app (uM)] n=2 n=1 n=3 n=4 —S(CH)2NH3t  —S(CH)2N(CoHs)3
yL119CHL121C (53+ 13) 26+ 10 (14) G (4) 23+6(4) 1.0+0.6(9) 0% 0.3+ 0.2 (4)
yN107CHN109C [34+ 7 (1)] 0** (3) 0** (2) 0** (1) 0%+ (1)

yL109CHL111C (93 40) 0** (6) 0** (2) 0** (1) 0.6 (2)

yY117CHT119C [104+ 3 (2)] 0* (2) 0** (1) 0%+ (3)

YW55CHW57CA™ (1500 200) 0 (4) 3+2(@3) 504155 0** (1) 0** (1)
yE57CHD59C (60 20) 0*** (3) 0* (1)

Y93C (520+ 30) 0* (4) 0* (4) 0* (3) 0* (11)

«Y93C/8™ (11004 100) 0% (5) 0 (1) 0* (2) 0.3£0.1(5) 0% (4) 0%+ (1)
aW149CpB™ (36004 1700) 60 30 (5) 11+ 1 (2) 80 30 (3) 4+2(2) 13+ 5(3)
aY190C/3™¢ (4504 190) 1004 25 (2) 250 (1) 120 (1) 70 (1) 020.1(2) 50 (1)
aC1926C193S (240+ 60) 70+ 40 (5) 60+ 10(3) 254+4(2) 05+0.3(3) 0% 0** (1)
aC1926C193SA™¢ (90 = 30) 50+ 20 (6) 3(1) 0
aC1930C192S(470+ 130) 22+ 4 (4) 10+ 4(2) 7£2(2) 3L 2(5) o 0** (1)
aC1936C192SAme (3504 120) 34 (1)
aY198C (790 10) 470+ 140° (19) 0(<5%P(8) 75+5°(6) 1.4+0.1(2)  0(<2%) (4)
oY198C3™ (680+ 130) 200+ 90 (4) 15 (2) 80 (1) 1.9-1.5(5) o= (5) 0** (1)

a Sustained currents measured min after modification, expressed as a percent of the maximal, reversible ACh response before modification.
Responses are meattsthe standard deviation for data from the indicated number of oocytes. Valliggyovere determined from fits of the ACh
dose response of the unmodified mutants for at least three oocytes. The sustained currents are indicated in bold when the ACh responses after
modification were fully inhibited and the response had the properties expected for a tethered agonist. The other modifications resulted in either a
>2-fold change irKapp0r a partial inhibition of ACh responses. The zeroes indicate modifications that resulted in no detectable receptor activation,
with the asterisks indicating the limit of detection, expressed as less than 1% of the maximal ACh response before modification (*, 1%; **, 0.2%;
***0.02%). Zeroes in bold font indicate a modification resulting in full inhibition of the subsequent ACh resgobata from refl3. ¢ Responses
measured after treatment of the oocytes with 10 mM TCEP (see Results).

if it occurred, at a level that was0.1% of that of ACh).
For the aC193S mutant, modification by either reagent (17, 18). Reaction of MBTA withoCys192 oraCys193
reduced ACh responses By95%, while foraC192S, ACh

responses were only partially inhibited (data not shown).

We compared the effects of the tethere8CG,TMA'’s to

0oCys193 as a disulfide in the proximity of the agonist site

inhibited ACh responses by95% (Figure 2, right column).

As for wild-type nAChR, BrACh acted as a potent reversible
agonist for the mutants, producing maximal currents as large
those of MBTA, an antagonist, and BrACh, an agonist, the as that of ACh (Figure 3). BrACh tethered at eith&?ys192
sulfhydryl reactive reagents first used to identifCys192/

or o.Cys193 also activated nAChRs, but much less efficiently
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TSC,TMA
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Ficure 3: Responses oftlC193S ando.C192S mutant nAChRs
after modification by BrACh. Oocytes expressindg©193S or
aC192S nAChRs were tested with 1 mM ACh, then exposed to
10 mM TCEP for 10 s, and retested with 1 mM ACh. Repeated
applications of 1 mM BrACh were followedyta 1 mM AChtest
pulse, two applications of 100M MTSET, and a final 1 mM ACh
test pulse. The horizontal scale bar is 5 s.

than tethered-SGTMA. Maximal modification ofaCys192
resulted in persistent currents that werg% of that of ACh
(or of the sustained response for tethere®iC, TMA), while
for aCys193, the sustained response wa$)% of that of
ACh and 30% of that of tethered SGTMA. Although the
sustained currents are not readily apparent when plotted o
the same scale as the reversible ACh or BrACh responses
the extent of covalent modification was readily followed
during repeated applications in terms of the progressive
reduction of the reversible response to BrACh as well as
from the magnitude of the sustained response after subse
quent modification by MTSeIMA (Figure 3). As for the
other modifiers that were tested, modificationa€ys192
resulted in>95% inhibition of the subsequent ACh response,
while modification of aCys193 resulted in only a partial
reduction of the ACh response.

Kinetics of Modification ofuCys192 anduCys193.The
rates of covalent modification were determined by measuring
the response to ACh after increasing reaction times or by
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Ficure 4: Kinetics of modification obtC193S andxC192S mutant
NAChRs by MTSGTMA’s, MBTA, and BrACh. Symbols represent
the current response plotted as a function of time of exposure to
the MTS reagent. Plots were fit to a single-exponential function as
described in Experimental Procedures to give the pseudo-first-order
rate constant) and the fractional response remaining after
modification (). (A) Sustained current responses resulting from
covalent activation. ForaCys192 (C193S), the cumulative
sustained current responses to 10 nM MTHGA (M) (t = 8.3 s,

l. = 0.58), 30 nM MTSGTMA (¥) (t =5 s,1,, = 0.34), and 1
mM BrACh (@) (z = 4.3 s,l., = 0.03) are plotted as a function of
time. For aCys193 (C192S), the sustained current responses

presulting from repeated applications ofiM MTSC,TMA (O) (v

=5.6 s,l, =0.25) and 1 mM BrACh®) (r = 333 s,l., = 0.08)

are shown. Sustained current responses were normalized to the
maximal ACh response for each oocyte. (B) Inhibition of ACh
responses. For MTSTMA and MBTA, ACh responses were
measured before and after application of reagent for 5 or 10 s and
were normalized to the initial ACh response. For BrACh, the

reversible current response was plotted as a function of time and
normalized to the initial BrACh current. FetCys192 ¢C193S),

the effects of 1 mM BrACh@®) (r = 3.3 s,l, = 0.03), 30 nM
MBTA (®) (t =12.1 s, = 0.07), and 5 nM MTSETMA (4) (7
=12.3 s, = 0.02) are shown. FarCys193 (tC192S), the effects

of 1 mM BrACh (O) (not fit), 200 nM MBTA (®) (r = 5.9 s,l.,

= 0.16), and 200 nM MTSEIMA (A) (t = 12.8 s,l., = 0.34) are
shown.

—SGTMA tethered at eithery107/6109, 1096111, or

measuring the increase in the sustained current as a functiory117/6119, the positions adjacent 44196121 on antipar-

of reaction time (Figure 4), and the apparent bimolecular

allel g strands 5and 6 that contribute to the entry to the

reaction rate constants were determined from the rates ofbinding pocket. Pairs of//0 Cys mutant subunits were

reaction (Table 2). Reactions of the MTI®IA's at

coexpressed with wild-type and subunits, and the ACh

aCys192 were characterized by high reaction rate constantsresponses of the mutant nAChRs were determined before

(k ~ 10 x 1 M1 sY), as seen for the modification of
aCys192/Cys193 in reduced, wild-type nAChRs by MESC
TMA or MBTA and 100-fold higher than for modification
of free thiols in solution 19). The rate constants for
modification of aCys193 were~50-fold lower. Whether

and after exposure to MTSTMA's or MBTA (Figure 5).

For each of these mutants, tig,, for ACh was increased
no more than 3-fold compared to that of the wild type, and
the efficiency of gating, as judged by the maximal ACh
response per surface NAChR, varied by less than 3-fold from

determined from the magnitude of the sustained responsethat of the wild type (Table 1).

(Figure 4A) or from the kinetics of inhibition of the reversible
response (Figure 4B), for BrACh the rate constant for
modification of aCys192 k = 200 M! s™1) was at least
10-fold higher than that oftCys193, but each was 10000-
fold lower than the rate constants for modification by the
MTS reagents. For reaction of MBTA with eithaeCys192
or aCys193 k was equal to 2« 10° M1 s71, a value close
to that for the MTS reagents reacting wittCys192.

NAChR Actiation fromyL119CHL121C.On the basis of
the nAChR homology model, for-SGTMA tethered at
yL119CkHL121C, the trimethylammonium can be oriented

For theyL119CKL121C mutant (Figure 5, top), tethered
—SGTMA produced a sustained current that only slowly
decreased on a time scale of minutes and w25% as large
as the maximal, reversible response to ACh. After maximal
modification, subsequent ACh responses were inhibited by
>95%. In contrast, tetheredSGTMA did not activate the
yL119CHL121C mutant, but subsequent ACh responses
were inhibited by >95%. Reaction with MTSE'MA
resulted in inefficient gating, with sustained currents that
were ~1% the ACh response (not shown), and tethered
—SC,TMA reduced subsequent ACh responses=§5%

precisely within the center of the core aromatic binding (Figure 6). Reaction with MBTA resulted in no detectable
pocket, and we predicted that it would act as a tethered sustained response, but even after maximal modification,
agonist. In contrast, a similar fit would not be possible for ACh responses were only partially inhibited (Figure 6).
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Ficure 5: Responses ofyL119C/HL121C, yY117CIHT119C,
yN107CHN109C, andyL109CKHL111C mutant nAChRs after
modification by MTSGTMA'’s and MBTA. Oocytes expressing
yld Cys pairs were tested with ACh before and after a 10 s
application of modifying reagent. MTS reagents were applied at a
concentration of 10«M for 10 s (two 5 s applications; one
representatie 5 s trace is shown). MBTA was applied at a
concentration of 1 mM for 10 s (w5 s applications). The
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FIGURE 7: Responses aiC192S4C193S andxC192S6C193S/
yL119CHL121C mutant nAChRs after modification by MT&C
TMA. Oocytes expressing mutant nAChRs were first tested with 5
s 1 mM ACh applications, then treated for 10 s with 10 mM TCEP,
and retested with 1 mM ACh. MTSTMA (100 uM) was applied

for 10 s (A, one 5 s application shown) or 20 s (B, four, 5 s
applications), and the oocytes were then retested with 1 mM ACh.
The horizontal scale bar represents 5 s.

0Cys192 o Cys193 that were only 10 of that of the MTS
reagents, and as we describe later, rate constants for reaction
of MTS reagents witlyL119C/5L121C were low k ~ 1 x

concentration of the ACh test pulse depended on the expressionlw M~ts™).

level of the oocyte on the day of the experiment. F0119C/
0L121C, 30uM ACh (maximal response) was used with MTSC
TMA, whereas 10uM ACh was used with MTSE'MA and
MBTA. For yY117C6T119C, 1 mM ACh was used with MTSE
TMA, and 10uM ACh was used with MTSETMA and MBTA.
ForyN107CHN109C, ACh concentrations of 10, 30, and 100
were used. FopL109CKL111C, ACh concentrations of 10, 100,
and 30uM were used. Oocytes were washed for-8D s between
each application. The horizontal scale bar is 5 s.

T T T T T T T T T T

2 1.0 | MTSC,TMA MTSC,TMA MBTA .
o L 1
Q
3
e 05 1 + b
B A ‘
500} 8 + C .
(8] I R N T R [T T R S N

0 102030405060 0 102030405060 0 10 20 30 40 50

Time (sec)

Ficure 6: Kinetics of modification by MTSETMA's and MBTA
of yL109CHL111C @), yY117C/T119C 4), andyL119CHL121C
(m) mutant nAChRs. Symbols represent either the ACh response
remaining after modification for the indicated times or the sustained

To rule out the possibility that the observed activation of
theyL119CHL121C mutant by tethered SGTMA actually
resulted from a modification of a free Cys at positioh92
or 193 formed as a consequence of aberrant disulfide
formation, we expressed th&.119CHL121C mutant in the
presence ofx subunits lackingxrCys192 oraCys193. The
aC192S6C193S mutant nAChR (containing wild-type
non-o. subunits) was expressed efficiently, with surface
receptor levels 24-fold higher than that of the wild type.
However, the ACh responses were similar to those of the
aC192S oroilC193S mutant, with the maximal response per
surface nAChR being-2% of that of the wild type an#ap,
being ~500 uM. For the aC192S#C193S mutant, ACh
responses were not significantly affected by TCEP or
MTSC,TMA (Figure 7A). Expression of thenC192S/
aC193SyL119CHL121C mutant nAChR also resulted in
functional receptors with surface receptor levels approxi-
mately double that of the wild type. The AQKap, Was
similar to that for then C192S6C193S mutant, as were the
maximal currents per surface receptor. As expected, treatment

response due to covalent activation as explained in Figure 4 andwith TCEP did not alter the ACh responses. Reaction with

Experimental Procedures. (A) MTSMA modification rates are
shown for inhibition of the ACh responses fpt09/6111 (10uM,
7=95,l, =0.09) andy117/119 (1 MMz = 6 s,l, = 0.6) and
for the sustained responsef19/L121 (10QuM, 7 = 14 5,1, =
0.25). ACh responses were measured at@pdr 100uM (4).
(B) Inhibition by MTSGTMA of ACh responses gt1096111 (10
uM, T =4 5,1, = 0.1), aty119/121 (10QuM, v = 18 s,l., = 0),
and aty1176119 (100uM, T = 4.5 s,l, = 0.26). ACh responses
were measured at 3@§ or 100uM (A andM). (C) Inhibition by
MBTA of ACh responses gt1096111 (3uM, t = 8 s,l, = 0.08),
aty1196121 (300uM, v =7 s,1, = 0.76), and ay1176119 (1
mM, 7 = 5 s,l, = 0.1). ACh responses were measured at@)p (
or 10uM (a andm).

We found no evidence of modification £ 119C6L121C
by BrACh (data not shown). Reaction with 0.1 mM BrACh
for 20 s resulted in no sustained current and=% reduction
in ACh responses. However, BrACh has low intrinsic
reactivity, as evidenced by the reaction rate constants with

MTSC,TMA resulted in sustained currents the same in
magnitude as the ACh response seen fopttiEL9CHL121C
mutant (Figure 7B).

Modification of Cys-Substituteell17/119,y1076109, and
11096111.Each of these mutants was reacted with MJSC
TMA (n =1, 2, and 4) and MBTA (Figures 5 and 6 and
Table 3). Reaction with either MTSTMA or MTSC,TMA
resulted in no detectable persistent currents. For MiFSC
TMA, only reaction atyL109CHL111C resulted in a small
sustained currenty 1% of that of ACh. Furthermore, reaction
at these positions with the MTS reagents or MBTA generally
resulted in a reduction, but not a complete inhibition, of the
subsequent ACh responses. FOr107CHN109C, all treat-
ments resulted in &30% reduction of the ACh responses.
ForyY117CHT119C, after MTSGTMA treatment responses
were inhibited by 40-80%. For Cys-substituteell09/6111,
the position orp strand 5 paired witly117/119, maximal
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modification by MBTA resulted in & 95% reduction of the
ACh response. However, after maximal modification by
MTSC,TMA, ACh still bound and activated the nAChR, as
shown by the fact that itk,,, was increased by 10-fold to
800 uM and the maximal response reduced by only 70%
(data not shown).

Reaction rate constants for the modification of the Cys
mutant NAChRs were determined for three MTS reagents
and MBTA (Table 2). Representative data are shown in
Figure 6 for MTSGTMA, MTSC,TMA, and MBTA.
MTSC,TMA reacted at a low rate constant wifi.119C/
0L121C k=1 x 10° M~1s™), and 10-fold higheryL109C/
0L111C) or lower {Y117C6HT119C) at the other positions.
The reaction rate constants for MTSMA, MTSC,TMA,
and MBTA were within a factor of 10 of those for MTSC
TMA.

Modification by MTSPrCh.While we wanted to use
BrACh to tether acylcholine to the Cys mutant nAChRs,
because of its low intrinsic reactivity, we were unable to
find practical conditions for modifying the Cys mutant
NAChRs other thamCys192 andoCys193 (Figure 3) or
aY198C (13), i.e., cysteines that were characterized by very
high reactivities with the MTS reagents £ 10° M~1 s,

As an alternative, we tested MTSPrCh, which will tether
thiopropionylcholine to Cys. It differs from the other MTS
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Ficure 8: Responses of Cys mutant nAChRs after modification
by MTSPrCh. Oocytes expressing-192S andxC193S nAChRs
were treated with 10 mM TCEP for 10 s (indicated with asterisks).

reagents in that it acted as a high-efficacy, reversible agonistACh responses were measured at 1 mM, a concentration producing

of wild-type and aC192S4C193S nAChRs, producing
maximal responses that were50% of that of ACh with
Kapp Values of~80 uM. However, current responses were
maximal at 30uM and then decreased by 50% at 1 mM,
most likely due to channel block. The inhibitory component
at higher concentrations indicated that valuegf, and
efficacy were probably underestimated.

Reaction of MTSPrCh witlaCys192 orCys193 resulted
in sustained current responses that we20 and 80% of
the ACh responses (Figure 8) and3-fold larger than the

a maximal response for each mutant. For each mutant, MTSPrCh
at 100uM was applied for 20 s (i 5 s pulses), and then the ACh
response was retested. The short horizontal scale bar represents 5
S.

o, y, andd subunits 20, 21), we found for theTorpedo
NAChR g™ mutant that theKap, for ACh was 3uM, i.e.,
decreased 10-fold compared to that of the wild type, and
the maximal currents per surface receptor werel-2old
higher than that of the wild type. ForS™My6 or Cys mutant
NAChRs containing th@™ subunit, there was no evidence

sustained responses seen after modification by BrACh. Theof spontaneous channel gating in the absence of ACh or MTS

more efficient gating fronmC193 contrasted with the results
seen for MTSGTMA and MTSGTMA, for which gating
was more efficient after modification @fCys192. Reaction
with MTSPrCh also resulted in persistent currents after
modification of yL109C/HL111C oryY117CIT119C that
were~5% of that of ACh, while foryL119C6L121C, the
responses were 1% of that of ACh (or 3% as large as the
persistent current after modification by MTSIBAA).
Modification of Cys-Substituted Binding Site Aromatics.
We reported previouslyl@) that activation fromaY198C

reagent. At=70 mV, the holding currents were the same as
those for wild-type nAChRs, and they were not reduced by
the open channel blocker QX-222.

We first examined the effects of th&" subunit on the
responses to MTS maodification afY93C and aY198C
nAChRs, for which ACh responses had been readily detected
in the presence of the wild-tyg® subunit. The presence of

B™ resulted in a<3-fold shift of ACh Ky, and the

consequences of MTS modification were the same as those
seen with the wild-types subunit (Table 3). Fon'Y93C/

by —SGTMA produced sustained responses 5-fold higher ™, tethered-SCGTMA or —SGTMA did not activate while

than the maximal ACh response; tethere8C,TMA gated
only 1% as efficiently as ACh, and SGTMA acted only
as an antagonist. ForY93C, reaction with MTSETMA (n
= 1-3) inhibited only ACh responses. Maodification of
oW149C or aY190C was not studied because no ACh

subsequent ACh responses were inhibited>85%. For
aY198C™M, tethered—SGTMA still activated with a 100-
fold greater efficacy than-SGTMA did.

ACh responses were readily detected in all oocytes
expressing theW149Cp™ andyW55CHW57CM mutants,

responses were detected. We have now reexamined funcwith K, values of 4 and 1.5 mM, respectively. For the
tional properties of these mutants by coexpressing the bindingaY190C/s™ mutant, ACh elicited maximal responses-ef

site Cys mutant subunit with a mutghsubunit ™, fL257S

1A with a Kapp0f 0.5 mM in~40% of the oocytes that were

at3M2-9) that destabilizes the closed channel in the absencetested (5 of 13), but maximal responses of only-80 nA

of agonist R0, 21). Spontaneous NAChR gating is seen for
mutant nAChRs containing quaternary ammonium deriva-
tives of tyrosine in place ofiTrp149,aTyr93, or yTrp55/
O0Trp57 when coexpressed witlT (but not wild-types) (22,
23). As for the mouse nAChR containirf* and wild-type

were detected for the others. (No attempt was made to
correlate the magnitude of the currents with the level of
NAChR surface expression.) Treatment with TCEP doubled
the maximal ACh responses for thé190C/3™ mutant but
did not alter the ACh response of th@wW149CpS™ or
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FIGURE 9: Responses afY93C,aW149C,aY190C, andyW55C/
OW57C mutant nAChRs after modification by MTSIMA. In
addition to a Cys substitution at one of the ACh binding site core
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and subsequent ACh responses were reduced. However,
—SGTMA tethered atyE57CHD59C clearly acted as a
modifier of NAChR gating rather than an inhibitor of ACh
binding. After maximal modification by MTSZMA,
although the ACh maximal response was reduced 3%,

the Kappincreased from 6& 30 to 530+ 150uM (n = 3).

nAChR Homology Model with Tethered Ligan@e.relate
our experimental results to the predicted orientations of
tethered ligands in @orpedonAChR homology model based
on the structure of the AChBP, single Cys substitutions were
introduced into the homology model or y subunit (or
0.Cys192 oraCys193 replaced with Ser); SG TMA was
tethered to the Cys-SH as a strained disulfide, and the
tethered ligand and Cys side chain were energy-minimized.

aromatic side chains, each mutant nAChR also contained a mutationEyen though the length of the initial strained disulfides varied

in the 8 subunit M2 ion channel domaipileu257Ser gbM2—9).
ACh responses were measured at @¥Y43C), 3 @Y190C and
yW55CHW57C), or 10 mM ¢W149C). MTSGTMA was applied

for 20 s (in 5 s pulses) at 1 mM except fak¥93C (0.1 mM), and
then the ACh response was retested. &g690C, 10 mM TCEP
was applied for 20 s (indicated with an asterisk). The channel
blocker QX-222 was applied f® s at 1 mM. Theshort horizontal
scale bar represents 5 s.

yW55CHW57C mutant. Representative current traces show-
ing the effects of MTSEIMA modification for these mutants
and foraY93C/p™ are shown in Figure 9, with the results
for the panel of MTS reagents included in Table 3. For the
oW149Ch™ and aY190CS™ mutants, sustained currents
were seen after modification by each of the MT.3MIA'S,

with the most efficient activation seen atWw149C for
tethered—SGTMA and —SCGTMA (currents that are-80%

of that of ACh) and attY190C for —SGTMA and —SG;-
TMA (currents that are-100% of that of the ACh response).
The open channel blocker QX-222 reversibly inhibited the
sustained currents seen fetSGTMA. For both mutants,
ACh responses after modification were reduced by &3

In contrast to the reactions of other ACh site Cys mutants
that were studied, reaction @W149C oraY190C with the

primary amine MTSEA also activated, although the sustained

currents were only~2% of that of ACh (Table 3). In
addition, —SGTEA tethered at either position activated,

producing persistent currents similar in size to that seen for

the —SG,TMA'’s.

The yW55CHW57Cf™ mutant was not activated by
treatment with MTSETMA, MTSC,TMA, MTSEA, or
MTSGC,TEA, and subsequent ACh responses were inhibited
by >95%. Reaction with MTSEITMA, however, did produce
sustained currents50% as large as the ACh response, with
subsequent ACh responses inhibited by enr0% and with
the Kypp decreased from 1.5 to 0.2 mM (data not shown).
We also tested responses gpiE57CHD59C andyE57C/
0D59Cf™ mutant nAChRs to modification by MTSTMA
or MTSG,TMA. Neither modification activated the nAChR,

3 After maximal modification of thexY190C3™ mutant by MTSG-
TMA, subsequent ACh responses were reduced-#p% but were
not fully inhibited. An ACh response after maximal modification by
MTSC,TMA was also seen for theeC192S mutant (Figure 2). For
both mutants before reaction with MTZIOMA, the responses to ACh

from 2.4 to>6 A, after minimization the bond lengths were
consistent with the SS bond length of aliphatic disulfides
(2 + 0.06 A), and the €S—S—C dihedral angles were,
unless noted, within 9& 15° (24—27). Shown in Figure
10B are —SG,TMA’s (n = 1, 2, or 4) tethered at Cys-
substituted/Trp55,yLeul09, oryLeull9, compared to the
position of the positive charge of TMA docked in the
homology model of the wild-type nAChR, with the charge
displacements for those and other positions included in the
figure legend. For—SGTMA tethered atyL119C, from
which it activated the nAChR, the positive charge was
positioned 0.9 A from that of TMA, while the displacement
was 2.7, 3, and 4.5 A when it was tetheredya55C,
yL109C, andyY117C, respectively, positions from which
it did not activate. For-SG TMA tethered atyL119C, where

it functioned as an inhibitor, the charge was displaced by
1.8 A, while for—SCG,TMA tethered atyW55C (activation),
yL109C (weak activation), andY117C (no activation), the
distances were 0.6, 1.1, and 1.6 A, respectively. The
displacements of the positive charge-66G,TMA tethered

to Cys substitutions within the. subunit were all<1 A
[Y93C (0.7 A),aW149C (0.6 A),Y190C (0.3 A),aC192
(1.0 A), aC193 (0.9 A), andaY198C (0.2 A)], with
activation seen from each position other tRaY93C.

DISCUSSION

In this study, we tested the capacity of alkyltrimethylam-
monium compounds to activate the nAChR when tethered
at individually substituted cysteines at positions in the
subunits ory and 6 subunits that are predicted by the
structure of the AChBP to be in or near the nAChR agonist
binding site. With the maximal extended configuration of
the tether changing by 0.8 A with the addition (or removal)
of a single CH, the results potentially define with angstrom
resolution for each position the length requirement for
activation. When positions from which tethers of varying
chain length can activate are identified, the length of the
shortest tether in its extended conformation provides a
definition of a minimal distance for activation, while the
longer, more flexible tether may not be in an extended
conformation.

We found that depending upon the length of the tether,

doubled upon treatment with the reducing agent TCEP. Further studiesnAChRs can be either activated or inhibited-b$C,TMA's

are required to determine whether for these mutants the ACh respons
prior to TCEP treatment results in part from a subpopulation of surface
nAChRs with a modified Cys not reactive with MTS reagents even

after TCEP.

Qethered at positions in the or 6 subunit. As we describe

below, the minimal length requirements for activation agree
quite precisely with the tether lengths necessary to position
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FiGURe 10: Stereo representation of therpedonAChR agonist binding site at tle—y interface with—SG,TMA'’s tethered at substituted

Cys residues. A homology model of therpedonAChR extracellular domain was constructed from the AChBP structure with carbamylcholine
bound ). The regions of primary structure contributing to the transmitter binding site are drawn as color-coded ribbmrssifomit

binding site segments A (gold), B (red), and C (blue) ansubunit segments D (green) and E (magenta). (A) Shown are the primary
sequence traces and secondary structural elements of two subw(aigan) andy (gray), with the ACh binding site at the subunit interface.

(B) —SG,TMA's were tethered to selected substituted Cys residues as described in Experimental Procedures. Drawn in stick format are the
five binding site aromatic amino acids, the vicinal disulfide (sulfurs colored yellow), and the leucines at pgsi®@nesndy119. Tethered
—SG,TMA’s are shown in ball-and-stick format with the sulfur atoms colored yellow, the carbon linkers color coded to reflect their length
(light green forn = 1, purple forn = 2, and red fom = 4), and the positively charged N drawn in the absence of the methyl groups and
color-coded with regard to whether the tether activated (cyan) or inhibited (black) the receptor. The position of docking of TMA in the
binding site of the wild-type nAChR is represented as a black spReék in diameter. For—-SG,TMA tethered atyL119C, the positive
charge is displaced by 0.9 A from that of TMA, while fromW/55C andyL109C, the displacements are 2.7 and 3.0 A, respectively. For
—SCGTMA tethered atyL119C, the displacement is 1.1 A. The charge displacements S TMA tethered atyW55C andyL119C are

0.6 and 0.8 A, respectively. The displacements (in angstroms)$@, TMA at positions not shown are as followsE57C (2.4),yN107C
(3.5),yL109C (3.0),yY117C (4.5),Y93C (0.7),aN94C (2.2),aW149C (1.0),aY190C (0.3),aC192 (1.0),0C193 (0.9),0P194C (6.3),
aT196C (6.2), andxY198C (0.2). (C) nAChR homology model stereo representation ofxthe transmitter binding site built from the
AChBP. (D) Stereo representation of the-y transmitter binding site of th&orpedo marmoratanAChR in the absence of agonis)(

with the y subunit amino acids numbered as Tarcalifornica which differs by a single amino acid insertion at the amino terminus of the
mature subunit.

the positive charge in the center of the aromatic box forming binding site, in contrast to a greater flexibility associated
the transmitter binding site in an nAChR homology model with the orientation of thes strands formingo. subunit
based upon the AChBP, which leads us to conclude that thishbinding site segment C. The inability of any tethered ligand
structure is a good representation of the ACh binding site in to activate fromaY93C cannot be simply explained from
an open channel state. Within the subunit, both the  the homology model, but inspection of the structure of the
activation fromoW149C or from positions in binding site  nAChR in the closed stateB), which is undoubtedly the
segment CqY190C,aCys192,aCys193, oroY198C) and conformation that is being modified by the MTS reagents,
the inability to activate from the other positions between provides a plausible explanation for this discrepancy.

o188 and a200 are also generally consistent with the  Tethered Agonist and Antagonistrsus Gating Modifiers.
homology model, although the tether length requirements Our results demonstrate clearly that certain tethered ligands
for activation are much less stringent than from positions in activate the nAChR, but it is important to consider the criteria
y andd subunits. The precise length requirements seen for that can be used to determine whether the activation occurs
activation from positions in binding site segments D and E because the tethered quaternary ammonium acts as a tethered
of they andd subunits most likely result from the rigidity — agonist occupying the ACh binding sites or alternatively acts
of the y/6 subunitp sheet scaffold contributing to the ACh  as a madifier of gating without occupying and occluding the
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transmitter binding site. In the latter case, after modification,
ACh will still be able to bind and gate the nAChR, with the
ACh dose response likely shifted as the modifier destabilizes
the unliganded closed state relative to the open state or
perturbs the microscopic rate constants of ACh association
and/or dissociation or of channel opening or closing. Agonist-
independent gating of wild-type nAChRSs occurs with a very
low probability, with the fraction in the open state in the
absence of agonist less tham1(28, 29). However, single-
channel analyses first identified substitutions within the ion

Biochemistry, Vol. 45, No. 35, 2006.0651

Headgroup Requirements for Gatirfepr wild-type muscle
nNAChRs, efficient gating is seen for TMA, while tetraethyl-
ammonium acts as a weak partial agonist with an efficacy
that is <0.1% of that of ACh 81); there are no reports of
activation by alkyl primary amines. In contrast to the
activating responses seen for the tethereQG,TMA'S,
activation was not seen for tethere®SCHNH3", with the
exception of theaW149Cp™ and aY190C™ nAChRs
which were activated with an efficiency that wad % of
that of the optimal tethered SG,TMA. These mutants were

channel domain that destabilize the closed state and greatlyalso activated well by each of theSG,TMA’s and almost

increase the level of agonist-independent gatid@ 1).

as well by —SGTEA, and ACh also gated the modified

Those substitutions, when assayed by whole cell macroscopicdAChRs. The limited structural specificity for activation of
currents, result in currents in the absence of agonist that cantheaW149CS™ andaY 190C5™ nAChRs and the activation

be inhibited by nAChR channel blockers and are character-
ized by decreases in th&,,, for agonist-dependent gating.
While many substitutions in or near the agonist binding site
result in increased values of AGQ,pas a result of decreased
channel opening rates or altered agonist bindidg ¢e-
creased,ppvalues were seen for Cys substitutions of nAChR
aAsn95, aAla96, oPro197, andulLeul99 (L3, 14), which

by ACh in the presence of the tether suggests that for these
mutants the tethered ligands are not acting as a tethered
agonist but as a modifier of the equilibrium between closed
and open states. The properties of these mutants appear to
be similar to those containing quaternary ammonium ana-
logues of tyrosine in place @fTyr93, aTrp149, oryTrp55/
oTrp57 @22, 23). For these mutant nAChRs, currents were

may reflect changes in agonist-independent gating as seerseen in the absence of ACh. However, in each case, ACh

by single-channel analyses for many substitutions of mouse
muscle nAChRaAsp97 @0).

When a tethered ligand activates the nAChR and prevents
subsequent ACh responses, as was seer-8CTMA at
yL119CKHL121C, the response is consistent with properties
expected for a tethered agonist. In our studies, postmodifi-
cation ACh responses were also fully inhibited for NnAChRs
activated by—SGTMA tethered atnCys192 andxY198C,
but not ataCys193,aW149C, oraY190C. Significantly,
tethered—SGTMA activated fromaY198C, a mutation
characterized by Kap,for ACh 20-fold greater than that of
the wild type, but it did not activate fronmP197C or
oL199C, for which AChKjp, values were decreased by
5-fold (14); no activation was seen fromY93C even in
NAChRs containingg™ (8L257S atfM2—9). Thus there is
no correlation between activation by tethere8GTMA and
the effect of the Cys substitution on t&p,

Tethered—SGTMA at aY93C or yW55CHW57C did

further activated in the presence of the tethered positive
charge, and spontaneous gating was also seen for the
corresponding uncharged analogues contgiailC inplace
of the N.

NAChR Actiation and DesensitizatiofOur results estab-
lish that —SG,TMA tethered either ayL119C/HL121C or
at certain positions in thet subunits acts as a tethered
agonist, resulting in currents persisting for many minutes with
little apparent desensitization. However, for those mutants,
the responses to millimolar concentrations of ACh are also
characterized by a reduced level of desensitizatiohQPb6
in 20 s (not shown)], so additional experiments are necessary
to compare the kinetics of desensitization of the tethered
agonist to those of ACh. Responses measured by two-
electrode voltage clamp are ill-suited to a detailed analysis
of the kinetics or extent of desensitization, and characteriza-
tion of tethered agonist responses by rapid perfusion of Cys
mutant nAChRs in excised patches will better quantify
receptor desensitization. In addition, it will be important to

not activate nAChRs, and ACh responses were inhibited by yaotermine by single-channel analyses the single-channel

>95%, as expected for a tethered antagonist. There wereconqyctance and gating properties of the Cys mutant recep-
however, positions where tetheredSGTMA did not {45 in the presence of ACh or tethered agonists. In contrast
activate but acted clearly as a modifier of ACh gating. At 4 most positions that were studied, no modification of
yES57CHDS9C andyL109CHL111C, when modification  ;yv93c resulted in NAChR activation, and the modifications
reduced maximal ACh responses by 93 and 70%, respec-y|ly inhibited subsequent ACh responses. This might occur

tively, the AChKgpp values were increased by10-fold.
For —SGTMA tethered atyL119C/HL121C, which did

if the modification resulted in receptor desensitization without
detectable activation. However, consideration of the structure

not activate, subsequent ACh responses were reduced byf the nAChR in the absence of agonist, which we discuss

>98%. While—SGTMA tethered atyL119C/L121C acted

as expected for a tethered antagonis§C,TMA acted as a
low-efficacy tethered agonist producing sustained currents
that were ~3% of the level seen for—-SGTMA and
inhibiting ACh responses by 95%. Although—SGTMA
tethered ayW55CHW57C acted as an antagonist inhibiting
ACh responses by 95%, for —SCG,TMA, which activated,

later, suggests that it is more likely that modification of
aY93C in the absence of agonist results in neither activation
nor desensitization.

Length Requirements for Tethered Agonists: Experiment
versus Homology ModelingOur experimental studies es-
tablished that there were stringent length requirements for
nNAChR activation by—SG,TMA’s tethered at substituted

subsequent ACh responses were reduced by only 50% andCys residues in the andd subunits. Tethereed-SGTMA

the Kqpp Was decreased from 1.5 to 0.2 mM. These results
indicate that ACh is able to bind in the presence-@C-
TMA tethered atyW55CHOW57C, presumably because of
the increased length and flexibility of the tether.

tethered ayyL119CHL121C acted as an agonist, producing
sustained currents that were 25% as large as the maximal
response to ACh, while tethereedSG TMA did not activate

and inhibited subsequent ACh responses. Tether8@;-
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TMA did not activate from other positions in binding site In the closed state structure, the side chairu®8, while
segment E, and to our surprise, it did not activate from accessible for modification, is oriented towardsp200 and
yW55CHW57C. Tethered-SC,TMA at yW55CHW57C largely shielded from the—o subunit interface by the side
did activate, although as we discussed above, this longerchains ofaTyr190 andaTyr198. For this structure, it is not
tether acted at this position and at most others as a gatingsurprising that a positive charge tethered'#93C is unable
modifier rather than as a tethered ligand that prevented theto stabilize a binding site structure similar to that of the
subsequent binding of ACh. Comparison of the experimen- AChBP. In addition, since the.C192S anduC193S sub-
tally determined length requirements for tethered agonist stitutions prevent the formation afcystine192/193, it is
function (Table 3) with the predicted positions of the positive likely that these substitutions produce changes in structure
charge of—SG,TMA's tethered at positions in the subunit not predicted by either available structure. The fact that
in an nAChR homology model based upon the AChBP —SGTMA inhibits ACh responses when tetheredxlys192,
structure (Figure 10) reveals that the positive charge of the but not ataCys193, suggests that the orientatior@fys193
tethered agonist{SGTMA at yL119C) is centered within ~ deviates from the orientation predicted in the homology
the core aromatic box and that short tethers with the chargemodel.

displaced more tm1 A from that of TMA function as
tethered antagonists-BGTMA at yW55C (2.7 A) and

~SGTMA at yL119C (1.8 A)]. These results suggest that We thank Luis de la Torre for preliminary experiments

the homology model is an excellent representation of the .54 cterizing the effects of reducing and oxidizing agents

traEsmiLter bir:jding Si.t‘.:" ir:j an cf>pen c.hannehl conforr_nation Ion the responses of theC192S mutant NAChR. We also
rather than a desensitized conformation. The experimenta thank Galo Garcia, Ill, for useful comments about the

results also indicate that the use-68G,TMA'’s as molecular manuscript.
rulers is complicated by their ability to act as gating
modifiers, as seen for SGTMA tethered aty E57CHD59C

and yL109CKL111C, positions characterized by tethered

; ; 1. Corringer, P.-J., Le Novere, N., and Changeux, J.-P. (2000)
fr:l;rg(:?,(\:i/;zplaced at least 2.4 and 3.0 A’ respectlvely, from Nicotinic receptors at the amino acid levahnu. Re. Pharmacol.

Toxicol. 4Q 431—458.

On the basis of the homology model, ferSGTMA 2. Karlin, A. (2002) Emerging structure of the nicotinic acetylcholine
tethered atiCys192 oraCys193 (or aitY93C, aW149C, 2 fcecleperNaé Rw-dNSQU_fIOftt}i E (1302;332- Euncti i struct
aYlQ 8C, oraY190C), the positive charge can be posltloned . inog(lq;cir(l)(leJ Técéb?orls arll\g golrine' of 'trEeir re)latiL\j/%Eelr(])gsaI{I]eusrcr)LsJgi.u ©
within 1 A of that of TMA, but not from any of the adjacent 27 337-344.
positions. Tethered SGTMA at aCys192 orY198C acted 4. Sine, S. M., and Engel, A. G. (2006) Recent advances in Cys-
as an agonist, with an apparent optimal length to produce _ loop receptor structure and functioNature 440 448-455.

persistent currents as large or larger than the maximal ACh - Breic, K., van Dijk, W. J., Klaassen, R., Schuurmans, M., van
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