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ABSTRACT

abB2B3" acetylcholine receptors (AChRs) on dopaminergic
neurons are important targets for drugs to treat nicotine addic-
tion and Parkinson’s disease. However, it has not been possi-
ble to efficiently express functional «63233* AChRs in oocytes
or transfected cells. a6/a3 subunit chimeras permit expression
of functional AChRs and reveal that parts of the a6 M1 trans-
membrane domain and large cytoplasmic domain impair as-
sembly. Concatameric subunits permit assembly of functional
a6B2B3* AChRs with defined subunit compositions and subunit
orders. Assembly of accessory subunits is limiting in formation
of mature AChRs. A single linker between the B3 accessory
subunit and an a4 or a6 subunit is sufficient to permit assembly
of complex B3-(a4B2)(a6B2) or B3-(a6B2)(a4B2) AChRs. Con-
catameric pentamers such as p3-a6-B2-a4-B2 have been func-
tionally characterized. «63233* AChRs are sensitive to activa-
tion by drugs used for smoking cessation therapy (nicotine,

varenicline, and cytisine) and by sazetidine. All these are partial
agonists. (a6B2)(a4B2)B3 AChRs are most sensitive to ago-
nists. (a632),83 AChRs have the greatest Ca®* permeability.
(x4 B2)(a682)B3 AChRs are most efficiently transported to the
cell surface, whereas («682),83 AChRs are the least efficiently
transported. Dopaminergic neurons may have special chaper-
ones for assembling accessory subunits with a6 subunits and
for transporting (a682),83 AChRs to the cell surface. Con-
catameric pentamers and pentamers formed from combina-
tions of trimers, dimers, and monomers exhibit similar proper-
ties, indicating that the linkers between subunits do not alter
their functional properties. For the first time, these concatamers
allow analysis of functional properties of a6p2p33* AChRs.
These concatamers should enable selection of drugs specific
for a68233* AChRs.

Introduction

Nicotinic acetylcholine receptors (AChRs) that contain a6,
B2, B3, and sometimes a4 subunits (a6B2B83* AChRs) are
found in aminergic neurons, primarily in presynaptic loca-
tions (Champtiaux et al., 2002, 2003; Gotti et al., 2010).
These AChRs are potentially important drug targets for an-
tagonists in nicotine addiction. For example, knockout of
a6B2B33* AChRs in dopaminergic neurons of the ventral teg-
mental area or blockage of their function in the endings of
these neurons in the nucleus accumbens inhibits nicotine
reward and self-administration of nicotine (Pons et al., 2008;
Jackson et al., 2009; Brunzell et al., 2010). a6B233* AChRs
are potentially important targets for agonists or positive
allosteric modulators in Parkinson’s disease, because they
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promote release of dopamine and mediate neuroprotection of
the dopaminergic neurons in the substantia nigra that die in
this disease (Quik and McIntosh, 2006).

Expression of homogenous populations of «6B8283* AChRs is
critical for selecting and characterizing drugs that interact with
these subtypes but has proven very difficult. From studies of
subunit knockouts, precipitation with subunit-specific antibod-
ies, and blockage of a6* AChR function in synaptosomes with «
conotoxin MII, it is inferred that dopaminergic endings express
several AChR subtypes: («682),83, (a6B2)(a432)B3, (a4 2),2,
(a4 B2)505, and (a4 B82),83 (Gotti et al., 2007, 2010; Salminen et
al., 2007). In rodents, «632B3* AChRs make up approximately
34% of the total, but in primates they comprise approximately
75% of the total (Quik and MecIntosh, 2006; Gotti et al., 2010).
a6pB2B3* AChRs in synaptosomes are exceptionally sensitive to
activation by nicotine (Salminen et al., 2007). «6B84* AChR
function can be measured using Xenopus laevis oocytes (Ger-
zanich et al., 1997). However, in oocytes, «6 and B2 assemble
very efficiently to form ACh binding sites, but mature pentam-
ers are not formed; consequently, oligomers accumulate within

ABBREVIATIONS: AChR, acetylcholine receptor; ACh, acetylcholine; PBS, phosphate-buffered saline; mAb, monoclonal antibody; LB, Luria

broth; AGS, alanine, glycine, serine.
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the cells (Kuryatov et al., 2000). Human «6* AChRs have been
expressed in permanently transfected human embryonic kid-
ney cell lines, and their sensitivity to up-regulation by nicotine
has been analyzed (Tumkosit et al., 2006). The amounts of
AChRs expressed are too low for functional assays. As an alter-
native to expression of a6 in cell lines, functional effects have
been inferred by expressing in transgenic mice fluorophore la-
beled a6 or a6 mutants with hyperactive gating properties
(Drenan et al., 2008a,b). Chimeras with the extracellular do-
main of human a6 and the remainder of @3 or a4 subunits form
functional AChRs in X. laevis oocytes, proving that association
of a6 subunit extracellular domains is not a barrier to assembly
(Kuryatov et al., 2000). It seems likely that efficient «68233*
AChR assembly requires as-yet-unknown chaperones unique to
aminergic neurons.

Expression of linked subunits to form concatameric AChRs
provides a method for overcoming the need for specific chap-
erones to express AChR subtypes of specific subunit compo-
sitions and orders. The use of (AGS),, linkers between a4 and
B2 subunits provides stable concatamers when expressed in
oocytes (Zhou et al., 2003). A linked pair of a4 and B2 ex-
pressed with excess monomeric subunits can form uniform
populations of AChR subtypes whose agonist sensitivities
and Ca®" permeabilities can be assayed [e.g., (a4£2),52,
(adB2)y04, (adB2)50a5, and (a4 B2),B3 (Zhou et al., 2003; Tapia
et al., 2007)]. Pentameric concatameric «432 AChRs have
been expressed (Carbone et al., 2009). Pentameric concatam-
ers are especially important when expressing complex
(a6B2)(a4B2)B3 AChR subtypes, because a mixture of these
subunits will express a mixture of subtypes. Furthermore,
because of the efficiency with which ¢4 and B2 assemble with
each other, and the very high efficiency with which the B3
accessory subunit assembles with them, («4£32),83 AChRs
preferentially assemble (Kuryatov et al., 2008).

Here we use human AChR subunits expressed in X. laevis
oocytes to investigate assembly of functional a68233* AChRs.
«ab/a3 chimeras are used to discover that barriers to assembly of
a6B2B3* AChRs arise from two amino acids in a putative en-
doplasmic reticulum retention sequence in the a6 M1 trans-
membrane region as well as from unknown sequences within
the a6 large cytoplasmic domain. Concatamers with 1 to 4
linkers are used to express a682B3* AChR subtypes and to
determine their sensitivities to activation and their permeabili-
ties to CaZ*. Concatamers overcome the need for special chap-
erones to assemble a632B3* AChRs. These studies suggest that
assembly of the accessory subunit is a rate-limiting step in
forming mature pentamers. A special chaperone may be re-
quired to efficiently transport («682),83 AChRs to the cell sur-
face. The presence of a single a4 subunit in (a682)(a432)B3
AChRs ensures efficient transport to the surface. These con-
catameric «63233* AChRs will be useful for assaying the effects
of existing drugs and for selecting new a68233* AChR-selective
drugs.

Materials and Methods

a6/a3 Chimeras. We have made chimeras from a6 and a3 sub-
units (Kuryatov et al., 2000). To splice together the cytoplasmic
domain of a6 cDNA with the corresponding part of a3 ¢cDNAs, we
introduced an ApalLl restriction site at position Ile 297 of a6 cDNA
using the QuikChange Site-Directed Mutagenesis kit (Stratagene,
La Jolla, CA). The construct was then sequenced to verify that only
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the desired mutation was present. This restriction site is present in
native a3 cDNA. Using this restriction site and Xbal, we replaced the
cytoplasmic domain of a3 with the a6 domain in the @3 subunit and
the cytoplasmic domain of a6 with the a3 domain in the a6 subunit.
To make chimeras in which only transmembrane regions 1 to 3 were
from another subunit, we started with the chimera a3/a6 in which
the extracellular domain was from a3 and the remainder from a6 or
the chimera «6/a3 as described previously (Kuryatov et al., 2000).
Then the cytoplasmic domains were switched as described above.

a6 and a3 have identical M2 transmembrane domains. To replace
the M1 or M3 domain in the a3 subunit with a6 sequence, we
introduced a BstEII restriction site in the a6 subunit at position Lys
241. Using a BspEI restriction site at position Arg 207 and a BstEII
site at position Lys 241, we replaced the M1 domain of a3 with the a6
domain. Using restriction sites BstEII at position Lys 241 and ApaLl
at position Ile 297, we replaced the M3 domain of a3 with the a6
domain.

To identify the most important amino acid residue responsible for
functional expression in a6/a3 chimeras, we mutated Leu 211 to Met
and Leu 223 to Phe in &3 subunit using the QuikChange Site-
Directed Mutagenesis Kkit.

Concatamer Construction. «4(AGS)sB2, «@4(AGS),B2, and
B2(AGS)ga4 dimeric concatamers were prepared as described in
Zhou et al. (2003). DNA was purified from gel slices using the
QIAquick Gel Extraction Kit (QIAGEN, Valencia, CA). All restric-
tion enzymes were purchased from New England Biolabs (Ipswich,
MA), and all digestions were performed according to the manufac-
turer’s instructions. Ligations were performed with T4 DNA ligase
and ligation buffer (New England Biolabs). Mutagenesis PCR was
performed using the QuikChange Site-Directed Mutagenesis Kit.
The thermocycler was programmed as described in the kit protocol.

First, dimeric concatamers were constructed. To introduce the
B3 sequence in front of a4 we used the (AGS)ga4 and (AGS) a4
plasmids prepared previously in our lab (Zhou et al., 2003). At the
end of the coding sequence of 33, we introduced a BspEI restric-
tion site. (AGS)ga4 and (AGS),,a4 plasmids were digested with
Xmal, HinDIII, and BstEIL. The mutated 3 was digested with
HinDIIT and BspEIL HinDIII-BspEI fragment from B3 and
HinDIII-BstEII fragments from (AGS)gad4 and (AGS),,a4 plas-
mids were ligated to produce B3(AGS)za4 and B3(AGS),,24 plas-
mids. To construct the B3(AGS)gab concatamer, an Fspl restric-
tion site was introduced at the beginning of the coding sequence of
a6 and at the beginning coding sequence of a4 from the
B3(AGS)ga4 concatamer constructed previously. Mutated a6 was
digested with Sacl and Fspl, and mutated B3(AGS)sad was di-
gested with Fspl and HinDIII to cut out the B3 subunit. Digested
a6 and B3 were ligated into pSP64 digested with HinDIII and
Sacl. a6(AGS)gp2 was constructed by mutating a6 to insert a Kpnl
restriction site at the end of coding sequence of the subunit. This
mutated a6 subunit was digested with Kpnl and Sacl and ligated
with (AGS)sB2 pSP64 digested with Kpnl and Sacl. a6(AGS),,82
concatamer was prepared by replacing (AGS)g linker with (AGS),
from a4(AGS),,82 concatamer. In the B3(AGS)gza6 concatamer, we
introduced an Agel restriction site at the beginning of coding
sequence of @6. Using Kpnl and Agel sites, the (AGS);, linker was
inserted between B3 and «6.

Next, trimeric concatamers were constructed. To construct
B3(AGS)sa6(AGS)sB2, a Kpnl restriction site was introduced at the end
of the coding sequence of a6 in the previously prepared B3(AGS)sa6
concatamer. This vector was then digested with Kpnl and Sacl. An
(AGS)gB2 fragment was obtained by digestion of the a6(AGS)gB2 con-
catamer with Kpnl and Sacl restriction enzymes. Ligation of these two
fragments produced B3(AGS)sa6(AGS)sB2. To obtain B3(AGS)4
ab(AGS),582 and B3(AGS);5,06(AGS),,B2 trimers, we used the EcoRV
restriction site from the a6 sequence and the Pvul restriction site from the
pSP64 plasmid. B3(AGS)sa6, B3(AGS);,06 and ab6(AGS),,B82 were di-
gested with these two restriction enzymes, then were ligated together to
produce B3(AGS)sab(AGS);,B2 and B3(AGS),,a6(AGS);,B2 trimers.
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B3(AGS)se4, B3(AGS),,04 and a4(AGS),,B2 were digested with Pvul and
Nsil restriction enzymes and their fragments were ligated together to
produce B3(AGS)sad(AGS),,82 and B3(AGS);504(AGS),,B2 trimers.

Finally, pentameric concatamers were constructed. The stop codon at
the end of B2 in the B3(AGS),,a6(AGS),,B2 trimer was replaced with a
BspElI restriction site. Another mutant was prepared with the BspEI
site at the end of the coding sequence of 83 in the B3(AGS)sa6(AGS), 532
trimer that replaces the Kpnl restriction site. Then the 83 sequence in the
B3(AGS),5,a6(AGS),,B2 trimer was replaced with B3(AGS),,a6(AGS),,32
trimer using Xbal and BspEI restriction sites. This resulted in the
B3(AGS),506(AGS),5B2(AGS)a6(AGS);,B2 pentamer. We introduced
the same BspEl site at the end of the coding sequence of B3 in the
B3(AGS)sd(AGS),,B2 concatamer. Using the same restrictions sites, Xbal
and BspEI, we ligated the Xbal-BspEI B3(AGS),,06(AGS);,2 fragment
to form the B3(AGS);,a6(AGS),,B2(AGS);a4(AGS),,B2 pentamer.
The end of B2 coding sequence in the B3(AGS);,04(AGS),,82 trimer was
replaced with the BspEI restriction site, and the Xbal-BspEI
B3(AGS),,04(AGS),,B2fragment was ligated with the (AGS)sa6(AGS),,32
Xbal-BspEI fragment from the B3(AGS)ga6(AGS);5B2 trimer with the
BspElI restriction site at the end of the 83 coding sequence.

DNA Preparation. Two microliters of ligations were transformed
into XL-10 Gold Ultracompetent cells (Stratagene, La Jolla, CA)
using the protocol included in the kit. Transformant (100 ul) was
plated onto LB-ampicillin agar plates after overnight incubation at
37°C. 6 to 8 colonies were used to inoculate the same number of
culture tubes containing 2.5 ml of LB with 100 ug/ml ampicillin.
These cultures were subsequently used in the QIAquick Spin Mini-
prep Kit (Qiagen, Valencia, CA). Miniprep DNA was tested for cor-
rect sequence by restriction enzyme digestion and subsequent aga-
rose gel electrophoresis. The miniprep culture with correct DNA was
used to make a streak plate. A colony from this streak plate was used
to inoculate 100 ml of LB with the same concentration of ampicillin
as described above. This culture was subsequently used to purify
DNA with the Qiagen Plasmid Midiprep Kit (QIAGEN). DNA con-
centration was calculated by spectrophotometry.

Oocyte Injection. cRNA from 1 ug of linearized cDNA templates of
subunits, chimeras, or concatamers in the pSP64 vector was synthe-
sized using SP6 RNA polymerase from the mMessage mMachine kit
(Ambion, Austin, TX). X. laevis oocytes were injected cytosolically with
20 to 95 ng of RNA per oocyte and incubated for 4 to 7 days in media
made up of 50% L-15 (Invitrogen, San Diego, CA), 10 mM HEPES, pH
7.5, 10 units/ml penicillin, and 10 pg/ml streptomycin at 18°C. Media were
changed as needed. cRNAs for the B3(AGS)ga4 + B2 + a6 combination was
injected at a ratio of 4:2:1. cRNAs for the B3(AGS);a6(AGS)sB2 +
ad(AGS)sB2, B3(AGS);,06(AGS),,B2 + ad(AGS)s2 combinations were
injected at various ratios favoring the formation of
B3(AGS)sab6(AGS)¢B2 and B3(AGS),,a6(AGS);,82. The con-
catamer combinations B3(AGS);,a6(AGS),,82 + a6(AGS),,B2 and
B3(AGS);,a4(AGS),5B2 + ab6(AGS),582 combination were injected
in equal ratios. cRNAs B3(AGS),,a4(AGS),5,B2(AGS)5a6(AGS),,2
and B3(AGS);5a6(AGS),5,B2(AGS)sa4(AGS) 5,82 (20 ng) and
B3(AGS);5,06(AGS)15B2(AGS)sab6(AGS),5B2 (95 ng) were injected
in oocytes. a3 99706 + B2, a3, _g9;a6 + B3(AGS);,a6 + B2,
a31_90706905 24103 + B2, a3 54106545 09703 + B2, M211La3 + B2,
L223Fa3 + B2 combination cRNAs were injected at equal ratios
totaling 50 ng/oocyte.

Surface Expression of AChRs. Surface expression was deter-
mined by incubating oocytes in ND-96 solution (96 mM NacCl, 1.8
mM CaCl,, 1 mM MgCl,, and 5 mM HEPES, pH 7.5) that contained
10% heat-inactivated normal horse serum and 5 nM B2-specific
1251.mAb 295 (Whiting and Lindstrom, 1988) for 3 h at room tem-
perature, followed by three wash steps with ice-cold ND-96 solution
(96 mM NaCl, 2 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, and 5 mM
HEPES, pH 7.4) to remove nonspecifically bound mAbs. Nonspecific
binding was determined by incubating noninjected oocytes under
similar conditions.

Sucrose Gradient Sedimentation. Triton X-100-solubilized
AChRs from oocytes were prepared as described by Kuryatov et al.

(2000). Groups of 30 oocytes were homogenized by repeated pipet-
ting in 1 ml of buffer A (50 mM Na,HPO,, pH 7.5, 50 mM NaCl, 5
mM EDTA, 5 mM EGTA, 5 mM benzamidine, 15 mM iodoacet-
amide, and 2 mM phenylmethylsulfonyl fluoride). Cell membranes
and particulates were pelleted by centrifuging at 15,000g for 15
min. Membrane proteins were resuspended by pipetting and sol-
ubilized in 150 ul of buffer A containing 2% Triton X-100 for 1 h
at room temperature. Debris was removed by centrifugation at
15,000g for 15 min. Aliquots (150 ul) of the lysates, mixed with 2
ul of 1 ug/ml pure extract of Torpedo californica electric organ,
were loaded onto 11.3 ml of sucrose gradients [linear 5—20%
sucrose (w/w) in 10 mM sodium phosphate buffer, pH 7.5, that
contained 100 mM NaCl, 1 mM NaN,, 5 mM EDTA, 5 mM EGTA,
and 0.5% Triton X-100]. The gradients were centrifuged for 16 h at
40,000 rpm in a rotor (SW-41; Beckman Coulter, Fullerton, CA) at
4°C. The fractions were collected at 15 drops per well from the
bottom of the tubes and used for additional analysis. Fifty micro-
liters of each fraction were transferred to mAb 295-coated wells to
isolate B2 AChRs for measurement of [*H]epibatidine binding,
and 20 pl of each fraction were transferred to mAb 210-coated
wells to isolate al-containing T. californica AChRs used as mo-
lecular weight standards. Fractions in mAb 295-coated wells were
incubated with 2 nM [*H]epibatidine at 4°C overnight. Fractions
in mAb 210-coated wells were incubated with 1 nM '2°I-a-

Forms Functional AChRs
In Combination with g2 ?

M1 M2 M3 M4
a3 1 Hlé:cc-:—:—:—: 446 Yes’
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Native Subunits
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ab/o3 1 l#' o‘& —— —1446 Yes™
(a61_207/03208446)
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(061_207/04208-504)
Bja6 1 .w @;é 464 No*
(0B1207/a6208 464)
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(od1_207/a6208 464)
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(081207/03208-297/%6298464)
(031_207/06208297/03298-446)

Transmembrane Orientation Of Subunits

Fig. 1. Design of a6 chimeras. This is an expanded form of a figure from
Kuryatov et al. (2000). An asterisk indicates data from that article. The
remaining chimeras depicted are unique to the current article. The
branched structures depict glycosylation. The linked Cs depict the cys-
teine loop characteristic of all subunits of this gene family and the
disulfide linked pair of successive cysteines characteristic of the C-loop of
a subunits that closes over the ACh binding site when agonists are bound.
The four transmembrane domains are designated M1 to M4. In the
diagrammatic representation of the transmembrane orientation of a sub-
unit polypeptide chain, the N terminus at the extracellular apex is indi-
cated by N’, and the C terminus at the end of the short extracellular
sequence after M4 is marked C'.
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bungarotoxin at 4°C overnight. Afterward, the wells were washed
three times with PBS and 0.5% Triton X-100; bound [*H]epibati-
dine was determined by liquid scintillation counting, whereas the
bound '?°I-a-bungarotoxin was determined by gamma counting.
Sucrose Gradient Sedimentation of Surface AChRs. Oocytes
were first washed three times with PBS (100 mM NaCl and 10 mM
sodium phosphate buffer, pH 7.0) buffer and then incubated in PBS
buffer that contained 0.5 pg/ml EZ-link Sulfo-NHS-SS-Biotin [sulfo-
succinimidyl 2-(biotinamido)-ethyl-1,3-dithiopropionate] (Pierce,
Rockford, IL) at room temperature for 30 min to label the surface
proteins. After incubation, oocytes were gently washed three times in
PBS buffer. Triton X-100-solubilized AChRs from oocytes were pre-
pared as described previously. A sucrose gradient was run following
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Subunit Combination

Fig. 2. Formation of ACh binding sites labeled with [*H]epibatidine by
expression in oocytes of AChR combinations of wild-type and chimeric
subunits. Chimeric subunits are written in three segments to indicate
extracellular domain/M1-M3 transmembrane domains/large cytoplasmic
domain, M4, C terminus. ACh binding sites are formed at the interface
between the extracellular domains of the + side of « subunits and the —
side of B subunits (Gotti et al., 2007). AChRs were solubilized from
oocytes using Triton X-100, isolated using mAb 295 to B2 subunits coated
on microwells, then labeled with [*H]epibatidine. Expression of free a6
and B2 subunits resulted in formation of large amounts of ACh binding
sites with high affinity for epibatidine that could be isolated from Triton
X-100 extracts by a mAb to the extracellular domain of 32 subunits that
binds well only when B2 is associated with « subunits. This result con-
firms our observation that free «6 and B2 subunits expressed in oocytes
assemble exceptionally efficiently to form ACh binding sites at their
interface (Kuryatov et al., 2000). The amount of epibatidine binding sites
formed by the combination of a6 with B2 was more than 25-fold the
amounts formed with either a3 or a4 in combination with 82. In a mature
a632% AChR there should be two a682 pairs and an accessory subunit,
either B2, B3, or «6. However, free a6 and B2 subunits in oocytes do not
form mature pentameric AChRs, instead they form amorphous large
aggregates (Kuryatov et al., 2000). A chimeric a6 subunit in which the
large cytoplasmic domain through the C terminus of «6 was replaced with
that of @3 formed far fewer epibatidine binding sites when expressed with
B2 subunits. This shows that the cytoplasmic domain or more C-terminal
sequences of a6 contribute to efficient assembly with 2. A chimeric a6
subunit in which transmembrane domains 1 to 3 were replaced with
those of @3 formed even fewer epibatidine binding sites when expressed
with B2. This shows that sequences within these transmembrane do-
mains contribute to efficient assembly with B2 subunits. The converse
experiment of replacing the large cytoplasmic domain through the C
terminus of a3 with that of a6 resulted in the formation of a relatively
small amount of epibatidine binding sites, though more than three times
the number of binding sites formed by wild type a3 in combination with
B2. An a3 chimera with transmembrane domains 1 to 3 of a6 formed
somewhat more epibatidine binding sites in combination with 2. Thus,
a6 transmembrane and cytoplasmic sequences contribute to efficient
assembly with 2 and can enhance the assembly of «3 with B2 when part
of chimeras with a3.
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the protocol described above. Streptavidin plates (Greiner Bio-One
North America Inc., Monroe, NC) were used for isolation of biotin-
labeled AChRs. After centrifugation, 15-drop fractions were col-
lected, and then 20 ul of each fraction were transferred to mAb
210-coated wells to determine the T californica AChR profile, 50 ul
were transferred to mAb 295-coated plates, and 95 ul of each fraction
were transferred to streptavidin-coated wells. Fractions in mAb 295-
coated wells and streptavidin-coated wells were incubated with 2 nM
[®Hlepibatidine at 4°C overnight to measure the amount of epibati-
dine-binding sites for total and surface AChRs. Fractions in mAb
210-coated wells were incubated with 1 nM '?*I-a-bungarotoxin at
4°C overnight to determine binding to 7. californica.

Western Blotting. AChRs solubilized as described above were
resolved by SDS-polyacrylamide gel electrophoresis. Electrophoresis
was performed on precast 4-to-15% gradient acrylamide gels contain-
ing SDS (Novex, San Diego, CA). The transfers were conducted using
a semidry electroblotting chamber Semi-Phor (Hoefer Scientific In-
struments, San Francisco, CA) to Trans-Blot Medium polyvinylidene
difluoride membrane (Bio-Rad Laboratories, Hercules, CA). The
blots were quenched after transfer with 5% Carnation dried nonfat
milk for 1 h in 0.5% Triton X-100, PBS, and 10 mM NaN . Blots were
probed with rat antiserum to 82 (diluted 1:500) and mAb 349 to a6
(1:1000) (Tumkosit et al., 2006) and then incubated with 2 nM
125].]1abeled goat anti-rat IgG for 8 h at room temperature. After
washing in 0.5% Triton with NaNj, blots were visualized by
autoradiography.

Electrophysiology. Whole-cell membrane currents were recorded
4 to 7 days after injection of oocytes with various RNA combinations
using a two-microelectrode voltage-clamp amplifier (Oocyte Clamp OC-
725; Warner Instruments, Hamden, CT). Currents were measured in
response to the application of various concentrations of agonists, includ-
ing ACh and nicotine, as well as inhibitors, including methyllycaconi-
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Fig. 3. A chimera in which an amino acid sequence C-terminal of M3 of
a3 (including the large cytoplasmic domain and M4) was replaced with
that of a6 formed AChRs in combination with B2 of the size expected of
mature a5/a6B2 AChRs but also a greater amount of larger aggregates.
Sucrose gradient sedimentation velocity analysis revealed a component of
the size expected of mature pentamers, which sedimented between T.
californica AChR monomers and dimers, as well as greater amounts of
larger aggregates. a3B2 AChRs sediment only as mature pentamers,
whereas 632 sediments only as aggregates (Kuryatov et al., 2000). Thus,
the presence of some mature AChRs reflects the effects of a3 sequences in
the chimera, whereas the presence of aggregates reflects the effects of a6
sequences in the chimera. Chimeras were isolated on microwells coated
with mAb 295 to 2 subunits, then labeled with [*H]epibatidine. Aliquots
of the same fractions were incubated in microwells coated with mAb 210
to al subunits to isolate T. californica AChR monomers and dimers
that were included as internal standards. These were labeled with
125]_a-bungarotoxin.
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Fig. 4. 3 subunit chimeras containing «6 M1 amino acids are impaired
from assembling functional AChRs in combination with B2 subunits.
Sequences within the M1 transmembrane domain of @3 and a6 subunits
are compared in an inset to A. A, amplitudes of currents of «332 AChRs
produced in response to 1 mM ACh are reduced when a3 chimeras
containing single a6 amino acids or transmembrane domains of a6 are
used. Oocytes injected with equal amounts of mRNAs for a3 and B2
subunits form enough AChRs to produce substantial currents. Replace-
ment of a3 Leu 223 with the Phe of a6 greatly reduces these currents.
Replacement of a3 Leu 211 with the Met of a6 has an even greater effect,
approximately equivalent to that of an a3 chimera containing transmem-
brane domains M1 to M3 of «6. B, kinetics of the responses of 332
AChRs produced in response to 1 mM ACh are altered in chimeras of a3
with a6. Wild-type a332 AChRs produce large currents in response to this
saturating concentration, which over 2 s are reduced by half through

tine and a-conotoxin MII. Recordings were analyzed using MacLab
software (ADInstruments, Castle Hill, NSW, Australia). To obtain ag-
onist dose/response curves, increasing concentrations of ACh agonists
were applied at 3-min intervals. The recording chamber was constantly
washed with ND-96 containing 0.5 uM atropine (to block muscarinic
AChR responses sometimes found in the oocytes). At this concentration,
atropine reduced the response to 1 uM ACh by 7% in the case of
B3-a4-B2-a6-B2, 10% in the case of B3-a6-B2-a6-B2, and 15% in the case
of B3-a6-2-a4-B2 concatamers. These small effects of atropine were not
altered by changing the voltage from —50 to —100 mV; thus, they were
probably not due to channel block. We compare our results with those of
studies on synaptosomes that were performed in 1 uM atropine (Salmi-
nen et al., 2004, 2007); thus, the similarities between the EC;, values
we observe and those for «6% AChR subtypes inferred from synapto-
somes studies reflect measurements under comparable conditions. Re-
cordings were performed at a clamp potential of —50 mV, except
B3(AGS);506(AGS)15,B2(AGS)sa6(AGS),,82 cRNAs that were recorded
at —70 mV to amplify the responses. The mean value of at least four
oocytes per combination was taken to graph dose/response curves. Val-
ues are expressed = S.E.

Ca®" permeability of pentameric concatamers was assayed by
comparing currents obtained in response to 30 uM ACh in modified
ND96 and in an extracellular solution containing Ca®* as the only
cation (Tapia et al., 2007). In both cases Cl ™ -free solutions were used
to avoid effects of oocyte C1~ channels. The modified ND96 was made
with 90 mM NaOH, 2.5 mM KOH, 1.8 mM Ca(OH),, and 10 mM
HEPES buffered to pH 7.3 with methanesulfonic acid. The Ca®*-only
solution contained 1.8 mM Ca(OH), titrated to pH 7.5 with HEPES
and 178 mM dextrose to maintain osmolarity. Intracellular elec-
trodes were filled with 2.5 M potassium methanesulfonate.

Results

Problems with Expressing a682* AChRs from Free
Subunits in X. laevis Oocytes. Expression of a634 or
a6B433 subunit combinations in X. laevis oocytes produced
functional AChRs, but a632 or 68233 combinations did not
(Gerzanich et al., 1997; Kuryatov et al., 2000). The a632a5
combination produced modest amounts of rapidly desensitiz-
ing AChRs (Kuryatov et al., 2000). This suggests that the
accessory subunit is important. 83 and a5 can function only
as accessory subunits, whereas a6, a4, B2 . . . can both
participate in forming ACh binding sites and function as the
fifth “accessory” subunit that does not participate in forming
an ACh binding site (Kuryatov et al., 2008). All agonists
tested were partial agonists relative to ACh. This suggests
that 6% AChR binding sites may intrinsically result in par-
tial activity for many agonists. a6 subunits in combination
with B2, B2 + B3, or B2 + «b subunits were much more
effective at forming ACh binding sites labeled by [*H]epiba-
tidine than were a3 + B2, a4 + B2, a3 + B4, a6 + B4, or
ab + B4 + B3 combinations (Kuryatov et al., 2000). Despite
partially assembling to form large numbers of ACh binding
sites, far fewer a6B2 AChRs than «3B2 AChRs could be
labeled on oocyte surfaces with 2°I-mAb 295 directed at 52
subunits (Kuryatov et al., 2000). Whereas o382 AChRs as-

desensitization and channel block. An a3/a6/a3 chimera in which trans-
membrane domains 1 to 3 are replaced with those of a6 results in a low
amplitude response that desensitizes almost completely in 1 s. An a3/
a3/a6 chimera in which the cytoplasmic domain and other parts of a3
C-terminal of M3 are replaced by a6 results in virtually no functional
AChRs. The loss of amplitude of chimeric responses reflects primarily
failure to assemble mature AChRs. The more rapid and complete desen-
sitization of the a3/a6/a3 chimera reflects effects of the presence of a6 M1
to M3 transmembrane domains in functional chimeric AChRs.
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sembled into mature pentamers that sedimented on sucrose
velocity gradients at the expected size, intermediate between
monomers and dimers of T. californica AChR, o632 assem-
bled into amorphous complexes larger than dimers (Kuryatov
et al., 2000).

Coexpression of a6, a3, and B2 subunits results in assem-
bly of functional AChRs, most likely (a682)(«332)B2, as in-
dicated by full efficacy of nicotine on this combination but
only partial efficacy on (a3B2),82 (Kuryatov et al., 2000).
Partial efficacy on «332 AChRs results from channel block by
nicotine as a result of interaction with the «3 M2 channel-
lining residue V 258 when two a3 subunits are present in the
AChR (Rush et al.,, 2002). Robust function of the
(a6B2)(a3B2)B2 subtype suggests that complex a6* AChR
subtypes containing a single («682) ACh binding site can
efficiently assemble and be transported to the cell surface.
Coexpression of the a6 + a4 + B2 combination resulted in
limited coassembly of a6a4B82 AChRs, as indicated by sub-
unit-specific immune precipitation. However, there was no
obvious difference from a4B2 AChRs in terms of functional
properties (Kuryatov et al., 2000). It is not clear whether
coassembled AChRs functioned on the cell surface.

Chimeras of a6 subunits with a3 or a4 have helped to
reveal parts of the sequence of a6 that influence its assembly
with B2 subunits (Fig. 1). Chimeras of the extracellular do-
main of a6 (1-207) with the remainder of a3 (208-446) or a4
(208-594) produced functional AChRs when expressed with
B2 subunits (Kuryatov et al., 2000). This indicates that the
extracellular domain of 6 efficiently assembles with that of
B2 to form ACh binding sites and pentameric AChRs. Sensi-
tivities of these chimeras to nicotine were rather low (EC;, =
4.2 £ 0.9 pM, n = 3 for a6/a3B2; EC;, = 3.2 = 0.5 uM, n =
3 for a6/a4B2). All a6/* chimeras, whether in combination
with B2 or with B4, were very sensitive to blockage by «
conotoxin MII. This indicates that a6 contributes elements to
the ACh binding site, which confers sensitivity to this toxin.
a Conotoxin MII is selective only for «682* AChRs and for
a3B2 AChRs (Dowell et al., 2003). Chimeras with the extra-
cellular domain of a3 or a4 and the remainder of a6 were not
functional. This indicates that transmembrane and/or cyto-
plasmic domain regions of «6 impair formation of pentameric
AChRs.

The transmembrane and cytoplasmic sequences of a6 that
impair assembly of functional AChRs were identified by stud-
ies of chimeras between a6 and a3 subunits. a6 subunits are
most closely related in sequence to a3. A chimera in which

TABLE 1
Linkers between Subunits
Added amino acids are shown in bold.

a6* AChR Concatamers 131

the cytoplasmic domain and M4 of a6 was replaced by that of
a3 assembled with B2 to form ACh binding sites (Fig. 2). Only
10% as many binding sites were formed as with wild-type 6.
Thus, regions C-terminal of M3 are important for the excep-
tionally efficient assembly of «6 with 2. Replacement of the
transmembrane domains M1 to M3 of a6 with those of a3
reduced by 95% the amount of ACh binding sites produced in
combination with B2 (Fig. 2). Thus, sequences within these
transmembrane regions are also important for the exception-
ally efficient assembly of a6 with B2. Replacement of the
large cytoplasmic domain through the C terminus of a3
with a6 produced 3.7 fold more than wild-type a3 epibati-
dine binding sites (Fig. 2). Thus, the a6 regions that are
important in its ability to assemble with B2 could confer
increased assembly on a3. Replacing the transmembrane
domains M1 to M3 of @3 with those of a6 produced more
ACh binding sites than did wild-type @3 in combination
with B2 (Fig. 2). Thus, the transmembrane regions that
were important to the assembly of a6 with B2 could also
confer increased assembly on «3. Replacing the cytoplas-
mic domain and M4 of a3 with that of a6 resulted in
assembly of some AChRs of the size expected of mature
a3B2 AChRs but also in the assembly of a variety of larger
aggregates (Fig. 3). Thus, the a6 sequence confers assem-
bly with B2 to form subunit pairs with ACh binding sites,
and these assemble into larger aggregates, but not effi-
ciently into pentameric AChRs.

Changing only a3 M1 transmembrane domain Leu 223 to
Phe, as in a6, reduced ACh-induced current by 67% (Fig. 4).
Substituting a3 Leu 211 with the Met of o6 had an even
greater effect, reducing current by 92%. This single amino
acid change reduced current virtually as much as did replac-
ing transmembrane domains M1 to M3 of a3 with those of 6.
The sequence at the beginning of the a1 M1 sequence corre-
sponding to 210 to 217 is an endoplasmic reticulum retention
sequence (Wang et al., 2002). This sequence is conserved in
many subunits, but the unusual Met 211 in a6 may disrupt
it. This sequence is thought to be important for retaining
subunits in the endoplasmic reticulum while they are being
assembled and is covered up as AChR pentamers complete
assembly, permitting transport through the Golgi apparatus
to the surface membrane. The change of a3 Leu 211 to Met,
which is found in o6 at that position, may impair assembly of
mature AChRs.

Concatamers Permit Assembly of Complex a6* AChR
Subtypes. Table 1 shows the linkers used to form concatam-

Linker Length

Concatamer Pair Sequence of Linkers and Adjacent Subunits

Amino Acids If Linker Were Extended
(C’-tail + Linker + Amino Acids Added in Restriction Sites) Random Coil

A
B2(AGS)gad SAPSSKEG (AGS) ;,RAHA 23 + 18 + 2 =43 258
a4(AGS)gB2 WLAGMIQEGT (AGS) ;,TGTEER 8+ 18 + 6 =232 192
a4(AGS),,82 WLAGMIQEGT (AGS) ,,TGTEER 8 + 36 + 6 =50 300
B3(AGS)gad WLHSYHSR (AGS) ;RAHA 11+ 18 +2=31 186
B3(AGS), a4 WLHSYHGT (AGS) , ,RAHA 11 + 36 + 2 =49 294
B3(AGS)za6 WLHSYHGT (AGS) ;,TGCATE 11 +18 +4 =33 198
B3(AGS),,a6 WLHSYHGT (AGS) , ,CATE 11 + 36 + 2 =49 294
ab(AGS)gB2 GNTGKSGT (AGS) ,TGTEER 10 + 18 + 4 =32 192
ab(AGS),,B2 GNTGKSGT (AGS) , ,TGTEER 10 + 36 + 4 =50 300
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ers. Figure 5 diagrammatically represents the arrangement
of subunits in 6* AChRs and indicates how they are linked
in concatamers. Table 2 lists the concatamers for which EC,,
values are reported, showing some of these EC;, values, and
shows the explicit and abbreviated nomenclature used to
designate each of these concatamers. Linkers of 6 or 12
alanine, glycine, serine (AGS) sequences were used to link
the C terminus of one subunit to the N terminus of the next.
Because B2 subunits have a long C terminus (23 amino
acids), only (AGS)s was used to link their C termini to other

B3(AGS),,a6(AGS),,$2(AGS);06(AGS),,$2

subunits. All other shorter C-termini (e.g., a4 with eight
amino acids) were linked using an (AGS),, linker. This ap-
proach produced ACh subtypes with consistent pharmacolog-
ical properties, whether they were formed of concatameric
pentamers or mixtures of shorter concatamers plus free sub-
units. In studying linked pairs of a4 and B2 subunits, we
previously discovered that short linkers can constrain the
ability to assemble, prevent formation of an ACh binding site
between the subunit pair, and reduce sensitivity to activation
(Zhou et al., 2003). Here we found that using (AGS)4 instead

Fig. 5. Diagrammatic representation of
AChR subunit arrangements, and con-
catamer linkers. A, top view of a 33-a6-
B2-a6-B2 concatameric pentamer. Its di-

aa mensions and subunit order are modeled
after those of (aly)(al8)pl AChRs (Un-

B3(AGS),06 + ab + P2

(AGS),, as p strand

B3(AGS),06(AGS),,2 + 04(AGS),,2

v

win, 2005). The fully written out nomen-
clature for this construct linked from the
C terminus of the first subunit to the N
terminus of the next with a total of four
linkers is shown. The length of an
(AGS),, linker is represented as if it were
a B strand. This sequence of 36 amino
acids should form a random coil much
longer than minimally necessary to link
the two subunits. A shorter linker of
(AGS)s allows assembly of B2(AGS)sad
without constraining function because of
the long 23-amino acid C-terminal do-
main of B2, but a4(AGS)sB2 is more con-
strained because a4 has a C-terminal do-
main of only eight amino acids (Zhou et
al., 2003). B, side-view representations of
linked subunit pairs. The bulge in the «
subunit represents the C-loop of this sub-
unit, which closes over the ACh binding
site at the o/B2 interface when it is occu-
pied by an agonist. C, top view of the
same subtype as in A formed using a sin-
gle B3-a6 concatamer pair in combination
with free a6 and B2 subunits. D, top view
of the (a6B2)(a4B2)B3 subtype formed
from a concatameric B3-a6-B2 trimer and
a concatameric a4-B2 dimer.

240A

TABLE 2
a6* AChR concatamers, both pentameric and mixtures of free and linked subunits
EC5,
AChR Subtype Constructs (abbreviation)
ACh Nicotine
uM

(a62),3 B3(AGS),,06(AGS);,B2(AGS);a6(AGS),,52 1.21 = 0.09 0.387 = 0.051
B3-a6-p2-ab6-p2 n==6 n=5
B3(AGS),,a6 + ab + B2 Expression level too low for accurate ECy,
B3-a6 +ab + B2 determination

(a6B2)(a4p2)B3 B3(AGS),,a6(AGS),,B2(AGS);a4(AGS),, B2 0.828 = 0.047 0.170 = 0.079
B3-a6-p2-a4-p2 n=5 n=4
B3(AGS),,a6(AGS),,62 + a4(AGS),,p2 0.458 *+ 0.046 0.306 = 0.042
B3-a6-B2 + ad-B2 n=4 n=5

(a4p2)(a6p2)B3 B3(AGS),,a4(AGS),,B2(AGS)sa6(AGS),, B2 1.76 = 0.25 0.397 = 0.122
B3-a4-B2-a6-p2 n=>5 n=4
B3(AGS),,a4(AGS),,B82 + a6 + B2 1.11 = 0.09 0.397 = 0.070
B3-a4-B2 + a6 + B2 n=4 n="17
B3(AGS),,04 + a6 + B2 1.69 = 0.14 0.584 * 0.149
B3-a4 + a6 + B2 n==6 n =38

(a6B2)(a4B2)B3 B3(AGS)sa6(AGS)sB2 + ad(AGS)sB2 113 = 23 18.0 = 4.6
These concatamers with short linkers are not n==6 n=4

used elsewhere in this paper
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of (AGS),, after a6, a4, or B3 greatly reduced sensitivity to
activation, as shown in the last entry in Table 2.

The linear order in which AChR subunits are linked C
terminus to N terminus does not necessarily reflect the order
in which the subunits assemble in the mature AChR. The
linker joins the short extracellular sequence that follows the
fourth transmembrane domain « helix at the C terminus of
one subunit to the N-terminal « helix at the extracellular tip
of the next subunit. We showed that the concatameric pair
B2(AGS)ga4 assembles preferentially in the order a4B2 to
form an ACh binding site at their interface (Zhou et al.,
2003). The linker of 43 amino acids of 82 C-terminal amino
acids and (AGS)s does not interfere with AChR function.
These pairs assemble efficiently with B2, a4, B3, or a5 acces-
sory subunits to form (a4p2),X AChRs with the expected
properties (where X indicates various accessory subunits)
(Zhou et al., 2003; Tapia et al., 2007). B2 seems to assemble

B3-0d + a6 + P2

001 ~ ACh
0 -..1 uM ACh + 20 nM o conotoxin MII
i d et b PN
-0.01 +~
~ -0.02
£
- 003
=
@
£ 004 |
&
-0.05 +
-0.06 1 mM ACh
-0.07 1 1 1 1 )
0 2 4 6 8 10
Time (sec)

Fig. 6. o Conotoxin MII (20 nM) blocks the response to 1 uM ACh of
B3-(a4B2)(a6B2) AChRs formed from coexpression of the B3-a4 con-
catamer plus free a6 and B2 subunits. This proves that this response
results from AChRs with an ACh binding site formed by an «682 subunit
pair, because a conotoxin MII blocks o632 binding sites not 42 binding
sites. The B3-a4 concatamer would not be expected to assemble mature
AChRs in combination with just 82, and it did not.

the extracellular surface of 2 subunits. The a6-B2 concatamer in com-
bination with B3 produced few AChRs on the cell surface. C, the 33-a6
concatamer expressed with free a6 and B2 subunits resulted in expres-
sion of many mature pentameric AChRs the size of 9.5 S T. californica
AChR monomers that could be solubilized with Triton X-100, sedimented
on sucrose gradients, immunoisolated, and labeled with [*H]epibatidine.
In addition, large amounts of improperly assembled subunits formed
large aggregates. Only epibatidine binding aggregates are found in oo-
cytes that express only free a6 and B2 subunits (Kuryatov et al., 2000).
Here they may result from excess free a6 and B2 subunits over those that
assemble properly with the 83-a6 concatamer. The a6-B2 concatamer in
combination with free a6 and B3 subunits formed a small amount of
AChRs that sedimented at the rate expected of mature pentameric
AChRs, and a small proportion of aggregates capable of binding epibati-
dine. The small amount of mature AChRs results from inefficient incor-
poration of free B3. The low amount of epibatidine-labeled aggregates
suggests that the a6-B2 concatamer does not efficiently form epibatidine
binding sites in aggregates that are probably present. Collectively, these
three panels show that proper assembly of the 83 accessory subunit with
ab is critical to assembly of functional «6p2B83 AChRs and that a single
concatameric linkage of B3 with a6 permits this assembly, allowing
association of free B2 and a6 subunits to complete assembly of functional
pentamers. This concatameric linkage may replace the effect of a special-
ized chaperone protein found in cells that endogenously express a63233
AChRs.
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Fig. 7. Linking B3 to a6 results in formation of functional AChRs in
combination with B2. A, the combination of a6 + B2 + B3 subunits
produces negligible currents in response to 30 uM ACh. The B3-a6 con-
catamer in combination with free a6 and 2 subunits produces substan-
tial currents in response to ACh. The a6-82 concatamer in combination
with B3 subunits produces no response. B, the B3-a6 concatamer ex-
pressed with free a6 and B2 subunits resulted in expression of abundant
AChRs on the oocyte surface detected by binding of an iodinated mAb to
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very avidly with a4 to form ACh binding site pairs or tetram-
ers but seems inefficient at assembling in the accessory po-
sition. This may account for the pools of high-affinity assem-
bly intermediates on which nicotine and other cholinergic
ligands can act as pharmacological chaperones to promote
assembly of mature AChRs (Kuryatov et al., 2005). 83 and ob
are avid at assembling in the accessory position in (a«432),X
AChRs (Kuryatov et al., 2008). g4 also avidly assembles in
the accessory position, perhaps accounting for the efficient
assembly of (a«384),84 AChRs and lack of pharmacological
chaperone effect of nicotine on this subtype (Wang et al.,
1998; Sallette et al., 2004). The 43-amino acid C terminus of
B2 and linker in the concatameric pair B2(AGS)ga4 is quite
flexible, allowing the B2 to serve as an accessory subunit of
one pentamer and the a4 as an accessory subunit in another
pentamer joined by the linker (Zhou et al., 2003). The 50-
amino acid C terminus of a4 and linker in the a4(AGS),;,82
pair usually assembles to form ACh binding sites with other
subunits (Zhou et al., 2003). This linker also can join two
pentamers. Both B3(AGS);,24 and B3(AGS),,a6 pairs can
form AChRs in combination with free a6 and B2 subunits.
Because (B3 can function only in the accessory position, the
linker must allow assembly in the order B3a4 or B3a6, leav-
ing the a subunit free to form an ACh binding site with a free
B2 subunit. The shorter B3(AGS)gza6 linker does not work in
this experiment (data not shown), perhaps because it con-
strains B3 to assemble with the wrong side of «6. The longer
B3(AGS),,a6 linker probably facilitates assembly of 83 in the
accessory position. When only free a6 and B2 are expressed,
many ACh binding sites are formed, but pentameric AChRs
are not. Thus, B2 appears even less able to assemble in the
accessory position with a6 than it is with «4. A mixture of free
ab, B2, and B3 is very inefficient at assembling AChRs in oo-
cytes (Kuryatov et al., 2000), but the linker overcomes this.
Trimers of B3(AGS);504(AGS);,82 or B3(AGS),,a6(AGS),532
do not form functional AChRs alone. B3(AGS);5,04(AGS),532
plus free a6 and B2 forms functional AChRs with essentially the
same sensitivities to agonists as does the 83-a4 dimer or 3-a4-
B2-06-B2 pentamer. Thus, it seems likely that the subunits
assemble in similar order unencumbered by their linkers in all
three cases. Likewise, the B3-a6-B2 trimer combined with the
a4-B2 dimer result in the same sensitivities as the 33-a6-82-
a4-B2 pentamer, implying that they assemble in the same sub-
unit order, unencumbered by their linkers. Reducing the linker

1uM ACh

length to (AGS)g in the B3-a6-B2 trimer and a4-B2 dimer still
permits assembly of functional AChRs, but constraints of the
short linkers reduce agonist sensitivities by 2 orders of magni-
tude. B3 subunits can form functional AChRs only by assem-
bling as an accessory subunit. If 83 is covalently linked to a4 or
ab, it is very likely to assemble as an accessory subunit adjacent
to that subunit. The difference in length between a linker of
(AGS)s and (AGS),, constrains the ability of subunit pairs to
assemble. An (AGS),,, linker allows a 82 subunit to assemble on
either side of an a4 subunit, to act either as an accessory
subunit or to form an ACh binding site with the linked subunit.
For B3 linked to an « to assemble as an accessory subunit with
another « would require the linker to extend past one or two
other subunits. This seems likely to be inhibited by even an
(AGS);, linker. Thus, although the linear order in which sub-
units are linked does not absolutely determine the order in
which they assemble, especially in the case of 83-a4 or B3-a6
pairs, it seems very likely that linkage order determines order
of assembly of subunits around the mature AChR.

Expression of concatameric «6* AChRs was reproducible,
as indicated by the standard errors on the EC;, values for
agonists (Tables 2 and 3). As a further example of reproduc-
ibility, consider responses of concatameric pentamers. Sets of
30 to 40 oocytes were injected with concatamers on more than
20 occasions. Always, more than 90% of oocytes gave signif-
icant currents.

A single linked B3-a4 subunit pair prevents assembly of
(a4B2),83 AChRs and permits assembly of B3-(a482)(a632)
AChRs when expressed with free a6 and B2 subunits (Table
2). This shows that when the 83 accessory subunit is fixed in
place by a linker, a482 and 632 ACh binding sites can form
from free subunits. All of the AChRs formed contain (a632)
binding sites, as shown by the ability of « conotoxin MII to
block function (Fig. 6). «6 and B2 alone efficiently form ACh
binding sites but not mature pentameric AChRs (Kuryatov et
al., 2000). A B3-a6 concatamer in combination with a6 and B2
subunits permits formation of significant amounts of func-
tional mature B3-(a6B2)(«6B2) AChRs (Fig. 7). This was
demonstrated by assembly of [*H]epibatidine-labeled AChRs
of the size expected for mature AChRs (Fig. 7C), their expres-
sion on the cell surface (Fig. 7B), and their function in re-
sponse to ACh (Fig. 7A). Linking of 83 to a6 was critical for
assembly of functional pentamers. Linkage of a6 to B2 and
free B3 was not effective (Fig. 7). Assembly of the B3 acces-

Fig. 8. Agonist responses of pentameric
concatamer a6B233% AChRs. A, dose/re-

B3-aib-p2-o6-p2 sponse curves for B3-a6-B2-a4-B2 show

o B R e that nicotine is a partial agonist. B, the

B3-0d—B2-06-B2 amplitude of response to 1 uM ACh is
gz T greatest for B3-a6-B2-a4-B2 AChRs and
P least for 83-a6-B2-a6-B2 AChRs. The small

/ amplitude of B3-a6-B2-a6-B2 response re-

flects the small number of these AChRs
that are transported to the cell surface, as
will be shown subsequently. The kinetics of
desensitization of all three concatameric
pentamers are similar. Thus neither the
presence nor absence of a4, or whether 83
is adjacent to a6 or o4, greatly alters the
kinetics of these responses.
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sory subunit in «6B2B3*% AChRs seems to require a special
chaperone. A single concatameric linkage between 83 and a4
or a6 subunits can replace this function.

B3-(a4B2)(a6B2) AChRs are sensitive to activation (ECy, =
0.584 =+ 0.149 for nicotine, n = = 8) (Table 2), more sensitive
than (e42),83 AChRs (EC;, = 1.78 * 0.7 for nicotine, n = 4)
(Kuryatov et al., 2008). A B3 or an a4 accessory subunit
greatly reduces sensitivity when two (a482) ACh binding
sites are in the AChR compared with (a«482),82 AChR. How-
ever, a 33 accessory subunit adjacent to a4 allows high sen-
sitivity to activation when both an («482) and an («632) ACh
binding site are present (Table 2). The sensitivity to activa-
tion remains high if the subunit composition is kept the
same, but the subunit order is changed so that B3 is next to
a6 (Tables 2, 3). Thus, the sensitivity to activation results not
from the specific association of an accessory subunit next to a
particular « subunit, but from global conformation changes
involving all of the subunits in the AChR.

Construction of the (a4B2)(a6£2)B3 subtype using the tri-
meric concatamer 33-a4-B2 + a6 + B2 produces AChRs with
essentially the same ACh sensitivity (EC5, = 1.11 = 0.09
pM, n = 4) as using the dimeric concatamer B3-a4 (ECy, =
1.69 = 0.14 uM, n = 6) (Table 2). The pentameric concatamer
B3-a4-B2-a6-B2 is similarly ACh sensitive (EC5, = 1.76 =
0.25 uM, n = 5) (Table 2). Because the same subtype formed
containing 1, 2, or 4 (AGS), linkers has the same sensitivities
to agonists, these linkers do not significantly alter functional
properties.

Concatamers permit changing subunit order within the same
subunit stoichiometry. The («682)(a«432)B3 subtype was con-
structed in two ways, either as a concatameric pentamer or as
a combination of a B3-a6-B2 trimer plus an «4-B2 dimer (Table
2). Their properties were similar, and both are somewhat more
sensitive to activation than the (a4B2)(«682)B3 subtype. Both
were completely blocked by a-conotoxin MII. Because 83 and a6
are uniquely expressed together in aminergic neurons, it would
be surprising if they were not adjacent in AChRs of aminergic
neurons.

(a6B2),83 AChRs were the most difficult to express. 33-a6
plus a6 + B2 formed few functional AChRs (Fig. 7). The
pentameric concatamer 33-a6-B2-a6-B2 produced more func-
tional AChRs. These were similarly sensitive to activation as
were the other «68233* AChR subtypes (Table 2 and Fig. 8).
Large numbers of ACh binding sites were produced (Fig. 9).
These were all assembled into a homogeneous population of
the size expected of mature AChRs (Fig. 10A). However, only
a very small proportion of (a682),83 concatamer was ex-
pressed on the cell surface (Fig. 11). All of the concatamers
formed components of the expected sizes on Western blots
(Fig. 12). This indicates that the concatamers were stable
and not proteolyzed into free subunits. Function of all of the
ab6* concatamers was completely blocked by a conotoxin MII
(Fig. 13). This indicates that all depended on a632 ACh
binding sites for their function. The inefficiency with which
(a6B2),B3 AChRs were transported to the cell surface sug-
gests that «6* AChRs may interact with a special transporter
in aminergic neurons that is not present in oocytes. The
presence of a single a4 subunit confers efficient transport to
the surface. A single a3 subunit probably is similarly effec-
tive (Kuryatov et al., 2000). It is likely that cytoplasmic
domain sequences are recognized by such transport systems.

Comparing the properties of «6B233* AChR subtypes using
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pentameric concatamers, the (a6£2),83 subtype was found
to have =2.5-fold the Ca®" permeability of either the
(a6B2)(4B2)B3 subtype or the (adB2)(a6B2)B3 subtype
(Fig. 14). This Ca®* permeability is greater than that of
(a4B2),82 (9.5-fold), (a4p2),04 (4-fold), (a4p2),B3 (2.8-fold), or
(a4B2),0a5 (1.7-fold) (Tapia et al., 2007). The high Ca®* perme-
ability conferred on «a4pB2* AChRs by o4, ob, and B3 was
mapped to Glu 262 near the C-terminal end of the M2 channel
lining sequence in these subunits, compared with Lys at this
position in B2 (Tapia et al., 2007). a6 also has a Glu at this
position, so this cannot account for why having two a6 subunits
results in higher Ca®" permeability than either one o6 and one
a4 or two a4.The (a6£2)(a432)B3 subtype was found to desen-
sitize somewhat more slowly than the other two «68233* AChR
subtypes (Fig. 15). These features no doubt factor, along with
drug sensitivities and the proportion of each subtype, in the
differences in physiological responses associated with different
populations of dopaminergic neurons (Gotti et al., 2010). The
high Ca®* permeability of («632),83 AChRs may be especially
important for promoting release of dopamine at nerve endings.

The agonist sensitivities of a68283* AChR subtypes were
compared using concatameric pentamers (Table 3). All were
relatively sensitive to activation. The ECy, for nicotine-in-
duced release of dopamine from striatal synaptosomes of
ACh subtypes inferred from knockout mice were 1.52 = 0.19
pM for (a6B2),83 and 0.23 = 0.08 uM for (a6B2)(a4B2)B3
(Salminen et al., 2007). Similar ECy, values for activation by
nicotine were observed for human concatameric AChRs of
these subtypes: B3-a6-B2-a6-p2, 0.387 = 0.051 uM, n = 5;
and B3-a6-B2-a4-p2, 0.170 = 0.079 uM, n = 4. Without
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Concatameric AChRs

Fig. 9. Concatameric pentamers form large numbers of ACh binding sites
labeled with [*H]epibatidine. Oocytes were injected with 20 ng of mRNA
for B3-a6-B2-a4-B2 or B3-ad-p2-a6-B2 or 90 ng of mRNA for B3-a6-p2-
a6-B2 (to compensate for its low surface expression). AChRs were ex-
tracted with Triton X-100, immune-isolated using mAb 295 to B2 sub-
units, then labeled with [*H]epibatidine. 83-a6-B2-a6-B2 resulted in the
formation of very large amounts of [*H]epibatidine binding sites, primar-
ily reflecting the large amount of mRNA expressed. As will be shown
subsequently, these binding sites are primarily in pentameric AChRs
that have not been efficiently transported to the cell surface.
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question, IC;, values for desensitization are much lower.
Activation and desensitization of these subtypes are clearly
relevant to the 0.1 to 0.2 uM nicotine concentrations sus-
tained in smokers (Benowitz, 1996). Their sensitivities to
nicotine-induced up-regulation are lower, with EC;, values
of 9.84 * 0.03 uM for a6B2 and 0.89 = 0.29 uM for «63233
(Tumkosit et al., 2006). These sensitivities reflect the affini-
ties of a6B2 pairs in partially assembled AChRs on which
nicotine acts as a pharmacological chaperone to promote
further assembly (Kuryatov et al., 2005). The assembly of the
accessory subunit may be rate-limiting in forming mature
AChRs. The presence of 83 accessory subunits increased both
the amount of AChRs assembled and the sensitivity to in-
crease in the amount in the presence of nicotine (Tumkosit et

al., 2006). In complex a6B2B3* AChR subtypes, whether 33 is
next to a6 or a4 has surprisingly little effect on agonist
sensitivity. It is notable that the putatively highly «a4p2-
selective agonists varenicline, cytisine, and sazetidine all
are very potent at activating «682B3* AChRs. All are
partial agonists. Their efficacies in some cases are quite
low [e.g., 0.07 for varenicline on (a632),83 AChRs]. How-
ever, varenicline is 4-fold more efficacious on (a6B2)
(a4B82)B3 and very potent (EC5, = 0.074 = 0.0329 uM, n =
7). Sazetidine is highly potent on («682)(a4p2)B3 (EC5, =
0.0199 = 0.0048 uM, n = 4) and nearly a full agonist
(efficacy = 0.86). However, at sustained therapeutic con-
centrations, these drugs are likely to be very potent desen-
sitizers of a6B82B3* AChRs.
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Fig. 10. Concatameric pentamers sediment on sucrose velocity gradients as components of the expected size, intermediate between that of T.
californica AChR monomers (9.5 S) and dimers (13 S). Fractions are numbered from the bottom of the gradients up. a63233* AChRs in each gradient
fraction were isolated using microwells coated with mAb 295 to 82 subunits, then labeled with [*H]epibatidine. «a181y8 T. californica AChRs were used
as internal standards on each gradient. They were isolated using microwells coated with mAb 210 to al subunits, then labeled with '%°I-a-
bungarotoxin. Only the locations of the peaks corresponding to 7. californica monomers and dimers are shown. A, 83-a6-B2-a6-B2 concatamers
assemble primarily into mature AChRs somewhat larger than T. californica AChR monomers, although a few form larger aggregates. B, B3-a6-82-
a4-B2 concatamers assemble almost exclusively into mature AChRs, with few larger aggregates being formed. C, B3-a4-B2-a6-B2 concatamers
assemble primarily into mature AChRs, although a small amount form larger aggregates. Subunit order or composition do not seem to have large
effects on efficiency of assembly of pentameric concatamers into mature AChRs. D, oocytes expressing B3-a6-B2-a6-B2 were surface labeled with biotin.
After extraction with Triton X-100 and sedimentation, aliquots of each fraction were isolated on microwells coated with either mAb 295 to bind B2 or
streptavidin to bind biotinylated AChR, and then labeled with [*H]epibatidine. This shows that surface AChRs have the same size as intracellular
AChRs. E, a human embryonic kidney cell line transfected with a6, a4, B2, and B3 subunits was extracted with Triton X-100, sedimented on a sucrose
gradient, aliquots of each fraction were isolated on microwells coated with either mAb 295 to 32 subunits or mAb 338 to a6 subunits, finally, AChRs
were labeled with [*H]epibatidine. This shows that both «682* and «482* AChRs formed from free subunits sediment at nearly the size of the
concatamers. The concatamers sediment slightly more rapidly, probably because of the mass of the linkers.
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Fig. 11. Amount of pentameric concatamer AChRs on the oocyte surface
was assayed by binding of '?°I-mAb 295 to the extracellular surface of f2
subunits. These oocytes were injected with 20, 20, and 90 ng of mRNA, as
in Fig. 9. Despite the large amount of mRNA for B3-a6-B2-a6-B2, the
large number of epibatidine binding sites formed (Fig. 9) and their effi-
cient assembly into mature AChRs (Fig. 10), very few are expressed on
the cell surface. This suggests that the presence of an a4 subunit in
a6pB2B3* AChRs is critical for their efficient transport to the surface of the
oocyte.
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Fig. 12. Concatameric pentamers expressed in oocytes are not cleaved by
proteases into free subunits. Western blots reveal proteins of the sizes
expected of the concatamers (>2 X 10° Da) and no free subunits (~5 X
10* Da). Proteolysis to unlinked subunits does not occur in the oocytes,
consistent with our experience with 432 dimers (Zhou et al., 2003) and
the experience of others with «4B2 pentamers formed using the same
(AGS), linker system (Carbone et al., 2009). B2 was localized on the blots
with antiserum to bacterially expressed (denatured) 32 subunits because
mAb 295 binds only to native 82, preferentially in combination with an «
subunit. a6 was localized using mAb 349 (Tumkosit et al., 2006). Large
amounts of B3-a6-B2-a6-B2 protein are formed as a result of 90 ng of this
mRNA and only 20 ng of the others. Likewise, large amounts of epibati-
dine binding sites were observed with this chimera in Fig. 9. These were
efficiently assembled into mature AChRs (Fig. 10A), some of which were
expressed on the cell surface (Fig. 10D). However, only a very few 3-a6-
B2-a6-B2 AChRs were transported to the cell surface (Fig. 11). Conse-
quently, the amplitude of their response is low compared with those of the
other concatamers (Fig. 8).
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Discussion

Expression of functional cloned human a68283* AChR
subtypes has been achieved by using concatamers to compen-
sate for special chaperones that may be required for their
assembly. The (a682),33 subtype was not efficiently trans-
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Fig. 13. a-Conotoxin MII blocks the function of («682)(a432)33 AChRs
but not («432),83 AChRs. Responses to 1 uM ACh were assayed with or
without 20 nM a-conotoxin MII. The (a632)(a432)B3 AChR subtype was
expressed both as a concatameric pentamer (83-a6-B2-a6-B2) and as a
mixture of concatameric trimer and free subunits (83-a4-B2 + a6 + B2).
In both cases, the toxin blocked the response to ACh virtually completely.
The (a4B2),83 subtype was expressed using a concatameric trimer and
dimer (B3-a4-B2 + a4-B2). Its response to ACh was virtually unaffected
by the toxin. Thus, the presence of a single 682 binding site, whether or
not the a6 is adjacent to 3, is sufficient to allow high potency blockage by
« conotoxin MII.
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Fig. 14. Ca®>* permeability of pentameric concatamers. Responses to 30
uM ACh were assayed both with normal cation concentrations, that
would allow extracellular Na*, K*, Mg?", or Ca®" to flow through AChRs,
and with 1.8 mM Ca?" as the only extracellular cation, so that current
flow through AChRs resulted only from Ca®". Both $3-a6-82-a4-B2 and
B3-a4-B2-a6-B2 pentameric concatamers showed substantial permeabil-
ity to Ca®*. Thus, subunit composition, but not subunit order, is impor-
tant for high Ca®" permeability of («682)(a432)83 AChRs. (a682),83
AChRs formed from the B3-a6-p2-a6-B2 concatamer were 3-fold more
selective for Ca®". Currents when only 1.8 mM Ca®" was present were
80% of the total cation current when other cations were present. This
compares with 8.4% for (a4p2),82, 20% for (adp2),a4, or 48% for
(4B2),05 in the same assay (Tapia et al., 2007). It should be noted that
responses for the f3-a6-B2-a6-B2 concatamer were assayed at —70 mV to
increase the response from the small amount of these AChRs on the cell
surface, and this might increase the Ca®?* permeability relative to the
other subtypes that were assayed at —50 mV.
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ported to the cell surface, presumably because, although
concatamers permitted assembly, an additional chaperone
may be required to efficiently transport AChRs with two «6
subunits to the cell surface. Subtypes in which one of the a6
subunits is replaced by a3 or a4 are efficiently transported,
so the presence of a single a3 or a4 subunit seems to be all
that is required.

Assembly of the accessory subunit seems to be the limiting
step in assembly of mature functional AChRs. a6 and B2
assemble very efficiently to form dimers that form ACh bind-
ing sites, and these form tetramers and larger aggregates. A
single pair of linked subunits including the B3 accessory
subunit (B3-a6 or B3-a4) is sufficient to insure efficient as-
sembly of B3-(a6B2), AChRs or B3-(a4p2)(a6B2) AChRs.

Concatameric 3-a4-B2-a6-B2 pentamers with four linkers
have the same pharmacological properties as concatamers with
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Fig. 15. Desensitization of «68233* AChRs by 1 uM ACh. Concatameric
pentamers were used to express three subtypes. The maximum responses
were normalized to facilitate comparison of the rates and extents of
desensitization. («632),83 desensitizes most rapidly. (a6B2)(a«432)B3 de-
sensitizes more slowly and to the least extent, even though it is most
sensitive to agonists. However, there are not dramatic differences in the
kinetics of the three subtypes.

TABLE 3

Agonist sensitivities of «68233* AChR subtypes
Values are presented = S.E.

1, 2, or 3 linkers. Thus, the presence of multiple (AGS), linkers
of these lengths does not alter pharmacological properties.

B3-a6-B2-a4-B2 AChRs were more sensitive to agonists than
were (33-a4-B2-a6-B2 AChRs but not remarkably so. One might
expect that the subunit order in dopaminergic neurons would be
B3(a6B2)(a4B2) rather than B3(a4B2)(a6B2), because the acces-
sory subunit 33 and a6 are uniquely coexpressed in aminergic
neurons and usually part of the same AChRs. 83 and a6 are
adjacent in the genome, probably reflecting transcriptional co-
regulation. Likewise, a3, 4, and o5 subunits are adjacent in
the genome and coassembled in autonomic neurons. 83 and ob
are closely related in sequence and both function only as acces-
sory subunits. The special chaperone that promotes assembly of
B3 accessory subunits to form mature B3a6* AChR pentamers
probably insures the B3a6 subunit order, but it would not make
much difference if it did not. B3 assembles spontaneously with
a4 very efficiently, apparently more efficiently than either 2 or
a4, because transfection of an a4B2 cell line that expresses a
mixture of («432),82 and (a4 32),a4 AChRs results in assembly
of 25-fold more AChRs, all («432),33, to the limit of the amount
of a4 expressed in the line (Kuryatov et al., 2008). It is more
efficient in this respect than o5 subunits.

Formation of AChR subunit concatamers using (AGS),
linkers between the C-terminal amino acid of one subunit
and the N-terminal amino acid of the next subunit results in
expression by X. laevis oocytes of the expected concatameric
proteins, which remain intact and are not cleaved into their
component subunits, as demonstrated by Western blot anal-
ysis (Zhou et al., 2003; Carbone et al., 2009; Fig. 12). The
length of the linker depends on both the length of the short
extracellular C-terminal sequence after M4 and the (AGS),
linker itself. Use of the shorter linker (AGS)4 and the shorter
C terminus of a4 (8 amino acids) rather than the relatively
long C terminus of B2 (23 amino acids) can constrain whether
the subunit pair assembles to form an ACh binding site
within the linked a4B2 pair or between adjacent subunits
(Zhou et al., 2003). All of the pentameric concatamers re-
ported here used (AGS),, linkers, except after B2, where
(AGS)g sufficed. The use of only (AGS)g linkers hampered
assembly and greatly reduced sensitivity to activation (Table
2). Concatamers formed by linking the C terminus of one
AChR subunit to the N-terminal end of the signal sequence of
the next subunit through (Q),, linkers results in lower levels
of expression and degradation of concatamers to their com-

Concatamer ACh Nicotine Varenicline Cytisine Sazetidine
B3-a6-B2-a6-B2
EC;, (uM) 1.21 = 0.09 0.387 = 0.051 0.178 + 0.107 0.110 = 0.029 0.157 = 0.040
n==6 n=5 n=4 n=5 n=4
ny 1.03 = 0.07 1.06 = 0.11 0.895 + 0.245 1.13 = 0.19 0.770 = 0.095
Efficacy =1 0.244 + 0.009 0.0658 = 0.0089 0.0616 + 0.0053 0.219 = 0.015
B3-a6-B2-a4-B2
EC; (uM) 0.828 + 0.047 0.170 = 0.079 0.0747 = 0.0329 0.111 = 0.020 0.0199 = 0.0048
n=>5 n=4 n=717 n=9 n=4
ny 1.11 = 0.06 1.12 = 049 0.997 + 0.182 0.718 = 0.085 0.939 = 0.054
Efficacy =1 0.788 + 0.095 0.276 + 0.040 0.183 = 0.006 0.863 = 0.105
B3-a4-B2-a6-B2
EC; (uM) 1.76 = 0.25 0.397 £ 0.122 0.134 += 0.025 0.238 + 0.025 0.0445 = 0.0087
n=>5 n=4 n=>5 n=>5 n=4
Ny 0.906 + 0.092 1.14 = 0.15 0.889 + 0.052 0.911 = 0.072 0.854 = 0.046
Efficacy =1 0.583 = 0.073 0.167 = 0.010 0.193 = 0.004 0.732 = 0.048
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ponent subunits (Groot-Kormelink et al., 2004, 2006). The
degradation may result from the presence of the endogenous
protease sites in the signal sequences.

a6B2B3* AChR subtypes do not differ remarkably in kinet-
ics of desensitization. The (a6B2),83 subtype desensitizes
most rapidly. It is substantially more Ca®"-permeable than
the other a682B3* AChR subtypes, or a432* AChR subtypes,
which may give it substantial impact on dopamine release at
nerve endings. The (a6B2)(a4B2)B3 subtype desensitizes
more slowly and to the least extent. In combination with the
fact that it is the most sensitive to agonists, this may give it
substantial impact in response to both endogenous ACh and
drugs. Cholinergic modulation of locomotion and striatal do-
pamine releases through «6* AChRs is thought to be medi-
ated by these subtypes (Drenan et al., 2010). The ECj, for
nicotine-induced dopamine release from mouse synapto-
somes attributed to this subtype (0.23 * 0.08 uM) (Salminen
et al., 2007) is similar to that for activation of this human
subtype by nicotine (0.170 = 0.079 uM, n = 4) reported here.

a6B2B3* AChRs are remarkably sensitive to activation by
nicotine and drugs used for smoking cessation therapy. Both
varenicline and sazetidine inhibit self-administration of both
nicotine and alcohol (Ericson et al., 2009; Rezvani et al.,
2010). These were developed as a4pB2-selective drugs. Nico-
tine is slightly less potent on human (a632)(e4382)B83 AChRs
(ECyo = 0.17 £ 0.079 uM, n = 4) than on («4$2),82 AChRs
(EC5, = 0.116 * 0.015 pM) and much more potent than on
(adB2),83 (EC5, = 1.78 = 0.70 pM) or (a4B2),a4 AChRs
(ECyo = 2.7 = 0.20 M) (Kuryatov et al., 2008). Relative ICy,
values reflecting desensitization after sustained exposure
may ultimately be more important [IC;, = 0.0061 = 0.0036
puM, n = 4 for (a4B2),82 and (a4pB2),04, but not yet deter-
mined for a682B3* AChRs] (Kuryatov et al., 2008). Sazeti-
dine is remarkably potent as an agonist (EC5, = 0.0199 =
0.0048 puM, n = 4) on (a6B2)(a4B2)B3). It is probably also
much more potent as a desensitizing antagonist. Its efficacy
on short-term exposure is quite high (0.863), although that
may be irrelevant as a drug in vivo, where desensitization
would dominate its effects. This is probably true for vareni-
cline as well (EC;, = 0.0747 £ 0.0329 uM, n = 7), the efficacy
of which is lower (0.276). Much of the beneficial effects of
drugs for smoking cessation may be mediated by their desen-
sitizing effects (Levin et al., 2010). The overlap between their
dose/response curves for activation and desensitization des-
ignates the concentration range in which there is some smol-
dering activation on long-term exposure to nicotine. The ex-
tent of this smoldering activation can vary widely depending
on AChR subtypes (Olale et al., 1997; Kuryatov et al., 2011;
A. Kuryatov, B. Campling, and J. Lindstrom, unpublished
observations). The extent of smoldering activation of full and
partial agonists currently used for smoking cessation ther-
apy, as well as their effects on multiple AChR subtypes may
lead to the effects that limit their use (e.g., nausea, unusual
dreams).

Antagonists selective for «68283* AChRs may be effective
for smoking cessation and avoid the side effects of drugs that
can activate and desensitize multiple AChR subtypes. Knock-
out of a6 subunits in the ventral tegmental area prevents
nicotine self-administration, as does knockout of a4 or B2
subunits (Pons et al., 2008). Knockout of any of these sub-
units would prevent synthesis of (a682)(a482)B3 AChRs in
ventral tegmental area dopaminergic neurons. Application of
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a conotoxin MII to the amygdala prevents the rewarding
effects of nicotine (Jackson et al., 2009; Brunzell et al., 2010).
It would block «6B82B3* AChRs on the endings of dopaminer-
gic neurons projecting from the ventral tegmental area.
bPiDDB and r-bPiDDB are «6* AChR-selective antagonists
that potently inhibit nicotine-induced dopamine release and
inhibit self-administration of nicotine (Smith et al., 2010). o6
antagonists may also be anxiolytic, because knockout of B3
subunits reduces a6 expression and reduces anxiety (Cui et
al., 2003; Salminen et al., 2004).

Positive allosteric modulators or agonists selective for
a6B2B3* AChRs may be useful in treating Parkinson’s dis-
ease, and be more effective than nicotine. AChR agonists
have been proposed for treatment of Parkinson’s disease
(Quik and McIntosh, 2006). Smoking reduces the incidence of
Parkinson’s disease. This probably results from neuroprotec-
tive effects of nicotine (which can be demonstrated in vitro),
because AChRs promote release of dopamine, and because
loss of dopaminergic neurons is the fundamental lesion in
Parkinson’s disease. Agonists or positive allosteric modula-
tors selective for a6B2B3* AChRs could have the desired
effects without effecting many AChR subtypes. Although hy-
peractive a6* AChRs produce hypermobility (Drenan et al.,
2008a), neither knockout of a6* AChRs nor localized a6*
AChR antagonism produces Parkinsonian effects (Champ-
tiaux et al., 2003; Gotti et al., 2010). Expression of functional
human «6B8283* AChR subtypes, as we have demonstrated
here, provides a critical detection system needed to develop
drugs selective for «68283* AChRs.
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