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Pentameric concatenated (04).(B2); and (04)3:(B2);
nicotinic acetylcholine receptors: subunit
arrangement determines functional expression

A-L Carbone!, M Moroni!, P-] Groot-Kormelink?* and I Bermudez!

1School of Life Sciences, Oxford Brookes University, Gipsy Lane, Oxford, UK, and *Novartis Institutes for Biomedical Research,
Horsham, UK

Background and purpose: a4 and 2 nicotinic acetylcholine (ACh) receptor subunits expressed heterologously in Xenopus
oocytes assemble into a mixed population of (0:4)2(32); and (0:4)3(B2). receptors. In order to express these receptors separately
in heterologous systems, we have engineered pentameric concatenated (04)2(32); and (04)3(2), receptors.

Experimental approach: 04 and 32 subunits were concatenated by synthetic linkers into pentameric constructs to produce
either (04)2(82)s or (04)3(B2), receptors. Using two-electrode voltage-clamp techniques, we examined the ability of the
concatenated constructs to produce functional expression in Xenopus oocytes. Functional constructs were further characterized
in respect to agonists, competitive antagonists, Ca?* permeability, sensitivity to modulation by Zn? and sensitivity to
up-regulation by chaperone protein 14-3-3.

Key results: We found that pentameric concatamers with a subunit arrangement of f2_o4_f2_o04_f32 or f2_o4_B2_o4_o4
were stable and functional in Xenopus oocytes. By comparison, when 04 and B2 were concatenated with a subunit order of
B2_B2_o4_B2_a4 or B2_o4_o4_B2_a4, functional expression in Xenopus oocytes was very low, even though the proteins were
synthesized and stable. Both B2_o04_(2_o04_ 2 and B2_a4_p2_o4_o4 concatamers recapitulated the ACh concentration
response curve, the sensitivity to Zn?* modulation, Ca*" permeability and the sensitivity to up-regulation by chaperone protein
14-3-3 of the corresponding non-linked (04)2(B2); and (0:4)3(B2), receptors respectively. Using these concatamers, we found
that most 04B2-preferring compounds studied, including A85380, 51-A85380, cytisine, epibatidine, TC2559 and dihydro-3-
erythroidine, demonstrate stoichiometry-specific potencies and efficacies.

Conclusions and implications: We concluded that the 04p2 nicotinic ACh receptors produced with 2_o4_f2_o04_f2 or
B2_o4_B2_o4_o4 pentameric constructs are valid models of non-linked (04)2(B2); and (04)3(B2), receptors respectively.
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epilepsy, depression, autism, Parkinson’s disease and
Alzheimer’s disease (Cassels et al., 2006; Gotti et al., 2006).

Introduction

The 04B2 nicotinic acetylcholine receptors (nAChR) are sig-
nalling proteins that belong to the Cys-loop superfamily of
ligand-gated ion channels (LGIC). They are distributed widely
in the brain of mammals and are involved in nicotine addic-
tion, in nociception and in cognitive processes such as atten-
tion, learning and memory (Picciotto et al., 2001; Gotti et al.,
2006). Their pathologies include autosomal nocturnal frontal
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Understanding the functional and molecular properties of the
04B2 nAChR is thus of great interest for aiding the elucidation
of the functions of 042 nAChRs in the brain and for the
development of new drug therapies.

Heterologous co-expression of o4 and B2 nAChR subunits
produces high- and low-affinity receptor populations
as shown by biphasic acetylcholine (ACh) concentration-
response curves. High- and low-affinity 042 nAChR result
from the assembly of receptors with two distinct stoichiom-
etries: (04),(82); (high-affinity subtype) and (04);(32), (low-
affinity subtype) (Nelson et al., 2003; Moroni et al., 2006;
Zwart et al., 2006), although pharmacological studies of 0432
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nAChR expressed heterologously in Xenopus oocytes suggest
that other stoichiometric arrangements may also occur (Zwart
and Vijverberg, 1998; Lopez-Herndndez etal., 2004).
(04),(B2); and (04);(B2), receptors differ in sensitivity to
activation by agonists, desensitization kinetics, unitary con-
ductance (Nelson et al., 2003; Moroni et al., 2006), Ca*" per-
meability (Tapia etal., 2007) and sensitivity to both Zn*
modulation (Moroni et al., 2008) and chronic exposure to
nicotine (Nelson et al., 2003; Kuryatov et al., 2005; Moroni
et al., 2006). Both (04),(B2); and (04)3;(B2), are likely to be
present in the brain (Marks et al., 1999; Butt ef al., 2002; Gotti
et al., 2008) and it has been suggested that their relative ratio
may influence basal behaviours influenced by a4p2 receptors
as well as sensitivity to the acute effects of nicotine (Stitzel
et al., 2001; Tritto et al., 2002; Kim et al., 2003). Hence, the
separate expression of (04),(B2); and (a4);(B2), in heterolo-
gous systems has become an increasingly attractive approach
for aiding the characterization of the properties of these
receptors and for the development of drugs acting on
stoichiometry-specific 042 nAChR.

There have been several attempts at expressing (04).(82)s
and (04);(B2), nAChRs separately in heterologous systems.
These include injection of 1 : 10 or 10 : 1 ratios of a4 and B2
subunit cDNAs into the nucleus of Xenopus oocytes (Moroni
et al., 2006), growing human embryonic kidney 293T cells
stably transfected with o4 and B2 subunits at 29°C or chroni-
cally exposed to nicotine (Nelson et al.,, 2003). Although,
as suggested by monophasic ACh concentration-response
curves, these approaches yield very homogeneous popula-
tions of (04),(B2); or (04);(B2), receptors, it is not conclusive
that they abolish concurrent expression of multiple forms of
the 04P2 receptor. Tandem subunit constructs with two sub-
units attached together by synthetic AGS linkers have also
been used to constrain the stoichiometry of 04p2 nAChRs.
However, this approach can lead to the formation of dipen-
tamers (Zhou et al., 2003) or linked subunits may not be fully
incorporated into the pentameric structure of the receptor
(Groot-Kormelink et al., 2004). An alternative approach that
circumvents these problems is to bridge the subunits by syn-
thetic linkers into pentameric concatamers. This strategy has
been used to produce functional expression of (t3).(34);
nAChHR (Groot-Kormelink ef al., 2006) and (a.1)2(82),y2 GABA4
receptors (Baur etal.,, 2006). As suggested by functional
studies, pentameric (a3),(4); and (01)2(B2),y2 GABA, con-
catamers are similar to their non-linked counterparts, which
shows that concatenation of Cys-loop subunit receptors to
pentamers does not alter receptor functions. Here, we show
that linking the o4 and B2 subunits covalently into pentam-
eric concatamers with a subunit order of f2_a4_$2_o4_B2 or
B2_a4_P2_o4_o4 produce receptors that express well in
Xenopus oocytes. These concatenated receptors reproduced
the functional properties of non-linked (04).(32); and
(04);(B2), receptors. In addition, the functional expression of
both B2_o04 B2 04 B2 and B2_o4_P2_o4 o4 receptors was
up-regulated by co-expression with the chaperone protein
14-3-3. This shows that subunit concatenation does not
impair the ability of a4p2 nAChRs to interact with protein
14-3-3. The functional expression of constructs with a subunit
order similar to that used to produce functional a3p4 pen-
tameric concatamers (i.e. B3_B3_a4 _B3_o4) was also tested
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(Groot-Kormelink et al., 2006). We found that these con-
structs, although synthesized and stable in Xenopus oocytes,
expressed poorly and did not replicate the pharmacological
properties of the corresponding non-linked receptors. We
discuss these findings in terms of the effects of subunit
arrangements on receptor functionality and possibly receptor
maturation.

Methods

Construction of pentameric (c4),(B2); and

(04)3(B2), concatamers

Three types of 042 receptor concatamers were constructed.
The first type was engineered by the procedure described by
Groot-Kormelink et al. (2006) to construct o34 pentameric
concatamers. Briefly, the subunit order for the (04).(B2); was
B2_B2_o04_P2_o4, and for the (04);(32), was B2_a4_o4_B2_o4.
The signal peptides were maintained in all subunits which
were linked from the C- to the N-terminal by (Q)s linkers. For
clarity, these constructs are referred to as B2qsB2qs04qsP20s04
and P2qs0dqs0idasP2qs0i4 respectively. The second type of con-
structs maintained the subunit order of the previous con-
structs. However, the signal peptide was removed from all the
subunits but the first and the subunits were bridged by AGS
linkers of variable length to compensate for differences in the
length of the C-terminus of the a4 and B2 subunits. Thus, an
(AGS)s linker joined B2 to the 04 subunit, whereas an (AGS)y
linker bridged a4 to the B2 subunit. These constructs are
referred to as P2acsP2acstt4acsP2acs0d and P2acs0idacs0dacsP
240504 respectively. The third type of constructs used a
subunit order of B2_o4 P2 o4 P2 for the (04),(2); and
B2_04 B2 04 a4 for the (04);(B2), receptor. In these con-
structs, the signal peptide was removed from all the subunits
but the first and the subunits were bridged by AGS linkers of
variable length, as in the B2xgsP2ics04acsP2acs04 and P2es
a4AGSa4AGSB2AGSa4 constructs.

Two consecutive PCR steps were used to prepare the sub-
units for concatenation. Briefly, the first PCR step eliminated
stop codons (for all constructs) and signal peptides (for the
second and third type of constructs) and inserted the kozac
sequence GCCACC immediately before the signal peptide of
the first subunit. Half of the length of the linkers [i.e. Qu,
(AGS); or (AGS)4s] was added with the first PCR step upstream
and downstream from the 5’ and 3’ coding regions of each
subunit. The second PCR step introduced unique restriction
sites upstream and downstream of the linkers to allow succes-
sive subcloning into a modified pcDNA3.1 Hygro (-) plasmid
vector (Invitrogen, UK). This plasmid was also used to
assemble the concatamers. To facilitate assembly and subclon-
ing Ascl, Xbal and Agel restriction sites were inserted by
oligonucleotide hybridization between the Nhel and Xhol
sites in the multiple cloning site of the plasmid. For all
constructs, the enzyme restriction sites introduced were:
1st subunit Ascl/Xbal; 2nd subunit Xbal/Agel; 3rd subunit
Agel/Xhol; 4th subunit Xhol/Notl; 5th subunit Notl/EcoRV.

Ligation of the subunits
Subunits were ligated sequentially into pentameric constructs
using the T4 ligase enzyme as specified by the manufacturer
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(NEB Biolabs, UK). Following assembly, pentameric concata-
mers were subcloned into the vector pCI (Promega, UK). The
multiple cloning site of this vector was modified by oligo
hybridization to contain an Ascl and EcoRV restriction sites.
In addition a Swal site was inserted downstream of the SV40
late region for linearization prior to RNA in vitro transcription.

Expression of o432 receptors

The care and use of Xenopus laevis toads in this study were
approved by the Oxford Brookes University Animal Research
Committee and comply with the guidelines of the Scientific
Procedures Act, 1986 (UK). The a4p2 receptors were expressed
in defolliculated stage V or VI X. laevis oocytes, which were
dissected from adult female X. laevis (Horst Kaehler, Hamburg,
Germany). Non-linked human a4 or B2 subunit cDNAs or
cRNAs were injected into the nucleus or cytoplasm, respec-
tively, of oocytes in a volume of 18.4 nL per oocyte using a
Nanoject Automatic Oocyte Injector (Drummond, Broomall,
USA). To favour the expression of (04).(32); nAChRs, a4 and
B2 subunit cDNAs or cRNAs were combined in a ratio of
1: 10, whereas a subunit ratio of 10 : 1 was used to produce
the expression of (04);(B2), nAChRs (Moroni et al., 2006). The
receptors produced in this manner are referred henceforth as
non-linked (04),(B2); and (04)3;(B2), receptors respectively.
The total amount of cDNA or cRNA injected per oocyte was
kept constant at 2 ng. Each oocyte was injected with 50 nL of
RNA at appropriate concentrations (up to 150 ng for con-
structs BZQgﬁZQg(X‘ngBZQg(X‘l, B2Q3G4QS(X4QSBZQS(X4, BZAGSBZAGS
a4AGSB2AGSa4 and BzAc,sO(.4Ags(X4AG5B2AG5a4, 10 ng for [32_
o4 B2 04 B2 and 5 ng for f2_o4_B2_o4_o4). For studies of
the effects of chaperone protein 14-3-3 on the functional
expression of the pentameric concatamers, 2 ng of cRNA
coding for rat 14-3-3 was co-injected with concatamer-cRNA.
The cDNA for this protein was kindly provided by Dr R.
Anand (Ohio State University, USA). Capped RNAs were syn-
thesized using the mMessage mMachine T7 kit (Ambion, UK)
from the linearized pCI vectors containing the non-linked or
linked subunits. After injection, oocytes were incubated at
18°C for 2-6 days in a modified Barth’s solution containing
88 mmol-L! NaCl, 1 mmol-L™' KCI, 2.4 mmol-L"' NaHCO;3,
0.3 mmol-L!' Ca(NO3),, 0.41 mmol-L' CaCl,, 0.82 mmol-L!
MgSO,, 15 mmol-L! HEPES and 50 pg-mL™ neomycin (pH
7.6).

Electrophysiology and data analysis

Recordings were performed 2-6 days post injection. Oocytes
were placed in a 0.1 mL recording chamber and perfused at
a rate of 15 mL-min"' with modified Ringer solution (in
mmol-L'": NaCl 150, KCl 2.8, HEPES 10, BaCl, 1.8 and
adjusted to pH 7.2 with 5 mmol L™ NaOH), unless otherwise
stated. We chose a nominally Ca*-free solution in order to
minimize the contribution to the response of Ca?**-gated chlo-
ride channels which are endogenous to the Xenopus oocyte
and may be activated by Ca* entry through the heterolo-
gously expressed nAChRs. Oocytes were impaled by two
agarose-cushioned microelectrodes filled with 3 mol-L™' KCl
(Q = 0.5-1.0 MQ) and voltage-clamped at —60 mV, except for
the determination of the reversal potential of the ACh cur-
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rents under different concentrations of external Ca*, using a
Geneclamp 500B amplifier and PCLAMP 8 software (Molecu-
lar Devices, USA). Typically traces were filtered at 1 kHz
during recording and digitized at 10 kHz using the DigiData
1200 interface (Molecular Devices, USA). All experiments
were carried out at room temperature (approx. 20°C). Agonist
concentration-response curves were obtained by normalizing
agonist-induced responses to the control responses induced
by 1 mmol-L™" ACh [a near-maximum effective concentration
at receptors obtained with non-linked or linked (0.4)3(B2), but
an EC,o concentration at non-linked or linked (04).(B2)s
receptors]. A minimum interval of 4 min was allowed
between agonist applications as this procedure ensured repro-
ducible recordings. The sensitivity of the receptors to inhibi-
tion by the nAChR antagonist dihydro-B-erythroidine (DhBE)
was tested by first superfusing the antagonist for 2 min and
then co-applying it with the appropriate ACh ECs,. Antago-
nist concentration response data were normalized to the
appropriate ACh ECs. The sensitivity to Zn*" was assessed by
co-applying a range of Zn** concentrations with 1 umol-L™
ACh, the ACh EC, at linked and non-linked (04),(B2);
nAChRs, or 10 umol-L'" ACh, the ACh EC,, at linked and
non-linked (0:4);(B2), receptors. For Zn** to attain equilibrium
around impaled oocytes, Zn?* was pre-applied for 30 s to the
cell prior to co-application of ACh and Zn*. Concentration—
response relationships for Zn*" were obtained using this pro-
tocol. Peak responses elicited by ACh + Zn* were normalized
to the peak response of the appropriate ACh alone. The Ca*
permeability of the concatamers were determined by con-
structing current-voltage plots relationships and measuring
the reversal potential of ACh ECsy currents in
the presence of 1.8 mmol-L™' Ca* or 18 mmol-L™' Ca* in the
perfusing Ringer solution and measuring the shift in the
reversal potential.

Western blot analysis

Western blot assays were carried out on total oocyte membrane
homogenates prepared from oocytes microinjected with cRNA
coding for the pentameric constructs. Oocytes were homog-
enized 6 days after microinjection with concatamer cRNAs.
Four batches of oocytes (50 oocytes per batch) were used.
Oocytes were homogenized using an ice-cold homogenization
buffer (150 mmol-L' NaCl, 2 mmol-L! CaCl,, 2% Triton-
X100, 20 mmol-L™" Tris-HCI, pH 7.4, supplemented with
1 umol-L™! pepstatin, 1 mg-mL™" leupeptin, 2 mmol-L™' PMSF)
at a ratio of 10 uL buffer per oocyte. Homogenates were cen-
trifuged twice at 1000x g for 5 min at 4°C to remove the yolk
and the supernatants were then recentrifuged at 10 000x g for
10 min at 4°C. Aliquots of the supernatants containing 30 ug
of protein were separated by SDS-PAGE electrophoresis
(Novex, 7% Tris-acetate gels; Invitrogen, UK). The proteins
were subsequently transferred onto nitrocellulose membranes
(Optitran BA-883, Schleider & Schuell, Germany) by electro-
blotting (2 h transfer at room temperature at 25 mV). Mem-
branes were blocked for 2 h at room temperature with 5%
non-fat dry milk in phosphate buffered saline containing 0.1%
Tween 20 (Sigma-Aldrich Co, UK). Membranes were incubated
overnight at 4°C with 0.7 ug-mL™" of primary antibody
[AChRa4 (H-133); Santa Cruz Biotechnology, USA] and further



incubated for 3 h at room temperature with 2 ug-mL™' of
secondary antibody (Cy-5-goat anti-rabbit IgG conjugate;
Invitrogen, UK). Bound antibodies were visualized on a
Typhoon variable mode imager (GE Healthcare, UK).

Drugs

Acetylcholine, A85380, epibatidine, cytisine, DhBE and ZnCl,
were purchased from Sigma-Aldrich (St Louis, MO, USA).
51-A85380 was purchased from Tocris (UK). TC2559 was a
gift from Targacept Inc. (Winston-Salem, NC, USA) and
sazetidine-A from Eli Lilly (Surrey, UK). 5-Br-cytisine (5-Br-
Cys) was a gift from Prof. Bruce Cassels (University of Chile,
Santiago, Chile).

Data analysis and statistics

The concentration of agonist that evokes 50% of maximum
response (ECsy, mean and 95% confidence interval, CI), the
maximum observed normalized response (I/In., mean =
SEM), nHill coefficient (nHill, mean *= SEM) or the concen-
tration of antagonist that inhibits 50% of the responses (ICs,
mean and 95% CI) were determined by non-linear regression
(fitting to one component Hill equation: I = In./[1 + (ECso/
x)"M], where x is the agonist or antagonist concentration).
Biphasic agonist data were fitted to the sum of two Hill
equations as previously reported (Houlihan et al., 2001). For
analysis of Zn** effects where a single component
concentration-response relationship was evident, data were
fitted to the one component Hill equation shown above.
When Zn* produced both a potentiating and inhibiting
effect, data were fitted to the equation designed to account for
potentiating and inhibitory effects of Zn* on 042 receptors,
assuming that this cation binds to two distinct sites on the
receptor: I'={1 + ((Imax — 1)/(1 + 10"[(LogECso — X)*nHpo])}/(1 +
10"[(LogICso — X)*nHinn]), where I represents the current
response at a given Zn** concentration (X), Im.x represents the
maximally potentiated peak, ECso and ICs, are the respective
concentrations of Zn*" inducing half-maximal potentiation or
inhibition, and nH,. and nHi., are the Hill coefficients for
potentiation and inhibition respectively. F tests were used to
assess the curve fitting of all concentration-response data. The
one-component model was preferred unless the extra sum-
of-squares F test had a value of P < 0.05. Fits to full
concentration-response curves for individual oocytes were
made independently using Prism 4 (GraphPad Software, CA,
USA) and then averaged in order to compare significant dif-
ferences between groups. Statistical significance was assessed
using one-way analysis of the variance (ANOVA) or Student’s
t-test as appropriate. Values of P < 0.05 were considered
statistically significant.

Results

We engineered pentameric concatenated o4f2 ¢cDNA con-
structs to produce either (04),(32); or (04);(B2), receptors. For
each stoichiometry, concatenated receptors with two different
subunit orders were produced (Figure 1). For the (04).(B2);
stoichiometry, the subunit order was B2_2_o4 B2 o4 or
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B2 o4 P2 o4 B2 B2 B2 a4 B2 a4

B2 o4 o4 B2 o4 B2 o4 B2 o4 o4
Figure 1 Diagram representing the (04),(B2); and (04):(32);

nAChR thought to be formed by the pentameric concatenated con-
structs shown underneath the diagrams. Dotted lines represent the
synthetic linkers bridging the subunits.

B2_04 B2 o4 B2. For the stoichiometry (o4);(B2),, the
subunit orders were B2_o4_o04_B2_o4 and B2_o4_(2_oa4_o4.
The function of each construct was assessed using two-
electrode voltage-clamping 3-6 days after microinjection of
Xenopus oocytes with appropriate concatamer cRNAs. The
criteria for normal receptor function were defined as levels of
functional expression and pharmacological profiles compa-
rable to those of (04)($2); or (04);(B2), receptors assembled
from single 04 and B2 subunits, that is, the non-linked recep-
tors. These criteria have been used previously (Baur etal.,
2006) to assess the functional expression of GABA,
ol_B2_ol_y B2 pentameric concatenated receptors.
B20sP2as04asP20s04  and P2qs0dqsadasP2qs04  constructs
were examined to see if they produced functional expression
in Xenopus oocytes. These constructs were engineered using
the same approaches reported to produce functional expres-
sion of a3B4 pentameric concatamers [i.e. subunits were
linked from the C-terminus to the N-terminus by (Q)s linkers
and the signal peptide was maintained in all the five subunits
of the concatamer] (Groot-Kormelink et al., 2006). Figure 2A
shows that 5 days after microinjection with 150 ng or 100 ng
of cRNA coding for B2qsB2qs04qsP2qs04 o1 B20s04qs04asP2as0t4
receptors functional expression was significantly lower than
that obtained by injection of 2 ng of non-linked o4 and B2
cRNAs at a 1:10 ratio or 10:1 ratio. Furthermore, although
concentration-response curves for ACh and other ligands
were monophasic (F test; P < 0.05; n = 6), suggesting
the presence of only one type of receptor population,
the pharmacological profile of P2qsP2qs04aqsP2qs04 oOr
B2qs04qs04qsP2qs04 receptors was significantly different from
that of the corresponding non-linked receptor (Table 1).
Analysis by Western blot showed concatamer proteins of
appropriate size (B2qsP2qs04asPf2qs0i4, 290 kKD, and B2qs04
as040sP2qs04, 310 kD) but also small amounts of fragments of
various sizes that included monomeric and intermediate-sized
by-products. These findings suggest proteolytic cleavage of
BZQSBZQSOL‘LQSBZQS&‘L and BZQg(X‘leOL‘}QgBZQsOL‘L proteins. Pro-
teolytic cleavage could have occurred because of the presence
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Figure 2 Expression of pentameric concatamers with subunit order
of B2_B2_o4_B2_o4 or B2_o4_o4_B2_o4 in Xenopus oocytes. (A)
ACh evoked small inward currents in oocytes microinjected with
150 ng of B2Q3B2Q8G4Q8[32Q80(4 or BZQ&O(AQ&O(“Q&BZQSO(A cRNA. For
comparison the ACh EC;qo current responses of the corresponding
non-linked receptors are included. Arrows indicate the start of the
application of ACh. (B) Molecular mass of B2qsB2qs0i4qsP2qsat4 or
B2qs04qs04qsP2qst4 proteins. Membrane homogenates prepared
from oocytes injected with B2qsP2qs0t4qs2qs04 or P2qs04qs
04qsP2qs04 cRNAs were resolved and then blotted and immun-
ostained as described in Methods. Note the bands underneath the
310 and 290 kDa bands, which suggest cleavage of the pentameric
constructs. (C) Western blot analysis of B2agsB2acs04acsP2acso4 and
B2acs04acs04acsP2acsa4 proteins indicated that the pentameric con-
structs were not cleaved. Total protein from oocytes injected with
BZAGSBZAGSQA‘AGSBZAGSO(“ and BZAGSO(AAGSO(AAGSBZAGSO(A cRNAs was
resolved by reducing SDS-PAGE on a NuPage 7% Tris Acetate gel.
Immunoblot analysis was carried as described in Methods. The
molecular mass of the concatenated constructs are shown next to
the blots.

of signal peptides between the linked subunits. Signal pep-
tides between tethered receptor subunits favour degradation
of concatenated LGIC subunits, which subsequently might
produce reduced levels of functional expression and/or incor-
poration of the breakdown products into receptors of
complex and unknown subunit composition (Nicke et al.,
2003; Boileau et al., 2005; Baur et al., 2006; Sigel et al., 2006;
Ericksen and Boileau, 2007) and possibly novel pharmaco-
logical profiles, as found with the B2qsB2qs04asPf2qs0t4 oOr
B2as04qs04qsP2qs04 receptors.

In an attempt to circumvent the problem of concatamer
degradation we removed the signal peptide from all the sub-
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units except the first one and constructed concatamers
BZA(§SBZA(}S(X4AGSB2AGS(X4 and BZAGS(X4AGS(X4AGSBZAG5(X4- Previous
studies on pentameric concatamers of GABA, receptors (Baur
et al., 2006), dimers of o1B glycine receptor (Grudzinska et al.,
2005) and dimers of a4p2 nAChR (Zhou et al., 2003) have
shown that linkers lengths between 35 and 50 amino acids
generally produce good functional expression. Therefore,
in concatamers BzAc,sBZAGsOL4AgsB2AGSa4 and BZAG5a4Ags(X4AGS
B2acsa4, the overall length of the linker (length of synthetic
linker plus added restriction enzyme sites and the C-terminal
of each subunit) was 43-amino-acid residues when bridging
B2 to 04 and 37-amino-acid residues when bridging o4 to B2
or 04 to a4. The linkers were of different lengths to compen-
sate for differences in the length of the C-terminus and
N-terminal sequence prior to the first conserved secondary
structure element (o-helix A; Brejc et al., 2001) of the a4 and
B2 subunits. In addition, to minimize possible amino acid
depletion (Sigel et al., 2006), AGS linkers were used, which
have been previously used to construct a4B2 receptor dimers
(Zhou et al., 2003). Three to six days after microinjection of
up to 150 ng of cRNAs COdil’lg for BZAGSBZAGSOL4AGSBZAGS(X4 and
B2acs04acs04acsP2acs04 concatamers, functional expression
amounted to less than 20 nA (not shown). Because of the low
levels of expression, we did not characterize the phar-
macological profile of these receptors. Although functional
expression was poor, Western blots showed full-length pen-
tameric concatamers without apparent degradation products
(Figure 2C).

B2_o4_B2_o4_p2 and B2_c4_B2_o4_o4 concatamers
recapitulate non-linked (c4),(B2); or (a4);(B2). properties

Thus far, we have shown that even though B2_p2_o4_p2_o4
and B2_o4_o4_P2_o4 concatamers are synthesized and stable
in Xenopus oocytes, they express very poorly. Previous studies
have shown that B2-04 dimers favour the expression of
(04),(B2); or (04)3(B2), receptors when co-expressed with free
B2 or 04 subunits respectively (Zhou et al., 2003). Therefore,
we engineered concatamers with two consecutive B2_o4
interfaces that were followed by a a4 or B2 subunit, that is,
B2_o4 B2 _o4 B2 or B2_a4_B2_o04_o4 to produce (a4),(B2); or
(a4);(B2), receptors respectively. In these constructs, only the
first subunit included the signal sequence at the N-terminus
and the overall length of the linkers was as described above.
We first tested whether expression of the pentameric concata-
mers resulted in the synthesis of full-length proteins. Western
blot analysis revealed proteins of appropriate size with no
apparent breakdown products, suggesting that the pentam-
eric concatamers do not break into fragments or single
subunits that could potentially assemble into functional
receptors (Figure 3A). Functional expression of both con-
structs was achieved in Xenopus oocytes (Figure 3B). After 4
days, maximal ACh (1 mmol-L") evoked up to 200 nA of
inward currents in Xenopus oocytes microinjected with 10 ng
of B2_o4_B2_o04_2 cRNA. In the case of the f2_o4_$2_o4_o4
construct, 72 h after injection with 5 ng of cRNA, functional
expression was approximately 2 pA. These expression levels
were significantly lower than those obtained by microinjec-
tion of non-linked subunit ¢cDNAs [32_a4_$2_o4_B2/non-
linked (04)2(B2); = 66 * 2% and B2_o4_p2_o4_a4/non-linked
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Table 1 Functional properties of glutamine (Q)-linked (0:4),(B2); and (04)3(2). receptors
ﬁ2Q3ﬁ2Q3a4Q3ﬁ2an4 Non-linked ((X4)1(ﬁ2)3
I/Imax = SEM ECso umol-L™" (95% Cl) nHill = SEM I/Imax = SEM ECso umol-L™" (95% Cl) nHill = SEM
ACh 0.99 = 0.01 3.8 (2.7-5.3)* 0.57 = 0.06 0.99 = 0.02 2.8 (2.1-3.7) 0.64 + 0.05
A85380 1.62 = 0.03* 0.022 (0.02-0.03)* 0.92 = 0.05 1.42 = 0.07 0.047 (0.03-0.07) 0.77 £ 0.11
TC2559 0.39 = 0.04* 1.57 (0.8-3) 0.73 £ 0.14 2.43 = 0.1 1.84 (1.3-2.6) 0.89 = 0.10
B2qs0idqs0rdosP20s004 Non-linked (04)3(B2),
I/Imax = SEM ECso umol-L™" (95% Cl) nHill = SEM I/Imax = SEM ECso umol-L™" (95% Cl) nHill = SEM
ACh 1.04 = 0.01 150 (128-178)* 0.78 = 0.05 1.1 =£0.01 88 (76-94) 0.93 £ 0.08
A85380 4.02 = 0.2* 11.70 (8-17)* 0.78 = 0.08 1.52 = 0.06 3.34 (2.3-4.8) 0.63 = 0.06
Cytisine 0.10 = 0.03* 2.8* (2.2-3.4) 0.89 + 0.06* 0.24 = 0.04 15.80 (13-88) 0.52 £ 0.1
Epibatidine 2.8 = 0.08* 12 (6-17)* 1.2 = 0.15* 2.6 +0.26 2.3 (0.8-7) 0.50 = 0.07
TC2559 0.39 * 0.04* 1.57 (0.8-3) 0.73 +£0.20 0.22 £ 0.02 2.73(1.1-7.1) 0.85 + 0.30
DhBE - -0.12 —(0.1-0.15)* 1.1 =£0.20 - -0.4 —(0.3-0.5) 1.0 £ 0.10

All values are means + SEM from 5 to 10 cells. Statistical analysis was performed by comparing the agonist ECso, I/Imax and nHill of the concatenated receptors
to the non-linked receptor using one-way analysis of the variance (ANOVA) to assess significance.
*P < 0.05; significantly different from corresponding value for non-linked (0:4)2(32)3 or (0:4)3(32). receptors as appropriate.

(04);(B2), = 77 = 1%; n = 10; P < 0.05] but markedly higher
than the levels achieved with the P2 _f2 04 2 a4 or
B2_o4_o04_P2_o4 constructs.

The effects of a range of 04p2-preferring compounds were
examined to characterize the functional pharmacology of
B2_04 B2 04 P2 and B2_o4_B2_o4_o4 receptors in compari-
son to their non-linked counterparts. Functional pharmaco-
logical properties of B2_o4_B2_o4 B2 and B2_o4_2_o4_o4
receptors were very similar to those we have previously shown
for non-linked (0:4),(B2); or (04)3(B2), receptors (Moroni et al.,
2006; Zwart et al., 2006; 2008). The value of the ECsg, 1/Iax
and nHill parameters estimated from concentration-response
curves are shown in Tables 2 and 3. Like the corresponding
non-linked receptors, B2_o4_B2 o4 2 and B2_o4_2_o4_o4
receptors were activated by ACh, A85380, 51-A85380, epiba-
tidine and TC2559 in a concentration-dependent manner.
In contrast, cytisine and 5-Br-Cys evoked responses only in
oocytes expressing B2_o4_f2_o4_o4 or non-linked (04);(32),
receptors. At these two types of receptors, cytisine and 5-
Br-Cys behaved as partial agonists. Sazetidine-A was a full
agonist at both B2_04 B2 _o4_B2 and non-linked (04)($2);
receptors, whereas at B2_o4 B2 _a4_o4 receptors or non-
linked (04);(B2), receptor it behaved as a poor partial agonist.
Epibatidine was as potent at B2_a4_p2_a4_f2 as at non-linked
(04),(B2); receptors. However, A85380, S5I-A85380 and
TC2559 were significantly more potent at B2_o4_2_o4 B2
than at non-linked (04),(82); receptors (P < 0.001, n = 7-10)
(Figure 4A). The potency of A85380 and TC2559 was lower at
B2_04_P2_o4_o4 than at non-linked (0:4);(B2), receptors (P <
0.001, n = 7-10) (Figure 4B). It is likely that these differences
may be due to mixed expression of both forms of the 0432
receptor in the case of the non-linked receptors. All agonists
produced concentration-response curves that were best fit to a
one-component sigmoidal equation (P < 0.001, F test, n =
5-10). 51-A85380 produced a monophasic effect on both B2_
o4_B2_o04_ B2 and non-linked (04).(B2); receptors. However,
whereas the effects of 5I1-A85380 were monophasic at
B2_o04_P2_o4_a4 receptors, at non-linked (04)3;(2), receptors

they were clearly biphasic (P < 0.001, F test, n = 5-10)
(Figure 4B). The ECs, for activation of B2_a4_B2_o4_o4 recep-
tors by S5I-A85380 was comparable to the low-affinity ECs
displayed by this compound at non-linked (04);(2)., while
the high-affinity ECs, was comparable to that displayed at
both B2_o04_B2_o4_B2 and non-linked (04),(B2); receptors.
The effect of 5I-A85380 on non-linked (04);(B2), receptors is
similar to the effects that are observed when S5I-A85380 acti-
vates a mixed population of high- and low-sensitivity o432
receptors expressed in Xenopus or mammalian clonal cells
(Zwart et al., 2006). This observation suggests that functional
expression of non-linked (04);(B2), is contaminated with a
small population, about 10%, of non-linked (04),(32); recep-
tors or other possible stoichiometric combinations (Zwart and
Vijverberg, 1998; Lopez-Herndndez et al., 2004). Therefore,
overall, the findings on the effects of A85380, 5I-A85380 and
TC2559 on linked and non-linked 04B2 receptors show that
microinjection of oocytes with extreme ratios of o4 and 2
cDNAs to produce either (0:4),(B2); or (04)»(32); receptors does
not fully prevent the assembly and expression of multiple
forms of the 042 nAChR. Inward currents elicited by ECs, of
ACh at either B2_o4_p2_oa4_B2 or B2_o4_P2_o4_a4 receptors
were inhibited by the a4f2 receptor antagonist DhBE in a
concentration-dependent and monophasic manner (P <
0.0001, F test, n = 6) (Figure 4A,B). The ICs, for DhBE at
B2_a4 B2_a4 B2 was 12 (9-15) nmolL! and at
B2_o4_B2_o4_o4 receptors was 40 (30-50) umol L™'. These
values are very similar to those of the corresponding non-
linked receptors [(04)2(B2)s, 17 (14-19) nmol-L''; (04)3(B2)2,
0.4 (0.36-0.49) umol-L™].

Further studies examined the sensitivity of the
B2_04 B2 04 B2 and P2_o4 B2 04 o4 receptors to Zn*
modulation as well as their Ca* permeability. Non-linked
(04)2(B2); and (04)3(B2), receptors differ significantly in their
sensitivity to modulation by Zn* (Moroni et al., 2008) and
Ca®'permeability (Tapia et al., 2007). These differences reflect
stoichiometry-specific structural signatures. Concentration-
dependent modulation by Zn** of currents evoked by ACh
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Figure 3 Expression of f2_o4_B2_o04_p2 and B2_o04_P2_o4_o4 in
Xenopus oocytes. (A) Western blot analysis indicated that pentameric
concatamers B2_o4_f2_o4_B2 and B2_o4_P2_o4_o4 are synthe-
sized and stable when expressed heterologously in Xenopus oocytes.
Total protein from oocytes injected with either B2_o4_32_o4_f2 or
B2_a4_P2_o4_o4 cRNAs was separated by reducing SDS-PAGE on a
NuPage 7% Tris Acetate gel. (B) 1 mmol-L™" ACh (ECio) evoked
inward currents whose amplitude was concentration-dependent in
oocytes injected with 10 ng of B2_04_B2_a4_B2 cRNA (left/right
panel) or 5 ng of B2_04_B2_o4_o4 cRNA (right/left panel). For com-
parison the ACh ECyqo current responses of the corresponding non-
linked receptors are included. Arrows indicate the start of the
application of ACh.

revealed that the sensitivity of the 04f2 concatamers was
comparable to that of the corresponding non-linked o4p2
receptors (Figure 5A) (Moroni et al., 2008). Zn?** inhibited the
ACh responses of both f2_o4_B2_a4_B2 and (04),(B2); recep-
tors monophasically and with similar ICs, values, that is,
32 (16-67) and 19 (10-36) umol-L™" respectively. The ACh
responses of both B2_a4_2_oa4_o4 and (04):;(B2), receptors
were modulated biphasically by Zn?* (P = 0.002; F test; n = 3).
Zn* concentrations ranging from 1 to 100 umol L™ potenti-
ated ACh responses at B2_o4_2_o4_o4 or (04)s;(B2), recep-
tors. Zn* (100 umol-L™") increased ACh elicited current to
1.82 = 0.3 and 1.51 = 0.5 for B2_o04_P2_o04_o4 or (04);(B2),
receptors respectively. The ECs, for potentiation was 32 (18-
44) umol-L' for B2_o4 B2 _o4_o4 receptors and 19 (17-
24) umol-L" for non-linked (04);(B2), receptors. None of
these values were significantly different. Higher concentra-
tions of Zn*" decreased the degree of potentiation until at
concentrations greater than 800 umol-L™ Zn* the amplitudes
of the ACh responses elicited in the presence of Zn** were
smaller than those mediated by applications of ACh alone
(Figure 5A). Zn* inhibited B2_o4_p2_o4_o4 and non-linked
(0:4)3(B2), nAChR with a similar ICs, values of 810 (800-819)
and 803 (799-812) umol-L™ respectively.

Ca?" permeability was examined by measuring the reversal
potential of Iscn in the presence of 1.8 or 18 mmol-L™" extra-
cellular Ca** (Tapia et al., 2007). B2_o4_B2_oa4_a4 receptors
were most permeable to Ca® than B2_o4_B2_o4_B2 receptors
(Figure 5B), which would be expected if these receptors repli-
cated the structure and functional properties of non-linked
(04);(B2), and (04),(B2); receptors respectively. A 10-fold
increase in Ca*" concentration shifted the reversal potential
of Ixcn in the positive direction by 4 = 0.1 mV in B2_o4_
B2_o04_P2 receptors and 21 * 5S5mV in B2_o4 B2 o4 _o4
receptors.

Chaperone 14-3-3 increases functional expression of

B2_o4 B2_o4_B2(04) constructs

Chaperone protein 14-3-3 interacts with the native (Jeancloss
etal., 2001) and recombinant o4 subunit (Jeancloss et al.,
2001; Exley et al., 2006) following activation of protein kinase
A (PKA). The interaction is dependent on phosphorylation of

Table 2 Functional properties of f2_a4_B2_o4_B2 and non-linked (04)2(B2); nAChR

B2_04_B2_o4_p2

Non-linked (04):(B2);

I/Imax + SEM ECso umol-L™" (95% Cl) nHill + SEM I/Imax + SEM ECso umol-L™" (95% CI) nHill + SEM
ACh 1.02 = 0.01 2.37 (2.1-2.7) 1.04 = 0.06 0.99 + 0.02 2.8 (2.1-3.7) 0.64 = 0.05
A85380 1.86 = 0.1* 0.26 (0.2-0.4) 0.88 = 0.05 1.42 = 0.07 0.047 (0.03-0.07) 0.77 = 0.11
51-A85380 2.40 = 0.1* 0.14 (0.09-0.2) 0.71 = 0.10 2.01 = 0.09 0.24 (0.2-0.3) 0.89 = 0.09
Cytisine ND - ND - -
5-Br-Cys ND - - ND - -
Epibatidine 0.6 = 0.014 0.16 (0.1-0.3) 0.82 = 0.10 0.59 = 0.02 0.19 (0.1-0.4) 0.86 = 0.12
TC2559 418 = 0.1* 1.88 (1.6-2.3) 1.0 £ 0.14 2.43 £0.1 1.84 (1.3-2.6) 0.89 = 0.10
Sazetidine 1.01 = 0.01 0.0069 (5-8 nmol-L™") 1.01 + 0.4 0.98 = 0.09 0.0065 (4-8 nmol-L™") 1.03 = 0.07

All values are means = SEM from 5 to 10 cells. Statistical comparisons between the concentration-response curve parameters of the concatenated receptors and
those of the non-linked receptors were carried out using one-way analysis of the variance (ANOVA).
*P < 0.05; significantly different from corresponding value for non-linked (0:4)2(32)3 receptors.

ND, not determined; 5-Br-Cys, 5-Br-cytisine.
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Table 3 Functional properties of B2_o4_B2_o4_o4 and non-linked (0:4)3(82)2 nAChR
B2_o4_PB2_o4_o4 Non-linked (c:4)3(B2)2
I/Imax = SEM ECso umol-L™" (95% Cl) nHill = SEM I/Imax = SEM ECso umol-L™" (95% ClI) nHill = SEM
ACh 1.06 = 0.01 111 (82-151) 0.92 = 0.09 1.1 = 0.04 88 (76-94) 0.93 = 0.08
A85380 1.32 = 0.06* 2.7 (1.7-3.9) 0.80 = 0.1 1.52 £ 0.06 3.34 (2.3-4.8) 0.63 = 0.06
51-A85380 0.99 + 0.06* 28.20 (17-48) 0.73 £0.1 0.22 = 0.04* 0.14 (0.1-0.2)* 0.4 = 0.03
0.88 + 0.1* 22 (14-35) 12+04
Cytisine 0.27 £ 0.04 55 (11-150) 0.43 £ 0.05 0.24 = 0.04 15.80 (13-88) 0.52 £ 0.1
5-Br-Cys 0.28 = 0.05 11 (10-12) 1.3 +0.12 0.29 = 0.01 14 (10-19) 0.9 = 0.1
Epibatidine 2.7 = 0.01 0.30 (0.2-0.6) 0.50 = 0.1 2.4 +0.26 2.3 (0.8-7) 0.62 = 0.07
TC2559 0.13 £ 0.1* 0.91 (0.63-1.3)* 1.3 03 0.22 £ 0.02 2.73 (1.1-7.1) 0.85 = 0.30
Sazetidine 0.008 = 0.0004 ND ND 0.0062 = 0.0004 ND ND

One-way analysis of variance (ANOVA) compared the level of significance between the values of the parameters of the agonist concentration-response curves of
concatenated receptors and those of the non-linked receptors. Note that, with the non-linked (0:4)3(B2). receptors, 51-A85380 produces both high-sensitivity [ECso
0.14 (0.1-0.2) umol L] and low-sensitivity [ECso 22 (14-35) umol-L™'] current responses.

*P < 0.05; significantly different from corresponding value for non-linked (0:4)3(32). receptor.

ND, not determined; 5-Br-Cys, 5-Br-cytisine.
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Figure 4 Functional sensitivity of concatenated and non-linked (04)»(B2); and (0:4)5(32), nAChR to a4p2-preferring ligands. Concentration-
response curves were obtained for the effects of A85380, 5I-A8530, TC2559 and DhE on (A) B2_o4_B2_o04_p2 and (B) B2_o4_P2_o4_o4
nAChR expressed heterologously in Xenopus oocytes as described in Methods. Averaged parameters of best fits to agonist or concentration-
response data are given in Tables 2 and 3. For comparison the concentration-response curve constructed for the corresponding non-linked

receptors have been included in (A) and (B).

a serine residue within a PKA consensus sequence (RSLSV; PKA
target underlined) in the large cytoplasmic domain of the
subunit, which is also a binding motif recognized by protein
14-3-3 (Jeancloss et al., 2001; O’Kelly et al., 2002; Exley et al.,
2006). The interaction significantly increases the steady state
levels of 04 subunit alone and a4p2 nAChRs by masking of a
dibasic retention signal within the large cytoplasmic domain
of 04 subunit (O’Kelly et al., 2002). To investigate the effects
of protein 14-3-3 on functional expression of a4f2 nAChR
concatamers, this protein was co-expressed with B2_o4_
B2_04 B2 or B2_o4_B2_o04_o4 receptors and was found to
significantly increase the functional expression of both 0432
concatamers (Figure 6A,B). These results indicate that subunit
concatenation does not impair the ability of the o4 subunit to

interact with chaperone 14-3-3 protein. Interestingly, it was
observed that protein 14-3-3 was more effective at increasing
the functional expression of the B2_o4 B2_o4_oa4 receptor
than that of the B2_o4_B2_o4_f2 receptors. Thus, in the case
of the B2_a4_p2_a4_B2 receptor, functional expression was
increased by 1.7-fold (P = 0.06; n = 6) whereas functional
expression of B2_o4 B2 _o4_o4 increased by fourfold (P =
0.0001; n = 6).

Discussion

We show that the pentameric constructs B2_o4_p2_a4_$2 and
B2_04_P2_o04_a4 express well and functionally, in Xenopus
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Figure 5 Zn* sensitivity and Ca®* permeability of concatenated
(04)2(B2); and (04)3(2), nAChR expressed heterologously in
Xenopus oocytes. (A) Averaged concentration-response for the effects
of Zn%* at concatenated (04)2(B2); and (04)3(B2), nAChRs. The
effects of Zn?* on currents activated by ECyy or ECyo ACh concentra-
tions on concatenated and non-linked (0:4),(B2); and (04)s(B2),
nAChRs, respectively, were determined as detailed in the methods.
(B) Current-voltage relationship of B2_o4_2_04_2 and f2_o4_
B2_o4_04 nAChR in the presence of 1.8 or 18 mmol-L™" extracellular
Ca?. B2_o4_B2_o4_o4 were more permeable to Ca*" as judged by
the positive shift of the reversal potential when the external Ca?* was
increased by 10-fold.

oocytes and that these receptors reproduce the sensitivity to
activation by ACh, Ca*" permeability and ability to interact
with chaperone protein 14-3-3 of the corresponding non-
linked (04).(B2); or (04);(B2), receptors respectively. Using
these concatenated receptors, we examined the pharmaco-
logical properties of the alternate stoichiometries of the 042
nAChR and, from the findings, we concluded that the pen-
tameric concatamers f2_o4_B2_o4 B2 and B2_o4_2_o4_o4
are valid models of the corresponding non-linked (04).(2);
and (04);(B2), receptors respectively.

The sensitivity of f2_o4_2 o4 B2 and B2_o4_B2_o4_o4
receptors to activation by ACh, sazetidine-A, cytisine, 5-Br-
Cys and inhibition by DhBE were comparable to those of the
corresponding non-linked a4p2 nAChRs. Exceptions were the
agonist effects of TC2559, A85380 and 51-A85380, which acti-
vated the concatenated receptors and their non-linked coun-
terparts with significantly different potency and/or efficacy.
In addition, 5I-A85380 produced a biphasic concentration
response curve at non-linked (a4);(32), receptors comprising
a high- and a low-affinity components whose respective ECs
values were similar to those of the concatenated B2_o4_
B2_o04 B2 and P2_o4 B2_a4_o4 receptors respectively. A
straightforward explanation for these results is that one or
more linkers may affect the pharmacological properties of the
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Figure 6 Chaperone 14-3-3 increases functional expression of con-
catenated (04)2(B2); and (04)3($2), nAChR. Bargraph of normalized
ACh responses at concatenated (A) B2_o4_p2_o4_B2 or (B)
B2_04_B2_o04_a4 nAChR receptors expressed on their own or
co-expressed with chaperone protein 14-3-3. Data are given as
means = SEM from five to seven oocytes per column. *P < 0.05 and
***P < 0.001, statistically significant difference from corresponding
concatenated receptors expressed on their own (unpaired Student’s
t-test).

receptors. However, because the pharmacological profile of
non-linked (04);(32), receptors resembles that of a mixed
population of high- and low-sensitivity a4p2 receptor stoichi-
ometries (Zwart et al., 2006), a more likely explanation is that
non-linked a4 and B2 subunits produce multiple receptor
stoichiometries, even when the relative abundance of the
subunits is manipulated to favour the assembly of only one
type of 042 receptor, as in our experimental conditions.
From the biphasic concentration-response curve produced by
51-A85380 at 04P2 receptors expressed following microinjec-
tion of oocytes with single o4 and B2 cDNAs at a ratio of
10:1, it is clear that approximately 10% of the receptors
produced are of the (04).(B2); or other possible stoichiometric
arrangements. The low levels of receptor contamination in
the linked (concatenated) receptors are revealed by com-
pounds with exceptionally high stoichiometry-selectivity,



such as 51-A85380. The presence of more than one stoichio-
metric arrangement may still confound functional assays and
obscure stoichiometry-specific receptor properties (see Zwart
et al.,, 2006). These results indicate that caution should be
applied when interpreting functional data produced by non-
linked 042 receptors expressed heterologously in surrogate
cells.

The concentration-response curves obtained with ACh and
o4B2-preferring agonists indicate that most established o432
nAChR ligands distinguish, with varying degrees, the different
stoichiometries of the a4p2 nAChR. In addition, the receptors
clearly differ in their sensitivity to modulation by Zn*" and
Ca® permeability. These findings suggest stoichiometry-
specific structural signatures as determinants of the functional
behaviour of the (04),(f2); and (04);(32), nAChR. What may
be the structural basis for the stoichiometry-dependent prop-
erties of the 0432 nAChR? By analogy to the muscle o1yo1881
nAChR (Unwin, 200S), it is thought that the a4p2 nAChR
harbours two functional agonist binding sites, which must be
located at the 04(+)/B2(-) interfaces (one per interface). This
implies that the subunit order around the channel is
04B204B2(a4/B2). This subunit arrangement is supported by
the present reported studies of concatenated (04),(32); and
(04);(B2), nAChRs. On both stoichiometries, the agonist sites
are both located at the o04(+)/B2(-) interfaces and suggest
identical properties. However, one a4(+)/B2(-) interface on
both stoichiometries is flanked by non-ACh binding B2(+)/
o4(-) interfaces, whereas the other is flanked by a B2(+)/04(-)
interface and depending on the stoichiometry, by a non-
agonist binding o4 (+)/04(-) or B2(-)/B2(+) interface. The latter
interfaces are stoichiometry-specific and therefore likely can-
didates for conferring stoichiometry-specific properties to
(04),(B2); and (04)3(B2). nAChR. This view is supported by our
recent studies on the effect of Zn** on the alternate forms of
the 04p2 receptor, which show that the signature o4/04 inter-
face of the (0:4)3(B2), receptor harbours a Zn* potentiating site
that is absent in the (04).(82); stoichiometry (Moroni et al.,
2008). Additional support for our findings come from recent
studies that have shown that accessory subunits influence the
function of neuronal nAChRs (Kuryatov et al., 2008) and that
conserved hydrophobic amino acid residues contribute to an
allosteric site on heteromeric nAChRs (Hansen and Taylor,
2007).

Functional expression of both concatamers was increased
by co-expression with protein 14-3-3, indicating that concat-
enation does not obliterate the binding site for protein
14-3-3 within the large intracellular loop of o4. The effects
of protein 14-3-3 on the functional expression of B2_
o4 B2 _04_o4 and B2_o4_B2_o4_ P2 receptors were strikingly
similar to the effects that we previously observed when the
subunits expressed were non-assembled o4 and B2 (Exley
et al., 2006). In that case, protein 14-3-3 favoured expression
of low sensitivity [e.g. (04);(B2). receptors]. We showed that
protein 14-3-3 increased the steady-state levels of the o4
subunit and hypothesized that this effect possibly resulted
into greater incorporation of a4 subunits into receptor com-
plexes. This possibility could not account for the differential
effects of protein 14-3-3 on the 042 pentameric concatam-
ers, because the subunit composition of these receptors is
fixed. A possible explanation is that the higher o4 content of

Linked (0:4)2(82); and (0:4)3(B2) receptors
A-L Carbone et al 979

the B2_o4 B2_o4_ o4 concatamer enhances the stabilizing
and up-regulating effects of protein 14-3-3 in comparison to
its actions on B2_o4_B2_o4_P2 receptors. This implies that
subunit composition may confer stoichiometry-specific
‘receptor maturation’ patterns. This view is supported by pre-
vious studies that have shown that o4f2 nAChR matures
inefficiently in comparison to a4p4 receptors (Sallette et al.,
2004), possibly because B2 weakens the process of receptor
maturation through inefficient subunit interactions and/or
assembly (Sallette et al., 2004; 2005). Thus, (04).(32); recep-
tors may mature less efficiently than (04);(B2), receptors,
which would lower the functional expression of (04).(32);
relative to that of (04);(B2), receptors. We have found in this
and previous (Moroni et al., 2006; 2008; Zwart et al., 2006)
studies that the heterologous functional expression of
(04);(B2), receptors in Xenopus oocytes is about 30-fold
higher than that of (04),(32); receptors.

Interestingly, neither B2 2 o4 f2_o4 nor P2_o4_o4_
B2_o4 expressed well in Xenopus oocytes, even though both
constructs were synthesized and stable. This implies that the
constructs were trafficked inefficiently to the cell surface
and/or that the constructs did not assemble into properly
functional 04B2 receptors. What may influence the function-
ality of these concatamers? In comparison to f2_a4_B2_o4_{2
or B2_o4_B2_o4_o4 concatamers, the B2-04 interfaces in the
B2 B2 04 B2 o4 and B2_o4_o4_P2_o4 receptors are preceded
by a B2 or are separated by an o4 subunit respectively. Thus,
a possible explanation for the low functional expression of
B2 B2_04 B2 04 and B2_o4_o4_P2_o4 is that their subunit
arrangement does not facilitate the subunit interactions that
drive the assembly and maturation of 04p2 pentamers
(Sallette et al., 2005). Little is known about the elementary
steps leading to assembly of pentameric a4f2 complexes,
which occurs within the endoplasmic reticulum. By analogy
to the assembly of the muscle nAChR (Green and Claudio,
1993), it is likely that the subunits incorporate into pentamers
through sequential steps driven by specific subunit-subunit
or subunit-chaperone interactions. Thus, when those subunit
interactions are impaired, which might occur if the subunits
were not oriented properly or did not acquire appropriate
three-dimensional structures, oligomerization and/or matura-
tion may be inefficient, producing ultimately low expression
levels or receptors with altered function. Interestingly,
although B4_p4_o3_B4_o3 pentameric concatamers produce
functional receptors in Xenopus oocytes, the levels of expres-
sion were very poor in comparison to the functional expres-
sion of non-linked a3B4 receptors (Groot-Kormelink et al.,
2006). This suggests that positioning B_o interfaces prior to a
B or o subunit may be a strategy that could be applied across
the nAChR family to produce concatamers with good func-
tional expression.

A subunit domain that may play a critical role in functional
expression is the C-terminus. Insertion of fluorescent proteins
in the C-terminus of B2 nAChR subunit (Nashmi et al., 2003),
e or Y nAChR subunits (Gensler efal., 2001) or y2 GABA,
receptor subunit (Kittler ef al., 2000) results in partial or com-
plete abolition of function. Although there is evidence that
green fluorescent-tagged C-terminus may affect the function
of nAChR (Fucile et al., 2002), recent studies suggest that the
effects of the C-terminus on the functional expression of
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Cys-loop LGIC are likely to reflect its contribution to the
process of receptor maturation (Butler et al., 2008). Thus,
C-terminus single-point mutants of the 5-HT;y receptor
reduce specific radioligand binding and membrane expres-
sion, both of which can be partially restored by growing cells
expressing the mutant receptors at temperatures lower than
37°C (Butler et al., 2008). In the case of pentameric concat-
enated LGIC, poor functional expression could well reflect the
fact that the C-terminus of all but one subunit (the fifth) of
the concatenated subunits is linked to the N-terminus of the
subsequent subunit (Baur et al., 2006; Groot-Kormelink et al.,
2006; this report).

In summary, we have demonstrated that pentameric con-
catamers f2_o4_B2_o4_P2and f2_o4_B2_o4_o4 have pharma-
cological signatures comparable to those of non-linked
(04)2(B2); and (04)3(B2). nAChRs respectively. Thus, this study
provides a diagnostic tool for the different forms of the o432
nAChR. In addition, (04).(32); and (0:4)3($2), concatamers in
combination with mutational and functional experimental
approaches can be used to aid the characterization of other
possible stoichiometric arrangements of the a4f2 nAChR.
Concatamers with a subunit order of B2_f2 o4 B2 o4 or
B2_o04_o4_P2_o4 donotexpress well in Xenopus oocytes nor do
they reproduce the pharmacological properties of non-linked
receptors. This may be because the subunit arrangement of
these constructs hinders interactions between subunits or
between subunits and chaperone proteins that are required for
receptor assembly and maturation. We are presently unable to
distinguish between these possibilities because the processes
that drive the genesis of functional 042 nAChRs are essen-
tially unknown. However, future studies that address this issue
may benefit from the availability of pentameric concatenated
(04),(B2); and (0.4)3(B2). nAChRs whose assembly and matura-
tion as judged by their functional properties and sensitivity to
the chaperone protein 14-3-3, may be comparable to that of
the corresponding non-linked 0432 nAChR.
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