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A Role for the 3,-3, Loop in the Gating of 5-HT; Receptors
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10461, and 2Department of Medicinal Chemistry, Institute of Pharmacy, Johannes Gutenberg University, D-55099 Mainz, Germany

Based on the Torpedo acetylcholine receptor structure, Unwin and colleagues (Miyazawa et al., 2003; Unwin, 2005) hypothesized that the
transduction of agonist binding to channel gate opening involves a “pin-into-socket” interaction between aV46 at the tip of the extra-
cellular 3,-3, loop and the transmembrane M2 segment and M2-M3 loop. We mutated to cysteine the aligned positions in the 5-HT;,
and 5-HT, subunit 3,- 3, loops K81 and Q70, respectively. The maximal 5-HT-activated currents in receptors containing 5-HT; , /K81C
or 5-HT;;/Q70C were markedly reduced compared with wild type. Desensitization of wild-type currents involved fast and slow compo-
nents. Mutant currents desensitized with only the fast time constant. Reaction with several methanethiosulfonate reagents potentiated
currents to wild-type levels, but reaction with other more rigid thiol-reactive reagents caused inhibition. Single-channel conductances of
wild type, K81C, and K81C after modification were similar. We tested the proximity of K81C to the M2-M3 loop by mutating M2-M3 loop
residues to cysteine in the K81C background. Disulfide bonds formed in 5-HT; , /K81C/A304C and 5-HT;,, /K81C/I305C when coexpressed
with 5-HT;5. We conclude that in the resting state, K81 is not in a hydrophobic pocket as suggested by the pin-into-socket hypothesis. K81
interacts with the extracellular end of M2 and plays a critical role in channel opening and in the return from fast desensitization. We
suggest that during channel activation, 3,—-3, loop movement moves M2 and the M2-M3 loop so that the M2 segments rotate/translate
away from the channel axis, thereby opening the lumen. Recovery from fast desensitization requires the interaction between K81 and the

extracellular end of M2.
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Introduction

Serotonin 5-HTj receptors (5-HT;R) are members of the Cys
loop receptor superfamily of ligand-gated ion channels (Reeves
and Lummis, 2002) that includes the GABA 4, glycine, and nico-
tinic acetylcholine receptors (AChR). 5-HT;R antagonists are
used clinically for the prevention and amelioration of nausea and
emesis (Costall and Naylor, 2004). The receptors are allosteric,
pentameric proteins that couple agonist binding to transmem-
brane channel gating. The ability to create functional chimeras
between AChR and 5-HT;R implies that ligand binding induces
similar conformational changes in all superfamily members
(Eiselé et al., 1993). Agonists such as serotonin bind in the extra-
cellular domain at the interface between two subunits, causing
the binding site to contract (Karlin, 2002). The extracellular do-
main structure can be inferred from the atomic resolution struc-
tures of the homologous acetylcholine binding protein (AChBP)
(Brejc et al., 2001; Celie et al., 2004). The ion channel is lined by
the M2 transmembrane segments (Reeves et al., 2001; Panicker et
al., 2002) that in the 4 A resolution AChR structure form an inner
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ring of helices separated from the lipid bilayer by an outer ring of
helices formed by the M1, M3, and M4 segments (Miyazawa et al.,
2003; Unwin, 2005). The interface between the extracellular and
transmembrane domains (TMDs) involves two major interac-
tions: (1) two extracellular domain loops: the 8,—f3, loop (loop 2)
and the Cys loop (loop 7) interact with the extracellular end of
M2 and the M2-M3 loop; and (2) the pre-M1 segment that ex-
tends into the M1 transmembrane segment (see Fig. 1a) (Brejc et
al., 2001; Miyazawa et al., 2003). Although interactions between
these loops have been linked to channel gating (Kash et al., 2003,
2004a; Bouzat et al., 2004; Schofield et al., 2004), it is not clear
precisely how these interactions influence gating.

Based on these structures, hypotheses for the molecular mech-
anisms that couple ligand binding to channel opening in all
members of the superfamily have been generated (Absalom et al.,
2004; Lester et al., 2004; Unwin, 2005). Unwin and colleagues
(Miyazawa et al., 2003) proposed the “pin-into-socket” hypoth-
esis that states that in the resting state, AChR aV46, at the tip of
the extracellular domain 3,—3, loop, is buried in a hydrophobic
pocket formed at the top of M2. They proposed that agonist
binding-induced displacement of the binding site loops B and C
is transmitted via the inner B-sheet to pull the 8,—f3, loop away
from the membrane. This may either release the M2 segments
allowing channel opening or, alternatively, form a pivot by which
M2 is moved via force applied to it by the Cys loop. This hypoth-
esis is consistent with the “conformational wave” observed on
ligand binding (Grosman et al., 2000; Chakrapani et al., 2004).

In this study, we tested the generality of the pin-into-socket
mechanism by mutating the 5-HT;R 3,—, loop residue K81,
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aligned with AChR aV46, to cysteine. We monitored the func-
tional effect of cysteine substitution on channel gating and con-
ductance, the effects of covalent modification with thiol-reactive
reagents, and disulfide cross-linking to engineered cysteines in
the M2-M3 loop.

Materials and Methods

Reagents. (2-(Trimethylammonium)ethyl) methanethiosulfonate bro-
mide (MTSET™), (2-aminoethyl) methanethiosulfonate hydrobro-
mide (MTSEA"), sodium (2-sulfonatoethyl) methanethiosulfonate
(MTSES ™), and MTS 5(6)-carboxytetramethylrhodamine (MTS-TAMRA)
were purchased from Biotium (Hayward, CA). Benzophenone-
4-carboxamidocysteine methanethiosulfonate (BPMTS) and p-
chloromercuribenzene sulfonate (pCMBS ™) were purchased from
Toronto Research Chemicals (North York, Ontario, Canada). Methyl
methanethiosulfonate (MMTS) was purchased from Sigma (St. Louis,
MO). All other reagents, unless specified otherwise, were purchased
from Sigma or Fisher Scientific (Hampton, NH).

Site-directed mutagenesis of ligand-gated ion channel subunits. Mu-
tagenesis of full-length cDNAs encoding the mouse 5-HT,,, and
5-HT,p subunits, the rat GABA, «, and 3, subunits in the pPGEMHE
vector, and the mouse AChR «; subunit in the pSP64T vector was per-
formed using the Quikchange mutagenesis kit (Stratagene, La Jolla, CA)
following the manufacturer’s instructions. Mutagenic primers were ob-
tained from Sigma, and sequences are available on request. All plasmid
constructs were sequenced to confirm the presence of the desired muta-
tions and to rule out a secondary mutation. Wild-type (WT) and mutant
5-HT5R subunit cDNAs were subcloned into pcDNA3.1 (Invitrogen,
Carlsbad, CA) for expression in mammalian cells. An additional round of
mutagenesis was performed on the 5-HT; , construct to introduce the set
of mutations R437Q/R441D/R445A (Kelley et al., 2003), and the con-
structs were resequenced as above.

Expression and electrophysiological recording in Xenopus oocytes. In
vitro RNA transcription, preparation, and injection of Xenopus oocytes
were performed as described previously (Horenstein and Akabas, 1998).
Currents were recorded under two-electrode voltage clamp from oocytes
perfused continuously at 5 ml min ~ ' with Ca*" -free Frog Ringer buffer
(in mm: 115 NaCl, 2.5 KCl, 1.8 MgCl,, and 10 HEPES, pH 7.5 with
NaOH) using equipment and procedures described previously (Horen-
stein and Akabas, 1998). The perfusion chamber volume was 200 ul
Agarose cushion electrodes were filled with 3 M KCl and had a resistance
of <2 MQ). The ground electrode was connected to the bath by a 3 m
KCl/agar bridge. The holding potential was maintained at —80 mV, un-
less specified otherwise. ECs,, values were determined by nonlinear least-
squares fits to the Hill equation as described previously (Reeves et al.,
2001). The irreversible effects of reaction with thiol-reactive reagents
were measured as described previously (Reeves et al., 2001). Briefly, pairs
of test pulses at a saturating 5-HT concentration (50 um) were applied,
followed by washout for 3 min and reaction for 1 min with a saturating
concentration of thiol-reactive reagent, as indicated. After a 3 min wash-
out, an additional pair of test pulses of 50 um 5-HT were applied, and the
effect of reaction was quantitated as follows:

%effeCt = ((IB—HT, after/IS—HT,before) - 1) X 100)

where I3 i1 e, is the mean peak current of the 5-HT test pulses after
thiol-reactive reagent application and I5_pir, pefore 1S the mean peak cur-
rent of the initial 5-HT applications. The data for the effect of each
reagent on mutant receptors were compared with that obtained with WT
receptors using one-way ANOVA (Prism 3.0; GraphPad Software, San
Diego, CA). The effects of reaction of the thiol-reactive reagents with
GABA, and AChR were determined using a similar protocol. We also
used this procedure to characterize the effect of oxidation by copper
phenanthroline (Cu:phen; 100:200 uMm) and reduction with dithiothrei-
tol (DTT; 10 mm) on the receptors.

The rates of reaction of thiol-reactive reagents with substituted-
cysteine mutant receptors were determined as described previously
(Reeves et al., 2001). Briefly, a test pulse of 5-HT (50 um) was applied,
followed by a 3 min washout period and five to eight short (10-20 s)
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pulses of methanethiosulfonate (MTS) reagent (0.1-20 uMm) in the ab-
sence or presence of 5-HT, alternating with test pulses of 5-HT. The peak
currents induced by the 5-HT test pulses were normalized to the first test
pulse, plotted as a function of the cumulative duration of MTS reagent
application, and fitted with a single exponential function. The second-
order rate constant was calculated by dividing the pseudo-first-order rate
constant obtained from the exponential fit by the MTS reagent concen-
tration. For a given mutant, second-order rate constants were indepen-
dent of the MTS reagent concentration used.

Expression in human embryonic kidney 293 cells. Human embryonic
kidney cells (HEK293T; American Tissue Culture Collection, Manassas,
VA) were grown at 37°C in DMEM supplemented with 10% fetal calf
serum, 2.5 mM L-glutamine, 100 IU of penicillin, and 170 uMm streptomy-
cin in an atmosphere of 5% CO,/95% air. Cells were seeded in 100 mm
plates at a density of 1.2—1.5 X 10 cells and transfected 24 h later for 12 h
using the calcium phosphate precipitation technique (Chen and
Okayama, 1988) with 5-7 ug of plasmid DNA. Constructs containing the
mutant receptor subunits were cotransfected with empty pXOON plas-
mid (Jespersen et al., 2002), which encodes a neomycin—enhanced green
fluorescent protein (GFP) fusion protein for the visual identification of
expression in transfected cells. Cells were washed with PBS and detached
with trypsin before reseeding at low density in 35 mm polylysine-treated
dishes that were mounted directly on the stage of an inverted microscope
(Zeiss IM; Zeiss, Thornwood, NY) for patch-clamp experiments 24—48 h
later.

Single-channel and whole-cell electrophysiology. Pipettes were pulled
from thick-walled borosilicate glass, coated with Sylgard, and fire-
polished to a resistance of 10—14 M() (single-channel recording) or 2—4
MQ (whole-cell recording) when filled with the internal solution. For
outside-out configuration and whole-cell recording, the pipette con-
tained the following (in mm): 130 CsCl, 10 EGTA, 10 glucose, 2 MgCl,, 2
CaCl,, 2 K-ATP, 0.2 Tris-GTP, and 10 HEPES, pH 7.3 adjusted with
CsOH. The bath solution for outside-out configuration and whole-cell
recording was as follows (in mm): 140 NaCl, 2.8 KCl, and 10 HEPES, pH
7.3 adjusted with NaOH. The pipette solution for inside-out configura-
tion contained the following (in mm): 140 NaCl, 2.8 KCl, 2 MgCl,, 0.1
CaCl,, 2 EGTA, 10 glucose, and 10 HEPES, pH 7.3 adjusted with NaOH.
The bath solution for inside-out configuration was as follows (in mm):
140 CsCl, 2 MgCl,, 0.1 CaCl,, 1.1 EGTA, and 10 HEPES, pH 7.3 adjusted
with CsOH. The transfected cells chosen for the experiments had similar
GFP fluorescence intensity. The 5-HT currents were recorded using the
outside-out and the inside-out configuration of the patch-clamp tech-
nique. In all configurations, a holding potential of —60 mV was used.
Cells were perfused continuously with external solution at a rate of 2 ml
min ' via a gravity-driven, dual-barrel perfusion system. For the
outside-out and whole-cell configurations, 50 um 5-HT dissolved in the
bath solution was applied to the patch using the second barrel. In the
inside-out configuration, the same concentration of 5-HT was diluted in
the pipette solution. Currents were low-pass filtered at 8 kHz (eight-pole
Bessel filter) and acquired at 20 kHz using Pulse software interfaced with
an EPC-9 amplifier (HEKA, Darmstadt, Germany). When applicable,
cells were treated before patching with 20 pum MTSEA" or MTSET™
dissolved in the bath solution (of the outside-out configuration) for 3
min. Plates were then washed thoroughly with the bath solution and used
within 30 min of the treatment.

Homology modeling of the 5-HT;R subunit structure. We generated a
homology model of the 5-HT; , subunit transmembrane segments based
on the cryo-electron microscopic structure of the Torpedo AChR TMD
[Protein Data Bank (PDB) code 10ED] (Miyazawa et al., 2003) using a
web-based structure prediction service (SWISS-MODEL) (Schwede et
al., 2003) (see Fig. 1). The resulting model was combined with a 5-HT;,
subunit extracellular domain (ECD) model (Reeves et al., 2003) in Deep-
view 3.7b (Swiss Institute of Bioinformatics). The domains were aligned
electronically by minimizing the distance between a-carbons for the sin-
gle residue common to both domains (P211 from the ECD structure).
The relative orientation of the five subunits in each domain was pre-
served. The figures were rendered in POV-Ray version 3.6 (Persistence of
Vision Pty. Ltd., Williamtown, Victoria, Australia).

Computer modeling of MTS-modified cysteine flexibility. We generated
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5-HT3A 72 MYAILNVDEKNQVLTTYINYRQYWTDEFLONT 103
5-HT3B 61 VHAVLDVDVONOKLKTSVWYREVWNDEFLSKN 92
AchBP 35 FINILEVNEITNEVDVVEWQQTTNSDRTLAWN 66
nAChR &7 59 LLOIMDVDEKNQVLTTNIWLOMSNTDHYLOWN 30

nAChR a(Torpedo) 37
nAChR f(Torpedo) 37

LIQLISVDEVNQIVETNVRLRQONIDVRLRNN 68
LTNLLILNERKIEEMTTNVFLNLANTDYRLOWD 68

glycine a 73 INSFGSIAETTMDYRVNIFLROOWNDPRLAYN 104
GABAA 8 69 VASIDMVSEVNMDYTLTMYFOOSWKDKRLSYS 100
GABAA & 73 VISFGPVSDHDMEYTIDVFFRQSWKDERLKFK 104
PO » e EBR Mg
Al A2
loop 2 loop 3
Figure1. a,Homology model ofa 5-HT,, homopentameric receptor, viewed from the plane

of the membrane. One subunit is highlighted in red for clarity. Green and blue regions show the
3,—, loop and M2—M3 loop, respectively. The dashed lines indicate the approximate limits of
the lipid bilayer. b, Portion of a ClustalW multiple sequence alignment of the putative 3,—3,
loop in several neurotransmitter-gated ion channels. The vertical arrow marks residues that
align with AChR aV46, the residue proposed to be critical for the pin-into-socket mechanism for
gating. The asterisks indicate absolutely conserved residues, and the dots indicate partially
conserved positions. nACh, Nicotinic ACh.

a potential energy function for rotation around the S-S bond created by
the covalent reaction of each MTS reagent with cysteine using quantum
chemical calculations (Dewar et al., 1985; Stewart, 1990). MTS-modified
cysteines were energy minimized using semi-empirical PM3-
Hamiltonian calculations (Spartan ’04; Wavefunction, Irvine, CA). After
rotation of a starting conformation through 180° in 10 steps, the free
energy difference between the calculated conformational isomer with
the lowest and highest energy was as follows: MTSES ™, 25 k] mol ™~ L
MTSET™, 36 k] mol™'; MTSEA™, 24 k] mol ™ }; MMTS, 25 k] mol ™ %;
MTS-TAMRA, 39 kJ mol '; BPMTS, 26 k] mol !. Without steric
hindrance from neighboring parts of the receptor protein, all rota-
tions should be possible at room temperature (<84 kJ mol™").

Results

Mutation of the 5-HT;R 8,—3, loop

Alignment of the 5-HT;R sequences with those of AChBP, AChR,
and other members of the superfamily identified K81 (5-HT;,
subunit) and Q70 (5-HT ;5 subunit) as the residues aligned with
the B,—f3, loop residues V44 (AChBP) and aV46 (AChR), both
identified previously as the residue critical for the pin-into-socket
mechanism (Fig. 1b) (Miyazawa et al., 2003). On expression of
homopentameric 5-HT;,/K81C receptors in Xenopus oocytes,
we observed a 25-fold decrease in the peak current response to a
saturating concentration of 5-HT compared with WT homopen-
tamers (Fig. 2a). A similar decrease was noted for heteropentam-
eric receptors containing the 5-HT;3/Q70C mutant and WT
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5-HT;,. However, heteropentameric receptors containing the
5-HT;,/K81C subunit with WT 5-HT ;5 subunits only displayed
a 4.7-fold decrease compared with WT heteropentamers. The
basis for the difference in the effect of the mutations on the het-
eropentameric receptors is uncertain, especially because the sub-
unit stoichiometry is unknown. Coexpression of the 5-HT;,/
K81C and 5-HT;/Q70C subunits produced a 63-fold decrease in
peak current compared with WT heteropentamers, suggesting a
synergistic effect of the mutations when coexpressed, compared
with the homopentameric mutant, which also contains five cys-
teines at this position. Small (threefold to fivefold) rightward
shifts in the dose-response relationship were also observed
in receptors containing either or both of the mutant subunits
(Fig. 2b).

We also noted that the apparent rate of desensitization of the
mutant receptors was increased (Figs. 2¢, 3a). This increase was
~19-fold for mutant 5-HT;R, whether homopentameric or
heteropentameric.

To test the generality of the effects that we observed on other
Cys-loop receptors, we also created mutants in GABA, and
AChR subunits at the AChBP V44-aligned positions. After ex-
pression in Xenopus oocytes, mutant o3, GABA, receptors,
containing either or both of the &;H82C or 8,V53C mutations,
activated normally in response to saturating GABA concentra-
tions. The mean peak current and GABA EC,, value were not
significantly different from WT receptors (data not shown), in
agreement with published results (Kash et al., 2004b). However,
we did note that the apparent rate of desensitization of GABA,
receptors containing mutant subunits was increased; the time
constant of desensitization was 35.9 = 3.4 and 47.9 * 6.9 s for
a,H82CB, and «,3,V53C, respectively, compared with 74.5 =
4.5 s for WT «,B; receptors (Student’s ¢ test; p < 0.05). In con-
trast, ACh receptors formed by expression of aV46Cy6 did not
produce measurable current in response to ACh concentrations
up to 1 mm. Although the overall mechanism of transduction
between different Cys-loop receptor families may be similar, the
details of the specific residues involved and the effects of mutat-
ing them appear to be different. Whether this is attributable to
issues of different subunit stoichiometry or problems in sequence
alignment are uncertain.

Modification of K81C and Q70C mutants by the thiol-reactive
reagent MTSEA™

The pin-into-socket hypothesis states that the a; V46 residue is in
a hydrophobic pocket formed at the extracellular end of the M2
segment and the M2-M3 loop (Miyazawa et al., 2003). Having
established that receptors containing the 5-HT;, K81C mutation
were functional, we tested the water-surface accessibility of the
cysteine by its ability to react with the MTS reagent MTSEA™.
This reagent was selected for the initial test because a cysteine
residue that has been modified by MTSEA" resembles the struc-
ture and charge of the original lysine residue in the WT receptor.
MTS reagents react 5 X 10° times faster with a deprotonated
thiolate (S ) than with the protonated thiol (SH), and only cys-
teines that are, at least transiently, on the water-accessible protein
surface will ionize (Karlin and Akabas, 1998). Figure 3a shows a
sample trace from one of these experiments. Test pulses of 5-HT
were applied to oocytes expressing unmodified 5-HT;,/K81C
homopentameric receptors to establish an initial peak current.
This was followed by a 1 min application of 1 mm MTSEA™. After
washout of the reagent, additional test pulses revealed an irre-
versible increase in peak current. The magnitude of this increase
was 269 * 29% (n = 3) over unmodified homopentameric re-
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significantly different from WT (ANOVA). Note that the y-axis has a log,, scalein @ and c.

ceptors, yielding a peak current level about half that of WT ho-
momeric receptors. After modification, the apparent rate of de-
sensitization was decreased by 367 = 18% (n = 3).

We measured the rate of reaction of MTSEA™ with K81C mu-
tants by repeated (10-20 s) applications of MTSEA™ (0.1-20 um)
in the absence of 5-HT and fitted the normalized peak current to
a single exponential (Fig. 3b). This yielded a second-order rate
constant of 2.27 + 0.26 X 10° M~ 's™! (n = 5). When this exper-
iment was repeated with MTSEA™ applications in the presence of
5-HT, the rate of reaction increased to 4.02 = 0.64 X 10° M 's ™!
(n = 4; p < 0.05; Student’s t test). There was no significant dif-
ference in the magnitude of potentiation induced by MTSEA™ in
the presence or absence of 5-HT (data not shown). The reactivity
of MTSEA" with K81C suggests that in 5-HT;, homopentameric
receptors, at least some of the K81C residues (and therefore, we
infer, K81 in the WT receptor) are not buried in hydrophobic
pockets but rather are water accessible and may project to one
side of the M2—-M3 loop. In addition, the rate of reaction with
K81C is several orders of magnitude higher than MTS reagent
reaction rates measured with most channel-lining engineered
cysteines to date (Reeves et al., 2001; Bera et al., 2002).

The environment of K81C probed by multiple MTS reagents
To characterize the electrostatic environment of K81C, we ex-
posed the mutant receptors to either a neutral MTS reagent,
MMTS, or a negatively charged reagent, MTSES ™. Both reagents
irreversibly modified K81C-containing receptors and potenti-
ated the currents by a similar magnitude to that found for
MTSEA" modification. The rate of reaction of MMTS with
5-HT,,/K81C homopentamers was 2400 = 230 M~ 's~ ' and with
MTSES™ was 74 = 17 M~ 's™'. This drastic decrease in the rate of
reaction of K81C with neutral and negatively charged reagents
suggests that there is a negative electrostatic potential in the re-
gion surrounding K81C in the resting state of the receptor. We
speculate that this is because of the proximity of E80, which, by
analogy with the AChR model (Unwin, 2005), should, along with
K81C, straddle the M2—-M3 loop (Lester et al., 2004). The ability
of MTS reagents with positive, negative, or no charge to restore
the current magnitude and receptor kinetics of K81C-5-HT;,
receptors suggests that charge at this position is not an important
factor for signal transduction but rather the size of the residue at
position 81 is important. Cysteine is too small to function effec-
tively, but the addition of even an S-CH; by MMTS is sufficient to
restore essentially normal interactions and thus signal transduc-
tion between the extracellular 8,—f3, loop and the membrane-
spanning domain.

We tested the ability of several additional sulthydryl-reactive
reagents with differing sizes and conformational flexibility to po-

a, Mean peak currents recorded at a holding potential of —80 mV from 5-HT,R containing the K81C and/or Q70C
mutations, expressed in Xenopus oocytes. b, ECg, values for 5-HT for WT and mutant 5-HT;R, as in a. ¢, Time constants of
desensitization (7) in the presence of 5-HT (50 yum) for WT and mutant 5-HT,R, as in a. Error bars indicate SEM; n = 6. %p << 0.05,
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tentiate the currents of K81C-containing

receptors (Fig. 4). All reagents tested irre-

versibly modified 5-HT;,/K81C ho-

mopentameric receptors, as shown in Fig-

ure 4a. Five of seven reagents tested

(MTSEA", MTSET", MMTS, MTSES™,
& < MTS-TAMRA) caused potentiation of the
e peak current response to 5-HT recorded
& from 5-HT;,/K81C homopentameric re-
ceptors (Fig. 4a). There was no correlation
between these reagents in terms of size or
charge, as may be seen from Figure 4b,
which depicts a representation of cysteine
residues after modification by each MTS
reagent.

Of note, MTSET " modification restored 5-HT5/K81C recep-
tor peak current to levels similar to WT receptors. This suggests
that the decrease in peak current seen for K81C-containing re-
ceptors was not attributable to a decrease in expression level of
the mutant but rather to changes in open probability. Consistent
with this, as shown below, the single-channel conductance was
not altered by mutation of K81 to cysteine or modification of the
cysteine by MTS reagents.

Two reagents, pPCMBS ™~ and BPMTS, caused almost complete
inhibition of 5-HT-induced current (Fig. 4a). There are several
differences between the groups added to cysteine by pCMBS™
and BPMTS compared with those added by the five reagents that
potentiated currents. First, for pCMBS™, the S-Hg-C angle in
pCMBS ™ -modified cysteine is almost 180° (164, 174, and 177° in
PDB entries 1HJ1, 1HDK, and 1BH9, respectively). This near-
linear geometry significantly reduces the conformational flexibil-
ity of pPCMBS ™ -modified cysteine. Second, energetic calculations
showed that despite the differences in the moieties added by the
MTS reagents, for rotation around the S-S bond, there is not a
significant difference between the MTS reagents used. There is,
however, a potentially significant difference between BPMTS-
modified cysteine and cysteines modified by the other MTS re-
agents. After reaction with MTSES™, MTSET", MTSEA", or
MTS-TAMRA, the link between the disulfide-bonded sulfur (Sé)
and the prosthetic group is a 1,2-disubstituted ethylene group
(Fig. 4b). The tetrahedral structure of the two sp>-hybridized
methylene groups gives this linker considerable conformational
flexibility. In contrast, for BPMTS-modified cysteine, the second
carbon bears two substituents, namely the carboxamidobenzo-
phenone and the carboxy group. Steric clash attributable to the
extra substituent on this carbon may limit the conformational
flexibility of the Cys-BP side chain within the protein and thus
interfere with the interactions necessary for signal transduction
to the M2-M3 loop.

We examined whether application of sulthydryl reagents to
the GABA, or ACh receptor cysteine mutants would have signif-
icant functional effects on gating. For the GABA, mutants
a;H82CpB, and «,B,V53C, there were no significant differences
in receptor function after a 1 min application of 2.5 mm MTSEA™
or 1 mm MTSET™ (data not shown). Similarly, after a 1 min
application of 0.5 mm pCMBS™, 2.5 mm MTSEA™, or 10 mm
MMTS, no currents were detected from oocytes expressing AChR
aV46CBy0d receptors in response to ACh (20-500 um) (data not
shown).

5-HT;R desensitization kinetics
The experiments described above (Fig. 2) showed that when ex-
pressed in Xenopus oocytes, the K81C mutation altered the ap-
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Figure3. a, Representative traces showing the effect of reaction with MTSEA™ on currents

recorded at a holding potential of —80 mV from 5-HT;,/K81C homopentamers expressed in
Xenopus oocytes. b, Sample traces showing an experiment to determine the rate of reaction of
MTSEA™ with 5-HT,,/K81C homopentamers expressed in Xenopus oocytes and a plot of the
peak currents from this experiment. The second-order rate of reaction is calculated from the
nonlinear least squares fit shown on the graph. ¢, Representative traces showing currents ob-
tained on application of 5-HT to HEK293T cells expressing either WT 5-HT,, or 5-HT,,/K81C
subunits, each along with WT 5-HT,; subunits, and the effect of reaction with MTSET™. Note
that in contrast to data obtained in Xenopus oocytes, desensitization could be fit by a double
exponential, giving rate constants for both fast and slow desensitization.

parent rate of desensitization compared with WT 5-HT , recep-
tors. Fast time-scale changes in receptor kinetics cannot be
resolved using whole-cell recordings from Xenopus oocytes, be-
cause their large size places a practical limit of a few seconds on
the speed of solution exchange around the cell. Therefore, we
performed similar experiments using whole-cell patch-clamp re-
cording from HEK293 cells transiently transfected with the WT
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agents irreversibly effects peak current. Currents were recorded from injected Xenapus oocytes
at a holding potential of —80 mV. The responses to pairs of saturating test pulses of 5-HT (50
jum) were averaged before and after reaction with each reagent. Error bars indicate SEM; n = 3.
b, Chemical structures of the products formed by reacting cysteine with each thiol-reactive
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5-HT;5 subunit and either the WT 5-HT;, or the K81C mutant
subunits (Fig. 3c). Mean peak currents were as follows: for WT
5-HT;,/5-HT;5 receptors, 3520 £ 560 pA (n = 4); for 5-HT;,/
K81C/5-HT ;g receptors, 310 * 63 pA (n = 4); for 5-HT; ,/K81C/
5-HT 5, receptors after treatment with MTSET ™, 3830 *+ 460 pA
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Figure5.  Currentsrecorded from HEK293 cells transiently transfected with constructs coding for 5-HT,, mutant receptors. Each

trace shows the response of an outside-out patch to 50 um 5-HT. The calibration bars refer to the full traces. The selected sections
of each trace, indicated by the gray lines, are shown below at an expanded time scale. Displayed to the right of each trace is an
all-points histogram of the expanded portion of the recording. QDA, The presence in all transfected subunits of the R437Q/R441D/
R445A set of mutations in the intracellular M3—M4 loop, known to elevate the single-channel conductance of 5-HT,, receptors to
directly measurable levels. 5-HT;, /WT/QDA (a), 5-HT;,/K81C/QDA (b), and 5-HT;,/K81C/QDA (c), after treatment of the cells for

3 min with 20 pm MTSET™, are shown.

(n = 4). Thus, as in oocytes, the K81C mutation significantly
reduced the 5-HT-induced current, and modification of the cys-
teine by MTSET " restored the currents to WT levels.
Interestingly, although agonist-induced desensitization of
whole-cell currents recorded from Xenopus oocytes could be fit by a
single exponential (Figs. 2¢, 3a), the best fit for desensitization of WT
5-HT;A/5-HT5j receptor currents recorded from HEK293 cells was
a double exponential (Fig. 3¢). This is consistent with previously
reported desensitization kinetics for WT 5-HT}, receptors (Mott et
al,, 2001). The double-exponential fit of the WT 5-HT;,/5-HT;p
receptor desensitization currents yielded “fast” and “slow” desensi-
tization time constants of 167 & 35 and 4841 * 432 ms (n = 7) with
relative amplitudes of 65 = 2 and 35 * 2%, respectively. These are
similar to the time constants reported for homomeric WT 5-HT;,
receptors (Mott et al., 2001). In contrast, desensitizing currents re-
corded from 5-HT;,/K81C/5-HT;j receptors were best fit by a sin-
gle exponential with a time constant of 194 + 17 ms (n = 6), similar
to the fast time constant in WT heteromeric receptors. After treat-
ment with MTSET ™, desensitization of 5-HT,,/K81C/5-HT,} re-
ceptor currents was again best fit by a double exponential with time
constants of 244 * 16 and 2515 * 407 ms (n = 6) and relative
amplitudes of 73 = 3 and 27 = 3%, respectively. Thus, it appears that
the K81C mutation has two effects on desensitization kinetics. Fast
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desensitization predominates, and slow de-
sensitization is no longer observed. This
could occur if the rate of return from the fast
desensitized state is significantly reduced, so
that on the time scale of these experiments,
this state becomes a trap for activated chan-
nels in much the same way as the slow de-
sensitized state is a trap for WT receptors.

Using simple kinetic schemes, the 10-
fold decrease in current observed for the
K81C mutant receptors cannot be ac-
counted for by the observed differences in
the rates of desensitization. This implies that
the K81C mutation is having a second effect
on channel kinetics. A significant reduction
in the channel opening rate for the K81C
mutant would be consistent with the ob-
served decrease in peak current. Given the
limitation of the solution exchange time in
our whole-cell patch-clamp perfusion sys-
tem, we could not resolve any differences in
activation kinetics of the mutant and WT
receptors. The mean time-to-peak current
was as follows: for WT 5-HT;,/5-HT5j re-
ceptors, 108 = 9.9 ms; for 5-HT;,/K81C/5-
HT,p receptors, 122 * 12 ms; for 5-HT;,/
K81C/5-HT, receptors after treatment
with MTSET™, 131 * 23 ms. There was no
significant difference between these times
for activation and the time for solution ex-
change for our apparatus (122 = 17 ms; n =
2). For the K81C mutant, the rate of fast de-
sensitization cannot completely account for
the observed decrease in the peak current
magnitude. Given the time-to-peak current
of 122 ms in our apparatus, with a time con-
stant for fast desensitization of 167 ms, only
43% of receptors could open and desensitize
during the rise time, yet the peak current of
the K81C receptors was reduced by an order
of magnitude. The remainder of the decrease in peak current may be
accounted for by a reduced rate of entry (8) into the open state in
K81C receptors compared with WT.

Single channel analysis of K81C-containing receptors

We attempted to characterize the effect of mutation and modifi-
cation of K81C at the single-channel level. Single-channel cur-
rents from homopentameric 5-HT;, are too small to be recorded
directly. Therefore, we used constructs containing the R437Q/
R441D/R445A(QDA) mutations in the cytoplasmic loop that
were previously shown to enable single-channel recording from
5-HT;, homopentamers (Kelley et al., 2003). We initially attempted
to record single-channel events in the cell-attached mode, to mea-
sure the open probability of 5-HT;, channels under high (1 mwm)
agonist concentrations. However, we could not reliably detect chan-
nels from cells transfected with either 5-HT;, WT(QDA) or
K81C(QDA)-containing receptors. The application of 5-HT to
outside-out patches, however, allowed us to detect single channels
from HEK293 cells transfected with these constructs (Fig. 5). Imme-
diately after 5-HT application, multiple channels opened but the
currents rapidly decayed, so that individual channel openings could
be distinguished. As expected from the whole-cell results, the initial
peak current after 5-HT application was much larger for WT(QDA)
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and K81C(QDA) treated with MTSET" a
than for K81C(QDA). We obtained enough
events to measure a predominant single-
channel conductance of 38 = 7.7 pS for
WT(QDA) receptors (Fig. 5a) and 40 = 7.7
pS for K81C(QDA) receptors (Fig. 5b).
Therefore, the reduction in the peak current
observed with the K81C-mutant whole-cell
currents was not caused by a decrease in
single-channel conductance. Pretreatment
of cells expressing 5-HT5/K81C(QDA) for 3
min with 20 um MTSET™ or MTSEA™ al-
lowed recording from modified 5-HT;/
K81C receptors (Fig. 5¢). Modification by ei-
ther MTSET" or MTSEA* did not
significantly alter single-channel conduc-
tance (41 = 7.5 and 38 £ 7.3 pS, respec-
tively) compared with WT(QDA) or un-
treated K81C(QDA) receptors. Of note,
bursts containing multiple opening and
closing events were observed in the records
for WT(QDA) and MTS-modified
K81C(QDA) (Fig. 5a,c, insets) In contrast,
openings of K81C(QDA) channels had one
or, at most, a few opening and closing events
per burst (Fig. 5b, inset). This is consistent
with a reduced opening rate for the K81C
channels, such that the opening rate was
comparable to or slower than the fast desensitization rate.

Figure 6.

predicted protein precursor.

Disulfide cross-linking scan of the extracellular end of M2
and the M2-M3 loop

K81C, at the tip of the 3,—3, loop, should be in close proximity to
the extracellular end of M2 and the M2-M3 loop, based on a
5-HT; 4 subunit homology model (Fig. 6a) constructed using the
atomic coordinates from AChBP (PDB code 119B) and the Tor-
pedo AChR TMD (PDB code 10ED). We tested this hypothesis
using disulfide cross-linking experiments (Horenstein et al.,
2005). We created eight double-cysteine mutants by mutating the
residues T303 (25') to 1310 (32'), one at a time to cysteine in the
presence of the K81C mutation (Fig. 6¢). The residues T303 (25') to
G306 (28") are part of the extracellular end of M2 that extends above
the membrane surface (Bera et al., 2002) and T307 to I310 form the
proximal portion of the M2-M3 loop (Miyazawa et al., 2003).

No 5-HT-induced currents were observed from oocytes injected
with mRNA for any of the double mutant 5-HT};, subunits alone
(data not shown). However, when coexpressed with the WT
5-HT,p subunit, small 5-HT-induced currents, ranging from
15 to 145 nA, were recorded from oocytes expressing either
5-HT,,/K81C/A304C or 5-HT;,/K81C/G306C. We tested the
effects of oxidation and reduction on oocytes expressing these
double mutant constructs. Oxidation by 100:200 uM Cu:phen
in the absence of 5-HT, inhibited the current from 5-HT;,/
K81C/A304C/5-HT,g-expressing oocytes. The 5-HT currents
were restored after subsequent reduction with 10 mm DTT
(Fig. 6b) (n = 3). This suggested that we could form and break
a disulfide bond at this position. DTT reversal of Cu:phen-
induced inhibition was not observed when the same protocol
was applied to receptors containing either the K81C or A304C
mutations alone (data not shown). Oxidation and reduction
had no significant effects on currents from oocytes expressing
5-HT,,/K81C/G306C/5-HT,y.

For the other six double-cysteine mutants that did not give
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currents, we assayed for the presence of spontaneously formed
disulfide bonds by treating the oocytes with 10 mm DTT for 3
min. For one of these mutants, 5-HT5,/K81C/I305C/5-HT5y, af-
ter DTT treatment, 5-HT-activated currents were observed. Ap-
plication 0of 100:200 uM Cu:phen eliminated these 5-HT currents,
and they were restored after application of 10 mm DTT. DTT can
reduce disulfide bonds and can also chelate heavy metals. To
ensure that the effect of DTT was attributable to reduction and
not to chelation of contaminating heavy metals from the buffer,
we tested whether the metal chelator EGTA could also potentiate
currents. EGTA cannot reduce disulfide bonds. In contrast to
DTT, a 3 min application of 1 mm EGTA did not cause the ap-
pearance of currents in this mutant. These results are consistent
with the presence of a spontaneously formed disulfide bond be-
tween K81C and I305C. It should be noted that the spontaneous
formation of disulfide bonds indicates that mildly oxidizing con-
ditions as a result of ambient oxygen in the buffer were sufficient
to promote disulfide bond formation. It is not fundamentally
different from disulfide bond formation in the more oxidizing
environment created by Cu:phen. Spontaneous disulfide bond
formation is simply a measure of the relative propensity to form
disulfide bonds and suggests that K81C collides more frequently
with I305C than with A304C or in a more favorable orientation.

Discussion

Role of K81 in 5-HT;R channel gating

The coupling mechanism that transduces agonist binding into
channel gating in nicotinic ACh and 5-HT;R should be similar,
because chimeras between the extracellular and transmembrane
domains of these receptors form functional channels (Eiselé et al.,
1993; Bouzat et al., 2004). To test the generality of the pin-into-
socket mechanism for the transduction of agonist binding to
channel gating proposed by Unwin and colleagues (Miyazawa et al.,
2003), we mutated to cysteine the 5-HT;, and 5-HT;5 3;-f3, loop
residues K81 and Q70 aligned with the AChR “pin” V46 (Fig. 1b).
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5-HT activated K81C-containing channels, but the macroscopic
currents were significantly reduced compared with WT (Figs. 2, 3).
The reduction in current in K81C-expressing cells was not attribut-
able to a change in single-channel conductance (Fig. 5) or to a de-
crease in expression level, because after modification by MTS re-
agents, currents were restored to WT levels (Fig. 3). Desensitization
was also significantly different between WT and mutant currents. In
HEK cells, WT currents desensitized with two time components, one
fast (~170 ms) and the one slow (~4800 ms). This implies the
existence of at least two desensitized states. Currents from K81C-
expressing cells desensitized with only the fast time constant. To
explain the effects of the K81C mutation on peak currents and de-
sensitization, we infer that the mutation altered two aspects of chan-
nel kinetics. The change from two components of desensitization in
WT to one in the mutant occurred either because mutant channels
did not return from the fast desensitized state or because entry into
the slow desensitized state, from which the rate of return is very low,
was accelerated to a rate comparable with entry into the fast desen-
sitized state. Although we favor the former explanation, we cannot
distinguish these possibilities experimentally. However, neither of
these changes can completely explain the magnitude of the decrease
in peak current amplitudes. Thus, we infer that an additional aspect
of channel gating was altered. The most parsimonious explanation
would be that the entry rate into the open state, 3, is reduced in K81C
channels. Because of limitations of solution exchange times with our
gravity-fed perfusion system, we could not measure a difference in
activation rates of WT and K81C whole-cell currents. However, ex-
amination of single-channel bursts was consistent with a reduced
opening rate in K81C channels given the similar rates of fast desen-
sitization that we measured. The number of reopenings per burst
was smaller in K81C channels compared with WT and MTSET™ -
modified K81C channels (Fig. 5, insets); however, because of the
extent of desensitization, we were unable to obtain sufficient num-
bers of bursts to quantitatively analyze this. Thus, we infer that in
5-HT;R,K81 plays an important role in the channel-opening process
and in the return from the fast desensitized state.

Does K81 function as a pin-into-socket? The structural
environment of K81C

K81 does not seem to be in a hydrophobic pocket as stated in the
pin-into-socket hypothesis. Cysteine substituted for K81 was
readily modified by MTS reagents at rates consistent with it being
significantly water accessible. MTSEA™ reaction rates with K81C,
both in the absence and presence of 5-HT, were considerably
faster than rates measured with nearby M2-M3 loop residues
(Bera et al., 2002) or with residues in the extracellular half of M2
(Reeves et al., 2001; Goren et al., 2004). The high rates were
attributable in part to local electrostatic effects but indicated that
K81C was water accessible, because the MTS reagents react 5 X
10° times faster with an ionized thiolate than with a thiol, and
only water-accessible thiols will ionize to any significant extent
(Roberts et al., 1986). Thus, we infer that K81C, and therefore K81 in
the WT 5-HT;R, is not buried in a hydrophobic pocket as stated in
the pin-into-socket hypothesis.

An interaction between the 3,—f3, loop and the extracellular
end of M2 in 5-HT;R

Although it is not buried in a hydrophobic pocket, K81 is suffi-
ciently close to the extracellular end of M2 to allow disulfide bond
formation between K81C and both A304C (26") and I305C (27).
5-HT;,/K81C/1305C/5-HT;; mutant receptors formed sponta-
neous disulfide bonds that completely inhibited currents, but this
inhibition was relieved after reduction. An inhibitory but DTT-
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reversible disulfide bond also formed in the 5-HT;,/K81C/
A304C double mutant. The spontaneous formation of the K81C-
1305C disulfide bond suggests that the collision frequency is
higher between these residues than between K81C and A304C. In
both cases, disulfide bond formation implies that the a-carbons
of K81C and either A304C or 1305C can approach to within 5.5 A
in the resting state (Horenstein et al., 2005). Similar interactions
between charged residues in the M2-M3 loop and in loop 2 of
GABA, (Kash et al., 2003), glycine (Absalom et al., 2003), and
ACh (Sala et al., 2004) receptors have been described previously
(Fig. 6¢). These interactions were detected by disulfide cross-
linking and/or charge pair reversal mutations and were inhibitory to
channel function when formed. These results, in conjunction with
our finding that cross-linking of the 5-HT;, 8,—f3, loop and the M2
segment is inhibitory, suggest that simple linkage of these two re-
gions is not sufficient for channel gating and that normal channel
gating may require movement of these loops relative to each other.

The interaction with the extracellular end of M2 appears to be
steric because uncharged and negatively charged MMTS and
MTSES™ were able to restore to K81C wild-type-like currents
and gating behavior (Figs. 3, 4a). It appears that the cysteine side
chain in K81C is two or three atoms too short to mediate an
effective interaction with the extracellular end of M2, because
even MMTS, which adds an S-CH; onto cysteine, was sufficient
to restore function. Furthermore, there appears to be significant
space in the vicinity, probably in the channel lumen, to allow the
tetramethylrhodamine of MTS-TAMRA to move into a position
where it does not significantly affect channel gating, because
MTS-TAMRA also restored WT function. The interaction be-
tween K81 and the M2 segment is not completely permissive,
because two reagents, pPCMBS™ and BPMTS, caused almost com-
plete inhibition of channel function.

We demonstrated previously that the extracellular end of the
GABA, BM2 segment (the homolog of ACh «a-like subunits) is
more mobile than the aM2 segment (Horenstein et al., 2005) and
that the accessibility of the M2—M3 loop increases after activation
of the receptors (Lynch et al., 2001; Bera et al., 2002). This could
be accounted for by the unmasking of the M2-M3 loop by 3,—f3,
loop movement during gating (Unwin, 2005).

A possible role for the 3,—f3, loop in 5-HT;R gating

At least three extracellular domain loops interact with the
membrane-spanning domain and may be involved in normal
receptor transduction (Bouzat et al., 2004). In the AChR resting
state structure, the 3,—f3, loop and Cys loop straddle the extra-
cellular end of M2 and the M2-M3 loop (Unwin, 2005). During
the conformational wave initiated by agonist binding, the 8,—3,
loop and Cysloop (® ~ 0.8) move before the M2-M3 loop (P ~
0.6) (Grosman et al., 2000; Chakrapani et al., 2004) and not si-
multaneously with it as would be expected for a pin-into-socket
coupling mechanism (Unwin, 2005). Our data support a model
in which the 8,—f, loop and possibly the Cys loop move after
ligand binding. This moves the N-terminal portion of the
M2-M3 loop or the extracellular end of M2, inducing the rota-
tion/translation of the M2 segments away from the channel axis.
This breaks the weak bonds of the hydrophobic ring that are
proposed to form the gate region, resulting in channel opening
(Unwin, 2005). A subsequent conformational change in the
membrane-spanning domain results in fast desensitization of
the channel. Recovery from the desensitized state may require the
B,—B, loop to reform its interaction with the M2-M3 loop and
return the M2—-M3 loop to its resting position. Consistent with
this model, the M2 19’ residue near the extracellular membrane
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surface appears to return to its resting state position before recov-
ery from desensitization is complete (Dahan et al., 2004). In our
mechanism, a certain amount of molecular bulk at K81 and other
aV46-aligned residues could maintain the interaction between
the B,—f3, loop and the M2-M3 loop, allowing rapid recovery
from the fast desensitized state. However, rigid groups attached
to K81C, such as pCMBS ™, would be more likely to inhibit chan-
nel opening, because they may hinder the movement of the 8,—f3,
loop relative to the M2—-M3 loop required for channel opening.

Desensitization of 5-HT3R has been shown previously to de-
pend on the subunit composition, the binding site occupancy,
and the primary structure of the M2 transmembrane segment
(Yakel, 1996; Mott et al., 2001; Hapfelmeier et al., 2003). Because
Cys-loop receptor desensitization can be important in vivo for the
modulation of synaptic responses (Quick and Lester, 2002), the
lack of conservation at aV46-aligning residues may indicate that
this position is a candidate for evolutionary tuning of the diver-
gent functional responses of different Cys loop receptors.
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