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Abstract

5-HT3A receptors are pentameric neurotransmitter-gated ion channels in the Cys-loop receptor family. Each subunit
contains an extracellular domain, four transmembrane segments (M1, M2, M3, M4) and a 115 residue intracellular loop
between M3 and M4. In contrast, the M3M4 loop in prokaryotic homologues is <15 residues. To investigate the limits of
M3M4 loop length and composition on channel function we replaced the 5-HT3A M3M4 loop with two to seven alanine
residues (5-HT3A-A,, - ,_7). Mutants were expressed in Xenopus laevis oocytes and characterized using two electrode voltage
clamp recording. All mutants were functional. The 5-HT ECsy's were at most 5-fold greater than wild-type (WT). The
desensitization rate differed significantly among the mutants. Desensitization rates for 5-HT3A-A,, 5-HT3A-A,, 5-HT3A-A,
and 5-HT3A-A; were similar to WT. In contrast, 5-HT3A-A; and 5-HT3A-As had desensitization rates at least an order of
magnitude faster than WT. The one Ala loop construct, 5-HT3A-A;, entered a non-functional state from which it did not
recover after the first 5-HT application. These results suggest that the large M3M4 loop of eukaryotic Cys-loop channels is
not required for receptor assembly or function. However, loop length and amino acid composition can effect channel
expression and desensitization. We infer that the cytoplasmic ends of the M3 and M4 segments may undergo
conformational changes during channel gating and desensitization and/or the loop may influence the position and mobility
of these segments as they undergo gating-induced conformational changes. Altering structure or conformational mobility
of the cytoplasmic ends of M3 and M4 may be the basis by which phosphorylation or protein binding to the cytoplasmic
loop alters channel function.
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Introduction sequence of 13 amino acids flanked by two disulfide-linked
cysteines. The transmembrane domain contains four o-helical

Fast synaptic transmission transduces extracellular chemical membrane-spanning segments (M1, M2, M3, M4). The M2
signals into electrical information through the actions of ligand- segments from each subunit line the channel [9,10,11,12]. Short
gated ion channels (LGIC)* on a time scale of a few milliseconds. loops connect the M1 and M2 segments and the M2 and M3

Neurotransmitter binding to the extracellular binding site of LGIC
results in a conformation change: opening the channel and
enabling the flux of permeant ions [1,2,3]. The Cys-loop receptor
superfamily, also known as the pentameric LGIC family (pLGIC),
constitutes a major class of LGIC. It includes receptors activated
by acetylcholine (ACh), 5-hydroxytryptamine (5-HT) commonly
known as serotonin, y-aminobutyric acid (GABA) and glycine
[2,4,5,6,7,8].

All Cys-loop receptor superfamily channels share a common
structure. Each receptor is composed of five homologous subunits
arranged around a central ion conducting pore [9]. Each subunit
contains three domains, 1) an approximately 200 amino acid
amino-terminal, extracellular, ligand-binding domain, 2) a trans-
membrane (TM), ion channel forming domain and 3) an
intracellular domain formed mainly by the loop between the M3
and M4 transmembrane segments. In eukaryotic family members,
the extracellular domain contains the eponymous Cys-loop, a

segments. In eukaryotic subunits, transmembrane segments M3
and M4 are connected by a large intracellular loop of 50 to 225
amino acids [3,9].

Genes that code for proteins homologous to eukaryotic Cys-loop
receptors were discovered in prokaryotes [13]. This expanded the
pLGIC superfamily from one found only in multicellular animals
to a superfamily that includes representatives in single cell
prokaryotes as well. Despite low sequence identity, the x-ray
crystal structures of the GLIC and ELIC prokaryotic homologues
demonstrate that they share several key structural features with the
eukaryotic family members. These include the B-strand structure
of the extracellular domain and the presence of four a-helical
membrane-spanning segments [14,15,16]. Despite the similarities,
the bacterial proteins lack two prominent features of the metazoan
Cys-loop receptors. They lack the Cys residues that form the
eponymous extracellular Cys-loop, although other residues in the
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loop are conserved. Furthermore, the bacterial homologues lack
the large intracellular M3M4 loop [13,14,15,16]. Instead,
sequence alignment and hydrophobicity analysis predict that the
prokaryotic proteins have a short intracellular loop of <15 amino
acids, with some homologues having a loop as short as 3 amino
acids [13].

The structure of the metazoan large intracellular loops is still
poorly understood. The amino acid sequence of the M3M4 loop is
the least conserved region across the Cys-loop family. In the 4 A
resolution cryoelectron microscopic structure of the nicotinic
acetylcholine receptor, only the C-terminal portion of the loop,
which forms an o-helix known as the MA helix, was resolved [9].
The recent x-ray structure of the C. elegans glutamate-gated
chloride channel, GluCl ¢, provides no insight into the structure of
the M3M4 loop because in the construct that was crystallized the
M3M4 loop was replaced by a tripeptide, Ala-Gly-Thr [17]. Of
note, the GluCl,,y, construct that was crystallized does not open
with application of the endogenous ligand, glutamate, alone,
similar to the properties observed with expression of only GluCl o
[18]. It required application of ivermectin or ivermectin plus
glutamate to open the channel.

Many functions have been attributed to the M3M4 loop.
Residues in the MA helix are important determinants of single-
channel conductance in cation selective Cys-loop channels
[19,20,21,22] and have been implicated in channel desensitization
[23,24], and Ca** binding [25,26,27]. However, the size-selectivity
filter that determines the diameter of the largest permeant cation
in the 5-HT3A receptor is located in the transmembrane channel
itself and not in the portals into the cytoplasmic vestibule that are
lined by the MA helices [28]. Additionally, the loop has been
reported to have roles in receptor assembly, targeting, trafficking
[29,30,31] and functional interactions with other proteins [32,33].

Despite the large number of functions attributed to intracellular
loop residues, replacement of the entire M3M4 loop in the
homomeric 5-HT3A and GABA pl receptors with the heptapep-
tide predicted to form the M3M4 loop in GLIC, a prokaryotic
homologue from Gloeobacter wviolaceus, yielded fully functional
channels [34]. In contrast, mutant 5-HT3A and GABA pl
receptors with the M3 helix connected directly to the M4 helix
resulted in receptors that failed to traffic to the cell surface [34].
Similarly, a glycine receptor construct with the GLIC heptapep-
tide replacing the M3M4 loop was functional [35] as was a
nAChR-07/GluCl-f chimeric construct with much of the M3M4
loop deleted [36]. We infer that the GLIC heptapeptide is
sufficiently long to permit the correct orientation and movement of
M3 relative to M4 during gating-induced conformational changes.
We sought to determine the minimum loop length that would
allow receptor function. To test this, we replaced the M3M4 loop
of the 5-HT3A receptor with short chains of small amino acids or
repeats of alanines (5-HT3A-A,, =, 7). We focused on the 5-HT3A
receptor because it forms functional homopentamers, and the
effects of mutations within the loop on channel conductance have
been well characterized. Surprisingly, we found that all mutants
containing 2 to 7 alanines were functional, whereas those
containing short alternate peptide sequences varied in their overall
expression and functionality.

Materials and Methods

Mutagenesis and Xenopus oocyte expression

The mouse 5-HT3A cDNA with an N-terminal V5 epitope tag
was cloned into the pXOON vector as previously described [34],
and is referred to in this paper as “wild-type” (WT). The starting
construct for all of the M3M4 loop replacement constructs used in
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this work was the 5-HT3A-AM3M4 construct formed by splicing
the cytoplasmic end of M3 (M3-LVHK/QDLQRP...) to the
cytoplasmic end of M4 (... WLRVGY/VLDRLL-M4). The splice
was made at the site of the “/” to yield the sequence M3-LVHK/
VLDRLL-M#4 [34]. This removed 115 residues predicted to form
the M3M4 loop. The 5-HT3A-AM3M4 construct does not yield
functional channels [34].

The construction of the 5-HT3A-glvM3M4 chimera with the 5-
HT3A M3M4 loop replaced by the GLIC heptapeptide M3M4
loop (SOPARAA) was described previously [34]. Point mutations,
alanine and Gly-Ser-Ala insertions into the 5-HT3A-AM3M4
construct were generated with the Quikchange site directed
mutagenesis procedure (Stratagene, La Jolla, CA). The entire
coding region of all mutant constructs was verified by DNA
sequencing (Albert Einstein College of Medicine DNA Sequencing
Facility). The pXOON plasmid was linearized using Nhel and
capped mRNA prepared with T7 RNA polymerase (mMessage
mMachine, Ambion, Austin, TX).

Use of Xenopus laevis in this study was carried out in strict
accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the Albert Einstein College
of Medicine Animal Care and Use Committee (Protocol Number:
20081201). All surgery was performed under tricaine anesthesia,
and all efforts were made to minimize suffering. Oocyctes were
harvested from Xenopus (Nasco Science, Fort Atkinson, WI)
anesthetized with 0.15% tricaine. Oocyctes were defolliculated
by incubation in 2 mg ml™" Type 1A collagenase (Sigma-Aldrich,
St. Louis, MO) in OR2 (85 mM NaCl, 2 mM KCI, 1 mM MgCl,,
and 5 mM HEPES; pH adjusted to 7.5 with NaOH) for a 60 or
75 min. Oocytes were washed in OR2 and stored at 16°C in SOS
medium: 100 mM NaCl, 2 mM KCI, 1 mM MgCl,, 1.8 mM
CaCl, 5 mM HEPES, pH 7.5 with 100 IU ml ™! penicillin,
100 ug ml™" streptomycin, and 250 ng ml~' amphotericin B
(Invitrogen, Carlsbad, CA) and 5% horse serum (Sigma-Aldrich).
24 hrs following isolation, oocyctes were injected with 23 nl
(2.3 ng) of mRNA and were kept in SOS media for 2-5 d at 16°C.

Two-electrode voltage clamp recording

Currents were recorded under two-electrode voltage clamp
from oocytes 2-5 d post-injection as described previously [37].
Oocytes were continuously superfused under gravity application at
5ml min~' with calcium-free frog Ringer’s buffer (CFFR,
115 mM NaCl, 2.5 mM KCI, 1.8 mM MgCl,, 10 mM HEPES,
pH 7.5) to which 5-HT was added as required. The perfusion
chamber volume was 200 ul. A 3 M KCl/agar bridge connected
the ground electrode to the bath. The holding potential was
maintained at —60 mV. Glass microelectrodes filled with 3 M
KCI had a resistance of less than 2 MQ. Salts were purchased
from Fisher Scientific (Hampton, NH) or Sigma-Aldrich.

The solution exchange rate was determined by the change in
oocyte holding current as the bath solution was switched from a
NaCl to a KCl containing solution. The solution exchange rate
was best fit by a double exponential function (Table 1). The faster
component of the solution exchange rate was slightly faster than
the desensitization rate for the fastest desensitizing mutant, 5-
HT3A-As (Table 1).

Peak current amplitudes were the maximum current in the
presence of 5-HT minus the resting current in the absence of 5-
HT. 5-HT concentration-response relationships were determined
by nonlinear regression fit to the Hill equation with Prism 4
software (GraphPad Software) [12]. Desensitization rates were
determined by fitting a single exponential decay function to the
current data with Prism 4 software (GraphPad Software).
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Table 1. Functional characteristics of the alanine insertion mutant currents.

10-90% Activation Desensitization time

significantly different than WT.

doi:10.1371/journal.pone.0035563.t001

Significant differences compared with wild-type were determined
by a one-way ANOVA (p<<0.05) using Dunnett’s multiple
comparison post-hoc test (p<<0.05). Mean activation times, defined
as the time for current to rise from 10% to 90% of its maximum
10 uM 5-HT value, for wild-type and mutant 5-HT3 receptors
were measured in 3 oocytes from 2 different batches. One way
ANOVA (P<0.05) with post hoc Dunnett’s Multiple Comparison
test was performed using Prism 5.0 (Graphpad software.)

Transient transfection

HEK?293 cells (CRL-1573, ATCC, Manassas, VA) seeded at
low density on poly-lysine-coated, 12 mm, thin glass coverslips
were transfected 24 h later using a modified calcium-phosphate
precipitation technique with 500 ng DNA per well. After 12 h,
cells were rinsed with fresh medium (DMEM supplemented with
10% FBS+100 Units ml™' penicillin+100 g ml™" streptomy-
cin+4 mM L-glutamine) and incubated at 28°C [34]. Recordings
were performed 24-48 h later.

Patch clamp experiments

For patch clamp experiments the coverslips were mounted on
an inverted Zeiss IM microscope equipped with epifluorescent
illumination. Cells expressing the GFP reporter were selected for
patch clamp recording. Pipettes pulled from borosilicate glass
capillaries (GC120TF-10, Harvard Apparatus Inc., Holliston, MA)
with a tip resistance of 8-13 MQ when filled with intracellular
solution. The recordings were done using outside-out and cell-
attached patch configurations. Data was acquired with an EPC9
amplifier using Pulse software, v8.65 (HEKA Instruments Inc.,
Bellmore, NY). Data were sampled at 20 kHz and filtered at
10 kHz. All point histograms and fits with a sum of two or three
Gaussian functions were performed using the Levenberg-Marquardt
algorithm implemented in Qub software [38]. Recordings were
idealized using the Baum—Welch algorithm and mean open times
values were obtained by averaging event-duration over all events.
Representative recordings used for the figures are presented with
additional numerical filtering of 1 kHz.
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Construct Imax (NA) ECso (LM) nH rise time (ms) constant 7 (s) n
wildtype 7300700 0.6+£0.02 2.8*0.1 587=*51 77x18 3-6
A; 7000850 1.0£0.02 3.7*08 881x110* 62*4 3-4
A¢ 64001100 2.2+0.03* 25*+0.3 1017 £23** 77*6 3-4
As 2500500 2.8+0.03** 1.7£0.5 797+108 6 1** 3-5
A4 7100+400 0.8+0.07 27+04 487+25 56+9 3-4
A 6300800 2.4+0.05% 26*04 62147 8H2** 3-4
Ay 6900260 1.3+0.04 2.0*+0.3 61732 43*+4 3-4
A, 1800380 n/a n/a 1055 17** 71 3-4
Solution Exchange —fast n/a n/a n/a n/a 5+1 (8825%)" 4
component™

Solution Exchange -slown/a n/a n/a n/a 142 (12+5%)% 4
component™

*(p<<0.05) and

**(p<<0.0002) indicates significant difference from WT by one way ANOVA using Dunnett’s multiple comparison post hoc test. None of the Hill coefficients were

#The solution exchange rate was measured by the change in membrane current of a voltage clamped oocyte in response to a switch from Na* to K™ containing buffer
solution (see Methods section for details). The current change was best fit by a double exponential function. The percent of each component is given.

The current-voltage relationship was determined using the
outside-out configuration at voltages ranging from —20 mV to
—70 mV in 10 mV increments. Pipette solution contained (in
mM): 135 CsCl, 1 MgCly, 2 EGTA, 10 HEPES-Cs pH=7.3.
EGTA was used in the pipette solution to minimize channel block
by calcium. The bath solution was composed of (in mM): 140
NaCl, 2.8 KCI, 0.5 CaCl,, 30 saccharose, 10 HEPES-Na
pH=7.3. For cell-attached recordings, the pipette solution was
composed of (in mM):140 KCI, 5.4 NaCl. 1 EGTA, 10 HEPES-K
pH =7.3. The ionic composition of the bath solution was identical
but it was supplemented with 15 mM glucose to prevent cell
shrinkage. Under our ionic conditions the membrane patch
potential should be close to the real voltage across the patch
because the resting potential of the cell should be close to zero, the
potassium equilibrium potential in our conditions. Patches were
continuously perfused at 0.5 ml/min with extracellular solution
delivered via a glass pipette located ~50 um away from the tip of
the patch pipette. A second glass pipette couple to the first allowed
a change in perfusion solution by manually moving the second
pipette to a position where it flowed onto the patch pipette. The
solution exchange rate in these conditions was 500 ms as estimated
by the measured 10% to 90% rise-time of the junction potential
due to a change in solution ionic composition. For cell-attached
recordings, the pipette tip was filled with the solution above and
the pipette was backfilled with the same solution containing
50 uM 5-HT. All point histograms of the illustrative traces were
fitted with a sum of two or three gaussians and the mean and
standard error was plotted as a function of applied voltage. A
linear regression was used to estimate the slope conductance of the
channel.

Ondansetron (LK'T Laboratories, Inc., St. Paul, MN) was
prepared as a 1 mM stock solution in water and diluted to the
concentrations indicated in the figure legend. Effects of ondanse-
tron were determined in the outside-out recording configuration at
a holding potential of —60 mV.
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Western blotting

Three days post-injection, approximately 70 oocytes for each
condition were transferred to a dish containing CFFR buffer and
reacted with 0.5 mg ml™' sulfo-NHS-LC biotin for 30 min at
room temperature to biotinylate cell surface proteins. The oocytes
were rinsed with biotin-free buffer and transferred to Tris-NaCl
buffer (100 mM NaCl, 20 mM Tris, pH 7.4) to remove excess
biotin. Oocytes were lysed by trituration in 20 ul/oocyte Tris-
NaCl buffer containing 1% Triton X-100, 0.5% deoxycholate,
10 mM n-ethyl-maleimide and HALT protease inhibitor cocktail
(added according the manufacturer’s instructions) (Pierce, Rock-
ford, IL), solubilized by rotating at 4°C for 1 h and centrifuged
three times (16,000 xg, 20 min, 4°C) to remove yolk. An aliquot
from each sample was saved for the total protein fraction, while
the remaining sample was incubated with streptavidin beads
(Pierce) by rotating for 3 h at 4°C. For the membrane protein
fraction, the proteins were eluted from the streptavidin beads by
incubation at 37°C for 10 min in 4 x SDS-sample buffer. Sample
buffer was also added to the total protein fraction aliquots.
Proteins were separated by SDS-PAGE on a 4-15% Tris-gradient
gel (BioRad, Hercules, CA) and transferred to a PVDF membrane
(BioRad). The blot was blocked with 5% powdered skimmed milk,
and probed using a mouse monoclonal anti-V5 primary antibody
(Invitrogen, 1:5000 dilution), and a goat anti-mouse horseradish
peroxidase-conjugated IgG secondary antibody (Pierce, 1:5000
dilution). The blot was imaged using SuperSignal West Dura
Extended Duration Substrate (ThermoScientific) with a
Fluorchem 8000 gel imaging system (Alpha Innotech/Cell
Biosciences, Santa Clara, CA).

Radioactive binding assay

150 nM 5-[1,2-°H[N]]-HT (23 Ci mmol ™ ")(PerkinElmer) was
added to a solution of non-radiolabeled 10 uM 5-hydroxytrypta-
mine (5-HT) (Sigma-Aldrich) in CFFR. Three to eight oocytes
expressing either wildtype 5-HT3A, or a 5-HT3A-M3M4 loop
alanine replacement construct were incubated in the radiolabeled
5-HT solution at room temperature for 5 min. Assays were
terminated by five washes with ice cold CFFR buffer, followed by
solubilization of the oocytes individually with 200 ul 5% SDS.
Total wash time was 45 s. Bound radiolabeled 5-HT was
determined by liquid scintillation counting (Tri-Carb 2910TR
Liquid Scintillation Analyzer, PerkinElmer, Waltham, MA). All
data points represent the average of at least fifteen individual
oocytes derived from three separate oocyte isolations.

To determine the extent of non-specific binding, all binding
experiments were performed in parallel with diethylpyrocarbo-
nate-(DEPC)-treated-water injected oocytes or uninjected oocytes.
No significant difference was observed between DEPC-treated-
water injected or uninjected oocytes and these data sets were
pooled to represent background uptake values.

Results

The GLIC M3M4 loop is a pentapeptide

Sequence alignment and hydropathy plot analysis of pLGIC/
Clys-loop superfamily members predicted that the M3M4 loop of
the prokaryotic Gloeobacter violaceus ligand gated ion channel
homologue, GLIC, is a heptapeptide with sequence SQPARAA
[13]. Replacement of the homomeric 5-HT3A and GABA pl
M3M4 loop with the predicted GLIC heptapeptide resulted in
functional channels, with characteristics similar to W receptors
(Fig. 1A, C) [34].

Subsequent publication of high resolution crystal structures of
the GLIC channel indicated that the M3M4 intracellular loop is
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shorter and starts one residue closer to the N-terminus (ESQPA)
than the loop predicted by sequence alignment and hydrophobic-
ity analysis [13,15,16] (Fig. 1B). Furthermore, the final three
residues in the predicted loop, Arg-Ala-Ala are the initial three
residues of the GLIC M4 a-helix in the crystal structure. We
mvestigated whether a 5-HT3A receptor with the crystallograph-
ically defined GLIC M3M4 loop pentapeptide (ESQPA) replacing
the 5-HT3A M3M4 loop would be functional. Following
expression of W'T' receptors in oocytes, application of 10 uM 5-
HT, a saturating concentration, resulted in large inward currents,
7300x700 nA (n=6). In contrast, no currents were observed in
oocytes expressing the ESQPA-M3M4 loop construct in response
to up to 50 uM 5-HT (Fig. 1C). Thus, we sought to understand
how the length and amino acid composition of a truncated M3M4
loop affected 5-HT3A receptor function.

To investigate the unique features of the SQOPARAA heptapep-
tide that permitted full receptor function we made point mutations
in the heptapeptide sequence (Fig. 1C). To investigate whether the
arginine played a critical role in functional expression, we reversed
the charge from positive to negative (SQPAEAA) and also
replaced the larger Arg with a smaller, neutral Ala (SQPAAAA).
Both mutations yielded functional receptors, with large currents
elicited upon application of 10 pM 5-HT (Fig. 1C). This indicated
that the positively charged residue was not essential for the overall
function observed in the 5-HT3A-glvM3M4 heptapeptide recep-
tor. It also indicated that a negatively charged amino acid was
tolerated in the loop.

While the Arg was not essential, receptor function was very
sensitive to its position in the heptapeptide. Moving the Arg one
position towards the C-terminus (SQPAARA) reduced the peak
current by more than 20-fold to 32025 nA (n=5) (Fig. 1C).
Moving both the Arg and the Pro one position toward the C-
terminus (SQAPARA) caused an additional 3.5-fold decrease in
the peak current to 87x30 nA (n=25; paired t-test, p<0.05)
(Fig. 1C). Furthermore, mutating the initial Ser-Gln to Ala-Ala
(AAPARAA) resulted in non-functional channels (Fig. 1C). Thus,
the relative position of the specific amino acids appeared to be very
important in determining whether a specific heptapeptide M3M4
sequence yielded functional receptors. Because the results from
this approach seemed difficult to interpret we tried an alternative
approach, replacing the heptapeptide with seven alanines.

Alanine repeats in the M3M4 loop result in functional

receptors

Given the results described above, we were surprised to discover
that replacing the WT M3M4 loop with a seven alanine (A7)
peptide yielded functional channels with currents (7,000£850 nA)
comparable to WT (Fig. 2, Table 1). We sought to use this
construct to investigate the role of M3M4 loop length on function.
We started with the non-functional 5-HT3A-AM3M4 construct
(Fig. 1C). To determine the minimal number of amino acids
required to yield a functional 5-HT3A receptor we generated
constructs Inserting one to seven alanines (A, where n=1-7)
between the putative cytoplasmic ends of the M3 and M4
transmembrane segments. Following expression in oocytes,
application of 10 uM 5-HT induced inward currents for all seven
alanine insertion mutants (Fig. 2A and Table 1). The 5-HT ECs;,
and Hill slopes were determined for each of the alanine insertion
mutants (Fig. 2B and Table 1), with the exception of the mutant
that contained one alanine in the M3M4 loop. For the 5-HT3A-
A; construct, as will be described later in detail, the first 5-HT
application induced a current response but further applications of
5-HT did not elicit a significant current response in a given oocyte.
For WT 5-HT3A receptors the 5-HT EC;5y was 0.620.02 pM.

April 2012 | Volume 7 | Issue 4 | 35563



5-HT3A M3M4 Loop Length Impacts Channel Function

Extracellular

Intracellular

wildtype 1
C AM3M4
SQPARAA -

sapaeAs [ - -
| GSA-GSA GSA
- _

50m
Bl T
37m
TOTAL X X X X
MEMBRANE X X X

GSA-GSA-GSA

SQPAAAA wild type

SQPAARA - o
SQAPARA i -
AAPARAA - »
GSA | =
csacsA N -
GSAGSAGSA
GSARGSA -
GSAGSRAGSA -
ESQPA

i

o & QQW'.T
qgo@o) ébo“ @

i(nA)

Figure 1. Construct design and initial characterization of 5-HT3A M3M4 loop truncation constructs. (A) Schematic depiction of 5-HT3A
truncation constructs. The N-terminal ligand binding domain is connected to the 4 transmembrane segments (open rectangles). M1, M2 and M3 are
connected by short loops. The M3M4 cytoplasmic domain including the MA a-helix have been removed and replaced with a short loop (red)
corresponding to inserted amino acid linkers. LVHK and VLDR represent the terminal and initial amino acids of the M3 and M4 transmembrane
domains, respectively. (B) View of the M3 transmembrane segment thru the M4 segment (including the cytoplasmic M3M4 loop) of a single subunit
of the 2.9 A high resolution crystal structure Gloeobacter violaceus GLIC protein (PDB file: 3EAM). The SQPARAA residues that were predicted to form
the M3M4 loop are highlighted (green) and the side chains are shown in stick format. Note that the final three residues are part of the M4 o helix on
the left. (C) Average peak current recorded from oocyctes expressing 5-HT3A-WT and 5-HT3A-M3M4 loop truncations at a saturating 5-HT (10 uM)
concentration. Bars represent the mean = SEM. The shortened cytoplasmic loops are depicted by the amino acid peptides listed. * (p<<0.05) and
** (p<<0.0001) indicates peak current significantly different from WT by one way ANOVA using Dunnett’s multiple comparison post hoc text. (D) SDS-
PAGE/Western blot analysis of total and plasma membrane protein fractions from oocyctes expressing(GSA), - 1_3 insertion constructs. 5-HT3A-V5-
wild type protein (53 kDa) and 5-HT3A-V5-(GSA),-1_3 (41 kDa) bands are observed.

doi:10.1371/journal.pone.0035563.g001

For the alanine insertion mutants the 5-HT ECs( ranged from
0.8£0.07 pM (5-HT3A-A,) to 2.8+0.03 uM (5-HT3A-As). Thus

wild type the desensitization time constant was 77 %18 s, similar to
that reported in the literature for 5-HT3A receptors expressed in

the minimal linker required in the 5-HT3A M3M4 cytoplasmic
loop to obtain functional receptors, with a concentration-response
relationship similar to WT, was two alanine residues.

Alanine repeats 3 and 5 demonstrate markedly faster

desensitization kinetics

Prolonged exposure to agonist results in desensitization of most
Cys-loop receptors. The structure of the desensitized state(s) is not
well understood. We observed that some of the alanine insertion
constructs desensitized much faster than wild type (Fig. 3). We
measured the desensitization rate for each construct simply to
demonstrate quantitatively that the observed differences were
significant. For all constructs the desensitizing currents in oocytes
were well fit by a single exponential decay function (Fig. 3A). For
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oocytes [39,40]. The desensitization time constants for the Ag, Ay,
Ag and A; constructs were similar to WT (Table 1, Fig. 3B). In
contrast, the desensitization time constants for the 5-HT3A-A;, 5-
HT3A-As, and 5-HT8A-A5 alanine insertion constructs were at
least ten-fold faster than WT (Table 1, Fig. 3C). Our measured
desensitization rates for these constructs may be limited by the
solution exchange time in our perfusion system. In terms of our
interpretation of these results we wish to focus on the qualitative
difference not on the absolute desensitization rates. Our results
show that the desensitization time constants for the 5>-HT3A-A;, 5-
HT3A-A;, and 5>-HT3A-A; constructs were significantly faster
than the desensitization time constants for wild type and the other
alanine insertion constructs. We do not draw any inferences from
the absolute values of the desensitization time constants. For this
reason we did not bother to use a faster perfusion system, which
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Figure 3. 5-HT3A-A, - 1,3,5 receptors desensitize more rapidly
that 5-HT3A-A,, -, 4,6,7.- Representative traces for oocytes expressing
5-HT3A- (A) WT (B) A7, A6, A4, A2 (C) and A5, A3, A1 receptors during
prolonged exposure to 10 uM 5-HT. (A) The desensitizing component of
the current from an oocyte expressing WT 5-HT3A receptors is fit by a
single exponential decay function. The dots represent the fitted line
which overlays the current trace. (A). Note the difference in the time
scale between panels (B) and (C). The A5, A3, and A1 receptors
desensitized an order of magnitude faster than A7, A6, A4 and A2
receptors which were similar to WT.
doi:10.1371/journal.pone.0035563.9g003
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we recognize would have allowed measurement of faster
components of the desensitization processes [23,41,42,43,44,45].

We used single channel recordings from transiently transfected
HEK-293 cells to further characterize a subset of the constructs.
For the WT control, we used the 5-HT3A-QDA construct because
the single channel conductance of WT' 5-HT3A channels is too
small to measure [19,20]. The single channel conductances were
determined from the slope of the current-voltage relationship
obtained from outside-out patches (Fig. 4B). In the outside-out
configuration, the major conductance state for the 5-HT3A-QDA
receptor was 67%5 pS (n = 3) (Fig. 4A, B). A subconductance state
of 26.3%4.7 pS was also observed (Fig. 4A). Varying single
channel conductances have been reported for the 5-HT3A-QDA
mutant ranging from about 40 pS [20,21,37] to 60 pS [44]. The
differences in reported single channel conductance may be due to
differences in patch configuration and solution composition
[20,21,37,44]. In 4 patches from cells transfected with empty
vector, no similar 5-HT activated channels were observed (data
not shown). Furthermore, no similar channels were observed when
5-HT was applied in the presence of 1 pM ondansetron (data not
shown).

In the mutant A;, A5 and A; receptors, two conductance levels
were also observed. In all three constructs the larger conductance
was not significantly different than the WT main state conduc-
tance. In contrast, the subconductance levels varied among the
constructs; 17.0=0.9 pS in A, 28.5=3.0 pS in A5 (Fig. 4C-H)
and 9.5*1.0 pS in A; (data not shown). The large conductance
was rarely seen in the A; receptor. Previous studies have reported
observing subconductance states in recordings from 5-HT3A-
QDA receptors [37,44].

The 5-HT3A-A; receptor displayed extremely short lived
opening events in comparison to the 3-HT3A-QDA receptor.
The mean channel open time for 5-HT3A-WT-QDA channels
was 103£7 ms (n=235). For the 5-HT3A-A;5 receptor the mean
open time for the larger conductance openings was significantly
shorter, 8+2 ms (n =4), and the small sub-conductance state had
a mean open time of 48%5 ms. The short lifetime of the open
events could be due to an increase in the closing rate or an
increase in the rate of desensitization. Our current single channel
experiments cannot distinguish between these two possibilities.
However, our macroscopic current recordings suggest that the
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Figure 4. Characterization of 5-HT3A-QDA and 5-HT3A-A,, receptors in transfected HEK 293 cells using patch clamp recording. (A)
Current/voltage relationship of 5-HT3A-QDA receptors. Representative traces from outside-out patch held at various negative voltages used for the
construction of the I/V relationship in panel B. (B) Mean current amplitudes, as determined from all points histograms fitted with a sum of Gaussian
functions, are plotted as a function of holding voltage. The line is the linear regression fit to the data points and its slope gives the slope conductance
of the channel, 677 pS (n=5). (C, E, G) Single channel recordings from a cell-attached patches containing 5-HT3A-QDA (C) channels, 5-HT3A-As (E)
and 5-HT3A-A; (G) at =60 mV in the presence of 50 uM 5-HT. (C) The mean open time for the main conductance is 1037 ms (n=5). Note that
occasional subconductance levels are visible but rare. Channel openings are represented as downward deflections. Records filtered at 1 kHz for
display purposes. (E) The recordings from 5-HT3A-As showed a larger conductance with shorter openings, mean open time=8+2 ms (n=4), and a
smaller sub-conducting state with a mean open time of 485 ms. (D, F, H) All-points histograms of the recording on the left were fitted with three
Gaussian functions representing the closed and open channel levels and are shown for 5-HT3A-QDA (D) channels, 5-HT3A-As (F) and 5-HT3A-A; (H).
doi:10.1371/journal.pone.0035563.9004
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short open state lifetime may be due to an increase in the
desensitization rate.

After the initial opening, the 5-HT34-A; receptor enters a
non-functional, non-binding state

For the 5-HT3A-A,; construct expressed in oocytes, the initial 5-
HT application elicited a significant current (1800380 nA; n=4)
that rapidly decayed towards the baseline with a time constant of
7x1s (Fig. 5A and Table 1). However, subsequent 5-HT
applications 360 s later induced very small currents (159%5 nA;
n=4), about 10% of the initial response (Fig. 5A). Increase the
wash interval to 10 min did not result in significantly larger second
responses. The small subsequent currents might arise from
channels recovering from desensitization. However, wild type 5-
HT3A channels recover within 30 s at room temperature [45].
This makes it unlikely that this represents recovery from the
normal desensitized state. Furthermore, because membrane
recycling occurs between the oocyte plasma membrane and
internal membrane compartments we cannot rule out the
possibility that the small currents observed after prolonged washes
(10 to 20 minutes) were due to new channels inserted into the
plasma membrane that were not on the membrane surface at the
time of the first 5-HT application. We generated constructs where
the single alanine was replaced by either a single glycine or proline
but neither construct generated any 5-H'T induced currents (data
not shown).

We hypothesized that given the rapid decay of the initially
evoked currents, the truncated 5-HT3A-A; receptors might be
entering a non-functional state unrelated to the structural/
functional states accessible to a normal full-length 5-HT3A
receptor. Alternatively, the 5-HT3A-A; receptors might be
entering a desensitized state from which they did not recover on
our experimental time scale. If the 5-HT3A-A, receptors were in a
desensitized state following the initial 5-HT application they
should bind 5-HT with high affinity. If they were in a non-
functional state then we would not expect 5-HT to remain bound
with high affinity. To test this we measured [*H]-5-HT binding to
oocytes expressing WT or alanine insertion mutant 5-HT3A
receptors. The oocytes were incubated at room temperature with a
saturating concentration of [*H]5-HT for 5 minutes so that most

A B
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of the receptors should be in a high affinity desensitized state. The
wash steps to remove unbound [*H]-5-HT were performed at 4°C
to slow recovery from desensitization and completed in 45 s.
Although the Q) for recovery from desensitization has not been
measured in 5-HT3A receptors, in the homologous nACh
receptors it is about 2 [46]. Thus, with a time to recovery from
desensitization at room temperature of 30 s in 5-HT3A receptors
[45], the time to complete recovery at 4°C should be about 120 s,
significantly longer than the 45 s wash period in our experiments.
Thus, many of the receptors should remain in a desensitized state
throughout the wash period.

Using this protocol, oocytes expressing W' receptors bound
2.50+0.3 pmol of [1,2-*H[N]]5-HT per oocyte. The 5-HT3A-A,,
5-HT3A-A5, 5>-HT3A-A, constructs bound 0.40%0.08, 0.40£0.03
and 0.33%0.06 pmol of 5 [1,2-°’H[N]]-HT per oocyte, respec-
tively. This difference in binding between the 5-HT3A-A;, 5-
HT3A-A;, 5-HT3A-Ay constructs, and WT receptors is likely due
to different expression levels of these constructs in the oocyte
plasma membrane. Surprisingly, the 5-HT binding to 5-HT3A-A,
receptor expressing oocytes was undetectable, with radioactivity
counts identical to uninjected or DEPC-water injected oocytes
(Fig. 5B). The lack of detectable 5-HT bound to the 5-HT3A-A,
construct was statistically significantly different (p<<0.05) from all
of the other receptor constructs tested. We do not think that the
lack of detectable 5-HT binding to oocytes expressing the 5-
HT3A-A| construct was due to markedly reduced levels of 5-
HT3A-A| receptor expression because the initial 5-HT induced
currents for the 5-HT3A-A, expressing oocytes were about 70% of
the level of the 5-HT3A-A5 construct expressing oocytes (Table 1)
for which there was detectable binding. Thus, we conclude that
after exposure to 5-HT the 5-HT3A-A; construct is not in a high
affinity state. This allows the [*H]5-HT to dissociate from the
receptor during the wash period. We infer that after the initial 5-
HT application the 5-HT3A-A; channel enters a low affinity, non-
functional state from which it cannot reopen on a meaningful time
scale. We believe that this state is not relevant to the structural/
functional states that are accessible to normal, full-length 5-HT3A
receptors.
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Figure 5. Characterization of the 5-HT3A-A, insertion construct. (A) Currents elicited by repeated applications of 10 uM 5-HT are significantly
smaller than the current following the initial 5-HT application in the 5-HT3A-A, receptor. The wash time denoted by the//was 6 min. Insert shows an
expanded time scale of the indicated region. The second current response amplitude was 11.6% of the initial response. (B) Radioactive 5-HT binding
to oocytes expressing 5-HT3A-WT and 5-HT3A-A,, insertion constructs was determined by subtracting 5-HT binding to water-injected oocytes from 5-
HT binding to channel expressing oocytes. Each bar represents the mean 5-HT binding = SEM for at least 10 channel expressing oocytes from at least
three separate oocyte isolations. ** indicates radioactive 5-HT binding significantly different from WT by one way ANOVA using Dunnett’s multiple

comparison post hoc test (p<<0.0001).
doi:10.1371/journal.pone.0035563.9g005
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The M3M4 loop sequence can determine receptor
functionality

In some of our preliminary experiments we replaced the M3—
M4 loop in the 5-HT3A-AM3M4 construct with repeats of the
tripeptide Gly-Ser-Ala (GSA). We chose this sequence because the
amino acid side chains were small and we thought it would
provide the backbone flexibility necessary to make the turn
between the o helical M3 and M4 transmembrane segments.
Cluriously, while the replacement of the M3M4 loop with two to
seven alanines was well tolerated, insertion of repeats of the GSA
tripeptide were poorly tolerated. As with the alanine insertions, we
started with the non-functional 5-HT3A-AM3M4 construct. We
inserted repeats of the small, amino acids (GSA),=, 3 into the
fusion site. Two electrode voltage clamp recording from oocytes
expressing the GSA M3M4 mutants revealed low 5-HT induced
currents for the GSA (50%=12 nA) and GSAGSA (730%45 nA)
mutants (n=3) (Fig. 1C). In contrast, there were no detectable
currents from oocytes (n = 3) expressing the GSAGSAGSA mutant
(Fig. 1C). Given the role of arginines in the cytoplasmic loops for
transmembrane topology [47], we created two additional
GSA, =9 3 insertion mutants, each with an arginine present in
the M3M4 loop linker. The addition of the arginine did not restore
a WT level of 5-HT induced current to either mutant (Fig. 1C).

We assayed protein expression in whole oocyte and plasma
membrane fractions using Western blots probed with an anti-V5
primary antibody. Membrane protein fractions were isolated by
surface biotinylation and subsequent pull down with streptavidin-
agarose beads. For each GSA,, = | 5 insertion construct and for the
WT receptor, bands corresponding with the expected protein sizes
were detected in both the total protein and plasma membrane
fractions (Iig. 1D). The amount of receptor protein was similar in
WT and in the (GSA); and (GSA); constructs. However, the level
of plasma membrane expression was reduced for the mutants
compared to WT and was roughly in proportion to the relative
current amplitudes (GSA);>(GSA);>(GSA); (Fig. 1D). This
suggested that the M3M4-loop GSA-insertions were synthesized
at comparable levels to WT but the trafficking to the surface
membrane may have been impaired. This implies that receptor
function and plasma membrane trafficking is sensitive to the
amino acid composition of the inserted residues. Thus, the choice
of residues substituted into the M3-M4 loop can affect trafficking
to the plasma membrane. We do not understand the mechanistic
basis for this observation nor the amino acid sequence dependence
for this phenomenon.

Discussion

In Cys-loop receptor family members, the cytoplasmic M3M4
loop is the most variable portion of the proteins. In eukaryotic
subunits, it is greater than 75 residues in length but in the
prokaryotic subunits, it is less than 15 residues in length. We
previously showed that chimeras, where the 5-HT3A or GABA pl
M3M4 loop was replaced by the predicted loop sequence of the
prokaryotic GLIC subunit, were functional [34]. Other investiga-
tors have subsequently shown that substitution of the GLIC
heptapeptide in the homopentameric glycine receptor also results
in functional channels [35]. In the present work we started with a
non-functional 5-HT3A-AM3M4 construct from which the 115
residue M3M4 loop was excised and the C-terminus of M3 was
coupled to the N-terminus of M4. We explored the effect on
receptor function of inserting various peptides into the junction
between the M3 and M4 segments to determine the minimal loop
necessary for functional receptors. This provides information on
the distance separating the cytoplasmic ends of the M3 and M4
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segments and the extent to which they move during channel
gating.

To explore the effect of loop length, we inserted between one
and seven alanines between the M3 and M4 segments in the 5-
HT3A-AM3M4 construct. All of the constructs with between two
and seven alanines yielded functional 5-HT responsive channels
when expressed in oocytes. The most striking functional difference
between the constructs was the effect of loop length on the
desensitization rate. The constructs with three or five alanines
desensitized an order of magnitude faster than wild type or the
two, four, six or seven alanine constructs. The alternating pattern
suggests that the inserted alanines may adopt a B strand secondary
structure where the odd numbers of inserted alanines creates strain
on the position of the cytoplasmic ends of the M3 and M4
segments or limits their ability to move during channel gating
resulting in the altered desensitization rates. Beyond six alanines,
the loop length may be sufficiently long that the B strand
secondary structure either does not occur or is no longer a
constraint on movement of M3 or M4 during desensitization.
However, it should be noted that loops longer than seven residues
are not necessarily sufficient to ensure normal function, it may also
depend on the amino acid composition of the loop. The fact that
the loop length affects the desensitization rate implies that the
cytoplasmic ends of the M3 and M4 membrane-spanning
segments must undergo a conformational change during desensi-
tization. This may induce conformational changes in the
endogenous loop during desensitization. Alternatively, the loop
may constrain the position of the M3 and M4 segments in the
overall protein structure in such a way that it results in more rapid
desensitization of the resultant channels. Work by Vogel and
colleagues showed agonist-induced changes in homo-FRET
between EGFP molecules inserted into the 5-HT3A receptor
M3M4 loop [48]. They inferred that desensitization induces a
conformational change in the M3M#4 loop structure [48]. Our
results support the inference from the homo-FRET experiments
that the cytoplasmic ends of the M3 and M4 segments move
during desensitization and that, at least desensitization, induces a
conformational change in the 5-HT3A M3M4 loop.

Other investigators have shown that mutations of residues in the
endogenous M3M4 loop can also alter the desensitization rates
[23]. In addition, the binding of proteins to the 5-HT3 M3M4
loop or phosphorylation of residues within the loop may lead to
modulation of desensitization rates [49,50]. Both extracellular and
intracellular calcium concentrations have profound effects on 5-
HT3A receptor desensitization rate [39,42,51]. Our experiments
were performed in nominally Ca**-free buffer. This accounts, at
least in part, for the significantly slower desensitization rates that
we observed (Table 1) than those reported in the literature from
recent patch clamp studies of channel kinetics [44,45]. 5-HT3
desensitization rate may have significant impact on normal
physiological functions in the brain. A 5-HT3B polymorphism,
Y129S, causes a 10-fold slowing in desensitization rates. This
polymorphism has been associated with a reduced incidence of
major depression in woman [52]. Thus, modulation of desensiti-
zation rates may serve as a means of i vivo regulation of 5-HT3
receptor function.

The amino acid sequence of the loop also impacts function.
Thus, insertion of nine residues, three repeats of Gly-Ser-Ala,
yielded non-functional receptors and insertion of six residues,
GSAGSA, yielded poorly functioning receptors. Thus, glycines
that would be expected to confer increased flexibility in the loop
were not as well tolerated as alanines. At present, we do not
understand how the insertion of Gly and Ser residues into the loop
has such a significant effect on receptor expression/function but
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Figure 6. Sequence alignment GluCl,, s and 5-HT3A and cartoon illustrating transmembrane region of GluCl.y.. (A) Sequence
alignment of the C-terminal region of mouse 5-HT3A receptor and GluCl,y,. The GluCl.ys M3 and M4 o helical membrane-spanning segments are
indicated by the gray rectangles. The M3M4 loop region replaced by two alanines in the 5-HT3A-A, construct is shown underlined in bold. The 5-
HT3A-A, construct yielded functional receptors with channel kinetics similar to wild type 5-HT3A receptors. Note that the 5-HT3A-A, construct lacks
16 residues aligned with the cytoplasmic end of the GluCl M4 segment. (B) Cartoon representation of the transmembrane domain of one subunit of
GluCl (PDB: 3RHW). The cyan region at the cytoplasmic end of the M4 segment indicates the residues that were replaced by two alanine residues in

the5-HT3A-A, construct.
doi:10.1371/journal.pone.0035563.g006

this study suggests that if one wishes to remove the native M3M4
loop to generate potential constructs for crystallization trials then
the nature of the residues substituted for the M3M4 loop may have
a large impact on expression/function.

It is instructive to compare our 5-HT3A constructs lacking the
M3M4 loop with the GluCl,y construct used in the recent
crystallization study [17]. The cytoplasmic ends of the M3
segments differ by one residue between our 5-HT3A construct
and GluCly (Fig. 6A). In contrast, the junction site at the
cytoplasmic end of the M4 segment differs by 16 residues (Fig. 6A,
B). Our 5-HT3A-Ay construct that displayed near wild type
expression and functional properties lacks the residues forming the
cytoplasmic end of the M4 segment in the CluCl.y, structure
(Fig. 6B, cyan region of M4). Similarly, an M3M4 loop deletion
construct in a nAChR-07/GluCl-B chimeric construct displayed
similar function to the full-length construct despite lacking some of
the residues that form the cytoplasmic end of the GluCl,y,
construct M4 segment [36]. This suggests that the structure in this
region may be quite flexible. Perhaps the structure of this region
seen in the GluCl crystal is determined in part by the splice sites
chosen in developing the construct. Alternatively, though less
likely, the structure of the cytoplasmic ends of M3 and M4 are
quite different in the 5-H'T3A receptor than in GluCl,y,. Further
experiments will be necessary to understand how the presence of
the M3M#4 loop or various deletions affect the protein structure in
this region.

The ability to replace the 115 residue M3M4 loop with as few as
two alanines and still obtain high level expression of functional 5-
HT3A receptors implies that the endogenous loop is not essential
for homopentamer assembly in the endoplasmic reticulum (ER).
While ER chaperone proteins may be involved in 5-HT3A
receptor folding and assembly [53], our results imply that
interactions with cytoplasmic chaperone proteins are not essential
for the folding and assembly process. Furthermore, the ability of
the alanine loop constructs to traffic from the ER to the plasma
membrane suggests that this process, at least in Xenopus oocytes,
also does not require interactions with cytoplasmic proteins. This
suggests that export of alanine loop receptors to the plasma
membrane either only requires interactions with the extracellular
and transmembrane domains or occurs via a default trafficking
pathway.

@ PLoS ONE | www.plosone.org
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The initial current elicited by application of 5-HT to the
construct containing a single alanine decayed rapidly compared to
wild type. However, this receptor never recovered to a
conformation from which it could be re-opened on the time scale
of our experiments. The results from the [*H]-5-HT binding
experiments show that the receptor does not remain in a high
affinity, ligand-bound, desensitized state. Furthermore, because
the receptor is unable to enter the open conformation with
subsequent 5-H'T applications, we suggest that the receptor is not
in the resting-activatable closed conformation either. We propose
that the receptor is in a non-ligand bound, non-functional state.
We previously suggested that a possible explanation for why the 5-
HT3A-AM3M4 construct was non-functional was that the M4
helix might be unable to insert into the membrane during protein
synthesis [34]. The single alanine insertion along with one or two
residues from the ends of M3 and M4 may be flexible enough to
permit the M4-helix to enter the membrane, but not flexible
enough to permit the conformational changes that must normally
occur in this region during the transition from the open to the
desensitized state. Thus, with a single alanine the receptor can
open to a metastable state that decays into a non-functional state
that is not relevant to the normal close, open and desensitized
states that the W'T receptor transitions through.

In the present study we have defined the minimum length of the
M3M4 loop necessary to obtain functional 5-HT3 receptors and
the effects of amino acid composition on expression and function.
The fact that all eukaryotic Cys-loop receptor subunits have
M3M4 loops >75 residues in length, far longer than the minimum
required, suggests that the longer loops have evolved to fulfill
mmportant functions for these neurotransmitter-gated channels.
Elucidating the structure of these loops will provide new insight
into their functional roles and their interactions with cytoplasmic
proteins involved in the regulation and localization of these
channels.
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