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crystal structures suggest a putative open conformation.

desensitization.
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(Background: GLIC, a prokaryotic homologue of pentameric ligand-gated ion channels (LGIC), is activated by protons, and
Results: EPR-spectroscopic studies in the pore-lining segment reveals major conformational changes during activation and

Conclusion: Gating mechanism in GLIC involves distinct activation and desensitization gates.
Significance: These studies provide insights into the role of structural dynamics in the functioning of LGIC.
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Direct structural insight into the mechanisms underlying
activation and desensitization remain unavailable for the
pentameric ligand-gated channel family. Here, we report the
structural rearrangements underlying gating transitions in
membrane-embedded GLIC, a prokaryotic homologue, using
site-directed spin labeling and electron paramagnetic resonance
(EPR) spectroscopy. We particularly probed the conformation
of pore-lining second transmembrane segment (M2) under con-
ditions that favor the closed and the ligand-bound desensitized
states. The spin label mobility, intersubunit spin-spin proxim-
ity, and the solvent-accessibility parameters in the two states
clearly delineate the underlying protein motions within M2.
Our results show that during activation the extracellular hydro-
phobic region undergoes major changes involving an outward
translational movement, away from the pore axis, leading to an
increase in the pore diameter, whereas the lower end of M2
remains relatively immobile. Most notably, during desensitiza-
tion, the intervening polar residues in the middle of M2 move
closer to form a solvent-occluded barrier and thereby reveal the
location of a distinct desensitization gate. In comparison with
the crystal structure of GLIC, the structural dynamics of the
channel in a membrane environment suggest a more loosely
packed conformation with water-accessible intrasubunit vesti-
bules penetrating from the extracellular end all the way to the
middle of M2 in the closed state. These regions have been impli-
cated to play a major role in alcohol and drug modulation. Over-
all, these findings represent a key step toward understanding the
fundamentals of gating mechanisms in this class of channels.

Fast synaptic transmission at the central and peripheral nerv-
ous systems are mediated by pentameric ligand-gated ion chan-
nels (LGICs).” Upon binding neurotransmitter, these channels

I This article contains supplemental Figs. 1-3.
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rapidly switch from closed to open conformation, and pro-
longed neurotransmitter exposure drives the channel to a non-
conducting desensitized state. Understanding the structural
details of molecular motions underlying gating transitions has
been a main focus in the field. Recent discovery of bacterial
homologues of the LGIC family (1) have paved way to determi-
nation of high resolution crystal structures and have provided a
valuable structural framework for elucidating eukaryotic LGIC
function (2—4). When expressed in heterologous systems, the
Gloeobacter violaceus homologue (GLIC) was found to be acti-
vated by protons (5), and the Erwinia chrysanthemi homologue
(ELIC) was activated by primary amines (6). The crystal struc-
tures of ELIC in the absence of ligand (3) and GLIC at acidic pH
(2, 4) revealed distinct conformational differences, and thereby
were proposed to represent the closed and open states, respec-
tively. Although high resolution structures of ELIC in the open
and GLIC in the closed conformation have not been resolved,
current models of channel gating are based on direct compari-
son of these two end states. Despite limited sequence identity,
there is considerable conservation of key residues in the pore
lining M2 segment among GLIC, ELIC, and nAChR channels.
Specifically, M2 is organized into the following: an intracellular
ring of Glu(—2") that forms the selectivity filter region (7, 8),
two rings of polar residues (Thr(2')-Ser(6")), and three rings of
hydrophobic residues (Ile(9')-Val(17’) at the extracellular end.
Aligning GLIC and ELIC structures shows that the extracellular
hydrophobic end of M2 has a much wider pore diameter in
GLIC in comparison with the ELIC structure, suggesting that
channel opening involves tilt translational motion (2—4). How-
ever, curiously enough, a comparison of this region in GLIC
with the electron micrograph derived structure of the Torpedo
ray nAChR, in membranes without ligand, reveals no major
differences. This raises the question of whether channel closure
involves small changes reflecting the nAChR structure or large
changes as predicted by the ELIC structure. Although recently
solved crystal structures of cysteine cross-linked GLIC, stabi-
lized in a locally closed conformation, suggest that movements
leading to channel closing might more closely follow the ELIC
structure (9). Furthermore, there is also considerable discrep-
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ancy at the functional level surrounding GLIC gating proper-
ties. GLIC activation in oocytes and HEK cells reveal slow open-
ing kinetics and currents that do not decay over an extended
period of time. However, two groups report that GLIC desen-
sitizes, albeit with very different kinetics (10, 11). In a recent
report, we showed by patch clamp measurements that purified
and reconstituted GLIC rapidly activates and deactivates
(~ms) in response to pH changes and desensitized relatively
slowly (~s) during sustained pH pulses. Furthermore, GLIC
desensitization is not only modulated by factors in a manner
analogous to its eukaryotic counterpart but also shows struc-
tural conservation of the changes in a key region in the extra-
cellular domain of channel during agonist-bound desensitiza-
tion (12). The structural and functional similarity, along with
comparable drug sensitivity, makes GLIC an attractive system
to serve as a structural archetype for the eukaryotic LGIC (13—
18). Here, we have investigated the structural rearrangement in
the pore-lining M2 segment during activation and desensitiza-
tion of GLIC reconstituted into lipid bilayers by site-directed
spin labeling and EPR spectroscopy. Changes in spin-label
dynamics, proximity, and accessibility to lipid and water phases
were studied under basic and acidic pH conditions that stabilize
channels in the closed and ligand-bound desensitized confor-
mations, respectively. Our findings reveal that the pore region
of GLIC in the closed state more closely resembles the ELIC
structure and the recently crystallized locally closed conforma-
tion of GLIC, whereas at the same time, they suggest differences
in the tightness of helical packing on the membrane. Under
acidic pH, our data point toward the presence of two distinct
activation and desensitization gates in the channel, thereby
illustrating the M2 movements associated with major gating
events in GLIC.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The GLIC gene cloned
into a modified pET26b vector was expressed as a fusion con-
struct with N-terminal maltose binding protein as described
previously (2, 4). Briefly, BL21(DE3) Escherichia coli cells trans-
formed with the construct were grown in Terrific Broth
medium containing 50 ug/ml kanamycin at 37 °C to A4y, 0of 1.0.
Cells were induced with 0.2 mMm isopropyl 1-thio-S3-p-galacto-
pyranoside overnight at 20 °C. Membranes were prepared by
homogenizing the cells in 150 mm NaCl, 20 mm Tris base, pH
7.4 (buffer A), with protease inhibitors and centrifuged at
100,000 X g for 1 h. Membranes were solubilized in buffer A
using 40 mm n-dodecyl-B-p-maltopyranoside (Anatrace) at
4 °C. GLIC was purified by binding to amylose resin and eluting
with 20 mmM maltose. The maltose binding protein tag was
cleaved with human rhino virus 3C protease (GE Health-
care), and the GLIC protein was separated using size exclu-
sion chromatography on a Superdex 200 10/300 column (GE
Healthcare).

Membrane Reconstitution and Electrophysiology—Electro-
physiological measurements were made by patch clamp
recordings in channel-reconstituted liposomes prepared as
described previously (12, 19-21). Purified protein was recon-
stituted into preformed asolectin vesicles by diluting in 150 mm
NacCl, 10 mm HEPES, pH 7.0 (reconstitution buffer). Detergent
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was removed by incubating the proteoliposome suspension
with Biobeads (Bio-Rad). The suspension was centrifuged at
100,000 X g for 1 h, and the pellet was resuspended in reconsti-
tution buffer. A drop of the proteoliposome was placed on a
glass slide and dried overnight in a desiccator at 4 °C. The sam-
ple was then rehydrated with 20 ul of buffer, which yielded
giant liposomes. GLIC was reconstituted in 1:10,000 protein:
lipid (molar ratio) for macroscopic currents. Currents were
measured using inside out patch clamp of proteoliposomes in
symmetrical NaCl. All experiments were performed at room
temperature. Recording pipettes were pulled from thin walled
borosilicate glass and heat polished to a resistance of 1.5-2
megohms and filled with 150 mm NaCl, 10 mm HEPES, pH 8.0.
Low pH was obtained using 10 mMm sodium citrate buffer. Cur-
rents were elicited in response to pH jumps using an RCS-200
fast solution exchanger (switch time, 2 ms) fed by gravity (Bio-
logic). Currents were measured using Axopatch 200B, digitized
at 10 kHz sampling frequency, and were analyzed using Clamp-
fit (version 10.2).

Site-directed Spin Labeling and EPR Spectroscopy—The
native Cys (Cys-26) was mutated to Ser, and single Cys mutants
in M2 were generated using the Cys-free construct (C26S) as
the template. Purified protein was labeled with a methanethio-
sulfonate spin probe 1-oxyl-2,2,5,5-tetramethylpyrrolidin-3-yl)
methyl methanethiosulfonate (Toronto Research) at a 10:1
label:protein molar ratio. The efficiency of labeling was calcu-
lated by first measuring the absolute protein concentration in
detergent and then determining the concentration of the spin
label in the sample using a standard curve of known concentra-
tions of 2,2,6,6-tetramethyl-1-piperidinyloxy versus peak area
(from double integration of the EPR signal) (22, 23). Spin-la-
beled samples were reconstituted at a 1:3000 protein:lipid
(molar ratio) in a mixture of asolectin, incubated with Biobeads,
and centrifuged to obtain a pellet of the proteoliposomes. pH
changes were made by equilibrating the liposomes at 42 °C with
appropriate buffers in a water bath. The sample was centri-
fuged, and the process was repeated multiple times to ensure
complete buffer exchange. Continuous wave-EPR measure-
ments were performed at room temperature on a Bruker EMX
X-band spectrometer equipped with a dielectric resonator and
a gas permeable TPX plastic capillary. First, derivative absorp-
tion spectra were recorded at an incident microwave power of
2.0 milliwatts, modulation frequency of 100 kHz, and modula-
tion amplitude of 1.0 gauss. Our analyses were centered on
three types of dynamic EPR structural information (24-29).
First, the mobility of the spin probe, calculated as the inverse of
the central line width of the first derivative absorption spectra
(AH,"). This parameter is governed both by the local steric
contacts in the immediate vicinity of the probe and by the flex-
ibility of the backbone to which it is attached (30). As the fre-
quency of nitroxide rotational motion is reduced, as witnessed
during the formation of tertiary or quaternary contacts, the line
width and hence AH, ' increases for any particular motional
geometry. On the contrary, structural motions leading to an
increase in the freedom of movement of the probe are reflected
asadecrease in AH,, '. Second, the proximity between intersub-
unit spins, estimated from amplitudes of the EPR signal. The
spectral line shapes and the amplitudes of the signal are affected
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FIGURE 1. Structural rearrangement underlying channel activation and
desensitization. GLIC activates in response to extracellular low pH pulses
and undergoes desensitization under prolonged exposure (inset). Represent-
ative continuous wave-EPR spectra of positions in M2 are shown displaying
changes in amplitude and line shapes in response to pH changes. Black and
red traces were obtained from channels in the closed (pH 8.0) and in the
desensitized conformation (pH 2.5), respectively. In each case, the spectra are
normalized to the total number of spin. Spin-labeled positions are high-
lighted by CPK presentation, with residues facing the pore shown in red and
those facing away from the pore shown in blue. Only two subunits are shown
for clarity.

by the extent of through space short range spin-spin dipolar
coupling between spin labels within the multimeric protein.
Third, spin probe solvent accessibility was evaluated by colli-
sional relaxation methods. Here, non-polar molecular oxygen
(ITO,) serves as a contrast agent to evaluate solvent exposure
(membrane and water), whereas polar Ni(II) ethylenediamin-
ediacetic acid (IINiEDDA) reports the extent of aqueous expo-
sure (25, 31, 32). The accessibility to NIEDDA (100 mm) for the
desensitized state was measured at pH 3.0 instead of 2.5 due to
the instability of the complex at very acidic pH. The accessibil-
ity parameter (II) is estimated from power saturation experi-
ments in which the vertical peak-to-peak amplitude of the cen-
tral line of the first derivative EPR spectra is measured as a
function of increasing incident microwave power (25).

RESULTS

Conformational Transitions Monitored by EPR Spectros-
copy—To study the conformational changes in the pore-lining
M2 segment by EPR spectroscopy, individual Cys mutations in
M2 were made in the cysteine-free background (C26S). Each
mutant was purified, spin-labeled, and subjected to gel-filtra-
tion chromatography. Only those mutants that displayed a sta-
ble monodisperse peak corresponding to the pentameric chan-
nel (22 of 25 mutants tested) were used for further analysis
(supplemental Fig. 14). Using FRET-based assays and electro-
physiological measurements (12), we previously showed that
asolectin membranes maintain GLIC in a monodisperse popu-
lation and support pH-mediated conformational changes from
closed to open to desensitized conformations (Fig. 1, inset). We
therefore carried out all our EPR measurements of spin-labeled
GLIC reconstituted into asolectin vesicles. We verified the
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functionality of several cysteine mutants in the presence of spin
label by measuring pH-elicited macroscopic currents (supple-
mental Fig. 1B). All of the mutants studied showed rapid acti-
vation in response to jumps to acidic pH and a time-dependent
decay of current due to desensitization with some differences in
the kinetics of desensitization in comparison to WT. This find-
ing is not unexpected given that mutations in M2 have been
reported to alter gating properties (33—36). Because EPR mea-
surements were carried out under steady-state conditions of
pH 8.0 and 2.5, despite differences in fast kinetics, GLIC
mutants are expected to reside predominantly in their closed
and ligand-bound desensitized conformations, respectively.
Fig. 1 shows representative spectra (normalized to reflect equal
number of spin) from residues in M2 in the closed (black, pH
8.0) and ligand-bound desensitized (red, pH 2.5) conforma-
tions. In the closed state, all of the measured positions show line
shapes characteristic of motionally restricted spin labels, which
is indicative of an overall sterically packed environment of M2
in this conformation. Furthermore, the EPR line shapes at a
number of pore-facing residues (notably, at sites 222(—1'),
223(0"), 228(5'), 229(6'), 236(13"), 239(16'), and 240(17"))
reveal broadening by short range dipolar coupling arising from
intersubunit proximity (supplemental Fig. 2). It is important to
note that, as a likely consequence of poor labeling efficiency due
to steric hindrance in narrow cavities, the extent of spectral
broadening due to dipolar interaction might be underesti-
mated. The efficiency of labeling for sites 219(—4"), 224(1'),
225(2"),and 240(17") were determined to be 60, 55, 40, and 90%,
respectively (see “Experimental Procedures”), suggesting that
steric constraints might limit the number of labels per penta-
mer to =2 in the middle of M2. A simple visual inspection
suggests that pore-facing residues at either end of the helix
show similar extent of immobilization (position 220(—3") ver-
sus 240(17"), side chains shown in red CPK), whereas for resi-
dues facing away from the pore, the intracellular end of M2
appears to be more constrained in comparison (position
223(0") versus 241(18'), side chains shown in biue CPK). Upon
switching to pH 2.5, residues beyond the 232(9’) position
showed a dramatic decrease in broadening and concomitant
increase in amplitude, demonstrating that residues in this
region move farther from each other. However, residues in the
intracellular end (residues 219(—4')-224(1')) show minimal
change, whereas residues in between the ends show a decrease
in the amplitude of the signal, suggesting that these regions
move closer or undergo no movement, respectively.

To quantify through-space intersubunit spin-spin dipolar
coupling, we calculated () parameter (37) as the ratio of spin-
normalized amplitudes of the central resonance line in the
desensitized and closed conformations. The () values lower
than 1 indicate that the spin-labeled residues move closer to the
symmetry axis, whereas values > 1 reflect motions away from
the axis. The () profile (presented in log scale to highlight the
polarity of changes) for M2 residues during channel gating is
shown in Fig. 24, and these values are color coded and mapped
on GLIC structure in Fig. 2B. Residues between 219(-4") and
224(1"), comprising the selectivity filter region, show no major
change in () values, suggesting that this region (gray block in
Fig. 2, A and B) does not undergo significant movement. Inter-
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FIGURE 2. Changes in the spin label proximity during gating. A, profile of changes in the amplitude of the EPR signal reflecting differences in the spin-spin
dipolar coupling in the closed and desensitized conformation. For positions with log €} < 0, the proximity between individual spin labels increases as the side
chains get closer toward the pore axis and for log () > 0, the spin labels move away from the pore axis and further apart from each other. In each case, the same
sample is used for both closed and desensitized state measurements. B, the log () parameter mapped on to the GLIC crystal structure. Residues displayed in red
and blue show positive and negative log () values, respectively. Residues colored in white show values closer to 0. The boxed areas highlight regions moving

away, getting closer and regions of no significant movement.

estingly, the region immediately above (residues 227(4')-
232(9")), consisting mostly of polar residues) shows a decrease
in €), presumably resulting from these residues moving closer
toward the pore axis (blue blocks). Additionally, the largest
change in ) occurs at the extracellular end of M2 in the hydro-
phobic region (comprising of residues 233(10")-243(20")), sug-
gesting that this region tilts away radially during channel open-
ing. Overall, these results indicate that channel activation
involves movement of the hydrophobic region, which thereby
forms the activation gate, and the polar region immediately
below undergoes a tighter packing during desensitization and
contributes to the desensitization gate of the channel.

pH Dependence of the Conformational Changes at the Acti-
vation Gate—We then studied the pH dependence of M2
movement and compared it with the pH dependence of channel
activation as measured from the peak values of macroscopic
currents responses (12). We chose residue 240(17’'), in the
extracellular hydrophobic region, to follow the M2 movement
and measured changes in the EPR signal as a function of
sequentially decreasing the pH. Fig. 34 shows spin-normalized
spectra (to represent the same number of spins) and amplitude-
normalized spectra (to the peak amplitude) for each pH condi-
tion. The spectral properties, both in terms of amplitude (Fig.
3A, left) and broadening (Fig. 3A, right) showed a gradual
change in the range pH 6 to 3, with minimal changes for pH
values lower than 3. A plot of pH dependence of the EPR signal
amplitude and of the ionic current measurements (Fig. 3B)
shows that both parameters follow a similar trend except that
the former precedes the functional measurements by ~1 pH
unit. This is not surprising considering that ion conduction
involving full channel opening might require protonation of
multiple subunits, whereas EPR measurements track the con-
formational changes in individual subunits even prior to com-
plete channel activation. It is also likely that differences in pro-
ton affinity in the active (measured by electrophysiology) and
desensitized conformation (measured by EPR) contributed to
such an effect. EPR studies and Rb™ flux assays in KcsA also
report a similar feature, suggesting that these findings denote
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FIGURE 3. pH-dependent conformational changes at the activation gate
monitored by position 240 movements. A, EPR line shapes obtained after
sequentially equilibrating the sample with the indicated pH starting with pH
8.0. In each case, the spectra are normalized to the number of spin. B, pH
dependence of EPR signal amplitude (red) overlaid with the pH dependence
of the maximal peak response from macroscopic current measurements
(black). The pK, of maximal response are 3.9 + 0.2 and 2.9 + 0.1 for the EPR
and current measurements, respectively. C, samples were returned to pH 8.0
at the end of sequential pH change. Overlapping spectra shows reversibility
of the spectral line shapes.

analogous mechanisms for multimeric channels (37). Samples
subjected to sequential pH changes toward more acidic condi-
tions were then equilibrated back to pH 8.0, and the EPR spec-
tra were compared with spectra at the beginning of the experi-
ment (Fig. 3C). In accordance with functional measurements
(12), the conformational changes reported by the EPR signals
are also fully reversible.

Changes in Solvent Accessibility Parameters—To correlate
structural properties of GLIC in a lipid bilayer with its deter-
gent-stabilized crystal structure, the EPR enviromental param-
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FIGURE 4. Changes in the residue enviromental parameters. A, mobility AH, '. B, O, accessibility I1O, for the closed (black) and desensitized (red) states.
Shown is the profile of changes in the enviromental parameters for the M2 residues (left). Shown is a helical wheel representation of the mobility and
accessibility superimposed in a polar coordinate (middle). The resultant vector of the individual AH, " or [0, values points toward the more mobile or solvent
accessible face of the helix. The shaded area within the dashed lines highlights the projection for complete set of accessibility data relative to the maximal
accessibility vector. Fractional differences (normalized to the maximum value measured within each data set) in the AH, ' and T10, values for the closed and
desensitized states mapped on the GLIC structure and color coded, with red denoting an increase and blue representing a decrease in the environmental

parameter (right).

eters were mapped and color-coded on the GLIC crystal struc-
tures. Fig. 4, A and B, show the probe mobility (AH, ) (top) and
O, accessibility values (I1O,) (bottom) for the entire M2 seg-
ment in the closed (black) and ligand-bound desensitized (red)
conformation (see “Experimental Procedures”). Both mobility
and O, accessibility in the intracellular part of M2 reports a
complex and rather restrictive environment with a gradual
increase in local dynamics and accessibility toward the extra-
cellular half. The pore-lining residues do not show any O,
accessibility, suggesting that in the closed state this side of the
helix faces a solvent-occluded environment. Upon activation, a
much more pronounced periodicity in the spectral properties is
evident as is expected of the M2 segment now exposed to a
more asymmetric environment in the open channel: solvent
exposed pore-lining face and a relatively solvent-excluded face
pointing toward the rest of the transmembrane helices. This
feature is highlighted by superimposing mobility and accessi-
bility values on a helical wheel polar representation, and the
direction of the calculated AH, ' and I1O, moments points
toward the face of the helix that is more dynamic and solvent
exposed, respectively (Fig. 4, middle). It is interesting to note
that the direction of the resultant vector points toward the face
of the helix that is away from the pore lumen in the closed
conformation and switches toward the lumen in the ligand-
bound conformation. The location and extent of these confor-
mational rearrangements can be visualized by mapping the dif-
ferences between the closed and desensitized states (each
normalized to the corresponding maximum value within the
data set) onto the GLIC structure. As seen with changes in the
amplitude, the extracellular end shows an increase in motional
freedom and accessibility (residues color-coded in red), the
polar intermediate region shows a decrease in the correspond-
ing values (in blue), and the intracellular selectivity region
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shows minimal changes (in white). Overall, the transition to the
open (and eventually desensitized) conformation in GLIC is
accompanied by large structural changes at the extracellular
half of M2 with minimal changes at the intracellular end. This
suggests that extracellular end of M2 moves away from the
5-fold symmetry axis and increases the diameter of the perme-
ation pathway, whereas the intermediate region moves closer
during desensitization.

Aqueous Vestibules within Transmembrane Helices—An
inspection of accessibility to polar agent (IINiEDDA) in the
closed state shows that the pore-lining residues in M2 are fully
buried and isolated from water, whereas residues pointing away
from the pore lumen are water accessible (Fig. 5A, top panels).
In this conformation, the orientation of the resultant vector
indeed points toward M2 residues facing away from the pore
(residue 231(8')). Upon activation, the pore facing residues now
show a periodic increase in NiEDDA accessibility from the
extracellular end up to the 232(9') position (Fig. 5B, bottom
panels, supplemental Fig. 34). A comparison of the NIEDDA
accessibility in this conformation to the calculated solvent
accessibility values for the GLIC structure shows remarkable
agreement in the periodic trend (supplemental Fig. 3B). Fur-
thermore, the face of M2 pointing away from the pore lumen
loses its accessibility to NIEDDA except for residue 238(15')
(supplemental Fig. 3), which shows significant water accessibil-
ity in both conformations. A decrease in water accessibility
behind the channel-lining face of M2 is somewhat expected if
the M2 segment were to move away radially during activation,
thereby reducing the intrasubunit cavity volume. It is necessary
to mention that due to the larger size of NIEDDA, in compari-
son with water molecules (~13 times larger than water), the
aqueous accessibility measured by collisional quenching could
be an underestimation of the actual depths of water penetra-
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FIGURE 5. Aqueous vestibules in the closed and in the desensitized states. A, [INiEDDA values for the M2 residues in the closed (top) and desensitized states
(bottom). The gray boxed area highlights regions of maximal change between the two states. B, [INiEDDA values mapped on the GLIC structure reveals
differences in the solvent accessible vestibules in the two conformations. C, changes in the [INIEDDA moment during gating conformational change.

tion. Nevertheless, these findings strongly argue for a water-
filled cavity within the helical bundle behind M2 that likely
tapers off shortly after residue 225(2") in the closed state and
also suggest a more loose packing of helices relative to each
other in the extracellular end of the channel.

DISCUSSION

A complete understanding of ion channel structure-function
relationships mandates high resolution structural information
of the channel in different functional states. Although the pore
structures of ligand-bound GLIC (2, 4) and GluCL (38) are sim-
ilar to each other and closely comparable with the unliganded
nAChR conformation, they are distinctly different from the
unliganded ELIC structure (3). There are two major questions
that arise: first, what conformational rearrangements underlie
GLIC activation and does the closed state of GLIC more closely
resemble ELIC or nAChR structure? A closer resemblance to
ELIC would imply that GLIC undergoes much larger protein
motions during activation, whereas similarity to nAChR would
mean GLIC experiences more subtle changes. Second, to what
functional state of GLIC gating does the crystal structure cor-
respond? It is well known that in eukaryotic LGIC channels, the
conformational changes leading to transitions between the
closed, open, and desensitized states are critically governed by
membrane lipid composition (39 —42). We previously showed
that GLIC function is also modulated by membrane lipids in an
analogous way (12). Based on these functional measurements
and using conditions that favor channel activation and desen-
sitization, we measured protein movements in the M2 regions
that underlie these gating events. The EPR data of GLIC in
acidic pH show general similarities with the overall arrange-
ment of M2 as seen in the crystal structures, especially in the
wide open extracellular and tightly packed intracellular end (2,
4). Minimal changes in the EPR signal in the region between
—2' to 2" compared with the closed and open/desensitized
states suggest that there are minimal structural rearrange-
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ments, and GLIC maintains a narrow pore in this region during
gating. A model of narrow intracellular constriction is also con-
sistent with findings from substituted cysteine accessibility
studies (43) and from measurements of single channel block by
protonation of ionizable residues in the pore (43, 44). The more
striking findings from our studies are the differences evident in
the polar midregion that appears to be more constrained than
in the crystal structure. Based on low steady-state currents in
macroscopic recordings under similar conditions (12), we sug-
gest that these differences likely indicate a more pronounced
desensitized state on the membrane. Comparing the two con-
formations monitored by EPR with the currently available
structures of GLIC trapped in its putatively open (2, 4) and
locally closed state (9) reveal insights into the activation mech-
anism. In the closed conformation, pore-facing residues at the
extracellular end in GLIC experience a motionally restricted,
solvent-excluded environment, similar to the residues at the
intracellular end. Therefore, channel closure in GLIC (Fig. 6)
involves movement of the external M2 regions closer together,
in a way depicted by the ELIC structure and in agreement with
the recently crystallized locally closed GLIC structure (9). The
locally closed structure of GLIC, achieved by cysteine bridges in
the extracellular end of M2, shares most of the features of the
potentially open structure except a locally closed pore (9).
Increased solvent accessibility observed beyond the 9’ is also
consistent with a bend at this position both in this conforma-
tion of GLIC and the ELIC structure. In the closed confor-
mation, the M2 segment is tightly packed between —2' to 2’
position with the rest of the protein, thereby limiting access to
solvent. In contrast to ELIC, the helical packing in GLIC in the
closed conformation creates a deep water-accessible vestibule
behind M2 that extends roughly to the middle of the membrane
(closer to the 2’ position). Substituted cysteine accessibility
measurements in GLIC also show accessibilities that reflect a
loosely packed M2 on the membrane (11), and the locally closed
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MZII M2 I MZ\
Closed —— Open —— Desensitized

FIGURE 6. Schematic representation of speculative gating motions in M2
during transitions between closed, open, and desensitized conforma-
tions. The blocks represent the hydrophobic (red), the polar (blue), and the
charged selectivity filter region (gray).

structure of GLIC also reveals a much wider vestibule within
the transmembrane segments (9). Furthermore, the NiIEDDA
accessibility of 15’ residue (facing away from the pore lumen) in
both the closed and desensitized conformations is interesting
and is consistent with water exposure of the equivalent position
in nAChR, GABA ,, and glycine receptors (44 —46). The water-
filled vestibule lined by the 15’ residue has been implicated in
anesthetic and alcohol modulation in this class of channels (15—
17, 45, 46).

Despite decades of extensive investigation, mechanisms
underlying desensitization remains poorly understood. Desen-
sitization in LGIC (47) is thought to play diverse roles, from
governing neural networks associated with memory and learn-
ing process (48, 49) to regulating non-neuronal cell functions
such as cell growth control and modulation of immune
response (50). Abnormalities in desensitization underlie several
disease conditions such as autosomal dominant nocturnal fron-
tal lobe epilepsy and congenital myasthenic syndrome and have
also been implicated in nicotine addiction and lung cancer (51—
56). In particular, positive allosteric modulators of nAChR,
which potentiate channel function by slowing desensitization,
are being developed as a possible therapeutic strategy in the
treatment of Alzheimer disease, schizophrenia, depression, and
pain (50, 57). However, the mechanisms by which agonists and
allosteric ligands modulate structural changes that lead to
channel opening and desensitization remain unclear. Our find-
ings suggest that the desensitization gate involves residues
between 2'-9" coming closer to occlude permeation such that in
the desensitized conformation the narrow part of the channel
extends from the selectivity filter further until the 9’ region
(Fig. 6). In remarkable agreement, cysteine reactivity to modi-
fying agents in this region of nAChR was found to decrease
during desensitization (43), suggesting that barrier to conduc-
tion extends below the 9’ position. We previously showed that
binding of lidocaine not only blocks GLIC currents in a voltage-
dependent manner but also slows desensitization (12). Crystal
structure of GLIC in the presence of lidocaine analogue reveals
a binding site in M2 such that the polar group and the hydro-
phobic tail might interact with the 6’ and 9’ positions, respec-
tively. Consistent with our earlier suggestion, the effect of
lidocaine on GLIC desensitization might be through a “foot-in-
the-door” type of mechanism (58), where binding of lidocaine
prevents the 6'—9' region from coming closer. Furthermore,
the 9’ position is highly conserved across the LGIC family and
mutations at the 9’ residue in several LGIC members, including
GLIC, affecting desensitization and lidocaine binding (34,
59-61). It is also interesting to note that the GLIC structure in
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the putative open state reveals a bundle of six detergent mole-
cules (dodecylmaltoside n-dodecyl-3-p-maltopyranoside) within
the pore such that one molecule per subunit interacts with the
hydrophobic rings of GLIC, and the other molecule is oriented
in the opposite direction close to the 6'—9" positions (4). Bind-
ing of hydrophobic blockers in the pore region alters channel
gating properties, and therefore, it is indeed likely that these
bulky molecules might play a role in stabilizing putative open
conformation of the channel. Overall, the presence of distinct
activation and desensitization gates are in line with earlier pre-
dictions in nAChR (62, 63).

Although our techniques provide unique advantage to inves-
tigate structural changes in a membrane environment that also
allows for simultaneous functional measurements, there are
indeed several caveats that need to be taken into consideration,
particularly those arising as a consequence of cysteine muta-
tions and introduction of spin label. Further complexities also
arise from differences in the extent of labeling in the narrow
parts of the channel. Nevertheless, these findings set the stage
for a thorough understanding of protein motions underlying
gating and modulation in GLIC.

In summary, we show details of GLIC activation and desen-
sitization mechanism in a membrane bound environment that
facilitates these conformational transitions. Structural changes
associated with gating in GLIC mirror many conserved features
within the LGIC family and therefore offer a convenient tool to
pair up detailed structure-functional studies in this class of
channels.
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