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ABSTRACT

Background: Identifying functionally relevant anesthetic-binding sites in pentameric ligand-gated ion channels (pLGICs) is
an important step toward understanding the molecular mechanisms underlying anesthetic action. The anesthetic propofol is
known to inhibit cation-conducting pLGICs, including a prokaryotic pLGIC from Erwinia chrysanthemi (ELIC), but the sites
responsible for functional inhibition remain undetermined.

Methods: We photolabeled ELIC with a light-activated derivative of propofol (AziPm) and performed fluorine-19 nuclear
magnetic resonance experiments to support propofol binding to a transmembrane domain (TMD) intrasubunit pocket.
To differentiate sites responsible for propofol inhibition from those that are functionally irrelevant, we made an ELIC-y-
aminobutyric acid receptor (GABA,R) chimera that replaced the ELIC-TMD with the a133GABA,R-TMD and compared
functional responses of ELIC-GABA,R and ELIC with propofol modulations.

Results: Photolabeling showed multiple AziPm-binding sites in the extracellular domain (ECD) but only one site in the
TMD with labeled residues M265 and F308 in the resting state of ELIC. Notably, this TMD site is an intrasubunit pocket
that overlaps with binding sites for anesthetics, including propofol, found previously in other pLGICs. Fluorine-19 nuclear
magnetic resonance experiments supported propofol binding to this TMD intrasubunit pocket only in the absence of agonist.
Functional measurements of ELIC-GABA R showed propofol potentiation of the agonist-elicited current instead of inhibi-
tion observed on ELIC.

Conclusions: The distinctly different responses of ELIC and ELIC-GABA R to propofol support the functional relevance of
propofol binding to the TMD. Combining the newly identified TMD intrasubunit pocket in ELIC with equivalent TMD
anesthetic sites found previously in other cationic pLGICs, we propose this TMD pocket as a common site for anesthetic

inhibition of pLGICs. (ANESTHESIOLOGY 2016; 124:664-73)

ENTAMERIC ligand-gated ion channels (pLGICs)

are molecular targets of general anesthetics.” Anes-
thetic binding often inhibits agonist-elicited currents of e Pentameric ligand-gated ion channels (pLGICs) are important
cation-conducting pLGICs, such as excitatory nicotinic targets foT most genergl aln(‘esthetlics, including propofol
acetylcholine receptors (nAChRs), but potentiates func- ¢ égﬁ;ﬂig;ﬁg:i@%Jggfgpcfct;%]éconducmg pLGICs and
tions of anion-conducting pLGICs, such as inhibitory

What We Already Know about This Topic

Y-aminobutyric acid receptors (GABA,Rs)."? To under- What This Article Tells Us That Is New
stand how general anesthetics modulate functions of e Using ELIC, a prokaryotic pLGIC from Erwinia chrysanthemi,
pLGIC:s requires the knowledge of anesthetic-binding sites as a model, propofol is shown to bind in a transmembrane

intrasubunit pocket that overlaps anesthetic-binding sites
previously identified in other pLGICs

The functional relevance of this binding site is demonstrated
ally relevant anesthetic sites in pLGICs will also benefit by analysis of chimeric receptors, which suggests that the

rational design of new generation anesthetics that have bet- transmembrane intrasubunit site is a common binding site for
o . 34 anesthetic inhibition of cationic pLGICs
ter specificity and fewer unwanted side effects.>
Both experimental and computational approaches have
been used in the past for identifying anesthetic-binding domain (TMD)'>!%1¢ in crystal structures of pLGICs.
sites.>!” Anesthetics have been found to bind to both the = Anesthetic-binding sites in the pore and the intracellular
extracellular domain (ECD)" and the transmembrane region have also been suggested by site-directed mutagenesis,

in these channels, especially those binding sites that render
functional changes in pLGICs. A clear map for function-
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electrophysiology measurements, and photoaffinity label-
ing,20-2¢

often observes multiple anesthetic-binding sites.
Thus, the success of finding multiple anesthetic-binding sites

has introduced a more challenging question: which specific

For a given anesthetic in a particular protein, one
5,6,9,12,25

site or sites among all those identified is responsible for func-
tional modulation?

With the accumulation of information regarding
anesthetic-binding sites in pLGICs, it becomes notable
that anesthetics frequently bind to the same region of
different pLGICs. For example, propofol and desflurane
bound to an intrasubunit pocket in the TMD of GLIC,!%14
a prokaryotic pLGIC from Gloecobacter violaceus. An
intrasubunit site within the &-subunit helix bundle
of nAChRs was also found for binding propofol,'!
2425 and halothane.?® The frequent occurrence
of anesthetic binding to this region raises the question as
to whether a common anesthetic site exists for inhibitory
modulations in cation-conducting pLGICs.

In this study, we determined a functionally relevant
propofol-binding site in ELIC, a cation-conducting pLGIC
from Erwinia chrysanthemi, that is structurally homologous
to mammalian pLGICs, such as nAChRs.?? Photolabel-
ing ELIC with the light-activated derivative of propofol
(AziPm)*® showed multiple AziPm-binding sites in the ECD
and an intrasubunit pocket in the TMD that overlapped
with the TMD intrasubunit anesthetic site in GLIC!®!4
and nAChRs.!''2%2¢ Fluorine-19 nuclear magnetic reso-
nance (F NMR) experiments further supported propo-
fol binding to this TMD intrasubunit pocket of ELIC in
the absence, but not in the presence, of agonist. To evalu-

etomidate,

ate the relevance of propofol-binding sites in the ECD and
TMD to functional inhibition of ELIC, we used an ELIC-
GABA,R chimera that replaced the ELIC-TMD with the
a1B3GABA,R-TMD. The chimera shows functional and
pharmacological characteristics of a133GABA, R, including
the functional potentiation by propofol. Distinctly different
responses of ELIC and ELIC-GABA R to propofol provide
supportive evidence for the functional relevance of propofol
binding to the TMD. The finding of this newly identified
TMD intrasubunit pocket in ELIC along with previously
identified equivalent anesthetic sites in other pLGICs sug-
gests that this TMD intrasubunit pocket is a common site
for anesthetic inhibition of cationic pLGICs.

Materials and Methods
ELIC Photolabeling with AziPm and Adduct Identification

A pentameric ligand-gated ion channel from Erwinia chrysan-
themi was expressed and purified as reported previously.?”283!
For photolabeling, a mixture of ELIC (1 mg/ml) and AziPm
(50 pM) was placed in a quartz cuvette (1 mm path length)
and exposed to an ultraviolet light (350 nm) for 20 min. To
determine whether propofol inhibits AziP binding, the same
labeling procedure was also performed for ELIC photolabel-

ing with [PH]AziPm (50 uM) in the absence and presence
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of propofol (approximately 400 pM, the maximum soluble
concentration). For all sample conditions, ELIC was resolved
in triplicate by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis with Coomassie G-250 staining. Each stained
band of ELIC at approximately 37 kDa was excised for adduct
identification using liquid chromatography-tandem mass
spectrometry (MS/MS) or for scintillation counting in the
case of ELIC photolabeling with [PH]AziP.

For adduct identification, samples were separated using a
C18 nanoLC column with a flow rate of 200 nl/min after tryp-
sin digestion. A 60-min water—acetonitrile gradient was used
in combination with the online electrospray into a Thermo
LTQ linear ion trap (Thermo Scientific, USA). Raw data
were acquired using XCalibur (Thermo Scientific, USA). The
mass spectra were searched against the known ELIC sequence
for tryptic peptide identification. Search parameters included
1 amu for parent and fragment ion tolerance, 0 to 1 missed
cleavage, methionine oxidation (+15.99491) as a variable modi-
fication, and cysteine alkylation (+57.02146) as a fixed modifi-
cation. Filter parameters include Xcorr scores of (+1 ion) 1.5,
(+2 ion) 2.0, (+3 ion) 2.5, ACn 0.08, and peptide probability
greater than 0.05. A mass modification corresponding to AziPm
(216.076 Da) on any amino acid of every tryptic-digested pep-
tide was then identified. The spectra of the AziPm-modified
peptides were manually inspected for verification. On identifi-
cation of modified peptides, MS/MS was used for further frag-
mentation and Sequest was used for searching b (charge retained
on the N-terminal fragment) and y (charge retained on the
C-terminal fragment) ions to localize the modified amino acid.

For scintillation counting, the gel bands were dissolved
overnight at 60°C in sealed scindillation vials containing
350 pl of 30% hydrogen peroxide. After cooling, scintilla-
tion fluid was added to each vial for counting. Data analysis
was performed using the Prism 5.0 (GraphPad, USA).

SF NMR

Single-cysteine mutations were introduced to either M265
or F308 of ELIC after mutating native C300 and C313
to alanine and serine, respectively, using the QuikChange
Lightening Mutagenesis Kit (Agilent Technologies, USA).
Expression and purification of the ELIC constructs were
conducted after the same protocols as those used for ELIC
reported previously.?””?83! 2,2 2-Trifluoroethanethiol (TET),
awidely used probe for ’F NMR,?!3? was covalently labeled
to M265C or F308C as described previously.”>* Briefly,
we added approximately 70-fold excess of TET to the puri-
fied ELIC, shook the mixture at room temperature for 4h,
and then shook it continually at 4°C overnight to complete
the reaction. Residual-free TET was removed by dialysis
and subsequent size exclusion chromatography (Superdex
200 10/300GL column; GE Healthcare, USA). The frac-
tion corresponding to the pentameric ELIC was collected
and concentrated for nuclear magnetic resonance (NMR)
measurements. Each NMR sample typically contained
50 to 100 uM ELIC, 1 mM lipids (asolectin; Sigma, USA),
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approximately 8 mM (approximately 0.4%) 7-undecyl-f3-p-
maltoside (Anatrace, USA), 75 mM NaCl, 25 mM sodium
phosphate at pH 7, and 10% D, O for the lock of deuterium
signals in NMR experiments. Spectra for desensitized ELIC
were collected in the presence of the agonist propylamine
with a concentration of 18 mM. Spectra for the determina-
tion of propofol-binding effects were collected after adding
120 uM propofol to the ELIC samples.

YF NMR spectra were recorded on a Bruker-BioSpin Avance
600 spectrometer (Bruker Corporation, USA) (*F frequency
564.6 MHz at 14 T). The chemical shifts were externally ref-
erenced to trichlorofluoromethane at 0.0 ppm. The data collec-
tion parameters included a 1-s recycle delay, a 30-ppm spectral
window with 8,192 complex points, and approximately 50,000
scans. The data were processed with an exponential function of
50 Hz line broadening and zero-filled to 32,768 points before
Fourier transformation.®® Line shape analysis was performed
using MestReNova v8.0.1-10878 software (Mestrelab Research
S.L., Spain). F NMR spectra for both residue sites were col-
lected at 283, 293, and 303 K. Spectrometer temperatures were
calibrated using a methanol standard.

Functional Measurements

Functional measurements were performed on Xenopus
laevis oocytes expressing ELIC, its mutants, and the ELIC-
GABA R chimera. The procedures involving X. laevis oocytes
were approved by the University of Pitesburgh Institutional
Animal Care and Use Committee, Protocol 14114745. The
vector pPCMV-mGFP Cterm S11 Neo Kan (Theranostech,
USA) was used for the insertion of DNA-encoding ELIC
downstream of a T7 promoter. Single-cysteine mutations were
done using the same method as that used for the NMR samples
and confirmed by DNA sequencing. The ELIC-GABA R chi-
meras were constructed using overlapping polymerase chain
reaction by fusing the ECD of ELIC ending at R199 with the
TMD and intracellular loop of the «1GABA,R starting at
K222 or the B3GABA R starting at N217. The resulting con-
structs were subcloned downstream of a T7 promoter in the
vector pCMV-mGFP Cterm S11 Neo Kan (Theranostech)
and confirmed by DNA sequencing. RNA preparation, chan-
nel expression in X. laevis oocytes, and electrophysiology mea-
surements were performed as previously reported.®!>2%% To
ensure ELIC’s functionality after TET labeling, the purified
TET-labeled ELIC was reconstituted into lipid vesicles® and
injected into oocytes (50 nl; 2 mg/ml protein) for functional
measurements. A holding potential of -60 mV was applied
to clamp oocytes. The recording solution was prepared at
pH 7.0, containing 130 mM NaCl, 10 mM HEPES, 0.1 mM
Ca?*, and the desired concentrations of ligands (agonist, pro-
pofol, or AziPm). For each construct, the data were collected
from n =5 oocytes and fit to the Hill equation for EC, or half
maximal inhibitory concentration (IC) values. Error bars in
the dose-response curves represent SEM. We used Clampex
10 (Molecular Devices, USA) for data collection and process-
ing and Prism 5.0 (GraphPad) for nonlinear regressions.
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Molecular Dynamic Simulations

Propofol docking to ELIC was done with the AUTODOCK
4.2.6 program.** Docking grids were generated that encom-
passed the residues identified by the photolabeling experi-
ment. Two hundred fifty docking structures were generated.
Propofol molecules with representative orientations at indi-
vidual sites were chosen for molecular dynamic (MD) sim-
ulations. NAMD2.9% and the CHARMM36 force field®®
were used for MD simulations of three systems: apo, propo-
fol bound to the sites in the ECD, and propofol bound to the
sites in the TMD. Each system was prepared with a crystal
structure of ELIC (pdb: 3RQU),? which was embedded in
a fully hydrated and pre-equilibrated 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine lipid bilayer. After energy
minimization and equilibration using the protocol reported
previously,'”?8 each system was simulated at a constant pres-
sure (1 atm) and temperature (310K). Other simulation
parameters include 2 fs per time step, particle mesh Ewald?®
long-range electrostatic interactions, 12 A cutoff for non-
bonded interactions, calculating bonded and nonbonded
interactions every time step, electrostatic interactions every
two time steps, and hexagonal periodic boundary conditions
with the dimensions 108 A x 108 A x 126 A. Two parallel
simulations were conducted for each system, and each simu-
lation lasted for at least 100 ns.

Statistical Analysis

For statistical analysis, the data from the photolabeling and
functional measurements were collected in triplicate and
n = 5 oocytes, respectively. The statistical analysis was per-
formed using Prism 5.0 (GraphPad, USA). Two-tailed ¢ test
analysis was used to determine the statistical significance with a
Pvalue less than 0.05. Channel current responses to agonist or
anesthetics were plotted against respective concentrations. The
dose—response data were fit to the Hill equation using nonlin-
ear regression to obtain either EC, or IC values and the Hill
slopes (7,,). These values are presented as mean + SEM.

Results

Functional State—dependent Photolabeling of a Propofol
Analog to ELIC
To identify propofol-binding sites in ELIC, we labeled ELIC
with AziPm,%® a photoactivatable analog of propofol. AziP is
known to retain propofol’s in vivo activity and modulation of
GABA, receptors.” It also retains propofol’s inhibitory effect
on GLIC and labels residues in crystallographically revealed
propofol-binding sites in GLIC'® and apoferritin.*° For ELIC,
we found that propofol and AziPm similarly inhibit the cur-
rent elicited by the agonist propylamine (fig. 1A). The results
assure the suitability of AziPm for the determination of propo-
fol-binding sites in ELIC.

Photolabeling of AziPm to ELIC was performed in the
absence and presence of the agonist, which correspond to the
closed and desensitized states of ELIC, respectively. Liquid
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Fig. 1. The light-activated derivative of propofol (AziPm)-binding sites in different functional states of ligand-gated ion channel
Erwinia chrysanthemi (ELIC). (A) Dose-response inhibition curves of ELIC with propofol (e) or AziPm (o). IC, values for propofol
and AziPm are 30.2+1.1 uM and 47.1+1.1 uM (n > 5 oocytes), respectively. The data were fit to the Hill equation and error bars
represent SEM. The inset shows representative traces of ELIC currents elicited by propylamine and inhibited by propofol and
AziPm. Representative tandem mass spectra spectra showing the peptides containing the AziPm-adducted residues (B) M265
and (C) F308. Note that the b ion or y ion is classed if the charge is retained on the N-terminal or the C-terminal peptide frag-
ment, respectively. A subscript indicates the number of residues in the peptide fragment. AziPm-bound peptide fragments are
shown as insets with adduct sites denoted in red. (D) The ELIC structure showing AziPm-labeled residues in the resting state:
Y102 (green) in the extracellular domain (ECD), M265 (magenta), and F308 (cyan) in the transmembrane domain (TMD). The TMD
intrasubunit binding pocket lined by M265 and F308 is highlighted in gray. (E) In the presence of agonist (a desensitized state),
AziPm labeled only the ECD residues: F95, G98, and Y102 (green). PA = propylamine; PFL = propofol.

chromatography/MS analysis and MS/MS spectra of the  analysis, it is possible but unlikely that there exist AziPm-
trypsin-digested samples showed peptides with a 94% cover-  labeled sites other than those reported here. Photolabeling
age of ELIC amino acids in both resting and desensitized performed under the resting-state condition revealed AziPm
states (fig. S1, Supplemental Digital Content 1, http://links.  binding to two residues in the TMD, M265 in TM3 and
Iww.com/ALN/B239). Residues photolabeled by AziPm F308 in TM4, and also the residue Y102 in the ECD (fig.
were identified by searching ELIC peptides for a modifi- 1D). In contrast, for photolabeling performed in the pres-
cation of 216.076 Da, the photoactivated mass of AziP. ence of agonist, a presumed desensitized condition, AziPm
Figure 1, B and C shows representative MS/MS spectra for  labeled residues F95, G98, and Y102 in the ECD but no
the identified peptides containing AziPm-labeled M265 and residue in the TMD (fig. 1E). The data suggest that AziPm
F308, respectively. Supplemental Digital Content 1 (tables  binding to the TMD favors the resting state of ELIC. More-
SIA and S1B), heep://links.lww.com/ALN/B239, shows a over, the two photolabeled residues in the TMD (M265 and
detailed analysis for the detected b and y ions reported in ~ F308) line an intrasubunit pocket (fig. 1D) that is homolo-
figure 1, B and C. MS/MS spectra of other AziPm-labeled  gous to the previously reported anesthetic-binding pocket
ELIC peptides are provided in figure S2 (Supplemental Dig-  (fig. S3, Supplemental Digital Content 1, htep://links.Iww.
ital Content 1, http://links.lww.com/ALN/B239). Because com/ALN/B239) in GLIC'®' and in nAChRs.>7!11:24-26
94% of the ELIC sequence was recovered in the mass  The frequent observation of anesthetic binding to this site
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suggests that it may be a common site for anesthetic binding
and inhibition of cationic pLGICs.

We also labeled ELIC with [PH]AziPm in the absence
and presence of propofol. The results (fig. S4, Supplemental
Digital Content 1, http://links.lww.com/ALN/B239) show
that the [*H]AziPm photolabeling was significantly inhib-
ited by the presence of propofol (P = 0.0053) and suggest
that AziPm and propofol share the same binding site.

Propofol Binding to the TMD Intrasubunit Pocket in ELIC
Our photolabeling results indicate propofol binding to the
TMD intrasubunit pocket in the resting state of ELIC.
Although AziPm has a similar inhibitory effect as propofol
on ELIC, they are nevertheless not identical. Therefore, we
further performed 'F NMR to determine whether propofol
binds to the same site as AziPm in the TMD as identified by
photolabeling. F NMR is a sensitive method that has been
widely used to determine changes in protein structures and
dynamics induced by ligand binding,?!-3%38

For F signal detection, we made single-cysteine con-
structs (M265C and F308C) for covalently tagging ELIC
with TET, a commonly used probe for YF NMR.3!3? The
functions of the single-cysteine constructs and the TET-
labeled ELIC were ensured by two-electrode voltage clamp
measurements on X. laevis oocytes expressing the single-
cysteine ELIC (fig. S5A, Supplemental Digital Content 1,
hetp://links.lww.com/ALN/B239) and the TET-labeled
ELIC that was reconstituted into lipid vesicles and directly
injected into oocytes (fig. S5B, Supplemental Digital Con-
tent 1, htep://links.lww.com/ALN/B239).

F NMR spectra (fig. 2) were collected for each construct
in the absence and presence of propofol in the presumed
resting (without agonist) and desensitized (with agonist)
states. In the resting state, a single "’F NMR peak with a
narrow linewidth was observed for both residues (fig. 2, A
and B, blue). Residues readily accessible to solvent tend to
have a single narrow peak, and the ’F NMR peak linewidth
reflects the side-chain mobility.*! A decrease in the side-
chain movement would cause an increase in the ’F NMR
peak linewidth. This increase in linewidth was observed after
we added the agonist propylamine to ELIC (fig. 2, A and B,
green). Conformational changes due to desensitization may
alter the TMD intrasubunit pocket and introduce motional
restriction on residues lining the pocket, including residues
265 and 308.

We further investigated whether and how propofol bind-
ing affected this TMD pocket. In the absence of agonist,
propofol binding induced changes in both the "F NMR
linewidth (approximately 50-Hz increase) and the chemical
shift (fig. 2, C and D, red), reflecting an alteration in the
binding environment and motion of pocket residues. In con-
trast, adding propofol to the desensitized ELIC produced no
change in chemical shift and peak linewidths (fig. 2, E and E
orange). The ”F NMR results are consistent with the finding
from the photolabeling experiments that propofol binds to
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the TMD site in the resting state but not in a desensitized
condition (fig. 1).

Temperature coeflicients, derived from chemical shifts
collected at various temperatures (fig. 2G), also reflect
changes in solvent exposure and ligand binding. Residue 265
is closer to the ECD-TMD interface than residue 308 and
has a higher probability to be exposed to solvent. Thus, it has
a greater temperature coefficient than residue 308 (fig. 2H,
solid). We found that temperature coeflicients for both resi-
dues 265 and 308 decreased in the presence of propofol (fig.
2H, dash), suggesting a plausible solvent-shielding effect on
propofol binding. A greater decrease in temperature coeffi-
cient on propofol binding in residue 265 than residue 308 is
notable, consistent with different solvent accessibilities and
shielding effects of these two residues.

Taken together, the F NMR results provide support-
ive evidence for propofol binding to the TMD intrasubunit
pocket lined by residues 265 and 308 in the resting state of
ELIC.

Functional Relevance of the TMD Pocket to Propofol
Inhibition of ELIC

We investigated the functional relevance of propofol bind-
ing to the TMD intrasubunit pocket through three sets of
experiments. First, compared with propofol inhibition of
ELIC (IC,; = 30.2+1.1 pM), we found that the M265C
and F308C mutants had notable right shifts of their pro-
pofol inhibition curves and their IC, values increased to
50.5+1.1 uM and 102.4+1.2 puM, respectively (fig. 3A).
Clearly, altering this TMD intrasubunit pocket reduced
inhibitory effects of propofol at a given concentration. Sec-
ond, we noticed that preincubating oocytes with propofol or
AziPm increased the inhibitory effect on ELIC (fig. 3B). The
preincubation data alone cannot differentiate whether propo-
fol binding to the TMD or the ECD predominates the ELIC
inhibition but indicates that propofol binds ELIC in the
resting state and stabilizes the closed-channel conformation,
thereby preventing the channels from opening. Although the
preincubation data echo the results that AziPm and propofol
bind to the TMD intrasubunit pocket favorably in the rest-
ing state (figs. 1 and 2), the propofol labeling of Y102 in the
ECD (fig. 1D) complicates the source of additional inhibi-
tion through preincubation. Thus, we used the ELIC-GAB-
A,R chimera to determine the role of the TMD in propofol
inhibition of ELIC. ELIC-GABA,R has the ECD of ELIC
and the TMD of the human a1B3GABA R. As expected,
the agonist propylamine of ELIC activates ELIC-GABA,R
(fig. S5C, Supplemental Digital Content 1, http://links.lww.
com/ALN/B239). The ELIC-GABA,R chimera also shows
inhibition by picrotoxin and zinc (fig. S5D, Supplemen-
tal Digital Content 1, htep://links.lww.com/ALN/B239),
which has been observed on both GABA,Rs and ELIC.%*-
“ An intriguing difference between ELIC-GABA,R and
ELIC, however, lies in their functional responses to propo-
fol. At the same effective agonist concentrations, propofol
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Fig. 2. "F NMR showed propofol binding to the transmembrane domain intrasubunit pocket of pentameric ligand-gated ion
channel from Erwinia chrysanthemi (ELIC) only in the resting state. (A and B) The agonist propylamine (18 mM) binding (green)
broadened the '°F NMR linewidths of sites 265 and 308 compared with the linewidths in the absence of agonist (blue). (C and
D) The addition of propofol (120 uM) caused downfield shift and approximately 50-Hz increase in the linewidth of the '°F NMR
peaks (red) compared with that in the apo ELIC (blue). (E and F) Under desensitized conditions (green), no change was observed
in the 'F NMR spectra upon the addition of propofol (orange). (G) Temperature dependence of the '°F chemical shift for site 265
in the absence (blue) and presence (red) of propofol. (H) Temperature coefficients calculated based on the experiments as shown
in (G) for sites 265 (magenta) and 308 (cyan) in the absence (solid) and presence (hash) of propofol. PFL = propofol.

inhibits the currents of ELIC but potentiates the currents  though propofol likely binds to the ECD of ELIC-GABA R
of ELIC-GABA,R (fig. 3C). ELIC-GABA,R clearly resem- as it does to ELIC. The transformation from propofol inhi-
bles GABA,Rs in response to propofol modulation,* even  bition to potentiation by replacing the TMD suggests that
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Fig. 3. Functional relevance of the transmembrane domain (TMD) intrasubunit propofol-binding pocket. (A) Mutations to the
TMD intrasubunit pocket decreased propofol sensitivity. Propofol inhibition curves were collected at the EC,, concentration of
propylamine (PA), and data were fit to the Hill equation. IC,, values are 50.5+1.3 uM for M265C (open triangles), 102.4+1.2 uM
for F308C (squares), and 30.2+1.1 uM for pentameric ligand-gated ion channel from Erwinia chrysanthemi (ELIC) (circles). Data
are for n > 5 oocytes and error bars represent SEM. (B) Representative traces showing that preincubation of oocytes with pro-
pofol (top) or a light-activated derivative of propofol (AziPm) (bottom) increased the maximum inhibition of ELIC. (C) Representa-
tive traces comparing propofol inhibition of ELIC and potentiation of the ELIC-GABA,R chimera at EC, and EC,, of the agonist
PA. Replacing the ELIC-TMD with that of a1B3GABA,R drastically changed the channels’ functional response to propofol. The
result highlights the functional relevance of the TMD-binding site. More functional data are provided in figure S5 (Supplemental
Digital Content 1, http://links.lww.com/ALN/B239). GAB,R = y-aminobutyric acid receptor; PA = propylamine; PFL = propofol.

propofol binding to the TMD dominates the functional
consequences. Such a determinant role of the TMD was also
observed in our previous study with the ELIC-07nAChR
chimera, which shows the same functional response to pro-
pofol as the native a7nAChR but is markedly different from
ELIC.®

We also notice that the different response to propofol
between ELIC-GABA,R and ELIC remains even at a high
effective agonist concentration (greater than or equal to
EC, ), where ELIC-GABA,R shows diminishing potentia-
tion by propofol (fig. S5C, Supplemental Digital Content 1,
heep://links.lww.com/ALN/B239) but ELIC is still inhibited
substantially by propofol.'?
Molecular Details of Propofol Binding Revealed by MD
Simulations
We performed MD simulations of ELIC (PDB code:
3RQU)* in the absence and presence of propofol bound to
the TMD site suggested by photolabeling and F NMR.
Most propofol molecules docked into the TMD pockets
remained stable over the course of two parallel MD simula-
tions (fig. S6A and S6B, Supplemental Digital Content 1,
http://links.lww.com/ALN/B239). Residues within 3 A of
propofol are both hydrophobic and hydrophilic, forming
an amphipathic-binding pocket (fig. 4A). In the absence of
propofol, water molecules occupied the pocket in the simu-
lations (fig. 4B). Propofol was also docked to the photolabel-
ing-predicted ECD sites involving residues Y102, G98, and
F95 (fig. S6C, S6D, and SGE, Supplemental Digital Con-
tent 1, htep://links.lww.com/ALN/B239). Most propofol
molecules in the ECD were stable in their docked sites over
the course of the MD simulations, but propofol near residue
G98 showed unstable binding in one of the MD simulations
(fig. S6D, Supplemental Digital Content 1, http://links.
lww.com/ALN/B239).

Anesthesiology 2016; 124:664-73

We compared root mean square fluctuations of ELIC
in the three simulation systems and noticed several
results (fig. 4, C and D). Propofol binding to the TMD
intrasubunit pocket reduced motional flexibility of the
upper half of the TM2 and TM3 helices (fig. 4C and fig.
S7A and S7B, gray box, Supplemental Digital Content 1,
heep://links.Ilww.com/ALN/B239). The reduced flexibility in
this region may affect the pore conformational transitions
from the resting to other functional states. For the same
TM2 and TM3 regions, independent simulations with pro-
pofol bound only to the ECD (fig. 4D and fig. S7C and
S7D, gray box, Supplemental Digital Content 1, http://
links.Iww.com/ALN/B239) displayed nearly the same
root mean square fluctuations as observed in the simula-
tions of APO ELIC. It is also worth mentioning that TM4
showed a much higher flexibility than the other TM helices
(fig. 4C-D and fig. S7, Supplemental Digital Content 1,
htep://links.lww.com/ALN/B239). A structural comparison
shows that the TM4 helix tilts outward by approximately
7° upon propofol binding (fig. S8, Supplemental Digital
Content 1, http://links.lww.com/ALN/B239). This inher-
ent flexibility of TM4 may contribute to the conformational
plasticity of the intrasubunit pocket, thereby allowing this
pocket to be amenable to drug-binding events.

Discussion

We have taken multiple approaches and determined a
functionally relevant propofol-binding site in the TMD of
ELIC. Interestingly, this newly identified TMD intrasubunit
propofol-binding pocket in ELIC overlaps with the sites
reported for binding propofol and other anesthetics in
GLIC'™" and nAChRs.>711:2426 The repeat occurrence
of this location for binding anesthetics in different cation-
conducting pLGICs suggests that this is a common pocket
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Fig. 4. Propofol binding visualized by molecular dynamic
(MD) simulations. (A) The transmembrane domain (TMD)
intrasubunit binding pocket contains both hydrophobic
(white) and hydrophilic (green) residues. The docked propofol
is shown in yellow surface. (B) Water molecules (red) occu-
pied the TMD intrasubunit pocket in the absence of propo-
fol in MD simulations. (C) Comparisons of root mean square
fluctuations (RMSFs) calculated from MD simulations for APO
pentameric ligand-gated ion channel from Erwinia chrysan-
themi (ELIC) (blue) versus ELIC bound with propofol in the
TMD intrasubunit pocket (orange) or (D) versus ELIC bound
with propofol in the extracellular domain (red). The gray box in
(C) highlights reduction of motional flexibility in the TM2 and
TMBS helices in the presence of propofol. The same region in
(D) shows little change. More details are provided in figures
S6 and S7 (Supplemental Digital Content 1, http://links.lww.
com/ALN/B239).

for mediating inhibitory effects. Note that such an anesthetic
inhibitory site in the TMD has been reported only for the
cation-conducting pLGICs.>710.111424-26 Severa] features of
this intrasubunit pocket may contribute to the functional rel-
evance of anesthetic binding to the pocket. This pocket is bor-
dered by the ECD and TMD interface that is known to play
an important role in allosteric modulation of channel func-
tions.?? This pocket is also behind the pore-lining TM2 helix.
Anesthetic binding could reduce TM2 flexibility, as shown in
figure 4C, and thereby potentially add resistance to confor-
mational transitions between functional states. In addition,
the amphipathic nature of the TMD intrasubunit pocket (fig.
4A) is favored by general anesthetics.”>*® Furthermore, the
highly flexible TM4 helix (fig. 4C and fig. S7, Supplemental
Digital Content 1, http://links.lww.com/ALN/B239) pro-
vides plasticity to the pocket and allows it to accommodate
anesthetics of varied molecular sizes. Altogether, this pocket is
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both functionally relevant for anesthetic inhibition and struc-
turally feasible for hosting a variety of anesthetic molecules.
Our study has demonstrated that propofol binding to the
TMD intrasubunit pocket depends on the functional states
of ELIC. Specifically, propofol binds to the TMD pocket
in the resting state of ELIC but not in a desensitized state.
The difference in binding between the two states implies a
considerable change in the pocket conformation from one
state to another. Our recent ’F NMR and ESR studies®!
found widening of the extracellular pore entrance underly-
ing ELIC desensitization that was associated with the out-
ward tilting of the upper region of the TM2 helix. Such
tilting could be one of the changes induced by desensitiza-
tion that alters the TMD intrasubunit drug-binding pocket
and disrupts propofol binding. The preferential binding of
propofol to a functional state varies among pLGICs. In the
case of GLIC, propofol binding to the TMD intrasubunit
pocket was observed at a low pH,!®!* a condition that ren-
ders GLIC either open or desensitized. For a muscle-type
nAChR, propofol bounds to the TMD intrasubunit pocket
of the 6 subunit only under desensitization conditions.!! It
is axiomatic that the preference of a functional state for pro-
pofol binding is determined by the pocket conformation in
that given state. The discovery that propofol binds to the
TMD intrasubunit site in the resting state of ELIC suggests
an inhibitory mechanism, in which anesthetic binding to a
pLGIC in the resting state stabilizes a closed-channel con-
formation and thereby adds resistance to channel activation.
The consensus that multiple anesthetic-binding sites exist
in a given pLGIC has emerged in recent years.”'>!® Among
multiple anesthetic-binding sites found in a protein, it is nec-
essary to determine which site is relevant to the functional
modulation by anesthetics, either inhibition or potentiation.
In the current study with ELIC, we have demonstrated an
effective approach of using an engineered chimera to differen-
tiate a functionally relevant propofol-binding site in the TMD
from other binding sites in the ECD. The observed propofol
potentiation of ELIC-GABA R versus the propofol inhibition
of ELIC highlights a critical role of the TMD in channel func-
tional modulation by propofol. We previously also made an
ELIC-07nAChR chimera, which has the ECD of ELIC and
the TMD of a7nAChR.?’ We found that ELIC-a.7nAChR
was as insensitive to propofol as 07nAChR.?’ Because ELIC,
ELIC-07nAChR, and ELIC-GABA,R have the same ECD,
their drastically different functional responses to propofol
binding must predominantly result from the differences in the
TMD, even though we do not rule out the possibility that
the propofol molecules bound to the ECD also participate in
functional modulation with a much smaller impact. Separate
studies are required to find out where propofol binds to the
TMD of ELIC-a13GABA R and ELIC-0.7nAChR, as well
as how propofol generates functional effects on these chime-
ras different from the effect on ELIC, although propofol has
been reported to bind to the TMD intersubunit pockets of
a1B3GABA,R."* Within the scope of the current study, these
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chimeras have served the purpose of assisting in determining
which site is more functionally relevant. The chimera results
also added compelling evidence to support the hypothesis
that most functionally relevant sites for anesthetic binding are
located in the TMD, even though exceptions exist.!> Based

on the findings from the current and previously published

5,7,10,11,14

studies, we anticipate the emergence of additional

evidence to support the existence of a common anesthetic
inhibitory site in cation-conducting pLGICs.
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