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SUMMARY: Pentameric ligand-gated ion channels have been identified as the principal target of General Anesthetics  
(GA), whose molecular mechanism of action remains poorly understood. Bacterial homologues, such as the Gloeobac- 
ter violaceus receptor (GLIC), have been shown to be valid functional models of GA action. The GA bromoform inhibits  
GLIC at submillimolar concentration. We characterize bromoform binding by crystallography and molecular dynamics  
(MD) simulations. GLIC’s open form structure identified three intra-subunit binding sites. We crystallized the locally- 
closed form with an additional bromoform molecule in the channel pore. We systematically compare binding to the mul- 
tiple potential sites of allosteric channel regulation in the open, locally-closed and resting forms. MD simulations reveal  
differential exchange pathways between sites from one form to the other. GA predominantly access the receptor from  
the lipid bilayer in all cases. Differential binding affinity among the channel forms is observed: the pore site markedly  
stabilizes the inactive vs. active state.  

Introduction  

Neurotransmitters and their receptors mediate fast signal transmission in the central and peripheral nervous systems.  
Pentameric ligand-gated ion channels (pLGICs) play a major role in this process and are among the targets of general  
anesthetics (Franks and Lieb, 1994). This large family of receptors can be divided in cation-selective channels such as  
the muscle-type nicotinic acetylcholine receptor (nAChR) with excitatory action and anion-selective channels such as  
the gamma-aminobutyric acid receptor (GABAAR) with an inhibitory effect on neurotransmission (Corringer et al., 2012).  
General anesthetics (GA) at clinical concentrations act differently on both classes of receptors (Forman and Miller,  
2011): they enhance inhibitory receptors (Hales and Lambert, 1991; Harrison et al., 1993; Study and Barker, 1981) and  
inhibit excitatory ones (Flood et al., 1997; Raines et al., 1995). These transmembrane receptors contain a pentameric  
subunit arrangement, with subunits divided into an extracellular (ECD) domain, a transmembrane domain (TMD), and,  
only in eukaryotes, an intracellular domain (Fig. 1A). The binding of neurotransmitters to the ECD allosterically triggers  
the opening transition in the TMD.   

Electrophysiology and photo-labeling studies identified a potentiating GA binding site at subunit interfaces in the  
TMD, referred to as inter-subunit (IS) cavity (Mihic et al., 1997). Affinity-labelling studies of the GABAA receptor provid- 
ed more detail on this IS cavity (Jayakar et al., 2014; Yip et al., 2013), corroborated by the crystal structure of the re- 
ceptor presenting a large cavity precisely at the IS location (Miller and Aricescu, 2014). A structural interpretation on  
propofol binding followed (Franks, 2015), substantiated by a mutational study (Eaton et al., 2015). The recent cryo- 
microscopy structures of zebrafish GlyR show that ivermectin may come close to this cavity as well (Du et al., 2015).  

In cationic ion channels, the situation is far less clear. Several additional locations with inhibitory function have been  
identified within the TMD subunit (Chiara et al., 2003), in the pore (Dilger et al., 1992; Nirthanan et al., 2008) and in the  
ECD (Chiara et al., 2003). Until recently, the lack of high-resolution structures impeded a detailed molecular interpreta- 
tion of these observations, human pLGICs being notoriously difficult to crystallize. Turning to prokaryotic homologues  
lead to the determination of the structures from Erwinia chrysanthemi ELIC (Hilf and Dutzler, 2008) and from Gloeobac- 
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ter violaceus GLIC (Bocquet et al., 2009; Hilf and Dutzler, 2009; Prevost et al., 2012; Sauguet et al., 2014), paving the  
way for structural and mechanistic investigations. These bacterial homologs are expected to be very similar to human  
forms in terms of structure and pharmacology (Corringer et al., 2012; Sauguet et al., 2013a), making them a model of  
choice to investigate GA action. Indeed, submillimolar concentrations of bromoform inhibit wild-type GLIC (Sauguet et  
al., 2013a), as do other GAs, in a way similar to that of heteromeric nAchRs (Weng et al., 2010). More generally, it was  
shown that mechanistic aspects such as desensitization are conserved between pLGICs of prokaryotic and eukaryotic  
origin (Velisetty and Chakrapani, 2012). GLIC is an attractive and unique model system to decipher the molecular  
mechanism of GA as it has been crystallized in open (Bocquet et al., 2009; Hilf and Dutzler, 2009), locally-closed  
(Prevost et al., 2012) and the resting states (Sauguet et al., 2014). The locally-closed form matches the description of a  
postulated intermediate between the resting and active forms, namely an agonist-bound but inactive form, sometimes  
called a pre-activation form (Gielen et al., 2015). We need to appreciate how binding to a given receptor modifies the  
allosteric equilibrium between the resting (closed), active (open) and desensitized states. This objective requires struc- 
tural and dynamical data missing until now, such as a description of GA binding to the different conformational states of  
the same receptor. Previously available structural data comprises several crystal structures of the bacterial pLGICs co- 
crystallized with GAs such as propofol, desflurane, ketamine and bromoform (Nury et al., 2011; Pan et al., 2012;  
Sauguet et al., 2013a; Spurny et al., 2013).The first structures of bacterial pLGIC showed GAs desflurane and propofol  
to bind to the open channel state in the TMD, to an intrasubunit site that we call DP close to the pore-lining M2 helices  
(Fig. 1B)(Nury et al., 2011). Bromoform adopted three distinct poses within the same cavity (Sauguet et al., 2013a): the  
first two are membrane-exposed and will be collectively referred to as DP-exp (the original DP site and the partially  
overlapping site DP’ that lies closer to the M1 helix) while the third one is inserted deeper in the cavity (DP-deep), be- 
tween the M1 and M2 helices (Fig. 1B). The DP site has been validated by affinity labeling techniques (Chiara et al.,  
2014). Based on accessibility of the residues bordering the DP site to cysteine-specific probes, Ghosh et al. (Ghosh et  
al., 2013) showed that the corresponding cavity is modified by GA binding and that the resting state of GLIC does not  
bind GAs in the DP site, consistent with the observation that the DP site is remodeled in the resting state crystal struc- 
ture of GLIC (Sauguet et al., 2014). The pore of the ion channel is another region linked to inhibition that is likely to bind  
anesthetic molecules. Channel blockers are known to bind there as documented by bromo-lidocaine observed in  
GLIC's pore in a 3.50 Å resolution crystal structure (Hilf et al., 2010). Bromoform binding to the pore site was shown for  
the ELIC channel, as well as in two other sites: the inter-subunit region and the ECD (Spurny et al., 2013). A table  
summarizing crystal structures of GA bound to GLIC is provided as Table S1. How these structurally identified binding  
sites contribute to receptor inhibition remains an open question.  

In addition to structural investigations, molecular dynamics (MD) simulations provide dynamic molecular-level details  
of GA binding to pLGICs. Using free energy calculations, the dual modulation for GLIC wild-type (inhibition) vs. a mu- 
tated variant (potentiation) was quantified (Bromstrup et al., 2013). Inhibition was attributed to the native DP intra- 
subunit site. It has since been shown that the DP site features several binding poses and additional sites have been  
attributed to inhibition as well. Using MD simulations, Nury et al. proposed a propofol binding site between subunits  
(Nury et al., 2011), described as “linking tunnel” connecting site DP-deep from a given subunit to an inter-subunit cavity  
formed with the adjacent subunit. We will call this site DP-tunnel (Fig. 1B). Mowrey et al. (Mowrey et al., 2013) pro- 
posed that asymmetric binding in the intra-subunit pocket would facilitate the gating transition to the resting state of  
GLIC, contrary to the symmetric binding to all five subunits. Brannigan et al. (Brannigan et al., 2010) proposed a multi- 
site model for isoflurane binding, with a particular interest for a pore binding site, based on simulations in an over- 
saturated anesthetic solution. Such simulations, here referred to as "flooding", enhance the sampling of accessible  
binding sites and poses. A subsequent study (LeBard et al., 2012) used free energy perturbation calculations to predict  
binding affinity in the pore, and hypothesized that propofol may act as pore blocker on GLIC. Willenbring et al. scanned  
GLIC for isoflurane binding sites and assessed how binding affects the structure and dynamics of the channel  
(Willenbring et al., 2011). A comparison of GLIC wild-type with a quadruple mutant suggested that tuning the pore-lining  
M2 helix tilt renders the channel insensitive to propofol (Chen et al., 2010a).   

Whereas experimental and computational investigations seem to converge on the role of the potentiating IS binding  
site in anionic channels, the molecular mechanism of inhibition by GAs in cationic channels remains an open and con- 
troversial question. Studies on GLIC were for a long time hampered by the absence of crystals of other receptor states  
than the active one. Some studies hypothesized about the resting state based on available inactive structures such as  
ELIC, presumably in a desensitized form, yet we now know that the actual resting state structure of GLIC is quite differ- 
ent. The present work extends the structural and dynamic data on GA binding to multiple sites within multiple forms of  
the GLIC channel, including inactive ones. We systematically compare bromoform binding to multiple potential sites of  
allosteric channel regulation in the open, locally-closed and resting forms of GLIC. We describe by crystallography the  
binding of bromoform to the locally-closed structural form. An additional bromoform molecule is located in the channel  
pore. Flooding MD simulations reveal a new extracellular binding site only seen in the resting form, and show differen- 
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tial exchange pathways between sites from one form to the other. Calculated binding energies indicate significant dif- 
ferential affinity among the channel forms: for open vs. resting forms, the pore site markedly stabilizes the inactive  
state. The previously described intra-subunit sites mark out an entry point for GA, predominantly accessing the receptor  
from the lipid bilayer.  

Results  

Bromoform-bound crystal structures of the GLIC channel in the LC conformation reveal a new pore bind- 
ing site  

Bromoform contains three bromine atoms producing a specific anomalous signal that we use here to unambiguously  
localize these atoms in the electron density. In order to study the properties of bromoform-binding to the LC confor- 
mation of GLIC, we grew crystals of the GLIC K33C-L246C mutant (2-22’, the prime numbering starts at the N-terminal  
end of helix M2) and K33C-N245C mutant (2-21’) in presence of bromoform. These GLIC variants are particularly  
adapted models for this study as they both crystallize in the locally-closed conformation and 2-22’ has the same elec- 
trophysiological properties as wild-type GLIC (Prevost et al., 2012). Furthermore, the transmembrane conformations in  
GLIC LC and in its resting state are nearly identical, with a root mean square deviation of 0.80 Å (calculated on the  
TMD backbone atoms and ignoring the variable M2-M3 loop). The GLIC LC conformation is believed to be a late inter- 
mediate between GLIC resting and active states and we will consider it as the best currently available model system for  
the TMD of the resting state, as experimental limitations preclude direct crystallization of the latter with a volatile anes- 
thetic. Bromoform would inevitably evaporate from the mother liquor as the protocol of dehydration of the resting form  
crystals obtained at neutral pH, necessary to obtain medium-resolution diffraction data, requires to leave the mother  
liquor containing the crystals in the open air for 15-30 min. The main differences between resting and LC state are lo- 
cated on the upper part of the TMD and at the ECD-TMD interface as can be seen in Suppl. Fig. S1. With respect to  
GA binding cavities, the LC state therefore represents a good model of the TMD of the resting state, although the resi- 
dues shaping the cavities might differ slightly towards the ECD-TMD interface.  

The bromoform-bound structures of 2-21’ and 2-22’ GLIC were determined at 2.95 Å and 3.15 Å resolution, respec- 
tively (Table 1). These structures were completely superimposable with the corresponding apo-forms with a root mean  
square deviation of 0.77 Å and 0.27 Å over the 1,555 Cα atoms for the 2-21’ and 2-22’ GLIC mutants, respectively. In  
the pore, we see a bromoform-binding site that is indicated by a strong Fo-Fc electron density peak (7.0 σ in 2-22’, 3.9  
σ in 2-21’) that overlaps with a bromine-specific anomalous peak (10.0 σ in 2-22’, 6.5 σ in 2-21’) (Fig. 2A-B). Bromo- 
form binds in the middle part of the pore between the Ile 240 (I9’) and Ser 236 (S6’) rings of residues (Fig. 2C), that are  
respectively involved in gating and ion permeation (Sauguet et al., 2013b). This bromoform-binding site in the ion pore  
of GLIC is novel and is specifically occupied when the channel is closed. In contrast, when the channel pore is open,  
this location is filled by ordered pentagon water molecules that were found to be critical for ion permeation (Sauguet et  
al., 2013b). Interestingly, bromoform was found to occupy a similar location in ELIC’s closed pore (Spurny et al., 2013).   

A previous study revealed that bromoform occupies alternatively three poses in the intrasubunit cavity of the GLIC  
open-channel structure, the double-site DP-exp, and DP-deep (Fig. 2D) (Sauguet et al., 2013a). In contrast, this in- 
trasubunit cavity is remodelled in the GLIC locally-closed structure, thus affecting the previously described bromoform  
binding sites (Fig. 2D & Fig. 3). Despite the presence of an intrasubunit bromine anomalous signal in four out of five  
subunits in the 2-21’ complex, the absence of interpretable Fo-Fc difference electron density in this location indicates  
either a low occupancy or a high mobility of bromoform that prevents confident model building in this DP-exp cavity.  
Due to the M2-M3 loop conformation that partly occludes the intrasubunit cavity, the absence of bromoform-binding at  
position DP-deep was a priori expected. In addition, bromoform-binding to the intrasubunit cavity appears to be pre- 
vented by the sidechain of residue Y197 that adopts two alternative conformations, one of which (not observed in the  
GLIC open crystal structure) would induce a steric clash at the DP-exp sites (Fig. 3). Finally, a phospholipid located  
next to DP-exp is present in GLIC open form but absent in GLIC LC. This lipid delimits the entry of the intra-subunit  
cavity in the open form and might favor GA-binding through van der Waals interactions. The loss of this lipid might con- 
tribute to discourage bromoform-binding to DP-exp. In summary, bromoform binding-sites are different in the LC versus  
the open GLIC structures: while a novel site is observed in the pore, binding to the intrasubunit cavity is discouraged in  
the locally-closed form.  

Molecular Dynamics simulations to explore and quantify anesthetics binding  

In order to characterize bromoform binding dynamics for the sites revealed by the crystallographic studies we com- 
bine three complementary simulation strategies in a fully hydrated membrane environment, summarized in Table 2.  
Firstly, we used flooding MD simulations of membrane-inserted GLIC in an over-saturated bromoform solution to as- 
sess the spontaneous exploration by the anesthetic and identify preferential bromoform binding sites. Three forms of  
GLIC were used: open, LC and resting conformations. Secondly, we ran ten 8-ns simulations of the LC form starting  
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with bromoform in the pore site PS to enhance sampling for this specific binding pose observed in the crystal struc- 
tures. Thirdly, we determined the affinity for each binding site in open, LC and resting states using alchemical free en- 
ergy calculations to quantify and compare their possible role in the inhibition process.   

All TMD sites are spontaneously reachable  

In the open form the flooding experiments reveal that all binding sites (i.e. DP-exp, DP-deep and PS), are spontane- 
ously reachable in at least one of the three simulations. The observed occupancies for the DP-exp subsites DP and DP’  
are comparable as was observed in the crystal (respectively 0.56 and 0.43, Table 3). These occupancies are signifi- 
cantly higher than for site DP-deep, which agrees with the lower occupation and anomalous signal previously observed  
crystallographically (Sauguet et al., 2013a). In the LC conformation, site DP-deep occupancy was lower by one order- 
of-magnitude compared to the simulation starting from the open form. DP-deep occupancy was only observed in one  
subunit and displayed a particularly low residence time (3.4 ns on average). In the resting state the backbone of the  
upper M2 helix at the N245 position prevents occupation of the DP-deep site (Figure 4). In the flooding simulation of  
open GLIC the pore site PS was reached spontaneously either through the ECD vestibule or from the membrane after  
traversing DP-exp, -deep and -tunnel sites, whereas this access route to PS is hindered in the LC- and C-forms. The  
pore site is discussed in more detail in the following section. An additional binding site was observed in the lower part of  
the TMD, ca. 10 Å down from the DP-exp site, by simulation only. This site (called TM-down) depicted in Figure S2 is  
controlled by three factors, M4 helix tilt, the W213 sidechain orientation and a TM3/TM4 salt-bridge. These three factors  
are not simultaneously met in any available crystal structure, which may explain why the site has not been observed by  
crystallography so far. Overall, the DP-exp site is the most occupied one, easily reached in all functional forms of GLIC,  
whereas access from the membrane to the other crystallographic sites is impeded in the LC- and C-forms.  

Bromoform is stable in site PS  

Flooding simulations of open GLIC showed two anesthetic molecules switching from the ECD vestibule to the pore  
region or accessing the pore from the membrane-exposed DP-site pathway (Figure S3). The occupancy of site PS in  
that simulation reaches 0.50 (Tab. 3), with a total of three bromoform molecules present in the pore at the end of the  
simulation. One bromoform molecule was bound at the beginning of the simulation and stayed continuously in site PS  
for more than 400 ns before binding an upper pore site PS-up (between I9’ and A13’, similar to the Br-Lidocaine binding  
site in ELIC, PDB:2XQ3 (Hilf et al., 2010), and coming back to site PS twice for a few nanoseconds (Fig. S3A). The two  
other molecules were observed binding PS-up first, the first one came early (after ~100 ns) from the vestibule and  
stayed in the upper cavity for the rest of the simulation with the exception of one 3 ns binding event in site PS halfway  
through the simulation (~500 ns). The second molecule reached site PS-up from the intra subunit cavity (DP-exp for  
205 ns then site DP-deep for 365 ns) at the very end of the simulation (~ 950 ns) (Fig. S3B).  

In the LC and resting form simulations, anesthetics did not spontaneously reach the pore for two reasons. First, ac- 
cess to the vestibule was only observed once in the resting simulation and never in the LC simulation. The overall low  
sampling of the vestibule by bromoform is possibly due to the low concentration of solvated bromoform combined with  
the high polarity of the vestibule. Second, the reshaping of the intra-subunit cavity prevents an alternative access from  
the membrane. Ten short MD simulations of the LC state with bromoform initially bound to the pore site PS show that  
the anesthetic molecule remains close to this site, never leaving the region delimited by residues T226 (T2’) and I233  
(I9’). Hence bromoform remains stably bound at the PS site when initially placed at the crystallographic position. None  
of the bromoform molecules that entered the pore, subsequently left it.  

In summary, MD simulations suggest that one bromoform molecule may stably occupy the pore site PS in all func- 
tional forms, and may access it either through the vestibule or through the DP-cavity from the membrane. In the open  
form, an additional pore site PS-up exchanging bromoform molecules with PS is observed. PS-up is able to accommo- 
date several anesthetic molecules at the same time.  

An anesthetic ECD binding cavity becomes accessible in the resting form  

Bromoform binds to the ECD in a state-dependent manner as shown in Figure S4A. Three sites shown in red, cyan  
and dark blue are sampled with significant occupancy but do not correspond to any previously highlighted anesthetic  
location. In the resting form flooding experiment, a further bromoform binding site is observed: at 840 ns, a bromoform  
molecule enters the hydrophobic cavity detected in the apo-crystal structure of the resting state (Sauguet et al., 2014)  
through an opening between the bottom part of beta strand 6 (V110 to L114) and beta strand 1 (E35 to F37), reaching  
the so-called ES-access site in the ECD (Fig. S4). The cavity can be subdivided in two parts, a bottom part reaching up  
to W160, and a higher part closer to the entrance. After alternation between the two sub-cavities, bromoform moves to  
an upper cavity behind loop A at 960 ns, referred to here as ES site. A bromoform molecule overlapping with this site  
was observed crystallographically in a closed form of ELIC (Spurny et al., 2013) and a Xenon atom was also observed  
here in pressurized crystals of GLIC's LC-form (Sauguet et al., submitted). Interestingly, in the flooding simulations, no  
bromoform binding to this site was observed for the open- and LC-forms, with a different ECD conformation and differ- 
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ent protonation state. In these forms, the R195-E32 salt-bridge prevents the opening of the beta1-beta2 loop thereby  
impeding access to this ECD cavity. The resting form simulation confirms the formation of a novel anesthetic pocket in  
the ECD for this state and shows that bromoform can spontaneously enter it.  

TMD sites interconnect, with gates between them.  

Considering the close vicinity of the DP-exp, DP-deep and DP-tunnel sites, we characterized the dynamics of bromo- 
form bound to each site and examined possible paths between them. Transitions between sites and associated resi- 
dence time distributions are summarized in Figure S5. Most transitions are observed in the open form, with maximal  
accessibilities and occupancies for all sites. Long residence times beyond the multi-nanosecond regime are observed  
for all sites. In the LC state, the transitions are reduced to DP-exp/DP-deep exchange and, as indicated by the resi- 
dence times, resemble a flickering with short stays in DP-deep only. In the resting state, exchange is no longer ob- 
served. In all cases the broadest residence time distribution is observed for site DP-exp. It should be noted that a direct  
transition from the membrane to site DP-tunnel occurs for the resting state, shunting the DP–exp/DP–deep/DP–tunnel  
pathway as illustrated in Figure S3C.  

DP-exp, an entry or waiting site to other sites.  

In the flooding simulations, the membrane-exposed DP-exp site was the most occupied site. During the second half  
of the production run around 95 % of all bromoform molecules were located in the membrane, as a consequence the  
DP-exp site was the easiest to access and the first to be bound. Site DP-deep is well occupied (and hence accessible)  
in the open form of GLIC only. In the simulation of the LC form, the occupation of site DP-exp was close to that in the  
open form of GLIC, however site DP-deep was weakly occupied because the binding cavity is reshaped. In the resting  
form, DP-deep is not at all occupied and even within DP-exp a shift away from site DP’ is observed. These changes in  
the LC and C forms are due to the conformations of the M2-M3 loop and of the top part of the M2 helix, preventing  
occupation of site DP-deep; in particular residues T244 and N245 are in close contact with this site, preventing any  
binding (Figure 4). A key finding is that access to the upper intersubunit DP-tunnel pocket occurs primarily through site  
DP-deep, itself accessed through DP-exp. From these observations we conclude that DP-site access through the  
membrane-exposed DP-exp cavity is controlled by the M2-M3 loop conformation imposing a barrier to reach site DP- 
deep in LC- and resting forms.  

Y197: a gate to the inner channel.  

In the crystal structures of the open and resting states, the Y197 sidechain is oriented toward the extracellular do- 
main, with the C-C-C-C dihedral angle  close to 167°. All available crystal structures of open and resting GLIC  
display Y197 residues in this “up” conformation ( = 166 +/- 4°), while locally-closed pentamer structures of mutants 2- 
20', 2-22' and 2-24' display four, two and four Y197 residues in “down” conformation, respectively, characterized by  =  
60 +/- 9° with the Y197 sidechain plunging inside the intrasubunit pocket. During the MD simulations,  oscillated be- 
tween two modes at 170° and 73° (Fig. S6) with only a few transitions. Both conformations were approximately equally  
sampled in the LC- and open forms, whereas the "down" conformation was preferred for the resting form, even though  
this simulation started from an “up” conformation. Even though Y197 is not in the immediate environment of bromoform  
in the crystal structure, it dramatically modulates the volume of the intrasubunit pocket (Fig. 3), as proposed by Mowrey  
et al. (Mowrey et al., 2013), overlapping in particular the DP’ subsite of DP-exp and preventing bromoform from enter- 
ing any deeper. In summary, the slow transitions of the Y197 residue to a “down” conformation act like a gate shutting  
off access to DP-deep and -tunnel sites.   

Bromoform binding affinities are energetically favorable for all binding sites.  

Binding affinities were calculated with respect to the pure aqueous phase as reference state. As the true reference  
state should be taken at the water-membrane interface (Fig. S7), only relative values of G are meaningful. Bromo- 
form affinity for the binding poses observed in the crystal structures of open and locally-closed states ranges from -7.5  
kcal/mol to -5.2 kcal/mol (see Fig. 5 and Table S3). In the ECD, the binding affinity for the ES site seen by simulation  
only is  -4.9 kcal/mol, irrespective of the channel form, corroborating the idea that site accessibility and not affinity dif- 
ferentiates the resting form from LC and open ones. Concerning the TMD, in the open form all binding sites have com- 
parable energies in the -5.2 to -5.8 kcal/mol range. By reshaping the cavity in the LC- and C-forms, energies are shift- 
ed. DP-exp becomes more favorable by 1.4 and 1.1 kcal/mol for LC- and C-forms, respectively. As expected from the  
steric hindrance induced by the M2-M3 loop, the DP-deep and DP-tunnel sites become less favorable by 1.2 to 2.9  
kcal/mol. The effect is more pronounced for the LC-state, where M2-M3 interferes more strongly with possible bromo- 
form binding and Y197 is in the down conformation adding to the site constriction. The pore sites PS and PS-up display  
the most favorable free energies of binding with a higher affinity in the LC- and C-forms compared to open state, exhib- 
iting a Gbetween 3.2 and 0.6 kcal/mol, respectively. This set of quantified binding affinities documents that M2-M3  
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and Y197 conformations directly modulate binding to DP-deep and –tunnel sites. Binding to DP-exp and PS/PS-up  
sites is particularly strong in the LC- and C-forms.   

 Discussion  

A picture of dynamically accessible and interconnected anesthetic binding sites in cationic pLGIC emerges from the  
computational investigations of our study, in good agreement with the provided crystallographic data, allowing to quanti- 
tatively describe the dynamics of transitions between sites and their binding affinities. Our study includes data on inac- 
tive channel states that were hitherto missing. Modulations of GA binding occur as a function of channel state, as we  
show very clearly. We confirm that the previously described GA binding site in ELIC within the channel pore is present  
in GLIC and show how it is connected to the other sites. We point to novel sites in the extracellular and transmembrane  
domains. Relating the observed GA dynamics to functional transitions of the channel requires longer simulations. The  
GA transitions themselves are controlled by specific gate residues that we were able to point out. The principal GA  
access pathway to the channel most probably originates from the membrane.   

Anesthetics access multiple receptor binding sites through the membrane   

Evidence that anesthetics bind the intrasubunit site in the DP-exp region is strong. Crystal structures showed that  
bromoform (Sauguet et al., 2013a), propofol and desflurane bind to this pocket (Chiara et al., 2014; Nury et al., 2011).  
The data collected in the present work clearly show that intrasubunit sites revealed by crystallographic data are sponta- 
neously accessible in MD simulations and display favorable free energies of binding. In the simulations, access to all  
these GA binding sites in the TMD seems to occur from the membrane mainly through DP-exp. This observation may  
be explained by the fact that the membrane acts as the main reservoir of GA molecules in the system. From this com- 
mon entry point anesthetics can then move to any of the other TMD sites. Some sites may occasionally be accessed  
directly from the membrane, shunting DP-exp, as seen once for the DP-tunnel site. For the pore site, an additional  
pathway from the ECD-vestibule is observed (Figure S3). Other routes cannot be excluded, especially as GA move- 
ment between sites is free, but seem unlikely in light of the marginal anesthetic concentration in the aqueous phase. On  
this basis, GA access from the membrane appears as a plausible hypothesis. More statistics would be required to con- 
clude whether DP-exp is the principal GA entrance point.  

Because multiple GA binding sites in the TM- and EC domains are described in the present work we may raise the  
question which ones trigger receptor inhibition. We observed several binding sites in the ECD and focused our attention  
on site ES, as an overlapping site was identified in ELIC (Spurny et al., 2013) and a close-by vestibule site, ca. 4-5 Å  
away, was seen on AchBP (Spurny et al., 2015). Free energy calculations revealed that no state-dependent affinity  
modulation - as expected for an inhibitory site - occurs for the ES location that is only sterically accessible in the resting  
state conformation. This finding suggests that the inhibitory site(s) cannot be ES. A novel TM-down site was observed  
involving the L209 and S212 residues on TM1. Equivalent positions of the α7 nicotinic acetylcholine receptor were  
previously suggested to be part of a potentiating site, their A225D and S222M mutations affecting receptor potentiation  
by PNU-120596 (Young et al., 2008). Hence the TM-down site is an unlikely candidate for inhibition. Concerning the  
channel pore, MD simulations confirm the PS binding site revealed by crystallography and further indicate a second  
PS-up subsite. These findings echo experimental observations on ELIC (Spurny et al., 2013) as well as previous simu- 
lations on GLIC and nAChR (Brannigan et al., 2010; LeBard et al., 2012). All cationic channels feature a hydrophobic  
pore providing a favorable environment for binding and inhibition by GA. Free energy calculations (Fig. 5) confirm very  
favorable and state-dependent binding affinities for both PS- and PS-up sites. Binding to the pore region is likely absent  
in anionic channels such as GABA and GlyR, potentiated by GA, as they feature a polar pore. This property is apparent  
in the recent structures by (Du et al., 2015), where the channel pore is lined by a series of Thr residues. These obser- 
vations taken together lead to the hypothesis that GA binding to the channel pore may be part of the universal hallmark  
of GA inhibition specific for cationic pLGICs. A possible inhibition mechanism would involve shifting the conformational  
equilibrium towards the closed state by maximizing GA binding locally in the TMD pore region first, to subsequently  
trigger allosteric changes throughout TMD and ECD. To assess whether any such proposed mechanism may be uni- 
tary, more structural data on a broader range of molecules would be required.  

An apparent contradiction in our data concerns the existence of pore binding site(s) in the open channel state, sug- 
gested by MD simulations but not observed by crystallography. In the simulations, we observe - on average and after  
initial relaxation - a slightly more closed pore than in the crystal environment, creating a favorable environment for GA  
binding. The intrinsic thermal fluctuations of the channel in the membrane environment and the absence of detergent  
molecules in the pore further enhance the GA affinity of this region. In the crystal, the PS-up sub-site is sterically hin- 
dered by detergent molecules. Furthermore, the open state of the channel features a wetted pore with a specific pen- 
tagonal water pattern and provides a less hydrophobic environment for pore-binding. The bromoform force field param- 
eters might be another source of inaccuracies. These factors taken together may explain the discrepancy between  
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simulations and crystallographic evidence for the open-channel bromoform binding to the pore. The pore-binding data  
on the inactive channel states is fully consistent between simulation and experiment.  

We describe the dynamic interplay between multiple GA binding sites, showing a high mobility of bromoform within  
these regions (see Fig. S5). We observe an important exchange rate between site DP-exp and site DP-deep over the  
microsecond period. Several transitions occur from site DP-deep to site DP-tunnel, an intersubunit site described in  
GLIC on the basis of MD simulations (Nury et al., 2011) with respectively desflurane and ortho-propofol diazirine. The  
anesthetic can reach site DP-tunnel either directly from the membrane – only observed once in all our simulations – or  
through a route traversing sites DP-exp and DP-deep. This route can be occluded by the Y197 residue whose  
sidechain orientation is critical for anesthetic binding and insertion depth. In addition, the bending of M2 helices in the  
locally-closed conformation moves residues from the top of M2 and from the M2-M3 loop inside the intrasubunit pocket,  
in particular residue T244 (Fig. 4). Free energy calculations show that site DP-exp is clearly more favorable to bromo- 
form than site DP-deep in the LC structures, while in GLIC’s open form, this difference is less marked (Fig. 5). Structur- 
al alignments reveal that Y197 is highly conserved among Cys-loop receptors, including nicotinic acetylcholine, 5HT3  
and glycine receptors (Sauguet et al., 2013a). It is an interesting target for mutagenesis studies: less occluding  
sidechains should facilitate the passage of anesthetics, whereas sidechains filling the down position would impede their  
penetration. Y197 orientation affects the rotamer distribution of the F195 residue, which may modulate GLIC gating,  
given its direct interaction with the M2-M3 helix; actually a F195A mutant shows a strong loss of function phenotype  
(Sauguet et al., 2014). Further interesting hypotheses about mutations may be derived from the simulations, e.g. to  
render a specific binding site in a specific receptor state more or less favorable to enhance or prevent binding, respec- 
tively. To this purpose we will provide representative snapshots upon request.  

Implications for GA-induced receptor inhibition and limitations of the study  

At present, it remains a challenge to precisely link this coherent and detailed experimental and computational de- 
scription of GA binding to GLIC open, LC and resting states to the anesthetic mechanism of inhibition. A key element  
for such an interpretation is the induced difference in GA binding affinity for several sites in the inactive states (Fig. 1).  
Free energy calculations showed state-dependent affinities for all tested sites except for site ES. Relatively small  
changes in such affinities may lie well below potential errors arising from e.g. the choice of force field, initial sidechain  
orientation, slow relaxation of the binding site, etc. Such intrinsic limits are discussed in more detail in the literature  
(Chodera et al., 2011; Hansen and van Gunsteren, 2014). From our experience, we estimate a confidence limit of ca. 1  
kcal/mol, significantly higher than the observed statistical error. This estimation is in line with a recent large-scale as- 
sessment (Mikulskis et al., 2014). A marked affinity preference for the inactive vs. open states is observed for the upper  
pore site PS2, and to a lesser extent for DP-exp. Site PS features more subtle changes with a similar trend. For DP- 
tunnel and DP-deep, the open state is favored. Affinity data on inactive states is key to distinguish the different sites, as  
open state affinities alone are very similar throughout. From these results the pore region emerges as a particularly  
favorable location for channel inhibition by GA. Our results further illustrate that a large receptor can have a network of  
interconnected anesthetic binding sites. Although it is likely that only some of these sites produce functional effects,  
disentangling which ones are responsible for inhibition is not a fully solved issue yet.   

In this work, the effect of GA binding on GLIC was investigated for three states, one activated and two inactive ones.  
To further improve our understanding of the inhibition mechanism, it would be interesting to extend the study to the  
desensitized state of GLIC. For example, some studies on nAChR previously suggested GA action on the desensitized  
state (Jayakar et al., 2013; Jayakar et al., 2014). At present, we lack detailed structural information on this channel  
state. Based on spin-label distance measurements by EPR (Velisetty and Chakrapani, 2012; Velisetty et al., 2014), the  
structural changes at the ECD/TMD interface have been postulated as possible target for allosteric modulators such as  
anesthetics. This hypothesis is in line with the observed modulation of bromoform binding pockets through conforma- 
tional changes of the receptor (Figure S8). Within the context of our findings, we noted some hindrance for access to  
the transmembrane sites in the resting state, which might appear counter-intuitive. How this intra-subunit site is remod- 
elled in the desensitized state would be an interesting complementary observation. We note that DEER/EPR studies  
revealed the existence of a “desensitization-gate” in the middle of the pore, precisely at the level of the GA pore- 
binding-site (Velisetty and Chakrapani, 2012).   

Conclusion  

Multiple potential sites of allosteric regulation by bromoform exist for the GLIC channel. Bromoform binding to the  
open, locally-closed (pre-activation) and resting forms revealed state-modulated affinities with two sites in the channel  
pore clearly stabilizing the resting state compared to the active one. Crystal structures of bromoform bound to the local- 
ly closed (pre-activation) GLIC channel, feature an additional bromoform molecule located in the pore. Access to this  
pore site mainly occurs from the membrane. These elements let the pore site appear as a good candidate for specific  
functional effects of anesthetics on cationic channels, featuring a more hydrophobic channel interior than anionic ones.  
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Other dynamically accessible and interconnected binding sites may still contribute to inhibition, eventually by stabilizing  
the desensitized channel state for which structural data is yet missing.  

Experimental Procedures  

Crystallography  

Protein production   

Each mutant of GLIC fused to maltose-binding protein was expressed in E. coli C43 cells and purified as described in  
(Bocquet et al., 2007). The resulting fusion protein was cleaved and concentrated as before.  

Crystallization  

All crystals were obtained using the hanging drop vapor diffusion method at 20°C. The concentrated protein (6-8  
mg/ml) was mixed in a 1:1 ratio with reservoir solution containing 0.1 M NaAcetate pH 4, 0.4 M NaSCN, 12-16% PEG  
4000, 17% Glycerol and 2% w/v of bromoform to obtain co-crystals. Crystallization was induced by micro-seeding tech- 
nique from a solution of crushed crystals 1 hour after setting up the crystallization experiment   

Data collection. Datasets were collected on beamline Proxima-1 of the Soleil Synchrotron (Gif-sur-Yvette, France)  
and ID23-1 of the European Synchrotron Radiation Facility (Grenoble, France). Diffraction data were collected using  
the inverse-beam data collection facility in order to maximize the anomalous scattering signal. Reflections were inte- 
grated using XDS (Kabsch, 2010) and further processed using the CCP4 programs (Evans, 2011; Winn et al., 2011).  
Details on the data collection statistics are provided in Table 1.  

Phasing and refinement  

The molecular replacement solution was found in Phaser (McCoy et al., 2007). The initial model was refined either in  
Refmac 5 (Murshudov et al., 1997) or Phenix (Afonine et al., 2012) by using rigid-body refinement and subsequently,  
restrained refinement (Murshudov et al., 1997). The resulting model was improved by manual building in COOT  
(Emsley and Cowtan, 2004). The model was finally refined in Buster (Blanc et al., 2004). B-factors were refined using 1  
translation-libration-screw (TLS) parameter by chain. Five-fold non-crystallographic symmetry (NCS) averaging was  
used to improve the quality of the electron density thus allowing the unambiguous reconstruction of the complete mod- 
el. Molprobity (Chen et al., 2010b) scores for the refined models ranged within the 100th percentiles of structures refined  
at comparable resolutions. Details of the refinement statistics are provided in Table 1.  

Molecular dynamics simulations  

Molecular dynamics simulations of open and closed GLIC were set up using PDB-ids 4HFI and 4NPQ, respectively.  
The locally-closed simulations were built upon the 2-22’ crystal structure presented in this work. For LC and open mod- 
els residue protonation states were assigned as in previous simulations (Nury et al., 2011; Prevost et al., 2012). For the  
closed state, protonation was assigned to mimic a pH 7.0 condition; the default protonation was used with the only  
exception of H127 being doubly protonated. Each model was inserted into a pre-equilibrated lipid bilayer and relaxed  
prior to the production phase. Simulations were performed using the CHARMM-36 all-atom force field. System compo- 
sition is detailed in Tab. S3. We carried out short MD simulations where bromoform poses were generated by randomly  
moving and rotating molecules around the crystallographic binding site achieving a total of 125 different poses to max- 
imize bromoform sampling in the binding pocket. For long MD simulations we used four iterations to add bromoform  
slowly and avoid aggregates due to its low solubility. In each iteration, 50 molecules were added by replacing random  
water molecules 10 Å away of protein and 4 Å away of the membrane. The equilibrated system was used as starting  
point for 1 μs production runs of flooding simulations. For free energy of binding energy calculations, the bromoform  
poses displayed in the crystal structure were used when available; in inter-subunit site B2 it was extracted from a short  
MD simulation. A thermodynamic cycle was applied to calculate free energies of binding of bromoform to GLIC using a  
similar protocol as that described in (Bromstrup et al., 2013). The calculation of the binding free energy was carried out  
using the Bennett acceptance ratio method (BAR)(Bennett, 1976) as implemented in the GROMACS g_bar program.  
Full details are available in SI methods.  

SUPPLEMENTAL INFORMATION   

Supplemental Experimental Procedures, eight figures and four tables can be found with this article online.   
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FIGURE LEGENDS  

Figure 1. (A) General architecture of a prokaryotic pentameric ligand-gated ion channel such as GLIC seen from the side (top)  
or from the extracellular medium (bottom). Anesthetic binding sites in the open (left) and resting (right) states are shown as  
colored blobs. Extracellular and transmembrane domains are highlighted in tan and cyan colors, respectively. (B) Schematic  
view of the main anesthetic binding sites in the TMD discussed in this manuscript seen from the side and from the top. The  
five sites include DP, DP’ and DP-deep (Sauguet et al., 2013a), the inter-subunit DP-tunnel site predicted from simulations  
(Nury et al., 2011), and the new pore site presented in this work, referred to as PS. See also Table S1.  

Figure 2. Locally closed GLIC structure cocrystallized with bromoform. (A) Top view of GLIC TMD with the bromine-specific  
anomalous map contoured at a level of 5 σ (brown mesh). (B) The pore site PS and a detergent molecule from the crystalli- 
zation solution in the locally closed form of GLIC are shown as sticks. The bromine-specific anomalous map (brown mesh)  
and the 2mFo-DFc electron density (blue mesh) are contoured at a level of 5 σ and 1.5 σ, respectively. (C) Superimposition  
of the pore in the open (blue) and LC (grey) conformations. The bromoform PS binding site is located in place of ordered wa- 
ter molecules in GLIC's open form. (D) The intra-subunit sites DP, DP', DP-exp and DP-deep revealed in GLIC open and LC  
conformations. See also Figure S1.  

Figure 3. Influence of Y197 sidechain orientation on its local environment. Up conformation, where Y197 does not interfere  
with the DP binding sites, is shown in gray. In down conformation (red color), Y197 partially overlaps the DP’ subsite of DP- 
exp. Volumes measured for DP’ in simulations are shown as boxplots for each orientation; values for crystal structures are  
reported as mauve triangles. See also Figure S6.  

Figure 4. Bromoform exploration of the GLIC TMD in flooding simulations. Side (top) and top (bottom) views of a GLIC subu- 
nit with bromoform occupancies represented as yellow iso-surfaces. Residue Y197 is shown as sticks colored by atom type  
and the carbon alpha atoms of residues T244 and N245 are depicted as spheres. Unoccupied binding sites in locally-closed  
and closed forms are indicated by hollow circles using the site color code from Fig. 1. See also Figure S2.  

Figure 5. Free energies of bromoform binding (kcal/mol) to six discussed binding sites. The five TMD binding site locations  
are depicted in the schematic above the bar chart. WT = “Wild-Type”; O = “Open”; LC = “Locally-Closed” ; C = Closed. Empiri- 
cal error estimate is ±0.5 kcal/mol as discussed in the text. See also Figure S4, S7, S8 and Table S2.  
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Table 1. Data collection and refinement statistics. 1 

 Bromoform/2-22’ Bromoform/2-21’ 

Data collection   

    X-ray source SOLEIL PX1 SOLEIL PX1 

    Wavelength (Å) 0.9184 0.9184 

    Space group C2 C2 

    No. of monomers in the asymmetric unit 5 5 

    Unit cell dimensions 

    a, b, c (Å) 

    α, β, γ (°) 

 

181.94,133.37,159.34 

90.00,102.34,90.00 

 

177.27,130.93,155.76 

90.00,100.31,90.00 

    Resolution range (Å) 30.0-2.95 (3.11-2.95)* 47.99-3.15 (3.32-3.15) 

    Rmerge 0.051 (0.559) 0.099 (0.558) 

    <I/σI> 11.8 (2.1) 13.0 (2.3) 

    Completeness (%) 99.6 (99.7) 99.7 (98.9) 

    Multiplicity 3.5 (3.3) 6.6 (4.7) 

    No. of unique reflections 77979 (11360) 60505 (8708) 

    Wilson B (Å2) 85.8 76.4 

Refinement   

    Rwork/Rfree (%) 21.3/21.9 23.0/24.1 

No. of atoms   

    Protein 12620 12600 

    Ligand 242 4 

    Average B-factors (Å2) 

    Protein 

    Ligand 

 

104 

88.9 

 

83 

300 

    Root mean square deviations 

    Bond lengths (Å) 

    Bond angles (°) 

 

0.008 

0.99 

 

0.008 

1.07 

Molprobity Analysis   

    Ramachandran favored (%) 94.8 97.99 

    Ramachandran outliers (%) 0.46 0 

    Molprobity score 2.23 1.50 

PDB Code 5HCJ 5HCM 

* Numbers in parentheses represent the last shell values.  2 

Table 1



 

 

1 

Table 2. Systems studied by molecular dynamics simulations with corresponding sampling time. 1 

Form Bromoform pose Sampling time 

Long MD simulations 

Open “Flooding” 

 

30 ns equil. + 1μs 

production each 
Locally-Closed 

Closed 

Short MD simulations 

Locally-Closed PS 10 x 8 ns =  80 ns 

Free energy calculations 

Open DP-exp, DP-deep 

DP-tunnel, PS, PS-

up, ES 

32 windows sampled 

for 3 to 10 ns each 
Locally-Closed 

Closed 

a See also Table S4. 2 

Table 2



 

Table 3.  Site occupancy a in flooding simulations.  1 

GLIC 

form 
DP b DP’ b 

DP-

deep 

DP-

tunnel 
PS 

WT – O 0.57 0.44 0.36 0.12 0.50 

WT – LC 0.45 0.24 0.03 0.00 0.00 

WT – C 0.63 0.22 0.00 0.00 0.00 

a Site occupancy was calculated based on a center of mass distance criterion of 4 Å with respect to crystallographic sites. 

b Both DP and DP’ sites together constitute DPexp. 

c See also Figures S3, S5, S6 and Table S3. 

 

Table 3
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Supplemental	  Information	  

Supplemental	  Experimental	  Procedures	  

X-ray crystallography S1, related to Figure 2 

Crystal	  preparation	  
All crystals were obtained using vapour diffusion in hanging drops at 20°C. The concentrated (6–8 
mg/ml) protein was mixed in a 1:1 ratio with reservoir solution typically containing 16–20% PEG 
2000MME, 50 mM NiCl2, 4% DMSO, 11% ethylene glycol and 0.1 M NaAcetate pH 3.0. Crystallization 
was induced by the micro-seeding technique from a solution of crushed crystals 1 hour after setting-up 
the crystallization experiment. Crystals appeared overnight and grew for one week before reaching 
their final dimensions (typically 100 μm x 100 μm x 100 μm). All crystals were cryo-protected using a 
three-step protocol. 1) The crystals-containing drops were transferred to the cold room (4°C), sealed 
onto a novel crystal plate that contained no reservoir solution and left at 4°C for 10 minutes. 2) 3-5 µl 
of a dehydrating solution composed of the reservoir solution supplemented with 30% of ethylene glycol 
was added to the crystallization drop. 3) The drop was left to air-dry for 5-20 minutes prior to flash-
freezing in liquid nitrogen. 

Data	  collection	  
Datasets were collected on beamline Proxima-1 of the Soleil Synchrotron (Gif-sur-Yvette, France). 
Crystals were collected using the inversed-beam data collection facility in order to maximize the 
anomalous diffusion signal. Reflections were integrated using XDS (1) and further processed using the 
CCP4 programs (2). Crystals belonged to the C2 space group with one pentamer in the asymmetric 
unit. Details on the data collection statistics are provided in the Table 1.  

Phasing	  and	  refinement	  
The molecular replacement solution was found in Phaser (3) by using the structure of GLIC K33C 
L246C double-mutant (PDB 3UU6) at 2.9 Å as a starting model. This initial model was refined in 
Refmac 5 (4) by using rigid-body refinement and subsequently, by using restrained refinement (4). The 
resulting model was improved by manual building in COOT (5). The model was finally refined in Buster 
(6). B-factors were refined using 1 TLS parameter by chain. NCS symmetry averaging improves the 
quality of the electron density thus allowing the unambiguous reconstruction of the model. Rfactor and 
Rfree after refinement as well as model geometry validation percentile of the residues in the most 
favoured regions of the Ramachandran plot are provided in Table 1. MolProbity scores (7) for the 
refined model ranged within the 100th percentiles of structures refined at comparable resolutions. 
Details of the refinement statistics are provided in Table 1.  

Supplemental	  Computational	  Methods	  

Molecular dynamics simulations S1, related to Table 2 
Molecular models of open GLIC were built from PDB ID 4HFI. Residue protonation states of open and 
LC models were assigned in the same fashion as in previous simulations (8) on the basis of pKa 
calculations with the Yasara software (9) to represent the most probable pattern at pH 4.6, with 
residues E26, E35, E67, E69, E75, E82, D86, D88, E177 and E243 being protonated. All histidines 
were doubly protonated (unless advised). The molecular model of GLIC in the resting state was built 
from PDB ID 4NPQ, protonation state was chosen to be identical to the resting condition at neutral pH, 
glutamic acid and aspartic acid residues were unprotonated and only histidine 127 was doubly 
protonated. The models were inserted in a fully hydrated palmitoyl-2-oleoyl-sn-glycerol-
phosphatidylcholine (POPC) lipid bilayer. The net charge of the system was neutralized with Na+ and 
Cl- counter ions. Details are given in Supplementary Table 4. 
MD simulations were performed using the CHARMM27 (10) force field with NAMD (11) and CHARMM 
36 (12) with GROMACS (13) for short and long MD simulations, respectively. 
 
 For short MD simulations, bromoform was inserted into a previously equilibrated system of GLIC 
embedded in a fully hydrated lipid bilayer. Bromoform poses were generated by randomly moving and 
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rotating bromoform molecules around the crystallographic binding site. Bromoform molecules were 
assigned different conformations in each of the five GLIC subunits and in each of the 25 systems that 
were simulated achieving a total of 125 different poses, which maximizes bromoform sampling in the 
binding pocket. Each system was then minimized for 1000 steps and ran for 8 ns. Temperature and 
pressure were maintained using Langevin dynamics (14) and a Langevin Piston (15), respectively, at 
310 K and 1 bar.  Short-range non-bonded interactions were computed using a potential switching 
from 8.5 to 10 Å. Long-range interactions have been carried out using PME (16). The same protocol 
has been used for the simulation of bromoform bound to WT locally closed GLIC in PS site. 
 
For long MD simulations a previously equilibrated system containing GLIC, 246 POPC, 29141 water, 
170 Cl- and 135 Na+ molecules (146 K atoms) in an hexagonal box was used to create the system with 
200 bromoform molecules. It was equilibrated for 50 ns with position constraints on GLIC Cα atoms 
with 4HFI structure as a reference. Then four iterations were used to add slowly the bromoform and 
avoid aggregates due to its low solubility. In each iteration, 50 molecules of bromoform were added by 
replacing random water molecules 10 Å away of protein and 4 Å away of the membrane. The system 
was then minimized for 10.000 steps and equilibrated with position constraints on GLIC Cα atoms with 
4HFI structure as a reference. In the two first iterations, equilibrations were 50 ns long, and 100 ns 
long in the two following. In a last step bromoform molecules which were bound in the intra-subunit 
cavity were replace in the water and system was minimized for 10.000 steps.  
This equilibrated system was then used as starting point for the three flooding simulations. In each of 
the three simulations, a supplementary equilibration step was used consisting in a 10 ns equilibration 
with position constraints on heavy atoms, and 20 ns with position constraints on Cα atoms. Reference 
structures used were, for WT Open and WT LC simulations, respectively, PDB:4HFI, the structure 
presented in this paper and PDB:4HFD. Production runs were finally run for 1 μs without any 
constraints. 
Simulations were performed using GROMACS 4.6.3 (13) using virtual interaction sites, 5 fs time steps, 
and all bond lengths constrained with the LINCS algorithm. Electrostatics interactions were computed 
using particle mesh ewald summation every step. A 10 Å cutoff was used for non-bonded interactions 
and neighbor list was updated every 5 steps. Three baths (protein, water and ion, membrane) were 
coupled to a temperature of 310 K using the Bussi velocity rescaling thermostat with a time constant of 
τ= 0.1 ps. The x/y dimensions were scaled isotropically with a Berendsen weak barostat and the z 
dimension independently to reference pressures of 1 bar, τ = 5 ps and compressibility of 4.5 10-5 bar-1. 
During equilibration position restraints of 1000 kJ/mol/nm2 were used. 
 
For free energy of binding energy calculations, the bromoform poses displayed in the crystal structure 
were used when available. The bromoform pose in inter-subunit site B2 was extracted from a short 
MD simulation. Bromoform was inserted into a previously equilibrated system of GLIC embedded in a 
fully hydrated lipid bilayer. The system was then minimized for 10,000 steps. Two successive 
equilibrations with constraints on a reference structure, typically a crystal structure, were performed: 5 
ns constraining protein heavy atoms and bromoform then 20 ns constraining protein carbon alpha 
atoms and bromoform. During these two equilibration steps, constraints were also applied on the 
dihedral angle between Y197 C-CA-CB-CG atoms ensuring an angle of 173.5 ° in GLIC open form and 
91.8 ° in the locally closed conformation. These values correspond to the two principal modes of the 
angle distribution observed along short MD simulations. A thermodynamic cycle was then applied to 
calculate free energies of binding of bromoform to GLIC using a similar protocol as that described in 
(17). Coulombic and van der Waals interactions were decoupled using a decoupling parameter λ 
linearly increasing from 0 to 1. Coulombic interactions were decoupled along 11 independent steps 
while 21 steps were necessary to decouple van der Waals interactions. At each λ-point, the system 
was minimized for 5000 steps, equilibrated for 10 ps in the NVT ensemble then equilibrated for 100 ps 
in the NPT ensemble. The bromoform position was constrained during these two equilibration steps. 
Production simulations were run using the sd integrator with a time step of 2 fs. For coulombic 
interaction decoupling,  2 ns were carried out. For van der Waals interactions, 3 ns were carried out for 
the first 14 λ-points (initial λ < 0.7) and 10 ns for the remaining 7 points (initial λ >= 0.7). The same 
protocol was applied for decoupling bromoform in water. The calculation of the binding free energy 
was carried out using the Bennett acceptance ratio method (BAR) (18) as implemented in the 
GROMACS g_bar program. 
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PMF calculation. A small membrane patch was extracted from an equilibrated system of GLIC in a 
POPC membrane. The patch contains 72 POPC molecules, 5549 water molecules, and 29 Cl- and 
Na+ atoms. The current membrane patch was minimized and equilibrated for 50 ns. A bromoform 
molecule was then introduced 35 Å up the center of mass of the membrane, 5 overlapping water 
molecules were deleted. After minimization, the bromoform was pulled down on the z axis, relative to 
the center of mass of the membrane, using the constraint method from the Gromacs pull code. The 
bromoform molecule was free to move on the x/y plane, and was pulled with a rate of 7 Å/ns, during 
10ns, resulting in a 70 Å displacement on the z axis.  
Coordinates were extracted regularly every ~285 ps from the pull trajectory, resulting in 36 coordinates 
in which the bromoform was distributed every 2 Å on the 70 Å total displacement on the z-axis. 36 
umbrella sampling simulations were launched for 20 ns each, bromoform distance to the membrane 
on the z-axis was restraint with harmonic restraints of 1000 KJ.nm-1. The g_wham tool from gromacs 
was then used on the last half of the 36 simulations, the profile was symmetrized around z = 0 Å. 
Statistical errors were estimated with the boostrap method using 200 samples.  
 
Bromoform likelyhood from flooding simulations. Bromoform z positions respective to the 
membrane were extracted from the three flooding simulations (Open, LC, Closed). Bromofrom 
molecules too close to the protein were excluded from the calculation, using a 40 Å exclusion cylinder 
from the center of mass of the trans membrane domain of GLIC. We used Boltzmann weighting (-kT 
log(p)) to obtain the probability profile shown in Figure S8. 
 
 

Supplemental	  Figures	  

 
Figure S1, related to Figure 1. Comparison of transmembrane anesthetic binding cavities (top row) 
and transmembrane subunit conformations (bottom row) for open, locally-closed (LC) and closed 
channel conformations (PDB IDs 4HFH, 5HCJ and 4NPQ, respectively colored in purple, gray and 
black). Anesthetic binding cavities were determined with the Epock software (19).  
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Figure S2, related to Figure 4. The right panel shows a structural view of the bromoform site TM-
down (brown spheres) in the lower part of the intra-subunit TMD helical bundle surrounded by 
residues L209, S212 and W213 on M1 and residues F265, Y266 on M3. Important features such as 
the R296-E272 salt bridge and the conformation of several aromatic residues that control this site are 
highlighted. The three panels on the left correlate the occupancy of the TM-down site with the M4 helix 
lateral tilt, the W213 orientation and the existence of the E272-R296 salt bridge. 
 



Supplemental Information 

Page 6 

 
 
Figure S3, related to Table 3. Bromoform access to the pore and TMD. A) Time series of z positions 
perpendicular to the membrane plane for three bromoform molecules entering the pore region in the 
WT-O flooding simulation, z position measured with respect to the TMD center of mass. Two 
anaesthetic molecules coming from the channel vestibule reach the pore site PS (dotted blue line) 
slightly above the S6' position. All bromoform molecules visit an upper pore site PS-up (dashed blue 
line) between I9' and A13'. Other experimentally observed pore binding sites are indicated by 
additional lines. B) Transition of the third bromoform molecule entering the pore. This molecule travels 
from the membrane to the PS-up site. Time series of z positions perpendicular to the membrane plane 
(top), top (bottom left) and side (bottom right) views of a GLIC subunit with bromoform location 
indicated as colored spheres every 0.5 ns. Over ~570 ns, this bromoform molecule passes from the 
membrane to site DP-exp, DP-deep, DP-tunnel and ultimately the pore. C) Direct entry and exit of a 
bromoform molecule into site DP-tunnel in the resting form flooding simulation. The anesthetic 
originates directly from the membrane (yellow) and passes through TM helices (orange) into DP-tunnel 
(red) where it stays for a brief period before exiting again (pink, followed by green). 

394-404 ns
405-414 ns
415-454 ns
455-590 ns
591-620 ns

P199

F260

M252

C 
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Figure S4, related to Figure 5. A) Bromoform density isosurfaces (yellow) in the ECD for open, LC 
and closed states. Equivalent sites among states are encircled by the same color. Sites indicated by 
red circles are well occupied in open and LC form but weakened in the closed one. The sites marked 
by cyan circles exist in open and LC form, yet vanish in the closed form, where a new site marked in 
dark blue appears. The ES-access and ES sites (light- and mid-blue coloring, respectively) only exist 
at the end of the closed state simulation in one subunit and are shown for comparison, but not to scale. 
B) Bromoform entering an ECD cavity through the ES-access site in the resting state. The left panel 
shows transitions of one bromoform molecule with its carbon atom represented as small spheres at 
0.05 ns interval colored according to the time window in the simulation. The ES site position observed 
at the end of the simulation is very close to a bromoform molecule crystallized in the ELIC ECD, shown 
as transparent sphere. The right panel features the time series of bromoform z positions perpendicular 
to the membrane plane measured with respect to the ECD center of mass. 
 

A 

B 
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Figure S5, related to Table 3. The top panel schematically illustrates the transitions between TMD 
sites observed in the flooding simulations of open, locally-closed and closed states. Each site is 
depicted as a circle, the size being proportional to site occupancy, also indicated as percentage. 
Arrows schematize transitions and their count is indicated next to the arrow. The bottom panels 
indicate the distribution of residence times for each site (same color code) with a focus on long 
residence times. The inset provides the full curve scaled to show the maximal count of short residence 
times. 
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Figure S6, related to Figure 3. Distribution of the Y197 side chain orientation along flooding MD 
simulations for each simulation system, namely wild-type (WT) open (O), locally closed (LC) and 
closed (C) conformations. Note that the number of transitions from one conformation to another in the 
whole simulation set is low (i.e. ranges from 0 to 31 with an average of 11 ± 10 transitions per 
microsecond and per subunit) which prohibits correlation between Y197 side chain conformation and 
channel state.  Densities have been calculated over a microsecond period with a time step of 0.5 ns, 
leading to a total of 10,000 points per density (2000 x 5 subunits).  
 
 
 
 
 
 

 
Figure S7, related to Figure 5. Free energy profiles of bromoform molecules across a POPC 
membrane, comparison of the PMF of a single bromoform molecule across a POPC membrane vs. 
energy profile extracted from the three flooding simulations (Open, LC, Closed). The PMF profile was 
estimated by symmetrizing around z=0. 
 
 
 

-20 0 20
z (Å)

-5

-4

-3

-2

-1

0

E 
(k

ca
l m

ol
-1

)

-kT log(p)  agregated Open+LC+Closed
PMF of one bromoform molecule

Free energie profile of bromoform molecules across a POPC membrane



Supplemental Information 

Page 10 

 
Figure S8, related to Figure 5. The volume for each of the ES, ES-access, DP-tunnel, DP-deep, DP-
exp and TM-low sites was measured for all flooding simulations using the Epock software and 
correlated to structural changes described by characteristic distances across the channel architecture. 
The ES site volume correlates with the beta2-beta7 widening. The ES-access site volume is 
dependent on the distance between beta2 and cys-loop. DP-tunnel and DP-deep are most affected by 
TM1-TM2 separation. DP-exp and TM-low are sensitive to TM1-TM3 distances. 
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Supplemental	  Tables	  

Table S1, related to Figure 1.  Crystal structures of general anaesthetics bound to GLIC (and ELIC). 
 

PDB ID Channel and state Ligand Resolution 
(Å) Binding site Reference 

3P50 GLIC – O Propofol 3.30 DP (8) 
3P4W GLIC – O Desflurane 3.10 DP (8) 
4HFH GLIC – O Bromoform 2.65 DP, DP’, DP-deep (20) 
3ZKR ELIC – C* Bromoform 3.65 PS-up (21) 

* An additional inter-subunit (IS) site was described in this structure. 
 
 
Table S2, related to Figure 5.  Bromoform free energy of binding in kcal/mol.  

 
Binding site WT-O WT-LC WT-C 
DP-exp -5.7 -7.1 -6.8 
DP-deep -5.2 -2.3 -3.7 
DP-tunnel -5.4 -3.0 -4.3 
PS -5.8 -7.5 -6.4 
PS-up -5.2 -8.2 -8.4 
ES -4.9 -4.9 -4.8 

* WT = “Wild-Type”; O = “Open”; LC = “Locally-Closed”; C=”Closed”. Experimentally observed site energies are highlighted in 
boldface. 
 
 
Table S3, related to Table 3.  Bromoform occupancy of intrasubunit sites along flooding MD 
simulations according to the Y197 residue side chain orientation. 

 

Y197 orientation GLIC subtype* DP DP’ DP-deep 

 WT – O 0.16 0.28 0.32 

Up WT – LC 0.29 0.20 0.03 

 WT – C 0.48 0.21 0.00 

 WT – O 0.41 0.16 0.04 

Down WT – LC 0.16 0.04 0.00 

 WT – C 0.15 0.01 0.00 

* WT = “Wild-Type”; O = “Open”; LC = “Locally-Closed”; C=”Closed”. 
 
 
Table S4, related to Table 2. MD simulation system composition. 
 
 Free energy 

calculations 
Short MD 

simulations 
Flooding simulations 

at pH 4.6 
Flooding simulations 

at pH 7.0 
Water 29,141 43,882 28,934 28,934 
Lipid 246 307 246 246 
Na+ 135 54 135 135 
Cl- 170 89 170 110 
Salt ~300 mM ~100 mM ~300 mM ~230 mM 
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