1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

ﬁ%
S

O

HE

'NS

4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Structure. 2012 September 5; 20(9): 1463-1469. doi:10.1016/j.str.2012.08.009.

Structure of the Pentameric Ligand-Gated lon Channel GLIC
Bound With Anesthetic Ketamine

Jianjun Panl# Qiang Chenl# Dan Willenbring?, David Mowreyl2, Xiang-Peng Kong3, Aina
Cohen?, Christopher B. Divito®, Yan Xul:6.7* and Pei Tangl:27*

1Department of Anesthesiology, Biomedical Science Tower 3, 3501 Fifth Avenue, University of
Pittsburgh School of Medicine, Pittsburgh, PA, 15260

2Department of Computational and System Biology, Biomedical Science Tower 3, 3501 Fifth
Avenue, University of Pittsburgh School of Medicine, Pittsburgh, PA, 15260

3Department of Biochemistry, 550 First Avenue, MSB 329, New York University School of
Medicine, New York, NY 10016

4Stanford Synchrotron Radiation Lightsource, 2575 Sand Hill Rd., MS: 99, Menlo Park, CA,
94025

SDepartment of Neurobiology, Biomedical Science Tower 3, 3501 Fifth Avenue, University of
Pittsburgh School of Medicine, Pittsburgh, PA, 15260

5Department of Structural Biology, Biomedical Science Tower 3, 3501 Fifth Avenue, University of
Pittsburgh School of Medicine, Pittsburgh, PA, 15260

"Department of Pharmacology and Chemical Biology, Biomedical Science Tower 3, 3501 Fifth
Avenue, University of Pittsburgh School of Medicine, Pittsburgh, PA, 15260

SUMMARY

Pentameric ligand-gated ion channels (pLGICs) are targets of general anesthetics, but a structural
understanding of anesthetic action on pLGICs remains elusive. GLIC, a prokaryotic pLGIC, can
be inhibited by anesthetics, including ketamine. The ketamine concentration leading to half-
maximal inhibition on GLIC (58 pM) is comparable to that on neuronal nicotinic acetylcholine
receptors. A 2.99-A resolution X-ray structure of GLIC bound with ketamine revealed ketamine
binding to an inter-subunit cavity that partially overlaps with the homologous antagonist-binding
site in pLGICs. The functional relevance of the identified ketamine site was highlighted by
profound changes in GLIC activation upon cysteine substitution of the cavity-lining residue N152.
The relevance is also evidenced by changes in ketamine inhibition upon the subsequent chemical
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labeling of N152C. The results provide novel structural insight into the molecular recognition of
ketamine and are valuable for understanding the actions of anesthetics and other allosteric
modulators on pLGICs.

INTRODUCTION

Clinical application of general anesthetics is indispensable in modern medicine, but the
molecular mechanisms of general anesthesia remain unclear. The complexity of plausible
anesthetic targets and the lack of accurate structural information of these targets have
hindered progress towards a mechanistic understanding. Among all the receptors involved in
neuronal signal transduction, a family of pentameric ligand-gated ion channels (pLGICs) has
been identified as targets for general anesthetics. Anesthetics often inhibit the agonist-
activated current in the excitatory nicotinic acetylcholine receptors (nAChRS) or serotonin 5-
HT3 receptors, but potentiate the inhibitory glycine and GABAA, receptors (Franks and Lieb,
1994; Hemmings et al., 2005). Although our understanding of general anesthetic modulation
on these receptors has progressed dramatically in the last decade (Forman and Miller, 2011),
it remains a formative challenge to resolve high-resolution structures of these pLGICs, and
to pinpoint where and how anesthetics act on these channels to modulate their functions.

The structure of a bacterial homologue of pLGICs from Gloeobacter violaceus (GLIC) has
been solved by X-ray crystallography (Bocquet et al., 2009; Hilf and Dutzler, 2009),
showing a similar architecture of extracellular (EC) and transmembrane domains (TM) to
that of the Torpedo marmoratanAChR solved by electron microscopy (Unwin, 2005). The
EC domain of GLIC resembles the X-ray structures of the acetylcholine-binding proteins
(AChBPs) (Brejc et al., 2001; Celie et al., 2004; Hansen et al., 2005) and the EC domain of
al-nAChR (Dellisanti et al., 2007), presenting similar inter-subunit cavities for agonist or
antagonist binding (Hansen et al., 2005). Despite the fact that GLIC opens upon lowering
pH (Bocquet et al., 2007) and does not require agonist binding to the conventional site as for
pLGICs, its responses to general anesthetics resemble those of nAChRs. A proton-activated
Na* current in GLIC can be inhibited by anesthetics, as demonstrated previously (Nury et
al., 2011; Weng et al., 2010) and in this study. Anesthetic binding sites in GLIC have been
investigated by steady-state fluorescence quenching experiments (Chen et al., 2010) and X-
ray crystallography (Nury et al., 2011). While the crystal structures of anesthetic desflurane-
and propofol-bound GLIC revealed an intra-subunit binding site in the TM domain, the
fluorescence experiments with halothane and thiopental suggested additional sites in the EC
and TM domains of GLIC. The sensitivity to anesthetics and amenability to crystal structure
determination make GLIC ideally suited for revealing where and how general anesthetics act
on pLGICs.

Ketamine has been widely used for the induction and maintenance of general anesthesia.
Although ketamine is commonly known as a dissociative anesthetic acting as a
noncompetitive antagonist on the N-methyl-D-aspartate (NMDA) receptor (Harrison and
Simmonds, 1985), it is also a potent inhibitor of neuronal nAChRs (Coates and Flood, 2001;
Yamakura et al., 2000). The action sites of ketamine in these receptors have not been
identified previously. Here we show for the first time the crystal structure of ketamine-
bound GLIC. A preexisting cavity in the EC domain of GLIC is found to be the site for
ketamine binding. Functional relevance of the site is evidenced by electrophysiology
measurements in combination with site-directed mutations and subsequent chemical labeling
to mimic anesthetic binding. Combined with the previous knowledge of anesthetic binding
to the TM domain of GLIC (Nury et al., 2011), the newly discovered anesthetic binding site
in the EC domain provides an additional structural template for the future design and
evaluation of novel general anesthetics and therapeutic allosteric modulators of pLGICs.
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RESULTS

Ketamine inhibition on GLIC

We found that the anesthetic ketamine inhibited currents of the Xenopus oocytes expressing
GLIC in a concentration-dependent manner (Fig. 1). At the proton concentration near EC20
(pH 5.5) for GLIC activation, inhibition concentration with half-maximal response (1C50)
for ketamine on GLIC is 58 uM, which is comparable to the ketamine 1C50 values on the a7
nAChR (20 pM) and the a4p2 nAChR (50-72 pM) (Coates and Flood, 2001; Yamakura et
al., 2000).

The crystal structure of ketamine-bound GLIC

To identify ketamine binding site(s) in GLIC, we co-crystallized ketamine with GLIC and
solved the structure to a resolution of 2.99 A. Crystallographic and refinement parameters
are summarized in Table 1. Strong electron densities for ketamine were found in all five
equivalent pockets in the Fo-Fc omit electron density map (Fig. S1). Fig. 2 shows the
refined structure and a stereo view of the 2Fo-Fc electron density map for the ketamine
binding site, revealing ketamine in a pre-existing cavity between adjacent subunits in the EC
domain of GLIC. The ketamine site in GLIC is near the homologous orthosteric agonist site
in Cys-loop receptors, but it is 9-10 A closer the TM domain (Fig. S2). It partially overlaps
with the binding interface of large antagonists in Cys-loop receptors (Bourne et al., 2010;
Hansen et al., 2005).

Interactions stabilizing ketamine in the binding pocket

Positively charged at low pH, ketamine is stabilized in an amphipathic pocket, where it
contacts mostly hydrophilic residues to form electrostatic interactions with these residues, in
addition to van der Waals interactions with some hydrophobic residues. As depicted in Fig.
3, on one side of the pocket, the chloro group of ketamine points to the positively charged
amine of K183 of p10 and the phenyl ring faces F174 and L176 of loop C. On a different
side of the pocket, the aminium of ketamine makes electrostatic interactions with side chains
of N152, D153, and D154 of the 38-p9 loop (loop F). The carbonyl group of ketamine can
potentially form a hydrogen bond with the hydroxyl group of Y23 on 1. The amide
carbonyl oxygen of N152 is 3 A away from the aminium of ketamine. GLIC is activated at
low pH and the protonation states of titratable residues are responsible for channel activities.
K183 of the principal side carries a positive charge on its side chain whereas the side chains
of D153 and D154 of the complementary side are likely negatively charged. Thus,
electrostatic interactions have contributed significantly to stabilizing ketamine binding (Fig.
S3).

Functional relevance of the ketamine-binding pocket

The functional relevance of the identified ketamine site was validated by site-directed
mutations and subsequent chemical labeling of a pocket residue to mimic anesthetic binding.
As shown in Fig. 4, the ketamine binding pocket is involved in the GLIC activation. A
single mutation in the pocket, N152C, shifted EC50 from pH 5.0 in the wild type (wt) GLIC
to pH 5.4 in the N152C mutant (Fig. 4a). Ketamine binding to the pocket is evidenced by a
higher 1C50 value for the N152C mutant (110 uM) in comparison to 1C50 of the wt GLIC
(58 uM) (Fig. 4b). Removal of a favorable electrostatic interaction between the aminium of
ketamine and the amide carbonyl oxygen of N152 in the mutant may account for the reduced
ketamine inhibition. The functional relevance of the ketamine binding site is further
substantiated by the results of labeling 8-(chloromercuri)-2-dibenzofuransulfonic acid
(CBFS) to N152C after mutating the only native cysteine residue in GLIC (C27A). Covalent
labeling of the introduced cysteines with reagents like CBFS has been used previously to
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mimic alcohol binding to specific residues in pLGICs (Howard et al., 2011). The CBFS
bonding to N152C mimicked the ketamine effect and resulted in inhibition to the mutant
current (Fig. 4c). The residual current from the CBFS bonding could be completely inhibited
by ketamine, but with a higher 1C50 of 180 uM (Fig. S4). The weakening of ketamine’s
inhibition is somewhat expected, considering the interruption of CBFS to the pocket and to
potential interactions between ketamine and its surrounding residues. The channel resumed a
normal function once CBFS was removed from N152C after treatment with 10 mM DTT.
Collectively, these data indisputably demonstrate functional significance of the ketamine-
binding pocket revealed in the crystal structure.

DISCUSSION

The functional importance of the EC domain in pLGICs has been well established based on
the data that agonist or antagonist binding to the orthosteric site regulates channel activities
allosterically (Changeux and Edelstein, 2005; Sine and Engel, 2006). Our structure reveals a
drug-binding pocket in the EC domain, showing that ketamine is not in, but 9-10 A below,
the orthosteric agonist-binding site. In the superimposed crystal structures of the ketamine-
bound GLIC and the agonist- or antagonist-bound AChBP (Bourne et al., 2010; Celie et al.,
2004; Hansen et al., 2005; Hibbs et al., 2009; Ihara et al., 2008; Talley et al., 2008), one can
see clearly that ketamine is outside the binding loci for agonists (Fig. S2). However, the
ketamine binding site overlaps partially with the extended interaction surface of bulky
antagonists bound to AChBP (Fig. S2), suggesting that ketamine may inhibit GLIC in the
way similar to that competitive antagonists inhibit the functions of NAChRs. No agonist
other than protons has been found for GLIC so far. It is unclear if the EC domain, especially
the region for agonist or antagonist binding, plays any functional role in GLIC as in other
pLGICs. Our data highlight the functional importance of the EC domain of GLIC. The
functional relevance of the identified ketamine site has been established by compelling data
of mutations and the CBFS labeling in combination with electrophysiology measurements.
Several residues lining the ketamine pocket in GLIC are from the $8-p9 loop and $10. Their
interplay with the TM2-TM3 loop from the channel domain is thought to be essential for
communication between agonist binding and channel activation in pLGICs (Sine and Engel,
2006). Both our structural and functional results suggest that the pre-existing cavity in the
EC domain, other than the conventional agonist-binding site, can accommodate a drug
molecule and modulate the functions of GLIC channel.

Despite a profound inhibition effect on GLIC upon ketamine binding, our crystal structure
shows little difference from the apo GLIC structure (Bocquet et al., 2009; Hilf and Dutzler,
2009). For residues within 4 A from the bound ketamine, their root mean square deviation
(RMSD) relative to the apo structure is only 0.4 A. The structural resilience to anesthetic
binding was also observed in the desflurane- and propofol-bound GLIC structures (Nury et
al., 2011). Whether a structural response to ligand binding can be observed under
crystallization may depend on binding sites, ligands, crystallization conditions, or other
factors. The crystal structure of ELIC, the pentameric ligand-gated ion channel from Erwinia
chrysanthemi, shows significant conformational changes near and beyond the binding site of
acetylcholine (Pan et al., 2012), while agonist binding to the homologous site of the
pentameric Caenorhabditis elegans glutamate-gated chloride channel alpha (GIuCl) results
in little conformational changes in the crystal structures (Hibbs and Gouaux, 2011). It
remains a challenge to capture different conformations crystallographically for a given
pLGIC (Gonzalez-Gutierrez et al., 2012).

The structural and functional results of ketamine binding to GLIC present a compelling case
for the allosteric action of anesthetics. The ketamine pocket is nearly 30 A away from the
channel gate. The previously identified site for propofol or desflurane is in the upper part of
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the TM domain within a subunit of GLIC (Nury et al., 2011), distinct from the ketamine
binding site. Two factors may have contributed to different sites of allosteric action for these
drugs. First, ketamine is more soluble in the aqueous phase than propofol and desflurane. It
is more attractive to the solvent-exposed pocket offering electrostatic, hydrogen bonding,
and van de Waals interactions (Fig. S3). Second, ketamine has a larger molecular size than
either propofol or desflurane. The ketamine pocket in GLIC is comprised of flexible loops
and has a volume of ~ 248 A3, compatible with a ketamine volume of 219 A3 (Table S1).
Crystal structures of anesthetic bound GLIC reported here and previously (Nury et al., 2011)
reveal at least two sets of sites for anesthetic binding. Existence of multiple anesthetic
binding sites in GLIC has been suggested by several studies. Tryptophan fluorescence
quenching experiments showed halothane and thiopental binding in the EC domain, TM
domain, and the EC-TM interface of GLIC (Chen et al., 2010). Molecular dynamic
simulations suggested that in addition to EC and TM domains, isoflurane could also migrate
into the GLIC channel (Brannigan et al., 2010; Willenbring et al., 2011). Multiple anesthetic
sites were also identified in other pLGICs. In Torpedo nAChR, azietomidate was
photolabeled not only to some pore-ling residues, but also to the agonist-binding site in the
EC domain (Ziebell et al., 2004). The volatile anesthetic halothane was also found to be
photolabeled to both the TM and EC domains (Chiara et al., 2003). Some halothane-labeled
residues in the EC domain of nAChR were from the 9 and 10 strands (Chiara et al.,
2003), suggesting that the ketamine site in our structure represents a homologous site for
anesthetic binding in other pLGICs.

Ketamine has been traditionally classified as an NMDA receptor antagonist (Harrison and
Simmonds, 1985). Our structural and functional data reported here, along with previous
functional studies of ketamine on nNAChRs, may aid in a paradigm shift and call for a
comprehensive examination of ketamine action on pLGICs. Ketamine inhibited the
recombinant neuronal nAChRs in a subunit-dependent manner (Coates and Flood, 2001;
Yamakura et al., 2000). I1C5q values of ketamine measured from Xenopus oocyte expressing
human a7 and a4p2 nAChRs (Coates and Flood, 2001; Yamakura et al., 2000) were close
to our measured value with GLIC in this study. From the modeled structures of the a.7 and
a4p2 nAChRs (Haddadian et al., 2008; Mowrey et al., 2010), it is notable that both proteins
have a pocket similar to the ketamine pocket in GLIC, where several acidic residues are on
one side of the pocket (Fig. S5). These negatively charged residues could attract ketamine
and stabilize the ketamine binding. A greater number of negatively charged residues in the
pocket of a7 than a4p2 nAChRs seem to be consistent with the observation that the a7
nAChR is more sensitive to ketamine inhibition than the a4p2 nAChR (Coates and Flood,
2001).

The discovery of the ketamine-binding pocket expands the scope of the drug-binding mode
and is particularly valuable for the understanding of functional data related to drug action in
the EC domain of pLGICs. There may also be other sites for ligand binding in the EC
domain of heteromeric nAChRs and GABA receptors (Hansen and Taylor, 2007). For a
long time, the search for targets of soluble drugs, such as benzodiazepine and its derivatives,
was focused on sites equivalent to but not the orthosteric ligand site in GABA receptors
(Boileau et al., 1998; Morlock and Czajkowski, 2011; Sigel and Buhr, 1997). Residue
selection for mutagenesis and subsequent functional studies have relied heavily on structures
of ligand-bound AChBPs (Celie et al., 2004; Hansen et al., 2005), due to the limited number
of high-resolution structures with ligand binding to pLGICs (Dellisanti et al., 2007; Li et al.,
2011; Pan et al., 2012) and the lack of experimental structures for GABAA receptors. The
atomic binding mode of ketamine in GLIC provides an additional structural template, which
is invaluable for the design of novel modulators or the search for optimal binding modes of
benzodiazepine derivatives at the interfaces of various subtype subunits (Richter et al.,
2012).
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EXPERIMENTAL PROCEDURES

Protein expression and purification

GLIC was expressed as a fusion of Maltose-binding protein (MBP) using a plasmid
generously provided by Professor Raimund Dutzler’s group. The protocol for GLIC
expression and purification was modified from the published protocols (Bocquet et al.,
2009; Hilf and Dutzler, 2009) and detailed in the online supplemental materials. The
purified GLIC was concentrated to ~10 mg/ml and used for crystallization.

Crystallization

Crystallization was performed using the sitting-drop method at 4°C. GLIC was pre-
equilibrated with 0.5 mg/mL E. colipolar lipids (Avanti Polar Lipids) and 1 mM ketamine
(Fort Dodge, 1A) for at least one hour at 4°C before being mixed in a 1:1 ratio with the
reservoir solution containing 10-12% PEG 4000, 225 mM ammonium sulfate, and 50 mM
sodium acetate buffer (pH 3.9 — 4.1). Crystals of GLIC containing ketamine usually
appeared within one week. For cryo-protection, the crystals were flash frozen in liquid
nitrogen after socking for 30 mins in the reservoir solution supplemented with 20% glycerol
and 10 mM ketamine.

Structural data collection and analysis

The X-ray diffraction data were acquired on beamline 12-2 at the Stanford Synchrotron
Radiation Lightsource and processed using the XDS program (Kabsch, 2010). The structure
was determined by molecular replacement using the apo-GLIC structure (PDB code 3EAM)
without detergent, lipid, and water molecules, as the starting model. Phenix (version:
1.6.4-486) (Adams et al., 2010) and COOT (Emsley et al., 2010) were used for structure
refinement and model building. After several cycles of refinement, six detergent and ten
lipid molecules were built into well-defined extra electron densities using COOT (Emsley et
al., 2010). Non-crystallographic symmetry (NCS) restraints were applied for five subunits in
each unit cell. Automatic solvent detection, update, and refinement were used for the
placement of water molecules. Manual inspection and adjustment were performed at a later
stage. Finally, ketamine binding sites were determined based on the Fo-Fc difference map
and ketamine molecules were built into five equivalent sites showing significant electron
densities. Initial ketamine geometry was obtained using Gaussian 03 at the HF/6-31G level
of theory (Frisch et al., 2003). Both /- and S-ketamine enantiomers were used in structural
refinements. R-ketamine showed interactions with surrounding residues more energetically
favorable and was used in the final structure. The final structure was obtained after
additional refinement cycles. Crystal structure analysis was performed using Phenix and
CCP4 (Winn et al., 2011). PyMOL (Schrodinger, 2010) and VMD (Humpbhrey et al., 1996)
programs were used for structural analysis and figure preparation.

Molecular biology and GLIC expression in Xenopus laevis oocytes

Plasmids encoding GLIC in the pTLN vector for GLIC expression in Xenopus laevis
oocytes was a generous gift from Professor Raimund Dutzler of University of Zirich,
Zirich, Switzerland. Site-directed mutagenesis was introduced with the QuikChange
Lightning Kit (Stratagene, Santa Clara, CA) and conformed by sequencing. The plasmid
DNA was linearized with Mlul enzyme (New England BioLabs, Ipswich, MA). Capped
complementary RNA was transcribed with the mMessage mMachine SP6 kit (Ambion,
Austin, TX) and purified with the RNeasy kit (Qiagen, Valencia, CA). The defolliculated
stage V-VI oocytes were injected with cRNA (10-25 ng/each) and maintained at 18°C in
Modified Barth’s Solution (MBS) containing 88 mM NaCl, 1 mM KCI, 2.4 mM NaHCOs3,
15 mM HEPES, 0.3 mM Ca(NOQOj3),, 0.41 mM CaCl,, 0.82 mM MgSOy,, 10 pug/ml sodium
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penicillin, 10 pg/ml streptomycin sulphate, 100 pg/ml gentamycin sulphate, pH 6.7.
Functional measurements were performed on oocytes 16-40 hours after the injection.

Oocyte Electrophysiology

Two-electrode voltage clamp experiments were performed at room temperature with a
model OC-725C amplifier (Warner Instruments) and a 20-pl oocyte recording chamber
(Automate Scientific). Oocytes were perfused with ND96 buffer (96 mM NaCl, 2 mM KCI,
1.8 mM CaCl,, 1 mM MgCl,, 5 mM HEPES, pH7.4) and clamped to a holding potential of
-40 to —60 mV. Data were collected and processed using Clampex 10 (Molecular Devices).
Non-linear regressions were performed using Prism software (Graphpad). Ketamine (Sigma-
Aldrich Inc, St. Louis, MO) was prepared as a 100 mM stock at a specific pH and diluted
with freshly prepared ND96 to a desired concentration. 8-(chloromercuri)-2-
dibenzofuransulfonic acid (CBFS) was purchased as sodium salt (Sigma-Aldrich Inc, St.
Louis, MO). The stock solution of CBFS (200 pM) was prepared with ND96 and diluted to a
desired concentration before application. To measure CBFS labeling effects, data were
collected at various pH or various ketamine concentrations at pEC20; followed by ~2-min
washout using ND96 (pH 7.4); 1-2 minutes treatment with 20 pl CBFS; ~ 2 minutes to
washout free CBFS; data collection at various pH or various ketamine concentrations at a
new pEC20. Covalent bonding of CBFS to GLIC mutants was confirmed by comparing
currents at pEC20 before and after applying the reducing reagent, 10 mM dithiothreitol
(DTT), to the CBFS-treated oocytes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ketamineinhibition of GLIC at EC20

(a) Representative current traces of GLIC expressed in Xenopus oocytes in the absence and
presence of 100 uM ketamine. (b) Inhibition of the GLIC current by ketamine. Response to
inhibition is expressed as a fraction of current induced at EC20 in the presence of an
indicated concentration of ketamine relative to that in the absence of ketamine. The data are
reported as the mean £ SEM from n = 8 oocytes and fit to the Hill equation. Error bars less
than the symbol size are not visible.
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Figure 2. Thecrystal structure of GLIC bound with five ketamine molecules

(a) A side view of the structure with ketamine molecules in purple color. A pair of principal
and complementary subunits for ketamine binding is depicted in yellow and cyan,
respectively. Note that ketamine is a few A below loop C. (b) A stereo view of the 2Fo-Fc
electron density map, contoured at 1.0 o level, for the ketamine binding site. See also
Figures S1 and S2.
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Figure 3. Stereo view of atomic details of the ketamine binding pocket

Dashed lines indicate distances in A between the ketamine atoms and the relating residues
for electrostatic interactions. Residues on the principal and complementary sites of the
pocket are colored in yellow and cyan, respectively. Note the position of ketamine relative
to N152, in which the mutation affected GLIC activation and ketamine inhibition. See also
Figures S3 and S5, and Table S1.
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Figure 4. Functional relevance of the ketamine-binding site

(a) A single mutation of N152C in the binding pocket altered pH activation of the channel.
Currents of the N152C mutant (solid circle) and the wide type GLIC (open circle) expressed
in Xenopus oocytes were normalized to the maximum current at pH 3.8 or 3.5, respectively.
(b) The N152C mutation weakened the ketamine inhibition. Responses of the N152 mutant
(solid circle) and the wide type GLIC (open circle) are expressed as the fraction of current
induced at EC20 in the presence of the indicated concentrations of ketamine relative to that
in the absence of ketamine. (c) Representative current traces of the N152C_C27A mutant at
different pH values, before and after labeling of 8-(chloromercuri)-2-dibenzofuransulfonic
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acid (CBFS) at a concentration of 20 uM, and after the treatment of 10-mM dithiothreitol
(DTT). The application of CBFS or DTT to Xenopus oocytes lasted for ~2 minutes and was
followed by the subsequent application of pH 7.4 buffer before a new measurement. The
data in (a) and (b) are reported as the mean + SEM from n = 8 oocytes and fit to the Hill
equation. Error bars less than the symbol size are not visible. See also Figure S4.
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Table 1

Data collection and refinement statistics

Data collection and process

Beamline SSRL BL 12-2
Wavelength (A) 0.9795
Space group Cc2
Unit cell (A) 184.1,132.7,162.1
B(°) 103.6
Resolution (A) 25-2.99
Rerge(%)7 8.3 (59.8)
Completeness (%)42 976 (92.3)
<lo>a 12.6 (2.2)
Unique reflections? 74604 (10257)
Redundancy? 39039
Refinement statistics
Resolution (A) 24.8-2.99
No. Reflections (test set) 68525 (3452)
Ruork/Reeee 0.187/0.219
Non-H protein (ligand) atoms 13358 (675)

<B-factors> (A2)

Protein 70.6
Detergents 125.0
Lipids 119.1
Solvent 51.7
Ketamine 122.3
R.m.s deviations
Bond lengths (A) 0.008
Bond angles (degrees) 1.22
Rotamer outliers (%) 8.3
Ramachandran outliers (%) 0.97
Ramachandran favored (%) 93.3
PDB code 4F8H

a\lalues in the parentheses are for highest-resolution shell.
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