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Homology Modeling of a Human Glycine Alpha 1 Receptor Reveals a Plausible
Anesthetic Binding Site
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The superfamily of ligand-gated ion channels (LGICs) has been implicated in anesthetic and alcohol responses.
Mutations within glycine and GABA receptors have demonstrated that possible sites of anesthetic action
exist within the transmembrane subunits of these receptors. The exact molecular arrangement of this
transmembrane region remains at intermediate resolution with current experimental techniques. Homology
modeling methods were therefore combined with experimental data to produce a more exact model of this
region. A consensus from multiple bioinformatics techniques predicted the topology within the transmembrane
domain of a glycine alpha one receptor (GlyRal) to be alpha helical. This fold information was combined
with sequence information using the SeqgFold algorithm to search for modeling templates. Independently,
the FoldMiner algorithm was used to search for templates that had structural folds similar to published
coordinates of the homologous nAChR (1OED). Both SeqgFold and Foldminer identified the same modeling
template. The GlyRal sequence was aligned with this template using multiple scoring criteria. Refinement
of the alignment closed gaps to produce agreement with labeling studies carried out on the homologous
receptors of the superfamily. Structural assignment and refinement was achieved using Modeler. The final
structure demonstrated a cavity within the core of a four-helix bundle. Residues known to be involved in
modulating anesthetic potency converge on and line this cavity. This suggests that the binding sites for
volatile anesthetics in the LGICs are the cavities formed within the core of transmembrane four-helix bundles.

For many years since the era of Meyer and Ovetton, crystals of their native folded state that would be necessary
the mechanisms of anesthetic action were thought to befor X-ray crystallography. Other methods for structure
mediated via the lipid bilayer of cells involved in neuronal determination, such as cryo-electron microscopy, have only
pathways fundamental to consciousness. Since that timebeen able to render low to intermediate resolution structural
there has been much support for the theory that anestheticsmages of these proteifiSherefore, molecular modeling has
mediate their effects by directly interacting with the proteins been used to study such systems for the purposes of analyzing
involved in the transmission of neuronal signals within the and visualizing both protein structure as well as ligand
central nervous system. The transmembrane ligand-gated iorbinding/~1°
channels (LGICs) are a class of proteins that are fundamental Recently, an intermediate resolution structure of the
to the transfer of information within the nervous system and homologous nAChR was determined by cryo-electron mi-
are also very sensitive to the effects of volatile anesthétics. croscopy (PDB id 10EDj.While atomic coordinates were
In particular, recent data strongly suggests that alterationspresented, their certainty is currently inadequate for the level
in the transmembrane domain (TM) of GABA and glycine of understanding we seek. In fact, the authors note that the
receptors are involved in the anesthetic effect mediated bypublished coordinates are preliminary, especially those
these ion channefs. Our search for sites of anesthetic action pertaining to the fourth transmembrane domain (TM4).
has therefore focused on the problem of modeling theselmportantly, Unwin and co-workers make the following
molecular regions within the transmembrane domains of the disclaimer within the comments section of the PDB coor-
ligand-gated ion channels. dinates file itself (PDB id 10EDJ:“No refinement was

Most receptor proteins of biological interest are studied carried out on the model. The coordinates are preliminary....
after their structure is determined via X-ray crystallography. The link between TM1 and TM2 was poorly resolved and
Because transmembrane proteins such as the ligand-gatethe trace here is almost certainly wrong in detail.... Users
ion channels tend to denature upon their removal from their should bear in mind that because of the limited resolution
membrane environment, they generally do not form the the conformations of the side chains and their atomic
coordinates are not individually reliable. Also the ends of
85; %zrzrgspondilr)g a(ljuthO(; tEJhor:e: f(€‘>cfj>0)g|193-05000 ext. 35180:tLaX: (SSO)- the helices are uncertain by at least one residue.”
B57-3423; e el edardb@stanford cdu Conespondig author SA4SSs However, for the first time the new images do reveal the
Miranda Avenue, Palo Alto, CA 94304, existence of four-helix bundles as the basic transmembrane

ID_epartm_ent of Anesthesia, Stanford University School of Medicine. sypunits for the LGICs, confirming our previous predic-
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insufficient for homology modeling, and, unlike our model, Inc., San Diego, CA}® was used with varying parameters

it cannot explain several salient points that are paramountfor secondary structure weighting, similarity matrices, and
to the mechanism of anesthesia. Here, we have utilized twogap penalties to search a sequence database of proteins whose
completely independent techniques to search for a high- structures have been solved. This database represents a 95%
resolution four-helix bundle as a template for purposes of nonredundant subset of the PDB. This database had also been
modeling the glycine alpha 1 receptor (GlyRal). The SeqFold annotated with secondary structure information based on
technique combines sequence and fold information to searchgeometric criteria for each sequence position. The results of
for a modeling template. The Foldminer algorithm actually our searches were rated according to initial SeqFold similarity
uses the coordinates of 10ED to find a similar 3D structure score, the number of similar amino acids within the helical
with higher resolution coordinates to be used as a basis forregions, the number and size of gaps in helical segments,
modeling. In our work, the two independent techniques agreeand the proximity of residues in TM1, 2, and 3 that are
on the same high-resolution template. Subsequent homologyrelevant to anesthetic effect. This process consistently
modeling has resulted in a model that shows well-packed indicated a match to chain A of 2CCY, a heme-containing
alpha helices that surround a central cavity. Amino acid four-helix bundle p = 0.0027 using a structure to sequence
residues known to be involved in the anesthetic effect on weighting of 3:1)” All of the GlyRal predicted helical
these ion channels line this cavity, thereby forming an residues align to known helical residues in the 2CCY
anesthetic binding pocket. While our previous work has template. The sequence similarity among helical residues is
alluded to the presence and location of such a cavity, the 42%, while the sequence identity in the same region is 9.5%.
current work demonstrates the anesthetic binding cavity from Only one gap in the conserved helical regions required
a more robust consensus of multiple algorithms. This allows closing during the threading process. The initial automatic
for a more detailed description of such a cavity’s charac- alignment revealed three residues known to be involved in

teristics than in any of our previous works. anesthetic binding at the same relative height along the core
axis of the four-helix bundle.
METHODS Refined SeqgFold Search for Modeling TemplateUsing

the CATH database (http://www.biochem.ucl.ac.uk/bsm/

BLAST and FASTA Search for Modeling Template. cath/J8 of proteins categorized based on fold type, 2CCY
The amino acid sequence of the human GlyRal was obtainedyas then used as input to the VAST search eri§iatthe
from the National Center for Biotechnology Institute (NCBI). same Web site in order to perform an expanded and updated
Its NCBI PID accession number is g121576 and its Swiss- search for proteins with a comparable fold. This would then
Prot accession number is P23415. The sequence was editegbcus the search to four-helix bundles of thegmwn fold
to remove the initial 28 amino acid signal peptide component. variety and perhaps find structures not available in the
All subsequent amino acid numbering is based on the matureprevious database. This search returned 20 hits based on 3D
sequence without the signal peptide. The sequence of thestructural similarity. Each of their sequences was then
GlyRal was then edited to remove most of the residues in annotated for secondary structure based on geometric criteria
the TM3-TM4 loop. The long intracellular loop connecting from the DSSE® algorithm and placed into a database
TM3 and TM4 was replaced by six residues, 3 from each searchable by the SeqFold algoritAhThis abridged data-
TM. This loop segment was chosen because connecting loopshase of 20 alpha helical bundles was searched using the
with more than five glycine residues do not alter the transition edited GlyRal sequence as input. Subdomain 2 of chain C
state of folding/refolding in the nearly perfect four-helical within the bovine cytochrome oxidase structure (PDB id
bundle of E. coli Repressor Of Primer protein (PDBid 20CCY¥° met the aforementioned criteria within this focused
1ROP)}?and previous molecular dynamics simulations have database of four-helix bundleg € 0.007 using a secondary
determined that seven glycine residues were optimum for astructure sequence weighting of 5:1). Ninety-five percent of
helix-loop-helix motif'? Initial searches of the database of the GlyRal predicted helical residues align to known helical
proteins with known 3D coordinates available at the Researchresidues in 20CC. The sequence identity among helical
Collaboratory for Structural Biology (PDB) were performed residues is 10%, while the sequence similarity in the same
using the FASTA algorithm! Searches for templates were region is 51%. The alignment contains only two gaps in the
also performed on the sequence database at the Nationatonserved helical regions that required closing during the
Center for Biotechnology and Information using the BLAST threading process. Two other proteins (2CCY and 256B)
and PSIBLAST algorithms with a variety of input param- were identified as similarly strong matches, but the shorter
eters’® Despite using an expectation value cutoff as high as lengths of the alpha helices made them less suitable as
1, these searches did not yield any significant homologue to templates for transmembrane domains. The initial automatic
our edited GlyRal sequence based upon sequence charagilignment produced proximity of the three relevant residues
teristics alone, other than the aforementioned 10ED. known to be involved in anesthetic binding at the same level

Initial SegFold Search for Modeling Template.We then within the core of the four-helix bundle. Furthermore, manual
resorted to performing a search based on both sequence andearches of both the CATH and SCOP databases of 3D
secondary structure. We have previously predicted that theproteins (that are categorized based upon protein fold) show
transmembrane domain subunits of the GlyRal (and all that this portion of 20CC is the onipammaliantransmem-
members of the “Cys-loop” superfamily of LGICs) are four- brane four-helix bundle for which there are well-defined 3D
helix bundlest! The sequence of the GlyRal was then coordinates. We edited the PDB file for 20CC so that it
annotated with this secondary structure information and usedcontained only the four-helical bundle being considered, and
as input for a new search program based on both sequencéereafter we refer to subdomain two of chain C in cyto-
and fold topology. This program, called SeqFold (Accelrys chromec oxidase as 20CC-4H.
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Foldminer Search for Modeling Template. While the normal. The limits of these helices in the GlyRal are
cryo-electron micrograph of the homologous nAChRal (PDB approximately as follows: TM1: 225245; TM2: 249-
id 10ED) may only be of intermediate resolution, it still 272; TM3: 280-303; TM4: 396-418 (Figure 1A).
appears to reveal correct protein fold information and A Ramachandran plot clearly shows the vast majority of
validates our previous transmembrane topology predictions.the membrane-spanning amino acids are in a phi-psi distribu-
Therefore, as a completely independent verification of our tion consistent with right-handed alpha helices. The remain-
template selection, we used the FoldMiner algorithm (Brutlag ing residues that fall into the random or beta configuration
Lab, Stanford University}-??to search for known proteins  geometries are very short segments and are primarily in the
with folds that are comparable to that published for the loop regions of the protein (Figure 2A). A quick check of
intermediate resolution structure of the torpedo nAChRal. amino acid side chain integrity did not reveal any amino
FoldMiner uses LOCK 2, a structural alignment program, acid side chain clashes with one another or with the
to align the query structure to each target in the databasebackbone.
and assesses structural similarity at the level of secondary The helices are reasonably well packed without gross
structure elements. It assesses potential alignments byspaces between them when studied as a space-filling model
comparing the orientations of aligned secondary structure (Figure 1B). The crossing of the helices in a left-handed four-
elements in the query and target structures. This systemhelical bundle produces a funnel shaped cavity within the
prefers structural alignments that are global with respect to core of the four-helix bundle. This cavity has access to the
both the query and target and is devoid of bias or information outside of the bundle through gaps in the helical packing on
regarding amino acid sequence. The results of this structuralboth sides of TM4 (Figure 1C,D). The cavity volume
fold-based search gave high scores to several of the samestimated by CAST$ was dependent on the radius of the
folds generated in the aforementioned SeqFold search,probe sphere; a probe radius of 1.4 A outlined a cavity of
including 20CC-4H and 256B. Again, 20CC-4H was chosen 545 A3, while a probe radius of 1.65 A outlined a cavity of
due to the greater number of structurally aligned helical resi- 470 A3. The cavity volume measured by Binding Site
dues, and a homology model was subsequently constructedAnalysis was dependent on the maximum distance between

Homology Modeling. The edited sequence of the GlyRa1 9rid points exposed at the aperture to the cavity; the default
was initially aligned with the 20CC-4H template, as sug- Value d 7 A outlined a cavity of 340 A whereas a value of
gested in the initial SeqFold output. It was further refined 5 A decreased the volume to 222.A

based on the mean force potential of Sprresent within Other potential templates for model building were identi-
the SwissPDB Viewer software package (GlaxoSmithKline fied as noted above. Despite their overall search scores and
R&D and the Swiss Institute of Bioinformatic%).Final residue alignments differing somewhat from those for the

refinement of a|ignments and gap closure were based upontemplate flnaIIy Chosen, models were built nonetheless from
experimental criteria from site-directed mutations and label- these other templates for the sake of comparison. These other
ing studies. The Modeler module within the Insight Il soft- templates include the proteins known in PDB notation as
ware suite (Accelrys Inc., San Diego, CA) was then utilized 2CCY chain a and 256B. While models made from these
to assign atomic coordinates to regions structurally aligned templates did satisfy some of the experimental data regarding
with the template, build intervening loops, optimize the labeling of various residues, the template structures include
rotamers of amino acid side chains, and perform an initial & heme moiety between the TM1 and TM4 helices. When
energy optimization of the structure. CASTp (http:/cast.en- the heme is removed, it creates a large cleft between TM1
gr.uic.edu/cast?y and the Binding Site Analysis module of and TM4 and results in unusual helical packing for our
Insight 1l (Accelrys Inc., San Diego, CA) were then used to model. We also examined the 1ROP structure mentioned
identify all cavities associated with the model as well as above as a template, in light of its near perfect four helical
measure the volume they contain. These programs were useundle geometry* This also did not produce satisfactory
to search for cavities that lie within the subunits and are alignment of residues with experimentally known charac-
bounded by residues 1le229, Ser267, and Ala288. Phi-psiteristics and the helices were too short for a membrane-
angle analysis was carried out using the Ramachandran plospanning domain.

capabilities of the VMD software package (Theoretical and ~ Proximity of Amino Acids Involved in the Anesthetic
Computational Biophysics Group and the NIH Resource for Effect. Several amino acids known to modulate anesthetic
Macromolecular Modeling and Bioinformatic®)An initial potency, lle229, Ser267, and Ala288 line the cavity (Figure
search for amino acid clashes was performed with the 1D) formed within the four-helix bundle. These residues are
SwissPDB Viewer software package (GlaxoSmithKline R&D located at approximately the same level along the bilayer
and the Swiss Institute of Bioinformatic¥)Residue polarity ~ hormal and appear to form a portion of a funnel shaped cavity
and lipophilicity profiles as well as electrostatic potential Within the outer third of the membrane spanning subunit.
mapping to the Connelly solvent accessible surface was Residues from TM4 that are at the same level include the

carried out using DS Modeling Viewer v. 5.0 (Accelrys, San segment from Tyr406 to Tyr410. Several amino acid

Diego, Ca.). positions that have been implicated in ion selectivity,
Met246-Ala 251 in GlyRal (homologous to Ala234-Glu238
RESULTS in the nAchRa7¥/-?8 are in the correct position within the
TM1-2 loop that forms the selectivity filter.
Helical Dimensions and Packing.The alpha helices Location of Residues Known to Exist in Certain

within our model average 23 amino acid residues in length. Environments. Residues with well-defined environments,
This is long enough to span the typical lipid bilayer thickness, based upon a consensus of experimental site-directed muta-
even if the helices are oriented at a slight angle to the bilayertions and labeling studies from homologous proteins in the



TR

tarpedo AChR sipha 1 LY F ¥ ¥ N ¥ | P € L L F 8 F L T a@a L v F ¥Y|L P
12213 274 F15 218 317 218 218 221 272 223 224 Z25 225 23T 288 225 330 231 237 233 234|235 235
ghyRal S|Y ¥ L I a ™\ v P 5 L L I ¥ I L = W 1 & F wW|I N
21| 222 223 T84 205 336 227 2i8 230 231 232 233 234 235 236 237 238 239 240 2d7 242 243|244 245
GABAR alpna 1 G|Y FIW 1 @ T ¥ P C 1 M T ¥V I L 5 Q@ VvV 5 F W|L N
224 233 204 ZI6 238 INT 236 209 244 247 242 243 244 245 228|247 248

TS ™A

torpedo AChR alpha 1 LI & K ¥ ™ H OD|H I L L & ¥ F M L I &€ 1 I & T VvV 8 ¥ F A G|R
273|274 275 275 277 T8 297 407(408 205 490 411 212 493 414 S15 416 417 S9B 419 £20 421 422 423 424 425 420 427 228429
ghyRat All D 1w M F E|R | & F P M A F L I F N WM F ¥ W I | ¥ K 1|V
582|203 284 255 206 28T ) 391|392 392 354 395 308 297 305 309 400 401 402 403 404 405 408 407 405 408 490 411 S1Z[413
GABAR alpha 1 AlM D W F | ¥ $|R I A F P L L F & | F N L V ¥ W A& T ¥ L H|R
285(2568 287 55 289 290 1 6|37 308 299 400 201 aCZE 403 &ld 405 408 d0T 405 <08 40 411 412 415 414 495 416 S17(d1S

Ser 267

31IS ONIANIgG OIL3HLSINY NV STVIATYH ONINT3AO N\ ADOT0ONOH

Cl-ion channel

Ala 288
C. D.

‘JOA “I9PON “Jul "wiBYyd

Figure 1. (A) Multiple sequence alignment of torpedo nAChR with human glyRal and GABARal. The homologous positions of residues exposed to hydroplhidibialhets &nd hydrophobic
labels (yellow) as well as residues involved in anesthetic binding lle 229 (pink), Ser 267 (green), and Ala 288 (blue) are highlighted. (B) Thef @8@@@pchain ¢ (red ribbon) with 10ED &
(green ribbon). Note the better packing of TM4 in 20CC. (C) Tetramer showing the location of hydrophilic (light blue) and hydrophobic (yellowispokigh arranged into a pentamer OTZ
tetramers. Note the general orientation of hydrophilic positions toward the ion poor and hydrophobic residues toward the lipid bilayer. (B} Araditigecaviity (void volume in gray) within
the transmembrane alpha helical subunit lined by anesthetic binding residues lle 229 (pink), Ser 267 (green), and Ala 288 (blue).
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Figure 2. (A) Ramchandran plot showing the majority of amino acids in the phi-psi domain of the right-handed alpha helix. (B) Electrostatic
potential surface representation of the glyRal ¢redegative potential, blues positive potential). (C) Lipophilic residues looking toward

TM4 (outlined in white, blue= more lipophilic, red= less lipophilic). (D) Lipophilic residues looking toward TM2 (outlined in white, blue

= more lipophilic, red= less lipophilic) from within the ion channel pore.

superfamily of LGICs, are in reasonable positions. They agents would be accessible to the environment of the lipid
would tend to face their respective hydrophilic and hydro- bilayer or adjacent interhelical appositions (Figure 18¢¥.
phobic environments once the four-helix bundle subunits are A surface representation of our protein subunit that is color
reconstituted into their pentameric arrangement around a cen<oded by polarity and hydrophobicities also shows several
tral ion channel. Amino acid positions labeled by mostly reassuring features. The solvent accessible surface that is
hydrophilic reagents are accessible to an aqueous environ-color-coded by electrostatic potential (Figure 2B) clearly
ment?®-31 Amino acids labeled by mostly hydrophobic re- shows the majority of positive and negative potential on the
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surface of the extracellular and cytoplasmic ends of the described here into a pentameric arrangement without
protein. The same surface color coded by lipophilicity (Figure encountering the grossly unfavorable steric overlaps noted
2C) demonstrates that the majority of membrane spanningby others®”#4! Finally, though at intermediate resolution,
amino acids in TMs 1, 3, and 4 are hydrophobic in nature. Unwin and co-workers refined their cryo-electron micrograph
However, it should be noted that the membrane spanningtechnique to produce an electron density that could be clearly
amino acids in TM 2 are notably polar when examined from fit to segments of alpha helices, producing an all-alpha helical
the side facing what would constitute the protein ion channel topology within the transmembrane domain of the homolo-
(Figure 2D). This is appropriate and consistent with these gous nAChRE Their most recent refinements were made
residues lining the water-filled central ion pore of this protein possible after calibrating their technique against the recently

channel as seen in Figure 1C. published coordinates of the snail acetylcholine binding
protein (AChBP)? which is homologous to the extramem-
DISCUSSION branous ligand-binding domain of the nAChR.

Our model of the GlyRal subunit was constructed using The Anesthetic Binding Cavity DimensionsCorrelations
comparative modeling based on a four-helical bundle tem- of anesthetic potencies with anesthetic binding effects are
plate. This model accounts for a large body of experimental consistently reproduced when anesthetics experimentally
data, including the alpha helical nature of the transmembraneinteract with well-packed synthetic four-helix bundfesuch
domain, the appropriate orientation of residues from specific as are present in our model. Site-directed mutations, which
types of labeling experiments, and the location of residues systematically varied the volumes of amino acid side chains,
implicated in ion selectivity. Additionally, this model identi- indicate that the size of the cavity necessary to accommodate
fies a binding site for anesthetics and alcohols by demon- inhalational anesthetics is approximately 25210 A% The
strating a common cavity that is bounded by residues known volume of the site of action for cyclo alcohols was estimated
to alter the anesthetic sensitivity of the channel. While our to be 415 & in tadpoles'* The cavity volume estimated in
current model agrees with the overall topology of the recently our model (221 Ato 554 A®) is within the range of these
published coordinates of the homologous nAChR (PDB id experimental results (Figure 1D), though we expect estimates
10ED), it uniquely explains several phenomena not other- of cavity size to vary since the ion channel is a dynamic
wise accounted for by these coordinates (see below). structure. In contrast, the current LOED model has loosely

The Alpha Helical Nature of the Transmembrane packed alpha helices. It contains a completely different cavity
Region. The lengths and locations of the helices are very that appears contiguous among all five transmembrane
close to those predicted by both our previous transmembranedomain subunits, and the cavity is much larger than has been
topology consensus predictidhsas well as those of the predicted by experiment.
recently published, intermediate resolution coordinates of the The Anesthetic Binding Cavity Residues and Its Chemi-
homologous nAChR.This has been a very controversial cal Characteristics. Residues within the transmembrane
point over the last several years due to a variety of domains of LGICs have been consistently implicated in the
contradictory experimental studies regarding the exact topol- effects of anesthetics and are shown to converge on a
ogy and secondary structure of this membrane-spanningcommon binding cavity within our model (Figure 1D). 1le229
region within the LGICs. A substituted cysteine accessibility in GlyRal and the corresponding Leu232 in GABAaR are
method (SCAM) study implied that at least part of TM1 is important for mediating anesthetic effeét§er267 in the
a beta stran& This study involved sequential site-directed GlyRal and Ser270 in the GABAaR alpha 1 are both at
mutations of amino acid residues to cysteine followed by homologous sequence positions on TM2 within a multiple
reaction with a methanethiosulfonate reagent. Interpretationssequence alignment of these receptors. Both of these are
of recent proteolytic digestion studies also suggest that TM1 involved in the way anesthetics affect these char@lithin
and TM3 are of significant beta sheet charaétéf Ortells TM3, Leu283 in the nAChR alpha %4, Ala288 in the
and Lunt previously could not model the transmembrane GlyRal1®>6 Ala291 in the GABAAR alphal, and Met286 in
domain as a purely alpha helical structure due to unfavorablethe GABAaR beta suburft are all homologous sequence
steric interactions of adjacent suburfitsAs a result, they  positions within their respective receptors. All of these
suggested that an alpha helical structure was unlikely for residues modulate the way in which anesthetics affect ion
that domain. Le Novere et al. used secondary structurechannels. These homologous amino acid positions have been
prediction tools that were trained on globular, water-soluble shown to line a part of the cavity within the core of the alpha
proteins to infer that the transmembrane region of the LGICs helical bundle, converging on an anesthetic binding“site.
has significant beta sheet struct@fdnitially, Unwin and Our model implicates residues on TM4 in the range from
co-workers could only discern TM2 as an alpha helix on Tyr 406-410 in the GlyRal. However, the current experi-
their cryo-electron micrograpii8As a result, they suggested mental data on TM4 is somewhat conflicting and inconclu-
that the other segment®uld be beta strands. sive regarding a single specific residue pertinent to anesthetic

However, we utilized 10 state of the art topology prediction binding32484°The most recent data using cysteine scanning
algorithms that are specific for transmembrane environmentsmutagenesis and propyl-MTS reagent labeling suggest that
to show that the subunits of this class of receptors were four-residues Trp 407 and Tyr 410 in TM4 are of paramount
helix bundles of the updown fold class! This prediction importance in the anesthetic effect (personal communication
has been supported by isolation, proteolytic digestion, andfrom Drs. Ingrid Lobo and Adron Harris). This is readily
FTIR analysis of the homologous region within the NnACHR.  accounted for by our current model. Additionally, our model
We have also successfully created full models of the trans- has been successfully used to predict residues that are within
membrane ion pore (a pentamer of four-helix bundles com- a reasonable distance for cross-linking studies involving
posed of 20 alpha helices in total) by packing the subunits cysteine mutagenesis and disulfide bridge formation in the



134 J. Chem. Inf. Model., Vol. 45, No. 1, 2005 BERTACCINI ET AL.

GlyRal. Specifically, Ser267 and Ala288 have been clearly The construct of our proposed anesthetic binding site is
shown to be near neighbors by this technigie. quite distinct from that initially put forth by Unwin and
The residues that line the putative anesthetic binding site colleague%and then expanded upon by Barrarfte$heir
would also impart a somewhat amphipathic character to the speculation is that within the homologous nAChR there exists
cavity, with serine and tyrosine having the capacity for polar/ an “outer shell” composed of TMs 1, 3, and 4 from each
hydrogen bond interactions, whereas alanine and isoleucinesubunit and an “inner core” composed of TM2 from each
are capable of more hydrophobic interactions. The latter subunit. This should be reinterpreted in light of our current
group of residues may satisfy the Meyer-Overton correlation model. In particular, we show better packing of TM4 and
of anesthetic potency and lipid solubility.The possibility an anesthetic binding site that is distinct within each
for hydrophilic interactions satisfies the potency correlations individual subunit, not somehow part of a large contiguous
of the fluoroalkanes and fluoroalkanols studied by Eger and space between an inner and outer protein shell. This has
co-workers~53 The recently published intermediate resolu- important implications for how we think anesthetics may
tion coordinates of the nAChR (10OED) display the appropri- access an anesthetic binding site as well as how the channel
ate orientation of the residue homolgous to Ser267 on TM2. opens and closes.
However, the remaining residues in the NnAChR model that

are homologous to those known to be involved in anesthetic CONCLUSION
action are not in proximity to one anotfieand do not form In summary, using modern techniques of bioinformatics,
a common site into which anesthetics may bind. computational chemistry, and molecular modeling, we have

While our model explains the location of several key pyijt a model of the transmembrane subunit region within a
amino acids that have been consistently identified as beingpman GlyRa1 that accounts for a large body of physico-
involved in the volatile anesthetic effect, there are other chemical and experimental data that characterizes this region.
amino acid effects that at this point our current model may \jost notably, the cavity within this region demonstrates the
only partially serve to explain. Dr. Keith Miller's lab has —royimity of amino acid residues known to be involved in
used azietomidate and azioctanol for photolabeling experi- ihe effects of anesthetics on these ion channels, thereby
ments to identify amino acid residues possibly involved in forming a plausible anesthetic binding site. While our
mediating the anesthetic effect of etomidate and octanol. Therevious work has alluded to the presence of such a cavity,
residue identified as important for octanol binding in the this work demonstrates its presence from a more robust
NAChR is alpha Glu262! Those residues relevant to gerivation using a consensus of multiple algorithms. Fur-
etomidate binding include nAChR alpha Glu262 and nNAChR thermore, this model demonstrates a distinct anesthetic
delta GIn276 (both homologous to Ala272 in GlyRal) within - inging site with multiple experimentally verified charac-

the extracellular end of the nAChR ion channel in the teyistics that are not fully accounted for by the recently
desensitized state, and nAChR delta Ser258 (homologous,piished intermediate resolution structure of the nAChR.
to Gly254 in GlyRal) and nAChR delta Ser262 (homologous

to Thr 258 in GlyRal), toward the cytoplasmic efidlhe ACKNOWLEDGMENT
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