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Propofol is the most widely used injectable general anesthetic.
Its targets include ligand-gated ion channels such as the GABA ,
receptor, but such receptor-channel complexes remain chal-
lenging to study at atomic resolution. Until structural biology
methods advance to the point of being able to deal with systems
such as the GABA , receptor, it will be necessary to use more
tractable surrogates to probe the molecular details of anesthetic
recognition. We have previously shown that recognition of
inhalational general anesthetics by the model protein apofer-
ritin closely mirrors recognition by more complex and clinically
relevant protein targets; here we show that apoferritin also binds
propofol and related GABAergic anesthetics, and that the same
binding site mediates recognition of both inhalational and
injectable anesthetics. Apoferritin binding affinities for a series
of propofol analogs were found to be strongly correlated with
the ability to potentiate GABA responses at GABA , receptors,
validating this model system for injectable anesthetics. High
resolution x-ray crystal structures reveal that, despite the pres-
ence of hydrogen bond donors and acceptors, anesthetic recog-
nition is mediated largely by van der Waals forces and the
hydrophobic effect. Molecular dynamics simulations indicate
that the ligands undergo considerable fluctuations about their
equilibrium positions. Finally, apoferritin displays both struc-
tural and dynamic responses to anesthetic binding, which may
mimic changes elicited by anesthetics in physiologic targets like
ion channels.

Most general anesthetics alter the activity of ligand-gated ion
channels, and electrophysiology, photolabeling, and transgenic
animal experiments imply that this effect contributes to the
mechanism of anesthesia (1-9). Although the molecular mech-
anism for this effect is not yet clear, photolabeling studies indi-
cate that anesthetics bind within the transmembrane regions of
Cys-loop ligand-gated ion channels such as the nicotinic ace-
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tylcholine and the y-aminobutyric acid (GABA)? type A recep-
tors (2, 9—11). Practical difficulties associated with overexpres-
sion, purification, and crystallization of ion channels have thus
far stymied investigation of the structural and energetic bases
underlying anesthetic recognition. However, general anesthet-
ics also bind specifically to sites in soluble proteins, including
firefly luciferase, human serum albumin (HSA), and horse
spleen apoferritin (HSAF) (12—-14), and x-ray crystal structures
have been determined for complexes of these proteins with sev-
eral general anesthetics (14-16). In particular, HSAF is an
attractive model for studying anesthetic-protein interactions
because it has the highest affinity for anesthetics of any protein
studied to date, has a unique anesthetic binding site, and is a
multimer of 4-helix bundles, much like the putative anesthetic
binding regions in ligand-gated channels. In addition, apofer-
ritin is commercially available and crystallizes readily. Most
importantly, however, the affinity of HSAF for a broad range of
general anesthetics is highly correlated with anesthetic
potency, confirming the utility and relevance of this model sys-
tem (17).

Ferritin is a 24-mer iron-binding protein. It sequesters free
iron ions, thereby helping to maintain non-toxic levels of iron in
the cell and functioning as a cellular iron reservoir (18, 19). Each
subunit has a molecular mass of ~20 kDa and adopts a 4-helix
bundle fold. The 24-mer forms a hollow, roughly spherical par-
ticle with 432 symmetry. Two ferritin isoforms are found in
mammals, heavy (H) and light (L), and 24-mers can contain all
H chains, all L chains, or mixtures of varying stoichiometry; the
biological significance of the H/L ratio is not yet clear (20).

In addition to the large central cavity, the apoferritin 24-mer
contains additional, smaller cavities at the dimer interfaces;
these smaller cavities are of an appropriate size to accommo-
date anesthetics. X-ray crystallography has confirmed that this
interfacial cavity is the binding site for the inhalational anes-
thetics halothane and isoflurane, and isothermal titration calo-
rimetry (ITC) measurements have shown that this interfacial
site has a relatively high affinity for these anesthetics (K, values
~10° M~ 1) (14).

General anesthetics fall into at least two broad classes, inha-
lational and injectable. Whereas both classes of drugs can
induce the amnesia, immobility, and hypnosis associated with

2 The abbreviations used are: GABA, y-aminobutyric acid; HSA, human serum
albumin; HSAF, horse spleen apoferritin; ITC, isothermal calorimetry; LGIC,
ligand-gated ion channel; r.m.s., root mean square; RMSF, root mean
squared fluctuations.
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TABLE 1
Structures of the compounds studied

Ligand Chemical name Structure of ligand
OH
2,6-diisopropylphenol
1
(propofol)

OH

2 2, 6-di-sec-butylphenol
OH

3 2-sec-butyl-6-isopropylphenol
OH

4 2-isopropyl-6-propylphenol )\©/\/
OH

5 2,6-diethylphenol /\©/\
OH

6 2-ethyl-6-methylphenol A©/
OH

7 2-isopropylphenol )\é
OH

8 2,6-dimethylphenol \©/
OH

9 phenol @

anesthesia, molecules in the two classes differ substantially in
their chemical and physical properties. Prior to this work, only
one crystal structure has been available for an injectable general
anesthetic complexed with a protein-propofol, bound to HSA
(16). This structure revealed that the propofol binding sites on
this protein do not, by and large, overlap with the binding sites
for inhalational anesthetics. This raises the question of whether
the two types of drug invariably bind to separate sets of targets,
or whether they could possibly transduce their effects by bind-
ing to a single protein site. To address this question we assessed
whether propofol binds to the apoferritin site that had been
previously identified as the binding site for inhalational anes-
thetics. Using x-ray crystallography, calorimetry, and molecu-
lar modeling, we show that the two types of anesthetics do
indeed share a common binding site. We also investigated
structure-binding relationships for a homologous series of
propofol-like compounds and found that, remarkably, the ener-
getics of binding to apoferritin precisely match the compound’s
abilities to potentiate GABA effects at GABA , receptors, sug-
gesting that similar structural and physicochemical factors
mediate anesthetic recognition by both apoferritin and ligand-
gated ion channels. This argues for the possibility that anes-
thetic binding might trigger structural and dynamic alterations
in GABA , receptors similar to those observed in apoferritin,
and that these changes underlie anesthetic effects.

EXPERIMENTAL PROCEDURES

Materials—HSAF was purchased from Sigma-Aldrich.
Propofol and analogs were purchased from Sigma-Aldrich or
Acros (Geel, Belgium); compounds 2, 3, and 5 were synthesized
as previously described (21, 22). Ligand structures are given in
Table 1.
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Isothermal Titration Calorimetry (ITC)—ITC measurements
were carried out essentially as previously described (14) using a
MicroCal VP-ITC instrument (Northampton, MA); details are
given under supplemental data.

Protein Crystallization and Structure Determination— Apof-
erritin was purified by gel filtration chromatography (23) and
co-crystallized with ligands using hanging drop vapor diffusion
at 18°C. Briefly, reservoir solutions containing 0.2-1.2 M
(NH,),SO, and 0.1-0.225 m CdSO, plus and minus 1-5 mm
ligand were mixed with 12 mg/ml HSAF in 0.2 M sodium acetate
pH 5.0 and equilibrated over 1 ml of reservoir solution. Diffrac-
tion data were collected at beamlines X6A and X25 of the
National Synchrotron Light Source and 17-ID of the Advanced
Photon Source. Duplicate structures were determined inde-
pendently for two of the complexes, to provide some sense of
the precision associated with the structure determination. Data
collection and refinement statistics are shown in Table 2. Addi-
tional details of crystallization and structure determination are
given under supplemental data. Coordinates and structure fac-
tors for all models have been deposited with the Protein Data
Bank.

Volume Calculations—Cavity and ligand volumes were cal-
culated using the programs VOIDOO and FLOOD (24); details
are given under supplemental data.

Molecular Dynamics—Three distinct systems were studied
using molecular dynamics simulations performed in VMD (25).
Each system consisted of an apoferritin dimer set in a water box,
with the protein containing either no ligand (control), phenol,
or propofol bound in the orientation indicated by the crystal
structure. The propofol system was simulated under two dis-
tinct equilibration protocols (A and B); in the A protocol, pro-
tein C, atoms were restrained to their initial positions for the
first 500 ps, followed by unrestrained simulation; in the B pro-
tocol, both the ligand and protein were restrained initially, and
the restraints were relaxed more slowly. Details are given under
supplemental data.

RESULTS

Isothermal Titration Calorimetry—Calorimetric measure-
ments demonstrated that all of the compounds tested bound
specifically to apoferritin (Table 3), with dissociation constants
ranging from ~2-600 micromolar. The concentration of
propofol in the serum is generally 1-2 um during normal anes-
thetic applications (26), and hence apoferritin represents a
good model for a high affinity anesthetic binding site that is
significantly occupied during anesthesia. The calorimetric data
were well fit using a single class of sites model with variable
stoichiometry. The number of binding sites per apoferritin
24-mer was consistently estimated as ~1-4, even though 12
sites are predicted from the crystal structure. The origin of this
discrepancy is not yet clear, but it is likely that a single class,
non-interacting site model may be an oversimplification, espe-
cially given that the HSAF 24-mer contains both L (85%) and H
(15%) subunits; however, the relatively low affinity of the
ligands renders more complex binding models difficult to jus-
tify or prove.

General Features of the Apoferritin Anesthetic Binding Cavity—
The asymmetric unit of our apoferritin crystals contains a sin-
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TABLE 2
Data collection and refinement statistics
Ligand Unliganded 1 5 (#1) 5 (#2) 7 8 (#1) 8 (#2) 9
PDB ID . 3F32 3F33 3F35 3F34 3F36 3F38 3F37 3F39
Resolution range (A)” 20.97-1.70  37.25-1.70  28.92-1.92  32.08-1.68 25.54-1.70 20.88-1.75 37.0-1.54 20.97-1.70
. (1.76-1.70)  (1.76-1.70)  (1.99-1.92)  (1.74-1.68) (1.76-1.70) (1.81-1.75)  (1.60-1.54) (1.76-1.70)
Wavelength (A) 0.9795 1.1 1.0 0.9537 1.0 0.9795 0.9537 0.9795
Cell constants” (a = b = ) 181.60 182.49 182.93 181.46 182.37 181.99 181.25 181.53
Completeness 99.5(95.5)  99.8(99.9)  99.9(100.0) 97.9 (85.7) 99.8(100.0)  97.9(87.6)  99.5(96.1)  99.4(96.4)
merge 0.102 (0.615) 0.070 (0.319) 0.079 (0.433) 0.099 (0.527)  0.057 (0.317)  0.064 (0.397) 0.053 (0.460) 0.072 (0.460)
<I/o(l)> 15.5 (3.6) 23.5 (4.9) 184 (5.7) 13.0 (2.0) 24.9 (5.3) 23.1 (5.5) 30.0 (2.5) 17.1 (3.1)
No. of non-hydrogen atoms in ASU
Protein 1354 1354 1354 1354 1354 1354 1354 1354
Water 201 210 135 189 153 179 203 149
Metal ions 4 6 7 5 8 6 7 8
Ligand 0 13 11 11 10 9 9 7
Other 10 5 15 19 10 10 19 10
No. of reflections used in refinement (work/free) 27172/1445  27620/1480 19281/1038  27587/1490 27347/1458  24679/1320  36122/1900  21259/1147
R/Rgce 0.178/0.209  0.189/0.22  0.190/0.236  0.198/0.247 0.185/0.21 0.172/0.222  0.174/0.198  0.184/0.216
Deviations from ideality
Bond lengths (A) 0.013 0.013 0.020 0.015 0.013 0.014 0.010 0.018
Bond angles (degrees) 1.236 1.230 1.751 1.392 1.367 1.311 1.167 1.396
Mean B values (A?%) 229 222 33.5 309 31.6 24.3 24.7 27.0
Protein 20.7 19.9 321 29.3 30.0 24.8 22.0 25.4
‘Water/ions 37.0 35.7 42.3 40.3 42.7 36.6 40.0 38.8
Ligand - 40.9 71.8 45.9 58.1 59.8 55.1 52.3
Ramachandran plot statistics® % residues in:
Most favored regions 95.4 94.7 96.1 95.4 94.7 95.4 95.4 94.7
Additionally allowed regions 4.6 5.3 3.9 4.6 5.3 4.6 4.6 5.3
“ Values in parentheses refer to the highest resolution shell.
? All crystals belong to space group FA32.
¢ Calculated using PROCHECK (38).
TABLE 3
Apoferritin-ligand complexes
Ligand Vol ofligand”  Vol. of cavity”  Packing density =~ R.m.s.d. vs. unliganded apoferritin®  Solvent accessible surface area K,
A? A? A? A? x10"* !
None - 363 + 12 - - - -
1 186.3 417 * 8° 0.45 0.134 (0.74) 370.8 20.80 * 1.1
24 218 - - - 4264 17.75 3.3
34 201.6 - - - 401.2 50.33 = 8.2
44 186.8 - - - 380.6 21.15* 1.3
5¢ 156 397 + 10 0.39 0.104 (0.41) 332.8 8.14 £ 0.4
390+ 9 0.40 0.134(0.73)
6 142 - - - 311 331 *0.1
7 139.8 377 + 10 0.37 0.077 (0.39) 306.3 6.04 £ 0.3
8¢ 125.1 363+ 9 0.34 0.060 (0.63) 286.2 0.94 = 0.02
352+ 9 0.36 0.086 (0.57)
9 94.7 395 + 14 0.24 0.116 (0.63) 239.6 0.18 = 0.006

“ Volume of ligand determined using VOIDOO (24).
b Probe-occupied volume of cavity calculated using VOIDOO (24).

¢ Calculated for C,, atoms of the entire protein; values in parentheses calculated for all atoms of cavity-lining residues.

@ X-ray crystal structures were not determined for these complexes.
¢ Structures were determined in duplicate (see Table II).

gle protomer, and application of the 432 crystallographic sym-
metry generates the 24-mer. The apoferritin structures
reported here are essentially identical to the previously
reported structures of HSAF and recombinant horse L apofer-
ritin (27-30). The protomer forms a bundle of four long helices;
a fifth short helix at the molecular C terminus caps the bundle
at one end. A long extended crossover strand bridges the sec-
ond and third helices (Fig. 1).

The anesthetic binding site lies at the interface between
two apoferritin subunits and is centered about a crystallo-
graphic 2-fold symmetry axis that relates the two subunits.
The sides of the cavity are formed by the first and second
helices of both subunits, while the base of the cavity is
formed by the strands that connect helices 2 and 3 of each
subunit. The top of the cavity is capped by the side chains of
two symmetry-related copies of Arg-59. Small openings on
either side of these residues connect the cavity with the sur-
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face of the protein; these openings face the interior of the
hollow sphere that is formed by the 24-mer. The cavity is
lined largely by apolar and mildly polar residues. These
include Leu-81 at the base of the cavity and Ser-27, Tyr-28,
Leu-24, Leu-31, and Ala-55 around the sides of the cavity.
Several charged residues are found at the mouth of the cav-
ity, including the Arg-59 residues mentioned above, as well as
Glu-56 and Glu-63 (Fig. 2). Two copies of each of these residues
(one from each symmetry-related apoferritin protomer) con-
tribute to forming the cavity. The 2-fold symmetric nature of
the binding pocket means that two positions are seen for each
ligand, related to one another by a 180° rotation. Only one of the
two symmetry-related positions can be occupied in any given
cavity, due to steric overlap, and so the maximum possible
occupancy for each ligand position is 0.5.

In the absence of ligand, electron density was observed in the
anesthetic binding pocket and modeled as two water molecules
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FIGURE 1. The apoferritin dimer. The two subunits are shown in yellow and
cyan, while the surface of the anesthetic binding cavity is shown in magenta.
The position of the 2-fold symmetry axis relating the two subunits is shown as
a black line, running through the center of the binding cavity. Figs. 1 and 2
were made using PyMOL (39).

per asymmetric unit (Fig. 2). These waters do not overlap their
symmetry mates, and so each cavity contains four ordered
waters. One of these waters is well positioned to make hydrogen
bonds with Arg-59 (oxygen-nitrogen distance 2.9 A) and Ser-27
(oxygen-oxygen distance 2.8 A). The second is within hydrogen
bonding distance of the first (3.2 A), but is not within hydrogen-
bonding distance of any potential donor or acceptor on the
protein.

Addition of ligands to the cavity does not alter the global
structure of apoferritin appreciably. The r.m.s. difference in C,
positions between any of the liganded structures and unligan-
ded apoferritin is ~0.1 A, comparable to the expected coordi-
nate error (31), and r.m.s. differences for all atoms of the resi-
dues lining the cavity are still quite small, 0.4—0.7 A (Table 3).
The volume of the cavity in the different structures ranges from
352to 417 A% it appears independent of ligand volume for small
ligands, but increases in direct proportion to ligand volume for
larger ligands (Fig. 3). Phenol departs from this trend, with the
apoferritin-phenol complex showing an unexpectedly large
cavity volume; interestingly, this effect is predicted by the
molecular dynamics simulations (vide infra).

Details of Specific Ligand Complexes—Propofol (1) sits in the
anesthetic binding cavity with the plane of its aromatic ring
almost parallel to the crystallographic 2-fold symmetry axis
(Fig. 2). The carbon-hydroxyl bond is tilted ~30° away from the
symmetry axis. The hydroxyl group points toward the top of the
cavity, and toward Arg-59; however, the hydroxyl does not par-
ticipate in a hydrogen bond or other polar interaction with any
part of the protein. One of the isopropyl groups packs against
the hydrophobic portions of the two Arg-59 side chains, the
side chain of Ser-27, the side chain of Glu-63 and the backbone
carbonyl oxygen of Ala-55; the other isopropyl group points
into the interior of the cavity, and most closely approaches the
side chain of the symmetry-related Ser-27 and the carbonyl
oxygen of Leu-24. The aromatic ring is not positioned so as to
allow the 7 electrons to form any specific interactions with the
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protein; the closest protein moieties to the ring are the backbone
and side chain of Tyr-28 and the side chains of Leu-81, which
approach to within 4 A of the aromatic ring. No water molecules
are seen in the cavity together with propofol, which presumably
displaces all four of the waters found in the unliganded apoferritin
cavity. As was the case with all of the ligands, the positions of the
propofol molecule and its symmetry mate overlap extensively, and
so only one ligand may occupy any given cavity.

Other 2,6-Substituted Phenols—The two di-substituted ana-
logs 5 and 8 adopt orientations within the cavity that are
roughly similarly to that of propofol. For both of the ligands,
one alkyl substituent packs against the Ser-27 side chain and the
alkyl portions of the symmetry-related Arg-59 residues, while
the other points inward into the cavity, lying between the two
symmetry-related copies of Leu-81. The aromatic rings of both
5 and 8 lie close to both backbone and side chain atoms of
Tyr-28 and to the side chain of Leu-81, again similar to the
propofol complex. Compounds 5 and 8 also displace all waters
observed in unliganded apoferritin. Neither of these com-
pounds uses its hydroxyl group to form a hydrogen bond with
the protein; the closest hydrogen bond partners are the gua-
nidino nitrogens of Arg-59 and the Ser-27 hydroxyl, all of which
are at least 4 A away from the phenolic hydroxyl oxygen.

Smaller Ligands—The monosubstituted ligand 7 is oriented like
the disubstituted ligands, with the isopropyl group occupying the
same position as one of the isopropyl substituents of propofol.
However, the absence of a substituent at the 6-position of the ring
allows two of the four waters seen in the unliganded structure to
remain in the cavity. These waters appear to bridge the ligand to
the protein, forming hydrogen bonds with the ligand hydroxyl
group and the side chains of Ser-27 and Arg-59.

Phenol (9) binds in the same cavity as the other ligands, but is
oriented differently, with its hydroxyl group pointing toward
the side of the cavity, not toward Arg-59 and the top of the
cavity as is seen with the other ligands. This orientation allows
phenol to form a hydrogen bond with the Ser-27 hydroxyl,
making it the only ligand studied that forms a direct polar inter-
action with apoferritin. Like 7, phenol displaces half of the
waters seen in the unliganded structure. Unlike the case with 7,
the remaining water molecules do not form hydrogen bonds
with phenol, as modeled in our structure. However, the small
size of phenol may allow it to rotate relatively freely within the
cavity; indeed, the molecular dynamics studies described below
suggest that phenol can alternate between hydrogen bonding to
Ser-27 and to waters within the cavity. Like all of the other ligands
studied, there was no evidence for polar interactions between the
protein molecule and the m-electrons of the phenol aromatic ring.

Molecular Dynamics—Molecular dynamics simulations
were conducted to investigate the dynamics of the ligand within
the apoferritin binding site and to judge consequences of bind-
ing on protein structure and dynamics. Once equilibrated, the
structure of the apoferritin dimer remains stable over the
20-40-ns time scale of our simulations, and the overall shape
and size of the anesthetic binding cavity do not change through-
out the simulations. Ligand binding affects the dynamic behav-
ior of most of the cavity-forming residues, causing some to
become less mobile while others show increased dynamic
behavior in the presence of ligands (Fig. 4).
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FIGURE 2. Stereoviews of the apoferritin anesthetic binding site. Upper panel, unliganded apoferritin. The
two protein protomers making up the dimer are shown in the same color scheme as Fig. 1, with the side chains
of the cavity-lining residues shown in a stick representation. The surface of the cavity is shown as a mesh. The
four water molecules observed in the cavity are shown as red spheres. Lower panel, apoferritin-propofol com-
plex. The viewpoint is similar to that of the upper panel; again, the cavity surface is shown in a mesh represen-
tation. The propofol molecule is shown in ball-and-stick representation. In both panels, oxygen atoms are

shown in red and nitrogen atoms in blue.

Arg-59 shows markedly higher r.m.s. fluctuations in the pres-
ence of phenol than with propofol or no ligand. In the propofol and
control simulations, the Arg-59 side chains form a tight cap to the
cavity. However, when phenol is bound, one of the Arg-59 side
chains tilts away from the cavity for an extended period, increasing
the cavity volume. This movement appears to reflect the polarity of
the phenol ligand: when Arg-59 tilts away from the cavity several
waters (typically between 4 and 8) enter the cavity and hydrate the
phenol hydroxyl. Cavity swelling caused by ligand hydration likely
explains the anomalously large cavity volume seen in the crystal
structure of the phenol complex (Fig. 3). Large numbers of
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waters are not seen sharing the
cavity with phenol in the crystal
structure, but this is not unex-
pected because the simulations
suggest the water is not ordered.

Leu-24, which forms two sides
of the cavity, is another residue
that shows increased mobility in
the phenol simulation, as com-
pared with the control or propofol
simulations. Phenol induces a
rotation of the side chain y2 dihe-
dral that packs the leucine side
chain against the ligand aromatic
ring, shielding it from water in the
cavity. Since the concentration of
water in the cavity is higher when
phenol is bound than when propo-
fol is present, this shielding is
expected to be more advantageous
for phenol than in the presence of
propofol (lower water concentra-
tion, hence less need for shielding)
or in the control (no ligand to
shield).

Leu-81 is a residue for which
ligand binding reduces motion.
This residue is located in the
crossover strand that connects the
second and third helices. Ligand
binding significantly reduces the
mobility of both the backbone and
side chain of Leu-81; in fact, back-
bone fluctuations are dampened
for the entire strand (Fig. 4). The
ligands insert their aromatic rings
tightly between the two symme-
try-related copies of the Leu-81
side chain, and this tight packing
appears to be the cause of the
reduction in protein mobility. The
Leu-81 rotameric probability dis-
tributions are very similar for
propofol and phenol, indicating
that Leu-81 is not particularly sen-
sitive to the substituents on the
phenol ring and that the dominant
driving force is attraction between the ligand ring and
leucine methyl groups.

During the propofol simulations, the ligand showed substantial
fluctuations about its equilibrium position, but the angle between
the C-O bond and the symmetry axis (P) remained close to +45°,
in reasonable agreement with the crystal structure (Fig. 4). Only
one transition between the two symmetry-related sites was ever
observed. Taken together with the narrow distribution of @
around the values observed in the crystal structure, this suggests
that there is a barrier to rotation of propofol within the cavity.
However, the azimuthal or tilt angle, 6 (defined in Fig. 4), shows a

“@SEME\

VOLUME 284 -NUMBER 36+SEPTEMBER 4, 2009



cavity volume (&%) "

440

420 1

400 1

380 A

360 -

340 -

320

0 50

100

150

ligand volume (A’)

200

A Unitary Anesthetic Binding Site at High Resolution

FIGURE 3. a, dependence of cavity volume upon ligand volume in the x-ray crystal structures of different apoferritin-ligand complexes. Circles correspond to
unliganded apoferritin and the complexes with compounds 1, 5, 7, and 8; the triangle corresponds to the complex with compound 9, phenol. b and ¢, structures
of the apoferritin complexes with propofol and phenol, respectively, obtained from molecular dynamics simulations. For panels b and ¢, the viewpoint is such
that the top of the figure corresponds to the surface of the protein; each panel represents a single snapshot from the simulation. In both panels the surface
defined by the side chains lining the sides of the cavity is shown as a transparent green surface, with the ligand visible within. The Arg-59 side chains are seen
at the top of both panels, colored orange. Note how in the propofol structure (b), the Arg-59 side chains pack against the top of the ligand, whereas in the
phenol-bound structure (c), the two arginine side chains arch upward, expanding the cavity and allowing additional water molecules to enter (shown in light

gray and red).
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FIGURE 4. Protein and ligand dynamics from molecular dynamics simulations. a, RMSF for backbone (main
panel) and side chain (inset) atoms of cavity-forming residues over the course of the simulations. Black dia-
monds, no ligand; red squares, phenol; blue circles, propofol. b, RMSF values for backbone atoms in strand
connecting helices 2 and 3. ¢, orientation of the ligands versus time, as characterized by the polar angle ¢ and
the azimuthal angle 6 (defined in panel d). Red, phenol simulation; blue and cyan, propofol A and B simulation,
respectively. The orientations seen in the crystal structures are represented by the symmetric dashed lines.
Probability distributions extracted from the simulation data are shown in the right hand panel. d, definition of
¢ and 6. ¢ is the angle between the ligand C-O bond and the 2-fold symmetry axis that relates the two
protomers that form the binding site. 6 is the angle between the ligand C-O bond and the z axis, where z is
defined as the normal to a plane that lies exactly halfway between the planes of the aromatic groups of the two
symmetry-related ligand positions seen in the crystal structure.

much broader distribution of values than @, indicating that while

switching from one binding position to the other may be disfa-
vored, tilting and other localized movements of propofol within

the cavity are allowed.
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DISCUSSION

The phenol simulation shows a
much wider distribution in both the
polar and tilt angles than propofol
(Fig. 4), suggesting the ligand is essen-
tially fluid within the cavity. The ®
distribution does show a small peak at
the orientation specified by the crystal
structure (+ 82°), but there is a much
larger peak around ® —20°, corre-
sponding to an orientation roughly
analogous to that of propofol. Fur-
thermore, there are very fast transi-
tions between the preferred orienta-
tion and one occurring at ® = 0 in
which the phenol hydroxyl is pointed
toward the cavity exit, allowing
hydration of the hydroxyl, and in
which the central phenol ring is
wedged between the two Leu-81 side
chains at the bottom of the cavity.

Throughout the course of the sim-
ulations, neither ligand showed a
strong tendency to form hydrogen
bonds with the protein residues lining
the cavity. Propofol participated in
hydrogen bonds less than 0.1% of the
simulation time, while the hydroxyl of
phenol participated in a hydrogen
bond with the Ser-27 10% of the sim-
ulation time; no other hydrogen
bonds were observed. Both ligands
formed hydrogen bonds with water
more frequently than to the cavity,
forming at least one hydrogen bond
with water 3% of the time for propofol
and 73% of the time for phenol.

Propofol is now the most widely used of the injectable gen-

eral anesthetics. It provides rapid induction of unconscious-

JOURNAL OF BIOLOGICAL CHEMISTRY 24181



A Unitary Anesthetic Binding Site at High Resolution

ness, swift emergence and few of the problems associated with
other drugs, such as delirium and nausea (32). Its desired effects
are thought to arise from potentiation of GABAergic transmis-
sion. Structure-activity relationships have been probed for var-
ious propofol analogs (33), but the atomic details of the struc-
ture-binding relationship, necessary to guide further drug
design, have not been reported. To elucidate such details for the
anesthetic-binding protein apoferritin, we examined a homol-
ogous series of compounds that all share the same phenolic
skeleton, but differ in the size of the aliphatic substituents at the
2- and 6-positions.

The apoferritin system provides a clear example in which
polar interactions are not required for specific, high-affinity
recognition of propofol and related molecules. Apart from phe-
nol, none of the compounds studied participate in direct polar
interactions with the protein, even though multiple polar resi-
dues are available within the apoferritin cavity, and despite the
fact that all of the compounds are capable of participating in
hydrogen bonds and polar interactions involving their pi elec-
trons. The molecular dynamics simulations show that the
ligands prefer to form hydrogen bonds to water molecules in
the cavity, rather than to their protein target. It is surprising
that hydrogen bonding or other polar interactions do not play
key roles in propofol recognition, given that the hydroxyl group
has been considered an essential component of the propofol
pharmacophore (34, 35). However, our results strongly suggest
that the hydroxyl may serve primarily to enhance water solubil-
ity, rather than to mediate protein recognition.

In the absence of strong polar interactions such as hydrogen
bonds, affinity should be governed by enthalpic contributions
from relatively weak van der Waals forces and entropic contri-
butions from dehydration of the ligand and cavity upon bind-
ing. We estimated the free energy contribution from the latter
effect using a value of 20 cal/mol per A2 of hydrophobic surface
area (36) and found excellent agreement with experimental val-
ues, indicating that the hydrophobic effect is the principal force
driving anesthetic recognition by apoferritin (Fig. 5).

Of the ligands studied, only the largest compound, 2, departs
from this trend, with a measured binding affinity that is mark-
edly lower than predicted by the hydrophobic effect. This dis-
crepancy probably reflects the entropic cost of immobilizing a
large ligand in the absence of strong offsetting enthalpic contri-
butions, and is entirely consistent with the results from our
molecular dynamics simulations, which suggest that “optimal”
ligands still exhibit a considerable degree of mobility within the
cavity.

A similar enthalpy-entropy calculus governs the recognition
of guest molecules by encapsulating hosts, which is also con-
trolled by weak forces (37), and suggests that optimal affinity
corresponds to a packing density of guests within the host of
about 0.55, similar to the packing density of most organic liq-
uids. Looser packing fails to fully exploit favorable enthalpic
contacts between host and guest, while too-tight packing
restricts guest motion and exacts too great an entropic cost.
Packing densities for our apoferritin-ligand complexes range
from 0.35 to ~0.52, with binding affinity peaking at a packing
density of 0.48 and decreasing for higher values. Considering
that apoferritin cavity volume calculations include nooks inac-
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FIGURE 5. g, calculated versus measured affinities of propofol analogs for apo-
ferritin. The x axis shows the calculated binding energy for desolvation of a
hydrophobic molecule, assuming a value of 20 cal/mol per A2 of hydrophobic
surface area (36), and the y axis shows the observed binding energy derived
from the ITC data. The solid line represents a least-squares fit to all data points
except the point corresponding to compound 2, which is represented by a
triangle. b, natural logarithm of the binding affinity shown as a function of the
packing density. The solid line represents a least squares fit to all data points
except compound 2 (open triangle). Solid circles represent experimental data.
Open circles and triangle were extrapolated or interpolated from experimen-
tal data. The dotted line is meant as an aid to the eye, suggesting that optimal
binding occurs at a packing density of ~0.48, and that affinity decreases for
higher values of the packing density.

cessible to ligand, these values likely underestimate the true
packing density and are therefore in remarkable agreement
with the predictions of the host-guest model (37) (Fig. 5).
Unfortunately, larger ligands with higher predicted packing
densities are only sparingly soluble in water, complicating
experimental confirmation of this relationship.

To test generality of this relationship in another anesthetic-
binding protein, we examined the packing density and binding
affinity of propofol for HSA (13, 16). Propofol binds two distinct
sites in HSA; an average K, of 15, 300 M~ ! has been estimated
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for the two sites (13), which is more than 10-fold weaker than
the apoferritin affinity for propofol. Only one of the two HSA
sites is a buried cavity and therefore permits volume determi-
nation (16); packing densities fall in the range 0.50—0.55. This
is higher than the “optimal” value found for the apoferritin-
ligand complexes, suggesting that the HSA lower affinity for
propofol may stem in part from a too-small binding cavity.
However, examination of other HSA-ligand complexes reveals
that this cavity is capable of enlargement; the fact that it adopts
the volume that it does in the HSA-propofol complex may sig-
nal that the free energy gained from a hydrogen bond formed
between propofol and HSA partially compensates for the
entropic cost of immobilizing the ligand.

Careful analysis of both the structure and the dynamics of the
apoferritin model target reveal a complex interplay between
anesthetic and protein. The crystal structures clearly show that
the protein cavity is able to expand, at least to a limited degree,
to accommodate larger ligands (induced fit), implying that
models wherein anesthetics simply bind to preformed cavities
may be overly simplistic. The molecular dynamics simulations
complement this structural analysis, providing an explanation
for the unexpectedly large cavity volume observed for the phe-
nol-apoferritin complex. Given that the cavity occurs at a sub-
unit interface, it is not difficult to hypothesize that expansions
of similar cavities in the transmembrane regions of multisub-
unit ion channels could influence the energetics of conductance
or gating.

The utility of complementing structural analyses with
dynamics simulations is further demonstrated by the pro-
nounced effects of anesthetic binding on residue and strand
dynamics, observed even for the lowest affinity ligand. While
crystallography does not identify significant global differences
(other than cavity size) between unliganded and liganded apo-
ferritin, molecular dynamics simulations reveal that the local
effects of anesthetic binding translate into substantial global
effects on protein dynamics, even at loci distant from the bind-
ing site (e.g. the crossover strand connecting helices 2 and 3). It
is easy to envision how similar allosteric effects, triggered by
anesthetic binding to LGIC targets, might modulate agonist
affinity or channel function.

Because apoferritin is itself unlikely to transduce anesthesia,
its utility as a model system lies in its ability to predict pharma-
cologically relevant anesthetic effects. Structure-function data
for propofol and related compounds reveal a good correlation
between anesthetic potency (as measured by loss of righting
reflex in Xenopus laevis tadpoles) and the ability to potentiate
GABA responses at GABA, receptors (33), suggesting a
GABAergic mechanism for propofol-like molecules. It is there-
fore interesting to note that in the propofol series, binding affin-
ity for apoferritin is strongly correlated with potentiation of
GABA responses (Fig. 6). Further, this correlation approxi-
mates the line of identity, implying that occupancy of an apof-
erritin-like site in the GABA , receptor complex is sufficient for
potentiation. A significant correlation is also observed between
apoferritin binding affinity and anesthetic potency in tadpoles,
although not as strong as with GABA potentiation. This is not
surprising, given that systems level responses such as the loss of
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FIGURE 6. Correlation between apoferritin binding affinity and the EC;,
for potentiation of GABA responses at GABA, receptors (units are mol/
liter). Binding affinity was measured by ITC and is expressed as the dissocia-
tion constant K;; GABA potentiation data are taken from Ref. (33). The points
shown correspond to compounds 1, 2, 5, 7, 8, and 9. The solid line represents
aleast squares fit to the data; a slope of unity (dashed line) lies within the 95%
confidence interval for the slope of the regression line.

righting reflex almost certainly reflect contributions from mul-
tiple targets.

Even aside from these functional correlations, the notion that
apoferritin can act as a model for the GABA , receptor is con-
sistent with our current knowledge of LGIC architecture.
Mutagenesis and photolabeling experiments (1-9), coupled
with homology modeling (9), have established that the anes-
thetic binding site of the GABA , receptor lies within its trans-
membrane region, at or near the interface between subunit
4-helix bundles. Similarly, the apoferritin anesthetic binding
site is found in an interfacial location, sandwiched between two
four-helix bundles. Obviously, the structural homology cannot
extend to the atomic level, because there is no primary
sequence homology between apoferritin and the GABA,
receptor, nor is the 2-fold symmetry axis found in apoferritin
consistent with what we know of the architecture of the trans-
membrane domains of ligand-gated ion channels. Nonetheless,
apoferritin displays a striking level of mimicry at the secondary,
tertiary, and quaternary structural levels.

In conclusion, apoferritin binding affinity recapitulates anes-
thetic potency in a propofol-based homologous series. Recog-
nition of these molecules, based almost entirely on van der
Waals forces and the hydrophobic effect, occurs at the same
binding site previously shown to bind inhalational general anes-
thetics such as halothane and isoflurane. When taken together
with the structural mimicry described above, these results
argue strongly that the apoferritin anesthetic binding site bears
a high degree of physicochemical and architectural similarity to
sites that exist in the GABA , receptor and other clinically rel-
evant targets. Our results will allow the development of specific
structural and dynamical hypotheses to explain anesthetic
mechanisms within pharmacologically relevant ion channel
targets.
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