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ABSTRACT: The structural features of protein binding sites for volatile anesthetics are being explored using
a defined model system consisting of a fauhelix bundle scaffold with a hydrophobic core. Earlier
work has demonstrated that a prototype hydrophobic core is capable of binding the volatile anesthetic
halothane. Exploratory work on the design of an improved affinity anesthetic binding site is presented,
based upon the introduction of a simple cavity into a prototypg four-o-helix bundle by replacing six

core leucines with smaller alanines. The presence of such a cavity increases the &fimty0(71 +

0.04 mM) of volatile anesthetic binding to the designed bundle core by a factor of 4.4 as compared to an
analogous bundle core lacking such a caviky € 3.1 + 0.4 mM). This suggests that such packing
defects present on natural proteins are likely to be occupied by volatile general anesthetios
Replacing six hydrophobic core leucine residues with alanines results in a destabilization of the folded
bundle by 1.72.7 kcal/mol alanine, although the alanine-substituted bundle still exhibits a high degree
of thermodynamic stability with an overall folded conformatioA&"-° = 14.3+ 0.8 kcal/mol. Covalent
attachment of the spin label MTSSL to cysteine residues in the alanine-substitutextielir- bundle
indicates that the di-helical peptides dimerize in amti orientation. The rotational correlation time of

the foure-helix bundle is 8.1+ 0.5 ns, in line with earlier work on similar peptides. Fluorescence,
far-UV circular dichroism, and Fourier transform infrared spectroscopies verified the hydrophobic core
location of the tryptophan and cysteine residues, showing good agreement between experiment and design.
These small synthetic proteins may prove useful for the study of the structural features of small molecule
binding sites.

The site(s) of action of the volatile general anesthetics indirect effect due to changes in the properties of membrane
remain(s) unknown, despite over a century of active inves- lipids.

tigation. Extensive studies on how anesthetics might alter |, racent years, investigators have begun to directly study

the physical properties of the lipid component of membranes anesthetic binding to proteins usit NMR spectroscopy
have shown only minor effects. Current consensus therefore(6_8) photoaffinity labeling 9, 10, and fluorescence

favors membrane proteins as the targets for volatile anesthet- - -
ics (1, 2. In line with this, a number of investigators have spectroscopyl1—15). These studies have demonstrated that

shown that volatile anesthetics alter the function of both there are adventitious, but nevertheless discrete, sites present

voltage-gated3) and ligand-gated ion channel$) @nd also in water-soluble proteins where anesthetics may bind.
ion transport proteins5j]. These studies demonstrate that Recent results for photoaffinity labeling of theorpedo
anesthetics are capable of altering Hativity of a number nqblllanaTlcotggg aA(_:re;ylcholl_nr(]a r:elceﬁtor and the sar:coplash-
of different membrane proteins. However, it remains to be MIC reticulum Ca’-ATPase with halothane suggest that suc
determined whether these functional changes follow directly Sit€S also exist in membrane proteid®d,16.
from anesthetic binding to the proteins in question or are an  While the above work has demonstrated the presence of
binding sites for halogenated alkanes and ethers on proteins,
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Scheme 1 buffer, pH 7.2, and acetonitrile, containing 1.1 mMAwith
o a 10-fold excess of spin label at room temperature with
—— S-5-CHs constant stirring for 12 h2G, 27. A single reaction product

LC-AC, was obtained as revealed by analytical reversed-phase HPLC
HS and laser desorption mass spectrometry. The reaction went
N to >99% completion as reported by HPLC. Spin-labeled
peptide was in turn purified to homogeneity by reversed-
phase HPLC.

Electron Spin Resonance Spectroscof§pectra were

H recorded at 9.479 GHz with a Bruker ESP 300E spectrometer
N (Billerica, MA) at room temperature, using approximately

0 5-uL samples in cylindrical (0.8 mm internal diameter) Pyrex

capillary tubes, placechia 4 mminternal diameter quartz

MATERIALS AND METHODS tube. The X-band frequency was measured using a Hewlett-
Packard (Wilmington, DE) 5350B counter. The ESR
parameters were as follows: microwave power, 10.1 mW;
modulation frequency, 100 kHz; modulation amplitude, 0.993
G; time constant, 164 ms.

Curve fitting of motionally restricted nitroxides was carried
out using the programs of Schneider and Fre2f) pn a
Microsoft Fortran Workstation. The spectral parameters for
MTSSL used in the simulations wegg, = g,y = 2.0086,
0.,z = 2.0032,A« = Ay = 6.23 G, andA,, = 35.7 G @9).

The truncation parameters w8 = 14, Lax= 13, Kiax
= 10, Mnax = 2, andp' = 2. The number of Lanczos steps
was 50.

Circular Dichroism SpectroscopySpectra were recorded
with a Model 62 DS spectropolarimeter (Aviv, Lakewood,
'NJ), using 1 mm (for far-UV) or 5 mm (for near-UV) path
length quartz cells sealed with Teflon stoppers. The cell
holder was temperature controlled at 23:00.1 °C. The
"buffer for the far-UV CD spectra was 10 mM potassium
phosphate at pH 7.0. The bandwidth was 1.00 nm, with a
scan step of 0.5 nm and an average scan time of 3.0 s for
the far-UV spectra. Near-UV CD spectra were recorded with
a scan time of 10.0 s and a scan step of 0.1 nm.

Denaturation StudiesDenaturation of four-helix bundles
was followed using circular dichroism spectroscopy, moni-
toring the ellipticity at 222 nm®,,,). The measure®,,,
as a function of the added denaturant concentration was fit
to the equation of Mok et al30) describing the unfolding
of a dimer (fourei-helix bundle) into two monomers, using
a nonlinear least squares routine:

+

Materials. Fmoc-protected amino acid perfluorophenyl
esters were from PerSeptive Biosystems (Framingham, MA)
with the exception of Fmoc-Arg(Pmc)-OPfpt which was
obtained from Bachem (King of Prussia, PA). Halothane
(2-bromo-2-chloro-1,1,1-trifluoroethane) was purchased from
Halocarbon Laboratories (Hackensack, NJ). The thymol
preservative in the commercial halothane was removed with
an aluminum oxide column2(Q). L-Tryptophan was from
Sigma Chemical Co (St. Louis, MO). Guanidinium chloride
(8.0 M) was obtained from Pierce (Rockford, IL). Hexane
and 2,2,2-trifluoroethanol (NMR grade) were from Aldrich
Chemical Co (Milwaukee, WI). The nitroxide spin label (1-
oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methanethio-
sulfonate was purchased from Reanal (Budapest, Hungary)
All other chemicals were reagent grade.

Peptide Synthesis and Preparatiofeptides were syn-
thesized on NovaSyn PR-500 resin (Novabiochem, La Jolla
CA), using automated solid-phase technology on a Milligen
9050 (Cambridge, MA) instrumen2{—25) using the Fmoc/
‘Bu protection strategy. Crude peptides were purified to
homogeneity by reversed-phasg BPLC (Beckman System
Gold, Fullerton, CA) using aqueous acetonitrile gradients
containing 0.1% (vol:vol) trifluoroacetic acid. Peptide
identities were confirmed with laser desorption mass spec-
trometry.

Solution molecular weights for the peptides were deter-
mined on a Beckman System Gold HPLC system with a
diode array detector, using a Supelco Sigmachrom GFC-
100 column (300x 7.5 mm). The elution buffer was 130
mM NaCl/20 mM sodium phosphate, pH 7.0. Molecular ) HO
weight standards consisted of aprotinin (6.5 kDa), horse heartfraction folded= 1 — [[exp(AG™" +
cytochro_mec (12.4 kDa), chymotrypsinogen A (25.Q kDa), m[denaturant])[RT)/[4P(1 + (8P/(exp(AG"° +
(IZ\E/)aal)bumm (43.0 kDa), and bovine serum albumin (67.0 m{denaturant]RT)) — 1)1/2] 1)

Attachment of the Spin Label MTSSIThe cysteine-
specific spin label (1-oxyl-2,2,5,5-tetramethylpyrroline-3-
methyl)methanethiosulfonate (MTSSL) was covalently at-
tached to the dix-helical peptide A, (Scheme 1) in a 4:1
(vol:vol) solution of 130 mM NaCl/20 mM sodium phosphate

whereAG:° is the conformational stability of the protein,
mis the slope of the unfolding transition, [denaturant] is the
molar concentration of GndCR is the gas constanT, is
the absolute temperature, amlis the molar monomer
concentration of the protein.

Steady-State Fluorescence Measuremefitg interaction
1tﬁ‘b|bre"tiﬁti°”tsﬁ. MTfSS'-t' (1‘0;‘]3"".2-ZI'5-5'tf]”f.‘memyt'%yr_r%”e'3‘ of halothane with the current fowr-helix bundles was
m%éa?qﬁe”iffoog_sﬁeﬁg %ggé)c’,e svli)t(h gggheed'éﬁﬁﬁéb%u F2T|R, followed with steady-state intrinsic tryptophan fluorescence
Fourier transform infrared; CD, circular dichroisn®.,, molar measurementd (, 13 on a fluorescence spectrophotometer
ellipticity at 222 nm; ESR, electron spin resonanceg; rotational F-4500 (Hitachi, Danbury, CT). Tryptophan was excited at

correlation time; TFE, 2,2,2-trifluoroethanol; GndCl, guanidinium feal ;
chloride; Fmoc, 9-fluorenylmethoxycarbonyBu, tert-butyl; HPLC, 295 nm, and emission spectra were recorded with peaks at

high-performance liquid chromatography; Pmc, 2,2.5,7,8-penta- 327 nim for (Axz), and 324 nm for (k). The quartz cell
methylchroman-6-sulfonyl; Opfp, pentafluorophenyl ester; Ac, acetyl. had a path length of 10 mm and a Teflon stopper. The cell
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holder was thermostatically controlled at 25t00.1 °C.
Excitation and emission slit widths were both 5 nm. The
buffer used for the fluorescence experimentation was 130
mM NaCl/l20 mM sodium phosphate, pH 7.0. Protein
concentration was determined with a UV/Vis Spectrometer
Lambda 2 (Perkin-Elmer, Norwalk, CT), takingsgo for
tryptophan= 5700 Mt cm™ (21). Halothane-equilibrated
protein, in gastight Hamilton syringes, was diluted with
predetermined volumes of plain protein (treated in the same
manner) to achieve the final anesthetic concentrations
indicated in Figures 9 and 10.

Defining F, as the fluorescence in the absence of halothane

andF as the fluorescence in the presence of anesthetic, the
F=F,-Q )

where Q is the quenched fluorescence. As described
previously (L1, 13, the quenched fluorescence is a function
of the maximum possible quenching at an infinite halothane
concentration Qnmay and the affinity of halothane for its
binding site Kgy) in the vicinity of the tryptophan residues.
Assuming that no fluorescence polarization changes occur
upon binding of halothane, then from mass law consider-
ations, it follows that

Q = (Qnadhalothane])/K, + [halothane]) 3)

Fluorescence Lifetime Data Acquisition and Analysis.
Fluorescence decay kinetics were measured on a K2 multi-
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b2

ASSEMBLY
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IN WATER

Ficure 1: Modeled structure of fourn—helix bundle protein (&),
The cylinders represent the two 27-residudelical portions of
each 62-residue di-helical peptide, which are joined by an eight-

fesidue glycine linker. Black and white halves of each cylinder

represent hydrophilic and hydrophobic residues, respectively. The
hydrophobic residues that occupy thandd positions of the heptad
repeat are shown in panel a, using the standard abbreviations. The
62-residue di-helical peptides (a) dimerize in water to form a
four-a-helix bundle protein, which may havesyn (b1) or anti

(b2) topology.

cadmium-telluride detector. The data were averaged after
512 successive scans.

Gas ChromatographyBuffer concentrations of halothane
were determined using gas chromatography on an HP 6890
Series instrument (Hewlett-Packard, Wilmington, DE) as
previously describedl1@).

Curve Fitting and Statistics.Best-fit curves were gener-
ated using the KaleidaGraph (Synergy Software, Reading)
program. Data are expressed as mgaSD. Data points
are the averages of at least three experiments with separate
samples.

frequency cross-correlation phase and modulation spectro-

fluorometer (1SS Inc., Champaign, IL). Solutions ofo(A.

in Teflon-stoppered 5-mm path length quartz cells, with
varying concentrations of halothane, were excited at 290 nm
with a 4-nm bandwidth, at room temperature. Emitted
photons passed through a 308-nm cuton filter, followed by
a polarizer set at the magic angle {b%0 the vertical to
minimize the effect of rotational diffusion. A glycogen
solution served as the scattered excitation light reference.

RESULTS

Protein Design. The overall foure-helix bundle scaffold
(Figure 1) was designed to be water-soluble and to have a
hydrophobic core as previously describetdl{25). The
four-a-helix-bundles used in the present study were based
on prior designsa3—25) and were built from two 62-residue
di-a-helical peptides (Figure 1), each composed of two 27-
residue o-helical segments and an eight-residue flexible

Fluorescence lifetime data were obtained and analyzed afglycine linker. The bundle designs described here have two

20 modulation frequencies {300 MHz) using 0.2 and
0.004 standard error limits for phase and modulation,
respectively. ISS software was used for both the acquisition

(ISSL) and analysis (1ISS187) of the fluorescence decay data.

The fluorescence decay intensity at timgt), was analyzed
as a sum of exponentiald(t) = Zia; exp(t/z;), wherer; is
the lifetime andy; is the fractional intensity of thigh decay
component31, 3). Globaly? minimization was used as a
criteria for the goodness-of-fit of the applied model to the
experimental values. A reduced value less than 1.7 was
regarded as an acceptable description of the &&8a34.
The fluorescence lifetime standapeterphenyl in aerated
ethanol was used to evaluate instrument performance,
yielding atr = 1.05+ 0.03 ns (1 = 3), in good agreement
with the accepted valueQ).

Fourier Transform Infrared (FTIR) Spectroscop¥TIR
spectroscopy was performed on a Bruker IFS66 instrument
(Billerica, MA) using Cak windows and a 10@#m path

tryptophans and two cysteines at hepggabsitions (Figure
2a,b). The primary sequences of the two 62-residue-di-
helical peptides used in the current study are given in Figure
2a. The peptides described are designated, lwith a
predominantly leucine-containing core, and Awhich has
three alanines inserted at the hydrophadior d positions
L19A, L44A, and L48A (Figure 2a,b).

As an initial approach to understanding the structural
requirements of volatile anesthetic binding sites in proteins,
we have designed a cavity into the hydrophobic core by
replacing three leucines with alaninesasandd positions.
Alanine was selected based on its smaller size and also
because its intrinsic helix-forming propensity is comparable
to that of leucine 5, 3§. Computer modeling using Sybyl
software (Tripos Associates, St. Louis, MO) on a Silicon
Graphics Indigé workstation suggested that these changes
would create a cavity large enough to accommodate a
halothane molecule (calculated van der Waals volesmie3

length cell. Spectra were obtained at room temperature, atA3; 37). A tryptophan occupies aaposition at one end of

intervals of 0.5 cm! with a resolution of 2 cmt over the
400-8000 cm! wavenumber range. A globar source was
used along with a KBr beam splitter and a mereury

the cavity (W15, Figure 3) to permit protein concentration
determination Z1) and to allow anesthetic binding to be
monitored (1, 13, 15. A cysteine (C41) was placed at the
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a l l

agfedcba 10 20 30

Aa, Ac-LKKLREE AAKLFEE WKKLAEE AAKLLE GGGG a
40 50 60
GGGG ELLKLC EEAAKKA EELFKLA EERLKKL-CONH, l
agfedcba 10 20 30
Lay Ac-LKKLREE ALKLFEE WKKLLEE ALKLLE GGGG

40 50 60
GGGG ELLKLC EELLKKL EELFKLA EERLKKL-CONH,

| I

30 Gauss

FiGure 4: Room temperature ESR spectra ofagAMTSSL), in

the (a) absence and (b) presence of 2BONi(ll). Total peptide
concentration was 3iM for both conditions. The vertical arrows

in panel a indicate the resonances of the more rapidly tumbling
nitroxide fraction.

FiGURe 2: (a) Sequences of theoA and La,, di-a-helical peptides
with hydrophobica andd residues shown in bold. The N-termini
of the peptides are acetylated (Ac), while the C-termini have
carboxyamide groups. The heptad repeat assignmehtslefg-used

to design amphiphiliex-helixes are shown above the first several . . L
amino acids of each di-helical peptide. (b) End-on view afnti predicted to yield an ESR spectrum consisting of equal
four-a-helical bundle showing the interaction of hydrophobic core contributions from both mobile and confined spin labels. This
residues at the and d positions. The dashed lines show how results from steric crowding in the hydrophobic core, which
successive hydrophobic core layers are composed ofahaod forces one of the nitroxides out into the solvera)

two d residues. Modified from Betz et al3§). - . - . .

Alternatively, ananti bundle orientation (Figure 1b2) allows
both spin labels to be located in the hydrophobic core,
yielding a one-component broadened ESR spectr2h (

Figure 4a shows the ESR spectrum for MTSSL bound to
(Aop)2. The shape of the spectrum is characteristic of a
predominantly motionally restricted spin label, with a
superimposed minor more rapidly tumbling nitroxide fraction
(vertical arrows). Adding the water-soluble paramagnetic
relaxation agent nickel(Hyas NiCb—eliminates the contri-
bution from the rapidly tumbling component (Figure 4b).
Spectral integration revealed that less than 1% of the total
ESR signal is accessible to nickel(ll), indicating that one of
the two MTSSL spin labels in a minority of the @4),
bundles is solvent exposed and therefore undergoes para-

Ficure 3: Working models of (&), and (Low), created using magnetic relaxation. This suggests that the topology of the

Sybyl (Tripos Associates, St. Louis, MO) on a Silicon Graphics Majority (>99%) of the bundles ianti as shown in Figure

Indigo? workstation. The designed cavity in the hydrophobic core 1b2, allowing both spin labels (per foarhelix bundle) to

Or: (Aar)z i)S ihOW_n in t_f(lje |0\rllve_r half of the stru_cturhe (indicated t()jy be accommodated within the hydrophobic cofmti dimer-

the arrow). Leucine side chains are present in the corresponaing; : H H

region of (Lcty),. The two tryptophan residues (W15) are located ization is thus favore_d by approximately 2.7 kcal/mol bundle
over thesynorientation.

in hydrophobic positions at the midpoint in each structure. > . . . .
Analysis of the line widths in Figure 4b by spectral

other end of the cavity to allow (i) spin label incorporation simulation (see Figure 11a) yielded a rotational correlation
and (ii) the environment of the thiol group to be probed by time (rc) of 8.1 + 0.5 ns, corresponding to the predicted

infrared spectroscopy. rotational correlation time of the bundle as a wha?d)(
Overall Topology of the Four-Helix Bundle (A),. This suggests that there is little, or no, motional freedom of
Earlier studies have shown that the orientation of different the confined MTSSL label in the hydrophobic core, inde-
di-a-helical peptides that dimerize to form fourhelix pendent of the overall tumbling of the fourhelix bundle.
bundles may be eithesyn (22, 39 or anti (24, 39. The Conformational Stabilities of the Foux-Helix Bundles

topology of the die-helical peptides in the foum-helix (Aa)z and (Lay).. The effect of decreased hydrophobic core
bundle (Axy), was investigated by attaching the spin label packing on foure-helix bundle stability was assessed with
MTSSL to C41. Asynbundle orientation (Figure 1b1) was guanidinium chloride denaturation of 8),, (Ac,-MTSSL),,
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Table 1: Spectral and Thermodynamic Properties of the Eedelix Bundles (Ax)z, (Aax-MTSSL),, and (Low).

four-helix solution fluorescence AGHL m [O]222 halothaneKy
bundle MWt (kDa) maximum (nm) (kcal/mol) (kcal/mokM) (deg cnidmol™?) (mM)
(Aaw)? 20.3 327 14.3: 0.8 2.0+ 0.2 23006 0.71+0.04
(Aoz-MTSSL), 15.3+0.5° 1.940.1° 25 800G
15.9+ 0.8 1.9+ 0.2
(Law)2 20.5 324 >30 24 400 3.1+04

a Calculated as described in Robertson et 21).(° Determined using CD spectroscopyDetermined using EPR spectroscopy.

1.2 T T 50 T T T
4 i
40
2 08 E -
2 5
< 06 7 5§ =0
g *
2 04 . o
3 § 20
L 0.2 . .
(=2
0 1 § 10 -
-0.2 L | | L §
0 2 4 8 8 10 ol
GndCl cone., M
Ficure 5: Foure-helix bundle denaturation curves as monitored -10
by spectropolarimetry at 222 nm. (a) 42, (b) (Aax-MTSSL),, 240 260 280 300 320 340
and (c) (Lo),. The calculated\G"* andm values using eq 1 are Wavelength, nm

given in Table 1. FIGURE 6: (a) Near-UV CD spectra for the (&), bundle showing

o ) the contribution of W15. The peptide concentration was 0.49 mM
and (Loz)2. The ellipticity at 222 nm for the foue=helix in 130 mM NaCl/20 mM sodium phosphate buffer, pH 7.0. The

bundles was measured as a function of the added denaturarllipticity of the sample was recorded every 0.1 nm, with a 10-s
concentration, and the data were fitted using eq 1. Figure averaging time. (b) Near-UV CD spectrum for 0.48 mMog in
5a,b shows that both @), and (Ac,-MTSSL), undergo 8 M GndCl.

complete denaturation, whereasig, shows only a partial 0.005 ; ; ; : ;
denaturation transition (Figure 5¢). This suggests that the

hydrophobic core of (kt,), is presumably better packed than 00047 . i
that of (Aaz),. CalculatedAGH° andm values for (Ax,), 0,008 - eine (Ao ) ]
and (Lo), are given in Table 1. The covalent attachment 0.002 x 100 o2

of MTSSL to (Aoy), results in an increase in the overall
stability of the fourer-helix bundle (Figure 5b and Table 1),

Absorbance

0.001

consistent with the location of the spin label in the 0

hydrophobic core, at sites otherwise characterized by core -0.001 . . ! ! .

packing defects. 2680 2640 2600 2560 2520 2480 2440
The ESR spectrum for (@-MTSSL), reveals that GndCl Wavenumber, om

leads to an increase in the peak height and a narrowing ong_URE 7r1]d||gfzafe)d aSt '; :t;e{Chngﬁggucfgrfgérﬁélt_g;] thzsfog'“mM
ix bu Axo)o 1. i ion w .
the resonances as the bundle denatures (not shown). Thgrhe frequency of absorptios 2561 cnTl, For comparison, the

calculated thermodynamic parameters for bundle stability s siretch for free cysteine (500 mM) at pH 7.1 is shown
based on ESR spectral analysis &46":° = 15.94 0.8 magnified 100-fold.
kcal/mol andn = 1.9+ 0.2 kcal/moiM, values comparable
to those obtained with CD measurements (Table 1). This with the tryptophan and phenylalanine residues becoming
indicates that both secondary and tertiary structural featuresfree to assume additional conformations (Figure 6b).
are denatured simultaneously in this bundle system. The environment of the cysteine at position 41 (C41) was
Verifying the Hydrophobic Core Location of Residues W15 examined by FTIR spectroscopy. Figure 7 shows that the
and C41 in (A),. The (Axy), bundle contains two  S—H stretch vibrations of the two thiol groups per fou-
tryptophan residues that display a single fluorescence emis-helix bundle have a relatively intense absorption band
sion maximum at 327 nm (see Figure 8), indicating that both centered on 2561 cmi (¢ = 0.08 mM! cm™). This
indole rings are well protected from the surrounding aqueous indicates that the cysteines are well shielded from the solvent
solvent and are located in the hydrophobic core as designed(42, 43 and located in the hydrophobic core as designed.
The near-UV CD spectrum (Figure 6a) shows that the two For comparison, the thiol stretch &ke cysteine at pH 7.1
tryptophan residues are responsible for a well-resolved CDis shown, with a band centered on 2576 ¢énand an
signal, with two positive bands centered at 280 and 288 nm, extinction coefficient that is approximately 100-fold less than
suggesting that the indole rings are motionally constrained that displayed by the C41 residue. The frequency of the
in the hydrophobic coredQ, 41. In addition, there is a  C41 S-H vibration in (Aay), suggests that the thiol groups
positive near-UV CD band with a maximum amplitude at are forming hydrogen bonds with neighboring groups,
257 nm, which is attributed, in part, to the four phenyl- probably backbone carbonyl oxygens, or perhaps with
alanines present in each bundle. The additio® & GndCl structured water molecules located in the hydrophobic core
results in complete loss of the near-UV CD signal, consistent packing defect42, 43.
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FIGURE 8: Halothane concentration-dependent quenching of the FIGURE 10: (a) Quenching of (&2)2 (5 4M) tryptophan fluores-
(Aow) four-a-helix bundle (5uM) fluorescence. Excitation was at ~ cence as a function of halothane_concentratlon. The data points
295 nm, with the emission maximum at 327 nm. The concentrations are the means of three to six experiments on separate samples, with
of halothane were (a) 0, (b) 0.18, (c) 0.70, (d) 1.8, and (e) 5.3 the error bars representing the SD. The line through the data points
mM. has the form of eq 3. (b) Effect of halothane o Atryptophan
fluorescence in the presence of 50% TFE. Data points are the means

1 , . of three experiments with error bars representing the SD. (c) Effect
of halothane on the long-lived component of the tryptophan
0.8 A fluorescence lifetime of (&,),. The concentration of (&), was
g 18 uM. Data points are the means of three experiments with error
g 06 . bars representing the SD.
ER @) (b) ) implying that the fluorescence of both tryptophan residues
o2 L . 1 is quenched. The affinity of halothane binding to the more
' tightly packed core in (k). is however decreased as
0 . 2’ "‘ E‘; . - compared to the (&), bundle by a factor of 4.4.
Halothane conc., mM The importance of bundle tertiary structural interactions

FiIGURE 9: Comparison of quenching profiles for (a) ¢4, and for anesthetic binding is shown in Figure 10b, which
(b) (Lao)2 tryptophan fluorescence by halothane. Bundle protein demonstrates the diminished quenching of tryptophan fluo-
concentration was M in both cases. The data points are the means egcence by halothane after bundle dissociation with tri-
of three to six experiments on separate samples, with the error barsﬂ th L Trif th | tes the hvdrophobi
representing the SD. The line through the data points has the form| uoroethanol.  Thiriuoroethanol negates the hydrophobic
of eq 3. interactions that underlie foux-helix bundle formation44)
while maintaining secondary structuds]. The magnitude
The spectroscopic analyses described above suggest thaaf fluorescence quenching in 50% TFE is comparable to that
the designed hydrophobic core anesthetic binding sites aremeasured when halothane is addedré® L-tryptophan in
contained within aranti scaffold as modeled in Figure 1b2 solution (L1, 13 and results from collisional encounters
and that both W15 and C41 are in the hydrophobic core. between halothane and the dissociated.dtielix peptides.
This implies that there will be two identical potential binding Fluorescence lifetime analysis was used to differentiate
sites in each fouc-helix bundle core. Other residues lining between static and dynamic quenchidg)for (Aa.), bundle
the designed binding site include leucines, alanines, phenyl-tryptophan fluorescence quenching by halothane. A static

alanine, and arginine (Figure 1a). interaction follows association between fluorophore and
Binding of the Volatile Anesthetic Halothane to the Core guencher, as might be expected with a ligapdotein
of the Fourei-Helix Bundles (&), and (Lo),. The binding interaction involving the fluorophore. Globgt minimiza-

of halothane to the designed sites in the fodelix-bundle tion was achieved using biexponential fits with lifetimes of
(Aay), hydrophobic core was followed by tryptophan 0.7+ 0.1 and 4.0t 0.1 ns for (Axz).. The pre-exponential
fluorescence quenchind.1, 13, 19 as shown in Figure 8.  factor was 1:9 for the short- and long-lived components,
Halothane causes a concentration-dependent quenching ofespectively. Assignment of lifetimes in the presence of
the fluorescence without changing the emission maximum, halothane revealed that the longer lifetime component
indicating that halothane binding is not accompanied by decreased by only £ 3% in the presence of 9 mM halothane
changes in the dielectric environment local to the indole (Figure 9c). Thus, the fluorescence changes measured under
rings. Lack of a red-shift in the tryptophan fluorescence Steady-state conditions (Figure 9a) far exceed those that can
emission maximum upon halothane binding suggests that thebe attributed solely to collisional quenching (Figure 9c). This
anesthetic does not promote unfolding of the bundle, which result indicates that a static mechanism is principally
leads to any increased water exposure of the indole rings.responsible for the observed steady-state fluorescence quench-
Figure 9a shows a plot of the (&), bundle tryptophan ing, strongly implying that halothane indeed binds to the
fluorescence as a function of the halothane concentration.hydrophobic core of (&), in the vicinity of the tryptophan
Fitting the data using eq 3 yieldsky = 0.71+ 0.04 mM residues.

with a Qmax = 1.06 £ 0.02, indicating that the fluorescence Further evidence for bundle dissociation by trifluoroethanol
of both of the tryptophan residues in the bundle core is is given by the MTSSL spectra in Figure 11. In Figure 11a,
guenched by bound anesthetic. For comparison, Figure 9bthe ESR spectrum for the MTSSL label confined in the
shows the measured binding of halothane to the better packedydrophobic core of the bundle is shown witha= 8.1 +

(Layp)2 bundle core. The calculated binding parameters using 0.5 ns. This is comparable to the= 7.3+ 0.5 ns reported

eq 3 areKyg = 3.1+ 0.4 mM andQmax= 1.02+ 0.06, again for a similar foure-helix bundle with a maleimide spin label
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a ment of leucines in (), by alanines to create @&),,

150 Gauss | thereby maintaining the hydrophobic nature of the bundle
interior but creating sites to accommodate halothane. The
sites have an improved affinity for the anesthetic as compared
to the bundle (k). In addition, the binding sites in @),
have an improved affinity for halothane as compared to a
prototype bundle scaffold designed to bind henits @2,
with a histidine and leucine coré3). The binding domain
in (Aay): is lined by aliphatic leucine and alanine residues
and by tryptophan, cysteine, phenylalanine, and arginine. The
improved affinity is consistent with the creation of a binding
pocket resulting from the replacement of larger leucine
residues (van der Waals volume 124; 49) by smaller
alanines (67 A). Assuming that there is no structural
rearrangement associated with the leucine to alanine substitu-
tions, the cavity size has an upper estimate of 171 RBor
comparison, halothane has a calculated van der Waals
volume of 123 &.

FiIGURE 11: ESR spectra for (@;-MTSSLY), in the absence (a) and In addition to van der Waals interactions, there exists the
presence (b) of 50% (6.9 M) trifluoroethanol. The intensity of the potential for weak hydrogen bond formation between the

resonances in panel b have been decreased by a factor of 20 ; ; rirgec-
Simulated spectra are shown as dotted lines. Cartoons to the Ieﬂhalothane hydrogen atom and either the indole ec

illustrate peptide configurations that are compatible with the ESR rOns, which can act as a hydrogen bond accef&0r §3),
spectra. or the electronegative cysteine sulfur atds)( Halothane

) , ) has the potential to act as a hydrogen bond acceptor via one
!ncorporated into the core9_4).' Addlng 50% T_FE results  or more of its halogen atom&3—55), which may interact
in the ESR spectrum shown in Figure 11b, withca= 1.1 favorably with either indole ring hydrogens or with the
+ 0.3 ns, as the mobility of the spin label is enhanced cysteine sulfhydryl group. While the detailed structure of
foIonvmg_bundIe d|ssoma_t|on tp form d1-h_eI|caI pgptldes. the complex formed between halothane and{Aremains
Again, this agrees well with prior work using a spin-labeled g pe determined, it is clear that the anesthetic resides in the
four-o-helix bundle of similar size, which reportedra = vicinity of the hydrophobic core tryptophan residues as
2.5 4+ 05 ns in the presence of 40% TFR4. The  gesigned, since fluorescence quenching by heavy atoms is a
somewhat increased. measured in the earlier work is  ghort-range phenomenon occurring over a distances less than
attributed to the lower denaturant concentration used. 3-5 A (56, 57.
The decreased hydrophobic core packing ofxfA is
DISCUSSION reflected in its lesser overall stabilitAGH° = 14.3 kcal/

There is at present very little known about the structural mol), compared to the bundle ), with a hydrophobic core
features of volatile anesthetic binding sites on protein targets.composed primarily of leucine residues@H° = >30 kcal/
This follows from (i) the relatively low affinity of the mol). The finding that covalent attachment of the spin label
interactions, which display dissociation constants in the MTSSL to (Aa,), enhances bundle stability suggests that
millimolar range; (ii) the structural complexity of the the overall effect of the nitroxide is to improve core packing.
membrane proteins that are currently considered to be theThe leucine-based bundle coren{l), undergoes only a 30%
targets for anesthetic action; and (iii) the lack of information chemical denaturation in the presendeBdv guanidinium
about how anesthetics interact with proteins. The procedurechloride at 25°C. Similar high stability foura-helix bundles
adopted in the present paper using the fatlrelix bundle with predominantly leucine-containing hydrophobic cores
motif, which serves as a scaled down model of the lipid have been described previousBA( 59. It is therefore not
bilayer spanning portions of the large membrane proteins, possible to calculate accurate thermodynamic parameters for
is aimed at a molecular level understanding of anesthetic (Loy),. However, as an approximation, we can compare the
protein complexation. The advantages of using the syntheticstability of (Aa), with a previous cysteine-containing bundle
four-a-helix bundle scaffolds to study anesthetprotein design 24). Replacing six leucines with alanines in the core
interactions are that they are (i) structurally defined; (i) is found to destabilize the folded form of the protein by-10
readily amenable to modification using protein engineering; 16 kcal/mol or approximately 1-72.7 kcal/mol per alanine
and (iii) far less complex than natural membrane proteins, residue. This effect on global protein stability is in good
allowing for precise structural and dynamic descriptions of agreement with work on leucine to alanine mutants in the
the ligand-protein complexes. hydrophobic core of T4 lysozym&$9) and the natural four-

In general, binding of a ligand by a protein depends on a-helix bundle protein ROP (repressor of primes0).
(i) the presence of a cavity, groove, or cleft, allowing for Halothane binding to the bundle cavity in¢4). is therefore
steric complementarity such that no van der Waals overlap more favorable than in the absence of the cavity [ink]
occurs while simultaneously minimizing the residual free because (i) of the creation of additional van der Waals
space between interacting atoms; (ii) electrostatic comple-interactions between anesthetic and protein; and (i) the
mentarity, which pairs unlike partial and formal charges; and overall transfer free energy from water to the protein site is
(iii) the hydrophobic effect47, 48. The volatile anesthetic  not compromised by the enthalpic cost of creating such a
binding site described here was designed by simple replace-cavity for the anesthetic. Displacement of structured water
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molecules from the hydrophobic core of ¢4, upon
halothane binding would also contribute a favorable entropic
component to the overall binding energetics.

Replacing six core leucines indk), with alanines to form
(Aay)2 is shown to increase the affinity of halothane binding
to the hydrophobic core by a factor of 4Ky(values of 3.1
and 0.71 mM, respectively). The designed volatile anesthetic
binding sites in (&), have a higher affinity than the best
characterized binding sites for halothane described so far,
displaying about two times the average affiniky & 1.3—
1.8+ 0.2 mM) of the sites in bovine serum albumify (1).

It is possible that the affinity of the anesthetigrotein
interaction may be improved further by decreasing the cavity
size, thereby further optimizing the van der Waals interac-
tions between anesthetic and protein.

This initial effort to engineer an improved affinity binding
site for a small hydrophobic molecule, with limited interac-
tion potential, into a fourr-helix bundle scaffold may have
relevance for the design of artificial enzymes. Noncovalent
binding is the primary event in catalysis, and the results of
the present study indicate that substrate binding will be
favored by the presence of a pre-existing site on the protein
that accommodates the substrate sterically.

Using the designed synthetic peptide approach to probe
the structural features of volatile anesthefrotein com-
plexes, it will be possible to carry out a systematic survey
of the effects of a variety of amino acid side chains on the
binding energetics. This may allow predictions to be made
concerning the structural composition of thevizo general

anesthetic target sites. Furthermore, this approach allows a

test of the hypothesis that the clinical i@or halothane of
approximately 25@M might correspond to thK, of a single
protein target, increasing the likelihood of the existence of
such “high” affinity anesthetic binding sites in the central
nervous system. Finally, the structural and dynamic con-

sequences of anesthetic binding to such designed sites

contained in simplified scaffolds are amenable to detailed
analysis using spectroscopic approaches, providing insight
into how anesthetic complexation might alter protein func-

tion.
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