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ABSTRACT. LUSH is an odorant binding protein expressed in the olfactory organ®rotophila
melanogastethat is required for the detection of alcohol in adult flies. Here we demonstrate that, in the
absence of ligand, in vitro LUSH exists in a partial molten globule state. The presence of short-chain
n-alcohols at pharmacologically relevant concentrations less than 50 mM shifts the conformational
equilibrium to a more compact state that exhibits reduced binding of the fluorescent dye 1-anilino-8-
naphthalenesulfonic acid. Equilibrium unfolding studies of LUStHtohol complexes reveal that, for a
series of short-chain-alcohols, each methylene group can contribute approximnatkl cal mol to the

overall stability of the proteirralcohol complex. Using NMR spectroscopy, we have identified the regions

of LUSH that show increased conformational stability on binding alcohols. These residues primarily line
the alcohol-binding pocket. The results presented here provide a direct measure of the degree of stability
that alcohol imparts on LUSH. These observations may represent a model for how ethanol can stabilize
alternative protein conformations in alcohol-sensitive human proteins and ultimately lead to the observed
changes in higher order function throughout the central nervous system.

Alcohols dramatically affect the function of many cellular some cases, this “cutoff” phenomenon may be related to the
proteins and have a direct impact on a range of biological limiting solubility of the alcohols combined with the binding
functions, including learning, memory, motor function, and affinity for the alcohol (2). Yet, overall, there is now a large
metabolism. In humans, these effects are observed in thebody of evidence that these LGICs contain a sterically
range of 5-50 mM, and the legal limit for driving in many  restricted alcohol-binding site. Domain swap experiments to
U.S. states is a blood alcohol concentration of 0.08 mg %, generate chimeric receptors can change the length of the
which corresponds to~17 mM ethanol. In the central alcohol that can affect receptor functioh3{, and single-
nervous system, alcohols affect the function of a number of point mutations can abolish or reduce alcohol sensitivity of
ligand-gated ion channels (LGICs)ncluding N-methylb- the GABA and glycine receptord4). More recently, cross-
aspartate (NMDA)-type glutamate receptorsaminobutyric linking studies of specific cysteine mutants with alkyl
acid (GABA) receptors, nicotinic acetylcholine (nACh), and methanethiosulfonate (MTS) reagents have shown that chan-
glycine receptors (Gly-R)1-3). Changes in the activities  nel gating in response to ligand changes the accessibility of
of these receptors have been linked to intoxication, the amino acids to alcohols and the size of the alcohol that can
development of dependency and tolerance, seizures duringoind to the receptorl®, 16). Interestingly, in some cases,

withdrawal @), and fetal alcohol syndroméy the use of longer chain MTS reagents can produce consti-
The potency ofi-alcohols to modify ion-channel function  tutively open ion channelsl6). These studies led to the
is correlated with the hydrophobicity of the alcoh6H8). suggestion that alcohols bind in a water-filled pocket at the

However, ion channels often exhibit a “cutoff” phenomenon core of a four-helix bundle that forms the transmembrane
whereby increasing the length of the alcohol chain increasesdomain of the receptor and that binding to this site stabilizes
its potency to a point at which further increases in chain the open conformation of the receptdss.
length have no additional effect on the receptor or, altemna- g are using the alcohol-sensitive odorant binding protein
tively, fail to affect receptor function altogethed—-11). In (OBP), LUSH, from Drosophila melanogaste(17) as a
" This work was supported by American Heart Association Pre- model SVStem T[O |nve§tlgate the biophysical n.ature of
doctoral Fellowships to B.K.B. (0510005Z) and S.W.K. (03100652) alcohol—protel_n interactions at alcohol concentrations that
and by NIH/NIAAA (AA013618) to D.N.M.J. produce intoxication in humans. OBPs are essential com-
* Corresponding author. Tel.: (303) 724-3600. Fax: (303) 724-3663. ponents of the invertebrate olfactory system that mediate the

E-mail: david.jones@uchsc.edu. . . .
* These authors contributed equally to this work. behavioral response to odorant molecules, which provide

§ Present address: Laboratory of Structural Sciences, Van Andel Signals for feeding, mating, and other social behavid8. (
Research Institute, 333 Bostwick Ave., Grand Rapids, MI 49503.  LUSH was originally identified as responsible for mediating

_*Abbreviations: PBP, pheromone binding protein; OBP, odorant 4, aypidance response to short-chaialcohols (7), and
binding protein; NMR, nuclear magnetic resonance; CD, circular _ . " - . . .
dichroism; ANS, 1-anilino-8-naphthalenesulfonic acid; LGIC, ligand- this is associated with differential neuronal responses of T2B-

gated ion channel. type sensilla irushnull mutants compared to wild-type flies

10.1021/bi0516576 CCC: $33.50 © 2006 American Chemical Society
Published on Web 01/20/2006




1694 Biochemistry, Vol. 45, No. 6, 2006 Bucci et al.

(19). The exact function of OBPs is unclear, but previous refolding was performed as described previou§§) (with
work has suggested that OBPs may function to solubilize the following additional steps. The protein was refolded with
hydrophobic pheromone ligand®0-24), transport odorants 1% v/v ethanol, and all subsequent buffers used contained
for presentation to olfactory recepto®3( 25—27), or clear 0.3% v/v ethanol. For protein purificatipa 1 mLHiTrap

the sensillum lymph of excess odorad8(28, 29). More DEAE fast-flow anion-exchange column (Amersham Bio-
recently, it has been suggested that a specific combinationsciences) was used to remove excess DNA, and after
of OBP with a ligand is required to produce the appropriate concentration the protein was further purified by cation-
conformational change that leads to activation of an odorantexchange chromatography using POROS HS resin (Boe-
receptor 80—34). In support of this, Pophof showed that hringer Mannheim) on ani&TA purifier system (Amersham
activation of odorant receptor neurons is enhanced by thePharmacia Biotech). The protein eluted in approximately 150
formation of an OBP-odorant pair, and this activation is mM NaCl in 20 mM sodium phosphate, pH 6.5. After

selective toward a specific odorant recept86,(36). In exhaustive dialysis to remove salt, samples were concentrated
contrast, other studies appear to require no specific involve-in an Amicon stirred ultrafiltration cell with a YM3 (Mil-
ment of OBPs for odorant receptor activati@v,(38). lipore) membrane. The purified protein was analyzed by

The structures of LUSH30), as well as a number of other ~ denaturing polyacrylamide gel electrophoresis (SPAGE)
OBPs, have been solved at atomic resolution. These includeand its identity confirmed using mass spectrometry.
the pheromone binding protein (PBP) from silkworm moth ~ Equilibrium Unfolding StudiesUltrapure urea was pur-
Bombyx mori(BmPBP) @1, 39, 40), the honeybeepis chased from ICN Biomedicals Inc., and reagent-grade sodium
mellifera (AmelPBP) @1), the cockroach.eucophaea mad- ~ Phosphate (Na#PO, and NaHPO,) was from Fischer
erae (LmaPBP) #2), and the giant silk mothAntheraea Scientific. A stock solution of urea (9 M) was prepared
polyphemugApolPBP1) é3). The general structure of OBPs  Volumetrically at 25°C in 20 mm sodium phosphate pH 6.5
consists of sia-helices surrounding a hydrophobic ligand-  (buffer A), and 24 different concentrations of urea-(027
binding pocket which differs in size and shape between eachM) were made by diluting the stock urea solution with buffer
protein. All these OBPs have a set of six cysteines that form A in volumetric flasks immersed in a water bath equilibrated
three conserved disulfide bonds. In the X-ray crystal at20°C. All buffers were filtered through a 0.2am filter,
structures of LUSHalcohol complexes, we found that and stock solutions were frozen a0 °C until use.
alcohol binds to a single site in the protein formed by a  Purified protein was exhaustively dialyzed against buffer
network of concerted hydrogen-bonding residues located atA to yield the apo-protein, and LUSHalcohol complexes
one end of the hydrophobic pock&2j. This binding site were prepared by dialysis into the same buffer containing
has some sequence and/or structural similarities to regions0 mM ethanol om-butanol or 25 mMn-hexanol. Protein
of several LGICs that have previously been implicated in samples were concentrated individually to a final stock
inferring sensitivity to alcohol. We hypothesize that the concentration of 102.4, 114.4, 110.4, and 1Qa\8for the
alcohol-binding site in LUSH may represent a more general @p0-LUSH, ethanoln-butanol, andn-hexanol complexes,
structural motif for functionally relevant alcohol-binding sites respectively. Each sample was flash frozen in liquid nitrogen
in proteins. and stored at-20 °C until use. Immediately prior to each

Here we present results that characterize the effects ofSXPeriment, the appropriatealcohol was added to an aliquot

n-alcohols on the structure and stability of LUSH. We show of each of the 24 different urea concentrations to give a final
that, in the absence of ligand, LUSH exists in vitro in a concentration of 50 mM ethanol, 50 mitbutanol, or 25

partially unstructured state, and binding of alcohols shifts ™M n—hex:nqlhsl%bsiqufer;]tly, 99% of each ur:ea.solutipﬂ
the solution conformation to a more compact folded state was mixe Wit Y 0 t. e stock protein so'utlon (wit
which is accompanied by an increase in the overall protein ©F Without alcohol) to give final urea concentrations 679
stability. We have identified those regions of the protein that M in 0-33 M steps. Each sample was inverted five times

show the largest changes in local dynamics on binding andl incubated at 25C for at least 1 h. I
alcohol, and we have shown that these are predominantly _Fluorescence measurements were collected on a PTI LPS-

associated with the residues that line the alcohol-binding 220 (Photon Technology International) fluorimeter with a
pocket. Our results provide a quantitative measure of the XeNon lamp. Each sample was added to a stoppered stirred
ability of short-chain alcohols to stabilize protein structure Cuvelte cell with a 4« 10 mm (excitationx emission) path

at physiologically relevant concentrations. This information length (Hellma GmbH & _CO')' Fluqres_cence experiments
may help us to better understand how LUSH activates insectV€'® performed at 25C with an excitation wavelength of
odorant receptors and also how alcohol can produce change£92 M, and the emission was recorded in the range o310

in protein structure that may directly lead to intoxication and 400 M with an integration timefd s nnt". Each spectrum
ultimately alcohol dependency. was the average of two scans. Baselines were corrected by

subtraction of the spectrum of buffer alone or buffer with

EXPERIMENTAL PROCEDURES alcohol. Each experiment was performed independently three
times.
Protein Expression and Purificatiohe LUSH cDNA Urea-dependent unfolding data were fit to a two-state

previously described3@) was subcloned into the pET-13a model where the protein was assumed to be in either the
vector @4) between theNdel andBanH1 restriction sites,  folded state (N) or the unfolded state (U). The signals from
and the resulting plasmid was transformed iBgzherichia the folded and unfolded states of the protein were assumed
coli strain BL21 (DE3) (Novagen). The protein (124 amino to be linearly dependent on urea concentration in order to
acids) was expressed without any affinity tag and was fit the pre- and post-transition baseline&s), The linear
isolated from inclusion bodies. Protein expression and extrapolation method was used to evaluate the free energy
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for unfolding in the absence of denaturamq,‘jlzo) (45) as
shown in eq 1, wheren is the urea-dependent change in
fluorescence and the free energy of denaturatd@q) is
expressed in the usual way (eq 2).

AGy = AG;ZO + mlurea] (N

AGp = —RTIn K, )

Values ofAGg20 were determined by fitting the fluores-
cence intensity as a function of urea concentration to eq 3
(45) using the LevenbergMarquardt algorithm in the

Ficure 1: Ribbon diagram of LUSH showing location of the
alcohol-binding site and Trp123. Trp123 is shown in thick black

program KaleidaGraph 3.51 (Synergy Softwasg)andyy lines, and butanol is represented as a space-filling model. The
+ v+ diagram is based on the coordinates of the Lu®Hdtanol complex
(Y + my[urea])+ (yg + mylurea)) (RCSB accession code 100H) and was made using Mols@#pt (
exp[(~AGf, o + mlurea])RT] and rendered using Raster3D6y.
Y: 3 . . _ .
11 explCAGE o + murea])RT] 3) Assignment of NMR SpectrBackbone and side-chain

assignments fof°N/*3C-labeled LUSH were determined at

represent the fluorescence contribution from the native and22 °C using 3D NOESY-HSQC @9), HSQC-NOESY—
unfolded states, respectively, at a specific denaturant con-HSQC 60), HNCACB (31), CBCA(CO)NH (2), (H)C-
centration;y?, and y, are the values of the fluorescence (CO)NH-TOCSY (3), HNCACO (54), and HNCO §5, 56)
extrapolatedd 0 M denaturant; andy, andmy are the slopes spectra.lH ch_emlcal shifts were referen(_:ed directly to 2,2-
of the pre- and post-transition regions, respectivel$).( D|methyl-2-5|lape_ntane_-5-suIfonate sodium _salfc (DSS), and
Results for individual complexes were analyzed using a one--*C and*N chemical shifts were referenced indirectly from
way analysis of variance (ANOVA) test, and comparisons (he ratio of the gyromagnetic ratioS?. _
between measurements were determined using a Tukey post Chemical shift predictions for LUSH were performed using
hoc analysis in Kaleidagraph. the coordinates of the LUSFbgtanoI complex (RCSB code
Measurement of ANS BindinGamples of LUSH were 100H) (32)._AII crystallograp_hlc waters qnd cofactors_wgre
prepared as described above and diluted to a final prc)teinremoved prior to the .calculat|ons. Chemical shift predictions
concentration of M. 1-Anilino-8-naphthalenesulfonic acid ~ Were carried out using the SHIFTX server (http://redpoll.
(ANS) (Molecular Probes) was added to a final concentration Pharmacy.ualberta.ca/shiftx/)5& and SHIFTS (http://
of 26 uM and equilibrated for 30 min with stirring at 2&. www.scripps.edu/mb/case/qgshifts/gshifts.ht$9, (60).
Fluorescence experiments were performed on a Jobin-YvonRESUL.l_S
Fluorolog3 spectrometer at an excitation wavelength of 370
nm, with the emission detected over the range of-3800 Effect of Alcohol Chain Length on Urea-Induced Equi-
nm. Data were collected at 2% and at 0.5 nm intervals  librium Unfolding of LUSH.LUSH is highly sensitive to
with a 1 sintegration time and a slit width of 2 nm for both  alcohol concentrations in the range of-250 mM, which
the excitation and emission monochromators. Data from two are comparable to those that produce intoxication in humans.
scans were averaged for each experiment, and three indeWe have found that alcohol is absolutely required as a
pendent experiments were performed for each complex. Datacofactor to refold protein from inclusion bodies, as judged
were corrected by subtraction of the spectrum of buffer by circular dichroism and NMR spectroscopy (Supporting
containing the appropriate alcohol. The concentration of stock Information Figure S1). Protein refolded in the absence of
solutions of ANS was calculated using an extinction coef- alcohol appears to be misfolded and/or relatively unstructured
ficient of 7800 cm® M1 at 372 nm (Molecular Probes and is not affected by the addition of alcohol. In contrast,
Handbook). Solutions with alcohol contained 50 mM ethanol, protein refolded with alcohol can be dialyzed to remove the
33 mM butanol, or 36 mM hexanol. alcohol or to replace it with other alcohols, and conforma-
NMR Spectroscopyror NMR spectroscopy, protein was tional changes are readily observed (see below).
isotopically labeled with®N and/or3C by overexpression The single tryptophan (Trp123) in LUSH is the penulti-
from cells grown in minimal media containiigN-labeled mate residue in the C-terminal strand of the protein, which
ammonium chloride (99 atom %) aféCe-labeled glucose  folds back into the core of the protein to form one edge of
(98 atom %) (Spectra Gases) as the sole nitrogen and carboithe alcohol-binding pocket (Figure 132). The fluorescence
sources, respectively. Samples were prepared in 20 mMemission spectrum of LUSH shows both an increase in the
sodium phosphate, pH 6.5 (buffer A), containing 30 mM fluorescence intensity and a red shift in the wavelength of
ethanol, 33 mM butanol, 27 mM pentanol, or 36 mM the emission maximum upon additiofi ® M urea (Figure
hexanol. BO was added to a final concentration of 10% to 2). These changes indicate that the intrinsic fluorescence of
give protein concentrations in the range of 4@DO uM. Trp123 is significantly quenched in the native state, and this
Samples without alcohol were prepared by exhaustive is most likely due to the close proximity (within 5 A) of
dialysis into buffer A without alcohol. All spectra were three phenylalanine residues (Phe36, Phel13, and Phel21)
collected at 25C on Varian Inova spectrometers operating (61). These large spectroscopic changes allowed us to use
at a proton frequency of 500 or 600 MHz. Gradient-enhanced fluorescence to probe the effect of alcohols on the confor-
IH—15N heteronuclear single-quantum correlation (HSQC) mational stability of LUSH.
spectra46) were acquired using Watergate suppressiiah ( Urea-induced unfolding of LUSH occurs in an apparent
48). two-state process with no observable intermediates. Free
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Ficure 2: Tryptophan fluorescence emission spectra of LUSH.
Intrinsic tryptophan emission of the LUSHethanol complex
recorded at 25C in 20 mM sodium phosphate at pH 65)(and

in the same buffer in the presencE®M urea @). The protein
concentration was 20M.

Table 1: Results of Urea-Dependent Unfolding of LUSH

mvalue
protein [ureakiq AGho  (kcalmoft AAGY,
complex (M)2 (kcal moFH)2 -~ M~Ya  (kcal morL)P
apo-LUSH 2.39-0.04 3.02+:0.21 1.244+0.06
LUSH—ethanol 2.62-0.05 3.41+0.45 1.27+0.16 0.41
LUSH—n-butanol 2.98+ 0.08 5.26+ 0.27 1.764+0.13 1.85
LUSH—n-hexanol 4.1 0.05 7.35+£0.20 1.77+0.03 2.09

AG of Unfolding (kcal mol™) v}

a2 Reported values are the average of three separate measurements 2 ' ; ; ' ; ; ;
for each complex, and the error is reportedtathe standard deviation. 0 1 2 3 4 5 6 7
b The value ofAAG},  is the difference IPAGY, , for each complex Carbon Chain Length of Alcohol
compared to the complex immediately above it in this table.

Ficure 3: Effect of n-alcohols on the urea-dependent unfolding
. L o of LUSH. (A) Plot of the fraction of unfolded protein as a function
energies of unfolding in the absencg of denaturA, o, of urea concentration determined using the values reported in Table
and the urea dependence of unfolding, thealue (Ta7ble 1: apo-LUSH @), LUSH—ethanol complext(), LUSH—butanol
1), for a series of LUSHalcohol complexes were obtained (), and LUSH-hexanol Q). Error bars aret standard deviation
using the linear extrapolation metha@®) (eq 3) and revealed  for each point.(B) Plot of values ofAG}, , as a function of
that extending the length of the alcohol chain leads to a @lcohol chain length. The line drawn was fit to valuesAdB}, o
significant increase in the overall stability of the complex. Lor the three LUSH-alcohol complexes. Error bars atestandard

. -~ . . eviation for each point.
While we found no statistical difference in the value of
AGQZO between the free protein and the ethanol complex, apo-protein and ethanol complexes. This indicates that
values of AGf, , between the three individual LUSH unfolding of either the butanol or hexanol complex is
alcohol complexes analyzed in the same way are significantly associated with a greater change in the SASA compared to
different, withp < 0.0005 in all cases. A plot a&ngO as unfolding of either the ethanol complex or the apo-protein.
a function of the alcohol chain length (Figure 3B) reveals ANS Fluorescence Studies with LUSAIcohol Com-
that this increase in stability is linearly dependent on the plexes.Binding of ANS to proteins is routinely used as a
number of carbon atoms in the alkyl chain and that each probe for the presence of partially folded or molten globule
additional methylene group contributes 0.280.03 kcal states of proteins6@, 69). The fluorescence emission
mol™* (R > 0.999) to the overall stability. This linear spectrum of ANS recorded in the presence of apo-LUSH
dependence correlates well with the established relationshipscompared to that of ANS alone shows a large increase in

for the chain-length dependence of alcohol potertgy7( the emission intensity, accompanied by a blue-shift in the
63, 64) and binding constants to voltage-gated potassium emission maximum to 456 nm, indicative of ANS binding
channels for small-chain-alcohols 65). to exposed hydrophobic surfaces in the protein (Figure 4).

In urea-dependent unfolding studies,values are most In contrast, the spectra of ANS in the presence of the
closely correlated with differences in the solvent-accessible LUSH—alcohol complexes show significantly reduced signal
surface area (SASA) between the folded and unfolded statesntensity and a progressive shift of the emission maxima to
of the protein 66, 67). The m value determined for apo-  longer wavelengths, and this is dependent on the chain length
LUSH is not significantly different from that for the LUSH of the alcohol (Figure 4). This result supports the urea-
ethanol complex. Additionally, there is no significant dif- unfolding experiments and confirms that binding of alcohols
ference between the values obtained for the LU®Htanol progressively stabilizes the native state of the protein in a
complex and the LUSHhexanol complex. Howevemn chain-length-dependent fashion. These data further suggest
values for the butanol and hexanol complexes are signifi- that apo-LUSH is a partially natively unfolded protein that
cantly different p < 0.005) when compared to those of the resemble a molten globule state, and binding alcohols
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Ficure 4: Fluorescence emission spectra of ANS binding to
LUSH—alcohol complexes. Emission spectra of 2M ANS
recorded in the presence of apo-LUS®)( LUSH—ethanol (0),
LUSH—butanol @), and LUSH-hexanol Q). In each case the
protein concentration was 2M. The spectrum of ANS alone in
buffer is also shownm). The addition of alcohol has no effect on

the emission spectra of ANS on its own. Spectra were recorded in

20 mM sodium phosphate buffer at pH 6.5 and at’@5with an
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in the'H—1N HSQC spectrum. In the spectrum of the apo-
protein, we observe only 40 well-resolved, sharp peaks from
the backbone amide groups out of a possible 118 (Figure
5A). In contrast, we observe 73 peaks in the spectrum of
the LUSH-ethanol complex and 107 peaks in the spectrum
of the LUSH-butanol complex32). NMR spectra recorded

in the presence of hexanol show a continued improvement
in quality, such that 112 peaks are now observable (Figure
5B).

To better understand how physiologically relevant con-
centrations of short-chain-alcohols can stabilize protein
structures, we have initiated a solution NMR study of LUSH.
Sequence-specific chemical shift assignments for the back-
bone and side-chaitH, >N, and**C resonances of LUSH
were obtained using established three-dimensional triple-
resonance NMR experiments (see Experimental Procedures)
on ®N- and 3C-labeled LUSH in the complexes it forms
with 1-butanol, 1-pentanol, and 1-hexanol. These assignments
are 94% complete (Supporting Information Table S1).
Several residues could not be assigned because of the
exchange broadening that remains even in the spectrum of

excitation wavelength of 370 nm. Each trace is the average of threethe LUSH-hexanol complex. To assess if the structures of
independent experiments, and the error in the measurement isthe LUSH-alcohol complexes are the same in solution and

approximately the size of the symbols used for each curve.

in the crystal, we compared the observed backbdédeand
13C chemical shifts to values predicted from the crystal

produces a more compact state of the protein. This is structure (RCSB accession code 100H) using the programs

intriguing, as n-alcohols generally unfold proteins/@);
however, this typically occurs at concentrations in the
5—-50% range (38 M ethanol). Some exceptions include
bovine serum albuminl@, 71), which is stabilized by
alcohols in the millimolar range. In contrast, alcohol
destabilizes myoglobin in the same concentration rahgke (

Identification of Amino Acids Stabilized by Binding of
Alcohols.Urea unfolding and ANS binding are consistent
with our previous NMR studies which show that, in the
absence of alcohol, a significant part of the protein is in
conformational exchange on the NMR time sca@)( This

SHIFTX (58) and SHIFTS %9). In both cases, excellent
correlations are observed between the observed and predicted
shifts for the'*Co. and*3CA carbons, withR = 0.964 and
0.949 for Gx and 0.990 and 0.989 for/Cusing SHIFTX
and SHIFTS, respectively (Supporting Information Figure
S2). Analysis of the chemical shifts using the chemical shift
index method 72) are also consistent with the-helical
regions defined in the crystal structure being maintained in
solution (data not shown).

Regions of the protein that are unaffected by the binding
of alcohol give rise to sharp peaks in all spectra (blue in

is manifested as either severely broadened or missing peak$-igure 6A). These residues cluster predominantly on the face
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Ficure 5: Effect of alcohol on the NMR spectrum of LUSHH—15N HSQC spectrum of (A) apo-LUSH and (B) LUSHhexanol complexes.
Spectra were recorded at 26 in 20 mM sodium phosphate buffer at pH 6.5. The hexanol complex was prepared by dialysis of apo-LUSH

into the same buffer containing 36 mMhexanol.
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e

Apo EtOH BuOH HexOH

Ficure 6: Location of residues in LUSH that are sensitive to alcohol binding. Residues that are unaffected by binding of alcohols (A) are
shown in blue on a ribbon diagram of the LUSHutanol complex (RCSB code 100H). Residues that show significant changes on binding
ethanol(B), butanol(C), and hexano(D). The magnitude of the changes is indicated by color: yellow for small changes, orange for
medium changes, and red for the strongest changes.

of the protein that contains-helix2 (@2) anda-helix6 (6) alcohol, the exact implication of this observation is unclear
and are located near the N-terminus @f, in the loop at this point and requires further investigation.

betweernl anda2, in a2, in the loop connecting? to a3,

at the N-terminal end a&3, in the stretch of g-helix (0.5), DISCUSSION

and at the N-terminal end a@f6. In contrast, amino acids LUSH is a unique odorant binding protein in that it

that show a significant improvement in line width in the 54y jates the activity of two very different odorant signals
LUSH—ethanol complex are located predominantly on the i, 4y gifferent sets of trichoid sensilla Birosophila LUSH
opposite face of the protein (Figure 6B): ad, in the loop 5 required for vaccenyl acetate-dependent activation of T1
connectingu3 to a4, at the C-terminal end af4, inas, at  gengilia and alcohol-dependent inhibition of type T2B sensilla
the C-terminal end 086, and in the loop that conneat®  (19) T1-type sensilla that express LUSH also exhibit
to the C-terminal extended.strgnd. A number qfthese res'd“esspontaneous depolarizations approximately every second,
form part of the alcohol-binding pocket or directly contact \yhich are completely abolished fashnull flies but can be
residues within the pocket, including Thr-48 and Gly-56 10 (acoyered inlush rescue mutations or through the use of
Asn-59. The alcohol-binding site is formed predominantly \ecombinant protein 10). This recovery appears to be
by Thr-48, Ser-52, and Thr-58%). Unfortunately, the peak  gpecific for LUSH, as expression or use of other OBPs or
from Ser-52 is only completely resolved in the spectrum of \nfolded LUSH fails to recover this activity. The implication
the LUSH-hexanol complex, and so we cannot classify s that the protein exists in a dynamic conformational

changes in line width for this residue. However, the observa- exchange and occasionally samples a conformation that is
tion that the backbone amides of Thr-48 and Thr-57 show capable of activating odorant receptor neurons.

improvements in line widths strongly suggests that this region  The results presented here provide further insight into the
of the protein is stabilized by binding of alcohol. At this  51re of the conformational state of LUSH that exists in
stage, we cannot rule out the possibility that the observedna sensilla lymph in the absence of ligand. It appears that
differences in exchange broadening for these residues is § sH js a natively unstable protein and in vitro exists in a
result of changes in the local dynamics of aromatic amino hatially unfolded or molten globule state. Binding of ligand
acids in this region rathe_r than a result of a direct stabilization |¢a4s to an increase in overall stability of the protein and a
of the protein main chain. shift to a more compact state of the protein. This is reflected
Changes in the NMR spectrum recorded in the presencein higher concentrations of urea required to induce unfolding,
of butanol occur in the same regions of the protein as dramatic improvements in the appearance of the NMR
observed with ethanol (Figure 6C). However, the magnitudes spectrum of the complexes, and decreased binding of the
of the changes are larger and occur for a greater number offluorescent dye ANS. For alcohols, the increase in protein
amino acids in these regions. For example, an increasedstability is linearly dependent on the chain length of the
number of changes are observedi, and the changes in  alcohol, which is interesting as in vivo butanol is more
the center ox3 now include residues 4&%1. The changes  effective at inhibiting type T2B sensilla than ethandB)
in stability induced by pentanol and hexanol follow the same The fact that purified, recombinant protein is able to
trend as butanol, with even more residues showing improve-recapitulate the activity of endogenously expressed protein
ments in line widths (Figure 6D). Interestingly, peaks from in lushnull flies (19) indicates that the conformation of the
residues Thr-25 and Arg-42 are observed in all spectra excepiprotein in vivo is likely to be the same as that seen in vitro
those from the pentanol and hexanol complexes, in which To date, we have only examined the binding of alcohols with
they are very weak (cyan in Figure 6D). This observation is up to six carbons, and it is likely that larger ligands, such as
intriguing, aslushnull flies fail to show a difference in their ~ vaccenyl acetate, are able to produce an even greater increase
behavioral response to alcohols longer than butat¥! This in the overall stability of the protein. However, this increased
may indicate that regions of the protein destabilized by stability is not the only factor that is likely to govern the in
alcohols longer than butanol are somehow involved in vivo response, as other groups have shown that odorant-
activating odorant receptors in response to short-chaininvoked responses depends on the identity of the receptor
n-alcohols. However, as these residues are found at theexpressed in the odorant receptor neur®r.(The precise
N-terminus ofo2 and o3, respectively, and are in regions response elicited by an odorant molecule will most probably
of the protein that are otherwise unchanged on binding depend on its ability to stabilize the “functional” state of
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