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Abstract

Intrinsic membrane proteins represent a large fraction of the proteins produced by living organisms and perform many
crucial functions. Structural and functional characterization of membrane proteins generally requires that they be
extracted from the native lipid bilayer and solubilized with a small synthetic amphiphile, for example, a detergent. We
describe the development of a small molecule with a distinctive amphiphilic architecture, a “tripod amphiphile,” that
solubilizes both bacteriorhodopsiBR) and bovine rhodopsitRho). The polar portion of this amphiphile contains an
amide and an amine-oxide; small variations in this polar segment are found to have profound effects on protein
solubilization properties. The optimal tripod amphiphile extracts both BR and Rho from the native membrane envi-
ronments and maintains each protein in a monomeric native-like form for several weeks after delipidation. Tripod
amphiphiles are designed to display greater conformational rigidity than conventional detergents, with the long-range
goal of promoting membrane protein crystallization. The results reported here represent an important step toward that
ultimate goal.
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Intrinsic membrane proteins represent a large proportion of th@rotein—detergent complexes in aqueous solution. The detergent
proteins produced by living organisms. These proteins mediatenolecules shield the large hydrophobic patches on the protein
material and information transfer between cells and their environsurface from the aqueous medium, mimicking the action of mem-
ment(Wallin & Von Heijne, 1998. Membrane proteins often are brane lipidg Tanford & Reynolds, 1976; Moller & le Maire, 1993
difficult to work with, and high-resolution structural analysis, there- Detergents cannot always provide a native-like environment, how-
fore, lags far behind that of soluble proteins. Difficulties arise ever; they often denature membrane proteins ingteaid & Bowie,
because the natural environment for a membrane protein is a lipid997).
bilayer, but structural analysis requires extraction from the bilayer. All high-resolution structures of membrane proteins reported to
Attempts to isolate membrane proteins from the native bilayerdate were obtained with crystals grown from protein—detergent
frequently result in protein aggregation and loss of funct®tein, = complexes. These crystals contain large amounts of detergent, and
1986. Membrane proteins are typically isolated and purified asthe detergent is highly disorderddRoth et al., 1989; Timmins
et al., 1994. Detergent is essential for generating a monomeric
form of a membrane protein in solution, which is considered to be
Reprint requests to: Samuel H. Gellman, Department of Chemistry, 110the ideal starting condition for crystal growth; however, the high
University Avenue, University of Wisconsin, Madison, Wisconsin 53706; intrinsic flexibility of conventional detergents seems likely to dis-
e-T?ﬁ\'ég:|;Tﬁ]%(§)sc2§$r-i\/t\)/hsé-§%laualIy o this work favor the formation of an ordered crystal lattice. Identification of
Abbreviations:CHAPSO,(3-[(3-cho|amidoprop))l-dimethylammoni§> a suitable detergen_t |s_often a critical step in the crystallization of
2-hydroxy-1-propane sulfongteBR, bacteriorhodopsin; Rho, rhodopsin; a membrane proteifMichel, 1983; Garavito et al., 1986, 1996;
LDAO, lauryl dimethyl-aminoxide; Con-A, concanavalin-A; ROS, rod Kihlbrandt, 1988; Sowadski, 1994; Ostermeier & Michel, 1997
outer segment; CD, circular dichroism; PIPES, piperadis”-bis(2- which suggests that there is a delicate balance between the favor-

etTa”esul'lfO”iC ack EDTA, emy'e”eddiami”ﬁtel”aace“‘: acid; cme, ?”“' able and unfavorable features of conventional detergents with re-
cal micelle concentration; DOC, deoxycholate; THF, tetrahydrofuran; .
mMCPBA, m-chloroperbenzoic acid; MALDI-TOF, matrix assisted laser de- gard to Crystal_ nucleation and growth. . .

sorption ionization—time of flight; SDS-PAGE, sodium dodecyl sulfate-  Detergents influence crystallization of membrane proteins in

polyacrylamide gel electrophoresis. several ways(Kihlbrandt, 1988; Sowadski, 1994(1) Protein
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stability: because high-quality crystals often require weeks for Here, we describe variation of the tripod’s hydrophilic group,
growth, the detergent must be able to maintain the native proteimvhich we have pursued in an effort to understand the relationship
conformation for this length of time. In general, detergents withbetween amphiphile structure and membrane protein solubiliza-
nonionic polar head groups are considered to be optimal fotion. Among the new amphiphile$—1Q Scheme }, we discov-
protein stability(Anathapadmanabhan, 199®8) Interprotein con-  ered another excellent solubilizing age(®, which displays
tacts: if the micellar layer around a protein is too large, protein—-enhanced chemical stability relative ToWe report detailed char-
protein contacts necessary for crystallization can be inhibited. Iacterization of the soluble complexes ®fvith BR and with bo-

has been suggested that there is an optimal size and an optimahe Rho. The stability of the delipidated complexes should be
shape of the micelle, neither too large nor too small, for a givensufficient for crystallization trials. In addition, tripod amphiphiles
crystal lattice (Michel, 199). (3) Phase separation: when the may prove to be useful for exploration of membrane protein sta-
micelles formed from nonionic detergents are sufficiently con-bility (Lau & Bowie, 1997; White & Wimley, 1999

centrated, dehydration of the headgroups can occur, causing the

detergent to separate from aqueous solution as a liquid crystal-

line phase. Phase separation during crystallization is detrimentdflaterials and methods

to high-quality crystal growth, but some authors suggest that

crystallization is promoted under conditions that approach thos@/aterials

of phase separatiofMichel, 1991. . .
P P (M 3 Qark-adapted bovine retinas were purchased from Schenk Pack-

Despite the importance of membrane protein structural data an q hi i h
the centrality of detergents in membrane protein crystallization29i"9 C0.(Stanwood, WashingtonConcanavaliiCon)-A sepha-
ose and Q-sepharose were purchased from SiBtalouis,

relatively few efforts have been made to investigate amphiphile§ ; Il oth hased he hiah q
with nontraditional structures as aids to membrane protein crysM'SsourD' All other reagents were purchased as the highest grade

tallization (Schafmeister et al., 1993; Tribet et al., 1998/ are fromkFlshe_r Smentlflc(s.prlngfleldd NevC\i/ J(_erhse)y,?ldr;]ch (M'.l;.
trying to develop new amphiphiles that can replace conventiona’a" ele, V\{lslcon_sbr_nbcl)r Sl')gmi’ and used without further pur:‘ Ica- q
detergents for solubilization and ultimately crystallization of mem- fion- Ultraviolet/visible absorbance measurements were performe

brane proteins(A complementary approach would be to engineerOn a Perkin-Elmer Lamda 20, a Shimadzu Biospec-1601, or a

a more stable form of the protein, as recently discussed by Zhou gpectramax 190 micropl:_:lte spectrophotometer. (_:ircular dichroism
Bowie, 2000} The new amphiphiles contain relatively rigid hy- was measured on an Aviv 62 A-DS spectropolarimeter, and fluo-

drophobic units rather than the highly flexible alkyl chains com- rescence spectra were obtained from a Hitachi F-4500 fluores-
mon to many biochemical detergents. Our hypothesis is that

amphiphiles with diminished flexibility will be more prone to be-

come part of an ordered crystal lattice than are conventional de-

tergents. Excessive amphiphile rigidity, however, may prevent N
structural adjustments necessary to maximize protein—protein con-

+ N—
tacts essential for crystallizatiogKhlbrandt, 1988; Welte & Wacker, 2 ,\:,'(O ) Q Nr:_ Q)
1991). Steroid-based detergen(s.g., CHAPS; Hjelmeland et al., 'i'\ —
1983 have very rigid skeletons and are excellent for stabilizing
1 2 3

membrane proteins in solution, but these rigid detergents have not
given rise to high quality crystals.

We recently introduced “tripod amphiphiles,” which are built
around a tetrasubstituted carbon atom that has three hydrophobic
substituents and one hydrophilic substitugvitcQuade et al., 2000 Y ,L/O " LDAO
The presence of a tetrasubstituted carbon intrinsically limits con- HasCug”™ ™
formational flexibility (Alder et al., 1990; Hoffmann et al., 1998 )
and additional rigidification can be achieved via choice of the A0

Q *,L/o ) i NN
hydrophobic substituents. The versatile synthetic route we devel- NS L
oped for tripod amphiphiles allows us to vary the shape and flex- \
ibility in the hydrophobic and hydrophilic subunits as we seek to
optimize physical characteristics. 4 5

A preliminary paperMcQuade et al., 2000focused on tripod
amphiphilel and isomers2 and 3, the topologies of which ap- Q )(/,L

proach that of a conventional detergent. We showed that the unique N h H/><\
topology of1 within this isomer set is critical for extraction of a
test membrane protein, BR, from its native membrane in a properly

6

folded form. Both2 and 3 denature BR upon attempted solubili-
zation, as does the conventional detergent LDAO under the con-
ditions we used. Additional structure—activity studi@écQuade,
1998 showed that BR stabilization depends upon the nature of the
hydrophobic tripod substitutents. Tripe in which the phenyl
ring of 1 is replaced by a cyclohexyl ring, failed to solubilize BR
from the native membrane. Tripdg with two cyclohexyl rings,
was insoluble in water. Scheme 1.

CioHas
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cence spectrophotometer. NMR spectra were acquired on Brukeion. After 30 min of stirring, the reaction mixture was poured into
AM-250 or AM-300 spectrometers. Mass spectra were obtainedn ice-cold saturated aqueous ammonium chloride solution and
using a Kratos MS-80 mass spectrometer. Fast Atom Bombardstirred overnight. The mixture was then extracted with 150 mL of
ment(FAB) mass spectra were obtained on a VG Analytical ZAB-2F diethyl ether. The organic layer was dried with Mgs@oncen-
spectrometer. MALDI-TOF mass spectra were obtained on a Bruketrated by rotary evaporation and purified by silica gel column
Reflex Il Instrument. Analytical ultracentrifugation data were col- chromatography(9.5/1.5 ethyl acetatéhexang¢ providing 3.0 g
lected using a Beckman XL-A centrifuge with an ANG0Ti rotor (55%) of the desired product as a yellow ofld NMR (CDCl,,
and dual sector cells. 300 MH2) 8 7.34—7.44(m, 5H), 3.90(s, 1H), 2.03(m, 4H), 1.38

(m, 4H), 1.23(m, 4H), 0.93(t, J = 7, 6H); *3C NMR (CDCls,

75.4 MH2 6 139.1(C), 128.7(CH), 127.8(CH), 126.3(CH),

Synthesis of tripod amphiphil (Scheme 2) 111.7(C), 46.7 (C), 33.8 (CH), 32.9 (CH,), 25.6 (CH,), 22.4
(CH,), 13.7(CH3); EI-MS my/z (M ™) calcd for GgH»4N, 268.1939,
Compoundl2 obsd 268.1933.

This was synthesized by the modified method of Cope et al.
(1949). 5-Nonanong11, 12.1 mL, 70.3 mmolwas dissolved in CompoundL4
benzend25 mL) containing acetic aci(.21 mL, 56.4 mmoland This was synthesized by a modified version of a reported method
ammonium acetatél.08 g, 14.1 mmol To this stirring solution  (Patai & Dayagi, 1962 Compoundl13 (3.0 g, 11.2 mmol was
was added malononitrile4.43 mL, 70.3 mma| and the round- mixed with ethylene glycok50 mL) and potassium hydroxide
bottom flask holding the mixture was fitted with a Dean-Stark trap.(3.3 g, 58.8 mmgl The mixture was refluxed for three days. The
The solution was refluxed for 4t6 h until no more water was reaction mixture was then cooled to room temperature and diluted
being collected by the trap. The mixture was cooled, and 50 mL ofyith 50 mL of water. The solution was poured into 100 mL of
1 N aqueous NaOH was added. The organic layer was separategk-cold aq. HC[~20% v/v), and the resulting milky solution was
and washed wit 1 N aqueous NaOH until no color was observed extracted with four 50 mL portions of ether. The organic layers
in the aqueous layer. The organic layer was dried with Mg&@  were combined, dried with MgSQ and concentrated by rotary
concentrated by rotary evaporation providing 13.38100% of  evaporation to yield a slightly yellow oil. The oil was crystallized
the desired product as a yellow otHH NMR (CDCls, 300 MH2  in hexane to afford 2.4 ¢90%) of the desired product as colorless
82.57(t, 4H), 1.54(m, 4H), 1.42(m, 4H), 0.96(t, J=7,6H); *C  crystals.H NMR (CDCls, 300 MH2) & 7.18-7.33(m, 5H), 2.74
NMR (CDCls, 75.4 MH2 6 186.5(C), 111.7(C), 85.3(C), 35.3 (s, 2H), 1.78(t, J = 7, 4H), 0.96-1.28m, 8H), 0.83(t, J = 7, 6H);
(CHy), 29.8 (CHy), 22.4(CHy), 13.4(CHy); EI-MS myz (M™)  13C NMR (CDCls, 75.4 MH2) 6 178.0(C), 145.6(C), 127.9(CH),

calcd for GoH1gN> 190.1470, obsd 190.1467. 125.9(CH), 125.5(CH), 43.0(C), 40.7 (CH,), 38.2(CH,), 25.6
(CH,), 23.0(CH,), 13.8(CHs); EI-MS m/z (M+H™) calcd for
Compoundl3 C17H260, 262.1933, obsd 262.1941.
This was synthesized by a modified version of a reported method
(Davis & Orchard, 1998 To 100 mL THF containing M¢1.97 g, Compoundl5

81.2 mmo) was added phenyl bromid6.2 mL, 59 mmo), and the Compound14 (300 mg, 1.1 mmolwas dissolved in 5 mL of
heterogeneous mixture was allowed to stir at room temperaturbenzene, and a drop of DMF was added. The solution was cooled
until the solution became homogeneous. The reaction mixture wawith an ice bath and oxalyl chloridéd.5 mL, 5.72 mmal was
then heated to reflux for 1 h. After the reaction mixture had beenadded dropwise, resulting in a vigorously bubbling solution. The
cooled to 3C, CuCN (2.58 g, 28.8 mmol was added, which reaction was allowed to stir for 3 h, and the volatiles were then
resulted in formation of thick precipitate that caused stirring toremoved under vacuum. The resulting oil was dissolved in dry
cease. A solution of compour@ (5 g, 26.2 mmalin THF (100 mL) ether(15 mL), cooled to OC, andN, N-dimethylpropylenediamine
was added to the congealed reaction mixture, and the flask wa®.29 mL, 2.2 mmal in ether(15 mL) was added dropwise, re-
agitated by hand. The precipitate dissolved after 15 min of agitasulting in a white precipitate. After overnight stirringg N NaOH

CN__CN NC.__CN

@]
|
CH,(CN), PhMgBr KOH
Cul, Ether HOCH,CH,0H
11

O
. e N
OH 1) Oxalyl chloride ” T
DMF, Benzene m-CPBA 8
2 HNTTNT ’ CHCl,4
14 | 15

Scheme 2.
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(25 mL) was added to the reaction mixture to dissolve the precip-and transferred to screw-capped vials, andull of a 1,6-
itate. The ether layer was separated, washed twice with 25 mldiphenylhexatriene solutiof8.125 mM in THH was added. The
portions ¢ 1 N NaOH, washed with saturated NaCl solution, and solutions were vortexed at room temperature for 30 s. The fluo-
dried with MgSQ. The ether solution was concentrated to yield rescence spectra of the solutions were obtaie&ditation 358 nm,
0.29 g(86%) of the desired product in light yellow oitH NMR emission 430 nm and the fluorescence intensity of each sample
(CDCls, 300 MH2) 6 7.17-7.34m, 5H), 5.53(t, J= 6, 1H), 3.06  was plotted against amphiphile concentration. The CMC was de-
(q, J = 6, 3H), 2.49(s, 2H), 2.14 (s, 6H), 2.08-2.12(m, 2H), termined from the intersection of the two lines formed by linear
1.74-1.84(m, 4H), 1.37(p, J = 7, 2H), 1.02-1.32m, 8H), 0.86 regression calculated for the concentrations that show low fluo-
(t, J= 7, 6H); 13C NMR (CDClg, 75.4 MH2 6 170.6(C), 146.6 rescence and those that show high fluorescence.

(C), 128.1(CH), 126.2(CH), 125.6(CH), 57.6(CH,), 46.2(CH,),

45.2 (CHs), 43.0(C), 38.0(CHy), 36.7(CH,), 23.1(CHy), 13.8 Membrane preparation

(CHz); MALDI-TOF (M+H™) calcd for GsH41N,O 361.59, obsd

361 39 Purple membrane was purified from th&alobacterium sali-

narum as describedOesterhelt & Stoeckenius, 19/74A stock
suspension of purple membrane that contained 150 tqQ20BR

CompoundB (based on absorbance at 570)nmas prepared in double distilled

Compound15 (5.2 g, 16.9 mmagl was dissolved in 5 mL of water containing 0.025%w/v) sodium azide. Rod outer segment
chloroform. The solution was cooled t610°C, and m-chloro- (ROS disk membranes were isolated from dark-adapted bovine
peroxybenzoic acidmCPBA, 57-86% (14.6 g, 84.5 mmoglwas retinas by a reported proceduiapermaster, 1982A stock sus-
added. The reaction was stirred for 3 h, and the reaction mixturgension containing 150 to 250M Rho (based on absorbance at
was then poured onto an alumina column pre-equilibrated witlr600 nm) was prepared in 10 mM Tris-acetate, pH 7.4.
chloroform. The column was eluted first with chlorofofone bed
volumeg) and then with chloroform containing 10% methanol. The  Solubilization of purple membrane and ROS disk membrane
fractions containing product were combined and concentrated. The g, purple membrane solubilization, a suspension of purple mem-
resulting oil was dissolved in water and passed through a2 brane (40 uL, 150 uM BR) was added to amphiphile solution
syringe filter to remove alumina. The filtrate was lyophilized. The (800 1L buffered with 10 mM sodium phosphatpH 5.9, to a
resulting white powder was further purified by recrystallization fina amphiphile concentration of 0 to 40 mM. The concentration
from dichlormethangether affording 5.0 g85% of the desired ¢ oy hhiphile was at least 1,000 times that of BR in all the samples
product as a white solid. m.p. 106; *H NMR (CDCl;, 300 MH2) except the 0 mM sample. These mixtures were stirred in the dark
67.10-7.34m, 5H), 6.55(t, J = 4, 1H), 3.08-3.12m, 10H), 2.48 at room temperature for 30 min, and their absorbances at 550 nm
(; 2H), 1.75-1.91m, 6H), 1.08-1.40m, 8H), 0.86(t,J=7,6H);  \yere measured. The samples were centrifuged at 300509@t

C NMR (MeOH, 75.4 MH2 5 171.1(C), 146.5(C), 127.8(C), 4°C for 40 min, and their absorbances at 550 nm were immediately
126.1(CH), 125.3(CH), 68.1(CHy), 58.5(CHs), 45.5(CH,), 42.8 measured. The percent solubilization of BR was calculated from

(C), 36.4(CHy), 25.4(CHy), 23.1(CHy), 22.9(CH;), 13.7(CHj), the ratio of the spectral absorbances before and after centrifugation.

13.4(CHa); FAB-MS n/z (M+H™) caled for GaHaiN,0, 377.3, Solubilization of ROS disk membrane preparations was per-

obsd 377.3. formed either in the dark or under dim red light because of the light

sensitivity of Rho. A suspension of disk membrane preparation

Decomposition kinetic studies tfand 8 (30 1L, 200 uM Rho) was added to amphiphile solutiof@0uL)
Tripod amphiphile(1 or 8) was dissolved in 0.1 M KDPO, buffered with 10 mM sodium phosphatpH 6.9 to a final am-

buffer (pH 6.8 to a final amphiphile concentration of 0.2 M. This phiphile concentration of 0 to 40 mM. Total amount of Rho was

solution(2 mL) was transferred to a glass capillary tubéameter  estimated from the spectral absorbance difference at 50@5mM

1.5 mm), and the tube was sealed with high temperature flame. Th&) before and after 15 min bleaching under white light. The amount

sealed capillary tube containing the sample was immersed in an odf Rho solubilized by2 was estimated from the centrifuged

bath with preset temperatu(@17, 126, 133, or 14C) to initiate (300,000 g, 40 min samples by measuring the difference in

decomposition. After a predetermined tifd®, 90, 150, or 210 min absorbance at 500 nm before and after bleaching. In some samples,

the tube was transferred to an ice bath to stop the decompositidoleaching was performed in the presence of excess hydroxylamine

reaction. The capillary tube was placed inside an NMR t&bam), to ensure entrapment of released retinal; however, the spectral

which was filled with CDC} containing 0.005%ara-dinitrobenzene  properties of Rho-containing solutions were not affected by the

(external referenge'H NMR spectra were recordéd6 scans, 5s  presence of hydroxylamine.

relaxation delayon a Bruker AM-300; the decomposition reaction

was followed by observing the reduction of methylene proton sig- Dissolution of purple membrane monitored

nals (~3 ppm. The decomposition rate constdntvas deduced by exciton coupling decay

from the slope of a reaction time vs. amphiphile concentration Purple membrane stock suspension was dissolved in amphiphile
pIoF, and the activation energy for the decomposition regction Wago|ution(Triton X-100 or8: containing 25 mM sodium phosphate,
estimated from the slope of kivs. JT. Additional details are 4 ¢ g to a final amphiphile concentration of 12.5, 25, or 37.5 mM,
reported elsewhereHackenberger, 1999 and a final BR concentration of 22,6M. These solutions were
immediately placed imt a 1 cmpathlength quartz cuvette. The
Critical micelle concentration (CMC) measurements (Chatto- circular dichroism(CD) measurement was performed at room tem-
padhyay & London, 1984) perature, and data were obtained every 2 nm with a bandwidth of
Tripod amphiphile solution&l mL, 0.06 to 25 mM amphiphi)e 1 nm and averaging time of 10 s. With these settings, each wave-
containing 25 mM sodium phosphatpH 6.9 were prepared length scan took-30 min.
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Analytical ultracentrifugtion of BR experiment, and 2 mL fractions were collected. In the Rho delipi-
Sdation experiment, all experimental conditions were the same as
those for BR except the followingDeGrip, 1982a The buffer
solution (solution B) contained 40 mM PIPES, 2 mM Mggl

The aggregation state of BR in tripod amphiphile solutions wa
examined by analytical ultracentrifugation &Gl The typical sam-

ple contained 7uM BR in 10 mM sodium phosphate pH 5.9 and 2 mM CaCh, 0.2 mM EDTA, 300 mM NaCl, and 10 mM tripod

tripod amph|ph|le8 at 3, 8,.or :.LO mM. These.th.ree amphiphile amphiphile8. Rho solubilized in solutio® was immobilized onto
concentrations were used in different cells within the rotor. The : .
1.5 mL of swollen Con-A sepharose resin that was previously

samples were spun at 3,000 rpm to acquire initial data and the\rz]vashed with 10 mL of solutio containing 2 mM MnCjJ. De-
e_qL_JiIibrat_ed_ at 15,600 and 18,000 rpm. The samples attained eqL\ll_pidated Rho was eluted with 10 mL of solutid® contéining
Ilbrlqm within 20 h, and the data set at ?550 .njabsorbanc)ewas 250 mMa-methyl mannoside. The protein content of each fraction
obtained when the absorbance vs. radial distance curves became . .

was obtained from optical absorbance at 550 nm for BR or at

invariant over time. The data were initially analyzed by a nonllnear500 nm for Rho. Phospholipid content of each fraction was ana-

regression fitting metho@Hansen et al., 1994; McQuade, 1998 . . .
: . . ! .~ . lyzed via phosphomolybdate complex formation as previously de-
This method took into account the possible existence of multimeric’ . .
scribed except that 1 mL of samp(&om the elution fractioh

species and baseline variation. The best fit was achieved with 83 mL of perchloric acid and 3 mL of molvbdate reagent were
single-species model; the residuals of nonlinear fitting were minor P y g

. ; _ used(McClare, 1971; Miercke et al., 1989The perchloric acid
and random without any systematic deviation. The data were alsq. .
. . . . §|gestlon was performed at 195 for 2 h, and the color develop-
analyzed according to a single-species model following a reportement at 95C for 45 min
method(Reynolds & Stoeckenius, 19¥.1n this latter analysis, the '
reduced molecular weight of the BR—lipid—detergent complex is
deduced from the slope of bvs. r2 plot (c is BR concentration Long-term stability tests

andr is radial distance from the center of the rgtas the sum )
of the reduced molecular weights of individual componéEBigua- For each protein, three samples were prepared from a stock mem-
tion 12). brane suspension with 4.4, 8.8, and 17.6 r@MDelipidated sam-

ples with 10 mM2 were prepared using column chromatography
as above and were used directly for the stability test. The BR
sample with 8.8 mMB was prepared as follows. A suspension of
purple membrane preparatid@00 uL, 150 uM BR) was dis-
solved in 1.5 mL of 10 mM (containing 10 mM sodium acetate
pH 5.9. This solution was stirred in the dark for 30 min and
centrifuged at 300,00 g for 30 min at £C. The supernatant

M(1— ¢p) = Mp(1—vpp) + Mg(1—vgp) + M (1=, p)
=Mp[(L—vpp) + 8¢ —vgp) + §(L—vp)] (D)

whereM is the molecular weight of BR—lipid—detergent complex,

¢ is the partial specific volume of this complex, alf}, Mg, and  ¢4ntaining solubilized BR was divided into five separate 1.5 mL
My are the molecular weights of BR, detergent, and lipid, respecqynendorf tubes and stored in the dark &E4The stability was
tively. The partial specific volume of BR, detergent, and lipid are 4qgegsed by monitoring absorbance of BR chromops&@ nm
designated as,, vg, andu, andp is the density of the solutioBs  ,yer 20 days at five-day intervals. Each sample was centrifuged at
is the ratio of the total weight of detergent within the BR—detergent—nq ggox g for 30 min just prior to the absorbance measurement.
lipid complex to the molecular weight of BR is the ratio of the  gjmjjar experimental procedures were used for the long-term sta-
total weight of lipid within the BR—detergent-lipid complex to the pjjivy test of Rho: however, because of light sensitivity, all Rho
molecular weight of BR. They, (0.79 andy, (0.98 values were experiments were performed under a dim red light.

obtained from published dat&eynolds & Stoeckenius, 19Y#nd

v4(0.973 was calculated from a reported table as describedch-

schlag & Zipper, 1994 For the calculation 064 (3.5), the total Results and discussion

weight of detergent in the BR—detergent—lipid complex was re-

placed with the molecular weight of a pure micelewhich was  Tripod amphiphile optimization: Hydrophilic group
deduced from a separate sedimentation equilibrium experimeRjariation and effects on BR solubilization

with 8 alone at 7 mM. o o .
There were two motivations for our examination of hydrophilic

group variants of tripod amphiphite First, we wanted to explore
Delipidation of bacteriorhodopsin and rhodopsin structure—activity relationships among tripod amphiphiles, with a
long-term goal of learning how to generate new amphiphiles that
display specific properties via rational design. Second, we wanted
to enhance thermal stability, which is important for practical ap-
plications. N-oxides can decompose via Cope elimination if there
are protons on a carbghto the nitrogen'Scheme R Two of the

The following manipulations were conducted under a dim red light
and at £C unless otherwise stated. For BR delipidation, we em-
ployed a modified version of a reported meth@thertler et al.,
1993. A suspension of purple membrane preparati8@0 ul,

200 uM BR) was dissolved in 5 mL of solutioA (10 mM 8,

10 mM sodium acetate, pH 5.8After 40 min of stirring at
room temperature, the sample was subjected to centrifugation
(300,000% @) for 30 min at £C. The supernatant was immobi-

lized onto 1.5 mL of swollen Q-sepharose anion-exchange resin (\O - c
previously equilibrated with 15 mL of solutioh at 4°C. The resin H H .l gt % R
was washed with~100 mL of solutionA, and the BR was then R)Q;T\F@ Elimination R/% + HO N\Rz

eluted with 10 mL of 10 mM8 (pH 5.8 containing 250 mM
sodium acetate. The flow rate was fixed at 5 fhlthroughout the Scheme 3.
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new tripod amphiphiles examined he6eand7 (Scheme }, have  assembly renders BR resistant to solubilization by many deter-
methyl groups on thg-carbon, which precludes Cope elimination. gents. The purple membrane is, therefore, an ideal system with
These methyl groups should also diminish the conformational flexwhich to test the solubilizing power of new tripod amphiphiles.
ibility of the polar unit, relative to the other analogues. Amphi- Rho is a G protein-coupled receptor and represents a large class of
philes8—10were synthesized to investigate the significance of theimportant signaling protein€Sakmar, 1998 A three-dimensional
amide group within the polar uni@ has a secondary amid@has  crystal structure of Rho at 2.8 A resolution was reported while this
a less hydrophilic tertiary amide, aridD lacks an amide group. paper was under revie@Palczewski et al., 2000

Critical micelle concentratiofCMC) values for the new amphi- The ability of tripod amphiphile8 to extract BR and Rho from
philes are summarized in Table 1; they all fall in a relatively their native membranes was evaluated as a function of amphiphile
narrow range, 1-8 mM. concentration. Figure 1 shows % solubilization of BR and of Rho,

The polar group variations amortg-10exert profound effects determined in separate experiments from the ratio of retinal ab-
with regard to BR solubilization, despite the similarities among thesorbance$550 nm for BR or 500 nm for Rhobefore and after
CMC values. Amphiphile$, 7, 9, and10 all denatured BR during 300,000 g centrifugation, as a function of the concentratior8of
attempted solubilization from the native membra&fpurple mem-  The CMC of8 (4.5 mM) is located within the transition regions of
brane’). Similar behavior was observed with the conventional both solubilization plots, which suggests that it is the amphiphile’s
N-oxide detergent LDAO under the conditions we used. In con-ability to form micelles that is responsible for effective protein
trast, 8 solubilized BR from purple membrane without significant solubilization from the native membranes. The solubilization be-
denaturation. havior of 8 is that of an ideal detergent, according to published

criteria of Hjelmeland and Chramba¢t984), because both purple

. - membrane and ROS disk membranes are readily solubilize®l by
Thermal stability of amphiphiles above its CMC, and the proteins are stable even at high amphiphile
During our investigation of and related compounds, we observed concentrationgup to 40 mM). The data in Figure 1 were obtained
qualitatively that the N-oxide head group can decompose via Copafter 30 min mixing betwee8 and the membrane preparations. In
elimination (McQuade et al., 2000 Therefore, we quantitatively —contrast, the conventional detergent reported to be most effective
assessed the thermal stabilitieslofind 8 in aqueous solution by for extracting BR from purple membrane, Triton X-100, requires
measuring their decomposition rates at elevated temperdfiil®s 20 h for complete protein solubilizatiqidencher & Heyn, 1978
146°C). The activation energies for the decomposition reactiondMore than 95% of the protein embedded in purple membrane or
were determined, and the half-livesb&nd8 at room temperature ROS disk membrane is successfully extracte& bpove the CMC.
were estimated by extrapolation to 5229 days and=446 days,
respectively. These results confirm that the stability8o en-  Circular dichroism and sedimentation equilibrium
hanced with respect t@. Both of these tripod amphiphiles are styudies with BR

sufficiently stable for membrane protein manipulation. ) o -
To show that tripod amphiphil8 can solubilize membrane pro-

teins in a monomeric state, we performed CD measurements and
Solubilization of BR and Rho from native membranes

BR and bovine Rho are useful as test membrane proteins for eval-o
uation of an amphiphile’s solubilization properties because both of

these proteins contain a retinal chromophore, and the spectral progg 100 [~ £ A A
erties of protein preparations provide a sensitive and easily mon=g F
itored indicator of structural integritfKhorana, 1998 The 5 8o -
interaction of conventional detergents with both proteins has beeri*é r
studied in detail DeGrip, 1982. High-resolution crystal struc- = .
tures of BR have recently been reportédiecke et al., 1999 BR § 60 -
occurs naturally in a two-dimensionally crystalline protein-lipid & -
array (purple membrang and the high degree of order in this € 40 -
= L
% I CMC of 2 (4.5 mM)
= 20 |-
Table 1. CMC values of tripod amphiphilés o i
_o -
o cwe S OB e
mphiphile (mM) R 10 20 30 40
1° 3.0 mM
6 12 Fig. 1. Solubilization of BR from purple membran@quares and Rho
7 7.5 from ROS disk membrangriangles as a function of the concentration of
8 4.5 tripod amphiphile8. Amphiphile to protein ratio§mol amphiphilg'mol
9 3.0 protein were above 1,000 for all except 0 mM samples. After mixing the
10 25 membranes with solutions containing various amountd, shmples were

incubated in the dark for 30 min at room temperature. The percent of
solubilized protein was estimated from the ratios of retinal absorbances
aDetermined by fluorescent dye solubilization, as described in the text(BR: 550 nm, Rho: 500 njrmeasured before and after 40 min 300,600
bMcQuade et al(2000 centrifugation. The curve is arbitrary.
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sedimentation equilibrium studies. BR occurs in the purple mem-
brane as a trimeric cluster, and achieving a monomeric state in
aqueous solution without protein denaturation can be difficult. It
has been demonstrated that generation of monomeric BR from the
purple membrane with Triton X-100 can be followed by the de-
crease in the asymmetric sigmoidakciton coupling CD signal
of BR between 450 and 700 nifHeyn et al., 1975 Exciton
coupling arises for native purple membrane because of the close
spacing and specific arrangement among neighboring chromo-
phores. Using the CD method, we found that atiéasisrequired
to generate monomeric BR with Triton X-10@ata not shown In
contrast, when the purple membrane was dissolved with tripod
amphiphile8, complete loss of exciton coupling occurred in less
than 30 min(the limit of our CD measurementNo appreciable
loss in the absorbance at 550 nm was observed during the exper-
iment, indicating that BR monomers remained largely in the native 480 485 490 495 500 505 51.0
tertiary structure during solubilization. The very rapid generation Radial Position (cm?)
of monomeric BR by8 seems to suggest that this amphiphile is
harsh, .“ke Convgntlonal N-oxide detergents; however, unlike phiphile 8. The concentration of BR was7 uM for all samples. The
conventional N-oxide detergente.g., LDAO), the tripod am- concentration of8 was 8 mM (squares or 10 mM (circles. The open
phiphile does not disrupt BR tertiary structure under these condisymbols indicate data obtained at 15,600 rpm, and the filled symbols
tions. As will be discussed below, the rapidity with which the indicate data obtained at 18,000 rpm. The solid lines are linear square fits
tripod amphiphile replaces native membrane lipids is auspiciou§9 the data. Each set was fit independg—xntly; the fact that 8 and 10 mM _dgta
display nearly parallel slopes at two different speeds supports the validity

with regard to removing lipids or exchanging detergents from theof this analysige.g., that micelle compressibility is not significarferom

solubilized protein. S ) ) the slopes of these plots, reduced molecular weights of BR-amphiphile
Although the CD studies indicate th&trapidly disrupts the complexes were calculated to be 10,42@1.

regular array of BR molecules in the purple membrane, analytical
ultracentrifugation is required to determine whether BR is mono-
meric when solubilized by this tripod amphiphile. Samples of sol-
ubilized BR were prepared in 3, 8, or 10 m&I(recall that the 8 samples. When the contribution from the lipid was included by
CMC of 8 is 4.5 mM). The sedimentation equilibrium data were assuming that the lipid-to-protein ratio of the complex is the same
analyzed by nonlinear regression analysis and by a linear fittings that of the purple membrai@.315 g/g; maximum lipid con-
method, both of which suggested that the 8 and 10 mM sampleten?, the absolute molecular weight calculated for BR in the sed-
contained predominantly monomeric species. Figure 2 showsmenting complex decreased slightly to 28,800. The molecular
(Inc)/w? vs.r? plots(w is angular velocityg is BR concentration,  weight of BR calculated from amino acid composition-i27,100.
andr is radial distance from the center of the rotfor the 8 and  Thus, the results from our sedimentation equilibrium studies sug-
10 mM samples at two different centrifugation speeds, 15,600 angest that the protein—micelle complex is a single, nonassociating
18,000 rpm. All of the 8 and 10 mM plots show a linear rela- entity with one BR molecule per complex. The CD and sedimen-
tionship betweerfIn c)/w? andr ? with similar slopes, indicating tation equilibration analyses, together, indicate that tripod am-
the presence of monodisperse protein—micelle complexes. Thehiphile 8 rapidly disrupts the purple membrane and solubilizes
reduced molecular weight was calculated to be 10,4281 for BR in a monomeric state.
these samples. In contrast, samples containing 3 mM tripod am-
phiphile (below the CMQ showed large amounts of aggregated S
protein, which sedimented to the bottom of the cell during theDe“p'dat'on of BR and Rho
experiment. Solubilization of a membrane protein from its native membrane
The absolute molecular weight of BR in the BBRzomplex was typically results in the formation of a protein—amphiphile complex
deduced from the sedimentation equilibrium results as previouslyhat contains some lipid. The stability of a solubilized membrane
described(Reynolds & Stoeckenius, 19Y.7In this analysis, the protein in a delipidated state is a critical test of an amphiphile’s
reduced molecular weight determined from sedimentation equilibsolubilization properties. In a practical sense, delipidated protein is
rium measurements is taken as the sum of the BR, amphiphile, anaseful for chemical and biochemical studies of membrane proteins
lipid molecules that comprise the aggregé&Equation }. This because such studies often require reconstitution of membrane
analysis requires one to know the number of lipid and amphiphilestructures by adding exogenous lipids to the protein. Systematic
molecules bound to BR, which is not easily determined in a direcimembrane protein crystallization studies could also benefit from
way. The number of protein-bound amphiphile molecules is com-delipidation. Excess lipid adds complexity to the system, poten-
monly assumed to be equal to the aggregation number of th&ally altering the amphiphile phase diagram or leading to forma-
amphiphile in pure micelle§Reynolds & Stoeckenius, 19¥AVe  tion of precipitate during crystallization. However, complete removal
performed separate analytical ultracentrifugation experiments witof lipids may not be advantageous because some lipid may be
pure amphiphile8 and obtained an aggregation number of 255 for specifically bound to the protein and necessary for the protein’s
a micelle. Using this value, and with the contribution from lipids native conformational stabilityDe Grip et al., 1992
ignored, the absolute molecular weight of BR in the protein— Delipidation of solubilized membrane proteins is commonly per-
micelle complex was calculated to be 29,800 for both 8 and 10 mMormed using solid supports. We used the a mett®chertler
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Fig. 2. Sedimentation equilibrium data for BR solubilized with tripod am-
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et al., 1993 in which an anion-exchange resin is used to immo- process, part of the immobilized BR0-40% was eluted, indi-
bilize BR, and lipids are then removed by washing the immobi-cating the existence of a population of protein—detergent complex
lized protein with aqueous amphiphile solution. This method carwith low affinity for the resin. Schertler et al. recorded similar
also be used to exchange detergents or to concentrate protein, bathservations and reported that the lower affinity fraction contained
of which are important operations in preparing samples for memBR isoforms with truncated C-termir(iSchertler et al., 1993
brane protein crystallization. However, when we performed SDS-PAGE analysis on the eluted
Figure 3 summarizes delipidation results for BR and Rho. BRproteins, the proteins from the two elutions showed similar mo-

solubilized with8 was immobilized on a quaternary ammonium lecular weight. In addition, the amount of the lower affinity frac-
anion-exchange resifQ-sepharose The resin was washed with tion increased as the concentration of the amphiphile in the wash
8-15 mM aqueous, and the BR was then eluted with a solution solution was increased. Recently, the observation of two protein
containing8 and 250 mM sodium acetate. Figure 3A shows thebands during BR purification with phenylsepharose columns has
elution profiles of BR and phospholipid. During the initial wash been described and attributed to different BR aggregation states in
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Fig. 3. Delipidation of(A) BR and(B) Rho by chromatographyA: BR was purified with Q-sepharose anion-exchange resin, and the
delipidated protein was eluted with 250 mM of sodium acefatéRho was purified with Con-A sepharose resin, and delipidated Rho
was eluted with 250 mM o&-methylmannoside. All the solutions used in the column purifications contained 18.reMw rate was
fixed at 5 mL/h throughout the experiment, and 2 mL fractions were collected. Protein cdstgrtresof each fraction was obtained
from optical absorbances at 550 nm for BR or at 500 nm for Rho. Phospholipid cditengles was determined from the
phosphomolybdate complex, as previously descritddClare, 1971; Miercke et al., 1989
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BR—detergent complexd&opez et al., 1999 However, our ana- 100
lytical ultracentrifugation results suggest that most the BR is in a
monomeric state under these conditions. Observation of two pro-
tein bands in column elutions has also been reported for halorho-
dopsin during purification with phenylsepharose colurf®arcelli

et al., 1996. The precise origin of the low affinity protein fraction

in our delipidation studies is not clear, but we suspect that varia-
tions in BR’s affinity for the ion-exchange resin result from dif-
ferences in the lipid content of protein—detergent—lipid complexes.
No loss of retinal from BR occurred during the chromatography, as
judged by our failure to detect free retinabsorbance at 380 nm

in any of the column elutions.

Phospholipid analysis of BR solubilized from purple membrane 0 NI R T E ST S RN
before ion exchange chromatography indicated the presence of 5 10 15 20
about 10 mol of phosphorus per mole of BR. This value is close to Time (days)
the reported phosphorus content of the purple memb(iBakker
& Caplan, 1978; Miercke et al., 1989As can be seen from the
elution profile (Fig. 3A), most of the phospholipid was eluted
during the first 30 mL wash. The purified BR fractions contained
less than 1% of the phospholipid originally present in the purple
membrane.

In the case of Rho, Con-A sepharose resin was used for affinity
column purification following a reported methgBeGrip, 1982a
The elution profiles of phospholipid and Rkbig. 3B) are similar
to those seen for the BR purification. Most of the phospholipid was
eluted in the first 10 mL wash, and the purified Rho, eluted by a
solution containing 250 mM-methyl mannoside an8| contained
<0.1% of its original lipid content.

Successful delipidation can be attributed to the high exchange-
ability and nondenaturing characteristics of tripod amphipBil
“mild” detergent such as digitonin is not suitable for this type of
delipidation, presu_mably becaus_e the exche_lnge 9f amphiphiles b'lafig. 4. Long-term stability of A) BR and(B) Rho in the presence of tripod
tween the pure micelle and resin bound micelle is too slB&-  amphiphiles. Long-term stability of BR and Rho was studied in solutions
Grip, 1982a. On the other hand, “harsh” conventional detergentscontaining 4.4 mM(open triangles 8.8 mM (open circlel or 17.6 mM

can denature BR aridr Rho under these conditions. (open squares8. These samples were prepared by direct solubilization of
proteins from their native membranes and contain lipids from the mem-

branes. Stability of delipidated samples of BR and Rim10 mM 8,
column elutions from Fig. Bare also showifilled inverted triangles All
samples were stored in the dark &G} and % active protein was deter-
mined at five-day intervals from retinal absorbances of separate samples.

Protein crystals often require weeks to grow, and long-term main&ll sp_ectro_scopic measurementos were e'tc_qu'ired immediately after _30 min
tenance of the native state in soluble form is crucial for ob’[ainingcem”fugat'on(300’000>< 9) at 4°C, to minimize background scattering.
high quality crystals of membrane proteins. We have assessed the

long-term stability of BR and Rho solubilized 8y monitoring )

the change in absorbance of the retinal chromophore over a 20-ddyPnclusion

period. The protein stability determined in this fashion is the “func-There have been relatively few documented attempts to create
tional stability” relevant for crystallization trials. The stability ynconventional amphiphiles for membrane protein manipulation;
studies were conducted at pH 5.8 for BR and pH 6.9 for Rho.exploratory efforts of this type are important because development
Three different amphiphile concentrations were uged, 8.8, or  of new amphiphile architecturgg.g., tripod amphiphilgscould

17.6 mM), and all solutions were stored at@ in the dark. The  expand the range of membrane proteins for which high quality
results for BR and Rho are shown in Figure 4A and 4B, respecerystals can be grown. We have shown that tripod amphighige
tively. Both BR and Rho are highly stable in the presence of 8.83 good candidate for membrane protein crystallization by demon-
and 17.6 mM8. Less than 10% of the original retinal absorbance strating that8 can (1) dissolve BR and Rho in monomeric form,

is lost over 20 days. Both proteins were less stable in 4.481M (2) pe used in conjunction with ion-exchange or affinity column
with more than 30% of initial absorbance lost over 20 days. Thischromatography for delipidation or detergent exchange purposes,
lowest concentration is very close to the CMC8a#.5 mM), and  and (3) maintain BR and Rho in stable, delipidated, native-like
this result suggests that fully micellar amphiphile is required forforms for long periods of time.

maximum protein stability. Figure &illed symbolg shows that

removal of lipids from the protein—micelle complexes has almost

no effect on the protein stability. This behavior indicates that the*cknowledgment
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