Biochemistry2001,40, 11923-11931 11923
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ABSTRACT. To determine the strength of noncovalent interactions that stabilize a membrane protein complex,
we have developed an in vitro method for quantifying the dissociation of the bacteriorhodopsin (BR)
lattice, a naturally occurring two-dimensional crystal. A lattice suspension was titrated with a short- and
long-chain phosphatidylcholine mixture to dilute BR within the lipid bilayer. The fraction of BR in the
lattice form as a function of added lipid was determined by visible circular dichroism spectroscopy and
fit with a cooperative self-assembly model to obtain a critical concentration for lattice assembly. Critical
concentration values of wild-type and mutant proteins were used to calculate the change in lattice stability
upon mutation AAG). By using this method, a series of mutant proteins was examined in which residues
at the BR-BR interface were replaced with smaller amino acids, either Ala or Gly. Most of the mutant
lattices were destabilized, withAG values of 0.2-1.1 kcal/mol at 30°C, consistent with favorable
packing of apolar residues in the membrane. One mutant, 145A, was stabilizetl. 0\kcal/mol, possibly

due to increased lipid entropy. THAG values agreed well with previous in vivo measurements, except

in the case of 145A. The ability to measure the change in stability of mutant protein complexes in a lipid
bilayer may provide a means of determining the contributions of specific prepeotein and protein

lipid interactions to membrane protein structure.

Many integral membrane proteins function as multimeric proteins in sodium dodecyl sulfate (SDS) is monitored by
complexes, including bacterial and mammalian cytochrome SDS-PAGE to obtain a qualitative ranking of the effects
oxidases 1, 2), potassium and mechanosensitive channels of mutations in the transmembrane segmégf {3, 16, 17).

(3, 4), bacterial and plant light-harvesting and photosynthetic GpA dimerization in SDS has also been measured quanti-
proteins b—7), the mitochondrial B, ATPase 8), and tatively by Faster resonance energy transfer (FRETS)(
bacteriorhodopsind—11). A long-standing goal in identify- ~ However, the interpretation of protein oligomerization in SDS
ing factors that stabilize such complexes has been to measurés complicated because the dissociation constants vary with
the strength of noncovalent proteiprotein and proteir detergent concentratioi) and because the oligomerization
lipid interactions in the membrane. In principle, this goal reactions equilibrate very slowlyl®). Furthermore, the
might be achieved by thermodynamic analysis of mutations interaction of SDS with the protein may dominate the
that affect the assembly of protein complexes of known observedAG of dimerization (8), which might confound
structure, such as those cited above. However, progress hasfforts to measure the energetic effects of mutations. For
been limited due to the technical challenge of quantifying these reasons, more “membrane-like” zwitterionic and non-
protein or lipid association in the membrane, which is ionic detergents have been used instead of SIDS1@, 20,
necessary for thermodynamic analysis. 21). Significantly, it has been possible to determine the

One approach to this challenge has been to approximateenergetic effects of mutations on GpA dimerization in
the membrane environment with detergents. This approachnonionic detergent by analytical ultracentrifugatic20)(
has been used extensively to study proteins with a single However, interpretation oAAG values obtained under these
transmembrane segmen2(-14), as exemplified by glyco- conditions will require analysis of the multiple equilibria that
phorin A (GpA) (15, 16). Typically, oligomerization of these  influence protein oligomerization in detergent, including the

association of detergent with itself and with the protein
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for examining protein oligomers in reconstituted lipid bilayers was added to~0.5 mg/mL (18uM) purified BR lattice in
such as neutron diffraction and FREI9(22—24). However, 50 mM HEPES (pH 6.9), 50 mM NaCl, and 0.025% (w/v)
while these methods have been used to determine the numbeNaN;. The PC mixture of digPC and diGPC (2:1, w/w)
of subunits per oligomer, it has been more difficult to was mixed at 50 mg/mL total PC in water, and aliquots were
measure the distribution of monomeric and oligomeric forms stored at—70 °C. For each experiment, freshly thawed
required for determining an association constant. Another aliquots were diluted to 5 mg/mL. Additions were made to
method is to examine oligomerization in vivo by expressing the individual samples from this working stock. Because this
a transmembrane segment of interest covalently attached tcstock clouds inr~1—2 h, all additions were made within 30
a reporter domain such as therepressor or ToxR DNA  min of dilution. Samples (50@L) were mixed in 1.5 mL
binding domains 41, 25, 26). These strategies have been polypropylene tubes or glass vials and incubated in the dark
implemented to rank mutant phenotypes and thus defineat 25 or 30°C for ~4 days to fully equilibrate the sample.
structural motifs that promote dimerization of transmembrane Although incubation in glass or plastic does not affect the
segments. Most of the mutant phenotypes assigned by thiscircular dichroism spectrum, incubation in glass yields more
method correlated well with the results of studies in SDS homogeneous samples as determined by centrifugation on
(25, 26). However, the in vivo phenotype of some mutations sucrose gradients.
(25), particularly polar substitution®6), did not agree with Density Measurements and Fittind.o determine the
the in vitro measurements. This is likely due to differences densities of the purified lattice, a 5(0. sample was applied
in the interactions of detergents and bilayer lipids with to a linear (from 30 to 50%, w/w) isopychic sucrose density
proteins, and further emphasizes the importance of studyinggradient and centrifuged in an SW28.1 rotor at 27 000 rpm
membrane protein complexes in a bilayer environment. for 17 h at 15°C. After fractionation in a 96-well plate, the
Significantly, none of these approaches has yielded theBR peak was defined by measuring the absorbance at 562
thermodynamic values needed to quantify the interactions nm of each fraction with an E800 Universal Plate Reader
that stabilize a membrane protein complex in a lipid bilayer. (Bio-Tek Instruments, Inc., Winooski, VT). The data were
To Study the stabmty of an integra| membrane protein fit with a Gaussian fUnCtion, and the refractive indices of

complex, we have chosen bacteriorhodopsin (BR), a seven-7/—10 fractions encompassing the peak were recorded at 20
transmembrane-helical protein that contains a covalently + 0.1°C using the digital refractometer. These data were
bound retinal cofactor. IrHalobacterium salinarumBR fit with a linear function to determine the refractive index
forms the purple membrane, a two-dimensional crystalline and buoyant density at the peak. To determine the densities
lattice of BR, and lipid molecules. High-resolution diffraction 0f samples incubated with PC, 500 samples were applied
studies of the purple membran@7( 28) and three- to linear 20 to 45% (w/w) isopycnic sucrose density gradients
dimensional crystals1Q, 11, 29, 30) have yielded the and fractionated as described above. To estimate the fraction
structure of BR and portions of the associated native lipids. of PC incorporated, the buoyant densities were plotted as a
Previously, we used these structures to identify amino acid function of added PC and fit with the equation

residues within the lipid bilayer that appeared to make

contacts at the interface between BR monomers. The v =1fovo t focpc 1)
contributions of these residues to lattice stability were tested

with an in vivo assay based on BR cooperative self-assemblywhere v, vo, and vpc are the partial specific volumes
(31-33). Here, we have measured the thermodynamic (1/density) of the PC-treated lattice, the untreated lattice, and
stability of the BR lattice by a novel method in which the the PC mixture, respectively, afigdandfpc refer to the mass
purified lattice is diluted with a synthetic lipid mixture, and fractions of each component. The variablgis defined as

the equilibrium distribution of BR in the lattice and mono- the product of the added PC concentration and a constant
meric forms was determined. We used this method to reflecting the fraction of added PC that is incorporated into
quantify the contributions of individual amino acid side the membranes. For fitting the density data, a value of 0.938
chains to BR lattice stability within the lipid bilayer. The mL/g is used forvec. This value is a weighted average
implications of this work for examining factors that stabilize calculated from a value of 0.865 mL/g for ¢iRC 34) and

membrane protein complexes are discussed. a value of 0.964 mL/g for diGPC determined from
interpolating a three-term polynomial fit of partial specific
EXPERIMENTAL PROCEDURES volume versus chain length for PG4).

Electron MicroscopyA plastic film-coating solution was

Materials. Long- and short-chain phosphatidylcholines prepared prior to staining using 0.40% Pioloform (Ted Pella,
(diC14PC and diGPC, >99% pure) were purchased from |nc. Redding, CA) dissolved in CHEIClean glass slides
Avanti Polar Lipids, Inc. (Alabaster, AL). Qorpak borosili-  were dipped in a prepared solution, stripped, and floated on
cate glass vials with polytetrafluoroethylene-lined caps were gjstilled water. Precleaned 400 mesh Cu grids were placed
used for sample preparation where noted. on the floating film and picked up with a piece of Parafilm.

Purification of BR Lattices and Titration with LipidBR The sample was mixed with three parts of 2.0% (NM0O,
lattices were purified from mutari. salinarumstrains as (pH 7.2) as described in the One-Step Meth88) (and
described previously3Q), except that linear sucrose density vortexed for 10 s. The sample and stain mixture was then
gradients were created using a model 117 BioComp (Fre-placed on a prepared Pioloform-coated grid opposite the
dericton, NB) Gradient Mate. Gradient linearity was con- coated side. The mixture was allowed to adsorb for 1 min
firmed by measuring the refractive indices of gradient and any excess wicked away. The stained sample was then
fractions on a Reichert-Jung Abbe Mark Il digital refracto- viewed at 80 kV on a Philips CM120 electron microscope
meter. For lipid titrations, a phosphatidylcholine (PC) mixture in the conventional bright field transmission mode.
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Circular Dichroism and Absorption Spectroscofjrcular
dichroism (CD) spectra were recorded on an Aviv (Lake-
wood, NJ) 202SF circular dichroism spectrometer using a 1
cm path length quartz microcell. Single scans were recorded —
at 25 or 30°C, usirg a 1 saveraging timea 1 ssettling ,?_3’
time, a 1 nmbandwidth, ad a 2 nmsampling interval, and E
baseline corrected with a water blank. Both lattice and 3
monomer forms of BR are spectrally well-behaved in that
the CD signal is linearly related to concentration over the
range of added PC tested (6.0.5 mg/mL). To determine
BR concentrations, U¥visible absorption spectra were
collected at room temperature on a Perkin-Elmer Lambda 2
spectrophotometer ugina 1 cmpath length cell. Prior to
CD or absorption spectroscopy, samples were illuminated
in >530 nm light for~5 min to adapt BR to light.

Critical Concentration Determination andAG Calcula-
tion. In PC titrations, the concentration of BR in the lattice .
form decreases as PC is added, while the total concentration ! ) X . |
of BR is constant. The CD spectra were treated as a linear 500 800 700
combination of the two end-point spectra, which are defined wavelength (nm)
as the spectrum of the untreated lattice and the spectrum of
the monomer titration end point atl mg/mL of added PC. 2
The ellipticity at any wavelength is then given by

e=fe +fyey +C (2)

>

AA (mdeg)

o

AAg,, (mdeg)

wheree is the ellipticity of the sample at any wavelength,
e andey are the ellipticities of the lattice and monomer
end-point spectra at the same wavelength, respectifiely, ' : ' ' J

and fy are the fractional contributions of the lattice and 0 1 2 8 4 5

monomer spectra, respectively, &b a constant to account time (days)

for small offsets among the spectra attributed to baseline drift FIGURE 1: Treatment of the BR lattice with the PC mixture. (A)
in the spectrometer. The concentration of BR in the lattice Circular dichroism spectra of 0.5 mg/mL suspensions of wild-type

. . and I1117A lattices before (solid line) and after incubation atG0
form (BR ) is the product of the total BR concentration (BR it 0.33 mg/mL diGPC alone (dotted line) or in combination with

andf.. For critical concentration plots, BR concentrations .66 mg/mL diG,PC (dashed line, 1.0 mg/mL total PC). Samples
are described as a BR:lipid ratio in units of moles per mole. were suspended in 50 mM HEPES (pH 6.9), 50 mM NaCl, and
Plots of BR versus BR are fit with a self-assembly model ~ 0.025% (w/v) NaN. (B) Equilibration time course at 3T of the

to determine the critical concentratiorC) for lattice  Wild-type lattice treated with a 0.25 mg/mL PC mixture. Data are
formation @2): fit with a monoexponential function.

BR, =0ifBR; < C;BR_ =BR; — C,ifBR;=C, (3) which vesi_cle forma_tion occurs. The toFaI concentration of
BR per unit volume in the sample remains constant, but the
To calculate differences in the Gibbs free energy change of concentration of BR within the lipid environment decreases.
association caused by an amino acid substitutiohG), the By monitoring the dissociation of the BR lattice as a function
experimentally determined, values for wild-type and of PC concentration, we can determine the equilibrium

mutant BR lattices were used to calculad\G in the constant for lattice assembly. Significantly, this approach
equation allows membrane protein interactions to be analyzed in a
lipid environment.
AAG = —RTIn(C, ,/C, ) (4) Corversion of the BR Lattice to Monomeric BR with an

Added PC Mixture.Mixtures of short- and long-chain
phosphatidylcholine (PC) have been used previously to study
the structure and function of BR and other membrane
RESULTS proteins 86, 37) and are attractive for the lipid dilution
Experimental RationaleOne approach to measuring the approach because of their tendency to form bilayer structures
thermodynamic stability of a protein complex is to examine such as bicelles or vesicle88 39). To demonstrate the
dissociation of the complex by dilution. The decrease in the feasibility of diluting the BR lattice with PC, lattice purified
concentration of an aqueotsoluble complex upon dilution  from wild-type and 1117A cells was mixed waita 1 mg/mL
in buffer is measured as a function of the total protein PC mixture (2:1 digPC/diGPC, w/w) and examined by
concentration, and a dissociation constant is calculated. Wecircular dichroism (CD) spectroscopy (Figure 1A). The
have developed an analogous “lipid dilution” approach for 1117A mutant was chosen because it was previously shown
measuring the stability of the BR lattice. An aqueous to destabilize the lattice3(, 32) and would therefore provide
suspension of the purified BR lattice is combined with a a good test of assay conditions. The visible CD spectrum of
mixture of short- and long-chain PC under conditions in the untreated purified BR lattice displays a biphasic feature

whereC; : andC; , are the critical concentration values for
the wild-type and mutant lattices, respectively.
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(Figure 1A, solid line). It is generally accepted that this
feature is due to intra- and intertrimer exciton coupling
among the regularly arranged BR chromophores in the lattice
(40). When the lattice is equilibrated with 1 mg/mL PC, the
visible CD spectrum possesses a single positive peak (Figure
1A, dashed line) consistent with monomeric B&{42).

UV —visible absorption spectroscopy of PC-treated samples
revealed a peak near 560 nm, indicating that BR tertiary
structure was not grossly altered by the added lipid (data
not shown). However, the PC-treated samples exhibited an
~10% decrease in the extinction coefficient anc&® nm

blue shift in the absorbance maximum (data not shown). added PC (mg/mi)

These spectral shifts have been observed previously uporFicure 2: Density analysis of BR lattices. Plots of specific gravity
conversion of the lattice into BR monomers in ¢jeC @1), vs the amount of PC added for the wild typ®)(and 1117A Q).
suggestngtha th protin is moomeric under our condi.T0E S8 P 310 Sr  e  Ton
tions. There was no evidence of an absorption peak at 380 ata are fif witr?eq 1 (syée Experimental ICI)3rocedures; wild type, solid
nm, suggesting that PC-treated samples lacked free retlnaﬁne; 1117A, dashed line).

and that BR was not bleached. Thus, incubation with the

PC mixture dissociates the BR lattice into monomers without wT 17A

otherwise affecting the structure of the protein. g, S

To determine if the conversion of the lattice to monomeric
BR is due to diGPC alone, wild-type and I117A lattices
were treated with 0.33 mg/mL di2C, the same concentra-
tion as in the 1.0 mg/mL PC mixture. The CD spectra of
treated and untreated samples were the same (Figure 1A,
compare the solid and dotted lines), indicating thatEiC
alone does not disrupt the lattice. The effect of dRT alone
could not be determined since it is virtually insoluble in
aqueous buffer and results in a heterogeneous cloudy 0.1
suspension in the absence or presence of the BR lattice. Thus,
conversion of lattice BR to monomers requires both the long-
chain PC, presumably to integrate into and extend the BR
lattice bilayer, and the short-chain PC, to solubilize the long-
chain PC.

To determine if PC treatment results in solubilization of
the lattice as observed with the nonionic detergents Triton
X-100 and octyl glucoside4@), samples incubated with 1 )
'mg/m'L PC were centrifuged at 200096or 45 rpin, which (m?m” ‘__1. o, N _23®
is typically used to separate detergent-solubilized BR from _ i )
unsolubilized material44). After centrifugation,>97% of E'GURE 3: Electron micrographs of wild-type and 1117A lattices

. efore (0) and after incubation with 0.1 and 0.3 mg/mL PC. A
the BR was present in the compact purple pellet, as gjstance of 0.5:m is indicated by the white bar.
determined from the absorption spectra of samples before
and after centrifugation (data not shown). Thus, incubation Lipid Treatment Decreases the Density of BR Lattice
with PC converts lattice BR to monomeric BR without MembranesThe results described above are consistent with
solubilization of the membrane. incorporation of PC into the purified lattices, resulting in a

Equilibration of the Lattice with PC.Before further decrease in the protein:lipid ratio within the bilayer that
characterization of the BRIlipid aggregates and initiation  dissociates the BR lattice. To provide further evidence of
of thermodynamic studies, it was necessary to ensure thatPC incorporation, we determined whether the buoyant density
measurements were made under equilibrium conditions. Toof the lattice decreased with added PC. BR lattices were
determine the time required for the added PC to equilibrate, treated with increasing amounts of PC, incubated for 4 days,
lattices were treated with the minimum amount of PC that and centrifuged to equilibrium on sucrose density gradients.
produces a detectable change in the CD spectrum at 600 nmThe gradients were fractionated, and the buoyant densities
Greater amounts of PC are expected to equilibrate moreof the BR-containing fractions were determined. The buoyant
rapidly. Individual samples were incubated for® days at densities of the untreated BR lattices ranged from 1.171 to
30 °C before CD spectra were recorded. A fit of the CD 1.179 mg/mL with errors from 0.0001 to 0.0068 mg/mL,
data with a monoexponential function indicated that within close to the previously reported value of 1.18 mg/mb)(

4 days the samples reach-989% of the plateau ellipticity =~ The buoyant densities of the wild-type and I1117A membranes
value at 600 nm predicted from the fit (Figure 1B). Thus, decreased with added PC tal.11 mg/mL at the highest
an incubation of 4 days appeared to be sufficient for PC concentration [Figure @& andO, respectively)].
equilibration of PC-treated samples and was used routinely To estimate the extent of PC incorporation, the density
prior to performing CD spectroscopy and control experi- data were fit with eq 1, which accounts for the partial specific
ments. volumes of the BR lattice and added PC mixture (see

buoyant density (g/ml)
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0.3 mg of PC/mL). In the case of the 1117A mutant,
unilamellar tube structures are sometimes seen at intermediate
PC concentrations (Figure 3, 0.1 mg of PC/mL). When
samples are prepared without the BR lattice, no vesicular
structures are detected (data not shown). Thus, titration of
the BR lattice with the PC mixture results in the conversion
of the BR lattice into other unilamellar bilayer structures.

Lipid Dilution of BR MutantsWe previously described a
series of BR mutants containing single Ala and Gly substitu-
tions at the interface between transmembrane helices in
neighboring BR monomers (Figure 432). To test the
stability of lattices comprising these mutant proteins by lipid
dilution, wild-type and mutant lattices were purified and
Ficure 4: Locations of substitutions. (A) The helices and retinal tirated with the PC mIXture' Single CD scans of each tlt.rathn
cofactors of a BR trimer are viewed normal to the membrane from Sample were acquired, and the spectra from each fitration
the cell interior. The helices of one monomer are labeledGA series were plotted together (Figure 5). With this approach,
Residues®) at the BR-BR interface are located on helix B from  small variations in the spectrometer baseline were sometimes
one BR monomer (from left to right, 145, 152, L48, T55, and A44) gpserved (see below). The data may have been improved

and on helix D from a neighboring monomer (from left to right, . : : :
1117 and L109). (B) Helices B and'[are shown as viewed within by obtaining multiple scans and averaging them, but this was

the membrane core from the center of a BR trimer. The substituted IMPractical because of the large number of samples.
residues are drawn in ball-and-stick representations and labeled; For all mutants and the wild type, the CD (Figure 5) and
the boundaries of the apolar membrane core are designated W'thabsorption spectra (data not shown) of both titration end

horizontal lines. : . . . . .
points are consistent with BR in lattice and monomeric forms.

Experimental Procedures). The data are reasonably fit withA Single isodichroic point at-570 nm is readily observed
a model that assumes a constant mass fraction of the added? most of the titrations (WT, A44G, T55A, L109A, and
PC iS incorporated at a” PC Concentrations (Figure 2) In |117AII’1 F|gure 5) In the rema|n|ng t|tra.t|0ns, an |SOd|ChrO|C
the curves that are shown, the fraction incorporated corre-Point is not observed due to the presence of one or more
sponds t&¥/5 of the added PC. This result is consistent with SPectra that appear to be shifted due to a displacement of
complete incorporation of the long-chain lipid, di€C, the spectrometer baseline (I45A_, L48A, and I52A in Figure
more hydrophobic than the short-chain lipid. Although other Showed a non-zero ellipticity at 65000 nm where BR
interpretations are possible, it is significant that identical absorbs very little and the ellipticity should be zero,
results were obtained for 1117A under the same conditions. indicating that the instrument baseline was shifted (Figure
Thus, it is reasonable to assume that the incorporation of5)-
PC into wild-type and mutant lattices is similar. The baseline shift was corrected by fitting the raw data
Examination of Samples by Electron Microscogy with a linear combination of end-point spectra using eq 2,
determine whether membrane-like structures were presentwhich includes an offset term for the baseline variations
in samples treated with PC, samples were stained and(Figure 6). All of the data in Figure 5 were treated with this
examined by electron microscopy. Untreated lattices purified method. In all cases, the fits displayed excellent agreement
from the wild type and 1117A appear as roughly circular or with the data, as shown for the wild type and I52A in Figure
oval membrane sheets0.5-1.0 mm in diameter (Figure 3, 6, indicating that two states, lattice and monomer, are
0 mg of PC/mL). Upon titration with PC, the membrane sufficient to account for the spectra and that significantly
sheets are gradually replaced by unilamellar vesicles with apopulated or spectroscopically active intermediates are
diameter of~0.1um at intermediate PC concentrations and absent. Thus, the mutant and wild-type lattices all undergo
~0.3—-0.5 um at higher concentrations (Figure 3, 0.1 and similar conversion to monomeric BR when titrated with PC.

AA (mdeg)

wavelength (nm)

Ficure 5: Lipid titrations for wild-type and mutant BR lattices. Circular dichroism spectra of 0.5 mg/mL lattice incubated with the following
concentrations of the PC mixture: 0, 0.1, 0.2, 0.25, 0.3, 0.5, 0.7, 1.0, and 1.5 mg/mL for the wild type, A44G, I45A, I52A, T55A, and
L109A and 0, 0.02, 0.05, 0.1, 0.15, 0.25, 0.3, 0.5, 1.0 mg/mL for L48A and I117A. No corrections are made for baseline variations within
a titration series, or for small<(10%) differences in the starting BR concentrations among series.
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FiGure 6: Representative fits of CD data. The raw CD spectrum
(dotted line) and fits (eq 2, solid line) are shown for wild type (left
column) and I52A (right column) at 0.2, 0.3, and 0.7 mg/mL PC.
The 152A spectrum at 0.7 mg/mL is one that displays a baseline
shift in Figure 5.

Determination of € and AAG for the BR LatticesIn
earlier studies of BR lattice stability3p), the accumulation
of the BR lattice in vivo was modeled as a cooperative self-
assembly process. This allowed us to derive the critical
concentration ) for BR assembly.C; is the minimal
concentration of total protomer required to initiate formation
of the polymer and is equivalent toKlf, whereKqp,is the
apparent equilibrium constant for addition of protomers to
the polymer 46). Thus, mutants that disrupt the lattice are
expected to exhibit a higheZ, than wild-type BR.

A similar analysis was applied to compare the stabilities
of wild-type and mutant BR lattices assayed by lipid dilution
in vitro. For each PC-treated sample, the CD spectrum
(Figure 6, dotted line) was fit with eq 2 (Figure 6, solid line)
to determine BR which was graphed versus BRo
determineC; values (Figure 7). The&, is defined as the
lowest value of BR at which lattice is present, represented
by a change in the slope of the self-assembly function (eq
3) from 0 to 1 (Figure 7)32). The self-assembly model used
for the fits assumes that PM lipids remain bound to

dissociated BR monomers and therefore are not included in

calculating the total lipid concentration. When PM lipids

were treated as bulk lipid, the fits were significantly worse A

(data not shown). When the data are fit in this manner, all

samples demonstrated a good fit to the self-assembly model

and significant differences i€, were detected (Figure 7).
The C; values for all the mutants were first determined in
this manner by in vitro PC titration at 25 (Table 1).C;
was also determined at 3@ (Table 1) to avoid potential
artifacts at 25°C, which is near the lamellar gel to liquid
crystal (R — L) transition temperature of digPC of 23.6
+ 1.5°C (47). As expected, th€, values are higher at 30
°C than at 25°C (Table 1).

Using theC; values and eq AAG values were calculated
for each mutant at 25C (Figure 8, gray bars) and at 3G

Isenbarger and Krebs
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Ficure 7: Critical concentration plots for wild-type and mutant
BR lattices. Using the PC titration data (Figure 5), the amount of
BR in the lattice form is calculated and plotted vs the total amount
of BR in the sample. The data are fit with a self-assembly model
to determineC; (solid curves).

Table 1: C; Values of Mutants (moles of BR per mole of lipid)
25°C 30°C 25°C 30°C

wild type 0.43+0.08 1.03+0.06 I52A  1.18+0.21 1.53+0.05
44G 1.44+0.27 2.05£0.22 T55A 0.93+0.28 1.56+0.12
0.15£0.02 0.214+0.03 L109A 1.12+0.25 2.26+0.12
2.29+0.67 2.80+£0.30 1117A 4.13:1.69 6.10+ 0.66

aValues and errors are the means and standard deviations, respec-
tively, from three independent experiments.

L48A

(Figure 8, black bars). Nearly all the substitutions destabilize
the BR lattice, with positiveAAG values of 0.4-1.3 kcal/
mol at 25°C and 0.2-1.1 kcal/mol at 30°C, with errors
from 0.04 to 0.15 kcal/mol at 25C and from 0.03 to 0.09
kcal/mol at 30°C. The 145A substitution resulted in a lattice
that is more stable than the wild type by 6.8.0 kcal/mol.
For comparison, we calculate¥AG values fromC; values
previously determined in vivo for the same mutants (Figure
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monomers. In cooperative self-assembly, oligomeric inter-
mediates are predicted to be present at very low concentra-
tions under equilibrium conditions and do not affect the

3 determination ofC; (49). If trimeric intermediates were
% present in our experiments at appreciable levels, the relation-
g ship between the total BR and lattice BR concentrations
g = 30°C (Figure 7) would deviate significantly from the cooper_ative
m 25°C self-assembly model. Because the titration data are fit well
0 invivo with this model (Figure 7), any intermediate forms must be
present at low levels.
A44G 145A L4BA I52A TSSA L109A NM17A To fit the titration data to the self-assembly model, it was

FiGure 8: Comparison ofAAG values. Using theC, values necessary to assume that the native lipids associated with
determined from PC titrations at 25 and 3D, theAAG for each BR in the lattice remain tightly bound to BR monomers in
substitution that was examined was calculated. Values and errorihe synthetic lipid bilayers and can therefore be omitted from

bars represent the means and standard deviations, respectively, frorﬂ1 lculati f | linid - | fthi
three independent determinations. These in vitro values are \N€ calculation oftotal lipid concentration. In support ot this

compared WithAAG values calculated from th€; values deter-  assumption, (i) endogenous archaeal lipids often remain
mined in vivo @2). The in vivo errors are calculated by standard bound to BR when the lattice is solubilized in nonionic

error propagation methods using the errors in @heralues 82). detergents50, 51) and (i) the BR structural models include
) o o highly ordered lipids 10, 11, 27—30) which have been
8, white bars) 82). The in vivo values show similar trends, modeled to interact preferentially with BR in silic&2).
though some differences are apparent (see Discussion).  Tight association of lipids with membrane proteins is not
DISCUSSION uncommon, as specific lipid interactions have also been
suggested to support the structure and function of many other
While many previous approaches have been used to assesmiembrane proteind8—55). Thus, our data best describe a
the assembly of integral membrane protein complexes, nonesystem in which a monomeric BRarchaeal lipid complex
has evaluated the thermodynamic stability of a membraneis in equilibrium with the BR lattice.
protein complex in the context of a lipid bilayer. In the assay =~ The simplest interpretation of the positid\G values is
of thermodynamic stability we have described here, the BR that they represent the extent to which the side chains
lattice is equilibrated with a PC mixture that dilutes the lattice participate in stabilizing interactions in the wild-type BR
and promotes its dissociation. Similar mixtures of long- and lattice. Values forAAG are in the range of 0-41.3 kcal/
short-chain PC have been shown to spontaneously formmol at 25°C and 0.2-1.1 kcal/mol at 30°C. This agrees
unilamellar vesicles48) and “bicelles” 89), and have been  with previous measurements of the contributions that single
used for the reconstitution of integral membrane proteins, side chains make toward membrane protein oligomerization
including BR @6, 37). The added lipid is associated with in detergent Z0). The residues examined form part of a
the lattice, as demonstrated by a steady decrease in thdightly packed apolar surface at the BBR interface within
buoyant density of the BR sample with increasing levels of the hydrocarbon core of the membrane. Thus, it is likely
PC and by the progressive replacement of the intact latticethat substitutions in smaller side chains disrupt the lattice
with vesicles as determined by electron microscopy. As in by removing favorable van der Waals interactions between
the in vivo assay we described previousl§2), a self- these surfaces. Although it is possible that substitutions at
assembly model is used to determine e for lattice the protein-protein interface could destabilize the lattice by
assembly, which is then used to calcul&AG. We used favoring interactions with the added PC, this is unlikely
this method to quantify the contributions to the free energy because similar treatment with salinarumlipids produces
of assembly made by individual amino acid side chains at a the same trend in lattice stability as PC (T. A. Isenbarger
protein—protein interface within the membrane bilayer. and M. P. Krebs, unpublished results). These observations
Our spectroscopic data support a two-state equilibrium support a growing body of evidence which shows that van
between the BR lattice and BR monomers. Two spectro- der Waals interactions within the hydrocarbon core of the
scopic states are indicated by the existence of a singlemembrane stabilize membrane protein assenfly. How-
isodichroic point, which is apparent in most of the CD ever, protein-lipid and protein-protein interactions involv-
titration series (Figure 5) and implied by the good fits of all ing residues outside this region have been suggested to be
titration series with a two-state model that includes an offset important for stability (for a review, see r88) and must be
for baseline shifts (Figure 6). We favor the explanation that quantified to advance our understanding.
the end point observed at high PC concentrations is mono- A surprising result is that replacing lle45 with Ala (145A)
meric BR, similar to that observed in previous studies of results in a lattice that is more stable ©¥.6—1.0 kcal/mol
PM solubilization and reconstitution in lipid bilayer40— than the wild-type lattice. Although the cause of this
42). However, it is formally possible that this end point may increased stability is not currently known, it may be that the
be a BR trimer, since the spectroscopic characteristics of [45A substitution allows more freedom for nearby lipids,
the isolated trimer have not been established in this or allowing an entropy gain, or that side chain rearrangements
previously published work. In the unlikely case that the end that strengthen BRBR interactions occur. Stabilizing muta-
point consists of BR trimers, ti®AG measurements would  tions may be fairly common among membrane proteins, as
still reflect the effects of the amino acid substitutions onBR  indicated by the finding that10% of unselected substitu-
BR interactions. It is also possible that trimeric BR exists tions in diacylglycerol kinase stabilize oligomers of this
as an intermediate in the conversion of lattice BR to protein 66). Like the diacylglycerol kinase oligomer, the
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native BR lattice may not be optimized for stability, possibly
because membrane proteins are stabilized during evolution
by the minimum amount needed to allow folding and
assembly in the lipid environment, or because a certain
amount of destabilization is required for efficient function.
High-resolution structural studies are probably needed to best

explain these effects.
We compared theAAG values with previous in vivo

measurements of BR lattice stability to assess the physi- 1g.
ological relevance of the in vitro results. The magnitudes of

the in vitro and in vivoAAG values are comparable, although

the values determined in vitro are generally larger by as much 11-

12.

as 0.5 kcal/mol. As discussed previousl$2), in vivo

estimates oAAG may be biased by difficulties in measuring
C, for wild-type and mutant proteins that do not disrupt the
lattice because accurately quantifying small amounts of
nonlattice BR is hindered by the presence of other cellular
pigments. The in vitro assay provides an accurate wild-type

C; value and therefore enables better estimatioAAE for

the mutants. The in vivo assay suggested that only two

positions (Leu48 and lle117) at the protejorotein interface
contribute significantly{1.0 kcal/mol) to BR lattice stability

(Figure 8). The in vitro data support the important role of
these two amino acid side chains, but also suggest that the
other side chains make a more significant contribution than
suggested previously by the in vivo assay (Figure 8). The in
vitro assay suggests that the I145A lattice is more stabilized
than the wild-type lattice, whereas the in vivo results indicate
that this substitution may be slightly destabilizing. Further
improvements in the in vivo assay will be required to detect

mutants that are more stable than the wild type.

The lipid dilution method developed here is a new tool
for understanding the fundamentals of membrane protein
assembly. For BR, targeted or random mutants can now be
quantified in a lipid bilayer environment to reveal how
different regions of the protein contribute to stability. The
lipid composition of the system may also be controlled so
that the roles of native archaeal lipids can be determined.
The method may prove to be useful for examining the protein
and lipid determinants required for the stability of other
membrane protein complexes. The information gathered from
these studies is expected to provide a basis for predicting

membrane protein structure and stability.
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