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ABSTRACT. The partitioning of native cytochromies and a mutant form, where Trp-108 and Trp-112

were both replaced by Leu, into small unilamellar lipid vesicles was examined. The vesicles were made
from phosphatidylcholines containing mono- and di-unsaturated acyl chains. As these amphipathic proteins
self-associate in aqueous solution, the binding was not monitored by a simple lipid titration experiment
but by an exchange assay using fluorescence quenching by brominated lipids. Each protein had a greater
affinity for lipids containing mono-unsaturated chains than for vesicles containing di-unsaturated chains,
and the affinities of both proteins increased in buffers of higher ionic strength. The native protein had a
higher affinity than the mutant protein for all vesicles; the ratio of the affinities was relatively constant

at approximately 30. This corresponds to a difference in the free energy of partitioning of 2 kcal mol

The fluorescence quantum yields of both proteins were much lower in lipids with di-unsaturated chains
whereas a similar lowering was not seen with a simple Trp compound. These data suggest that the decreased
membrane hydrophobicity seen by the proteins in di-unsaturated membranes is not an inherent property
of the bilayer but is induced by the insertion of the protein. Further, the similar behavior of the two
proteins suggests this modulation is not sensitive to the amino acid side chains of the inserted domain.

The complexity of the lipid composition of membranes earlier showed thdis has a greater affinity for lipid vesicles
has been appreciated for decades, yet the reasons for thisnade from DMPC than for vesicles made from PORE (
complexity have yet to be established. Model systems haveAs part of this ongoing project, we generated a number of
been used to probe the interrelationship between the structurenutant forms ofbs with amino acid substitutions in the
and function of membrane proteins and lipid structure. We membrane-binding domain and found that one mutant, where

have examined the interaction of cytochrobag(bs), itself

both Trp-108 and Trp-112 were replaced by Leu, had,

a member of the enzyme system which introduces unsat-unexpectedly, a much lower affinity for membranes than did

uration in membranesl], with lipid vesicles. Cytochrome
bs is the founding member of a class of “tail-anchored”

membrane proteins which are inserted into membranes

posttranslationallyd). These proteins are targeted to specific
locations within the cell by as-yet unknown mechanisB)s (
Lipid composition may play a role in this targeting as we
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1 Abbreviations: bs, rabbit endoplasmic reticulum cytochronbe
isolated fromE. coli by detergent extraction; nativ®, native rabbit
endoplasmic reticulum cytochrorbeisolated fromE. coli by detergent
extraction; mutantos, rabbit endoplasmic reticulum cytochronie
where Trp-108 and Trp-112 are both replaced by Leu, isolated from
E. coli by detergent extraction; POPC, 1-palmitoyl-2-olessglycero-
3-phosphocholine; OPPC, 1-oleoyl-2-palmitsylglycero-3-phospho-
choline; SOPC, 1-stearoyl-2-oleasirglycero-3-phosphocholine; OSPC,
1-oleoyl-2-stearoybsn-glycero-3-phosphocholine; DOPC, 1,2-dioleoyl-
snglycero-3-phosphocholine; SLPC, 1-stearoyl-2-linolesiyglycero-
3-phosphocholine; LSPC, 1-linoleoyl-2-steareptglycero-3-phospho-
choline; SUV, small unilamellar vesicle.
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the native protein¥g).

In this report, both the native (nativies) and mutant
(mutanthbs) forms of bs are used to examine the effect of
alterations in the acyl chains of the lipid vesicles on the
affinities of the two proteins for the vesicles. If the relative
affinities of the two proteins varied from vesicle to vesicle,
this would suggest that the different acyl chains interact
differently with the two proteins. This would lend credence
to the suggestion that the complex lipid composition seen
in membranes is the result, at least in part, of the protein
complexity. Perhaps the various acyl chains pack preferen-
tially around membrane proteins which expose different
amino acid side chains. While this present investigation was
underway, another study dk was published. Taylor and
Roseman confirmed our earlier observation on the variation
of the affinity of the native protein for different lipids and
also extended it to a large number of PC species, to the effect
of vesicle curvature, and to the effect of inclusion of
cholesterol, ofis binding 6). They concluded thdds binding
correlated with bilayer free volume and that the inhibition
of binding caused by cholesterol correlated with the con-
densing effect on the phospholipid.
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The determination of the affinity of a protein for a MATERIALS AND METHODS
membrane is not trivial. We previously used the method of ) ) )
Hille et al. (7) to analyze the binding isotherms while the Nat.|ve bs anq mutantbs wer'e'|solated frorrE. coli as
report of Taylor and Roseman employed a Scatchard analysigl€Scribed previouslyld). All lipids were obtained from
(6). Both these analyses used a “binding-to-sites” model in Avanti Polar Lipids Inc. (Alabaster, AL) except for 6,7-
order to fit the nonhyperbolic isotherms which are typically BRPC Wr_"Ch was syn.theS|zed as described preypds‘E{y (
seen with membrane proteins. We have recently reportedsmaII unilamellar vesicles (SUVS? of the donor I|p|_ds were
that the nonhyperbolic nature of these isotherms can beprepared from freshly opened vials Qf. commerCIaI lipid.
completely accounted for by the self-association of the Butylated hydroxytoluene at a 1:500 lipid ratio was added

L o to prevent lipid peroxidation1@). The dried lipids were
protein in the aqueous phas®).(The typical initial linear subsequently hydrated with enough 10 mM Hep@d mM

portion seen in these isotherms, rather than being due to : o . .
limited number of “sites”, is due to a “buffering” of the ag?;é:g?’f{gﬂ Slr%tggl:eeneatga?égfggmz?éitlzgcﬁI\(/lpl—llipgi;dl
;gg(r:g S;rtit(ljonpgté?rﬁ fflfaheism;): :I?se}g bvzailszgcsﬁélgntgf Ft)?:- suspension. T_his was then sonicated under argon With_a probe
viously published data for the binding of nativg to sonicator until the sample was cle_ar, and contaminating
POPC vesicles in low ionic strength buffer, where the particles were rgmoved py_ultracgntnfugaﬂdﬁl)(. Th? size
concentration of monomeric protein could b,e measured and homogene|ty of th? lipid Ves'des were determlne_d with
It was determined that nativa; had a mole fraction parti- "a quasi-elastic laser light scattering instrument I(Nlcomp
tion coefficient of 1.8x 107, which corresponds to AG Instruments, Inc., Santa Barbara, CA), and the vesmlgs were
of transfer ofb. (Watér to i ’id) of—9.9 kcal mot?. In the found to have diameters of 360 nm. The concentrations

° P ' ) of all lipid vesicles were determined by a modification of
present study, both the native form and a mutant form of the Bartlett assay for total phosphorus contetf( The

?ﬁewsritgﬁmfta;ed,{égd 'L Vg?;oln;[fz;}d;?wifso S?:Z?] ?;:anc"n;lr};a extent of peroxidation of the lipids was determined by UV
y pny 9 gth. absorbancel) and was always less than 1%.

initial studies of nativebs aggregation indicated the self- o .
association was enhanced at higher ionic strength such that Gtel thlltratéon ?f Sbytochrome b Tréebself—??lstoc;gtmn of
at physiological ionic strength the concentration of mono- mutantbs and nativeds was examined by get filtration on a

: v column (1x 22 cm) of Sephadex G200 Superfine at°Zd
gggﬁiquevg)ould be unmeasurable by our gel-filtration Three buffers were used in the gel filtration: 50 mM Tris

) ) acetate-0.5 mM EDTA (pH 7.5); 50 mM Tris acetate0.5
Because of these various analytical problems, we chose,j\ EDTA (pH 8.1); and 10 mM Hepes0.1 mM EDTA
in this study, to determine the relative affinities of the two (yH 7.5). The ionic strengths of these buffers were assessed
proteins for various types of lipid vesicles by an exchange py measuring their conductivities using an Omega CDB-70
technique we have used previousl§).( This technique  conductivity meter (Omega Engineering, Stamford, CT), and
involves measuring both the rates of exchange of the proteinthe conductivities were found to be 2050, 1124, and 504
between a donor vesicle population and an acceptor vesicle, s respectively. In each experiment, 6.8 nmol of protein in
population and the final equilibrium distribution between the 40 4L of Hepes buffer was mixed with 10L of 5 M KClI,
two vesicle populations. Exchangetwfcan be followed by to ensure all the protein was in the aggregated fo@n (
Trp fluorescence. The protein in the original donor vesicles pefore applying to the column. The flow rate was 2.4 mL/h,
has enhanced fluorescence whereas the acceptor vesicle ignd the effluent from the column was monitored at 412 nm
composed of brominated lipid and therefore quenches theyith a flow cell in a Gilson Stasar, the output from which
protein fluorescence. The measured rate of exchange is ayas interfaced to a computer via an interface board (Omega
convolution of the rates of binding to and release from the Engineering). Data points were taken every 20 s and written
two vesicle populations in each experiment. If the rate of in g computer file.
binding of the proteins to the vesicles is very fast and is  gxchange of Cytochrome between Normal and Bromo-
independent of vesicle composition, and the same brominated;;q vesicles The exchange of native and mutlgbetween
lipid is used as acceptor in all experiments, then the relative {he test lipid vesicles and BRPC vesicles was followed by
rates of exchange are reciprocally related to the relative fiyorescences). All measurements were made in a stirred
partition coefficients of the proteins for the original donor o 5 cm cuvette thermostated at 20 using an SLM-8000c
vesicles. spectrofluorometer (SLM/Aminco, Urbana, IL) with an
This study is aimed at a systematic analysis of the effect excitation wavelength of 280 nm (4 nm slit) and an emission
on protein partitioning of ionic strength, acyl chain unsat- wavelength of 335 nm (8 nm slit). The data were exported
uration and placemensit1 versussn2), and changes in  to an ASCII format and fitted with a nonlinear least-squares
the hydrophobicity of the membrane-binding domain. By program of Dr. Michael Johnsori1).
comparing nativéss and mutanbs, it should be possible to Triplicate samples for each type of lipid vesicle were
focus the analysis on the membrane-binding domain. This prepared and contained 1 mM test lipid in 10 mM Hepes
is because these proteins are dominated by identical largeD.1 mM EDTA buffer (pH 7.5). In experiments performed
hydrophilic domains and it is known from previous studies in 150 mM KCI, the vesicles were incubated in 10 mM
that the membrane-binding domains of both proteins are Hepes-0.1 mM EDTA-150 mM KCI (pH 7.5) overnight
inserted to the same depth in the membrane, at least into allow the salt to equilibrate across the bilay&8)( After
brominated lipid vesiclesl(Q). It is this deep insertion which  a base line fluorescence spectrum of lipid alone was obtained,
makesbs a relevant model for other integral membrane enough of a protein stock solution was added to produce a
proteins. 1:500 protein:lipid ratio, and the sample was incubated for
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1 h at 25°C. This time period was extended to 24 h when 06
the samples were examined in buffer containing 150 mM
KCI. A sample of BRPC vesicles was then added (final
concentration 1 mM), and the fluorescence of the sample
was monitored continuously for 1000 s, and then intermit-
tently until the fluorescence stabilized. After each fluores-
cence study, the lack of protein denaturation was established
by measurement of the dithionite-reduced minus oxidized
absorbance spectrum. The difference in optical density
between 424 and 410 nm was taken as a measure @kthe
content. The equilibrium partitioning difs was quantitated
according to the formulal@):

I:EQUIL = FLIPIDXLIPID + FBRPCXBRPC (l)

whereFgqui is the equilibrium fluorescence in the presence
of both the test lipid and BRPC vesicleB pp is the
fluorescence in the presence of the test lipid alone Farec
is the fluorescence in the presence of BRPC aloteip
andXgrpc are the mole fractions of the protein bound to the
two populations of vesicles at equilibrium. The fraction of
protein remaining bound to the test lipid at equilibrium is
therefore given by TIME (SECONDS)
Xupip = (FEQUIL — Fgred/(FLipio — Fared (2) Slr((;)ijiTeEslbfifszi?}eogr?g rgwatjstg]r?tIggtlgcfrﬁrr?)rr]l?éhgg%r;ﬂtgg g? Ipfrlgigitllon
(6.8 nmol) were applied to a Sephadex G200 column equilibrated

and is a measure of the relative affinity of that protein for in buffers with conductivities of 205@S (solid lines), 1124S
the test lipid versus BRPC vesicles. (dashed lines), or 504S (dotted lines), and the absorbance was

To compare the relative affinities of both the native and Monitored at 412 nm. (A) Native protein. (B) Mutant protein.
mutant proteins for the various vesicles, the rates of approachwere repeated with both mutab$ and nativebs, using a
to equilibrium in the above experiment were determined. The variety of buffers, there appeared to be little correlation
process of exchange involves at least four rate processesbetween buffer concentration or buffer pH and the extent of
the rates of binding to each of the two vesicle populations self-association. However, when the ionic strengths of the
and the rates of release from each of the two vesicle buffers were estimated by measurement of their conductivity,
populations. If equal concentrations of vesicles are used inthere was found to be a clearer correlation. As shown in
all experiments and it is assumed that the rates of binding Figure 1, the elution profiles of both mutab$ and native
of the two proteins to all types of vesicles are identi&ahy, bs were very sensitive to the conductivity of the eluting
presumably near the diffusion limi2Q), then the equilibrium  buffers. We have suggested tiigtbehaves on gel filtration
distribution of protein between the two vesicle populations like other self-associating systems, such as deterg2fs (

ABSORBANCE AT 412 nm

ABSORBANCE AT 412 nm

) ) I
20000 25000 30000

is given by Such systems are characterized by an aggregate, eluting near
the void volume, followed by a trailing “plateau” region of
Keou = Xupin/Xerec = KerpdKLipiD 3 monomer. This behavior is seen with mutagin a buffer

) ) of 1124uS conductivity (Figure 1B). The aggregate elutes
wherekgrpc is the rate of release of the protein from the patween 10 000 and 15 000 s, and a “plateau” of monomer
BRPC vesicle andtpip is the rate of release from the test  gytends out to 25 000 s. A “plateau” is difficult to discern
vesi(_:le to the BRPC vesicle. The opserved_ rate of exchangeith nativebs (Figure 1A) but can be seen on an expanded
monitored by fluorescence quenchinig,(cw) is the sum of  sca1e 8). The behavior of both proteins in the lowest ionic
kerpc andkupip. Hence kupio = kexcr/(1 + Keoun). strength buffer (504S) is anomalous. We have previously

In the presence of a single population of vesicles, the rgported that nativbs is excluded from gel-filtration matrixes
equilibrium partitioning of protein between the aqueous i, 0w jonic strength buffers because of the presence of a
solution and the test vesicle is given bigi = kov/kupip, if small number of carboxyl groups on the matrB2), and
the overall process of protein interaction with the lipid vesicle inese profiles may be influenced by this. In addition, the
can be described by a single binding process (see Results)giokes’ radius of the aggregate would likely increase in
Hence,Ky is inversely proportional tdq e buffers of low ionic strength due to increased electrostatic
RESULTS repulsion of the polar domains. In the buffer of lowest ionic

strength, if the peak closest to the void volume represents

Effect of lonic Strength on Cytochrome®elf-Association nativebs aggregate, then its concentration is 27% of that of
It has been previously noted that natl¥eself-associates in -~ the more included peak at 16 000 s. With mutayythe peak
aqueous buffers and that the concentration of monomer inat 15 000 s has a concentration of 14% of the more included
equilibrium with the aggregate decreases as the ionic strengthpeak at 20 000 s, which again indicates that the concentration
of the buffer was increase®)( In contrast, mutanibs has of monomeric mutanis is higher than that of nativies under
been shown to behave on gel-filtration in low ionic strength these buffer conditions. It can be seen from Figure 1 that at
buffers as a monomeb). When gel-filtration experiments  conductivities greater than 20505 the concentration of



15248 Biochemistry, Vol. 38, No. 46, 1999

Bagaran et al.

100 100

90 -1 90
o 804 o 804
o a
3 =
4
o 704 nO: 70 -
z z - - T [
a b T
z _ -
8 60 I T 3 60
2 2
Zz
£ 50 Z 50
< - <

T

z 40 nz: 40 T
w w
[ p—
3 g
g 30+ E 30+
5 &
® 04 X 204

10 |I| 10

0 == o L1
PO oP 80 0s DO SL LS PO OP lo] 0s Do SL Ls
sn-1 160 18:1 18.0 18:1 18:1 18:0 18:2 sn-1 160 18:1 18.0 18:1 18:1 18.0 18:2

sn-2 181 16:0 18:1 18:0 18:1 18:2 18:0 sn-2 181 16:0 18:1 18:0 18:1 18:2 18.0

PHOSPHOLIPID TYPE PHOSPHOLIPID TYPE

FiIGURe 2: Percentage of mutant protein remaining bound to donor Ficure 3: Percentage of native protein remaining bound to donor
lipid after equilibration with BRPC vesicles. The protein was lipid after equilibration with BRPC vesicles. The protein was
incubated with the donor lipid shown on the abscissa and then incubated with the donor lipid shown on the abscissa and then
allowed to exchange to an equal concentration of BRPC. The allowed to exchange to an equal concentration of BRPC. The
distribution of protein between the two populations of lipids was distribution of protein between the two populations of lipids was
estimated as described under Materials and Methods. Vesicles inestimated as described under Materials and Methods. Vesicles in

low ionic strength buffer (open bars); vesicles in buffer with 150
mM KCI (solid bars).

monomeric protein in solutions of mutabd and nativebs
would be very small, and virtually all of the protein would
be in the aggregated form. Thus, at physiological salt

concentrations, much higher salt concentrations than those

used here, the concentration of monomeric mutanor
nativebs would be too low to determine using gel filtration
and would thus preclude the use of a simple binding isotherm
for measurement of the membrane partition coefficient.

Estimation of the Membrane Affinity of Cytochroméis
an Exchange Assayhe relative partition coefficients of the
two proteins can be determined from the rates of release of
the protein from a vesicle20). In addition, the relative
partition coefficient of a single protein for two different lipids
can be estimated from the equilibrium distribution of the
molecule between the two lipids. Both of these techniques
have been used previously witk (5, 23, and both are used
here.

In Figure 2 are shown the amounts of mutbsitemaining
bound to the different lipids at equilibrium after BRP
vesicles were added, calculated using eq 2. The error bar
represent the standard deviations of triplicate assays. In
Figure 3 are the data for natil®. As reported previously

made here for mutariis. The inclusion of 150 mM KClI in
the samples increases the affinity of both mutarand native
bs for the test lipid, especially with lipids containing
di-unsaturated chains.

To determine the relative partition coefficients of both
mutantbs and nativebs into the various test lipids, the rates

low ionic strength buffer (open bars); vesicles in buffer with 150
mM KCI (solid bars).
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Ficure 4: Time course of exchange of mutant protein from the
donor vesicles after addition of BRPC vesicles in low ionic strength
buffer. The fluorescence was observed just before and after addition

C of BRPC vesicles, shown by the sudden drop and return of signal

(solid lines). The time course of fluorescence change upon addition

Sf BRPC vesicles to protein alone is shown by the dotted line.

were determined. The rates of exchange of mulgrand

(4, 6), the affinity of nativebs for the vesicles decreases as nativebs from the donor lipid vesicle to BRPC vesicles were
the level of unsaturation increases; a similar observation is followed for each of the test lipid species, by monitoring
the quenching of Trp fluorescenc®) (Figures 4 and 5 show
examples of these processes for mutgrand nativebs and
contain a large amount of useful qualitative information. In
these figures, the traces have been separated along the
“Time” axis for visibility, but the “Relative Fluorescence”

of each experiment is all on the same scale. First consider
of approach to equilibrium in the above exchange assaysthe addition of BRPC to protein alone (dotted lines). In low
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occurs within the mixing time~10 s) whereas with native E & Rat f transfer of mutant protein f the d
: : 0 IGURE 6: Rates of transfer of mutant protein from the donor
bs (Figure 5) approximately 30% of the decrease occurs aftervesicles to the aqueous phase. The rates of transfer from the donor

the 10 s mixing time. In high ionic strength buffer, there is yggjcles (shown on the abscissa) were calculated from the rates of
no sudden decrease in fluorescence with either protein. Thisapproach to equilibrium, as in Figure 4, and the percentage bound

behavior is consistent with the observations in Figure 1 that, to the donor vesicle shown in Figure 2, as described under Materials
in low ionic strength buffers, more mutatk exists as and Methods. Low ionic strength buffer (open bars); buffer with
monomer than does nati\®g, and that an increase in ionic 150 mM KCI (solid bars).

strength markedly decreases the concentration of monomer,
with both proteins. The sudden large decrease in fluorescenc
seen when both proteins were in low ionic strength buffer
suggests that monomeric forms of both proteins bind rapidly
to BRPC vesicles. Our previous studies have shown that the
interaction ofbs with vesicles occurs via the monomer, and
this process is very rapidy,; of 15 ms, with mutanbs (23,

24).

its corresponded to the rates seen when BRPC was added
0 protein alone. This latter rate would correspond to the
rate of dissociation of the aggregated protein, which would
be identical no matter to what lipid the protein were binding.
Despite the requirement for two exponentials in some cases,
it was considered that the rate which accounted for the
majority of the amplitude of the fluorescence decrease was
In the exchange reactions at low ionic strength, in contrast, the true rate of approach to equilibriutksxcy. This rate,
together with equilibrium partitioning data shown in Figures

the addition of BRPC to mutarits (Figure 4) or nativebs
(Figure 5) mixtures, preincubated with the test lipid, produces 2 and 3, was used to calculdigep. These values are shown

no large immediate drop in fluorescence. The small immedi- In Figures 6 and 7. It can also be seen that the addition of

ate decreases are attributable to dilution by the added BRPcylst.O mfI\{IhKC]I(fdei:regseslth(Ia ?ffc;rfate ”:[]ha” cizes. \:Vh?r:j t?e
and this indicates that there was no appreciable amount of atio ofthe aft-rates Is calculated from these two Sets of cata,

free protein in these incubations and that the rates of the errors propagate, but it appears that there is a relatively

fluorescence decrease observed are the result of exchangi?c..o.ns'{ant ratio Of affinities of the two protgins for any given
In addition, these figures illustrate that the rates of exchange Ipid Of. approx!mately 30, as _shown n F|gure_ 8. An
of mutantbs are larger than those with natite and that approximate ratio of 45 was previously reported with POPC
the rates are faster with lipids which contain di-unsaturated vesicles §).

acyl chains. When the exchange process was studied in high Fklluorescerlme Emi.;siofr; Spectra of Mu.tagtamd Tryp- ¢
ionic strength buffer, the rates of all exchange reactions tophan Octyl EsterThe fluorescence emission spectra o
decreased. mutantbs (2 uM) and tryptophan octyl ester (2M) in 1

Attempts were made to fit the progress curves from all mM lipid v_e5|c_les are shown in _Flgures 9 and 10. As seen
exchange assays to single exponentials, but although mostn the earlier time-course experiments, the enhancement of
of the progress curves could be fit by single exponentials, Uorescence of mutarits in SLPC is much lower than in
some, especially those obtained with lipids which contained P.OPC or DOPC. In_ contr_gst, Fryptophan pqtyl ester has
di-unsaturated chains, could only be fit with two exponen- similar fluorescence intensities in all three lipids.
tials. The reason for the two exponentials is not known. One DISCUSSION
logical explanation: the presence of unboumds incon-
sistent with the qualitative analysis above concerning the It has been estimated that-280% of all genomes encode
fluorescence changes immediately upon addition of lipid. In for membrane-bound proteins, with larger genomes encoding
addition, neither of the two rates seen in double-exponential larger percentages?%). The lipid matrix which accom-



15250 Biochemistry, Vol. 38, No. 46, 1999

0.0030
0.0025 -
0.0020 - IIl

l’ 7
’I
0.0010

o

w

® 0.0008

0

w

s

- 0.0006

[e]

w

2

['4

=
0.0004
0.0002
0.0000 i l i i

PO oP SO 0s DO st LS
sn-1 16:0 18:1 18:0 18:1 18:1 18:0 18:2
sn-2 181 16:0 18:1 18.0 18:1 182 18:0
PHOSPHOLIPID TYPE

FiGure 7: Rates of transfer of native protein from the donor vesicles

to the aqueous phase. The rates of transfer from the donor vesicles
(shown on the abscissa) were calculated from the rates of approach

to equilibrium, as in Figure 5, and the percentage bound to the
donor vesicle shown in Figure 3, as described under Materials and
Methods. Low ionic strength buffer (open bars); buffer with 150
mM KCI (solid bars).
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Ficure 8: Ratio of the rates of transfer of mutant protein and native
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calculated from Figures 6 and 7. Vesicles in low ionic strength
buffer (open bars); vesicles in buffer with 150 mM KCI (solid bars).
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FIGURE 9: Fluorescence emission spectrum of mutant cytochrome
bs in various lipids. The spectra were obtained as described under
Materials and Methods with the protein in, in order of decreasing
signal intensity, POPC, DOPC, SLPC, and low ionic strength buffer
alone.
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Ficure 10: Fluorescence emission spectrum of tryptophan octyl
ester in various lipids. The spectra were obtained as described under
Materials and Methods with the tryptophan octyl ester in, in order
of decreasing signal intensity, POPC, DOPC, SLPC, and low ionic
strength buffer alone.

ment for many different proteins is obvious; less obvious is
the need for so many different lipids, especially for the large
variety of acyl chains. Studies with rhodopsin have shown
its function is linked to the composition of the retinal rod
outer segment 27, 28, but few other examples exist.
Although it is likely that many membrane signaling proteins
with multispanning helices would have specific lipid require-
ments to allow for proteirvolume fluctuations during the
signaling process, there are other membrane proteins where
the membrane-inserted domain is merely an anchor, or has
some role in targeting2( 29. Cytochromebs belongs to

this class, and the amino acid composition of its membrane-
binding domain is critical for the targetin8@). Perhaps these
proteins are targeted to the correct membrane by a specific
acyl chain composition in the typicah1/sn2 asymmetry
because one or another of the acyl chains is able to conform
to the surface of the membrane-inserted domain. We have
shown that small changes in the amino acid composition of
the membrane-binding domain & also have profound

modates these proteins is complex, early analyses indicatecchanges in the partitioning of the protein into POPC vesicles

in excess of 200 different molecular species, and most
membrane lipids have a characterisdiel saturatedsn-2
unsaturated (often polyunsaturated) patt@8).(The require-

(5)-
Numerous studies have been made of model membrane
proteins in an effort to determine the factors which account
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for their membrane-binding properties. Several methods havemol™. Similar values are seen with mutdstunder the same
been used to compare the hydrophobicities of the amino acidconditions: 1.H- 0.2 and 0.8k 0.2 kcal mot?, respectively.
side chains, and the most complete experimental study isSuch a preference for mono-unsaturates has been reported
that of Wimley and White 1), which builds upon earlier  previously for native bovinés by Taylor and Rosemarb).
studies 82—34). They measured the mole fraction partition They found, using a different binding assay, that the ratio
coefficients between buffer and lipid vesicles of a series of of the affinity of bovine nativdos in 100 mM NacCl for POPC
“host—guest” pentapeptides, in which the central residue in versus SLPC was 3.8. We find a ratio of 5:41.1 for native
the pentapeptide was each of the 20 amino acids taken inbs and 2.6+ 0.3 for mutantbs in these two lipids. The
turn. These studies were performed with large unilamellar difference between these two values suggests that the less
vesicles made from POPC, and the authors mentioned thathydrophobic mutantbs is less sensitive to changes in
their hydrophobicity scale, specifically Trp being more membrane hydrophobicity than is the nathee This effect
hydrophobic than LeuXAG of transfer= 1.29 kcal mot?), is similar to the data summarized by Tanfor85) for
accounted for the difference in affinity of mutab{ and hydrocarbon solubility in alcohols, suggested to indicate the
nativebs for POPC. Wimley and White also commented on alcohols had some structural organization. Although the
differences seen between the partitioning of the pentapeptidegartitioning of both nativds and mutanbs into all vesicles
between octanelwater and membranevater. They noticed  was increased in high ionic strength buff&G ~ —0.5 kcal
that Trp appears to be more hydrophobic in the bilayer than mol™?), there was no statistical difference between the
in octanol and suggested that the membrane interfacialresponse of the native versus the mutant protein. This
region, where these guest residues reside, has a highemcrease in partitioning could be a manifestation of “salting
dielectric constant than the octanol interface because of theout”, although Tanford indicates this should not be significant
glycerol, phosphate, and choline groups. for hydrophobic solutes at 150 mM saBY). In the present

As mutantbs and nativebs have such very different  situation, the salt may be shielding ionic repulsion between
partition coefficients §), the present study was initiated to the membrane surface and the highly charged (identical)
examine the roles that acyl chain composition and placementpolar domains of the two bound proteins. However, with
(sn1 versussn2) had on the membrane partitioning of the these two proteins, the situation is quite complex as this
two proteins. In our previous report, the partitioning of native increase in ionic strength causes almost complete protein self-
bs into POPC vesicles in a buffer of low ionic strength was aggregation, presumably mainly by neutralization of charge
evaluated from a binding isotherm. This analysis was only repulsion by the polar domains. Overall, the similar effect
possible because the concentration of monomeric nagive of increased ionic strength on the binding of the two proteins
could be estimated in the presence of a large excess of selfsuggests that high ionic strength is not influencing the
aggregated nativbs (8). The mole fraction partition coef-  structure of the two different membrane-binding domains.
ficient which was determined corresponded to a value for The relatively constant difference between the partition
AG of —9.9 kcal mot™. In the present study, it was intended free energies for mono- and di-unsaturated lipids, with both
to examine the binding in both low and high ionic strength mutantbs and nativebs under low and high ionic strength,
buffers; in the latter situation, the concentration of monomeric may be a manifestation of a lower membrane hydrophobicity
protein would be too low to measure. Because of this, the in di-unsaturated compared to mono-unsaturated lipids.
membrane affinities were estimated by measuring the off- However, it is also possible that the difference is due to
rates of the proteins from the various membranes. These off-poorer packing of the di-unsaturated acyl chains around
rates can be used to calculate the absolute free energy oBOTH mutantbs and nativebs. Is the difference inherent in
partitioning of the two proteins under the various conditions, the bilayer or is it induced by the proteins? In an attempt to
but instead we have chosen to express the results adglistinguish between these two possibilities, the fluorescent
differences in free energy between the two proteins, or the properties obs and a simple Trp compound were compared.
difference in free energy of one of the proteins under varying  The fluorescence properties of mutdmst which contains
conditions. a single Trp in the membrane-binding domain, were exam-

As seen in Figure 8, the relative off-rates indicate that there ined for simplicity, and in low ionic strength, to avoid self-
is no obvious trend in the relative hydrophobicity of the two association of the protein. Figure 9 shows that the emission
proteins in the different lipids. The average value for all these spectrum of mutanibs in POPC and DOPC vesicles had a
ratios corresponds to/&G (mutantbs — nativebs) of 2.0+ larger intensity than that seen with SLPC, although the
0.2 kcal mot* for this whole range of lipids. Interestingly,  position of the emission maximum was similar in all three.
this value is somewhat smaller than would be expected from The lower fluorescence yield with SLPC is not due to
the Wimley and White peptide studies. It is intermediate incomplete binding as the exchange experiments in Figure
between the value calculated from the pentapeptides parti-4 indicate little free protein exists. The lower enhancement
tioning into lipid vesicles (2.58 kcal mol) and the pen- is in agreement with SLPC providing a more polar environ-
tapeptides partitioning into octanol (1.69 kcal migl This ment, but this is not a general phenomenon of SLPC bilayers
is as expected because the Trp and Leu residuds afe as the model fluorophore, tryptophan octyl ester, showed
deeper in the bilayer than the interfacial region where the similar fluorescence spectra in all three vesicles (Figure 10).
pentapeptides are located. There is a distinct preference seeRrevious detailed studies of tryptophan octyl ester and mutant
with both proteins for lipids with mono-unsaturated acyl bs in brominated lipids have shown the single Trp residues
chains. TheAG for partitioning of nativebs into lipids with in both molecules reside at a similar depth in the bilayer
di-unsaturated chains versus mono-unsaturated chains is lesgl1.3 and 10.1 A from the center of the bilayer, respectively)
favorable, both under low ionic strength, by H#20.4 kcal (10). This suggests either that tryptophan octyl ester and
mol~%, and under high ionic strength, by 14 0.4 kcal mutantbs are in contact with different acyl chains or that it
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is the presence of the protein which is altering the polarity

of the bilayer, perhaps by allowing entry of water.
It was noted that the exchange of both mutaydnd native

bs between SLPC and BRPC could not be fit by a single
exponential. Although this observation does complicate the

precise interpretation of the observed “off-rates”, the differ-
ences in equilibrium partitioning (Figures 2 and 3) are in

complete agreement with the absolute values of the differ- 13.
ences in affinity between SLPC (and LSPC) and the other

lipids. The multiphasic nature of the exchange process might 14-
suggest that additional intermediates exist in SLPC which
are not present in the other lipids. The detailed structure of

the

known, but FT-IR experiments indicate there were no gross 17.
differences in secondary structure between the membrane-

membrane-binding domain of cytochrorbg is not

binding domains of the two proteins in any of the mem-
branes; all appeared to be predominantlgelix, as reported
previously 86).

From these studies with a simple membrane protein, it

would appear that then-1 versussn2 acyl chain distribution

found in natural membranes does not play a gross role in 21
protein binding. The inclusion of di-unsaturated acyl chains
does decrease the partition coefficient of this simple protein, 22.
but the mechanism appears complex. Rather than there being
a simple decrease in hydrophobicity induced by the di-
unsaturated double bonds, it is possible that the binding of
the protein decreases the hydrophobicity, perhaps by allowing
water penetration into the bilayer. As the same decrease in o5,

the free energy of binding was seen with both natiyand
mutantbs, it is unlikely that acyl chain “packing” around

the amino acid side chains has any thermodynamic conse-
quence. Further suggestions as to the roles of membrane lipid 21.
compositional complexity must await more sophisticated

evaluations of membrane protein function.
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