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Altering Hydrophobic Sequence Lengths Shows That
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(Bacl(ground: How transmembrane (TM) proteins interact with ordered membrane domains (rafts) remains unknown.
Results: The raft affinity of a multi-TM segment protein, PFO, is increased by matching between TM segment lengths and

Conclusion: Hydrophobic mismatch strongly influences the raft affinity of PFO, in contrast to results with single TM segment

Significance: This study defines one mechanism controlling raft-TM protein association.
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The hypothesis that mismatch between transmembrane (TM)
length and bilayer width controls TM protein affinity for
ordered lipid domains (rafts) was tested using perfringolysin O
(PFO), a pore-forming cholesterol-dependent cytolysin. PFO
forms a multimeric barrel with many TM segments. The prop-
erties of PFO mutants with lengthened or shortened TM seg-
ments were compared with that of PFO with wild type TM
sequences. Both mutant and wild type length PFO exhibited
cholesterol-dependent membrane insertion. Maximal PFO-in-
duced pore formation occurred in vesicles with wider bilayers
for lengthened TM segments and in thinner bilayers for short-
ened TM segments. In diC, 4., phosphatidylcholine (PC)/diC, .,
PC/cholesterol vesicles, which form ordered domains with a rel-
atively thick bilayer and disordered domains with a relatively
thin bilayer, affinity for ordered domains was greatest with
lengthened TM segments and least with shortened TM seg-
ments as judged by FRET. Similar results were observed by
microscopy in giant vesicles containing sphingomyelin in place
of diC,5,, PC. In contrast, in diCyq, PC/diC,,,, PC/diC,.,
PC/cholesterol vesicles, which should form ordered domains
with a relatively thin bilayer and disordered domains with a rel-
atively thick bilayer, relative affinity for ordered domains was
greatest with shortened TM segments and least with lengthened
TM segments. The inability of multi-TM segment proteins
(unlike single TM segment proteins) to adapt to mismatch by
tilting may explain the sensitivity of raft affinity to mismatch.
The difference in width sensitivity for single and multi-TM helix
proteins may link raft affinity to multimeric state and thus con-
trol the assembly of multimeric TM complexes in rafts.

The heterogeneity of biological membranes plays an impor-
tant role in cellular functions (1, 2). It has been proposed that
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cellular membranes contain liquid-ordered (Lo)? lipid domains
enriched in sphingolipids and cholesterol (membrane (or lipid)
rafts) that co-exist with disordered (Ld) domains rich in unsat-
urated glycerophospholipids (1, 3, 4). Raft domains are believed
to control numerous protein-protein and lipid-protein interac-
tions (5, 6). This may be important because partitioning
between different lipid domains may control membrane pro-
tein function and the formation of functional complexes (7-9).
Studies have shown that the raft affinity of peripheral proteins
is dependent upon their attachment to saturated lipid anchors,
which pack well in ordered domains (10). For example, nonre-
ceptor tyrosine kinases can be reversibly palmitoylated and lose
their raft association after depalmitoylation (11). However, the
physical basis through which transmembrane (TM) proteins
interact with lipid rafts remains unknown. Unlike a saturated
lipid anchoring a peripheral membrane protein, the lipid-facing
surface of TM sequences would disrupt lipid-lipid van der
Waals interactions in tightly packed ordered domains without
replacing them with equivalent lipid-protein interactions (12—
14). This should oppose facile incorporation of TM proteins
into ordered domains.

2 The abbreviations used are: Lo, liquid-ordered; Ld, liquid-disordered; TM,
transmembrane; PFO, perfringolysin O; GUV, giant unilamellar vesicle; LUV,
large unilamellar vesicle; pyrene-DOPE, 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-pyrenesulfonyl; pyrene-DPPE, 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-pyrenesulfonyl;  NBD-DPhPE,
1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl); Rho-DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-(lissamine rhodamine B sulfonyl); Rho-DPPE, 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl);
BODIPY-FL, N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-
3-yl)methyl)iodoacetamide; acrylodan, 6-acryloyl-2-dimethylaminonaph-
thalene; GM1, ganglioside M1; LW peptide, acetyl-K,W,L;AL W, K,-amide;
10-DN, 10-doxylnonadecane; SLIM, site-directed ligase-independent
mutagenesis; TMH, transmembrane helix; MLV, multilamellar vesicle;
DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; PC, phosphatidylcho-
line; CT-B, cholera toxin B chain; SM, sphingomyelin; DMPC, 1,2-dimyrist-
oyl-sn-glycero-3-phosphocholine; DMoPC, 1,2-dimyristoleoyl-sn-glycero-
3-phosphocholine; DEiPC, 1,2-dieicosenoyl-sn-glycero-3-phosphocholine;
DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine.
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A possible explanation for TM protein affinity for rafts could
involve hydrophobic mismatch. Hydrophobic mismatch can be
defined as the energetically unfavorable situation encountered
when the lengths of hydrophobic TM protein segments exceed
(positive mismatch) or are less than (negative mismatch) the
thickness/width of the hydrophobic core of the bilayer. A sub-
stantial body of data suggests that hydrophobic match influ-
ences the functioning of membrane channels, pumps, and
transporters (15—17). In reconstitution studies on cytochrome
¢ oxidase (18), melibiose permease (19), and different ATPases
(16, 17, 20, 21), enzymatic activity was found to be lower when
enzymes were reconstituted in bilayers with mismatching
hydrophobic thickness. Mismatch also influences how integral
membrane proteins are inserted into, secreted through, and
folded within the membrane (22, 23). Mismatch could also
influence interactions with lipid membrane domains. Lo
domains are thicker than Ld domains, due to the loss of gauche
rotamers (kinks) in acyl chains (24). Long hydrophobic TM
segments would extend beyond the hydrophobic part of the
lipid bilayer in Ld domains, resulting in unfavorable exposure of
hydrophobic residues to the aqueous phase or unfavorable dis-
tortion of lipids to locally increase bilayer width. Such energet-
ically unfavorable behaviors would not occur in thicker Lo
domains, resulting in increased affinity of long hydrophobic
sequences for Lo domains.

However, previous studies of single TM helices have not
detected a significant effect of hydrophobic mismatch upon raft
affinity (25, 26). The lack of an effect of mismatch may reflect
the ability of long TM helices to tilt in order to avoid positive
mismatch (27). However, tilting should be energetically more
costly for membrane proteins with multiple, rigid TM segments
(see “Discussion”). Therefore, to test the effect of mismatch
upon raft affinity, we investigated interactions between the TM
B-barrel protein perfringolysin O (PFO) and model membrane
vesicles with co-existing ordered and disordered lipid domains.
PFO is a member of the cholesterol-dependent cytolysin family,
a family that requires cholesterol for membrane insertion, for
oligomerization, and for pore formation (28 —30). PFO (56 kDa)
is a protein with four domains. It exists as a monomer in solu-
tion but in membranes forms an oligomer with 35— 40 subunits,
as judged by molecular weight on gels. Domain 4 binds to cho-
lesterol, whereas sequences in domain 3 form two TM B-hair-
pins after membrane insertion. In this report, the raft affinity of
PFO with wild type, lengthened, and shortened TM segment
lengths was measured by both fluorescence resonance energy
transfer (FRET) and confocal microscopy of giant unilamellar
vesicles (GUVs). The results indicate that the affinity of PFO for
ordered lipid domains is increased by matching between TM
segment lengths and bilayer width in the ordered domains.
Thus, hydrophobic mismatch and multimeric state can control
TM protein association with lipid rafts, and based on this, we
propose a mechanism by which the assembly of multi-TM pro-
tein complexes can be controlled by rafts.

EXPERIMENTAL PROCEDURES

Reagents—Unlabeled phospholipids, cholesterol (ovine wool),
ganglioside M1 (GM1), sphingomyelin (egg), 1,2-dioleoyl-sn-gly-
cero-3-phosphoethanolamine-N-pyrenesulfonyl (pyrene-DOPE),
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1,2-dipalimitoyl-sn-glycero-3-phosphoethanolamine-N-pyrenes-
ulfonyl (pyrene-DPPE), 1,2-diphytanoyl-su-glycero-3-phosphoet-
hanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DPhPE),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (Rho-DOPE), and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sul-
fonyl) (Rho-DPPE) were purchased from Avanti Polar Lipids (Ala-
baster, AL). Lipids were stored in ethanol or chloroform at —20 °C.
Concentrations were determined by dry weight or by absorbance,
using an € of 35,000 cm~' M~ " at 350 nm for pyrene-DOPE in
methanol, 95,000 cm™' M~ at 560 nm for rhodamine lipids in
methanol, or 21,000 cm™ " M~ ' at 463 nm for NBD-DPhPE
in methanol (31). The labeling reagents N-(4,4-difluoro-5,7-di-
methyl-4-bora-3a,4a-diaza-s-indacene-3-yl)methyl)iodoac-
etamide (BODIPY-FL) and 6-acryloyl-2-dimethylaminon-
aphthalene (acrylodan) were purchased from Invitrogen.
Acetyl-K,W,L AL, W,K,-amide (LW peptide) was pur-
chased from Anaspec, Inc. (San Jose, CA) and used without
further purification. Custom synthesized 10-doxylnonade-
cane (10-DN) was purchased from Invitrogen. Cholera toxin
B subunit was purchased from EMD Chemicals (Gibbstown,
NJ). TALON bead resin was purchased from Clontech
(Mountain View, CA). All other chemicals were reagent
grade.

Generation of PFO Mutants—A functional cysteineless
derivative of wild type PFO (PFO C459A) and a prepore mutant
of PFO (PFO C459A/Y181A), both in the pRSET B vector (32,
33), were kind gifts of A. Heuck (University of Massachusetts,
Ambherst, MA). PFO with lengthened or shortened TM
sequences was generated from the former protein using site-
directed ligase-independent mutagenesis (SLIM) (34, 35) with
the two pairs of primers to lengthen or shorten each transmem-
brane helix (TMH) and using the plasmid C459A PFO-pRSET
B as template. Long-tailed primers Slim-Ft (5'-GCTGCTCTT-
GAAGCTGCTAACTCACTTGGAGTAGACTTTA-3') and
Slim-Rt (5'-AGCAGCTTCAAGAGCAGCGACTTTAGCAT-
TAACATTA-3') and short corresponding primers Slim-Fs (5'-
AACTCACTTGGAGTAGACTTTA-3') and Slim-Rs (5'-GAC-
TTTAGCATTAACATTA-3') were designed to specifically
insert two Ala between residues Val>°? and Leu®*® and between
residues Glu?®* and Asn®°® in TMH1, and long-tailed primers
Slim-Ft (5'-GCTGCTAAGAACGCTGCTACTGATATAAA-
AAATAGTCAACA-3’) and Slim-Rt (5'-AGCAGCGTTCTT-
AGCAGCTATAAGAGCTTTGAAAGCAGCT-3') and short
corresponding primers Slim-Fs (5'-ACTGATATAAAAAAT-
AGTCAACA-3’) and Slim-Rs (5'-TATAAGAGCTTTGAAA-
GCAGCTTGTACA-3') were designed to insert two Ala
between residues Ile**® and Lys**® and between residues Asn>°°
and Thr**' in TMH2 for the lengthened mutant. Likewise,
long-tailed primers Slim-Ft (5'-ATGTTAATGCTCTTGAAC-
TTGGAGTAGACTTTAATGCAG-3') and Slim-Rt (5'-GTC-
TACTCCAAGTTCAAGAGCATTAACATTAAGGGCA-3')
and short corresponding primers Slim-Fs (5'-CTTGGAGTA-
GACTTTAATGC-3') and Slim-Rs (5'-AGCATTAACATTA-
AGGGCACTTG-3') were used to delete Lys**'-Val*** and
Asn*%°-Ser®®® in TMH1; long-tailed primers Slim-Ft (5'-CTT-
TCAAAGCTAAGAACATAAAAAATAGTCAACAATATA-
3’) and Slim-Rt (5'-GACTATTTTTATGTTCTTAGCTTTG-
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AAAGCAGCTTGTACA-3') and short corresponding primers
Slim-Fs (5'-ATAAAAAATAGTCAACAATA-3') and Slim-Rs
(5'-AGCTTTGAAAGCAGCTTGTACA-3") were used to
delete Leu®*”-11e**® and Thr***-Asp>°? in TMH2 for the short-
ened mutant. PCR conditions used to amplify the plasmid were
as follows: 30 s at 98 °C; 25 cycles of 15 s at 98 °C, 20 s at 55 °C,
and 4 min at 72 °C, with a final 10 min extension step at 72 °C.
The template plasmid was removed by restriction with Dpnl.
The Dpnl-treated reaction products were then mixed to set up
SLIM hybridization by three cycles of 5 min at 65 °C and 40 min
at 65 °C. After transformation of Escherichia coli DH5c with
PCR products obtained by following the SLIM PCR protocol,
plasmids bearing the insertions or deletions were picked and
confirmed by sequencing. Variants of PFO with an Ala to
Cys substitution at residue 215 were generated using the
QuikChange site-directed mutagenesis kit (Stratagene). PCR
products were transformed into E. coli DH5«, and positive col-
onies were selected and confirmed by sequencing. (For simplic-
ity, the term PFO will be used to encompass all of the PFO
variants studied in this report, unless referring to a specific
variant of PFO, in which case the variant will be specified.)

Purification of PFO—PFO was expressed in E. coli
BL21(DE3)pLysS and purified in a manner similar to that
described previously (31).

Labeling of PFO—Labeling of PFO variants containing Cys
residues with BODIPY-FL and acrylodan was carried out in a
manner similar to that described previously (31). Briefly, stock
solutions with 0.5-1 mg/ml PFO were thawed and dialyzed
against 4 liters of PBS overnight to remove excess DTT.
BODIPY-FL (dissolved in DMSO) or acrylodan (dissolved in
N,N-dimethylformamide) were added to a concentration pro-
viding a ~15-fold molar excess of reagent over PFO. After
labeling at room temperature for 2 h (for BODIPY labeling) or
4 h (for acrylodan labeling), the reaction mixtures were centri-
fuged to remove precipitated dye and then chromatographed in
PBS (10 mm sodium phosphate, 1 mMm potassium phosphate,
137 mm sodium chloride, 13 mm potassium chloride) buffer
(pH 7.4) on a 1 X 20-cm length column containing 10 ml of
Sephadex-G50, collecting 1-ml fractions. Fractions containing
labeled protein were dialyzed against 4 liters of PBS, pH 7.4,
overnight at 4 °C to remove any excess fluorescent dye. The
extent of covalent reaction with the fluorescent dye was esti-
mated using an € of 76,000 M~ * cm ™ * at 502 nm for BODIPY
and 16,400 M~ * cm ™! at 372 nm for acrylodan.

Preparation of Lipid Vesicles—Multilamellar vesicles (MLVs)
were prepared with the desired mixture of lipids. Lipids in sol-
vent were mixed and then dried with N,. They were then redis-
solved in CHCI; and redried under N, and then high vacuum
for at least 1 h. The redried lipid mixtures were then dispersed
in PBS, pH 5.1, at 70 °C to give the desired final concentration
and agitated at 55 °C for 15 min using a VWR multitube vor-
texer (Westchester, PA) placed within a convection oven (GCA
Corp., Precision Scientific, Chicago, IL). Samples were then
cooled to room temperature. Large unilamellar vesicles (LUVs)
were prepared from MLV by subjecting the MLV to seven
cycles of freezing in a mixture of dry ice and acetone and thaw-
ing at room temperature.
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Fluorescence Intensity Measurements—Fluorescence emis-
sion intensity was measured (unless otherwise noted) at room
temperature on a SPEX Fluorolog 3 spectrofluorimeter. For
fixed wavelength measurements, excitation and emission wave-
length sets used (in nm) were (280, 340) for tryptophan, (488,
515) for BODIPY-FL-labeled streptavidin, (490, 510) for
BODIPY-FL-labeled PFO, and (334, 384) for pyrene-DPPE.
Unless otherwise noted, fluorescence intensity in single back-
ground samples lacking fluorophore was subtracted. For acry-
lodan-labeled PFO emission spectra, samples and backgrounds
were excited at 350 nm, and emission was acquired from 420 to
560 nm.

Vesicle Binding by Centrifugation—The ability of PFO to
associate with vesicles was assessed by ultracentrifugation.
MLVs (500 M lipid) composed of different lipid species with 40
or 45 mol % cholesterol were prepared in 1 ml of PBS, pH 5.1,
and incubated with 25 nm BODIPY-labeled PFO for 1 h at room
temperature. Samples were then spun for 45 min in a Beckman
18-85 ultracentrifuge at 84,000 X g at 4 °C. After spinning,
supernatants containing the unbound PFO were removed, and
pellets containing the MLV and bound PFO were resuspended
in 1 ml of PBS, pH 5.1. Then BODIPY fluorescence was mea-
sured for both the supernatant and the pellet.

Vesicle Binding and Insertion Experiments—PFO-membrane
interaction was monitored by the changes of fluorescence
intensity and A, of PFO labeled with acrylodan on Cys*'®.
Residue 215 becomes buried in the bilayer when PFO inserts
into the bilayer and forms TM strands (36). To do this, 25 nm
acrylodan-labeled PFO was added to 1 ml of (500 um lipid)
MLVs composed of DOPC (containing different percentages of
cholesterol) in PBS, pH 5.1. After a 1-h incubation at room
temperature, acrylodan emission spectra were measured as
described above.

FRET Measurement of the Proximity of BODIPY-labeled
Cys?!* to the Membrane—To measure the location of BODIPY-
labeled Cys 215 relative to the bilayer surface, 100 ul of MLVs
containing 5 mm DOPC or 6:4 (mol/mol) DOPC/cholesterol in
PBS, pH 5.1, were incubated with 50 nm BODIPY-labeled PFO
carrying the A215C substitution. “F sample” vesicles contained
1 mol % Rho-DOPE as FRET acceptor. “Fo sample” vesicles
lacked an energy transfer acceptor. After 1 h of incubation at
room temperature, samples were diluted with PBS, pH 5.1, to 1
ml, and then BODIPY fluorescence emission intensity was
measured for each sample and backgrounds lacking protein.
We used BODIPY rather than acrylodan in these experiments
because the efficiency of the energy transfer depends not only
on the distance of the donor and acceptor but also on the extent
of the overlap between the emission of the donor and the
absorption spectra of the acceptor. The quantum yield and
emission spectrum of BODIPY fluorescence is insensitive to
environment (31, 37), unlike acrylodan, so that interpretation
of FRET is simpler using BODIPY. Fluorescence intensities
were corrected for fluorescence intensities in background sam-
ples lacking protein.

Quenching Experiments to Measure Membrane Penetration
by Acrylodan-labeled Cysteine 215—To measure the penetra-
tion of acrylodan-labeled Cys'” into the bilayer, quenching of
acrylodan fluorescence by 10-DN was measured. Samples were
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prepared by incorporating 50 nm acrylodan-labeled PFO with
the A215C substitution into 1 ml of MLVs containing 500 um
65:35 (mol/mol) DOPC/cholesterol in PBS, pH 5.1, as described
above except that 5 mol % 10-DN (replacing an equivalent
amount of DOPC) was mixed with the lipids prior to vesicle
formation for F samples. Fo samples contained no 10-DN.
Acrylodan fluorescence in the presence of 10-DN was then
compared with that in its absence. Quenching by 10-DN was
calculated using the fluorescence intensity at the intensity peak
of the emission spectra. Fluorescence intensities were cor-
rected for fluorescence intensities in background samples lack-
ing protein.

Assay for Pore Formation—PFO-induced pore formation was
measured by assaying the reaction of vesicle-trapped biocytin
with externally added BODIPY-labeled streptavidin via the
increase in the BODIPY fluorescence emission intensity upon
binding of biocytin to BODIPY-labeled streptavidin located in
the external solution, as described previously (32). To confirm
that biocytin was trapped in the vesicles in cases in which PFO
did not appear to form pores, BODIPY-labeled streptavidin
fluorescence was measured before and after the addition of 50
wl of 1:4 Triton X-100/water to dissolve the vesicles and release
trapped biocytin. The -fold level of BODIPY intensity increase
was always between 3 and 3.5.

Detection of Domain Formation by FRET—FRET measure-
ments were made in 1-ml MLV samples dispersed in PBS pH
5.1 prepared as described previously (38). Samples contained
500 uM lipid with 0.05 mol % pyrene-DPPE as a donor and 2 mol
% Rho-DOPE as an acceptor in F samples. The Fo samples con-
tained only donor. Backgrounds for Fo samples (containing
only lipid and lacking donor) and for F samples (containing
lipid plus acceptor) were also prepared. Samples were prepared
at 70 °C and then incubated at room temperature for 1 h, after
which they were cooled to 15 °C, and the fluorescence measure-
ments were initiated. Cuvette temperature, measured as
described previously (38), was increased at a rate of ~0.5 °C/
min, and readings were taken every 5 °C. In addition, back-
ground fluorescence was measured and then subtracted from
the FRET sample values. The ratio of fluorescence intensity in
the presence of acceptor to its absence (F/Fo) was calculated.

FRET Assay of Raft Affinity—FRET experiments were carried
out to assess PFO affinity for raft domains similarly as described
by Nelson et al. (31), except that 1 mol % pyrene-DOPE or 2 mol
% NBD-DPhPE were used as FRET acceptor. Briefly, 100 ul of
MLVs prepared in PBS, pH 5.1, at a total lipid concentration of
5 mm were incubated with 3 ug PFO. Two types of samples were
prepared. F sample vesicles also contained FRET acceptor
(either 1 mol % pyrene-DOPE or 2 mol % NBD-DPhPE of total
lipid). Fo sample vesicles lacked acceptor. To measure cholera
toxin B chain (CT-B) raft affinity, the same procedure was fol-
lowed as for PFO, but vesicles contained an additional 2 mol %
ganglioside GM1 and 5 ug of CT-B chain. For samples with LW
peptide, peptide was added from an ethanolic stock solution to
lipids prior to preparation of the MLV at a concentration of 0.25
mol % relative to lipid. Lipid composition and concentration
was the same as in PFO-containing samples. After preparation,
samples were incubated at room temperature for at least 1 h (for
PFO or CT-B) or at least 15 min (for LW peptide) and then
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diluted with PBS, pH 5.1, to 1 ml. Tryptophan fluorescence
emission intensity was then measured at room temperature for
each sample and for background samples lacking proteins, as
described above. Uncorrected F/Fo is the ratio of measured
fluorescence in the presence of acceptor to that in its absence
(equal to F,, . sured/ FOmeasurea) Corrected F/Fo = (F cosured —
xFunbound)/(Fomeasured - xFunbound)’ where Funbound is the Trp
fluorescence the amount of PFO in the samples would have if it
were fully unbound to vesicles, and x represents the fraction of
unbound protein. For all of these experiments, the fraction of
PFO bound to membranes was measured, and was generally
>95% for WT and long PFO, and close to 50% for short PFO.
Raft Affinity Derived from FRET—FRET was used to assay
relative localization of PFO in Lo or Ld domains. If there is
partitioning of a FRET donor (i.e. PFO or other Trp-containing
protein) and a FRET acceptor into the same type of domain,
there will be an increase in local acceptor concentration around
the donor relative to that in a homogeneous membrane. If a
donor and acceptor are segregated into different types of
domains, then there will be a decrease in local acceptor concen-
tration around the donor. To approximate local FRET acceptor
concentration around donor, the Perrin equation for quench-
ing in two dimensions was used (39). This equation states that
F/Fo = exp —mR_*C, where F/Fo is the ratio of fluorescence of a
sample containing FRET acceptor to the fluorescence of a sam-
ple lacking FRET acceptor, C is the concentration of acceptors
in the membrane, and Rc is the effective radius of quenching
(~1.1Ro). Solving for C gives C = In(F/Fo)/—mR,”. Because R,
should not be significantly dependent upon lipid composition,
the ratio of the local concentration of acceptor around the
donor in a membrane containing both Ld and Lo domains
(Ciora) relative to that in a homogeneous membrane lacking
domains (Ch) will be given by the equation, C; ,; 4/C;;, = In(F/
Fo); o1.a/In(F/F0)y .. The ratio C; ; 4/C; , will be high if the FRET
acceptor and the donor partition into the same type of domains
and low if they are segregated into different types of domains.
Laser Scanning Microscopy—GUVs composed of 1:1 (mol/
mol) egg SM/DMoPC with 37 mol % cholesterol were prepared
using the electroformation method (40). The inclusion in the
GUVs of the fluorescently labeled lipid Rho-DPPE (0.05 mol %),
a marker for disordered domains despite having saturated acyl
chains (41), allowed the optical visualization of bilayer domains.
To prepare GUVs, the lipids were dissolved in chloroform at 10
mg/ml, and a small volume (~1.2 ul) was spread on indium tin
oxide-covered coverslips. The solvent was then completely
evaporated, and two coverslips were positioned in a home-built
flow chamber at a distance of ~2 mm from each other. After
200-300 ul of 320 mm trehalose was added to the chamber,
and a voltage of 1.2 V at 10 Hz was applied for 2 h at 60 °C.
Following electroformation, the content of the chamber was
gently exchanged with 200—-300 ul of pH 5.1 PBS (which is
equiosmolar with the trehalose) containing 10 —20 ul of 2-3 um
BODIPY-labeled PFO. The protein was incubated with the ves-
icles for 1 h at room temperature and then observed under
confocal laser scanning microscopy. For confocal laser scan-
ning microscopy, the excitation light of an argon laser at 488
nm and a helium-neon laser at 543 nm was reflected by a
dichroic mirror (HFT 488/543/633) and focused onto the sam-
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ple by a Zeiss C-Apochromat X40, numerical aperture 1.2
water immersion objective. Fluorescence signal was then recol-
lected by the same objective and separated in two different
paths using a secondary dichroic beam splitter (NFT 545). After
passing through a 525-nm filter with 50-nm bandwidth (equiv-
alent to a 525/50 bandpass filter, green channel, to detect
BODIPY-labeled PFO) or a 580/60 bandpass filter (red channel,
to detect Rho-DPPE), the fluorescence signal was measured by
two photomultipliers. The confocal geometry was ensured by a
70-um pinhole in front of the green channel photomultiplier
and an 80-um pinhole for the red channel photomultiplier. All
of the measurements were performed at room temperature.

The partition of the fluorescent protein constructs between
ordered and disordered domains was calculated from confocal
sections of GUVs using a self-written Matlab algorithm (Math-
Works, Natick, MA) routine. For each sample/protein con-
struct, we imaged ~20 vesicles and observed the lateral distri-
bution of Rho-DPPE (marker for Ld phase, red channel) and the
fluorescent protein (green channel). For each GUV image, we
also calculated and subtracted the background. Afterward,
we extracted five cross-sections of the green channel fluores-
cence signal through the membrane in the Lo phase and in the
Ld phase, respectively. The Ld phase could be easily identified
through the strong partition of the Rho-DPPE observed in the
red channel. To quantitatively analyze the Lo/Ld cross-section
pairs for each GUV, we used two methods. The first method
consisted of simply integrating numerically each cross-section
to estimate the total fluorescence intensity (i.e. the area under
the cross-section curve). For each pair of Lo-Ld cross-sections,
we calculated the partition coefficient K(Lo/Ld) as the ratio
between the total fluorescence intensity in the Lo phase and the
total fluorescence intensity in the Ld phase. Finally, we aver-
aged K(Lo/Ld) over all of the cross-sections recorded for the
sample. However, we noticed that in some cases, the brightest
pixels had a saturated intensity. To correct for this, a second
method was used. This consisted of fitting each cross-section
using a Gaussian intensity versus pixel position model in which
it was assumed that only the non-saturated pixels fall on the
Gaussian curve, whereas the saturated pixels underestimate
true intensity. For each pair of Lo/Ld cross-sections, we calcu-
lated the partition coefficient K(Lo/Ld) as the ratio between the
area under the Gaussian curve fitting the Lo phase cross-sec-
tion and the area under the Gaussian curve fitting the Ld phase
cross-section. Finally, we averaged K(Lo/Ld) over all of the
cross-sections recorded for the sample. Both methods require
the condition that, for each analyzed cross-section, the fluores-
cence signal originates exclusively from one GUV membrane
(i.e. background signal is weak enough to be accurately sub-
tracted, and one cross-section cannot include multiple mem-
branes/vesicles or other bright objects).

RESULTS

PFO Mutants with Lengthened or Shortened TM Segments—
To investigate the effect of hydrophobic match/mismatch upon
membrane protein affinity for ordered membrane domains,
PFO molecules were prepared in which the membrane-insert-
ing segments were either two residues longer (“long PFO”) or
two residues shorter (“short PFO”) than normal PFO (“WT
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PFQO?”). The ability of the long and short PFO variants to interact
with and insert into vesicles was compared with that of WT
PFO. Asa control, the behavior of a prepore PFO mutant, which
binds to membranes but in which the TM strand-forming
sequences do not move into the membrane, was also character-
ized. PFO with either acrylodan- or BODIPY-labeled residue
Cys" was used to probe PFO membrane interaction. Residue
215 is a sensitive probe of PFO conformation because it moves
from about 62 A above the membrane surface to a position
located within the hydrophobic core in the bilayer during the
conversion of PFO from the prepore state to the TM barrel-
containing pore-forming state (36). In the TM B-barrel, residue
215 faces the hydrophobic core of the membrane bilayer (42,
43). Cysteine substitution and fluorophore labeling at residue
215 affect neither PFO topology nor hemolytic activity (33). We
first examined whether the PFO variants would interact with
membranes. As judged by centrifugation, binding to 6:4 (mol/
mol) DOPC/cholesterol was complete (95-100%) for WT, long,
and prepore PFO, with the long PFO showing slightly less bind-
ing than WT or prepore PFO. However, binding of short PFO to
membranes was incomplete (~65% bound). Experiments in
which FRET from a BODIPY-labeled Cys>'® to rhodamine on 1
mol % Rho-DOPE incorporated into the vesicles was measured
confirmed these results. FRET was strong (~65-70%) for the
long and WT protein and weaker for the short PFO (~40%).
Interestingly, FRET was also weak (~30%) for the prepore PFO.
This is expected because, in the prepore state, residue 215
should not have moved into the membrane (36).

Long, WT, and Short PFO Show Cholesterol-dependent Deep
Insertion and Pore Formation—Wild type PFO undergoes cho-
lesterol-dependent deep insertion into membranes. To see if
the PFO variants also underwent cholesterol-dependent deep
membrane insertion, the fluorescence of PFO acrylodan-la-
beled on residue 215 was characterized. Acrylodan fluores-
cence can be used to assay insertion because, in an aqueous
milieu, it has highly red-shifted emission A,,,,, whereas in a
hydrophobic environment, such as the hydrophobic core of the
lipid bilayer, it has a highly blue-shifted emission A .. Fig. 1A
shows that in 6:4 (mol/mol) DOPC/cholesterol vesicles, pre-
pore PFO, in which residue 215 is located far from the mem-
brane surface, had highly red-shifted fluorescence, whereas
short, WT, and long PFO had highly blue-shifted fluorescence,
indicative of deep membrane insertion. (The shoulder seen at
longer wavelengths for short PFO is probably due to protein
unbound to the vesicles.) To confirm insertion, we measured
the quenching of acrylodan fluorescence by 10-DN embedded
in the core of the membrane bilayer (Fig. 1B). 10-DN has a
nitroxide group that is able to strongly quench fluorescent
groups buried within the core of the lipid bilayer (44). The flu-
orescence of acrylodan-labeled residue 215 was strongly
quenched for short, WT, and long PFO, indicating that they
underwent similar levels of membrane insertion, but only very
weakly quenched for prepore PFO, indicating a lack of mem-
brane insertion, as expected.

Next, the dependence of membrane insertion upon choles-
terol concentration in DOPC vesicles was examined. Prepore
PFO showed no membrane insertion at any cholesterol concen-
tration, as expected. WT PFO underwent membrane insertion
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FIGURE 1. Long, WT, and short PFO show cholesterol-dependent deep
insertion into vesicles. A, emission spectra of acrylodan-labeled PFO in ves-
icles containing cholesterol. Samples contained 25 nm prepore; long, WT, or
short PFO with acrylodan-labeled cysteine 215; and 6:4 (mol/mol) DOPC/cho-
lesterol vesicles (500 um total lipid) in PBS, pH 5.1. Solid black line, WT PFO;
solid gray line, prepore PFO; dashed black line,long PFO; dashed gray line, short
PFO. B, quenching of acrylodan fluorescence by 10-DN. Samples contained 50
nm acrylodan-labeled PFO and 65:35 (mol/mol) DOPC/cholesterol vesicles
(500 um total lipid) in PBS, pH 5.1. F/Fo is the ratio of acrylodan fluorescence at
Amax iN the presence of vesicles containing 5 mol % 10-DN (F) (replacing 5 mol
% DOPC) to that in the presence of vesicles lacking 10-DN (Fo). Average
(mean) values and S.D. values (error bars) were obtained from four samples.
The F/Fo values in these experiments were uncorrected for incomplete bind-
ing to vesicles. C and D, samples contained 25 nm WT (open square), prepore
(filled triangle), long (filled diamond), or short (open circle) PFO with acrylo-
dan-labeled cysteine 215 and vesicles composed of DOPC and increasing
amounts of cholesterol (500 um total lipid) in PBS, pH 5.1. All measurements
were made at room temperature in this and the following figures unless oth-
erwise noted.

that was roughly half-maximal at 16 mol % cholesterol (Fig. 1C).
(This is actually a lower limit to the half-maximal value because
the acrylodan residue is generally much more fluorescent in the
membrane-inserted state.) Long and short PFO also exhibited a
cholesterol dependence for insertion (Fig. 1D). Long PFO
inserted at a cholesterol concentration (~17 mol %) similar to
that of WT PFO, whereas short PFO required a higher choles-
terol concentration for insertion (~29 mol %).

The cholesterol dependence of PFO-induced pore formation
was also characterized. Pore formation was assayed by meas-
uring the reaction of biocytin encapsulated inside LUVs with
BODIPY-streptavidin added externally to the vesicles. Pore for-
mation can be detected by the increase in BODIPY fluorescence
that occurs when biocytin binds to BODIPY-streptavidin (32,
45, 46). Experiments showed that pore formation can be
induced by WT, short, and long PFO but not prepore PFO,
which does not form pores (Fig. 2). The extent of pore forma-
tion was dependent on cholesterol concentration, with the
increase in BODIPY emission intensity being half-maximal at
16, 17, and 29 mol % cholesterol for WT, long, and short PFO,
respectively. These values are identical to the cholesterol con-
centrations needed for insertion of acrylodan-labeled residue
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FIGURE 2. Formation of pores by PFO in LUV is cholesterol-dependent.
The y axis shows the extent of increase of external BODIPY-streptavidin fluo-
rescence after the addition of PFO relative to that before the PFO addition.
Samples contained LUV composed of DOPC/cholesterol (100 um total lipid)
containing entrapped biocytin and 10 nm externally added BODIPY-tagged
streptavidin. BODIPY fluorescence was measured 40 min after the addition of
5 ug/mlWT PFO (open squares), 7 ug/ml long PFO (filled diamonds), 20 ug/ml
short PFO (open circles), or 5 ug/ml prepore PFO (filled triangles). Prepore PFO
pore formation was only assayed in DOPC and 6:4 (mol/mol) DOPC/choles-
terol vesicles. Average (mean) values and S.D. values (error bars) were
obtained from four samples. Error bars in this and the following figures are
not shown where they were small relative to symbol size.

215. Note that short PFO induces less pore formation per ug
than WT or long PFO. This is partly due to the fact that only
about half of short PFO inserts into membranes.

Long, WT, and Short PFO Exhibit Mismatch-dependent Pore
Formation—To define how increasing or decreasing the num-
ber of residues in the membrane-inserting segments affects
hydrophobic mismatch, the effect of varying bilayer width upon
pore formation was measured. An effect of mismatch upon
pore formation is expected because prior studies have shown
that TM proteins have an optimal bilayer thickness for carrying
out function, and the optimal thickness is near the value giving
hydrophobic match (see the Introduction). To vary hydropho-
bic mismatch, PFO-induced pore formation was measured in
LUVs composed of various phosphatidylcholines with mono-
unsaturated fatty acyl chains ranging from 14 to 24 carbon
atoms, plus cholesterol (40 mol %). Fig. 3 shows the normalized
dependence of the extent of pore formation upon bilayer width
for short, long, and WT PFO. In all three cases, there was a
dependence of pore formation upon acyl chain length, with
maximal pore formation at different acyl chain lengths. The
acyl chain length at which pore formation was maximal was 16
carbon atoms for short PFO, 19 carbon atoms for WT PFO, and
21 carbon atoms for long PFO. This indicates that PFO pore
formation is sensitive to mismatch and that decreasing or
increasing the number of residues in the membrane-inserting
segments of PFO decreases or increases PFO TM length,
respectively. These changes in PFO TM length are close to that
predicted for insertion or deletion of two amino acid residues in
TM B-strands (see “Discussion”). It should be noted that the
decrease in pore formation at wide or thin bilayer widths was
not due to a loss of membrane insertion, because the fluores-
cence emission of acrylodan-labeled residue 215 was highly
blue-shifted at all bilayer widths for WT, long, and short PFO.
As expected, prepore PFO exhibited highly red-shifted emis-
sion at all bilayer widths, indicative of a lack of insertion.
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FIGURE 3. Hydrophobic mismatch between PFO TM domain and lipid con-
trols PFO pore formation activity. Samples contained LUV composed of 6:4
(mol/mol) PC/cholesterol (100 um total lipid) with entrapped biocytin. Vesi-
cles were dispersed in PBS, pH 5.1, plus 10 nm BODIPY-tagged streptavidin
added externally. BODIPY fluorescence was measured 40 min after the addi-
tion of 5 ug/ml WT PFO (open squares), 7 i.g/ml long PFO (filled diamonds), or
20 pg/ml short PFO (open circles). Normalized values are shown with maximal
release (BODIPY fluorescence) assigned as 1. The x axis shows the acyl chain
length (n) of the di-Cn:1 PCs used. Average (mean) values and S.D. values
(error bars) were obtained from four samples.

FRET Assay of Protein Partition between Ordered and Disor-
dered Domains—To study the effect of TM length on PFO
affinity for ordered lipid domains (rafts), a FRET assay that we
developed previously was used (31). The FRET donor was pro-
tein Trp, and the acceptor was either pyrene-DOPE or NBD-
DPhPE, probe lipids that favorably partition into Ld domains
(31). The basis of the assay is that in membranes with co-exist-
ing Lo and Ld domains, FRET should be weak when PFO asso-
ciates with Lo domains and strong when it associates with
acceptor-rich Ld domains. Experiments with two different
acceptors were carried out to test the possibility that specific
interactions between the acceptor group and donor molecule
might influence FRET.

Vesicles with different lipid mixtures having a tendency to
form co-existing Lo and Ld domains were prepared. The first
contained 1:1 (mol/mol) DSPC/DMoPC (diC,4.,, PC/diC,,,
PC) with 45 mol % cholesterol. In these vesicles, the DSPC-rich
Lo domains will form a much wider bilayer than the DMoPC-
rich Ld domains. The second type of vesicles were composed of
1:1:2 (mol/mol/mol) DPPC/DMPC/DEiPC (diC,,, PC/diC,,.,
PC/diC,,,, PC) with 45 mol % cholesterol. In these vesicles, the
DPPC/DMPC-rich Lo domains will be thinner than the DEiPC-
rich Ld domains. FRET from pyrene-DPPE (which associates
moderately with Lo domains (38)) to Rho-DOPE confirmed
that these mixtures formed co-existing ordered and disordered
domains (Fig. 4). As shown previously (38), vesicles with co-ex-
isting Lo and Ld domains show weaker pyrene to rhodamine
FRET (higher F/Fo) than homogeneous vesicles lacking
domains. Samples with domains can also be detected by the
characteristic disappearance of domains upon melting at high
temperature, such that FRET increases (F/Fo decreases) to lev-
els very close to that in homogeneous vesicles. The ternary mix-
tures we studied all show this behavior, confirming domain
formation at 23 °C.

FRET from PFO Trp to acceptor labeled lipids was measured
for short, WT, and long PFO as well as two standard proteins:
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FIGURE 4. Detection of domain formation by FRET. Samples were com-
posed of MLVs containing 500 um lipid composed of the following: 55:45
(mol/mol) DMoPC/cholesterol or 27.5:27.5:45 (mol/mol/mol) DSPC/DMoPC/
cholesterol (A); 55:45 (mol/mol) DEiPC/cholesterol or 13.75:13.75:27.5:45
(mol/mol/mol/mol) DPPC/DMPC/DEiPC/cholesterol (B); and 55:45 (mol/mol)
DEiPC/cholesterol or 27.5:27.5:45 (mol/mol/mol) DSPC/DEiPC/cholesterol (C).
Samples were dispersed in PBS, pH 5.1. F samples contained both FRET donor
(0.05 mol % pyrene-DPPE) and FRET acceptor (2 mol % Rho-DOPE). Fo sam-
ples only contained unlabeled lipids plus FRET donor (0.05 mol % pyrene-
DPPE). The ratio of donor fluorescence in the presence of acceptor to that in
its absence (F/Fo) is graphed. Average (mean) values were obtained from
duplicate samples.

cholera toxin B (CT-B), a marker protein associating with
ordered domains (47), and LW peptide, a TM helix that associ-
ates with disordered domains (48). To be able to compare FRET
values for proteins with different inherent FRET efficiencies
(due to different Trp locations relative to the membrane
bilayer), FRET values in the domain-containing lipid mixtures
were normalized to FRET in homogeneous vesicles lacking
domains. For the latter case, vesicles containing 45 mol % cho-
lesterol and DMoPC were used for comparison with domain-
forming mixtures containing DMoPC; vesicles containing 45
mol % cholesterol and DEiPC were used for comparison with
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domain-forming mixtures containing DEiPC. FRET was then
used to calculate the effective local acceptor concentration
around PFO molecules in domain-containing membranes
(Ciora) relative to that in the homogeneous membranes (C,)
(see “Experimental Procedures” for details). When a protein
partitions into Ld domains, the local acceptor concentration is
higher in domain-containing membranes than in homogene-
ous membranes (C; .; 4/C;, > 1), and lower than in homogene-
ous membranes (C, ,; 4/C;, < 1) when PFO is in the Lo domains.
It is important to note that these values give a relative, not
absolute, value for the concentration of protein in ordered and
disordered domains because FRET is a function of several
unknown variables, such as the exact partition coefficient of
FRET acceptor between Lo and Ld domains and the fraction of
the bilayer in the Lo and Ld states (31, 38) (see “Discussion”).

The expected FRET pattern was confirmed using LW pep-
tide and CT-B (Fig. 5 shows the raw fluorescence data, and Fig.
6 shows C;; 4/C,, values). For LW peptide, C; ; 4/C,, was >1,
reflecting preferential location of LW peptide in disordered
domains. In contrast, for CT-B, C; ; 4/C;, was <1, consistent
with its affinity for ordered domains. This pattern was observed
both in bilayers having thick Ld domains and thin Lo domains
and in bilayers containing thick Lo domains and thin Ld
domains, reflecting an association of CT-B and LW peptide
with Ld and Lo domains that was not strongly affected by mis-
match. The pattern was also similar using the two different
acceptors.

FRET Assay of PFO Affinity for Ordered Domains Is Depen-
dent upon Mismatch—Next, we applied the FRET assay to
PFO-containing vesicles. Centrifugation and fluorescence
measurements similar to those described above measured the
amount of PFO binding and confirmed PFO insertion into the
vesicles, which was found to be similar to that in 6:4 (mol/mol)
DOPC/cholesterol (data not shown). Because short PFO bind-
ing was incomplete, it was important to correct FRET values to
eliminate the influence of PFO molecules not bound to the ves-
icles (see “Experimental Procedures”).

In DSPC/DMoPC/cholesterol vesicles, PFO association with
Lo domains increased as TM segment length increased. The
Cio1.a/ Cy, ratio for WT and long PFO was between that of LW
and CT-B but more similar to CT-B, indicating a significant
association with Lo domains. The association of WT PFO with
Lo domains was slightly weaker than that of long PFO. The
Ciora/ G, ratio for short PFO was close to that of LW peptide,
indicating relatively strong association with Ld domains.
Results using pyrene-DOPE or NBD-DPhPE as acceptors were
similar.

The pattern of PFO association with Lo domains was basi-
cally reversed in vesicles composed of DPPC/DMPC/DEiPC/
cholesterol (i.e. Lo affinity generally increased as TM segment
length decreased (although the difference between long PFO
and WT PFO was not statistically significant)). Most strikingly,
short PFO associated with Lo domains to a similar extent as did
CT-B in these vesicles. Nevertheless, long and WT PFO
retained a considerable affinity for Lo domains in vesicles com-
posed of this lipid mixture. Combined, these results show that
TM segment length has a strong influence upon PFO associa-
tion with Lo domains, such that there is a tendency for associ-
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FIGURE 5. Raw F/Fo values for FRET detection of PFO raft affinity in vesi-
cles containing co-existing Lo/Ld domains. A and B, the F/Fo for LW pep-
tide, CT-B, and PFO in MLVs (500 um total lipid) composed of 27.5:27.5:45
(mol/mol/mol) DSPC/DEiPC/cholesterol (white bar) or 55:45 (mol/mol)
DMoPC/cholesterol (gray bar). Cand D, F/Fo for LW peptide, CT-B, and PFO in
MLVs (500 um total lipid) composed of 13.75:13.75:27.5:45 (mol/mol/mol/
mol) DPPC/DMPC/DEiPC/cholesterol (white bar) or 55:45 (mol/mol) DEiPC/
cholesterol (gray bar). E and F, the F/Fo for LW peptide, CT-B, and PFO in MLVs
(500 um total lipid) composed of 27.5:27.5:45 (mol/mol/mol) DSPC/DEiPC/
cholesterol (white bar) or 55:45 (mol/mol) DEiPC/cholesterol (gray bar). Sam-
ples were prepared in PBS, pH 5.1. F/Fo is the ratio of fluorescence in the
presence of FRET acceptor to that in its absence. A, C, and E, 2 mol % NBD-
DPhPE as FRET acceptor. B, D, and F, T mol % pyrene-DOPE as FRET acceptor.
Average (mean) values and S.D. values (error bars) were obtained from four
separate FRET experiments, each having triplicate samples. The F/Fo values
shown have been corrected for incomplete binding of PFO to membranes.

ation with the domains that have the least hydrophobic mis-
match with PFO TM segments.

We also measured PFO location using FRET in vesicles com-
posed of 1:1 (mol/mol) DSPC/DEIPC (diC,4,, PC/diC,,,; PC)
with 45 mol % cholesterol. This type of vesicle should closely
resemble natural membranes in that DSPC-rich Lo domains
should form a bilayer that is only slightly wider than that
formed in the DEiPC-rich Ld domains (see “Discussion”). In
these vesicles, PFO affinity for Lo domains increased as TM
segment length increased, similar to the pattern in DSPC/
DMoPC/cholesterol vesicles.

Microscopy Assay of Partition Behavior of PFO Derivatives
with Different Length of TM Segments between Ordered and
Disordered Domains—Next, we measured the PFO domain
location via microscopy. PFO labeled with BODIPY-FL at resi-
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FIGURE 6. FRET-detected raft affinity of PFO with different TM domain
length in vesicles containing co-existing Lo and Ld domains. A and B, raft
affinity of LW peptide, CT-B, and PFO in membranes composed of 1:1 (mol/
mol) DSPC/DMoPC with 45 mol % cholesterol. C and D, raft affinity of LW
peptide, CT-B, and PFO in membranes composed of 1:1:2 (mol/mol/mol)
DPPC/DMPC/DEIPC with 45 mol % cholesterol. E and F, raft affinity of LW
peptide, CT-B, and PFO in membranes composed of 1:1 (mol/mol) DSPC/
DEiPC with 45 mol % cholesterol. A, C, and E, 2 mol % NBD-DPhPE as FRET
acceptor. B, D, and F, 1 mol % pyrene-DOPE as FRET acceptor. The C,, 4/C,,
ratio represents the average local concentration of acceptor around the
donor (protein) in vesicles containing Lo and Ld domains (C,,, o) relative to
that in a homogeneous bilayer lacking domains (C,). C, o, 4/C,, is high for a
protein in Ld domains and low for a protein in Lo domains. Average (mean)
values and S.D. values (error bars) were obtained from four separate FRET
experiments, each having triplicate samples. The F/Fo values shown have
been corrected for incomplete binding of PFO to membranes.

due 215 was added to GUVs composed of 1:1 egg SM/DMoPC
with 37 mol % cholesterol. This mixture should have thick Lo
domains and thin Ld domains. (These experiments were car-
ried out at 37% cholesterol because domains large enough to
detect by microscopy were not present at 45 mol % cholesterol.
Although at 37 mol %, cholesterol PFO may not fully bind to
membranes, which is problematic for FRET, this is not a prob-
lem for microscopy.)

There was a clear influence of TM segment length on domain
affinity (Fig. 7A). Long PFO segregated into different domains
than the Ld marker Rho-DPPE, showing that it partitioned
favorably into the thick egg SM Lo domains. WT PFO also
partitioned favorably into Lo domains but also frequently con-
centrated at the boundary between the Lo and Ld domains,
consistent with our previous observations, and suggestive of
highest affinity for a bilayer of width intermediate between that
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of the Lo and Ld domains in this lipid mixture (31). In contrast,
short PFO was primarily localized in Ld domains. Quantita-
tively, even when ignoring PFO located at domain boundaries,
PFO affinity for Lo domains, as given by the partition coeffi-
cient K, decreased in the order long PFO > WT PFO >> short
PFO (Fig. 7B), the same order observed in domain forming
DMoPC-containing samples by FRET. It should be noted that
omitting correction for possible signal saturation in the bright-
est image pixels did not alter the pattern of differences between
K, values for the different forms of PFO (data not shown).

DISCUSSION

Designing Experiments to Test the Effect of Hydrophobic Mis-
match upon the Affinity of Multi-TM Segment Proteins for
Ordered Domains—There are two potential strategies for vary-
ing mismatch: altering bilayer width and altering TM segment
length. Altering bilayer width by changing lipid acyl chain
length is relatively simple, but changing acyl chain length in
domain-containing samples not only changes bilayer width but
also alters the lipid compositions of each type of domain, the
fraction of the membrane in the form of ordered domains, and
domain size. As a result, interpreting the results of such exper-
iments solely in terms of mismatch can be misleading. For that
reason, we concentrated upon the strategy of varying TM seg-
ment length to define the effects of hydrophobic mismatch.
This approach has significant challenges because for a
multi-TM segment, length changes must be made in every TM
segment, and the resulting mutant protein must fold into the
appropriate structure. For such studies, TM B-barrels are a
good choice because they are relatively rigid structures. This
rigidity may explain why it has been observed that the lipid
binding constant of B-barrel porin OmpF is more restricted to
matching of membrane thickness than that of a-helical K™
channel KcsA and Ca?"-ATPase (15, 17, 49-51). PFO forms a
B-barrel with many TM segments (4 per monomer, with about
35—40 monomers per PFO oligomer (30)) and is known to have
a significant affinity for ordered domains due to its binding to
cholesterol (30, 31). Furthermore, it was possible to prepare
mutant PFO molecules that preserved the most essential fea-
tures of PFO-membrane interaction. Thus, it was an excellent
choice for these studies.

Two different methods were used to detect PFO location,
FRET and microscopy. Each has strengths and weaknesses that
should be mentioned. Microscopy requires conditions in which
domains are large. This greatly restricts the range of lipid com-
positions that can be used. FRET does not have this problem,
because it can detect segregation even when very small domains
are present (38). On the other hand, several factors prevent
calculation of precise partition coefficients (K,) giving protein
domain location from FRET. This is because FRET values
depend on the partition coefficient of the acceptor between Lo
and Ld domains, the amount of ordered domains, bilayer width,
and differences in donor fluorescence intensity and lifetime in
different domains, as well as the value of the partition of the
protein into different domains. We minimized these issues by
using standard protein markers to identify FRET values char-
acteristic of location in the Lo or Ld domains and by emphasiz-
ing the differences between the Lo affinity of different forms of
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FIGURE 7. Fluorescence imaging of PFO with different TM domain length binding to GUVs. A, confocal image of the equatorial plane of a typical GUV
composed of 1:1 (mol/mol) egg SM/DMoPC with 37 mol % cholesterol after PFO binding. The red channel shows the fluorescence signal originating from the
Ld marker Rho-DPPE. The dark portion of the bilayer corresponds to Lo domains. The green channel shows the signal from BODIPY-labeled PFO. B, protein
partition coefficient calculated from image intensity analysis for fluorescent PFO (see “Experimental Procedures”) (long PFO, n = 83; WT PFO, n = 33; short PFO,
n = 55). K(Lo/Ld) equals the ratio of fluorescence intensity in Lo domains divided by that in Ld domains, not counting protein at domain boundaries. All
microscopy experiments were carried out at room temperature. Horizontal bars show mean values. The differences between the long, WT, and short PFO were

all significant to the level of p < 0.01.

PFO under conditions in which lipid composition is kept con-
stant. Fortunately, there was good agreement between FRET
and microscopy experiments. This suggests that the effect of
mismatch is similar in microscopic and submicroscopic
domains.

Effect of Mismatch upon PFO Ordered Domain Affinity—The
results of this study show that hydrophobic mismatch strongly
influences the affinity of PFO for ordered membrane domains.
In a bilayer containing thick Lo domains and thin Ld domains,
PFO with lengthened TM segments has the highest affinity for
Lo domains, and PFO with shortened TM segments has the
lowest. The relationship of PFO TM length and Lo affinities
reverses when Lo domains are thin and Ld domains are thick.
From the results, it is possible to roughly quantify the depen-
dence of domain affinity upon TM length. Changing strand
length by 2 residues is equivalent to a change of ~6—-7 A for a
strand that is not tilted relative to the bilayer normal. Strands
tilted at an angle of 30° would correspond to a change in TM
length of 5.6 A, whereas a tilt of 45° would correspond to a
change in TM length of 4.6 A. These numbers can be compared
with the change in effective TM lengths derived from the
bilayer width giving maximal pore formation, which should be
near the bilayer width giving hydrophobic match. The differ-
ence in maximal pore formation width for the wild type and
short TM PFO was about 3 carbon atoms, which is equivalent to
a change in optimal bilayer width of 5.4 A (52, 53). This is close
to the above-noted 4.6 —6.5 A estimate based on the change in
sequence length. Thus, a ~5-A change in TM length, which is
~2 residues in a TM B-strand or ~3.5—4 residues in a TM
a-helix, can induce up to a 10-fold change in domain affinity
based on PFO behavior in egg SM/DMoPC/cholesterol.

The difference between the effective TM length of long PFO
and that of WT PFO was significantly smaller than that
between the short PFO and WT PFO, despite the fact that the
mutation involved a length change of 2 residues in both cases.
This is most likely to reflect an inability of the inserted Ala
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residues in long PFO to maximally extend the B-strands. The
difference in bilayer width for maximal pore formation for long
and TM PFO (about 2 carbon atoms) gives an estimate for the
increase in TM length of ~3.6 A. This is equivalent to increas-
ing a hydrophobic segment by ~1-1.5 amino acid residues for
B-strand or 2-2.5 residues for a TM helix. Because long and
WT PFO exhibited a difference in Lo affinity of roughly 2-fold
in egg SM/DMoPC/cholesterol, this implies that even this small
change in TM sequence length can have a significant effect
upon raft affinity.

Another question raised by this study is how the effect of TM
length on raft affinity depends on the difference between Lo and
Ld domain bilayer width. The observation that long and WT
PFO had a much higher Lo affinity than short PFO in DSPC/
DEiPC/cholesterol vesicles implies that even a small difference
in domain width can have a large influence on raft affinity. Pre-
vious studies in Ld state bilayers indicate that a lipid with satu-
rated acyl chains forms bilayers with a width close to that of a
lipid with dimonounsaturated acyl chains 2 carbons longer (53,
54). This means that DSPC and DEIPC in the Ld state should
have similar bilayer widths. As a result, the DSPC/DEiPC/cho-
lesterol mixture should have DSPC-rich Lo domains wider than
DEiPC-rich Ld domains only due to tighter packing (because of
straighter acyl chains) in the Lo state. This difference in width
would only be a few A and similar to what might be encoun-
tered in a biological membrane.

Relationship of Mismatch and Domain Affinity for Multi-TM
Segment Versus Single TM Segment Proteins—The results of
this study have interesting implications for the regulation of
TM protein behavior and function in membranes. Fig. 8 sche-
matically summarizes the interactions of single and multi-TM
segment proteins with domains of different width and order. In
the case of single TM segments in a membrane with co-existing
thick Lo domains and thin Ld domains, a short TM segment
will tend to partition into the thinner Ld domains to minimize
mismatch and to minimize unfavorable packing with lipid. A
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FIGURE 8. Schematic illustration of how mismatch and TM protein dimensions affect affinity for domains of different widths and of the linkage
between ordered domain affinity and TM protein multimerization. TM segments are shown as individual rectangles. Dashed rectangles indicate TM species
unlikely to form to a significant extent. A, partitioning behavior of single short or long TM segments between thick Lo and thin Ld domains. B, partitioning
behavior of protein or complex with multiple long TM segments between thick Lo domains and thin Ld domains. C, partitioning behavior of protein or complex
with multiple short TM segments between thick Lo domains and thin Ld domains. D, linkage between multimerization and ordered domain affinity for proteins
or complexes with long TM segments in membranes with thick Lo domains and thin Ld domains. For simplicity, the figure does not illustrate the likely local

distortions in bilayer width adjacent to mismatched protein segments.

single long TM segment would also partition into Ld domains
to avoid unfavorable packing because it could easily avoid the
consequences of mismatch by tilting to avoid exposing hydro-
phobic surface to aqueous solution in thin domains (Fig. 84).
Thus, there is no situation in which hydrophobic mismatch
tends to drive single TM segment proteins into Lo domains. In
contrast, for a multi-TM segment protein with long TM
sequences, tilting would be ineffective for burying long hydro-
phobic sequences within the lipid bilayer (Fig. 8B), forcing it
into Lo domains, whereas a protein with short TM segments
would locate in Ld domains (Fig. 8C). As a result, partitioning of
amulti-TM segment protein will be very strongly influenced by
mismatch, as observed in this report.

This difference between single TM segment and multi-TM
segment proteins has important functional implications for
how co-existing membrane domains with different widths
could influence the formation of multi-TM segment complexes
from proteins with single TM segments. As shown in Fig. 8D,
based on the ideas above, for proteins with single long TM
segments, the association with ordered domains will favor for-
mation of complexes with multiple TM segments. Simultane-
ously, complex formation favors association with Lo domains.
This could explain why TM protein complexes forming in sig-
nal transduction processes appear have an affinity for rafts. (In
addition, when the membrane bilayer has a borderline ten-
dency to form co-existing ordered and disordered domains, the
formation of complexes containing long TM segments would
be a driving force for lipid domain formation.)

The model above assumes that the TM segments of a
multi-TM segment protein/complex have a fixed relationship
to each other (and thus fixed hydrophobic width). For cases in
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which there is a more flexible arrangement of TM segments,
multiple conformations/states with different hydrophobic
widths are possible, and ordered domains could control which
conformation/state forms.
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