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ABSTRACT. Direct measurement of the free energies of transfer of hydrophobic membrane-spanning
o-helices from water to membranes is important for the determination of an accurate experiment-based
hydrophobicity scale for membrane proteins. An important objective of such a scale is to account for the
presently unknown thermodynamic cost of partitioning hydrogen-bonded peptide bonds into the membrane
hydrocarbon core. We describe here the physical properties of a transmembrane (TM) peptide, TMX-1,
designed to test the feasibility of engineering peptides that spontaneously insert across bilayers but that
have the important property of measurable monomeric water solubility. TMX-1, Ac-WNALAAVAAAL-
AAVAAALAAVAAGKSKSKS-NH », is a 31-residue sequence with a 21-residue nonpolar core, N- and
C-caps to favor helix formation, and a highly polar C-terminus to improve solubility and to control
directionality of insertion into lipid vesicles. TMX-1 appeared to be soluble in water up to a concentration
of at least 1 mg/mL (0.3 mM). However, fluorescence spectroscopy, fluorescence quenching, and circular
dichroism (CD) spectroscopy indicated that the high solubility was due to the formation of molecular
aggregates that persisted at peptide concentrations down to at leabt pebtide. Nevertheless, aqueous
TMX-1 partitioned strongly into membrane vesicles with apparent mole-fraction free-energy values of
—7.1 kcal mot? for phosphatidylcholine (POPC) vesicles anl.2 kcal mot? for phosphatidylglycerol
(POPG) vesicles. CD spectroscopy of TMX-1 in oriented multilayers formed from either lipid disclosed

a very strong preference for a transmembranbkelical conformation. When TMX-1 was added to
preformed vesicles, it was fully helical. A novel fluorescence resonance energy transfer (FRET) method
demonstrated that at least 50% of the TMX-1 insered spontaneously across the vesicle membranes. Binding
and insertion were found to be fully reversible for POPC vesicles but not POPG vesicles. TMX-1 was
thus found to have many of the properties required for thermodynamic measurements of TM peptide
insertion. Importantly, the results obtained delineate the experimental problems that must be considered
in the design of peptides that can partition spontaneously and reversibly as monomers into and across
membranes. Our success with TMX-1 suggests that these problems are not insurmountable.

Of the many thousands of protein sequences in the rapidlyimposed by the membrane lipid bilaye5—-<9). Indeed,
growing list of genomic databases, roughly a third are hydropathy (HP) plots that take advantage of these con-
thought to be membrane proteind—4). Many of these, straints are arguably the single most successful protein
however, have not been unequivocally identified as such andstructure prediction algorithm. Nevertheless, whil@ Hiots
thus their structure and function remain unknown. Compared easily recognize as significant peaks the most nonpolar
to soluble proteins, the prediction of the structure of regions of a protein sequence, the unequivocal assignment
membrane proteins (MPs), especially those comprising TM of peaks as true T\k-helical segments remains problematic.
a-helices, has long been assumed to be a simpler problemOne reason for this is the nature of the commonly used
because of the topological and physicochemical constraintshydrophobicity scales. There are two fundamental difficulties.

o " | N f " | First, the scales are connected only loosely to experimental
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1 Abbreviations: CD, circular dichroism: OCD, oriented circular €duilibrium structures (rev'ewe.d n reﬂsaqd 10), proper .
dichroism; TM, transmembrane; MP, membrane proteird, Hiydr- scales should be based upon direct, experimental determina-

O%atlhy 0)r g)gFr)C():phfbiclitY_-tLlf\é, l?rg}eg Unillame”aar Vﬁsiclis (gia}_meter tions of membrane partitioning under equilibrium conditions.
~0.1um); , 1-palmitoyl-2-oleoynrglycero-3-phosphocholine; il i _
POPG, 1-palmitoyl-2-oleoy$nglycero-3-phosphoglycerol; LysoMC, Secc_md’ they are side-chain .Only scales ar.]d thus.thermOdy
N-(7-hydroxyl-4-methylcoumarin-3-acetyl)-1-palmitoyl-2-hydross- namically incomplete. A growing _bOdy of.eVIdence Inpllcates
glycero-3-phosphoethanolamine; TMX-1, Ac-WNALAAVAAALAA- that the free energiGppong associated with dehydration of

VAAALAAVAASKSKSKSK-NH ,; NBD-PE, N-(7-nitrobenz-2-oxa- _ ; i
1,3-diazol-4-yl)-1-palmitoyl-2-oleoysn-glycero-3-phosphoethanola- the H-bonded peptide bond has a major effect on the

mine; 7-doxyl-PC, 1-palmitoyl-2-(7-doxylstearogjrglycero-3-phos-  €nergetics of folding both solubld 1-14) and membrane
phocholine; RET, resonance energy transfer. proteins (5—17). The extreme importance of accounting for
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Ficure 1: Determinants of the free energy of insertion of TM
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TMX-1 Peptide

N-cap
N + + + +
AC-W-N-A3-L-A-A-V-A-A-A'%L-A-A-V-A-A-A7-L-A-A-V-A-A-S-K*-S-K*-S-K*-S-K*-NH

C-cap

translocation 21 AA hydrophobic span solubility

FiIGURe 2: Sequence and design features of TMX-1. TMX-1 has a
putative membrane-spanning 21 residue hydrophobic span sur-
rounded by strong helical capping residu@s, (24). The bulkier

Leu and Val residues are situated gti(+ 3) and {(, i + 4) in

order to make the hydrophobic cross-section of the span asymmetric.
The amidated C-terminus carries four positive charges to increase
peptide solubility and to make the C-terminus membrane-imper-
meant. The uncharged acetylated N-terminus carries a Trp residue,
expected to enhance membrane insertion, that was utilized as a
spectroscopic probe for studies of peptide aggregation, membrane
binding, and TM insertion.

H® plots (see refsl and 8 for detailed discussions).
Determination of its exact value from measured TM-helix
insertion free energies is thus an important experimental goal.
Several notable attemptsl§—21) have been made to
determine these free energies, but all have been plagued by
problems related to the complexities of the thermodynamic
issues summarized in Figure 1B (reviewed in re&nd22).

To clarify the experimental problems and to develop strate-
gies for overcoming them, we have carried out a systematic
study of a peptide (TMX-1) designed to insert spontaneously
into lipid bilayers from the aqueous phase as a dMelix.

helices and thermodynamic issues associated with the experimentairhe results are presented here.

determination of the free energy (reviewed in 1&f(A) The free
energy changAGru (= AGuhi, See refl and footnote 2) associated
with inserting a glycophorin A (GpAj-helix into and across a
lipid bilayer is determined by the cost of dehydrating the H-bonded

Design Features of TMX:1The primary ingredient
required for experimental determination of a TM-helix
whole-residue hydrophobicity scale is a family of hegtiest

peptide bonds of the backbone (bb) as well as the side chains (sc)peptides for which it is possible to measure the equilibria

Except for two recent oned), hydrophobicity scales invariably
ignore the important energetic cost of dehydrating the bb. For GpA,
whose structure is represented in the figure [PDB code 1A, (
AGq. is estimated to be a very favorable86 kcal moi? from the
sc octanol scale of Wimley et all). Estimates for the unfavorable
cost of partitioning a single H-bonded peptide boAG(yong range
from 0.6 to 2.0 kcal moi! (reviewed in refl), leading to values of
AGy, of 13—42 kcal mott. The computed cost foAGy thus
ranges from—23 to +6 kcal moll. Accurate experimentally
determined values foAGppong and AGyp are clearly essential for
the accurate prediction @Gy and for placing hydropathy plots

among peptides in water, membrane interface, and across
the membrane (Figure 1B). The members of the family must
be soluble in water as monomers, insert spontaneously as
transmembrane helices, and bind strongly and reversibly to
membranes. The simplest (easiest to interpret) case would
be a peptide that partitions into the membrane only as a TM
helix but is fully helical in water (& f, dashed box in Figure
1B). If precipitation (&= b) and aggregation (et g, f<= h)

can be avoided, the more likely case is a peptide that is

on an absolute energetic scale. (B) Summary of the problems partially helical in the aqueous phase and partitions both into

associated with the direct experimental determinatioA®f;; that
arise primarily from the tendency of hydrophobic peptides to

the membrane interface (IF) and across the bilayer (d

aggregate in the aqueous phase. A more complete thermodynami¢™ € = f and/or a= ¢ = e <= f). To arrive at the desired d
description of peptide binding and insertion is presented in a recent= f equilibrium in such a case, a careful accounting of the

review (1). An abbreviated discussion can be found at http://
blanco.biomol.uci.edu.

AGypong In hydrophobicity scales is evident from our
experimentally determined whole-residue hydrophobicity
scales for membrane interfacel6) and n-octanol (3).

As summarized in Figure 1A, the unfavorable free energy
AGyy, of dehydrating the peptide backbone is quite compa-
rable to the favorable free energyGs. associated with side-

populations of each state is required. The peptide we describe
here, TMX-1, is an exploratory peptide designed as an
attempt to achieve the simplest case, but which turned out
to be an example of g~ f, g = h, or a combination of the
two.

The sequence and design features for TMX-1 are sum-
marized in Figure 2. We chose a minimally hydrophobic core
with 21 consecutive hydrophobes (15 alanines, 3 leucines,

chain partitioning. Furthermore, because of the uncertainty and 3 valines) with the idea of increasing water solubility

in the actual value ofAGy, the absolute value for the
partitioning free energiAGry for the TM helix is uncertain

by ~20 kcal mof!! This means thaAGry cannot be placed
on an absolute thermodynamic scale i lglots unless the

as much as possible without sacrificing the possibility of a
transmembrane topology. The bulky Val and Leu residues
were put at alternating,(i + 3) and {, i + 4) positions in
order to concentrate them along one face of the presumed

peptide bonds are accurately accounted for in hydrophobicity helix. This asymmetric arrangement was expected to promote

scales. When an absolute scale is usedAiie= 0 level is

both helicity on the membrane surface and the transition from

expected to mark the “acceptance” level for designating ana surface to a transmembrane state by favoring deeper

H® peak as a TM helix. The value a&fGypong CONsequently
has a major influence on the prediction of TM helices from

insertion. To increase further the propensity for helices, we
acetylated the N-terminus, amidated the C-terminus, and
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flanked the hydrophobic core with strong helix-capping reverse-phase HPLC column with 30% aqueous methanol
residues: Asn at the N-terminal side and a Ser-Lys-Ser + 0.1% TFA as the initial mobile pha%and 1:1 methanol/
sequence on the C-terminal sid23(24). The AGADIR 2-propanoH 0.1% TFA as the eluting phase. Of four large
algorithm @5—28) (http://www.heidelberg-embl.de/Services) peaks, two were found to consist mostly of peptide with
predicts an average helicity of about 65% for TMX-1 in water identical molecular masses (2821.6 Da). The peptides in the
under our conditions, with the central residues {\a@la'®) two fractions had identical retention times upon subsequent
of the hydrophobic core exceeding 90% helicity. The four reverse-phase HPLC analysis, suggesting that the original
C-terminal serines and lysine29) were included in order  two peaks were two different types of aggregates of the same
to increase the solubility of the peptide in water and to peptide. Final purification was achieved by ion-exchange
prevent the translocation of the C-terminus across mem-HPLC on a 0.45< 5 cm poly-CAT-A weak anion-exchange
branes. AGADIR suggests an average helicity-d5% for resin following two cycles of reverse-phase HPLC. The
this region. Finally, the N-terminal tryptophan was included highly cationic peptide was loaded onto the ion-exchange
as a presumed aid to insertid30( 31) but more importantly resin in 3:3:4 methanol/2-propanol/5 mM ammonium acetate
to allow for spectroscopic detection of insertion by fluores- (pH 6.7) and eluted with the same buffer containing 5%
cence quenching methods. acetic acid. The final peptide was more than 95% pure and
As we describe below, TMX-1 had most of the properties was stored in methanol at20 °C.
envisioned such as nonprecipitation, strong helicity, revers- Fluorescence Fluorescence was measured on a SLM-
ible membrane binding, and a TM configuration. Its only Aminco 8100 steady-state fluorescence spectrometer. All
shortcoming was that it formed molecular aggregates in the measurements were made in>4 10 mm cuvettes at an
aqueous phase, which gave it a high apparent aqueougimbient temperature of 2Z. In all cases, polarizers were
solubility. An important result of this work is that detection Used in a magic angle configuration (excitation polarization
of such aggregates is an important step in validating Set to 54.7 relative to vertical, emission polarization set to
measurements of TM helix insertion energetics. Our overall Vertical) in order to correct for polarization effects in
success with TMX-1 suggests that the experimental problemsmeasurements of intensity, reduce direct contributions of light
associated with thermodynamic measurements of TM peptidescattering, and eliminate polarization effects in monochro-
insertion are not insurmountable. mator transmittance. Tryptophan fluorescence was excited
at 260 nm with slits set to 4 nm. For samples containing
vesicles, the background intensity was scaled appropriately
(35) and subtracted from the peptide-containing sample.
Potassium iodide quenching measurements were performed
by titrating a 4 M solution of Kl, stabilized with 2 mM
sodium dithionite, into a peptide solution and measuring the
intensity of fluorescence at 339 nm stimulated by excitation
at 290 nm. SterrVVolmer quenching constantés—y were
determined by linear regression with the equafiefi- = 1
+ Ks-v[l], where F is the fluorescence intensity in the
presence of iodider, is the fluorescence in the absence of
iodide, and [I] is the molar concentration of iodide.
Synthesis of TMX-ILMX-1 was synthesized on PEG-PS Determination of Peptide ConcentratiofiMX-1 concen-
PAL by use of FMOC chemistry with a Milligen 9050 tration was routinely determined by quantitative ion-exchange
automated peptide synthesizer. The activity of the resin wasHPLC (36) on a 0.45x 5 cm HPLC column packed with
reduced to~0.02 mmol/g in order to facilitate synthesis by Polycat-A weak ion-exchange resin (PolyLC Inc., Hamilton,
reducing the potential for hydrophobic peptide interactions ON). TMX-1 was loaded onto the column in 30% methanol/
on the resin. Coupling was monitored with quinoline yellow 30% 2-propanol/40% 5 mM ammonium acetate at a flow
and deprotection was monitored by UV absorbance. Depro-rate of 3 mL/min and was eluted with the same buffer that
tection was done with 30% piperidine in dimethylformamide also contained 5% acetic acid. Detection was at 280 nm.
(DMF) and was only about 2-fold slower at the end of the The amount of peptide in the injection was determined by
synthesis than at the beginning. Double coupling was usedcomparing the peak area to that from standard solutions of
on all nonalanine residues after the first leucine. We cleaved TMX-1 or another cationic peptide, HNP-27). Concentra-
the peptide under an argon atmosphere using 90% TFA, 5%tions of the standards were determined by UV absorbance,
thioanisole, 2.5% anisole, and 2.5% ethanedithiol. Cleavageamino acid analysis, or both.
was performed at 8C for the first 15 min and then at room Circular Dichroism Spectroscopysolution CD measure-
temperature for an additional 3.5 h. The cleavage solution ments were performed on a Jasco J-720 CD spectrometer
was filtered, dried under a stream of nitrogen, and extractedwith a 1 mmquartz cuvette and phosphate buffer. Peptide
as a white precipitate into a watedichloromethane mixture.  concentrations were between 2 and 2d in phosphate
The water phase and precipitate were lyophilized together buffer. Lipid-containing samples had a concentration of 1.1
and the product was relyophilized three times from glacial mM lipid in the form of POPC or POPG LUV. Scattering

MATERIALS AND METHODS

Materials POPC and POPG were purchased from Avanti
Polar Lipids (Alabaster, AL). LysoMC was synthesized and
purified as described in detail elsewheB2)( Large unila-
mellar vesicles of POPC and POPG (diametel000 A)
were made by extrusior38, 34). The aqueous phase (pH 7)
generally contained 10 mM HEPES, 50 mM KCI, 1 mM
EDTA, and 3 mM NaN. For experiments involving CD
spectroscopy, a 50 mM KHR@50 mM) buffer (pH 7) was
used.

acetic acid, giving a slightly yellow, odorless powder.
Purification of TMX-1 Mass spectrum analysis of the

artifacts from the vesicles were minimal at wavelengths

crude product of the synthesis showed a single peak at thebe2 Solutions of methanol and trifluoroacetic acid (TFA) must never

expected weight of 2821.6 Da with very few high molecular
weight impurities. Crude peptide was first purified on a C18

used with peptides containing free carboxyl groups because the
carboxyl moieties are rapidly O-methylated. TMX-1, however, contains
no free carboxyl groups.
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above 197 nm38). At least 20 scans were collected and [+ " T T
R L 100 10 v v v 1
averaged for each sample with a scanning rate of 20 nm/ t 1
min, 1 nm slits, and a response time of 2 s. Calibration was 80 20p N 1 .
routinely confirmed by use of a 1-camphor-3-sulfonic acid 60 S0 e— . 1
(CSA) standard solution of known molarity. 0] T, ]
Oriented CD spectra were measured by use of oriented $or 0 . . . )
20 0 5 10 15 20

multibilayers deposited on a quartz plate following the
procedures of Huang and colleagu8841). TMX-1 and
lipid at peptide-to-lipid ratios of 1:10 to 1:50 were codis-
solved in methanol at concentrations of approximately 10
mg/mL (12 mM) lipid and +3 mg/mL (0.3-1 mM) peptide.
Between 2 and 10L of the this stock solution was layered ) . L . L
carefully onto a 1-cm diameter circular area in the center of 60 190 200 210 220 230 240 250 260
a 2.5 cm quartz plate. Following solvent removal under a
stream of nitrogen and hydration with warm air-at00% ) ) ] )

relative humidity, the plate was mounted (sample-side Ficure 3: Circular dichroism of TMX-1 in buffer. CD spectra were

. ! .. measured for TMX-1 diluted frm a 1 mMmethanol solution into
inward) on the end of a tube sealed at the opposite end With, 1 mm cuvette containing 50 mM KR®uffer, pH= 7. Peptide

a second quartz plate. Samples were hydrated through theoncentrations were determined by HPLC after the CD measure-
vapor phase by placing a drop of water or saturated saltments. Inset: Concentration dependence of TMX-1 molar ellipticity
solution in the sample holder before sealing. When mounted at 222 nm.

in the CD spectrometer, the optical axis was normal to the ) ) i _

two parallel quartz plates. Spectra were recorded at each ofvesicles with bound TMX-1. In the first case, free peptide

8 rotations of 45 around the optical axis and the resulting exchange with the added acceptor vesicles should cause Trp

spectra were averaged. Background signal was determinediueénching by 7-doxyl-PC and consequently a decrease in
with the same amount of lipid, without TMX-1. fluorescence intensity. In the second, free exchange with the

Determination of Peptide Topology in Vesiclehe unlabeled acceptor vesicles should cause an increase in
topology of the peptide’s tryptophan residue in membranes fluor_escenc_e. Thls parallel _p_rocedure prowd_ed a pair of
was determined with a novel resonance energy transfersolutions of identical composition whose only difference was
method, described in detail elsewheB2)( that uses the the order of addition of the labeled and unlabeled acceptor
lysolipid-linked quencher lysoMC. Briefly, the determination vesicles. Full and reversible peptide exchange was assumed

requires three measurements of tryptophan fluorescence: (1jf the fluorescence intensity was intermediate to the original
in pure lipid vesicles, (2) in vesicles that have 1 mol % !ntensities and identical in the two final solutions. Non-
lysoMC distributed symmetrically in both lipid leaflets, and exchangeability was assumed if the initial fluorescence levels
(3) in vesicles with 1 mol % lysoMC in the outer leaflet Of the two samples was unaffected by the addition of peptide-
only (achieved by adding lysoMC as a micellar solution to free vesicles. In practice, labeled and unlabeled vesicles were

unlabeled vesicles). Measurements 1 and 2 establish theddded to identical solutions of TMX-1 and fluorescence
intensities of unquenched fluorescence and maximally spectra recorded after incubation for several hours. TMX-1
guenched fluorescence. When compared with these fluoresfluorescence was found to be quenched by about 30% by
cence intensities, the degree of quenching observed inthe presence of the doxyl-labeled lipids.

measurement 3 yields the topology of the Trp residue: If RESULTS

the degree of quenching is the same in asymmetric and ]

symmetric lysoMC-containing vesicles, then the Trp must TMX-1 in Buffer

be on the outer monolayer of the vesicles, whereas if the Circular Dichroism SpectroscopyTMX-1 did not pre-
guenching in the asymmetric vesicles is very low, then the cipitate when dissolved in buffer; clear solutions were
Trp must be predominantly on the inside monolayer. This obtained at concentrations up to 30 peptide (1 mg/mL).
approach to peptide topology is valid only if the peptide does Circular dichroism spectroscopy revealed characteristic
not induce “flip-flop” of the lysoMC across bilayer. As  a-helix spectra (Figure 3) whose ellipticity depended strongly
described in detail elsewher82), this possibility is con- on concentration (inset, Figure 3), suggesting the formation
trolled for in separate experiments that involve measurementsof aggregates. We concluded, however, that the aggregates
of exchange (or lack of) with the addition of vesicles labeled were molecular in size because centrifugation at §000

with nonexchangeable NBD-PE, which quenches lysoMC 10 min, which removes precipitated hydrophobic peptides
fluorescence. In the topology experiments presented herefrom solution (L3), had no effect on the spectra. Furthermore,
the peptide and lipid concentrations used wereNd and a strong concentration dependence of the helicity would not
0.3 mM, respectively. be expected for macroscopic aggregates.

Reversibility of Binding/Insertion.This was assessed by From the ellipticity at 222 nm42), we estimated helicities
measuring the exchangeability of TMX-1 after it had been of about 55% at kM and greater than 95% at LM (inset,
incubated with POPC or POPG lipid vesicles for several Figure 3), but we note that the contribution of the Trp residue
hours. Two measurements were performed in parallel. In one,can obscure precise quantitation of molar ellipticities in
peptide-free vesicles labeled with the quencher 7-doxyl-PC helical peptides43). This coupling of helicity to aggregation
(10 mol %) were added to a solution of unlabeled vesicles is reminiscent of that observed for coiled-coié4{-46).
with bound TMX-1, while in the other, unlabeled peptide- Because the helicity of TMX-1 declined monotonically with
free vesicles were added to a solution of 7-doxyl-PC-labeled concentration, the conformation of the monomer, if it were

Concentration (uM)

20 [ -

[O] (deg dmol” cm?) x 10?

40 } -

Wavelength (nm)
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Ficure 4: Fluorescence of TMX-1 in membranes. Shown are
fluorescence emission spectra fquid TMX-1 in buffer and when
mixed with 1 mM POPC or POPG vesicles. For comparison we
also show the emission spectrum of Ac-Trp in buffer. All intensities
have been divided by the molar concentration of Trp in each sample.
Samples containing vesicles were preincubated3fd prior to
making measurements. In all cases, an appropriately sca®d (
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Ficure 5: Quenching of Trp fluorescence by iodide, Fluores-
cence at 340 nm was monitored for solutions of TMX-1 in buffer
during titration ¢ a 4 M solution of Kl into the cuvette. Kl
concentrations never exceeded 50 mM. Starfnlmer constants

Ks-v were calculated from the slopes of plots of the ratio of
unquenched to quenched fluorescence against the molar concentra-
tion of KI. Measurements made at TMX-1 concentrations above 5

fluorescence background spectrum obtained from peptide-freeuM TMX-1 gave rise to slightly curved SterrVolmer plots,

vesicles has been subtracted from the raw spectra.

observable, would likely be much less helical and could even
be random coil. However, the AGADIR algorithrA5—28)
predicts 65% helicity for the monomer (see previous section
Design Features of TMX-1), suggesting that the helicity of
~55% observed at M may be close to that of the
monomer.

Fluorescence SpectroscppBecause the experimentally
accessible concentration range for fluorescence measuremen
is lower than for CD, the aggregation of TMX-1 was studied
further by using the intrinsic Trp fluorescence in order to
determine if there was any experimentally accessible con-
centration range between 0.1 and/AM at which TMX-1
was monomeric. To do this, we compared the fluorescence
properties of théN-acetylated Trp of TMX-1 to that of free
N-acetyltryptophan 13), as shown in Figure 4. Over the
concentration range of 0-110 uM peptide, thelmax for the
TMX-1 Trp fluorescence increased only slightly, from 341.8
to 343.4 nm, indicating a very weak dependence of fluores-
cence on concentration and hence no clear monemer
multimer transition. This wavelength range was significantly
blue-shifted compared to the value of 351 nm found for Ac-
Trp in buffer, consistent with aggregation. In addition, the
quantum yield of TMX-1 relative to that of acetyl-Trp
increased from 0.25 to 0.35 over the same concentration
range. For comparison, tryptophans that are completely
buried within globular proteins typically have emission
maxima between 320 and 330 nm, those that are partially
buried have maxima between 330 and 345 nm, and fully
exposed tryptophans have maxima between 345 and 355 n
(47). Our results therefore suggest that the Trp in TMX-1
was partially shielded from the aqueous phase.

We further characterized the aggregates through measure
ments of the quenching of TMX-1 fluorescence by the
anionic, water-soluble quencher iodide, The quenching
results, expressed in terms of Stekolmer constantsis_v)
are shown in Figure 5. Trp accessibility to water in this type
of experiment is generally thought to be the primary
determinant oKs_y. Typically, fully exposed Trp residues
haveKs_y of 8—9 M1 (13), as shown for Ac-Trp in Figure

indicating structural heterogeneity. In these cad€s,y was
calculated from the initial slope over the range efZD mM KI.

In heterogeneous systems, the initial-slope values are always for
the most quenchable population of tryptophan.

5, whereaKs_y for buried or inaccessible tryptophans is
lower and can be close to 0 ™ (48). As expected for
aggregationKs_y depended strongly upon TMX-1 concen-
tration. Surprisingly, howeveKs_y was larger (1850 M™1)

ltglan for fully exposed tryptophan. We speculate that this

was a result of the proximity of the N-terminal tryptophans
to the cationic C-terminal lysines, which increased the local
I~ concentration, and perhaps energy transfer between
tryptophans. If this speculation is correct, then the results
suggest a head-to-tail (antiparallel) helical-bundle arrange-
ment of the aggregates. In any case, the high quenchability
of TMX-1 fluorescence with1 demonstrates unequivocally
exposure of a significant fraction of the N-terminal Trp
residues to the aqueous phase at all concentrations studied.
More importantly, the decrease iKs—v with increasing
TMX-1 concentration is consistent with aggregation-induced
changes. The abrupt shift iks_y in Figure 5 suggests a
possible change in the structure of the aggregates at about
0.4 uM.

A more complete description of the aggregates could
possibly have been obtained by the use of other quenchers
such as Cs or acrylamide that should interact differently
with the lysine. Analytical ultracentrifugation would have
been useful as well. Such experiments were not attempted
because our only interest in this exploratory work was to

etect aggregation should it exist. A major goal for future

MX peptides is to eliminate aggregation within a concen-
tration range that permits accurate measurements of monomer
partitioning.

TMX-1 Interactions with Lipid Membranes

Binding to VesiclesAn important question was whether
the free energy of association of TMX-1 in aggregates was
sufficiently strong to preclude significant membrane associa-
tion. We therefore examined the interactions of these
aggregates with membrane vesicles made from zwitterionic
POPC and from anionic POPG. Attempts to quantitate
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4.0

—r———T—T—T7 accounting of the free energy requires proof of reversibility,
knowledge of the aggregate composition and concentration,
and the concentration and structure of monomeric peptide.
Nevertheless, the apparent values A6 are likely to

. represent lower limits for the energetics of TMX-1 partition-

1 ing into vesicles.

. Structure of TMX-1 in Membraneg/e found that, when

1 completely bound to POPC and POPG vesicles, the molar
n ellipticity of TMX-1 (data not shown) was essentially

1 identical to that of TMX-1 in buffer at a concentration of

] 17 uM peptide (Figure 3). Specifically, the molar ellipticity

1 of TMX-1 at 222 nm in buffer or in POPC is-41 000+
1000 deg dmot* cn?, while in POPG it is—39 000+ 1000

deg dmot? cn. The ellipticities in vesicles were indepen-

. 6 TMX.1 binding t cles determined f T dent of peptide concentration.
IGURE 6: -1 binding to vesicles determined from Trp TR, N
fluorescence. The fluorescence intensity at the emission maxima These ellipticities indicate that TMX-1 is nearly fully

were measured for BM solutions of TMX-1 as POPC or POPG helical when bound to vesicles. Because this helicity could
vesicles were titrated into the cuvette. The maximum is at 328 nm arise from two populations of TMX-1, i.e., transmembrane
for POPC and 326 nm for POPG. Although the complete binding and surface-bound, a critical question was the thermodynamic

of TMIXt' lto an excess ffthPOF;]C required more than an hour toufeasibility of the transmembrane form. To address this
complete, we found that the changes accompanying these smal : : : : :
titrations were essentially complete after approximately 15 min. question, we performed oriented circular dichroism (OCD)

We therefore waited at least 20 min after each titration before Measurements on TMX-1 in oriented multibilayers of POPC
making the fluorescence measurements. or POPG that form spontaneously on quartz slides after
deposition from a methanol solution of lipid and peptid6)(
partitioning of TMX-1 into vesicles by equilibrium dialysis  Following solvent removal and hydration via the vapor phase,
(35) failed because TMX-1 equilibrated too slowly across slides were oriented with the plane of the membranes normal
the 14 000 molecular weight cutoff of the dialysis mem- to the beam axis (see Materials and Methods). Because the
branes. We turned instead to the use of TMX-1 Trp ellipticity of peptide absorption bands depends on their
fluorescence. As shown in Figure 4, relative to fluorescence orientation with respect to this optical axiélj, the OCD
in buffer, theAmax of TMX-1 (10 M) shifted dramatically spectra of transmembrane helical peptides are very different
toward the blue in the presence of 1 mM POPC or 1 mM from the spectra aodi-helices lying parallel to the membrane
POPG LUV. Specifically Amax decreased by more than 12 surface, as illustrated by the computed theoretical spectra
nm and the fluorescence intensity increased by at least 3-fold,(41) shown in Figure 7A (inset). These computed spectra
consistent with the movement of TMX-1 into an environment show that transmembrane helices have a single minimum at
in the vesicle bilayers that was more nonpolar than that of 225 nm and a maximum at 195 nm, while surface helices
the aggregates. have minima at both 208 and 225 nm and a maximum at
We could thus use fluorescence titrati@b) to measure 190 nm. We confirmed the spectral shape and band positions
TMX-1 partitioning quantitatively by measuring fluorescence for helices parallel to the surface by examining a number of
intensity at thelmax Of the lipid-bound state as lipid vesicles highly charged model amphipathic helic82,(50, 51), which
were titrated into an aqueous solution of TMX-1. The were expected to be parallel to the bilayer surface. All of
partitioning isotherms of Figure 6 show that TMX-1 parti- the amphipathic peptides were found to have two minima
tioned strongly into both POPC and POPG vesicles and wasof approximately equal ellipticity, one at 208 nm and one at
mostly bound at lipid concentrations of about 1 mM or less. 225 nm, consistent with a surface orientation. The orientation
Assuming a two-state equilibrium between water-soluble of one of these peptides, Ac-18A-NHas been confirmed
aggregates and membrane-bound peptide and ignoring poseirectly by a novel X-ray diffraction methob2).
sible differences between the quantum vyields of TMX-1  The observed OCD spectra for TMX-1 in both POPC and
monomers and aggregates in the aqueous phase, the appareint POPG had the characteristic shape and extrema positions

Relative Fluorescence

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Lipid Concentration (mM)

mole fraction partition coefficients were determin&&)(by expected for transmembrane helices (Figure 7, panels A and
fitting the binding curves to the equatidn= fyound max + (1 B, respectively). The shoulder at 208 nm in panel B suggests
— fooundlo, for whichl is the relative fluorescence intensity, the possibility of a small fraction of surface helix or

lo is the intensity in the absence of lipid, afidunga = KL/ nonhelical secondary structure in POPG, but from numerical

(W + K,L), whereKy is the mole-fraction partition coef- simulations we estimated this fraction to be no more than
ficient, L is the lipid concentration, antlV is the molar 15%. Alternately, a helical tilt of~20° could account for

concentration of water (55.3 M at 2&). For POPCKy = this observed shoulder. These possibilities could not be
(1.6+ 0.2) x 10°, and for POPGK, = (1.0 + 0.2) x 1(°. distinguished experimentally. The TM orientation of TMX-1
These correspond thG = —7.1+ 0.1 kcal mof! and—8.2 is probably a thermodynamically stable state in oriented
+ 0.1 kcal mot?, respectively AG = —RT In K,). We multilayers because the OCD spectra were independent of

caution that these values have uncertain meaning becaus¢he peptide/lipid ratio from 1:10 to 1:50, hydration varying

of the aggregation of TMX-1 in buffer. The free energy of from 0 to 100% RH, and sample incubation times varying
partitioning into POPG vesicles is especially problematic from 10 min to 48 h. Although there are obvious differences
because the interaction did not appear to be reversible onbetween oriented multilayer and vesicle bilayers in terms of
the time scale of the experiments (see below). A proper formation mechanism and local microscopic environment,
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Ficure 7: Oriented circular dichroism (OCD) spectra of TMX-1 '(:Fl)(;%zlf 2) al?}ztggllongtl\?;sicg{egeg[;jneelt on)OLIJC;?XgI?hEORE(;I' \é%sé'glgfer
in oriented POPC (panel A) and POPG (panel B) multilayers. yeso\me The assay is described briefly under Materials and Methods
Samples were prepared as described under Materials and Methods, 4 i detail elsewhere8®). The curves in each panel labeled 1
The inset of panel A shows the OCD spectra expected for helices; ‘anq 3 show, respectively, the Trp fluorescence of TMX-1 in the
oriented parallel and normal to the bilayer plane computed from 5pcence of lysoMC, in the presence of asymmetrically distributed
the equations of Huang and colleagu8841). The correctness 5o\ and in the presence of symmetrically distributed lysoMC.
of the parallel spectrum has been verified through X-ray diffraction Tpg gifference in Trp fluorescence between curves 2 and 3 reveals
measurements5@). The spectra for TMX-1 in both POPC and 44 topology of the peptide’s tryptophad2. In this case, about

POPG multilayers are very similar to those expected for the normal pit of the TMX-1 Trp residues translocate across to the opposite
orientation. side of the membrane. See text for further discussion.

the dominance of the TM orientation in oriented multilayers +a4 in both monolayers. For both POPC and POPG vesicles
strongly supports the thermodynamic feasibility of a signifi- - gjg,re 8 shows that the level of Trp fluorescence is different
cant transmembrane population of TMX-1 bound to vesicles. in the presence of symmetric and asymmetric lysoMC. The

T_WO_f_CI’ItI(;a][ qL;_estlor}sTvlll/le;el next ?ddl’ESfedZ (1? D'C,: 2 level of quenching for symmetric lysoMC is a measure of
signriicant fraction ot - INsert spontaneously Mo e maximum possible quenching of the tryptophans because
vesicles with a TM orientation and (2) was the insertion . ) )
i they will be quenched regardless of which bilayer leaflet they
reversible? > :
. : ' . reside in. If the N-terminus Trp of TMX-1 had not crossed
Topology of TMX-1 in VesicleShe first question was . . i
. . the membrane, then asymmetric lysoMC in the outer bilayer
addressed with a novel fluorescence quenching assay forIeaflet would have quenched Trp to the same extent as in
topology @2) that utilizes the lysolipid-linked quencher o i qW b g h that th h
lysoMC (see Materials and Methods). The results of the assay:. € Symmetric case. JVe observed, however, that the guench-
for TMX-1 in POPC and POPG LUV, consisting of three ing level was Iowgr (i.e., the Trp fluorescence was higher)
fluorescence emission curves, are shown in Figure 8, paneld’ theé asymmetric case. This means that some of the
A and B, respectively. Each curve shows the fluorescence N-terminal tryptophans moved across the vesicle membranes
of Trp (left peaks) and the RET-induced fluorescence of the 10 the inside monolayer where they were less accessm!e to
Trp could be inferred from the intensities of Trp emission ©f TMX-1 carries four positive charges, it should not have
peaks, as follows. been able to cross the membrane. The translocation of the
The curves labeled 1 are the Trp fluorescence of TMX-1 Trp residue thus suggested that TMX-1 inserted across the
in vesicles lacking lysoMC. Curves labeled 2 show the Trp membrane as a transbilayer helix. We estimate from the
fluorescence of TMX-1 in vesicles containing 1 mol % difference in quenching between the symmetric and asym-
lysoMC in the outer monolayer of the vesicles (asymmetric metric vesicles that roughly 50% of the Trp residues crossed
lysoMC), and curves labeled 3 show the fluorescence in the membrane 32), consistent with the thermodynamic
vesicles containing 1 mol % lysoMC symmetrically distrib- feasibility established by the OCD measurements.
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FiGure 9: Demonstration that TMX-1 does not cause transmem- o - B .
brane flip-flop of lysoMC in POPG. Similar results were obtained g 005 | N
for POPC (data not shown). Acceptor vesicles, containing the & L al~——  POPG + TMX-1
quencher NBD-PE, added to vesicles containing bound TMX-1 & , 7 after POPG/7-DoxylPC
caused the lysoMC fluorescence to fall to about half of the value § ) —POPG/Z-goxyIPC + TMX-1
expected for complete exchange of all lysoMC with the acceptor = S after adding POPG
vesicles. The addition of alamethicin, which has been shown to E‘ 0.03
cause lysoMC flip-flop 82) causes the further reduction of lysoMC —_
fluorescence to the 100% exchange level. These results demonstrate E 0.02
that TMX-1 does not cause the lysoMC located on the inner g
monolayer leaflet to flip to the outer leaflet. See text for further 0.01
discussion. :
These conclusions would not be valid if TMX-1 caused 0.00 E3E
the lysoMC to flip-flop across the membranes. The control 300 340 380 420 460

experiments32) of Figure 9 demonstrate that lysoMC flip- Wavelength (nm)

flop did not occur in POPG vesicles in the presence of TMX- FIGURE 10: Test of the reversibility of TMX-1 binding to POPC
1. Similar data were obtained for POPC (not shown). In these (Panel A) and POPG (panel B) vesicles. In these experiments, we

; _ P~ : : first measured the tryptophan emission spectra in pure lipid vesicles
control experiments, TMX-1 was partitioned into vesicles and in vesicles containing 10 mol % of the nonexchangeable lipid

symmetrigally labeled with |}/50MC, which was eXCite_d quencher 7-doxyl PC. These are the upper and lower curves in the
directly at its absorbance maximum of 340 nm. The resulting panels. Note that 7-doxyl PC quenches TMX-1 fluorescence by
normalized fluorescence is shown at the far left of Figure 9 about 30%. We then added to the pure lipid samples the same

for POPG. Peptide-free NBD-PE-labeled acceptor vesicles, @mount of quencher-containing vesicles and to the quencher-
"containing samples the same amount of pure lipid vesicles. This

added at about 1 min (Figure 9), caused the lysoMC gave two identical solutions whose only difference was the order
fluorescence level to drop to a new steady-state level becausgf addition of the vesicle types. After several more hours of
some of the lysoMC moved to the acceptor vesicles where incubation, the emission spectra are remeasured. Comparison of
it was quenched by the nonexchangeable NBD-PE. We havethe second spectra to the initial ones reveals whether the peptide
demonstrated3) that the addition of alamethicin to vesicles ~€*changes between the vesicles on these time scales. As described
. . . in greater detail in the text, TMX-1 readily exchanges between
symmetrically labeled with lysoMC causes flip-flop and popc vesicles but not POPG vesicles.
consequently complete loss of lysoMC to acceptor vesicles.
As shown in Figure 9, the subsequent addition of alamethicin shown in Figure 10A. The top solid curve shows the TMX-1
caused a further decrease in lysoMC fluorescence to the levelTrp fluorescence in pure POPC vesicles and the lower solid
expected for 100% lysoMC exchange. A comparison of the curve shows the fluorescence in POPC/7-doxyl-PC vesicles.
pre-alamethicin fluorescence level with the post-alamethicin The fluorescence in the latter case was lower because of the
level in Figure 9 demonstrates that only 50% of the lysoMC 7-doxyl-PC quenching. The addition of pure POPC vesicles
(i.e., that in the outer bilayer leaflet) was exchangeable in caused the fluorescence in this case to increase (dotted
the absence of alamethicin. We therefore concluded thatcurves) with a time constant of less tha h as aresult of
TMX-1 did not cause lysoMC to equilibrate across bilayers. the loss of TMX-1 from the POPC/7-doxyl-PC vesicles to
The data of Figure 9 show that this conclusion was unaffected the pure POPC vesicles. The same level of fluorescence was
by the concentration of TMX-1 in the donor vesicles. observed when the order of the experiment was reversed.
Reversibility of TMX-1 Insertion This question was That is, fluorescence decreased when POPC/7-doxyl-PC
examined by measuring the exchangeability of TMX-1 vesicles were added to POPC-only vesicles containing TMX-
between vesicles. Two types of vesicles were prepared: Purel. This demonstrates the reversibility of TMX-1 partitioning
vesicles (POPG or POPC) and vesicles containing 10 mol because the intermediate level of fluorescence was unaffected
% of the nonexchangeable Trp fluorescence quencherby the order in which the experiments were performed. By
7-doxyl-PC. The experiment proceeded by partitioning this criterion, Figure 10B shows that TMX-1 partitioning was
TMX-1 into one type of vesicle (3 h equilibration period) not reversible for POPG vesicles because the initial fluo-
and measuring the Trp fluorescence before and after therescence spectra observed were unaffected by the addition
addition of the other type. An experiment that demonstrates of the opposite type of vesicle. Other peptides bound to
reversibility for TMX-1 partitioning into POPC vesicles is membranes by strong electrostatic interactions have also been
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found to be nonexchangeable on these time scal@s ( axis separations 0f9.6 A). The CD spectra of TMX-1
Elimination of Fusion Eents as the Cause of Exchange- (Figure 3) and the fluorescence quenching byHigure 5)
ability. We used two fluorescence methods, NBD/rhodamine- are consistent with some kind of antiparallel coiled-coil
labeled lipids $4) and lysoMC/NBD-PE quenchin@®), to arrangement that brings the Trp residues into proximity with
eliminate the possibility that vesicle fusion was responsible the Lys residues. We speculate that the fundamental “solubil-
for the apparent exchange of TMX-1 between POPC vesicles.ity unit” may be a dimer, but because the helicity of TMX-1
For example, we mixed 2 mol % TMX-1 with vesicles declines dramatically at low concentrations1(«M), the
containing 1 mol % NBD-PE and then added a 10-fold excess coiled-coil in such a case would either have to be rather loose
of vesicles containing 1 mol % rhodamine-PE quencher. and somewhat disordered over its entire length or zipped
Fusion of these vesicles should have caused NBD fluores-tightly only over part of its length. Favorable dimer solubility
cence to be strongly quenches), but after several hours ~may arise from the combination of burial of nonpolar side
of incubation the NBD-PE fluorescence was identical to that chains, which can be quite significant in dime&g) and
measured in the absence of TMX-1 or before the addition exposure of the lysines. The formation of higher multimers
of rhodamine-containing vesicles. with higher helicity at elevated peptide concentrations may
As a secondary control experiment, we subjected thesebe favored by burial' o.f additional nonpolar surfac_e but
same vesicles to multiple freezéhaw cycles, a procedure ~ 0pposed by the proximity of the C-terminal Lys residues.
known to induce vesicle fusio®8). We found, as expected, ~Overall, the image of TMX-1 that emerges is one in which
that the NBD-PE fluorescence decreased substantially andthere is a distribution of helix-bundle sizes that shifts between
the Rho-PE fluorescence increased accordingly. Similar Smaller and less helical states to larger, more helical
experiments with lysoMC/POPC and NBD-PE/POPC vesicles Structures as peptide concentration is increased. The results
(32) confirmed that TMX-1 did not cause fusion of POPC Suggest that there may be a concentration in the nanomolar
or POPG at the concentrations used in these experimentsf@nge at which TMX-1 is monomeric. Although this con-
The apparent nonexchangeability of TMX-1 in POPG (panel ceéntration is too low for most b|ophys_|qal stud|e§, it sug_gests
B of Figure 9) ruled out fusion in that system. We thus that TMX-1 may not be far from fulfilling the first design
conclude that no vesicle fusion occurred and that fusion requirement, namely, solubility as a monomer in water. A

cannot exp|ain the apparent exchangeabi”ty of TMX-1. titratable His residue placed near the center of the heIiX, for
DISCUSSION example, may be useful for preventing aggregation.

TMX-1 in MembranesThe data of Figure 6 show that

In order for a family of hostguest peptides to be useful TMX-1 partitioned strongly into both POPC and POPG
for thermodynamic measurements, the basic requirements argesicles, despite its formation of molecular aggregates in the
(1) measurable solubility in water as monomers, (2) ability aqueous phase. This means that the free energy of association
to form transmembranex-helices, and (3) strong and  of TMX-1 with membranes was much more favorable than
reversible binding to membranes. TMX-1 was intended as jts association with aqueous aggregates. The fluorescence
the first step toward designing peptides that meet thesequenching experiments designed to examine the exchange
requirements. The results presented above are encouragingf TMX-1 between vesicles (Figure 10) showed, however,
in that TMX-1 had many of the properties envisioned in its that TMX-1 associates reversibly only with POPC vesicles,
design. The first requirement was the most problematic, as gt least on the time scale of the experiments. The CD spectra
expected. of TMX-1 in vesicles was quantitatively equivalent to the

TMX-1 in the Absence of Membran@fie most encourag-  spectrum of TMX-1 at 17M in water (Figure 3), indicating
ing result was that TMX-1 did not precipitate or otherwise a helicity of greater than 90%. Therefore, TMX-1 in all
form macroscopic aggregates in the absence of membranesforms, i.e., TM and surface-bound, was predominantly
Like many other membrane-active biological peptides and o-helical.
proteins, TMX-1 apparently circumvented precipitation  The OCD measurements (Figure 7) showed that the TM
through the formation of molecular aggregates that reduce orientation was more strongly preferred in oriented multi-
the water accessibility of nonpolar surfaces. The bee venomilayers formed from both POPC and POPG. We estimate from
peptide melittin, for example, forms helical tetrames§)( the ratio of the ellipticities at 208 and 225 ndhl} that the
and the bacterial toxin colicin A buries its membrane- transmembrane population of TMX-1 was greater than 90%
inserting hydrophobic helices within a set of more hydro- in POPC and at least 85% in POPG. We concluded that the
philic ones §7). transmembrane insertion of TMX-1 into vesicles was ther-

Although we chose not to explore in detail the structure modynamically feasible. Consistent with this conclusion, the
of the molecular aggregates in water (studies of the effectslysoMC topology measurements demonstrated for spontane-
of temperature and ionic strength would have been useful, ously partitioned TMX-1 that about 50% of the Trp residues
for example), the data obtained suggest aggregates organizedrossed the membrane, implying a significant TM population
around an antiparallel helical-bundle motif. An accidental of TMX-1 in both POPC and POPG vesicles after a 24-h
feature of the design of TMX-1 (Figure 2) was the placement equilibration (Figure 8).
of alanines ati(i + 7) in the sequence (positions 3, 10, and  There are several possible explanations for this incomplete
17), which strongly promotes very tight antiparallel coiled- TM insertion. One possibility is a true equilibrium between
coils (“Alacoil” motif) with helix-axis separations of less surface-bound and inserted peptide. For POPC at least, this
than 8.5 A B8). Interestingly, the helix crossing angle of is supported by the fact that binding and insertion were fully
Alacoils, like soluble coiled-coils59), is ~+20°, similar to reversible. Alternately, the noninserted peptide could be in
the antiparallel helical bundles observed in membrane a kinetically trapped state such as surface-bound aggregates
proteins 60), which are generally less tightly packed (helix resulting from the intentional placement of the Leu and Val
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residues in the sequence to create a mildly amphipathic helix.reduction per residueNGresiaud 0f —0.4 kcal mot? associ-
Another possibility is that transmembrane insertion is a ated with melittin folding 65). Assuming the existence of
stochastic process that occurs only during the initial stagesmonomeric TMX-1 in the aqueous phase, which may not
of kinetically trapped binding. This has often been proposed be unreasonable fdg.ungapproaching 1 (Figure 6), the net
as an explanation of the kinetic deactivation of pore-forming free energy of partitioning the folded peptide would thus be
peptides in vesicle leakage assagg, (62). Although the AG = AGi, + AGs = —7.3 kcal mot?. This value is
strong partitioning of TMX-1 into vesicles (Figure 6) argues remarkably, and probably fortuitously, close to the observed
against it, the helices may have inserted cooperatively asvalue for POPC partitioning. (If the N-terminal Trp and Asn
antiparallel helical pairs or bundles. TM insertion of 100% residues of TMX-1 are included, then the free energy values
of the peptide in that case would place 50% of the Trp are —0.35, —9.2, and—9.6 kcal mot?) If there is a 1:1
residues on the inner monolayer. Unfortunately, the design distribution of folded TMX-1 between interfacial and TM
of TMX-1 precluded facile determination of the topology locations, as our data suggest may be true, the free energy
of its C-terminus. Future designs must allow for such of transferAGiy for inserting the peptide from the interface
measurements. would be 0. That is, the free energy of transferring unfolded

TMX-1 partitioned into zwitterionic POPC and anionic  TMX-1 from water to ano-helical TM configuration would
POPG vesicles with apparent mole-fraction free energies also be—7.3 kcal mot™.
values of—7.1 and—8.2 kcal mot?, respectively (Figure We have suggestedl) that the transfer free energy
6). However, because partitioning into POPG vesicles was AGbond Of an H-bonded peptide bond into a pure hydrocar-
not reversible on the time scale of our experiments (Figure bon phase may be approximately equal to the free energy of
10), equilibrium thermodynamics can be considered only for transfer AGgyc, of a non-H-bonded peptide bond into
the case of POPC partitioning. Even then, th& value  octanol. This was suggested because (1) the H-bonding of
represents composite numbers that reflect the equilibriumthe glycyl unit to the hydroxyl might be energetically
between the aggregated forms in water and the membrane€quivalent to the H-bonding ia-helices and (2AGgycyi =
bound forms (Figure 1B). These complications make it 11.15 kcal mof* falls squarely between the upp&6éf and
impractical to propose a specific molecular interpretation of lower (15) estimates 0fAGpond (2.0 and 0.6 kcal mot,
the apparenG values, but the fact that they fall into the respectively). This reasoning implied, therefore, that our
readily measurable rang@9) is encouraging. Nevertheless, Whole-residuen-octanol hydrophobicity scale may provide
the numbers we obtain for TMX-1 are similar to those of a reasonable first estimate for the transfer free enA@yhs
other, more uncertain experiments. For instance, Moll and of @ TM helix from water to the bilayer hydrocarbon core.
Thompson {8) calculated~—5 kcal/mol for the membrane ~ Making that assumption for the hydrophobic span of TMX-
binding of Alay linked to the hydrophilic carrier protein 1, we found thatGyns = +1.13 kcal mot*. This unfavor-
BPTI, Soekarjo et al.19) calculated—12 kcal/mol for the ~ able value suggests that the octanol-s@e®yycy overesti-
insertion of one of the transmembrane helices of the M13 MatesAGupons As an illustration of the importance of having
coat protein, and Hunt et al64) calculated—6 kcal/mol a reliable experimental measurement/ABypons We note
for the binding and insertion of a sequence corresponding that the use of the lower estimatesf would reduce the cost
to the C-helix of bacteriorhodopsin. In all these cases, as Of AGuponaimplicit in the n-octanol scale by about 0.5 kcal
discussed in detail elsewherg, £2), the final values for ~ mol™* per residue and hence changéGun to a very
AG have uncertain significance because of aqueous phasdavorable value of about9 kcal mol™.
aggregation, unknown Secondary structure, |nab|||ty to This StUdy of TMX-1 and the above calculations reveal
distinguish between surface binding and insertion, and failure the complexity of the problem of determining the energetics
to establish that the degree of binding or insertion was an of folding proteins into membranes. Our experience with
equilibrium effect and not a kinetic one. These are some of TMX-1 convinces us, however, that the experimental deter-
the same fundamental difficulties that also make the inter- mination of these energetics is within reach. Future designs
pretation of the TMX-1 results uncertain. of TMX peptides must address three issues. First, the

What values of AG might be expected for TMx-1  monomer solubility must be brought into an experimentally

partitioning and insertion into phosphatidylcholine mem- usefql range ,WithOUt sacrificir.]g. .the ability of TMX to
branes? Some estimates, and we must emphasize that thef@tition and insert. One possibility would be to increase
are only estimates, can be obtained from our experimentally °/ightly the hydrophobicity of the hydrophobic span and at

determined whole-residue hydrophobicity scale2) for the same time_i_ntroduce a His residug in ord_er to enhance
partitioning into POPC interface&) and inton-octanol (.3) agueous so[ub|I|ty and retard aggregation. This would allovy
and from recent determinations of the energetics of secondary{n® Second issue to be addressed, namely, the need to bring
structure formation in POPC interface8( 65). The free thg wide range of eqwhbnum constant§ inherent in Figure
energy AGyy of partitioning the unfolded 21 amino acid 1 Into @ measurable regime. Changes in pH could be used
hydrophobic span of TMX-1 into the POPC interface is to control the equilibrium among the states shown in Figure

estimated from the interfacial hydrophobicity scaletes1 1. Third, the composition of the C-terminal sequence must
kcal mot® and the free energy reductiohG; associated be modified so that its topology can be determined. This

with folding as —8.4 kcal mot’, based upon energy coulq_be an er)zyme-sensitive site, for example, or a
specifically reactive residue.

3 Subscript conventionslfi w = water, i = interface, h= ACKNOWLEDGMENT

hydrocarbon core, & unfolded, and = folded; e.g., wiu is read as . . .
water-to-interface in the unfolded form. See also http://blanco.bio- Ve thank Drs. Kalina Hristova and Alexey Ladokhin for

mol.uci.edu/peptide_bilayer_energetics.html. many enlightening discussions, Dr. Michael E. Selsted for
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the use of his peptide synthesizer, and Mr. Dat Tran for his 33. Hope, M. J., Bally, M. B., Mayer, L. D., Janoff, A. S., and
expert assistance in the synthesis. We also acknowledge the

assistance of Kaisheng Chen in the early stages of peptide

purification, Renee Dillinger for helping with the CD

spectroscopy, and Dr. John Greaves for help with the mass

spectrometry.

REFERENCES

10.
11.
12.
13.
14.

15.
16.

17.
18.
19.
20.
21.

22.
23.

24
25.

26.
27.
28.
20.
30.
31.
32.

. White, S. H., and Wimley, W. C. (199®%nnu. Re. Biophys.

Biomol. Struct. 28319-365.

. Shinoda, K., Yamaguchi, T., and Horigome, T. (1981)l.

Chem. Soc. Jpn. 3237-241.

. Wallin, E., and von Heijne, G. (199®rotein Sci. 71029~

1038.
Boyd, D., Schierle, C., and Beckwith, J. (199&)ptein Sci.
7, 201—205.

.von Heijne, G. (1981Fur. J. Biochem. 120275-278.
. Engelman, D. M., Steitz, T. A., and Goldman, A. (1986nu.

Rev. Biophys. Biophys. Chem. 1821—-353.

. White, S. H., and Jacobs, R. E. (1990)Membr. Biol. 115

145-158.

. White, S. H. (1994) ilMembrane Protein Structure: Experi-

mental ApproachegWhite, S. H., Ed.) pp 9#124, Oxford
University Press, New York.

. Reithmeier, R. A. F. (19953 urr. Opin. Struct. Biol. 5491~

500.

Lemmon, M. A., and Engelman, D. M. (1992) Re.. Biophys.
27, 157-218.

Yang, A.-S., Sharp, K. A., and Honig, B. (199R)Mol. Biol.
227, 889-900.

Liu, Y., and Bolen, D. W. (1995Biochemistry 3412884~
12891.

Wimley, W. C., Creamer, T. P., and White, S. H. (1996)
Biochemistry 355109-5124.

Luo, P. Z., and Baldwin, R. L. (199®roc. Natl. Acad. Sci.
U.S.A. 96 4930-4935.

Roseman, M. A. (1988). Mol. Biol. 201 621-625.

Wimley, W. C., and White, S. H. (1996Jat. Struct. Biol. 3
842-848.

Ben-Tal, N., Ben-Shaul, A., Nicholls, A., and Honig, B. (1996)
Biophys. J. 701803-1812.

Moll, T. S., and Thompson, T. E. (199Bjochemistry 33
15469-15482.

Soekarjo, M., Eisenhawer, M., Kuhn, A., and Vogel, H. (1996)
Biochemistry 351232-1241.

Chung, L. A., and Thompson, T. E. (19%ipchemistry 35
11343-11354.

Morein, S., Strandberg, E., Killian, J. A., Persson, S., Arvidson,
G., Koeppe, R. E., II, and Lindblom, G. (199Bjophys. J.
73, 3078-3088.

White, S. H., and Wimley, W. C. (1998jochim. Biophys.
Acta 1376 339-352.

Richardson, J. S., and Richardson, D. C. (1988gnce 240
1648-1652.

. Aurora, R., and Rose, G. D. (199jotein Sci. 721—38.

Mufoz, V., and Serrano, L. (199%) Mol. Biol. 245 275-
296.

Mufoz, V., and Serrano, L. (1999) Mol. Biol. 245 297—
308.

Mufoz, V., and Serrano, L. (199Biopolymers 41495-
5009.

Lacroix, E., Viguera, A. R., and Serrano, L. (1998)Mol.
Biol. 284 173-191.

Li, S.-C., and Deber, C. M. (199#8)at. Struct. Biol. 1368—
373.

Schiffer, M., Chang, C. H., and Stevens, F. J. (199®)ein
Eng. § 213-214.

Yau, W.-M., Wimley, W. C., Gawrisch, K., and White, S. H.
(1998) Biochemistry 3714713-14718.

Wimley, W. C., and White, S. H. (200Biochemistry 39
161-170.

Cullis, P. R. (1986 Chem. Phys. Lipids 4@B9—107.

34. Mayer, L. D., Hope, M. J., and Cullis, P. R. (19&&ipchim.

35
36
37
38

39.
40.
41.
42.
43.
44.

45,
46.
47.
48.
49.

50.

51.

52.

53.
54.

55.

56

57.
58.
59.

60.
61.

62.
. Hunt, J. F., Rath, P., Rothschild, K. J., and Engelman, D. M.

64.

65.
66.

Biophys. Acta 858161—168.

. White, S. H., Wimley, W. C., Ladokhin, A. S., and Hristova,

K. (1998) Methods Enzymol. 29%2—87.

. Wimley, W. C., and White, S. H. (1993nal. Biochem. 213

213-217.

. Selsted, M. E., Harwig, S. S. L., Ganz, T., Schilling, J. W.,

and Lehrer, R. 1. (1985). Clin. Invest. 76 1436-1439.

. Wimley, W. C., Hristova, K., Ladokhin, A. S., Silvestro, L.,

Axelsen, P. H., and White, S. H. (1998) Mol. Biol. 277
1091-1110.

Olah, G. A., and Huang, H. W. (1988) Chem. Phys. 89
2531-2538.

Olah, G. A., and Huang, H. W. (1988) Chem. Phys. 89
6956-6962.

Wu, Y., Huang, H. W., and Olah, G. A. (199B)ophys. J.
57, 797-806.

Luo, P. Z., and Baldwin, R. L. (199Bjochemistry 368413—
8421.

Chakrabartty, A., Kortemme, T., Padmanabhan, S., and
Baldwin, R. L. (1993)Biochemistry 325560-5565.
Eisenberg, D., Wilcox, W., Eshita, S. M., Pryciak, P. M., Ho,
S. P., and DeGrado, W. F. (198Byoteins: Struct., Funct.,
Genet. 116—-22.

Ho, S. P., and DeGrado, W. F. (1987Am. Chem. Soc. 109
6751-6758.

Handel, T. M., Williams, S. A., and DeGrado, W. F. (1993)
Science 261879-885.

Burstein, E. A., Vedenkina, N. S., and Ivkova, M. N. (1973)
Photochem. Photobiol. 1863—-279.

Liu, L.-P., and Deber, C. M. (199Bjiochemistry 365476—
5482.

Lu, M., and Tjerneld, F. (1997). Chromatogr. A 76699—
108.

Venkatachalapathi, Y. V., Phillips, M. C., Epand, R. M.,
Epand, R. F., Tytler, E. M., Segrest, J. P., and Anantharamaiah,
G. M. (1993)Proteins: Struct., Funct., Genet. 1349-359.
Mishra, V. K., and Palgunachari, M. N. (199ipchemistry
35, 11210-11220.

Hristova, K., Wimley, W. C., Mishra, V. K., Anantharamaiah,
G. M., Segrest, J. P., and White, S. H. (1999Mol. Biol.
290 99-117.

Jones, J. D., and Gierasch, L. M. (19B&)phys. J. 671546~
1561.

Struck, D. K., Hoekstra, D., and Pagano, R. E. (1981)
Biochemistry 204093-4099.

Lentz, B. R., Carpenter, T. J., and Alford, D. R. (1987)
Biochemistry 265389-5397.

. Terwilliger, T. C., and Eisenberg, D. (1982) Biol. Chem.

257, 6016-6022.

Parker, M. W., Postma, J. P. M., Pattus, F., Tucker, A. D.,
and Tsernoglou, D. (1992). Mol. Biol. 224 639-657.
Gernert, K. M., Surles, M. C., Labean, T. H., Richardson, J.
S., and Richardson, D. C. (199Bjotein Sci. 4 2252-2260.
Harbury, P. B., Zhang, T., Kim, P. S., and Alber, T. (1993)
Science 2621401-1407.

Bowie, J. U. (1997). Mol. Biol. 272 780-789.

Matsuzaki, K., Murase, O., and Miyajima, K. (199Bjo-
chemistry 3412553-12559.

Rex, S., and Schwarz, G. (19®pchemistry 372336-2345.

(1997)Biochemistry 361517715192.

Ladokhin, A. S., and White, S. H. (1999) Mol. Biol. 285
1363-1369.

Ben-Shaul, A., Ben-Tal, N., and Honig, B. (198pphys. J.

71, 130-137.

MacKenzie, K. R., Prestegard, J. H., and Engelman, D. M.
(1997) Science 276131-133.

BI1992746J



