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ABSTRACT: Nonconstitutive membrane-active proteins, such as diphtheria toxin, must refold on membrane
interfaces in the course of membrane penetration. A useful step in deciphering this process is to understand
quantitatively the energetics of interface-mediated insertion of model transmembrane helices. A difficulty
is that peptides that are sufficiently hydrophobic to span a lipid bilayer have a strong tendency to aggregate
in the aqueous phase. To learn how to control the aqueous and membrane behavior of model peptides, we
designed a 31-residue peptide (TMX-3) whose properties are described here. TMX-3 has two important
structural features: a proline residue in the hydrophobic core that discourages the formation of highly
helical aggregates in solution and two histidine residues that allow control of membrane and solution
interactions by means of pH changes. The partitioning of TMX-3 into membranes followed complex
kinetics, induced helicity, and shifted the histidine pKa from 6.8 to∼6. Topology measurements disclosed
two general modes of TMX-3 binding: interfacial (IF) at low peptide concentrations and partial
transmembrane (TM) insertion at higher concentrations. Both modes were reversible and, consequently,
suitable for thermodynamic analysis. The free energies of IF partitioning of TMX-3 with deprotonated
(pH 7.6) and protonated histidines (pH 4.5) were estimated by fluorescence titration to be-6.7 and-5.0
kcal/mol, respectively. These results show that histidine titration is likely to be important in the pH-
dependent refolding of toxins on membrane interfaces and that the most favored state of TMX-3 under
any conditions is the IF folded state, which emphasizes the importance of such states in the spontaneous
refolding and insertion of diphtheria and other membrane toxins.

Changing from a water-soluble to a membrane-associated
state is an essential feature of membrane penetration by
bacterial toxins (1-3), colicins (4-7), and annexins (8-
10). Membrane insertion of these proteins requires a refolding
process that is poorly understood at the molecular level, but
the membrane interfacial (IF)1 region is expected to play a
critical role in the refolding event, as described previously
(11). Model peptides have proven to be extremely useful
for characterizing the energetics of IF partitioning (12), the
interface-catalyzed secondary structure formation (13, 14),

and the nonadditivity of hydrophobic and electrostatic
interactions at membrane interfaces (15). To gain insights
into the processes of pH-induced spontaneous transmembrane
insertion that underlie the biological activities of toxins, we
have designed a new peptide, TMX-3 (Figure 1), whose
properties are described in this paper.

Designing a model peptide that is suitable for experimental
exploration of the thermodynamics of membrane insertion
is challenging, because it is difficult to achieve the high
hydrophobicity necessary for membrane binding and inser-
tion into neutral membranes without aggregation in the
aqueous phase. An early designed peptide from our labora-
tory (16), TMX-1 (Figure 1), revealed the principal difficul-
ties. It suffered from strong aggregation in solution, indicated
by concentration-dependent CD spectra and blue-shifted
tryptophan fluorescence (16). Furthermore, broadening of the
fluorescence emission band revealed conformational hetero-
geneity of both the water-soluble and membrane-bound
forms. These properties precluded the use of TMX-1 for
thermodynamic studies of membrane insertion. Our most
pressing task in the redesign of TMX-1 was to discourage
the formation of highly helical molecular aggregates, the
formation of which had been exacerbated by the inadvertent
inclusion of an alanine heptad repeat that produces so-called
Ala coils (17). Besides removing this feature in subsequent
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1 Abbreviations: FRET, Fo¨rster resonance energy transfer; IANBD
amide,N,N′-dimethyl-N-(iodoacetyl)-N′-(7-nitrobenz-2-oxa-1,3-diazol-
4-yl)ethylenediamine; LUV, extruded large unilamellar vesicles 100
nm in diameter; LysoPE, 1-palmitoyl-2-hydroxyl-sn-glycero-3-phos-
phoethanolamine; LysoMC,N-(7-hydroxyl-4-methylcoumarin-3-acetyl)-
1-palmitoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine; NBD, 7-
nitrobenz-2-oxa-1,3-diazol-4-yl; NBD-PE,N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)-1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine;
POPC, palmitoyloleoylphosphatidylcholine; POPG, palmitoyloleoylphos-
phatidylglycerol; OBPC, 1-oleoyl-2-(9,10-dibromostearoyl)-sn-glycero-
3-phosphocholine; POPG, palmitoyloleoylphosphatidylglycerol;Ri,
lipid-to-peptide molar ratio; TMX-1, first-generation membrane-binding
peptide (Ac-WNALAAVAAALAAVAAALAAVAASKSKSKSK-
amide); TMX-3, membrane-binding peptide used in this study
(GGWAALAAHLAPALAAALAHALASRSRSRSR-amide); IF, inter-
facial; TM, transmembrane.

FIGURE 1: Amino acid sequences of TMX-1 and TMX-3.
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designs, we also abolished the helical “caps” (18, 19), which
were found to be unnecessary for achieving high helicity in
the TMX design series.

Like its predecessors, TMX-3 has a hydrophobic core that
ensures transmembrane stability, a highly charged C-terminus
that ensures vectorial insertion, and a tryptophan residue for
use as a spectroscopic probe of topology, binding, and
aggregation. Two new features were introduced into the
hydrophobic core for management of aggregation in the
aqueous phase: a pair of His residues to allow the manipula-
tion of peptide topology by changing pH (20) and a central
Pro residue to discourage helix formation in solution. The
hydrophobicity lost by the inclusion of the His and Pro
residues was restored by Ala-to-Leu substitutions. The idea
of using a central Pro was borrowed from the bee venom
peptide melittin, which exists in solution as an unordered
monomer but gains helicity upon interaction with membranes
due to coupling of partitioning and folding (13, 21). As
opposed to the behavior of simple soluble peptides in
solution, we concluded from a study (13) of membrane
binding properties of native melittin and a diastereomer (22)
that the tendency of Pro to disrupt helical structures on
membrane interfaces is weak.

We show here that our most important design goal was
achieved. Namely, TMX-3 could exist as a water-soluble
monomer at concentrations sufficiently high for membrane
partitioning experiments to be conducted easily. Furthermore,
its ability to adopt a transbilayer conformation was similar
to that of TMX-1, as revealed by oriented circular dichroism
(OCD) (23-25) and LysoMC topology (26) methods.
Because membrane association of TMX-3 was found to be
an equilibrium process, we were able to carry out a
comprehensive thermodynamic characterization of the trans-
fer of TMX-3 from the aqueous to the interfacial form at
pH values for which histidines are charged or neutral. This
allowed us to estimate the pKa of His in the membrane
interface. Our results demonstrate the importance of IF
intermediate states in the process of transmembrane helix
insertion, even for a simple model peptide.

MATERIALS AND METHODS

Materials.Lipids were purchased from Avanti Polar Lipids
(Alabaster, AL). LysoMC was synthesized and purified as
described previously (26). TMX-3 was synthesized on PEG-
PS PAL using FMOC chemistry with an Applied Biosystems
433A automated peptide synthesizer. The details of synthesis
and purification were essentially the same as those described
for TMX-1 (16). Large unilamellar vesicles 1000 Å in
diameter were made by extrusion (27, 28). Generally, a 50
mM phosphate buffer was used, except for pH 4.5 samples,
for which a 50 mM acetate buffer was used. For all
measurements other than CD, the buffers also contained 1
mM EDTA and 3 mM NaN3. All measurements were taken
at 25 °C, except OCD which was carried out at ambient
temperature (∼23 °C).

Circular Dichroism, Oriented Circular Dichroism, and
Absorbance Spectroscopy.CD measurements were performed
using a Jasco-720 spectropolarimeter (Japan Spectroscopic
Co., Tokyo, Japan) by scanning from 260 to 185 nm with 1
nm increments using a sample cuvette with an optical path
length of 1 mm. Typically, a peptide concentration of 20

µM was used, and 20-50 scans were averaged. At pH 7.6,
the sample for the monomeric and aggregated peptide
contained 10 and 60µM peptide, respectively. Spectra of
TMX-3 at pH 5.3 were independent of concentration.
Samples for membrane-bound TMX-3 contained either 5 mM
POPC or 0.5 mM POPG LUV. The peptide concentration
of stock solutions was determined with the UV absorbance
of tryptophan using a Cary 300 spectrophotometer (Varian
Analytical Instruments, Sugar Land, TX). Oriented CD
spectra were measured using oriented multibilayers deposited
on a quartz slide according to the procedures of Huang and
colleagues (23-25). The details of sample preparation for
OCD were the same as those for TMX-1, which were
described previously (16). Briefly, TMX-3 was codissolved
in methanol with POPC at a molar ratio (Ri) of 200 and added
dropwise on a slide, dried, and hydrated to a relative humidity
of ∼100%. Spectra were recorded at each of four rotations
of 90° around the optical axis, coinciding with the beam and
normal to the lipid multilayers, and then averaged. The
background signal was determined with the same amount
of lipid, without TMX-3.

Fluorescence. Fluorescence was measured using a SLM
8100 steady-state fluorescence spectrometer (Jobin Yvon,
Edison, NJ) equipped with double-grating excitation and
single-grating emission monochromators. The measurements
were taken in 4 mm× 10 mm or 2 mm× 10 mm cuvettes.
To minimize scattering artifacts, cuvettes were oriented along
the excitation beam for spectral measurements and perpen-
dicular to it for intensity measurements (10). Cross orienta-
tion of polarizers was used (excitation polarization set to
horizontal and emission polarization set to vertical) to
minimize the scattering contribution from vesicles and to
eliminate spectral polarization effects in monochromator
transmittance (10). Fluorescence spectra were obtained by
averaging 10-50 scans collected over a range of 290-500
nm using 1 nm steps. The excitation wavelength was 270
nm. Excitation and emission slits were never wider than 8
nm. The spectral data used for determining fluorescence
maxima and widths were collected with 4 nm emission slits.
For kinetic measurements, fluorescence emission at 335 nm
was collected and averaged every 10 or 30 s. The mixing
was initialized by pipet injection of a few microliters of a
50 mM stock solution of LUV into the peptide solution.

Determination of Peptide Topology in Vesicles. The
topology of the peptide’s Trp residue in membranes was
determined using a novel resonance energy transfer method.
This method utilizes the lyso-lipid-linked quencher LysoMC,
which has been described in detail previously (26). The
procedure was modified somewhat to take advantage of the
single-sample experimental scheme developed by Ladokhin
et al. (29). Briefly, the idea of the method is as follows. A
cisor translocation of the probe (Trp in this case) is deduced
by comparing fluorescence intensities obtained with the
LysoMC quencher distributed either symmetrically in both
leaflets of the bilayer or asymmetrically, in the outer leaflet
only. Because quenching is more efficient within the leaflet
than across the bilayer, the difference in quenching from
asymmetric and symmetric distributions of the quencher
allows the topology of the fluorophore to be determined.

The asymmetric distribution of quenchers is accomplished
by adding LysoMC as a micellar solution to peptide-
containing vesicles in two steps, to achieve concentrations
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of 0.5% (step 1) and 1.0% (step 2) relative to the total lipid.
The fluorescence is measured after each step. A small amount
of flip-flop-inducing alamethicin (26) is then added to create
a symmetric distribution of quenchers (step 3). If the
fluorescence intensity after step 3 increases to the level of
step 1, the Trp is entirely in the outer leaflet. If the intensity
remains at the level of step 2, half of the Trp residues are
translocated. If the intensity decreases by the value of the
difference between steps 1 and 2, all of the Trp residues are
in the inner leaflet.

For this approach to work, the peptide by itself must not
induce “flip-flop” of the LysoMC across the bilayer. This
possibility is examined in separate experiments by taking
advantage of the ability of LysoMC to be quenched by NBD-
PE, as described by Wimley and White (26). Such control
experiments demonstrated that under the conditions used in
this study, TMX-3 did not cause substantial lipid flip-flop
(data not shown).

CurVe Fitting. Emission spectra were corrected for the
background and fitted to a log-normal distribution for peak-
width analysis of the conformational heterogeneity of the
Trp environment (10). Whenλ > λmax - FΓ/(F2 - 1)

while whenλ < λmax - FΓ/(F2 - 1)

In these expressions,I0 is the intensity observed at the
wavelength of maximum intensityλmax, Γ the full width of
the spectrum at half-maximum intensity, andF the parameter
of asymmetry of the distribution.

The fluorescence intensity in titration experiments was
measured at 335 nm and corrected for scattering using the
tryptophan zwitterion model, as described in detail previously
(10). The data were then normalized to the value obtained
in the absence of lipid and fitted to the following binding
isotherm (10, 30):

whereKx is the mole-fraction partition coefficient,I∞ the
fluorescence increase upon complete binding, [L] the lipid
concentration, and [W] the molar concentration of water
(55.3 M). Origin version 6.0 (MicroCal, Inc., Northampton,
MA) and Spectra Calc (Galactic Industries Corp., Salem,
NH) were used for the nonlinear least-squares fitting of the
data to the equations. Free energies of transfer from water
to membrane were calculated from

RESULTS

Fluorescence of TMX-3 in Buffer.Tryptophan emission
of TMX-3 was measured as a function of pH and peptide
concentration, as summarized in Figure 2. At pH 5.3, at
which the His residues were expected to be charged, the
emission spectra were red-shifted and independent of peptide
concentration (Figure 2A, arrow 1). For peptide concentra-

tions of>10µM, the spectra shifted toward blue wavelengths
and higher quantum yields as the pH was increased, as
expected for aggregation [Figure 2 (b)]. Fits of the data to
Boltzmann curves yielded an apparent pKa of 6.8 for His
protonation (Figure 2B). Importantly, even at pH 7.6, the
aggregation could be reversed by dilution of the peptide to
a concentration ofe10 µM (Figure 2A, arrow 2). This was
not the case for the TMX-1 peptide (16), which exhibited a
blue-shifted spectrum even at extremely low peptide con-
centrations (Figure 2A).

The conformational heterogeneity of TMX-3 was exam-
ined by means of position-width analysis (Figure 3) using
the spectral parameters of fluorescence emission obtained
from fits to eq 3 (10, 31). Position-width analysis is based
on the existence of discreet spectroscopic classes of tryp-
tophan residues suggested by Burstein and co-workers (31)
(named A, S, and I-III) ( 32-34) that are associated with
defined combinations of spectral maxima and widths. These
classes are related by a linear curve in plots ofΓ versusλmax

(Figure 3). Trp residues in heterogeneous environments fall

FIGURE 2: Fluorescence characteristics of TMX-3 in aqueous
solution. pH dependence (A) of the position of maximal fluores-
cence emission and (B) of the relative quantum yield of TMX-3 in
solution. At low pH, for which histidines are charged, the position
of the maximum is red-shifted and independent of concentration
(arrow 1). A concentrated sample (filled symbols) undergoes a
monomer-aggregate transition as the pH increases. This results in
a blue shift (A) and an increase in emission (B). The latter data
can be fitted to a titration curve (solid line in panel B) with an
apparent pKa of 6.8 for His protonation. Even at high pH, the
aggregation can be reversed by diluting the sample (panel A, empty
symbols; arrow 2). At a concentration of 10µM, TMX-3 has a
red-shifted emission spectrum, consistent with the formation of the
monomer at both high and low pH (see also Figure 3). This is
different from TMX-1 (16), which exhibits a blue-shifted spectrum
even at the lowest measurable concentration of 0.1µM (horizontal
line in panel B).

I(λ) ) I0 exp{ ln 2

ln2 F
ln2[1 +

(λ - λmax)(F
2 - 1)

FΓ ]} (1a)

I(λ) ) 0 (1b)

I([L]) ) 1 + I∞

Kx[L]

[W] + Kx[L]
(2)

∆G ) -RT ln Kx (3)
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above the line as a result of being a mixture of classes. Using
this approach, the position width of TMX-3 at low pH falls
close to class III (points 1 and 2, Figure 3), meaning that
Trp is in a nearly uniform environment with full water
exposure. This is consistent with TMX-3 being monomeric
at low pH. At elevated pH values and high concentrations,
on the other hand, the position-width value of TMX-3 falls
well above the linear curve (point 3). This is a hallmark of
conformational heterogeneity with varying degrees of water
exposure, as expected for aggregation. However, the degree
of heterogeneity in TMX-3 is still far lower than that
observed for TMX-1 (point 4, Figure 3), suggesting perhaps
smaller aggregates. Regardless of the exact nature of the
aggregated state, the important feature of TMX-3 is that its
aggregation can be reversed by dilution, regardless of the
protonation state of the His residues.

CD and OCD Measurements of TMX-3.CD spectra of
TMX-3 in buffer (Figure 4) followed the same pattern as
the fluorescence data (above). The spectra were independent
of concentration at pH 5.3, but not at pH 7.6. At low
concentrations, however, the spectra at pH 7.6 were found
to be identical to those at pH 5.3. We attribute these spectra
to the monomeric peptide (Figure 4). They indicate a
predominantly unordered conformation with a helix content
of ∼25%. The aggregated high-pH form has a helicity of
∼40% (thick solid line, Figure 4). Binding to neutral POPC
LUV (- - -) and anionic POPG LUV (‚‚‚) results in increased
helicity. The exact helicity of TMX-3 in POPC was difficult
to estimate because it required making measurements under
very high lipid concentrations to saturate the binding,
especially at pH 5.3. Spectra in POPG, however, could be

collected under saturating binding conditions. These indicated
approximately 70% helicity of membrane-bound peptide at
either pH, which corresponds to∼19-22 residues in a helical
conformation.

The feasibility of TMX-3 adopting a transbilayer config-
uration was tested by performing oriented CD measurements
on peptide-containing hydrated and oriented lipid multilayers.
Samples were prepared by evaporation of an organic solvent
containing a POPC and TMX-3 mixture (lipid-to-peptide
ratio of 200). The OCD spectrum of TMX-3, recorded with
the plane of the sample perpendicular to the beam, was
typical (Figure 5) of anR-helix oriented parallel to the beam,
i.e., normal to the membrane plane (23-25). A similar
spectrum was observed for TMX-1 (16). Thus, both TMX-1
and TMX-3 adopt a predominantly transbilayer orientation
in hydrated lipid multilayers after being cosolubilized with
lipid in organic solvents. This shows that the insertion of
TMX-3 across the LUV bilayer is thermodynamically
feasible.

Fluorescence Changes Accompanying Partitioning of
TMX-3 into Vesicles.The partitioning of TMX-3 into
membranes, as for many other Trp-containing membrane
peptides, caused an increase in fluorescence intensity and a

FIGURE 3: Position-width analysis of tryptophan fluorescence. The
spectral parametersλmax andΓ were obtained from log-normal fits
according to eq 1 (see the text). The straight line is a reference
line obtained from model studies (10). The large circles labeled
Trp I-Trp III denote classes of Trp residues that correlate with
the extent of water exposure according to Burstein et al. (31). The
numbered, empty symbols are the data for peptides in solution:
(1) TMX-3 monomer (10µM) at pH 7.6, (2) TMX-3 monomer
(10 µM) at pH 5.3, (3) TMX-3 aggregate (60µM) at pH 5.3, and
(4) TMX-1 aggregate (10µM). The numbered filled symbols are
the data for peptides in the presence of 1 mM POPC LUV: (5)
TMX-1, (6) TMX-3 at pH 5.3, and (7) TMX-3 at pH 7.6. Data
points 1, 4, 5, and 7 are from ref10. Aggregated samples exhibit
considerable broadening, because they contain tryptophans of
different spectral classes. Membrane-bound TMX-3 (point 7) has
a spectrally homogeneous class I tryptophan. Although the position
of the λmax for membrane-bound TMX-1 (point 5) is similar, the
spectral broadening observed for TMX-1 indicates conformational
heterogeneity (see the text for details).

FIGURE 4: CD spectra of TMX-3 in buffer and in the presence of
membranes at (A) pH 5.3 and (B) pH 7.6. The spectra of the
monomeric peptide (thin solid lines) coincide at both pH values,
indicating a predominantly unordered conformation with∼25%
helical conformation. The aggregated form, which exists at only
high pH, has a helicity of 40% (panel B, thick solid line). Binding
to neutral POPC LUV (dashed lines) and anionic POPG LUV
(dotted lines) results in increasing helicity. The exact helicity in
POPC is difficult to estimate because it must be measured using
very high lipid concentrations to saturate binding, especially at pH
5.3. The spectra in POPG, however, could be collected under
saturating conditions. They indicate a helicity of approximately 70%
for the membrane-bound peptide at either pH.
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blue shift of the emission spectrum. The kinetics-of-
fluorescence increase, however, followed a peculiar two-step
pattern that we have not previously observed (Figure 6). First,
the intensity increased rapidly to an intermediate level that
was mainly pH-independent. The intensity remained at this
level for samples at pH 4.5, while for samples at higher pHs,
the intensity increased further. The rate of this second step
depended on the pH and ranged from hours (pH 5.3) to
minutes (pH 6.3). Note that all the curves in Figure 6 were
for pH values well below 6.8 (pH) pKa), meaning that
titration of the TMX-3 His residues in solution had not begun
(Figure 2). The pH-dependent behavior of the membrane
binding kinetics should thus depend on only the protonation
state of the TMX-3 His residues in the membrane environ-
ment (see Discussion). At higher pH values, for which
aqueous TMX-3 His residues were deprotonated, the intensity
increased in one step to the high level (not shown, but similar
to that at pH 6.3). The kinetics of the increase were
apparently very fast within the time resolution that could be
obtained with hand mixing.

We also evaluated the conformational heterogeneity of
membrane-bound TMX-3 by position-width analysis of Trp

fluorescence (filled symbols in Figure 3). The Trp of TMX-3
in POPC LUV at pH 7.6 (Figure 3, point 7) had a spectrum
of a pure class I Trp. This is consistent with the IF location
of the fluorophore, because it is also observed for other
interface-binding peptides, e.g., melittin (10). The spectrum
was broadened somewhat at pH 5.3 (Figure 3, point 6), which
is likely due to incomplete binding under these conditions.
This is different from TMX-1 (10). Even under conditions
of practically complete binding, TMX-1 exhibited extra
broadening (Figure 3, point 5) that is consistent with
conformational heterogeneity.

Energetics of Partitioning of TMX-3 into POPC LUV.
Increases in fluorescence upon membrane association can
be used to determine the free energy of membrane partition-
ing in titration experiments, provided that the system remains
at equilibrium. A hallmark of a system at equilibrium is that
the final state is independent of the path by which it is
reached. We therefore tested the membrane partitioning of
TMX-3 for equilibrium by comparing the results of two
different titrations. POPC LUV (5 mM) were added to two
identical samples of TMX-3 (Figure 7A), either in one
addition (thick line) or in six increments (thin line; during
the addition of vesicles, the shutters were closed, causing

FIGURE 5: Oriented CD spectrum of TMX-3 in hydrated POPC
multilayers deposited on a quartz slide oriented perpendicular to
the beam. The lipid-to-peptide ratio was 200. The spectrum is
consistent with the transbilayer orientation of the peptide under such
conditions.

FIGURE 6: Kinetics of fluorescence increase upon binding of
TMX-3 to POPC LUV. Membrane binding results in an increase
in fluorescence intensity that follows a complex kinetic pattern.
First, the intensity increases rapidly to an intermediate level, which
is largely pH-independent. For a sample at pH 4.5, the intensity
remains at this level, while for samples at higher pHs, the intensity
increases further. The rate of this second step depends on the pH
and ranges from hours (pH 5.3) to minutes (pH 6.3).

FIGURE 7: Determination of the free energy of membrane partition-
ing of TMX-3 by fluorescence titration. (A) Titration of a TMX-3
solution with POPC LUV. POPC LUV (5 mM) were added to two
identical samples of TMX-3, either in one addition (thick line) or
in six increments (thin line). In both cases, the total intensity
increase was the same, indicating that the final state was inde-
pendent of the history of the sample. (B) Titration data (symbols),
from experiments such as those in panel A used for free energy
determinations. Solid lines are best fits of data to eq 2, which yield
the following values of∆G: -6.7 kcal/mol at pH 7.6 (b), -6.0
kcal/mol at pH 6.0 (9), and approximately-5 kcal/mol at pH 4.5
([). In the latter fit, the parameter of maximum intensity increase
was kept constant (see the text for details).
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the intensity to drop to zero). The initial and final intensities
in both cases were the same (dotted lines), indicating that
the final state was independent of the history of the sample.

To determine partition coefficients, we measured the
increases in fluorescence intensity of TMX-3 upon titration
with POPC LUV at pH 4.5, 6.0, and 7.6 (Figure 7B, symbols)
and fitted eq 2 to the data (Figure 7B, curves). The best-fit
values of the mole-fraction partition coefficient (Kx) and the
fluorescence increase upon complete binding (I∞) were as
follows: Kx ) (8.8( 3.0)× 104 andI∞ ) 5.4( 0.1 for pH
7.6,Kx ) (2.7 ( 0.4)× 104 andI∞ ) 6.7 ( 0.1 for pH 6.0,
andKx ) (5.0 ( 1.5) × 103 andI∞ fixed at 6.7 for pH 4.5.
Because binding at pH 4.5 was very weak and far from
saturation even at 5 mM LUV, it was necessary to restrict
the fitting parameters at this pH to obtain a reasonable
estimate of partitioning. FixingI∞ at any value between 5
and 8 yielded practically the same value ofKx. The dashed
line in Figure 7B corresponds to the fit for whichI∞ was set
equal to 6.7 (best-fit value at pH 6.0). The free energies of
transfer (∆G) of TMX-3 from water to membrane (eq 3)
were found to be-6.7 ( 0.3 kcal/mol at pH 7.6,-6.0 (
0.1 kcal/mol at pH 6.0, and approximately-5 kcal/mol at
pH 4.5.

Topology of TMX-3.The topology of TMX-3 in lipid
vesicles was determined using the LysoMC quenching
method (26), which allows one to determine if a Trp residue
is located in the outer or inner leaflet of the membrane.
Because the C-terminus is highly charged, it was not
expected to translocate across the membrane. Therefore, if
the Trp (located at the N-terminus) is found in the outer
leaflet, the peptide is bound interfacially, while if the Trp is
found in the inner leaflet, the peptide must be in a transbilayer
orientation.

The LysoMC quenching experiments were carried out as
described in Materials and Methods. A three-step procedure
was used, during which the Trp spectrum was measured in
the presence of the following distributions of quenchers: (1)
0.5% asymmetric LysoMC (all incis leaflet), (2) 1.0%
asymmetric LysoMC (all incis leaflet), and (3) 1.0%
symmetric LysoMC (half incis and half in trans leaflet).
The curves in Figure 8 are numbered according to these steps.
The un-numbered curves, corresponding to vesicle-bound
TMX-3 in the absence of LysoMC, are given for reference,
but were not used for determination of the Trp topology.
The peaks at 400 nm, resulting from direct excitation of
LysoMC, are also shown for visual reference. The informa-
tion about topology (defined as acis or trans location) of
Trp is contained in the relative intensities of curves 1-3 in
the region of Trp emission (300-350 nm). According to the
single-sample experimental scheme used here, the following
hallmarks were considered for the interpretation of the
experimental data (29). (a) Curve 3 has a higher intensity
than curve 2 when the Trp probe is located predominantly
on thecis side. (Note that curves 3 and 1 coincide when the
probe is exclusively on thecis side.) (b) Curves 2 and 3
coincide when the probe is equally distributed between the
cisandtranssides. (c) Curve 3 has the lowest intensity when
the probe is predominantly on thetrans side.

As shown in Figure 8, the TMX-3 Trp is in the outer leaflet
at low peptide concentrations (curves 1 and 3 coincide,
Figure 8A) and is partially translocated at higher concentra-
tions (curve 3 is between curves 1 and 2, Figure 8B). The

degree of Trp translocation is∼30-40%, which is similar
to the value of∼50% reported for TMX-1 (16). The titration
data depicted in Figure 7 were collected in the low-
concentration regime, for which TMX-3 binds within the IF
region without crossing the bilayer. An important question
was whether equilibrium membrane association could occur
at the high concentrations that cause TMX-3 to insert across
the bilayer.

To determine if insertion of TMX-3 in a transbilayer
conformation was reversible, we conducted a membrane
exchangeability experiment (16) (Figure 9). We first meas-
ured Trp emission in 3 mM POPC vesicles and in vesicles
formed from the fluorescence-quenching lipid OBPC. In both
cases, a high lipid-to-peptide ratio (Ri ) 200) was used to
encourage the insertion. Fluorescence was measured after
the samples had been incubated for 4 h at 25°C to ensure
equilibration. The POPC sample (curve 1) had a high
intensity, while the OBPC sample (curve 2) had a low
intensity due to quenching with bromine atoms. Next, 3 mM

FIGURE 8: Determination of the peptide topology at two peptide
concentrations using LysoMC as a FRET quencher of Trp
fluorescence at (A) a low peptide concentration (Ri ) 700) and
(B) a high peptide concentration (Ri ) 200). The original two-
sample assay of Wimley and White (26) was modified to make it
a single-sample experimental scheme (29), described in Materials
and Methods. The unlabeled curves in each panel represent the Trp
fluorescence of TMX-3 bound to 4 mM POPC LUV at pH 7.6 in
the absence of quenching after a 4 hpreincubation. The numbers
of the curves correspond with the following distributions of
LysoMC: (1) 0.5% asymmetric (outer leaflet) LysoUB, (2) 1.0%
asymmetric (outer leaflet) LysoUB, and (3) 1.0% symmetric (both
leaflets) LysoUB. At low concentrations, the increase in the intensity
of curve 3 in panel A to the level of curve 1 indicates that the Trp
residue has not been translocated and that the peptide adopts an
interfacial topology. At high concentrations, the position of curve
3 in panel B between curves 1 and 2 indicates partial transbilayer
insertion of the peptide (see the text for details).
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POPC LUV were added to the OBPC sample and 3 mM
OBPC was added to the POPC sample. Following incubation
for an additional 12 h, the intensity of the original POPC
sample had dropped (curve 3) while that of the original
OBPC sample had increased (curve 4), indicating substantial,
but not complete, exchange of peptides among the vesicles.
Had the exchange been complete, curves 3 and 4 would have
been identical. That they were not identical indicates hindered
reversibility of insertion. To ensure that complete reversibility
was possible given a sufficiently long equilibration period,
both samples were heated to 60°C for 40 min and then
brought back to 25°C (curves 5 and 6). Practically complete
reversibility could be achieved under these circumstances.

DISCUSSION

The rationale for designing the TMX peptides is the
development of model peptides for studying the refolding
and insertion of nonconstitutive membrane proteins, such as
diphtheria toxin. Our first peptide in the series (16), TMX-
1, revealed that the principal difficulty in designing spon-
taneously inserting TM peptides is aggregation in the aqueous
phase. The data presented here show that the design features
incorporated into TMX-3 have overcome this problem. The
key features that ensure a monomeric state over a useful
concentration range are those that discourage excessive helix
formation in solution, namely, elimination of helical caps
and alanine heptad repeats and the introduction of a proline
and two histidines into the presumed TM domain. These
features cause TMX-3 to exist as an unordered monomer
over a wide pH range at a concentration of 10µM (Figure
2). At pH values below the His pKa of 6.8, TMX-3 remains
monomeric at concentrations as high as 60µM (Figure 2A).
These features do not prevent TMX-3 from binding revers-
ibly to neutral membranes (Figure 6). The position-width
fluorescence analysis of TMX-3 shows that its Trp residue

exists in a spectroscopically homogeneous environment at
the membrane interface. This is different from that with
TMX-1, whose substantial spectral broadening suggests large
multimeric aggregates in both the aqueous and membrane
environments.

There are two regimes of TMX-3 membrane interactions.
At low concentrations, it adopts an IF topology, while at
higher concentrations, it begins to insert across the bilayer
(Figure 8). The insertion efficiency is not high; only
approximately one-third of the peptide is in the transbilayer
conformation at a lipid-to-peptide ratio of 200. Insertion at
higher concentrations could not be explored because the
peptide caused lipid flip-flop, which interfered with the
topology assay (data not shown). A similar degree of
insertion was also observed with TMX-1, for which the
LysoMC topology method suggested that approximately half
of the Trp residues were translocated (16). Spontaneous
insertion of a helix into a preformed LUV bilayer requires
crossing an energy barrier separating the IF and TM
conformations. The existence of a substantial barrier was
confirmed by the exchange experiments (Figure 9). The
concentration dependence of insertion can arise either from
lowering the energy barrier via collective perturbation of the
bilayer, perhaps by an accumulation of the IF form, or from
the formation of specific peptide aggregates.

The mode of membrane interaction of TMX-3 clearly
indicates the importance of the IF conformation. In fact, at
low concentrations, the peptide is a good template for host-
guest free energy measurements of IF partitioning. The
Wimley-White (W-W) IF hydrophobicity scale was de-
termined experimentally by using an unfolded pentapeptide
template (12). The accuracy of the W-W IF scale has been
demonstrated using a larger, but still unfolded, template based
upon the 13-residue antimicrobial peptide indolicidin (15).
To be able to predict partitioning of polypeptides that form
a hydrogen-bonded secondary structure on membrane inter-
faces, two issues need to be considered. First, the contribution
of the folding free energy of-0.1 to -0.5 kcal/mol per
residue needs to be taken into account (13, 14, 35, 36).
Second, the W-W IF scale needs to be tested in the context
of an interfacial helical template. TMX-3 is an ideal candidate
for such a study.

The first test of the applicability of the Wimley-White
IF scale for relative prediction of interfacial binding of helical
peptides comes from the pH dependence of the free energy
of transfer of TMX-3 (Figure 7). As illustrated by the
thermodynamic cycles in Figure 10A, the two His residues
are charged at pH 4.5 in both the water-soluble (Ic) and
membrane-bound forms (IIIc). Partitioning of charged resi-
dues into the interface is unfavorable, and hence, the
favorable free energy is relatively low. At pH 7.6, the His
residues of TMX-3 in both the bound (IIIn) and free peptide
(In) are deprotonated, resulting in an increase in the favorable
free energy. The∆G between the charged and neutral states
estimated from our data is-0.85 kcal/mol per His. This is
close to the value of-0.79 kcal/mol expected from the
W-W IF hydrophobicity scale (12). At the intermediate pH
of 6.0, the peptide in solution still has protonated histidines
(pKa ) 6.8; Figure 2), but on the membrane His, depro-
tonation occurs due to a lowered pKa value. This leads to
the appearance of form IIIn, which has a higher affinity for
the membrane than form IIIc. Form IIIn accumulates until it

FIGURE 9: Test of the reversibility of transmembrane insertion of
TMX-3 into zwitterionic LUV. In these experiments, we first
measured Trp emission in 3 mM POPC vesicles (curve 1) and in
vesicles formed from the fluorescence-quenching lipid OBPC (curve
2). In both cases, a high lipid-to-peptide ratio (Ri ) 200) was used
to encourage insertion. After incubation for 4 h, an amount of OBPC
was added to the POPC sample (curve 3) that equaled an amount
of POPC added to the OBPC sample. The fluorescence signals of
the samples were determined after incubation for an additional 12
h (curves 3 and 4, POPC-to-OBPC and OBPC-to-POPC exchange,
respectively). In the case of complete exchange, curves 3 and 4
would have been identical. That they were not identical indicates
hindered reversibility of insertion. Complete reversibility was
achieved, however, after both samples were heated to 60°C for 40
min and then brought back to 25°C (curves 5 and 6).
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reaches equilibrium with form In, which is quickly converted
back to Ic. This interfacial deprotonation and subsequent re-
equilibration explains the slow component in the biphasic
kinetics of binding (Figure 6), and the additional gain in free
energy as compared to that at pH 4.5. At pH 6.0, the∆G
value is approximately halfway between the values at pH
7.6 and 4.5 (Figures 7 and 10). This suggests that the pKa ≈
6 on the membrane interface.

The energy of protonation of titratable residues is known
to depend on the dielectric properties of their environment
(37). Bechinger (20) observed a pKa change of 1.7 units for
His residues in a detergent micelle environment. Fernandez
and Fromherz (38) reported a 1.0-1.5 pH unit difference in
pKa between dyes in water and neutral micelle detergents.
Wimley et al. (39) observed that the carboxy terminus of
pentapeptides had a pKa of 3.7 in buffer and 7.0 in wet
octanol. Thus, it is not surprising that partitioning into a lipid
bilayer would have a similar effect on the His pKa. It is
significant, however, that His deprotonation of TMX-3 occurs
in the interfacial region of the bilayer. This may have
important implications for the pH-triggered insertion of many
proteins, such as diphtheria toxin (1), colicin E1 (4), and
annexin 12 (8, 29). All of these proteins insert at low pH, at

which histidines are generally assumed to be charged. Our
results suggest that partitioning into the bilayer interface may
result in the deprotonation of histidines. This may “stage”
the proteins for further transmembrane insertion due to
protonation of Glu and Asp residues.

The concentration dependence of TMX-3 insertion may
also be related to the insertion pathway of toxins and other
spontaneously inserting proteins. To enter the membrane,
they must pass through the interfacial region of the bilayer.
Our data suggest that transbilayer insertion begins only after
the concentration of interfacial helices is sufficiently high,
perhaps, to stress the membrane. One can thus speculate that
an important step in the interfacial refolding of a noncon-
stitutive protein in the interfacial region of the bilayer is the
formation of an intermediate with a high local interfacial
concentration that “stresses” the bilayer as a prelude to further
insertion.

Our results can be summarized by means of the thermo-
dynamic cycle of Figure 10B, which considers five states:
unfolded in water (I), helical in water (II), helical on the
membrane interface (III), transmembrane helical (IV), and
unfolded on the membrane interface (V). The experimental
measurements reported here in conjunction with theoretical

FIGURE 10: Thermodynamic cycles for membrane partitioning of TMX-3 at different pH values. (A) Thermodynamic cycles for interfacial
membrane partitioning of TMX-3 using the nomenclature of panel B. At pH 4.5, the two His residues are charged (indicated with+) in
both the water-soluble (Ic) and membrane-bound forms (IIIc). Partitioning of charged residues into the interface is unfavorable, and hence,
the favorable free energy is lower. At pH 7.6, the histidines in both the bound (IIIn) and free peptide (In) are neutral (deprotonated),
resulting in a free energy increase. Remarkably, the difference of-0.85 kcal/mol per histidine estimated from our data corresponds closely
to the value of-0.79 kcal/mol in the free energy of partitioning computed using the Wimley-White interfacial hydrophobicity scale (12)
(see the text). At the intermediate pH of 6.0, the peptide in solution still has protonated histidines (pKa ) 6.8; Figure 2). On the membrane,
however, histidine deprotonation occurs, due to a lower value of pKa. This leads to the appearance of form IIIn, which has a higher affinity
for the membrane than form IIIc. Form IIIn accumulates until it reaches equilibrium with the In form, which is quickly converted back to
Ic. This interfacial deprotonation and subsequent re-equilibration is responsible for the biphasic kinetics of binding (Figure 6) and the
additional gain in free energy as compared to that at pH 4.5. (B) Summary of membrane interactions of TMX-3. The numbers beneath the
figure correspond to the transfer free energy values (in kilocalories per mole) estimated experimentally or computationally in this study (see
the text for details). Regardless of the pH-dependent protonation state of histidines in TMX-3, the interfacial folded state is the most
energetically favorable state. The dashed arrows show pathways in the thermodynamic cycle that are not accessible experimentally.
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estimates allow reasonable values of the free energy differ-
ences among the states to be estimated. The W-W experi-
ment-based whole-residue hydrophobicity scales (12, 40, 41)
provide useful estimates of the energetics of TMX-3 folding
along this thermodynamic cycle. For the 20-residue hydro-
phobic core (residues 3-22) of TMX-3 transferred as an
R-helix from water to the bilayer (II-IV transition, Figure
10B),∆G ) 2.0 and-2.5 kcal/mol, for charged and neutral
histidines, respectively. Although these numbers indicate that
deprotonation of histidines leads to favorable insertion of
anR-helix, the story is incomplete because the IF state must
be taken into account. The W-W IF hydrophobicity scale
(12), combined with the estimated free energy reduction of
-0.4 kcal/mol per residue involved in helix formation
determined by Ladokhin and White (13), predicts the free
energy of the transfer of the unordered conformation in water
(I) to an interfacial helical conformation (III) ranges from
-4.5 to-8.4 kcal/mol for charged histidines and from-6.0
to -10.0 kcal/mol for neutral ones. The exact values depend
on whether the entire peptide or only the hydrophobic span
penetrates the interface. The experimentally determined
values for the I-III transition,-5.0 and-6.7 kcal/mol, fall
comfortably within these predicted ranges.

TMX-3 in the monomeric state is only partially helical
(∼25%) in the aqueous phase, but readily gains helicity upon
interaction with membranes (Figure 4). This makes it very
similar to melittin, for which the coil-helix free energy
transition in water is unfavorable (42), especially compared
with the large favorable folding free energy on the membrane
interface (13). One can thus reasonably assume for TMX-3
that the∆G for the I-II transition is slightly positive (42).
Given∼25% helicity, we estimate that∆G ≈ 0.5 kcal/mol,
but the exact value does not affect our principal conclusions.

With the above considerations, the folded IF helix-TM
helix transition (III-IV) can be estimated (Figure 10B). The
results suggest that the TM orientation is not preferred over
the interfacial one, even at high pH for which the histidines
are neutral. The difference of 4.7 kcal/mol is equivalent to
approximately one molecule in the TM state for every 3000
in the IF state. This is consistent with the experimentally
observed lack of translocation in the low-concentration
regime of TMX-3 membrane penetration (Figure 8A). In the
high-concentration regime,∼30% of the molecules are
translocated (Figure 8B), which translates into a∆G value
of ∼0.4 kcal/mol. The difference between insertion at low
and high peptide-to-lipid ratios can be explained either by a
lowering of the free energy of insertion during membrane
aggregation or by collective perturbation of the bilayer by
the peptide. Highly aggregated TMX-1 inserts with an
efficiency of 50% (16); i.e., the free energy for the IF helix-
TM helix transition is approximately zero. Alternatively, the
concentration dependence of insertion may involve collective
perturbation of the bilayer, as demonstrated for peptide
antibiotics (43-45). It is quite difficult to distinguish between
these two explanations experimentally. In any case, our
results indicate that interfacial conformations can be ener-
getically very favorable for peptides such as TMX-3, and
presumably more complex proteins such as diphtheria toxin
T-domain. An important question is just how hydrophobic
a TMX peptide would have to be for the TM configuration
to be strongly favored. From the W-W hydrophobicity
scales, we estimate that seven Ala-to-Leu substitutions in

TMX-3 would be required for an IF:TM ratio of 1:60,
corresponding to an IF helix-TM helix ∆G of -2.4 kcal/
mol.
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