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ABSTRACT:  The tertiary structures and conformational dynamics of transmembrane (TM) helical 

proteins are maintained by the interhelical interaction network in membranes, although it is 

complicated to analyze the underlying driving forces because the amino acid sequences can involve 

multiple and various types of interactions.  To obtain insights into basal and common effects of the 

number of membrane-spanning segments and membrane cholesterol, we measured stabilities of 

helix bundles composed of simple TM helices (AALALAA)3 (1TM) and (AALALAA)3-G5-

(AALALAA)3 (2TM).  Association–dissociation dynamics for 1TM–1TM, 1TM–2TM, and 2TM–

2TM pairs were monitored to compare stabilities of 2-, 3-, and 4-helical bundles, respectively, with 

single-pair fluorescence resonance energy transfer (sp-FRET) in liposome membranes.  Both 

thermodynamic and kinetic stabilities of the helix bundles increased with a greater number of 

membrane-spanning segments in POPC.  The presence of 30 mol% cholesterol strongly enhanced 

the formation of 1TM–1TM and 1TM–2TM bundles (~–9 kJ mol–1), whereas it only weakly 

stabilized the 2TM–2TM bundle (~–3 kJ mol–1).  Fourier transform infrared-polarized attenuated 

total reflection (ATR-FTIR) spectroscopy revealed an ~30° tilt of the helix axis relative to bilayer 
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normal for the 1TM–2TM pair in the presence of cholesterol, suggesting the formation of a tilted 

helix bundle to release high lateral pressure at the center of cholesterol-containing membranes.  

These results demonstrate that the number of membrane-spanning segments affects the stability and 

structure of the helix bundle, and their cholesterol-dependences.  Such information is useful to 

understand the basics of folding and assembly of multispanning TM proteins. 

 

KEYWORDS: cholesterol, fluorescence resonance energy transfer, FTIR spectroscopy, helix 

bundle, number of membrane spanning, transmembrane helix 
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Multispanning transmembrane (TM) proteins play crucial roles in dynamic biological 

processes such as signal transduction, material transport, and energy conversion.   For example, 7-

TM receptors rapidly transduce information from external signals to the inside of cells, typically via 

coupling to G-proteins, in response to binding of their ligands to the receptors [1–4].  

Conformational changes of proteins are essential for the function of membrane proteins, typically 

involving rearrangement of the TM helices in the helix bundle.  For rapid responses to biological 

stimulations, it is important to balance thermodynamic stability of the inactive conformation before 

stimulation and kinetic instability of the conformation after stimulation. 

In lipid bilayer environments, the thermodynamic and kinetic stabilities of TM helical 

bundles should be determined by a balance of helix–helix, helix–lipid, and lipid–lipid interactions.  

Both helix-involved and lipid-involved terms can include various types of interactions depending 

on the amino acid sequences and lipid compositions, respectively.  Measurements of 

conformational dynamics of membrane proteins, particularly single molecule observations, have 

revealed a wide range of kinetic stabilities of individual conformations from microseconds to weeks, 

depending on the amino acid sequences [1, 4–10].  Membrane properties should also significantly 

affect these dynamic stabilities, because the lipid compositions of membranes are often critical for 

the functions of membrane proteins [11–14].  However, it is not easy to assess the relative 

importance of underlying driving forces that determine stabilities of the helix bundles in membranes. 

The use of model transmembrane helices is a straightforward approach to separately 

examine sequence-independent (common, basal, general, or nonspecific) properties and sequence-

dependent properties of TM helices.  Self-association of synthetic peptides with naturally occurring 

and de-novo designed amino acid sequences have elucidated driving forces for the stabilization of 

TM proteins, originating from the amino acid sequences and lipid compositions [15–22]. 



 5 

An important aspect to understand the basics on the stability of TM helix bundles in lipid 

bilayers is the general effects of the number of membrane-spanning segments.  When multiple TM 

helices are assembled into a bundle, the proportion of helix–helix contacts increases at the expense 

of helix–lipid contacts with the number of membrane-spanning segments in the bundle.  

Thermodynamic/dynamic measurements are important to clarify how this change generates size-

dependent interactions, and how membrane lipids affect these interactions.  Here, we examined 

these issues using the model TM helix (AALALAA)3 (1TM), composed of only inert Ala and Leu 

side chains, as a simple helix unit.  Previous studies showed that 1TM adopts stable transmembrane 

helical structures in various membrane lipid compositions [23–25].  Hydrophobic mismatch 

between PC membranes with different acyl chain lengths (hydrophobic thicknesses of 20–34 Å) and 

the helix (hydrophobic length of 27–29 Å) did not significantly affect the orientation of the helix 

[24].  The 1TM helices self-associate to preferentially form antiparallel dimers due to attraction 

between helix macrodipoles, the strength of which was enhanced in thicker membranes due to 

lower dielectric constants at the helix termini [24].  Small headgroup lipids such as 

phosphoethanolamine and cholesterol enhance the 1TM–1TM association by changing the physico-

chemical properties of membranes [23, 25].  The helix side-chain interactions do not significantly 

contribute to stabilization of the 1TM dimer, although the sequence includes a number of Ala 

residues, small residues (Gly, Ala, Ser) that are often observed at helix–helix contacts in membrane 

proteins [26–28].  The presence of Gly residues can also induce deviation from a straight α-helix of 

TM helix of cytochrome-b5 and it may affect its interaction with TM helices of cytochrome-P450 

[29, 30].  On the other hand, introduction of a GXXXG motif into 1TM significantly enhances 

dimerization of the helices [31].  These results demonstrate that the 1TM helix represents common 

and basal properties of TM helices with minimal sequence-dependent characters.  

Thermodynamic/dynamic data on the dimerization processes of 1TM are advantageous for 

discussing driving forces that stabilize TM helix bundles with different numbers of segments.  Such 
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quantitative information provides fundamental data to understand stabilities of TM proteins.  It is 

also useful as a benchmark of computer simulation studies to examine effects of membrane 

physico-chemical properties on the associations of TM helices in molecular detail [32–34].  

Furthermore, the association of TM helices in membranes is also of interest to those studying 

antimicrobial peptides which form barrel-stave TM pores.  We note that the limitations in using 

such results to generally understand the TM–TM interactions in real membrane proteins/peptides, 

because the use of (AALALAA)3 helices only report rather basal properties of TM helices, and 

natural TM sequences can include more complex interactions. 

To examine the stability of TM helix bundles by single-pair fluorescence resonance energy 

transfer (sp-FRET) measurements in lipid vesicles, we designed the (AALALAA)3-G5-

(AALALAA)3 (2TM) peptide, which is composed of two 1TM helices connected with a flexible 

pentaglycine linker (~18 Å in extended conformation).  Introduction of the linker between the two 

helices was considered to restrict relative translational motion of the two helices in the bilayer, 

although it does not contribute to the formation of a specific loop structure.  Association–

dissociation processes for 1TM–1TM, 1TM–2TM, and 2TM–2TM pairs were monitored to evaluate 

stabilities of 2-, 3-, and 4-helix bundles, respectively.  Significant helix macrodipole attractions are 

expected for 1TM–1TM and 2TM–2TM associations, whereas they should be net ineffective for the 

1TM–2TM association, because an attractive force between 1TM and the first helix of 2TM is 

canceled out by a repulsive force between 1TM and the second helix of 2TM (vide infra).  The 

obtained dynamic/thermodynamic data are used to evaluate various driving forces that stabilize 

these TM helix bundles. 

 

2. EXPERIMENTAL PROCEDURES 
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Materials.  Chromophore-labeled peptides X-(AALALAA)3- NH2 [X = NBD (I); X = Cy3B  (II); 

X = Cy5 (III)] and X-(AALALAA)3-G5-(AALALAA)3- NH2 [X = NBD (IV); X = Cy3B  (V); X = 

Cy5 (VI)] were synthesized by the standard 9-fluorenylmethoxycarbonyl-based method on a 

NovaSynTGR resin (Milipore, Billerca, MA, USA).   The structures of fluorophores are shown in 

Supporting Figure S1.  The fluorophores were labeled at the N-termini on the resin by treatment 

with succinimidyl ester derivatives of the fluorophores (2–3 equiv, purchased from GE Healthcare, 

Little Chalfont, UK) in N,N-dimethylformamide containing 5% N,N-diisopropylethylamine for 48 h.  

The peptides were purified by a PLRP-S 300 Å 5 µm reversed phase column (Agilent Technologies, 

Santa Clare, CA, USA) with a linear gradient from formic acid/H2O (2/3, v/v) to formic acid/2-

propanol (4/1, v/v) at 50℃.  To prevent degradation of the fluorophores, the eluted peptide solution 

was immediately neutralized with 28% NH3 (aq) on ice, followed by lyophilization.  The peptide 

powder was dissolved in 1,1,1,3,3,3-hexafluoroisopropanol and identified by matrix-assisted 

ionization mass spectroscopy.  The purity of the peptides was higher than 90% (Supporting Figure 

S2).  Cholesterol, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), and 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (biotin-PE) were obtained from 

Avanti (Alabaster, AL, USA).  Neutravidin was a product of Thermo Scientific (Waltham, MA, 

USA).  Poly(ethylene glycol) (PEG)-coating reagents were obtained from Laysan Bio (Arab, AL, 

USA).  Spectrograde organic solvents were products of Nacalai Tesque (Kyoto, Japan).  Other 

chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.  

Cholesterol and POPC were dissolved in ethanol and chloroform, respectively, and their 

concentrations were determined in triplicate by the cholesterol oxidase method [Free Cholesterol E-

Test kit (Wako, Tokyo, Japan)] and phosphorus analysis, [35] respectively. 

 

FTIR Spectroscopy.  Oriented films of lipids and peptides were prepared by uniformly spreading a 

50 µL ethanol solution of lipids (5 µmol) and peptides (5 nmol) on a germanium ATR plate (70 × 
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10 × 5 mm), followed by evaporation of the solvent under a vacuum overnight.  The films were 

hydrated with a D2O-soaked piece of filter paper put over the plate for 4 h at 25℃.  Fourier 

transform infrared-polarized attenuated total reflection (FTIR-PATR) measurements were 

conducted as described previously [23] on a Bruker TENSOR27 spectrometer equipped with a 

Specac Horizontal ATR attachment with an AgBr polarizer and a temperature controller.  The 

dichroic ratio, R, defined by ∆AII/∆A⊥, was calculated from the polarized spectra.  The absorbance 

(∆A) was obtained as the area for the amide Ⅰ band.  Subscripts II and ⊥ refer to polarized light with 

the electric vector parallel and perpendicular to the plane of incidence, respectively.  The average 

helix orientation angle to the bilayer normal, α, was calculated from R: 

 

   (1) 

 

We assumed a fixed angle (θ) of 35° between the helix axis and transition moments for amide Ⅰ 

bands [36].  

 

Liposome Preparation.  Large unilamellar vesicles (LUVs) were prepared by an extrusion method 

using a buffer containing 10 mM Tris, 150 mM NaCl, and 1 mM EDTA (pH 7.4) (TE buffer), as 

described in a previous report [23].  Hydration and extrusion were performed at ~50℃ to ensure the 

mixing of membrane components. 

 

Sp-FRET.  The biotin-PEG-coated slide chamber for fixing LUVs was prepared according to the 

protocol of Joo and Ha [37].  Briefly, No. 1-S cover glass (Matsunami Glass, Osaka, Japan) was 

washed with 1 M KOH and methanol, amino-functionalized by aminopropylsilane, and coated with 

biotinylated PEG by treatment with PEG-succinimidyl ester, with an average MW of 5000 (mPEG-
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SVA), and its biotin derivative (biotin-PEG-SVA) at a ratio of 80/1 (w/w).  The helices labeled with 

Cy3B and Cy5 at N-termini were incorporated into LUVs (total lipid concentration of 5 mM) at a II 

or V/III or VI/lipid/biotin-PE molar ratio of 1/1/90,000/900 (an approx. peptide/lipid ratio of 

2/90,000).  In this study, the three donor–acceptor peptide pairs II–III, V–III, and V–VI were 

examined to measure 1TM–1TM, 1TM–2TM, and 2TM–2TM interactions, respectively.  The 

biotinylated LUVs were diluted to 10 µM lipids, added onto the biotin-PEG-coated glass surface, 

and incubated for 1 min after a 10-min pretreatment with 0.2 mg mL–1 NeutrAvidin.  This procedure 

typically resulted in 200–400 vesicles in the analyzed area (80 × 80 µm).  The fluorescence images 

for Cy3B (575–635 nm) and Cy5 (645–745 nm) under Cy3B excitation at 561 nm were 

simultaneously acquired using an ImagEM EM-CCD camera with W-View optics (Hamamatsu 

Photonics, Hamamatsu, Japan) under a Nikon (Tokyo, Japan) Ti-based total internal reflection 

fluorescence microscope with a time resolution of 17 ms.  To suppress photoblinking, the 

observation was performed in TB buffer containing 1 mM trolox, 1 mM methyl viologen, 0.8 % 

(w/v) D-glucose, 0.25 mg mL–1 glucose oxidase, and 10.5 mg mL–1 catalase (pH 7.4).  The apparent 

FRET efficiency, Eapp, was calculated from fluorescence intensities for the donor (FCy3B) and 

acceptor (FCy5) as Eapp = FCy5 / (FCy3B + FCy5).  The sp-FRET trajectories originating from the 

monomer–dimer transitions were analyzed with the HaMMy program [38] 

(http://bio.physics.illinois.edu/HaMMy.asp) to deduce the rate constants between different states.  

Assuming two state dynamics, the rate constants for dimer formation (kon) and dimer dissociation 

(koff) were obtained from k = (transition probabilities)*(data acquisition rate (Hz)).  The fraction of 

associated helices (fa) was estimated from the rate constants: 

 

 
           (2) 
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  The association constant (Ka) and corresponding Gibbs free-energy change (ΔGa) are given by: 

 

           (3) 

 

             (4) 

 

R and T represent the gas constant and absolute temperature, respectively.  [M] and [D] denote the 

mole fraction of the helix monomer and dimer in the bilayers, respectively, which are related to fa 

as: 

 

          (5) 

 

             (6) 

 

the number of peptides (= 2) and lipids (= 90,000) in a vesicle are denoted by np and nl, respectively.  

The factor of 2 is introduced to take the TM nature of the peptide into consideration. 

  The temperature dependence of the thermodynamic parameters for self-association was analyzed 

by:  

 

          (7) 
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3. RESULTS 

Sp-FRET Measurements.  The sp-FRET technique is suitable for monitoring the dynamics of 

biomolecules in timescales of milliseconds to seconds, although the use of fluorescent dye has some 

intrinsic limitations when accurately measuring the thermodynamic parameters for helical 

association and the effect of cholesterol.  We successfully detected sp-FRET signals for association 

of pairs of TM helices confined in liposome membranes, where ∆Ga  ≤ ~–20 kJ mol–1 [23, 31].  The 

sp-FRET measurements were performed using Cy3B and Cy5 fluorophores as FRET donor and 

acceptor, respectively (donor: II, V, and acceptor: III, VI).  The Cy3B–Cy5 pair can effectively 

detect peptide dimers due to its long R0 of 67 Å, even if the fluorophores are separated across the 

membrane in an antiparallel dimer.  For single-molecule detection, we used a very low peptide/lipid 

ratio such that one liposome included two peptides on average (peptide mole fraction ~4 × 10–5).  

Biotin–avidin interaction was used to attach the liposomes on a glass surface (Figure 1a).  The 

fluorescence time-lapse images for Cy3B and Cy5 channels were simultaneously obtained under 

excitation of Cy3B.  An anticorrelation of the fluorescence intensities of the two channels indicates 

FRET fluctuation.  Dimer formation and dissociation of the dimer were detected as a stepwise 

decrease in donor fluorescence intensity with a simultaneous increase in acceptor fluorescence 

intensity and a stepwise recovery of the donor emission and concomitant disappearance of the 

acceptor emission, respectively (Figure 1b).  After the measurements, the number of helices was 

determined by stepwise photobleaching (Figures 1c and d).  Kinetic analysis was performed for 

liposomes that had incorporated only one Cy3B and one Cy5 molecules. 

In POPC vesicles, 1TM–1TM did not show any detectable FRET signals over the time-

course (Figure 1b), being consistent with a previous study [23].  This is because the association–

dissociation dynamics of 1TM were too rapid to detect the formation of its dimer within the 

resolution of sp-FRET (~17 ms), although 1TM helices weakly self-associate in POPC [25].  On the 

other hand, 1TM–2TM and 2TM–2TM pairs clearly exhibited FRET fluctuation trajectories with 
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durations of residencies of subseconds, reflecting dynamic monomer–dimer equilibria.  In 

POPC/cholesterol (7/3) vesicles, in addition to the 1TM–2TM and 2TM–2TM pairs, the 1TM–1TM 

pair exhibited FRET signals, as reported in a previous study [23]. 

Kinetic parameters for formation of the dimer and its dissociation into monomers were 

analyzed by HaMMy fitting program [38].  An example of the fitting is shown in Figure 2a.  The 

rate constants for dimer formation (kon) and dissociation (koff) (Figure 2b) were calculated from the 

obtained transition probabilities for the formation of 2TM–1TM and 2TM–2TM in POPC.  The ln 

(k) distributions underwent Gaussian fitting to obtain the center values and half-widths, and they 

were defined as the average rate constants and measurement errors, respectively.  The lifetimes of 

the monomers and dimers were obtained by calculating the inverse of the average rate constants 

(Table 1), and ∆Ga values (Table 2) were calculated by Eqs. (2)–(6).  Both monomer and dimer 

lifetimes increased with the number of membrane-spanning segments (Table 1).  The size-

dependent difference in the lateral diffusion of the 1TM vs. 2TM helices may affect the association 

rate of the helices.  However, this effect should be small because the diffusion coefficients of 

transmembrane proteins scale with ln (1/R), where R is the hydrodynamic radius, consistent with 

the Saffman-Delbrück model [39].  Even a doubling of R decreases kon only by ~30% and thus 

increases the ∆Ga value by ~1 kJ mol–1.  Figure 2c shows histograms of the apparent FRET 

efficiency, Eapp, that were obtained from the donor fluorescence intensity, FCy3B, and the acceptor 

fluorescence intensity, FCy5, for all vesicles containing a donor–acceptor pair.  Note that the 

associated fraction fa (Eq. (2)) can also be estimated from curve fitting of the histograms of Eapp 

values (Figure 2c).  We confirmed that similar fa values were obtained from the rate constants and 

the curve fitting of Eapp distribution (data not shown).  The self-association of 1TM was not 

detected by sp-FRET measurements as stated above, although the previous ensemble FRET 

measurements estimated an association free energy of ΔGa = –13.2 ± 0.2 kJ mol–1 at 298 K [25].  

For 1TM–2TM and 2TM–2TM associations, ΔGa values were  –19.3 ± 1.2 and –21.6 ± 2.2 kJ mol–
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1, respectively.  The association was stronger as the number of membrane-spanning segments 

increased in the order of 1TM–1TM, 1TM–2TM, and 2TM–2TM. 

Similar measurements were performed in POPC/cholesterol (7/3) vesicles (Figure 3).  The 

results showed significant effects of cholesterol on the formation of TM helix bundles.  Overall, the 

lifetimes of monomers and dimers decreased and increased, respectively, in the presence of 

cholesterol for 1TM–2TM and 2TM–2TM associations (Table 1).  Introduction of 30 mol% 

membrane cholesterol typically decrease lateral diffusion of single TM proteins by ~30% [40–42].  

This effect on ΔGa is not significant (~1 kJ mol–1).  The dimer lifetime increased with the number 

of membrane-spanning segments, similar to the case in POPC, whereas the monomer lifetime was 

noticeably shorter for the 1TM–2TM association (Table 1).  For the 1TM–1TM association, the Δ

Ga value was  –22.1 ± 1.9 kJ mol–1, which is consistent with the one obtained from ensemble FRET 

measurements in a previous report (–22.6 ± 0.1 kJ mol–1) [23].  For the formation of 1TM–2TM and 

2TM–2TM bundles, the ΔGa values were –28.3 ± 2.6 and –24.2 ± 3.1 kJ mol–1, respectively.  In 

contrast to the results in the absence of cholesterol, the association was stronger in the order of 

1TM–1TM, 2TM–2TM, and 1TM–2TM, because cholesterol prominently stabilized the 1TM–1TM 

and 1TM–2TM bundles, whereas it was less effective for the formation of the 2TM–2TM bundle. 

To analyze the association of enthalpy and entropy values, sp-FRET measurements were 

performed at 20, 25, 30, and 35℃ (Figure 4).  The thermodynamic parameters were estimated from 

linear regression according to Eq. (7).  The thermodynamic parameters at 25℃ are summarized in 

Table 2. 

 

FTIR-PATR Measurements.  FTIR-PATR spectroscopy was conducted to confirm the helical 

and transmembrane structures of the peptides in bilayers prepared on a Ge ATR plate.  Bilayers 

composed of POPC only or POPC/cholesterol (7/3) were used to clarify the effects of cholesterol on 

the properties of transmembrane helices.  To examine the differences of helix orientations 
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depending on the number of membrane-spanning segments, three peptide compositions were 

measured: only I (1TM), I–IV (1TM/2TM(1/1)), and only IV (2TM).  The quantity of peptides 

required for the FTIR measurements (5 nmol/sample) was larger than that for the sp-FRET 

measurements (~0.1 nmol/sample).  We used peptides labeled with NBD, instead of Cy3B- or Cy5, 

for quantification of the peptides by the absorbance.  The attachment of the NBD group at the N-

terminus did not affect the conformation or the orientation of the helix [36].  The dimer fraction fa 

was much higher in the FTIR measurements compared with that in the sp-FRET measurements 

because the peptide concentration was two orders of magnitude higher (peptide mole fraction ~2 × 

10–3) than that in sp-FRET measurements (peptide mole fraction ~4 × 10–5).  The fa value was 

estimated to be 0.35 for the weakest 1TM–1TM association in POPC (∆Ga = –13.2 kJ mol–1, Table 

2), whereas it was in the range of 0.73–0.95 for the other conditions (∆Ga = –19.3––28.3 kJ mol–1, 

Table 2).  Therefore, the measured spectra principally originate from the peptide dimers except in 

the case of 1TM in POPC.  The hydrophobic length of the TM helix (AALALAA)3 (27–29 Å) 

matches to the hydrophobic thickness of POPC bilayers (thickness, ~27 Å), although the thickness 

slightly increases in the presence of cholesterol (3–4 Å [43]) because of the acyl chain ordering. 

Figure 5 shows the amide region spectra for 1TM, 1TM/2TM(1/1) or 2TM incorporated into 

membranes at 25℃.  In both POPC and POPC/cholesterol(7/3) bilayers, amide I and II absorption 

bands were narrow (half width, ~18 cm–1), suggesting a homogenous secondary structure.  The peak 

wavenumbers around 1660 cm–1 indicate the formation of helices.  Table 3 summarizes the dichroic 

ratios R (∆A||/∆A∞) (n = 3).  These R values were larger than the value for random orientation (R = 

2), confirming that the helices had a tendency to assume transmembrane orientations.  The 

decomposition of the amide I bands failed to resolve signals from the Gly loop, probably because 

their contributions were only 7.4 and 10.6% for 1TM/2TM and 2TM systems, respectively, and 

some turn structures exhibit absorption around 1660 cm–1 [44].  The amide I/amide II absorption 

ratios were similar in both lipid compositions, indicating that the helices were embedded in the 
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membrane and protected from significant H/D exchange.  The average orientation angles α of the 

helix axis relative to the bilayer normal were calculated from the R values (Table 3).  Of note, in the 

presence of cholesterol, 1TM and 1TM/2TM showed significantly larger helix tilts (17 ± 2° and 30 

± 1°, respectively) than those in pure POPC (~0° and 15 ± 3°, respectively), indicating significant 

conformational change of the 2- and 3-TM helix bundles induced by cholesterol.  On the other hand, 

2TM did not show a difference in orientation between these two membranes (~22°).  This suggests 

that the structures of 2TM in POPC/cholesterol and pure POPC membranes are similar, although it 

does not necessarily guarantee that the interfaces of helix contacts are identical. 

 

4. DISCUSSION 

 

1TM–1TM bundle.  In previous studies, we revealed that helix macrodipole attraction dominates 

the driving force for formation of the 1TM–1TM dimer in POPC bilayers [23, 25].  The strength of 

dipole–dipole interaction can be estimated from the following equation: 

 

     

(9)

 
 

where µ,ε0, ε, and r represent the helix dipole moment (= 2.5 × 10–28 Cm), dielectric constant in a 

vacuum, relative dielectric constant, and distance between dipoles (= 10 Å), respectively.  The 

angles θ1 and θ2 are angles between a vector that connects the centers of two dipoles and axes of the 

first and second dipoles, respectively.  Angle φ indicates a torsion angle between the dipoles.  In the 

case of an antiparallel dimer in POPC with a helix orientation angle of ~0°, the parameters φ,  θ1 

and  θ2 were fixed at 0°, 90°, and 270°, respectively.  The value of ε at the helix termini was 

assumed to be 15 [25].  The calculated energy of –23 kJ mol–1 is identical to the observed ∆Ha value 
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(–23.7 ± 0.4 kJ mol–1, Table 2), suggesting that the effects of side-chain packing and lipid-involved 

(helix–lipid and lipid–lipid) contacts are small for the 1TM–1TM association in POPC bilayers.  

The major contribution to the –T∆Sa term originates from losses of the translational and rotational 

degrees of freedom upon helix association (up to +8 kJ mol–1) [45].  The contribution of side-chain 

packing to –T∆Sa was indirectly estimated to be a small positive value of ~+2 (= +10 – 8) kJ mol–1.  

We also consider that energetic contributions from the lipid-involved interactions were ~0 in POPC 

in the following analyses for 1TM–2TM and 2TM–2TM associations. 

In the presence of cholesterol, a number of driving forces significantly contribute to the 

association free energy (∆∆Ga = –9 kJ mol–1, Table 2), as previously discussed in detail [45], and 

are summarized as follows.  A rigid sterol ring and small polar headgroup (-OH) of cholesterol 

markedly affect physico-chemical properties of the lipid bilayers in various manners.    

POPC/cholesterol (7/3) membranes have been proposed to submicroscopically demix into ld/lo 

states; however, they do not exhibit macroscopic phase separation [46].  Cholesterol also plays an 

important role on the membrane binding, topology and mechanism of membrane disruption by the 

antimicrobial peptide pardaxin [47].  Solid state NMR results have reported a role of cholesterol on 

the helical tilt of pardaxin [48].  Fluorescence quenching experiments using a fluorescent sterol 

analog have shown that 1TM helices and sterols are randomly distributed on the membrane plane 

(see Figure S2 of Ref. [31]).  Therefore, we considered that the mixture was in a single phase.   

Membrane cholesterol orders fluid bilayers [49].  Incorporation of 30 mol% of cholesterol slightly 

increases the hydrophobic thickness of the lipid bilayers by the acyl chain ordering  (~4 Å) 

compared with that of pure POPC (~27 Å) [43].  The thicker membrane can lower polarity at the 

termini of the incorporated TM helix to strengthen helix macrodipole interactions (~–2kJ mol–1) 

[23].  The sterol also tends to preferentially interact with POPC compared with the (AALALAA)3 

helix because both cholesterol and the helix have rigid structures [23].  This can be an indirect 

driving force for helix association that involves a decrease in helix–cholesterol contacts and an 
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increase in POPC–cholesterol contacts [23].  Furthermore, membrane cholesterol imposes another 

membranous force that originates from the lateral pressure profile (or curvature strain) from the 

imbalance between cross sections of the headgroup and hydrocarbon core regions (Figure 6) [14, 50, 

51].  Due to the small headgroup of cholesterol, the headgroup and hydrocarbon core regions have 

lower and higher lateral pressures, respectively, in cholesterol-containing membranes compared 

with pure POPC membranes.  A higher lateral pressure in the hydrocarbon core due to cholesterol 

can be partially released by the formation of an hourglass-shaped dimer, consistent with the 

observed larger helix tilt (17 ± 2°, Table 3) [23]. 

 

1TM–2TM bundle.  In contrast to the case of the 1TM–1TM bundle, helix macrodipole 

interactions do not effectively drive the formation of the 1TM–2TM bundle (Figure  7a).  Therefore, 

the strength of macrodipole interaction was considered to be zero.  Instead, the helix packing 

interaction should be a principal driving force for the formation of the 1TM–2TM bundle in POPC.  

We attributed the observed ∆Ha = –35 kJ mol–1 to the contribution of helix packing.  Assuming 

motional contributions of +8 kJ mol–1 to –T∆Sa term, the effect of helix packing on the entropic 

term was indirectly estimated to be +8 (= 16 – 8) kJ mol–1.  Barth and colleagues reported motif 

sequences that contribute to efficient helix packing for the TM helix trimer [52].  The helix 

(AALALAA)3 involves a number of AXXXA motifs, which can stabilize TM 3-helix bundles.  The 

observed helix orientation angle (15 ± 3°, Table 3) is consistent with those in the helix trimers 

involving the motifs (all-right type, 18 ± 5°, calculated as half values of the crossing angles) [52].  

Our results show that the packing of AXXXA motifs strongly stabilizes the 1TM–2TM helix bundle, 

although it did not promote the formation of the 1TM–1TM bundle. 

Membrane cholesterol further stabilized the 1TM–2TM bundle (∆∆Ga = –9 kJ mol–1, Table 

2).  A characteristic large tilt of the helix (30 ± 1°, Table 3) suggests the formation of a more tilted 

helix bundle with less optimal side-chain packing, compensating for a high lateral pressure at the 
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center of cholesterol-containing membranes, similar to the 1TM–1TM bundle (Figure 6) [23].  

Interestingly, smaller enthalpy–entropy compensation was observed for the 1TM–2TM association 

(∆Ha = –59 kJ mol–1, –T∆Sa = +31 kJ mol–1, Table 2), compared with those for the 1TM–1TM (∆Ha 

= –84 kJ mol–1, –T∆Sa = +61 kJ mol–1) and 2TM–2TM associations (∆Ha = –109 kJ mol–1, –T∆Sa = 

+84 kJ mol–1), suggesting the presence of entropically favorable and enthalpically unfavorable 

factors that stabilize the 1TM–2TM bundle in the presence of cholesterol.  The large tilt angle 

suggests the existence of multiple/flexible structures, which can increase entropy and enthalpy of 

the dimer state.  This is also consistent with the observed shorter monomer lifetime for the 1TM–

2TM association in the presence of cholesterol (Table 1, 159 ms).  That is, the probability of dimer 

formation increases upon the collision of two monomers. 

 

2TM–2TM bundle.  Strong 2TM–2TM associations were observed in both POPC and 

POPC/cholesterol bilayers.  The maximum helix macrodipole interaction in the 2TM–2TM bundle 

(Figure 7b) was calculated according to Eq. (1) assuming two attractive and two repulsive 

interactions at distances of 10 Å and 10 ×√2 Å, respectively.  The estimated ∆H value (–29.6 kJ 

mol–1) explained roughly half of the observed ∆Ha value in POPC (–54.7 kJ mol–1, Table 2).  

Therefore, the helix packing should also significantly contribute to ∆Ha (~–25 kJ mol–1).  However, 

this contribution was mostly compensated for by an increase in the entropic term –T∆Sa (+25 (= 33 

– 8) kJ mol–1), which was indirectly estimated assuming the motional contribution of the +8 kJ mol–

1 to –T∆Sa term.  The helix tilt angle increased to ~22° for 2TM compared with  ~0° for 1TM (Table 

3), consistent with formation of the 2TM–2TM bundle with a distinct structure by helix packing.  In 

summary, the formation of the 2TM–2TM bundle is driven by helix macrodipole attractions (~–30 

kJ mol–1), and it accompanies close helix packing, although the packing does not strongly 

contribute to ∆Ga due to an enthalpy–entropy compensation. 
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Membrane cholesterol only slightly affected the stability (∆∆Ga = –3 kJ mol–1, Table 2), and 

did not alter the helix tilt (22 ± 1° vs 23 ± 3°, Table 3) of the 2TM–2TM bundle, in contrast to the 

cases of 1TM–1TM and 1TM–2TM bundles.  Monomeric 2TM helices could already tilt and form 

an hourglass-shaped helix-loop-helix structure to relieve the lateral pressure.  The pentaglycine 

linker (~ 18 Å in extended structure) allows maximally ~35° tilt of the helices to form such helix-

loop-helix structure.   Overall, the observed weak cholesterol effect suggests that the contributions 

from helix–helix interactions become dominant for the 2TM–2TM associations. 

 

5. CONCLUSION 

This study revealed that both changes in the of number of membrane-spanning segments and 

involvement of membrane cholesterol could significantly alter the stabilities and structures of helix 

bundles in membranes.  In previous studies, we found that basal properties of 1TM principally 

originated from the helix macrodipole.  Consistently, we observed that the change in the pattern of 

helix dipole interactions markedly affected both thermodynamic and kinetic stabilities of the 1TM–

1TM, 1TM–2TM, and 2TM–2TM bundles.  Such a tendency should be general for TM helix 

bundles with naturally occurring sequences, although the helix-packing contributions are sequence- 

dependent.  Furthermore, we found that cholesterol strongly induced the formation of bundles with 

tilted helices for smaller numbers of membrane-spanning segments (two or three), whereas it is not 

so influential in the presence of a larger number of membrane-spanning segments (four).  

Particularly, the combination of the 1TM–2TM bundle and cholesterol resulted in the formation of a 

unique helix bundle with large helix tilt and high thermodynamic stability.  The above results 

suggest that folding units composed of small numbers of membrane-spanning segments can be 

highly susceptible to membrane cholesterol.  Such a protein unit may be useful, for example, as a 

dynamic switch sensitive to membrane physico-chemical properties.  The concentration of peptides 

would also affect the bilayer thickness and tilt of the peptides.  This study was done at low peptide 
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concentrations and it would be interesting to study higher concentrations in future.  Quantitative 

information on the basal interactions that stabilize transmembrane proteins obtained in this study is 

also critical to correctly evaluate specific interactions when guest amino acids are introduced into 

the sequence. 
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Table 1. Average lifetimes of monomers and dimers at 298 K 

                                                          POPC                                                           POPC/cholesterol (7/3) 

   peptides                       monomer lifetime     dimer lifetime     monomer lifetime     dimer lifetime 

                                                  (ms)                    (ms)                                          (ms)                     (ms) 

----------------------------------------------------------------------------------------------------------------------------------------------- 

1TM–1TM            not detected not detected        562     261 

1TM–2TM        545     99          159     381 

2TM–2TM          1000       394          567     478 

--------------------------------------------------------------------------------------------------------------------------------------------
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Table 2. Thermodynamic parameters of the association of helices in POPC membranes at 298 K 

Peptides      ∆Ga (kJ mol–1)         ∆Ha (kJ mol–1)               –T∆Sa (kJ mol–1)   

      -------------------------------------------- -------------------------------------------- ------------------------------------------------ 

POPC  +chol   difference  POPC  +chol   difference  POPC  +chol   difference 

--------------------------------------------------------------------------------------------------------------------------------------------------------------- 

1TM–1TM  –13.2 ± 0.2* –22.6 ± 0.1** –9.4  –23.7 ± 0.4* –84.1 ± 1.7** –60.4  +10.4 ± 0.4* +61.4 ± 1.7** +51.0 

1TM–2TM  –19.3 ± 1.2  –28.3 ± 2.6     –9.0  –35.4 ± 1.0  –59.3 ± 3.2  –23.9  +16.1 ± 1.0  +31.0 ± 3.2  +14.9 

2TM–2TM  –21.6 ± 2.2  –24.2 ± 3.1  –2.6  –54.7 ± 6.6  –109.1 ± 20–54.4     +33.4 ± 6.6  +84.0 ± 20  +50.6 

--------------------------------------------------------------------------------------------------------------------------------------------------------------- 

*data from ensemble measurements (assuming ∆Cp(a) = –0.5 J K–1 mol–1)25 

**data from ensemble measurements (assuming ∆Cp(a) = 1.5 J K–1 mol–1)23 
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Table 3. FTIR–PATR parameters for assessment of helix orientation at 298 K 

                                                     POPC                                                           POPC/cholesterol(7/3) 

   Peptides                                    R*                        α*                                      R                                   α 

                                                                              (deg)                                                                        (deg) 

------------------------------------------------------------------------------------------------------------------------------------------- 

1TM–1TM           6.5 ± 0.6               ~0                                  4.7 ± 0.2                       17 ± 2 

1TM–2TM                          4.8 ± 0.2                15 ± 3                             3.6 ± 0.1                       30 ± 1 

2TM–2TM                          4.3 ± 0.1                22 ± 1                             4.2 ± 0.1                       23 ± 3 

------------------------------------------------------------------------------------------------------------------------------------------- 

* R and α indicate the dichroic ratio for the peptide amide I band and angle of helix orientation relative to the bilayer normal 

calculated from R (Eq. 1), respectively. 
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FIGURE LEGENDS 

 

Figure 1.  Single-pair FRET (sp-FRET) measurements.  (a) Schematic illustration of a 

surface-attached vesicle for sp-FRET imaging by total internal reflection microscopy.  (b) 

Representative time-courses of fluorescence intensities for Cy3B (green) and Cy5 (Red) 

under excitation of Cy3B for 1TM–1TM (left column), 1TM–2TM (middle column), and 

2TM–2TM pairs (right column) in POPC (upper row) and POPC/cholesterol (lower row) at 

25°C.  The number of analyzed vesicles is denoted by n.  Only Cy3B fluoresced for 1TM–

1TM in POPC, indicating no association between the helices.  Under other conditions, the 

emissions fluctuated with an anticorrelation, reflecting the association–dissociation dynamics 

of the helices.  (c)(d) Photobleaching of Cy3B (c) and Cy5 (d) detected as a stepwise 

decrease in the fluorescence intensities (arrowheads).  The vesicles that had incorporated one 

Cy3B-helix and one Cy5-helix were selected for analysis. 

 

Figure 2.  Sp-FRET analysis for 1TM–2TM and 2TM–2TM associations in POPC vesicles.  

(a) HaMMy fitting for sp-FRET trajectories assuming two-state transitions.  Black and green 

lines indicate measured apparent FRET efficiency (Eapp) and the most probable fitting, 

respectively.  The monomer and dimer states correspond to Eapp values of ~0.4 and ~0.8, 

respectively.  (b) Histograms of natural logarithm of rate constants for dimer formation (kon) 

and dimer dissociation (koff).  The average ± error values were obtained from Gaussian 

fitting of the histogram.  (c) Histograms of Eapp. 
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Figure 3.  Sp-FRET analysis for 1TM–1TM, 1TM–2TM, and 2TM–2TM associations in 

POPC/cholesterol (7/3) vesicles.  (a) Histograms of the natural logarithm of rate constants for 

dimer formation (kon) and dimer dissociation (koff).  The average ± error values were 

obtained from Gaussian fitting of the histogram.  (b) Histograms of Eapp. 

 

Figure 4.  Temperature dependences of association free energy for (a) 1TM–2TM 

associations and (b) 2TM–2TM associations.  The temperature dependences were linearly 

fitted to estimate the thermodynamic parameters by Eq. (7). 

 

Figure 5.  Amide region FTIR-PATR spectra for 1TM, 1TM/2TM(1/1) or 2TM incorporated 

into membranes (peptides/lipids = 1/1000) at 25℃.  The membrane films were hydrated with 

D2O vapor.  Red and black lines indicate raw spectra for the IR beam with its electric vector 

parallel and perpendicular to the plane of incidence, respectively.  

 

Figure 6.  Effects of the membrane lateral pressure profile on the shape of the transmembrane 

helix bundle.  Because of the small headgroup of cholesterol, the headgroup and hydrocarbon 

core regions have lower and higher lateral pressures, respectively, in cholesterol-containing 

membranes (red arrows), compared with in pure POPC membranes.  POPC membranes 

stabilize helix bundles without helix tilt (parallel helix bundle).  On the other hand, 

cholesterol-containing membranes can stabilize helix bundles with significant helix tilt 

(hourglass-shaped helix bundle). 
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Figure 7.  Alterations in the helix macrodipole interactions upon the formation of the 1TM–

2TM bundle (a) and 2TM–2TM bundle (b).  Upward and downward arrows in the circles 

indicate C-terminus-up and C-terminus-down transmembrane topologies of the helices, 

respectively.  Antiparallel (A) and parallel (P or P’) interhelical contacts are shown as blue 

and red lines, respectively.  (a) 1TM–2TM association generates A + P interactions, which is 

zero assuming symmetric packing of the helices in the bundle.  (b) The repulsive interactions 

in 2TM–2TM bundle are minimized in square packing (P’).  The association generates 2A + 

2P’ interactions, which have a negative ∆H value. 
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Figure S1.  Structures of florescent probes used in this study. 
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Figure S2.  HPLC chromatograms of transmembrane peptides.  Purified fluorophore-labeled 
peptides (I–VI) were analyzed with a PLRP-s analytical column (150×4.6 mm) at 50°C.  The 1TM 
peptides were eluted with a linear gradient of H2O/0.1% TFA and AcCN/0.1% TFA from 65 to 95% 
(I), and from 10 to 90% (II, III).  The 2TM peptides (IV, V, VI) were eluted with a linear gradient of 
formic acid/H2O (2/3, v/v) and formic acid/2-propanol (4/1, v/v) from 50 to 80% (0–5min) and 80 to 
95% (5–30 min). 

 


