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ABSTRACT An atomic force microscope (AFM) was used to visualize CWALP1923 peptides (1H3N-ACAGAWWLALALA-
LALALALWWA-COO�) inserted in gel-phase DPPC and DSPC bilayers. The peptides assemble in stable linear structures and
domains. A model for the organization of the peptides is given from AFM images and a 20 ns molecular dynamics (MD)
simulation. Gold-coated AFM cantilevers were used to extract single peptides from the bilayer through covalent bonding to the
cystein residue. Experimental and simulated force curves show two distinct force maxima. In the simulations these two maxima
correspond to the extraction of the two pairs of tryptophan residues from the membrane. Unfolding of the peptide precedes
extraction of the second distal set of tryptophans. To probe the energies involved, AFM force curves were obtained from 10 to
104 nm/s and MD force curves were simulated with 108–1011 nm/s pulling velocities (V ). The velocity relationship with the force,
F, was fitted to two fluctuation adhesive potential models. The first assumes the pulling produces a constant bias in the potential
and predicts an F ; ln (V ) relationship. The second takes into account the ramped bias that the linker feels as it is being driven
out of the adhesion complex and scales as F ; (ln V )2/3.

INTRODUCTION

Biological membranes consist of a lipid bilayer with asso-

ciated membrane proteins, which can traverse the bilayer

either as b-barrels, helical bundles, or single a-helices. This
requirement for a well-defined secondary structure is im-

posed by the nonpolar nature of the hydrophobic bilayer

core. However, factors such as the topology and structural

stability of a transmembrane protein segment will addition-

ally be determined by interactions with the polar lipid head-

group region (1). Protein-lipid interactions also govern more

global aspects of membrane organization. For example, it is

increasingly recognized that the many different lipid and

protein species that exist within any given membrane, rather

than presenting a homogeneous mixture, segregate into dis-

tinct functional domains (2–4).

Atomic force microscopy (AFM) can resolve membrane

surface features at a lateral resolution of 0.6–1 nm and a

vertical resolution of 0.1 nm, under physiological conditions

without the need of a crystalline system (5). Additionally,

AFM can address single molecules and measure the forces

required to displace, extract, and/or unfold a protein, yielding

valuable dynamic and structural information (6–8). More

specifically, by applying pulling forces at different velocities

(dynamic force spectroscopy, DFS), the energies and forces

governing protein folding and functioning can be estimated

and the complex relationships between force-lifetime and

chemistry can be explored (9–14).

A few membrane proteins have been imaged by AFM,

including bacteriorhodopsin (bR) in the purple membrane

(15), rhodopsin in disc membranes (16), aquaporin (17), and

different components of several light-harvesting complexes

(18–22). Pulling via an AFM cantilever, the 7 transmem-

brane helices of bR (8,23–25), the 12 helices of the antiporter

NhaA (26), and the 8 helices of human aquaporin-1 (17)

have been unfolded and extracted from the membrane.

Experimental force curves have been used to identify general

structural features of the unfolded membrane proteins, such

as the preference of some helices to unfold in pairs, the

importance of extracellular loops, and the directionality of

several of the interactions (17,23,26). However, the details

of the unfolding and extraction, in particular the contribution

of individual amino acid residues to the process, are difficult

to resolve from the unfolding pattern of a multispanning pro-

tein because force events arise from complex combinations

of protein-protein, helix-helix, and helix-lipid interactions,

especially in the case of native membranes.

To circumvent such issues, fundamental aspects of

membrane organization and stability can be addressed with

synthetic a-helical peptides, which represent a consensus

sequence for transmembrane protein segments (27). WALP

peptides, which were specifically designed for such studies,

consist of a hydrophobic poly(leucine-alanine) stretch of

variable length, which is flanked on both sides by two Trp

residues. These peptides and closely related analogs with

other aromatic or charged flanking residues have been

extensively studied in a wide variety of model membranes

(27). In gel-state lipid bilayers, WALP peptides have been

shown by AFM to form highly ordered peptide-enriched

domains (28) in which linear aggregates of WALP peptides

are separated from each other by areas of relatively fluid

phospholipids (29). Other transmembrane peptides have also
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been shown to form linear-type aggregates (30,31). For

WALP peptides, this arrangement results from a tendency

of the peptide to avoid a hydrophobic mismatch with the

relatively thick gel-state lipid bilayer (32), and it is also

observed when the Trp residues are replaced with tyrosines,

phenylalanines, or histidines (33). WALP is a relevant model

for larger integral membrane proteins because the peptides

experience interactions with the lipid matrix as well as with

neighboring helices. It should also be noted that several of

the membrane proteins mentioned above are present in protein-

rich domains or form linear aggregates and that interfacial

Trp residues can modulate protein function (34,35).

The AFM unfolding experiments reported to date reveal

the potential of the technique in membrane protein studies to

resolve structural stability and organizational details. How-

ever, to fulfill such potential, a systematic study of the relevant

individual structural elements and of the experimental con-

ditions that determine the unfolding patterns needs to be un-

dertaken. In this study, we use a simple CWALP1923 peptide

to study several fundamental aspects of membrane protein

unfolding: the role of aromatic residues, the influence of the

pulling parameters, and the relevance of the different theoreti-

cal frameworks in which DFS experiments can be interpreted.

To supplement the interpretation of the experimental AFM

images and DFS experiments, we have used molecular dy-

namics (MD) and steered molecular dynamics (SMD) simu-

lations designed for studying force-induced reactions in

biopolymers (36–38). As already demonstrated for unfold-

ing studies of proteins and peptides in aqueous solution

(7,37,39–43), our SMD simulations, to our knowledge the

first to be undertaken for a membrane system, proved highly

complementary to the experimental force spectroscopy mea-

surements and highlighted the role of the Trp residues.

MATERIALS AND METHODS

Peptide synthesis

The peptide CWALP1923, with sequence NH1
3 � ACAGAWWðLAÞ6

LWWA� COO�; was synthesized using Fmoc chemistry as described

previously for other WALP analogs (44,45), with the exception that for

practical reasons the N- and C-terminus were not blocked. The identity of

CWALP1923 was confirmed by MALDI-TOF mass spectrometry, and the

peptide was used without further purification. The phospholipids 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-

glycero-3-phosphocholine (DSPC) were obtained from Avanti Polar Lipids

(Alabaster, AL).

Vesicle preparation

The peptide was dissolved in 2,2,2-trifluoroethanol and was added to an

equal volume of a mixture of chloroform and methanol (3:1 v/v) containing

the lipid. The resulting solution, with a peptide/lipid molar ratio of 1:50, was

dried in a rotary evaporator and subsequently under high vacuum. The

solvent-free peptide/lipid film was hydrated at a temperature above the lipid

main phase transition temperature with 1.25 ml of a 20 mM aqueous solution

of NaCl, resulting in a lipid concentration of 0.65 mM. To obtain small

unilamellar vesicles, this dispersion was briefly sonicated with an MSE

sonicator (Crawley, UK) operating at an amplitude of 4 mm. The sonicated

sample was centrifugated (1 h, 16000 g, 15�C) to pellet down titanium probe

particles and residual multilamellar vesicles.

Supported bilayers

A 25 ml drop of unilamellar vesicle suspension was deposited onto freshly

cleaved mica disks. The vesicles were allowed to adsorb to the mica for 15 h

at a temperature of 4�C. After incubation the samples were gently washed

with 20 mM NaCl to remove nonadsorbed vesicles and were kept above the

lipid gel-to-fluid phase transition temperature (at 60�C for DPPC and at

70�C for DSPC) for 45 min. The sample was allowed to cool down to the gel

phase at room temperature and was rinsed with 20 mM NaCl. Sometimes

rinsing with 100 ml ultrapure water was necessary to remove unfused ves-

icles adsorbed on the bilayer.

AFM

The mica disks were glued to glass microscope slides and mounted on the

scanner of a stand-alone MFP-3D AFM (Asylum Research, Santa Barbara,

CA). The AFM has a closed loop in the x, y, and z axes. The images and

pulling experiments were performed with gold-coated rectangular cantilevers

CSC38/Cr-Au (Mikromasch, Tallinn, Estonia) with typical spring constants

of 0.03 N/m, 0.05 N/m, and 0.08 N/m, and with ‘‘Biolevers’’ (Olympus,

Tokyo, Japan) with a spring constant of 0.03 N/m.

Images were taken in alternate contact (AC) mode in liquid, with very

low amplitudes at the primary resonance frequency that was obtained from

thermal analysis of the cantilever in solution. Height, amplitude, and phase

images were recorded. Heights of features in images were determined

by histogram analysis. Experiments were carried out in a temperature-

controlled room at 23 6 1�C. The thermal spectrum of the cantilevers was

obtained both in air and liquid, and the stiffness was estimated by fitting

with the thermal noise theory (46) and compared to the Sader method for

the normal spring constant of a rectangular cantilever (47). The error in

calculating the spring constant is estimated to be ;620%. To calculate the

force for peptide extraction, at least 20 single peptide extraction curves were

obtained for each pulling velocity. Curves with multiple peptide extractions

and many peaks were discarded.

MD simulations

MD and SMD simulations were performed using GROMACS v3.1.4

(48,49), which allows the application of forces along the z axis of the

simulation box. The force field used for the peptides was GROMOS 43A2,

extended to improve the simulation of the lipid components (50). All sim-

ulations were run at 300 K in an isothermal-isobaric ensemble. A Berendsen

temperature and pressure-coupling scheme was chosen to keep these param-

eters constant. The time step for the simulation was 2 fs, and a linear con-

straint solver (LINCS) algorithm was used to maintain the geometry of the

molecules. Long range electrostatic interactions were calculated with the

particle mesh Ewald method, with up to 9 Å being treated in direct space and

larger distances in Fourier space. Lennard-Jones interactions were cut off at

14 Å. Water was described with the simple point charge model (51,52).

Peptide coordinates were generated using SwissPdb-Viewer (51). The

peptide was modeled as an ideal a-helix, and the side chains of the Trp

residues were oriented with the N-H group pointing away from the central

stretch of hydrophobic residues. Five of these CWALP1923 were assembled

in a linear array, with neighboring helices in an antiparallel orientation. This

row was then subjected to steepest descent energy minimization before

insertion into a bilayer. The peptides were positioned manually so that their

initial orientation relative to the membrane normal was distributed between

0� and 10�. All these parameters are based on experimental data (27,29).

The simulation box was constructed from a patch of fluid DPPC lipids

consisting of 128 lipids with an area per lipid of 0.645 6 0.010 nm2 and
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3655 water molecules, previously equilibrated at 323 K in a 100 ns MD

simulation (53,54) and available at http://www.lce.hut.fi/research/polymer/

downloads.shtml. Before insertion of the row of five antiparallel CWALP1923

peptides, a cavity was created in this DPPC bilayer by removing a number of

lipids. The solvent-accessible surface of the peptide row was then used as

a template during an SMD simulation of 1 ns, in which the peptide-lipid

interface was optimized (55). This procedure left 100 DPPC lipids and 3646

water molecules, or 17,053 atoms, in the box. The peptide-lipid system was

equilibrated in six successive MD simulations of 200 ps where positional

restraints, progressively decreasing to zero, were applied on the peptides.

The equilibrated system was used for a 20 ns MD simulation to study the

behavior of the peptide and lipid components.

Steered MD simulations

For SMD simulations, the equilibrated peptide-containing bilayer was

transferred to a larger simulation box with 12,070 molecules of water. This

box, containing 42,325 atoms, was first subjected to steepest-descent energy

minimization. Subsequently, forces were applied through a virtual cantilever

moving at a constant velocity along an axis perpendicular to the membrane

plane. One extremity of the cantilever was simulated to be bound to the Cys

residue of the central peptide, and the other was moved away along the

pulling axis. This virtual cantilever is a harmonic spring characterized by

a spring constant, and it does not have any shape nor does it undergo any

hydrodynamic drag. Various cantilever spring constants and pulling veloc-

ities were simulated, ranging respectively from 0.07 to 16.67 N/m and from

1.25 to 0.0063 Å/ps. Additionally, three different peptides were extracted

from the bilayer to assess the intrinsic variability of the model. The various

SMD simulations ranged in length from 70 ps to 17 ns.

RESULTS

AFM images of CWALP1923 peptide in gel-state
lipid bilayers

Transmembrane peptides consisting of a hydrophobic poly

(leucine-alanine) core form highly ordered peptide-enriched

domains in gel-state bilayers when the poly(leucine-alanine)

stretch is flanked by aromatic residues, but not when it is

flanked by charged residues (33). This behavior is also

observed when the Trp-flanked CWALP1923 peptide is in-

corporated in gel-state bilayers, as shown in Fig. 1 for DPPC

(A) and DSPC (B). Both these AC-mode AFM images show

a bilayer region with peptide-enriched and peptide-depleted

domains, as well as bilayer defects in which the mica surface

is exposed. The height profile of a cross section of the DPPC

system, shown in Fig. 1, reveals that the smooth surface in

Fig. 1 A has a thickness of 4.9 6 0.2 nm, as expected for an

unperturbed bilayer of gel-state DPPC (28,56). The peptide-

enriched domains in the DPPC system can easily be iden-

tified by their reduced height and appear either as isolated

lines or as two-dimensional assemblies of these lines. In the

corresponding height profile, the lines appear as 0.3 6 0.1

nm deep depressions of decreasing width: 13 6 3 nm at the

top narrowing to 3 6 1 nm at the bottom. As a consequence

of the N- and C-terminal charges of CWALP1923, these

peptide-enriched domains are somewhat less ordered than

reported for other WALP analogs. In the simultaneously

recorded phase images, the peptide lines and domains pro-

duce a different contrast than the flat lipid areas, implying

differences in stiffness and electrostatics between peptides

and peptide-depleted areas (not shown). Using a variety of

techniques, Killian and co-workers have identified the lines

of which these domains are composed as a linear array of

antiparallel WALP peptides, one peptide wide and flanked

by lipids with partly disordered acyl chains (29). This re-

markable arrangement results from a combination of peptide-

lipid and peptide-peptide interactions and depends on the

precise composition of the peptide and of the lipid com-

ponents (32).

For CWALP1923, this is highlighted by incorporation in

bilayers of DSPC, a lipid which has acyl chains with 18

carbon atoms, only two ethylene moieties more than in the

case of DPPC. As can be seen in Fig. 1 B, this small change

in the lipid component has a pronounced influence on the

morphology of the peptide-enriched domains: isolated

FIGURE 1 AFM topography images in aqueous

solution of CWALP1923 peptide line domains in (A)

DPPC and (B) DSPC gel-state lipid bilayers (mica, black;
peptide-enriched domains, dark gray; peptide-depleted

domains, light gray; unfused vesicles,white). Both images

are 600 nm 3 600 nm. The cross section of the AFM

images depicts the bilayer thickness and the depth of the

peptide-containing depressions.
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peptide lines rather than extended two-dimensional arrays

are now the dominant feature. The lines in DSPC also vary in

thickness. The thinner line-shaped depressions have a width

of ;11 nm near the bilayer surface, which is reduced to ;4

nm at the bottom of the depression, and are thus similar in

width to the isolated lines in the DPPC system. The wider

lines can be up to 36 nm wide at the bilayer surface, but in

this case the bottom of the depression displays a height

fluctuation of ;0.4 nm, suggesting that these wider depres-

sions consist of multiple linear arrays of peptide which are

still separated by lipids. In all cases, the depressions are

typically 1.4 6 0.6 nm deep, ;1 nm deeper than the lines

observed in the DPPC system. Since the peptide-depleted

DSPC domains were ;1 nm thicker than the corresponding

DPPC domains, it appears that the CWALP1923 peptides,

which are the core component of the lines, have not changed

their conformation in response to the different lipid envi-

ronment. WALP analogs have indeed been shown to form

a stable well-defined a-helix in different lipid matrices (57).

CWALP1923 unfolding and extraction from lipid
bilayers at different velocities by AFM

The extraction of peptides with the gold-coated AFM tip was

preceded by AFM imaging of the samples, after which the tip

was shifted to the area where the peptides were visible (Fig. 2

A). Taking great care in not damaging the bilayer, the tip was

moved toward the sample in 50–100 nm approach-retraction

cycles. When cantilever deflection was detected and the tip

touched the surface, the cantilever was moved 1 nm upwards

so that the point of maximum proximity with the sample

during a cycle was set above the bilayer, without touching it.

Subsequently, approach-retraction cycles were carried out

until a peptide-binding event could be detected. This pro-

cedure increased the probability of a single molecule-binding

event. To increase the accessibility to the peptide, the Cys

residue had been placed some residues away from the tryp-

tophans, which are expected to be situated relatively deep in

the lipid headgroup region (58). After the pulling experi-

ments, the bilayer was imaged again to verify that the bilayer

was undamaged and to validate the pulling data. In Fig. 2 B,
it can be seen that some peptides have been extracted and

that lipids have diffused into the space left by the missing

peptides. During the 6 min between the acquisition of the

two images, lipid mobility is also evident in peptide-free

areas: in the upper part of Fig. 2 A some lipids had been

extracted, and in Fig. 2 B the damage has healed. The rates of

lipid diffusion involved here are within the typical lateral

diffusion coefficient for a lipid molecule in the gel phase,

estimated to be ;104 nm2/s (59). However transfer of lipids

previously adhered to the tip back into the bilayer defect

could also explain the healing (I. Reviakine, Technical

University Clausthal, personal communication, 2005). When

the tip was forced to pierce completely through the bilayer,

an indentation and a change of slope were detected in the

approach curve. The retraction curves showed 500 pN–2 nN

deep adhesion peaks followed by a random number of

weaker peaks (not shown). Images show that the cantilever

has removed a whole piece of bilayer and that this defect

does not heal afterwards. After this, all the retraction curves

showed many peaks, as if bilayer material had adhered to the

tip, rendering it inadequate for further pulling.

When the Cys residue of a CWALP1923 peptide sticks to

the gold tip, the retraction curves consistently show two

adhesion peaks (Fig. 3). As the peptide is pulled, the force

measured by the bending of the cantilever increases, reaches

a maximum, and then briefly relaxes. Subsequently the force

increases again, as the last part of the peptide clings to the

lipids just before it is completely extracted, and the force

returns to zero. Extraction force curves from the DPPC

bilayer were obtained with hard (0.15 N/m) and soft (0.02

N/m) cantilevers (Fig. 3, A and B) with retraction velocities

from 10 nm/s to 10,000 nm/s. The characteristic double step

in the pulling curves appears at all velocities measured

and with all the cantilevers used. Only at very low velocity,

where small forces in the range of 10 pN are sufficient to

extract the peptide, did the two step feature disappear. This

may be due to rearrangement and rebinding of the peptide as

it is being extracted as well as to the sensitivity of the system.

FIGURE 2 AFM topography images of peptide domains in a DPPC

bilayer before (A) and after (B) peptide extraction. The arrow in A points to

a place where lipids have been extracted. In B, the bilayer has healed. The

arrow in B points to the space left by the extracted peptides, which has been

filled by lipids.

3132 Contera et al.

Biophysical Journal 89(5) 3129–3140



The unfolding curves obtained with a softer cantilever are

much longer. Fig. 4 A compares the time needed for extrac-

tion of the peptides at the same retraction velocity for the soft

and hard cantilevers. The softer cantilever needs more time

to pull the peptide out since it takes longer to transmit the

retraction of the piezo.

For both soft and hard cantilevers, the length of the force

curve increases with the pulling velocity (V). The maximum

rupture forces needed for peptide extraction were obtained at

different velocities. In Fig. 4 B, the rupture forces are plotted
against V for the two cantilevers used. The cantilever cali-

bration error (see Materials and Methods) has not been

included in the calculation of the forces. As predicted by the

theory of kinetics under force (10,11), the forces scale

quasilogarithmically with the velocity. At higher velocities

the rupture-force distribution broadens (note the larger error

bars), as different extraction paths are available for the pep-

tide (60). The distribution of forces at very low velocity re-

traction cannot be accurate. The force sensitivity of our

system is limited by the Brownian motion of the cantilever.

Forces below 10 pN cannot enter the statistics and therefore

they are shifted toward high forces.

CWALP1923 peptides were also extracted from DSPC

bilayers (Fig. 3C). The double peak feature of the force curves
is more pronounced than in the extraction from DPPC. The

maximum rupture forces are plotted against V in Fig. 4 B,
showing a quasilogarithmic scaling but with a smaller slope.

MD simulation of CWALP1923 in a DPPC bilayer

For a small segment of a peptide-enriched CWALP1923 do-

main, a molecular model was constructed consisting of a row

of five peptides with alternating orientation which is flanked

by several layers of relatively fluid lipids (see Materials and

Methods). During a 20 ns MD simulation of this system, the

temperature average was constant at 299.85 6 1.64 K. As

depicted in Fig. 5 C, the root mean-square deviation (RMSD)

of the position of the peptide atoms compared to their initial

position shows an increase from 0 to 0.3 nm before oscil-

lating between 0.25 and 0.35 nm, and the secondary structure

of all the peptides remained unchanged. This MD simulation

thus demonstrates that the peptide-lipid system is stable. A

side view of the simulation box after the MD run is shown

in Fig. 5 A. The average tilt angle of the peptides has evolved
to 10.7 6 3.8�, which compares well to 2H NMR studies

on similar peptides in fluid bilayers (61). The depth of the

peptide row, calculated by subtracting the coordinates of the

lipid phosphate group from the coordinates of the peptides

extremities as defined by the center of mass of the last res-

idues, is on average 1.676 0.71 Å. Alternatively, the density

profile of the modeled system, depicted in Fig. 5 B, indicates
that the distance between the membrane surface and the

peptide termini is between 2 and 8 Å. These values are com-

patible with the depth of 3 6 1 Å as observed by AFM (see

above).

Simulation of the AFM extraction curves

Structural analysis

An 8 ns SMD simulation of the extraction of a CWALP1923

peptide from a DPPC bilayer was performed to correlate the

shape of the AFM force curves with molecular events during

the peptide extraction. The SMD simulation was carried out

FIGURE 3 Experimental peptide unfolding force

curves from DPPC with (A) a 0.15 N/m cantilever, (B)
a 0.02 N/m cantilever, and (C) from DSPC with a 0.07

N/m cantilever at different retraction velocities.
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with a 0.167 N/m virtual spring attached to the Cys residue,

moving at a constant speed of 0.0125 Å/ps (see Materials and

Methods). Fig. 6 A displays a side view of the system before

and near the end of the SMD simulation, the RMSD analysis

of the extracted peptide is shown in Fig. 6 C, and the evo-

lution of the secondary structure of all the peptides during the

simulation is given in Fig. 6 D. The force experienced by

the two extremities of the virtual spring was calculated, and

the two different force profiles are presented in Fig. 6 B,
where the force experienced by the Cys residue is shown in

red and the force experienced by the end of the cantilever is

shown in black. Some key molecular events which define the

shape of the force curves were identified by visual inspection

of the SMD trajectory and are given in detail in the figure

legend. In summary, the helix is partially unfolded until

further unfolding requires extraction of Trp6 and Trp7 from

the bilayer, which gives rise to the first distinct force max-

imum. After removal of the first set of tryptophan residues,

the unfolding rate increases: many residues unfold simulta-

neously, and the peptide chain rapidly becomes more

extended. When the poly(leucine-alanine) chain is fully ex-

tended, the second set of tryptophan residues is still anchored

into the opposite side of the bilayer. The displacement of

Trp21 and Trp22 gives rise to the second distinct force peak.

Once these tryptophans start moving, the entire peptide is

extracted from the bilayer. Thus, the two main force peaks

observed experimentally (Fig. 3) are also evident from the

SMD simulation, where they correspond to the displacement

of the first and second set of Trp residues. Less distinct fea-

tures of the SMD force profile represent either unfolding

events or collisions with side chains of neighboring peptides.

Systematic study of the AFM pulling parameters

A series of 12 SMD simulations ranging from 70 ps to 16.5

ns with different spring constants (0.06, 0.167, 1.667, 16.67

N/m) at different velocities (1.25, 0.125, 0.0125, and 0.00625

Å/ps) were performed. In Fig. 7 A, the maximum force

observed at the different loading rates (force/ps) is shown

and compared with the experimental forces for the extraction

of the peptide from DPPC with a 0.16 N/m cantilever. The

distribution of maximum forces is broader for higher forces,

as in the case of the AFM experiment. Fig. 7,D–F, shows the
structural variation in force profiles simulated for three of the

five peptides, with the same velocity and force constant. For

each peptide, the force was applied on the N-terminus, and

due to their antiparallel orientation, the peptides were pulled

FIGURE 4 (A) Experimental force curves for the extraction of

CWALP1923 from a DPPC bilayer at 4000 nm/s retraction velocity with

0.02 N/m and 0.15 N/m cantilevers. (B) Force maxima as a function of log

(V ), for peptide extraction from a DPPC bilayer with 0.02 N/m and 0.15 N/m

cantilevers, and from a DSPC bilayer with a 0.07 N/m cantilever. The

superposed lines show the linear fit of the forces versus log (V ).

FIGURE 5 (A) Simulation box used for equilibration of the peptides in the DPPC bilayer (DPPC lipids, green; peptide, cyan; tryptophan residues, purple;

cystein residues, yellow; water, red and white). (B) Density profile of the simulated membrane system: the total peptide density is shown in cyan, and the other

curves represent various lipid moieties as indicated. (C) RMSD of the position of the peptide atoms during the 20 ns MD simulation with respect to their initial

position.
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from different sides of the membrane. The three peptides

correspond to the helices defined by the residues 24–46, 47–

69, and 70–92, as described in Fig. 6 D.
Fig. 7, B and C, shows the effect of the spring constant and

pulling velocity on the calculated force profile. As in the ex-

periment (Fig. 3), the softer cantilever produces longer force

versus distance curves and results in a longer extraction time

(Table 1).

Both in simulations (Fig. 7) and experiments (Fig. 3), the

length of the force curves increases with the velocity. A com-

parison between position of the Cys residue and the AFM

force curves in the simulations indicates that this effect is

mainly due to the cantilever deflection (62). As shown in Fig.

6 B, a force curve at 0.0125 Å/ps with a 0.1667 N/m can-

tilever reproduces within 2 Å the actual distance between

the Trp extraction peaks. At higher velocities the cantilever

deflects more, and consequently, the AFM force curves

deviate further from the actual trajectory of the Cys residue.

Softer cantilevers bend more and produce longer force curves

which carry less structural information. At a high pulling

velocity and a low spring constant, the force versus distance

plot becomes an almost featureless straight line (Fig. 7 C).
This increase in length cannot be due to membrane defor-

mations.

In the experiment, the distance between the two peaks

is variable (Fig. 3). This is possibly caused by the natural

oscillation of the peptide (Fig. 5 C) and the different path-

ways in which it can be extracted. In the simulations, shifts in

the position of the two force maxima (Fig. 7, D–F) are due
to small differences between the conformation and relative

position of the peptides, leading to differences in the way

side chains collide with each other. The maximum force in

FIGURE 6 (A) Side view of the simulation box before and after the SMD pulling (0.167 N/m cantilever, 0.0125 Å/ps pulling velocity, 7870 ps simulation

length) of the central peptide. (DPPC lipids, green; peptide, cyan; tryptophan residues, purple; cystein residues, yellow; water, red andwhite). (B) The simulated

force profile is displayed for the side of the virtual spring attached to the Cys residue (red) and for the other end of the spring (black), which is set to move at

constant velocity. (C) RMSD of the peptide during the SMD simulation. (D) The secondary structure evolution of the five peptides shows four stable a-helical
peptides, whereas the pulled peptide (represented from N- to C-terminus by residues 47–69) is progressively unfolded. Selected collision, unfolding, and

stretching events: 1 (720 ps) the hydrogen bond of residueAla3 breaks and subsequently the residue unfolds. 2 (1200 ps) unfolding of Gly4. 3 (1450 ps) unfolding

ofAla5.4 (1600–1700ps) the unwound residues become completely extended.5 (1950ps) unfolding of Trp6. 6 (2000–2950 ps) Trp6 collideswith aTrp side chain
of a neighboring peptide, preventing unfolding, the helix then unfolds at Trp7, while its side chain still interacts with the lipids. 7 (4050 ps) Leu8 unfolds and the

side chain of Trp6moves out of the bilayer. 8 (4070–4800 ps) residuesAla9 to Leu12 unfold. 9 (5050 ps) the side chain of Trp7moves out of the bilayer and the rate

of unfolding increases, several residues unfold simultaneously. 10 (5200–5350 ps) the remainder of the helix collapses and the peptide chain rapidly becomes

extended. 11 (5600 ps) the peptide chain moves slowly through the membrane, with the side chains of Trp21 and Trp22 colliding with the Leu side chains of the

neighboring peptides, and at the same time the chain becomes further extended. 12 (7000 ps) the side chain of Trp21 reaches the middle of the bilayer and the

peptide chain becomes fully extended.13 (7500ps) collisionbetween the side chain ofTrp22 and aTrp side chain of a neighboring peptide.14 (7700ps) after Trp22

has passed this obstruction, the entire peptide moves rapidly out of the membrane. 15 (7870 ps) the peptide has been completely extracted.

Unfolding a Transmembrane Helix by AFM 3135

Biophysical Journal 89(5) 3129–3140



the simulations is ;700 pN, which is the same order of

magnitude as experimentally observed, although the pulling

velocity is 5 to 6 orders of magnitude higher.

DISCUSSION

Unfolding and extraction: Trp anchoring
determines the unfolding pattern

DFS studies of the extraction of lipids from membranes

revealed energy barriers that are consistent with the hydro-

phobic half thickness of the studied membrane (63). It was

concluded that the main lipid anchoring force is hydrophobic

interaction and that the lipids are extracted without major

structural changes. However in the case of peptides and pro-

teins, it is not clear in what order unfolding and extraction

occur (17). A recently proposed experimental model for

unfolding of bR by force spectroscopy (24,64) suggests that

transmembrane helices unfold within the membrane rather

than being first extracted from the hydrophobic membrane

core and then unfolded.

The molecular events underlying the shape of the sim-

ulated force curves (Fig. 6 B) highlight the importance of the

bulky Trp side chains in the extraction pathway. The first set

of Trp residues exits the bilayer first, marking the first peak

in the force curve. As the cantilever keeps pulling, the pep-

tide unfolds inside the bilayer, whereas the tryptophans at the

opposite end of the peptide resist displacement. The eventual

extraction of this second set of Trp residues coincides with

the second maximum in the force curve. Thus, in contrast to

the model proposed by Ganchev et al. for the extraction of

SH-WALP23 (58), our data imply that the tryptophans are

more important for CWALP1923 anchoring into the bilayer

than the hydrophobic interaction of the poly(leucine-alanine)

chain.

The first set of tryptophans is able to delay extraction

through van der Waals interactions with the side chains from

neighboring peptides and also through electrostatic inter-

actions with polar lipid moieties and with the Trp side chains

of neighboring peptides, as described in the legend of Fig. 6

B. Also the second set of tryptophans initially resists dis-

placement in this way. Once enough force has been built up

to overcome this resistance, the extraction of the peptide is

FIGURE 7 (A) Effect of the loading rate on the maximum force required for extraction of CWALP1923 from a DPPC bilayer, for experiments and

simulations. (B–C) Simulated force-extension profiles with a 1.667 N/m cantilever (B) and a 0.167 N/m cantilever (C). (D–F) Simulated force curves with

a 1.667 N/m cantilever at three different pulling velocities: 1.25 (D), 0.125 (E), and 0.0125 Å/ps (F) for three different peptides.

TABLE 1 Relation between pulling time, spring constant, and

pulling velocity in the simulations

Spring constant, N/m

Pulling time, ps 0.06 0.167 1.667 16.67

Pulling velocity, Å/ps 1.25 310 182 80 70

0.125 1960 1135 680 670

0.0125 N.A. 7870 6000 5630
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slowed down by interactions and collisions of these Trp side

chains with Trp and Leu side chains from the neighboring

peptides. The tryptophan side chains can be pulled through

the bilayer either by allowing time for structural rearrange-

ments which minimize side chain clashes (as in event 6 in

Fig. 6 B) or by applying a stronger force and thereby forcing
obstacles to move away, as observed in the shorter simu-

lations where stronger forces were applied.

Our results suggest that Trp may also play an important

role in the unfolding of membrane proteins in general. In this

context bR is the best characterized protein, and it shows

a well-defined unfolding pattern. Although Müller et al. (23)

propose that bulky residues such as tyrosine are responsible

for the force profile, a close inspection of the unfolding pat-

tern of bR reveals a striking coincidence of some of the

unfolding peaks with the position of tryptohan residues in

particular. The indole group of Trp is the bulkiest amino acid

side chain; therefore one can expect a stronger resistance to

displacement across the membrane. The energy barriers can

also be interpreted by Trp interactions (64). All the Trp res-

idues in bR are situated in the extracellular leaflet of the

bilayer, and indeed it has been observed that extracellular

loops particularly resist unfolding (24). Recent studies have

shown the stiffness asymmetry of bR (K. Voı̈tchovsky, M.

Kamihira, S. Antoranz, A. Watts, and J. Ryan, unpublished

results), and highlight the specific bR-lipid interactions in the

extracellular side of the protein. Indeed tryptophans play

a singularly important role in membrane anchoring (65).

Unfolding experiments and simulations with model peptides

mixing different flanking residues may provide more

information about their relative relevance.

Force distributions

DFS experiments show that the width of the distribution of

maximum forces increaseswith the pulling velocity (Fig. 4B).
It has been argued that this is caused by experimental un-

certainty (10). However, the MD simulations also show a

wider distribution of forces for high pulling velocities (Fig. 7).

Theoretical calculations for thermally assisted bond rupture

predict that the width of the force distribution increases with

the velocity, since the variance is set by the thermal force and

it is broadened by kinetics (11,60). The experiments and

simulations presented here support this interpretation.

Validity of the loading rate concept

In previous protein-unfolding studies, the energy barriers

have been obtained from the slopes of forces versus loading

rates (force/time) plots (11,58). This procedure pools together

data obtained with different spring constants. However the

unfolding depends on the cantilever stiffness as can be seen in

Figs. 3 and4. In this respect, theMDsimulations coincidewith

the experimental results. In the simulations, softer cantilevers

produce longer unfolding curves and take a longer time in

producing them (Fig. 7). Fig. 8 shows the differences in the

unfolding paths for two simulationswith the same loading rate

but with different cantilever stiffness and pulling velocity.

This result questions the use of the loading rate for calculating

energy barriers of protein unfolding. Indeed, using different

combinations of cantilever stiffness and pulling rate can lead

to the same loading rate values, but the force gradient applied

on the peptide will not be the same. The experimental force

curves for two cantilevers of different stiffness have different

slopes resulting in different energy barriers (Fig. 4). Theo-

retical calculations taking into account viscous dissipation do

predict differences in the unfolding for different spring con-

stants (60). Experimentally, the large error in calculating the

cantilever force constant presents an additional problemwhen

mixing data obtained with different cantilevers.

Thermally assisted bond rupture: ‘‘creep models’’

In DFS experiments an adhesion bond is driven away from

its equilibrium position at a given velocity. The rupture of the

bond occurs by a thermally assisted escape from the bound

state across an activation barrier. In previous experimental

studies of bond rupture and unfolding of biological mol-

ecules, DFS has been used to extract information about the

energy barriers traversed along the force-driven pathway

(11) with a simple linear creep model which assumes that the

pulling force produces a small constant bias which reduces

the height of the potential barrier. Eventually, the barrier is

crossed at the maximum force (F), which is taken from ex-

perimental force profiles such as those in Fig. 3. This model

predicts a linear dependence of F versus ln (V), in accordance
with the solution of the Langevin equation, where the effect

of the thermal fluctuation is given by a random force and

viscous dissipation is taken into account. The position of the

FIGURE 8 Peptide secondary structure

evolution for two simulations with the same

loading rate: (A) with a 0.166 N/m can-

tilever at 0.125 Å/ps pulling velocity, and

(B) with a 1.667 N/m cantilever at 0.0125

Å/ps pulling velocity. The time required to

unfold and extract the peptide is different,

as is the peptide unfolding path.
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barrier can be obtained from the slope of the F versus ln (V)
plots, given in Fig. 4 B.
When fitting our data to this theory for the extraction of

CWALP1923 from DPPC with a 0.02 N/m cantilever, the re-

gression of the linear fit (R) is 0.99004. The forces for ex-

tracting CWALP1923 from DPPC with a 0.15 N/m cantilever

fit with R ¼ 0.98732. The fitting of the forces measured for

CWALP1923 inDSPCwith a 0.07N/m cantilever leads toR¼
0.97232. In Fig. 7A the forces observed in the experiments and

theMD simulations have been plotted together as a function of

the loading rate. An asymptotic behavior with a rapid increase

of the unfolding force is observed, as previously described for

the unfolding of a soluble protein (7).

It has been argued that the linear creep description of the

bond dissociation by force is an unlikely regime (60,66–68).

As the linker is driven out of the adhesion complex, the bias

is ramped up and a bond rupture happens when a potential

barrier almost disappears. The close relationship between

adhesion, stick-slip, and friction,which ultimately involve the

making and breaking of bonds, is at the heart of recent theo-

retical studies that suggest a universal ramped creep model,

which predicts an F ; (ln V)2/3 relationship (60,66–68). In-

terestingly, a more rigorous theoretical analysis such as the

generalized Fokker-Plank approach produces a force equiv-

alent to the solution of the Langevin equation used in the

‘‘creep models’’ (66), confirming its generality. Both creep

models are predicted to fail at low pulling velocities, when

rebinding effects become important (60).

The experimental data given in Fig. 4 were also fitted to

the ramped creep model. The fit, R, of the ramped creep

model was marginally worse for soft cantilevers (extraction

from DPPC with a 0.02 N/m cantilever gives R ¼ 0.98767,

and extraction from DSPC with a 0.07 N/m cantilever gives

R¼ 0.94956). However the fit is slightly better for the harder

cantilever (extraction from DPPC with a 0.15 N/m cantilever

gives R ¼ 0.98824). The fit quality of the ramped creep

model is expected to increase for a system that is less over-

damped, i.e., a stiffer spring constant, and with measurements

over larger velocity ranges (60,67).

The creep models that incorporate simple adhesive po-

tentials with thermal fluctuations fit the pulling data rea-

sonably well. This proves that the physics behind peptide

extraction is similar to the recently developed models for the

effect of thermal fluctuations in atomic friction (66,67,69).

The ramped creep model has been shown to give slightly

better fits in friction experiments with glassy polymers (69).

However the linear creep model seems to better describe the

barrier hopping when peptides are extracted with soft can-

tilevers. This implies that the potential barrier is not too high,

i.e., the rate of thermal fluctuation over the barrier is pro-

portional to the pulling velocity. Indeed the forces needed for

extracting the peptides from the bilayer are much lower than

the friction forces fitting the ramped creep model (69),

reflecting the relative weakness of the forces involved in the

peptide extraction.

The reasonable fitting of our data with the creep models

stresses the conceptual equivalence of atomic friction and

membrane protein unfolding. The Trp-induced force peaks

correspond to slip-stick motion, which can be suppressed

using very slow velocities (Fig. 3). This enables side-chain

rearrangements to occur, resulting in low friction sliding.

The extraction peak distance is variable as a result of the

temporal irregularity of the peptide-peptide and peptide-lipid

interaction potential.

Energy barrier calculations

We can extract information about the energy barriers by

fitting our data to the linear creep theory. The force has the

form F ¼ const 1 (kBT/Dx) ln (VKDx/(k0kBT)), where k0 is
the spontaneous rate of bond dissociation, Dx the distance

from the minimum to the activation barrier of the reaction

potential U(x), K the cantilever spring constant, T the tem-

perature, and kB the Boltzmann constant. For the extraction

of CWALP1923 from DPPC with a 0.02 N/m cantilever,

a barrier is crossed at 0.23 6 0.02 nm from the equilibrium

position. When extracting CWALP1923 from DPPC with

a 0.15 N/m cantilever, the barrier is at 0.29 6 0.02 nm. As

expected, the position of the transition state is different

from the extraction of lipids (63). The CWALP1923 peptide

extraction barriers are much smaller than the hydrophobic

thickness of fluid DPPC and DSPC bilayers, suggesting that

breakage of intermolecular bonds that stabilize the structure

starts the unfolding as in the case of bR (64) and similar

WALP peptides (58). The force profile obtained by the SMD

simulation shows that the movement and extraction of the

Trp residues mark the maxima in the pulling curve. There-

fore an energy barrier of ;2 Å should correlate with the ex-

traction of the first set of Trp residues. In the simulation, these

Trp side chains are anchored in the bilayer by electrostatic

interactions with polar lipid moieties and with the Trp side

chains of neighboring peptides. A displacement of ;2 Å

would be sufficient to disrupt these interactions (Fig. 5 B).
Indeed, displacement of Trp side chains from the lipid car-

bonyl region is unfavorable (65). The fitting of the pulling of

CWALP1923 from DSPC with a 0.07 N/m cantilever leads to

a barrier at 0.52 6 0.07 nm, reflecting the increased mis-

match with the thicker bilayer.

From the experiments (Fig. 4 A) and the SMD simulations,

we know that a softer cantilever unfolds the peptide at a

slower rate (Table 1), giving more time for rebinding events

to happen as transient capture wells are created (60,70). This

may give rise to an energy barrier at a shorter distance from

the equilibrium position than when the peptide is pulled with

a harder cantilever.

CONCLUSIONS

We have demonstrated the importance of Trp residues in

membrane protein unfolding with a very simple model
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peptide. Both in the experiments and in the simulations,

extraction of the Trp residues produces the force maxima and

the main energy barriers. The resistance of the tryptophan

side chains to displacement causes the peptide to unfold

before it can be completely extracted. This result is meaning-

ful to interpret the unfolding pattern of real membrane pro-

teins such as bR, where a correlation between the positions

of force peaks and the location of Trp residues in the struc-

ture can be made.

Additionally, the simulations and the experimental force

curves demonstrate the influence of velocity and stiffness of

the cantilever on the unfolding path of the peptides. This

questions the validity of using ‘‘loading rates’’ for calculating

energy barriers with different cantilevers for membrane pro-

tein unfolding. The relationship of forces and velocities

agrees with the creep models that consider barrier-hopping

fluctuations in adhesive potentials, with slips occurring at

lower energy values than determined by the energy barriers.

This agreement underscores the theoretical and conceptual

equivalence of membrane protein unfolding and atomic fric-

tion; in this study, the Trp peaks correspond to stick-slip mo-

tion, and the average force scales quasilogarithmically with

the velocity.
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