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ABSTRACT: In this study we address the stability of integration of proteins in membranes. Using dynamic
atomic force spectroscopy, we measured the strength of incorporation of peptides in lipid bilayers. The
peptides model the transmembrane parte-dielical proteins and were studied in both ordered peptide-
rich and unordered peptide-poor bilayers. Using gold-coated AFM tips and thiolated peptides, we were
able to observe force events which are related to the removal of single peptide molecules out of the
bilayer. The data demonstrate that the peptides are very stably integrated into the bilayer and that single
barriers within the investigated region of loading rates resist their removal. The distance between the
ground state and the barrier for peptide removal was found to be#9.G35 nm in different systems.

This distance falls within the thickness of the interfacial layer of the bilayer. We conclude that the bilayer
interface region plays an important role in stably anchoring transmembrane proteins into membranes.

One out of three cellular proteins is a membrane protein natural surroundings. This has been done for bacterio-
because its sequence contains one or more stretches ofhodopsin and has resulted in insight into the unfolding
hydrophobic amino acids that span the membrane as anpathway of this proteing). However, interpretation of such
o-helix. This motive allows for energetically favorable studies in terms of contributions of specific parts of the
hydrogen bonding of the peptide backbone within the protein and its relation to its surrounding is hampered by
hydrophobic interior of the membrane. The hydrophobic the complexity of such systems. Therefore, in this study we
helix in combination with flanking aromatic amino acids such analyzed the strength of integration of transmembrane
as tryptophan ensures stable integration of intrinsic proteins peptides consisting of a singiehelix that spans the bilayer.
into the lipid bilayer (, 2). The bilayer is a complex and  Such peptides can be designed to model the transmembrane
dynamic structure consisting of a hydrocarbon layer that is parts of proteins and are commonly used in membrane
separated from the aqueous medium by a broad, water-richresearch ).
interfacial region consisting of the headgroups, the glycerols, The peptides used here are well characterifeeB] and
and ester bondsl). consist of a simple stretch of hydrophobic amino acids

Estimates on the membrane affinity of the hydrophobic (alanine-leucine) of defined length, flanked on either side
helix are availableX). But precisely how stable are proteins by two tryptophans. These peptides incorporate as trans-
integrated into membranes and what is the determinatingmembranex-helices into bilayers. We functionalized these
factor for their stable integration? These are unanswered andoeptides on their N-terminus with a thio group and incor-
fundamental questions in membrane biology that we addressporated them into supported bilayers of phosphatidylcholine,
in this study. an abundant natural membrane lipid. We studied peptides

To get insight into these questions, a range of techniquesdispersed in fluid bilayers as well as peptides organized in
such as optical tweezerd)(and biomembrane force probes highly organized peptide-rich domairy) (In these domains
(4) are available. Among these, atomic force microscopy the peptides interact with each other and the Surrounding
(AFM)? is unique because it can combine spatial information lipids, thus mimicking multispan membrane proteins. We
with force measurements. Ideally, one would like to measure Probed the strength of integration of the peptides into the

the strength of integration of a membrane protein in its bilayers by pulling at them with a gold-covered AFM tip,
and we observed distinct events corresponding to the removal
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interface region plays an important role in stable integration
of transmembrane-helices in membranes.

A
EXPERIMENTAL PROCEDURES
B
Materials. 1,2-Dipalmitoylsnglycero-3-phosphocholine
(DPPC) and 1,2-dioleoydrglycero-3-phosphocholine (DOPC) c

were obtained from Avanti Polar Lipids (Alabaster, AL).

Peptides were prepared by solid-phase synthesis and
purified and handled as describe®) (vith some modifica-
tions as will be described elsewhere to introduce an N-
terminal free SH group. The peptides used in this study were
[SH-CH,-COJGWWL(AL)sWWA-NH, (SH-WALP23), [CH-
CO]JGWWL(AL)sWWA-NH; (Ac-WALP23), and CWW.L-
(AL) 10WWA-NH, (Cys-WALP27). The purity of the pep-
tides was>95%. Their identity was confirmed by electrospray
ionization mass spectrometry. A ad

Preparation of Supported Bilayerdeptide-containing ~ FIGURE 1. (A) AFM image of striated domains in 2 mol % SH-
supported bilayers on mica were prepared via the vesicle WALP23-containing DPPC bilayers, showing striated domains

. . . . (arrow A), cracks (arrow B), and the flat bilayer surface (arrow
fusion method as described in r& Small unilamellar ) |mage size is 508 500 nm, andZ-scale is 3 nm. (B) Schematic
vesicles (SUV) were prepared by hydrating a mixed peptide/ illustration of the molecular organization of striated domains. See
lipid film of desired composition with a 20 mM NaCl text for further details.
solution (1 mM lipid), containing 0.05 mM dithiothreitol
(DTT), followed by 10 freezethaw cycles and sonication From the statistical distribution of the unbinding events
in a bath sonicator at maximum power for 30 min at®€5 (at least one hundred measured per condition) the most
followed by a 1 h,2080@ spin at 4°C. The SUV-containing ~ probable unbinding force was plotted versus the natural
supernatant (7L) was deposited onto freshly cleaved logaritm of the loading rate. In this analysis only force
mica, followed ly a 1 hincubation at room temperature to distance curves were included in which the nominal loading
allow absorption of the vesicles. Subsequently, the samplerate as determined from the slope of the curve prior to the
was rinsed three times with 78 of the NaCl/DTT solution, ~ rupture (0) was within 20% of the loading rate applied.
heated fo 1 h at 65°C, cooled to room temperature, and Because of the inherent uncertainty in determining the
washed again three times with the solution. The resulting cantilever spring constant-0%), the points obtained with
supported bilayer was covered with the solution during the different AFM tips were normalized on a single curve, and
AFM measurements. the slope of this curve was determined. ThenXkatercept

AFM Imaging. The samples were mounted on an E- Was determined from the best of the experimental points.
scanner, which was calibrated on a standard grid of a
nanoscope Il AFM (Digital Instrument, Santa Barbara, CA). RESULTS
A fluid cell without O-ring was fitted, and the sample was Ordered Peptide-Rich Domains as a System for Force
scanned in contact mode, using either oxide-sharpenbid Si  SpectroscopyTransmembrane peptides with aromatic flank-
tips attached to a triangular cantilever with a spring constant ing residues and a core of alternating leucines and alanines
of 0.06 N/m (Nano Probe Digital Instruments) or gold- spontaneously form highly ordered domains with lipids when
covered tips mounted on a rectangular cantilever with a incorporated in gel state dipalmitoylphosphatidylcholine
spring constant of 0.027 or 0.006 N/m (Olympus Bio-Lever (DPPC) bilayers and inspected by AF8)(This is also the
BL-RC 150 VB). Images were recorded at a minimal force case for the peptides analyzed in this study. Figure 1A shows
(100-200 pN) where the scans were stable and at temper-as an example an AFM image of the SH-WALP peptide
atures between 23 and 28. incorporated at 2 mol % in DPPC and scanned with a

AFM Force MeasurementsAfter visualization of the conventional AFM tip. The image shows the smooth surface
image with a tip speed of 10m/s, the gold-coated tips were corresponding to gel state DPPC and domains that consist
positioned on the spot of interest whereafter ferdestance of regularly spaced dark lines (repeat distance af 8.5
curves were recorded in the retraction cycle. By varying the nm) separated by lighter areas. The domains are typically
vertical velocity of the scanner and by using gold-coated connected by cracks (dark lines). Scanning the system with
cantilevers of different spring constants, different loading a gold-coated tip yielded similar images (Figure 2). The
rates were applied. These tips were calibrated using theimage visualizes a supported bilayer in which line-type
Hutter method 9), yielding values of the spring constant of depressions and striated domains are present. The black hole
0.025 and 0.007 N/m, which was close to the values quotedat the bottom of the image is a defect in the bilayer (hole
for these tips of 0.027 and 0.006 N/m, respectively. The down to the mica), through which we could confirm the
maximum force exerted by the tip (with a measured spring presence of the intact supported bilayer with a thickness of
constant of 0.025 N/m) on the bilayer was lower than 1 nN, ~6 nm. The resolving power of the gold-covered tip is less
and in the case of the softer cantilever this force was below than that of the SN, tip, most likely because it is more
400 pN. Data sets were obtained with different tips, but in blunt.
each case at least two loading rates were investigated per The molecular organization of these so-called striated
tip. domains 8; E. Sparr, D. N. Ganchev, J. A. Killian, and B.




Pulling Peptides Out of Bilayers

Ficure 2: AFM image of striated domains in 2 mol % SH-
WALP23-containing DPPC bilayers, visualized with a gold-covered

tip.

De Kruijff, in press) is illustrated in Figure 1B. The domains
consist of regularly spaced linear assemblies of antiparallel

transmembrane peptides. In these assemblies the peptides

interact with each other and with the surrounding lipids which
are disordered because of the peptitigid interaction. The
lipids in between the rows of peptides have lost the tilt that
the acyl chains of DPPC have outside the domains. The
organization of the domains and its lipighrotein ratio of 8

are independent of the protein concentration. The striated
domains of the thiopeptide can be specifically decorated with
8 nm sized gold particles (not shown), demonstrating that
the SH group is accessible to a gold surface approaching
the bilayer.

We consider the striated domains to be a very useful
system for peptide-pulling experiments because the localiza-
tion of the peptide is known and its surroundings mimic the
situation encountered fam-helices in complex multispan
proteins where also both peptidpeptide and peptidelipid
contacts occur.

Peptide Pulling in Striated DomainsVhen the gold-
covered AFM tip is positioned onto the striated domains of
a 2 mol % SH-WALP23-containing bilayer, upon pulling in
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Ficure 3: Representative retraction foredistance curves recorded
on different areasfoa 2 mol % SH-WALP23-containing DPPC
bilayer using a gold-covered AFM tip. Curve 1 is representive for
the peptide-free DPPC domains whereas curve4 are obtained
on the striated domains.
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Ficure 4: Distribution of force events registered with a gold-
covered AFM tip over striated domains present in 2 mol % SH-
WALP23 (solid bars) or Ac-WALP23 (striped bars) containing
DPPC bilayers. A loading rate of 45 nN/s was used-1d curves

with more than one peak, only the last peak was evaluated because
it reflects the strength of the last bond between the tip and the
sample.

250 300

A histogram of the distribution of registered force for SH-
WALP23 over striated domains is shown in Figure 4. For
the SH-WALP23 a pronounced peak around 100 pN is
observed in the force distribution whereas for the control
the much less numerous force events did not show a
pronounced peak. The data strongly indicate that upon pulling
with the gold-coated tips we extract thiopeptides from the
bilayer. It is very unlikely that we measure the breaking of
the gold-thio bond because under these conditions this bond

more than 75% of the cases one or more negative peakdas @ much higher rupture strength of 1.4 nN (12).

preceding the horizontal line in the foredistance f—d)
curves are observed, demonstrating-tgample interactions

How can we derive quantitative information from the
pulling experiments? Breaking noncovalent bonds between

(11). In about 70% of the cases one peak is observed Suchlbiomolecules depends on the rate at which the external force

as shown for curves 2& in Figure 3. In 25% of the cases
two peaks are observed (curve 3), and in rare cas&84(
incidence) three or more peaks are observed (curve 4).

When the gold-covered AFM tip is positioned onto the
bilayer but outside the striated domains and retracted, force
distance f—d) curves as shown in Figure 3 (curve 1) are

observed. These curves, which were observed in more than

99% of the cases, are typical for a tip that does not interact
with the sample.

The tip—sample interactions observed are specific because
(i) when the tip is placed over domains formed by the thio-
free control peptide Ac-WALP23, in less than 5% of the

is applied (3, 14). In the AFM pulling experiment we load
the system at a certain rate. This loading mrafa pN/s) is

the speed by which the cantilever moves away from the
sample multiplied by the spring constant of the cantilever.
In this case 13) the most probable force measurds,
depends om according to

F = (KT/X,) IN(r/(KT/X)K 1)

in which X is the distance between the ground and transition
state,kT is the thermal energy, and. is the natural off-
rate of the complex.

By analyzing the relation between the force events

cases an interaction is observed, and (ii) when a conventionalmeasured and the loading rate, we obtain information on the
(non-gold-coated) tip is placed over the domains, in less thanoccurrence of the energy barriers and the thermal off-rates
1% of the cases an interaction is observed. at these barriers.
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Ficure 5: Distribution of force events registered on striated

domains present in 2 mol % SH-WALP-containing DPPC bilayers

at loading rates of 4.8 nN/s (solid bars) and 45 nN/s (striped bars).

The curves are Gaussian fits of the data.

Ficure 6: Loading rate dependency of the mean force events
registered over striated domains present in 2 mol % SH-WALP23-
containing DPPC bilayers. Each point is the value and its standard ®
deviation obtained from the Gaussian fit of the distribution of force 20
events recorded.
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We probed the strength of the registered interaction of the . . Log (1 . .
gold-coated tips with SH-WALP23 domains at loading rates FIGURE7: Peptide extraction from fluid DOPC domains. (A) AFM
ranging from 0.1 to 45 nN/s. As examples, histograms for image (size 500« 500 nm,Z-scale 15 nm) of a supported bilayer
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are shown in Figure 5. The Gaussian fits of the data points a monolayer of DOPC and DPPC (arrow C). The asterisk indicates
yield values of 7&+ 6 and 964 9 pN for loading rates of  a defect in the bilayer down to the mica. (B) Typical force event
4.8 and 45 nN/s, respectively, and demonstrate that thergcorded duri_ng retraction of the gqld-covered tip from a DOPC
unbinding force increases with an increase in loading rate bilayer domain. In rare cases multiple events such as shown in

L curves 3 and 4 of Figure 3 were observed. (C) Loading rate
as expected from theory. The average unbinding forces yependency of the mean force events registered on DOPC bilayer

plotted as a function of the logaritm of the loading rate yield domains. Each point is the value and its standard deviation of the
a straight line, which indicates a single barrier for peptide Gaussian fit of the distribution of force events recovered. The data

extraction (Figure 6). From the slope the position of this Were obtained with a single AFM tip.
barrier relative to the ground state can be calculated to be
Xp = 0.75+ 0.15 nm. From th&-intercept aKo of 1074—

10°° st can be estimated. Pulling experiments on striated
domains of 2 mol % containing Cys-WALP27, which has a
four amino acid longer membrane spanning domain, gave
qualitatively similar results (data not shown). Interestingly,
for this peptide a lower value of, = 0.5+ 0.1 nm and a
Kot of 1074 st were measured.

To model such a situation, we can incorporate SH-
WALP23 in DOPC that forms fluid bilayers at room
temperature. In this system the peptide is homogeneously
distributed as individual transmembranehelices 6).

To confine the peptide in an area that can be localized by
AFM, we created fluid bilayer domains of DOPC within
supported bilayers of gel state DPPC. An AFM image of
o ) such a system is shown in Figure 7A. The dark (low) areas

These data demonstrate that quantitative information on (see arrow A) correspond to DOPC bilayer domains that are
the strength of integration of a peptide in the ordered peptide- syrrounded by either areas of DPPC bilayers (arrow B) that
rich domains can be determined by atomic force spectros-gre 1 nm higher (lighter) due to acyl chain ordering or areas

copy. of bilayers with intermediate darkness that consist of a
Peptide Pulling in Fluid BilayersMany proteins span the  monolayer of DOPC and a monolayer of DPPC (arrow C).
membrane with single hydrophobia-helices that are In such systems the SH-WALP23 peptide is expected to

embedded in and interact with the fluid bilayer. be localized in the fluid DOPC16). Indeed, when the gold-
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covered AFM tip is positioned on such a DOPC domain, comparable, most probable unbinding forces of 90 pN for
upon pulling force-distance curves typical of an interaction extraction of both WALP23 and WALP27 out of striated
between the tip and the sample are observed (Figure 7B).domains, demonstrating that increasing the length of the helix
Analysis of force-distance curves of this system at different does not significantly affect the force it takes to remove it
loading rates (Figure 7C) revealed a valuexXgfof 0.7 nm out of the bilayer. It takes similar values of 6200 pN to

and a value foKys of 6 x 1074 These values are strikingly — extract the helices of BR out of the membraBgel8). Given
similar to these observed for the peptide in the very different the large differences between these systems (multispan versus
striated domains and suggest that removal of a transmem-single span, different composition of helices, and lipid
brane helix from a membrane occurs through a common environment), this suggests that removal of a helix out of a

mechanism. membrane occurs through a common mechanism, not very
dependent on the chemistry of the system. For the DOPC
DISCUSSION domains it takes slightly less force (60 pN) to remove the

. . _ WALP23 out of the bilayer, which can be understood from
In our pulling experiments on transmembrandelical the more fluid character of these domains. For comparison,
peptides in different bilayers we observed specific force i, remove a di-C18:0 lipid out of a stearoyl/oleoyl phos-
events. We first discuss the nature of these events. It isphatidylcholine bilayer requires only 2610 pN @), dem-
unlikely that they relate to lifting of the bilayer or creating = ,ngirating that transmembrane helices are much more stably
a lipid tether (6) because in these cases the retract part of integrated in a bilayer than a diacyl membrane lipid.

the force-distance curves after the last peak would not = gy the analysis of the loading rate depending of the
coincide with the approach part of the curve, as we ObserVed'force to extract a peptide from the bilayer, we could estimate

Furthermore, the striated domains with their high content of o 1 armal off-rate of spontaneous detachment of the peptide
peptide and embedding into gel state DPPC bilayers aretom the bilayer. For striated domaiits values of 10%—
expected to strongly resist lifting or bending of the supported 105 s were observed, which corresponds with lifetimes
bilayer. Finally, the very similar behavior observed for the ¢ 1o peptide in the bilélyer in the order of hours or days.
ordered and disordered bilayer systems also strongly argues,. popc domains a slightly larger value iy was
against these possibilities. We therefore conclude that theestimated. These values are several orders of magnitude

events we observe.in the pulling gxperimelnts reflect the lower than that reported for di-C16:0 lipid4)(and are only
removal of the peptide out of the bilayer. Given the large 5, orger of magnitude higher than the value reported for the
numbe; of cases in Vr\]'h'Ch smglle efve_ntsl were Qgser\liled, Weextremely stable biotinavidin complex 10). This again
most often register the removal of single peptides that are yomgnsirates that the strength of integration of a transmem-
attached to the tip. That this is true even for the peptide-rich ;- 1o peptide is very high and belongs to the most stable
striated domains can be understood from the alternating out o 0o 1ant biological interactions reported so &0, (L9

in organization in which two SH group-containing N-termini 20) e

are separated by approximately 2 nm (see Figure 1B). In We detected single barriers for removal of théelices
cases of rare multiple force events most likely two or more . ¢ 4o bilayer. For the WALP23 peptide, which has a
peptides are simultaneously.attached 1o th_e .tip and_ remove ydrophobic length that closely matches th;a hydrophobic
from the bilayer upon retraction. In theory, it is possible that thickness of the bilayer, this barrier was determined to be

thedCr;termini of the pehptiges akr]e intera}ctri]ng Withdth? mic?] localized 0.75+ 0.15 nm from the ground state in the striated
and that we measure the detachment of the peptide from they .~ " | Sricinaiv a very similar value w rved for
mica. We exclude this possibility because the C-terminus domain. Surprisingly, a very similar value was observed fo

o . the peptide present in the DOPC domains. These systems
of the pep_t|d_e IS unpharged, thereb_y _excludlng favorable differr) vpery n?uch in architecture. In one case the pgptide
electrostatic interactions. Moreover, it is known that these <ijesin a highly ordered peptide-rich bilayer in which the
peptides are localized with thgir_tryptophan; in the ester peptide interacts both with neighboring peptides and with
g?rgOHnil/:/ffllgo?hoefrteh?spgﬁifgo'!s%dgﬁ?.j;wi:ﬁemr}rheesgﬁtsec lipids. In the other case the system is fluid, and the peptide
terminal to these tryptophans, the C-terminus will reside interacts only with the surrounding lipids. This suggests that

o 2 ; o the value of 0.75 nm must correspond to a specific and
within the phospholipid headgroup region, which is separated fundamental property of the bilayer. What could this be?
by about 1 nm of water from the mica. Finally, for

bacteriorhodopsin (BR) present in a supported purple mem One obvious possibility is that it relates to the anchoring
. ! ; i i f th hans. Th h iti
brane it was found that the forces associated with the removal unction of the tryptophans € tryptophans are positioned

fheli t of th b nilar f b near the boundary between the hydrocarbon and interfacial
orhelices out of the membrane were simiiar for memoranes region of the bilayer and anchor the hydrophobic helix at

. €that position. Although the tryptophans will resist being
.(18)' This dem_onstrates that even the more extended IOOpSpulled into the hydrocarbon layer or into the interfacial region
In BR cpnnegtmg the t.ransmembrane helices are not Stably(17), this resistance is expected to be relatively weak, because
interacting with the mica. Therefore_, we (_:oncluc_je that the tryptophans flanking a hydrophobichelix can readily move
removal of f[he p(_aptlt_je out (_)f the bilayer is not influenced across a bilayer 1) and their polarity gives them a
by the peptide-mica interaction. possibility to move into the interface. Therefore, the barrier
It is of interest to compare the most probable unbinding must be a property related to moving the hydrophabfeelix
forces of the different WALP—Containing SyStemS at |0ading out of the hydrophobic core of the b“ayer into the water-
rates used in the literature on related systems. rich interfacial region. This interfacial region is a broad and
For this comparison we selected a loading rate of 45 mN/ dynamical zone that harbors all polar atoms of the membrane
s. By intra- and extrapolation of our data we obtain lipids. In the WALP23 system there is no significant
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Ficure 8: Schematic representation of the model describing the
mechanical removal of aru-helical transmembrane peptide
(WALP23) out of the bilayer. The domains of the peptidipid
interface and hydrocarbon core region are approximately to scale.
The gold-coated AFM tip that is chemically attached to the SH
group of the peptide is not to scale. The tryptophans (W) are
indicated. The peptide in the ground state is anchored in the bilayer

by the tryptophans on both the cis side and the trans side and buries

its hydrophobic helix into the hydrocarbon layer (A). When
sufficient force is applied to the peptide such that it is displaced
~0.75 nm from its ground state, it exposes part of the hydrophobic
helix to the interface (B). Because of the water present in the
interface, the helix will be destabilized and become unfolded upon
pulling. At the same time, the displacement of the helix from its
ground state results in negative mismatch at the side facing the
support, which will make incorporation of the remainder of the
peptide in the bilayer less favorable (C). No further major energy
barriers are expected upon further pulling, and the peptide is
removed from the bilayer (D).

hydrophobic mismatch between the length of the peptide and
the thickness of the hydrophobic region of the surrounding
fluidized lipid molecules, both being3 nm. This implies
that pulling on the peptide molecule will expose a growing
part of the hydrophobic helix to the water-rich interfacial
region. The barrier appears on a distance of 0.75 nm from
the equilibrium position, which corresponds to exposure of
four to five residues (a complete turn of the helix) to the
aqueous environment. Hydrogen bonding of the peptide
backbone to water will destabilize the helix, leading to
unfolding and complete withdrawal from the bilayer. This
model for the removal of the peptide from the bilayer is
visualized in Figure 8 and is further described in its legend.

The model nicely explains our observation that the energy
barrier resisting extraction of the longer WALP27 is only
0.5 nm away from the equilibrium position. The larger
peptide has a positive hydrophobic mismatch and therefore
already exposes a part of its hydropholichelix in the
interface 22). The barrier for removal is therefore more
readily approached.

The disordered lipids surrounding the peptide are expected
to fill the gap in the bilayer caused by removal of the peptide.
However, the possibility that some boundary lipids cover
the hydrophobic helix upon its extraction, thus protecting it
from the aqueous environment, cannot be completely ex-
cluded. Yet, this is not very probable, since the removal of
the helices of BR out of the purple membrane was proposed
to follow a similar helix-unfolding pathwaysj with similar
forces needed to extract all helices. In the tightly packed
purple membrane there is very small amount of lipids around
the BR molecules, and covering all extracted helices with a
lipid material seems highly improbable.

In conclusion, we have demonstrated that the hydrophobic
o-helix of membrane proteins is very stably anchored within
the lipid bilayer in a way that is remarkably insensitive to

Ganchev et al.

the precise chemical surroundings. It is the bilayer interface
that is the barrier resisting mechanical removal of the peptide
from the bilayer. This implies that the bilayer interfacial
region plays an important role in stable anchoring of proteins
in membranes.
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