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Abstract

Mechanical unfolding of single bacteriorhodopsins from a membrane bilayer is studied using molecular dynamics simulations. The initial
conformation of the lipid membrane is determined through all-atom simulations and then its coarse-grained representation is used in the studies of
stretching. A Go-like model with a realistic contact map and with Lennard—Jones contact interactions is applied to model the protein—membrane
system. The model qualitatively reproduces the experimentally observed differences between force-extension patterns obtained on bacteri-
orhodopsin at different temperatures and predicts a lack of symmetry in the choice of the terminus to pull by. It also illustrates the decisive role of
the interactions of the protein with the membrane in determining the force pattern and thus the stability of transmembrane proteins.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Mechanical stretching of proteins by means of an atomic
force microscope (AFM) is a valuable tool for the manipulation
of single molecules that was especially well tested on the giant
muscle molecule titin [1-5]. A common way to accomplish the
stretching is to move the AFM tip by a displacement d at a
constant velocity and monitor the force, F, that is generated by a
protein anchored to a substrate. The interpretation of the F—d
curves in terms of the unravelling events and properties of the
protein requires theoretical modelling. Both all-atom [6—8] and
coarse-grained [9—12] simulations have been employed to
understand the unravelling of single domains of titin. The latter
type of modelling was also used to understand stretching of
multiple domains of titin [10—12] and of other proteins such as
ubiquitin [13]. It should be noted that mechanical stretching of
proteins is also a natural phenomenon that takes place in various
cellular processes such as protein degradation by ATP-depen-
dent proteases and, in particular, translocation through mem-
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branes [14—18]. Understanding the pulling and mechanical
unfolding of bacteriorhodopsin (BR) out of a membrane can
shed light on these processes.

One prediction coming from the simplified modelling on
globular proteins [10,19] is that the force-displacement pattern
depends on the temperature in a sensitive way because thermal
fluctuations assist in unravelling. At lower temperatures, the
peak forces are high and structured. At higher temperatures, the
peak forces become weaker and occur earlier during the
stretching. Finally, in the entropic limit [19], no individual force
peaks can be identified and the F—d curve is described by the
worm-like-chain model [20]. Furthermore, an increase in tem-
perature results in a gradual transition from a serial, i.e., one-by-
one, unravelling of multiple domains to a parallel, or simulta-
neous, unravelling. This means that the very sequencing of
unfolding events depends on the choice of temperature.

The prediction of the sensitivity of the F—d pattern to tem-
perature has found a qualitative confrmation in the recent
studies of BR [21] and spectrin [22]. An example of the expe-
rimental results on BR is shown in Fig. 1 for the temperatures:
8, 25, and 52 °C. Unlike titin, however, BR is a membrane
protein. Thus, the AFM pulling experiment results not only in
stretching of the protein but also in extracting it out of the
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Fig. 1. Examples of the experimental force—displacement traces for bacter-
iorhodopsin being pulled out of a membrane by the C-terminus and for the
temperatures indicated. The results are from reference [21] and they were
obtained for the pulling velocity of 87 nm/s. Experimentally, pulling by the “C-
terminus” means merely that the tip is attached near this terminus, not
necessarily at the end point.

membrane. The force pattern then must depend on by which
terminus the protein is pulled out and is influenced by inter-
action of the protein with the membrane.

In this paper, we provide a theoretical analysis of this system
within a combined coarse-grained and all-atom approach. We
show that this simplifed kind of modelling reproduces the
experimental features in a qualitative manner and shows a distinct
difference between pulling by the N- and C-termini. The C-
terminus is located on the cytoplasmic side of the membrane.
Currently, no experimental data on the N-terminal unfolding are
available. Our modelling also shows the correct dependence on
temperature. We provide insights into the stretching scenarios of
bacteriodopsin and compare it to the stretching without a mem-
brane. We show that the protein-membrane interactions dominate
the F—d patterns. Our model adopts a simplifcation in which the
membrane’s conformation is held rigid during the pulling. Such a
simplification is a natural step to adopt in what seems to be the
first theoretical account of the protein—membrane stretching. It is
expected that if the membrane was actually allowed to adjust
dynamically to stretching by moving into the space just vacated
by the protein, the dominance of the protein—membrane inter-
action in the F—d patterns would be enhanced even further than
predicted here. The reason for this effect is that in an adjustable
membrane the number the membrane—protein contacts does not
significantly deplete for most of the stretching process.

There are many reasons to study the light-driven proton-
pump BR. Its structural analysis has revealed the photoactive
retinal embedded in seven closely packed transmembrane -
helices [23—-27], a common structural motif among a large class
of related G-protein coupled receptors [28—32]. Hydrophilic
polypeptide loops link the seven membrane embedded hydro-

phobic BR helices lettered A, B, C, D, E, F and G, to which the C-
terminus end is connected. The purple color of the chromophore
and the proton-pumping activity of BR provide a direct measure
of the correct folding of BR. As BR renatures efficiently from a
denatured state into the functional protein [33] and with increasing
knowledge of its structural and functional properties, it has be-
come a paradigm for a-helical membrane proteins [34,35].

It was previously shown that single molecule AFM force
measurements can be applied to unfold individual membrane
proteins and determine the stability of their secondary structure
elements [36—40]. In contrast to most forced unfolding experi-
ments on globular proteins, membrane proteins unfold step-
wise and thus these experiments yielded surprisingly detailed
insights into inter- and intramolecular interactions [21,37,41]. In
subsequent experiments, unfolding barriers stabilizing individ-
ual secondary structure elements of BR (such as transmembrane
a-helices and polypeptide loops) were localized and the in-
fluence of external physiologically relevant parameters on these
barriers was characterized [21,37].

2. Methods

We consider chain A of bacteriorhodopsin of Halobacterium salinarum the
crystal structure of which has been determined [23] and given the I BRR code in the
Protein Data Bank [42]. It is an all-a protein. An alternative structure, 1AT9, of the
same sequence (247 amino acids) has been determined by electron crystallography
[43]. Another related sequence is that of halorhodopsin (HR), coded 1E12 (253
amino acids) [30]. We fist analyze stretching of the three structures in the absence
of a membrane and show that they yield similar force patterns although 1E12 is
more distinct, as expected. Then, we focus on 1BRR in studies that involve the
membrane. It should be noted that stretching of BR and HR without a membrane
can be accomplished only theoretically. The purpose of such simulations, however,
is to ellucidate the role of the membrane.

To model the mechanical properties of the protein, we use the Go-like model
[44,45] with the ground state corresponding to the conformation of the native
state. This conformation is determined experimentally at room temperature. Our
approach is outlined in references [10,46—-49] and its first step is the determi-
nation of the native contacts between amino acids pair by pair and by checking
for overlapping of the atoms in a way designed by Tsai et al. [50] and which is
based on the van der Waals radii of the atoms (multiplied by a factor of 1.24 to
account for the attractive part in the potential). There are 799 native contacts in
IBRR and they correspond to an average distance between the C* atoms of
6.2 A. The native contacts are described by the Lennard—Jones potentials:

G GOROI|

The length parameters, 6, in these potentials are selected so that the minima
of the potentials agree with the experimentally determined distances between the
C“ atoms at contact. The non-native contacts correspond to a repulsive core of
=5 A. The energy parameter, €, is taken to be uniform and, when divided by
the Boltzmann constant kg, its value should be in the range 800—2300 K since it
corresponds to an effective average of all non-covalent interactions in proteins.
Our previous simulations of folding [10,49] were optimal with the dimension-
less temperature T =kgT/e of order 0.3 which corresponds to room temperature
if € is around 900 K. Additionally, the simulated stretching curves were similar
to experimental curves at T=03 [10,11]. With €=900 K, the unit of force used
in this paper, €/A, corresponds to 120 pN. This choice also yields the correct
magnitude of the force peak in titin [10] and ubiquitin [13] at room temperature.
Therefore, 900 K should be considered to be a representative value of € (see a
further discussion of this point in reference [13]).

The tethering potential between the consecutive C* atoms that binds them at
the peptide bond length is purely harmonic with a strong spring constant of
100 /A, The model also contains a four-body chirality term that favors the
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native sense of chirality [51]. In our stretching simulations, both ends of the
protein are attached to harmonic springs of elastic constant £=0.12 €/A% which is
close to the values corresponding to the elasticity of experimental cantilevers.
The free end of one of the two springs is constrained while the free end of the
second spring is pulled at constant speed, v, along the initial end-to-end position
vector. For proteins that are not buried in membranes and for quasistatic pulling
the choice of the terminus to pull by is of no relevance. Otherwise, however, the
force patterns are found to be distinct. We focus on v, of 0.005 A/, where
T =+v/mo2/=3ps is the characteristic time for the Lennard—Jones potentials.
Here, 0=5A is a typical value of g; and m is the average mass of the amino
acids. The thermal fuctuations away from the native state are introduced by means
of the Langevin noise, i.e., by random Gaussian forces together with a velocity
dependent damping. This noise mimics the random effects of the solvent and, in
particular, provides thermostating.

The temperature 7'controls structural fuctuations in the model protein including
those which are present under room temperature even though the ground state of
our model corresponds to the native state of the protein that was determined at room
temperature. In order to account for a fnite resolution within which the thermal
effects are observed to affect the force—displacement relationship, we average the
forces over a pulling distance of 0.5 A.

An equation of motion for each C* reads

mit = —yF + F. + I. (2)

F. is the net force due to the molecular potentials and I"is the random force
of the Gaussian character. The damping constant 7y is taken to be equal to 2 m/t
and the dispersion of the random forces is equal to \/2vkg 7. This choice of y
corresponds to a situation in which the inertial effects are negligible [49] but the
damping action is not yet as strong as in water. Increasing y tenfold results in a
tenfold increase in the time scales (see, e.g., Ref. [52] bringing the typical value
of v, within two orders of magnitude of the experimental pulling speeds [10,49].
The equations of motion are solved by a fifth order predictor—corrector scheme.

In order to study the coupled protein—membrane system, we immerse the
IBRR structure into an all-atom model of a lipid bilayer. Both layers are considered
as being made of the POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcho-
line) phospholipids. Molecular dynamics simulations were performed by using
Yasara program (v.5.1 Yasara Biosciences) with Amber99 force feld [53]. The
parameters for POPC and coordinates of equilibrated POPC membrane fragment
were taken from [54,55]. The long-range electrostatic interactions were treated by
the PME (Particle Mesh Ewald) algorithm [56]. After minimizing the energy,
molecular dynamics calculations were performed in a periodic box flled with 5020
molecules of water, as modelled with the TIP3P potential, under the atmospheric
pressure and temperature of 300 K. During the frst 100 ps of equilibration, the
protein and the membrane were frozen and water with sodium and chloride

Fig. 2. The bacteriorhodopsin-membrane system at the end of the all-atom
simulations. The helices of BR are colored from blue (helix 1) to red (helix 7).
The protein is represented by the helices. In the membrane subsystem, the green
spheres indicate locations of the phosphorus atoms. The remaining parts of the
lipids are shown schematically.

Fig. 3. The bacteriorhodopsin-membrane system in the coarse-grained
representation of the membrane: only those carbon atoms are shown which
make contact with bacteriorhodopsin 1BRR in its native state. The average C*—
C distance in such contacts is close to the average C*~C*” contact distance in the
protein. The terminus shown at the top of the figure is of the N-type and the one
at the bottom of the C-type. The colors assigned to the phospholipids indicate the
identity of the closest helix of BR. The color convention used is as in Fig. 2.

counterions were allowed to move. After this stage, the membrane was thawed and
the system was equilibrated for another 300 ps. The water molecules that were still
residing in cavities between phospholipids were then removed manually. At this
stage, a 1-ns molecular dynamics simulation was applied to all molecules in the
system, including the protein. The size of the periodicity box was made to shrink in
the 1-ns stage of the simulations to assure the best ft between the membrane and the
protein and to remove empty regions from the membrane hydrophobic part. The
fnal box dimensions within the plane of the membrane were 6.5% 6.5 nm and the
plane consisted of 106 POPC molecules. The box length in the perpendicular
direction was equal to 8.5 nm. Each side of the membrane patch was formed by

Fig. 4. Example of the backbone conformation of the model bacteriorhodopsin
when stretched by the terminus C. The molecules of the membrane are not
shown.
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Fig. 5. Example of the backbone conformation of the model bacteriorhodopsin
when stretched by the terminus N. The molecules of the membrane are not
shown.

approximately 8 phospholipid molecules. The resulting conformation of the system
is shown in Fig. 2. This conformation is the starting state in the studies of stretching.

We adopt an approximation in which the membrane is held frozen during the
stretching. Furthermore, in order to provide a unifed coarse grained description of
the whole system, we represent the membrane merely by all of its carbon atoms. In
a chemistry-based simulation, it would be important to also include atoms of
phosphorus and oxygen. However, in a purely geometry based-modelling, it is
sufficient to render the geometry by considering just the carbon atoms. We deter-
mine which of these carbon atoms form contacts in the starting conformation by
using the overlap based procedure of Tsai et al. [S0] again (with the van der Waals
radius of the atomic group C4H1 through C4H3 of 1.88 A). There are 359 carbon
atoms which make 495 contacts with the protein and these atoms, together with the
bacteriorhodopsin are shown in Fig. 3 in a sideway projection. The Lennard—Jones
potentials are assigned to these contacts. For simplicity, the strength of the protein—
membrane couplings is taken to be equal to € the strength of the contacts within the
protein. The snapshots of the backbone of the protein stretched by termini C and N
are shown in Figs. 4 and 5 respectively. Both fgures correspond to a simulational
displacement of 200 A and they are clearly distinct.

It should be pointed out that the Go-like description of the system has certain
unphysical features which relate to the fact that the native structure is heavily
favored energetically. Thus, when a helix is moved along the membrane, the system
is penalized, in the model, by the departure from the native conformation, whereas,
in fact, it may fnd itself happy in a new local minimum of the energy. Similarly,
shearing motions within the protein need not be necessarily energetically costly.
Further work is required to deal with such modelling limitations.

It is interesting to note that another version of the Go model for a protein—
membrane system has been proposed by Orlandini et al. [57] to investigate
folding kinetics of a two-helix fragment of BR. The membrane was represented
by a slab of width 26 A so that the native protein contacts acquire a lower energy
when within the slab to enhance its stability there. The non-atomic structure of
the model makes it unsuitable, however, to study stretching since most of the
related dynamical effects take place inside the membrane.

3. Results and discussion

We first consider stretching of BR and HR without any
surrounding lipid molecules. Fig. 6 shows examples of stretch-
ing curves for bacteriorhodopsin and three values of the reduced
temperature. The curves do depend on the temperature in a
manner discussed in general in references [10,19]. The higher
the temperature, the lower the peak forces because thermal
fluctuations assist in unfolding. It is interesting to note that the
values of the peak forces are similar to those obtained for the 127
domain of titin (made of only 89 amino acids) within the same

model [10,11]. However, the peaks are much wider and the
traces are overall quite distinct. When one compares traces
obtained for two available structures for the same sequence,
1BRR and 1AT9, one can see that the traces can be distin-
guished when no thermal fuctuations are present (the top panel
of Fig. 6). However, at T =0.3 which usually appears to play the
role of the room temperature, the two patterns are hard to
distinguish (the one for 1AT9 is not shown for visual clarity).
Fig. 7 shows that HR 1E12 has peak forces similar to those of
bacteriorhodopsin but the patterns are different than those
shown in Fig. 6. It should be noted that all these patterns show
similarities in the initial stages of stretching—for d less than
about 200 A. Another similarity lies in the qualitative depen-
dence on the temperature.

We now consider the bacteriorhodopsin system with the
membrane. Figs. 8 and 9 show the force—displacement curves
when the protein is pulled by the C- and N-termini respectively. At
each temperature studied, they are clearly distinct. The maximal
force in our simulations is by a factor of two higher than for the
127 domain of titin within a similar Go-like model (and no
membrane). (Experimentally, the maximal force in 127 is of order
200 pN [3,4] and the maximal force in the BR—membrane system
is comparable.) It is also substantially higher compared to the
system without a membrane, indicating that the dynamics are
dominated by breaking of the protein—membrane contacts. The
discrepancy between the theoretical predictions and experimental
fndings on the absolute values of the maximal forces when
compared to titin may have two sources: (a) the effective value of
for BR might be lower than the one that appears to work for titin
(about 900 K), (b) it is possible that the effective interactions with
the membrane are smaller (maybe by the factor of two) than those
within the protein. This effect may be produced by entropic
factors introduced by the membrane. Despite the uncertainty in

4
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Fig. 6. Theoretical force—displacement relationships for two structures
corresponding to bacteriorhodopsin at the reduced temperatures as indicated.
The thick solid lines are for IBRR, whereas the thin line (only in the top panel) is
for 1AT9.
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Fig. 7. Theoretical force—displacement relationships for halorhodopsin at the
reduced temperatures as indicated.

the theoretical value of the magnitude of the peak forces, the
force—displacement pattern itself shows a remarkable similarity
to the one observed experimentally. This is illustrated in Fig. 10
which compares the room temperature trace to the rescaled
theoretical trace at T=0.3. The rescaling affects the value of e/
o—its effective value is taken to be of order 30 pN— and of d.
The rescaling factor for the displacement, 7, is taken to be 1.35.
The fact that 7" is larger than 1 refects the fact that the

1BRR—membrane C-terminal pull

no membrane

1|0 x- slcluwer

400 800
d [4]

Fig. 8. Theoretical force—displacement relationships for bacteriorhodopsin
corresponding to structure 1BRR as it is being pulled out of the membrane by
the terminus C. The thin line in the top panel shows the T=0 result without the
membrane (a repeat of the thick line in the top panel of Fig. 6). The thin line in
the middle panel corresponds to v, =0.0005 Asr.

1BRR—membrane N-terminal pull

6 T=0

F [e/A]

400 800
d [A]

Fig. 9. Theoretical force—displacement relationships for bacteriorhodopsin
corresponding to structure 1BRR as it is being pulled out of the membrane by
the terminus N. The thin line in the middle panel corresponds to v,=0.0005 A/r.

experimental cantilever stiffness is smaller than used in the
simulations. We have found [9] that the smaller the stiffness, the
longer the displacement at which a given peak force arises. The
similarity of the traces extends throughout the whole process of
pulling except within the frst 10 nm. In this region at the
beginning, the experimental data are affected by the apparatus
effects in which the dynamics are affected by non-specifc
electrostatic interactions between the AFM tip and the
membrane surfaces.

C-terminal pull

T=25°C

1BRR—membrane

200

100

200

F [pN]

100

OE_ . , L \ . , [
400 800

d [A]

Fig. 10. Comparison of the experimental (top) and theoretical (bottom) force—
displacement traces. The theoretical values of F"and d were rescaled as explained
in the text. In the experiment, every single molecule shows a characteristic force
pattern such as the one shown here. In every trace, three main peaks are observed
above the distance of 150 A. Occasionally, they split into up to three peaks each,
indicating that the unfolding process involves single helices rather than helical
pairs [37]. The simulation is capable of clearly resolving peaks at distances
below 150 A which is hard to do experimentally since the short displacements
are dominated by strong unspecific tip—surface interactions.




542 M. Cieplak et al. / Biochimica et Biophysica Acta 1758 (2006) 537-544

When assessing the infuence of the choice of the pulling
terminus, we note that the pull by the C-terminus at T=0.3
results in three groups of strong peaks within the frst 400 A of
the process. On the other hand, the N-terminal pull results in
only two groups and is characterized by forces weaker by the
factor of two. At the highest temperature studied, of 0.6, the N-
terminal pull yields essentially no peaks within the frst 400 A
and one major peak around 550 A. In contrast, there are three
major peaks for the C-terminal pull and they are all found within
the frst 300 A. It should be noted that the peaks within the fist
400 A of the C-terminal stretching are of particular interest be-
cause they correspond to unfolding of the helices that are asso-
ciated with the functionality of the retinal pigment. However, in
the experiments, this region is infuenced by non-specifc surface
interactions between the membrane and the AFM tip.

The middle panels of Figs. 8 and 9 compare the patterns
generated at the pulling speed of 0.005 A/t (the thicker lines) to
those obtained at a speed which is an order of magnitude slower.
We observe that there are merely some minor logarithmic shifts
that relate to the choice of v,. This is consistent with the
experimentally established logarithmic dependence of peak

1BRR—membrane C—terminal pull
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Fig. 11. The T=0.3 stretching scenarios of bacteriorhodopsin corresponding to
pulling by the C-terminus. The scenario is defined in terms of last tip
displacements, d,, at which specific native contacts still hold. The contacts
between amino acids i and j are first identified by the sequential distance, | j—i|,
between them. The more detailed identification is provided by labels, such as 1—
7, which specify contacts between specific helices. There are seven helices
which correspond to the sequential locations listed on the top right of the figure.
For instance, helical segment 1 corresponds to amino acids between with the
sequential locations between 10 and 28, segment 2—between 37 and 61, etc.
Thus, contacts denoted as 1-7 are those which are made between helix 1 (amino
acids between 10 and 28) and helix 7 (locations between 201 and 225). The
symbols (different shapes and different colors) indicate particular types of
contacts, such as 1-7. In addition to plotting the values of d,,, the Figure also
shows snapshots of bacteriorhodopsin at an extension  written at the bottom of
each snapshot.
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Fig. 12. Same as in Fig. 10 but for pulling by the N-terminus.

height on pulling rate for proteins that are stretched without a
membrane [3,58—60].

Finally, we discuss the predicted order in which the contacts
in the protein are ruptured when the protein is being pulled out
of the membrane. We investigate the average tip displacement
distance, d,,, at which these contacts break defnitely as a func-
tion of the contact order. The contact order is defned as the
sequential distance, | j—i|, between a pair of amino acids i and j
that make a contact in the native state. For a contact to hold we
require that the C“—C* distance does not exceed 1.50,,. Figs. 11

1E12-membrane C-terminal pull

8 N
f=0
6
4
2
~ -_
<t
S o4 0.3
—_ -
e 2

d [A]

Fig. 13. Theoretical force—displacement relationships for halorhodopsin
corresponding to structure 1E12 as it is being pulled out of the membrane by
the terminus C at the temperatures indicated.
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and 12 show the rupture distances d,, at T =0.3 for the C- and N-
terminal pull respectively. The peak forces can be identifed in
these diagrams by accumulation of points along horizontal
stretches because such an accumulation corresponds to a nearly
simultaneous rapture of many contacts. It is seen that even
though the two ways of pulling start in a similar way (by
breaking the contacts between sequencial regions 2 and 7 as well
as between 1 and 7, as defned in Figs. 11 and 12) the differences
between the two ways of pulling arise early. The main difference
is in the order in which the contacts denoted by 2-3 break
relative to the contacts denoted by 5—3; essentially, they switch.
When the N-terminus is pulled, the 2—3 contacts rupture very
early and the 5—3 contacts break late. It is the other way around
when the C-terminus is pulled. There is also a similar, but less
dramatic, switch between the order of breaking of the 3—4 and
5-6 interhelical contacts.

A recent experimental study by Cisneros et al. [40] suggested
that BR and halorohodopsin show similar but not identical un-
folding patterns. Results of our simulations of HR with the
membrane are summarized in Fig. 13. They indicate an even
stronger dependence on temperature than in the case of BR. For
instance, the force peaks at T =0 on Fig. 13 are higher than in
Fig. 8. At the same time, a much smaller number of peaks persists
at T= 0.6. The middle panel, corresponding to T =0.3—the analog
of the room temperature situation—shows that up the frst 300 A in
the displacement, the force patterns for BR and HR are alike but
beyond this distance they diverge.

The simulated F—d traces for BR with the membrane for the C-
terminal pulling show features which are similar to the experi-
mental ones, especially when it comes to the dependence on
temperature. It should be noted that there is a varying offset of the
experimental curves due to picking up a random amino acid near
the C-terminus. In both the simulation and the experiment, three
groups of peaks are found which have approximately the same
relative heights. Remarkably, the N-terminal pulling curves look
very different from the simulated and experimental C-terminal
curves. Only two groups of peaks are predicted for the N-terminal
case. This indicates that the unfolding pattern of a membrane
protein is directional. In contrast to our simplifed simulations
which involve a single monomeric BR, the experimental unfolding
curves were collected on trimeric BR. However, the striking si-
milarities between simulation and experiment indicate that the
measured force pattern is an intrinsic property of the (monomeric)
structure of the protein. This prediction is also experimentally
supported by an on-going study by Sapra et al. [61].

As already found for the F—d curves, there are also clear
similarities in the unfolding sequence of the simulation and the
experiment. The experiments have reported step-wise unfolding
of BR helix by helix from 7 to 1 [37]. This seems to be repro-
duced in the simulations since the contacts that unravel frst
involve helices 6 and 7, which happens for d, below 200 A. This
is then followed by a loss in contacts of helix 5 between 200 and
300 A. In agreement with the experiment, helix 4 then unfolds in
a distinct group of peaks at d, of approximately 320 A. In a last
step, and again in qualitative agreement with the experiment, the
next group of peaks at d,=500 A corresponds to unfolding of
helices 2 and 3.

We conclude that a simple coarse grained Go-like model
captures the essential features of the experimental results ob-
tained on the bacteriorhodopsin—membrane system and predicts
a major lack of symmetry between the two choices of the
terminus to pull by.
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