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Electrostatic and Steric Interactions Determine Bacteriorhodopsin
Single-Molecule Biomechanics
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ABSTRACT Bacteriorhodopsin (bR) is a haloarchaeal membrane protein that converts the energy of single photons into large
structural changes to directionally pump protons across purple membrane. This is achieved by a complex combination of local
dynamic interactions controlling bR biomechanics at the submolecular level, producing efficient amplification of the retinal
photoisomerization. Using single molecule force spectroscopy at different salt concentrations, we show that tryptophan (Trp)
residues use steric specific interactions to create a rigid scaffold in bR extracellular region and are responsible for the main
unfolding barriers. This scaffold, which encloses the retinal, controls bR local mechanical properties and anchors the protein into
the membrane. Furthermore, the stable Trp-based network allows ion binding to two specific sites on the extracellular loops (BC
and FG), which are involved in proton release and lateral transport. In contrast, the cytoplasmic side of bR is mainly governed by
relatively weak nonspecific electrostatic interactions that provide the flexibility necessary for large cytoplasmic structural rear-
rangements during the photocycle. The presence of an extracellular Trp-based network tightly enclosing the retinal seems

common to most haloarchaeal rhodopsins, and could be relevant to their exceptional efficiency.

INTRODUCTION

One of the most important challenges in biophysics is to
understand how the protein amino-acid (aa) sequence relates
to the local forces that dynamically control its structure and
function. The exceptional efficiency characterizing most pro-
teins relies on complex molecular biomechanics, featuring
intricate combinations of different molecular interactions.
Atomic force microscopy (AFM) is one of the most powerful
techniques to address this problem because of its ability to
directly investigate the local properties of single proteins in a
nativelike environment and to quantify the magnitude of the
key molecular interactions that determine their structure and
function. Mechanical unfolding of individual proteins with
AFM reveals sawtooth-shaped force-displacement curves
that reflect the successive unfolding barriers (1-4). The char-
acteristics of these patterns can be related to the protein inter
and intramolecular interactions. However, unambiguous cor-
respondence between unfolding barriers and specific molec-
ular interactions relevant for the protein function is often
difficult to establish, mainly because little information is
available about the physical nature of the barriers. Several
studies have successfully gained such information by inves-
tigating the dependency of the unfolding barriers on experi-
mental parameters (5-7), but most of the single membrane
protein unfolding AFM studies reported to date relate these
barriers to general structural features like helix ends, breaks
(3,4,8), and to interhelical hydrogen bonds (9,10). In this
article, we show that bacteriorhodopsin (bR) unfolding pat-
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terns depend on the medium ionic concentration and we
identify the unfolding barriers remaining unaffected by ionic
variations. This enabled us to directly relate the unfolding
barriers to bR biomechanical properties and to the strategy
adopted by the protein to function efficiently in extreme
halophilic environments. Furthermore, our approach enables
us to link the unfolding barriers to specific molecular inter-
actions, and to observe single ion binding to the bR extracel-
lular surface. Comparison of our results with those reported
for halorhodopsin (8) supports our findings and suggests that
bR molecular mechanical properties could be of importance
to understand the outstanding efficiency with which archaeal
rhodopsins convert the energy of a single photon into the
large structural rearrangement leading to their various tasks.

bR is a light-driven proton pump naturally present in the
purple membrane (PM) of Halobacterium salinarium (11). It
occurs as trimers assembled in a hexagonal lattice with a
variety of unusual membrane lipids (1:10 ratio) (12,13). bR is
composed of seven trans-membrane a-helices (labeled A—G)
enclosing a retinal chromophore linked to the G-helix via a
Schiff base (14). Its robustness and structural similarity to
G-coupled protein receptors (15) have made bR the most studied
membrane protein; its atomic structure is known (14,16) and
various techniques have resolved bR structural rearrange-
ments during the photocycle (16—-19). bR is the preferred
model system for vectorial transport across the cell mem-
brane. bR presents an extreme affinity for salt: H. salinarium
thrives in 3—4 M NaCl solutions by maintaining an intracel-
lular KClI concentration of ~3 M (20). bR exhibits an excess
of acidic residues at its cytoplasmic surface (14,16), a char-
acteristic of halophilic proteins (21,22), and PM lipids are
highly branched and charged with archaeal tails (12,13). These
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features suggest that ion-mediated electrostatic interactions
have important implications in bR structure and function (23).

Single molecule force spectroscopy has been extensively
used to investigate the mechanical unfolding of soluble mod-
ular proteins (1,2,24-29) and membrane proteins (3,4,8,9,30,31).
In contrast to soluble proteins for which the entropic loss
induced by the protein extension is often sufficient to explain
the energy dissipated in the unfolding process (1,32,33), an
important part of the energy required to unfold a membrane
protein arises from its anchoring to the membrane (34). Un-
folding pathways of bR have been previously studied under
different conditions of pH and temperatures (5,7,9,10,35).
The positions of the main unfolding barriers opposing the
protein un/refolding have been proposed, showing that
a-helices tend to unfold in pairs, and emphasizing the role
of interhelical hydrogen bonds and extracellular loops in bR
stability (36). However, the complexity of the system still
precludes a functional description of the interactions re-
sponsible for these barriers, and their relevance in bR local
mechanical properties has never been addressed. Impor-
tantly, the role of salt ions in the unfolding barriers has not
been examined. Previously, we showed that salt ions strongly
affect protein-lipid and lipid-lipid electrostatic interactions
within the PM cytoplasmic leaflet, but not the extracellular
leaflet. This differential behavior is reflected in PM Young’s
modulus: the cytoplasmic leaflet is softer than the extracel-
lular leaflet, and both leaflets harden with increasing salt
concentration (23).

In this article we directly probe the influence of salt ions
on bR intra- and intermolecular interactions by unfolding a
single bR molecule from both its cytoplasmic and extracel-
lular termini (C-terminus and N-terminus, respectively) at
salt concentrations known to induce a differential stiffening
of the membrane (2040 mM KCl) (23). In this way, we are
able to unambiguously isolate specific steric interactions from
salt-dependent electrostatic contributions shaping bR un-
folding patterns. The main unfolding barriers are steric, and
lie within the stiff and rigid extracellular part of bR, pro-
viding specific ion binding sites identified on the extracel-
lular loops by the unfolding curves. The cytoplasmic side is
dominated by nonspecific ion-mediated electrostatic inter-
actions that increase its structural flexibility. These results
effectively relate the interactions determining bR structure,
with the local mechanical properties and the force fields nec-
essary to control bR activity.

MATERIALS AND METHODS
Purple membrane (PM) preparation

Deionized PM of H. salinarium (Sigma-Aldrich, Dorset, UK) was diluted in
buffer (30 ul of 10 mM Tris, 50 mM KCI, pH 8) and adsorbed on freshly
cleaved mica (9.9 mm mica disks, Agar Scientific, Essex, UK). To avoid any
possible misassembling of the PM lattice, the final experimental salt
concentration was reached by further dilution with a buffer containing only
Tris (pH 8) before imaging.

2025

Single-molecule force spectroscopy of bR and
PM imaging

Unfolding experiments were performed with an AFM MFP-3D (Asylum
Research, Santa Barbara, CA) equipped with XYZ closed-loop feedback. No
external oscillation was applied to the cantilever when unfolding bR (static
mode). The approach speed was set to 200 nm/s. A dwell time of 1 s with the
AFM tip pressing on the membrane with a constant given force (typically
1-2.5 nN) was allowed to favor nonspecific attachment of a protein terminus
to the tip. To exclude possible tip-induced denaturation of the protein, the
maximum pressing force exerted by the tip on the membrane was always
<3 nN. The retraction speed was set to 100 nm/s to allow enough time for the
attached protein to rearrange after possible tip-induced deformation while
remaining fast enough to minimize thermal drift. The cantilever and the
sample/buffer were regularly changed (typically every 500-800 unfolding
attempts) to ensure reliability and reproducibility of the unfolding conditions.
The side of the membrane on which the experiment was performed (cyto-
plasmic or extracellular) was identified before pulling by high resolution
amplitude and phase imaging using amplitude-modulation AFM (AM-AFM)
(23). Fig. 1 a presents an AM-AFM topograph of both PM surfaces in 30 mM
KCl, 10 mM Tris, pH 8: PM cytoplasmic surface exhibits molecular
resolution, but only bR trimers are resolved on the extracellular surface. The
side assessment was always confirmed by the clear phase contrast between
both PM surfaces and mica (Fig. 1 b) (23). The sample was imaged before and
after pulling to ensure reliability of the unfolding curves. Both unfolding and
imaging were done at 26 = 1°C using TR400 silicon nitride cantilevers
(Olympus, Tokyo, Japan) with nominal stiffness of 0.08 N/m. Cantilever
stiffnesses were calculated using their thermal spectrum (38) and geometrical
considerations (39). The error between the different calibration methods was
typically within 10% of the nominal stiffness value.

Analysis of the unfolding curves

Fitting bR unfolding steps with the wormlike chain model equation (WLC)
(33) allows the calculation of the protein’s contour length L, unfolded at
each step. Fig. 2 illustrates the unfolding process for two successive steps
and shows the corresponding distance L, (Fig. 2, b and c). Ly, provides an
estimate of the corresponding number of aa extended out of the membrane
(see Appendix A). We have applied the WLC model to fit each step of each
bR unfolding curve. Using high resolution crystallographic models of the
protein (14,16) it was possible to determine the particular location (along the
protein aa sequence) of the unfolding barrier responsible for a given step (see
Table 2, Fig. 2, and Appendix A for a detailed calculation example).

In principle, due to nonspecific binding of the AFM tip to the protein,
each curve can represent an unfolding event carried out from a different aa of
the bound terminus. Aligning the curves on a common step allows consistent
statistics of the interstep distances (3,9) but every step position is shifted by
an amount corresponding to the number of aa between the terminus ex-
tremity and the aa from which the protein is actually unfolded (see Appendix
A). When unfolding bR from the C-terminus, we determined the tip-binding
shift assuming that the first step observed (Fig. 3 a) corresponds to the
position of the Lys>'¢ residue (see Appendix A). The binding shift of un-
folding curves from the N-terminus was determined, assuming that the sec-
ond step observed at low salt (~77 aa, see Fig. 3 d, see Table 2) is triggered
by the extraction of Trp®° (see Appendix A and Trp Residues Determine the
Main Unfolding Steps through Specific Steric Interactions).

To avoid subjective interpretation of the data, the determination of the
step positions, the fitting of the steps with the WLC model, and subsequent
statistical analysis were carried out by special routines programmed using
Igor Pro (Wavemetrics, Lake Oswego, OR) (Appendix B). An example of
curve fits obtained using the routine is presented for each salt concentration
studied in Fig. 4. Each step of each curve was analyzed and the results
obtained were added up to form three-dimensional statistical histograms of
the steps position (in aa extended outside the membrane) versus the corre-
sponding extraction force and the corresponding frequency (see Fig. 1 ¢).
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FIGURE 1 AM-AFM height (a) and phase image (b) of PM cytoplasmic

(lower) and extracellular (upper) surfaces in liquid. Both images exhibit the
well-known hexagonal bR lattice with the cytoplasmic surface allowing
resolution of individual proteins while only trimers are visible on the ex-
tracellular surface. The side assessment is consistent with previously
published high-resolution images of PM surface (84) and with the observed
phase shift between the membrane two sides and the mica (23). The image was
acquired immediately after several successful unfolding attempts on the
membrane extracellular terminus, showing that the AFM tip is still clean. The
size is 200 X 200 nm for both images. An example of three-dimensional sta-
tistical histogram obtained using the analysis software described in Materials
and Methods is shown in panel c. F ¢ is the unfolding force associated with a
step corresponding to L, aa extended outside of the membrane (see Fig. 2).
The buffer is 30 mM KCI, 10 mM Tris-HCI at pH 8 for panels a and b, and
20 mM KCl, 10 mM Tris-HCl at pH 8 for panel c.

Each step is represented by a normalized two-dimensional Gaussian
distribution. The Gaussian full width at half-maximum in both dimensions
is determined by the WLC fit uncertainty (standard deviation) and the cor-
responding force uncertainty, respectively. The WLC histograms and the
corresponding extraction forces presented in Fig. 3 are derived from the
three-dimensional histograms data. Due to the reproducibility of bR un-
folding patterns, the histograms exhibit local frequency maxima correspond-
ing to particular bR extension lengths (see, e.g., Fig. 1 ¢). The maxima were
fitted with Gaussian distributions at each salt concentration (Fig. 3 and
Appendix B). The reliability of the different step attributions and the cor-
responding implications in the results interpretation are discussed in detail in
Discussion and in Appendix C. For each histogram, the actual multi-
Gaussian fitting was carried out using Igor Pro multipeak fitting package.
Forces statistics (see Fig. 3 and Table 2) were carried out over all the salt
concentrations studied for a given step to increase the number of curves
included in the statistics: a force profile was obtained for the considered step
by integrating forces over the interval corresponding to the step location with
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its standard deviation. The resulting force profile was then fitted with a
Gaussian distribution (see Appendix B).

RESULTS

Single bR molecules were unfolded from their C- and
N-termini at salt concentrations ranging from 20 to 40 mM
KCl, always buffered with 10 mM Tris-HCI at pH 8. In each
case a set of typically 30—50 complete unfolding events were
recorded for both cytoplasmic and extracellular unfolding
(see Table 1). Each set of curves was statistically analyzed
(see Materials and Methods and Appendix B). Histograms rep-
resenting the fit of the unfolding steps with the WLC model
are presented in Fig. 3. For each set, a representative unfolding
curve is also presented (Fig. 4) with the WLC fit of the steps.
The unfolding barriers measured at the different ionic con-
centrations investigated are summarized in Table 2 with their
respective corresponding unfolding force. Fig. 6 shows cartoon
representations of the unfolding barriers reported in Table 2.

Unfolding bR from PM cytoplasmic side

Figs. 3 and 4, a—c, show the unfolding patterns obtained by
extracting bR from its C-terminus at different salt concen-
trations. Only curves corresponding to a full unfolding of the
protein were used (curves with the final force peak occurring
beyond ~60 nm (3,9)).

At 20 mM KCI (Figs. 3 a and 4 a), most of the recorded
cytoplasmic unfolding events show the characteristic un-
folding pattern reported previously (four steps at ~5 nm,
~27 nm, ~43 nm, ~65 nm) (3,5,9,35). Each step is discrete
and the unfolding pattern is reproducible as shown by the
statistical histogram. The corresponding stretching forces are
discussed below (see Unfolding Forces).

At 30 and 40 mM KCl, the four main steps are still present
in the histograms (blue Gaussian curves in Fig. 3, b and c¢),
but new peaks corresponding to ionic-dependent interactions
gradually appear as the KCI concentration increases (red and
black Gaussian curves for 30 and 40 mM KCl, respectively,
in Fig. 3, b and ¢), reflecting an improved bR stability due to
better shielding of bR intra- and intermolecular electrostatic
repulsion (23). Since the tip can nonspecifically bind to sev-
eral aa of the C-terminus, the curves were aligned for the
histograms using their unfolding step located at ~25 nm
away from the membrane (third unfolding step in Figs. 3 a
and 4 a) (3,9).

Unfolding from PM extracellular side

Unfolding bR from the extracellular N-terminus (extracel-
lular curves, Figs. 3 and 4, d—f) presents a different pattern
from the C-terminus unfolding, and is generally more diffi-
cult to achieve. At 20 mM KCI (Figs. 3 d and 4 d) the extra-
cellular unfolding patterns present four main steps (at ~5 nm,
~25 nm, ~40 nm, ~60 nm) corresponding to those reported
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FIGURE 2 Unfolding principle. The AFM tip binds to
bR cytoplasmic terminus (a). The tip starts to unfold the
protein by stretching part of helix G up to a first unfolding
barrier (Lyszm) (b). When the pulling force is sufficient,
the barrier is overcome and the helix can be stretched up
to the next unfolding barrier (Trplgg) (c). The effective
protein length stretched is Loyt Li, but the WLC only
accounts for Loy It is therefore necessary to know L;,
(calculated from (14) and (16)) to accurately determine the
unfolding barrier location (see Appendix A for a detailed
example).

previously (10). The last step was sometimes doubled, with
~35% of the unfolding event showing an additional last step
(Fig. 3 d).

At 30 and 40 mM KCl, the main steps mentioned above
are still present, but new salt-dependent unfolding steps ap-
pear (Figs. 3 and 4, e and f). Similarly to cytoplasmic curves,
the different unfolding barriers identified were fitted using
Gaussian curves (same color code). All the extracellular curves
retained were aligned using the second main step (~25 nm).

DISCUSSION
Tip-protein binding and unfolding mechanism

Experimentally, pressing with the tip on the membrane largely
favors nonspecific attachment of single bR molecules to the
AFM tip. The corresponding probability to bind a protein
depends on the protein terminus targeted and on the medium
ionic concentration (see Table 1): for a given force applied
by tip to the membrane, the probability for bR-tip binding
follows the leaflet-dependent increase of PM stiffness with
salt concentration (23). This suggests that perturbing intra-
membrane interactions favors nonspecific tip-protein binding.
The pressing forces employed (<3 nN) should, however,
only elastically deform the membrane, and the speed of the
subsequent unfolding process (100 nm/s) is slow enough to
allow sufficient time for the unfolded protein to rearrange
before the first unfolding event occurs. Since the PM surface
is highly charged (18,23), progressive ion shielding of elec-
trostatic repulsion allows more interactions to stabilize the
protein, making its unfolding more difficult. The efficiency
of the unfolding can be related to the membrane stiffness at
different salt concentrations:

1. At 20 mM KCI, the membrane is soft and presents a
reduced Young’s modulus E (typically ~25% of native

value) (23). The interactions maintaining PM structure
are nonelectrostatic and specific, and appear to be located
mainly in the extracellular leaflet (40,41) (Table 2, Fig.
3, a and d, and Fig. 6, ac—ec and ag—eg) for which E
is substantially larger than in the cytoplasmic leaflet.
Although it is easier to extract proteins from the softer
cytoplasmic leaflet, the positively charged Arg’ residue
interacting with the weakly negatively charged AFM tip
(42) may assist tip binding to the extracellular terminus.
Only the specific intra- and intermolecular interactions
maintaining the membrane cohesion are responsible for
the observed steps.

2. At 30 and 40 mM KCl, Ecyio/Ecxiracen 1S bigger (>0.6),
allowing electrostatic contributions to appear in the un-
folding curves, mainly corresponding to locations in the
cytoplasmic leaflet (Fig. 6, fc—pc and fg—mg). Unfolding
barriers on the extracellular loops can also be observed
(Fig. 6, fc, jc, mc, oc, hg, and mg). The specific con-
tributions observed at low salt are still present (Fig. 3, b,
¢, e, and f).

Trp residues determine the main unfolding steps
through specific steric interactions

Trp residues play an important role in bR stability (18,43,44)
and activity (45—47) and are the only large bR residues located
exclusively in PM extracellular leaflet (14,41) (see Fig. 5). Three
of bR’s eight Trp residues (Trp®®, Trp'®?, and Trp'®) point
mostly toward the inside of the protein and compose part of
the rigid retinal binding pocket (48—50) that controls and cat-
alyzes the retinal photoisomerization process (43,47,51). Inside
bR, the retinal photoisomerizes around its C;3 = C;4 double
bond; steric interactions between the pocket residues and the
retinal are responsible for the stereospecific isomerization and
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FIGURE 3 Histograms representing the number of aa extended out of the membrane with each unfolding step for the different salt concentrations studied
(Lo in Fig. 2). The histograms were obtained from individual fitting of each curve unfolding steps with the WLC model (Fig. 4). The steps are represented by
Gaussian curves which, at full width at half-maximum, correspond to the fitting standard deviation. Unfolding was carried out from bR C-terminus (¢—c) and
N-terminus (d—f) independently at each salt concentration investigated. The steps reported in Table 2 were obtained by fitting the histograms with Gaussian
distributions. The Gaussian color represents the salt concentration at which the corresponding step has been first reproducibly observed (blue at 20 mM KCl,
10 mM Tris-HCl, pH 8; red at 30 mM KCl, 10 mM Tris-HC]l, pH 8; and black at 40 mM KCl, 10 mM Tris-HCI, pH 8). For each histogram, the corresponding
top view of a three-dimensional force plot is also presented (the color scale represents the frequency of the reported events).

for the high quantum efficiency (52-54), and the Trp present
are believed to play an important role in the process (46,50,55).
The other Trp residues (Trp'®, Trp'?, Trp®, partially Trp"?’
and Trp'*®) point more toward the outside of the protein (14,16).
They are not directly involved in bR photoactivity (50) (apart
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from Trp'?’, (45)) but seem to rigidify the protein through

a hydrogen-bond network (48,56) and are thought to anchor
bR into PM (18,23).

Studies on model peptides flanked with Trp have demon-
strated the importance of these bulky residues for anchoring
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the peptide into a lipid membrane (34,57,58) and have shown
that hydrophobic interactions can be overcome by Trp-lipid
interactions (59).

These results strongly suggest that the extraction of Trp
residues is responsible for the main unfolding steps observed,
especially at low salt where steric specific interactions domi-
nate the membrane.

Unfolding from the C-terminus

When fitting cytoplasmic unfolding curves at 20 mM KCl
with the WLC model (Figs. 3 and 4 a), the location obtained
for each step can be interpreted by invoking resistance from a
Trp (Table 2, Fig. 6, ac—ec). If the first step is assumed to
correspond to the position of Lys*'® (see Materials and

TABLE 1 Percentage of events representing a full unfolding of
the protein at the different salt concentrations studied

KCl1 PM terminus Number of full unfolding
concentration pulled from events (as % of attempts)
20 mM C-terminus 38 (4.32%)

N-terminus 31 (2.25%)
30 mM C-terminus 35 2.17%)
N-terminus 49 (1.25%)
40 mM C-terminus 42 (0.87%)
N-terminus 41 (0.92%)

The protein is unfolded from both its termini at each ionic concentration
investigated. As the salt concentration increases, the Young’s moduli of
both PM leaflets increase differentially (23). This is reflected by a decrease
in the success rate when attempting to unfold the protein.

Methods), the second step then coincides with the position of
Trp'®. The third main step can be attributed to the extraction
of Trp'*” and the fourth step to the anchoring of helix C in
the membrane by Trpgo. The last step can be explained by the
anchoring of helix A in the membrane by Trp10 and Trplz.

Unfolding from the N-terminus

Trp residues can also explain the steps observed at low salt
concentration on extracellular curves (Fig. 3 d, Table 2 and
Fig. 6, ag—dg). Taking into account the tip-binding shift (de-
termined using the second step, see Materials and Methods
and Appendix A), the first step corresponds to the extraction
of Trp'® and Trp'?. This step is present, however, in a low
percentage of curves (27%) and with a large fitting uncer-
tainty. This can be explained by the protein elastic defor-
mation induced by the tip when pressing on the membrane.
Since the N-terminus is relatively short, the actual unfolding
process may begin before the tip has moved far enough from
the membrane, thus affecting the first unfolding step. The
second step is assumed to be triggered by the extraction of
Trp® (see Appendix A). The hydrogen bond between Tyr®?
and Trp'®® (14) could also play a role for this step. The third
step is attributed to Trp'*’~'*®¥, The first part of the last step
can then be attributed to Trp'® while the second suggests
the involvement of the F-G loop glutamates, namely Glu'**
and Glu?®* (Table 2 and Fig. 6 eg) (see Specific K* Binding
to the Glu’*"° and Glu'**>%* Residues Located on bR Ex-
tracellular Interhelical Loops).

Biophysical Journal 93(6) 2024-2037
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TABLE 2 Location of the unfolding barriers obtained from fitting with the WLC model and proposed corresponding event in
the protein

Cytoplasmic Extracellular

aa pos. Proposed corresponding aa pos. Proposed corresponding
Fig. 6  of step  Funr (pPN) aa/event in the protein Fig. 6 of step  Fuur (pN) aa/event in the protein
20 mM KCl ac 8 =6 144 + 29 Lys?'® (tip binds: L230, M228) ag 7+ 4 138+ 57 Trp'® "2 (L11, M12)
be 35+2 62+ 17 Trp'™ (L189, M187) be 77+ 7 111 = 41 Trp* (tip binds: L3, M3)
ce 80 + 3 101 =23 Trp"" '3 (L142, M140) g 1299 109 * 44 Trp"*"'*¥ (L132, M132)
dc 141 =3 64 + 35 Trp®™, Tyr® (L81, M79) dg 184 +2 65+ 34 Tip'® (L188, M189)
ec 212+5 73+ 13 Trp'"? 8L, 6M) er 199 =5 106 + 35 Glu'*2% (1201, M204)
30 mM KCI f¢ 22+1 1389 Glu'™ (L195, M195) fe 28 * 6 143 =43 Asp>®® (L40, M41)
gc 39 +4 67 = 14 Pro'® (helix F looping) (L184, M183)  gg 45 =1 76 =20 Pro”, (kink of helix B) (L53, M55)
he 53+ 1 95+ 10 Extract Trp'® cyto. surf. (L175, M173) hz 57 =3 110 + 30 BC loop Glu (L60, M60)
ic 65+3 39*8 Glu'" Arg'"® EF-loop (L163, M161) g 92 *+3 106 = 15 Asp'®7'% Glu'™ (L105, M106)
Jjc 97 + 4 111 = 11 Lys'® (L124, M124) je  157*1 89 =10 Glu'®® EF loop (L169, M170)
ke 109 =3 78 = 13 Asp''®, helix D looping (L116, M113) kg 174 =3 101 * 47 Pro'® (helix F looping),
Trp'®? (L180, M181)
Ic 169 =4 73 =12 Pro* (kink of helix B) (L53, M51) I 212 %5 101 + 44 Glu?'7233723 (1224, M223)
40 mM KCl mc¢ 18 =1 168 + 52 Glu** (L200, M200) mg 114 +4 9] = 38 Lys'® (L121, M120)
ne 128 +3 44 + 12 Asp'™'9 (L102, M100) — 225+3 62+ 35 C-terminus extraction
oc 154 =2 154 = 16 BC loop Glu (L65, M64)
P 189 =3 78 +9  Asp’®® (L40, M39)
— 233 =3 59 =7 N-terminus extraction

The labeling of the barriers is consistent with Fig. 6. At each salt concentration, only the new steps appearing in the unfolding curves are reported in the table
but the steps measured at lower salt concentrations are still present (see Fig. 3). For each step, the number of amino acids extended out of membrane (L, see
Fig. 2), the corresponding unfolding force and their respective standard deviations are displayed. The position of the corresponding unfolding barrier
calculated using two structural models of bR (L) (14) and (M) (16) is also given with the proposed amino-acid/event responsible for the observed step. When
pulling from PM cytoplasmic side (C-terminus), the last amino acid to which the tip attaches is determined assuming that the first step at low salt is triggered
by Lys>'®. For extracellular unfolding (N-terminus), the position of the tip attachment is determined assuming that Trp®® is responsible for the second main
step (Appendix A). The steps showing italicized force values could not be satisfactorily fitted with a Gaussian distribution due to significant force variations.

For each force reported, if the standard deviation was smaller than the cantilever calibration error (10%), the latter value was used.

Considerations derived from thermally assisted bond rup-
ture theory also support the role of steric interactions in the
observed steps and suggest the responsibility of bulky resi-
dues; independent studies of bR unfolding have found that

STAAAGDGASP

C-terminus Ep
A
kAEs E“EG
aVs . m_ | F
A R
Kg‘ enh VD gl 5| PuvE s™
R
v Ao ||t 26| [PSe||sA =1
gL LA v A | @
Y D Il ab|[¥ K e
Ak el el W BV o] e
- U T N LR A LI B o
G L A M v 216
M P D s
L A pv TT IG AA VT oV
Tl . lF M sT Vi [
L A 86 | I M
F G| |'13e alls
LA T2 v | a7 VAL Lt
12' LT ARY VL 137 FV Vp \ @‘204
E™o LMS 1"4,“ A% | [1vR L LN
P L S " a| IP
R G |P TK Y
TG a’ N v S
e ¢ %5 194®GAG
Ag TMVPFGG 74

FIGURE 5 Scheme of bR aa sequence in the membrane (according to
(14)). The Trp residues are boxed; Lyszm (linking the retinal via a Schiff
base) and the glutamates involved in extracellular ion binding are circled.
The helices and the termini are labeled.
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the extraction force associated with the main steps de-
creases with increasing temperature (5), and increases line-
arly with the logarithm of the pulling speed (7), suggesting
a stick-slip behavior (34). If Trp steric interactions are
responsible for the unfolding steps, extracting these bulky
residues from the membrane should indeed show stick-slip
behavior (34,60,61).

Possible steric contributions from other aromatic
residues at low salt

Other bulky residues like Tyrosine (Tyr) and Phenylalanine
could, in principle, also play a similar role to Trp in the steps
observed at low salt concentration, and were suggested as an
alternative explanation in previous studies (9,10). These resi-
dues are distributed, however, on both sides of bR (14,16)
and cannot fully explain the unfolding steps. The most likely
residue playing a role similar to Trp is Tyr because of its size
and ability to form H-bonds (47,62). Mutation studies showed
that Tyr>’ and Tyr® are important for bR function (63,64)
and that they are involved in the retinal binding pocket (43).
But no unfolding steps were observed around these positions
at low salt concentration, apart from Tyr®*, which hydrogen-
bonds with Trp'® (14) and could be responsible for the step
attributed to Trp®.
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FIGURE 6 Scheme of the unfolding barrier positions reported in Table 2. The barriers are symbolized by a sphere or an ellipsoid fitting the residue(s)
believed to be responsible for the step observed. At each salt concentration, the steps are classified following the order of the unfolding events (Fig. 3). The
color of the arrows indicating the unfolding direction coincides with that of the structural element being unfolded. The color code used for bR helices is shown
at the bottom (same color code as for Fig. 2). In each cartoon, the cytoplasmic side of PM is up, and the extracellular side is down. The extraction of both bR
termini at 40 mM KCI (Table 2) is not shown.
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Specific K* binding to the Glu’*"® and Glu'942%
residues located on bR extracellular
interhelical loops

When the salt concentration is increased from 20 mM KClI to
higher salt concentrations, new unfolding steps are observed,
some of which correspond to charged residue positions lo-
cated on bR extracellular loops. The increased extracellular
leaflet rigidity should favor ion binding to specific sites
(48,56) by improving the stability of the electrostatic inter-
actions. Both extracellular and cytoplasmic unfolding curves
show some salt-dependent steps that can be attributed to bR
extracellular loops (BC and FG for cytoplasmic curves and
BC for extracellular curves, Table 2 and Fig. 6, fc, mc, oc,
eg, and /). It has been shown that ions specifically bind to
the bR extracellular side (65) and mutation studies have
highlighted the interaction of Glu*** with Mn?* ions (65)
and proposed Glu® and Glu'**2%* as potential cation bind-
ing sites (66). The present data suggest that Glu’*"> and
Glu'**2%* offer specific binding sites for the K™ ions (see
circled residues on Fig. 5). Glu'®* and Glu®** are involved
in the proton release mechanism (67,68), and specific ion
binding could enhance this release. Furthermore, specifically
bound ions would support the formation of an extracellular
network favoring lateral proton transfer toward proton sinks
such as ATP-synthases (S. Antoranz Contera, K. Voitchovsky,
and J. F. Ryan, unpublished, (69)).

The proximity of Trp'®™'? from Glu® and from the protein
terminus does not allow an unambiguous conclusion about
possible ion binding.

Secondary electrostatic unfolding barriers are
mostly located in bR cytoplasmic region

Most of the remaining secondary barriers observed at 30 mM
KCI and 40 mM KCI can be observed on both extracellular
and cytoplasmic unfolding curves, except when they corre-
spond to the different rearrangements of the protein frag-
ments remaining in the membrane, which depend on the
previous steps and therefore on the unfolding process. The
barriers can be mainly classified in two categories, both
consistent with enhanced electrostatic shielding within the
cytoplasmic leaflet: extraction of looping helices perturbing
a more cohesive cytoplasmic leaflet, and direct shielding of
electrostatic repulsion by salt ions in the highly charged
cytoplasmic loops.

Cytoplasmic curves obtained at 30 mM KCl show three
steps corresponding to a-helix looping, two of which are
confirmed in the extracellular curves: the first step corre-
sponds to helix F looping around its natural hinge, Pro'*° (65)
(Table 2 and Fig. 6 gc), as predicted by simulation studies
(70). The second step (Table 2 and Fig. 6 k¢), not observed on
extracellular curves, corresponds to a location near Asp' 15,
suggesting looping of helix D. The third step (Table 2 and Fig.
6 Ic) suggests helix B looping around Pro”’. The remaining
steps can be explained by the extraction of the bulky Trp'®’
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from the cytoplasmic leaflet (Table 2 and Fig. 6 hc), the
resistance of the EF-loop (Glu'®', Arg'®*) (Table 2 and Fig. 6
ic) and the rupture of interactions near the DE-loop (near
Lys'?) (Table 2 and Fig. 6 jc). This last step, also observed on
extracellular curves at 40 mM KCl, is the only salt-dependent
step corresponding to an extracellular location that cannot be
explained by specific K™ binding to glutamates. Previous
studies have proposed this step to be induced by multiple
interhelical hydrogen bonds also involving Glu>** (10).
However, since this step depends on salt concentration, the
corresponding interaction involves ions. Lys®'* has indeed
been shown to strongly influence the proton release through
electrostatic interactions with its surrounding (71) and could
be involved, with Glu’*7 and Glul94_204, in the extracellular
ion network mentioned above.

Extracellular curves obtained at 30 mM KCI show steps
that coincide with the unfolding barriers identified on cyto-
plasmic curves except for three steps associated with loca-
tions on the highly charged AB- and CD-loops and near the
cytoplasmic end of helix G (Table 2 and Fig. 6, fg and ig).
The first two steps, also observed on cytoplasmic curves at
40 mM KCl, can be explained by the direct shielding of elec-
trostatic interactions between charged residues (Asp®®—*,
Lys**™*! and Asp'®'™'%? Glu'™, respectively). Several Asp
and Arg and Glu residues located on these loops and on the
EF-loop act as a proton-collecting antenna for bR proton
pumping activity (17,72) and may form a salt-bridge net-
work (70) responsible for the steps observed. The third step
(Fig. 6 Ig), also reported in a previous study (10), has no eq-
uivalence on cytoplasmic curves and is consistent the extrac-
tion of Glu**'"***723¢ from the membrane.

Further increase of the ionic concentration to 40 mM KCI
mostly reveals steps that confirm barrier locations already
identified at 30 mM KCl (in Table 2 and Fig. 6: the steps mc,
ne, oc, Pe, and mg observed at 40 mM KCl correspond to the
30 mM KClI steps eg, ig, hg, fg, and jc, respectively). The
only completely new steps correspond to the extraction of
the bR C- and N-terminus, respectively. These last steps
were poorly localized, however, and only observed for a
small percentage of the curves (<10%).

Unfolding forces

The unfolding forces F,; necessary to overcome the differ-
ent unfolding barriers depend on the (steric/salt-dependent)
nature of the barriers and are summarized in Fig. 3 and in
Table 2. The unfolding force corresponding to a given barrier
is more variable than the barrier’s location, as visible in Fig.
3. This is because minor variations of many parameters such
as the protein local conformation, the actual cantilever
velocity, the local ionic concentration and temperature can
influence the unfolding force without significantly modify-
ing the corresponding barrier location (34). The force varia-
tion associated with each unfolding step represents the actual
reproducibility of the unfolding mechanism and the relative
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degree of variation of the protein local structure during the
unfolding process.

At 20 mM KCl, cytoplasmic curves show well-characterized
forces for each step at 144 = 29 pN, 62 = 17 pN, 101 = 23
pN, 64 = 35 pN, and 73 £ 13 pN, respectively (Figs. 1 and 3
and Table 2, ac—ec). This can be explained by the nature of
the interactions involved: if steps are induced by the extrac-
tion of Trp residues, the corresponding specific steric inter-
actions allow better force reproducibility than nonspecific
electrostatic interactions. The location of the Trp residues
also influences the unfolding process itself: when unfolding
from the C-terminus, the membrane acts as a guide for the
actual local pulling direction. In contrast, unfolding from the
N-terminus will be more subject to local variations of the un-
folding geometry. This is reflected by the poorer unfolding
forces characterization showed by extracellular curves (138 =
57pN, 111 = 41 pN, 109 = 44 pN, 65 = 34 pN, and 106 =
35 pN) (Fig. 3 and Table 2, ag—eE).

At 30 and 40 mM KCl, the unfolding forces corresponding
to the different steps show smaller variations (Table 2, fc—pc
and fg—mg). This is because fewer steps are taken into
consideration for the statistics (see the last part of Materials
and Methods); this is clear in Fig. 3.

The forces associated with different unfolding steps tend
to decrease as the protein unfolds (Fig. 3). This rule applies
well to steps induced by nonspecific electrostatic shielding in
the protein cytoplasmic region since the electrostatic repul-
sion vanishes as the protein is unfolded (e.g., Fundfg) >
Funt(ig) > Fune(je) at 30 mM KCI, Table 2). However, steps
associated with steric specific interactions show many excep-
tions to this trend (e.g., Table 2, ac—ec).

Comparison with halorhodopsin

To test our hypothesis that Trp residues are responsible for
the main unfolding barriers, we compared our results with
the unfolding patterns reported for halorhodopsin (8), a simi-
lar seven-trans-membrane a-helix haloarchaeal protein acting
as an inward light-driven chloride pump. Since halorhodop-
sin shows many structural, sequence (73) and dynamical (74)
similarities with bR, the comparison is particularly relevant.
The previously published halorhodopsin unfolding patterns,
although not obtained in comparable ionic concentrations
(300 mM KCl), reproducibly present four main distinct
unfolding steps (8). Similarly to bR, halorhodopsin shows
various more complex patterns where the main steps are still
present (8). The halorhodopsin main unfolding pattern pre-
sents many similarities with that of bR and all the unfolding
barriers reported can also be explained by the presence of a
Trp residue (Trp?"®, Trp"®¥, Trp'®, and Trp**). For each
step, our hypothesis coincides within 4 aa with the corre-
sponding reported unfolding barrier location. The authors
also point out one main difference with bR unfolding pat-
terns, showing that helix E tends to unfold in multiple steps
due to an unfolding barrier located near helix E cytoplasmic
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extremity. Consistently with our model, halorhodopsin ex-
hibits a Trp residue (Trp'®?) located in this region, with no
equivalent in bR (8,73).

Toward a functional description of bR interactions

Extracellular Trp steric and specific interactions constitute bR
fundamental scaffolding and are therefore essential for the
protein activity. The extracellular rigidity achieved through Trp
interactions could play a dual role by supporting the retinal
isomerization stereoselectivity (55) and by controlling the
transmission of the photoinduced vibrational energy from the
retinal to the protein (46,50). The vibrational energy trans-
mitted allows the Schiff base deprotonation (45) by a partial
disruption of the extracellular hydrogen-bond network (56).
Furthermore, the vibrational energy could enhance the large
conformational changes occurring in the softer cytoplasmic
part during the second half of the photocycle (23,48,75)
through amplification of the small vibration amplitude of the
extracellular rigid network (76). The Trp scaffolding is indeed
relatively static throughout the bR photocycle (48), allowing
it to be anchored into the membrane through interactions with
extracellular lipids known to be tightly and specifically bound
to the protein (77,78). bR photocycle dynamics reflects its
differential biomechanics: the retinal isomerization rapidly
propagates within the extracellular part of the protein, allow-
ing the proton release within <0.4 ms, while the reprotonation
that takes part in the softer cytoplasmic region typically takes
>10 ms (see, for example, (56)).

Direct interactions between bR monomers are weak (79),
though, and to date, no direct interprotein interactions have
been observed in bR unfolding patterns (35), regardless of
photoinduced structural changes on the protein (9). The bR
rigid and stable extracellular surface also offer ions specific
locations to bind the loops, favoring the formation of an ordered
layer of condensed counterions (S. Antoranz Contera, K.
Voitchovsky, and J. F. Ryan, unpublished) that could support a
rapid lateral migration of the released proton (69) toward proton
sinks. The PM cytoplasmic leaflet is, on the other hand, gov-
ermned by highly dynamical, nonspecific electrostatic interac-
tions. bR cytoplasmic region is rich in charged residues acting
as antennae for proton capture (72). Salt ions are necessary
to screen mutual protein charge repulsion, but no ordered
ionic layer can be established because of the dynamical nature
of the electrostatic interactions involved (S. Antoranz Contera,
K. Voitchovsky, and J. F. Ryan, unpublished). This allows the
bR cytoplasmic-half to adapt structurally and dynamically
throughout the photocycle to optimize proton uptake from
the bulk and accommodate the large structural rearrange-
ments necessary to reprotonate the chromophore (75,80).

Sources of error and implications in the
results interpretation

The errors originating from the data analysis (procedures and at-
tribution of the unfolding barriers) are discussed in Appendix C.

Biophysical Journal 93(6) 2024-2037
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Once an unfolding barrier is attributed (as in Fig. 3; see
also Materials and Methods and Appendices B and C) its
biophysical interpretation is based on the corresponding
location inside the protein and on the barrier nature (specific
steric or electrostatic). In most cases, these two criteria are
sufficient to unambiguously provide information about the
mechanism for the barrier and/or about the aa involved.
Previous studies employing other techniques could often
further support our interpretation. Generally, the unfolding
barriers attribution is less reliable at higher ionic concentra-
tions (3040 mM KCl), although it is clear that most of these
barriers are located in the protein cytoplasmic region, apart
for specific ion binding to the extracellular loops. At 20 mM
KCI, however, most of the electrostatic interactions are
suppressed, simplifying the problem; and the attribution of
the steps to the Trp residues can be made with confidence.
The dependence of these steps on the pulling parameters and
comparison with halorhodopsin largely support this inter-
pretation. Site-directed mutagenesis could, in principle, pro-
vide a further control, but most of the Trp mutations reported
so far seriously affect the protein dynamics (43,50,81) and
PM assembly (H. Besir and D. Oesterhelt, unpublished) (18).
It is therefore likely that replacing Trp with smaller residues
may dramatically alter the protein structure, making com-
parison with the native protein irrelevant.

CONCLUSIONS

Using side-specific single-molecule force spectroscopy of
bR at different salt concentrations, we have been able to iden-
tify the nature and the aa involved in the different interac-
tions dominating the protein local mechanical properties and
function.

To survive in their extreme environment, PMs have de-
veloped a sophisticated strategy that exploits high ionic
concentrations for enhancing bR activity. The protein ex-
tracellular and cytoplasmic regions present very different,
yet complementary properties, the combination of which
allows bR to function efficiently over a broad range of salt
concentrations. Trp residues play a central role mainly by
creating a rigid scaffold around the retinal and in the ex-
tracellular region of the protein, thus allowing efficient me-
chanical amplification of the chromophore photoisomerization
while stabilizing, anchoring, and controlling the protein struc-
ture. Most of the archeal rhodopsins show a similar structure,
with Trp enclosing the retinal and creating a network mainly in
the extracellular region, suggesting the biomechanical strategy
proposed for bR to be relevant for understanding the bio-
mechanical basis of their respective function. Further to this
common basis, each protein presents particular characteristics
that depend upon its function and environment, such as specific
extracellular ion binding sites for bR. Future molecular
dynamics simulation of bR unfolding from PM will allow a
detailed description of the role played by PM native lipids for
anchoring and stabilizing bR.
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APPENDIX A: IDENTIFICATION OF THE
UNFOLDING BARRIER LOCATIONS USING THE
WORMLIKE CHAIN MODEL

The wormlike chain model (WLC) relates the extension x of a flexible (bio-)
polymer of contour length L to its persistence length A, the stretching force
F(x), and the thermal bath T through the WLC equation (33):

_ai

Flx) == 4(1—x/L)_2—;1+x/L.

This model assumes that entropic loss opposes the polymer resistance to
stretching. Numerous studies have demonstrated the applicability of the
WLC model in single protein unfolding (persistence length of 0.4 nm,
amino-acid length of 0.36 nm) ((1,9) and references therein). Fitting the
unfolding steps with the WLC equation allows the calculation of the
unfolded contour length L, (Fig. 2) at each step and therefore provides an
estimate of the corresponding number of aa extended. Using high resolution
crystallographic models of the protein (Luecke et al., model L (14) and
Mitusoka et al., model M (16)) it is then possible to determine the particular
location (along the protein aa sequence) of the unfolding barrier responsible
for a given step (Table 2, Fig. 2). However, this procedure requires prior
knowledge of the aa position from which the protein is actually unfolded
(tip-binding shift; see Materials and Methods). This aa varies between the
different curves due to nonspecific binding of the protein terminus to the tip.
The curves were therefore aligned on one of the main unfolding steps visible
at 20 mM KCI (third step when unfolding bR from the C-terminus and
second step when unfolding from the N-terminus respectively, see Fig. 3, a
and d, and Fig. 4, a and d). When unfolding bR from the C-terminus, we
determined a global tip-binding shift for the aligned curves assuming that the
first step observed (Fig. 3 a) corresponds to the position of the Lys>'® residue
that binds the retinal. A barrier corresponding to this residue has been
previously reported (9) and molecular dynamics simulations on bacterioop-
sin suggests that even without the retinal, a salt-bridges network involving
Lys?'® would oppose unfolding (70). The unfolding barrier could also be
justified by the retinal extraction from its rigid binding pocket. This
attribution provides a shift of 18 aa or 20 aa, depending on the protein model
used (Table 2). The global binding shift of the curves representing unfolding
from the N-terminus was determined assuming that the second step observed
at low salt (~77 aa; see Table 2) is triggered by the extraction of Trp® from
the membrane (Table 2, Fig. 3 d). Trp® points away from the centre of the
protein and is known to be important for maintaining PM native lattice
assembly (18). Trp® has been suggested to interact specifically with the
surrounding glycolipids (77), and its extraction from its natural location near
the lipids carbonyl region is therefore expected to induce an unfolding
barrier (34,57). The assessment of the second unfolding step to Trp®°
provided a shift value of 3aa to 4aa. This shift is compatible with the
hypothesis that Trpl(Hz are responsible for the first step within the fitting
uncertainty of the WLC model (see Table 2 and Trp Residues Determine the
Main Unfolding Steps through Specific Steric Interactions, in Discussion).

The determination of the unfolding barriers location inside bR could then
be achieved assuming an aa length of 0.36 nm when extended (1) and of 0.15
nm when ordered in a a-helix (82), and full extension of the protein between
a resisting unfolding barrier and the pulling AFM tip. The example provided
in Fig. 2, @ and b, uses the L-model (14) for bR structure. According to this
model, a total of 14 aa are extended from 0.15 nm to 0.36 nm, thus inducing
a measured extension Ly, = 14 X (0.36-0.15 nm) = 2.94 nm = 8 aa of the
unfolded length (Fig. 2 b, Table 2).

The M-model (16) assumes that 2 aa are already extended outside the
membrane when the unfolding begins (helix G ends at Ser??, see (16)), thus
extending a total of 10 aa, which leaves a measured extension Ly, = 10 X
(0.36-0.15 nm) + 2 X 0.36 nm = 2.82 nm = 8§ aa (Table 2). The iden-
tification of the unfolding barrier rests on the implicit assumption that the
unfolding process does not affect the structure of the protein still remaining
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inside the membrane. In cases where the unfolding barrier was located at the
opposite side of the membrane, L;,, was assumed to be 11-aa long (see Fig. 2 ¢).

APPENDIX B: ANALYSIS OF THE UNFOLDING
CURVES AND DETERMINATION OF THE
BARRIER LOCATIONS

Analysis of the unfolding curves was performed by special routines
programmed using Igor Pro. For each curve analyzed, the origin was first
determined by fitting the curve with two articulated straight segments. The
extremities of each segment were fixed to the extremities of the curve while
the hinge point could run freely along the curve. The hinge point providing
the best fit was retained as the new curve origin. A given set of unfolding
curves could then be finely aligned on a particular step by minimizing the
intercurve area within an adjustable region. At the lower salt concentrations
(20 and 30 mM KCl), possible long-range repulsive forces (83) super-
imposed to the unfolding steps could be discriminated by subtracting a
baseline obtained from corresponding extension curves. The unfolding step
positions were then determined for each curve by considering variations of
the first and second derivatives after smoothening. Different smoothening
procedures were carried out in parallel (linear smoothing, local integration
using a 0.7 nm window) and the results compared to ensure their reliability.
The minimum between two successive steps could then be identified
allowing determination of a relevant fitting interval for each unfolding step.

Each step in each curve was then fitted using the WLC model. The results
obtained were added up to form three-dimensional statistical histograms of
the step positions (in aa extended outside the membrane) versus the
corresponding extraction force and the corresponding frequency (see
Materials and Methods and Fig. 1 ¢). The results presented in Figs. 3 and
4 and in Table 2 are derived from the three-dimensional histograms data.

Due to bR unfolding patterns reproducibility, the statistical histograms
exhibit local frequency maxima corresponding to particular protein exten-
sion lengths (e.g. in Fig. 1c and Fig. 3). Such maxima were fitted with
Gaussian distributions at each salt concentration (Fig. 3). It is clear when
looking at the fitting distributions in Fig. 3 and the fitting examples in Fig. 4
that more unfolding steps appear as the salt concentration increases.
Experimentally, we observed that unfolding steps present at a given salt
concentration usually persist as the salt concentration increases. We used
this last consideration as a fitting assumption throughout the analysis: before
attributing new steps at a given salt concentration, we always excluded the
possibility for the potential new step to be explained by an event already
observed at a lower salt concentration. Steps depending on the salt concen-
tration sometimes provide poorly reproducible locations (see Discussion and
Appendix C), making it difficult to determine whether the attribution of a
new step is fully justified. This is especially true when nonspecific elec-
trostatic interactions are suspected to be responsible for the unfolding step.
In the majority of cases, however, subjective choices could be excluded
using the information overlap from the curves obtained by unfolding bR
from both termini. Further support was also obtained by simply looking at
the unfolding curves and considering possible structural justifications (Table
2). The reliability of the different step attributions and the corresponding
implications in the results interpretation are discussed in detail in Discussion
and in the Appendix C.

APPENDIX C: RELIABILITY OF THE ANALYSIS
AND ERROR ESTIMATION

In the analysis procedure described above, there are two main sources of
error that can influence the results and their interpretation:

1. The procedure described in Materials and Methods and in Appendix B
aims at eliminating subjective interpretations of the results, first by
analyzing the curves systematically with identical analysis parameters,
and then by individually fitting every unfolding step that avoids possible
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averaging effects. The procedure can, in principle, miss certain steps or
report artifacts as unfolding steps. This is strongly limited, however, by
the additional control procedures (described in Appendix B) and
comparison of the results with the set of unfolding curves analyzed
always showed a representative analysis of the data. A good example of
the procedure robustness is displayed in Fig. 4: certain substeps have
arguably been missed by the procedure, but all the main steps have been
fitted. If some substeps are missed, the consequences will be equivalent for
each salt concentration studied and will not introduce artifacts, but simply
reduce the number of steps analyzed and consequently decrease some
frequencies in the statistics.

2. The main source of error comes from the assignment of the different
unfolding steps (derived from the frequency histograms in Fig. 3),
especially for the higher ionic concentrations. However, the method
employed to address this problem (see Materials and Methods and
Appendix B) allows minimization of subjective decisions since it relies
on the information gathered at a lower salt concentration where the step
assessment is clearer, and provides a further control by comparing the
unfolding barriers observable for cytoplasmic and for extracellular
curves. Some isolated unfolding events (e.g., nonfitted spread peaks
observed at 20 mM KCl for extracellular curves, Fig. 3 d) were not
considered, especially if an increase in the ionic concentration produced
far more events in this region, hence allowing a better analysis. The
transition between the different ionic concentrations studied is con-
tinuous, and salt-related interactions cannot be excluded even at the
lowest concentration. Increasing the number of curves analyzed could
improve the assessment process, but the low unfolding probability
(Table 1) made the acquisition of a substantially larger number of
curves difficult. The consistent trend exhibited by the results obtained,
the clear dependency of some unfolding barriers on the ionic
concentration, and their respective location near highly charged residues
often known to mediate important electrostatic interaction for the
protein activity, support the results obtained and the corresponding
interpretation. Furthermore, each set of curves shows the steps reported
at 20 mM KCl as main unfolding events. These steps, reported in
various previous experiments (3,5,9,10,35), are known to be associated
with extracellular locations and can be considered as markers. The
histograms presented in Fig. 3 then clearly confirm the appearance of
salt-dependent unfolding barriers corresponding essentially to cytoplas-
mic locations, regardless of the detailed assessment of these steps.
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