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ABSTRACT Bacteriorhodopsin (BR), a specialized nanomachine, converts light energy into a proton gradient to power
Halobacterium salinarum. In this work, we analyze the mechanical stability of a BR triple mutant in which three key extracellular
residues, Glu®, Glu'®*, and GIu®®*, were mutated simultaneously to GIn. These three Glu residues are involved in a network of
hydrogen bonds, in cation binding, and form part of the proton release pathway of BR. Changes in these features and the robust
photocycle dynamics of wild-type (WT) BR are apparent when the three extracellular Glu residues are mutated to Gin. It is
speculated that such functional changes of proteins go hand in hand with changes in their mechanical properties. Here, we apply
single-molecule dynamic force spectroscopy to investigate how the Glu to GIn mutations change interactions, reaction pathways,
and the energy barriers of the structural regions of WT BR. The altered heights and positions of individual energy barriers unravel
the changes in the mechanical and the unfolding kinetic properties of the secondary structures of WT BR. These changes in the
mechanical unfolding energy landscape cause the proton pump to choose unfolding pathways differently. We suggest that, in a
similar manner, the changed mechanical properties of mutated BR alter the functional energy landscape favoring different reaction

pathways in the light-induced proton pumping mechanism.

INTRODUCTION

Bacteriorhodopsin (BR) functions as a light-driven proton
pump in the outer membrane of the archaebacterium Halo-
bacterium salinarum, and provides a photosynthetic source of
energy when the oxygen concentration drops below the
threshold level capable of sustaining respiration (1). BR, the
main constituent of purple membrane in the outer membrane,
assembles into trimers within a hexagonal lattice of 6.2 nm.
BR consists of seven transmembrane (TM) «-helices (2)
surrounding the photoactive retinal covalently linked to
Lys>'® by a Schiff base (3,4). Upon absorption of light, the
retinal isomerizes from the all-trans to the 13-cis (5) confor-
mation accompanied by a series of structural changes that are
characterized by an alteration in the absorption spectrum and
the refractive index of the protein (6). During this process, a
proton is transferred across the purple membrane, thereby
providing energy to power the bacterium.

Single-molecule force spectroscopy (SMFES) has been es-
tablished as a tool to mechanically unfold membrane proteins
(7). The resulting force-distance (F-D) spectrum detects and
locates the strength of molecular interactions that stabilize
certain structural regions of the membrane protein. Dynamic
SMEFS (DFES) probes these interactions at different timescales
to extract the defining parameters of prominent energy bar-
riers. These energy barriers define the kinetic stability of the
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structural segments in the membrane protein, and build part of
the energy landscape along the force-driven unfolding path-
way chosen by the protein (8,9). Recently, we and others have
shown that the energy landscape of a protein is sculpted by the
mechanical properties of its structural segments (10,11). The
rigidity of structural segments may be crucial in guiding
the conformational changes required for the protein’s func-
tion. Determination of the energy landscape thus becomes
important in understanding the structural stability and func-
tional dynamics of a protein.

Here, we put forth a hypothesis that a protein showing al-
tered functionality would also show altered mechanical
characteristics. To test this hypothesis we performed single-
molecule DFS measurements on a BR triple mutant E9Q/
E194Q/E204Q (3Glu BR; see Fig. 1). Glu residues located in
the extracellular region of BR, Glug, Glu194, and Glu?** are
involved in a network of hydrogen bonds, and are suggested
to have a role in cation binding (12). More importantly these
residues form part of the proton release pathway (13—15) and
hence are important for BR functioning. The importance of
the extracellular Glu residues and their photoelectrochemical
role in BR (16-20) provides the rationale for mutating Glu to
Gln. In this work, we characterize the structural properties of
the 3Glu mutant, which has been assayed as a light harvester
for solar cell applications. Preliminary results show better
photoelectric performance of 3Glu BR as compared to wild-
type (WT) BR (67). This advantage may result from a less
charged extracellular surface due to the presence of Gln side
chains instead of Glu, and thus an easy interaction with the
TiO, surface. However, these mutations could also lead to
changes in the molecular interactions responsible for the
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formation of structural units. Therefore, it was of interest to
evaluate the effect of these mutations on the mechanical sta-
bility related to the proton transport function.

DFS could detect changes in the molecular interactions,
energy landscape, and mechanical properties of BR upon
substitution of extracellular Glu residues. Consequently, the
unfolding pathways of 3Glu BR were different from those
preferred by WT BR. Protein unfolding can be described by
reaction pathways chosen along energy landscapes. Here, we
suggest that the changes detected in the energy landscape may
also funnel the protein function differently.

MATERIALS AND METHODS
Preparation of 3Glu BR

Purple membranes containing WT BR were isolated from H. salinarum strain
S9 as described (21). The triple mutant E9Q/E194Q/E204Q, 3Glu BR, was
obtained as follows: the gene encoding BR, bop gene, subcloned in pUC119
as a 1.2 kb BamHI/HindIII fragment (a gift from Dr. R. Needlemann), was
used as a template for mutagenesis. Single mutants were obtained by PCR
site-directed mutagenesis and amplified in the Escherichia coli TG1 strain.
Screening of the mutants was performed by DNA sequencing. 3Glu BR was
constructed by cloning single Gln mutants together taking advantage of
unique restriction sites. It was transformed and expressed in the H. salinarum
L33 strain with help of the shuttle plasmid pXLNovR. Mutations were con-
firmed from H. salinarum transformants by sequencing the bop gene from
isolated DNA.

SMFS and DFS of 3Glu BR

SMES was used to unfold individual BR molecules as described (22,23). As a
first step, ~2 uL of BR containing membrane patches, diluted to a concen-
tration of ~0.4 mg/mL, were adsorbed in 300 mM KCI, 20 mM Tris (pH 7.8)
onto a freshly cleaved mica surface. After locating the protein membrane
patches the atomic force microscope (AFM) stylus was pushed onto the
membrane surface at a constant force of ~1 nN for ~0.5 ! s. This forced the
terminal end of BR to attach to the stylus via nonspecific interactions forming
a molecular bridge (22). Withdrawal of the AFM stylus stretched this mo-
lecular bridge, exerting a force at the membrane protein. At sufficiently high
forces, the sequential unfolding of structural segments of the protein was
induced. Differences in unfolding BR from the N- and C-terminal ends have
been characterized previously (24). In this study, BR was unfolded by pulling
from the C-terminal region as determined by fitting force peaks of F-D curves
to the wormlike chain (WLC) model.

DFS on 3Glu BR was performed at six different pulling speeds of 100, 350,
700, 1310, 2320, and 5230 nm/s. All DFS experiments were conducted under
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©OO  FIGURE 1 Mapping Gln mutations E9Q/E194Q/E204Q

(3Glu BR) in BR. WT BR (PDB ID: 1AT9) as viewed from
the extracellular surface (A) and side view from the mem-
brane (B). Mutated residues, E9 (orange), E194 (blue), and
E204 (red) are shown in ball-and-stick representation. E9 is
located at the extracellular end of a-helix A (purple), E194
in extracellular loop GF (yellow), and E204 at the extra-
cellular side of a-helix G (dark green).

identical physiological conditions, BR was embedded into the native purple
membrane, and pH, electrolyte concentration, and temperature of the buffer
solution were kept constant. Spring constants of the 200-um-long AFM
cantilevers (NPS, Veeco Metrology, Santa Barbara, CA; nominal spring
constant ~0.08 N/m) were calibrated in buffer solution using the equipartition
theorem (25,26). All experiments on 3Glu BR were performed using canti-
levers from the same wafer, and the measured spring constants were within
~10% of each other. To minimize errors due to cantilever spring constant
deviations in DFS measurements, 3Glu BR was unfolded at a specific speed
using at least three different cantilevers. The number of F-D curves collected
for 3Glu BR was 127 (100 nm/s), 105 (350 nm/s), 130 (700 nm/s), 125 (1310
nm/s), 130 (2620 nm/s), and 100 (5230 nm/s). WT BR data were taken from a
recent study (27), and the number of curves was 10 (10 nm/s), 84 (50 nm/s), 79
(87.2 nm/s), 165 (654 nm/s), 121 (1310 nm/s), 23 (2620 nm/s), and 51 (5230
nm/s). All experiments were performed at room temperature using a Picoforce
(dI-Veeco) AFM equipped with the PF scanner.

DATA ANALYSIS
Selection of force-distance curves

We have previously established a robust method to identify
F-D curves resulting from the mechanical unfolding of single
BR molecules from their C-terminal end (22,23). In short, this
method relies on the fact that F-D curves exhibiting an overall
length between 60 and 70 nm reflect complete unfolding and
extension of BR molecules attached by their C-terminal end to
the AFM stylus. All curves exhibiting this length were se-
lected and aligned manually. Every peak of a single F-D curve
was fitted using the WLC model with a persistence length of
0.4 nm and a monomer length of 0.36 nm (28). The contour
lengths obtained from the WLC fits give the number of ex-
tended amino acids at each peak and allow us to assign un-
folding events to structural segments of BR, as described
before (23). To measure the unfolding force of each structural
segment, every event of each curve was analyzed.

Phenomenological model versus
microscopic models

Recently, Dudko et al. (29) proposed a unified microscopic
model for optimum fitting to the data obtained at increasing
loading rates. This model accounts for the discrepancy be-
tween the two microscopic models proposed previously



Mechanical Unfolding of E9Q/E194Q/E204Q

(30,31), and also between the microscopic models and the
phenomenological model of Evans (9). For the model systems
titin and RNA, this unified framework predicts consistent
values of the distance of the transition state from the folded
state (x,) and the unfolding rate (k,) when using the micro-
scopic theories. Although the value of x, obtained from the
phenomenological method is quite close to that derived from
the microscopic models, the value of k, is off by approxi-
mately an order of magnitude when compared to the micro-
scopic models. However, to our knowledge, the validity of the
microscopic model lacks a firm confirmation by independent
experimental verification. In the light of the fact that small
changes in x, are sensitively linked to k, (32), it is not sur-
prising that the values of k, change by an order of magnitude.
An order-of-magnitude difference is, therefore, not a consid-
erable one, given the fact that Dudko et al. do not give errors
on the reported values. Importantly, in this study we consid-
ered two values of k, different only when the difference is two
orders-of-magnitude or more. Moreover, the loading rates in
our experiments were in the intermediate range so as not to
introduce any curvature in the mean rupture force, (F), versus
log.(loading rate) plot for which the microscopic models seem
to work better. Thus, here we chose to use Evans’ phenome-
nological theory based on Bell’s seminal work (33).

Calculating x, and k, from DFS

DFS with AFM involves unfolding a protein at increasing
pulling speeds (34). Plotted as the most probable unfolding
force versus log.(loading rate), the force spectrum maps the
most prominent energy barriers in the energy landscape along
the force-driven pathway (8,35). The most probable unfolding
force, F,, can be described as

kBT Xuls
F, = In 1
P Xu (kBTku ’ ( )
where kg is the Boltzmann constant, T is the temperature, x,
denotes the distance from the free energy minimum to the
transition barrier, k, is the unfolding rate under no applied
force, and r¢ is the loading rate. Instead of the most probable

force we plotted the mean force, (F), versus log.(loading rate).
A least-squares fit of the data using Eq. 1 provides x, and k.

Estimation of transition barrier heights and
rigidity of structural segments

The barrier height, AG}, between a transition state and a folded
state was estimated using the Arrhenius equation AG; =
—kgT X In(74 /70), where 7y denotes the lifetime of the in-
termediate state under zero loading (1o = 1/k,), and 1/7 the
Arrhenius frequency factor (9,36). A typical value of 7, in
protein dynamics is 10" s (37). The errors of k, were prop-
agated to estimate the errors in AG;}, calculation. The spring
constant, k, was determined using the formula k = 2 X
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AG;, /xﬁ (11,38,39). This value was taken as an estimate of
protein rigidity in the direction of pulling. The errors of AG},
and x, were propagated in the estimation of errors of k.

Probability calculation of unfolding pathways

To determine the effect of mutations on the unfolding path-
ways we calculated the probability of all the unfolding path-
ways of each structural segment of 3Glu BR at every
unfolding speed. Table 1 compares the probabilities of un-
folding pathways of 3Glu BR (700 nm/s) with WT BR (654
nm/s). Each pathway was codified as a string of 0 and 1, where
1 corresponds to the sequence position denoting the presence
of apeak and O corresponds to the sequence position where the
given peak was missing. The standard errors in the probability
of the unfolding pathways were calculated using the equation

(p(1 —p)/n), where p is the probability, and n the total
number of F-D curves.

It is well known that the probability of unfolding pathways
of a protein changes with loading rates (27,40). However, the
difference in loading rates at a specific speed owing to a cal-
ibration error of 10-20% in the spring constants of different
cantilevers is less than the difference in the loading rates
at different speeds observed in previous studies (27,40).
Therefore, we believe that the observed changes in the
probability of the unfolding pathways in our experiments are
not due to the differences in loading rates arising from the
calibration error in the spring constants. Recently it was
shown that different spring constants (loading rates) could
force a polypeptide to unfold via different pathways (41).
However, the spring constants of the cantilevers used for
those measurements were an order-of-magnitude different.
The authors did not observe different unfolding pathways
while using one type of cantilever, which had a calibration
error of 20%. In addition, previous DFS experiments on WT
BR and five different BR mutants using similar cantilevers all
showed the same unfolding pathways and no new ones
(27,40). We, therefore, firmly believe that the detection of a
new unfolding intermediate in this study is not owing to errors
in spring constant calibration.

RESULTS

GIn mutations guide BR to unfold via a
new intermediate

Mechanical unfolding of membrane proteins by SMFES gives
rise to F-D curves (7,42). Each force peak in the F-D curve
represents the unfolding of a certain structural segment con-
stituted by complete or partial TM a-helices, polypeptide
loops, a single TM «a-helix and loops, or two TM «-helices
and a connecting loop. The sequence of force peaks in a single
F-D curve denotes which structural segments establish the
intermediate states in the unfolding pathway of the membrane
protein (23,27). We replaced three Glu residues of BR at
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TABLE 1 Probability of unfolding pathways of 3Glu and WT BR

Peak position from C-terminus (amino acids, aa)

Position from N-terminus (aa) Probability (%)

26 36 51 88 94 105 148 158 175 219 232 WT 3Glu

Structural segments 222 200 194 159 144 129 101 79 63 30 17 BR BR
Helix G-1, loop GF-2, helix F-2 1 1 1 10 = 2 31 =4
Helix G-2, loop GF and helix F-2 1 1 0 52 42
Helix G and loop GF, helix F-4* 1 0 1 3+1 4 =2
Loop GF-1, helix F-1 0 1 1 29 = 4 15+3
Loop GF and helix F-1 0 1 0 13 £3 10 £3
Helix F-3* 0 0 1 0 15+3
Helices E and D 1 0 0 25*+3 30 £ 4
Helix E, helix D-1 1 0 1 39+4 32%4
Part helix E, part helix E, helix D-2 1 1 1 22+ 3 20 = 4
Part helix E, part helix E and helix D 1 1 0 15*3 18 =3
Helices B and C 1 0 0 33 £ 4 17 =3
Helix C and loop BC, helix B-1 1 0 1 39+4 34 +t4
Helix C-2, loop BC, helix B-2 1 1 1 10 £ 2 17 £ 3
Helix C-1, loop BC and helix B 1 1 0 18 =3 32 +4
Helix A and N-terminus 1 0 97 = 1 59 =4
Helix A, N-terminus 1 1 3+1 41 £ 4

Unfolding pathways of 3Glu and WT BR were constructed from the unfolding intermediates. The probability occurrence of the unfolding pathways changed
for 3Glu BR as compared to WT BR. A comparison of the occurrence probabilities (mean * SE) between the 3Glu and WT BR is shown for pulling speed
700 nm/s. Due to changes in intramolecular interactions these probabilities could vary considerably for certain unfolding pathways. Note that ‘1’ denotes
the presence of a peak in the F-D curve and hence the unfolding of the structural segment corresponding to the peak in the unfolding pathway, and ‘0"’
denotes a missing peak and the absence of the corresponding structural segment in the unfolding pathway. It is important to mention that the presence of a
force peak at the same position does not necessarily denote identical unfolding events. For example, the appearance of a force peak at amino-acid position 88
followed by a force-peak at position 148 denotes the unfolding of TM helices E and D together constituting one pathway, whereas a peak at position 88
followed by a peak at position 105 denotes the unfolding of TM helix E alone, thus constituting a different pathway (see Fig. 3). This combination of
stochastic unfolding events gives rise to different unfolding pathways.

*Due to the very low frequency of occurrence of these pathways, we do not report the unfolding forces.

TNew pathway detected in 3Glu BR (Fig. 3).

positions 9, 194, and 204 with Gln (Fig. 1) to explore their role by Gln did not change the positions of the structural segments
in the BR structure. A change in interactions due to mutations stabilized in BR.

can be detected by the introduction of a new or deletion of an Focusing on TM helices G and F, which host the mutations
existing structural segment. F-D curves resulting from the E194Q and E204Q, several unfolding pathways were ob-
mechanical unfolding of 3Glu BR showed the presence of  served (Fig. 3, Table 1). The structural segments constituted
well-defined force peaks at amino acid positions previously by helices G and F in 3Glu BR unfolded via all the five
detected for WT BR (Fig. 2, Supplementary Material Fig. pathways observed before for WT BR (23). Interestingly, we
S2 A in Data S1) (23). All positions of individual peaks re- observed the presence of an additional combination of force-
mained the same independent of the pulling speed (Fig. S2, peaks denoting a new unfolding pathway of helices G and F.
B—F in Data S1). This suggested that the substitution of Glu In the new pathway, the C-terminal was stretched triggering

A 3Glu BR FIGURE 2  Superimpositions of F-D traces of 3Glu and
WT BR. The superimpositions of F-D traces recorded by
=009 SMFS enhance common unfolding patterns of single BRs
250 and demonstrate the reproducibility of the unfolding path-
= 200 ways. Superimpositions are fitted with the WLC model
£ (504 (black lines) to show the occurrence of main peaks (occur-
S rence ~100%) indicating stretched polypeptides corre-
e 1007} sponding to lengths of 88, 148, and 219 amino acids.
50 Gray lines denote WLC fits of side peaks (occurrence
04 - : z - = <100%) corresponding to stretched polypeptide lengths of
T T T 1 T T T — 26, 36, 51, 94, 105, 158, 175, and 232 amino acids. Many

0 20 40 60 80 0 20 40 60 80

of these side peaks are masked in the noise of the super-

Tip-sample distance (nm) imposition. Major and minor force peaks of 3Glu and WT

BR occurred at the same positions (Fig. S2 in Data S1). The

grayscales allow us to statistically interpret the superimpositions. F-D traces superimposed were collected at a pulling speed of 600 nm/s for WT BR (A) and
700 nm/s for 3Glu BR (B). To show the peaks clearly in each case only 43 curves are superimposed.
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FIGURE 3 Unfolding pathways of 3Glu BR. Superimposition of F-D curves of 3Glu and WT BR (Fig. 2) can mask the side peaks occurring at a much lower
probability (<50%) due to the noise in the superimposition. A closer look at individual F-D curves reveals these side peaks. (A—D) Individual peaks in F-D
curves fitted by the WLC model denote different structural intermediates of the unfolding pathways via which 3Glu BR could unfold (23). Each WLC fit
reveals the length of the stretched polypeptide (given in amino acids), which is used to locate the interaction in BR. The distance between two subsequent force
peaks denotes the length of the structural segment constituting the unfolding barrier. The lower panels in A-D denote the structural segments stabilized by the
molecular interactions detected by the force peaks. The combination of different force peaks detected in a F-D curve constitutes the unfolding pathway of the
protein. All possible pathways observed in WT BR were also detected for 3Glu BR. Besides these, one new pathway was detected for unfolding of TM helices
G and Fin 3Glu BR (orange trace in A). (A) The arrows denote the sequence of unfolding events of different structural segments. For clarity not all force peaks
are shown together and some of the arrows denoting the unfolding sequence of structural segments are shown separately. (B—D) Black arrows denote secondary
structure elements that unfolded together. These structures could also unfold via alternative pathways as shown by differently colored arrows. Unfolding
intermediates for 3Glu and WT BR remained the same, although the occurrence probabilities showed a dramatic change in certain cases (Table 1). Colors of the
force peaks (upper panel) correspond to that of the arrows (lower panel) denoting the unfolding of different structural segments. The number after a structural
segment, e.g., loop GF-1, helix F-1, in the lower panel denotes the pathway number of the structural segment. Black WLC fits are to the main peaks, and gray

WLC fits to the side peaks.

the unfolding of helix G with loop GF, followed by the un-
folding of helix F with loop FE (peak at amino acid 51). This
pathway, characterized by the presence of only one force-
peak at amino acid 51, occurred with a probability of 15%
(Table 1). In addition, several other unfolding pathways,
common to both 3Glu and WT BR, showed noticeable
changes in their occurrence probabilities. Overall, these re-
sults suggest that Gln substitutions at positions 9, 194, and
204 forced BR to populate different unfolding pathways.

In a recent study we have reported the effect of oligomeric
assemblies on the mechanical stability and unfolding path-
ways of BR (43). In that study we did not detect new unfolding
intermediates in dimeric or monomeric assemblies, although
the population distribution of the unfolding intermediates did
change when compared to trimeric WT BR. This suggests that
a change in the oligomeric assembly, although influences the
population distribution of the unfolding intermediates, need
not necessarily introduce a new unfolding intermediate. Also,
the frequency of successful events (defined by the picking of a
BR molecule), in the case of BR monomers, was much lower
as compared to WT BR—a good indication of the low packing
density of BR molecules in the former sample (43). In this
study we detected a new unfolding intermediate with a high
occurrence (15%). This unfolding intermediate could be lo-
calized to the structural segments hosting the mutations. None

of the mutations was located at the protein-protein interface so
as to have a detrimental effect on the lattice assembly.
Moreover, the frequency of successful picking events of 3Glu
BR was similar to that of WT BR (~10%). It is also imper-
ative to mention that a recent NMR study speculated that
mutating the extracellular Glu residues of BR led to the dis-
appearance of some interhelical interactions and the creation
of extra space either by the disrupted or the disorganized
hexagonally packed lattice structure (44). However, a major
stress of the NMR study was the disorganized extracellular
region due to the extracellular Glu mutations. During the
AFM experiments we did not image any unusual pattern in the
BR patches (data not shown). Thus, we reckon that the ex-
tracellular 3Glu mutations in this study did not significantly
alter the lattice assembly of BR, and that the observed changes
in the unfolding pathways are not due to destruction of the WT
BR assembly as observed in our previous study (43).

Mechanical, kinetic, and energetic properties
of 3Glu BR

Mechanical stability of 3Glu BR is different from WT BR

The force required to unfold an individual structural segment
reflects the strength of inter- and intramolecular interactions.

Biophysical Journal 95(7) 3407-3418
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It has been shown that these interactions depend sensitively
on the pH and electrolyte of the buffer solution (23), tem-
perature (45), ligand binding (46), oligomeric assembly of
the membrane protein (43,47), as well as on single point mu-
tations in the structural segments (40). Moreover, changes
in interactions have been shown to reshape the energy land-
scape of membrane proteins (40,48). The influence of the
three mutations, E9Q/E194Q/E204Q, on the interactions es-
tablished in BR was determined by comparing the unfolding
forces of 3Glu BR with those of WT BR. DFS was employed
to unfold 3Glu BR at pulling speeds of 100, 350, 700, 1310,
2320, and 5320 nm/s. A semilogarithmic plot of (F) versus

Sapra et al.

log.(loading rate) gives an estimate of the distance between
the energy minimum of the intermediate state and its transi-
tion state barrier, x,,, and the unfolding rate, &, (Fig. 4, Fig. S1
in Data S1).

The forces required to individually unfold TM helix G
(Fig. 4 A) and loop GF via two pathways (Fig. 4, B and C,
respectively) were considerably lower for 3Glu BR as com-
pared to WT BR. The structural segment loop GF together
with TM helix F, which hosted mutations E194Q and E204Q),
unfolded cooperatively via two pathways (Fig. 3). In both
pathways unfolding occurred at slightly higher forces in 3Glu
BR (Fig. 4 D, Fig. S1 C in Data S1), as compared to WT BR.

FIGURE 4 Dynamic force spectros-

sl il —ual, - copy of 3Glu and WT BR. Unfolding a
membrane protein at different speeds
I helps to determine details of its under-
i lying energy landscape. 3Glu BR was
+ unfolded using SMFS at pulling speeds
of 100, 350, 700, 1310, 2620, and 5230
- nm/s. (A—H) All structural segments of
3Glu BR (gray triangles) showed a
- change in unfolding forces as compared

Loop GF & helix F - 2 to WT BR (solid circles). The slope of

T

the semilogarithmic plot of the unfolding
forces versus loading rates gave the values
of x,, and k, of each structural segment in
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On the other hand, unraveling of TM helix F through two
different pathways common to both 3Glu and WT BR showed
no change in the unfolding forces (Fig. S1, D and E in Data
S1). The last structural segment of 3Glu BR, TM helix A, once
again showed an increase in unfolding force (Fig. 4 H). This
helix hosted mutation E9Q at its extracellular membrane-
water interface.

Unfolding of three structural segments without any muta-
tions, TM helices E and D together, TM helix E, and TM helix
D via two pathways, occurred at similar forces in 3Glu and
WT BR (Fig. S1, F-I in Data S1). However, unfolding of
other structural segments without the mutations showed a
change in their mechanical stabilities. For example, pairwise
unfolding of TM helices B and C in 3Glu BR required con-
siderably higher forces compared to WT BR (Fig. 4 E). In
apparent agreement, the structural segments made of TM
helix C and loop CB (Fig. 4 F), loop CB alone (Fig. 4 G), and
the structural segment constituted by loop CB and TM helix B
(Fig. S1 L in Data S1) all unfolded at slightly higher me-
chanical forces in 3Glu BR. The individual unfolding of helix
C via one pathway occurred at marginally higher forces in
3Glu BR (Fig. S1Jin Data S1), whereas in the other pathway
the unfolding forces were comparable to WT BR (Fig. S1 K in
Data S1). Unfolding of single helix B via two different
pathways required higher unfolding forces in 3Glu BR as
compared to WT BR (Fig. S1, M and N in Data S1).

Specific structural segments of 3Glu BR change transition
state positions

The positions of the transition states from the folded states, x,,,
and the unfolding rates of the structural segments, k,, define
the energy barriers in an energy landscape (Fig. 5 A) (9,27). To
determine if the mutations affect the unfolding energetics of
BR we compared x, and k, of the transition state barriers estab-
lished by the structural segments of 3Glu and WT BR (Table
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2). Values of x,, and k,, of individual structural segments of WT
BR were previously determined from DFS measurements (27).

The unfolding of TM helix G alone in 3Glu BR did not
show a change in x, on comparing with WT BR (Table 2).
However, a difference in x,, was observed for loop GF. In the
pathway where loop GF unfolded independently in the first
step, preceding TM helix F, we noticed an increase in x,, from
0.15 = 0.02 nm (WT BR) to 0.30 = 0.05 nm (3Glu BR)
(Table 2, loop GF—pathway 1, values in bold). This is in-
teresting because mutations E204Q and E194Q were located
within this loop. Although unfolding of loop GF with helix F
in 3Glu BR via pathway 1 exhibited a similar x, =0.37 = 0.07
nm to that of WT BR (0.42 * 0.32 nm), x,, determined for the
same structural segment in pathway 2 was much lower for
3Glu BR (0.20 = 0.04 nm) as compared to WT BR (0.37 =
0.15 nm). These findings suggest that the transition state
barrier of this structural segment depended on the unfolding
pathway taken, and that the Gln mutations in 3Glu BR
changed the transition state position of loop GF. The value of
X, for unfolding TM helix A with the N-terminus was 0.39 =
0.04 nm for 3Glu BR as compared to 0.68 = 0.1 nm for WT
BR, thus decreasing the distance of the free energy minimum
of the folded helix to the transition state barrier.

In addition to the structural segments containing the Gln
mutations, significant changes in the unfolding transition state
positions were also noticed for the unfolding of TM helices B
and C together, TM helix C alone, TM helix B alone, and loop
BC alone (see Table 2, values in bold).

Specific structural segments of 3Glu BR show different
unfolding rates

We noticed somewhat unpredictable changes in the kinetic
stability of individual structural segments upon introducing
the mutations. Considering a change in the unfolding rate only
when the difference between 3Glu and WT BR was at least

FIGURE 5 Stiffness of 3Glu and WT
BR. (A) Model of an energy barrier
separating the folded from the unfolded

A . 104 = WTBR state of BR such as detected by DFS (27).
. T - 3CBR The curvature of the potential well deter-
k . B mines the conformational flexibility of a
§ protein. A protein in a wide well has more
! ;>’~ & freedom for conformational sampling.
e unfolded ;m 4 The solid and gray dots denote folded
& e o structures residing in potential wells, the
= u 2 gray arrows indicating the sampling of
2 II I i] “ i il i. ﬂ i i ﬂ iI d il conformations. AG}, denotes the height
= 0_,7 g'z'alslalclalo o’z lgloHlalolmlo - Ta o of the energy barrier of the transition state
Co56 E 2 ”,__; E E 5 2 2 = (é) g EEE-‘ ggg & (% separating the folded from the un-
2z § é‘&' gs o 8 =50 222 i - 522 = folded state by a distance x,. The rigidity
= = e 5 5 o8 % ofthestructural segments hosting the Gln
T T .

‘g_ (-g_ % § S mutations was found to be lower than

» g o T @ .
Distance (nm) > S 3 = T those of WT BR (B). Solid and gray dots

in panel B show the dependence of the
rigidity to the width of the potential well
as depicted in A.
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TABLE 2 Positions of transition states (x,) and the unfolding rates (k,) of structural segments of 3Glu and WT BR
X, (nm) ky s7H k (N/m)

Structural segments WT BR 3Glu BR WT BR 3Glu BR WT BR 3Glu BR
Helix G—Pathway 1 0.16 = 0.04 0.21 = 0.03 47 + 89 x 107! 25 +21 6.9 3.7
Helix G—Pathway 2 0.22 + 0.09 0.19 = 0.04 9.0 = 26.6 X 107! 27 +33 3.5 45
Loop GF—Pathway 1 0.15 = 0.02 0.30 = 0.05 1.8 + 1.7 43 + 54 x 107! 7.3 2.0
Loop GF—Pathway 2 0.23 + 0.03 0.28 *+ 0.03 77 %73 x 107! 79 +58 X 107! 3.3 22
Loop GF and helix F—Pathway 1 0.42 *= 0.32 0.37 = 0.07 7.9 + 53.6 X 1072 29+ 6.0 X 1072 1.1 15
Loop GF and helix F—Pathway 2 0.37 + 0.15 0.20 = 0.04 14+ 48 x 107! 2.1 +24 1.4 4.1
Helix F—Pathway 1 0.32 * 0.05 0.30 = 0.03 3.1 +32x 107! 59 + 47 x 107! 1.8 1.9
Helix F—Pathway 2 0.34 + 0.02 031 = 0.04 42 +19x 107! 34 +34x 107! 1.5 1.9
Helix F—Pathway 3 0.33 £ 0.06 3.0 +45x 107" 1.7
Helices E and D 0.33 + 0.02 0.34 + 0.05 98 =74 X 1073 28 =46 X 1073 1.9 1.9
Helix E 0.44 * 0.07 0.42 = 0.08 23+53x%x 1074 25+72x%x 1074 1.2 1.3
Helix D—Pathway 1 0.58 + 0.19 0.39 = 0.03 21*94x107* 3.0 =22 %1072 0.7 1.3
Helix D—Pathway 2 0.36 = 0.07 0.42 * 0.07 1.1+ 18 x 107! 74 + 143 X 1073 15 12
Helices B and C 0.69 = 0.18 0.36 = 0.08 42 * 13.6 X 1074 1.3 3.0 X 102 0.5 1.6
Helix C—Pathway 1 0.39 = 0.05 0.75 = 0.11 59 +5.1 % 1072 1.2 +35%x10°° 13 0.5
Helix C—Pathway 2 0.47 + 0.04 0.37 * 0.06 89 * 6.8 X 1073 35 +47 X102 0.9 1.4
Helix C and loop BC 0.38 = 0.09 0.36 = 0.02 73 + 134 X 1072 1.9 =09 X 1072 1.3 1.6
Loop BC and helix B 0.37 = 0.04 0.39 + 0.07 9.1+ 77 %1072 8.8 = 16.7 X 1073 14 1.4
Loop BC 0.61 + 0.18 0.39 + 0.06 14+ 45X 107 3.1 =43 %1072 0.6 1.3
Helix B—Pathway 1 0.48 + 0.07 0.34 + 0.04 6.6 * 6.8 X 1072 9.8 =83 X 1072 0.8 1.6
Helix B—Pathway 2 0.55 = 0.09 0.35 = 0.04 19 +27 %X 1072 8.7 =82 X 1072 0.7 1.6
Helix A (and N-terminus) 0.68 = 0.1 0.39 = 0.04 1.9 + 3.6 x 10°* 1.9 + 2.0 X 102 0.5 13

Values of x, and &, of 3Glu BR are compared to those of WT BR. The criteria chosen for determining a significant difference in the x, and &, values was as
follows: For the x, values, we determined whether these were within the standard errors of each other. If so, those were taken to be similar. A difference in the
k, for a structural segment was considered only if the values were at least two orders-of-magnitude different between 3Glu and WT BR. The x, and &, values
that showed a significant difference are highlighted in bold. The numbers after the structural segments denote the pathways in which they unfolded.

two orders of magnitude (32), no significant change in the k,
values was observed. This was the case for all the structural
segments with mutations except for TM helix A, which
unfolded at a rate of 1.9 X 10?5~ " in 3Glu BR compared to
1.9 X 10~*s~ " in WT BR. The Gln mutations thus decreased
the kinetic stability of helix A from ~10,000 s to ~100 s
(Table 2, values in bold).

GIn mutations change the rigidity of structural segments

The thermally averaged distance between the folded state and
the transition state, x,, also provides information on the
physical characteristics of a protein. Brittle structural seg-
ments withstand force for smaller extensions before reaching
their transition states and thus have a smaller value of x,.
Segments that are more compliant are resistant to the applied
force for larger extensions before reaching the transition state
and have a larger value of x,. For example, a larger x, of
0.30 nm observed for loop GF in 3Glu BR over 0.15 nm in
WT BR implies that under similar force this loop could be
stretched at least two times more in the mutant before it would
start to unfold. Introducing a mutation which alters the in-
teractions in a protein and hence the position of the transition
state, therefore, affects the physical properties of a structural
segment.

Considering a parabolic potential for a partially folded in-
termediate state and a sharp transition barrier (as suggested by
DFS data) for the structural segments of 3Glu and WT BR, we
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calculated the spring constant, «, of each structural segment
using the formula, k =2 X AG;} /)clz1 (Fig. 5 A) (see Materials
and Methods) (11,38). The value of k was taken as a measure
of rigidity. Crucially, we define rigidity of a structural seg-
ment as its ability to resist deformation, i.e., unfolding, until
its yield point, i.e., the transition state, where it starts to unfold
under an applied force. In this regard, it is important to
mention that the measure of rigidity of a structural segment is
not of its unfolded polypeptide chain but that of an average
population of molecules between the folded ground state and
its transition state.

A clear assumption of the phenomenological and the mi-
croscopic models in the calculation of the energy landscape
parameters, x, and AG}, is that the system diffuses in a har-
monic potential well with a single sharp energy barrier
(9,29,31). We have carried over these assumptions for the
calculation of the rigidity of the structural segments. In ad-
dition, the phenomenological model of Evans’ assumes a
stationary sharp transition barrier under increasing loading
rates (8,9). A linear dependence of (F) on the log.(loading
rate) from our data supports the assumption of a single tran-
sition barrier. Because the distance between the folded states
and the transition states is less than two amino acids (the
measured values of x, in Table 2), we consider the deforma-
tion of the structural segments to be small, and hence the
behavior of structural segments to be linear under force in
this range. This assumption may not be true for the entire force
range.
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Because a protein is anisotropic in nature, the local thermal
fluctuations play an important role in determining its energy
landscape. Interestingly, we found the rigidity of a structural
segment to depend on its unfolding pathway (Fig. 5 B,
Table 2). A decrease in rigidity was observed for TM helix G
in pathway 1, whereas no significant change was observed in
pathway 2. Similarly, the rigidity of loop GF, and the struc-
tural segment constituted of loop GF and TM helix F together,
was found to vary in their two different unfolding pathways. A
pathway-dependent rigidity change is an indication of the
heterogeneity in the protein population due to dynamic
changes in the protein structure. Without excluding com-
pletely the effect of E9Q mutation, it could be suggested that
mutations E194Q and E204Q at the two ends of loop GF al-
tered the stiffness of this structural region of the membrane
protein. In concurrence with this, it was shown by 13C NMR
measurements that simultaneous E194Q/E204Q mutations
lead to a substantial increase in the mobility of the extracel-
lular region of BR (44). Mutation E9Q increased the rigidity
of TM helix A.

Besides the mutations containing structural segments, a
change in the rigidity of other structural segments was also
observed. Structural segments constituted by helices B and C,
helix B, and loop BC exhibited increased rigidity in 3Glu BR
as compared to WT BR (Fig. 5 B, Table 2). Thus, the muta-
tions affected the mechanical properties of not only the
structural segments in which they were located but also of
other structural segments.

DISCUSSION

Mutating key amino-acid residues changes inter- and intra-
molecular interactions of proteins. Understanding the mech-
anisms by which mutations alter interactions that modify the
structure and function of membrane proteins builds the key to
understanding the molecular origin of many human diseases
(49) and for many nanobiotechnological applications (50—
52). The concept of energy landscape has revolutionized our
understanding of how localized transitions in interactions
guide energetically favorable pathways toward functional
biological processes (53-55). Its most important point that
biomolecular processes can be guided via multiple pathways
rather than through a single one has been frequently demon-
strated (53,56-59). The coexistence of multiple unfolding
pathways observed for BR (23) and for other membrane
proteins (7) by SMFS are excellent examples, which support
the concept of funneled energy landscapes.

The forced unfolding of WT BR by SMFS revealed 15
coexisting unfolding pathways (Table 1) (23), each one being
populated differently. Besides the unfolding pathways of TM
helices G and F observed previously in WT BR (23), we
observed one new unfolding pathway for these helices in 3Glu
BR. It is of significant interest to note that the occurrence of
this new unfolding pathway involved secondary structure
elements embedding the mutations. Since no other structural
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region of 3Glu BR showed the presence of a new pathway, we
attribute the appearance of this pathway to localized changes
in interactions occurring due, mainly, to the substitution of
Glu at positions 194 and 204 with Gln. It was shown that
mutating Glu at least at two sites, 194 and 204, induces major
conformational changes (44). It could be suggested that the
new unfolding pathway is a result of the altered conformation
in the BR structure due to mutations E194Q and E204Q.
However, the contribution of E9Q in the alteration of inter-
actions cannot be completely discarded owing to its location
in the extracellular region. Recently, we have reported the
effect of mutating single amino acids, not known to be in-
volved in the functioning of BR, on the energy landscape of
BR (40). In the previous study, although a change in the
populations of the unfolding intermediates was observed for
both structural segments hosting the point mutations and
those without the point mutations, no new unfolding inter-
mediate was detected in any of the five single point mutants as
compared to WT BR. On the other hand a new unfolding
intermediate, hitherto not observed in WT BR nor the previ-
ously studied single point mutants, was detected in 3Glu BR.
None of the five mutant proteins studied previously was
known to have a considerable change in bonding pattern
(60,61), as opposed to 3Glu BR studied here, which has an
altered hydrogen-bond network on the extracellular side. It
may, therefore, be speculated that amino acids involved in the
important functional conformations of a protein may also play
a role in defining its folding dynamics.

A change in transition state positions, unfolding rates, and
occurrence probability was also observed for the structural
segments without any mutations in 3Glu BR. These changes
can be attributed to long-range interactions between amino
acids far apart in sequence but closer in space in the membrane
protein. But how do changes in interactions change the un-
folding pathways of the protein along the energy landscape?
The changing shape of the individual energy barriers allows
us to approach mechanistic insights into this behavior. The
energy barriers of the unfolding intermediates are molded by
the interactions of the membrane protein. The interactions
introduced by Gln mutations change the characteristic prop-
erties of the energy barriers stabilizing the structural segments
in BR (Table 2). The rather subtle changes in the positions of
the transition states and the kinetic stability of the structural
segments (Table 1), introduced by the mutations, force the
protein to populate certain unfolding pathways over others
(Fig. 6).

The distance between the folded and the transition state of a
structural segment defines the mechanical properties of the
structural segment. A larger distance between the folded state
and the transition state suggests that the structural segment
incorporates more conformational substates, while a shorter
distance implies a reduced number of conformation defining
substates of the segment. Consequently, a structure with more
conformational substates indicates its flexible nature, whereas
a mechanically rigid structure exhibits fewer substates (62).
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FIGURE 6 A schematic diagram showing unfolding pathways contoured
on the energy landscape. The basins in the energy landscape, where the 3Glu
and WT BR reside, dictate the structural interactions and hence the mechan-
ical characteristics of these proteins. Mutations E9Q/E194Q/E204Q in BR
(3Glu BR) introduce interactions that alter the wells and barriers in the energy
landscape. This changes the mechanical and kinetic stability of specific
structural regions within the proton pump. Consequently, it is observed that
the mutated BR populates unfolding pathways differently. Since unfolding as
well as the function of the proton pump can be described by the energy
landscape, this leads to the conclusion that the altered energy barriers forces
different functional states of the protein to chart out different regions in the
energy landscape. The red and green arrows represent the unfolding pathways
of WT BR and 3Glu BR, respectively, contouring the energy landscape. The
troughs in the diagram represent the potential wells in the energy landscape.

Thus, the width of the potential well defines the rigidity of a
structural segment. The Gln mutations investigated in this
work shifted the transition states of several structural seg-
ments toward or away from the folded intermediate state. The
most apparent decrease in rigidity involved mutations hosting
secondary structure elements helix G and loop GF. These
secondary structure elements also showed reduced mechani-
cal stability. On the other hand, the rest of the structural
segments, including helix A with mutation E9Q, exhibited an
increase in mechanical rigidity and stability. A highly struc-
tured hydrogen-bonded network involving several water
molecules and amino-acid residues in the extracellular region
of WT BR has been proposed (63—65). Substituting Glu by
GIn not only abolishes ionization but also decreases the hy-
drogen-bonding ability due to the lower water-binding ca-
pacity of GIn against Glu. This considerably weakens the
water network distribution by decreasing the number of water
molecules in the network (19). The three mutated extracellular
Glu side chains, E9, E194, and E204, are also involved in
cation binding (12) as demonstrated by a fourfold increase in
the Ca®" concentration needed to restore the purple form of
3Glu BR compared to WT BR. It is intuitive that the water
molecules forming hydrogen bonds, and the cations, would
influence the interactions and, thus, the structural rigidity of
these regions differently.

The conformational substates of a protein are trapped in one
of the many coexisting potential wells (Fig. 5 A). The cur-
vature of the potential well, in which the protein resides, is
dictated by the interactions the protein has to overcome to
cross the transition state. Disturbing the hydrogen-bond net-
work and consequently the mechanical properties of different
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structural regions may in turn affect the ability of BR to switch
conformations required for pumping protons across the
membrane (66). The dynamic changes as detected by the
different unfolding pathways and rigidity in the 3Glu BR
mutant as compared to WT BR are in line with the structural
and functional properties of the mutated extracellular residues
(12,44). Structurally, accessibility to hydroxylamine appears
to be ~100 times increased in 3Glu BR as compared to WT
BR (C. Sanz, T. Lazarova, E. Querol, and E. Padrés, unpub-
lished experiments), indicating an increased flexibility of the
extracellular region. The quadruple mutant E9Q/E74Q/
E194Q/E204Q shows a similar behavior to the triple mutant,
whereas the double mutant E194Q/E204Q is more stable (44).
Functionally, the M intermediate yield of 3Glu BR is de-
creased to <20% of WT BR (C. Sanz, T. Lazarova, E. Querol,
and E. Padrés, unpublished experiments), showing a per-
turbed proton transport mechanism that may be, in part, due to
to the more loose conformation of the extracellular region.

OUTLOOK

The advantage of SMFS against other conventional methods
studying the thermal or chemical stability of BR is that SMFS
reveals detailed insights into the strength of interactions sta-
bilizing single structural segments of BR, reveals details of the
underlying energy landscape, tracks the population of un-
folding pathways, and most importantly can be employed for
experiments on BR in the native purple membrane in a rele-
vant buffer solution. The substitution of Glu by Gln, inves-
tigated in this work, altered interactions of specific structural
segments of BR. These interactions changed the transition
states and rates of energy barriers in the energy landscape of
the proton pump. We could trace that changing the mechanical
properties and kinetics of structural regions in BR forces the
protein to populate different unfolding pathways in the energy
landscape. In other words, the Gln substitutions funneled the
proton pump differently through the energy landscape.

The approach described here allows us to trace how mu-
tants stabilize certain regions and thereby exclude certain
unfolding pathways against others. Screening of mutants that
shift low energy barriers toward higher energies may represent
one possibility to select and to improve the bionanotechno-
logical applicability of BR. Because both unfolding and proton
pumping of BR include a series of structural changes, such as
described by the pathways chosen in the energy landscape, we
speculate that our findings may also have direct implications in
the proton pumping mechanism of BR.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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