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ABSTRACT: Experimental studies on the folding and unfolding of large multi-
domain proteins are challenging, given the proteins’ complex energy landscapes
with multiple intermediates. Here, we report a mechanical unfolding study of a
346-residue, two-domain leucine binding protein (LBP) from the bacterial
periplasm. Forced unfolding of LBP is a prerequisite for its translocation across
the cytoplasmic membrane into the bacterial periplasm. During the mechanical
stretching of LBP, we observe that 38% of the unfolding flux followed a two-state
pathway, giving rise to a single unfolding force peak at ∼70 pN with an unfolding
contour length of 120 nm in constant-velocity single-molecule pulling
experiments. The remaining 62% of the unfolding flux followed multiple three-state pathways, with intermediates having
unfolding contour lengths in the range ∼20−85 nm. These results suggest that the energy landscape of LBP is complex, with
multiple intermediate states, and a large fraction of molecules go through intermediate states during the unfolding process.
Furthermore, the presence of the ligand leucine increased the unfolding flux through the two-state pathway from 38% to 65%,
indicating the influence of ligand binding on the energy landscape. This study suggests that unfolding through parallel pathways
might be a general mechanism for the large two-domain proteins that are translocated to the bacterial periplasmic space.

■ INTRODUCTION

Unfolding of proteins is a prerequisite in cellular processes such
as protein translocation and degradation.1 In such cases, the
unfolding is achieved by application of mechanical forces
exerted by the ATP-dependent molecular motors.2 Hence,
application of stretching forces to proteins in vitro can provide a
detailed understanding of the mechanical response as well as
the unfolding pathways of proteins. It has recently been shown
that the mechanical denaturation pathway of protein substrates
by an ATP-dependent unfoldase is same as that given by the
protein energy landscapes measured in single-molecule experi-
ments.3 Protein unfolding and folding in general are complex
phenomena governed by the underlying energy landscape.
Many theoretical studies have predicted that protein energy
landscapes are rugged and proteins can take multiple pathways
during transition from the folded to the unfolded state and vice
versa.4,5 It has also been proposed that proteins on such energy
landscape can follow general kinetic partitioning mechanism
while taking different pathways.6,7 Although there have been
many experimental studies on the unfolding and folding of
single-domain globular proteins, very little is known about the
multi-domain proteins because of their complexity.8−13

Bioinformatics analysis of genome sequences have revealed
that about two-thirds of proteins in prokaryotes consist of
multiple domains, which makes the understanding of multi-
domain proteins even more important.14,15 It is generally
assumed that the multi-domain proteins have complex
unfolding pathways involving one or more intermediates en
route to the unfolded state.11,16,17 Recent theoretical and
experimental studies on multi-domain proteins have highlighted

the relevance of protein energy landscapes with many
intermediates and parallel folding pathways.13,18−20 Here, we
report a detailed study on the mechanical unfolding of a
physiologically relevant two-domain protein using single-
molecule force spectroscopy (SMFS).
SMFS is an atomic force microscope-based technique that

applies stretching forces to single protein molecules and
measures their response in terms of mechanical stability.21 In
the past decade, SMFS has emerged as a powerful technique for
detailed understanding of the unfolding and folding of proteins
at the single-molecule level.21−29 In the mechanical unfolding
experiments, the stretching force acts as a denaturant analogous
to chemicals in chemical denaturation and temperature in
thermal unfolding. In these experiments, the force required to
unfold a protein indicates its mechanical stability while the
unfolding contour length serves as a reaction coordinate for the
unfolding process. This technique is also proven to be useful in
characterizing the intermediate states in protein unfold-
ing.22,30,31 More importantly, mechanical unfolding of proteins
by SMFS mimics the unfolding processes that occur in vivo
during the translocation across membranes or protein
degradation.3 In this regard, study of mechanical unfolding of
periplasmic binding proteins (PBPs) would not only serve as a
model system for studying the role of mechanical forces on
proteins which undergo translocation across membranes but
also give insights into the unfolding energy landscape of large
two-domain proteins.
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In Gram-negative bacteria, PBPs are the primary receptors
for nutrient uptake and are responsible for chemotactic
responses. PBPs are large two-domain proteins with molecular
mass in the range ∼25−60 kDa, and they can bind one or more
types of ligands with binding affinity ∼0.01−1 μM.32 These
proteins are synthesized in cytosol and then undergo
translocation into the periplasm. Forced unfolding of these
proteins prior to their insertion into the narrow pores of
protein channels in the membrane is a key step in the
translocation process. Here, we chose leucine binding protein
(LBP), which belongs to the class of periplasmic binding
proteins (PBP), to investigate its unfolding pathways. This
study would provide insights into the mechanical unfolding
pathways of multi-domain proteins. LBP is a large, 346-residue,
two-domain leucine-transporting protein in the bacterial
periplasmic space. It has a mixed α/β structure as shown in
Figure 1. Its structure has a “clam-like” shape with the ligand

binding site in the cleft formed by the two domains. It has open
and close conformations depending on the ligand binding
state.33 LBP has been observed to unfold via a two-state
pathway in bulk denaturation experiments.34 In this study we
set out to explore the unfolding phenomena of LBP using
SMFS.

■ EXPERIMENTAL SECTION
Construction of Chimeric (I27)3-LBP-(I27)3 Gene. A plasmid

containing heptameric I27 gene, (pQE80L(I27)7), was constructed
using an iterative cloning procedure as described previously by
Carrion-Vazquez et al.24 In this plasmid, a set of unique restriction
sites were engineered such that the cDNA coding for the fourth I27
gene is flanked by the restriction sites for the enzymes SacI and NheI at
5′ and 3′ ends, respectively, so as to facilitate the insertion of any other
gene of interest in its place. The cDNA coding for the LBP was
amplified by PCR to incorporate SacI and NheI sites at 5′ and 3′ ends,
respectively, and digested at these restriction sites and purified to get
the LBP insert. The plasmid, (pQE80L(I27)7), was digested with SacI
and NheI to remove the central I27 gene and the resulting vector was
ligated with the LBP insert so that the resulting plasmid will have our
gene of interest, i.e., (I27)3-LBP-(I27)3.
Protein Expression and Purification. The plasmid with cDNA

coding for (I27)3-LBP-(I27)3 was transformed into BLRDE3 strain of
E. coli. The protein expression was induced by adding 1 mM IPTG
after the OD600 of the bacterial culture reached 0.6. The purification
was done using Ni2+ ion affinity chromatography. After the protein was
bound to the Ni2+ coated agarose beads, the beads were washed with
PBS (pH 7.4), and the protein was eluted with the same buffer

containing 250 mM imidazole. The proteins were further purified
using Superdex200 column (GE Healthcare) on a FPLC system. The
holo form of the protein was made by adding leucine to the protein
solution such that the final concentration of leucine is 5 mM. Reduced
form of the protein was made by incubating the protein with a
disulfide reducing agent, tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), at a concentration of 5 mM.

Single-Molecule Force Spectroscopy (SMFS). Single-molecule
pulling experiments were performed on a custom-built atomic force
microscope, whose details are given elsewhere.22,29 Briefly, a 50 μL of
protein solution was added onto a gold-coated glass coverslip. The
cantilever was calibrated in protein solution prior to recording force-
versus-extension traces, and its spring constant was calculated using
the equipartition theorem.35 The spring constant was found to be ∼40
pN/nm.

■ RESULTS

Mechanical Unfolding of holo LBP. SMFS measurements
were performed on the holo form of the chimeric polyprotein
(I27)3-LBP-(I27)3 with 5 mM leucine in solution and in
reducing conditions. The results are shown in Figure 2. The
pulling experiments were carried out at a speed of 1000 nm/s,
and force-versus-extension (FX) traces were recorded. A typical
FX trace of the polyprotein is shown in Figure 2B. The well-
characterized I27 protein acts as a mechanical fingerprint in
identifying the single-molecules in FX traces.36 As LBP protein
is flanked by three I27s on either side, observation of four or
more I27s in a single FX trace guarantees that LBP has been
mechanically stretched in the pulling experiment. The FX traces
were fitted to the worm-like chain (WLC) model to obtain the
change in contour length (ΔLc) associated with each force
peak.37

A sawtooth pattern with ΔLc ∼28 nm and unfolding force
∼200 pN serves as the fingerprint of I27s in the chimeric
protein. The peak prior to the first I27 peak with a ΔLc ∼120
nm is due to the unfolding of LBP upon mechanical stretching.
LBP consists of 346 residues and its expected contour length
would be 120 nm (= 346aa × 0.36 nm/aa − 5 nm), where 5 nm
is the N−C distance in the protein from its X-ray structure
(PDB code 1USG). The experimentally measured ΔLc of LBP
is the same as that of the expected value confirming that the
force peak preceding all the I27s is indeed the result of the
mechanical unfolding of LBP. The average unfolding force of
LBP (∼70 pN) measured in the experiment is much lower than
that of I27. This also suggests that the unfolding force peak of
LBP must precede the I27 sawtooth, in spite of its positioning
in the middle of the chimeric polyprotein, as observed in all the
FX traces. Furthermore, the observation of only a single force
peak also indicates that LBP unfolds in a two-state (N−U), all-
or-none manner. Distributions of the unfolding forces and the
change in contour length are shown in Figure 2C,D.

Multiple Unfolding Pathways of LBP. A large fraction
(∼65%) of polyproteins exhibited FX traces of the kind shown
in Figure 2B with a single unfolding force peak for LBP.
However, the remaining fraction (∼35%) showed two force
peaks prior to the unfolding sawtooth pattern of I27s (Figure
3A). The I27 unfolding characteristics are the same as those
shown in Figure 2B. In Figure 3A, the FX trace at the top
shows a single force peak with ΔLc ∼120 nm, whereas the
second FX trace from the top shows two force peaks with ΔLc
values of 49 and 73 nm. In the second FX trace, the sum of the
two ΔLc values is 122 nm (= 49 nm +73 nm), indicating that
the LBP in this case unfolded along a three-state pathway (N−
I−U), where the second peak with ΔLc ∼73 nm corresponds to

Figure 1. Structure of leucine binding protein (LBP). LBP has a mixed
α/β structure with a clam-like shape. Leucine (indicated in yellow)
binds in the cleft between the two domains. The residues between
cys53 and cys78 (indicated in gray) are locked by a disulfide bond and
are sequestered from mechanical unraveling in oxidized conditions.
The disulfide bond is indicated in red.
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the unraveling of an intermediate of LBP to the denatured state.
In the analysis of FX traces for assigning them to three-state
pathways, force peaks were identified as intermediates only if
they could be fitted to the WLC model and have a peak force
above the instrumental noise (∼15 pN). The experimental data
indicates that LBP follows kinetic partitioning during the
mechanical unfolding in which some population take a two-
state pathway (N−U) while the others follow a three-state
pathway (N−I−U). Kinetic partitioning in single-molecule
mechanical unfolding studies was observed earlier for maltose
binding protein (MBP) and T4 lysozyme.22,38 However, for the
LBP molecules that are unfolding along the three-state
pathway, the ΔLc values of the two peaks are not constant
but distributed over a wide range.
For example, in Figure 3A, the third FX trace has force peaks

with ΔLc values of 89 and 28 nm, which are different from the
second FX trace. Although the ΔLc values of these two peaks
are highly varied, their sum is ∼120 nm as can be seen from the
scatter plot in Figure 3B. The ΔLc of the LBP intermediate

(from the second force peak to the first I27 force peak) and the
sum ΔLc of LBP (from the first force peak to the first I27 force
peak) versus their unfolding force is plotted Figure 3B. The
ΔLc versus unfolding force for the two-state pathway is also
shown in Figure 3B. The average unfolding forces of the main
peak and the intermediate peak are similar (∼70 pN)
suggesting that the main unfolding event (N−U or N−I) and
the intermediate unfolding events (I−U) processes have similar
mechanical stabilities. Distributions of the unfolding forces and
the ΔLc of main and intermediate force peaks of LBP are given
in the Supporting Information (Figure S1). No apparent
correlation was found between the unfolding forces of the main
and the intermediate peaks (Figure S2). Although the sum ΔLc
is ∼120 nm, a large spread (14−95 nm) in the ΔLc of the
intermediates suggest that the intermediates differ widely in size
as well as structure. It is possible that LBP after crossing the
initial unfolding barrier, which results in the first or main force
peak, gets trapped in different kinetic traps or intermediates in
which molecules are mechanically stable at least in the time
scale of milliseconds and further stretching is needed to
completely unfold the molecule, which results in the second or
intermediate force peak. Our results suggest not only that LBP
goes through parallel pathways (two-state and three-state) but
also that the three-state pathways are diverse in nature.

Mechanical Unfolding Properties of LBP in Oxidizing
Conditions. LBP has a disulfide bond in its structure between
cysteines at 53 and 78 as shown in Figure 1. The residues
between these cysteines would be shielded from the mechanical
force because of the disulfide linkage present in oxidizing
conditions.39 In order to test this hypothesis, we have
performed pulling experiments on both apo and holo forms
of LBP chimera in oxidizing conditions where no reducing
agent was added and the cysteines were allowed to form the
disulfide bond.
Representative FX traces of LBP under oxidizing conditions

are given in Figure 4A. We observed that LBP unfolded via
both two-state and three-state pathways in the oxidizing
conditions as well. There are two cysteines in I27 which do
not form disulfide bond as they are far apart in the structure
and hence the signature of I27 in FX trances obtained in
oxidizing conditions was not affected.40 The FX traces were
fitted to the WLC model to extract the ΔLc values of force
peaks. The first FX trace in Figure 4A is shown just for
comparison and was obtained under reducing conditions. The
other two FX traces were obtained under oxidizing conditions
and clearly show that the unfolding of LBP gives rise to either
one or two force peaks indicating kinetic partitioning. The sum
ΔLc is ∼110 nm, and the ΔLc of intermediates is again a large
spread (20−90 nm) as in the case of reduced LBP. The
expected ΔLc of oxidized LBP with the cys53−cys78 disulfide
bond sequestering 25 amino acids is ∼110 nm (= 321 × 0.36
nm − 5 nm). An overlay of the sum ΔLc distribution under
oxidizing and reducing conditions is shown in Figure 4B. The
unfolding forces of the main peak as well as the intermediate
peak in both oxidizing and reducing forms are largely similar
(Table 1). The unfolding FX traces in oxidizing conditions
show that the shielding of 25 residues between cys53 and cys78
residues has no effect on the mechanical unfolding pathway of
LBP and it still follows two-state as well as multiple three-state
pathways. The unfolding force and the ΔLc distributions for
holo LBP under oxidizing conditions are given in Figure S3.

Mechanical Stability of apo LBP. In order to see if there
are any differences in the mechanical unfolding properties of

Figure 2. (A) Cartoon picture of chimeric polyprotein (I27)3-LBP-
(I27)3. (B) A representative force-versus-extension (FX) trace of the
LBP chimera in presence of 5 mM leucine and TCEP at a pulling
speed of 1000 nm/s. Force peaks in the trace were fitted to the WLC
model (gray dotted lines) to obtain the contour length increment
(ΔLc). The force peaks with ΔLc ∼28 nm correspond to the unfolding
of I27 (colored in red) whereas the force peak with ΔLc ∼120 nm
corresponds to the all-or-none unfolding of LBP (colored in blue).
(C) Distribution of the unfolding forces of LBP. The unfolding force
of LBP is 70 ± 26 pN (average ± SD). (D) Distribution of the
contour length increments of LBP upon unfolding. The change in
contour length is 116 ± 7 nm (average ± SD).
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LBP in the absence and presence of the ligand, we have also
performed pulling experiments in the absence of leucine. The
unfolding mechanism of apo LBP is similar to that of holo LBP,
which means LBP follows multiple pathways with some
molecules unfolding via the two-state pathway (N−U) while
the remaining follow multiple three-state pathways (N−I−U).
The ΔLc of the intermediate again has a large spread, while the
sum ΔLc is ∼120 nm. The average unfolding force of the main

unfolding event is ∼75 pN and that of the intermediate is ∼66
pN suggesting that the absence of the ligand does not affect the
mechanical stability of LBP. Distributions of the unfolding
forces and the ΔLc for the main peak (first peak) and the
intermediate peak (second peak) are given in Figure S4.
Although the unfolding properties of LBP are the same in both
apo and holo forms, the propensity of the molecules (unfolding
flux) going through the intermediate enhances from 35% to

Figure 3. (A) Representative FX traces of LBP showing intermediates with widely varying ΔLc. The first trace shows that the molecule unfolded in a
two-state pathway without any intermediate. Remaining FX traces show that LBP unfolded in three-state pathways with intermediates having
different ΔLc values. The WLC model fits are shown for LBP main peak (red), LBP intermediate peak (blue), and the first I27 peak (red). (B)
Scatter plot showing the unfolding force versus ΔLc of intermediate peak (blue squares) and main peak (red squares) for the three-state pathway,
and unfolding force versus ΔLc for the two-state pathway (red triangles). The ΔLc of intermediates (blue squares) is between the intermediate peak
and the first I27 peak. The sum ΔLc of LBP (red squares) from the LBP main peak to the first I27 peak is ∼120 nm for all the traces. See text and
Table 1 for more details.

Figure 4. Comparison of the mechanical unfolding of LBP in oxidizing and reducing conditions. (A) The first FX trace is obtained under reducing
conditions and has a ΔLc ∼120 nm. The second FX trace is obtained under oxidizing conditions and the ΔLc has decreased to ∼112 nm due to the
sequestration of 25 residues between cys53 and cys78. The third FX trace is of LBP in oxidizing conditions showing that it unfolds in a three-state
manner and the disulfide sequestration has no effect on the unfolding pathways of LBP. (B) Histograms of the sum ΔLc of LBP in oxidizing (blue)
and reducing (red) conditions. See text and Table 1 for more details.

Table 1. Mechanical Properties of LBP

main peaka intermediate peak

condition force (pN)b ΔLc (nm)b force (pN)b ΔLc(nm)c % unfolding flux through intermediated

LBP + Leu + TCEP 72 ± 28 (N = 106) 115 ± 10 72 ± 36 14−95 35 ± 5
LBP + TCEP 82 ± 35 (N = 30) 117 ± 15 62 ± 23 25−84 62 ± 9
LBP + Leu 78 ± 31 (N = 78) 110 ± 11 66 ± 26 15−84 36 ± 6
LBP 76 ± 34 (N = 60) 108 ± 15 70 ± 31 21−93 57 ± 6

aData for the main force peak is from both two-state and three-state pathways. For the three-state pathways, the ΔLc of the main peak is with respect
to the first I27 unfolding force peak. bThe errors are SD. cThe range of ΔLc.

dPercentage of unfolding flux through intermediate = (no. of FX traces
with intermediate/total no. of FX traces) x 100. The errors are SE, calculated using the bootstrap method.22,41
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62% in the absence of ligand under reducing conditions and
from 36% to 57% under oxidizing conditions (Figure 5). This

clearly indicates that there is a greater diversity in the unfolding
pathways of LBP in the absence of ligand. The p-values
between apo and holo forms for the percentages of unfolding
flux through intermediates in reducing and oxidizing conditions
are 0.01 and 0.02, respectively, which means the observed
differences with ligand binding are statistically significant. On
the other hand, the p-values between oxidizing and reducing
conditions are 0.82 for apo and 0.99 for holo LBP, which
indicates that the presence of disulfide bond is not crucial in
dictating the unfolding pathways. Hence, we can conclude that
there is a significant effect of ligand binding on the unfolding
pathways of LBP and its effect is similar in both oxidizing
conditions and reducing conditions. The unfolding forces and
the ΔLc values of the main and intermediate peaks of LBP
under all conditions are given in Table 1.

■ DISCUSSION
Periplasmic Binding Proteins Show Complexity in

Mechanical Unfolding. Our single-molecule study shows that
LBP follows a kinetic partitioning mechanism between a two-
state and multiple three-state pathways, under forced unfolding
conditions. Interestingly, the three-state pathways are diverse in
nature as the observed intermediates were shown to have
different contour length increments. This kinetic partitioning
between the pathways could be either due to inherent
ruggedness in the energy landscape or due to heterogeneity
in the initial folded conformers. In order to test this hypothesis,
we have performed many stretch−relax−restretch cycles on the
same protein. The traces are shown in Figure S5. Although the

I27s refolded, LBP did not refold within the observation time
and detached from tip or surface before it refolded. Therefore,
we cannot conclude whether the observed multiple pathways
are due to any heterogeneity in the initial conformations or due
to ruggedness in the landscape. However, our earlier studies on
MBP have clearly shown that the multiple pathways during the
mechanical unfolding are intrinsic to the energy landscape and
are not due to the conformational heterogeneity of the native
state.22 Hence, it is highly likely that the multiple pathways of
LBP might also be due to the inherent complexity of the energy
landscape rather than due to the native state conformational
heterogeneity, as both MBP and LBP belong to the same class
(i.e., PBPs) and have similar function. Although kinetic
partitioning seems to be a common feature of PBPs, its specific
details might still depend on the detailed connectivity of
secondary structural elements in the tertiary structure. This is
already evident from the comparison of LBP and MBP, where
the former shows multiple pathways but the latter has just two
pathways.

Multiple Unfolding Pathways of Multi-domain Pro-
teins. The energy landscape theory based on statistical physics
models predict that the proteins need not always take a definite
pathway during their transition from the folded compact
structure to the unfolded structure but they can take multitude
of pathways.4,42 Many bulk experimental results have shown
that proteins do unfold and fold in multiple parallel
pathways.8,9,17,43 Intermediates of LBP during different path-
ways could be due to the protein getting trapped in different
local minima after crossing the main unfolding energy barrier as
represented in Figure 6. Kinetic partitioning has earlier been

observed for other proteins by SMFS.22,38,44−47 T4 lysozyme
(T4L) has been shown to follow similar mechanical unfolding
pathways by kinetic partitioning mechanism: Peng et al.38

showed that T4L unfolds by multiple distinct unfolding
pathways, where the majority unfolds in an all-or-none fashion
exhibiting two-state pathway and the others in three-state
manner without a well-defined route but displaying diversity in
unfolding pathways. LBP is similar to this case but the
proportion of molecules going through three-state pathways is
much higher for LBP. A recent study on three-domain
adenylate kinase exhibited coexistence of multiple intersecting
folding pathways associated with a complex energy landscape as
characterized in single-molecule fluorescence studies.18 The-
oretical investigations on a four-domain DNA polymerase IV
(DPO4) from Sulfolobus solfataricus revealed diverse parallel

Figure 5. Bar diagram showing the percentage of molecules (unfolding
flux) going through intermediates. In the absence of ligand, the
unfolding flux is high through three-state unfolding pathways. In the
absence of ligand, the unfolding flux through intermediates increases
from 35% to 62% (p-value ≤ 0.01) under reducing conditions and
from 36% to 57% (p-value ≤ 0.02) under oxidizing conditions,
indicating a greater diversity in its unfolding pathways. The error bars
are the SE, calculated using the bootstrap method (see Table 1).

Figure 6. Cartoon energy landscape showing the multiple pathways
that LBP follows during mechanical unfolding. LBP not only unfolds
along a two-state pathway (black arrow) from native (N) to unfolded
(U) state, but also follows many three-state pathways (red arrows)
from native (N) to intermediate (I1, I2, ...) to unfolded (U) state. LBP
unfolds via parallel pathways by a kinetic partitioning mechanism.
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folding pathways.20 The study reported here, along with these
earlier reports, gives strong evidence that the energy landscape
of multi-domain proteins is complex and multiple energy
minima on it give rise to multiple-pathways for the protein to
choose during its conformational transitions from the folded to
the unfolded state and vice versa.
Implications of the Energy Landscape of LBP in

Protein Translocation. Recent studies on ATP-dependent
bacterial protease ClpXP have shown that the unfolding
mechanism of substrate proteins by the unfoldase ClpX is
largely determined by the energy landscape of the substrate
protein obtained in SMFS experiments.3 Interestingly, the
intermediate observed in the ClpX mediated unfolding of GFP
is identical to that present in the unfolding pathway
characterized in the SMFS experiment. This suggests that the
energy landscape of LBP would be highly relevant in terms of
the unfolding of LBP prior to protein translocation. Also the
ClpX unfoldase is shown to generate mechanical forces, albeit
at very low pulling rate (5 orders of magnitude smaller) than
that of SMFS, to unfold the substrates whose mechanical
strength is ∼100 pN as measured by SMFS. Interestingly, the
unfolding forces of LBP (<100 pN) measured here are also
within the range that could be targeted by ClpX unfoldase.
Ligand-Modulated Unfolding Pathways of PBPs. The

effect of ligand binding has also been emphasized in our study.
Unlike many small single-domain proteins where the ligand
binding increases the protein mechanical strength,26,48 the
ligand has no effect on the unfolding force of LBP but has
influence on the unfolding pathway. Ligand binding enhanced
the flux through the two-state pathway at the expense of the
other three-state pathways. This is an indication of the ligand
binding modulated change in the unfolding energy landscape.
However, leucine binding has no effect on the unfolding force
as the ligand binding site, which is in the cleft between the two
domains, is far from the N- and C-termini along which the
stretching force is applied. Also, the residues locked by the
disulfide bridge have minimal role in the stability and the
unfolding pathways of LBP as observed from the studies in
oxidizing conditions. Earlier reports on the mechanical stability
of MBP and I27 with engineered disulfide bonds have shown
that the sequestration by disulfide locking does not influence
the mechanical stability of these proteins.31,39 In our earlier
study on MBP, it was shown that ligands maltose and
maltotriose modulated the unfolding flux along the three-state
pathway.22

Mechanical unfolding of LBP differs from that of MBP in two
ways. First, MBP has been shown to go through a single three-
state pathway whereas LBP follows multiple three-state
pathways, revealing the complexity of LBP unfolding. Second,
the percentage of unfolding flux influenced by ligand is much
more in the case of LBP (>25%) than that of MBP (∼15%).

■ CONCLUSION
We have studied the mechanical unfolding of LBP and found
that it unfolds via parallel pathways: a single two-state pathway
and multiple three-state pathways. Furthermore, leucine
binding reduced the propensity of LBP to go through
intermediates. From the current study on LBP along with
earlier reports on MBP, it can be concluded that the two-
domain PBPs exhibit kinetic partitioning and ligand binding
influences their unfolding pathways. We anticipate the
experimental studies on the energy landscape and the
mechanical unfolding pathways of LBP will further our

understanding of the protein translocation across the bacterial
periplasm.
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