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Protein folding and unfolding are complex phenomena, and it
is accepted that multidomain proteins generally follow multiple
pathways. Maltose-binding protein (MBP) is a large (a two-do-
main, 370-amino acid residue) bacterial periplasmic protein
involved in maltose uptake. Despite the large size, it has been
shown to exhibit an apparent two-state equilibrium unfolding in
bulk experiments. Single-molecule studies can uncover rare
events that are masked by averaging in bulk studies. Here, we use
single-molecule force spectroscopy to study the mechanical
unfolding pathways of MBP and its precursor protein (preMBP)
in the presence and absence of ligands. Our results show that
MBP exhibits kinetic partitioning on mechanical stretching and
unfolds via two parallel pathways: one of them involves a
mechanically stable intermediate (path I) whereas the other is
devoid of it (path II). The apoMBP unfolds via path I in 62% of
the mechanical unfolding events, and the remaining 38% follow
path II. In the case of maltose-bound MBP, the protein unfolds
via the intermediate in 79% of the cases, the remaining 21% via
path IL. Similarly, on binding to maltotriose, a ligand whose
binding strength with the polyprotein is similar to that of malt-
ose, the occurrence of the intermediate is comparable (82% via
path I) with that of maltose. The precursor protein preMBP also
shows a similar behavior upon mechanical unfolding. The per-
centages of molecules unfolding via path I are 53% in the apo
form and 68% and 72% upon binding to maltose and maltotri-
ose, respectively, for preMBP. These observations demonstrate
that ligand binding can modulate the mechanical unfolding
pathways of proteins by a kinetic partitioning mechanism. This
could be a general mechanism in the unfolding of other large
two-domain ligand-binding proteins of the bacterial periplas-
mic space.

Small proteins (with fewer than 100 amino acids) are still
under the scrutiny of having smooth versus the rough energy
landscape; however, for proteins larger than 100 amino acid
residues it is generally believed that they follow multiple path-
ways involving one or many intermediates during protein
unfolding (1-4). Contrary to this notion, there exist few excep-
tions among large proteins, for example, Borrelia burgdorferi
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VISE (5), Alteromonas haloplanctis a-amylase (6), and maltose-
binding protein (MBP)? (7), which are shown to exhibit an
apparent two-state equilibrium unfolding pathway in bulk solu-
tion. Very recent single-molecule pulling studies showed that
out-of-equilibrium mechanical unfolding of MBP is very com-
plex and consists of on-pathway sequential intermediates (8, 9).
Our earlier studies on MBP have shown the existence of inter-
mediates during the folding pathway of MBP (10, 11). Tradi-
tional bulk biophysical techniques like fluorescence, time-re-
solved unfolding and folding probe ensembles of molecules and
hence suffer many drawbacks compared with methods that
probe one molecule at a time. Therefore, single-molecule stud-
ies on protein folding/unfolding have proved vital in giving a
detailed picture of the protein energy landscape and also mea-
sure pathways that are statistically rare and hence averaged out
in the ensemble studies (12). Single-molecule force spectro-
scopy is a technique where individual proteins are investigated
under application of an extrinsic mechanical force (13-16). It
has been shown earlier that this technique can be used to
observe the intermediate states that are difficult to detect in
bulk studies (3). Here, we have investigated mechanical unfold-
ing properties of MBP and its precursor protein preMBP using
single-molecule force spectroscopy. We discern two different
unfolding pathways and show that the associated kinetic parti-
tioning is modulated by ligands maltose and maltotriose.
MBP, a monomeric 370-residue two-domain protein with an
«/B structure, is a protein found in the periplasmic space of
Gram-negative bacteria and is involved in maltose/maltodex-
trin uptake and chemotaxis (17). It is synthesized as a precursor
protein (preMBP) containing an extra 26 residue N-terminal
signal peptide that acts as a translocation signal in the cytosol
(18). Previous studies have shown that preMBP is destabilized
by approximately 20 — 40% with respect to MBP and also exhib-
its a higher unfolding rate (10). MBP consists of two distinct N-
and C-globular domains that are discontinuous in a sense that
each domain is composed of segments from both the N termi-
nus and C terminus. The two domains rotate with respect to
each other by an angle of 35° between the ligand-unbound open
conformation and ligand-bound closed conformation. The
overall structure forms a “clam”-like shape with a deep spatially
buried groove for ligand binding (19, 20). In fact, this is a com-

2The abbreviations used are: MBP, maltose-binding protein; AFM, atomic
force microscopy; AL,,and AL, contour length changes for initial and inter-
mediate states, respectively; FX, force extension; ITC, isothermal titration
calorimetry; pN, piconewton; preMBP, precursor protein of MBP; WLC,
worme-like chain.
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mon structural feature among the class of periplasmic binding
proteins, which bind and transport sugars, amino acids, and
anions (21). MBP binds to malto-oligosaccharides like maltose
and maltotriose with micromolar dissociation constants (K,
values) (7, 22, 23). It was shown that preMBP also binds to
maltose with affinity similar to that of MBP (10). All these prop-
erties make MBP and preMBP an ideal system to understand
how ligand-dependent conformational changes in the structure
manifest in the folding/unfolding pathway of the two proteins
at the single-molecule level.

MATERIALS AND METHODS

Cloning, Expression, and Purification—MBP and preMBP
(A14E) genes were amplified from pMAL-p2-MBP vector by a
two-step overlap PCR to remove the internal BgllI restriction
site and introduce the BamHI site at the 5’ end and BglII and
Kpnl sites at the 3" end of the full-length amplicons. As BamHI
and Bglll enzymes generate complementary sequence over-
hangs, MBP or preMBP gene, digested with BamHI and Kpnl,
was ligated to pQE80L-(GB1), plasmid that was treated with
BglIl and Kpnl enzymes. This resulted in a pQE80L-(GB1),-
MBP or -preMBP construct. pQE80L-(GB1), plasmid was treated
with BamHI and Kpnl to release (GB1),, and this was then
ligated to pQE80L-(GB1),-MBP or -preMBP that was treated
with BglIl and Kpnl to generate a pQE80L-(GB1),-(MBP or
preMBP)-(GB1), construct.

Escherichia coli (DH5«) cells, transformed with pQE80L-
(GB1),-(MBP or preMBP)-(GB1), were grown in LB medium in
the presence of ampicillin (0.1 mg/ml) at 37 °C and 180 rpm
until O.D. at 600 nm ~0.6. Protein expression was induced with
1 mm isopropyl 1-thio-B-p-galactopyranoside at 25 °C, and the
culture was allowed to grow overnight. The cells were harvested
and lysed by sonication in lysis buffer containing Tris (0.025 M,
pH 7.4), NaCl (0.5 m), and PMSF (0.1 mm), and the expressed
protein was bound to a Ni-Sepharose 6 Fast Flow (GE Health-
care) column. After binding, the column was washed with lysis
buffer containing imidazole (0.04 m), and the elutions were car-
ried out with 0.25 m imidazole. Fractions containing purified
proteins were dialyzed extensively against PBS buffer.

Single-molecule Force Spectroscopy Using Atomic Force
Microscope—Single-molecule pulling experiments were done
on a custom-built atomic force microscope, which is similar to
that described by Fernandez and Li. (24) We have used a top-
view optical head with quadrant photodiode for multimode
SPM (TVOH-MMAFM) from Veeco Asia Pte. Ltd., Singapore.
We replaced the laser in the optical head with a laser diode
(51nanoFCM) coupled to a single-mode fiber cable attached to
a collimator (60FC-4-M20-10) and microfocusing system (5M-
M25-13-S) from Schifter and Kirchhoff GmbH, Hamburg,
Germany. This AFM head was mounted on top of a multiaxis
piezoelectric positioning and scanning system with capacitive
sensors from Physik Instrumente GmbH, Germany (PicoCube
P-363.3.CD) that allows subnanometer resolution. A custom-
made electronics module was used to communicate among the
quad photodetector, piezoelectic controller, and the data
acquisition boards on a personal computer. Data acquisition
command modules and further data analysis routines were
written using IGOR Pro software from Wavemetrics. The AFM
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head and piezoelectric positioner were kept on a vibration iso-
lation table (25BM-4 from minus K Technology), which was
further kept on a high capacity laboratory table from TMC. We
have used a contact mode fluid cell (from Veeco, Singapore) to
mount cantilevers and to make measurements in solution.
Gold-coated reflective cantilevers with silicon nitride tip
(MLCT-AUNM) with spring constants ~30-50 pN/nm were
purchased from Veeco, Singapore. Calibration of cantilevers
was done using equipartition theorem (25) prior to each pulling
experiment. In a typical pulling experiment, 5 ul of protein (~1
mg/ml) was added to 50 ul of phosphate-buffered saline (PBS),
pH 7.4, kept on a gold-coated glass coverslip, and let sit for 10
min. The cantilever was then calibrated in protein solution and
used for force extension (FX) experiments. All experiments
were done at ambient temperature ~25 °C. The pulling speed
in all the experiments was 400 nm/s. In pulling experiments
containing ligands (maltose and maltotriose), the protein was
incubated in ligand-containing buffer for about an hour before
doing any pulling. Maltose and maltotriose were obtained from
Sigma-Aldrich Co.

Isothermal Titration Calorimetry—ITC measurements were
carried out on a VP isothermal titration calorimeter from
MicroCal, Inc. (Northampton, MA). Protein (0.02 mm) and
maltose or maltotriose (0.85 mm) in CGH buffer (10 mm each,
citrate, glycine, and HEPES, pH 7.4) were used for the titrations.
The protein and ligand solutions were incubated at 25 °C for at
least 1 h and transferred to the cell and syringe, respectively.
The reference cell was filled with water. Stirring speed was set at
300 rpm, and after base-line stabilization, 8-ul injections were
carried out with an interval of 4 min between each injection
until saturation was observed. The dilution of ligand into buffer
and buffer into protein was carried out, and these dilution cor-
rections were incorporated before data analysis. Data were ana-
lyzed by using the Origin software package and fit to a single
binding site model. Results are presented in supplemental
Table S1.

RESULTS AND DISCUSSION

Mechanical Properties of MBP—To study the unfolding
pathway of MBP and preMBP we have used a single-molecule
force spectroscopy approach where we have applied extrinsic
mechanical force on polyproteins using a custom-built atomic
force microscope. Two chimeric polyproteins, (GB1),-MBP-
(GB1), and (GB1),-preMBP-(GB1),, consisting of a central
MBP (or preMBP) molecule flanked on each side by four GB1
protein domains were constructed by a gene fusion technique
(Fig. 1A). A detailed procedure of polyprotein purification is
given under “Materials and Methods.” GB1 here acts a molec-
ular marker to fish out the signal resulting from the protein of
interest. Li and co-workers (26) have previously characterized
mechanical properties of GB1 by single-molecule AFM studies
to show that it unfolds at a force of 180 pN unraveling a length
of 18 nm. Fig. 1, Band C, shows the SDS-PAGE and gel filtration
profiles of the purified polyproteins and that the apparent
molecular masses of the proteins were higher than expected on
SDS-PAGE. This is likely because the nonglobular shape of the
polyprotein causes it to have a higher hydrodynamic radius
compared with a globular protein of similar molecular mass.
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FIGURE 1. A, schematic of the chimeric protein (GB1),-MBP-(GB1),. B, SDS-PAGE (8%) analysis of purified protein. Lane 1, protein marker; lane 2, (GB1) ,-MBP-
(GB1),; and lane 3, (GB1),,-preMBP-(GB1),). C, gel filtration profiles of the proteins on Superdex 200 analytical column. Elution volume for both (GB1) ,-MBP-
(GB1), and (GB1),-preMBP-(GB1),, was 13.3 ml.IgG (150 kDa) and ferritin (440 kDa) were used as markers, which eluted at 14.5 ml and 13.4 ml, respectively. The
apparent molecular masses from column calibration were 354 and 316 kDa for (GB1),-MBP-(GB1), and (GB1),-preMBP-(GB1),, respectively.

However, the gel filtration clearly shows that the polyproteins
are homogenous species and not large aggregates as aggregates
would elute at the void volume of the column.
Single-molecule pulling experiments were performed on a
custom-built atomic force microscope, and a detailed descrip-
tion of the apparatus is given under “Materials and Methods.”
Fig. 2A shows the experimental results from pulling single
(GB1),-MBP-(GB1), molecules at a velocity of 400 nm/s. The
single-molecule FX traces show characteristic regularly spaced
saw-tooth pattern force peaks with an unfolding force of ~200
pN. These peaks have been fitted with a worm-like chain
(WLC) model of polymer elasticity (27) (shown as black curves),
and they measure an average contour length change of 17.6 nm.
The observed mechanical properties (i.e. contour length and
the unfolding force) match those expected from GB1 protein
allowing GBI to act as a fingerprint molecule for the chimeric
construct (26). In addition to the GB1 saw-tooth pattern, there
are two distinct force peaks in the beginning of the trace occur-
ring at much lower force than GB1. These two peaks have also
been fitted to the WLC model as shown in red and blue curves.
We measure the change in contour length of these peaks from
the first GB1 unfolding event in the FX trace similar to the way
in yellow fluorescent protein studied earlier (28). The measured
contour length changes for the two force peaks are ~100 nm
(AL,,;) and ~50 nm (AL,) (see also Table 1). Based on the design
of the chimeric polyprotein construct (GB1),-MBP-(GB1),,
there should be at least five GB1 peaks in a single-molecule FX
trace to be sure that MBP has been subjected to the stretching
force. Hence, we can unambiguously assign the two force peaks
prior to the GB1 saw-tooth pattern to the mechanical signature
arising from MBP. If MBP unfolds in a two-state or all-or-none
manner there would be only a single force peak within a con-
tour length change of ~128 nm (370aa * 0.36 nm/aa — 4.35 nm;
aa = amino acid residue) from the first GB1 force peak (29).
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Here, 4.35 nm is the length of the folded MBP protein, i.e. the
distance between the N and C termini in the MBP crystal struc-
ture (Protein Data Bank ID code 10MP). The contour length
change of 128 nm would correspond to a single transition state
during unfolding. However, we instead observe the first force
peak at a shorter distance of 100 £ 8 nm from the first GB1
unfolding, in addition to encountering an extra peak at 50 = 8
nm. This indicates that the unfolding pathway involves two
transition states that are separated by an intermediate occur-
ring at approximately half the length of the first force peak. We
call this pathway of mechanical unfolding via an intermediate as
path I, where I(a) corresponds to protein transition from native
to intermediate state (N—1) and I(b) corresponds to protein
transition from intermediate to the fully unfolded state (I—U).
The unfolding forces and the corresponding contour length
changes measured from many single-molecule measurements
have been plotted as a scatter plot (Fig. 34), and it can be clearly
seen that the intermediate unfolding occurred at a lower force
than that of the initial unfolding. From the unfolding forces
histogram of the intermediate (45 *= 19 pN) and initial peak
(77 = 22 pN), it is clear that the intermediate is mechanically
less stable than the initial state (Fig. 3, B and C).

As mentioned earlier, the largest measured contour length
change (100 nm) in our FX traces is less than the expected
contour length change, thus giving an unaccountable difference
in length of ~28 nm. Very rarely, we do observe peaks in the
beginning of the FX traces at forces <30 pN (i.e. force peaks
before the 100-nm-long initial force peak as shown by the green
WLC curves in Fig. 2C). Although a detailed characterization of
these low force peaks has not been possible because of their rare
occurrence and the presence within the noise floor of the
instrumental setup (~20 pN), it is quite possible that the differ-
ence in contour length change (~28 nm) could be accounted by
these very low force peaks arising due to the unraveling of MBP
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FIGURE 2. Representative single-molecule FX traces of (GB1),-MBP-(GB1),. A, FX traces of the chimeric protein from constant velocity (400 nm/s) pulling
experiments are shown. These FX traces contain two force peaks in the beginning followed by a characteristic saw-tooth pattern of GB1. The GB1 peaks have
the expected average values of 17.6 nm for the unfolding contour length change and 200 pN for the unfolding force. The two force peaks in the
beginning are due to MBP unfolding, and their unfolding contour lengths are measured from the first GB1 unfolding peak using the WLC model of
polymer elasticity (fits are shown in color). Mechanical stretching of MBP results in partial unfolding leading to an intermediate state, which is the initial
unfolding event (fitted by blue WLC curve) with a peak force of ~77 pN and an unfolding contour length (AL,,) of ~100 nm. Further stretching of the
intermediate results in a completely unraveled MBP, which is the intermediate unfolding event (fitted by red WLC curve) with peak force ~45 pN and the
unfolding contour length AL, ~ 50 nm. We call this mechanical unfolding pathway path |, which contains an intermediate (N—|—U).In 62% of all the observed
FX traces, MBP unfolds via path I. B, in the remaining 38% of the FX traces, stretching of MBP results in a single force peak with peak force ~77 pN and the
unfolding contour length (AL, ~ 100 nm), which is similar to that of path I; however, the intermediate peak is absent. We call this mechanical unfolding
pathway path Il (N—U), which is devoid of the intermediate of path I. C, FX trace shows the MBP unfolding region (from A and B) in greater detail for path | and
path Il. Force peaks with <30 pN at contour lengths ~115-120 nm preceding the initial unfolding event can be seen in these representative traces (fitted by
green WLC curves; see “Results” for more details). However, distinction of these low force peaks was not clearly possible in all of the FX traces of different pulling
events due to their very weak mechanical nature.

TABLE 1
Mechanical unfolding properties of MBP and preMBP
Contour length Contour length
change of initial change of intermediate Unfolding force of =~ Unfolding force of % Traces with
Sample peak ALy, AL, initial peak intermediate intermediate”
nm nm pN pN
MBP No ligand 100 + 8% (n = 133)° 50 + 8 (n = 82) 77 £ 22 45 + 19 617 = 4.3
Maltose (0.2—10 mm) 100 = 9 (n = 86) 50 = 8 (n = 68) 76 * 24 43 + 18 79.1 = 4.5
Maltotriose (0.5-10 mm) 102 * 11(n = 57) 50 * 9 (n = 47) 79 = 29 45 + 21 82,5+ 52
PreMBP No ligand 100 = 9 (n = 46) 51+ 8(n=24) 75 = 20 34+ 10 522+ 7.4
Maltose (0.2—10 mm) 100 =+ 8 (1 = 78) 53 + 10 (n = 53) 77 + 30 52 + 30 67.9 * 5.4
Maltotriose (0.5-10 mm) 102 = 14 (1 = 53) 52 + 10 (n = 38) 79 = 30 55 * 37 717 = 6.2

“ Percent traces with Intermediate = (No. of traces with the intermediate/total number of traces) X 100. The errors are S.E., calculated using the bootstrap method (49, 50)
(see supplemental text).

® All reported values are average + S.D.

¢ The number of measurements per experiment is given in parentheses.

from the termini before the 100-nm force peak. Indeed, this was
the case as shown by recent single-molecule studies on
mechanical unfolding of MBP by Bertz and Rief (8) and Becht-
luft et al. (9). In both of these studies, the low force unfolding
event was noticed, which corroborates our observations. While
Bechtluft et al. (9) used optical tweezers, comprising a very soft
spring constant to assess the subpiconewton force regime to
study MBP unfolding; Bertz and Rief (8) have been unable to
observe this low force eventin all of their FX traces (Fig. 2 in Ref.
8), indicating that this unfolding event is indeed mechanically
too weak to be captured by AFM pulling studies clearly. Hence,
we did not try to further assign these peaks in our analysis,
although the molecular extension prior to the 100-nm peak
accounts for the difference in the measured and expected con-
tour lengths.

Unfolding Pathway of MBP—Information obtained from the
single-molecule FX profiles during the N- and C-terminal
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unfolding can assist in predicting the unfolding pathway of
MBP based on its x-ray crystallographic structure (Fig. 3D) (17).
The C terminus consists of a-helices, which are known to be
mechanically very weak (30) and can account for the initial loss
of ~25-30-nm extension in the FX profiles as observed in our
measurements and previous studies (8, 9). The same has
been shown by steered molecular dynamics simulations
where the C-terminal helices are the first to unfold, followed
by the unfolding of the remaining 278-residue core protein
structure (8). However, unlike the optical tweezers experi-
ment and the steered molecular dynamics simulations (9), we
observed the presence of an intermediate en route to unfolding.
On the basis of our studies and Bertz and Rief. (8), we can map
the observed contour length changes onto the structure to
assign the initial higher force peak at 100 nm possibly resulting
from the unfolding of the N-terminal domain. This is primarily
due to the richness of mechanically stronger B-sheets as well as
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FIGURE 3. The intermediate on path | of MBP unfolding is mechanically weaker than the native protein. A, unfolding force and contour length change
values of MBP obtained from many single-molecule FX traces (see Fig. 2, A and B) were used in making unfolding force versus contour length change scatter
plot. The plot clearly shows two clusters (or populations) of force peaks: one for the initial unfolding event (blue circles from path | and blue triangles from path
1) and another for the intermediate unfolding event (red circles, only from path ). B, contour length change histograms for the initial (AL,, = 100 = 8 nm, blue
bars) and intermediate states (AL, = 50 = 8 nm, red bars). C, unfolding force histograms of the initial (77 = 22 pN, blue bars) and intermediate unfolding (45 =
19 pN, red bars). Unfolding force of initial peak from both path | (blue circles) and Il (blue triangles) are combined, indicating that they are mechanically indistinct.
Theintermediate is mechanically weaker than the native state of MBP. D, proposed contour length mapping onto MBP structure (maltose-bound MBP structure
Protein Data Bank ID code 1ANF). Protein region labeled gray likely gives the ~28-nm low unfolding force peaks preceding the initial force peak. Path I:
N-terminal domain (colored blue) manifests in the initial peak (N—1), and C-terminal domain (colored red) gives the intermediate unfolding (I—U). However, in

C-terminus

N-terminus

path II, both N- and C-terminal domains unfold together giving a single peak (N—U) without any on-pathway intermediate.

the direction of force-vector lying along the N terminus and the
unraveled C-terminal helices (both transmit the force into
N-terminal domain). This leads to an extension of 50 nm to
produce an intermediate (I) possibly consisting of an intact
C-terminal domain. Further stretching of the intermediate
could unfold this second domain, leading to complete unravel-
ing of the protein structure. Regions of terminal helices, N-do-
main, and C-domain unfolding are depicted in gray, blue, and
red in x-ray crystallographic structure in Fig. 3D. The higher
unfolding force (77 £ 22 pN) of the initial peak prior to the
comparatively weaker C-domain region supports the structural
mapping based on contour length changes and direction of
force application. This scenario is similar to what has been
shown by Bertz and Rief (8) except that we do not observe the
hierarchical unfolding of MBP but instead observe a single
intermediate.

MBP Unfolds via Two Different (Parallel) Pathways— Apart
from the similarities of C-terminal helices unfolding before the
major force peak, there is a discrepancy between the two previ-
ous studies on the mechanical unfolding of MBP (8, 9). A
mechanical intermediate (50 nm), similar to that shown in Fig.
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2A, has been observed in AFM studies by Bertz and Rief (8),
whereas it was completely absent in the optical tweezers study
by Bechtluft et al. (9). To understand this discrepancy, we per-
formed experiments on many single molecules. All observed FX
traces can be categorized into two classes where 62% of the
MBP unfolding traces have the intermediate force peak as
shown in Fig. 24, but the remaining FX traces show different
behavior (Fig. 2B). In these remaining 38% traces, we observe
only one force peak at 100 nm for MBP, and the intermediate
force peak at 50 nm is not observed (see Table 1). This indicates
that part of the time MBP is unfolding via a simpler pathway
devoid of the 50-nm intermediate (path II: N— U). This result is
similar to that observed by Bechtluft ez al. (9) in their optical
tweezers experiment. Because the resolution of our instrument
is ~20 pN, any unfolding event occurring above 20 pN should
have been clearly observed as a force peak as in Fig. 2A. Hence,
the absence of an intermediate force peak in Fig. 2B indicates
the absence of a mechanically stable intermediate during
unfolding via path II.

In the scatter plot (Fig. 3A), it can be clearly seen that the
force of unfolding of the initial peak (77 pN) and the contour
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FIGURE 4. FX traces of (GB1),-MBP-(GB1), from repeated stretch-relax
cycles performed on a single molecule. The molecule was relaxed for 2s
before stretching in each cycle. Each stretching event was length-clamped at
170 nm such that the molecule could not detach from either the cantilever tip
or the Au coverslip. WLC curves are also shown: in black dotted for the initial
state and in gray dashed for the intermediate state of MBP and black solid for
thefirst GB1 unfolding. Cycle 2 and 5 (FX traces 2 and 5 from top): MBP unfolds
viapath | (i.e. through anintermediate) in these cycles, and the contour length
changes measured by the WLC curves for the initial (AL,,) and intermediate
states (AL,) are ~100 nm and ~50 nm, respectively. Cycles 1 and 4 (FX traces
1 and 4 from top): MBP unfolds via path Il in these cycles, resulting in a single
force peak with a contour length change of ~100 nm for the initial state (AL,,)
as measured by the WLC curves. Cycle 3 (FX trace 3): MBP failed to refold
within the delay time of 2 s and hence did not show any force peak. However,
the same MBP molecule refolded in the next cycles 4 and 5. In all the cycles,
GB1 unfolding force peaks with (~18-nm contour length change) served as
the molecular fingerprint.

length (100 nm) are independent of the pathway, i.e. whether
MBP is unfolding via path I or path II. Hence, it can be con-
cluded that the mechanical properties of the transition states of
the initial peaks on paths I and Il are similar. It is also important
to note that we have never observed the intermediate force peak
alone without the 100-nm initial peak in any of the FX traces,
which indicates that the intermediate is not off-pathway of the
initial transition state. These two different types of traces, one
with a 50-nm mechanically stable intermediate (in 62% cases)
and the remaining traces without any intermediate at 50 nm (in
38% cases), indicate that the unfolding pathway of MBP is com-
plex, and it follows two independent routes (paths I and II). It
can be concluded from our results that MBP unfolding via path
I in AFM experiments was observed by Bertz and Rief (8) and
via path II was observed by Bechtluft et al. (9).

Furthermore, we have performed repeated stretch-relax
cycles on the same MBP molecule similar to ones conducted on
127 polyprotein (13, 31). Here, repeated cycles of pulling are
performed without detaching the polyprotein molecule, with
each pulling event followed by relaxation of the force to allow
refolding to take place. As shown in Fig. 4, the same MBP mol-
ecule was observed to unfold via both path I and path II in
different cycles of repeated pulling. The choice of MBP between
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path I or path II was stochastic and independent of the path
chosen in the very first pulling event. From this experiment, it
can be concluded that the parallel pathways we observe on
unfolding single molecules is intrinsic to MBP and not due to
heterogeneous population in the sample. We have also per-
formed experiments on apo MBP at varying pulling speeds
(supplemental Fig. S1). We observe that the flux through the
intermediate remains largely unchanged in the pulling speed
range (400 —4000 nm/s).

The division of unfolding into distinct parallel pathways, as
observed here for MBP, is called “kinetic partitioning” in the
literature. This mechanism was previously observed in ensem-
ble solution studies in the case of barstar (32) and immunoglo-
bin (Ig) domain of the human cardiac muscle protein titin (I127)
(33). It was recently demonstrated that T4 lysozyme also exhib-
its kinetic partitioning during mechanical unfolding as shown
by single-molecule AFM pulling experiments (3). MBP, to the
best of our knowledge, becomes the largest protein and the
second such example after T4 lysozyme where mechanical
unfolding occurs via kinetic partitioning. However, unlike T4
lysozyme, the partitioning observed in the case of MBP is lim-
ited to two specific pathways, and additionally, the relative flux
down each pathway is shown to be modulated by ligand bind-
ing, as described in detail in the next section.

Maltose and Maltotriose Modulate the Kinetic Partitioning in
MBP Unfolding—MBP binds maltose (disaccharide) and mal-
totriose (trisaccharide), and the K, of the bound complexes are
1-3 uMm and 0.3 uM, respectively (7, 22). We have carried out
ITC studies and a thermal shift assay which clearly show that
maltose and maltotriose bind to MBP in the (GB1),-MBP-
(GB1), polyprotein construct (Fig. 5 and supplemental text).
We determined the dissociation constant (K,,) of the (GB1),-
MBP-(GB1),-maltose complex from ITC experiments to be 17
puM. The binding is somewhat weaker in the polyprotein com-
pared with MBP alone. To determine the effect of maltose on
the mechanical unfolding pathway of MBP, we have performed
the single-molecule pulling experiments on MBP in the pres-
ence of 0.2-10 mM maltose (traces shown in Fig. 6A). The
mechanical properties (contour lengths and peak forces) of
maltose-bound MBP are similar to that of apoMBP (Fig. 6).
Maltose-bound MBP also unfolds via two parallel pathways I
and II (Table 1). The contour length increments show no
change in the ligand-bound compared with the unbound pro-
tein, and the unfolding force for both the initial peak and the
intermediate remains the same as the free protein. Similar
observations were made by Bertz and Rief (8) in their N- and
C-terminal pulling geometry of MBP. However, when they per-
formed the stretching along the direction that perturbs the
ligand binding groove directly, a ligand-induced mechanical
stabilization of protein by 15 pN was reported (34). In our study,
which probes the protein along the N- to C-terminal direction,
we also do not observe any additional mechanical stabilization
of the MBP upon ligand binding. However, the protein
responds to the ligand binding by altering its choice for unfold-
ing pathway taken. Maltose-bound MBP unfolded via path I in
79% of the cases whereas in 21% cases there was no intermedi-
ate (path II). Although the pathways (and hence the energy
landscape) are the same between the bound and unbound form,
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the flux through different pathways is modified upon maltose unfolding via path I involving an intermediate. Similar
binding, thus causing an enhancement in the number of enhancement is observed for maltotriose, where maltotriose-
instances or the probability of the bound protein to undergo bound MBP unfolded via path Iin 83% cases (see supplemental
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Fig. S2 and Table 1), and the remaining 17% follow unfolding
through path II. Because the enthalpy of binding (AH*) of mal-
totriose to the proteins at 25 °C was low, the K, values could not
be determined by ITC for this ligand. However, the binding of
maltotriose to the polyprotein constructs was confirmed by
using a thermal shift assay (35) that measures the increase in
thermal stability of (GB1),-MBP-(GB1), as a function of added
ligand concentration. The thermal stability (T',,) of the protein
increased progressively with increase in the molar ratio of
ligand to protein, and the data suggests that both maltose and
maltotriose ligands bind with similar affinity to (GB1),-MBP-
(GB1), (supplemental Table S2). Binding to maltotriose skews
the flux toward path I to a similar extent as that of maltose. This
could be expected as the polyprotein constructs do not show
any drastic differences in binding strength to both the ligands.
However, in either case, the flux through path I did notincrease
further even at very high (10 mwm) ligand concentrations. To our
knowledge, such modulation of unfolding pathways upon
ligand binding has not been reported until now, and this study is
the first to show that ligands can modulate the kinetic partition-
ing of mechanical unfolding of a protein without apparently
changing the pathways themselves.

Structural comparison between apoMBP and ligand-bound
MBP have shown a ligand-induced conformational change in
the protein structure (open to close), resulting in the two N-
and C-terminal clefts coming closer to each other and thus
enclosing the ligand molecule in the spatially buried binding
groove (36 —38). The bound ligand locally stabilizes both the N-
and C-domains around its binding site through hydrogen
bonding (20). Moreover, the ligand binding site is far from the
termini. In mechanical unfolding of MBP, the force is transmit-
ted through the termini, and thus the initial events of unfolding
(i.e. unraveling of C-terminal helices and N terminus) would
not be affected as the ligand binding site does not interact with
them directly. A similar observation has been made earlier both
in mechanical unfolding studies (39 —41) and proteasomal deg-
radation of proteins (where mechanical unfolding precedes
peptide lysis) (42). However, the intermediate manifested from
unraveling the C-terminal domain of MBP should have been
affected by ligand binding, and the unfolding force should have
been influenced. Surprisingly, this is not the case, and the
unfolding force of the intermediate remains unchanged. While
the intermediate occurred more frequently in the presence of
ligand, still its occurrence could not be seen in every MBP pull-
ing event. This could be explained by considering the scenario
of apoMBP in equilibrium between both open and close con-
formations, where ligand binding shifts the equilibrium to the
closed conformation for the protein. Tang et al. (38) have
shown that apoMBP exists largely in the open state, but a small
amount of a closed-like conformation is also present. This is
also true in the case of enzymes, for example, in dihydrofolate
reductase (43). It is hence possible that these two conforma-
tions of MBP follow different pathways in mechanical unfold-
ing: closed conformation via path I with an intermediate and
open conformation via path II without an intermediate. Now,
on ligand binding the equilibrium shifts more toward the closed
conformation, and hence the unfolding flux also increases
through path I causing increased events of intermediate occur-
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rence. If this is true, then under saturating conditions of ligand
the entire unfolding flux should go through path I. But, the
intermediate unfolding flux is not observed to increase on
increasing the ligand concentration. This can be explained as
follows: as ligand binding is an equilibrium process between
binding and unbinding, the ligand might be falling off from
MBP during the single-molecule mechanical unfolding. In that
case the protein shuttles through open conformation during
the unfolding and eventually follows path II. This explains why
the flux through path Iis not 100% even under saturating ligand
concentrations.

Unfolding Pathways of MBP and PreMBP Are the Same—W'e
have also made a chimeric polyprotein, (GB1),-preMBP-
(GB1),. The FX traces for this polyprotein are shown in supple-
mental Fig. S3, and the results are summarized in Table 1.
Although preMBP contains an extra 26-residue N-terminal sig-
nal (10), we did not find any difference in the contour lengths
and unfolding forces from those of MBP. This clearly indicates
that the signal peptide has been unfolded at very low force
before even reaching the 100-nm force peak and does not affect
the mechanical stability of the initial and intermediate force
peaks. This observation is consistent with earlier proteolysis
studies (10) that demonstrate that the signal peptide does not
interact with the rest of the mature protein in the native state,
but rather stabilizes the unfolded state of the protein. The sim-
ilar unfolding forces for MBP and preMBP therefore also imply
that the transition state for mechanical unfolding is closer to
the native state than to the unfolded state and hence, the tran-
sition states for the 100-nm peak and 50-nm peak are similar to
those of MBP. In the case of preMBP unfolding, the intermedi-
ate was observed in 53% cases only. We do not know the reason
for the discrepancy in the flux through path I between MBP
(62%) and preMBP (53%) because both have similar contour
length changes upon unfolding and exhibit similar unfolding
forces. However, we have found the trend of ligand-modulated
mechanical properties to be the same for preMBP as for MBP
(supplemental Figs. S4 and S5). Maltose-bound (GB1),-
preMBP-(GB1), has a dissociation constant of 11 um, and mal-
totriose also binds with similar affinity as shown by ITC and
thermal shift assay, respectively (Fig. 5 and supplemental Table
S2). The mechanical properties of preMBP in the presence and
absence of ligands are given in Table 1. Similar to MBP, both the
ligands modulated the unfolding pathways by channeling
preMBP more through the pathway containing the intermedi-
ate (path I), 68% cases by maltose and 72% cases by maltotriose.
The results from the preMBP study further support the asser-
tion that bound ligands can modulate the kinetic partitioning in
the mechanical unfolding pathways of MBP (Fig. 7A).

Energy Landscape—Based on our findings we can construct a
schematic of the energy landscape of MBP as shown in Fig. 7B.
The mechanical stretching of MBP unravels in two different
pathways under the kinetic partitioning mechanism. In path I,
the protein goes from its native state (N) to the intermediate
state (I) via transition state (TS;). The intermediate (I) then
passes the transition state (T'S,) to a completely unfolded state
(U). In path II, the protein goes from its native state (N) to the
unfolded state (U) via a single barrier (TS;) without a detour.
We found that the transition states TS, and TS; have similar

JOURNAL OF BIOLOGICAL CHEMISTRY 28063



Mechanical Unfolding Pathways of MBP
A 100

20

mMBP ®preMBP

80
70
60
50 |
40 4
30

20

% Traces with Intermediate

10 -

0 =
Maltotriose

Maltose

o No ligand

B

FIGURE 7. Energy landscape of the ligand-modulated parallel mechanical unfolding pathways of MBP and preMBP. A, bar chart showing the ligand-
modulated flux (percent traces with intermediate via path I) for MBP and preMBP. The error bars are the S.E. calculated using the bootstrap method (see Table
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state (as shown by the path I(a), which then takes path I(b) to the completely stretched unfolded state). On the other hand, the native protein transits a single
barrier to reach the unfolded state on path Il. Similar energy landscape can be envisaged for the mechanical unfolding of preMBP.

mechanical properties. It is highly possible that they differ
enough to give parallel pathways I and II and yet are energeti-
cally similar so as to be populated simultaneously, which is the
case for titin 127 (33). It is very interesting that ligand binding
modulates kinetic partitioning: the preference to path I
increased from 62% to 79% upon binding to maltose and it
further enhances to 82% upon binding to maltotriose. Similar
energy landscapes can be envisaged for preMBP from the
kinetic partitioning results shown in Fig. 6A.

CONCLUSION

Our study conclusively demonstrates that MBP unfolds via
parallel unfolding pathways and that bound ligands (maltose
and maltotriose) modulate the relative flux through each of the
parallel unfolding pathways. In addition, ligand binding to the
precursor protein of MBP (preMBP) also shows the same effect
as in the case of MBP. The “new view” of protein folding can be
described using an energy landscape where there are multiple
pathways for folding and unfolding (44). Because of the rough-
ness of the energy landscape, unfolded molecules follow both
direct and indirect pathways, and the folding flux undergoes
kinetic partitioning (45). Most studies have focused on rela-
tively small proteins such as lysozyme, barstar, and titin 127 (3,
32, 33). It is only in the case of T4 lysozyme that parallel path-
ways have been revealed using mechanical unfolding. None of
these studies has examined the effects of ligands on modulating
the relative flux through different pathways. Our single-mole-
cule experiments on the mechanical unfolding of MBP and
preMBP give further evidence to this kinetic partitioning mech-
anism. In previous studies, ligand binding has been shown to
affect the mechanical properties of proteins, for example, dihy-
drofolate reductase (46) and protein G (47), and acylphospha-
tase (48). In all of them, the force required to unfold a protein is
enhanced upon ligand binding, and this could be explained by
an increase in the barrier height. However, in the current study
we show that ligands can modulate the kinetic pathways of the
protein unfolding without modifying the mechanical proper-
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ties such as unfolding force and contour length. Furthermore,
many periplasmic binding proteins that bind and transport sug-
ars, amino acids, and anions have structures similar to MBP
consisting of two large domains that undergo open-to-close con-
formational change upon ligand binding (21). Hence, the ligand-
modulated kinetic partitioning studies on MBP that we report
here can help in forming a general prediction about the unfolding
properties and energy landscape of the other periplasmic pro-
teins. In addition, our results underscore the importance of
single-molecule AFM studies along with ensemble experiments
to understand the complex behavior of even large biomolecules
that get obscured in averaging effects of the bulk.
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