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Configurational entropy plays important roles in defining the thermo-
dynamic stability as well as the folding/unfolding kinetics of proteins. Here
we combine single-molecule atomic force microscopy and protein engineer-
ing techniques to directly examine the role of configurational entropy in the
mechanical unfolding kinetics and mechanical stability of proteins. We used
a small protein, GB1, as a model system and constructed four mutants that
elongate loop 2 of GB1 by 2, 5, 24 and 46 flexible residues, respectively. These
loop elongation mutants fold properly as determined by far-UV circular
dichroism spectroscopy, suggesting that loop 2 is well tolerant of loop inser-
tions without affecting GB1′s native structure. Our single-molecule atomic
force microscopy results reveal that loop elongation decreases the mechan-
ical stability of GB1 and accelerates the mechanical unfolding kinetics. These
results can be explained by the loss of configurational entropy upon closing
an unstructured flexible loop using classical polymer theory, highlighting
the important role of loop regions in the mechanical unfolding of proteins.
This study not only demonstrates a general approach to investigating the
structural deformation of the loop regions in mechanical unfolding tran-
sition state, but also provides the foundation to use configurational entropy
as an effective means tomodulate themechanical stability of proteins, which
is of critical importance towards engineering artificial elastomeric proteins
with tailored nanomechanical properties.
© 2008 Elsevier Ltd. All rights reserved.
Keywords: configurational entropy; single molecule atomic force micro-
scopy; mechanical unfolding; mechanical stability; force spectroscopy
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Introduction

Loop regions play important roles in protein struc-
ture and functions: they not only serve as connecting
units in proteins to connect secondary structural
elements, α helices and β strands, but can also par-
ticipate in forming binding sites and enzyme active
sites.1 Moreover, the length of flexible loops can also
have significant influence on the thermodynamic
stability and folding/unfolding kinetics of proteins.
Such influences are directly associated with the loss
of configurational entropy upon closing an unstruc-
tured loop region in proteins.2 Hence, the effect of
configurational entropy on the thermodynamic sta-
bility as well as chemical folding/unfolding kinetics
of proteins has been studied in detail, using ensem-
ess:

force microscopy; wt,
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ble methods, by varying the length of flexible loops.
It was found that increasing the loop length of a
protein can reduce its thermodynamic stability, and
often slows down folding reactions while accelerat-
ing the unfolding reactions.3–7

The recent development of single-molecule force
spectroscopy techniques has opened opportunities
to investigate the folding and unfolding dynamics of
proteins along a well-defined reaction coordinate
defined by the stretching force.8–12 Protein engineer-
ing has been used extensively in combination with
single-molecule atomic force microscopy (AFM)
technique to investigate the molecular determinants
of the mechanical stability of proteins.9,13 Despite
detailed studies on the effect of loop length (or
configurational entropy) on the chemical folding and
unfolding of proteins, the role of loop regions in
protein mechanics and mechanical folding/unfold-
ing dynamics has remained largely unexplored.
Although loop insertion strategies have been used
in single-proteinmechanics studies,14,15 their use has
been largely focused on locating the structural motif
d.
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that provides mechanical resistance or mapping the
location of unfolding intermediate state. Using a
small protein, GB1, the B1 IgG binding domain of
protein G from Streptococcus, as a model system, here
we utilized single-molecule AFM to directly probe
the effect of loop length on the mechanical stability
and mechanical unfolding kinetics of GB1. GB1 is a
small protein of 56 amino acid residues16 and its
mechanical unfolding and folding dynamics have
been investigated in detail using single-molecule
AFM.17–19 Due to its excellent mechanical properties
and ease of manipulation, GB1 has become a new
paradigm for single-molecule force spectroscopy
studies on proteins. GB1 is an α/β protein with a
four-strand β sheet packed against an α helix16 (Fig.
1). There are two loops connecting the α helix to β
strands 2 and 3, respectively. Using protein engineer-
ing techniques, we inserted various numbers of
amino acid residues (2, 5, 24 and 46 residues) into
loop 2 of GB1 to lengthen this flexible loop and used
single-molecule AFM to investigate the effect of
increasing loop length on the mechanical stability
andmechanical unfolding kinetics of GB1.We found
that increasing the length of the second loop of GB1
decreases the mechanical stability of GB1 and
accelerates the mechanical unfolding of GB1. These
results can be explained by the loss of configura-
tional entropy upon closing an unstructured flexible
loop using classical polymer theory, highlighting the
important role of loop regions in the mechanical
unfolding of proteins. This study not only demons-
trated a general approach to investigating the struc-
tural deformation of the loop regions in the mecha-
nical unfolding transition state, but also paved the
way to using configurational entropy as an effective
means to modulate the mechanical stability of pro-
teins, which is of critical importance towards engi-
neering artificial elastomeric proteins with tailored
nanomechanical properties.
Results

The second loop of GB1 is tolerant of loop
elongation

There are two loops in GB1 connecting the α helix
to β strands 2 and 3, respectively. As a proof of
Fig. 1. Loop insertions in GB1. GB1 has a typical α/β struc
There are two loops connecting the α helix to β strands 2 and 3,
37–41) and connects the α helix to β strand 3. Flexible linker
sequences of the inserted residues are also shown.
principle, here we use the second loop of GB1 to
investigate the effect of loop length on the mechan-
ical stability and mechanical unfolding kinetics of
GB1. Loop 2 connects the α helix to β strand 3 and is
composed of five residues (residues 37–41, Fig. 1).
Using protein engineering techniques, we inserted
various numbers of flexible amino acid residues
between residues 39 and 40 to obtain the loop
insertion mutants GB1-L2, GB1-L5, GB1-L24 and
GB1-L46, which elongate loop 2 by 2, 5, 24 and 46
residues, respectively (Fig. 1). For GB1-L2, a two-
residue linker, LG, was inserted in loop 2; for GB1-
L5, a flexible linker sequence, GGGLG, was inserted
in loop 2; while for GB1-L24 and GB1-L46, flexible
linkers of GSA repeats were inserted. In the Gly-Ser-
Ala linkers, the smaller residues glycine and alanine
provide flexibility to avoid formation of residual
structure in the loop region, while serine residues
increase the solubility and reduce aggregation. Gly-
Ser-Ala repeat has been used as a flexible linker to
construct a single-chain polypeptide analogue of
HIV gp120/CD4 receptor complex.20 The structural
integrity of these loop insertion mutants was
investigated using far-ultraviolet circular dichroism
(far-UV CD) spectroscopy. CD spectroscopy is an
excellent tool for dissecting secondary structures of
proteins, as α helix, β sheet and random coil give
rise to distinct CD spectra. The CD spectrum of α
helix is characterized by two negative bands at∼222
and 208 nm, while the CD spectrum for β sheets has
a negative band at ∼215 nm. In contrast, the CD
spectrum of a random coil is characterized by a
negative band at ∼195 nm. As shown in Fig. 2, the
CD spectrum of wild-type (wt) GB1 shows two
broad negative peaks with minima at 208 and
222 nm, consistent with the compact structure of
GB1 with both α helix and β sheet features. Upon
the insertion of various numbers of residues into
loop 2, two minima are still clearly visible in the CD
spectra of the four loop insertion mutants, suggest-
ing that the compact structures with both α and β
features are well retained in the mutants. In the CD
spectra, the minima at 222 nm for the mutants
remain unchanged, although their relative ampli-
tude decreased compared with that of wt GB1.
Conversely, the minima at 208 nm are gradually
shifted towards lower wavelengths with increasing
number of residues being inserted into loop 2. Since
ture with a four-strand β sheet packed against an α helix.
respectively. Loop 2 is composed of five residues (residues
sequences are inserted between residues 39 and 40. The



Fig. 2. Far-UV CD spectra of the loop insertion
mutants indicate that loop 2 is tolerant of loop insertion
and GB1mutants are properly folded. The CD spectrum of
wt GB1 exhibits broad bands with minima at 208 and
222 nm, consistent with the α/β structure of GB1. These
features are also clearly visible in the CD spectra of the
loop insertion mutants, suggestive of compact structures
with α helix and β sheet features. Since the CD spectrum
of a random coil is characterized by a negative band at
∼195 nm, the increasing content of random coil sequences
in GB1 by loop insertion leads to the observed shift of the
minima at 208 nm towards lower wavelength.
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the CD spectrum of random coil is characterized by
a negative band at ∼195 nm, the shift of the minima
at 208 nm towards lower wavelength is indicative of
the increase of random coil sequences in loop
insertion mutants, consistent with the gradual
increase of random coil sequences being inserted
into loop 2. These results indicate that loop 2 is well
tolerant of loop insertions without affecting GB1's
native structure, even if the insertion is 46 residues
long, which is almost the length of thewholewt GB1.
These results are consistentwith the finding that GB1
fragments, which were split in the middle of loop 2,
can reconstitute its three-dimensional structure by
complexation.21,22 Therefore, these mutants of GB1
with long loop insertion provide good model sys-
tems for detailed investigations of the effect of loop
length on the mechanical unfolding of proteins.

Features of the mechanical unfolding of loop
insertion mutants

To investigate the mechanical properties of loop
insertion mutants of GB1, we constructed four poly-
proteins, (GB1-L2)8, (GB1-L5)8, (GB1-L24)8 and
(GB1-L46)8, which are composed of eight identical
tandem repeats of the mutant protein under in-
vestigation. Stretching polyproteins of loop inser-
tion mutants resulted in force–extension curves
(Fig. 3) with characteristic sawtooth pattern appear-
ance, where the individual unfolding force peaks
correspond to the mechanical unfolding of the
folded loop mutant GB1 domains. Compared with
the force–extension curves of wt GB1, it is evident
that the spacing between the consecutive unfolding
events of the loop insertion mutants increased,
while the unfolding forces decreased as the loop
length increased. For example, the contour length
increment (ΔLc) of wt GB1, measured by fitting the
Wormlike-chain model of polymer elasticity23 to the
consecutive unfolding events, is ∼18 nm and the
unfolding force is ∼180 pN17 (Fig. 3). In compar-
ison, insertion of 24 residues into loop 2 results in a
ΔLc of ∼27 nm, and the unfolding force decreased
to ∼80 pN. Mutant GB1-L24 is 80 residues long and
Fig. 3. Force–extension relation-
ships of loop insertion mutants of
GB1. Stretching polyproteins of
GB1 loop insertion mutants results
in characteristic sawtooth-like force–
extension curves, in which the indi-
vidual force peaks correspond to the
mechanical unfolding of the indivi-
dual mutant domains. The unfold-
ing forces of loop insertion mu-
tants decrease as the number of the
amino acid residues inserted in loop
2 increases. WLC fits (red lines) to
consecutive unfolding force peaks
revealed that the contour length
increment of loop insertion mutants
increases as a function of the inserted
number of amino acid residues.
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is 28.8 nm long when it is unfolded and fully ex-
tended, assuming that the length of a single amino
acid residue is 0.36 nm.24 Since the insertion of 24
residues does not affect the proper folding of GB1,
we take the distance of 2.6 nm16 between the N- and
C-termini of wt GB1 as the distance between the N-
and C-termini of GB1-L24. Therefore, the complete
unfolding of GB1-L24 will result in ΔLc of 26.2 nm
(28.8–2.6 nm), in good agreement with the experi-
mentally observed ΔLc for GB1-L24. This result
corroborates the finding that the mutants are
properly folded and the force–extension curves
shown in Fig. 3 indeed correspond to the stretching
and mechanical unfolding of the loop insertion
mutants. Therefore, the mechanical unfolding forces
measured from Fig. 3 correspond to the mechanical
stability of the loop insertion mutants.
As predicted by molecular dynamics simulation,25

the force-bearingβ strands 1 and 4 ofGB1 constitute a
“mechanical clamp” to provide mechanical resis-
tance to extending andunraveling ofGB1.Disrupting
the mechanical clamp will result in the mechanical
unfolding of GB1 and exposure of the “hidden”
amino acids in the core,14 giving rise to the observed
ΔLc. If additional amino acids are inserted after the
mechanical clamp, mechanical unfolding will result
in the increase inΔLc. Since loop 2 is located after the
mechanical clamp, we should expect to observe an
increase in ΔLc for the loop insertion mutants.
Indeed, the ΔLc of loop insertion mutants increases
progressively as a function of the number of amino
acids inserted in loop 2 (as shown in Fig. 4a).
Figure 5 shows the relationship between ΔΔLc

(ΔLc(loop mutant)−ΔLc(wt)) and the number of amino
acid residues being inserted into loop 2. It is evident
that ΔΔLc is linearly proportional to the number of
inserted residues. Linear regression to the experi-
mental data in Fig. 5 measures a slope of ∼0.37 nm
per amino acid (R2=0.997), indicating that the length
of an individual amino acid residue is 0.37 nm, in
close agreement with the expected length of a single
amino acid in a fully extended polypeptide chain.24

Loop elongation decreases the mechanical
stability of GB1

In addition to the progressively increasing ΔLc of
GB1 in response to the loop elongation, the mechani-
cal stability of loop insertion mutants also decreases
progressively as a function of the loop length. Figure
4b shows the unfolding force histogram for the loop
mutants of GB1 as well as the wild-type GB1. It is
Fig. 4. Histograms for ΔLc and
the mechanical unfolding force of
loop insertion mutants. (a) His-
tograms for ΔLc of loop insertion
mutants. The average ΔLc is 18.3±
0.5 nm (n=470) for wt GB1, 18.5±
0.7 nm (n=415) for GB1-L2, 19.8±0.7
nm (n=307) for GB1-L5, 26.9±
1.1 nm (n=796) for GB1-L24 and
35.0±1.0 nm (n=595) for GB1-L46. It
is evident that ΔLc is increased from
∼18 nm for wt GB1 to ∼35 nm for
GB1-L46. (b) Histograms of the me-
chanical unfolding forces for loop
insertion mutant. The average
unfolding force is 177±40 pN (n=
2593) for wt GB1, 121±28 pN (n=
1483) for GB1-L2, 134 ± 36 pN
(n=1209) for GB1-L5, 80±35 pN
(n=659) for GB1-L24 and 63±31 pN
(n=595) for GB1-L46. Red lines are
Monte Carlo fits to the experimen-
tal data using the following unfold-
ing distance Δxu and unfolding rate
constant α0 values: 0.17 nm and
0.039 s− 1 for wt GB1; 0.22 nm and
0.075 s− 1 for GB1-L2; 0.19 nm and
0.090 s− 1 for GB1-L5; 0.19 nm
and 0.40 s− 1 for GB1-L24; and
0.19 nm and 0.62 s− 1 for GB1-L46.
It is of note that the detection limit
measured for the unfolding force in
our AFM is ∼20 pN.



Fig. 6. Mechanical stability (a) and free energy barrier
for mechanical unfolding (b) show nonlinear dependence
on the number of amino acid residues inserted in loop 2.
The effect of mechanical destabilization and acceleration
of unfolding kinetics tends to attenuate with further
increase of the number of amino acid residues in loop 2.
Red line in (a) is an exponential fit to the experimental data
to illustrate the trend of how the unfolding force changes
as a function of linker length.

Fig. 5. ΔΔLc is linearly proportional to the number of
inserted amino acid residues in loop2. A linear regression
measures a slope of 0.37±0.01 nm per amino acid
(R2=0.997), in good agreement with the predicted value
of the length of a single amino acid residue.
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evident that the unfolding forces of loop mutants of
GB1 showed significant decrease: the unfolding force
decreases from 180 pN for the wt-GB1to ∼60 pN for
the GB1-L46 mutant. Figure 6a depicts the depen-
dency of the unfolding forces on the length of loop 2.
The mechanical stability decreases in a nonlinear
fashion as a function of the inserted loop length, and
the decreasing trend tends to attenuate when the
loop length increases further. It is of note that mutant
GB1-L2 is somewhat special, as its unfolding force is
clearly lower than that for the mutant GB1-L5. These
results strongly indicate that the loop length can
have a profound influence on the mechanical stabi-
lity of proteins.
The unfolding force of a protein is determined by

two characteristic parameters of the free energy dia-
gram for the mechanical unfolding reaction: the
height of the free energy barrier ΔGT–N for mechan-
ical unfolding and the unfolding distance Δxu bet-
ween the folded state (N) and unfolding transition
state (T). From the unfolding force histograms it is
possible to estimate the spontaneous unfolding rate
constant at zero force (α0), which is directly related to
ΔGT–N, and unfolding distanceΔxu. It is evident that
the width of the unfolding force histogram for GB1-
L2 is much narrower than that for wt-GB1, while the
width for the other three loop mutants remains
largely unchanged as compared with that for wt-
GB1. Since the width of the unfolding force histo-
gram is directly related toΔxu,

26 this result indicates
that Δxu of the loop mutants GB1-L5, L24 and L46 is
similar to that of the wt-GB1, implying that the
mechanical unfolding pathway of the loop mutants
of GB1 remains largely unaltered. However, there is
a change in the Δxu for GB1-L2, suggesting that the
unfolding pathway has been altered by the insertion
of linker sequence LG. To estimate α0 and Δxu accu-
rately, we carried out pulling experiments on these
GB1 mutant proteins at different pulling speeds. As
shown in Fig. 7, the unfolding forces of GB1 loop
insertion mutants depend on the pulling speeds: the
higher the pulling speed is, the higher the force re-
quired to unfold the proteins. It is of note that the
slope of the pulling speed dependence of the unfol-
ding force of GB1-L2 is clearly different from that of
wt GB1 as well as other loop insertion mutants,
suggesting a change in Δxu for GB1-L2, consistent
with the conclusion drawn from the unfolding force
histograms. Using standard Monte Carlo simulation
procedures,27,28 we reproduced force–extension
curves of GB1 mutants. By fitting the unfolding
force distribution (Fig. 4b) and the speed dependence
of the unfolding force (Fig. 7) simultaneously, we
have estimated α0 and Δxu for individual mutant
proteins. For loopmutants GB1-L5, L24 and L46,Δxu
was estimated to be 0.19 nm, which is slightly bigger
than that of wt GB1.17 For loop mutant GB1-L2, Δxu
was estimated to be ∼0.22 nm, which is significantly
bigger than that of wt GB1.Δxu measured for wt GB1
aswell as their loop insertionmutants are quite small,
suggesting that the mechanical unfolding transition
state is highly native-like. It is worth noting that the
Monte Carlo simulation method we used here is
based on the Bell–Evans model for force-induced
unfolding26,29; thus, the values we measured here for



Fig. 7. Speed dependence of the mechanical unfolding
forces of wt GB1 and loop insertion mutants. The average
unfolding forces of loop insertion mutants and wt GB1
increase with the rising of pulling speed. Error bars indi-
cate the standard deviation of unfolding force. Continuous
lines correspond to Monte Carlo fits of the experimental
data using the following values of Δxu and α0: 0.17 nm
and 0.039 s− 1 for wt GB1; 0.22 nm and 0.075 s− 1 for GB1-
L2; 0.19 nm and 0.090 s− 1 for GB1-L5; 0.19 nm and 0.40 s− 1

for GB1-L24; and 0.19 nm and 0.62 s−1 for GB1-L46.
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α0 and Δxu may differ from those estimated using
Kramer-theory-based approach.30

Having measured the unfolding rate constant α0
for GB1 and its mutants, we can then examine the
effect of loop length on the free energy barrierΔGT–N
of GB1. Since α0=υ exp(−ΔGT–N/RT), where υ is the
prefactor, R is the gas constant and T is the
temperature, the difference of the unfolding kinetic
energy barrier upon loop elongation, ΔΔGT–N, fol-
lows the relationship:

ΔΔGT�N ¼ ΔGT�N mutð Þ �ΔGT�N wtð Þ

¼ RTln
a0ðwtÞ
a0ðmutÞ

� �

Plotting ΔΔGT–N versus loop length allows us to
investigate how the mechanical unfolding kinetic
barrier changes with the increasing of loop length
(Fig. 6b). It is evident thatΔΔGT–N shows a nonlinear
dependency on the loop length and the effect of loop
length tends to attenuate with increasing number of
amino acids in loop 2. Such nonlinear dependency of
unfolding free energy barrier is similar to that
observed in chemical unfolding of circular permu-
tants of α-spectrin SH3.3 These results suggest that
for mutants GB1-L5, GB1-L24 and GB1-L46, the
effect of loop length on the mechanical stability of
GB1 is accomplished largely by reducing the free
energy barrier for unfolding, rather than shifting the
mechanical unfolding pathways. In contrast, the
effect of loop length on the mechanical stability of
mutant GB1-L2 is more complex and involves the
change in both free energy barrier and Δxu.
Discussion

Configurational entropy plays important roles in
mechanical unfolding kinetics of GB1

Previous studies on the mechanical unfolding of
proteins were mainly focused on specific interac-
tions, such as backbone hydrogen bonds, in the key
region of the protein of interest, and the effect of
configurational entropy on themechanical unfolding
of proteins remains largely unexplored. By increas-
ing the length of loop 2 of GB1 systematically, we use
single-molecule AFM to demonstrate that loop
insertion decreases the mechanical stability and
accelerates the mechanical unfolding kinetics of
GB1. Formation of loop regions in proteins is directly
associated with the loss of configurational entropy.31
Thus, our results provide the first direct experimen-
tal evidence that configurational entropy plays im-
portant roles in determining the mechanical unfold-
ing kinetics and mechanical stability of proteins.
The effect of configurational entropy onmechanical

unfolding kinetics can be explained using classical
polymer theory.2,31 It can be shown that the change in
configurational entropy of closing an unstructured
loop of L residues relative to the loop of L0 residues
can be estimated by the following relationship:

ΔΔSN�U ¼ ΔSN�UðLÞ �ΔSN�UðL0Þ
¼ �C4RlnðL=L0Þ ð1Þ

where L0 is the length of the reference loop (in the
case of GB1, L0 is 5), L is the length of the loop after
loop insertion, C* is a coefficient that is dependent
upon the polymer used3,32 and R is the gas constant.
Therefore, the change in the thermodynamic stability
for the two proteins after loop insertion is:

ΔΔGU�N ¼ ΔGU�NðLÞ � DGU�NðL0Þ
¼ �C4RTlnðL=L0Þ ð2Þ

where ΔGU–N(L0) is the thermodynamic stability of
the protein with a loop of L0 residues,ΔGU–N(L) is the
thermodynamic stability of the protein after the loop
is elongated to L and T is the temperature in Kelvin.
Thus, loop insertion will considerably increase the
entropic cost of closing an unstructured loop, result-
ing in decreased thermodynamic stability of the pro-
tein. Moreover, if the closing of an unstructured loop
is required in the folding transition state, loop insert-
ion will also decelerate the rate of folding reaction.5

The effect of configurational entropy on mechan-
ical unfolding kinetics reflects its influence on the
free energy barrier for mechanical unfolding. The
free energy barrier change for mechanical unfolding
upon loop insertion can be written as:

ΔΔGT�N ¼ ΔΔGT�U �ΔΔGN�U

¼ C4RT½lnðLV=L0 VÞ � lnðL=L0Þ� ð3Þ
where L′0 and L′ correspond to the effective loop
length of the transition state before and after loop
insertion, respectively, and ΔGT–N represents the
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free energy barrier for unfolding. Depending on
whether the loop formation is complete or not in the
transition state comparedwith that in the native state,
the effect of configurational entropy can be different.
If the loop is as formed in the mechanical unfolding
transition state as in the native state, loop insertion
will destabilize the unfolding transition state the
same amount as it does on the native state (Fig. 8a),
leading to zero for ΔΔGT–N. In this case, the loop
insertion has no effect on the unfolding free energy
barrier. If the loop formation in the transition state is
not as complete as in the native state, loop insertion
will have a weaker destabilization effect on the un-
folding transition state than it does on the native
state, leading to a negativeΔΔGT–N. In this case, loop
insertionwill reduce the unfolding free energy barrier
and accelerate the unfolding kinetics (Fig. 8b). Our
single-molecule AFM results demonstrate that loop
insertion accelerates the mechanical unfolding
kinetics. These results suggest that the formation of
loop 2 in the mechanical unfolding transition state is
partially disrupted by stretching force, and thus, loop
2 in the mechanical unfolding transition state is no
longer as formed as in the native state of GB1. This
result highlights the involvement of loop regions in
the mechanical unfolding transition state.
Previous single-molecule AFM experiments and

molecular dynamics simulationwere largely focused
on the rupture of key interactions, such as hydrogen
bonds, during mechanical unfolding, which reflect
the enthalpic contributions to themechanical unfold-
ing. Our results reported here suggest that enthalpic
factors are not everything and entropic contribution
can also play significant roles in determining the
mechanical unfolding kinetics. Our result suggests
that the deformation of the loop regions during
mechanical unfolding of proteins could have been
overlooked in previous single-molecule AFM experi-
ments. Hence, our present study demonstrates an
Fig. 8. Schematic free energy diagram explains the effect o
loop is fully formed in the mechanical unfolding transition sta
will result in the same amount of destabilization for both nati
affect the free energy barrier for mechanical unfolding. If the lo
will affect the free energy barrier for mechanical unfolding (b
effective approach to investigating the importance of
loop regions in the mechanical unfolding kinetics
and mechanical stability of proteins. For GB1, it will
be interesting to compare the roles of the two
different loops played on the mechanical unfolding
of GB1 in our future endeavors.
Furthermore, our result is somewhat unexpected

because of the rather small unfolding distance Δxu
between the native state and the mechanical unfold-
ing state. Our results thus can serve as a benchmark
for future molecular dynamics simulations to illus-
trate, at the molecular level, the role the loop region
played in the mechanical unfolding transition state.

Configurational entropy and mechanical
stability of proteins

Mechanical stability, i.e., unfolding force, of proteins
is determined by two factors: the free energy barrier
for unfolding (ΔGT–N) and the distance Δxu between
the native state and mechanical unfolding transition
state. Compared with the relatively straightforward
explanation of the effect of configurational entropy
on the mechanical unfolding kinetics, the effect of
configurational entropy on mechanical stability can
bemore complex, if loop elongationwould result in a
change in Δxu for the mechanical unfolding.
For loop insertion mutants GB1-L5, L24 and L46,

Δxu shows only a small change compared with wt
GB1. The effect of configurational entropy on their
mechanical stability can be largely accounted for by
the change in the mechanical unfolding free energy
barrier. In contrast, Δxu for GB1-L2 is significantly
larger than that for other loop insertion mutants as
well as wt GB1. The effect of configurational entropy
on the mechanical stability of GB1-L2 is thus the
combined effect of increased unfolding rate constant
α0 and Δxu. This also explains why the mechanical
unfolding force of GB1-L2 is abnormal in compar-
f loop length on the mechanical unfolding kinetics. If the
te as it does in the folded state, increasing the loop length
ve state and transition state (a). Thus, loop length will not
op is partially deformed in the transition state, loop length
).



878 Configurational Entropy and Mechanical Stability
ison with that of wt GB1 and other loop insertion
mutants. However, the molecular mechanism re-
mains unclear on how the insertion of two residues
leads to such a big change in the unfolding distance
Δxu for GB1-L2. The two amino acid residues in-
troduced in GB1-L2, resulted from the use of the
restriction site of AvaI, are leucine and glycine. Since
leucine is a relatively bulky and hydrophobic amino
acid, it is possible that the inserted leucine in this
short loop of GB1 may interact with other parts of
GB1, leading to the change in Δxu. In the case of
other loop insertion mutants, it seems that the
impact of leucine is buffered by the further intro-
duction of additional flexible amino acid residues.
However, this explanation is just a speculation.
Molecular-level interpretation of this effect would
require high-resolution structure of this particular
mutant and steered molecular dynamics simulation
of the mechanical unfolding processes.
Nonetheless, if loop elongation does not change the

unfolding distance, the effect of configurational
entropy on the mechanical stability can be deter-
mined solely by its effect on themechanical unfolding
kinetics. Such results provide the basis for the use of
configurational entropy to modulate the mechanical
stability of a given protein. Tuning the mechanical
stability of proteins is usually done via site-directed
mutagenesis approach,13,33–37 which is largely trial-
and-error based. The range of tuning the mechanical
stability by site-directed mutagenesis is also rather
limited and difficult to predict. In comparison, the
loop insertion approach demonstrated here, as well
as loop reduction (by engineered disulfide crosslink-
ing38), is potentially a much more general one to
modulate the mechanical stability of proteins, espe-
cially when one considers the ubiquitous existence of
loops in proteins. This approach, complementing our
recently reported mechanical stability tuning
approach by chemical denaturant,39 potentially can
enable the tuning of the mechanical stability of a
given protein continuously in a semi-predictable fa-
shion according to the nonlinear dependence of the
unfolding forces on the number of amino acid
residues inserted. For example, based on our experi-
mental data, it is now possible to predict the me-
chanical stability of the GB1 mutant with 15 residues
being inserted into loop 2. Furthermore, by combin-
ing loop insertion and engineered disulfide cross-
linking, it will become possible to tune themechanical
stability of protein reversibly by changing the redox
potential of the aqueous solution. Such studies will be
of critical importance to engineering artificial elasto-
meric proteins of tailored nanomechanical properties
for nanomechanical and biomedical applications.
Materials and Methods

Protein engineering

The gene encoding the DNA sequence of GB1 is in the
pUC19 plasmid. In pUC19-GB1, GB1 is flanked by a 5′
BamHI site and a 3′ BglII site followed by a KpnI site.
In order to facilitate the insertion of various numbers of
amino acids to loop 2, we first inserted a nonpalindromic
AvaI restriction site (CTC GGG) between codons for the
39th and 40th amino acid residues of wt GB1. The insertion
of the AvaI site was carried out using standard protocols of
site-directed mutagenesis, resulting in pUC19-GB1(AvaI).
The presence of the AvaI restriction site in purified clones
was confirmed by restriction digestion followed by DNA
sequencing. The insertion of the AvaI restriction site
resulted in the mutant GB1-L2, in which a two-residue
linker LG was inserted into loop 2 of GB1.
To construct mutant GB1-L5, which incorporates three

Gly residues in loop 2, the insert encoding GB1 residues 1–
39 was PCR amplified with a 5′ overhang of restriction site
BamHI and 3′ overhang of DNA encoding three Gly resi-
dues followed by restriction site AvaI. The amplified PCR
product was gel purified and digested with restriction
enzymes BamHI and AvaI and subcloned into pUC19-
GB1(AvaI) digested with BamHI and AvaI restriction
enzymes to produce pUC19-GB1-L5. The resulting con-
struct, GB1-L5, contains the insertion of five residues,
GGGLG, between the 39th and 40th amino acid residues
of wt GB1.
To construct mutants GB1-L24 and GB1-L46, both the

Watson and Crick strands for DNA encoding the flexible
linker sequence (GSA)6GS flankedwith theAvaI restriction
site at both ends were synthesized separately by oligo-
synthesis (Integrated DNA Technologies). Both strands
were mixed to a final concentration of 50 μM in 1mMTris–
HCl buffer, pH 8.0, and incubated at 50 °C for 10 min. The
product was digested with restriction enyzme AvaI and
ligated into pUC19-GB1(AvaI) digested with the same en-
zyme. The ligation mixture was transformed into Escher-
ichia coli strain DH5α. It is of note that during the ligation,
the insert encoding (GSA)6GS can self-ligate to produce
concatemers of the insert (GSA)6GS, as well as ligate into
the digested vector. Transformants were screened for
plasmids containing one or two repeats of (GSA)6GS by
digesting purified plasmids with restriction enzymes
BamHI and KpnI. Plasmids containing one or two linkers
were named as pUC19-GB1-L24 and pUC19-GB1-L46,
respectively. The resulting GB1-L24 and GB1-L46 contain
the 24-residue insertion LG(GSA)6GSLG or the 46-residue
insertion LG(GSA)6GSLG(GSA)6GSLG between the 39th
and 40th amino acid residues of wt GB1, respectively. The
extra inserted LG are resulted from the AvaI restriction
sites.
Polyproteins (GB1-L2)8, (GB1-L5)8, (GB1-L24)8 and

(GB1-L46)8 were constructed using procedures similar to
the construction of (GB1)8, which are based on the identity
of the sticky ends of BamHI and BglII sites. Polyprotein
genes were subcloned into expression vector pQE80L,
which contains an N-terminal (His)6 purification tag to
facilitate the purification of expressed proteins. The
polyprotein was expressed in DH5α strain and purified
using Ni-NTA affinity chromatography.

Single-molecule AFM

All the single-molecule AFM measurements were
performed with a custom-built atomic force microscope
as described.17 The cantilevers were calibrated in phos-
phate-buffered saline (PBS) solution using the equiparti-
tion theorem with an average error of 10%. In a typical
unfolding experiment, 1 μL of polyprotein solution was
deposited onto a freshly cleaned glass coverslip contain-
ing ∼50 μL of PBS and thoroughly mixed. After ∼10 min
of equilibration, single-molecule AFM pulling experi-
ments were performed. The pulling speed was 400 nm/s
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for all the unfolding experiments except as reported other-
wise. Monte Carlo simulations were carried using stan-
dard procedures.27 To reflect the noise level of the
unfolding force measurements in our single-molecule
AFM experiments, the minimal detectable unfolding
force in Monte Carlo simulation was set to 30 pN.

Circular dichroism measurements

CD spectra were recorded on a Jasco-J810 spectro-
polarimeter flushed with nitrogen gas. The spectra were
recorded in a 0.2-cm path-length cuvette at a scan rate of
50 nm/min. For each protein sample, an average of three
scans is reported. The protein samples were measured in
0.1× PBS at pH 7.4. Data have been corrected for buffer
contributions.
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