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ABSTRACT We show via single-molecule mechanical unfolding experiments that the osmolyte glycerol stabilizes the native
state of the human cardiac I27 titin module against unfolding without shifting its unfolding transition state on themechanical reac-
tion coordinate. Taken together with similar findings on the immunoglobulin-binding domain of streptococcal protein G (GB1),
these experimental results suggest that osmolytes act on proteins through a common mechanism that does not entail a shift
of their unfolding transition state. We investigate the above common mechanism via an Ising-like model for protein mechanical
unfolding that adds worm-like-chain behavior to a recent generalization of the Wako-Saitô-Muñoz-Eaton model with support for
group-transfer free energies. The thermodynamics of the model are exactly solvable, while protein kinetics under mechanical
tension can be simulated via Monte Carlo algorithms. Notably, our force-clamp and velocity-clamp simulations exhibit no shift
in the position of the unfolding transition state of GB1 and I27 under the effect of various osmolytes. The excellent agreement
between experiment and simulation strongly suggests that osmolytes do not assume a structural role at the mechanical unfold-
ing transition state of proteins, acting instead by adjusting the solvent quality for the protein chain analyte.
INTRODUCTION
Throughout the course of evolution, nature has successfully
modulated protein stability using organic osmolytes, which
are small molecules that shift the native-unfolded thermo-
dynamic balance by changing the solvent quality for
the protein chain. This thermodynamic description is
commonly referred to as the ‘‘osmolyte effect’’ (1). Even
though the thermodynamic model of the osmolyte effect is
now widely accepted, the molecular details of the mecha-
nism by which osmolytes influence protein kinetics and
transition states are still not completely understood.

Mechanistic information about the role of osmolytes in
protein folding and unfolding processes may be obtained
by projecting protein transition states onto a geometrically
relevant reaction coordinate. Single-molecule force spectros-
copy (SMFS) has become the technique of choice for geo-
metrical mapping of protein energy landscapes (2). From
protein mechanical unfolding experiments, SMFS readily
provides not only the distance between the native state and
the mechanical unfolding transition state, commonly
referred to as the unfolding distanceDxu, but also an estimate
of the spontaneous unfolding rate ku(0) of the protein (3).

A previous SMFS study of mechanical unfolding of
protein ubiquitin reported that the presence of glycerol as
a cosolvent in aqueous solution leads to an increase of the
protein’s unfolding distance (4). Other SMFS studies
reported that glycerol (5), ethylene glycol, and propylene
glycol (6) increase the unfolding distance of the I27 titin
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module of the human muscle. Based on the Ansatz that
the unfolding distance of proteins may be determined by
the bridging length of solvent molecules at the unfolding
transition state (7,8), the mentioned SMFS studies con-
cluded that small osmolyte molecules bridge the critical
b-strands of proteins under mechanical tension, leaving
their distinct signature on their unfolding distance. In partic-
ular, because osmolyte molecules are larger than water
molecules, the small osmolytes were reported to increase
the unfolding distance of proteins by amounts that correlate
with their molecular size. It should be noted, however, that
larger osmolytes such as sorbitol and sucrose were instead
found to leave the unfolding distance of I27 unchanged,
indicating their inability to partake in solvent bridging (6).

We challenge the above view that small osmolytes
increase the unfolding distance of proteins and bridge their
critical b-strands in the unfolding transition state through
the following experimental and theoretical considerations.

Experimentally, we show herein that, contrary to what
was reported in Dougan et al. (5), glycerol does not change
the unfolding distance of I27. It should be noted that recent
studies by us and others have also shown that the small
osmolytes dimethylsulfoxide (DMSO) (9), glycerol (10),
and guanidinium chloride (GndCl) (11) do not change the
unfolding distance of streptococcal protein G (GB1). Taken
together, these experimental results challenge the view that
small osmolytes increase the unfolding distance of proteins.

Theoretically, we have recently shown that an Ising-like
model with support for the osmolyte effect does not exhibit
any movement of the unfolding transition state of GB1 in
the presence of glycerol 30% v/v, when projected thermo-
dynamically onto a commonly used nonmechanical reaction
doi: 10.1016/j.bpj.2011.12.007
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coordinate (10). Herein we show that the same lack of move-
ment holds for various concentrations of DMSO and GndCl,
indicating that osmolytes may not generally produce sig-
nificant movements of the unfolding transition states
of proteins. Furthermore, we expand the mentioned thermo-
dynamic analysis with mechanical unfolding simulations
based on theworm-like-chain (WLC) force-distance relation
(12,13), showing that our Ising-like model exhibits no signif-
icant change in the unfolding distance of GB1 and I27 under
the effect of various concentrations of DMSO, glycerol, and
GndCl, in excellent agreement with the experimental results
presented herein and those of Aioanei et al. (9,10) and Cao
and Li (11). Note that our Ising-like model lacks the expres-
sive power to account for any possible structural role of
osmolytes at the unfolding transition state of proteins, while
still being able to explain the mentioned experimental data.
Therefore, our mechanical unfolding simulations challenge
the view that osmolyte-bridging may be a general phenom-
enon in nature, because a structural role of osmolytes at the
unfolding transition state is not necessary to explain the
aforementioned experimental results.

In the next two sections we give a general overview of the
protein mechanical unfolding model we propose together
with a short overview of how the model supports the osmo-
lyte effect.
ISING-LIKE PROTEIN MODELS WITH EXACTLY
SOLVABLE THERMODYNAMICS

A recent model for protein mechanical unfolding (14–16),
which we shall refer to as the IPZ model (based on the
initials of the authors), was built as a generalization of
the Ising-like Wako-Saitô-Muñoz-Eaton (WSME) protein
model (17–22). Like the WSME model that it extends, the
IPZ model has exactly solvable thermodynamics (23,24)
and it has been employed to investigate protein folding/un-
folding kinetics and trajectories by simulating protein
refolding under force-clamp conditions (25) and protein
mechanical unfolding either in the force-clamp (15,25,26),
force-ramp (14,15), or velocity-clamp (26,27) modes.

The IPZ model takes into account the entropic elasticity
of the protein chain by allowing every WSME state to
behave similarly to a freely jointed chain, with the angle
between consecutive segments being taken from a finite
set, usually being either zero or p-radians (15). Such an
approach comes, however, with two limitations:

1. The experimentally observed behavior of unfolded
protein chains does not show significant deviations
from the ideal behavior of a worm-like chain under
mechanical tension. Indeed, lock-in force spectroscopy
with a resolution of 400 fN has failed to find any such
deviations down to a force of 1.7 pN (28). Therefore,
the WLC force-distance formula is extensively used in
the analysis of velocity-clamp experiments performed
with either the AFM (29) or optical-tweezers (30,31).
Rather than aiming at approximating the WLC entropic
elasticity, the IPZ model (14–16) tries to approximate
the entropic elasticity of the freely jointed chain, which
differs significantly at high forces (2).

2. The IPZ model has more states than the WSME model,
which may make it more difficult to obtain statistically
representative sets of trajectories during Monte Carlo
simulations, or to compute exactly the kinetics of small
protein domains (19,20). Indeed, for a protein with N
peptide bonds, we computed that the IPZ model has
2 � 3N states when only two possible angle values are
allowed, while the WSME model has the lower number
of 2N states. It should be noted, however, that this short-
coming may be somewhat mitigated by the fact that the
partition sum over the extra microscopic degrees of
freedom introduced by the IPZ model (relative to the
WSME model) can be computed analytically (15), and
through the local equilibrium approach for kinetic simu-
lations (16,32).

We address both limitations by introducing an Ising
model for proteins under mechanical tension that dictates
that for every WSME state, the end-to-end extension of
the protein chain is given by the WLC average force-
distance relation. For any fixed stretching force, the number
of states of the model is the same as that of the WSME
model. In brief, a protein state consists of a set of contiguous
native stretches of the peptide chain, contributing to the
contour length with the distance in the native structure of
the protein between the start and end of the stretch. Our
worm-like Ising protein model maintains exactly solvable
thermodynamics and, in the absence of a stretching force,
it reduces trivially to the WSME-like model it extends.
INCORPORATING THE OSMOLYTE EFFECT INTO
THE PROTEIN MODEL

The osmolyte effect has been dissected into groupwise free
energy contributions, with the protein backbone making up
most of the protein’s free energy of transfer to osmolyte-
containing solutions (1). Making use of the group transfer
free energies of amino-acid backbone units and side chains,
a recent extension of the WSME model for the osmolyte
effect enabled the thermodynamic projection of the protein
energy landscape in the presence of osmolytes onto reaction
coordinates commonly employed to monitor protein folding
and unfolding (10).

However, a purely thermodynamic theory cannot directly
explain the results of SMFS experiments in osmolyte-con-
taining solutions, for which a kinetic theory of protein
mechanical unfolding in the presence of osmolytes is
needed instead. In this work we address the effect of osmo-
lytes on GB1 (Protein Data Bank (PDB) (33) code 1PGA
(34), Fig. 1 A) and I27 (PDB code 1TIT (35), Fig. 1 B)
Biophysical Journal 102(2) 342–350



FIGURE 1 (A) Native structure of GB1 (PDB code 1PGA). (B) The

native structure of I27(PDB code 1TIT) showing the A, A0, and G strands.
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both at the thermodynamic and kinetic levels. Thermo-
dynamically, we extend the previous equilibrium analysis
of the osmolyte effect projected onto the reaction coordinate
represented by the weighted number of native contacts (10)
to a larger range of osmolytes and osmolyte concentrations
for GB1, and we also apply it to I27 in the presence of glyc-
erol 30% v/v. Kinetically, we use our worm-like Ising model
to investigate protein mechanical unfolding in the presence
of osmolytes by simulating the mechanical unfolding of
GB1 and I27 under force-clamp and velocity-clamp condi-
tions. We compare the mechanical unfolding kinetics as pre-
dicted by the worm-like Ising protein model in the presence
of varying concentrations of osmolytes, namely DMSO,
glycerol, and GndCl, to experimental SMFS data obtained
in similar solvent conditions.
THEORY

The original WSME formulation

According to the WSME model (17–19,21,23), a protein
N þ 1 amino-acids-long is described as a chain of N peptide
bonds. The state of the protein is captured by the vector ~m,
where the ith peptide bond is represented by the binary vari-
able mi that has only two possible values: 1 for a native
peptide bond, and 0 for a nonnative peptide bond. The effec-
tive free energy of the system reads as

HWSMEð~mÞ ¼ 1K � kBε
X

1%i<j%N

hij
Yj

k¼ i

mk � kBT

�
XN
i¼ 1

qið1� miÞ; (1)
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where 1 K is one Kelvin, kB is Boltzmann’s constant, T is
the temperature, ε is a dimensionless enthalpic scale, and
hij % 0 are dimensionless numbers representing the relative
strength of the contact between the ith and the j þ 1th amino
acids and qi > 0 represents the entropic cost of ordering
bond i. The contact strength hij is commonly defined as
0 if j¼ iþ 1, and –Qcij/5S if j> iþ 1 where cij is the number
of pairs of atoms, the first atom of the pair belonging
to amino acid i and the second atom of the pair belonging
to amino acid j þ 1, that in the native state are closer
than 0.4 nm and Q$S is the ceiling function (14,15). The
thermodynamics of the WSME model can be exactly
computed via the transfer-matrix approach (23) (see also
Section S1.1 in the Supporting Material for zero osmolyte
concentration).

The fraction of folded molecules is estimated as

pf ðTÞ ¼ ½aðTÞ � aðNÞ�
½að0Þ � aðNÞ�; (2)

where a(T) is the thermodynamic average of the number of

native peptide bonds at temperature T. At zero temperature
we have a(0) ¼ N, whereas at infinite temperature the exact
expression for the mentioned thermodynamic average (36)
reads as

aðNÞ ¼
XN
i¼ 1

½1þ expðqiÞ��1
: (3)

Assuming the entropic costs qi are known, the parameter ε
in Eq. 1 can be fitted by imposing the known value of the

folded fraction pf(T) at a certain temperature.
Adding the osmolyte effect to the WSME model

Tanford’s transfer model has proved very successful at pre-
dicting osmolyte-induced energetics of protein stability
(37). In particular, the procedure of scaling group transfer
free energies by the accessible surface area has previously
proved accurate at interpreting the thermodynamics of the
osmolyte effect (37–39). We describe next how the osmolyte
effect has been incorporated into the WSME model by
applying the transfer model to every WSME state (10).

A native stretch is defined as a sequence of consecutive
amino acids connected by native bonds and delimited by
two nonnative bonds. More formally, the stretch delimited
by bonds i and j is said to be native if Sij ¼ 1, where

Sij ¼ ð1� miÞ
�
1� mj

� Yj�1

k¼ iþ1

mk; (4)

with 0 % i % j % N þ 1 and taking m0 ¼ mNþ1 ¼ 0. In the

limiting case of j – i ¼ 1 the stretch reduces to one amino
acid (14,15).

Accordingly, we consider each native stretch to have the
exact same structure as in the native state of the full protein.
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To the effective free energy of Eq. 1, we add a term repre-
senting the free energy of transfer Mij of the native stretch
delimited by peptide bonds i and j, in isolation, relative to
the denatured state,

HOð~mÞ ¼ HWSME þ
X

0%i%j�2%N�1

SijMij; (5)

with Mij taken as
Mij ¼
X
i<k%j

hDgrefbb;R½k�

�
Aden
bb;k � Aij

bb;k

�
Aref
bb;R½k�

þ
Dgrefsc;R½k�

�
Aden
sc;k � Aij

sc;k

�
Aref
sc;R½k�

i
: (6)

Here, R[k] denotes the amino acid at position k of the protein
ref
chain, gbb;R½k� is the free energy of transfer of amino acid R

[k] in the reference state (which is determined by the type of
experimental or theoretical data available; see Section S2.1
in the Supporting Material), Aden

bb;k is the accessible surface
area of the backbone unit at position k of the protein chain
in the denatured state, Aij

bb;k is the accessible surface area of
the backbone unit at position k of the protein chain in the
isolated native stretch from peptide bond i to peptide bond j,
Aref
bb;R½k� is the accessible surface area of the backbone of

amino acid R[k] in the reference state, and finally grefsc;R½k�,
Aden
sc;k, A

ij
sc;k, and Aref

sc;R½k� are defined similarly to the last four
mentioned quantities, with the only difference that they
refer to side chains rather than the backbone.

The thermodynamics of Eq. 5 are solved as described in
Section S1.1 in the Supporting Material.
The worm-like Ising model for proteins under
mechanical tension

Let us represent the amino acid k by its nitrogen, a-carbon,
and carbon of the carbonyl group as a three-long Nk – Ca,k –
Ck sequence. For 0 % i % j % N we define the length lij of
the native stretch delimited by peptide bonds i and j as the
distance between the midpoint of the Ci and Niþ1 atoms
and the midpoint of the Cj and Njþ1 atoms, making the
convention that C0 ¼ N1 and NNþ2 ¼ CNþ1 (14,15).
Although the extensibility of native stretches is not taken
into account (25), to get better agreement with the experi-
mental contour-length increments upon unfolding of indi-
vidual protein modules in characteristic velocity-clamp
sawtooth patterns, we fix li,iþ1 ¼ 0.4 nm (40,41).

We define the contour length of a WSME state ~m as the
sum of the lengths of its native stretches

Lð~mÞ ¼
X

0%i<j%Nþ1

Sijlijð~mÞ: (7)

To introduce mechanical tension into the model, we add to

the effective free energy HO (or HWSME in the absence of
osmolytes) a potential energy function that depends on
the end-to-end extension x. For a given contour length L
and an acting force f, we fix the end-to-end extension x
according to the WLC force-distance interpolation relation
(12,13)

FWLC

�x
L

�
¼ kBTð4plÞ�1

h�
1� x

L

��2

þ 4
x

L
� 1

i
; (8)

where pl is the persistence length, assumed to be constant all
throughout. Therefore, the end-to-end extension becomes
xðL; f Þ ¼ F�1

WLCðf ÞL.
The force-clamp potential energy takes the form

VðL; f Þ ¼ �xxðL; f Þf ¼ �xF�1
WLCðf ÞLf ;

where x is a dimensionless scaling factor that is computed
by imposing that the folded fraction has a known value at
a given temperature and force combination.

The velocity-clamp potential energy takes the form

VðL; tÞ ¼ x
k

2

h
vt � xðk; L; vtÞ

i2
;

where v is the constant velocity of the cantilever, k is the
cantilever spring constant, and x(k,L,z) is the unique root
in the interval ½0;LÞX½0; z� of the equation

FWLC

�
xðk; L; zÞ

L

�
¼ kðz� xðk; L; zÞÞ: (9)

The thermodynamics of the model, in the presence of
a constant stretching force, are solved as described in
Section S1.2 in the Supporting Material.
MATERIALS AND METHODS

Materials and methods herein employed are described in Section S2 in the

Supporting Material.
RESULTS AND DISCUSSION

Our SMFS experiments show that glycerol 30%
v/v does not change the unfolding distance of I27

The presence of glycerol at a concentration of 30% v/v
consistently shifted the unfolding force distribution of I27
to higher forces, as seen in Fig. 2. Upon extracting the
unfolding kinetics of I27 (as described in Section S2.9 in
the Supporting Material) we found that glycerol reduces
the spontaneous unfolding rate ku(0) of protein I27 without
changing the distance Dxu ¼ 0.25 nm between the ground
state and the transition state along the reaction coordinate.
The height of the unfolding activation barrier of I27 was
increased in the presence of glycerol 30% v/v by DDGu ¼
1.36 5 0.06 kBT.
Biophysical Journal 102(2) 342–350



FIGURE 2 Average unfolding force of I27 at various pulling speeds

increases in the presence of glycerol 30% v/v, and increases again slightly

when adjusting for the viscous drag-force on the cantilever. As a guide to

the eye, we fitted a dashed line to the average unfolding forces in each

conditionwith a fixed slope of kBT/(Dxu log10 (e)),where e is Euler’s constant

and Dxu ¼ 0.25 nm. The formula for the eye-guide fixed slope has been

inspired from the so-called standardmethod of kinetic parameter estimation,

and it was not used for the statistical estimation of the kinetic parameters that

we report, whichwas performed instead viamaximum-likelihood estimation

(see Section S2.9 in the Supporting Material).
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Thermodynamics

We projected the free energy landscapes of GB1 and I27
onto the nonmechanical reaction coordinate given by the
weighted number of native contacts (see Section S1.1 in
the Supporting Material). The chosen reaction coordinate al-
lowed us to identify the unfolding transition state of GB1 in
the absence of osmolytes and in the presence of 1), DMSO
30%, 20% and 10% v/v; 2), glycerol 30% v/v; and finally 3),
GndCl 2.25 and 1 M. In all the mentioned conditions, the
unfolding transition barrier was located at the same position
of 381 weighted native contacts. GB1, in the presence of
higher DMSO concentrations, as well as I27 in the absence
of osmolytes and in the presence of glycerol 30% v/v, did
not exhibit an easily identifiable unfolding transition state
on the chosen reaction coordinate. A full discussion of the
thermodynamic projection analysis can be found in Section
S3.1 in the Supporting Material.
FIGURE 3 (Coloronline)Logarithmof theunfoldingrateofGB1asa func-

tion of the stretching force in two solvent conditions, namely the most desta-

bilizing one and the most stabilizing one, selected such as to reduce visual

clutter. (Points) Inverse of the average unfolding time from at least 125 trajec-

tories. (Lines) Fit of Bell’s model via Eq. S17 in the Supporting Material.
Kinetics

For protecting osmolytes, it holds in Eq. 6 that Dgrefbb;R½k�>0.
Therefore, they disfavor microscopic states that are more
exposed to solvent, thus slowing the transitions going
from more native-like to more unfolded states (according
to Eq. S15 in the Supporting Material) and, overall, slowing
down the unfolding kinetics. Conversely, for denaturing
osmolytes, it holds that Dgrefbb;R½k� < 0. Therefore, they favor
the microscopic states that are more exposed to solvent,
speeding up the transition rates going from more native-
Biophysical Journal 102(2) 342–350
like to more unfolded states and, overall, speeding up the
unfolding kinetics. The simulation results presented next
are consistent with this view, and additionally they offer
insights into the effect of osmolytes on the unfolding
distance of the studied proteins.
Force-clamp

We performed force-clamp simulations of mechanical un-
folding of GB1 with constant forces from 0 pN to 500 pN,
inclusive,with a step size of 5 pN, in the absence of osmolytes
and in the presence of 1), DMSO 50%, 40%, 30%, 20% and
10% v/v; 2), glycerol 30% v/v; and 3), GndCl 2.25 and 1 M.
We found that in each solvent condition the logarithm of the
force-dependent unfolding rate grows approximately line-
arly with force. Previous works of mechanical unfolding
via WSME-like models have fitted the Bell model only on
ranges of forces selected to maximize the quality of the fit
(14,15,25,26). Because we need to compare the fitted values
between different solvent conditions, to remove any bias in
the selection of the fitting force ranges we adopted the simple
approach of fitting over the full set of forces, even if that
results in somewhat lower quality fits, as can be seen in Fig. 3.

Fitting Bell’s model given by Eq. S17 in the Supporting
Material to the force-dependent unfolding rates resulted in
negligible variation of the unfolding distance Dxu among
the different solvent conditions, as seen in Table S2 in the
Supporting Material. Moreover, the unfolding distance in
all conditions was close to the experimentally measured
value of 0.165–0.17 nm (9–11). The unfolding barrier height
changes are also in qualitative agreement with the activation
barrier changes inferred from the SMFS experiments, which
are indicated in the last column of Table S1.
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For the force-clamp simulations of mechanical unfolding
of I27, we used constant forces from 0 pN to 200 pN, inclu-
sive, with a step size of 5 pN, in the absence of osmolytes
and in the presence of 30% glycerol v/v. We found that, in
either solvent condition, the logarithm of the force-depen-
dent unfolding rate shows two approximately linearly
regimes with respect to force. Therefore we fitted Bell’s
model over each linear regime, as seen in Fig. 4, selecting
the crossover point between the two regimes by minimizing
the total squared fitting error.

For each of the two linear regimes, the unfolding distance
showed only negligible variation between the two condi-
tions, while the free energy changes are in qualitative agree-
ment with the experimentally inferred activation barrier
change, as can be seen in Table S3.
VELOCITY-CLAMP

We performed velocity-clamp simulations of mechanical
unfolding of (GB1)8 with a cantilever of spring constant
0.06 N/m and velocities of 50.1, 100, 198, 513, 969, 2180,
and 4360 nm/s, matching the spring stiffness and pulling
velocities of some previous SMFS velocity-clamp experi-
ments with (GB1)8 in the presence of osmolytes (9,10).
Because (as described in Section S2.3.1 in the Supporting
Material) knowledge of the product vt is required for
velocity-clamp simulations, we estimated t by confronting
the average unfolding time from 1000 simulated force-
clamp mechanical unfolding traces at zero force with the
experimentally inferred zero-force mean unfolding time of
GB1 (9), obtaining the approximate value t ¼ 0.039 s.
FIGURE 4 (Color online) Logarithm of the unfolding rate of I27 as

a function of the stretching force in two different solvent conditions.

Each point represents the inverse of the average unfolding time from at least

125 trajectories. (Lines) Fit of Bell’s model via Eq. S17 in the Supporting

Material over two different linear regimes, selected for each solvent condi-

tion so as to minimize the total squared error. In the absence of osmolytes,

the crossing point was found to be 80 pN, whereas in the presence of glyc-

erol 30% v/v the crossing point was found to be 85 pN.
The simulated force-distance traces exhibited the charac-
teristic WLC sawtooth pattern, as seen in Fig. 5. In each
condition, the average unfolding forces, shown in Fig. 6,
increased with increasing pulling velocities, as expected
from Bell’s model. Moreover, average unfolding forces
increased with increasing DMSO concentration and they
decreased with increasing GndCl concentration. The
unfolding forces were, however, generally higher than the
experimental ones (see Table S4), for reasons explained
below.

For each solvent condition, we performed maximum-like-
lihood estimation of the unfolding kinetic parameters by
using all velocities simultaneously (3), with the results
being summarized in Table S5. The unfolding activation
barrier changes from velocity-clamp simulations are in
good agreement with those from force-clamp simulations
indicated in Table S2 and the experimental ones indicated
in the last column of Table S1. The unfolding distance, esti-
mated from velocity-clamp simulations, is smaller than the
one estimated from force-clamp simulations and from
SMFS experiments, resulting in unfolding forces much
higher than the experimental SMFS ones at the same veloc-
ities. However, the unfolding distance from velocity-clamp
simulations still shows only negligible variation between
the different solvent conditions.

For the velocity-clamp mechanical unfolding simulations
of I27, we used a single I27 module, in the absence and pres-
ence of glycerol 30% v/v. The simulated force-distance
traces exhibited the characteristic WLC pattern, as seen in
Fig. 7.

The I27 velocity-clamp simulations showed that the pres-
ence of glycerol 30% v/v increases the average unfolding
forces of I27 (see Fig. 8), without causing any significant
movement of the unfolding transition state, producing but
a deceleration of its spontaneous unfolding kinetics (see
Table S6). The unfolding forces from the simulation were
also compatible with the range of unfolding forces from
the SMFS experiments, as seen in Fig. 2 and Fig. 8.
CONCLUSION

We showed experimentally that contrary to what has
been previously reported, glycerol does not increase the
FIGURE 5 Simulated velocity-clamp curve of (GB1)8. The velocity was

969 nm/s, the cantilever spring constant was 0.06 N/m, and the solvent had

a GndCl concentration of 2.25 M.

Biophysical Journal 102(2) 342–350



FIGURE 6 (Color online) Average unfolding force versus pulling

velocity in different solvent conditions for protein (GB1)8. (Points) Average

unfolding force from at least 125 trajectories.

FIGURE 8 Average unfolding force versus pulling velocity in different

solvent conditions for protein I27. (Points) Average unfolding force from

at least 1000 trajectories.
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unfolding distance of I27. In light of previous similar find-
ings with GB1 in the presence of DMSO, glycerol, and
GndCl, taken together these results suggest that there is
a general mechanism through which osmolytes affect the
mechanical stability of proteins that does not affect their un-
folding distance.

To understand whether the above general mechanism is
based on osmolytes adjusting the solvation quality for the
protein chain, as suggested by the thermodynamic descrip-
tion of the osmolyte effect, we developed an Ising-like
model for protein mechanical unfolding that incorporates
the transfer free energy of various conformations of the
protein chain. Notably, our Ising-like model is endowed
with exactly solvable thermodynamics and it satisfies the
WLC force-distance relation, which is a common fingerprint
of mechanical unfolding experiments.

When applied to the mechanical unfolding of GB1 and
I27 in osmolyte-containing solutions, our model correctly
predicts that osmolytes do not change their unfolding
distance. This level of agreement validates our approach
for building a microscopic model of protein mechanical un-
folding in the presence of osmolytes, and it strongly
suggests that osmolytes may not play a structural role at
FIGURE 7 Simulated velocity-clamp curve of I27. The velocity was

50.1 nm/s, the cantilever spring constant was 0.06 N/m, and the solvent

was free of osmolytes.
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the unfolding transition state of proteins, contrary to what
has been previously suggested.
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47. Estrada, J., P. Bernadó,., J. Sancho. 2009. ProtSA: a web application
for calculating sequence specific protein solvent accessibilities in the
unfolded ensemble. BMC Bioinformatics. 10:104–108.

48. Chen, V. B., W. B. Arendall, 3rd,., D. C. Richardson. 2010. MolPro-
bity: all-atom structure validation for macromolecular crystallography.
Acta Crystallogr. D Biol. Crystallogr. 66:12–21.

49. Wang, J., Z. Zhang, ., Y. Shi. 2003. Quasiequilibrium unfolding
thermodynamics of a small protein studied by molecular dynamics
simulation with an explicit water model. Phys. Rev. E. 67:061903.

50. Lindman, S., W.-F. Xue, ., S. Linse. 2006. Salting the charged
surface: pH and salt dependence of protein G B1 stability. Biophys. J.
90:2911–2921.

51. Lv, S., D. M. Dudek, ., H. Li. 2010. Designed biomaterials to mimic
the mechanical properties of muscles. Nature. 465:69–73.

52. Aioanei, D., M. Brucale, and B. Samorı́. 2011. Open source platform
for the execution and analysis of mechanical refolding experiments.
Bioinformatics. 27:423–425.
Biophysical Journal 102(2) 342–350

http://www.pymol.org
http://www.pymol.org


350 Aioanei et al.
53. Politou, A. S., D. J. Thomas, and A. Pastore. 1995. The folding and
stability of titin immunoglobulin-like modules, with implications for
the mechanism of elasticity. Biophys. J. 69:2601–2610.

54. Fowler, S. B., and J. Clarke. 2001. Mapping the folding pathway of an
immunoglobulin domain: structural detail from Phi value analysis and
movement of the transition state. Structure. 9:355–366.

55. Li, H., W. A. Linke,., J. M. Fernandez. 2002. Reverse engineering of
the giant muscle protein titin. Nature. 418:998–1002.

56. Manousiouthakis, V. I., and M. W. Deem. 1999. Strict detailed balance
is unnecessary in Monte Carlo simulation. J. Chem. Phys. 110:2753–
2756.

57. Crooks, G. E. 2000. Path-ensemble averages in systems driven far from
equilibrium. Phys. Rev. E. 61:2361–2366.

58. Mariz, A. M., F. D. Nobre, and C. Tsallis. 1994. Generalized single-
spin-flip dynamics for the Ising model and thermodynamic properties.
Phys. Rev. B Condens. Matter. 49:3576–3579.

59. Kalos, M. H., and P. A. Whitlock. 2008. Monte Carlo Methods, 2nd Ed.
Wiley-VCH Verlag, Weinheim, Germany.

60. Bell, G. I. 1978. Models for the specific adhesion of cells to cells.
Science. 200:618–627.

61. Walcott, S. 2008. The load dependence of rate constants. J. Chem.
Phys. 128:215101.

62. Cao, Y., Y. D. Li, and H. Li. 2011. Enhancing the mechanical stability
of proteins through a cocktail approach. Biophys. J. 100:1794–1799.

63. Zheng, P., Y. Cao,., H. Li. 2011. Single molecule force spectroscopy
reveals that electrostatic interactions affect the mechanical stability of
proteins. Biophys. J. 100:1534–1541.

64. Cao, Y., and H. Li. 2007. Polyprotein of GB1 is an ideal artificial elas-
tomeric protein. Nat. Mater. 6:109–114.

65. Taniguchi, Y., D. J. Brockwell, and M. Kawakami. 2008. The effect of
temperature on mechanical resistance of the native and intermediate
states of I27. Biophys. J. 95:5296–5305.

66. Best, R. B., S. B. Fowler,., J. Clarke. 2003. Mechanical unfolding of
a titin Ig domain: structure of transition state revealed by combining
atomic force microscopy, protein engineering and molecular dynamics
simulations. J. Mol. Biol. 330:867–877.

67. Hagen, S. J. 2010. Solvent viscosity and friction in protein folding
dynamics. Curr. Protein Pept. Sci. 11:385–395.

68. Chrunyk, B. A., and C. R. Matthews. 1990. Role of diffusion in the
folding of the a-subunit of tryptophan synthase from Escherichia
coli. Biochemistry. 29:2149–2154.

69. Jacob, M., M. Geeves, ., F. X. Schmid. 1999. Diffusional barrier
crossing in a two-state protein folding reaction. Nat. Struct. Biol.
6:923–926.

70. Plaxco, K. W., and D. Baker. 1998. Limited internal friction in the rate-
limiting step of a two-state protein folding reaction. Proc. Natl. Acad.
Sci. USA. 95:13591–13596.

71. Ramos, C. H. I., S. Weisbuch, and M. Jamin. 2007. Diffusive motions
control the folding and unfolding kinetics of the apomyoglobin pH 4
molten globule intermediate. Biochemistry. 46:4379–4389.

72. Perl, D., M. Jacob,., F. X. Schmid. 2002. Thermodynamics of a diffu-
sional protein folding reaction. Biophys. Chem. 96:173–190.

73. Waldburger, C. D., T. Jonsson, and R. T. Sauer. 1996. Barriers to
protein folding: formation of buried polar interactions is a slow step
in acquisition of structure. Proc. Natl. Acad. Sci. USA. 93:2629–2634.

74. Pabit, S. A., H. Roder, and S. J. Hagen. 2004. Internal friction
controls the speed of protein folding from a compact configuration.
Biochemistry. 43:12532–12538.

75. Qiu, L., and S. J. Hagen. 2004. A limiting speed for protein folding at
low solvent viscosity. J. Am. Chem. Soc. 126:3398–3399.
Biophysical Journal 102(2) 342–350
76. Grote, R. F., and J. T. Hynes. 1980. The stable states picture of chem-
ical reactions. II. Rate constants for condensed and gas phase reaction
models. J. Chem. Phys. 73:2715–2732.

77. Schlitter, J. 1988. Viscosity dependence of intramolecular activated
processes. Chem. Phys. 120:187–197.

78. Jas, G. S., W. A. Eaton, and J. Hofrichter. 2001. Effect of viscosity on
the kinetics of -Helix and -Hairpin formation. J. Phys. Chem. B. 105:
261–272.

79. Beece, D., L. Eisenstein, ., K. T. Yue. 1980. Solvent viscosity and
protein dynamics. Biochemistry. 19:5147–5157.

80. Ansari, A., C. M. Jones, ., W. A. Eaton. 1992. The role of solvent
viscosity in the dynamics of protein conformational changes. Science.
256:1796–1798.

81. Carrion-Vazquez, M., A. F. Oberhauser, ., J. M. Fernandez. 2000.
Mechanical design of proteins studied by single-molecule force spec-
troscopy and protein engineering. Prog. Biophys. Mol. Biol. 74:63–91.

82. Steward, A., J. L. Toca-Herrera, and J. Clarke. 2002. Versatile cloning
system for construction of multimeric proteins for use in atomic force
microscopy. Protein Sci. 11:2179–2183.

83. Miroux, B., and J. E. Walker. 1996. Over-production of proteins in
Escherichia coli: mutant hosts that allow synthesis of some membrane
proteins and globular proteins at high levels. J. Mol. Biol. 260:289–298.

84. Sandal, M., F. Benedetti, ., B. Samorı̀. 2009. HOOKE: an open soft-
ware platform for force spectroscopy. Bioinformatics. 25:1428–1430.

85. Cheng, N.-S. 2008. Formula for the viscosity of a glycerol-water
mixture. Ind. Eng. Chem. Res. 47:3285–3288.

86. Pirzer, T., and T. Hugel. 2009. Atomic force microscopy spring
constant determination in viscous liquids. Rev. Sci. Instrum. 80:035110.

87. Green, C. P., and J. E. Sader. 2005. Frequency response of cantilever
beams immersed in viscous fluids near a solid surface with applications
to the atomic force microscope. J. Appl. Phys. 98:114913.

88. Bergaud, C., and L. Nicu. 2000. Viscosity measurements based on
experimental investigations of composite cantilever beam eigenfre-
quencies in viscous media. Rev. Sci. Instrum. 71:2487.

89. Gibson, C. T., D. J. Johnson, ., T. Rayment. 2004. Method to deter-
mine the spring constant of atomic force microscope cantilevers. Rev.
Sci. Instrum. 75:565–567.

90. Liu, R., M. Roman, and G. Yang. 2010. Correction of the viscous drag
induced errors in macromolecular manipulation experiments using
atomic force microscope. Rev. Sci. Instrum. 81:063703.

91. Vinogradova, O. I., H.-J. Butt, ., F. Feuillebois. 2001. Dynamic
effects on force measurements. I. Viscous drag on the atomic force
microscope cantilever. Rev. Sci. Instrum. 72:2330–2339.

92. Janovjak, H., J. Struckmeier, and D. J. Müller. 2005. Hydrodynamic
effects in fast AFM single-molecule force measurements. Eur.
Biophys. J. 34:91–96.

93. Glasstone, S., K. Laidler, and H. Eyring. 1941. The Theory of Rate
Processes: The Kinetics of Chemical Reaction, Viscosity, Diffusion
and Electrochemical Phenomena. McGraw-Hill, New York.

94. Carrion-Vazquez, M., A. F. Oberhauser, ., J. M. Fernandez. 1999.
Mechanical and chemical unfolding of a single protein: a comparison.
Proc. Natl. Acad. Sci. USA. 96:3694–3699.

95. Nymeyer, H., N. D. Socci, and J. N. Onuchic. 2000. Landscape
approaches for determining the ensemble of folding transition states:
success and failure hinge on the degree of frustration. Proc. Natl.
Acad. Sci. USA. 97:634–639.

96. Retraction for Dougan, L., G. Feng,., J. M. Fernandez. 2011. Solvent
molecules bridge the mechanical unfolding transition state of a protein.
Proc. Natl. Acad. Sci. USA. 108:20850.

97. Retraction for Dougan, L., G. Z. Genchev, ., J. M. Fernandez. 2011.
Probing osmolyte participation in the unfolding transition state of
a protein. Proc. Natl. Acad. Sci. USA. 108:20850.


	Worm-Like Ising Model for Protein Mechanical Unfolding under the Effect of Osmolytes
	Introduction
	Ising-Like Protein Models with Exactly Solvable Thermodynamics
	Incorporating the Osmolyte Effect into the Protein Model
	Theory
	The original WSME formulation
	Adding the osmolyte effect to the WSME model
	The worm-like Ising model for proteins under mechanical tension

	Materials and Methods
	Results and Discussion
	Our SMFS experiments show that glycerol 30% v/v does not change the unfolding distance of I27
	Thermodynamics
	Kinetics
	Force-clamp

	Velocity-Clamp
	Conclusion
	Supporting Material
	References


