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S1 The model

S1.1 Solving the thermodynamics of the WSME
model and its extension for the osmolyte effect

It can be seen that compared to Eq. 1 in the main text of the original
WSME model, the effective free energy expression of Eq. 5 has one
extra term for each native stretch. Because no terms are introduced that
simultaneously involve peptide bonds from multiple native stretches,
the transfer-matrix exact solution to the thermodynamics of the WSME
model (1) is equally applicable when the osmolyte effect is
incorporated. In this section we reiterate the equations to exactly
compute, for two common order parameters, the free energy landscape
of the WSME model extended with the osmolyte effect (2) (see Eq. 5),
and of the original WSME model (see Eq. 1), which can be seen as the
special case of zero osmolyte concentration.

Let us introduce the notation

j-1
Q; =1Kxkge > hy+kT D q +M,, (S1)

i<k<l<j k=i+1
for 0<i<j<N+1.
The two order parameters we consider are the number of native
peptide bonds

N
g(m)=>m (S2)
i=1
and the weighted number of native contacts (3):
i
oMy =— > hJm. (S3)
I<i<j<N k=i

We denote generically by § a two-dimensional vector such that g;;

is either of the two mentioned order parameters of the native stretch
delimited by peptide bonds i and j with 0<i<j<N+1, namely the number
of peptide bonds (j—i—1) or the weighted number of native contacts

(_Zi<k<l<j hy )-
Then the effective free energy E restricted to the states having the

relevant order parameter (¢ or 6) equal to p (more formally,
ZOSk<IsN+1 Sy« = P) is computed as



E,(§) =Ry, (§)—KsT D 0 (S4)

k=1
for 0<p<g,y, where the quantity R, (G) is computed in

polynomial time via the recursion
exXpl—R, (G)/ (keT)1 =3, exp[-Q,,.. / (keT)]
* > explR) g, (@) (ksT)=Qy,, / (kT 5

(ISjSi)/\(g”HS P<Go,j+9jix1)
with & being the Kronecker delta symbol.

The average number of native peptide bonds in the absence of
force, which is needed to fit the parameter &, follows trivially once the
free energy landscape is computed via Eq.(S4) for the number of
native peptide bonds.

S1.2 Solving the thermodynamics under the
effect of force

In this section we present the equations that allow one to compute
in polynomial time the effective free energy as a function of the
number of native peptide bonds ¢, the weighted number of native
contacts 6, and contour length L in the presence of a stretching force f.
Herein we reuse the definitions of Qij (see Eq. (S1)) and g from Section

S1.1.

The key to polynomial time computation of force-dependent
effective free energies lies in the discretization of the possible lengths
of native stretches I;. As in Ref. (4), we assume that a length scale is

chosen such that the size of the set of all protein subchain contour
lengths grows only linearly with increasing protein size.
It is useful to consider the maximum contour length D, that the

protein chain made up of the first i peptide bonds can take, 0<i<N. Note
that fully denaturing the protein chain is not guaranteed to lead to the
maximum contour length because of two reasons. One is due to
rounding of the native stretch lengths, which in general is not
guaranteed to preserve the triangle inequality. The other reason is that
we assign to I, a value not dictated by the three-dimensional
structure of the protein (see the main text), which again may, in
principle, break the triangle inequality. The maximum contour length
of the first i peptide bonds can be computed recursively as follows:



D, =max, ,[(1-0,,)D;, +1;;,,] (S6)
The effective free energy as a function of contour length L and
order parameter p (either the number of native peptide bonds ¢ or the

weighted number of native contacts 0) in the presence of a stretching
force f can be written as

N
EL,p(G’f):UN,L,p_kBTzqi_é:FV\;LIC(f)fL (S7)
i=l

for 0<SL<Dy and 0<p<g,,,,, where Uy, , is independent of

force and it is computed recursively:
exp[-U;, (9)/ (KsT)I =6, Oy, BXP[=Qq i / (KT)]
+ > . (S9)
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The average number of native peptide bonds in the presence of
force, which is needed to fit the parameter &, follows trivially once the
free energy landscape is computed via Eq.(S7) for the number of
native peptide bonds.

It should be noted that while Eq. (S7) can be summed at zero force
over the possible L values to yield the same thermodynamic quantities
like Eq. (S4), the latter equation, specialized for the absence of force, is
simply faster to evaluate in practice, when applicable.

S1.3 Continuous-time Markov chain approach
to Kinetics

A necessary condition for Monte Carlo simulations is that the
associated kinetics satisfy the balance condition, i.c., that they leave
the Boltzmann distribution invariant (5). Monte Carlo simulations are
commonly designed to satisfy an even stronger condition called
detailed balance (6) that implies reversibility of all transitions. We
adopt the latter approach and define a continuous-time Markov chain
by allowmg smgle -bond flip transitions (7) More formally, we allow

transitions m' —>m" from a tail state M’ to a head state m" whenever
the two states differ by the native status of exactly one peptide bond.
By assigning transition rates according to a detail-balance preserving
prescription that depends only on the difference of the energetic levels
of the tail and head states expressed in K,T units, e.g. the exponential,

Metropolis or Glauber transition rate expressions (8), the continuous-



time Markov chain thus defined is in detailed balance with the
Boltzmann distribution of states. Hereafter we denote the transition rate

from tail state m* to head state m" by the notation
wamm’) =W ([Ho(m")—Ho(m))/ (k)
=W, ([Ho (M) = Ho D1/ (T))  (S9)

M (bt mD
=7 Wo(m b m )9
where 7 is the microscopic time scale and W, is a dimensionless

transition rate function that does not depend on 7. More details about
the transition rate prescription chosen, the starting and ending states of
the simulations and the architecture of the protein constructs simulated
in this study can be found in Section S2.4.

Since the number of outgoing transitions from each state is as small
as N, for the simulations it is convenient to use the kinetic Monte Carlo
algorithm (9). According to this algorithm each transition requires the
generation of two uniform random numbers in the interval (0, 1], one
used to select the time to the next transition and the other one used to
select one of the outgoing transitions from the current state (see Section
S2.3).

S2. Materials and methods

S2.1 GTFEs and ASAs

In order to apply Eq.6 at different DMSO concentrations we
linearly interpolated the experimental transfer free energies of the full
amino acids Glycine, Alanine, Leucine and Tryptophan, computed
from the logarithm of solubility ratios reported in Table 7 of Ref. (10).
The transfer free energies at DMSO concentrations of 50%, 40%, 30%,
20% and 10%, respectively, computed as (1) 2.81, 2.21, 1.34, 0.89 and
0.35 kT, respectively, for Glycine; (ii) 2.20, 1.75, 1.12, 0.73 and 0.30
kgT , respectively, for Alanine; (iii) 1.90, 1.51, 0.97, 0.62 and 0.26
kgT , respectively, for Leucine; and (iv) -0.52, -0.41, -0.38, -0.34 and -
0.19 k,T, respectively, for Tryptophan. Free energies of transfer for

ref

the side-chains of the above mentioned amino-acids g g, Wwere

estimated by subtracting the free energy of transfer of Glycine, which



is denoted by gng,R[k] in Eq. 6, and set to zero for all the other

sidechains. As reference state we took the full amino acids, which is
compatible with the type of solubility experimental data of Ref. (10).
The amino acid structures were created and optimized using
PRODRG?2 (11). On the optimized structures we computed accessible

surface areas for the backbone unit A}, and side chains AjL,, of

the amino acids using PyMOL (12) with a probe radius of 0.14 nm.

For glycerol we applied the statistical mechanics model of Ref. (13)
to estimate the transfer free energy of a backbone unit to the
concentration of 30% v/v glycerol, obtaining the value of 0.42 kT (2).

In this case the reference state was the backbone unit from the Gly-X-
Gly tripeptide, with accessible surface areas taken from Table 2 in the
Supplementary Information of Ref. (14). Side chains were not included
in the glycerol calculations.

For GndCl we applied the same statistical mechanics model of
Ref. (13) to estimate the transfer free energy of the backbone unit at
GndCl concentrations of 3.04, 2.25 and 1 M, obtaining the values -
0.26, -0.20 and -0.10 kT, respectively. As for glycerol, the reference

state was taken to be the backbone unit from the Gly-X-Gly tripeptide,
and side-chains were ignored.

For urea we used again the statistical mechanics model of Ref. (13)
for the backbone unit of the Gly-X-Gly tripeptide, taken as the
reference state. The transfer free energy of the backbone unit in 4 M
urea computed as -0.26 k,T and we ignored all sidechain

contributions.

We computed the ASA of the native stretches split between
backbone and sidechain atoms using PyMOL with a probe radius of
0.14 nm, while the ASA of the denatured state of GB1 and 127 was
estimated using ProtSA (15, 16).

S2.2 Fitting the model

We extracted the native structure of GB1 and 127 (see Fig. 1) from
the Protein Data Bank (PDB) (17), PDB codes 1PGA (18) and ITIT
(19), respectively. We removed the hetero-atoms from the structure
after which we added the missing hydrogen atoms and flipped residue 8
of GBI and residue 31 of 127 using MolProbity (20). Subsequently the
MolProbity optimized structures were used for all calculations
involving the structure of the native stretches of GB1 and 127.



We adopted the convention that all peptide bonds have the same
entropic cost for being in the native state, i.e., ¢, =q for all 1<i<N,

which is a commonly adopted assumption with WSME-like models (2,
4, 21). For any given value of g, the parameter ¢ can be obtained by
imposing the value of the unfolding temperature onto the model.

As the unfolding temperature of GB1 we used the value 350.15 K
obtained from a computational study at pH 7 (22). Note that this
unfolding temperature is higher than the one used in a previous WSME
study of GBI (2), which in turn was the experimental unfolding
temperature of a less thermally stable GB1 mutant (23). We performed
a space search of ( to find the value that gives a folded fraction of GBI
of 1/2 in the presence of 4 M urea at a temperature of 295.15 K (24).
The simultaneous fit of q and € led to the approximate values g=0.59
and &=37.19.

From the previously characterized folding and unfolding kinetics of
GB1 under mechanical tension at 301.15 K (25, 26), we estimated the
unfolding force of GB1 to be
F, =kgT In[k, (0)/k,(0)]/ (AX; +AX,) =14.55 pN where k,(0) is the

spontaneous folding rate, K, (0) is the spontaneous unfolding rate, AXx;

is the folding distance and AX, is the unfolding distance. Imposing the
above mentioned unfolding force and discretizing the native stretch
contour lengths with a resolution of 0.01 nm we obtained the
approximate value of £=0.34.

Similarly, we determined the parameters g, € and & for 127 by using
the unfolding temperature of 344.95 K (obtained by digitizing Fig.~(6)
of Ref. (27) for pH 7.0), the denaturing concentration of 3.04 M GndCl
at 298.15 K (28) and the unfolding force of 13.7 pN (29) at 298.15 K.
We obtained the approximate values =0.64, £&=41.76 and £=0.35.

S2.3 Kinetic Monte-Carlo algorithm

We show next the formulae used to implement the kinetic Monte
Carlo algorithm in the force-clamp and velocity-clamp pulling modes.

In what follows, let us denote the current state by m', the N possible

head states by m",---,m™ (the N head states can be taken in any order)
and let U, and u, be two uniform random numbers in the interval (0,1].



S2.3.. Force-clamp simulations

For the force-clamp case, the time At before the next transition
happens is given by the relation

At/7=—(Inu,)/ {iwo(ﬁ,ﬁ)}, (S10)

i=1

and the transition is performed to head state m" with
i—1 . — N ., —
h=max,__, {i 1S W, (m',m") /> W, (m',m") < uz}. (S11)
j=1 j=1

It becomes clear from Eq. (S10) and Eq. (S11) that it is possible to
perform force-clamp simulations without knowledge of the
microscopic time scale t, as long as it is understood that after the
simulation the transition times obtained (At/t) need to be multiplied by
T for comparison with experimental data.

S2.3.2 Velocity-clamp simulations

Let us assume that the current time is t, and that we need to

compute the time to the next transition At, and then we need to find out
which of the N possible transitions is taken. In what follows we use the
notation

W, (m',m", y) =W, ( {Ho (m") ~ Ho (m') +
&xc 1 2x(e, L(M™M), vz y)? — x(x, L(MY), vz y)?]— (S12)
Exvry[x(x, L(MM),vry) — x(x, LMO,vey) ]} / (KT ))
wherg X(x,L,z) is the relevant root of Eq. 14 and y>0 is a dimensionless
quantity.

The time to the next transition At is given by the unique solution of
the equation

N T+ T — T
Inu, =—Zfs//r HIW, (mi,mP, y)dy (S13)
i=1 °®

and the transition is performed to head state m™ with

i—1 . — N - —
h=max,__,, {i | W, m',m"t /7 AL/ 2) /Y W (m,mPLt, /7 AL/ ) <,

j=1 i=t
(S14)

!



It becomes clear from Eq.(S13) and Eq.(S14) that while
knowledge of t is not strictly necessary to perform velocity-clamp
simulations, knowledge of the product vt is required. Moreover, after
the simulation the transition times obtained (At/t) need to be multiplied
by the microscopic time scale for comparison with experimental data.

Note that while Eq. (S13) is exact, solving it numerically requires
repeated integration of an integrand that needs to solve numerically
Eq. 14, and therefore becomes too slow in practice for low pulling
velocities. The performance issue is circumvented by observing that at
least for the exponential, Metropolis and Glauber transition rate
expressions, IWO(ay+b)dy has an analytical form (e.g., Eq. (S16)).

Therefore we can solve Eq. (S13) by performing the integration on
small steps of size Af/(kvt), with Af being the desired force resolution,
in each step assuming that X(x,L,z) is constant and its value is given by
solving numerically Eq. 14 at the beginning of the step, adding steps
until Inu, is exceeded. When that happens, the transition time is found
numerically in the interval of the last added step, assuming again that
X(x,L,z) is constant and equal to its exact value at the beginning of that
last step.

S2.4 Mechanical unfolding simulations

Throughout all simulations we used the exponential transition rate
prescription:

W, (', m") =W, ([Ho (")~ Ho (m)1/ (k)
. . (S15)
:exp(—[HO(mh)— Ho(mt)]/(kBT)/z).

The exponential transition rate, when composed with a linear
function (see Section S2.3.2) integrates as

[W,(ay +b)dy = -2, (ay +b)/a. (S16)

The force-dependent unfolding rate k,(f) was estimated as the
inverse of the mean unfolding time over multiple trajectories,
according to the formula (t(F)) = I:tku(F)exp[—tku(F)]dt =1/k,(F).

Then for each solvent condition separately, in order to estimate the two
unfolding kinetic parameters, namely the spontaneous unfolding rate



k,(0) and unfolding distance AX,, we fitted Bell's equation (30, 31) on
the full range for forces:
Ink,(F)=1nk,(0)+ FAX, /(k;T). (S17)

Some previous mechanical unfolding with WSME-like models
considered the protein to be unfolded as soon as its extension reaches
either half (3, 4, 21) or two thirds (3) of its maximum value. However
WSME-like models tend to be less cooperative than the real proteins
they describe (32), and their low cooperativity becomes most evident in
velocity-clamp simulations where it results in multiple force-distance
peaks for each module (not shown). Therefore we considered a protein
domain to be unfolded as soon as all contacts between the force-
bearing beta strands were lost (see Ref. (33) for a similar approach).

Using the procedure described in the main text, the following
contacts were identified between the two force-bearing terminal beta
strands of GB1 (34-36): (1, 49), (3, 44), (3, 49), (3, 51), (4, 49), (4, 50),
(4, 51), (5, 51), (6, 50), (6, 51), (6, 52), (6, 53), (7, 53), (8, 53), (8, 54),
(8, 55), (9, 55), (10, 55).

For the GB1 force-clamp mechanical unfolding simulations we
used as a starting state one GB1 domain fully in the native state (m, =1

for all 1<i<N) and we regarded a trajectory as finished as soon as the
protein unfolded.

For the GBI velocity-clamp simulations we obtained the starting
state by linking together 8 (eight) GB1 modules using 7 (seven) linker
peptide bonds of length 0.4 nm, construct that we shall refer to as
(GB1),. The linker peptide bonds were fixed in the non-native state all

throughout the simulations. The starting state was constructed by
putting in the native state all GB1 (non-linker) peptide bonds. As soon
as a GB1 module unfolded, all its peptide bonds were fixed into the
non-native state. A velocity-clamp trajectory was ended as soon as all
the GB1 modules reached the unfolded state.

Since 127 unfolds mechanically through a metastable intermediate
which has strand A detached (37), we fixed the state of the peptide
bond 10 to denatured all throughout the simulations so as to avoid any
contacts between strands A and G. Therefore our simulations of 127
describe the unfolding of the intermediate state, the same process that
is most commonly observed in AFM experiments with 127 (38). Using
the procedure described in the main text, the following contacts were
identified between the force-bearing beta strands A' and G of 127's
metastable intermediate: (11, 82), (11, 83), (11, 84), (12, 83), (12, 84),



(12, 86), (13, 83), (13, 84), (13, 85), (13, 86), (14, 86), (14, 87), (14,
88), (15, 85), (15, 86), (15, 87).

For both the force-clamp and velocity-clamp simulations of 127 we
used as a starting state one 127 domain with all peptide bonds except

the 10" one in the native state (m =14, , for all 1<i<N) and we
regarded a trajectory as finished as soon as the protein unfolded, i.e.,
when all its critical contacts were lost.

The force-step size used for the performance optimization described
in Section S2.3.2 for velocity-clamp simulations was Af =1 pN. For
each unfolding event we recorded i) the contour length just before
unfolding, which was taken as an approximation to be the contour
length for all the stretching time range since the previous unfolded
event, if any, or otherwise since the start of the trajectory, ii) the
unfolding force, iii) the number of modules not-yet-unfolded in the
construct (for the multimodular (GBl)y), and iv) the force immediately

after the previous unfolding event (for the multimodular (GB1),), or 0

pN for the first unfolding module in the trajectory. The recorded
parameters were then used to perform Maximum-Likelihood (ML)
estimation of the unfolding kinetic parameters (39).

For the persistence length of Eq. 8 we used the fixed value
p, = 0.35 nm (40) all throughout.

S2.5 Viscosity adjustment of the spontaneous
unfolding kinetics inferred from the experimental
data

Kramers theory predicts that
k,(0)=A/yexp[-AG, / (kgT)] (S18)
where A is a constant, AG, is the height of the unfolding activation
barrier and y is the reaction friction (41). The unfolding free energy
difference in two different conditions, denoted below by superscripts
C1 and C2, computes as
AAG, =—kgT In{[y*'k; (0)1/ [k (0]}, (S19)
assuming the constant A is the same in the two conditions.
According to Kramers theory, the friction coefficient y is an

abstraction standing for all the ways by which energy can be dissipated
out of the reaction coordinate, direct dissipation into the solvent being



but one such mechanism. In particular, there need not be a simple
relationship between y and solvent viscosity (41).
The simple relationship

y=1/n (S20)
where 1) is the solvent viscosity, was found in a few instances to result
in good agreement with experimental data on protein folding and
unfolding (42-47). Eq. (S20) has been sometimes used to account for
viscosity effects in the interpretation of single-molecule mechanical
folding and unfolding experiments (2, 25, 48).

However there is abundant experimental evidence that the
dependency of Kramers’ friction coefficient y on solvent viscosity 1 is
noticeably weaker than 1/ (49-55). Herein we adopt another,
potentially more accurate formula for the friction coefficient that also
takes into account the internal friction of the protein:

y=1/(c+n), (S21)
where o=4cP is an estimate of the protein internal viscosity (55).
Therefore when comparing to the unfolding activation barrier changes
from the SMFS experiments of Ref. (2, 25), the experimentally inferred
values reported in TABLE S 1 have been re-adjusted for viscosity using
Eq. (S21) instead of Eq. (S20).

Moreover, the spontaneous rate of unfolding of 127 in the presence
of glycerol 30% v/v reported in the last column of TABLE S 6 was also
adjusted using Eq. (S21) (see Section S2.9).

S2.6 Polyprotein design and expression

We followed the protein construct design proposed by Prof. Julio
Fernandez (Columbia University) for the study of the random coiled
titin N2B segment (56). Chimeric polyproteins were obtained starting
from pAFM1-4 and pAFMS5-8 vectors, gently provided by Prof. Jane
Clarke (Cambridge University) and constructed according to Ref. (57).
The eight 127 module plasmid was reconstituted from pAFM1-4 and
pAFMS5-8, obtaining the pAFM8m vector. The plasmid was
transformed into E. coli C41(DE3) cells (58) (obtained from Prof. John
E. Walker (MRC - Dunn Human Nutrition Unit, Cambridge) with the
agreement of the Medical Research Council centre of Cambridge). The
cells were grown and the expression of proteins was induced as
described in Ref. (57). Recombinant proteins were purified by Ni**-
affinity chromatography in 20 mM sodium phosphate buffer pH 8, 500
mM NacCl; the elution from resin was obtained with 20 mM imidazole.



After purification the protein was kept at 193.15 K with glycerol 15%
V/v.

S2.7 Single molecule force spectroscopy
experiments

Constant velocity mechanical unfolding experiments were
performed with a Veeco Picoforce Atomic Force Microscope (AFM)
equipped with a DI Multimode Nanoscope Illa controller (Bruker) and
gold-coated, V-shaped silicon nitride cantilevers (NPG model; Bruker)
with a nominal spring constant of 0.06 N/m. Unfolding experiments
were performed on the homomeric polyprotein (127), in two different

solvent conditions. In the first condition we used standard PBS buffer
at pH 7.0. In the second condition we used the same buffer but in the
presence of glycerol as a cosolvent, at a final concentration of 30% v/v.
All the experiments have been performed at a temperature of
approximately 301.15 K. For the experiments, a drop of the (127),-

containing solution (5L, ~0.1 g/L) was deposited on a flame cleaned

glass coverslip for about 20 minutes. The fluid cell was then filled with
either the plain buffer or the glycerol-containing buffer, and sealed on
top of the coverslip. Thermal tuning was performed in the respective
solution to determine the cantilever spring constant. Pulling
experiments were then started after a few minutes of incubation.

At the constant pulling velocities of 50.1, 100, 198, 513, 969, 2180
and 4360 nm/s we recorded 1) 12, 24, 32, 27, 39, 148, and 160
unfolding events, respectively, from 1, 2, 3, 4, 4, 7 and 7 different
experiments, respectively in plain buffer, and ii) 21, 24, 93, 124, 133,
151, and 362 unfolding events, respectively, from 2, 3, 5, 5, 5, 3, and 6
experiments, respectively with glycerol as cosolvent. Data filtering and
extraction were performed using Hooke (59).

S2.8 Adjusting forces for viscosity

We computed the viscosity of the 30% v/v glycerol solution at
301.15 K as 2.357 cP using a formula reported elsewhere (60).

Immersion in a liquid environment dramatically alters the thermal
noise spectrum of the cantilever, due to the strong effects of fluid
loading (61-63). Problems in the determination of the spring constant
arise when the resonance frequency drops to 1 kHz or below, as it
happens for soft cantilevers or highly viscous media (61). However in
the presence of 30% v/v glycerol as a cosolvent the resonance
frequency of our cantilevers stays above 2 kHz, above the frequency



range likely to result in viscosity-induced errors in spring constant
determination that are comparable to the error intrinsic to the thermal
tuning method (64). Indeed, by calibrating a set of three cantilevers in
both conditions we obtained an error of about 1.5% between the two
conditions.

The measured unfolding forces are underestimated in high-viscosity
solutions due to the viscous drag on the AFM cantilever (65-68). A
way to remove this artifact has been recently reported (65). According
to the this procedure the drag force can be computed as

F. =bv —-bv

liquid c "tip? (822)
where V.4 1s the pulling velocity, v, is the velocity of the tip, b, and

ip
b. are viscous drag coefficients related to the liquid motion and the

bending of the cantilever (tip motion), respectively. These two
parameters depend on tip-surface separation according to the formulae

b =6zna’ /(s+h) (S23)
and

b, =6zna; /(s+h,) (S24)
where S is the tip-sample separation, 77 is the solvent viscosity, a,, h,,
a, and h, being parameters to be determined. We extracted the
mentioned parameters by fitting Eq. (S23), (S24) to the b and b,
values reported in Fig. 3 of Ref. (65), obtaining the approximate values
a =243um, h =35um, a ,=19.8um and h =2.9um. We then
adjusted the force values collected at each sampled tip-surface
separation in the experimental data taken in 30% v/v glycerol
according to Eq. (S22). The average unfolding forces at 50.1, 100, 198,
513, 969, 2180 and 4360 nm/s increased by 0.01, 0.02, 0.10, 0.22, 0.44,

1.00 and 2.68 pN, respectively.

S2.9 Extracting the unfolding kinetics of 127
from SMFS velocity-clamp data

The unfolding kinetics of 127 at different pulling velocities were
well described by Bell's model given in Eq. (S17). Maximizing the
likelihood of the 127 SMFS data (39) we obtained Ax, =0.25 nm in the
absence of glycerol and Ax, =0.23 nm in the presence of glycerol 30%

v/v. Since the difference is likely within experimental error, we
inferred that the presence of glycerol does not change the characteristic



unfolding distance of 127. Taking into account as well existing
estimates of the unfolding distance of 127 (48, 69) we fixed the
unfolding distance of 127 to AX,=0.25nm in both conditions,

obtaining k,(0)=0.001314+0.000067s™" in the absence of glycerol

and k,(0)=0.000256+0.000009s™" in the presence of glycerol 30%

v/v.

If we consider as a first approximation that the prefactor A of Eq.
(S18) is not affected by the addition of glycerol, taking the ratio of the
logarithm of the estimated spontaneous unfolding rates in the two
solvent conditions we obtained that the presence of glycerol at a
concentration of 30% v/v increases the unfolding energy activation
barrier of 127 by AAG, =1.63£0.06k,T . By further adjusting for the

viscosity effects on the unfolding kinetics via Eq. (S21), we obtained
our final estimate of AAG, =1.36£0.06k,T .

S3 Results and discussion

S3.1 Thermodynamics

We projected the free energy landscape of GB1 onto the non-
mechanical reaction coordinate given by the weighted number of native
contacts (see Section S1.1), which has been proposed as a good order
parameter for protein folding and unfolding (3). We performed the
projection in the absence of osmolytes and in the presence of 1) DMSO
50%, 40%, 30%, 20% and 10% v/v, ii) glycerol 30% v/v, and finally
111) GndCl 2.25 and 1 M, conditions for which SMFS experimental data
are available (2, 25, 70). The projection of the energy landscape in
some of the mentioned solvents is shown in FIGURE S 1.
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FIGURE S 1 Energy landscape of protein GB1 projected onto the reaction

coordinate given by the weighted number of native contacts (M) , as defined by Eq.
(S3), in the absence of osmolytes, and in the presence of DMSO 50% v/v, glycerol
30% v/v and GndCl 2.25 M. The vertical bar at a weighted number of native contacts
of 381 denotes the approximate position of the transition state.

If we make the simplifying assumption that the protein diffuses on
the chosen reaction coordinate, we can in principle locate the transition
state and measure its height. But the obtained energy landscape has a
high degree of frustration, as seen in FIGURE S 1, which interferes with
the significance and correct determination of the transition state (71).
Therefore we computed a Boltzmann-weighted moving average of the
energy landscape with a window size of five distinct neighboring
populated reaction coordinate values (see FIGURE S 2), and we located
the transition state by finding the maximum energetic level with the
reaction coordinate value greater than or equal to 324. For DMSO 50%
v/v and DMSO 40 % v/v the energy landscape as projected onto the
weighted number of native contacts does not show any significant
minimum for the unfolded state, making it impossible to identify a
transition state. For all the other conditions, the described procedure
identified the transition state at the same reaction coordinate value of
381 weighted native contacts and it measured changes in the unfolding
activation energy barrier relative to the absence of osmolytes as
indicated in TABLE S 1. Although the activation barrier changes from
in-bulk experiments are not necessarily comparable to those from
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SMFS experiments, the activation barrier changes estimated from the
thermodynamic analysis based on the weighted number of native
contacts agree qualitatively with the SMFS experimental ones.
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FIGURE S 2 Boltzmann-weighted moving average of the effective free energy
of protein GB1 as a function of the weighted number of native contacts @¢(M), as
defined by Eq. (S3), in the absence of osmolytes, and in the presence of DMSO 50%

v/v, glycerol 30% v/v and GndCl 2.25 M. The vertical bar at a weighted number of
native contacts of 381 denotes the approximate position of the transition state.

TABLE S 1 GBI activation barrier height changes. The column AAG, [K;T ]

indicates the activation barrier height change calculated from the thermodynamic
analysis based on the weighted number of native contacts. The last column contains
the activation barrier changes estimated from SMFS velocity-clamp experiments (2,
25, 70) adjusted for viscosity as described in Section S2.5.

AAG, [k, T 1 SMFS AAG, [k,T ]

Solvent

DMSO 50%v/v
DMSO 40% v/v
DMSO 30% v/v
DMSO 20% v/v
DMSO 10% v/v

glycerol 30% v/v
no osmolytes
GndC12.25M
GndCl 1 M

1.19
0.74
0.28
1.71
0
-0.82
-0.41

1.89
1.00
0.66
0.30
0.04
1.60
0
-2.38
-0.94



We also projected the free energy landscape of 127 onto the non-
mechanical reaction coordinate given by the weighted number of native
contacts, in the absence of osmolytes and in the presence of glycerol
30% v/v. As can be seen in FIGURE S 3, the energy landscape of 127
shows little unfolding cooperativity, which is expected considering that
127 has an unfolding intermediate that is stable over AFM timescales
(37). Therefore this energy projection method does not make it possible
to clearly identify an unfolding transition barrier for protein 127.
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FIGURE S 3 Energy landscape of protein 127 projected onto the
reaction coordinate given by the weighted number of native contacts
¢(m), as defined by Eq. (S3), in the absence of osmolytes and in the

presence of glycerol 30% v/v.

S3.2 Kinetics

S3.1.1 Force-clamp

TABLE S 2 Mechanical unfolding kinetic parameters from force-clamp
simulations. The column AAG, [K,T ] is to be compared with column SMFS

AAG, [K,T | from TABLE S 1.
Solvent Ax,[nm] | AAG, [KgT ]

DMSO 50% v/v ' 0.134+0.003  1.717+0.279
DMSO 40% v/v ' 0.133+0.003  1.358+0.279
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DMSO 30% v/v | 0.131+0.003 | 0.862+0.279
DMSO 20% v/v  0.131+0.003 = 0.568+0.279
DMSO 10% v/v | 0.129+0.003 | 0.203+0.279
glycerol 30% v/v  0.130+0.003 = 0.955+0.279
no osmolytes | 0.128+0.003 0
GndC12.25M  0.128+0.003  -0.450+0.279
GndCl 1 M 0.128+0.003 ' -0.192+0.279

TABLE S 3 Mechanical unfolding kinetic parameters of 127 from force-clamp
simulations. The first three rows refer to the lower-force linear regime, while the last
three rows refer to the higher-force linear regime. The estimation errors represent one

standard deviation. For easy reference, the experimentally inferred AAGU in the
presence of glycerol 30% v/v is 1.36 £0.06K,T , as computed in Section S2.9.

no osmolytes = glycerol 30% v/v

L Ax,[nm] | 0.197+0.045 0.20320.041
I. AAG, [K,T ] 0 0.93320.666

IL Ax,[nm] | 0.71840.023 0.716+0.025
IL. AAG, [K,T ] 0 1.336+1.179

S3.1.1 Velocity-clamp

TABLE S 4 Mean unfolding forces at three velocities from velocity-clamp
experiments (2, 25, 70) and simulations with (GBI)g.

Solvent Faod FsEi."f Fioo F:bi;)n F0 F453i£10
[PN]  [pN] [pN]  [pN]  [pN]  [pN]
0
PMBO 0% 1 200 350 . - 300 539
0
PMBOA0% 136 339 . - 25 529
0
PMBO0% T ima 318 . - 44 SIS
0
DMSO20% 175 311 . - 260 504
0
PMSOIO% 1 139 203 . - 240 495
0
glyce\lz;)‘l/ 30% 195 324 - - 306 519

no osmolytes 119 278 178 - 253 485



GndCl 2.25
M
GndCl 1 M -

- 259 97 - -
268 148* - -

475
479

TABLE S 5 Mechanical unfolding kinetic parameters of GB1 from velocity-
clamp simulations. The estimation errors represent one standard deviation and they
have been computed via a bootstrap (case resampling) procedure, where for each
velocity an equal number of traces were extracted with replacement, at least 100

times. The column AAG,[KgT ] is to be compared with column SMFS
AAG, [k, T ] from TABLE S 1.

Solvent AX, [nm] = AAG, [K,T ]
DMSO 50% v/v | 0.086+0.0003 = 1.197+0.052
DMSO 40% v/v | 0.086+0.0004 1.018+0.054
DMSO 30% v/v | 0.085+0.0004 & 0.603+0.055
DMSO 20% v/v | 0.085+0.0004 = 0.430+0.057
DMSO 10% v/v | 0.085+0.0004 = 0.14540.051
glycerol 30% v/v = 0.085+0.0004 = 0.680+0.055

no osmolytes | 0.085+0.0005 0
GndCl12.25M  0.084+0.0004 ' -0.355+0.056
GndCl 1 M 0.084+0.0004 = -0.245+0.054

TABLE S 6 Mechanical unfolding kinetic parameters of 127 from velocity-clamp
simulations. The estimation errors represent one standard deviation and they have
been computed via a bootstrap (case resampling) procedure, where for each velocity
an equal number of traces were extracted with replacement, at least 100 times. The

column AAG, [KgT ] is to be compared with column AAGS® [KT ], the latter

indicating the experimentally inferred activation barrier changes.

Solvent AXU [Ill’l’l] AAGU [kBT ] AAGjXp [kBT ]
glycerol 30% v/v | 0.603+0.004 | 2.233+0.351 1.36+0.06
no osmolytes | 0.590+0.004 0 0

4 Obtained by digitizing Fig. 2 from Ref. 70.
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