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Supplementary Text S1 — Unfolding rates are marginally decelerated

in the presence of osmolytes

The mean unfolding forces (<F.n>) obtained in the presence and absence of osmolytes
overlap significantly: Funibutrer = 17.621.9pN (N=224), Funtim sorbiol = 18.2+2.1pN (N=288), and
Funiam Tmao = 18.2+2.2pN (N=340) which initially suggests no significant change in the unfolding
rates. To quantitatively evaluate the unfolding, several force-ramp data sets were collected and
analyzed using a model that converts the force rupture distribution to an intrinsic lifetime and
distance to transition state (1). The model reveals that the distance to the transition state does
not change appreciably in the presence of either osmolyte: Ax¥sutter = 2.7+0.1nmM, AX*1m sorbitol =
2.8+0.1nm, and Ax*im tMao = 2.3+0.1nm. Although the value for TMAQ differs somewhat from
the sorbitol and buffer values, this difference is likely an artifact of the model being sensitive to
the shape of the distribution. Indeed, constant-force experiments in the main text reveal that Ax*
is not significantly different under the three different conditions, consistent with previously
reported findings (2). Taken together, these results suggest that neither TMAO nor sorbitol
change the unfolding pathway of T4*.

We note that the distance to the transitions state determined in our experiments,
applying force to the termini of T4*, is unusually large. Most globular proteins exhibit distances
to the transition state of less than 1 nm, reflecting the brittle nature of stably folded proteins (3).
Native T4* has a radius of gyration (Rg) of ~2nm (4). The Ax* values determined here and
previously (5) suggest that the molecule can be extended by approximately this length before
crossing the barrier to unfolding. We believe that the origin of the large Ax* values is likely the
unstable N-terminal A-helix region (6) that may deform easily under mechanical load before the
barrier to unfolding is crossed (Fig. 1A). Regardless of the origin of the large absolute values,
Ax* appears to be the same in all cases, indicating that osmolytes do not appreciably affect the

position of the barrier to unfolding.



The unfolding force distributions, analyzed as described above (1), suggest a change in
the folded state lifetimes extrapolated to zero force (to) when Ax* is fixed at 2.7nm. togufer =
46,101+188s, To,1m soritol = 69,916+261s, and 1o,1m TMao = 71,6981562s. Determining t, required
extrapolation over a relatively large force range and the exclusion of transition state sliding,
imparting some uncertainty onto the determined values. Nevertheless, given that osmolytes
stabilize the native states of proteins, our results are not unexpected, as osmolytes have been
shown to decrease unfolding rates both in bulk (7-9) and at the single-molecule level (2, 10-12).
Taken together, the data are consistent with a slight decrease in the unfolding rate and no
significant change in the pathway. These conclusions are supported by the constant force

experiments conducted in the main text.

Supplementary Text S2 — Derivation of transfer free enerqy for

intermediate states

The single-molecule folding traces yield direct access to the probability of the
intermediate (P)) relative to the unfolded state. All calculations below only consider the
change in probability from Buffer to 1M TMAO. Since we have measured P)gufer and
Piim t™MAO, We can calculate the free energy change of the chemo-mechanical

perturbation using a Boltzmann distribution as follows:

AGLiM TMAO
P eXp( R+T ) —|AGi 1M TMAO—AGB
11MTMAO _ o = exp [AG; 4 Buffer) (Eq. S1)
PrLBuffer exp( ’Ril’lffer) RxT

where AGiim tvao and AG guiter are the free energies of the intermediate state relative to the

unfolded state (i.e. reference state), R is the universal gas constant, and T is the absolute



temperature. Implicit in this formalism is the assumption of equilibrium. We consider this a
justified assumption given the low force regime (i.e. near equilibrium) and the subsequent
predictive capabilities of the model generate. Should the assumption of equilibrium be incorrect,
the predictive capabilities would be compromised.

The value in the numerator on the right side of Eg. S1 can be re-written as a function of

the transfer free energy of the intermediate and unfolded states:

AGy1mtmao — AGrpuffer = GramTmao — Guamrmao — Grpuffer + Gupusrer = DG — AGy ¢y (Eq. S2)

Where AG, and AGu,r are the transfer free energies of the intermediate and unfolded state to
1M TMAO respectively. Both of these transfer free energies depend on the accessible surface
area (ASA) of the states in question. As mentioned in the main text, we treat the intermediate
state as a contiguously folded portion of the protein that has the same ASA as the
crystallographic structure. This is justified since the intermediate is on-pathway and is
presumably native-like.

Let us consider a general intermediate within the context of the derivation above: the
intermediate has a contiguously folded portion of amino acids Ny through Ci, where these
values are integers corresponding to the amino acid numbers that are the boundaries for the
folded portion of the molecule (Note: 1 < Ny < Cy < 164). Several immediate relationships
become apparent from this formalism. For instance, the unfolded portion of the molecule is
amino acids 1 through Ng.1 and Cy+1 through 164 (the number of amino acids in T4*). Since
these residues are also unfolded in the unfolded state their transfer free energies in Eq. S2
cancels out. The transfer free energy in Eq. S2 actually corresponds to the transfer free energy
of the folded portion (i.e. amino acids Ny through Cy). This can be appreciated by calculating

the free energy of both states:



MG = X0 (Bai Dglrisc + BalP A pe) + Nj2t, +1(Baf DGl jsc + Baf®Dgl. jss)  (EQ. S3)
and
AGyy = Nit(Aai Agey ; sc + DaPPAgE i ) (Eq. S4)

where i is the amino acid type from the primary sequence, Ag® is the free energy of transfer for
the side-chain (SC) or backbone (BB) to 1M TMAO, and Aai; is the fractional change in solvent
ASA from the unfolded to the intermediate state (13, 14).

The Aqi values in Egs. S3 and S4 require estimates of the ASA of the unfolded
and intermediate states:

n
Y2, (ASAyjy—ASAyj 1)

AgPPorse = (Eq. S5)

NASA; Gly-x-Gly
Where the numerator is summed over all amino acids j of type i, ASAiju is the ASA of the
unfolded state, ASA;;, is the ASA of the intermediate state, n; is the total number of groups of
amino acid (AA) type i, and ASAicyxcy iS the standard side-chain or backbone solvent
accessibility of Gly-X-Gly tripeptides presenting the maximally exposed surface area (X it the
amino acid of type i) (15). The values for a are calculated based on the steered molecular
dynamics simulations to represent the unfolded state (see Sl text 3 below).

Substituting Egs. S3 and S4 into Eqg. S2 results in a canceling out of terms such that now

Eq. S2 reduces to:

Cer
AGrimTmao = AGrpuprer = — Xy (A DGl i sc + AafPAglr; ) (Edg. S6)

where all the terms are defined identically to Eqs. S3 and S4. The right hand side of Eq. S6 is
actually a calculation of the transfer free energy of the folded portion of the intermediate to 1M
TMAO. In particular, Eq. S6 is what was used to calculate the heat map in Figure 6B and to
relate the experimental probability changes to the contour plot (i.e. by substituting Eq. S6 into
Eq. S1). In all subsequent calculations, each amino acid was treated as either folded or not
based on the intermediate boundaries defined by Ny and Cy. This approach was used for 1M

Sorbitol as well which generated figure 6A.
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Supplementary Table S1 — Constant-force unfolding rate constants and statistics

Table 1 — Unfolding Kinetics

Condition HKM Sorbitol TMAO
Force (pN) Kapp ° N® Kapp ° N® Change © ApG(kb*T) Kapp N® Change © ApG(kb*T) ¢
13 0.0854 + 0.0008 67 N/A N/A
14 0.1781 £ 0.0025 100 | 0.1383 = 0.0035 59 1.29 -0.25 0.0628 + 0.0006 124 2.84 -1.04
15 0.4945 + 0.0041 140 | 0.3527 = 0.0067 73 1.40 -0.34 0.1796 = 0.0010 186 2.75 -1.01
16 0.9898 + 0.0068 138 | 0.7290 = 0.0071 81 1.36 -0.31 0.5123 + 0.0033 132 1.93 -0.66
17 1.8131 £ 0.0125 157 | 1.1872 + 0.0132 79 1.53 -0.42 1.0446 £ 0.0150 131 1.74 -0.55
18 N/A 2.7291 0.0965 21 N/A 1.1807 £ 0.0192 74 N/A
Average 1.39 -0.33 Average 2.31 -0.82
StdDev 0.10 0.07 StdDev 0.56 0.25

Supplementary Table S2 — Constant-force folding rate constants and statistics

Condition HKM Sorbitol TMAO
Force (pN) Kapp N Kapp N® Change © ApG(kb*T) ¢ Kapp ° N® Change © ApG(kb*T) ©
3.5 6.6049 + 0.1382 29 N/A N/A
4 3.0043 + 0.0316 92 |12.3369 + 0.3832 59  4.11 1.41 N/A
4.5 1.2467 + 0.0263 154 | 3.5842 + 0.0848 55 2.87 1.06 |13.6907 + 0.1844 106 10.98 2.40
5 0.8686 + 0.0060 236 | 1.9445 + 0.0533 112 2.24 0.81 10.4996 + 0.1715 264 12.09 2.49
5.5 0.1177 £ 0.0062 60 | 0.2073 + 0.0118 66 1.76 0.57 2.1226 + 0.0468 84  18.04 2.89
6 N/A N/A 0.7654 + 0.0091 136 N/A
Average 2.75 0.96 Average 13.70 2.59
StdDev 1.02 0.36 StdDev 3.80 0.26

aThe reported values for kapp are the apparent rates that describe the single-exponential lifetime distributions at each force for unfolding (Table 1)
and folding (Table 2).

®N is the number of transitions observed at that force across all molecules. The approximate number of transitions from each molecule was
approximately the same and thus the statistics are robustly determined.

‘The reported change in the rate constant is calculated relative to HKM (Buffer) conditions.

9The change in activation free energy is calculated based on the relative change of the apparent rate constants.



Supplementary Figure S1 — Alpha values from steered molecular dynamics simulations
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Supplementary Figure S1 — Shown are the calculated Aa values for all amino acids in T4* from the steered molecular dynamics simulations.
These values are for the backbone (BB) and all three simulations are overlaid showing excellent reproducibility. Note that the majority of amino
acids are simply a line between the initial Aa from the crystal structure to 1.0 when fully extended. Average values corresponding to the dimensions
of the unfolded state from the BHMM were used in transfer free energy calculations of the intermediate (S| Text S2, and Figure 6A).



Supplementary Figure S2 — Alpha values from steered molecular dynamics simulations
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Supplementary Figure S2 — Shown are the calculated Aa values for all amino acids in T4* from the steered molecular dynamics simulations.
These values are for the side chains (SC) and all three simulations are overlaid showing excellent reproducibility. Note that the majority of amino
acids are simply a line between the initial Aa from the crystal structure to the maximum accessibility when fully extended. Average values
corresponding to the dimensions of the unfolded state from the BHMM were used in transfer free energy calculations of the intermediate (S| Text
S2, and Figure 6A).
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