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Experimental Methods 

The plasmid and reagents: The plasmid (pQE80L-(I27)8) encoding (I27)8 was a kind gift 

from Prof. S.R.K. Ainavarapu. The plasmid encoding His tagged I27 module (I27 with 4 Gly 

residues at N-terminus and 6 amino acid tag (LPETGSS) at the C-terminus of the protein 

henceforth referred as I27-M) was a kind gift from Dr. Sabyasachi Rakshit. The salts were all 

purchased from Sigma-Aldrich as analytical reagents with purity >99%. 

Protein expression and purification: Recombinant His-(I27)8 was overexpressed in 

Escherichia coli strain Rosetta2(DE3) (Invitrogen). The cells were grown at 37C until 

optical density at 600nm (OD600) reached 0.5–0.6. The protein expression was induced with 

0.3 mM isopropyl-β-D-thiogalactoside (IPTG) at 37C for 3 hours. The cells were harvested 

and lysed with lysis buffer (20mM HEPES, 150mMNaCl, protease inhibitor cocktail, and 

phenylmethylsulfonyl fluoride [PMSF]) using lysozyme, followed by sonication. The lysate 

was centrifuged at 10000g for 45 min, and protein was purified from the supernatant using 

HisPur cobalt resin (Thermo cat.#89965). His-(I27)8 was eluted with 300mM imidazole and 

dialyzed in PB. To improve purity, the protein was next subjected to size exclusion 

chromatography (HiLoad 16/600 Superdex 200pg, GE healthcare). 

The His-I27-M was purified using procedure described above for (I27)8. The His6 tag was 

further cleaved by overnight incubation of the purified protein with His6-TEV (molar ratio, 

His-I27-M/His6-TEV:20/1) protease at 4°C. The His6-TEV was removed from solution using 
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cobalt metal affinity column to obtain purified I27-M. The purity of the protein was 

confirmed using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

analysis. 

Mechanical unfolding: All SMFS experiments were carried out with a commercial atomic 

force microscope (Force Robot 00574, JPK Instruments). The force–distance curves were 

constructed in commercial software from JPK and analyzed by custom-written procedures in 

Igor pro 6.2 (Wavemetrics, Inc.). 

The glass coverslips (Fisher Scientific) for holding a protein sample were cleaned by heating 

with chromium acid solution followed by extensive washing with Milli-Q water. All AFM 

force measurements were carried out at 25C and at pH 7.4.  For single-protein pulling 

experiments, 50 μL of a (I27)8 protein solution (~100–200µg/ml) was added, and the protein 

was allowed to adsorb onto the coverslip for ∼15 min before the pulling experiments. After 

that, the fluid chamber was filled with PB (800 µL) with or without desired salt. The AFM 

experiments were conducted after allowing the system to equilibrate for 30 min.  

 The cantilever tip was next brought into contact with the glass coverslip to pick up the 

polyprotein. The presence of tandem repeats amplifies the number of force events per 

extension of the polyprotein and enhances the signal-to-noise ratio. The force extension 

curves were fitted to worm-like chain model using persistence length (p) of 0.4nm to obtain 

force (F(x)) at extension x: 

𝐹 (𝑥) =
𝑘𝐵𝑇

𝑃
(

1

4(1 − 𝑥/𝐿)2
−

1

4
+

𝑥

𝐿
) 

Where p is the persistence length, and L is the total contour length of the protein, KB is 

Boltzmann constant and T is absolute temperature 1. 
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 The contour length increment is a measure of the number of amino acid residues released 

upon complete extension of the protein. Ig domain I27 consists of 89 amino acid residues, 

and in the folded state, N- and C-terminal residues are separated by ~4.3 nm. Thus, the force-

induced extension of I27 to the fully stretched unfolded state should show a contour length 

increment (Lc) of ~28 nm (89  0.36 nm  4.3 nm = 27.7 nm). The average unfolding force 

was obtained by fitting the force histogram to a Gaussian distribution. 

The spring constant of each individual cantilever tip (Si3N4, APP NANO) was calibrated in 

solution by the thermal fluctuation method and was found to be in the range of 42–75 

mNm1. To obtain kinetic parameters, the polyprotein was stretched at varying pulling speed 

from 100 to 6400nm/sec. The unfolding rate constant α0 at zero force and the distance 

between the folded state and the transition state Δxu were estimated by means of the Bell–

Evans model according to published procedures 2-4. 

Equilibrium denaturation: The presence of additional residues mentioned above in I27-M 

has no significant impact on structural stability of wt I27 as evident by Far-UV circular 

dichroism (CD) (Figure S5) spectra and unfolding free energy in PB which is similar to as 

reported before 5. The equilibrium denaturation experiments were carried out with I27-M. 

The Urea was used as denaturant. The protein (20µM) was incubated with increasing 

concentration of Urea from 0 M to 9.0 M Urea at 25°C for 6h. The denaturation was 

monitored by loss of secondary structure using CD at 229nm, and intensity of trypotophan 

fluorescence at 313nm upon excitation at 280nm. The data was fitted to a two state transition 

using equation: 
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Yobs parameter represents the observed signal, and CN, CU, and MN, MU represent intercepts 

and slopes of native (CN, MN) and unfolded (CU, MU) baselines, respectively, [D] is the 

concentration of urea in M, R is the gas constant, ∆GD, the free energy associated with the 

transition, and mg, the surface area of the protein exposed by the solvent. Cm, the transition 

mid-point of urea concentration, was calculated as Cm = ∆GD/mg. 

SMD simulation: The initial structure for the molecular dynamics (MD) simulation of the 

Ig-like domain (I27) from titin I-band was obtained from Protein Data Bank entry 1TIT6. The 

protein was solvated in an explicit aqueous solvent using the TIP37 water model with a 

periodic boundary condition. The water box was first neutralized, followed by addition of 1.0 

M NaCl in one system and 1.0 M NaI in another for comparing the unfolding behavior of I27. 

Minimization was performed in the NPT ensemble with a distance cutoff of 12.0 Å for 

nonbonded interactions. The particle-mesh Ewald method8 was employed to analyze long-

range electrostatic interactions. Equilibration was performed for 1.0ns at a constant 

temperature of 300 K using Langevin dynamics, and pressure was maintained at 1.0atmwith a 

Nosé-Hoover Langevin piston9, 10. The equations of motion were integrated with a time step 

of 2.0fs. SMD simulation was carried out at constant velocity (SMD-CV protocol) for a total 

stretching of 100Å11. The SMD production run was performed for 200ps with constant 

velocity of 0.5Å/ps and for 1.0ns at a comparatively lower pulling velocity of 0.1Å/ps, 

respectively. All the systems were prepared in VMD12, and SMD simulations were performed 

by means of the NAMD13 molecular dynamics package using CHARMM36 force field14 .  
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Table S1.- Physico-chemical parameters of different anions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Anions Thermochemical 

Radii (Å)15, 16 

Ionic 

Polarizability 

(Å3)17 

Molar Surface 

Tension 

Increment 

(mN.L/m.M)18 

Lyotropic 

number18  

Free 

energyof 

hydration 

ΔGhyd 

(kJ/mol)18 

Dipole 

moment 

(D)19 

Mechanical 

Stability 

(pN)  

Ref 15 Ref 16 

Cl- 1.81 1.68 3.73 1.63 10 340 8.97 174 

Br- 1.96 1.90 5.07 1.31 11.3 315 9.09 153 

NO3
- 2.02 2.0 4.48 1.18 11.6 300 15.07 151 

I- 2.20 2.11 7.16 1.02 12.5 275 9.2 145 

ClO4
- 2.22 2.25 5.26 1.4 11.8 430    - 144 

SO4
2- 2.31 2.30 6.33 2.74 2.0 1080    - 138 
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Table S2. Far-UV CD (229 nm) and tryptophan fluorescence (exitation.280 nm; emission 313 

nm) monitored urea-induced unfolding free energy (GD), surface area exposed by the 

solvent (mg) and urea-unfolding midpoint (Cm) for I27 at pH 7.4, 25 C.  

 

                                                       CD                                                      Fluorescence  

 
[Salt] GD  mg Cm GD  mg Cm 

     Control (PB)  7.4 1.4 5.3 7.1 1.3 5.5 

0.2 M NaBr 6.6 1.3 5.1 5.5 1.1 5.0 

    1.0 M NaClO4  5.1 1.3 3.9 4.9 1.2 4.1 

*GD, mg and Cm are reported in kcal mol-1, kcal mol-1 M-1, and M, respectively. The uncertainty in 

the values of GD and mg are  0.5 kcal mol-1, 0.2 kcal mol-1M-1, respectively. 
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Table S3. SMD simulation results at different pulling velocities. 

 

 

 

                     

Expt. 

No. 

Pulling 

Position 

Solvent System Pulling 
Velocity 
(Å/ps) 

1M NaCl 1M NaI Water 

Peak at 

Extension 

(Å) 

Force at 

Peak  

(pN) 

Peak at 

Extension 

(Å) 

Force at 

Peak  

(pN) 

Peak at 

Extension 

(Å) 

Force 

at Peak  

(pN) 

 

1 N-Termini 21.64 3473.28 21.07 3331.52 20.67 3162.55 0.5 

2 N-Termini 21.24 3051.29 19.19 2891.21 16.20 2955.09 0.5 

3 N-Termini 22.01 3536.29 20.39 3394.19 19.42 3121.20 0.5 

4 C-Termini 14.60 3190.91 15.19 3055.28 - - 0.5 

5 C-Termini 13.72 3066.88 15.07 2915.15 - - 0.5 

6 C-Termini 15.74 3175.68 15.08 3017.79 - - 0.5 

7 N-Termini 18.22 2157.60 15.00 2012.98 - - 0.1 

8 C-Termini 13.32 2093.12 13.13 1995.58 - - 0.1 
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Figure S1: Schematic of Single-molecule pulling experiment. A schematic of the sequence 

of events during single-molecule pulling experiments using atomic force spectroscope. The 

protein is deposited on a glass surface. The cantilever tip picks up a polyprotein molecule. 

Retraction of the piezoelectric positioner stretches the protein which in turn applies a 

restoring force on the protein. At a certain force, one of the domains unfolds resulting in 

relaxation of the cantilever to its original position. Further stretching leads to sequential 

unfolding of remaining domains held between the cantilever and glass surface. Orange color 

spots represents ions present in surrounding medium. 

 

Figure S2: Contour length changes (LC) of (I27)8 in the absence or presence of different 

anions. 

 

Figure S3: The representative force−extension curves of (I27)8 in absence and presence of 

different anions. Red lines correspond to wormlike chain (WLC) fit. 

 

Figure S4: The in situ study to monitor modulation of mechanical stability upon 

changing anions. The mechanical stability of the protein was measured in the presence of 

1M NaCl (top panel). The buffer was then replaced in situ with that containing 1M NaClO4 in 

place of NaCl and unfolding force was monitored (middle panel). The buffer was further 

replaced back to 1M NaCl (Lower Panel). All experiments were conducted with the same 

cantilever at a pulling speed of 400 nms−1. The Gaussian fit of the force histogram is 

presented as a solid red curve. 

 

Figure S5: Loading-rate dependent experiment. Loading-rate dependence of the unfolding 

force of (I27)8 in PB (A) in the absence (■) or presence (●) of 0.2 M NaBr (B) or (▲) 1M 

NaClO4 (C). The single polyprotein molecule was stretched at different pulling speeds. The 

symbols correspond to the average of the force obtained at a single pulling speed, and the 

experimental data were fitted to the Bell−Evans model. 

 

Figure S6: Equilibrium chemical denaturation of I27-M. Panels (A) and (B) show far-UV 

CD and tryptophan fluorescence spectra of I27-M, respectively,  in the absence (black curve) 

and presence (pink curve) of 8.4 M urea at pH 7.4, 25 C. Panels (C) and (D) show the far-

UV CD (229 nm) and tryptophan fluorescence (ex: 280, em: 313 nm) monitored urea-induced 

unfolding profiles of I27, respectively, in the phosphate buffer only (black symbols), with 0.2 

M NaBr (yellow symbols) and 1.0 M NaClO4 (blue symbols) at pH 7.4, 25 C. Panels (E) and 

(F) show the far-UV CD (229 nm) and tryptophan fluorescence (ex: 280, em: 313 nm) 

monitored normalized urea-induced unfolding profiles of I27-M, respectively, in the 

phosphate buffer only (black curve), with 0.2 M NaBr (yellow curve) and 1.0 M NaClO4 

(blue curve) at pH 7.4, 25 C. The solid lines in panels (E) and (F) represent nonlinear least-

squares fit using the standard two-state equation 20. 

 

Figure S7: Mechanical unfolding energy landscapes of I27 (black) in PB alone (A) and I27 

in the presence of PB with 0.2 M NaBr (light yellow) (B) or 1M NaClO4 (Blue) (C). N, 
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native state; T, transition state; and U, unfolded state. 

 

Figure S8: Comparison of I27 structure obtained from SMD simulations before and 

after the main burst phase.  Structure of I27 in a NaCl or NaI (A and C) solvated system, 

respectively, when all the hydrogen bonds between strands A and B and between strands A’ 

and G are intact. After the main burst phase with all the interstrand hydrogen bonds broken 

between strands A and B and between strands A’ and G in the presence of NaCl or NaI (B and 

D), respectively. Snapshots were taken at the extension of ~5 Å (A,C) and ~20 Å (B,D), 

respectively. 
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                                                    Figure S6 
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                                                               Figure S7 
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                                                                   Figure S8 
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