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Dynamic force spectroscopy model to quantitatively analyze the 

interaction of BAX/Bcl-2 interface 

the Bell-Evans (BE) model 1, 2 
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where  is the Boltzmann constant,  is the absolute temperature,  is the distance 𝑘𝐵 𝑇 𝜒𝛽

between bound and transition state,  is dissociation rate,  is loading rates, F is the 𝑘 0
𝑜𝑓𝑓 𝑟

external force.  is the bond lifetime, which is giving by Equation 2 using the  and 𝜏 𝑘 0
𝑜𝑓𝑓

 taken from Eq. 1. Generally, a higher association rate to the protein binding pocket 𝑥𝛽

and a longer bond lifetime indicates that the complex is stable, Fig. S3B. The height 

energy barrier (ΔGβ) can be estimated by putting the  into Eq. (3): 𝑘 0
𝑜𝑓𝑓

                                                 (3)
Δ𝐺𝛽 =‒ 𝑘𝐵𝑇ln

𝑘 0
𝑜𝑓𝑓ℎ

𝑘𝐵𝑇

where  is the Planck’s constant. ℎ

The Dudko–Hummer–Szabo (DHS) model 3, 4 
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                                  (4)

𝐹 =
Δ𝐺𝛽

𝜈𝑥𝛽{1 ‒ [𝑘𝐵𝑇

Δ𝐺𝛽
ln

𝑘 0
𝑜𝑓𝑓𝑘𝐵Texp (Δ𝐺𝛽

𝑘𝐵𝑇)
𝑥𝛽𝑟𝐹 ]𝜈}

In this model,  represents the free-energy profile, giving the linear cubic model (  = 𝜈 𝜈

2/3), the cusp model (  = 1/2), compared to the Bell–Evans formula (  = 1).  is the 𝜈 𝜈 Δ𝐺𝛽

height energy barrier. The bond lifetime is approximated by: 

                                                                   (5)
𝜏(𝐹)≅

[
𝜋
2

(⟨𝐹2⟩ ‒ ⟨𝐹⟩2)]1/2

𝑟(𝐹)

where  is the mean squared rupture force at a given loading rate r(F), Fig. S3C.⟨𝐹2⟩

the Frididdle-Noy-De Yoreo (FNDY) model 5

The process of bonds rupture goes through two phases: an equilibrium phase at lower 

LR, where the bonds break and rebinds, and a kinetic phase at higher LRs, where the 

bonds break irreversibly. The transition between the two phases occurs at equilibrium 

forces ( ) and is described with Eq. 6: 𝐹𝑒𝑞

                                                   (6)𝐹𝑒𝑞 = 2𝑘𝑒𝑓𝑓Δ𝐺𝑏𝑢

where  is equilibrium force,  is the effective spring constant of the entire system 𝐹𝑒𝑞 𝑘𝑒𝑓𝑓

(see Fig. 2H from main text); is equilibrium free energy and represents the energy Δ𝐺𝑏𝑢 

difference between the unbound and bound states. The unbinding force and 

dissociation rate are defined by the Eq. 7 and 8: 

                                    (7)
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)
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where  is the thermal scaling factor and = 0.577 is Euler’s constant.
𝑓𝛽 =

𝑘𝐵𝑇

𝑥𝛽 𝛾 

Estimation of association rate for BAX/Bcl-2

A relationship between the interaction time and BP is described with Eq. 9 6, 7:  



                                           (9)
𝐵𝑃 = 𝐴 ∗ [1 ‒ exp ( ‒ (𝑡 ‒ 𝑡0)

𝜏 )]
where  is the maximal BP and  is the lag time, τ is the time required for the half-𝐴 𝑡0

maximal binding probability. By assuming the BAX/Bcl-2 follows pseudo-first-order 

dynamics, the value of  is estimated by applying the expression: 𝑘𝑜𝑛

                                                        (10)
𝑘𝑜𝑛 =

𝑉𝑒𝑓𝑓 ⋅ 𝑁𝐴

𝑛𝑏𝜏

where  is the effective volume of a sphere describing the protein binding pair,  𝑉𝑒𝑓𝑓 𝑁𝐴

is Avogadro's number, and  is the number of binding partners. 𝑛𝑏

Poisson Statistical Method 

We calculated the strength of the single bond between the BAX/Bcl-2 interfaces using 

Poisson statistics, which is similar to the approach we previously used in the single 

molecule force analysis 8, 9. At the maximum unbinding force distribution, the 

distribution of the number of multiple interacting pairs follows a Poisson distribution, 

expressed as:  

                                                      (11)
𝑃(𝑁) =

𝑒 ‒ 𝜆𝜆𝑁

𝑁!

                                                            (12)𝜎2
𝑛 = 𝜆

where  is the probability of forming N number of binding bonds,  and  𝑃(𝑁) 𝜆 𝜎2
𝑛

represent the mean and variance of the multiple bonds formed in the unbinding 

events, respectively. Then the unbinding force values for each set of measurements 

will follow the following equation: 

                                                      (13)𝐹𝑎𝑣 = 𝜆𝐹𝑖 + 𝐹0

                                                 (14)𝜎2
𝐹 = (𝜎𝑛𝐹𝑖)

2 = 𝜆𝐹2
𝑖  

where  is the single bond specific force, is the non-specific force,  is the mean 𝐹𝑖 𝐹0 𝐹𝑎𝑣

value of unbinding force and  is the variance of unbinding force. Therefore, we 𝜎2
𝐹

obtain the following expression: 



                                            (15)𝜎2
𝐹 = 𝜆𝐹2

𝑖 = 𝐹𝑎𝑣𝐹𝑖 ‒  𝐹𝑖𝐹0 

The measurements were performed at several randomly selected points 

corresponding to different substrate locations, each providing 50-60 individual force 

measurements (Table S2). The mean and variance were then calculated from the 

measured forces, a curve of variance versus mean was plotted, and  and   can be 𝐹𝑖 𝐹0

derived from the linear regression (see Fig. 5A from main text). 

Characterization of surface energy and surface parameters of the 

BAX/Bcl-2 interface 

By performing contact angle analysis on the surface using three different probe liquids 

(water, ethylene glycol, and diiodomethane) with known surface tension (γ), the 

values of the surface energy components were determined by combining the three 

equations 10-14: 

                        (16)0.5(1 + 𝑐𝑜𝑠𝜃)𝛾𝐿 = 𝛾𝐿𝑊
𝑆 𝛾𝐿𝑊

𝐿 + 𝛾 +
𝑆 𝛾 ‒

𝐿 + 𝛾 ‒
𝑆 𝛾 +

𝐿

where  is the contact angle formed between a droplet of liquid (L) and the surface of 𝜃

component (S),  is the surface tension, LW is the component of Lifshitz–van der 𝛾

Waals，+ and – are electron acceptor and electron donor component, respectively. 

The values of surface tension of the three test liquids are displayed in Table S3. 

According to the theory of Van Oss 10, 12, 15, 16, the interfacial free energy of 

interaction between two molecules in water is expressed as: 
∆𝐺𝑖(𝑊)𝑖

= 2( 𝛾𝐿𝑊
1 𝛾𝐿𝑊

𝑤 + 𝛾𝐿𝑊
2 𝛾𝐿𝑊

𝑤 ‒ 𝛾𝐿𝑊
1 𝛾𝐿𝑊

2 ‒ 𝛾𝐿𝑊
𝑤 + 𝛾 +

𝑤 ( 𝛾 ‒
1 + 𝛾 ‒

2 ‒ 𝛾 ‒
𝑤) + 𝛾 ‒

𝑤( 𝛾 +
1 + 𝛾 +

2 ‒ 𝛾 +
𝑤 )

‒ 𝛾 +
1 𝛾 ‒

2 ‒ 𝛾 +
2 𝛾 ‒

1 )

             (17)

where  and  are surface energy of BAX and Bcl-2 molecule, respectively.  is the 𝛾1 𝛾2 𝛾𝑤

surface energy of water. 
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Figure S1. Comparison between height of the BAX interacting with BAX versus the not 

interacting. The height values were extracted from the topography of Bcl-2 probed 

with BAX-functionalized tips with contact mode. The BAX/Bcl-2 interacting possess a 

significantly higher height compared to the not interacting. The min/ max of the box 

the 25th and 75th percentiles respectively, and the whiskers the s.d. of the mean 

value. The line in the box indicates the median. **** indicates p-values <0.0001 on 

unpaired sample t tests. 



Figure S2. Unbinding forces frequency distributions of binding events. (A-G) frequency 

distributions of unbinding forces in LR ranges #1-7 for BAX/Bcl-2 interactions. Multi-

peak Gaussian fits are used to extract the most probable unbinding force for each LR 

range. (H-I) Frequency distribution of unbinding force for non-specific binding events 

at a loading rate of 1 μm/s. (H) BAX/BSA. (I) Bcl-2/BSA. 

Figure S3. (A) Force spectra are fitted with the DHS model,  = 1/2. (B and C) The 𝜈

relationship between bond lifetime and unbinding force for Bell-Evans (B) and DHS (C) 

model. (D) Conceptual cartoons of the binding energy landscape of single BAX/Bcl-2 

bonds, describing one barrier with possible rebinding. 



Figure S4. (A-F) Bayesian information criterion (BIC) predicts the optimal number of 

Gaussians in the unbinding forces histograms in Fig. S2. 

Figure S5. Most probable unbinding forces as a function of LR are plotted on a 

logarithmic scale. Force spectra data are fitted with single apparent bonds FNDY 

model. , , and  are set as free parameters fits for each set of independent 𝐹𝑒𝑞 𝑥𝛽 𝑘𝑜𝑓𝑓(𝐹𝑒𝑞)

single bonds. The error bars represent the Gaussian-fit SD of the corresponding 

histogram. Darker shaded areas represent 95% confidence intervals, and lighter 

shaded areas represent 95% of prediction intervals of the fit. 



Figure S6 Residues of BAX involved in the hydrophobic interaction network are 

indicated in green, whereas Bcl-2 is indicated in blue. The hydrophobic network 

diagram is generated using LIGPLOT. 

Supplementary Tables

Table S1 Kinetic and energy landscape paraments obtained with FNDY models for 

multiple bonds between BAX and Bcl-2 proteins, where each set of data was fitted 

individually under the assumption of single apparent bonds acting. 

No. of 

bonds

 𝐹𝑒𝑞

(pN)
 (pN)𝑓𝛽  𝑘𝑜𝑓𝑓(𝐹𝑒𝑞)

(S-1)

 (S-𝑘𝑜𝑓𝑓

1)

 (nm)𝑥𝛽  (S)𝜏  Δ𝐺𝑏𝑢

(𝑘𝐵𝑇)

n = 1 28.02 ± 

0.54

34.25 ± 

1.32

54.31 ± 

4.24

24.38 ± 

0.07

0.12 ± 

0.01

0.041 9.6 ± 

1.11

n = 2 48.18 ± 

3.84

58.71 ± 

6.87

75.29 ± 

13.29

33.74 ± 

0.04

0.07 ± 

0.01

0.030 26.57 ± 

4.48

n = 3 66.02 ± 

3.93

82.2 ± 

3.57

96.29 ± 

11.36

43.52 ± 

1.25

0.05 ± 

0.004

0.023 42.35 ± 

5.64



n = 1a 34.25 ± 

1.32

24.38 ± 

0.07

0.12 ± 

0.01

0.041 

n = 2 a 58.71 ± 

6.87

 15.67 ± 

0.69 

0.14 ± 

0.02

0.064  

n = 3 a 82.2 ± 

3.57

9.39 ± 

0.61

0.15 ± 

0.01

0.106 

a the transition state distance ( ) is corrected using n, . 𝑥𝛽

𝑓𝑎𝑝𝑝
𝛽 = (𝑘𝐵𝑇

𝜒𝛽

𝑛
)

Table S2. Unbinding forces between BAX/Bcl-2 pairs at a loading rate of 1 μm/s. Error 

propagation is used to determine the uncertainty of the calculated values.

Mean force ( )𝜆
Variance of force ( )𝜎2

𝐹 Number of sets Mean number 

bonds (n)

67.42 ± 5.1 26.64 48 2.77 ± 0.23

73.32 ± 11.3 130.26 52 3.01 ± 0.48

76.08 ± 14.7 219.35 53 3.13 ± 0.62

77.27 ± 14.0 199.88 52 3.18 ± 0.59

79.18 ± 16.3 269.38 51 3.26 ± 0.68

82.53 ± 18.1 333.95 58 3.40 ± 0.75

86.45 ± 20.9 449.07 51 3.56 ± 0.87

92.30 ± 23.7 569.78 57 3.79 ± 0.98

103.94 ± 29.9 910.79 60 4.27 ± 1.24

Table S3. Surface tension components of the three test liquids used for contact angle 

measurements 14.  

Surface tension values (mJ·m-2)Test liquids

𝛾𝐿𝑊 𝛾 + 𝛾 ‒ 𝛾𝐿

Water 21.8 25.5 25.5 72.8

ethylene glycol 29.0 1.9 47.0 48.0



diiodomethane 50.5 0.0 0.0 50.8

Table S4. The values of contact angle measured for substrates in the presence of water 

( ), ethylene glycol ( ) and diiodomethane ( ) and the calculated surface energy 𝜃𝑊 𝜃𝐸𝐺 𝜃𝐷

components. 

Contact Angle (°) Surface energy components (mJ·m-2)Substrate 

𝜃𝑊 𝜃𝐸𝐺 𝜃𝐷 𝛾𝐿𝑊 𝛾 + 𝛾 ‒

Au 88.07 ± 

2.0

54.30 ± 

6.8

34.84 ± 

2.7

42.02 ± 1.0 0.01 ± 

0.01

2.06 ± 0.8

Bcl-2 52.12 ± 

3.8

31.12 ± 

3.5

40.02 ± 

2.3

39.47 ± 0.7 0.17 ± 0.1 32.27 ± 

2.6

BAX/Bcl-2 66.89 ± 

3.1

42.49 ± 

3.3

40.13 ± 

2.8

39.89 ± 1.1 0.18 ± 

0.05 

14.49 ± 

1.7

BSA/Bcl-2 48.51 ± 

1.5

32.72 ± 

4.8

40.59 ± 

2.4

39.10 ± 1.0 0.11 ± 

0.03

34.31 ± 

4.8

Table S5 The HADDOCK predicted docking score for BAX/Bcl-2 complexes

HADDOCK parameters BAX/Bcl-2

HADDOCK score -132.7 ± 5.6

Cluster size 36

RMSD (Å) 0.6 ± 0.4

Van der Waals energy -54.8 ± 5.8

Electrostatic energy -524.7 ± 23.8

De-solvation energy 16.8 ± 1.8

Restraints violation energy 102.4 ± 15.8

Buried Surface Area (Å2) 2369.9 ±71.9

Z-Score -1.4
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