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Abstract 

Binding affinity of small ligand to receptor is the important quantity in drug design and it 

might be characterized by different quantities. The most popular one is the binding free 

energy which can be estimated by several methods in conventional molecular dynamics 

simulation. So far in steered molecular dynamics (SMD) one can use either the rupture force 

or non-equilibrium pulling work as a measure for binding affinity. In this paper we have 

shown that the non-equilibrium binding free energy ΔGneq
Jar

, obtained by Jarzynski’s equality 

at finite pulling speed, has good correlation with experimental data on inhibition constants 

implying that this quantity can be used as a good scoring function for binding affinity. A 

similar correlation has been also disclosed for binding and unbinding free energy barriers. 

Applying the SMD method to unbinding of 23 small compounds from the binding site of 

beta-lactamase protein, a bacterial produced enzyme ,we have demonstrated that the rupture 

or unbinding time strongly correlates with experimental data with correlation level R ≈ 0.84. 

As follows from the Jarzynski’s equality, the rupture time depends on the unbinding barrier 

exponentially. We show that ΔGneq
Jar

,
 
 the rupture time  as well as binding and unbinding free 

energy barriers are good descriptors for binding affinity. Our observation may be useful for 

fast screening of potential leads as the SMD  simulation is not time consuming. Based on 

non-equilibrium simulation we disclosed that, in agreement with experiment, the binding 

time is much longer than the unbinding one. 
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Introduction 

Estimation of binding affinity of ligand to receptor is a central problem in drug design. The 

binding affinity might be described by various scoring functions but the most popular one is 

the binding free energy ΔG. Typical inhibition constant of 1 μM – nM  corresponds to the 

binding free energy between  -9  and -12 kcal/mol. One of the fastest methods for estimating 

ΔG is the molecular docking
1
 in which the entropy contribution is neglected. However, this 

method is not accurate as several crude approximations such as omission of receptor 

dynamics and a finite number of  trials for ligand position have been adopted. Despite low 

accuracy the docking method  is widely used in virtual screening due to its high speed.  

With the help of molecular dynamics (MD)  simulation one can use more accurate methods 

for computing ΔG such as free energy perturbation (FEP)
2,3

, thermodynamics integration 

(TI)
4,5

, linear interaction energy (LIE)
6
, linear response approximation (LRA)

7
, molecular 

mechanics Poisson-Boltzmann surface area (MM-PBSA)
8
. The exact FEP method  is the best 

one as it can predict not only relative binding affinity but also absolute binding free energy
9
. 

MM-PBSA method is reliable in estimation of relative binding free energy but, in general, it 

fails to reproduce experimental data on absolute value of inhibition constant
10

. 

Recently it has been shown that steered molecular dynamics (SMD)
11-13

, in which the 

external force is applied to pull a ligand out from the binding site (Fig. 1), becomes a 

powerful tool for drug design
14,15

 as its accuracy is compatible with MM-PBSA but it is about 

two orders of magnitude faster
16

. This rationalizes its frequent use to refine docking results in 

virtual screening of potential drugs from huge databases
17-19

. In SMD the binding affinity is 

characterized by the rupture force Fmax in the force-extension/time profile (Fig. 1) in such a 

way that the higher Fmax the stronger binding
14,15

. Previously we have shown that non-

equilibrium pulling work Wpull even better correlates with experimental data than Fmax 

because the latter is defined at a single time, while the pulling work is computed over the 

whole process
20

.  

Despite success of using different scoring functions like Fmax and Wpull, a search for new 

quantities that might improve correlation with experiment is important not only from 

application prospect but also from the point of view of theory development. Motivated by 

this, the first question we ask is can one use the popular Jarzynski’s equality
21

 to estimate 

relative binding affinity for a large number of protein-ligand complexes. Because the 

estimation of the equilibrium binding free energy by this method is very time consuming
22

 we 

propose to estimate  non-equilibrium  binding free energy ΔGneq
Jar

 by SMD at finite pulling 

speed
23

 and use it for ranking binding affinity. 

From the dependence of  ΔG
 
on displacement/time (Fig. 1)

23
 one can extract the unbinding 

(ΔG
‡

unbind) and binding (ΔG
‡

bind ) free energy which characterizes the barrier crossing process. 

Here ΔG
‡

unbind  is the difference between ΔGTS of the transition state (TS) corresponding to 

maximal ΔG and ΔG of the bound state, while ΔG
‡

bind is the barrier between the TS and 

unbound state. We have shown that both ΔG
‡

unbind  and ΔG
‡

bind can be used to measure ligand 

binding affinity. 
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In SMD experiment one can consider a ligand as unbound after reaching the maximum force 

in the force-time curve (Fig. 1). Therefore, it is reasonable to assume that the larger rupture 

time tmax the stronger binding of ligand to a given receptor and our second goal is to study the 

relationship between tmax and the experimentally measured binding free energy.  

In order to illustrate the main idea, we have considered  binding of 23 small compounds to 

beta-lactamase (BL) protein, a bacterial produced enzyme. Experimental data on inhibition 

constants of these compounds are available
24-29

 for comparison with our simulation results. 

Using SMD simulation and Jarzynski’s equality we obtained ΔGneq
Jar 

which is highly 

correlated with experimental data (correlation level R=0.89). We have also demonstrated that 

having the high fit level with experiment, tmax, ΔG
‡

bind and ΔG
‡

unbind  can be also used as 

reliable scores for relative binding affinity.  

Material and Methods 

Receptors and ligands 

One of the major mechanisms to kill bacteria is to use beta-lactam since it attacks and breaks 

the bacterial cell wall synthesis. Based on BL structures, four molecular classes (A, B, C and 

D) were reported
30-33

. Currently, only a few potential drugs such as meropenem, doripenem, 

ertapenem are on clinical trial
34,35

,  while many synthesized compounds can bind into the 

active site of BL at a widely range of inhibition constant Ki
36-39

. Here we focus on 23 small 

compounds that have the highest and lowest Ki value of 1µM and 19000µM, respectively 

(Table S1 in the Supporting Information (SI)). The 2D structures and chemical formula of 

these compounds are listed  in Table S1. In SMD simulation for each BL-ligand complex we 

used its  PDB structure  (Table S1) as the starting configuration. 

Docking simulation 

After removing the ligand and water molecules from the binding site of  PDB structure 1XGJ  

by PyMol package, the protein coordinate file was opened with AutoDocktools (ADT) 

program to merge all non-apolar hydrogens and it was saved into PDBQT. The grid 

60*50*50 (Å
3
), placed in the center of the BL binding pocket, was large enough to cover the 

entire binding site. Twenty three small compounds with experimentally measured  Ki, after 

ADT preparing into PDBQT file, were docked to the receptor and  their binding energy was 

estimated by AutodockVina Program
1
  with the exhaustiveness set at 800. 

Steered molecular dynamics simulation  

Steered molecular dynamic (SMD) is a non-equilibration MD simulation in which an external 

force is applied to the ligand in the binding site through a dummy atom connected with a 

ligand atom by a spring with spring constant k. This setup allows one to probe binding 

affinity of a given ligand to receptor. Results of SMD simulation, in general, depend on 

pulling direction which may be obtained by different approaches. We have used the Caver 

method
40

 to determine the pulling pathway through the widest tunnel and this guarantees that 

there is no collision between the ligand and enzyme during simulation. The PyMol and Caver 
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3.0
40

 package were employed to rotate the protein in such a way that the ligand unbinding 

pathway is along the z-axis (Fig. 1).  

The topology files and full atomistic structure of BLs  were prepared by using pdb2gmx 

package with CHARMM 27 force field
41

 and the TIP3P water model
42

. After adding 

hydrogen atoms to ligand by Chimera 1.11.2 and saving as Mol2 type, the ligand topology 

and coordinate files were separated by Swiss Param. All simulations were performed using 

GROMACS package version 5.1.3. The center of protein-ligand complex was placed at 4.7, 

4.7, 4.7 nm in a cubic box with the edges of 9.5, 9.5, 11 nm.  The periodic boundary 

condition (PBC) was applied to minimize size effects. The box volume is around 990 nm
3
 to 

ensure that the smallest distance from the protein to the boundaries is 1.4 nm and the protein 

would not interact with itself. The system was solvated with more than 25000 TIP3P water 

molecules, three Cl
-
 ions were added to keep the system neutral and  the total number of 

atoms was about  80000.  

Three equilibration steps were carried out  at 300K including energy minimization, 500ps of 

positional restraint  in canonical ensemble (NVT) and 500ps of isothermal-isobaric ensemble 

(NPT). The cut-off radius for van-der-Waals potentials and Coulomb interaction was set at 

1.4 nm and 1.0 nm, respectively.  

The last snapshot of the NPT step was used as the initial structure  for SMD simulation. To 

prevent protein to drift with ligand Cα atoms of BLs were restrained by a weak harmonic 

force. The force with constant pulling speed v  was applied to the dummy atom along the z-

direction. The ligand experiences force 𝐹 = 𝑘(𝑣𝑡 − 𝑧), where z is displacement from the 

initial position of ligand atom connected with the dummy atom via a spring. We chose the 

spring constant k = 600 kJ/mol/nm
2
 which is typical in AFM experiment, and v=5 m/s. The 

force and the ligand center of mass position were recorded every 2 fs. For each protein-ligand 

complex, 20 independent runs were performed starting from the same initial configuration 

but with different random seed numbers generating different initial velocity fields. 

The pulling work is calculated as follows 
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Here for two successive simulation steps i and i+1 the force which drives ligand motion is 

assigned as an averaged value, and  ∆𝑥𝑖 is a ligand displacement in step i. The work  

calculated in each step is positive if the ligand moves in the pulling direction and negative 

otherwise. The shorter is the time interval of data collection, the more accurate the external 

work. We have carried out 450 ps SMD simulation which corresponds to n=22500 steps of 2 

fs each.  

Results and Discussion 

Docking results 
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For preparing the receptor in docking  simulation, we used the structure of  BL complex from 

PDB bank with ID 1XGJ (Fig. 1) because for this structure is similar to the remaining 22 

PDB structures shown in Table S1. The docking simulation has been performed using 

AutodockVina Program
1
. The binding energies obtained in the best docking mode have the 

correlation level R=0.73 with experimental data (Fig. S1 in SI). Given a low accuracy of  the 

docking method due to crude approximations such as omission of receptor dynamics and 

finite number of  ligand configuration trials
1
, this correlation should be considered as high. 

Correlation of unbinding time tmax with binding affinity 

In order to calculate mean tmax we extracted it from individual SMD runs (Fig. 1) and then 

averaged over all runs. Note that the rupture time defined by this way is a bit different from  

what followed from the time/displacement dependence of mean F(t) (Figure 2). 

The 1XGJ complex is most stable having the smallest inhibition constant Ki= 1 μM
24

 (Table 

S1 in SI) and consequently it has unbinding time tmax larger than that of 1XGI, 1L2S, 4KZ6, 

3GR2 and 2HDR (Fig. 2 and Table 1). Complexes 2R9W, 2R9X, 4JXS, 4JXW , and 4JXV
25

 

have lower binding affinity compared to the most potent compound HTC in 1XGJ complex 

(Table 1) but within error these complexes have the same tmax. The most unstable 2HDR 

system apparently has the shortest unbinding time of about 84 ps.   

For the 23 studied complexes the correlation level between tmax and ΔGexp is R=0.84 (Fig. 3). 

For comparison we have computed the average rupture force Fmax and non-equilibrium 

pulling work Wpull (Fig. 2). Wpull(t) becomes non-zero only after some time as the ligand atom 

connected to the dummy atom moves back and forth at the beginning, while at large enough 

time Wpull(t) saturates. Here the binding affinity is defined by the non-equilibrium pulling 

work at the end of simulation, i.e. Wpull = Wpull (tend). 

As evident from Fig. S2 in SI, the correlation level with experiment is R = 0.82  and  0.84, for 

Fmax and Wpull, respectively. In accord with our previous study
20

, the non-equilibrium work 

correlates with experiment better than the rupture force. Because tmax has the same correlation 

level as Wpull it can be used as a good scoring function for predicting relative binding affinity 

of small compounds to protein. This result is reasonable as the tighter binding the larger time 

needed to pull ligand out from the binding pocket. 

Estimation of Jarzynski’s non-equilibrium binding free energy by SMD 

Extending the Jarzynski’s equality
21

 to the case when the external force with constant pulling 

velocity v is applied Hummer and Szabo have shown that Jarzynski’s binding free energy ΔG 

may be calculated using the following equation
23
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where <…>N stands for averaging over N trajectories where a ligand is pulled from the 

binding site to unbound state, zt is the displacement of ligand atom, which is connected with 

the dummy atom via a spring, from its initial position. Non-equilibrium work W given by Eq. 

(1) can be estimated from force-displacement/time profile. The equilibrium binding free 

energy is obtained in the low pulling speed and N → ∞ limit. In our all-atom SMD simulation 

with finite N and  high pulling speed v, the  obtained binding free energy is, therefore,  non-

equilibrium.  

Using Eq. (2) and collected snapshots one can obtain  the dependence of ΔG on displacement 

and time. Typical dependence of Jarzynski’s binding free energy on displacement in a single  

SMD trajectory is shown  in Fig. 1 for 1XGJ complex. One can show that the maximum 

which corresponds to TS occurs at rupture time tmax. The existence of TS is observed in all 

studied complexes  as shown in Fig. 4 where the binding free energy has been averaged over 

20 independent SMD runs.  

The bound state appeared at the beginning of simulation has ΔGbound=0 (Fig. 4). The binding 

free energy of the unbound state, which occurs at long time (large displacement), is defined at 

the end of simulation, i.e. ΔGunbound= ΔG(tend). As follows from Eq. (2), ΔG(tend) can be used 

for describing binding/unbinding affinity. To stress that this quantity is obtained from the 

Jarzynski’s equality and is not at equilibrium, in what follows it will be referred to as ΔGneq
Jar

  

(ΔGneq
Jar 

=  ΔG(tend)). For 23 studied ligands the absolute value of this quantity is large 

varying from 62.9 (2PU2)  to 7.5 kcal/mol (2HDU) as it have been computed at high pulling 

speed (Table 1). In general, ΔGneq
Jar 

decreases
 
as v is lowered but this problem is beyond the 

scope of the present paper. In all cases |ΔGneq
Jar 

|
 
>  Wpull and the difference between these 

quantities is partially due to k(zt - vt)
2
/2 term in  Eq. (2). 

Ligand unbinding/binding is a barrier crossing process 

The bound and unbound states are separated by the transition state (TS) implying that the 

ligand unbinding is a barrier crossing event (Fig. 4). The unbinding barrier ΔG
‡

unbind = ΔGTS - 

ΔGbound , while the binding barrier ΔG
‡

bind = ΔGTS - ΔGunbound. Here ΔGTS  refers to the binding 

free energy of TS. One has to stress that the barriers (Fig. 4) were obtained out of equilibrium 

and they are higher than the equilibrium ones. For all studied ligands ΔG
‡

bind > ΔG
‡
unbind 

(Table 1)  and, as evident from Table S2, the ratio ΔG
‡

bind /ΔG
‡

unbind varies between 2.5 (ligand 

3GV9) and 4.0 (ligand 3GRJ) implying that the unbinding time is shorter than the binding one. 

This observation is in line with experiment showing that the ligand binding process is 

considerably slower than the unbinding one 
43

.  

Because the unbinding is a barrier crossing event the rupture time tmax ~ exp(cΔG
‡

unbind), 

where c is constant. The exponential dependence is indeed observed in our simulation  (Fig. 

5) with high accuracy (R=0.94). 

Correlation of ΔGneq
Jar

,  ΔG
‡

bind , and ΔG
‡
unbind with experimental  binding affinity 

Despite the simulation has been conducted at high pulling speed, the non-equilibrium binding 

free energy ΔGneq
Jar

 well fits with experimental data with R=0.89 (Fig. 3). This correlation 
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level is, as expected, much higher than the docking one (R= 0.73, Fig. S1). ΔGneq
Jar 

describes 

experiment even better than the non-equilibrium work Wpull and tmax (R=0.84) having higher 

correlation level, but it is not clear if this holds for other complexes. On the other hand, 

because the Jarzynski’s non-equilibrium free energy is defined through the pulling work (Eq. 

2) one can expect that these quantities have about the same fit level. Thus, together with the 

well-studied quantity Wpull, ΔGneq
Jar

 can serve as a good descriptor for discerning good 

binders from the bad ones. 

The correlation level with experiment is R = 0.82 and 0.80, for barriers ΔG
‡

bind  and ΔG
‡
unbind, 

respectively (Fig. 3). This fit is worse than ΔGneq
Jar 

(R=0.89) but compatible with Fmax, Wpull 

and tmax. Because ΔG
‡

bind  and ΔG
‡

unbind are closely related to ΔGneq
Jar 

(Figures 1 and 4) these 

three quantities are expected to have the same correlation level with experiment. Thus, we 

have shown that together with the rupture fore and pulling work, ΔGneq
Jar 

 as well as binding 

and unbinding barriers are useful in refining docking results in virtual screening. 

Conclusion 

Nowadays SMD is widely used in computer-aided drug design
44-47

 necessitating its deeper 

understanding. In the present paper we have made a step towards this direction. Although an 

accurate estimation of equilibrium binding free energy by Jarzynski’s equality 

computationally remains problematic, for the first time we have shown that the non-

equilibrium binding free energy  ΔGneq
Jar 

is a good scoring function for  relative binding 

affinity. Because ΔGneq
Jar 

is easily computed by fast pulling simulation one can use it for 

efficient virtual screening in drug design. For describing unbinding process the rupture time 

tmax has been introduced and  investigated through comparison with experimental data on 

inhibition constants of 23 small compounds bound to  BL protein. It turns out that together 

with Fmax, Wpull, ΔG
‡

bind , ΔG
‡

unbind and ΔGneq
Jar 

 it may be used as a reliable indicator for 

binding strength  that the larger tmax the higher propensity to binding. It would be interesting 

to check our main conclusion for other systems. Even in high pulling speed SMD we were 

able to disclose that, in agreement with experiment, the binding process is much slower than 

the unbinding one. 

It has been shown that at high pulling speeds Fmax decreases with v linearly (viscosity 

regime), while the logarithmic dependence occurs at low pulling speeds (barrier crossing 

regime)
48

. The similar behavior is expected to hold for the binding free energy and barriers. 

Our work in this direction is in progress. 

Finally, in this paper the ligand was pulled along a single direction and this choice probably 

is not as accurate as pulling along multiple directions 
45,49

 to minimize the resistance from the 

receptor. It would be interesting to check if our main conclusions remain valid if the force 

direction is not fixed. 
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FIGURES 

 

Figure 1: Upper panel : beta-lactamase (AmpC) protein in complex with ligand and the 

pulling force directed along the z-direction. Lower panel: Typical dependence of pulling 

force on time (left) and of Jarzynski’s binding free energy on displacement (right), where 

data were obtained in one SMD trajectory for 1XGJ complex. Here tmax refers to time when 

the force experienced by ligand reaches maximum. TS, bound and unbound refer to the 

transition, bound and unbound states, respectively. 
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Figure 2: Shown are force-time (upper-left), force-displacement (upper-right) and pulling work-time 

profiles (lower) of six chosen complexes. The results were obtained from 20 independent MD runs. 
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Figure 3. Correlation of Jarzynski’s non-equilibrium binding free energy, rupture time, 

ΔG
‡

unbind and ΔG
‡

bind  with experimental data obtained for 23 compounds. Correlation level 

R is also shown. 
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Figure 4. Dependence of  ΔG on displacement and time for six ligands. The bound (at t=0) 

and unbound (at tend) are seaparated by the TS corresponding to maximal ΔG. Results were 

averaged over 20 independent SMD runs. 
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Figure 5. Dependence of unbinding time tmax (in ps ) on unbinding barrier ΔG
‡

unbind. Results 

were obtained for 23 ligands (see also Table 1).  Correlation level R=0.94.  
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Table 1 : The non-equilibrium binding free energy ΔGneq
Jar

, work of external force pullW , rupture force 

maxF , unbinding time tmax, ΔG
‡

unbind and ΔG
‡

bind  were obtained in 20 independent SMD 

trajectories for 23 complexes. Experimental binding free energy ΔGexp was taken from different 

sources mentioned in the text. 

 

N
o 

PDB  

ID 
𝛥𝐺exp 

(kcal/mol) 
𝛥𝐺neq

Jar
 

(kcal/mol) 

𝑊pull 

(kcal/mol) 

 

𝐹max 
(pN) 

𝑡max 
(ps) 

ΔG
‡

unbind 

(kcal/mol) 
ΔG

‡
bind   

(kcal/mol)
 

1 1XGJ -8.2 -61.3 ± 1.0 76.5 ± 8.0 819.7 ± 103.6 176.9 ± 23.4 46.1 ± 11.2 122.6 ± 18.1 

2 2R9W -7.0 -60.0 ± 1.0 77.6 ± 12.7 811.6 ± 114.6 173.1 ± 21.8 46.0 ± 14.9 123.7 ± 26.9 

3 1XGI -6.7 -48.1 ± 1.1 61.9 ± 6.4 707.7 ± 73.4 155.9 ± 13.7 33.4 ± 10.0 95.4 ± 15.4 

4 2R9X -6.7 -57.6 ± 1.1 80.9 ± 12.6 820.8 ± 150.9 184.2 ± 20.1 43.7 ± 19.4 124.6 ± 31.2 

5 4JXS -6.5 -54.7 ± 1.1 80.1 ± 15.5 818.7 ± 114.3 182.9 ± 24.6 45.7 ± 16.5 125.8 ± 27.1 

6 4JXW -6.5 -45.4 ± 1.1 90.3 ± 22.8 864.1 ± 206.1 190.8 ± 40.4 51.9 ± 28.5 142.2 ± 41.1 

7 1L2S -6.3 -47.2 ± 1.0 56.6 ± 6.7 653.2 ± 69.3 153.9 ± 11.8 26.2 ± 8.9 82.8 ± 13.8 

8 4JXV -6.2 -61.6 ± 1.1 90.7 ± 14.4 859.7 ± 140.5 198.1 ± 22.3 46.4 ± 19.7 137.1 ± 34.2 

9 2PU2 -6.1 -62.9 ± 1.0 74.9 ± 7.7 826.1 ± 60.2 175.2 ± 14.1 47.3 ± 7.0 122.2 ± 13.4 

10 4KZ4 -5.7 -43.9 ± 1.1 64.1 ± 12.3 725.4 ± 97.3 157.3 ± 14.1 35.5 ± 13.9 99.6 ± 24.3 

11 4KZA -5.1 -39.9 ± 1.1 63.9 ± 12.2 728.3 ± 120.1 155.2 ± 23.4 37.9 ± 12.9 101.8 ± 23.8 

12 4KZ6 -4.3 -33.8 ± 1.1 49.1 ± 8.1 623.3 ± 97.9 132.8 ± 18.1 28.4 ± 9.5 77.6 ± 17.0 

13 3GRJ -4.1 -19.3 ± 1.1 27.8 ± 4.8 392.7 ± 39.8 102.4 ± 16.1 9.3 ± 3.6 37.2 ± 6.0 

14 4KZ8 -3.8 -29.9 ± 1.0 35.9 ± 3.4 492.1 ± 48.7 104.8 ± 12.5 17.7 ± 4.5 53.6 ± 6.9 

15 4KZ3 -3.8 -27.5 ± 1.1 47.8 ± 8.8 595.7 ± 86.4 132.1 ± 20.7 23.8 ± 8.9 71.6 ± 17.5 

16 3GSG -3.7 -21.0 ± 1.1 45.7 ± 12.5 578.7 ± 132.7 128.4 ± 26.8 24.7 ± 12.7 70.5 ± 24.7 

17 3GVB -3.5 -37.4 ± 1.0 58.2 ± 19.9 661.3 ± 175.7 148.7 ± 34.2 32.3 ± 19.7 90.4 ± 37.7 

18 3GR2 -3.5 -17.5 ± 1.1 35.6 ± 8.6 524.7 ± 105.3 104.2 ± 23.7 22.3 ± 7.9 57.9 ± 16.2 

19 4KZ7 -3.4 -27.9 ± 1.0 43.5 ± 9.3 607.1 ± 111.2 131.3 ± 17.4 27.4 ± 10.8 71.3 ± 19.3 

20 2HDU -3.2 -7.5 ± 1.1 17.9 ± 4.7 337.8 ± 51.4 90.7 ± 26.9 8.7 ± 3.4 26.5 ± 7.1 

21 3GV9 -2.9 -12.2 ± 1.1 46.1 ± 14.5 638.9 ± 166.8 137.8 ± 29.2 31.3 ± 15.6 77.4 ± 30.1 

22 4KZ5 -2.7 -29.3 ± 1.0 41.2 ± 9.7 484.8 ± 100.1 119.3 ± 21.4 15.2 ± 9.6 56.4 ± 19.0 

23 2HDR -2.4 -18.6 ± 1.0 24.4 ± 3.3 388.7 ± 104.6 83.5 ± 10.8 11.8 ± 3.1 36.1 ± 5.8 
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1. Receptor and ligands 

From the protein data bank (PDB) , we retrieved  three dimensional structures of BL protein 

in complex with 23 small compounds. Their PDB identify codes as: 1XGJ
1
, 2R9W

2
, 1XGI

1
, 

2R9X
2
, 4JXS

2
, 4JXW

2
, 1L2S

3
, 4JXV

2
, 2PU2

2
, 4KZ4

4
, 4KZA

4
, 4KZ6

4
, 3GRJ

5
, 4KZ8

4
, 

4KZ3
4
, 3GSG

5
, 3GVB

5
, 3GR2

5
, 4KZ7

4
, 2HDU 

6
, 3GV9

5
, 4KZ5

4
, 2HDR 

6
. The chosen 

complexes  have the inhibition constant Ki ranging from 1µM to 19000µM. ID, Ki, chemical 

formula and 2D structures of all 23 ligands are  listed in Table S1. 

For SMD simulation we have used the PDB structures of all 23 complexes as starting 

configurations are almost identical. However, in docking simulation, where the receptor 

structure is rigid, the 1XGJ structure 
1
 (Fig. 1 in the main text) was chosen as a common 

receptor for all ligands . 
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Figure S1. Correlation between the binding energy, obtained by the docking method for 23 

ligands, and the experimental data. The correlation level R=0.73. 
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Figure S2: Correlation between Fmax(R=0.82) and Wpull(R=0.84) with experimental binding 

free energy ΔGexp. Results were obtained by averaging over 20 SMD runs. 
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Table S1: Inhibition constant, molecular weight, chemical formula and 2D structure of the 23 

studied ligands. Their ID is given in the third column, while the second column refers to PDB 

ID of their complex with BL protein. Experimental data on inhibition constant were taken 

from different groups 
1-6

. 

 

N
O 

PDB ID  Ligand 

ID 

Inhibition 

constant  

Ki  M  

Molecular 

weight 

 molg /  

Chemical formula 2D structure 

1 1XGJ HTC 1 343.3 C12H29NO7S2 

 
2 2R9W 23C 8 389.3 C22H15NO6 

 
3 1XGI NST 14 328.3 C11H8N2O6S2 

 
5 4JXS 18U 18 341.3 C13H11NO6S2 

 
6 4JXW 1MW 19 369.4 C15H15NO6S2 

 
7 1L2S STC 26 317.7 C11H8ClNO4S2 

 
8 4JXV 1MU 31 335.4 C14H13NO6S2 
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9 2PU2 DK2 37 355.3 C18H13NO7 

 
10 4KZ4 4A1 70 243.3 C10H13NO4S 

 
11 4KZA NZ9 200 247.3 C8H9NO4S2 

 
12 4KZ6 ZB6 800 231.3 C10H17NO3S 

 
13 3GRJ G14 1000 188.2 C10H8N2O2 

 
14 4KZ8 1U6 1600 200.3 C8H12N2O2S 

 
15 4KZ3 1U1 1700 241.7 C5H4ClNO4S2 

 
16 3GSG GF1 2000 237.3 C12H15NO4 

 
17 3GVB 3GV 2600 221.2 C11H11NO4 

 
18 3GR2 GF4 3000 194.2 C7H10N6O 
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19 4KZ7 1U5 3200 198.2 C10H14O4 

 
20 2HDU F12 5000 185.2 C7H7NO3S 

 
21 3GV9 GV9 7500 185.2 C7H7NO3S 

 
22 4KZ5 1U3 10000 294.7 C13H11ClN2O4 

 
23 2HDR 4A3 19000 153.1 C7H7NO3 
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Table S2: Ratio ΔG
‡
bind /ΔG

‡
unbind for 23 ligands. Results were obtained in SMD simulation. 

 

N
o 

PDB ID ΔG
‡

bind /ΔG
‡

unbind 

1 1XGJ 2.7 ± 0.3 

 

2 2R9W 2.7 ± 0.3 

 

3 1XGI 2.9 ± 0.4 

 

4 2R9X 2.9 ± 0.5 

 

5 4JXS 2.8 ± 0.3 

 

6 4JXW 2.7 ± 0.1 

 

7 1L2S 3.2 ± 0.5 

 

8 4JXV 3.0 ± 0.2 

 

9 2PU2 2.6 ± 0.1 

 

10 4KZ4 2.8 ± 0.2 

 

11 4KZA 2.7 ± 0.3 

 

12 4KZ6 2.7 ± 0.2 

 

13 3GRJ 4.0 ± 0.9 

 

14 4KZ8 3.0 ± 2.0 

 

15 4KZ3 3.0 ± 0.2 

 

16 3GSG 2.9 ± 0.5 

 

17 3GVB 2.8 ± 0.5 

 

18 3GR2 2.6 ± 0.2 

 

19 4KZ7 2.6 ± 0.4 

 

20 2HDU 3.1 ± 0.4 

 

21 3GV9 2.5 ± 0.1 

 

22 4KZ5 3.7 ± 0.8 

 

23 2HDR 3.1 ± 0.3 

 

 


