
SUPPORTING INFORMATION 

S1.1 Replica Exchange Molecular Dynamics 

Replica Exchange Molecular Dynamics (REMD) [1] was carried out to efficiently sample the 

polymer-RNA complex formation, following a computational procedure successfully applied in 

literature [2–6]. In detail, 128 replicas were simulated for temperatures ranging from 300 K to 530 K 

in NVT ensemble, obtaining a cumulative simulation time of 6.5 µs for each system. Simulated 

temperatures were distributed following the exponential spacing law as suggested in literature [7,8], 

in order to obtain a constant overlap of the potential energy distributions among temperatures (Figure 

S1). The exchange attempt time interval was set to 2 ps. At the end of the simulation, the resulting 

average exchange probability was 0.4. 

 

Figure S1. Potential energy distributions calculated for each replica of the REMD simulation in case of siRNA-PEI27, siRNA-PEI45, 

siRNA-polyARG and siRNA-polyLYS systems. 
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We have verified the convergence of the REMD simulation analyzing the distribution of the polymer 

distance from the siRNA major axis of inertia, calculated over different time windows: 15ns-20ns, 

15ns-25ns, 15ns-30ns, 15ns-35ns, 15ns-40ns, 15ns-45ns, 15ns-50ns. It is interesting to notice that the 

differences between the distributions are negligible comparing the time windows 15-45ns and 15-

50ns, demonstrating the convergence of the simulation. This let us think that incrementing the 

simulation time will not bring to any considerable alteration of the free energy profile. 

 

Figure 2. Distribution of the polymer distance from the siRNA major axis of inertia (DFA), calculated over different time windows: 

15ns-20ns, 15ns-25ns, 15ns-30ns, 15ns-35ns, 15ns-40ns, 15ns-45ns, 15ns-50ns. It is interesting to notice that the differences between 

the distributions are negligible comparing the time windows 15-45ns and 15-50ns, demonstrating the convergence of the REMD 

simulation. 

S1.2 Metadynamics: Definition of the Collective Variable 

The free energy landscape representing the siRNA-polycationic chain interaction was investigated by 

means of Metadynamics (metaD) [9,10]. In metaD, an external history-dependent bias potential 

which is a function of a few selected collective variables (CVs) is added to the Hamiltonian of the 

system. This potential is conceived as a sum of Gaussians deposited along the system trajectory in 



the CV space to discourage the system from revisiting configurations that have already been sampled. 

In the widely used well-tempered procedure [11] the bias deposition rate decreases over simulation 

time as follows: 

 𝐹(𝑠, 𝑡) = −
𝑇+𝛥𝑇

𝑇
𝑉(𝑠, 𝑡),     where 𝛾 = −

𝑇+𝛥𝑇

𝑇
 is the bias factor 

A bias factor of 30, 50, 100, and 45 was used in case of siRNA-PEI27, siRNA-PEI45, siRNA-

polyARG, and siRNA-polyLYS simulations. Gaussian hills are added at a constant time interval in 

the position explored by the system in the space of selected Collective Variables (CVs). Two CVs 

were used for each simulation: a) the distance between the COM of the polymer from the major inertia 

axis of the target siRNA (distance from axis-DFA); b) the projection of the COM of the polymer on 

the major inertia axis of the target siRNA (projection on axis-POA). Gaussian widths of 0.05 nm and 

0.1 nm were used, for DFA and POA reaction coordinates, respectively. The gaussian width value 

was of the same order of magnitude as the standard deviation of the collective variable, calculated 

during unbiased simulations (Table S1).  

Table S1. Standard deviation of the DFA and POA during the unbiased MD simulations. 

UNBIASED MD 

SIMULATION 

STANDARD 

DEVIATION OF DFA 

(nm) 

STANDARD 

DEVIATION OF POA 

(nm) 

siRNA-pei27 0.09 0.24 

siRNA-pei45 0.08 0.15 

siRNA-polyLYS 0.05 0.12 

siRNA-polyARG 0.06 0.10 

 

 

S1.3 Reweighting algorithm procedure 

The reconstruction of the free-energy surface was performed by the reweighting algorithm procedure 

[12], allowing the identification of the main polymer binding sites together with the lowest energy 

conformations as function of four CVs: 



i. The distance between the COM of the polymer from the major inertia axis of the target 

siRNA (distance from axis-DFA)  

ii. The projection of the COM of the polymer on the major inertia axis of the target siRNA 

(projection on axis-POA)  

Each CV has demonstrated to be helpful in describing the binding events in the context of protein-

nucleic acids complexes by metadynamics [13–16]. 

 

  



 

S1.4 Convergence of the metadynamics free energy estimation 

The convergence of the Metadynamics simulation was demonstrated by following a well-established 

computational procedure performed in a recent work [17], which require to check i) recrossing events 

between low energy states and ii) fluctuations of the free energy difference between the low-energy 

states around a specific value.  

i) Several recrossing events between low energy states can be identified analyzing the 

time evolution of the CVs (Figure S3, Figure S4, Figure S5, Figure S6). These events lead 

to the convergence in the estimation of the protein free energy state 

 

ii) The free energy difference between low energy states at different times along the 

simulation (Figure S3f, Figure S4f, Figure S5f, Figure S6f) was calculated to assess the 

convergence. In all cases, the estimated free energy profile is reasonably stable in the last 

100 ns. It is worth mentioning that the uncertainty, calculated as the SD from the 

asymptotic value of the free energy obtained from the last part of the simulation, does not 

take into account the force-field inaccuracy. 



 

Figure S3. Convergence of the siRNA-PEI27 metadynamics simulation. a) Plot of the Gaussian Height added to the system along the 

Metadynamics simulation. b) Plot of the DFA collective variable along the metadynamics simulation. c) Plot of the POA collective 

variable along the metadynamics simulation. Several recrossing events between the low energy states can be identified. d) ΔG is 

calculated between the deepest bound state (BS1) and the siRNA-polymer unbound state to demonstrate the convergence of the free 

energy estimation. The uncertainty, calculated as the SD from the asymptotic value of the free energy obtained from the last part of the 

simulation is 1.0 kJ/mol. 



 

Figure S4. Convergence of the siRNA-PEI45 metadynamics simulation. a) Plot of the Gaussian Height added to the system along the 

Metadynamics simulation. b) Plot of the DFA collective variable along the metadynamics simulation. c) Plot of the POA collective 

variable along the metadynamics simulation. Several recrossing events between the low energy states can be identified. d) ΔG is 

calculated between the deepest bound state (BS1) and the siRNA-polymer unbound state to demonstrate the convergence of the free 

energy estimation. The uncertainty, calculated as the SD from the asymptotic value of the free energy obtained from the last part of the 

simulation is 2.0 kJ/mol. 



 

Figure S5. Convergence of the siRNA-polyARG metadynamics simulation. a) Plot of the Gaussian Height added to the system along 

the Metadynamics simulation. b) Plot of the DFA collective variable along the metadynamics simulation. c) Plot of the POA collective 

variable along the metadynamics simulation. Several recrossing events between the low energy states can be identified. d) ΔG is 

calculated between the deepest bound state (BS1) and the siRNA-polymer unbound state to demonstrate the convergence of the free 

energy estimation. The uncertainty, calculated as the SD from the asymptotic value of the free energy obtained from the last part of the 

simulation is 5.0 kJ/mol. 



 

Figure S6. Convergence of the siRNA-polyLYS metadynamics simulation. a) Plot of the Gaussian Height added to the system along 

the Metadynamics simulation. b) Plot of the DFA collective variable along the metadynamics simulation. c) Plot of the POA collective 

variable along the metadynamics simulation. Several recrossing events between the low energy states can be identified. d) ΔG is 

calculated between the deepest bound state (BS1) and the siRNA-polymer unbound state to demonstrate the convergence of the free 

energy estimation. The uncertainty, calculated as the SD from the asymptotic value of the free energy obtained from the last part of the 

simulation is 2.0 kJ/mol. 
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