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1. Methods 

Preparation of the systems. We investigated three systems composed of the catalytic domain 

of kinesin and a tubulin dimer. The proteins were separated by three different distances (0.8, 

1.2 and 2.0 nm) and immersed in SPC/E water. Three structures from Protein Data Bank were 

used (PDB ID: 1BG2,
1
 1JFF,

2
 2P4N

3
). The 1BG2 structure is the kinesin catalytic domain, the 

1JFF structure is a tubulin dimer, and the 2P4N structure consists of the kinesin catalytic 

domain resting on a tubulin dimer. Kinesin from the 2P4N structure was moved above the 

tubulin dimer by 0.8, 1.2 and 2.0 nm. The previously equilibrated structures made of 1BG2 

(kinesin) and 1JFF (tubulin) were fitted to the coordinates of kinesin and tubulin separated by 

these distances. The three produced systems were solvated with SPC/E water, with a minimal 

distance between the proteins and the walls of octahedral boxes equal to about 1.2 nm. Also, 

two systems consisting solely of the kinesin catalytic domain in water and the tubulin dimer in 

water were constructed for comparative purposes. More details concerning the preparation of 

the aforementioned systems can be found in our previous paper.
4
 

Computer simulations. Computer simulations were carried out using molecular dynamics 

package Amber12
5
 and ff03 force field, which is appropriate for proteins.

6
 The particle-mesh 

Ewald method was used for electrostatic interactions, and the lengths of chemical bonds 

involving hydrogen atoms were fixed using SHAKE; a 1.2 nm cutoff for nonbonding 

interactions was used. 
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Every system consisting of kinesin, the tubulin dimer and SPC/E water (or single kinesin 

molecule and SPC/E water) was initially equilibrated for at least 2 ns under NPT conditions, 

i.e. the temperature (298 K) was kept constant by the weak coupling to an external bath (τT = 

1.0 ps), and the pressure (1 bar) was kept constant by using the weak coupling method (τp = 

1.0 ps). During equilibration, the positions of α-carbon atoms of kinesin and tubulin were 

restrained by using harmonic forces, with the force constant k = 2 kcal∙Å
–2

∙mol
–1

, to prevent 

the proteins from displacing and changing the distance between them. Next, many short 

simulation runs (100 ps long) were performed under NPT conditions (298 K and 1 bar) and by 

restraining the positions of all atoms of kinesin and tubulin with the force constant k = 0.5 

kcal∙Å
–2

∙mol
–1

. The atom velocities for each of these runs were independently generated from 

Maxwell distribution (at 298 K), using different seed values of a pseudo-random number 

generator.
5
 These initial NPT runs were followed by 140 ps-long simulations under NVE 

conditions (and without any restrains). The terminal 120 ps of these runs were used to  

perform cross-correlation analysis and to calculate the covariance matrix. The total analyzed 

time period (the pooled times of all runs) equaled 40 ÷ 50 ns. The described procedure 

ensured that the proteins did not significantly change their mutual distance and orientation. Of 

course, we did not want to use any restraining forces during the production run because they 

could affect the protein dynamics. Trajectories for cross-correlation analysis were saved after 

each step, namely, every 2 fs, while in the case of the calculation of the covariance matrix, 

every 10 fs.  

Definition of the surface atoms of proteins. Because of the irregular shape of used proteins, 

their surface atoms were selected in a two-step procedure. Firstly, water molecules embedded 

within a cylinder with a diameter of 2.2 nm were chosen. The cylinder axis was connecting 

kinesin and the tubulin dimer (see Figure 1 in our previous paper
4
). Secondly, the surface 

atoms of proteins were picked for which the atom-water distance did not exceed 0.6 nm 

(excluding  hydrogen atoms of these proteins). 

Modified water models. The SPC/E water model were modified by using the idea described 

by Sorin et al.7
 According to this concept, both ε and σ Lennard-Jones parameters of oxygen 

atom were modified, keeping the density of liquid water unchanged (the geometry of a water 

molecule and the partial charges of all atoms also remained unaltered). The selected physical 

properties of these models, including SPC/E, are listed in Table 1. The hydrogen bond 

definition (required for the calculation of nHB and EHB values) is the same as in our previous 

papers.
4
  



3 

 

2. Dependence of the phase spectra and amplitude spectra on the value of σ for proteins 

separated by three different distances 

 

Figure S1. Amplitude spectra (top) and phase spectra (bottom) of the velocity correlation 

function of the kinesin and the tubulin surface atoms calculated according to equations (1), (2) 

and (3) in the main text, for various values of σ (0 nm, 0.2 nm, 0.4 nm, 0.6 nm). Proteins are 

separated by 0.8 nm (the maximum of the distribution function at r=1.0 nm), 1.2 nm (the 

maximum of the distribution function at r=1.4 nm) and 2.0 nm (the maximum of the 

distribution function at r=2.2 nm) and solvated with SPC/E water model. 
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3. Distance distribution functions 

 

Figure S2. Distribution functions of distances between the selected surface atoms of the 

tubulin dimer and the nearest kinesin atoms (for the three analyzed systems with the proteins 

separated by 0.8 nm, 1.2 nm and 2.0 nm).  
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4. Principal component analysis (PCA) 

One of the methods used to obtain valuable information on the dynamics of proteins is 

principal component analysis (PCA).
8
 The assumption is that the analysis can be limited to a 

relatively small number of principal components, what noticeably reduces the complexity of 

the problem. As can be found in literature,
9-11

 no more than several dozen principal 

components are often sufficient to describe the most characteristic aspects of the dynamics of 

proteins. 

To calculate the principal components, a covariance matrix of internal atomic 

displacements has to be calculated (the coordinates of each atom were weighted by its mass):  

)ξ)(ξξ(ξ=σ jjiiij 
, 

(e1) 

where ξi (i=1,2,…,3N) denote the mass-weighted Cartesian coordinate of atom i (total number 

of analyzed atoms is N). 

First, the mean mass-weighted position of every one of all heavy atoms of the protein 

(that is: besides hydrogen atoms) has to be determined. These mean coordinates were 

calculated after removing the translational and rotational motion of the molecule as a whole. It 

was done by fitting the protein molecule to the indicated reference structure. We are aware of 

the fact that this procedure may rise some questions since the distinction between the overall 

translation and rotation and conformational changes may be ambiguous.
12

 For this reason, it is 

sometimes proposed to use dihedral angles to construct a covariance matrix instead of 

Cartesian coordinates. Nevertheless, since we treat these results only as supplementary ones, 

we have decided to use the Cartesian coordinates for the simplicity of finding the frequencies 

of the modes. It needs to be stressed that PCA does not require the protein fluctuations to be 

harmonic. We have made an assumption of the harmonicity of the calculated components but 

it does not have to be fulfilled. The harmonicity assumption allows us to estimate (using 

equipartition theorem) the frequencies of the vibration modes of the kinesin from the 

eigenvalues obtained as a result of PCA. 
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Figure S3. The differences between the frequencies of the consecutive vibration modes of the 

kinesin. The frequencies were calculated under the assumption of harmonicity. The frequency 

calculated for the single kinesin head was subtracted from the frequency calculated for the 

kinesin head in the neighborhood of the tubulin. The differences are plotted versus the 

frequency calculated for the single kinesin head. 
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5. Structural properties of modified water models 

Modified water models differ from the original SPC/E one in terms of structural and 

dynamical properties; see Table T1 for illustration. To supplement the information on the 

number of hydrogen bonds given in the main text we have added the analysis of two more 

structural parameters, radial distribution function and LSI (local structure index).
13-16

 LSI is a 

measure of heterogeneity of radial distribution of water molecules within short distances (up 

to about 0.37 nm). It was defined by Shiratani and Sasai
13

 as follows. Water molecules 

surrounding some water molecule i are ordered according to the increasing radial distances rj 

between the oxygen atom of the molecule i and the oxygen atom of the molecule j: r1 < r2 < . 

. . < rj < . . . < rn < rn+1, and n is chosen so that rn < 0.37 nm < rn+1. Then, the value of LSI is 

calculated as: 

  
n

=j

ΔΔ(j)
n

=
1

21
LSI  

(e2) 

where j1+j rr=Δ(j)   and Δ  is the average value of Δ(j)  (over all analyzed molecules). Thus, 

LSI expresses the heterogeneity in the radial distribution of surrounding water molecules 

around the central one within the sphere of radius equal to about 0.37 nm. Increase of small 

values of LSI is an indicator of a more homogeneous (more disturbed, less tetrahedral) 

structure, while increase of large values can be interpreted as an indicator of less 

homogeneous (more ordered, more tetrahedral) structure. The ordered structure results in high 

LSI values because of the tetrahedral arrangement and hydrogen bonding of water molecules. 

If the liquid is ordered then  up to the limit of the first solvation shell, we find water 

molecules at very similar distances from the central one. But the second solvation shell 

appears after a gap. Therefore, the distance to the first molecule in the second solvation shell 

is significantly different from the previous ones. This would have an impact on LSI, since the 

mean value of distances between aligned molecules would be quite different from each 

distance on its own. 

The histograms given below support the statement that the structure of mod20 model is 

less distinct than the structure of SPC/E model (the increase of the values of the histogram for 

small LSI values and smaller peak on radial distribution function). The opposite is true for the 

mod10 model (the increase of the values of the histogram for large LSI values and taller peak 

on radial distribution function). 
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Figure S4. Comparison of properties of SPC/E water model and modified water models: 

mod10 and mod20 (LSI and radial distribution function). 

 

Table T1. Characteristics of the water models used in this work. Particular symbols denote: ε 

and σ are the Lennard-Jones parameters of the oxygen atom; dW is the density of the liquid; DT 

symbolizes the translational diffusion coefficient, while EHB and nHB symbolize the mean 

energy of a water-water hydrogen bond and the mean number of hydrogen bonds per water 

molecule, respectively. The physical properties: dW, DT and nHB, measured at 298 K, are from 

reference 17. 

model ε 

[kJ/mol] 

σ 

[nm] 

dW 

[g/cm
3
] 

DT 

[10
–9

m
2
∙s

–1
] 

nHB EHB 

[kJ/mol] 

mod10 0.41840 0.32277 0.999 1.52 3.48 21.20 

SPC/E 0.65017 0.31656 0.999 2.75 3.28 20.12 

mod20 0.83680 0.31431 0.998 3.71 3.09 19.31 
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6. Dependence of the phase spectra and amplitude spectra on the value of σ for SPC/E 

water model and modified water models for proteins separated by 1.2 nm 

 

Figure S5. Amplitude spectra (top) and phase spectra (bottom) of the velocity cross-

correlation function of the kinesin and the tubulin surface atoms calculated for various values 

of σ (0 nm, 0.2 nm, 0.4 nm, 0.6 nm). Proteins are separated by 1.2 nm (the maximum of the 

distribution function at r=1.4 nm) and solvated with SPC/E water model and modified water 

models: mod10 and mod20. 
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6. Maximum flow problem 

The goal of solving the maximum flow problem is to find the maximum flow between a  

source and a sink that occurs through “pipes” represented as edges of the graph. Each edge 

and each vertex can have its own, unique capacity. The graph can be undirected or directed. In 

our case, the graph was undirected and the capacities of the vertices were not defined (i.e. 

they were infinite). 

Our approach was slightly different from the one described by Ahmad et al.,18
 since we 

have taken into account water molecules in the first solvation shells of both analyzed protein 

surfaces (defined as those molecules that are present not farther than 0.4 nm from the selected 

patches on the surfaces of the proteins) and calculated the flow between a source connected 

with the molecules belonging to the solvation shell of tubulin and a sink connected with the 

molecules belonging to the solvation shell of kinesin. The edges connecting the water 

molecules with the source and with the sink all had the same capacity, equal to a mean energy 

of a hydrogen bond of SPC/E water model. As mentioned in the main text, the capacities of 

the rest of the edges, representing hydrogen bonds, were equal to the energies of the bonds. 

The absolute values of the flow are not given in the text, since they are virtually meaningless 

on their own. They depend strongly on the specific procedure used to determine them. We 

were only interested in differences between their values. 
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