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The functions of bio-molecules depend on their structural fluctuations, which are thought 
to be ‘slaved’ (i.e. coupled) to those of nearby bulk water. Slaving was suggested to 
explain the universal pattern of propagation of mechanical excitations through 
concentrated water-containing solutions of polymers, such as the cytoplasm. To obtain a 
simplified model of this phenomenon, we propose to use a cellular automaton of water-
based solutions. During iterations, the model computes the compactness of both the 
solvent and the solute (equivalent of their density), as the average number of neighbors of 
each class of particles. As a surrogate of slaving, we studied the temporal co-variation of 
these variables, using the Pearson correlation coefficient (Sav). We found that Sav depends 
in a biochemically-meaningful manner on the concentration of solute, on its hydrophatic 
character and on molecular flexibility. The simulations also show that Sav is robust to mild 
hypothermia. In conclusion, our cellular automaton is capable to generate a slaving-like 
behavior of solutes in water, as an emergent phenomenon occurring in dissolved molecular 
systems. 
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1. Background 
 
Structural fluctuations and the role of water dynamics are fundamental phenomena for 

understanding the functioning of bio-molecules. This universal solvent is intimately involved as 
mediator of bio-molecular self-assembly, folding, binding and catalysis [1-4]. In a unified model 
of protein dynamics, Frauenfelder et al. [5] have suggested that bio-molecules provide the 
structure for the biological function, but is the bulk solvent that controls their large-scale motions 
and conformational changes in a diffusive manner [6-8], while the hydration shell determines their 
internal motions [9, 10]. In this paradigm, bio-molecular motions can be non slaved or slaved [6, 
11]. Non slaved motions are local and independent of the solvent fluctuations. Slaved motions are 
non local, tightly coupled to the solvent, and their rates are proportional to the fluctuation rate of 
the solvent, but are slower. The pervasiveness of slaved motions advocates for the importance of 
the environment in the functioning of bio-molecules. 

Recently, slaving became relevant for cellular biomechanics also, being suggested to 
explain the dependence of cytoplasm stiffness and its power-law rheology upon water substitution 
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with deuterium oxide [20]. This is known to form stronger hydrogen bonds than water [21], which 
naturally leads to a stiffer network and enhanced hydrophobic interactions [22-24]. 

Despite the theoretical [8], experimental [12, 13] and modeling [14] efforts, a general 
theory of solvent-slaved motions of molecules does not exist yet. To unravel the nature of 
dynamical coupling between bio-molecules and their aqueous environment, we propose to use a 
model of aqueous solutions that we have previously implemented and described [15]. The 
collective behavior of water molecules, each one possibly interacting with four other neighbors, 
gives rise to an extended network. While constantly subjected to fluctuations in local density and 
to molecular reconfigurations that break and form hydrogen bonds, this network proves to be a 
good model of the fluid water, and of basic processes such as hydrophobic self-assembly [16-19]. 

The cellular automaton model used here revealed that the slaved motions are dependent on 
the hydrophatic character of the solute, on the molecular flexibility, and on the reduction in 
mobility of water molecules. These findings show that slaving is an emergent, non-linear 
phenomenon which can be captured and studied using cellular automata. 

 
 
2. Model and methods 
 
As an abstract model of water-based solutions, we used the cellular automaton proposed 

by Kier et al. [16], with our modifications described in [15].  In this model, the sites on the grid 
can be empty or occupied with different types of particles, which may move in 4 directions. The 
particles change their position one site at a time with predetermined probabilities, and interact only 
through local stochastic rules. However, the system shows complex, emergent and/or cooperative 
behavior [25]. 

 The grid has a dimension of 55×55 sites. We use toroidal boundary conditions in 
all directions, because the torus effectively simulates a small segment of a larger, unrestricted 
system. The system investigated contains solvent-like particles and solute-like particles, and the 
degree of lattice occupancy was set to 69 % according to [17].  

Four parameters describing the rules of particle movement were varied in this study (see 
Table 1). In addition, the concentration of the solute in the system has been varied also, from very 
diluted (10 %), to diluted (25 %), equilibrated (50 %) and crowded (80 %). 
 

Table 1.Simulation parameters. 
 

Parameter Description Range 
C Solute concentration in the system 10, 25, 50, 80% 
PB(WW) The break probability between two solvent molecules 0.17, 0.20 
PB(WS) The break probability between solvent and solute molecules 0.1, 0.5, 0.9 
PB(SS) The break probability between two solute molecules 0.1, 0.5, 0.9 

J(SS) 
Propensity of a solute molecule to move toward another 
solute molecule 

0.5, 1.0,  2.0 

 
 
 By tuning the breaking probability between solvent particles, PB(WW), one can simulate 
the behavior of the system at different virtual ‘temperatures’ [17]. As a preliminary investigation 
of the sensitivity of slaving on the mobility of water molecules, we sought to determine the effect 
of mild hypothermia, represented as a 15 % decrease in temperature (e.g. from 37 oC to 30 oC) 
which is compatible with – and even beneficial for- cellular activities in vitro [26, 27]. Thus, to 
compare the influence of temperature on the slaving patterns, we performed calculations of Sav for 
PB(WW) differing by 15 % (0.17 and 0.20, respectively). 
 Another fundamental behavior of solutes in the presence of water-like solvents is 
expressed in their hydrophatic character, which in our model is controlled through the breaking 
probability between solvent and solute, PB(WS). The lowest value of PB(WS) used in this study 
was 0.1, to indicate a strong hydrophilic solute. The intermediate values describe a neutral solute 
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which is neither hydrophilic nor hydrophobic. Finally, high values of this parameter (e.g. 0.9) were 
used to describe a strongly hydrophobic solute. 
 An important property of solutes is their ability to move away from other solute particles, 
which we interpret as their abstract molecular 'rigidity'. In our model, we can manipulate this 
parameter through the breaking probability between two solute particles, PB(SS). When PB(SS) is 
low, for example 0.1, it indicates a very ‘stiff’ solute whereas when it is around 0.5, it models a 
solute with intermediate flexibility. For high values of PB(SS) (e.g. 0.9), we have a very flexible 
solute.  
 The structuring tendency reflects the propensity of a particle to move toward another 
particle, when the site in between them is empty [17]. This parameter can take non-negative real 
values. When J < 1, the particle moves with more difficulty in that direction (suggestive of mutual 
repulsion), whereas for J > 1, the particle moves easier (indicating a short-range attraction).     
J(SS) = 1 is the case when the particles ignore each other. For water it was shown that an empirical 
relation holds between PB(WW) and J(WW) [17]. 
 In order to model slaving, here understood as the coupling between the fluctuations of 
solute and solvent compactness, we defined the spatially-averaged number of neighbors of each 
particle (maximum 8 neighbors, in the so-called ‘Moore neighborhood’), as representing the 
abstract equivalent of their respective densities. To this end, we computed Kav, the compactness 
coefficients of solvent and solute, by averaging to the number of particles of a given type on the 
grid, the sum of all their neighbors. Then, we determined the slaving coefficient, S, defined as the 
Pearson linear correlation coefficient between the time functions, Kav, of solvent and of solute. To 
obtain an average slaving coefficient (Sav), the S values were averaged over six independent runs 
(replicates), performed for each set of parameters. 
 
 

3. Results 
 
The first major finding of our study is that the fluctuations of the compactness of water 

and that of a co-dissolved solute can be strongly coupled (see Fig. 1) in a manner evocative of the 
slaving determined using empirical means [5]. The values of slaving coefficient, Sav, can take 
values as high as 0.7. Also remarkable and first-time reported here, is that this parameter may also 
have negative values, suggesting an anti-correlation of these fluctuations. This predicted 
phenomenon awaits an experimental confirmation.  

The multi-parameter system described by our simulations can be represented in various 
ways. We chose as an independent variable the concentration of solute, in order to highlight the 
impact of molecular crowding, a defining overall property of the cytoplasm [32]. Our results show 
that the dependence of slaving on crowding is in general non-linear, with attained maxima 
dependent on concentration, hydropahtic character and flexibility of solute.  

Thus, very hydrophilic solutes display an increasingly stronger slaving to water           
(Fig. 1 a, b, c). This begins with almost no such stochastic solute-solvent coupling in very diluted 
media, but increases with concentration until a maximum is reached in equilibrated environments. 
Then, it decreases again, almost to null slaving, in very crowded solutions. The slaving of these 
strongly hydrophilic solutes is not affected by the self-structuring tendency of solute molecules 
(Fig. 1 a, b, c) reflected by the parameter, J. An exception is in the case of very stiff self-attractive 
solutes in a crowded environment, where the slaving increases with J (Figure 1 c). Also, for very 
flexible self-attractive solutes in a diluted environment, the slaving decreases (Fig. 1 c). 

Intermediate and very flexible neutral solutes in Fig. 1 d, e, f (green and blue curves), have 
a similar slaving pattern as the hydrophilic solutes, except the curves are shifted to higher slaving 
values. On the other hand, the very stiff intermediate solutes (Fig. 1 d, e, f - red curves) are not 
slaved and the system is very unstable, considering the higher values of standard deviation, SD. 
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Fig. 1. Slaving patterns of solutes to H2O and their dependence on the hydrophatic 
character of the solute, on its molecular flexibility, on the structuring tendency of solute 

molecules, and on solute concentration 
 
 Regarding the structuring tendency of solute molecules, the intermediate neutral solutes 
(Fig. 1 d, e, f) present a slight decrease in slaving as J(SS) changes from 0.5 to 2.0. 
 In contrast with the hydrophilic and neutral solutes, the hydrophobic solutes (Fig. 1 g, h, i) 
display negative slaving coefficients. There is a small maximum slaving reached in diluted media, 
then these values decrease. Also, in crowded solutions, the very flexible solutes                         
(Fig. 1 g, h, i - blue curves) have positive slaving values. Very stiff solutes (Fig. 1 g, h, i - red 
curves) are part of unstable systems, as can be noted from the high SD values. 
 The structuring tendency has a larger impact on the slaving patterns of strongly 
hydrophobic solutes (Fig. 1 g, h, i). Very stiff solutes (Fig. 1 g, h, i - red curves) present a decrease 
of the slaving values as J(SS) goes from self-repulsive to self-attractive solutes. In the same time, 
there is a significant increase in the system instability, as we can see from the high values of SD. 
On the other hand, intermediate solutes show an increase in their slaving values which is more 
prominent at higher concentrations (Fig. 1 g, h, i - green curves). The slaving pattern for very 
flexible solutes is shifted to higher negative values, showing higher slaving coefficients at low 
concentrations and lower slaving at high concentrations (Fig. 1 g, h, i - blue curves). 
 In the second part of this study, using the same parameters as in Figure 1, we computed 
the corresponding curves for a lower temperature and for comparison we superimposed them. This 
was done in order to better extract the information regarding the influence of physiological 
temperature shifts [26, 27] on the patterns of solute-to-solvent ‘slaving’. The differences in slaving 
coefficients found between the two conditions are in general very small, although often 
statistically significant, as expected given the slight difference (from 0.20 to 0.17) in the solvent 
mobility embodied in PB(WW) (Figs. 2-4).  
 In the case of strongly hydrophilic solutes (Fig. 2), the lower temperature determines 
slightly higher slaving values for very stiff and intermediate solutes, in diluted and equilibrated 
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environments, for indifferent (J(SS) = 1) and self-attractive (J(SS) = 2) solute particles (shown 
with dashed circles). From Figure 2 we can see that the occurrence frequency of this effect 
increases from self-repulsive solutes, where it appears only once, towards self-attractive solute 
particles, where it is present across all rigidity cases. 
 

 
 

Fig. 2. Influence of physiological temperature (T) shifts on the slaving patterns of strongly 
hydrophilic solutes. Error bars indicate the standard errors of the mean (SEM). The 
dashed circles show significant differences between Sav values computed for the same 

concentration but different temperatures (p < 0.05), according to TukeyHSD tests. 
 
 
 Considering the neutral (PB(WS) = 0.5) solutes (Fig. 3), one can note a new pattern: lower 
temperature produces higher slaving values for intermediate and very flexible self-repulsive solute 
particles (such as those carrying opposite electrical charges). In the case of indifferent and self-
attractive solute particles (e.g. similarly charged) those that are significantly affected are the very 
flexible ones. Also, for stiff self-attractive solutes the effect is present in equilibrated and crowded 
places. As a general observation for neutral solutes, this effect is stronger in crowded media and 
affects more substantially the very flexible solutes.  
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Fig. 3. Comparison between the influence of lower and higher temperature (T) on the 
slaving patterns of neutral solutes. Error bars indicate the standard errors of the mean 
(SEM). The dashed circles show significant differences between Sav values computed for 
the same concentration but different temperatures (p < 0.05), according to TukeyHSD 

tests. 
 
 As opposed to the neutral (from hydropathic point of view) case, where very flexible 
solute particles were the most affected by lower temperature, for very hydrophobic solutes these 
are much less affected. Instead, the solutes with intermediate flexibility are still affected by the 
change in temperature, although the magnitude of the effect is reduced. Stiff solutes are affected in 
very diluted media for all types of self-attractive solutes. We should notice that, again as opposed 
to the case of neutral solutes, where slaving was stronger in crowded media, now the effect is 
present mostly in diluted and very diluted environments. 
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Fig. 4. Comparison between the influence of lower and higher temperatures (T) on the 
slaving patterns of strongly hydrophobic solutes. Error bars indicate the standard errors 

of the mean (SEM). The dashed circles show significant differences between Sav values 
computed for the same concentration but different temperatures (p < 0.05), according to 

TukeyHSD tests. 
 
 
 

4. Discussions 
 
Realistic molecular dynamics simulations and their various implementations have attained 

a high degree of refinement and sophistication. However, these come with the price of substantial 
computational demand, which limits their applicability to well defined cases. Charting the 
landscape of all combinations of variables would benefit from simpler yet more general methods. 
In this regard, although seemingly oversimplified, the two-dimensional lattice models of water and 
aqueous solutions are continuously created and used [28-31]. 

The cellular automata model used here is capable to reveal a slaving-like process that 
appears in aqueous solutions. By using the Pearson correlation coefficient as a measure of the bio-
molecular structural fluctuations ‘coupled’ to those of water, we have shown that this process is 
dependent on the hydrophatic character and on the molecular flexibility of the solute. 

An unexpected result is the finding that while hydrophilic solutes show positive slaving 
coefficients, the hydrophobic ones (particularly those which are more rigid) may display negative 
slaving, indicating an anti-correlation between fluctuations of their compactness and that of 
nearby water molecules. This predicted effect awaits experimental confirmation. 

We are aware of the many limitations of this model, even in comparison with other lattice-
based models of water and solutes [30, 31]. However, it harnesses the power of cellular automata 
to capture emergent phenomena in complex systems. For this reason, we consider it as a first 
sketch of what could become a new method to study these processes in solutions.  
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Given the abstract meaning of ‘particles’ in our system, as in other similar models [31], 
and the unspecified nature of the ‘bonds’ rendered by the movement probabilities, our results 
apply equally well from small molecular domains (where the particles may represent covalently-
bound atoms) to aggregates where each particle could be a larger cluster, interacting non-
covalently with the others. Of note, the whole collection of particles contributes to the coherent 
behavior of the system. Nevertheless, our results are informative for the behavior of real molecules 
or parts thereof, opening the way for further modeling and for empirical validation. 

The results regarding the effects of temperature on slaving should be interpreted in this 
context. Although widespread, they are very small in absolute terms in the current comparison of 
an arbitrarily defined ‘normothermia’ with mild hypothermia [26, 27]. Our previous study using 
the cellular automaton approach demonstrated that the same molecular parameters affect the 
organization, and through this, the mobility of nearby water molecules [15]. Thus, a goal of our 
future modeling effort in this direction is to more specifically explore the dependence of slaving on 
water mobility. 
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