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Abstract 

Deep eutectic solvents (DESs) emerged as potential alternative solvent media in multiple areas, 

including biomolecular (cryo)preservation. Herein, we studied the stability of a small protein 

(ubiquitin) in water and a betaine-glycerol-water (B:G:W) (1:2:;  = 0, 1, 2, 5, 10) DES, through 

molecular dynamics. An AMBER-based model that accurately describes the density and shear 

viscosity of the DES is proposed. We find that water molecules are largely trapped in the solvent, 

precluding the formation of a full hydration layer, seemingly opposite to osmolytes’ preferential 

exclusion/preferential hydration mechanism. Whereas the protein is stable in the DES, structural 

fluctuations are largely suppressed and only recovered upon sufficient hydration. This is explained 

by a solvent slaving mechanism where -fluctuations are key, also explaining the non-monotonic 

folding of some proteins in aqueous DESs. A thermal stability enhancement in the DES is also 

observed, caused by a similar slowdown of the backbone torsional dynamics. Our results support a 

kinetic stabilization of the protein in the DES, whereas a possible thermodynamic stabilization does 

not follow a preferential hydration or water entrapment mechanism.   
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Introduction 

Deep eutectic solvents (DESs) are a class of green solvents with a wide range of potential 

applications1–4. Amongst the latter, DESs have been increasingly explored as sustainable media in 

biochemical processes, in particular biocatalysis5–28. Additionally, DESs might be a suitable media 

for the (cryo)preservation29 of other vulnerable biomolecules (e.g., DNA and RNA), cells30–32 (e.g., 

stem cell storage), or even organs for transplantation.  

DESs are mixtures formed by a hydrogen bond (HB) donor and an HB acceptor, characterized by 

a depression of the melting point relative to its components1–3. While sharing several properties with 

room temperature ionic liquids, notably, negligible vapor pressures, nonflammability, and thermal 

stability, they have, in general, various advantages, including, biodegradability, reduced cost, and low 

toxicity1.  

DESs are commonly exceedingly viscous fluids and water is normally used to reduce their 

viscosity for specific applications2. On the other hand, a fundamental issue concerns the amount of 

water essential to protect biomolecular structure and function6,16,17,19,20,24. Living organisms 

developed protective mechanisms to cope with dehydration, freezing, and hypoxia, which include the 

synthesis of protective osmolytes (e.g., trehalose, trimethylamine N-oxide, betaine, glycerol). Other 

osmolytes, such as urea, are protein denaturants33,34, although its destabilizing effect can be 

suppressed when mixed with other osmolytes and in DESs5,7,8. Since many components of natural 

DESs (so-called NADESs) are osmolytes, it has been hypothesized that NADES could be “the third 

liquid phase in organisms in which certain biosynthetic steps or storage of products may occur”35.  

Osmolyte protein stabilization has been associated with a preferential-exclusion/preferential-

hydration mechanism, in which osmolytes are excluded from the proteins’ surface29,36–41. Osmolyte 

exclusion is believed to shift the protein folded-unfolded equilibrium (F ⇌ U) toward the F state by 

increasing the free energy of the U state42. From a molecular perspective such a shift has been 

connected with an increase of the solvent (water) accessible surface area (SASA) of proteins upon 

preferential hydration29,41. Alternative explanations have, however, been put forward29.  

A comprehensive understanding of the relationship between the biomolecular protection 

mechanisms of NADESs and the protective mechanism of osmolytes, intracellular crowding effects, 

and the importance of water, remains, however, incomplete. 

Herein, we aimed at gaining insight into the role of water and the molecular source of the putative 

enhanced thermal stability of a prototypical globular protein in a betaine-based NADES. For this 

purpose, we studied ubiquitin (UBQ) in a Betaine:Glycerol:Water (B:G:W) (1:2:;  = 0, 1, 2, 5, 10) 

DES through molecular dynamics simulations at temperatures ranging from 298 K to 450 K. 

Betaine (aka trimethylglycine) is a naturally occurring osmolyte present in several organisms, 

including animals and plants. Glycerol is also a natural osmolyte well-known for its cryoprotective 
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properties. A B:G:W DES has been shown to be a suitable media for several proteins16,23,25. UBQ is 

a small, highly compact, 76-amino acid protein, highly conserved across eukaryotes. The protein has 

approximately 87% of the polypeptide chain involved in hydrogen-bonded secondary structure43. The 

latter includes 3.5 turns of -helix, a short segment of 310-helix, a mixed -sheet with five strands, 

and seven reverse turns43.  

The remaining of the article is organized as follows: The methods used in this work are described 

in section II. In section III we discuss the protein’s structure and torsional dynamics dependence of 

the viscosity, hydration, and water’s orientational dynamics, in light of a solvent slaving model. Next, 

we discuss the thermal stability of the protein in the DES in the absence of water. We end with 

conclusions in Section IV. 

 

II. Methods 

A. Force Field 

The starting configuration of UBQ was obtained from the crystal structure (PDB Code: 1UBQ44). 

UBQ was described by the AMBER99sb force field45 (FF) whereas water was described by the 

TIP4P-Ew46 model. For betaine (Bet) and glycerol (Gly), generalized AMBER FF (GAFF)47 

parameters were derived (see Fig. S1 and Tables S1 and S2). The geometry of Bet and Gly was 

optimized at the B3LYP48/6-31G* theoretical level and RESP49 charges were computed at the HF/6-

31G* level47. The latter calculations were performed with the program GAUSSIAN 0950. However, 

the density and viscosity were found to be significantly larger than the experimental values for a B:G 

(2:1) DES (see Table S3). To improve the FF for betaine and glycerol the RESP charges were first 

scaled by a factor  Q < 1, while the remaining parameters were kept unchanged. Figure S2 shows 

that the density decays very slowly with the decrease of λQ, and, thus, with the magnitude of the 

atomic charges. The viscosity, in turn, varies significantly with the electrostatic charges, exhibiting a 

rapid decrease. As a consequence, there is no λQ for which the density and viscosity are concomitantly 

well described. This means that GAFF cannot accurately model the DES simply by scaling the atomic 

charges. The overestimation of the density even at low λQ suggests that the short-range Lennard-Jones 

(LJ) repulsions (i.e., Pauli repulsion) are too soft, allowing forming structures too compact. From an 

intermolecular forces’ perspective such repulsions in the DES (i.e., Bet-Bet, Bet-Gly, and Gly-Gly) 

should be different from those between Bet-OW and Gly-OW for which the GAFF model is expected 

to be valid. Furthermore, polarization and charge transfer effects, accounted in an average way, should 

be significantly different in these environments and the FF must be reweighted to reflect such 

differences and prevent the formation of a solid (high λQ) or a high density pseudo-liquid (low λQ). To 

account for these, we introduced a second parameter, (λ > 1), to scale the  of the LJ potential; the 

 is the distance at which the LJ pair potential energy is zero and is related to the distance, r0, at which 
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the potential has a minimum (i.e., LJ ( ) / 0u r r  = ), by r0 = 21/6. Whereas the well-depth of the LJ 

potential could be used instead, varying the van der Waals radius to reproduce the experimental 

density is a more intuitive approach.  

The introduction of a second parameter, however, means that multiple combinations are possible, 

where both properties are well described. Here, we followed a simple approach, based on preliminary 

calculations, that showed that the increase of  results in a rapid decrease of  and a slow decrease of 

, opposite to λQ. Figure S2(b) shows that the decrease of the density with λ is more pronounced 

than with 1/λQ by nearly an order of magnitude. Thus, we defined λQ as to give a viscosity above the 

experimental value and then varied λ as to give  and  close to the experimental data. Figure S2(d) 

shows the λ dependence of the shear viscosity of the DES. This approach allowed placing most of 

the FF recalibration upon λQ while minimizing the perturbation of the . This resulted in the following 

scaling parameters: λQ = 0.92 and  λ = 1.03, that is, an 8% reduction of the atomic charges and a 3% 

increase of the atomic . This FF, hereinafter referred to as GAFF-opt, overestimates the 

experimental density (1.216 gcm-3) by 0.58 % whereas the viscosity is underestimated by ~7% (see 

Table 1). Table 1 also compares the density, viscosity, and self-diffusion coefficients with those 

estimated through another FF (OPLS-aa) by our group51. Interestingly, the onset of the OPLS-aa 

radial distribution functions (RDFs) is still lower than that for the GAFF-opt, with the exception of 

the Gly-Gly RDF for which the onset is the same (see Fig. S3). Further, a good agreement is observed 

among the RDFs for the two FFs, with the GAFF-opt giving slightly lower coordination numbers. 

 

Table 1 – Density, , viscosity, , and self-diffusion, D, of the components, for Bet:Gly (1:2). The results of 

this work are compared with those from experiments and another FF (OPLS-aa) previously reported by our 

group.  

Exp./MD  (gcm-3)  (mPas) DB 

(10-8 cm2s-1) 

DG 

(10-8 cm2s-1) 

Experimental 1.216 1528 - - 
OPLS-aa51 1.185 1536±222 0.63±0.05 1.0±0.05 

GAFF-opta 1.223 1417±20 0.83±0.05 1.19±0.05 
a This work. 
 

B. Molecular Dynamics 

The MD simulations were carried out in the isothermal-isobaric (NpT) ensemble in a cubic box 

with periodic boundary conditions, with the program GROMACS52.  The T and p were controlled 

with the thermostat of Bussi et al.53 and the Parrinello-Rahman barostat54. Electrostatic interactions 

were computed via the particle-mesh Ewald (PME) method55. A cut-off of 1 nm was used for non-

bonded van der Waals and the PME real space electrostatic interactions. Heavy atom-hydrogen 

covalent bonds were constrained with the LINCS algorithm56. 
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The MD simulations of the DES (B:G) to assess its density and viscosity at different λQ and λ, in 

the absence of water, were performed for 128 molecules of betaine (Bet) and 256 molecules of 

glycerol (Gly). These trajectories were propagated for 1 s to calculate the viscosity with a reasonable 

accuracy.  

MD simulations of betaine-glycerol-water (B:G:W) (1:2:;  = 1, 2, 5 and 10) at 298 K and 0.1 

MPa with the GAFF-opt (i.e., λQ = 0.92 and  λ = 1.03) were then performed for 450 molecules of 

Bet, 900 molecules Gly, and 450, 900, 2250, and 4500 water molecules, respectively, corresponding 

to the following water molar percentages (mol %) 25, 40, 62.5, 76.9, and weight percentages (wt %), 

5.6, 11.3, 28.2, and 56.4. These simulations were performed primarily to validate the FF when water 

is added to the system. A recent study by our group51 showed that above  = 7 (70 mol%; 56.4 wt%) 

a major structural transformation occurs in this DES, with the complete disruption of the second Bet-

Gly solvation layer; a similar transformation in passing from  = 5 to 10 was also observed here (see 

Fig. S4). The length of these trajectories ranged between 1 s for  = 1 to 500 ns for  = 10. 

MD of UBQ in the DES for  = 0, 1, 2, 5, and 10 were carried out at 298 K and 0.1 MPa to assess 

the role of water on the protein structure. The systems were first equilibrated in the NpT ensemble for 

100 ns after a 100 ps simulation in the canonical (NVT) ensemble. The trajectories (five replicas for 

each system) were then propagated in the NpT ensemble for around 500 ns/replica. 

To assess the thermal stability of UBQ in water and in the DES MD simulations (two replicas) at 

373 K, 410 K, 425 K, and 450 K were performed. The MD in water above 373 K, were carried out in 

pressurized hot water to ensure water is liquid. Thus, the following T and p, were chosen: 373 K, 0.1 

MPa (1 bar), 410 K, 425K, 0.5 MPa (5 bar), and 450 K, 1 MPa (10 bar). The trajectories were 

propagated for 1.9 s after a 100 ns period for “equilibration”. To assess the effect of pressure on 

protein structure, since proteins denaturate at high pressures, albeit in the 100 MPa (kbar) range57,58, 

simulations in the DES at similar pressures were also performed. Further, MD in water at high 

temperatures and 0.1 MPa were alco carried out, for comparison purposes, in spite real water does 

not exist in the liquid state at these temperatures. 

The equations of motion were solved with the Verlet leap-frog algorithm with a 1 fs time-step for 

the DESs (without UBQ) for every  and UBQ in the DESs and 2 fs for UBQ in water. MD of UBQ 

in water with a time-step of 1 fs were also carried out (replica 2) at every temperature, to discard any 

possible protein stability time-step dependence. 

 

C. Structure and Transport Coefficients 

The self-diffusion coefficients of the DESs’ components were estimated through the Einstein 

relation59, 
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where the < > indicate an ensemble average of the mean square displacement (MSD), ri(t) and ri(0) 

are the positions of the ith particle at time t and the origin, respectively, and D is the diffusion 

coefficient. For normal diffusion, the MSD grows linearly at long times, and D can be estimated from 

the slope of the MSD. 

The shear viscosity, , was calculated through integration of the stress (aka pressure) tensor time 

correlation function60, 

                                                       
9
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where P  is the symmetrized traceless portion of the stress tensor,  , given by61, 

                                                     ( )
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= + −  
 
                                            (3) 

  is the Kronecker delta and there are six, out of the nine, distinct P  elements. This expression 

allows improving the statistics over the original Green-Kubo formula which involves the average 

over only the three different off-diagonal elements,   = , of the stress tensor59, 

                                                        
3

0

(0) ( )
3 B

V
t dt

k T
 



  


=                                                  (4) 

also used here for comparison purposes; no significant differences were found between the viscosity 

calculated with eqs (2) and (4). For the definition of the stress tensor elements for periodic systems 

treated with the Ewald or the particle-mesh Ewald methods see refs (62–65). 

The secondary structure of UBQ was assessed with the program DSSP66. The torsional dynamics 

of the protein  backbone was also assessed by calculating the  (phi) and  (psi) time correlation 

functions. The dihedral time correlation function proposed by van der Spoel and Berendsen was 

adopted67. The latter is given by, 

                                       ( ) cos[ (0)]cos[ (0 )] sin[ ( )]sin[ (0 )]C t t t t    = + + +                           (5) 

 in which C(t) reduces to the fundamental Pythagorean trigonometric identity at zero delay time, that 

is, C(0) = 1, and where  = ,  were assessed. 

The orientational dynamics of water was also studied through the calculation of the orientational 

auto-correlation functions68,  

                                            
OH OH

( ) (0) ( )l lC t P t =  r ru u                                                         (6) 

where 
OHru is the intra-molecular OH unit vector and Pl is the lth order Legendre polynomial (l = 1, 2, 
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and 3); results are reported for l = 2. 

 

III. Results and Discussion 

Figure 1 depicts the density, , shear viscosity, , self-diffusion coefficients, D, and the 

coordination numbers (CNs) obtained through integration of the respective RDFs up to the first 

minimum, for the (B:G:W) DES at the different water contents. The , , D and the CNs were fitted to 

the equation51, 

                                                           Z = Z0exp[-az/( + bz)]                                                       (7) 

where Z stands for either , , D, or CN, and Z0, az, and bz are property dependent empirical 

parameters; Eq. (7) was shown to accurately describe several properties, including , D, and , as 

well as structural parameters for a betaine-glycerol DES51 and reline69.   

An excellent agreement with the experiments is found for the density whereas the viscosity is 

underestimated with the error decreasing with the water content. Additionally, a behavior similar to 

that found with an OPLS-aa force field51 regarding the hydration of the different species is found, 

that is, a faster hydration of Bet, relative to Gly (Fig. 1(d)). 

 

Figure 1 – Betaine-Glycerol-Water (B:G:W) (1:2:;  = 0, 1, 2, 5, and 10) DES properties at 298 K and 0.1 

MPa. (a) density, (b) shear viscosity, (c) self-diffusion coefficients of Bet and Gly, and (d) coordination 

numbers. Dashed lines are fits to eq. (7). 
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Figures 2a and 2b show, respectively, the radius of gyration, Rg, and the secondary structure of 

UBQ in the different solvents at 298 K and 0.1 MPa. A narrower Rg distribution is found for UBQ in 

the DES, relative to water, falling within the peak that corresponds to the more extended 

conformations of UBQ in water. Addition of water results in a broadening of Rg although a non-

monotonic shift of the main peak is observed. At  ~ 5 a significant broadening of the Rg distribution 

occurs and at  = 10 a more similar distribution to that in water can be observed.  

In spite of the differences of the Rg distribution a nearly indistinguishable secondary structure is 

observed in water and in the various DESs, independent of the water content, with 16% -helix and 

~31% -sheet, in good agreement with the crystal structure43,58. The suppression of the Rg fluctuations 

and the nearly constant secondary structure suggests that the DES should mainly affect the dynamics 

of the protein. To understand how the addition of water may influence the dynamics of the protein, 

we assessed the fraction of water molecules in the DES and next to the protein. The latter are 

sometimes called “biological” water (or “bound” water) and are defined here as the water molecules 

within 5.5 Å of any heavy atom of the protein (see Fig. 2c and 2d).  
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Figure 2 – (a) Radius of gyration distribution, (b) secondary structure, (c) hydration (absolute number), and 

(d) percentage of biological (or bound) water. The protein’s hydration layer called here biological water (BW) 

was defined by the water molecules within a radial distance rBW < 5.5 Å of any protein heavy atom; the latter 

encompasses the first hydration layer of most amino acid side chains; different definitions resulted in similar 

qualitative results. (e) and (f) show a MD snapshot with the number solvent molecules at a distance of 5.5 Å 

of any UBQ heavy atom in water and in the DES ( = 10), respectively.     

 

Addition of water results in the appearance of a hydration layer around the protein. However, even at 

 = 10, UBQ’s hydration layer is formed by less than half of the water molecules around the protein 

in water (see Fig. 2c). Furthermore, this represents less than 15% (less than 7.5% for  = 10) of the 

water in solution for every  (see Fig. 2d). Thus, water molecules are largely trapped in the solvent 

not exhibiting a clear preference for the protein surface, seemingly opposite to the preferential 
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exclusion/preferential hydration or water entrapment mechanisms in aqueous solutions of osmolytes 

(protein stabilizers)29,38,39,41. 

We now turn attention to the dynamics of the protein in water and in the DES, and the way water 

influences the protein dynamics. We analyzed the rotational dynamics around UBQ’s backbone N-

C and C-C bonds, in particular, the torsion (dihedral) angles  (phi) and  (psi) time-correlation 

functions. Amongst the latter we focused on the dihedrals of the -helix (amino acids 23-34), since 

unfolding seems to start at this segment as discussed below.  

Figure 3 for C shows that the torsional dynamics undergoes a slowdown only recovered upon 

addition of sufficient water ( > 10); a similar result is found for C (Fig. S5). This is more visible in 

the terminal amino acids of the -helix, in particular, Asp32, Lys33, and Glu34. Fitting the dihedral 

time correlation function of Asp32 (fastest decay function in water – see Fig. 3) to a two-term relation 

of the form67,68, 

                                                           ( ) exp( / )C t a b t = + −                                                            (8) 

where  is a dihedral relaxation time, gives the following slowdown factors: DES(=0)/Wat ~ 42 and 

DES(=10)/Wat ~ 12 (see Fig. S6(a)). For Glu24, however, DES(=0)/Wat ~ 1.5. The reason is a much 

lower hydration difference between the backbone of Glu24 across the systems, as discussed below. 

We also tried other functional forms, including a stretched exponential, a biexponential, and the sum 

of a power law and exponential since eq. (8) does not fit equally well all the functions. A stretched 

exponential did not improve the fittings. The power law and exponential, 

                                                          ( ) exp( / )C t a ct b t = + + −                                                    (9) 

provided the best fittings (see Fig. S6(c)).  However, this function leads to ambiguities concerning 

the physical meaning of the power law exponent, , and the exponential decay constant, , since c is 

always negative, and for large water contents b can become negative and a > 1.  For this reason, in 

what follows, eq.(8) is used to model the long time relaxation of the torsional time correlation 

functions.  

The above slowdown factors can be interpreted within the kinetic framework of “protein slaving” 

in which solvent fluctuations or -fluctuations and -fluctuations (solvation shell coupled 

fluctuations) (in analogy with - and -fluctuations in glass forming fluids) limit the conformational 

substates of the protein70–74. We note that -fluctuations can also be interpreted in terms of the solvent 

being slaved to protein interactions and excluded volume, known to slowdown the dynamics of  

“biological” or “bound” water.  

Under the slaving model, large-scale motions occur through a large number of steps (e.g.,  and  

 torsions) determined by the solvent fluctuations. These large-scale motions are involved both in 

protein folding and unfolding (discussed below), but slaving can be readily seen concerning 
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conformational fluctuations at room temperature where native UBQ is stable. This should, therefore, 

explain the slowdown of the torsional dynamics of the backbone of the -helix of UBQ as well as the 

narrowing of the distribution of Rg.  

 

 

Figure 3 – Torsional dynamics time correlation functions for the -helix (amino acids 23-34) psi angles of 

UBQ in water and in the DES with distinct water contents at 298 K and 0.1 MPa. 

 

The slaving model is closely associated with the solvent’s viscosity. Ansari et al.75 long showed 

that the rate of protein conformational changes (myoglobin structural relaxation upon CO release) 

was approximately given by the inverse first power of the viscosity, as predicted by Kramers theory 

in the high friction limit76. However, a fractional dependence of the viscosity is also observed for 

some proteins and peptides, including an -helix peptide72,77. We stress that the viscosity of many 

DES, and Bet:Gly, in particular, is much higher (~1500 mPas) than that of liquid water (~1 mPas) 

and the solvents (e.g., glycerol-water, glucose-water) commonly used to study the effect of the 

viscosity on protein folding rates72,75,77. A similar difference of order of magnitude characterizes the 
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diffusion coefficients of the model DES components (~0.00110-5 cm2s-1; Table 1)  and TIP4P-Ew 

water69 (2.310-5 cm2s-1). The viscosity of the model DES for  = 5 (26 mPas) and  = 10 (7.3 mPas) 

is, however, significantly lower, and more similar to that of the solvents used in the abovementioned 

protein folding studies. However, the addition of water to the DES, while lowering the viscosity in a 

monotonic way and activating -fluctuations, will not equally favor the dynamics of all solvent 

exposed protein segments (-fluctuations), since a complete (homogeneous) hydration shell does not 

readily form. For instance, even within the -helix torsions it can be seen that water addition does 

not impact the same way all backbone torsions. This is particularly clear for some amino acids (see 

Fig.(3)). If protein torsions are thought of as elementary kinetic steps underlying large-scale motions 

associated with protein folding/unfolding, this heterogeneous, non-monotonic hydration, could 

explain the non-monotonic behavior of Rg (see Fig. 2a) as well as the non-monotonic protein folding 

behavior recently reported for other DESs20. To probe this picture, we calculated the C-OW 

coordination numbers (CNs) from the respective RDFs for each amino acid in the alpha-helix. Figure 

4(a) shows that water works as a lubricant of the torsional dynamics, unraveling the reason for Asp32, 

Lys33, and Glu34 to have the fastest  and  dihedral dynamics (i.e., a higher hydration). On the 

other hand, the smaller slowdown factor found for Glu24 can be readily explained by the smaller 

difference between the C hydration amongst the different aqueous mixtures. Additionally, Fig. 4(a) 

shows that the backbone hydration does not vary monotonically next to every amino acid with the 

water content. The C-OW CNs in Fig. 4 were obtained through integration of the RDF up to the 

respective first minimum determined for UBQ in water (see Table S5). Since the latter vary from 

amino acid to amino acid, we also calculated the CNs up to 5.5 Å for every amino acid (see Fig. S7). 

A similar trend can be observed, the main difference being a larger hydration of Lys29, which explains 

the relatively fast decay of the torsional time correlation function. A similar calculation was 

performed for the respective C and N atoms of the backbone involved in the torsional dynamics (Fig. 

S7).  

In addition to the number of water molecules the water dynamics (e.g., rotational dynamics) should 

be key to the protein motions. The dynamics of water will depend on the local environment regarding 

the number of water neighbors, protein volume exclusion, and protein-water and water-solvent 

interactions. Figure 4(b-f) display the orientational dynamics time correlation functions (eq. (6) with 

l = 2) for water molecules in the first hydration shell of the C of the same amino acids. As can be 

seen, while the orientational dynamics increases, in general, with the water content, this increase is 

not equal for all amino acids across the different solutions. The orientational dynamics of water next 

to Asp32, Lys33, and Glu34 is among the fastest, consistent with the torsional dynamics of UBQ. A 

similar correlation can be seen concerning Asn25, Ala28, Lys29, and Gln31, especially in water, 
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where a fast torsional dynamics and orientational dynamics of water are observed, whereas water 

near Ile23 is nearly immobilized. The relatively fast orientational dynamics of water next to Ile30 in 

water seems to contradict this picture, nonetheless. However, a closer look shows that Ile30 has less 

than a water molecule in the hydration shell (~ 0.8), in average, and this water molecule already 

appears at a long distance from the C (see Table S5), thus, possibly sharing the shell of the nearest 

neighbors Lys29 and Gln31 which display a faster orientational dynamics.  

 

 

Figure 4 – (a) Water coordination of the C of each amino acid from UBQ’s -helix in water and in the 

different DES-water mixtures. (b) to (f) give the orientational time correlation function of water molecules in 

the first hydration shell of the C of each amino acid from UBQ’s -helix. 

 

The above analysis shows that the torsional dynamics depends both on the solvent viscosity (-
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fluctuations) and protein-solvation shell coupled dynamics (-fluctuations), in accord with the 

slaving mechanism74. However, this dependence is not monotonic for all the amino acids. Figure 5 

shows the dihedral time correlation functions of Asp32 and Glu24 and the orientational dynamics of 

water molecules in the respective C’s hydration shell, for which a monotonic and non-monotonic 

variation of 1/ with the viscosity is observed, respectively. 

 

Figure 5 – Torsional dynamics of (a) Asp32 and (b) Glu24 (dashed lines are fits to eq. (8)); Orientational 

dynamics of water molecules in C hydration shell of (c) Asp32 and (d) Glu24; Logarithm of the inverse of 

the torsional relaxation time as a function of the viscosity for (e) Asp32, which exhibits a power law 

dependence of the viscosity, 1/ = A-, with exponent  = 0.31 (dashed line is a linear fit), and (f) Glu24, 

which exhibits a non-monotonic dependence of the viscosity (solid line is a guide to the eye). 

 

Thus, whereas a fractional dependence of the viscosity (i.e., a power law dependence with an 

exponent of 0.31 is found for Asp32, a non-monotonic variation is found for Glu24. In spite of the 

limitations of eq. (8), this behavior should be connected with a non-monotonic hydration of some 

backbone atoms involved in the torsional dynamics of the protein (i.e.,  and  torsions). Since the 

conformational dynamics and, therefore, folding and unfolding, involve multiple torsions, this can 
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explain the non-monotonic behavior of protein folding with the water content in a DES, as observed 

experimentally20. We stress, nonetheless, that there has been experimental reports where the amount 

of water is inversely correlated with a protein’s ability to refold9; the reason for this behavior is not 

clear. 

While the results discussed above support the DES’s competence to preserve the protein’s structure 

they also indicate a major loss of conformational dynamics, which for some proteins, including 

enzymes, can mean a loss of function, only recovered upon water addition. Additionally, we stress 

that the protein protection mechanism envisaged here does not consider the protein’s potential energy 

surface dependence of the solvent, and, therefore, putative thermodynamic perturbations of a two-

state F ⇌ U equilibrium. 

We now discuss the thermal stability of UBQ in water and the DES. To assess the thermal stability 

of the protein we first analyzed the root mean square displacement (RMSD), the percentage of -

helix and -sheet, as well as the Rg and the solvent accessible surface area (SASA) of UBQ in water 

and in the DES at temperatures ranging from 373 K to 450 K; the reason for such a high maximum 

temperature was the fact that the protein did not unfold in the DES below 450 K within 2 s.  

Figure 6 shows the RMSD of UBQ in water and in the DES for two replicas. The second replica 

(R2) in water was performed with a time-step of 1 fs. While the protein is more stable at the lowest 

temperatures in R2, a similar stability enhancement is not observed at 425 K and 450 K, ruling out 

any strong time-step dependence. A similar behavior was found for Rg and SASA (see Figs S8 and 

S9). The effect of pressure on the water systems was also ruled out, with UBQ in water at high 

temperatures and 0.1 MPa, and UBQ in the DES at the same pressures used to simulate the protein 

in water, showing similar results to those displayed in Fig. 6 (see Fig. S10). 
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Figure 6 – Upper panel: Last conformation of UBQ in water (R2) and in the DES (R2) from 1.9 s trajectories 

at different temperatures. Lower panel: RMSD of UBQ (backbone), relative to the crystal structure, along the 

trajectories in water and in the DES at four temperatures. The data are moving averages computed with a 

window of 100 ns. Notice the different RMSD scales between (a), (b) and (c-d). 

 

Figure 6 (upper panel) suggests that, within the timeframe of the simulations, the protein starts to 

melt (in water) at 373 K with the partial unfolding of the -helix; the melting temperature of UBQ is 

predicted to be around 370 K78. Figure 7 is consistent with this picture showing that fluctuations of 
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the -helix in water start at 373 K although these are reversible. Lower fluctuations are found in the 

DES, increasing significantly at high temperatures, making difficult to conclude on the thermal 

stability differences in the solvents. -sheet fluctuations are less ambiguous, and a higher preservation 

can be seen in the DES at every temperature. 

 

 
Figure 7 – Upper panel: -helix (%) of UBQ along the trajectories in water and in the DES at four 

temperatures. Lower panel: -sheet (%) of UBQ along the trajectories in water and in the DES at four 

temperatures. The data are moving averages computed with a window of 100 ns. 

 

We also analyzed the dihedral time-correlation functions of the -helix at the different 
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temperatures. Again, since the angles  and  largely determine the secondary structure of a protein, 

these are, therefore, a good probe of the thermal stability of the protein. Figure 8 demonstrates that 

these angles are highly conserved in the DES even at high temperatures, despite the less obvious 

differences between the percentage of -helix denoted in Fig. 7. The protein is much more labile in 

water, concerning torsions around the C-C bond ( angle), and N-C ( angle), whereas the DES 

“freezes” these rotations up to very high temperatures.  

 

 

Figure 8 – Torsional dynamics time correlation functions for the -helix (amino acids 22-34) psi angles of 

UBQ in water and in the DES at the different temperatures. Notice the different scales in the y-axis used across 

the different systems (for clarity). 

 

The viscosity of the DES at these high temperatures was found to be much lower than that of the 

DES at 298 K and  = 1 and 2. Thus,  = 210.3 mPas,  = 80.3 mPas,  = 60.2 mPas, and  = 
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40.1 mPas at 373 K , 410 K, 425 K, and 450 K, respectively. The viscosity at 298 K and  = 5 is 

260.5 mPas and  = 10 is 70.2 mPas, whereas at  = 1 and  = 2 is, respectively, 3185 mPas 

and 1352 mPas. Nevertheless, when we compare the torsional dynamics at high temperatures (425 

K and 450 K) and high water molar ratios ( = 5, 10) the former is only slightly faster (see Fig. S11), 

highlighting the importance of water to the dynamics of the protein. 

 A similar conclusion regarding the protein’s structural fluctuations was found for the phi torsion 

angles, although a slower dynamics, reflected in a slower decay of the dihedral time correlation 

functions was observed (see Fig. S12). These results indicate that the slow rotational and translational 

dynamics of the DES’s components (i.e., Bet and Gly), compared to water, along with steric hindrance 

and strong protein-solvent electrostatic interactions, stabilize UBQ’s secondary structure by slowing 

down the protein conformational dynamics. Thus, protein conformational fluctuations become 

sequestrated by the solvent’s slow dynamics, resulting in long dihedral relaxation times, and, 

therefore, persistent protein intramolecular hydrogen-bonds, responsible for the protein’s secondary 

structure. From a “protein slaved” model viewpoint (in spite of the absence of water) this means that 

unfolding proceeds with an unfolding rate coefficient ku much smaller than the solvent’s fluctuations, 

and, therefore, our results indicate that UBQ can be preserved in the DES for longer times and higher 

temperatures than in water. 

 

IV. Conclusions 

Deep eutectic solvents (DESs) emerged as potential alternative solvent media in areas such as 

biocatalysis and biomolecular (cryo)preservation due to their physicochemical properties, low 

toxicity, ease of preparation, and reduced cost, compared to some room temperature ionic liquids and 

common organic solvents. From a fundamental and practical viewpoint understanding DESs’ 

biomolecular protection mechanisms and their similarities with intracellular protective osmolytes, 

synthesized by some living organisms to cope with adverse environmental conditions, is of great 

interest. Herein, we studied the structure of a small protein (ubiquitin) in water and a B:G:W DES at 

varying water molar ratios and temperatures ranging from 298 K to 450 K. Our results show that even 

at large molar fractions of water, betaine, and glycerol, are not excluded from the protein’s interface, 

opposite to a preferential exclusion/preferential hydration or (“biological”) water entrapment 

mechanism. This mechanism provides a thermodynamic explanation for the stability of proteins in 

osmolytes’ solutions. On the other hand, the slaving mechanism seeks a kinetic explanation to the 

viscosity and temperature dependence of the folding/unfolding rates in different environments. Our 

results cannot be explained by the former mechanism. However, a clear impact on the torsional 

dynamics of the protein is observed, which can be thought of as elementary kinetic steps underlying 
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large-scale motions associated with protein folding/unfolding. Thus, the DES induces an exceedingly 

slow conformational dynamics, compared to water, resulting in the preservation of the secondary 

structure of the protein. This can, therefore, be explained within the framework of protein slaving. In 

particular, our results highlight the importance of protein-solvent shell coupled fluctuations (-

fluctuations) manifested in a non-monotonic dependence of the torsional dynamics on the viscosity. 

Thus, our results show that the torsional dynamics closely depends on the viscosity (bulk) and on the 

protein solvent shell (local), in particular, the number of water molecules that penetrate the solvation 

shell and their dynamics. In this sense, such a kinetic mechanism is opposite to a preferential 

hydration mechanism, since suppression of fluctuations is inversely related with the number of water 

molecules around the protein. These results can explain a recent report where protein folding in some 

DES was shown to be non-monotonic with the water molar ratio.  

Additionally, our results show that the protein dissolved in the DES only unfolds at very high 

temperatures for similar reasons. Thus, in spite of a much lower viscosity and high thermal energy, 

the protein’s dynamics remains largely frozen due to a rigid solvation shell in the absence of water 

molecules. 
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