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Abstract 

The specific interactions of ions with biomolecules in aqueous solutions play a very 

important role in the life sciences and biotechnology. This work aims to study the effect of 

NaCl, KCl, NH4Cl, CaCl2 or MgCl2 on the solubility of two glycine derivatives, 

glycylglycine (a.k.a. diglycine) and N-acetylglycine, and to understand the nature of the 

interactions present on these systems. Experimentally, upon increasing the concentration of 

the salts, the solubility of N-acetylglycine decreased while the solubility of diglycine 

increased, with divalent cations inducing a greater salting-in on the solubility of diglycine 

than monovalent cations. For diglycine, the results from molecular dynamics simulations 

correlate well with the salting-in effect with interactions involving the cation and the 

carboxylate group, while for neutral N-acetylglycine the interactions between the chloride 

anion and the hydrogen atom of the carboxylic acid group, and between the carbonyl group 

of the peptide bond and the cation, can be exploited to describe the generalized salting-out 

effect. 

 

Keywords: salt effects, solubility, glycine derivatives, experimental, molecular dynamics  
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1. Introduction 

The understanding of the molecular-level mechanisms that govern the solubility, stability 

and activity of proteins in the presence of salts is of utmost importance from a biological 

and pharmaceutical point of view, as electrolyte solutions are the natural environment of 

such essential biomolecules. Nevertheless, the direct study of protein/salt solutions is 

complex, suggesting the use of model compounds of increasing degree of complexity. A 

few studies have been published in this area, most focusing on model compounds such as 

amino acids and derivatives. In that context, we have studied the solubility of several amino 

acids in aqueous solutions containing inorganic salts [1-5]. For peptides, this type of 

experimental data is much scarcer. Earlier work carried out in the seventies of the last 

century about the effect of salts on peptides included the measurement of the solubility of 

acetyltetraglycine ethyl ester [6], N-acetylamino acids ethyl esters with hydrocarbon side 

chains [7] and N-acetylethyl esters of glycine, diglycine and triglycine [8]. However, the 

conclusions of these pioneering works might have been affected by the partially 

unsuccessful synthesis of the oligoglycines, as discussed by Paterová et al. [9]. 

A few more recent studies can also be found in the literature regarding the solubility of 

glycine and its oligopeptides, in particular, glycine, diglycine, and triglycine in aqueous 

solutions of NaNO3 [10]; diglycine and glycyl-L-alanine in aqueous solutions of NaCl, 

Na2SO4 or (NH4)2SO4 [11]; a series of oligoglycines from diglycine to hexaglycine in 

aqueous solutions of NaCl and NaOH [12]; and glycine, diglycine, triglycine, tetraglycine, 

and cyclic glycylglycine in KCl, KBr and KCH3COO [13]. 

A recent and interesting work [9] discusses the use of NMR techniques to understand the 

relative positioning of the ions by monitoring the protons of the three methylene units of 

capped and uncapped triglycine, showing that ―the Hofmeister series for anions changed 

from a direct to a reversed series upon uncapping the N-terminus‖, concluding that ion 

effects on the peptide functional groups have a key contribution to the physical properties 

of the system.  

Molecular dynamics (MD) simulations also played a very important role to understand, at 

the molecular level, the experimentally observed behavior of the peptides in aqueous saline 

solutions. Although models for amino acids are well established [14,15], the representation 
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of the peptide bond requires a careful step by step approach. In the recent literature, similar 

studies are being pursued to model different peptides such as, for example: diglycine 

dipeptide with transition metal ions in aqueous solutions [16]; alanine dipeptide in water 

[17]; urea or glycine betaine, and triglycine in aqueous solutions [18]; capped and uncapped 

triglycine in water, with NaSCN, NaI, NaCl, NaBr, NaI, NaSCN or sodium sulfate [9].  

In order to extend the body of knowledge on the interaction of biomolecules with ions in 

aqueous solutions, more complex molecules than amino acids [19,20], presenting the 

peptide bond, are here studied. These can also contribute to better assess the relative 

importance of the peptide bond in the interaction with ions in aqueous solutions, which is 

under strong scientific debate. Therefore, here the measurement of the solubility of one 

small peptide (diglycine or N-acetyl glycine) in aqueous solutions containing KCl, NaCl, 

NH4Cl, CaCl2 or MgCl2, at the temperature of 298.2 K are carried out. The cations were 

selected for covering a wide range of aqueous solubility effects, considering the Hofmeister 

[21] series of ions. Besides that, a computational model for classical MD simulations for 

elucidating the molecular-level interactions in these complex solutions is also considered. 

2. Experimental part 

2.1 Solubility measurements 

2.1.1 Materials 

The source and purity of the compounds used in this work are described in Table 1. All 

chemicals were used as received and, excluding the hydrated salts, the solids were kept in 

a dehydrator with silica gel to avoid water contamination. In all experiments, double-

ionized water was used. The water content of the hydrated salts was measured by 

dissolving a certain mass of salt in methanol, which was followed by titration of the 

solution using the Karl-Fisher method (Metrohm model 736 GP Titrino), with an 

uncertainty at a 95% confidence interval better than 0.4% in mass percentage.  
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Table 1. Pure component source and purity. 

Compound Chemical formula Source 
Mass purity 

(%) 

Diglycine 

(glycylglycine) 

 

Acros Organics 99.0 

N-acetylglycine 

 

Acros Organics 99.0 

Methanol CH3OH Carlo Erba 99.9 

Ammonium chloride NH4Cl Panreac 99.5 

Calcium chloride CaCl2.2H2O Panreac 99.0-105.0 

Magnesium chloride MgCl2.6H2O Panreac 99.0 

Potassium chloride KCl Merck 99.0 

Sodium chloride NaCl Merck 99.5 

 

2.1.2 Experimental procedure 

The experiments were carried out at 298.2 K, using the analytical isothermal shake-flask 

method, as described previously in detail [5]. Saturated solutions were prepared by mixing 

a small excess of solid solute with about 80 cm
3
 of solvent, already prepared by weighing 

(±0.1 mg) the appropriate amounts of salt and water. Then, the solution was continuously 

stirred for 48 h and, after, allowed to settle during at least 12 h before sampling. The 

temperature was monitored with four-wire platinum resistance probes (Pt-104, Pico-

Technology), with accuracy ±0.1 K.  

At least three samples of about 5 cm
3
 of the saturated liquid phase were collected using 

previously heated plastic syringes coupled with polypropylene filters (0.45 mm). The 

quantitative analysis of the composition of the saturated solutions was performed by 

gravimetry (anhydrous salts) or by measuring the refractive index (hydrated salts).  

For the gravimetric method, the samples were placed into pre-weighed (±0.1 mg) glass 

vessels and immediately weighed. Then, all the solvent was evaporated, and the crystals 

dried completely in a drying stove at 343.15 K for 3 days. Finally, the glass vessels were 
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cooled in a dehydrator with silica gel for one day and weighed. The process was regularly 

repeated until a constant mass was achieved. 

For aqueous solutions containing hydrated salts, refraction index measurements were 

performed using a digital refractometer (Abbemat 500, Anton Paar) with a reproducibility 

within 2x10
-5

 and temperature accuracy and stability better than ±0.03 K. Firstly, the 

calibration curve was built (r
2
 > 0.999), relating the biomolecule concentration (in g/kg of 

water) with the refraction index measured in aqueous salt solutions at fixed salt molality in 

six standard solutions of known biomolecule concentration. The collected samples were 

diluted with a weighed amount of binary salt aqueous solution at the same salt molality as 

the ternary saturated solution. After mixing, the refraction index was measured following 

standard procedures, and the solubility calculated. 

The pH of the saturated solutions was also measured at 298.2 K (pH meter inoLab pH 720, 

WTW). 

 

2.2 Computational methods 

Classical molecular dynamics (MD) simulations were carried out in the NpT isothermal-

isobaric ensemble, at a temperature of 298.2 K and a pressure of 1 bar, with the Gromacs 

4.5 computer code [15]. The temperature and pressure were fixed with Nosé-Hoover 

thermostat [22,23] and Parrinelo-Rahman barostat [24], respectively. The leapfrog 

algorithm [25] was used to integrate the equations of motion with a time step of 2 fs. 

All the simulations started with all the molecules at random positions in cubic boxes with 

an average size of 32 Å in which periodic boundary conditions were applied in three 

dimensions. Diglycine and N-acetyglycine water solutions were prepared with 20 diglycine 

and 6 N-acetylglycine species solvated by 1000 water molecules. The diglycine molecule 

was modelled in its zwitterionic form. In the case of N-acetylglycine, simulations were 

performed for the neutral and also for a 50-50 % mixture of deprotonated and neutral forms 

for exploring the effect of pH. The concentration of the CaCl2, KCl, MgCl2, NaCl and 

NH4Cl salts added to the aqueous diglycine and N-acetylglycine solutions was 2.0 M, 

which corresponds to insertion in the simulation boxes of 36 cations and 36 (or 72) chloride 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

anions in the case of singly- (or doubly-) charged cations. For comparison purposes, similar 

simulations were also performed for the amino acid glycine (20 glycine species solvated by 

1000 water molecules). The same computational protocol was used for all the molecular 

systems considered in this work: first, an energy minimization with the steepest descent 

algorithm was performed to prevent short-range contacts between atoms, which was 

followed by short equilibration runs in the NVT and then NpT ensembles followed by 10 ns 

of an NpT production run. The total energy, temperature and density were checked in each 

run to ensure that the equilibrium was attained.  

The energy contributions in the potential energy function were bond stretching, angle 

bending, torsion, Lennard−Jones (LJ) and Coulombic terms. A cut-off of 1.2 nm in LJ 

potential was employed while long-range electrostatic interactions were evaluated with the 

particle mesh Ewald method (PME) [26] with a cutoff radius of 1.2 nm. Bond lengths were 

constrained by the LINCS algorithm [27] whereas angle bending was modeled by a 

harmonic potential and the dihedral torsion by a Ryckaert-Bellemans function. Rigid 

SPC/E potential [28] was used to represent the water molecules, whereas the OPLS all-

atom potential [29-31] was used for diglycine, N-acetylglycine, glycine and the salts.  

The force field choice is of utmost importance to study thermodynamic properties through 

computer simulations. Previously, the OPLS force field was found to provide good results 

for aqueous-saline solutions of different amino acids systems [4,5,19]. Despite some small 

differences found in the absolute degrees of binding when considering different non-

polarizable force fields, the relative changes along the Hofmeister series remained 

unchanged [19]..  It was also found that non-polarizable and polarizable models lead to the 

same qualitative description of the interaction between the halides and the basic amino 

acids arginine, histidine and lysine in water [32].   
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3. Results and discussion 

3.1. Experimental solubility data 

The measured values of the solubility of diglycine and N-acetylglycine in pure water and in 

the aqueous solutions of NaCl, KCl, NH4Cl, CaCl2 and MgCl2, at T = 298.2 K, are 

presented in Tables 2 and 3, respectively, together with the correspondent standard 

deviation. The maximum coefficient of variation is 0.38% for the systems containing 

diglycine and 1.41% for N-acetylglycine solutions. The pH values of the saturated solutions 

are also presented. For diglycine, the pH ranges between 5.1 and 5.7 and, under these 

conditions, diglycine presents both positive (ammonium group, NH3
+
) and negative charges 

(carboxylate group, COO
−
), i.e. zwitterionic behaviour. For N-acetylglycine, the pH varies 

between 1.1 and 3.1, which results in a high proportion of the neutral form of this 

biomolecule in the studied electrolyte solutions. The distribution of the chemical species as 

a function of pH is presented in supporting information (Figure S1). 

As mentioned before, the experimental solubility data available in the literature for these 

systems is scarce. In particular, for N-acetylglycine no information is available even for its 

solubility in pure water at 298.2 K. The solubility of diglycine in pure water measured in 

this work (228.0 g/kg water) is in good agreement with the average solubility from three 

independent sources [10,11,13], which is 228.03 g/kg of water, supporting the quality of 

the data measured in this work. Concerning the salt effect, Figure S2 shows that solubility 

data measured in this work are in agreement with the results from the literature [11], as 

both sets show a similar salting-in effect on the solubility of diglycine, upon addition of 

NaCl.  

Figure 1 shows the relative solubility of the glycine derivatives and, for comparison 

purposes, alanine in the aqueous solutions containing salts studied in this work. The 

remarkable impact of the salts containing divalent cations on the increase of diglycine 

solubility should be here highlighted. The data for alanine were taken from the literature 

[1,4,5,33].   
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Table 2. Diglycine solubility (g/kg of water, relative uncertainty better than ur(S) = 0.01) at 

298.2 K as a function of salt molality. 

Salt Salt molality Solubility (g/kg of water) 
Standard deviation 

(g/kg of water) 
pH 

--- 0.00 228.0 0.10  

NaCl 

0.49 242.9 0.42 5.7 

1.00 252.1 0.48 5.7 

2.01 265.1 0.36 5.7 

KCl 

0.50 241.4 0.15 a 

1.00 248.9 0.10 a 

2.00 254.4 0.96 a 

NH4Cl 

0.50 244.6 0.11 a 

1.00 255.3 0.05 a 

2.00 266.4 0.22 a 

CaCl2 

0.50 305.7 0.42 5.6 

1.00 371.2 0.49 5.5 

2.00 513.9 0.73 5.2 

MgCl2 

0.50 280.6 0.17 5.5 

1.00 320.1 0.88 5.4 

2.00 365.3 0.28 5.1 

       
a
 Not measured. 
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Table 3. N-acetylglycine solubility (g/kg of water, relative uncertainty better than ur(S) = 

0.02) at 298.2 K as a function of salt molality. 

Salt Salt molality Solubility (g/kg of water) 
Standard deviation 

(g/kg of water) 
pH 

--- 0.00 41.4 0.45 - 

NaCl 

0.50 37.9 0.25 3.0 

1.00 34.7 0.05 3.1 

2.00 29.0 0.12 3.1 

KCl 

0.50 39.8 0.10 2.1 

1.00 37.3 0.23 2.0 

2.00 34.4 0.14 2.0 

NH4Cl 

0.50 40.1 0.12 2.0 

1.00 38.1 0.10 1.9 

2.00 34.9 0.49 - 

CaCl2 

0.50 36.7 0.08 1.7 

1.00 32.8 0.05 1.5 

2.00 25.8 0.23 1.1 

MgCl2 

0.50 36.0 0.01 1.8 

1.00 29.8 0.04 1.6 

2.00 26.8 0.31 1.2 
          a

 Not measured. 

 

The salting-in effect in diglycine is noticeable in chloride salts where K
+ 
≈ Na

+ 
≈ NH4

+
 < 

Mg
2+

 < Ca
2+

. The effect of the strongly hydrated divalent cations Mg
2+

 or Ca
2+ 

on the 

solubility of different amino acids (alanine, valine and isoleucine) was studied before [4,5]. 

MD studies suggested that those cations do not establish important (direct) interactions 

with the hydrophobic parts of the amino acids, but, due to their high charge density, they 

were able to form charged complexes with the biomolecules, which are very soluble, 

promoting thus strong increases of their aqueous solubilities [4,5]. As expected, a similar 

behaviour for diglycine is observed mainly due to the preferential zwitterionic form of the 

biomolecule at the pH of the experiments. By comparing the results with alanine, the 

salting-in effect is stronger for diglycine suggesting additional specific interactions with the 
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peptide group. A similar tendency is observed for the monovalent cations, but while for 

diglycine a small salting-in effect is observed, for L-alanine the effect is very small or 

negligible, and both Na
+ 

and K
+ 

cations even induce a small salting-out effect at higher 

molalities. 

Conversely, all the studied salts induce a decrease on the solubility of N-acetylglycine, with 

increasing salting-out effect in the order NH4
+
 ≈ K

+
 < Na

+ 
 < Mg

2+
 ≈ Ca

2+
. In this case, 

those charged complexes could not be formed due to the absence of the charged 

carboxylate group (Figure S1) at a pH below 2 (observed in solutions containing Mg
2+

 or 

Ca
2+

). Nevertheless, for N-acetylglycine, two opposite effects may arise from the absence 

of the COO
-
 and NH3

+
 charged groups, and the presence of the polar peptide bond and 

COOH group. 

 

  

Figure 1. Relative solubility of: (a) diglycine (blue) and N-acetylglycine (red), (b) alanine 

(green) in aqueous solutions of CaCl2 (●), MgCl2 (×), NH4Cl (∆), NaCl (○) and KCl (+), at 

298.2 K. Dashed lines are plotted to guide the eye. The solubility data for glycine and N-

acetylglycine were obtained in this work and for alanine were taken from references 

[1,4,5,33].  
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3.2 Molecular dynamics simulations 

The molecular level interactions between the ions and the diglycine and N-acetylglycine 

compounds are useful to understand the specific effects of the different salts on the aqueous 

solubilities of the biomolecules. These interactions were analysed from the radial 

distribution functions (RDF) involving different groups of atoms in the diglycine and N-

acetylglycine molecules (Figure 2), the cations or anions of the salts and water. The RDFs 

provide a quantitative description of enhancement (values larger than 1) or depletion 

(values smaller than 1) of densities of species around a selected moiety. 

The RDFs corresponding to the interactions between the diglycine constituting groups and 

the cations or anion of the NaCl, KCl, NH4Cl, CaCl2 and MgCl2 salts are depicted in 

Figures 3 (most important interactions) and S3 (less important interactions).  

 

 

Figure 2. Structure and atom labelling of the biomolecules studied in this work: a) 

zwitterionic form of diglycine, b) zwitterionic form of glycine, c) neutral form of N-

acetylglycine and d) deprotonated form of N-acetylglycine. Ct stands for the terminal 

carbon atom of the acetyl group of N-acetylglycine and CB1 or CB2 for the alpha carbon 

atoms of the biomolecules. Hydrogen atoms directly bonded to carbon atoms were omitted 

for clarity and bold denotes atoms used as references for the calculation of radial 

distribution functions. 
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Figure 3. Radial distribution functions of the cations (left) and the chloride anion (right) of 

the NaCl, KCl, NH4Cl, CaCl2 and MgCl2 salts around selected groups of diglycine.  
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It should be noticed that the most important interactions between diglycine and the salts 

constituting species are those between the negatively charged carboxylate group and the 

cations, especially in the case of the doubly charged cations (Figure 3a), and between the 

ammonium group and the chloride anion (Figure 3b). In the case of the ammonium-chloride 

interactions, the RDFs for all the salts exhibit two well defined peaks at ~0.22 nm and 

~0.36 nm corresponding to configurations where chloride anions interact directly with the 

hydrogens of the diglycine ammonium group or where the water is arranged between the 

chloride anion and the ammonium group, respectively. The sharp RDF peaks are also clear 

in the case of the interactions between CB1 and the divalent cations. These are a result of 

the strong interactions between the carboxylate group and the cations (notice that the peaks 

in Figure S3c appear at larger r values than those depicted in Figure 3a, and again keeping 

their ordering due to the different sizes of the cations). Figure 4 shows a snapshot of a 

configuration in the MD simulation trajectory where two chloride ions are interacting with 

the ammonium group of diglycine. The calculated distances between the oxygens in the 

carboxylate and the calcium cation are within the usual observed internuclear separations 

that ranges from 2.1 to 2.8 Å [34]. 

Based on the heights of the peaks shown in Figure 3b, the interactions of the chloride ions 

with the ammonium group of diglycine are slightly more important in the cases of the 

solutions with NaCl, CaCl2 and MgCl2 salts than in the solutions with NH4Cl and KCl. The 

calculated coordination numbers (error estimate less than 0.01) for the first peak in Figure 

3b (r = 0.285 nm) are 0.18 (CaCl2), 0.17 (MgCl2), 0.14 (NaCl), 0.07 (NH4Cl) and 0.06 

(KCl). The local mole fractions of the chlorides around the ammonium group of diglycine 

are given in Figure S4c. Encouragingly, the ordering is well correlated with the ordering of 

the solubilities of diglycine in the aqueous solutions of these salts reported in Table 2. 
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Figure 4. Snapshot taken from the simulation of the aqueous solution of diglycine and 

CaCl2 highlighting the atoms within a 3.5 Å radius around the center of the biomolecule. 

The interactions of chloride ions with the hydrogen atoms from the ammonium group of 

diglycine and the calcium ion with the carboxylate group are depicted in with white dashed 

lines. Selected values of the Cl
-
-Hammonium, Owater-Hammonium and Ca

2+
-Ocarboxylate distances are 

given in Å. Ball&stick representation is used for diglycine, Ca
2+

 and Cl
-
 species while line 

representation is used for water molecules. Color code for selected atoms (sphere and line 

representation) are: Ca, grey; Cl, green; O, red; N, blue; C, cyan; H, white. 

 

The RDFs corresponding to interactions between the cations and the carboxylate group of 

diglycine (Figure 3a) show clearly that calcium and magnesium cations are much more 

associated to the carboxylate oxygens atoms than NH4
+
, Na

+
 and K

+
 cations. The ordering 

dictated by the coordination numbers (values in parenthesis) after the first peak, calculated 

at r = 0.30 nm, is Ca
2+

 (0.66) > NH4
+
 (0.32) ≈ Mg

2+
 (0.30) > Na

+
 (0.17) > K

+
 (0.04), while 

the ordering after the second peak, calculated at r = 0.54 nm, is Ca
2+

 (1.06) > Mg
2+

 (1.00) > 

NH4
+
 (0.96) > Na

+
 (0.73) > K

+
 (0.42). The local mole fractions of the cations around the 

carboxylate group are given in Figure S4a and S4b. Once again, the ordering of the 

interactions between the cations and the carboxylate group of diglycine is well correlated 

with the ordering of the solubilities of diglycine in the aqueous solutions of these salts 
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reported in Table 2. This is in good agreement with the degree of association of the cations 

found by Kherb et al. [35] using thermodynamic and surface spectroscopic investigations 

over elastin-like polypeptide containing 16 aspartic acid residues. 

Considering separately both groups of cations, the divalent cations studied follow the law 

of matching water affinity [36], which states that oppositely charged ions (in this case 

carboxylate and the cations) of closer water affinity, measured comparing the hydration 

enthalpies of cations [37] with the corresponding value of the carboxylate, form stronger 

ion pairs. However, from a broader analysis over all the studied systems, that law is not 

obeyed for monovalent cations, as it would be expected since Na
+
 presents much higher 

affinity to COO
-
, followed by K

+
 and NH4

+
. 

Besides the NH3
+∙∙∙Cl

-
 and COO

-∙∙∙cation interactions, association between diglycine and 

the ions are also observed, albeit in a much less extension than those described above, for 

C=O∙∙∙cation (Na
+
, NH4

+
 and K

+
) and NH∙∙∙Cl

-
 interactions (panels c and d in Figure 3, 

respectively), with clear peaks at r values between 0.2 and 0.3 nm. In the cases of the 

C=O∙∙∙Ca
2+

 and C=O∙∙∙Mg
2+

 interactions, the peaks in the RDFs appear at larger distances, 

suggesting that these associations are less relevant, which is also evident in the calculated 

local mole fractions shown in Figure S4c. In fact, as it can be seen in the spatial distribution 

functions (SDFs) for the cations and the chloride anion around diglycine shown in Figure 

S5, the isosurfaces corresponding to the interactions of Ca
2+

 and Mg
2+

 with the amide’s 

carbonyl group appear at larger distances than those corresponding to the monovalent 

cations. These results show that monovalent cations interact directly with the C=O group of 

the peptide bond whilst divalent cations not. This is clearly in contrast with the results 

reported by some authors [38] concerning the interactions of protein backbone with cations 

(much weaker than with anions). Strongly hydrated cations, such as Mg
2+

 and Ca
2+

, have a 

higher affinity to the carbonyl oxygen of the peptide bond than less strongly hydrated 

cations such as Na
+
 or K

+
 with lower charge density [38].  

Concerning the relative strength of the ion interactions with the C=O or N-H group of the 

peptide bond, spectroscopic studies using butyramide to mimic the protein backbone 

interactions have shown that cation-amide interactions play a less important role than 

anion-amide interactions in the understanding the Hofmeister series [38,39], while Balos et 
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al. [40], using dielectric relaxation spectroscopy in aqueous solution of N-methylacetamide 

(model compound), concluded that in contrast to common belief, anion-amide binding is 

weaker than cation-amide binding. The results found for the RDFs of C=O∙∙∙cation (Figure 

3c) and N-H∙∙∙anion (Figure 3f) in diglycine do not contribute much to clarify this 

controversy. In fact, the RDFs for the monovalent cations show stronger correlations with 

the C=O group of the peptide bond, while the chloride anions in the cases of calcium or 

magnesium salts have higher probability of being found in the vicinity of the N-H group 

(see also Figures S4c-d). Whereas the peaks present slightly higher magnitude for the 

monovalent cations with C=O, the N-H∙∙∙anion peaks are very well defined starting for all 

systems at short distances.  

The peaks at large r values in the panels of Figure S3 corresponding to interactions between 

the cations or the chloride anion with the CB1 or CB2 carbons (e.g. the methylene groups in 

diglycine) are consequence of the more relevant associations described above, i.e., the 

cations and the chloride anion do not establish relevant interactions with these groups. 

In Figure S6 are depicted the RDFs for the interactions between the cations or the chloride 

ion with selected atoms from glycine (please refer to Figure 2 for atomic labelling). 

Similarly to diglycine, the cations interact preferentially with the carboxylate group while 

the chloride ion interacts with the ammonium group of glycine; in both cases, the 

association between the salts ions and glycine groups varies in the order CaCl2 > MgCl2 > 

NH4Cl > NaCl > KCl.  
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Figure 5. Radial distribution functions of the cations (left) and the chloride anion (right) of 

the NaCl, KCl, NH4Cl, CaCl2 and MgCl2 salts around selected groups of neutral N-

acetylglycine. 
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The RDFs corresponding to the interactions between the ions and selected atoms of neutral 

N-acetylglycine are shown in Figures 5 and S7. In comparison with the RDFs reported for 

diglycine, it is observed that the solute-cation interactions are now very weak, especially in 

the cases of the Ca
2+

 and Mg
2+

 cations as illustrated in Figures 5a, 5e and S8. Furthermore, 

the main interaction center with the chloride anions is that with the hydrogen atom of the 

carboxylic acid group. This suggests the preference of ions to remain hydrated rather than 

for establishing interactions with N-acetylglycine, which is mainly due to the more negative 

hydration entropies and Gibbs free energies [37,41] of Ca
2+

 and Mg
2+

 cations compared 

with Na
+
, NH4

+
 and K

+
. Notice that the relevant carboxylate-cation interactions found for 

glycine and diglycine are now almost absent in the case of N-acetylglycine (cf. compare 

Figures 5e and 3a). This is a consequence of the protonation of the carboxylate group in N-

acetylglycine, i.e., presence of a charged COO
-
 moiety in glycine or diglycine vs. 

uncharged COOH group in N-acetylglycine. This preferential hydration behaviour also 

supports the salting-out effect observed experimentally. 

Concerning the relative importance of C=O and N-H of the peptide bond it is interesting to 

observe that in the absence of charged groups in the N-acetylglycine, when compared to 

diglycine, the C=O∙∙∙cation interactions are also less important (compare Figures S5 and 

S8). Thus, monovalent cations can establish some direct interactions with the C=O group of 

the peptide bond (Figure 5a) but they are less important than those in diglycine. On the 

contrary, the interactions with the N-H group are now absent in N-acetylglycine and the 

anion prefers to interact with the hydrogen atom in the carboxylic acid group of N-

acetylglycine. 

As it is evident from the RDFs in Figure S9, the simulations with the 50-50% mixture of 

deprotonated and neutral forms of N-acetylglycine show that the cations preferentially 

interact with the negatively charged moiety (i.e., the carboxylate group) of the deprotonated 

N-acetylglycine molecules as in diglycine (Figure 3) and glycine (Figure S6). The pH 

measured in the saturated solutions of N-acetylglycine, however, varies between 1.1 and 

3.1 (Table 3) which confirms (Figure S1) that N-acetylglycine is almost completely in the 

neutral form, but MD simulations suggest that upon increasing the pH, divalent cations (in 

particular) can enhance greatly the solubility of the N-acetylglycine.  
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4. Conclusions 

New experimental data on the salt effect on the solubility of diglycine or N-acetylglycine in 

water have been measured at 298.15 K. The two biomolecules show an opposite behavior. 

The solubility of N-acetylglycine decreases with the salt concentration increase, while the 

solubility of diglycine increases. The salting-in magnitude for diglycine is much more 

evident for salts with divalent cations than using the monovalent cation salts. 

Molecular dynamics simulations were performed to obtain further insight into the 

molecular-level interactions that control the solubilities of diglycine and N-acetylglycine 

experimentally observed in aqueous solutions of NaCl, KCl, NH4Cl, CaCl2 or MgCl2. The 

salts containing divalent cations promote a pronounced salting-in for diglycine, and also the 

highest salting-out effect for N-acetylglycine. Based on the results from the MD 

simulations, the salting-in effects of diglycine were interpreted as strong interactions of the 

cations with the carboxylate group of diglycine, especially in the case of the divalent 

cations, in agreement with previous studies with amino acids. All the studied salts induce 

salting-out of N-acetylglycine in aqueous saline solutions. Since at the low pH of these 

solutions the compound is mostly in its neutral form, MD simulations show that the most 

relevant interactions were those between the chloride anion and the hydrogen atom of the 

carboxylic group and between the C=O of the peptide bond and the cation, which can be 

correlated to the weaker salting-out effect of the monovalent cations when compared to the 

divalent ones. 

Even if some trends were identified on the relevance of the interaction between the C=O 

group of the peptide bond and the cations, the molecular dynamics and experimental 

solubility studies should be extended to other salts with the same set of cations, but 

different anions. These two biomolecules were used as model compounds to understand 

more complex systems, such as systems containing proteins, where ion-ion interactions at 

the biomolecule surfaces and in the surrounding aqueous medium play an important role 

and, in this way, must be also extended to larger polypeptides showing different 

functionalities.  
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Research highlights 

 Solubility of diglycine or N-acetylglycine in aqueous electrolyte solutions 

 Molecular dynamics result correlate well with the observed salting-in of diglycine 

 The carboxylate group of diglycine interacts especially with the divalent cations 

 For N-acetylglycine there is weaker salting-out effect of the monovalent cations 

 Peptide bond of N-acetylglycine interacts stronger with monovalent cations 
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