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Abstract

The solubilities of glycine, L-leucine, L-phenylalanine, and L-aspartic acid were
measured in aqueous MgClz, Mg(NOs),, CaCl;, and Ca(NOs). solutions with
concentrations ranging from 0 to 2 mol/kg at 298.2 K. The isothermal analytical method
was used combined with the refractive index measurements for composition analysis
guaranteeing good accuracy. All salts induced a salting-in effect with a higher magnitude
for those containing the Ca?* cation. The nitrate anions also showed stronger binding with
the AAs, thus increasing their relative solubility more than the chloride anions. In
particular, calcium nitrate induces an increase in the amino acid solubility from 2.4
(glycine) to 4.6 fold (L-aspartic acid) compared to the corresponding value in water.
Amino acid solubility data in aqueous MgCl> and CaCl» solutions collected from the open
literature were combined with that from this work, allowing us to analyze the relations

between the amino acid structure and the salting-in magnitude.



1. Introduction

Knowledge of the solubility of biomolecules such as proteins in aqueous electrolyte
solutions is central to understanding biochemical processes and controlling solution
behavior in many scientific and industrial applications'2. In addition, solubility data in
this kind of systems is helpful to study protein destabilization and precipitation, which is
very important in the pharmaceutical field>*. Factors such as pH, ionic strength,
temperature, and additives can change the solubility of proteins,®” and it has been noticed
that the concentration and chemical characteristics of ions present can introduce multiple
and significant effects that still need to be better and more deeply understood?3°68-13,
Owing to the complexity of proteins®*!4, to simplify the difficulty of obtaining reliable
and consistent quantitative solubility data*, amino acids (AA) and small peptides can be
used as model compounds to rationalize the salt effect on biomolecules solubility
phenomena. Although many studies to understand the effect of salts on the AA solubility
have been published, these are mainly concerned with systems containing monovalent
ions®2!, and a lack of data on the solubility of amino acids in aqueous electrolyte

solutions containing divalent cations is still on demand.

Divalent metal cations such as Mn?* and Zn?* are important in many enzymatic reactions,
Cu?* and Fe?" are essential ions of respiration and photosynthesis??, Ca* cation has been
used in solubilization of myofibrillar proteins with relevance in the food industry?®, and
y-glycine crystals produced from the aqueous solutions with Mg?* cation showed to be
effective in laser applications and fabrication of electro-optical devices®*. Additionally, it
is well established the relevance of Zn?*, Mg?*, and Ca?" to stabilize the structure of folded
proteins and, in some cases, to fix a particular physiologically active conformation of the
protein®. Classical molecular dynamics (MD) simulations have also been carried out to
understand the intermolecular interaction between the divalent or polyvalent cations with
dipeptides? and AA®.

Our previous work focused on sodium, potassium, and ammonium salts, combined with
many different anions, presenting an extensive comparison for data consistency, and
broader interpretation, by compiling solubility data from the open literature for a large set
of AA and measuring the solubility of L-aspartic acid, L-phenylalanine, L-leucine, and
glycine, in aqueous systems of chloride and nitrate salts with the above mentioned
cations?®. Contributing to fill the gap on systems with divalent cation, in this work, the
solubility measurement of the same four AA in aqueous solutions of MgClz, Mg(NO3)>,



CacCly, or Ca(NOgz)2 was carried out up to a salt molality of 2 mol/kg at 298.2 K. To the
best of our knowledge, for this set of AA, only for glycine some solubility data have been
published in aqueous solutions of MgCl,*"*%% and CaCl,.1>¢8 While these works also
present information on amino acids such as alanine, valine, isoleucine or serine, no data

were found in aqueous Mg(NOs). and Ca(NOz)2 solutions.

The basic structure and specific side chain of the AA studied in this work are given in
Figure 1 (side chain characterized in terms of polarity and charge at physiological pH).
As can be seen in Figure 1, this work also contributes to filling the gap on data for AA

containing an aromatic group and on those with more than one carboxylic acid group.
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Figure 1. The basic structure and specific side chains of the AA. Experimental: for which
solubility measurements were performed; Discussion: for which solubility data was collected

from the literature.



2. Experimental
2.1. Chemicals

The source, CAS, and purity of the used chemicals are given in Table 1. All the AAs
were used without further purification and were stored in a desiccator to keep the AA dry.
According to the certificate of analysis, their mass fraction purity is >0.98. The electrolyte
solutions were prepared using deionized water (resistivity of 18.2 MQ-cm, particles with

size < 0.22 pm, and total organic carbon < 5 ppb).

Table 1. Name, source, CAS, and mass fraction purity of the compounds used.

Name Supplier CAS Mass fraction purity
Glycine (Gly) Merck 56-40-6 >0.997
L-leucine (Leu) Merck 61-90-5 >0.990
L-phenylalanine (Phe) Merck 63-91-2 >0.990
L-aspartic acid (Asp) Alfa Aesar 56-84-8 >0.980
Magnesium chloride PanReac 7791-18-6 > 0.990
hexahydrate
Magnesium nitrate PanReac 13446-18-9 >0.980
hexahydrate
Calcium chloride Fluka 10035-04-8 >0.990
dihydrate
Calcium nitrate Alfa Aesar 13477-34-4 > 0.990

tetrahydrate

2.2. Solubility experiments

For the solubility measurement, the isothermal analytical method was applied, and the
AA concentration was found by measuring the refractive index of the saturated solutions.
As the salts are all hydrated, the determination of their water content was first carried out
by Karl-Fischer (KF) titration, and that value was considered for the salt molality
determinations. The water + salt solutions (0.5, 1, or 2 mol/kg) were prepared by weight
(Denver Instrument, + 0.0001 g). The calibration curve (R? > 0.997, Figure S1), relating
the amino acid concentration (in g kg™ of water) and the refractive index, was then built
by weighting six standard solutions (Denver Instrument, + 0.0001 g) of known AA

composition at a fixed salt concentration. The refractive index was measured (at 298.2 K)



in a digital refractometer (Abbemat 500, Anton Paar) with a reproducibility within *
0.00002.

To start the solubility measurements, the ternary solutions were prepared by adding an
excess amount of the AA into the stoppered glass tubes and a known mass of solvent
(water + salt). The contents of the tubes were stirred in the water bath for around 30 hours
to attain equilibrium, and the temperature was set at 298.2 K (0.1 K). The speed of the
magnetic stirrer was kept in the range of 500 to 700 rpm. After, the mixing was stopped
for at least 12 hours to ensure the undissolved particles settled at the bottom of the
equilibrium cell. Four samples of the saturated solutions (approximately 2-3 cm®) were
collected using preheated plastic syringes coupled with polypropylene filters (0.45 um),
placed into glass vessels, weighed, and if needed, diluted with a weighed amount of (water

+ salt) solution in order to get refractive indexes within the calibration curve range.

Finally, the refractive indexes of each solution were determined twice, and the solubility
value was calculated from the calibration curve. At least four independent values are used
to find the final average solubility. It is very important to inform that the exactly same
aqueous salt solution (0.5, 1, or 2 mol/kg) initially prepared is used to find the calibration
curve, to prepare the saturated solution, and also to dilute (when needed) the saturated

solution before the refractive index measurement.
2.3. Solid Phase Studies

The solid phase of the pure AA as received from the supplier and solids equilibrated with
the saturated solutions, after vacuum filtration and drying at room temperature, were

analyzed by powder and single-crystal X-ray diffraction.

Powder XRD data were collected on a X’Pert MPD Philips diffractometer, using Cu-Ka
radiation (4 = 1.5406 A), with a curved graphite monochromator, a set incident area of 10
mm?, and a flat plate sample holder, in a Bragg-Brentano para-focusing optics
configuration. Intensity data were collected by the step counting method (step 0.02° and
time 5s) in the range 5° < 26 < 50°.

The cell parameters of suitable crystals of selected L-aspartic acid, L-phenylalanine,
glycine, and L-leucine from supply as well the samples obtained after crystallization with
the different salts, were determined on a Bruker D8 QUEST diffractometer equipped with
a Photon 100 area detector, with monochromated Mo-Ka radiation (1 = 0.71073 A) and



operating at 150(2) K. The selected crystals analyzed were put at 40 mm from the photon
100 detector and the spots were measured using different counting times (varying from 5
to 30 9).

3. Results and Discussion
3.1. Experimental Data and Analysis

Table 2 compiles the measured solubilities along with the standard deviation (in brackets)
of L-aspartic acid, L-phenylalanine, L-leucine, and glycine in the aqueous MgCly,
Mg(NOs)2, CaCly, and Ca(NOs), solutions with a salt molality of 0, 0.5, 1.0 and 2.0 at
298.2 K. In all the studied systems the absolute solubility follows the order Gly > Phe >
Leu > Asp, as in pure water.

Table 2. Solubility of the amino acids (g of AA/kg of water, standard deviation in brackets) in

aqueous solutions of salts at different molalities, T = 298.2 Kand p = 0.1 MPa.?
Saa (g of AA/1000 g of water)

Electrolyte
Salts molality _ ) _ o
Glycine L-leucine L-phenylalanine L-aspartic acid
(m, mol/kg)
No salt 0.000 238.332" 21.544" 28.347" 5.140°
(0.127) (0.070) (0.083) (0.031)
MgCl, 0.500 272.843 24.939 32.632 6.722
(0.143) (0.082) (0.043) (0.051)
1.000 293.517 24.465 33.012 7.917
(0.340) (0.049) (0.138) (0.172)
2.000 370.316 28.497 34.289 10.300
(0.394) (0.119) (0.202) (0.143)
Mg(NO:s), 0.500 303.191 29.895 42.916 8.649
(0.168) (0.076) (0.066) (0.051)
1.000 355.417 36.981 54.307 11.443
(0.052) (0.226) (0.456) (0.328)
2.000 519.400 51.925 76.838 18.414
(0.153) (0.146) (0.184) (0.380)
CaCl; 0.500 294.982 26.275 34.812 8.421
(0.985) (0.080) (0.164) (0.128)
1.000 354.148 29.801 39.420 9.951
(0.700) (0.064) (0.767) (0.077)
2.000 489.824 35.734 44.668 15.497
(0.650) (0.385) (0.081) (0.189)
Ca(NOs3)2 0.500 316.463 30.768 44111 9.492
(0.312) (0.429) (0.143) (0.010)
1.000 393.988 38.170 57.899 13.418
(0.378) (0.169) (0.352) (0.470)
2.000 578.196 54.255 90.694 23.830
(0.094) (0.391) (0.458) (0.451)

3published in Aliyeva et al.?6 Standard uncertainties; u (T) = 0.10 K, u, (p) =0.05. Combined uncertainty; u.
(m) = 0.014m.



The pH of each saturated solution was also measured at 298.2 K and the values listed in
Table 3. As the pHs of the solutions are very close to the isoelectric point, it can be
concluded that AAs in the saturated solutions are in the zwitterionic form (dipolar ions),
which was also confirmed by the AA speciation calculated in the Chemspider
plataform?”28,

Table 3. pH values for the different AA saturated solutions in aqueous electrolyte solutions at
298.2 K.2

pH range in the ternary solution

Amino acids MgCl, Mg(NOs), CaCl; Ca(NOs);
Glycine 5.56-5.97* 5.79-5.97* 5.91-5.97* 5.97*-6.04
Leucine 5.72-5.98* 5.72-5.98* 5.94-5.98* 5.98*-6.04

Phenylalanine 5.25-5.48* 5.39-5.48* 5.47-5.48* 5.48*-5.70

Aspartic acid 2.55-2.77* 2.46-2.77* 2.48-2.77* 2.57-2.77*

3Saturated solution in water?®. u (pH) = 0.05, u (T) = 0.15 K.

The solids from the supplier were analyzed by single crystal and powder diffraction.
Glycine from supply presents a mixture of two phases, a monoclinic corresponding to the
a-form and a hexagonal corresponding to y-form (Figure S2 and Table S1), both already
described in the literature. All the other amino acids from the supplier show a single
phase, and are also well characterized in the literature. Table S1 of Sl presents the
structure, cell parameters, CCDC code, and references relative to the crystal forms found.
In all four aqueous electrolyte solutions glycine solid phase (Figure S3) is only in the
hexagonal crystal system, the y-form. Generally, the crystalline form of the other amino
acids (Figure S4, S5, and S6) in equilibrium with the saturated solutions containing the
different electrolytes does not change compared to the structure found in the solid from
the supplier. The only exception is for phenylalanine in aqueous solutions MgNOs3,
containing a second phase. Searching in the ICDD database (version 2022), it was

impossible to identify this second phase.

Figure 2 presents the relative solubilities (ratio between the solubility of AA (S),
expressed as the mass of the amino acid in 1 kg of water, in aqueous salt solutions to that

in pure water- So-) of glycine, L-leucine, L-phenylalanine, and L-aspartic acid in aqueous



MgCl2, Mg(NOs)2, CaCl, and Ca(NOs)2 solutions. All the salts with divalent cations
induce a salting-in effect over the whole salt concentration range for all the AA. L-aspartic
acid - the most polar AA, due to the presence of a second negatively charged hydrophilic
carboxyl group (-CH2COOQ") in the side chain, presents the highest salting-in magnitude
in all the aqueous salt solutions studied, which can attain a relative solubility of 4.6 in a
2 mol/kg calcium nitrate aqueous solution. The ranking differs mostly with the anion type,
the relative solubilities in aqueous MgCl and CaClz solutions follow the order Asp > Gly
> Leu = Phe, while in the aqueous Mg(NO3). and Ca(NOz)2 solutions, the ranking is Asp
> Phe > Leu = Gly. The main difference is connected to the relative position of Phe and
Gly, which confirms that nitrate anions are more effective in interacting with the apolar
moieties of the AA, increasing the solubility of phenylalanine, and even leucine, with a

larger apolar side chain, when compared to glycine.
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Figure 2. Relative solubility (S/Se) of <, glycine; A, L-leucine; =, L-phenylalanine, and ®, L-
aspartic acid in aqueous salt solutions with different molalities at 298.2 K.

Figure 3 shows the effect of all the studied salts on the relative solubility of each amino
acid. As observed previously in the study with the monovalent cations?, comparing salt
solutions with the same divalent cation, the effect of nitrate anion on the relative

solubilities of all the AA is higher than with chloride anions. In fact, using MD



simulations, Tomé et al.>° showed that interaction of the NO3~ anion with the hydrophobic
groups of the AAs is more significant than with chloride, causing a larger solubility
increase. In the Hofmeister series®!, these anions are close to each other, but the nitrate
anion is more to the right side, i.e., to where salting-in anions are located. Maintaining
the anion and changing the cation, the Ca?* cation induces a salting-in effect with a higher
magnitude than the Mg?*, again in consistency with the Hoffmeister series where Ca?* is
the strongest salting-in cation. MD in systems with isoleucine as model AA showed very
strong binding of the polyvalent cations to the carboxylate (COO)  group of the amino
acid. As demonstrated in several works,?>%>% this type of interaction leads to the
formation of stable complexes between the biomolecules and the divalent cations.
However, the magnitude of the peaks in the radial distribution functions, or the distance
of its appearance, is not totally conclusive since the Ca?* cation presents very similar
values compared to Mg?*. Nevertheless, both divalent cations present much stronger
interaction than monovalent cations, but in both cases, interactions with the hydrophobic
parts of the AA are not significant.

Globally, glycine shows a salting-in effect with close magnitudes in Ca(NOs)2,
Mg(NO:s)2, and CaCl> solutions, being that magnitude much lower in aqueous MgCl>
solution (evaluated at 2 mol/kg). L-leucine and L-phenylalanine present a salting-in effect
with similar magnitudes in both nitrate solutions and much lower, even if with similar
magnitudes, in the solutions with the chloride anions. All the salts induce a salting-in
effect in L-aspartic acid, being, among the studied AA, the one showing the larger change
in solubility induced by all four salts studied.
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Figure 3. Relative solubility (S/Sg) of a) glycine; b) L-leucine; ¢) L-phenylalanine, and d) L-
aspartic acid in aqueous ©, MgCly; 11, Mg(NOs),; 0, CaCly; 0, Ca(NOs), solutions with different
salt molalities at 298.2 K.

For L-leucine, L-phenylalanine, and L-aspartic acid, no data in the studied aqueous salt
solutions were found in the literature, and no comparisons can be presented. The solubility
of Gly was studied in aqueous MgCl; solutions,”* but not at 298.2 K. However, in the
temperature range between 293.2 and 303.2 K, in a two mol/kg MgCl. solution the
relative solubility is close to 1.6,” while in this work at 298.2 K the corresponding value
is close to 1.55, showing good coherence between both works. As shown in Figure 4, a
comparison can be made for the relative solubility of Gly in aqueous CaCl; solutions. In
both works, a salting-in effect is observed, but the magnitude differs significantly at
higher concentrations. A similar situation was also reported by Tomé et al.® for DL-
alanine in an aqueous CaCl> solution. As discussed in the previous work on monovalent
cations,?® and by Tomé et al.’®, the data from EI-Dossoki'® need to be carefully checked

as multiple significant discrepancies have been found.
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Figure 4. Relative solubility (S/Sg) of glycine in aqueous CaCl, solution at 298.2 K: <, (this
work); <, El-Dossoki®. Lines are a guide to the eyes.

Figure 5 shows the relative solubility of glycine, L-leucine, L-phenylalanine, and L-
aspartic acid in 2 mol/kg aqueous solutions of the salts combining one of the Na*, K,
NH4*, Mg?*, Mg?* cations with the CI or NOs anion, at 298.2 K. Comparing the effect
of the salts with the same anion, the divalent cations induce a much higher salting-in
effect than the salts with the monovalent cations for all AA. In the case of Gly, both salts
with the divalent cations and the chloride anion show higher relative solubility than those
with the monovalent cations and the nitrate anions. The apolar moiety in Gly is very small,
and the balance is much favorable for the interaction of the divalent cation with the
carboxylate if compared to the interaction between the nitrate and Gly. For the rest of the
AAs, the order differs. Accordingly, the results in the solution with L-leucine and
NH4NOs show a salting-in effect of the same magnitude as MgClz, while in L-
phenylalanine, with an apolar aromatic side chain, the salting-in effect of NH4sNOs is
comparable to that observed in aqueous CaCl> solutions (with the strongest salting-in
cation). This is a consequence of the nitrate anion interaction®® with the apolar AA
moieties leading to a more relevant salting-in effect. Comparing divalent cations, the
salting-in effect enhancement when moving from chloride to nitrate is highest in L-phe,
similar for L-leu and L-asp, and the lowest in gly.

Additionally, that enhancement is more significant in magnesium than calcium salts.
When fixing the anion, the salting-in change, moving from magnesium to calcium salts,
is more evident in chlorides, while monovalent to divalent cations are more significant in
nitrates. Despite its small apolar region, L-asp is the only AA showing a similar salting-

in effect in aqueous MgCl: as in all nitrate solutions of monovalent cations.
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Figure 5. Relative solubility (S/So) of glycine, L-leucine, L-phenylalanine, and L-aspartic acid in
2 mol/kg aqueous solutions of MgCl,, Mg(NOs)2, CaCl,, Ca(NOs)2, NaCl?®, NaNO3?%, KCI%,
KNOsZG, NH4C|26, and, NH4N03‘2‘5 at 298.2 K.

3.2. Effect of the AA Structure

The effect of the AA side chain was studied by collecting data from different AA in
aqueous solutions of chloride salts, found in the open literature, and analyzed all together
with those measured in this work. For aqueous MgCl. solutions, results were found just
for three AA (DL-alanine, L-valine, and L-isoleucine)?. Figure 6 presents the relative
solubility change in aqueous MgCl: solutions, showing a salting-in effect with the seven
AA. L-aspartic acid with the polar acidic side chain shows the highest salting-in, followed
by glycine with just hydrogen as the side chain, followed by DL — alanine, which has an
additional methyl group, compared to glycine. As the AA with larger apolar groups show
a very similar salting-in effect, Figure 6b is presented to understand the AA ranking more

easily. The branched-chain aliphatic AA, L-leucine and L-isoleucine, isomers differing



slightly in their chemical structure, are followed by L-valine, which has one methylene
group less than leucine or isoleucine, but is bulkier. This is consistent with having, among
all AA studied, L-phenylalanine as the one presenting the lowest salting-in effect.
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Figure 6. Relative solubility (S/So) of different AAs in aqueous MgCl. solution at 298.2 K: @, L-
aspartic acid (this work); =, L-phenylalanine (this work); A, L-leucine (this work); ¢, glycine
(this work); e, DL-alanine?; <, L-valine?®; o, L-isoleucine?. Lines are a guide to the eyes.

Figure 7 shows a similar comparison in aqueous CaCl> solutions. This salt induces a
salting-out effect just for L-lysine.'® Lysine is an alkaline, aliphatic AA whose side chain
L-lysine ((CH2)4sNH>) contains one extra amino group. This demonstrates that besides the
weak interaction of chloride anion with the alkyl moieties of the molecule, it also reveals
the low interaction of chloride anion with the amine group of the AA. This is surprising
as the strong interaction of Ca?* with the carboxylate is somehow lost by the presence of
a large hydrophobic group, which did not happen with isoleucine, for instance. However,
the data seems unreliable, also due to the very close salting-out magnitudes caused by
NaCl or CaCly, as reported in EI-Dossoki'® work. The presence of two -COOH groups in
L-aspartic acid and the polar, hydrophilic -OH group in DL-serine (increases the polarity
of its hydrocarbon side chain) lead to a more pronounced salting-in effect. The thiol side
chain (-SH) of L-cysteine seems to be a reason for the very pronounced salting-in at the
salt infinite dilution, bringing some doubts again on data reliability as no changes in the
solubility are observed at higher salt molalities. In terms of the AA with a completely
apolar side chain, after glycine, salting-in decreases in the order DL-alanine (R = -CHj),
L-leucine (R = -C4Ho), L-phenylalanine (R = - CH2CgHs), L-valine (R = -C3Hy), and L-
isoleucine (R = -C4Hy) showing a salting-in effect with very close magnitudes. In aqueous
MgCl; solution the relative solubility order of AA with apolar side chains follow: DL-ala
> L-leu > L-ile > L-val > L-phe while in CaCl,: DL-ala > L-leu > L-phe > L-ile. All the



AA studied in this work and DL-alanine, L-isoleucine and L-valine show salting-in

effects with higher magnitudes in aqueous CacCl. solutions.
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Figure 7. Relative solubility (S/So) of different AAs in aqueous CaCl; solution at 298.2 K: @, L-
aspartic acid (this work); =, L-phenylalanine (this work); A, L-leucine (this work); , glycine
(this work); e, DL-alanine'®; +, DL-serine®s; o, L-cysteine®$; <, L-valine'®; o, L-isoleucine'®; o,
L-lysine®®. Lines are a guide to the eyes.

4. Conclusions
The solubilities of glycine, L-leucine, L-phenylalanine, and L-aspartic acid were studied
in MgClz, Mg(NOs)2, CaCly, and Ca(NOs), solutions at 298.2 K. The measurements were
chosen to be provided at various concentrations of the salts, from 0 to 2 mol/kg. The salts
of divalent cations induced a salting-in effect with all the studied AA. The relative
solubility followed different rankings; in aqueous salt solutions with the chloride anion,
the salting-in order is Asp > Gly > Leu = Phe, while the nitrate anion is Asp > Phe > Leu
=~ Gly. All the AA showed a salting-in with a higher magnitude in aqueous salt solutions
with the Ca?* than with the Mg?* cation. Both cation and anion effects are in agreement

with the Hofmeister series.

The results presented in aqueous solutions of salts containing divalent cations were
compared to salt solutions consisting of the monovalent cations with the same anions. It
was noticed a complex interplay between the significative divalent cation/carboxylate
interaction and that between the nitrate with the apolar moieties of the AA, turning, for
instance, ammonium nitrate as effective as calcium chloride in the increase of L-phe
solubility. In terms of the relative impact on the AA solubility increase, generally is more

significant in magnesium than calcium salts, but fixing the anion, the salting-in magnitude



change, moving from magnesium to calcium salts, is more evident in chlorides, but from

monovalent to divalent cations are more significant in nitrates.

Elucidating the role of the side chain functional groups, a database on the solubility of
AA in agueous MgCl and CaCl; solutions was compiled. An intriguing observation is a
difference in the effect of an aromatic or aliphatic side chain on the relative solubility,
which is different in aqueous solutions of MgCl, or CaCl.. At this stage, it is relevant to
reinforce the need to assess the reliability of the published solubility data carefully and

increase the amount of consistent data diversifying the ions and AA.
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