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Abstract: Chiral interactions play a crucial role in both chemistry and biology. Understanding the
behavior of chiral molecules and their interactions with other molecules is essential, and chiral
interactions in solutions are particularly important for studying chiral compounds. Chirality
influences the physical and chemical properties of molecules, including solubility, reactivity, and
biological activity. In this work, we used Isothermal Titration Calorimetry (ITC), a powerful
technique for studying molecular interactions, including chiral interactions in solutions. We
conducted a series of ITC measurements to investigate the heat of dilution and the heat of
racemization of several amino acids (Asn, His, Ser, Ala, Met, and Phe). We also performed ITC
measurements under different solute concentrations and temperatures to examine the effects of
these parameters on chiral interactions, as well as the heat of dilution and racemization. The results
of our measurements indicated that the heat of dilution, specifically the interactions between the
solvent (water) and solute (chiral molecules), had a significant impact compared to the chiral
interactions in the solution, which were found to be negligible. This suggests that the interactions
between chiral molecules and the solvent play a more dominant role in determining the overall
behavior and properties of the system. By studying chiral interactions in solutions, we can gain
valuable insights into the behavior of chiral compounds, which can have implications in various
fields, including drug design, chemical synthesis, and biological processes.
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1. Introduction

Chirality is a concept coined for the first time in 1893 by Lord Kelvin, it is defined as the
absence of a reflection symmetry of a certain object. Therefore, a chiral molecule is defined such
thatitis not possible to create an overlap between it and its mirror image through a rotation operation
[1-3]. A chiral molecule and its mirror image are called enantiomers in the nomenclature of chemistry.
Both enantiomers share almost all the same physical and chemical properties such as melting point,
boiling point, density, and viscosity, yet differ in optical activity. When polarized light is passing
through an enantiomer the enantiomer will be called D (dextrorotatory), R (rectus) or “right-handed”
if the polarized light coming out is rotating clockwise. An enantiomer will be called L (levorotatory),
S (sinister) or “left-handed” if the polarized light coming out is counterclockwise [4-7].

The biochemical properties of enantiomers differ following the stereo-selectivity of enzymes and
receptors means that they will react differently with each of the enantiomers or not react at all with
one of the enantiomers [8,9]. There are 20 amino acids that make up the building blocks from which
proteins are formed in the human body. Amino acids are formed in the body or are consumed
through food in the form of their L enantiomer, therefore all biological processes can only exist using
L-type amino acids. Consumption of D-type amino acids will have no effect and the body will
eliminate them. Similarly, the sugars that the body consumes such as glucose, fructose, and lactose
for anabolic, catabolic, and energy-producing biological processes are of the D-sugar stereoselctive
form so that the enzymes and proteins can only function through them. Consuming L-sugars will
have no effect at all, and the body will remove them same as in the case of D-type amino acids.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Another two famous examples that show how the enantiomeric structure affects the way the body
reacts to them: the Limonene molecule whose D enantiomer is the more common and is the main
ingredient in citrus peel oil, which has the smell of oranges and is used as a flavoring agent in food
production. On the other hand, the L-enantiomer of Limonene is found in peppermint oils and has a
milder smell reminiscent of lemon. The significance of chirality gained widespread recognition in the
19th century, notably exemplified by the tragic case of the drug thalidomide. This drug contained
both enantiomers, with L-Thalidomide being effective against pregnancy-related nausea and D-
Thalidomide causing devastating birth defects in infants. Consequently, the separation of
enantiomers became crucial to ensure the safe use of drugs and prevent such catastrophic
consequences [10].

In recent decades, isothermal titration calorimetry (ITC) became a very prominent technique in
the biochemistry world [11]. The usual ITC is a calorimetry technique used to study biomolecular
interactions, for example, protein-ligand bonds, lipid systems, and nuclear acid identification. ITC is
also widely used in drug design and enzyme kinetics studies [12]. It allows us to directly measure
the enthalpy change ( H), the bond affinity constant (K), and the stoichiometric coefficient (1) for
biomolecular interactions. The graph that is obtained at the end of the measurement shows the Y-
Axis as heat change (which appears as peaks on the graph) that occurs during the injections (in units
of mCal/second, mJ/second or mW/second) as a function of time (X-axis), and this is the raw graph
of the measurement. The raw graph is analyzed by integrating the area of the peaks and normalizing
the value so that the units on the Y-axis appear in units of energy per mole of injectant (the analysis
of the results is done automatically for biological and biochemical measurements of bond interactions
between ligand and protein due to the well-known graph shape of a titration curve of a sigmoidal
graph) as a function of the molar ratio of the ligand: protein (X-axis). Analysis of the graph gives the
change in enthalpy ( H) whose value is equal to the largest Y value from the baseline. The
stoichiometric coefficient (1) of the reaction whose value is equal to the molar ratio when the Y axis
is at its median value, and the bonding affinity (known as K constant) whose value is equal to the
slope of the graph at that point where the value of the stoichiometric coefficient was obtained. By
utilizing the relationship AG = AH - TAS = -RTInK, researchers can extract information about changes
in both entropy (AS) and Gibbs free energy (AG). Furthermore, ITC allows for measurements at
different temperatures, enabling the determination of heat capacity changes at constant pressure
(ACp = AAH/AT). This additional information on heat capacity further enhances the understanding
of biomolecular processes [13,14].

The principle of operation of ITC is to measure the change in heat generated as a result of
titration at a constant temperature. The instrument includes a small volume syringe (up to ~300mL)
containing a solution at a high concentration of a particular substance (titrant). The sample cell with
a larger volume than that of the syringe (up to ~1.4mL) with a solution of another substance (titrand)
at a lower concentration than the concentration of the solution in the syringe. The reference cell, with
the same volume of the sample cell, contains the solvent of the sample solution (water, ethanol, buffer,
etc). The sample cell and the reference cell are protected by an adiabatic shield that keeps the
temperature constant and prevents the entry and exit of heat into and out of the system. When
titration occurs, most of the time it involves a chemical reaction, which leads to heat changes that
cause a change in temperature even if it is a very small change. To keep both the sample cell and the
reference cell at the same temperature, an installed thermostat with heat regulators apply voltage to
compare the temperature of the sample cell to the reference cell [15]. The voltage applied to the time
unit is the feedback of the temperature change and it is equal to the heat change caused due to the
titration and it is expressed as energy vs. time [16-19].

The isothermal titration calorimetry technique boasts an impressive level of sensitivity, capable
of measuring chemical reactions even with tiny heat changes, such as those encountered in chiral
interactions2l. When a chemical interaction takes place, it is often accompanied by a notable change
in enthalpy, attributed to the formation or decomposition of chemical bonds. Leveraging the ITC
technique, researchers can delve into a wide range of chemical reactions and precisely measure their
thermodynamic properties .The remarkable ITC sensitivity of approximately 0.1 puCal/sec, enables
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the detection and quantification of even subtle heat changes. This attribute proves invaluable in
investigating intricate chiral interactions where the heat changes can be relatively small. By utilizing
ITC, scientists can gain insights into the thermodynamics of chiral interactions and unravel the
underlying mechanisms governing their behavior. Beyond chiral interactions, the versatility of the
ITC technique extends to a broad spectrum of chemical reactions. Whether it involves the formation
of new bonds or the breakdown of existing ones, ITC empowers researchers to explore and quantify
the associated enthalpy changes. This capacity enables a comprehensive understanding of chemical
reactions, unveiling the thermodynamic intricacies that drive them. In summary, the high sensitivity
of the ITC technique allows for the precise measurement of chemical reactions, even those with
minimal heat changes, making it a valuable tool in the study of chiral interactions and a wide range
of other chemical processes. Its ability to unravel the thermodynamic properties of these reactions
contributes to advancing our understanding of fundamental chemical principles. Shvalb et al. showed
that ITC can measure chiral interactions of different amino acids on the surface of chiral crystals,
demonstrating selective adsorption [21-23]. Recently, Werber et al. used ITC to measure homo- and
hetero-chiral interactions in chiral solutions; moreover, they were able to measure chiral interactions
in organometallic complexes, biological systems and nano-systems [24].

Here, we used ITC to investigate the racemic dilution heat Hrac) of different side chain groups
of amino acids in water — Alanine (aliphatic), Phenylalanine (aromatic), Aspartic acid (acidic),
Histidine (basic), Asparagine (amidic), Methionine (contains sulfur) and Serine (contains hydroxyl).
These amino acids were chosen in order to examine the dependence of the racemic dilution heat on
the nature of the side chain. As previous studies showed that chiral interactions are accompanied by
a small heat change, ITC is the perfect instrument for measuring such interactions. In contrast to
studies that emphasize the optical activity of chiral molecules, this approach provides a
thermodynamic perspective for chiral interactions.

2. Materials and Methods

The following analytical grade chemicals were purchased from Sigma-Aldrich or Tokyo
Chemical Industry and used without further purification: L/D-alanine (>98%), L/D-serine (>98%),
L/D-methionine (>98%), L/D-histidine (>99%), L/D-phenylalanine (>98%), L/D-asparagine (>98%) and
L/D-aspartic acid (>98%).

2.1. Solution Preparation

The following L-amino acids — Ala, Ser, Met, His, Phe, Asn and Asp — were weighed to prepare
solutions in double-distilled water at respective concentrations of 1M, 1M, 200mM, 250mM, 125mM,
150mM, 25mM. The same procedure was performed to prepare solutions of the corresponding D-
amino acids (five-fold diluted).

2.2. Experimental

ITC measurements were performed using a VP-ITC calorimeter (MicroCal). The racemic dilution
enthalpies were determined at 20°C, 30°C and 45°C. The sample cell was loaded with 1.42mL of D-
amino acid solution in double-distilled water, and the 300 L syringe was filled with a solution of L-
amino acid. Each consecutive 5 L injection lasted 8.5sec, with an interval of 400sec between injections
(56 injections in total). The cell was stirred constantly at a rate of 300rpm, and the reference power
that had been chosen for the measurements was20 Cal/sec. Before measurement, the solutions were
degassed under vacuum using ThermoVac (MicroCal) for 5 min at 25°C to remove air bubbles.
Results were analyzed using Origin software.

3. Results

ITC was used to investigate the racemization heat of amino acids with different types of side
chains. We utilized small steps of titration of concentrated L amino acid solutions, each to a five-fold
more dilute solution of the corresponding D enantiomer until racemization. The total heat absorbed
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or released by the titration is known to comprise several components: racemization ( Hracemization) as
known as hetrochiral interactions, homochiral interactions ( Hir, Hbpp), pH change ( Hph), and
dilution ( Haiution). The equation we got for the total heat is:

Htotal = Hracemization + HLL/DD + HpH + Hdilution. (1)

We neglect the homochiral heat of interaction following our previous experiments which that
show that it is negligible. Preliminary experiment showed that the pH change upon titration of water
to D amino acid solution involves a negligible heat change.The equation can thus be minimized:

Htotal = Hracemization + Hdilution. (2)

The racemic dilution heat Huwt provided by titration of L amino acid solution to the D
enantiomer solution until racemization. The graph was integrated for each amino acid, and both
syringe and cell moles to get quantitative values.

In Figure 1a, the heat flow for all injections of 1M L-Ala to 0.2M D-Ala at 30°C is shown, and the
ITC peaks are all exothermic. Figure 1b shows the molar heat of racemic dilution of Alanine at 30°C
as a function of D-Ala enantiomeric excess. The graph displays a highly linear (R? > 0.99) trend of
decreasing heat of racemic dilution as a result of the formation of the racemic mixture from -118

to -39Cal.
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Figure 1. Heat of racemic dilution for Alanine: raw data (left) and integrated peaks as a function of

enantiomeric excess (%ee, right).

Figure 2a shows the heat flow for injection of 1M L-Ser to 0.2M D-Ser at 30°C. In contrast to
Alanine racemic dilution, in this case, the ITC peaks are endothermic. The heat of the racemic mixture
decreases from 200Cal to 73Cal. It can be deduced that the racemic dilution for amino acids can be
both exothermic and endothermic. Figure 2b presents the molar heat change for Serine racemic
dilution at 30°C as a function of D-Ser enantiomeric excess. Similar to Alanine racemization,the heat

change is highly linear.
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Figure 2. Heat of racemic dilution for Serine: raw data (left) and integrated peaks as a function of
enantiomeric excess (ee%, right).

The molar heat change at 30°C as a function of enantiomeric excess is shown in Figure 3. Figure
3a presents the heat change per injection. Asparagine, Histidine and Serine exhibit endothermic
behavior (Asn shows the greatest heat change), while Alanine, Methionine and Phenylalanine exhibit
exothermic behavior (Phe shows the greatest change). Figure 3b illustrates the molar total heat for
different amino acidsas a function of the enantiomeric excess. The numerical racemization heat values
are summarized in Table 1.
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Figure 3. Heat of racemic dilution as a function of enantiomeric excess at 30 °C: separate injections
(left) and total heat (right).

Aspartic acid gave ambiguous results; each injection led to both endothermic and negative heat
change (Figure S1). This can be attributed to the low solubility of Asp in water, which limits the
concentration, such that the heat change is below the ITC threshold. There could also two reactions
that take place during the titration. The numerical racemization heat values are summarized in Table
1.

The effect of concentration and temperature on the racemic dilution heat for Alanine (exothermic
racemic dilution) and Serine (endothermic racemic dilution) were examined.
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Table 1. Racemic dilution heat of tested amino acids at 30°C.

Amino acid Racemic dilution heat
(kCal/mole)
Asparagine 18.202
Histidine 11.779
Serine 7.298

Alanine -3.934
Methionine -13.493
Phenylalanine -19.931

To examine the effect of concentration, we diluted four-fold both enantiomers of Ala and Ser.
Figure 4a shows the total heat of Ala racemic dilution at the different concentrations. The diluted Ala
racemic dilution shows exothermic heat change and lower quality. Figure 4b shows the same
behavior for-dilute Serine except for the endothermic heat change, which means that the racemic
dilution enthalpy sign is conserved. When syringe and cell moles are normalized, the racemic
dilution heat for dilute and concentrated amino acids converges.
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Figure 4. Heat of racemic dilution as a function of enantiomeric excess for aqueous solutions of
concentrated (A) vs. dilute (B) Alanine and concentrated (C) vs.dilute (D) Serine. .

From the racemic dilution values in Table2, we can see that the racemic dilution heat is largely
independent on concentration. High concentrations are favored due to the better quality.

Table 2. Alanine and Serine heats of racemic dilution at different concentrations at 30°C.

Amino acid L:D concentrations Racemization heat
(mM) (kCal/mole)
Alanine 1000:200 -3.934
Alanine 250:50 -3.515
Serine 1000:200 7.298
Serine 250:50 7.930
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To examine the effect of temperature, we measured the racemic dilution heat of Ala and Ser at
20, 30 and 45°C. Figure 5a shows the ITC total heat of Alanine racemization at different temperatures.
More heat is released at higher temperatures. Figure 5b displays the opposite trend for Serine
racemization — less heat is adsorbed at higher temperatures.
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Figure 5. Racemic dilution heat as a function of enantiomeric excess at different temperatures for
Alanine (left) and Serine (right).

From Table 3, the temperature can be used as a resolution enhancer when the nature of the
reaction is known. As the nature of Aspartic acid racemic dilution heat at 30°C is not known, we tried
to racemize Asp at “extreme” temperatures of 5 and 60°C to figure out the appearance of both
endothermic and exothermic contributions. The 5°C measurement shows clear endothermic heat
changes (Figure 52), while the 60°C measurement shows clear exothermic heat changes (Figure S3).

Table 3. Alanine and Serine heat of racemic dilution at different temperatures.

Amino acid Temperature (°C) Rac&?:;:‘:?el;eat
Alanine 20 -2.895
Alanine 30 -3.934
Alanine 45 -5.823

Serine 20 9.560
Serine 30 7.298
Serine 45 3.569

4. Discussion

It seems that when the nature of the reaction is known, the resolution of the obtained
measurements can be improved. Because of that, it was decided to try to measure the nature of the
racemization of the aspartic acid at 30°C for which we received endothermic and exothermic peaks
at low intensities and low resolution when we do not know the reason why both types of peaks
appear. The idea was to measure the racemization of the aspartic acid at “extreme” temperatures in
order to obtain one of two possibilities: the first possibility is that one temperature will improve the
resolution of the measurement while the other temperature will damage it, and this it will be possible
to conclude whether the racemization for the aspartic acid is endothermic or exothermic. A second
possibility is that each of the temperatures will give a different nature of the racemization, and by
this, it will be possible to conclude that for aspartic acid at 30°C two reactions occur simultaneously
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during the racemization. From the results obtained and shown a distinct endothermic change was
observed at 5°C (Figure S2), albeit at a low intensity, and a distinct exothermic change at 60°C (Figure
S3), and from this it can be concluded that for aspartic acid at 30°C, two reactions occur
simultaneously that offset each other energetically. In the initial conclusions, we were not able to find
why the heat of racemization of some of the amino acids is endothermic and for others it is
exothermic, but the results we obtained for the aspartic acid at the extreme temperatures can shed
some light on this reason. It can be noticed that the amino acids for which endothermic heat changes
were obtained (histidine, serine, and asparagine) have the possibility of forming a hexagonal ring
structure where the closing of the ring is made possible through the formation of intramolecular
hydrogen bonds of the amino acid. The hydrogen bond to form the intramolecular ring in histidine
is between the amino hydrogen and the non-bonding pair of electrons of the nitrogen on the ring in
the residue, in serine it is between the non-bonding pair of electrons of the carboxylic oxygen and the
hydrogen of the hydroxyl in the residue, and in asparagine it is between the amino hydrogen and the
non-bonding electron pair of the nitrogen in the affluent remnant. The creation of the intramolecular
ring stabilizes it energetically, and in order to create the mixture in this way, energy is required to
break the intramolecular hydrogen bond of the amino acid in order to dissolve it in water. The
creation of the racemic mixture for the different amino acids was done in double distilled water and
at a neutral pH, so the carboxylic hydrogen is released and the oxygen it was bound to is negatively
charged, and the amino part is positively charged. The situation described earlier does not allow
phenylalanine to form a hexagonal ring through hydrogen bonds, therefore the heat changes in the
formation of the racemic mixture are exothermic for it. For alanine and methionine there is absolutely
no possibility of creating intramolecular hydrogen bonds, therefore also for them the heat changes in
the formation of the racemic mixtures are exothermic. For the aspartic acid, both endothermic and
exothermic heat changes were obtained at 30°C, and according to what was said above, this amino
acid can form a stabilizing hexagonal ring bond through a hydrogen bond between the amino
hydrogen and the non-bonding electron pair of the oxygen in the residue. Since at 30°C both
endothermic and exothermic heat changes are obtained in each injection, it can be concluded that at
this temperature the system is in a state of energy equilibrium between the energy required to break
the hydrogen bond that forms the ring bond of the aspartic acid and the energy released as a result
of dissolving in water. A confirmation of this can be seen according to Figures 52 and S3 which at 5°C
the system does not have enough energy to break the ring hydrogen bond and as a result,
endothermic heat changes are obtained at this temperature. On the other hand, at 60°C the system
has more than enough energy to break this bond and the resulting heat changes at this temperature
are exothermic as a result from the energy released from the aspartic acid dissolving in water.

To explain our results, we tried to find the relation between the amino acids and the racemic
dilution heat values and found a correlation between the racemic dilution energy and the hydropathy
of the amino acid. The hydropathy index is the change in the free energy of a molecule when it moves
from a hydrophobic to a hydrophilic environment, which shows how hydrophobic (or hydrophilic)
the molecule is. Every molecule has a hydropathy index and it depends on the origin and target
environments, as well as on physical conditions such as pressure and temperature. Negative values
are obtained for hydrophilic molecules, while positive values are obtained for hydrophobic ones.
Molecules with more hydrophilic groups such as hydroxyl, amine, amide and other polar groups are
more hydrophilic with a more negative hydropathy value, while those with more hydrophobic
groups like carbon chain, aromatic rings and non-polar groups are more hydrophobic with a more
positive hydropathy value.

From Figure 6 we see a fairly linear relationship (R? = 0.885) between the heats of racemization
obtained for the tested amino acids and the hydropathy index of those amino acids. Alanine,
Methionine and Phenylalanine for which exothermic racemic dilution heat was observed are
considered hydrophobic amino acids (hydropathy values of 1.8, 1.9 and 2.8, respectively);
Phenylalanine, the most hydrophobic among them, has the most exothermic racemic dilution. On the
other hand, Asparagine, Histidine and Serine for which endothermic racemic dilution heat was
observed are considered hydrophilic (hydropathy values of -3.5, -3.2 and -0.8, respectively);
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Asparagine, the most hydrophilic amino acid, exhibits the most endothermic racemic dilution. As
written before, the reason why endothermic racemization values were obtained for some of the amino
acids tested (asparagine, serine and histidine) was due to the ability of those amino acids to form
intramolecular hydrogen bonds to form a hexagonal ring that stabilizes the amino acid, and in order
to break this bond to form the racemic mixture require energy. On the other hand, for some of the
amino acids tested, negative racemization values were obtained (alanine, methionine and
phenylalanine) since there are no intramolecular hydrogen bonds for which energy is required to
break down. The amino acids for which negative racemization values were obtained fall under the
category of the hydrophobic amino acids, so it can be assumed that the values of the racemization
values obtained for the hydrophobic amino acids are affected by hydrophobic bonds. Hydrophobic
bonds are bonds formed when hydrophobic molecules are in a hydrophilic medium, which aim to
reduce the energy to a minimum, hydrophobic molecules bind to each other, and as a result less water
molecules surround them. In order to prove the claim that the exothermic heats of racemization are
affected by hydrophobic bonds, two statements were established: 1. In order to create hydrophobic
bonds, it is necessary to provide energy in order to break the bonds between the hydrophobic
molecule and the water molecules that surround it, 2. The hydrophobic bonds depend on the
structure of the molecule when aromatic molecules form less hydrophobic bonds than aliphatic
molecules. From the above it appears that for phenylalanine an exothermic heat of racemization with
the greatest value was obtained because this amino acid forms the least amount of hydrophobic
bonds, therefore the heat of racemization of this amino acid derives mainly from the racemic
management of the two enantiomers in water. What was said earlier can be reinforced by the heat of
racemization obtained for alanine, which is an aliphatic hydrophobic molecule, and therefore creates
more hydrophobic bonds than phenylalanine, and this is accompanied by a greater consuming of
energy, and ultimately to lower exothermic heats of racemization. Methionine, which is an amino
acid with a longer carbon chain than alanine and is not aromatic like phenylalanine, can form more
hydrophobic bonds than phenylalanine but less than alanine, and this is reflected in the intermediate
values of the exothermic racemization heats obtained in the measurements.

154 Met

Racemic dilution energy (kCal/mole)
S = o
n

Phe

B e M B B Sy B B B S B B B B S
-45-40-3.5-3.0-25-2.0-1.5-1.0-0.50.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45

Hydropathy

Figure 6. Correlation between the heat of racemic dilution and hydropathy of tested amino acids at
30°C.

In conclusion, we found that chiral interactions hardly take part in the formation of the racemic
mixture, the heat change depends only on amino acid-solvent interactions. To make sure that the
chiral interactions does not take part in the formation of the racemic mixture and that the heat change
depends only on amino acid-solvent interactions, we also did comparative measurements. In the
comparative measurements, we titrated L enantiomer of each tested amino acid to L enantiomer in
the cell. In those measurements, the concentrations were the same as those for the measurements of
the racemic dilution. The only difference between the racemic dilution measurement and the
comparative measurement we mentioned before is that the racemic dilution measurement contains
the addition of the chiral interactions, therefore subtract the comparative measurement heat changes
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from the racemic dilution measurement heat changes gives us the chiral interactions heat changes.
When we are comparing the comparative measurements and the racemic dilution measurements, we
are getting very close heat change values (Figures 54 and S5), and when we are calculating the chiral
interactions, we are getting very small values. From the above, we can conclude that the racemic
dilution heat change is almost unaffected by the chiral interactions and depends mainly on the amino
acid-solvent interactions during the dilution and it’s correlation to the hydropathy of the amino acid.
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