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Abstract
The enthalpies of L-carnosine interaction with solutions of hydrochloric acid have been measured by calorimetric method

in the presence of NaCl at 298.15 K and ionic strength as high as 0.25, 0.50 and 0.75 mol dm-3. The enthalpies of acid

dissociation have been determined from the obtained data. The effect of a background electrolyte concentration on the

dissociation enthalpy of peptide has been considered. Standard thermodynamic quantities (DdisH�, DdisG�, DdisS�) of the
acid dissociation of the dipeptide in aqueous solutions have been determined on the basis of the obtained thermochemical

results and available data on the acid dissociation constants corrected for the zero-order ionic strength. Ability to acid

dissociation of amino acids in a free state is compared with those for amino acid residues involved in the dipeptide linkage.

The alteration of acidity has been connected with variation in hydration of reactivity centers.
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L-carnosine (dipeptide 3-alanyl-L-histidine, C9H14O3N4) is

available in high concentrations in both muscular and brain

tissues. It acts as a specified pH buffer; as a consequence,

metabolic processes are unaffected by protonation and

deprotonation of its molecule. The influence of acid dis-

sociation of biologically active molecules on processes of

binding with other molecules and ions has been demon-

strated in number of works [1, 2].

The constants of 3-alanyl-L-histidine acid dissociation

have been studied in the literature [3–9]. The authors of

these works used various ionic strength values and different

in nature supporting electrolytes. To compare the values of

the constants for a stepwise dipeptide dissociation obtained

by different authors under various experimental conditions,

we have calculated standard pR�1, pR�2 and pR�3 values
specific to a zero-order ionic strength.

Dissociation constants were corrected for the zero-order

ionic strength by using Davies Eq. (1) at I\ 0.5 and

Eq. (2) at I[ 0.5 mol dm-3

pK� ¼ pKc þ ADZ2

ffiffi
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where pKc = - lgKc and pK� = - lgK�; Kc and K� are

apparent and thermodynamic dissociation constants; DZ2 is
the difference of charge squares of the reaction products

and the starting reagents; A is a limiting Debye law con-

stant equal to 0.5107 at 25 �C; d is an empirical coefficient;

I is ionic strength of solution. The correction of the data

presented in the literature [3–9] permits to obtain the fol-

lowing most probable values for the thermodynamic con-

stants of acid dissociation of 3-alanyl-L-histidine at

298.15 K: pR�1 = 2.59 ± 0.05, pR�2 = 6.77 ± 0.05 and

pR�3 = 9.37 ± 0.05. On the basis of these values of pK�,
we calculated distribution of ion forms of 3-alanyl-L-his-

tidine in the water solution with use of ‘‘KEV’’ software

[10] accounting for the processes of acid–base interaction

and water dissociation. The equilibrium diagram in Fig. 1

is plotted for the composition of peptide solutions at vari-

ous pH values. Here, the fraction of L-, HL±, H2L
? and
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H3L
?2 particles in the solution is presented as a function of

pH conditions.

Equilibriums of 3-alanyl-L-histidine dissociation in

aqueous solution may be presented in the form of the fol-

lowing scheme:

H3L
2þ $ H2L

þ þ Hþ ð3Þ

H2L
þ $ HL� þ Hþ ð4Þ

HL� $ L� þ Hþ ð5Þ

The data on the enthalpies of the stepwise reactions of the

formation of complexes between 3-alanyl-L-histidine and

protons are given in the literature [9]. The authors highlight

the following values: DrH H3L
2þ� �

¼ �49:0 kJmol�1;

DrH H2L
þð Þ ¼ �32:3 kJmol�1; DrHðHLþÞ ¼ �0:8 kJ

mol�1 at 298.15 K and ionic strength of the solution as high

as 0.1 M, a background electrolyte being potassium nitrate.

The enthalpies of the processes were evaluated through a

temperature dependence of the constants of the peptide

complex formation on the basis of potentiometric measure-

ments. Values of dissociation enthalpies determined by

direct calorimetric method are absent in the literature. The

effect of the ionic strength on enthalpies of 3-alanyl-L-his-

tidine dissociation has not been investigated previously.

The objectives of the present work are as follows: (1) to

obtain the precise values of the enthalpies of 3-alanyl-L-

histidine multistage dissociation by calorimetrical method

at different ionic strength values; (2) to determine the

standard thermodynamic parameters of 3-alanyl-L-histidine

dissociation on the basis of the obtained thermochemical

results and available data on the acid dissociation constants

corrected for the zero-order ionic strength.

Experimental

The substances used in the experiments, their molecular

mass, formula, source, purity, and purification methods are

presented in Table 1. 3-Alanyl-L-histidine (L-carnosine) of

Sigma-Aldrich (substance content 99.0%) was dried in a

vacuum chamber at 333 K for 48 h, and kept over P2O5.

Sodium chloride recrystallized from a pure reagent was

used as the background electrolyte to maintain a constant

ionic strength of the solution. Solutions of a specified

concentration were prepared, using previously weighed

samples. Reagent-grade samples were used to prepare HCl

and carbonateless NaOH solutions. Heat effects were

measured using a calorimeter with an isothermic shell and

automatic recording of temperature/time curve [11]. In

experiments, a glass ampoule with a certain amount of HCl

solution from 0.3 to 0.50 g was placed in the vessel charged

with 60 cm3 of solution of the peptide with the background

electrolyte at the specified pH. The mixing process was

initiated by the mechanical crushing of the ampoule, and

the liberated or absorbed heat was observed as a resistance

change of the semiconducting thermistor which was con-

nected to a Wheatstone bridge. The calorimeter was elec-

trically calibrated after each experiment. Mixing heat

effects were measured by comparison of a temperature

changes from the dissolution and from the calibrated Joule

heating with uncertainty from 0.01 to 0.025 J. Calorimetric

0 2 4 6 8 10 12 14 16
0.0

0.2

0.4

0.6

0.8

1.0
H3L

2+ H2L
+

HL

L-
α

pH

+

Fig. 1 Distribution of L-, HL±, H2L
? and H3L

?2 ion forms for

3-alanyl-L-histidine in the water solution against pH at T = 298.15 K

and I = 0 M

Table 1 Sample description

Chemical Molecule

formula

M,

molecular

mass

CAS Source Initial mass

fraction purity

Purification method

3-Alanyl-L-histidine C9H14O3N4 226.23 305-84-0 Sigma-Aldrich C 0.99 Vacuum drying at 333 K for 48 h

Sodium chloride NaCl 58.44 7647-14-5 Sigma-Aldrich [ 0.995 Recrystallization from aqueous solution

Hydrochloric acid

solution

HCl 36.46 7647-01-0 Sigma-Aldrich C 0.25 No cleaning

Sodium hydroxide NaOH 40.00 1310-73-2 Sigma-Aldrich C 0.98 Vacuum dehydration at 373 K for 48 h

Water H2O 18.02 7732-18-5 Double distillation, electrical conductivity

p & 1 10-6 S cm-1, refractive index n20/D = 1.34
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setup performance was checked against generally accepted

calorimetric standards, namely the enthalpy of dissolution

of crystalline potassium chloride in water. KCl sample was

purified by double recrystallization of a chemical-grade

reagent from doubly distilled water. Agreement between

the resulting data on the enthalpy of KCl dissolution in

water DsolH� = 17.25 ± 0.06 kJ mol-1 and the most reli-

able data given in the literature [12] signals the absence of

a systematic error in calorimetric installation performance.

Equilibrium composition of the solutions was assessed

before and after calorimetric test. On the basis of the dia-

gram (Fig. 1), optimal parameters of a thermochemical

experiment were chosen. The changes in the enthalpy of

the processes (4) and (5) were studied in the pH range from

6.2 to 7.5 and from 10.1 to 8.9, respectively. The enthalpies

of the interaction of 0.01 M solutions of 3-alanyl-L-his-

tidine with HCl solutions, as well as the enthalpies of the

mineral acid dilution in the solutions of the background

electrolyte, have been determined. The ionic strength of the

solutions in the processes (4) and (5) amounted to 0.25, 0.5

and 0.75 M (NaCl). All symbols used in the paper are

listed in Table 2.

To determine the change in the enthalpy of the process

(3), we have measured the enthalpies of interaction of the

peptide solution with those of hydrochloric acid having pH

values as high as 1.7–3.1. Besides, the enthalpies of peptide

dilution in the background electrolyte solutions under the

same concentration range have been established. The ionic

strength in this series of experiments amounted to 0.25, 0.5,

0.75 (NaCl). All measurements were made at 298.15 K.

The resulting values of the enthalpy changes for the pro-

cesses of a stepwise 3-alanyl-L-histidine dissociation are

given in Tables 3–5. Instrumental uncertainty in measure-

ments with different masses of solute and solvent and

different parameters of electrical calibration does not

exceed 0.5% for enthalpies of mixing of solutions and

1.5% for enthalpies of dilution. Reproducibility of enthalpy

values in series of experiments included from 3 to 5

measurements was less than 0.15%. The summarized

uncertainties are given in tables of obtained values of

enthalpies of mixing and enthalpies of dilution.

Results and discussion

Enthalpies of the interaction of HCl solution with 0.01 M

solution of 3-alanyl-L-histidine in the pH range from 8.9 to

10.1 conclude contributions from the protonation of amino

group (opposite in sign to dissociation process), the dilution

of reagents and the interaction between H? and OH- ions:

DmixH3 ¼ �DdisH � D½HL��C�1
Hþ þ DdilH3 � a3DHW;

ð6Þ

whence the enthalpy of the peptide acid dissociation for the

third step described by equilibrium (5) can be calculated as:

Table 2 List of symbols used

Symbol Interpretation

H3L
?2 Cationic form of the peptide in which 2 protons are bound to amino and imidazole groups

H2L
? Three-pole form of the peptide in which 2 protons are bound to amino and imidazole groups and carboxyl group is ionized

HL± Zwitter-ion form of the peptide in which 1 proton is bound to amino group and carboxyl group is ionized

L- Anionic form of the peptide in which carboxyl group is ionized

R Apparent constant of dissociation of peptide

R� Thermodynamic constant of dissociation of peptide

DdisH1 Enthalpy of acid dissociation of carboxyl group of the peptide according to equilibrium (3)

DdisH2 Enthalpy of acid dissociation of ionized imidazole group of the peptide according to equilibrium (4)

DdisH3 Enthalpy of acid dissociation of ionized amino group of the peptide according to equilibrium (5)

DmixH1 Enthalpy of mixing of HCl solution with solution of the peptide in pH range from 1.7 to 3.1 at constant concentration of background

electrolyte

DmixH2 Enthalpy of mixing of HCl solution with solution of the peptide in pH range from 6.2 to 7.5 at constant concentration of background

electrolyte

DmixH3 Enthalpy of mixing of HCl solution with solution of the peptide in pH range from 8.9 to 10.1 at constant concentration of background

electrolyte

DdilH1 Enthalpy of peptide dilution at constant concentration of background electrolyte

DdilH1
0 Enthalpy of the mineral acid dilution in the solution of the background electrolyte at a specified ionic strength

DdilH2
0 Enthalpy of peptide dilution in the solution of background electrolyte without changing pH value

DdilH3
0 Enthalpy of the mineral acid dilution in the solution of the background electrolyte at pH value specific to the solution of the peptide

DHW Enthalpy of water dissociation

Enthalpies of acid dissociation of L-carnosine in aqueous solution 3685
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DdisH3 ¼ �ðDmixH3 � DdilH3 þ a3DHWÞ=D½HL��C�1
Hþ

ð7Þ

Here, DmixH3 and DdilH3 are the enthalpies of the interac-

tion of a mineral acid solution with 0.01 M solution of

3-alanyl-L-histidine at pH as high as 10.1, and the enthal-

pies of HCl dilution in the background electrolyte solu-

tions, respectively; (- a3 DHW) is the contribution of a

heat effect of the formation of water from H? and OH-

ions to the heat effect under determination; DHW is the

enthalpy of water dissociation; D[HL±] = [HL±]fin -

[HL±]init is the change in equilibrium HL± particle con-

centration in the process of the calorimetric test; Cy? is a

total concentration of the mineral acid (with due account of

its dilution up to the final volume of a calorimetric liquid).

A correction for the enthalpy of the formation of water out

of ions was 2.0 kJ mol-1. The resulting enthalpies of HL±

particle dissociation specify splitting-out of a proton from

amino group of the peptide; the values of DdisH3 are given

in Table 3. The conversion level for reaction (5) under the

calorimetric experiment is 99.9%.

Enthalpies of the interaction of HCl solution with

0.01 M solution of 3-alanyl-L-histidine in the range of

neutral solution acidity (pH from 6.2 to 7.5) conclude the

following contributions:

DmixH2 ¼ �DdisH2 � D½HL��C�1
Hþ þ DdilH2; ð8Þ

whence the enthalpy of the peptide acid dissociation for the

second step described by equilibrium (4) can be calculated

as:

DdisH2 ¼ �ðDmixH2 � DdilH2Þ=D½H2L
þ� � C�1

Hþ ð9Þ

The enthalpy changes in the process of H2L
? particle

dissociation specify splitting-out of a proton from imida-

zole group; the values of DdisH2 are given in Table 4.

In the pH range from 1.7 to 3.1, enthalpies of the

interaction of HCl solution with 3-alanyl-L-histidine solu-

tion conclude contributions from protonation of carboxyl

group (opposite in sign to dissociation process), described

by equilibrium (3), partly overlapping process (4) (HL±

particle protonation) and peptide dilution:

DmixH1 ¼ �DdisH1 � D½HL��C�1
Hþ þ DdilH1 � a2DdisH2

ð10Þ

DdisH1 ¼ �ðDmixH1 � DdilH1 þ a2DdisH2Þ=D½H3L
2þ�C�1

Pep

ð11Þ

where DmixH1 is the enthalpy of the interaction of 3-alanyl-

L-histidine solution with those of HCl in the pH range from

1.7 to 3.1; DdilH1 is the enthalpy of peptide dilution against

constant concentration of NaCl background electrolyte; a2
(- DdisH2) is the contribution of HL± particle protonation

to the heat effect under determination; DdisH2 is the

enthalpy of peptide dissociation according to the second

step (4); D[H3L
2?] = DH3L

2?]fin - DH3L
2?]init is the

change in equilibrium concentration of H3L
2? particle

during calorimetric test; CPep is a total peptide concentra-

tion with due account of its dilution up to the final volume

of the calorimetric liquid. The heat effect of 3-alanyl-L-

histidine dilution was calculated in this case in terms of the

following ratio (8):

DdilH1 ¼ DdilH
0

1 þ DdilH
0

2 � DdilH
0

3 ð12Þ

where DdilH1
0 and DdilH3

0 are the enthalpies of the mineral

acid dilution in the solution of the background electrolyte

at a specified ionic strength, as well as in the same solution

Table 3 Enthalpies of the interaction (kJ mol-1) of HCl solution

(0.5042 mol kg-1) with 0.01 M solution of 3-alanyl-L-histidine,

enthalpies of dilution, enthalpies of acid dissociation of the peptide

according to equilibrium (5) and standard uncertainty of these values

u at NaCl background in the pH range from 8.9 to 10.1 at 298.15 K

I - DmixH3 u(DmixH3) DdilH3 u(DdilH3) DdisH3 u(DdisH3)

0.25 41.08 0.15 1.51 0.03 42.09 0.16

0.5 42.02 0.17 3.12 0.04 44.66 0.17

0.75 40.60 0.16 6.27 0.06 46.37 0.16

Table 4 Enthalpies of interaction (kJ mol-1) of HCl solution

(0.5102 mol kg-1) with 0.01 M solution of 3-alanyl-L-histidine,

enthalpies of dilution, enthalpies of acid dissociation of the peptide

according to equilibrium (4) and standard uncertainty of these values

u against NaCl background in the pH range from 6.2 to 7.5 at

298.15 K

I - DmixH2 u(DmixH2) - DdilH2 u(DdilH2) DdisH2 u(DdisH2)

0.25 35.39 0.17 1.85 0.04 33.54 0.17

0.5 36.81 0.17 0.92 0.05 35.89 0.17

0.75 35.55 0.18 - 3.12 0.06 38.67 0.18

3686 A. I. Lytkin et al.

123



at pH value specific to the solution of 3-alanyl-L-histidine,

respectively; DdilH2
0 is the enthalpy of peptide dilution in

the solution of the background electrolyte without chang-

ing pH value. All heat effects correspond to 1 mol of

3-alanyl-L-histidine.

We proved experimentally that DdilH1
0 and DdilH3

0 val-
ues are quite comparable in both sign and magnitude. Thus,

the following values of DdilH1 have been obtained:

(0.62 ± 0.03, 0.83 ± 0.04, 0.96 ± 0.05) kJ mol-1 at ion

strength of 0.25, 0.5, and 0.75 M, respectively. Neighbor

quantities have been measured for DdilH3
0 values:

(0.59 ± 0.02, 0.86 ± 0.03, 1.00 ± 0.04) kJ mol-1 at ion

strength of 0.25, 0.5, and 0.75 M, respectively. Hence, one

can regard that the equality given below holds true within

the limits of experimental error (11).

DdilH1 ¼ DdilH
0
2 ð13Þ

In accordance with equilibrium (3), degree of peptide

protonation under the present experimental conditions is as

high as 94–95%. Correction for the heat effect of the partly

overlapping process (4) (HL ± particle protonation) was as

low as 0.4 kJ mol-1. The enthalpies of 3-alanyl-L-histidine

dissociation according to the first step (splitting-out of a

proton from carboxyl group) are presented in Table 5.

Data given in Tables 2–4 show that the enthalpies of

3-alanyl-L-histidine dissociation are considerably affected

by the background electrolyte concentration, the increase

of the latter giving rise to the increase in endothermicity of

the processes.

Standard enthalpies of dissociation for 3-alanyl-L-his-

tidine were found out from Eq. (14) [11, 13]

DHi � DZ2W Ið Þ ¼ DH� þ b � I ð14Þ

where DHi, DH� are the changes of the enthalpy at the final

ionic strength value and I = 0, respectively; W(I) is the

theoretically calculated ionic strength function; DZ2 is the
difference in the squares of charges of the reaction products

and initial reagents; b is an empirical coefficient. The

dependence of dissociation enthalpy on ionic strength is

caused by variation of activity coefficients of ionic forms

of the peptide. There are a number of works in which

dependence of dissolution enthalpy on concentration of

electrolyte additive was referred to interaction of different

peptide groups with mineral ions [14]. In our work,

experimental DdisH values are satisfactorily described by

Eq. (14). The whole dataset of the standard thermodynamic

values for the stepwise 3-alanyl-L-histidine dissociation is

given in Table 6.

Of special interest is matching of the standard thermo-

dynamic parameters of the stepwise dissociation of amino

acids in a free state with those for amino acid residues

involved in peptide linkage. The data available show that

acidic properties of carboxyl and protonated imidazole

group of L-histidine (pK�
1 ¼ �lgK�

1 ¼ 1:70; pK�
2 ¼

�lgK�
2 ¼ 6:04 [15]) become weaker in 3-alanyl-L-histidine

dipeptide (pK�
1 ¼ 2:59; pK�

2 ¼ 6:77). And conversely, dis-

sociation constants of the protonated amino group of b-
alanine (pK = 10.16 at I = 0.2, KCl) [16]) rise when the

amino acid is involved in the peptide composition

(pK�
3 ¼ 9:37). The changes in entropy of L-histidine acid

dissociation are evaluated as negative rather small values

DdisS
�
1 ¼ �17:6; DdisS

�
2 ¼ �14:0 Jmol�1 K�1 [15]. The

increase in the distance between protonated amino

fragment and carboxyl or imidazole group in the

dipeptide chain results in increasing negative values of

the dissociation entropy: DdisS
�
1 ¼ �33:3; DdisS

�
2 ¼ �26:3

J mol�1 K�1 (Table 6). When passing from L-histidine to 3-

alanyl-L-histidine, the change in the enthalpy of dissocia-

tion DdisH
�
1 and DdisH

�
2 accounts to less than 1 kJ mol-1.

Table 5 Enthalpies of interaction (kJ mol-1) of 3-alanyl-L-histidine

solution with HCl solution, enthalpies of dilution, enthalpies of acid

dissociation of the peptide according to equilibrium (3) and standard

uncertainty of these values u against NaCl background in the pH

range from 1.7 to 3.1 at 298.15 K

I - DmixH1 u(DDmixH1) - DdilH1 u(DdilH1) DdisH1 u(DdisH1)

0.25 5.35 0.15 - 1.06 0.03 6.66 0.16

0.5 8.38 0.17 0.72 0.04 7.46 0.17

0.75 10.47 0.17 2.17 0.06 8.13 0.16

Table 6 Standard thermodynamic parameters with the standard

uncertainty u for stepwise 3-alanyl-L-histidine dissociation in the

water solution at 298.15 K: the constants of dissociation, changes in

enthalpy (kJ mol-1), changes in Gibbs energy (kJ mol-1), changes in

entropy (J mol-1 K-1), T = 298.15 K

Process pR� u (pR�) DdisH� u (DdisH�) DdisG� u (DdisG�) - DdisS� u (DdisS�)

H3L
2? $ H2L

? ? H? 2.59 0.10 4.84 0.07 14.78 0.10 33.3 0.5

H2L
? $ HL ± ? H? 6.77 0.02 30.80 0.16 38.64 0.02 26.3 0.9

HL ± $ L- ? H? 9.37 0.02 39.99 0.21 53.59 0.02 45.9 0.9
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More pronounced changes (up to 4.5 kJ mol-1) of the

unfavorable entropy factor TDdisS
�
1 and TDdisS

�
2 are

accountable for the lowering of the acid dissociation con-

stants in the series. The entropy changes as being the most

susceptible to structural rearrangements occurring in the

solution can be attributed to the variations in hydration of

reactivity centers. Results obtained by calculating and

spectral methods [17, 18] suggest that the hydrogen-

bonding structure of water in the solutions of amino acids

is destroyed, and the maximum structure perturbation

localizes around charged groups (ammonium and car-

boxylate groups). The hydration of multipolar ionic parti-

cles is dependent on the distance between the positively

and negatively charged groups. An uncoordinated orien-

tation water molecule in hydration shells of cation and

anion strengthens the destroying effect on water structure.

The destructive effect of the oppositely charged groups on

the structure of their hydrated shells reduces as the distance

between protonated amino fragment and carboxyl or imi-

dazole group increases. In this, the change in dissociation

entropy becomes more negative. Thus, the trend in alter-

ation of DdisS
�
1 and DdisS

�
2 values supports that weakening

ability to acid dissociation of carboxyl and imidazole

groups of histidine in peptide composition is caused by the

change in hydration of these reactive fragments. A similar

tendency toward variation of the constants and entropies of

dissociation has been observed by us earlier upon passing

from glycine to triglycine [19] as well as from glutamine

acid to its peptide [20]. It is interesting to note that the

difference in dynamics of water molecules exchange

between bound water and bulk water on amino acid

sequence in peptides has been suggested by recent

data [21].

Conclusions

In this paper, we considered the effect of a background

electrolyte concentration on the dissociation enthalpy of

the natural dipeptide, L-carnosine. It is found that the

variation of ionic strength from 0.25 to 0.75 M results in

the change in dissociation enthalpy by 4.2, 5.2 and

1.4 kJ mol-1 for amino group, imidazole fragment and

carboxyl group, respectively. The correction to the zero-

order ionic strength of obtained thermochemical results and

available data on the acid dissociation constants permitted

us to determine standard thermodynamic quantities (Ddis

H�, DdisG�, DdisS�) of the acid dissociation of the dipeptide

in aqueous solution. The noticeable difference in ability to

acid dissociation for amino acids in a free state and for

amino acid residues involved in the dipeptide has been

found. The alteration of acidity is caused by the change in

dissociation entropy, and it is connected with the variation

in hydration of reactivity centers.
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