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Determination of acidic dissociation
constants of L-phenylalanyl-glycine and
L-alanyl-L-alanine in water using ab initio
methods

L-fenilalanil-gilisin ve L-alanil-L-alaninin sudaki
asidik ayrisma sabitlerinin ab initio yontemleri ile
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ABSTRACT

he acid dissociation constant is one of the fundamental properties of organic molecules. In this study, den-

sity functional theory (DFT) calculations with B3LYP combined with 6-31+G(d) basis set were applied for
determination of acidic dissociation constants of L-phenylalanyl-glycine and L-alanyl-L-alanine. An ab initio
procedure for accurately calculating agueous-phase pKa values of the L-phenylalanyl-glycine and L-alanyl-
L-alanine is presented. Formation of intermolecular hydrogen bonds between the existent species and water
has been analyzed using Tomasi's method. In this way, it was determined that in alkaline aqueous solutions
the cation, anion, and neutral species of L-phenylalanyl-glycine and L-alanyl-L-alanine are solvated with some
molecules of water. Furthermore, the correlation between the pKa values of these dipeptides was investigated

theoretically, and a comparable agreement was found with the experimental results.
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6zET

sidik ayrisma sabiti organik bilesiklerin en temel 6zelliklerinden birisidir. Bu ¢calismada, yogunluk fonksiyon

teori (DFT) hesaplamalari 6-31+G(d) ile B3LYP birlestirilmis temel setler L-fenilalanil-glisin ve L-alanil-L-
alaninin asidik ayrisma sabitlerinin belirlenmesinde uygulanmistir. L-fenilalanil-glisin ve L-alanil-L-alaninin sulu-
faz pK, degeri hesaplamalarrigin ab initio ydntemi sunulmustur. Mevcut tirler ve su arasinda olugan molekdller
arasi hidrojen baglarinin olusumu Tomasi yontemi kullanilarak analiz edilmistir. Bu sekilde, su molekdilleri ile
solvate olmus L-fenilalanil-glisin ve L-alanil-L-alaninin katyonu, anyon ve nétr tirleri bazik sulu ¢ozeltilerde
belirlenmistir. Ayrica, bu dipeptidlerin pKa degerleri arasindaki iliski teorik olarak incelenmis ve kiyaslanabilir
uyumlu deneysel sonuclar bulunmustur.
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INTRODUCTION

eptides are very attractive as therapeutics, their

diverse biological application and potentially
high potency and target specificity [1]. In recent
years, an increasing activity in design and synthesis
of new peptide-based drugs is expected, as a result
of combined advances in proteomic research and
biotechnology [2].

Peptide structures that have been characterized
have come from analysis of NMR or other
experimental data in many cases supplemented
with theoretical modeling [3].

Proton transfer reactions constitute an
important class of chemical reactions and have
been studied extensively over a long period of time
[4]. The acid dissociation constant, pK_, determines
the degree of dissociation at a given pH. Acidic
dissociation constant have many applications
in chemical, biological, environmental, and
pharmaceutical research because the important
physicochemical properties, like lipophilicity,
solubility, and permeability, are all dependent on
pK, [5]. Studies of the acidity of organic compounds
are important and play a very significant role in the
evaluation of activity, reaction mechanisms and
structure of organic compounds [6,7]. However
the accurate experimental determination of pK,
values is not a trivial task in many cases and is a
experimental challenge [8]. This is the case for
species such as reaction intermediates, strong
acids, and weak acids. As a result, determining pK,
values computationally has become an issue of
great interest. In this regard theoretical effort has
been devoted to accurately modeling acid-base
equilibria in solution and calculating the associated
pKa values [9-23].

The prediction of pK, values of solvated
molecules has been an important issue in the
computational chemistry community over many
years [24-55]. This is due to the fact that, proton
transfer is the most frequently occurring reaction
in nature, and often encountered reaction in
technological processes. Proton plays an important
role in energy conversion in living cells and fuel cells
facilitate ion exchange in biological and synthetic
membranes, catalyze chemical reactions at the
active site of proteins and in synthetic reactions[56].

As pKa equals to AG/2.303RT, where AGis a free
energy change of the dissociation reaction either in
a gas or solution phase, activity of compound can
be determined by the AG values [57].

Kinds of polarizable continuum models have
been applied to calculate free energy differences
for cations, neutral compounds and their anions. On
the basis of solvation free energies, the pKa values
were obtained for the compounds in question
aqueous solutions using thermodynamic equations;
involving the combined experimental and calculated
data [58].

This paper deals with the influence of factors
such as the self consistent reaction field (SCRF)
model applied, choice of a particular thermodynamic
equations, atomic radii used to build a cavity in the
solvent (water), optimization of geometry in water,
inclusion of electron correlation, the dimension
of the basis set on the salvation free energies
and on the calculated pK, values. pK, values of
L-phenylalanyl-glycine and L-alanyl-L-alanine were
determined in aqueous solution by ab initio method
at room temperature. In order to explain the acidic
dissociation constants obtained, we investigated
the molecular conformations and solute-solvent
interactions of the cation, anion and neutral species
of L-phenylalanyl-glycine and L-glanyl-L-glanine
using ab initio and density functional theory (DFT)
methods.

Computational Method

Figures 4 and 5 show the structure of L-phenylalanyl
glycine and L-alanyl-L-alanine and their cations
and the practical numbering system adopted for
performing the calculations. In this study, structures
were optimized by the semi empirical PM3 method
in program Hyperchem version 8.0.8 for windows.
All calculations were performed using Gaussian 98w
version 5.2. DFT calculations were done using the
hybrid exchange-correlation functional of Becke,
Lee, Yang, and Parr (B3LYP) and the Gaussian
6-31G(d) basis set. To analyze the solvent effects
on all species involved in the selected ionization
reaction, the polarized continuum model (PCM) of
Tomasi et al. was applied [571].



RESULTS AND DISCUSSION

Peptides are formed by binding amino acids
together through an amid linkage. Hydrolysis of
peptides results in free amino acids [59,601:

-OH
2NH,~CH-COOH —= H,N- CH-CO-NH-CH—COOHH
+OH,
R ? R R

Fully protonated L-phenylalanyl-glycine and
L-alanyl-L-alanine have two acid groups: ammonium
and carboxyl. A proton can be lost from any one of
the two groups to give different ionized species; the
loss of a proton from the carboxyl group is most
probable, and from the ammonium group least
probable. In aqueous solution amino acids and
peptides are present, depending on pH, as cations,
zwitterions or anions.

R—CH-COOH —HL R—CH-COOH ;—
. +H | +H
NH; NH,

R—CH-COO
NH,

Their side chain R, can vary small or bulky,
hydrophobic or hydrophilic, polar, charged or
neutral. The dissociation constants of amino acids
and peptides can be determined, for example, by
titration of the acid. Therefore, this concept of
microscopic ionization constants k, and k, may be
applied, where k1 involving the carboxyl proton is:

_ [H*]J[NH;CHRCOO" ]
"~ [NH;CHRCOOH] )

1

and k, involving the ammonium proton is:

_ [H"][NH,CHRCOOH]
[NH:CHRCOOH]

2

)

It can be shown that for a dibasic acid the first
ionization constant K, is the sum k+k, and second

F. Kiani et al. / Hacettepe J. Biol. & Chem., 2014, 42 (2), 263-274

kIZ 'kZI

ionization constant K, is .
12 + k21

The chemical interpretation of the changes
is not straightforward, even though from model
compounds the carboxyl proton is predicted to
be the most acidic. Calculations involving the
microscopic constants indicate the first and second
K corresponds to exclusive removal of the carboxyl
proton and a small proton loss from ammonium
acidic site, on determined by NMR spectroscopy
studies [57].

The acidity of the free carboxyl groups and
the basicity of the free amino groups are lower in
peptides than in the corresponding free amino acids
[60].

The different models of molecules (zwitterions
and unzwitterions) were investigated by the G98
program. Considering egs. (1) and (2), different
reactions including cationic, neutral and anionic
species were tested, but some of the reactions
were not considered further because the estimated
error in its acidic dissociation constants were
unacceptable. The models finally chosen for the
studied system and the calculated values of the
acidic dissociation constants of peptides are listed
in Table 1.

Solvent-solute Interactions

lonic product of water

It is well-known that all aqueous solutions contain
hydrogen (H*) and hydroxyl (OHY) ions. In pure
water these ions are derived completely from the
ionization of the water molecules:

H,0 ¢ H*+OH" (©)

Table 1. Values of pKa for protonation of L-phenylalanyl-glycine and L-alanyl-L-alanine obtained using the Tomasi Method

at the B3LYP/6-31+G(d) level of theory, at 298.15 K.

Species

(Experimental)? Selected Equations

PK, PK,
(Calculated)® (Experimental)?

L-phenylalanyl- H,L+(H,0) <> HL + H,0* 3.1504 3.7037 (1=0.1,NaClO,)
glycine HL(H,0), + H,0 <> L-(H,0), + H,0" 7.6443 7.5236 (1=0.1,NaCl0,)
H,L+(H,0), <> HL(H,0) + H,0* 3.2570 3.30 (1=0.1,NaClO,)
L-alanyl-L-alanine
HL(H,0), + H,0 <> L-(H,0), + H,0* 8.0361 8.14 (1=0.1,NaCl0,)

aExperimental data collected from Ref [64,65]
°This work
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Considering that the H* ion is hydrated, appearing
predominantly as H30*, the autoprotolysis of water
is better represented by reaction:
2H,0 & H,0"+0H 4

Taking into account that water is only a little
dissociated and to simplify the discussion we shall
make the approximations of replacing the activities
in acidity constants by the numerical values of the
molar concentrations, consequently:
K,=[H,0*1[OH] 5

At 29815 K, K, =1.008 x10™, shows that only a few
of the water molecules are ionized.

Conventionally, eq. (4) and (5) are those more
used in studies of acid-base equilibria in agueous
medium. On the other hand, the solvation of anions
is effective in protic solvents where hydrogen bonds
may be formed between the proton of the solvent
and the lone pairs of electrons of the anion [57].
The total energies of the single and solvated OH-
ion have been calculated in water at the B3LYP/6-
31+G(d) level of theory, using Tomasi's model.

To illustrate, Figure 1 shows the structures of
the hydroxyl ion solvated with one and also two
water molecules together.

It can be observed that the distance between
the O1- atom of hydroxyl group The H5 atom of the
water (Figure 1a) is equal to 1.557 A, whereas the
bond angle (A, ) that forms the involved atoms (O,
H..0,) in the hydrogen-bond-donor (IHB) is 177.8°.
Furthermore, Figure 1b shows the distance and bond
angle formed by the involved atoms (H,0,, OH,0,)

274" T 274

in the IHB are 1.905 A and 171.6°, respectively.

*: 8 o
@ (b)

Figure 1. Optimized structure of: a) the hydroxyl ion
solvated with one water molecule b) two water molecules

o

6

together.

The data allows that the IHBs between the OH"
ion and the water molecules of solvation belong
to the class of moderate or strong H bonds. The
calculated total energy values show the striking
decrease of the total energy of the OH ion when
its solvation increases. For each solvation water
molecule, the OH ion decreases its relative energy
by 200, 222 kJ mol'respectively.

Considering these facts and in order to provide
a more satisfactory representation of the protolysis
of water, the reaction has been shown as follows:
3H,0 - H,0"+0H (H,0) (6)

The selected reaction considers that both H+
and OH- ions are hydrated with one water molecule.
Moreover, indicating with K the equilibrium

constant of the reaction of Eq. (6) and taking into
account Egs. (4) and (5), it is inferred that [571:

K, = K, [H,0]

where [H,Q] is the molar concentration of water.
Consequently, at 298.15 K, it was calculated that:

W

[H,0]

Similarly, the total energies of the single and
solvated L-phenylalanyl-glycine and L-alanyl-L-
alanine specimen (cationic, neutral and anionic)
were calculated in water at the B3LYP/6-31+G(d)
level of the theory, using Tomasi's model.

N

=1.831x107 )

Table 2 summarizes the variations of the total
energy (kJ mol™) of the specimen per water molecule
as a function of the total number of solvation water
molecules.

2.0

Total energy of ion
per water molecules 1.0

(-1x10° kT mol™)
0.0

0 1 2 3 4
Number of solvation water molecules

Figure 2. Plot of the total energy (kJ.mol™) of a solvated
L-phenylalanyl-glycine anion anions per water molecule
against the total number of solvation water molecules.
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Table 2. Calculated total energy using the Tomasi Method at the B3LYP/6-31+G(d) level of theory for cationic, neutral, and
anionic species of L-phenylalanyl-glycine and L-alanyl-L-alanine at 298.15 Ka.

No.  Solvated Species G G /molecule No.  Solvated Species G G, /molecule
arires) (Kj mol™) (Hartree) (Kj mol )
L-phenvlalanvl- L-alanyl.L-
Glvcine alanine
0 H;L~ -7.6329 x 10/ -2.0040 x 1075 0 mHI- S5.7157 x 1072 -1.5006 x 1076
1 H;L"(H,O) -8.3974 x 10/ -1.1024 x 107 1 H;L7(H,0) -6.4801 x 100/ -8.5067 x 107F
0 HL S76287 x 1072 _2.0029 x 107 0 HL 57112 < 1072 -1.4995 x 10°¢
1 HL(H,0) -8.3930 % 107 -1.1018 x 107 1 HIL(H,0) -6.4756 x 1072 -8.5008 x 10~
2 HL(H,0), 91574 x 10/ -8.0143 = 10+ 2 HL(H,0), -7.2399 x 100/ 63361 x 10°F
0 L- S7.6242 < 10r2 20017 = 107 0 1 -5.7067 x 1072 -1.4983 x 10°¢
1 L-(H.0) -8.3885 >« 1072 -1.1012 = 10°¢ 1 1-H0) 64711 x 1072 -8.4949 x 107
2 L-(H,0), -9.1529 x 1072 -8.0103 = 1073 2 L-(H,0), -7.2354 x 107 -6.3322 x 1073
3 L-(H,0) 99172 x 10°? -6.5094 x 107 3 L(H,0) -7.9997 x 1002 -5.2508 x 10°F
4 L-(H,0), -1.0682 = 1073 -5.6089 x 10 4 L-(H,0) -B.7387 % 1072 45992 x 107F
Water
0 H.0" -7.6862 % 107 -2.0180 = 10+ 0 ow S7.5952 % 107 -1.9941 x 1077
1 H:0"(H,;0) -1.5330 % 1072 -2.0124 % 107 1 OH-(H;O) -1.5240 x 1072 -2.0006 x 107F
0 H;0"(H,0), -2.2973 < 1072 -2.0105 = 107 2 QH(H0): -2.2885 < 1072 -2.0028 x 10°F
1 H:0 S7.6434 = 107t -2.0068 % 107 3 OH-(H;0): -3.0529 % 1072 -2.0039 x 1077
2 (H;0), -1.5287 % 1072 -2.0068 x 1077 4 OH-(H;O), -3.8173 x 1072 -2.0044 x 1072

= N: total number of solvation water molecules; G total free energy in solution: G%/molecule, total energy of solvated
species per water molecule; H;L*, cation species; HL, neutral; L-, anion species.

Figures 2, 3 and Table 2 show that marked
increase of the total energies of ions when their
solvation increases.

The data show that the water, exerting its
hydrogen-bond-donor (HBD) capability, forms
IHBs with the L-phenylalanyl-glycine and L-alanyl-
L-alanine anions. These hydrogen bonds have been
classified as strong, moderate and weak bonds,
according to their lengths, angles and energies [61].

Total energy of ion
per water molecules

(-1x10° kT mol™)

Number of solvation
water molecules

Figure 3. Plot of the total energy (kJ.mol™) of a solvated
L-phenylalanyl-glycine and L-alanyl-L-alanine anions per
water molecule against the total number of solvation wa-
ter molecules.

First lonization Constant of L-phenylalanyl-
glycine
It was selected that in alkaline solutions

L-phenylalanyl-glycine suffers a reaction of partial
neutralization as follows:

H,L+(H,0)+ OH-(H,0) > HL+3H,0 K ®)

In this reaction H,L*(H,0) is L-phenylalanyl-
glycine cation solvated with one water molecule and
HL represents L-phenylalanyl-glycine neutral. The
previous reaction is characterized by an equilibrium
constant, KCI, which was theoretically determined.

By combining Eqg. (8) and (4) we obtain the
reaction of Eqg. (9), which defines the first ionization
constant of L-phenylalanyl-glycine (K_), and
considers the solvation of the neutral L-phenylalanyl-
glycine:

H,L+(H,0) & HL+H,0" ©

It is evident that the constants K, Kw and Kal

are related by the following equation:

K, =K. xK, (10)
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an o ed A

(a) (®)

Figure 4. Optimized structure of: (a) L-phenylalanyl-
glycine (b) L-alanyl-L-alanine cation solvated with one
and two molecules of water, respectively and practical
numbering system adopted for carrying out the

calculations.

Sty 2t

L-phenylalanyl-glycine

29

L-alanyl-L-alanine

Figure 5. Optimized structures of L-phenylalanyl-glycine

and L-alanyl-L-alanine for carrying out the calculations.

The above equation was used to determine
theoretically the value of the first ionization
constant of L-phenylalanyl-glycine in water. Table
3 summarizes the optimized values of molecular
properties of H,L*(H,0) cation (Figure 4a), the HL
and HL(H,0), neutral molecule (Figure 5 and Figure
6) obtained at the B3LYP/6-31+G(d) level of theory

with Tomasi's method in water at 298.15 K.

It must be noted that in the formation of
the neutral L-phenylalanyl-glycine, the neutral
molecules practically do not have the structure that
characterizes the solvated L-phenylalanyl-glycine

cation (Figure 4a and Table 3).

Obviously, the formation of the neutral
L-phenylalanyl-glycine implies that the electronic
density of the N, atom decreases (in absolute value)
with respect to the N, atom of the L-phenylalanyl-
glycine cation (Table 3). Furthermore, the negative
atomic charge of O, (q0,) of the neutral
L-phenylalanyl-glycine decreases (in absolute
value). These facts help to explain that the H15 atom
of the carboxyl (O,,-H,) group bound to C, neutral
L-phenylalanyl-glycine is more acidic than the H,,
atom of the carboxyl (O,-H,,) group bound to the C,
atom of the solvated L-phenylalanyl-glycine cation
Also, it shoulde be remarked that the nucleophilic
attack of the O- atom of OH ion on the H,, atom of

the NH, group bound to N, of the L-phenylalanyl-
glycine cation produced the neutral L-phenylalanyl-
glycine (Figure 4a).

It is reasonable to observe that the molecular
volume of the neutral L-phenylalanyl-glycine
molecule solvated with three water molecules
is approximately the sum of the molecu~lar
volumes of the specimen that form it, (i.e. neutral
L-phenylalanyl-glycine molecule with three water
molecules).

On the other hand, the pKal value theoretically
obtained (pK_, = 3.1504) has an adequate agreement
with the experimental pK , value (pK,, = 3.7037). We
conclude that this fact constitutes a strong support
for the reactions and equilibria of ionization selected
here [62].

Second lonization Constant of L-phenylalanyl-
glycine

Here, it is selected that the neutral HL(H,0), suffers
a total neutralization as follows:

HL(H,0),+OH(H,0)>L(H,0),+2H,0 ()

In the above reaction L(H,0), represents the
L-phenylalanyl-glycine anion solvated with three
water molecules. The reaction described in Eg. (11) is
characterized by another equilibrium constant, K_,
which was also theoretically determined. Combining
Egs. (6) and (11) the second ionization reaction of
L-phenylalanyl-glycine was obtained:

HL(H,0), +H,0 ¢ L(H,0),+H,0* (12)

The equilibrium constant K_, that characterizes

Figure 6. Calculated structure for neutral L-phenylala-
nyl-glycine solvated with three water molecules, at the
B3LYP/6-31+G(d) level of theory and using the Tomasi's
method in water at 298.15 K.
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Table 3. Calculated structural magnitudes using Tomasi's Method at the B3LYP/6-31+G(d) level of theory for the cation,
neutral molecule, and anion of L-phenylalanyl-glycine at 298.15 Ka.

Species Calculated magnitudes
L-Phenylalanyl-Glycine H,L*(H,0) HL HL(H,0), L'(H,0),
K, 1.23894108 - -
K., - 3.8629x10%?
K., 2.26844108 - -
K, - - 7.0730 x10* -
a, 5.22 493 5.08 5.53
D-H.C,N, C, - - - -64.2001
D-H,.C,N,C, - - 1215710 -
D-H H,C.C, - 39.5255 -
D-HN.CN, - - -25.1274
D-H,,C,N,C, -121.0970 - -
D-H,,C,C.C, - -179.6076 - -
D-H,,C,C.C, - - 179.7206
D-H,.C,C,C, - 2.9969 -
D-H,.C.C.C, - 156.6501 -
D-H,,C,C.C, 3.2485 - - -
D-H, N C.C, - - -170.3993
D-H,,C.C.C, -179.4392 - -
D-H_H,N.C, - -60.0273 -
D-0,C,C.C, - 50.7267
p-0.0,6.¢C, - - - 143.7153
D-0..0.C,0, - - 113.3426 -
qaC, - -0.279 - -0.279
an,, - -1.023 - -
a0, -0.713 - -0.688 -
g0, - - -0.576
qo,, - 1112 -
qo0,, -1.034 - -
qo0., - - - 1173
qo0,, - - 1143 -
q0,, - - - 1128
gN, -1.175 - -1.314 -
qo,, - -0.64 - -
aN,, - - - -0.051
qo, -0.561 - -0.7 -
a0, - -0.524 - -0.74
qo - -0.64 - -0.892
d-HiN, - - 0.9958 -
d-H N> 1.0280 - -
d-HoNT, - 1.0171 -
d-HEN, 1.0362 - -
d-H,.C, - 1.0874 -
d-H,.0,, - 0.9477
d-O,N, 2.8102 -
d-0,,0, - - 2.8604
A-H.0,C, - 106.7905 - -
A-H_N,C, 140.2734 - -
A-H N, C, - 110.6040 -
A-H,N.C, - 147.4262 -
A-H,,C.C, - - 120.3190
A-H,.C,C, 119.8122 - -
A-H,,C.C, - - 107.5134
A-H,.C.C, 108.5804 -
A-H,N.C, - 98.9769
A-H_H..O, 135.4133 - -
A-H,.0,.0, - - 7.9675
A-H,0,0, 23.2798 -
A-0,,C.C, - 18.8220
A-0..0,C 103.8018 -
°K,, and K_,, equilibrium constants of equations; K and K_,, first and second acidic dissociation constant between the

indicated atoms (A°); a,, bohr radius (A°); g, total atomic charge (Muliken) (au); d, bond lengths between the indicated
atoms (A°); A, bond angle(®).
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Appendix A
Table A. Calculated structural magnitudes using Tomasi;s Method at the B3LYP/6-31+G(d) level of theory for the cation,
neutral molecule, and anion of L-alanyl-L-alanine at 298.15 K.

Species Calculated magnitudes
L-Alanyl- L-Alanyl H,L*(H,0), HL(H,0) HL(H,0), L'(H,0),
K, 5.4884x10° - -

K., - 5.0253x107

K, 5.5323x10* -

K., - - 9.2013x10° -

a, 4.90 4.59 4.85 477
D-H,N,C,0, - - - 159.2719
D-H,N.C.N, - -127.2252
D-H _C.N,C, - - 17.7279
D-H, N,C.N, 1771977 - - -
D-H CN.C, - -57.839866 - 17.6243
D-H,,C.C,N, 59.9646 - - -
D-H,,C,,.C,N, 61.2735 - - -
D-H..0,,0.C, - 179.496677 - -14.30668
D-H;,0,.0.C, 175.2279 - - -
D-H,,0,,0.C, - - -76.0497
D-H,,0,,0,C, - 168.0081 -
D-H,,0,,0,C, 0.3605 - -
D-H, 0,,0,C, - - 164.6838
D-H,0,,0.C, 1.3821 -
D-H,,0,,0.C, 10.4960 -
D-0,,0.CC, - 18.3831
gH,, 0.544 -
qo0,, - - -1.084
g0, -1.095 - -
qo0;, - - - 1173
gH,, 0.545 0.218 - 0.624
qo,, - -1.082 -1.122 -
g0, -1108 - - -
q0,, - - -1.089
q0,, -1.060 -
d-H,N, - 0.9951
d-H N, 1.0656 - -
d-H,C, - - 1.0931
d-H,,C, 1.0952 - -
d-H,.C,, - - - 1.0834
d-H,C, 1.0938 1.015411 - -
d-H,,C, 1.0959 - - -
d-H,.0,, - - 0.9507
d-H,.0,. 0.9775 - -
d-H,40,, - - 0.9473
d-H,,0,, 0.9931 -

d-H,,0,, - 0.9471
d-H,0,, 0.9531 -
d-0,,0, - 2.9417
d-0,,0, 2.9099 -
A-H_N.C, - - 79.0694
A-H CN, 107.6592 - -
A-H,CNg - - m.e171
A-H,.C,C, 1M.0751 - -
A-H,,C.C, 111.3895 - -
A-H,.0,,0, - - 94.3957
A-H.,0.,0, 17.8454 - -
A-H,,0,,0, - - - 100.8375
A-H.,0.0, - 109.017477 31813 -
A-H,,0,.0, 118.8520 - - -
A-H,0,.C, - - 8.7106
A-0,,0.,C, - 125.2970
A-0,,0,0, - 145.8465 -
A-0,.0_C, 114.0515 -

°K,and K ,, equilibrium constants of equations; K and K_,, first and second acidic dissociation constant between the
inficatedatoms (A°); a,, bohr radius (A°); g, total atomic czharge (Muliken) (au); d, bond lengths between the indicated
atoms (A°); A, bond angle(®).



Figure 7. Calculated structure for the L-phenylalanyl-
glycine anion solvated with three water molecules, at the
B3LYP/6-31+G(d) level of theory and using the Tomasi's
method in water at 298.15 K.

the above reaction is linked with constants K, and
K, by the following equation:

K=K, xK, (13)

This equation is similar to Eg. (10) and it was used
to obtain the value of the second ionization constant
of L-phenylalanyl-glycine in water. Table 3 gives the
values of the molecular parameters and properties
calculated for the L-(H,0), anion, in water at 298.15
K, while Figure 7 shows the structure of this anion.

The L-phenylalanyl-glycine anion solvated
with three water molecules possesses various
structural characteristics that are different to those
of the L-phenylalanyl-glycine cation and neutral
L-phenylalanyl-glycine molecule solvated with one
and three water molecules, respectively. Thus, the
acid-base reactions and salvation of species change
the structures. From Figure 3 and Table 3, it can
be observed that dihedral angles are partically
different. Furtheremore, the negative charges of
0,,-and O,,- atoms are high (in absolute value), and
formed three moderate HBD, one is O,, and H_,
(0,,-H,,), another is 014 and H,, (O,-H,,) and the
otheris O, and H,; (O,;-H,)).

It must be noted that the pK_, value calculated
theoretically (pK,, = 7.6443) is in reasonable
agreement with the experimentally determined pK_
(pK,, = 7.5236) [62].

Similarly with L-phenylalanyl-glycine total
energies and molecular parameters were obtained
for L-alanyl-L-alanine system, using the Tomasi's
method at the B3LYP/6-31+G(d) level of theory

for anion, cation and neutral species at 298.15 K.
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Figure 8. Comparison of calculated and experimental
dissociation constants (pK,) in zero ionic strength.

The resulting values are shown in the Tables 1, 2
and appendix A. Many acid-base reactions were
considered for the mentioned system. The values of
acidic dissociation constants for all of the reactions
were calculated using a computer program, but the
reactions were not further considered because the
estimated error in their acidic dissociation constants
was unacceptable. The models finally selected
models and their acidic dissociation constants are
listed in Table 1.

CONCLUSIONS

In this study, pKa values of L-phenylalanyl-glycine
and L-alanyl-L-alanine was successfully calculated
with high accuracy by using ab initio methods.
The B3LYP/6-31+G(d) is employed and found to be
sufficiently accurate in predicting the acidities of
the considered molecules. For this various acid-
base reactions were selected the solvation of the
hydrogen, hydroxyl ions and other cations or anions
in water, which possess a high hydrogen-band-
donor capability were studied. It was observed
that the nucleophilic attack on the hydrogen atoms
of the COOH and NH.* groups of L-phenylalanyl-
glycine and L-alanyl-L-alanine by the OH" and the
hydrated OH" ion with a water molecule gives the
corresponding species.

ACKNOWLEDGMENTS

The authors would like to acknowledge the
Chemistry Department of Islamic Azad University,
Arak branch, for support and contribution in the
experimental works.



272

F. Kiani et al. / Hacettepe J. Biol. & Chem., 2014, 42(2), 263-274

References

J.A. Getz, J.J. Rice, P.S. Daugherty, Protease-resistant
peptide ligands from a knottin scaffold library, ACS
Chem. Biol., 6 (2011) 837.

A. Catsch, A.E. Harmuth-Hoene, Pharmacology and
therapeutic applications of agents used in heavy metal
poisoning, Pharmacol. Ther, Part A.1(1976) 1.

M.D. Beachy, D. Chasman, R.B. Murphy, T.A. Halgren,
R.A. Friesner, Accurate ab initio quantum chemical
determination of the relative energetics of peptide
conformations and assessment of empirical force fields,
J. Am. Chem. Soc., 119 (1997) 5908.

M. Namazian, H. Heidary, Ab initio calculations of pKa
values of some organic acids in aqueous solution, J. Mol.
Struct. (Theochem), 620 (2003) 257.

H. Wan, J. Ulander, High-throughput pKa screening and
prediction amenable for ADME profiling, Expert Opin.
Drug. Metab. Toxicol., 2 (2006) 139.

I.A. Topol, I.A. Tawa, R A. Caldwell, M.A. Eissenstat, S.K.
Burt, Acidity of organic molecules in the gas phase and
in agueous solvent, J. Phys. Chem. A, 104 (2000) 9619.
F. Ding, J.M. Smith, H. Wang, First-principles calculation
of pKa values for organic acids in nonagueous solution,
J. 0Org. Chem., 74 (2009) 2679.

J.R. Pliego, J.M. Riveros, Theoretical calculation of pKa
using the cluster continuum model, J. Phys. Chem. A,
106 (2002) 7434.

G.S. Schuurmann, M. Cossi, V. Barone, J. Tomasi,
Prediction of the pKa of carboxylic acids using the ab
initio continuum-solvation model PCM-UAHF, J. Phys.
Chem. A, 102 (1998) 6706.

C.0. Silva, M.A. Silva, M.A.C. Nascimento, Ab initio
calculations of absolute pKa values in aqueous solution
I. carboxylic acids, J. Phys. Chem. A, 103 (1999) 11194.
AM. Toth, M.D. Liptak, D.L. Phillips, G.C. Shields,
Accurate relative pK, calculations for carboxylic acids
using complete basis set and Gaussian-n models
combined with continuum solvation methods, J. Chem.
Phys., 114 (2001) 4595.

M.J.Javan, Z.Jamshidi, Z. Aliakbar Tehrani, A.Fattahi,
Interactions of coinage metal clusters with histidine
and their effects on histidine acidity; theoretical
investigation, Org. Biomol. Chem., 10 (2012) 9373.
G.A.A. Saracino, R. Improta, V. Barone, Absolute
pKa determination for carboxylic acids using density
functional theory and the polarizable continuum model,
Chem. Phys. Lett., 373 (2003) 411.

J. Chen, M.A. McAllister, J.K. Lee, K.N. Houk, Short,
strong hydrogen bonds in the gas phase and in
solution: theoretical exploration of pKa matching and
environmental effects on the strengths of hydrogen
bonds and their potential roles in enzymatic catalysis, J.
Org. Chem., 63 (1998) 4611.

20.

21.

22.

23.

24.

25.

26.

27.

28.

K.R. Adam, New density functional and atoms in
molecules method of computing relative pKa values in
solution, J. Phys. Chem. A, 106 (2002) 11963.

A. Klamt, F. Eckert, M. Diedenhofen, M.E. Beck, First
principles calculations of aqueous pKa values for
organic and inorganic acids using COSMORS reveal
an inconsistency in the slope of the pKa scale, J. Phys.
Chem. A, 10 (2003) 9380.

R. Vianello, Z.B. Maksic, Strong acidity of some
polycyclic aromatic compounds annulated to
acyclopentadiene moiety and their cyano derivatives -
A density functional B3LYP study, Eur. J. org. Chem., 16
(2005) 3571.

D.M. Chipman, Computation of pKa from dielectric
continuum theory, J. Phys. Chem. A, 106 (2002) 7413.
G.l. Almerindo, D.W. Tondo, J.R. Pliego, lonization
of organic acids in dimethyl sulfoxide solution: a
theoretical Ab initio calculation of the pKa using a new
parametrization of the polarizable continuum model, J.
Phys. Chem. A, 108 (2004) 166.

AM. Magill, K.J. Cavell, B.F. Yates, Basicity of
nucleophilic carbenes in agueous and nonagueous
solvents theoretical predictions, J. Am. Chem. Soc.,126
(2004) 8717.

W.L. Jorgensen, J.M. Briggs, J. Gao, A priori calculations
of pKa's for organic compounds in water. The pKa of
ethane, J. Am. Chem. Soc., 109 (1987) 6857.

F. Ding, J.M. Smith, H. Wang, First-principles calculation
of pKa values for organic acids in nonagueous solution,
J. Org. Chem., 74 (2009) 2679.

C.Silva, E. Da Silva, M. Nascimento, Abinitio calculations
of absolute pKa values in agueous solution Il. aliphatic
alcohols, thiols, and halogenated carboxylic acids, J.
Phys. Chem. A, 104 (2000) 2402.

M.D. Liptak, G.C. Shields, Accurate pKa calculations
for carboxylic acids using complete basis set and
gaussian-n models combined with CPCM continuum
solvation methods, J. Am. Chem. Soc., 123 (2001) 7314.
S.E. Blanco, M.C. Almandoz, F.H. Ferretti, Determination
of the overlapping pKa values of resorcinol using UV-
visible spectroscopy and DFT methods, Spectrochim.
Acta, Part A, 61(2005) 93.

J. Klicic, R. Friesner, S.Y. Liu, W. Guida, Accurate
prediction of acidity constants in aqueous solution via
density functional theory and self-consistent reaction
field methods, J. Phys. Chem. A, 106 (2002) 1327.

J. Pliego, J.M. Riveros, Theoretical calculation of pKa
using the cluster continuum model, J. Phys. Chem. A,
106 (2002) 7434.

S. Zhang, J. Baker, P. Pulay, A reliable and efficient first
principles-based method for predicting pKa Values. 1.
Methodology, J. Phys. Chem. A, 114 (2010) 425.



29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

A41.

C.P. Kelly, C.J. Cramer, D.G. Truhlar, Adding explicit
solvent molecules to continuum solvent calculations for
the calculation of agueous acid dissociation constants,
J. Phys. Chem. A, 110(7) (2006) 2493.

V.S. Bryantsev, M.S. Diallo, W.A. Goddard, pKa
calculations of aliphatic amines, diamines, and
aminoamides via density functional theory with a
poisson boltzmann continuum solvent model, J. Phys.
Chem. A, 11(2007) 4422.

H. Lu, X. Chen, C.G. Zhan, First-principles calculation
of pKa for cocaine, nicotine, neurotransmitters, and
anilines in aqueous solution, J. Phys. Chem. B, 111
(2007)10599.

Z. Jia, D. Du, Z. Zhou, A. Zhang, R. Hou, Accurate
pKa determinations for some organic acids using
an extended cluster method, Chem. Phys. Lett., 439
(2007) 374.

N. Sadlej-Sosnowska, Calculation of acidic dissociation
constants in water: solvation free energy terms. Their
accuracy and impact, Theor. Chem. Acc., 118 (2007) 281.
V. Verdolino, R. Cammi, B.H. Munk, H.B. Schlegel,
Calculation of pKa values of nucleobases and the
guanine oxidation products guanidinohydantoin and
spiroiminodihydantoin using density functional theory
and a polarizable continuum model, J. Phys. Chem. B,
12 (2008) 16860.

A. Trummal, A. Rummel, E. Lippmaa, P. Burk, I.A. Koppel,
IEF-PCM calculations of absolute pKa for substituted
phenols in dimethyl sulfoxide and acetonitrile solutions,
J. Phys. Chem. A, 113 (2009) 6206.

R. Casasnovas, J. Frau, J. Ortega-Castro, A. Salva,
J. Donoso, F. Munoz, Absolute and relative pKa
calculations of mono and diprotic pyridines by guantum
methods, J. Mol. Struct. (THEOCHEM), 912 (2009) 5.

F. Khalili, A. Henni, A.L.L. East, Entropy contributions
in pKa computation: Application to alkanolamines and
piperazines, J. Mol. Struct. (THEOCHEM), 916 (2009) 1.

J. Ho, M.L. Coote, pKa calculation of some biologically
important carbon acids - an assessment of
contemporary theoretical procedures, J. chem. Theory
Comput., 5 (2009) 295.

J. Ho, M.L. Coote, A universal approach for continuum
solvent pKa calculations: Are we there yet?, Theor.
Chem. Acc., 125 (2010) 3.

F. Eckert, M. Diedenhofer, A. Klamt, Towards a first
principles prediction of pKa: COSMO-RS and the cluster-
continuum approach,Mol. Phys., 108 (2010) 229.

T. Simonson, J. Carlsson, D.A. Case, Proton binding
to proteins: pKa calculations with explicit and implicit
solvent models, J. Am. Chem. Soc., 126 (2004) 4167.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

F. Kiani et al. / Hacettepe J. Biol. & Chem., 2014, 42 (2), 263-274

J. Mongan, D.A. Case, Biomolecular simulations at
constant pH, Curr. Opin. Struct. Biol., 15 (2005) 157.

T.H. Click, G.A. Kaminski, Reproducing basic pKa values
for turkey ovomucoid third domain using a polarizable
force field, J. Phys. Chem. B, 113 (2009) 7844.

H. Li, AW. Hains, J.E. Everts, A.D. Robertson, J.H.
Jensen, The prediction of protein pKa's using QM/MM:
the pKa of lysine 55 in turkey ovomucoid third domain,
J. Phys. Chem. B, 106 (2002) 3486.

D. Riccardi, P. Schaefer, Q. Cui, pKa calculations
in solution and proteins with QM/MM free energy
perturbation simulations: a quantitative test of QM/MM
protocols, J. Phys. Chem. B, 109 (2005) 17715.

S.C.L. Kamerlin, M. Haranczyk, A. Warshel, Progress
in Ab initio QM/MM free-energy simulations of
electrostatic energies in proteins: accelerated QM/
MM studies of pKa, redox reactions and solvation free
energies, J. Phys. Chem. B, 113 (2009) 1253.

J.E. Davies, N.L. Doltsinis, A.J. Kirby, C.D. Roussev, M.
Sprik, Estimating pKa values for pentaoxyphosphoranes,
J. Am. Chem. Soc., 124 (2002) 6594.

I. lvanov, B. Chen, S. Raugei, M.L. Klien, Relative pKa
values from first-principles molecular dynamics: the
case of histidine deprotonation, J. Phys. Chem. B, 110
(2006) 6365.

C. Simo, G. Ciccotti, M.L. Klein, Computing the acidity
of liquids via Ab initio molecular dynamics, Chem. Phys.
Chem., 8 (2007) 2072.

Y. Fu, L. Liu, Y.M. Wang, J.N. Li, T.Q. Yu, Q.X. Guo,
Quantum-chemical predictions of redox potentials of
organic anions in dimethyl sulfoxide and reevaluation
of bond dissociation enthalpies measured by the
electrochemical methods, J. Phys. Chem. A, 110 (2006)
5874.

M. Sulpizi, M. Sprik, Acidity constants from vertical
energy gaps: density functional theory based molecular
dynamics implementation, Phys. Chem. Chem. Phys., 10
(2008) 5238.

Y. Fu, L. Liu, R.Q. Li, R. Liu, Q.X. Guo, First-principle
predictions of absolute pKa's of organic acids in
dimethyl sulfoxide solution, J. Am. Chem. Soc., 126
(2004) 814.

M. Sulpizi, M. Sprik, Acidity constants from DF T-based
molecular dynamics simulations, J. Phys.: Condens.
Matter., 22 (2010) 284116.

J.Cheng, M. Sprik, Acidity of the agueous rutile TiO2(110)
surface from density functional theory based molecular
dynamics, J. Chem. Theory Compute, 6 (2010) 880.

M. Mangold, L. Rolland, F. Costanzo, M. Sprik, M. Sulpizi,
J. Blumberger, Absolute pK, values and solvation
structure of mmino acids from density functional based
molecular dynamics simulation, Chem. Theory Comput.,
7 (2011)1951.



274

F. Kiani et al. / Hacettepe J. Biol. & Chem., 2014, 42(2), 263-274

56.

57.

58.

59.

F. Kiani, A.A. Rostami, S. Sharifi, A. Bahadori, M.J.
Chaichi, Determination of acidic dissociation constants
of glycine, valine, phenylalanine, glycylvaline, and
glycylphenylalanine in water using ab initio methods, J.
Chem. Eng. Data, 55 (2010) 2732.

F.Kiani, A.A.Rostami, S. Sharifi, A. Bahadori, Calculation
of acidic dissociation constants of glycylglycine in water
at different temperatures using ab initio methods,
Theochem., 956 (2010) 20.

A.D. Becke, Density functional thermochemistry. Ill.
The role of exact exchange, J. Chem. Phys., 98 (1993)
5648.

C.Lee, W. Yang, R.G. Parr, Development of colle-salvetti
correlation-energy formula into a functional of the
electron density, Phys. Rev. B, 37 (1988) 785.

60. G.A. Jeffrey, An Introduction to Hydrogen Bonding,

6l.

62.

Oxford University Press: Oxford, 1997.

S. Sharifi, D. Nori-Shargh, A. Bahadori, Complexes
of thallium(l) and cadmium(ll) with dipeptides of
L-phenylalanylglycine and glycyl-L-phenylalanine, J.
Braz. Chem. Soc., 18 (2007) 1011.

N.C. Li, G.W. Miller, N. Solony, B.T. Gillis, The Effects of
optical configuration of peptides: dissociation constants
of the isomeric alanylalanines and leucyltyrosines and
some of their metal complexes, J. Am. chem. Soc., 82
(1960) 3737.



