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Abstract This study considered the possibility of proton
transfer reactions through the peptide bond under different
environments using the dipeptide and the 12-mer polygly-
cine α-helix models, in which diglycine is substituted by the
12-mer polyglycine helix. Ab initio molecular orbital cal-
culations were carried out at the B3LYP/6-31+G(d) level
of theory. To evaluate the free energies in solution, calcu-
lations of the solvation energies were performed using PCM.
The correction functions on the calculated solvation ener-
gies were provided to reproduce experimental pKa values.
The proton transfer reactions through the peptide bond are
concluded to be possible in the protein for a wide range of
proton acceptors. His complex has two free energy minima
along a putative proton transfer pathway in spite of one mini-
mum in the other complexes. The α-helix is estimated to sup-
press the proton transfer reactions through the peptide bond
at the termini of the helix, although it is possible to proceed
when the proton affinity of the acceptor is low.

Keywords Proton transfer reaction · Peptide bond ·
Solvation free energy · Alpha helix · Environmental effect

1 Introduction

Proton transfer reactions are highly significant fundamental
chemical events in the gas phase [1–7], in solvents [8,9],
and also in biological systems [10,11]. Recently, Tsukihara

Contribution to the Mark S. Gordon 65th Birthday Festschrift Issue.

T. Asada (B) · T. Takahashi · S. Koseki
Department of Chemistry, Faculty of Science,
Osaka Prefecture University, 1-1 Gakuen-cho, Naka-ku, Sakai,
Osaka 599-8531, Japan
e-mail: asada@c.s.osakafu-u.ac.jp

et al. experimentally investigated the proton pumping pro-
cess in cytochrome c oxidase [11], and suggested that proton
transfer through peptide bonds is possible. When a proton is
added to a peptide carbonyl group, an imidic acid [–C(OH)

= N+H–] is formed. If a proton-accepting group is located
near the = N+H– moiety, it will extract a proton to produce
the enol form of the peptide [–C(OH)=N–]. However, there
have been only a few theoretical investigations [10] on this
type of proton transfer reactions in proteins. Therefore, we
have systematically studied the possibility of proton transfer
reactions and also investigated the environmental effects on
this type of reaction from a theoretical point of view.

In general, the consideration of the environmental effects
is very important in order to describe the exact potential
energy surface under various circumstances. As the gene-
ral consensus, the acidity and basicity, which are concerned
with the proton transfer events, of small molecules in the
gas phase can be calculated as well as or even better than it
can be measured. The situation is less satisfactory in solution
due to the difficulty of quantitatively calculating the solva-
tion energies with good accuracy. Nevertheless, it is clear that
the dielectric continuum models have been most popular to
estimate the solvation free energies, because of their unique
combination of simplicity, utility and efficiency. For the pur-
pose of obtaining qualitative information on proton transfer
reactions in water and also in proteins, we have considered
the environmental effects on the reaction energy and energy
barrier of a reaction in calculating the solvation free energies
by applying the polarizable continuum model (PCM) [12],
which offers an economic and efficient calculation of solva-
tion free energies.

Besides the solvation effects, the secondary structures play
an important role in the stability of the system in proteins.
Hole reported that in proteins, the helix macrodipole is
implicated in the function and stabilizing structural motifs
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containing helix pairs [13,14]. Furthermore, the helix dipole
moment has been suggested to influence the pKa values [15]
and to stabilize the presence of charged residues at the helix
termini [16]. Recently, Sek et al. experimentally demonstra-
ted that the electron transfer through an α-helical peptide
is very efficient, and there is a directional dependence of
electron transmission through the peptide, which is connec-
ted to the electric field generated by the molecular dipole of
the helix [17]. Sengupta et al. reported the effects of the
helix environment in screening and modulating the helix
dipole [18]. They have suggested that the helix dipole is
relatively strong in the protein environment, which is about
15–20 Debye for the 12-mer polyalanine α-helix.

We report the stable structures and energies of interme-
diates along the proton transfer pathway using the simple
diglycine model and the 12-mer polyglycine α-helix deter-
mined by ab initio molecular orbital calculations. The sta-
bility of intermediates will be accounted for with respect
to the proton affinities (PAs) and the pKa values of proton-
accepting amino acids located near the NH moiety of the
peptide bond. The PA of acceptors significantly affect the
shape of the potential energy surfaces along the proton trans-
fer pathway. In proteins, a proton transfer reaction is possible
for a wide range of proton acceptors; however, it becomes
difficult to proceed in water. The α-helix suppresses proton
transfer reactions at the terminal of the α-helix, although it
is possible to proceed when the PA of the acceptor is low,
in contrast to the reported efficiency of the electron trans-
fer reactions through the peptide. On the basis of calculated
results, a systematic discussion of the possibility of proton
transfer reactions and the effects of the dipole moment on
this reaction are presented.

2 Method

2.1 Model structure setting

Figure 1 shows a schematic representation of the proton trans-
fer pathway in the diglycine model, in which keto-enol tauto-
merization can be seen. Compound 1 consists of the isolated
model diglycine, oxonium ion and the given proton accep-
tors with no intermolecular interactions, in which the pro-
ton acceptor is one of the different kinds of amino acids
with a variety of acid strengths and the peptide bond has
the stable keto form. Complex 2 is a reaction intermediate,
which is obtained by proton transfer from the oxonium ion
to the carbonyl oxygen in a peptide bond. The proton in the
N–H bond then transfers to an acceptor to form complex 3.
Compound 4 is the isolated molecules that consist of water,
the enol-type isomer of diglycine and a protonated proton
acceptor. We have used model aspartic acid anion (Asp−),
glutamic acid anion (Glu−), histidine (His), arginine (Arg)
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Fig. 1 Schematic representation of proton transfer pathway in the
model diglycine
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Fig. 2 a-helix model compound. a QM/MM division in the 12-mer
polyglycine complex, b hydrogen atom capped QM structure (bond
lengths in Å)

and water molecules as the proton acceptors to elucidate the
free energy profiles depending on a wide range of acidities
of the proton acceptor, in which the experimental pKa for
Asp−, Glu−, His, Arg and water are 3.3, 4.1, 6.8, 12.5 and
15.7, respectively[19–21]. The second model is the α-helix
model compounds shown in Fig. 2, in which the reaction site
is located at the N-terminal residue in the α-helix that consists
of the 12-mer polyglycine. The model α-helix is provided by
substituting all the component residues with glycine in the
α-helix of the enzyme (PDB code 1V54), ranging from His12
to Gly23, and then a proton donor and a proton acceptor are
coordinated of the appropriate positions as seen in Fig. 2.
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Table 1 Calculated proton affinities compared with experimental
values (in kcal/mol)

Acid/Base Proton affinitya Exp

H3O+/H2O 168.8 170.0b

Hdiglycine+/diglycine(enol) 237.6

HHis+/His 243.6 236.0c

HArg+/Arg 253.3 251.2d

Asp/Asp− 337.4

Glu/Glu− 339.9

a Proton affinity is given by the difference of the total electronic
energy between the acid and the base
b Ref. 23
c Ref. 24
d Ref. 25

2.2 Ab initio MO calculations and solvation free energy
calculations

All the geometry optimizations were performed using the
Gaussian03 program [22]. Normal-mode analyses were car-
ried out to verify that the optimized structures are either true
minima or transition states on the potential-energy surface
and to obtain the entropy of the molecule. In the present
paper, the B3LYP calculations using 6-31+G(d) basis set
were applied to obtain the electronic energies because the
system sizes are large. Table 1 lists the comparison between
the calculated PAs and the experimental values [23–25]. The
calculated PA of 168.8 kcal/mol for water and 253.3 kcal/mol
for Arg are in reasonable agreement with the measured one of
170.0 and 251.2 kcal/mol, respectively. Rak et al. [26] used
the high level ab initio MO method to obtain the PA of Arg to
be 256.3 kcal/mol using the CCSD/6-311++G(d,p) level of
theory. Although the deviation from the experimental value
for His is relatively high, calculated PA can provide a valid
qualitative tendency of the experimental PA. Thus, we consi-
der that the B3LYP/6-31+G(d) level of theory is appropriate
for the purpose in the present research.

To elucidate the reaction in the solvent, the hydration free
energies were calculated using PCM with a Merz–Kollman
cavity. Under the thermodynamic cycle 1, the free energy
change from the compound A to B in a solvent, �GA→B

solvent,
can be written as

�GA→B
solvent = �GA→B

gas + ��GA→B
s (1)

where,

��GA→B
s = �G B

s − �G A
s . (2)

�GA→B
gas and �Gi

s denote the free energy change in the gas
phase and the solvation free energy of the solute i , respecti-
vely. The free energy change in the gas phase can be expanded
as

�GA→B
gas = �HA→B − T �S (3)

where

�HA→B = �EA→B + �Z P EA→B + P�V . (4)

H is the zero point energy corrected enthalpy, T is the abso-
lute temperature, S is the entropy of the solute, E is the elec-
tronic energy, ZPE is the zero point energy, P is the pressure
and V means the volume.

2.3 QM/MM calculations

The QM/MM techniques that combine quantum mechanics
(QM) for the reactive region and molecular mechanics (MM)
for the remainder are applied to optimize the α-helix model
complexes. The QM/MM division splits the systems along a
chemical bond. Therefore, we need to cap the QM subsystem
with the so-called link atom. This link atom is presented as a
hydrogen atom in the QM calculation step. The QM subsys-
tem, in which proton transfer proceeds, is calculated using
the Gaussian03 package, and the MM region and QM/MM
interaction energies are estimated by our original code, in
which the Amber99 force fields [27] are used to evaluate the
MM energies. The electrostatic interactions between the QM
and the MM regions are simultaneously solved in MO cal-
culation steps. The QM/MM division is illustrated in Fig. 2.

3 Results and discussion

3.1 Diglycine model

3.1.1 Structures and energies

Figure 3 shows the optimized structures and some interatomic
distances obtained by ab initio MO calculations. In all the
structures, the hydroxyl and NH2 terminal groups in digly-
cine are bridged by the water molecule. Complex 3 is the only
available structure (Figs. 3a, b) for Asp− and Glu−, whereas
two complexes 2 and 3 are found for His and Arg. Thus,
the transition states TS between these two complexes are
addressed and shown in Figs. 3d and g, which have a linear
arrangement proton bound N1 · · · H2 · · · N2 form. Compa-
ring the positions of the bounded H2 atom in TS, the shorter
bond length R(N1–H2) of 1.21 Å is observed in the Arg com-
plex, which is regarded as the early transition state. The most
likely reason is that the high PA of a proton acceptor lowers
the energy of complex 3; thus it takes an early transition state
and the activation energy becomes low. If PA of the accep-
tor is significantly high, such as in Asp− and Glu−, the TS
are no longer present. We can compare the PA between the
protonated Hdiglycine+ and acceptors. Table 1 shows that
the PAs of Asp− and Glu− are 337.4 and 339.9 kcal/mol,
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Fig. 3 Optimized structures
(bond lengths in Å). a Asp−
complex 3, b Glu− complex 3,
c His complex 2, d His TS,
e His complex 3, f Arg complex
2, g Arg TS, h Arg complex 3,
i H2O complex 2
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respectively, in spite of 237.6 kcal/mol for diglycine. There-
fore, the energy barrier disappeared due to large difference
in the PA of ca. 100 kcal/mol. On the other hand, the transi-
tion state TS is observed for His and Arg, since the PAs are
comparable to that of diglycine. Based on this meaning, it is

reasonable that complex 2 is the only available structure in
the water complex, where the PA of water is 68.8 kcal/mol
smaller than that of diglycine.

Table 2 lists the calculated thermodynamic properties on
the enthalpy difference relative to complex 1. Impressive
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Table 2 Calculated thermodynamic properties contributing to the
enthalpy difference relative to the compound 1

B Electronic Energy �E1→B �Z P E1→B �H1→B

(hartree) (kcal/mol) (kcal/mol) (kcal/mol)

H2O 1 −570.31939 0.0 0.0 0.0

2 −570.45146 −82.9 4.6 −79.5

4 −570.29681 14.2 0.0 14.2

Asp− 1 −930.43731 0.0 0.0 0.0

3 −930.72002 −177.4 3.9 −174.7

4 −930.68344 −154.5 0.2 −154.3

Glu− 1 −969.74570 0.0 0.0 0.0

3 −970.02952 −178.1 3.7 −175.6

4 −969.99578 −156.9 0.1 −156.8

His 1 −967.42566 0.0 0.0 0.0

2 −967.56633 −88.3 3.3 −86.2

TS −967.55968 −84.1 0.6 −84.7

3 −967.57885 −96.1 4.1 −93.3

4 −967.52231 −60.6 0.8 −59.9

Arg 1 −1025.19657 0.0 0.0 0.0

2 −1025.34652 −94.1 2.7 −92.6

TS−1025.34543 −93.4 0.9 −93.8

3 −1025.35660 −100.4 3.4 −98.3

4 −1025.29803 −63.7 −0.5 −64.1

stabilizations can be seen for the reaction from compound 1
to complex 3 for all proton acceptors except for H2O. These
stabilizations mainly come from the protonation energies of
the acceptors in complex 3, which compensates for the des-
tabilization energies of the proton release from the oxonium
ion. The electronic energy shows that complex 2 is less stable
than complex 3 by 7.8 and 6.3 kcal/mol for His and Arg, res-
pectively. The activation barrier to generate complex 3 from
complex 2 for His and Arg are 4.2 and only 0.7 kcal/mol, res-
pectively. The small barrier in the Arg complex will disappear
by taking the ZPE corrections, and then complex 3 becomes
the only available complex. In summary, once the oxonium
ion coordinates to the peptide C=O bond, the N–H proton
immediately transfers to a proton acceptor to make complex
3 with no enthalpy barriers for the Asp−, Glu−, and Arg com-
plexes; nevertheless, there are two stable structures, which
are separated by a transition state, for the His complex.

3.1.2 Free energy analysis

Whereas the enthalpy changes are the most important ther-
modynamic properties for the relative stability of the systems
in the vacuum state, it does not hold true in the solvent, and the
solvent effects significantly affect the stability of the solutes,
especially in the solvent, represented by the high relative die-
lectric constant such as in water. In view of the scarcity of

information on the proton transfer reaction in solution, we
have considered the solvent effect on the reaction energy and
energy barrier of the reaction by calculating the hydration
free energies of the reactants, products and transition state
structure.

Table 3 summarizes the calculated thermodynamic pro-
perties concerning pKa values of the proton acceptors used
in this paper by applying the PCM method. In general, the
solvation free energy changes�Gi

s or the absolute pKa values
are difficult to accurately calculate. Chipman et al. [28] have
reported the calculated pKa values of 35.2∼41.8 for water by
applying the SSC(V)PE, which is greater than the experimen-
tal value of 15.7. In our calculation, the PCM also estimates
greater pKa values than the experimental ones. Although the
enthalpy and the entropy calculations are rather reliable, the
solvation free energies are less reliable, because they come
from the polarizations and/or reorientations of the solvent
molecules from a microscopic point of view. A linear fit of
calculated acid dissociation free energy difference,�GA→B

solvent,
to the experimental one, �GA→B

solvent(exp .), gives the relational
expression as

�GA→B
solvent(exp.) = 0.66�GA→B

solvent − 12.17 (5)

where, �GA→B
solvent(exp .) can be estimated by

�GA→B
solvent(exp.) = 2.303RT · pKaexp. (6)

The factor 2.303RT amounts to 1.4 kcal/mol at 300 K. Eq. 5
leads to a correlation coefficient of 0.996 and a slope of 0.66.
If we assume that the discrepancies originate from the PCM
solvation energies, the correction function on the PCM sol-
vation energies is found to be

��GA→B
s,correct = 0.9862��GA→B

s − 25.77 (7)

for the acid dissociation reaction. On the contrary, we can
use the correction function for the acid association reaction
as

��GA→B
s,correct = 0.9862��GA→B

s + 25.77 (8)

The corrected pKa values, pKacorrect, using Eq. 7 are rather
in good agreement with the experimental data. Therefore, the
PCM model can reasonably reproduce the experimental pKa
values for all calculated amino acids in water by taking the
correction into consideration.

The general information on the solvation free energy can
be easily derived by the Born model that considers the ion
as a charged sphere immersed in a dielectric medium. The
Born formula states that

�GBorn
s = − z2e2

8πε0 a

[
1

εr,1
− 1

εr,2

]
, (9)

where ze is the charge of the ion, ε0 is the permittivity of the
vacuum state, a denotes the ionic radius, and εr,1 and εr,2 are
the relative dielectric constants of states 1 and 2, respectively.
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Table 3 Calculated thermodynamic properties concerning pKa for the proton acceptors compared with the experimental pKa values, pKaexp, the
free energy corrected pKa, pKacorrect , are also given

A/B �HA→B −T �SA→B ��GA→B
s �GA→B

solvent pKacalc pKacorrect pKaexp

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

Asp + H2O/Asp− + H3O+ 168.5 −0.03 −144.0 24.5 17.5 0.5 3.3a

Glu + H2O/Glu− + H3O+ 171.0 0.04 −144.3 26.7 19.1 2.1 4.1a

HHis+ + H2O/His + H3O+ 74.1 −1.38 −39.6 33.1 23.7 5.7 6.8a

Hdiglycine+/diglycine(enol) 74.9 −1.56 −34.2 39.2 28.0 9.9 9.1b

HArg+ + H2O/Arg + H3O+ 78.3 1.61 −35.2 44.8 32.0 13.9 12.5c

a Ref. 19
b Ref. 20
c Ref. 21

For hydration, the usual quoted values for εr,1 and εr,2 are
1 (in vacuum) and 80 (in bulk water), respectively. Therefore
the delocalization of charges corresponds to the increased
radius a in Eq. 9 and leads to a low solvation energy.

Table 4 summarizes the thermodynamic properties concer-
ning the free energy difference in the solvent, �G1→B

solvent,
along the reaction path for diglycine. The unfavorable forma-
tions of complexes 2 and 3, (�G1→B

solvent > 0), are interpreted
as due to both the decrease in the entropy for complex for-
mations and the unfavorable change in the aqueous solvation
free energy, whereas a favorable contribution comes from the
enthalpy stabilization (�H1→B< 0). In general, the favorable
change in the electronic energy is mostly compensated by
the unfavorable electrostatics of solvation. For the Asp− and
Glu− complexes, there exist two isolated ionic species of the
oxonium cation and a proton acceptor anion in compound 1,
which show high solvation free energies. However, all mole-
cules in complex 3 become charge neutral and the partial
atomic charges are rather more delocalized over the complex
than in the isolated state, thus the ��G1→B

s increases. For
the His and Arg complexes, the total net charges are kept
throughout the proton transfer reaction, thus the positive sol-
vation free energy changes ��G1→B

s of ca. 50∼70 kcal/mol
are considered to come from the charge delocalization in both
complexes 2 and 3. The entropy contributions for all com-
plexes are close to each another due to the hydrogen bonding
formations.

The free energy differences, �G1→B
solvent(ε = 80), of com-

plex 3 depend on the pKa of the proton acceptor, and higher
the pKa, the lower are the relative free energies. Applying the
free energy correction on ��G1→B

solvent (ε = 80) using Eq. 8 for
the acid association reaction, the proton transfer reactions in
model systems are concluded to be rare events in water. On
the other hand, the relative dielectric constants surrounding
the complexes become 2∼4 [10,18] in protein in contrast
with 80 for bulk water. Therefore, proton transfer reaction
though the peptide bond in protein becomes more favorable
than in water, since the system will be enthalpy controlled
in the protein. Indeed, �G1→B

solvent(ε = 4) becomes negative in

complexes 2 and 3 for all proton acceptors. The free energy
correction function in protein could not be obtained, since no
experimental data was obtained. However, we have assumed
that the dielectric constant used in the PCM calculation can
describe free energy differences in protein, because the cal-
culated hydration free energy differences using PCM model
between a given pair of amino acids are well correlated with
the experimental data. Thus, we have simply scaled the inter-
cept of Eq. 8 by the factor of 0.75, which is roughly estimated
as the ratio between ��G1→B

s (ε = 4) and ��G1→B
s (ε = 80).

The corrected free energy differences, �G1→B
solvent(ε = 4), show

that the proton transfer reactions are considered to be possible
for Asp−, Glu−, and Arg complexes in protein. The correc-
ted free energy of His complexes 2 and 3 are estimated to
be 2.7 and 0.7 kcal/mol, respectively, and the activation free
energy becomes 5.5 kcal/mol in this study. Thus, His com-
plexes have two free energy minima along a proton transfer
pathway. The double minimum of the free energy surface for
the His complex in a protein may be used as the switch of
the biological functions [29,30].

The solvation free energy change ��G1→B
s in complex 3

is greater than that in complex 2 for His, in contrast to the
Arg complex. These results can be accounted by the fact
that the protonated HHis+ in complex 3 is a kind of imidazo-
rium cation, which makes resonance stabilization (scheme 1).
Therefore, the solvation free energy �GHHis+

s becomes less
negative. In addition, the proton release from the imidazo-
rium cation makes δ- or ε-histidines. Our calculated the-
modynamic properties for these tautomers are close to each
other, in which pKacorrect(ε = 80) becomes 4.6 and 5.7 for
δ- and ε-His, respectively. Thus, we can consider that the
double minimum for the His complex may assist the readily
available tautomerization, as suggested by the biochemistry.

3.2 α-helix model

To elucidate the effects of the external electric field genera-
ted by the macrodipole of the α-helix on the proton transfer
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reaction, the helix model that consists of the 12-mer poly-
glycine was applied. The calculated dipole moment of the
helix model is 51.6 D in the vacuum state along the helix
direction. In this subsection, only the Asp− was used as the
proton acceptor, which coordinated to the N-terminal glycine
of the α-helix. The calculations were similar to those for the
diglycine models described in sect. 3.1, except that digly-
cine was substituted by the 12-mer polyglycine helix. As

optimizations require an enormous amount of computatio-
nal effort to include the α-helix, the QM/MM methods were
applied for optimizations using the B3LYP/6-31G+(d) level
of theory, in which the structure in the MM region were fixed
during optimizations. Then the PCM solvation energy calcu-
lations were applied for the optimized structures including
the MM region. The relative dielectric constant was set to be
4 in the PCM calculations. Since it is impractical to carry out
the frequency analysis due to our computer-resource limita-
tions, the ZPE and entropy contributions were taken from the
corresponding values listed in Table 4.

Table 5 summarizes the thermodynamic properties concer-
ning the free energy differences in a solvent, �G1→B

solvent, along
the reaction pathway in the α-helix complexes, which was
compared to the results of the diglycine models. The reac-
tion is considered to be possible at the N-terminal domain in
12-mer helix, considering the correction. However, the cal-
culated �G1→B

c,solvent of complex 3 is less favored in the helix
than in the dipeptide model, where the unfavorable contribu-
tions consist of +5.2 kcal/mol in ��G1→B

s and +7.6 kcal/mol
in �H1→B, in which �E1→B = +6.4 kcal/mol. The for-
mer is accounted by the charge delocalization due to large
molecular size of the α-helix complex. In order to clarify the
reason why the energy destabilizations become significant in
the helix models, the analysis of the intermolecular interac-
tion energies, Eint, were carried out. Eint can be expanded
as [7]

Table 4 Calculated
thermodynamic properties
concerning the free energy
differences, �G1→B

solvent , and the
corrected free energy
differences, �G1→B

c,solvent , in the
solvent (in kcal/mol)

B �H1→B −T �S1→B ��G1→B
s ��G1→B

s �G1→B
solvent �G1→B

solvent �G1→B
c,solvent �G1→B

c,solvent
(ε = 80) (ε = 4) (ε = 80) (ε = 4) (ε = 80) (ε = 4)

H2O 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2 −79.5 19.6 59.7 44.2 −0.3 −15.7 24.7 3.0

4 14.2 0.7 1.6 1.0 15.2 14.6 42.2 35.2

Asp− 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

3 −174.7 20.8 162.5 121.8 8.6 −32.1 32.1 −14.5

4 −154.3 0.7 145.5 109.8 −8.0 −43.8 15.7 −26.0

Glu− 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

3 −175.6 20.7 162.4 121.9 7.5 −33.0 31.0 −15.3

4 −156.8 0.7 145.9 110.2 −10.3 −45.9 13.5 −28.1

His 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2 −86.2 20.5 65.9 49.8 0.2 −15.9 25.0 2.7

TS −84.7 21.5 66.2 50.0 3.1 −13.2 27.9 5.5

3 −93.3 22.2 71.9 53.2 0.8 −17.9 25.5 0.7

4 −59.9 2.1 41.1 30.7 −16.7 −27.1 8.5 −8.2

Arg 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2 −92.6 21.3 66.6 52.4 −4.7 −18.9 20.1 −0.4

TS −93.8 22.1 66.7 52.3 −5.0 −19.4 19.8 −0.8

3 −98.3 20.5 64.6 51.1 −13.1 −26.6 11.7 −8.1

4 −64.1 −0.9 37.5 27.6 −27.5 −37.4 −2.3 −18.5
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Table 5 Calculated
thermodynamic properties
concerning the free energy
differences, �G1→B

solvent , and the
corrected free energy
differences, �G1→B

c,solvent , in the
protein (in kcal/mol)

Electronic energy �H1→B −T �S1→B ��G1→B
s �G1→B

solvent �G1→B
c,solvent

(hartree) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

Diglycine 1 −930.43731 0.0 0.0 0.0 0.0 0.0

3 −930.72002 −174.7 20.8 121.8 −32.1 −14.5

4 −930.68344 −154.3 0.7 109.8 −43.8 −26.0

12mer 1 −3085.82843 0.0 0.0 0.0 0.0 0.0

3 −3086.10099 −167.1 20.8 127.0 −19.4 −1.8

4 −3086.06825 −150.3 0.7 109.6 −40.0 −22.2

Eint =
∑

i

�E (1)[i] +
∑
i> j

�E (2)[i : j]

+
∑
i> j

�E (2)[i : j]

+
∑

i> j>k

�E (3)[i : j : k] + · · · , (10)

�E (1)[i] = Ecomp[i] − Eopt[i], (11)

�E (2)[i : j] = Ecomp[i : j] − Ecomp[i]
−Ecomp[ j], (12)

�E (3)[i : j : k] = Ecomp[i : j : k] −
∑

l∈i, j,k

Ecomp[l]

−
∑
l>m

l,m∈i, j,k

�E (2)[l : m], (13)

where �E (1)[i] is the deformation energy of the molecule
i . �Eopt[i] is the energy of an isolated optimized struc-
ture of the molecule i , and �Ecomp[i : j : k : · · · ] is
the energies of the molecular subgroups consisting of mole-
cules i, j, k, . . ., which are members of the given complex.
In these expressions, �E (2)[i : j] and �E (3)[i : j : k] are
called the two- and three-body interaction energies, respec-
tively.

For the purpose of describing the effects of the dipole
moment on the intermolecular interactions, we will additio-
nally define the following notations:

��E (1)
B [i] =

{
�E (1)

B [i] − �E (1)
1 [i]

}
helix

−
{
�E (1)

B [i] − �E (1)
1 [i]

}
diglycine

, (14)

��E (2)
B [i, j] =

{
�E (2)

B [i, j] − �E (2)
1 [i, j]

}
helix

−
{
�E (2)

B [i, j] − �E (2)
1 [i, j]

}
diglycine

,

(15)

etc., where �E (1)
B [i] is the deformation energy �E (1)[i]

in complex B. Then, ��E (1)
B [i] represents the stabiliza-

tion (negative) or destabilization (positive) energies of the
deformation energy affected by the macrodipole moment of
the α-helix. In the same way, ��E (2)

B [i, j] is for two-body

Table 6 Component analysis of intermolecular interaction energies for
the α-helix complex 3. Stabilization energies of deformation ��E(1)

3 ,

two body ��E(2)
3 , and three body interactions ��E(3)

3 affected by the
dipole moment of the α-helix (in kcal/mol)

i ��E(1)
3 i : j ��E(2)

3 i : j : k ��E(3)
3

Asp 1.2 Asp:H2O −0.2 Asp:Helix:H2O −0.9

H2O −0.5 Asp:Helix −1.6

Helix 5.9 Helix:H2O 2.7

interactions. Since complex 3 is the only avaliable energy
minimum structure in Asp−, we have focused attension on
complex 3.

The component analysis in Table 6 shows that the helix
dipole moment destabilizes 5.9 kcal/mol on the helical ali-
gnment of the polyglycine chain in complex 3 due to the
charge–dipole repulsive interactions between the N-terminal
domain and the helix dipole moment. Additionally, despite
the favorable interactions of −1.6 kcal/mol between Asp and
the helix dipole, the unfavorable interaction between the H2O
molecule and the helix dipole of 2.7 kcal/mol overcomes this
stabilization. The accumulated energy listed in Table 6 is
+6.4 kcal/mol which can reproduce �E1→B in complex 3.
The α-helix is estimated to suppress the proton transfer reac-
tions through the peptide bond at the termini of the α-helix,
although it is possible to proceed when the proton affinity of
the acceptor is low.

4 Conclusion

We have investigated the systematic environmental effects on
the proton transfer reaction through the peptide bond using
both diglycine and 12-mer polyglycine α-helix models. The
solvation effects were taken into consideration by
applying PCM with the Merz–Kollman cavity under the
B3LYP/6-31+G(d) level of theory. We could find the cor-
rection functions on the calculated solvation energies for the
acid dissociation reaction. The corrected free energy changes
could reasonably reproduce the experimental pKa values for
all amino acids considered in this paper.

123



Theor Chem Account (2008) 120:263–271 271

In the diglycine model, the proton transfer reactions in
model systems are concluded to be rare events in water.
However, it becomes possible for Asp−, Glu− and Arg com-
plexes in the protein represented by low relative dielectric
constant. We have found that His complex has two free energy
minima along a proton transfer pathway in spite of one mini-
mum in the other complexes. The double minimum of the
free energy surface for the His complex in a protein may be
used as the switch of the biological functions.

The α-helix tends to suppress the proton transfer reac-
tion through the peptide bond at the terminal of the helix,
although it is possible to proceed when the PA of the accep-
tor is low. The unfavorable contributions in the α-helix come
from both the charge delocalizations and the charge–dipole
interactions.
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