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We have theoretically studied the charge transfer in glycine polypeptide using quantum mechanical models
based on a tight-binding Hamiltonian approach. The charge-transfer integrals and site energies involved in
the transport of positive charge through the peptide bond in glycine polypeptide have been calculated. The
charge-transfer integrals and site energies have been calculated directly from the matrix elements of the Kohn-
Sham Hamiltonian defined in terms of the molecular orbitals of the individual fragments of the glycine
polypeptide. In addition to this, we have calculated the rate of charge transfer between a neighboring amino
acid subgroup through the Marcus rate equation. These calculations have been performed for the different
secondary structures of the glycine model peptide such as linear,R-helix, 310-helix, and antiparallelâ-sheet
by varying the dihedral anglesω, æ, andψ along theCR-carbon of amino acid subgroup. Present theoretical
results confirm that the charge transfer through the peptide bond is strongly affected by the conformations of
the oligopeptide.

I. Introduction

Charge transport in polypeptide attracts a great deal of interest
because of its relevance to biochemical reactions and possible
application in molecular electronics.1,2 The migration of positive
charge carriers in polypeptides have been studied extensively.
Schlag and co-workers have studied the charge-transfer pro-
cesses along polypeptides in the gas phase and in hydrated
medium employing femtosecond measurements and theoretical
methods.2-8 They observed that the charge transfer through their
model peptides is highly efficient for some choices of amino
acid subgroups.4-8 Gray et al. have studied the charge transport
in a real protein especially inR-helix (myoglobin) andâ-sheet
(azurine).9,10 A few other studies based on ab initio and
molecular dynamics calculations have also revealed a long
distance charge transport in oligopeptides.11-15 Migration of
charge along the polypeptide chain is due to a hopping
mechanism between neighboring amino acid subgroups and is
purely electronic property. Only very few theoretical studies
have been reported for the charge transport in polypeptides based
on molecular orbitals.1,16

Charge transport in the polypeptide chain strongly depends
on the rotational motion around the bonds along the CR-carbon
of an amino acid subgroup. It was observed that the charge
introduced in the polypeptide chain can stay within the subgroup,
until the rotational angle reaches to a certain angle at which
the charge is transferred to the next subgroup.3,8 The charge-
transfer integral (also called electronic coupling or the hopping
matrix element) between the orbitals of amino acid subgroups
involved in the charge transport and site energy (energy of the
charge when it is localized at a particular amino acid subgroup)
are the two important factors that determine the above said

critical point and the efficiency of charge transport in a poly-
peptide chain. The rotational motion in the polypeptide chain
is characterized in terms of the set of dihedral angles through
the Ramachandran plot,17 and it determines the dynamics of
the charge transport process. Previous studies on charge transport
in DNA and discotic liquid crystal molecules show that the
charge-transfer integral and site energy are strongly dependent
on the structural degrees of freedom.18,19

In the longer oligopeptides, the charge transport can be
influenced by the secondary structures. In the present investiga-
tion, hole transport through a peptide bond has been studied
for four secondary structures of oligopeptide based on the energy
of molecular orbitals. The requirement for theoretical charge
transport models based on molecular orbitals is the charge-
transfer integral and site energy. As a reasonable approximation,
the positive charge will migrate through the highest occupied
molecular orbital (HOMO) of the amino acid subgroups; the
charge-transfer integral and site energy corresponding to the
HOMO are the two key quantities that need to be calculated.
While calculating the charge-transfer integral between the amino
acid subgroups in metalloproteins through the energy difference
between HOMO and HOMO-1, Prytkova et al.16 have applied
an electric field to bring the site energies of the amino acid
subgroups to be identical, which is a common technique in
electronic coupling calculation based on the orbital energy
splitting method.1,20,21In the present study, a method proposed
by Siebbeles and co-workers18,22based on the fragment orbital
approach has been used to calculate the charge-transfer integral
and site energy. In this method, the site energy and charge-
transfer integral are calculated directly as the diagonal and off-
diagonal elements of the Kohn-Sham Hamiltonian. This method
is quite suitable to the present work since the site energies of
each amino acid subgroup in an oligopeptide are not identical
and the overlap between them is not equal to zero.

The charge-transfer integral and site energy are used to
estimate the rate of charge transport through peptide bonds in
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four different structures (linear,R-helix, 310-helix, and antipar-
allel â-sheet) of oligopeptide through Marcus formula.23-25 A
model peptide consisting of five glycine amino acid subgroups
has been taken as the test case. A short theoretical methodology
is given in section II. The results of the geometry optimization
and stability of secondary structures are discussed in the section
IIIa. Calculated charge transport parameters and the rate of
charge migration in different secondary structures of oligopep-
tide are provided and discussed in section IIIb. The conclusions
are given in section IV.

II. Theoretical Methodology

The geometry of linear,R-helix, 310-helix, and antiparallel
â-sheet structures of oligopeptide consisting of five gly-
cine amide subgroups have been optimized at the B3LYP/
6-311G(d,p) level of theory using the Gaussian 98W program.26

To retain the geometry of a particular secondary structure, we
have performed the constrained optimization by fixing certain
dihedral angle values in all the subgroups. Commonly, the
secondary structures were defined according to the dihedral
angle around theR carbon (CR) of the amino acid subgroup;
the dihedral angles (CRCNCR), (CNCRC), and (NCRCN) are
denoted asω, æ, and ψ, respectively (see Scheme 1). The
average dihedral angle values,ω, æ, andψ corresponding to a
particular secondary structure have been taken from ref 27 and
are summarized in Table 1. To ensure the optimized structure
corresponds to a global minimum, frequency calculations have
been performed.

The presence of excess positive charge in an oligopeptide
consisting of n number of amino acid subgroups can be
represented in terms of the tight-binding Hamiltonian28

whereεi is the energy of a charge when it is localized at an
amino acid subgroupi, called site energy, andJij represents the
charge-transfer integral between the HOMO of subgroupsi and
j. Both εi andJij depend on inter- and intramolecular degrees
of freedom, collectively denoted asθ. In eq 1,ai

+ andai are the
creation and annihilation operators of a charge on the amino
acid subgroupi in the oligopeptide. The site energy, charge-
transfer integral, and spatial overlap integral were computed
for all the secondary structures using the fragment orbital

approach as implemented in the Amsterdam density functional
(ADF) theory program.29

The model oligopeptide which consisted of five glycine amide
subgroups has been represented in terms of five fragments, as
shown in Scheme 1. The molecular orbitals generated through
single point energy calculation for each fragment have been
used as a basis set in further single point energy calculation for
full oligopeptide. That is, the molecular orbitals of an oligopep-
tide are expressed as a linear combination of the molecular
orbitals of the individual glycine amide subgroup,æi. The output
of the final calculation will provide the overlap matrix,S, the
eigenvector matrix,C, and the eigenvalue,E. Then the site
energy,〈æi|hKS|æi〉, and charge-transfer integral,〈æi|hKS|æj〉, are
calculated using the relationhKS ) SCEC-1. As described in
past studies, this procedure provides a direct and exact calcula-
tion for the charge-transfer integral and site energies without
invoking the assumption of zero spatial overlap, and it is not
necessary to apply an external electric field to bring the site
energies of adjacent amino acid subgroups into resonance.18,21

The rate for charge transfer through the peptide bond has
been calculated according to the Marcus equation23-25

where Jeff is the effective charge-transfer integral,λ is the
reorganization energy, andkB is Boltzmann’s constant. The
generalized or effective charge-transfer integral,Jeff, is used in
charge transport calculations, in which the spatial overlap inte-
gral is no longer explicitly taken into account, and is equivalent
to the charge-transfer integral calculated through orbital energy
splitting techniques.18,21 The effective charge-transfer integral
can be defined in terms of charge-transfer integral (J), spatial
overlap integral (S), and site energy (ε) as18,21

The reorganization energy (λ) of a glycine amide subgroup was
calculated through its total energies in neutral and cationic
form30

In eq 4,E+(go) is the total energy of a polypeptide subgroup
with an excess positive charge in the optimized neutral
geometry, E+(g+) is the total energy in optimized cation
geometry, and so forth. For open-shell systems, restricted density
functional theory (DFT) calculations have been performed.

The use of DFT methods to calculate the parameters related
with orbital energies has been discussed extensively.31,32In the
present work, ADF calculations have been performed with two
different exchange correlation potential functionals. In the
generalized gradient approximation (GGA) type, Becke’s ex-
change functional33 is used together with the correlation part
of Perdew,34 denoted as BP. This proceeds from the local density
approximation (LDA) for the exchange and correlation func-
tional based on the parametrization of the electron gas data given
by Vosko, Wilk, and Nusair (VWN).35 In addition to this, the
DFT calculations have also been performed with the asymptoti-
cally corrected exchange correlation potential, SAOP (statistical
average of orbital potentials).32 It has been shown that the
HOMO energy calculated through the SAOP potential is in
agreement with the vertical ionization energy for various types
of molecules,32 and studies on charge transport in DNA show

SCHEME 1: Fragment Representation of the Glycine
Model Peptide

TABLE 1: Dihedral Angles (ω, æ, and ψ, in degrees)
Corresponding to a Specific Secondary Structure of
Polypeptide27

structures ω æ ψ

linear 180 180 180
R-helix 180 -54 -45
310-helix 180 -60 -30
antiparallelâ-sheet -178 -150 15

Ĥ ) ∑
i)1

n

εi(θ)ai
+ ai + ∑

i,j
i*j

n

Jij(θ)ai
+ aj (1)

υ )
Jeff

2

p x π
λkBT

e-(λ/4kBT) (2)

Jeff ) J -
S(ε1 + ε2)

2
(3)

λ ) [E +(go) - E +(g+)] + [Eo(g+) - Eo(go)] (4)
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that the performance of SAOP is sufficiently good.19,36 Initial
fragment calculations were performed with the atomic basis set
consisting of Slater-type orbitals (STOs) of triple-ê quality
including one set of polarization functions on each atom (TZP
basis set in ADF).37

III. Results and Discussion

IIIa. Structure and Stability of Oligopeptide Conformers.
The optimized geometries of oligopeptides are shown in Figure
1. The bond length values of the glycine polypeptide were
slightly affected by the rotation of the dihedral angle values
(ω, æ, and ψ). It is clear that the linear structure and the
antiparallelâ-sheet structures have similar bond length values.
While comparing the fully extended and helical structures, it
has been observed that all the C-N and C-C bond lengths in
the helical structures are found to be elongated by 0.01 Å,
whereas all the CdO bond lengths are found to be shortened
by 0.01 Å.

Further, in theR-helix and 310-helical structures, O‚‚‚H-N
and N‚‚‚H-N type hydrogen bonds have been noticed. These
hydrogen bonds are represented in dotted lines in the Figure 1.
Two hydrogen bonds O8‚‚‚H24-N23 and O15‚‚‚H31-N30
are formed in theR-helix structure with an O‚‚‚H distance of
2.296 and 2.293 Å, respectively. Three hydrogen bonds
N1‚‚‚H10-N9, O8‚‚‚H24-N23, and O15‚‚‚H31-N30 have
been formed in the twisted structure of the 310-helix with the
O‚‚‚H bond length as 2.248, 2.124, and 2.122 Å, respectively.
Among the hydrogen bonds which are noticed in the present
study, the O15‚‚‚H31-N30 and O8‚‚‚H24-N23 hydrogen
bonds of the 310-helix structure are the strongest (2.1 Å). Apart
from the above-mentioned hydrogen bonds, a number of weak
interactions (approaching the van der Waals cutoff limit) were
observed in the helical conformers. These weak interactions can

contribute to the stabilization of the structure as observed by
the earlier studies on theR-helix.38-40 Further, we have also
confirmed the existence of hydrogen bonds inR and 310-helical
structures through the values of the Laplacian of electron density,
which has been calculated by the MORPHY9841 program.

The relative energies of the four conformers of the glycine
polypeptide are summarized in Table 2. By comparing the
energy values of these secondary structures, it was found that
the linear structure is more stable by 10.2 kcal/mol with respect
to the least stableR-helix structure. The order of stability is as
follows: linear > 310-helix > antiparallelâ-sheet> R-helix.
The predicted low relative stability of theR-helix structure is
rather unexpected since theR-helix structure appears most
frequently in proteins and was shown to be favored in a
polyglycine model.39 The recent studies suggest that DFT
calculations would underestimate the stability of theR-helix with
respect to the 310-helix.42-44 The dipole moments calculated for
helical structures (∼13 D) are much higher than the values
calculated for linear and antiparallelâ-sheet structures (see Table
2), which conforms the possible higher stabilization of helical
structures in solvent medium. Moreover, the oligopeptide
structures are stabilized by nonbonded interactions such as
hydrogen bonding and intermolecular interactions, which are
not completely present in the model peptide considered here.

IIIb. Charge Transport Calculations. In this section,
attention has been paid to study the hole transfer between the

Figure 1. Optimized secondary structures of the glycine model peptide.

TABLE 2: Calculated Relative Energy, ∆E (in kcal/mol),
and Dipole Moment, µM (in Debye), for the Different
Structures of the Glycine Model Peptide

structures ∆E µM

linear 0.0 9.89
R-helix 10.23 13.29
310-helix 3.39 13.62
antiparallelâ-sheet 3.45 8.18

Charge Transfer in Polypeptides J. Phys. Chem. A, Vol. 110, No. 40, 200611553



fragments 2, 3, and 4 through the peptide bond (C-N) in a
model oligopeptide system which consists of five glycine amide
subgroups (Scheme 1). We used the SAOP and BP potential
functionals in combination with the TZP basis set for the
calculation of the charge-transfer integrals and site energies.
Since ω, æ, and ψ dihedral angles control the orientation
between two adjacent peptide residues in different secondary
structures, it can influence the charge-transfer integral between
the neighboring amino acid subgroups and their site energy
values.

The schematic representation of the HOMO of the amino acid
subgroup (NHCH2CO) is shown in Figure 2. The HOMO is
delocalized on the region nearer to the nitrogen atom of the
amino group (i.e., N-terminus). Similar results have been
observed in ADF single point energy calculations for individual
fragments. The HOMO of the fragments consists of more than
75% of the nitrogen atom of the amino group. From this, we
can expect, in polypeptide, if nitrogen atoms of neighboring
amino acid subgroups are nearer then the hole, transport is most
favorable.

The calculated charge-transfer integrals and spatial overlap
integrals for hole transport between the fragments of glycine
model peptide secondary structures are provided in Tables 1S
and 2S as Supporting Information. The effective charge-transfer
integrals calculated for hole transport between the fragments 2
and 3, 3 and 4, and 2 and 4 are summarized in Table 3, From
the tabulated values, it is clear that the charge-transfer integrals
calculated using BP and SAOP functionals are almost similar
for all the structures. The effective charge-transfer integrals for
the hole transport between the fragments 2 and 3 (Jeff1) and 3
and 4 (Jeff2) have been found to be maximum values (0.56 and
0.55 eV) in the antiparallelâ-sheet structure. The minimum
value of the charge-transfer integral, 0.26 eV, is calculated
between fragments 3 and 4 (Jeff2) of the 310-helix structure.

The value of the effective charge-transfer integral for the hole
transport between fragments 2 and 4 (Jeff3) is found to be
maximum (0.07 eV) in theR and 310-helix structures and it is
minimum (0.02 eV) in the linear and antiparallelâ-sheet
structures. When these three effective charge-transfer integrals

are compared, it has been found that the value of theJeff3
calculated for extended structures is less. This can explained
on the basis of distance between the fragments; the distance
between fragment 2 and fragment 4 is found to be 4.6 Å inR
and 310-helix structures, whereas in linear and antiparallel
â-sheet structures the fragments are separated by 7.2 Å. The
charge-transfer integral values presented in this work are
significantly higher than the values of Baranov et al.45 They
have estimated the coupling values between the adjacent amino
acid subgroups of the order of 0.1 eV in the model peptide.
The smaller value of charge-transfer integral presented in the
above work may be due to neglect of spatial overlap and lower
level of theory used in the calculation.

The site energies which are calculated as the diagonal matrix
elements of the Kohn-Sham Hamiltonian are given in Table 4
for the different structures of the glycine model polypeptide.
Here,ε1, ε2, andε3 represent the site energies of the fragments
2, 3, and 4, respectively. The calculated site energy values using
SAOP and BP functional gave similar results. The comparison
of the HOMO energies of individual amino acid subgroups
(fragments 2, 3, and 4) and the site energies for the hole transport
in the model peptide indicates that the site energy values (ε1,
ε2, andε3) are found to be decreased by approximately 5 eV
for all the secondary structures. The HOMO energy calculated
for an individual fragment at the BP/TZP level of theory is
approximately 7 eV, and at the SAOP/TZP level of theory, the
HOMO energy is approximately 12 eV. The rotation of dihedral
angles changes the site energy value maximum 0.5 eV. This
difference in site energy value may lead to a considerable barrier
for charge transport between neighboring amino acid subgroups
at a particular conformation.

The reorganization energy (λ) due to the presence of positive
charge has been calculated for the model peptide subgroup by
using eq 4. The additional hydrogen atoms were added at the
N and C termini to satisfy the valences. The reorganization
energy is found to be 1.03 eV for the presence of the hole. By
analyzing the optimized geometries of the neutral and cation
species, it has been found that the presence of excess positive
charge changes the bond lengths and bond angles significantly.
The bond length C-C has been observed to be increased by
0.2 Å, whereas the bond length N-H is found to be decreased
by 0.1 Å in the cation compared with the neutral species. The
calculated effective charge-transfer integral with the BP func-
tional combined with the reorganization energy have been used
to calculate the rate of charge transport (υ) between neighboring
fragments using eq 2. The calculated rate of charge transport
between fragments 2 and 3, and 3 and 4 is plotted with respect
to the different structures of the glycine model peptide and is
shown in Figure 3. The maximum hole transport rate between
fragments has been calculated in the antiparallelâ-sheet and
linear structures (1.33× 1011 S-1). The minimum rate of 3.47
× 1010 S-1 has been calculated between fragments 3 and 4 in

Figure 2. Schematic representation of the highest occupied molecular
orbital of the intermediate fragment (NHCH2CO).

TABLE 3: Effective Charge-Transfer Integral (in eV) for
Hole Transport between the Fragments 2 and 3 (Jeff1), 3 and
4 (Jeff2), and 2 and 4 (Jeff3) of Different Secondary
Structures of the Glycine Model Peptide with SAOP and BP
Functionalsa

SAOP BP

structures Jeff1 Jeff2 Jeff3 Jeff1 Jeff2 Jeff3

linear -0.53 -0.52 -0.02 -0.53 -0.52 -0.02
R-helix -0.51 0.42 -0.07 0.48 0.41 0.07
310-helix -0.50 -0.29 0.07 -0.48 0.27 -0.07
antiparallelâ-sheet 0.56 0.55 0.01-0.53 -0.52 -0.02

a See Scheme 1 for fragment representation of the model peptide.

TABLE 4: Energy of a Positive Charge When It Is
Localized at Fragments 2 (E1), 3 (E2), and 4 (E3) of Glycine
Model Peptide Secondary Structures Calculated with SAOP
and BP functionalsa

SAOP BP

structures ε1 ε2 ε3 ε1 ε2 ε3

linear -18.571 -18.040 -18.321 -13.408 -13.946 -14.273
R-helix -18.142 -18.040 -16.121 -14.249 -14.139 -12.155
310-helix -18.085 -18.100 -16.584 -14.203 -14.210 -12.646
antiparallel
â-sheet

-17.582 -17.939 -18.195 -13.586 -13.972 -14.289

a See Scheme 1 for fragment representation of the model peptide.
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the 310-helix. The rotation of the dihedral angle along the CR-
carbon of fragments 3 and 4 in the 310-helix (C18C21N23H24)
changes the orientation of the C-N bonds by 11° compared
with linear or antiparallelâ-sheet structures. This reduces the
charge-transfer integral and rate of charge transport between
them by a factor of 2. The above results show that the rate of
charge transport across the oligopeptide is strongly influenced
by the secondary structure and dynamics of the dihedral angle.
Hence, to obtain the qualitative rate of charge transport in
oligopeptide, one needs information about the dynamics of the
dihedral angle along the CR-carbon of the amino acid subgroup.

IV. Conclusions

The charge-transfer integrals and site energies for hole
transport through the peptide bond in a model oligopeptide
consisting of five glycine amino acid subgroups have been
calculated. These parameters were calculated for four different
secondary structures (linear,R-helix, 310-helix, and antiparallel
â-sheet) of model peptide. The geometry of the secondary
structures was optimized at the B3LYP/6-311G(d,p) level of
theory. The rotation of the dihedral anglesω, æ, andψ of the
amino acid subgroups significantly affects the main chain bond
lengths. The optimized structures differ considerably in energy,
and the order of stability of the structures is linear> 310-helix
> antiparallelâ-sheet> R-helix.

The charge-transfer integrals and site energies were obtained
directly as the matrix elements of the Kohn-Sham Hamiltonian
using the fragment orbital approach as implemented in the ADF
program. The rotation of the dihedral angles (ω, æ, andψ) in
the model peptide significantly influences the charge-transfer
integrals. The site energy values calculated for the amino acid
subgroups reveal a maximum barrier of 0.5 eV at certain
dihedral angle values. The rate of charge transport between the
neighboring amino acid subgroups has been calculated by using
the Marcus rate equation, and the results confirm that the
structural changes in the form of dihedral angle changes along
the CR-carbon of each amino acid subgroup strongly affects the
rate of charge transport in oligopeptides.
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