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Hydrogen bond
rived peptide (HRP II 169–182) was investigated by molecular dynamics, MD,
simulation and 17O electric field gradient, EFG, tensor calculations. MD simulation was performed in water at
300 K with α-helix initial structure. It was found that peptide loses its initial α-helix structure rapidly and is
converted to random coil and bent secondary structures. To understand how peptide structure affects EFG
tensors, initial structure and final conformations resulting from MD simulations were used to calculate 17O
EFG tensors of backbone carbonyl oxygens. Calculations were performed using B3LYP method and 6–31+G⁎
basis set. Calculated 17O EFG tensors were used to evaluate quadrupole coupling constants, QCC, and
asymmetry parameters, ηQ. Difference between the calculated QCC and ηQ values revealed how hydrogen-
bonding interactions affect EFG tensors at the sites of each oxygen nucleus.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

One of the most important goals of modern biochemistry is to
understand protein function through structural and dynamics studies.
Although accurate determination of proteins conformation is a
formidable task, it is crucial to effectively manipulate and change its
function. Study of small peptide can also be helpful to understand
protein structures. In biomacromolecules such as peptides, proteins,
and carbohydrates, carbonyl oxygen plays a key role in molecular
conformations, for instance through hydrogen bonding [1].

Oxygen-17 is a quadrupolar nucleus with nuclear spin angular
momentum of I=5/2 and electric quadrupole moment, eQ, which
interacts with electric field gradient, EFG, tensors. The interaction
energyof EFG tensors and eQ is known as quadrupole coupling constant,
CQ, which can be measured experimentally by nuclear quadrupole
resonance, NQR, spectroscopy [2–3]. As a result of hydrogen hydrogen-
bonding formation in peptides, the resonating carbonyl oxygen-17
nucleus feels the changes in EFG, which is reflected as a shift in the NQR
spectrum. Calculation of CQ and its associated asymmetry parameter,
ηQ, is performed via extracting the NQR frequencies, γQ.

Molecular dynamics (MD) simulation considers small size systems,
at a typical scale of a few nanometers, and investigates the time
evaluation of molecular system by computation of the interactions
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between their components [4,5]. MD simulations has been widely
applied to biological macromolecules, such as proteins and peptides,
to gain insight their dynamics, for studies of folding/unfolding, to
compute free energy, and to investigate structure–function relation-
ships [6–11]. MD simulation has provided detailed information on the
fluctuation and conformational changes of proteins and peptides. For
instance, MD simulations have used to investigate the conformational
behavior of PrP 106–126 (PrP = prion protein) peptide [12,13].

In this study, MD simulation in combinationwith the calculation of
NQR parameters are used in order to study of repeating sequence in
malaria Plasmodium falciparum HRP II protein. HRP II is an extra-
ordinary proteinwhich consists mainly of three amino acids: histidine
(34%), alanine (37%) and aspartic acid (10%) [14]. The most repeated
sequence of HRP II is AHH, AHHAAD, and HHAHHAAD; however, the
exact structure of this protein is not completely known. There is one
theoretical model available in the protein data bank which indicates
that HRP II is mainly composed of 18 α-helix regions [15]. However,
circular dichroism (CD) spectroscopy measurements reveal that HRP II
exists mainly as a random coil conformation in aqueous solution [16].
Pandey et al. [17] have shown that HRP II repeating sequences contain
binding sites for heme enabling hemozoin formation and thereby
detoxifying the toxic heme group in life cycle of malaria. In this paper,
a 14 amino acid fragment of this protein, HRP II 169–182, with
HHAHHAADAHHAAD sequence is studied (Fig. 1). This sequence
contains two hexapeptide repeating units with α-helix structure.
As the first step, a MD simulation is carried out to examine the
conformational transitions. The results reveal that the predominant
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Fig. 1. (a) Chemical structure of HRP II 169–182 (HHAHHAADAHHAAD) peptide. (b) Initial conformation and (c) final MD conformation.

Fig. 2. Time dependence of root mean square deviation (RMSD) of backbone and side
chain helix starting structure for HRP II 169–182 peptides during themolecular dynamic
simulation.
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secondary structure of these peptides in solution is coil and bend. In
addition toMD study, quantumchemical calculations are carried out to
explore the influence of peptide conformation on 17O EFG tensors of
backbone oxygen nuclei. For this purpose, density functional theory
(DFT) calculations are performed on initial α-helix structure and final
coil and bend conformations obtained by MD simulations.

It is well recognized that determining the strength and geometry
of HBs is a challenge for both experimental and theoretical studies.
Regarding theoretical works, ab initiomethods accounting for electron
correlation are needed for an accurate description of HBs. Therefore
Hartree–Fock calculations are not applicable to such situations. Also
large enough basis sets are necessary to expand the wave function
[18]. Thus, to make an accurate description of hydrogen bonded
system with ab initio correlated methods together with high quality
basis sets is really demanding. DFT, is widely used in computational
chemistry due to its excellent performance-to-cost ratio. There are
many flavors of approximations to EXC[ρ] in use today. Various studies
reveal that the generalized gradient approximations (GGA) and hybrid
functional are more accurate than local-density approximations (LDA)
to describe the HBs [18,19–22].
DFT is currently the most popular electronic structure method. In
spite of the known deficiency of DFT to describe the dispersion energy,
it offers many advantages. The long-range dispersion interaction
between two molecules cannot be described well with the standard
used approximate density functionals. However, the dispersion



Fig. 3. Secondary structure of the HRP II 169–182 peptides as a function of simulation time.
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coefficients which describe the interactions can be calculated well
with DFT response calculations [23]. In this paper, we focused on
properties that require information of one electronic state at a single
point on the potential energy surface which are the electric field
gradient as first order properties. Various DFT studies of electric [24],
magnetic [25], and electromagnetic [26–28] linear response proper-
ties indicate that the B3LYP functional performs better than BLYP.

2. Computational details

2.1. Molecular dynamics simulations

Initial coordinates of peptide were taken from modeled structure
of HRP II 169–182 in protein data bank (PDB entry 1L8M). The peptide
consists of three residues types; alanine, histidine and aspartic acid
(Fig. 1). The peptide was firstly put into a suitable sized simulation
dodecahedron box and solvated with 2876 simple point charge (SPC)
water model. Histidine and aspartic acid residues are neutral and
negatively charged respectively and two Na+ counter ions neutralize
the negative charge. The solvated configuration energy was then
minimized via steepest descentmethod and so obtained configuration
was submitted to restrain MD simulation, keeping the peptide fixed.
Finally, MD simulation was carried out at 300 K and 1 bar, NPT
ensemble, for 45 ns [29]. Temperature and pressure were controlled
by using Berendsen's temperature and pressure coupling methods
[30]. The time step was 4 fs and LINCS used to constrain bond length
[31–33]. We used a cut-off 14 Å for van der Waals interactions and
particle-mesh-ewald (PME) method was used for the electrostatic
interactions with a cut-off of 9 Å [34]. The GROMACS package [35]
with the GROMOS96 force field [36] was employed for the simulation.

2.2. 17O quadrupole coupling constants calculations

Quantum chemical calculations were performed to calculate the
EFG tensors at the sites of 17O nuclei using Gaussian 98 package [37] at
the level of DFT. B3LYP functional method was employed in the EFG
Table 1
The values of HB structural parameters for initial α-helix and final structures

Initial conformation

Donor…acceptor R(O…N)/Å Donor…acceptor O…H–N/deg

OHis2…NAla6 2.81 OHis2…H–N Ala6 152.01
OAla3…NAla7 2.98 OAla3…H–N Ala7 157.59
OHis4…NAsp8 2.95 OHis4…H–N Asp8 143.14
OHis5…NAla9 2.84 OHis5…H–N Ala9 156.97
OAla6…NHis10 2.97 OAla6…H–N His10 144.65
OAla7…NHis11 3.08 OAla7…H–N His11 159.06
OAsp8…NAla12 3.18 OAsp8…H–N Ala12 155.98
OAla9…NAla13 2.98 OAla9…H–N Ala13 174.97

Final conformation

Donor…acceptor R(O…N)/Å Donor…acceptor ∠O…H–N/deg

OAla6…CimidazolHis11 2.85 OAla6…H–CimidazolHis11 119.59
OAla6…NimidazolHis11 3.02 OAla6…H–NimidazolHis11 104.54
OAla7…NAla9 3.13 OAla7…NHAla9 142.64
OHis10…NAla6 2.79 OHis10…H–NAla6 158.84
OAla13…NimdazolHis4 2.99 OAla13…H–NimiHis4 134.23
tensors calculations [38–40]. The EFG tensors were calculated at the
level of 6–31+G⁎ and SVP of Ahlrichs and coworkers basis sets [41].
The principal components of the EFG tensor, qii, are computed in
atomic unit (1 au=9.717365×1021 V m−2), with |qzz|≥ |qyy|≥ |qxx| and
qxx+qyy+qzz=0. These diagonal elements relate to each other by the
asymmetry parameter: ηQ ¼ jqyy−qxx j

jqzz j ;0VηQV1, that measures the
deviation of EFG tensor from axial symmetry. The computed qzz
component of EFG tensor is used to obtain the nuclear quadrupole
coupling constant from the equation; CQ MHzð Þ ¼ e2Qqzz

h [42], where
the standard value of eQ(17O) reported by Pyykkö is employed [43]:
eQ(17O)=25.56×10−28 m2 and h is Planck's constant.

3. Results and discussion

Two techniques of MD simulations and 17O EFG calculations were
employed to theoretically study the repeating sequence of malaria
protein, HRP II 169–182 peptide. The obtained results will be discussed
in two separate sections.

3.1. Molecular dynamics simulation

Our main purpose is to understand how HRP II 169–182 α-helix
peptide changes during simulation in water. Hence, the peptide cor-
responding to residues 169–182 of the HRP II protein was simulated
starting from an α-helix conformation, for 45 ns. Fig. 2 shows root
mean square deviation (RMSD) of side chain and backbone atoms from
the initialα-helix HRP II 169–182 peptide. While proceeding from 5 to
28 ns, RMSD of backbone and side chain atoms increases progressively
due to degradation of helix to coil and turn secondary structures, as
shown by DSSP analysis [44] (Figs. 2, 3). After about 28 ns, RMSD
fluctuation about 0.6 nm and 0.8 nm is found for backbone and side
chain respectively as a result of peptide unfolding. This finding is in
complete accordance with DSSP analysis after 30 ns indicating that
peptide residues adopt randomcoil structure (49%), specifically in near
C-terminal and N-terminal, while middle residues take bend structure
(31%). These CBC (coil–bend–coil) conformations start after about
28 ns and are maintained through the rest of the simulation. After
about 6 ns of simulation, the α-helix content of peptide begins to
decrease and coil population increases. In the α-helix structure each
carbonyl group CO (i) interacts with NH (i+4) through hydrogen
bonding, where i is the residue number (Table 1). Evaluation of average
i, i+4 hydrogen bond lengths is presented in Fig. 4. The HB distance is
about 0.29 nm at the beginning of the simulation and remains nearly
Fig. 4. Average i, i+4 hydrogen bond lengths during the simulation.



Table 2
Calculated 17O EFG tensor (B3LYP/6–31+G⁎) and related converted NQR parameters for His, Ala and Asp residues in initial α-helix and final MD structure of HRP II 169–181(A and B
refer to residue and secondary structure, respectively)

Initial α-helix conformation Final configuration from MD simulation

A qxx qyy qzz CQ ηQ B qxx qyy qzz CQ ηQ

O–His1 −0.58 (−0.60) −0.88 (−0.98) 1.46 (1.58) 8.78 (9.49) 0.21 (0.24) Coil −0.64 (−0.66) −0.91 (−0.95) 1.55 (1.60) 9.32 (9.65) 0.17 (0.18)
O–His2 −0.63 (−0.65) −0.85 (−0.95) 1.49 (1.61) 8.96 (9.66) 0.15 (0.19) Coil −0.66 (−0.69) −0.84 (−0.91) 1.5 (1.60) 9.02 (9.63) 0.12 (0.14)
O–Ala3 −0.65 (−0.66) −0.86 (−0.96) 1.51 (1.62) 9.08 (9.74) 0.14 (0.18) Coil −0.70 (−0.72) −0.85 (−0.91) 1.54 (1.63) 9.26 (9.81) 0.10 (0.12)
O–His4 −0.61 (−0.61) −0.85 (−0.93) 1.45 (1.54) 8.72 (9.27) 0.17 (0.20) Bend −0.56 (−0.59) −0.87 (−0.94) 1.42 (1.53) 8.54 (9.18) 0.22 (0.23)
O–His5 −0.57 (−0.55) −0.88 (−0.98) 1.45 (1.53) 8.72 (9.21) 0.21 (0.28) Bend −0.57 (−0.59) −0.92 (−0.99) 1.49 (1.57) 8.96 (9.44) 0.23 (0.25)
O–Ala6 −0.61 (−0.61) −0.86 (−0.95) 1.47 (1.56) 8.84 (9.38) 0.17 (0.21) Bend −0.57 (−0.52) −0.87 (−0.97) 1.44 (1.49) 8.66 (8.95) 0.21 (0.30)
O–Ala7 −0.61 (−0.61) −0.87 (−0.97) 1.47 (1.58) 8.84 (9.49) 0.18 (0.22) Coil −0.43 (−0.44) −1.03 (−1.10) 1.46 (1.54) 8.78 (9.28) 0.41 (0.43)
O–Asp8 −0.64 (−0.65) −0.84 (−0.94) 1.48 (1.59) 8.90 (9.56) 0.14 (0.19) Bend −0.53 (−0.54) −1.03 (−1.11) 1.56 (1.66) 9.38 (9.99) 0.32 (0.34)
O–Ala9 −0.62 (−0.61) −0.87 (−0.99) 1.49 (1.60) 8.96 (9.61) 0.17 (0.23) Bend −0.64 (−0.64) −1.03 (−1.10) 1.67 (1.74) 10.04 (10.47) 0.23 (0.26)
O–His10 −0.66 (−0.70) −0.88 (−0.94) 1.54 (1.63) 9.26 (9.82) 0.14 (0.15) Bend −0.41 (−0.42) −0.93 (−1.02) 1.34 (1.44) 8.06 (8.69) 0.39 (0.41)
O–His11 −0.72 (−0.76) −0.86 (−0.92) 1.58 (1.68) 9.50 (10.13) 0.09 (0.09) Coil −0.43 (−0.44) −1.07 (−1.14) 1.50 (1.58) 9.02 (9.52) 0.43 (0.44)
O–Ala12 −0.76 (−0.79) −0.83 (−0.88) 1.58 (1.66) 9.50 (10.00) 0.04 (0.05) Coil −0.53 (−0.54) −0.93 (−1.00) 1.46 (1.54) 8.78 (9.26) 0.27 (0.30)
O–Ala13 −0.68 (−0.72) −0.91 (−0.98) 1.60 (1.70) 9.62 (10.23) 0.14 (0.16) Coil −0.46 (−0.51) −0.92 (−0.97) 1.38 (1.48) 8.30 (8.89) 0.33 (0.31)

The calculated results out of parentheses are for 6–31+G⁎ basis set, and those in parentheses SVP are for the basis set.
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constant until 5.5 ns. After this time interval, the HB distance begins to
increase leading to HB loss at both termini of the peptide and α-helix
content decreases; thus, random coil and turn structure percentages
increase. To investigate the influence of conformational effects on the
EFG tensors at the site of backbone 17O nuclei, initial α-helix and the
final conformation derived fromMD trajectorywere considered in DFT
calculations.

3.2. Computations of 17O EFG tensors

Table 2 presents the calculated 17O EFG tensors, CQ and ηQ values for
histidine, alanine and aspartic acid residues in initialα-helix backbone
andMD simulatedHRP II 169–181 conformations. Itmust be noted that
since the NQR spectroscopy can be only studied in the solid state,
we used the simulation in aqueous solution just for generating the
different conformations of the peptide. These calculations were per-
formed at the B3LYP/6–31+G⁎ and B3LYP/SVP levels of theory. The EFG
calculations indicate that the parameters calculated via 6–31+G⁎ and
SVP basis sets are practically coincident with each other. In following,
wediscuss the 17O EFG calculations based onB3LYP/6–31+G⁎ for initial
and final conformations of HRP II 169–181 (His1-Ala 13).

Recent studies [29–31] have shown that 17O EFG is very sensitive to
geometry changes, and hydrogen-bonding interactions play a vital
role in assigning NQR parameters in biological molecules, e.g. amino
acids, nucleic acids, and small peptides. Furthermore, it must be noted
that the residue type has no significant affect on EFG components of
themain chain atoms [45]. For initialα-helix, oxygen atoms present in
1–9 residues are involved in hydrogen bonding (Table 1). So the
electron distribution in these oxygen atoms should be dependent on
HB length, bond angle and dihedral angle. The calculated CQ value, for
each oxygen nucleus are remarkably consistent and the maximum
deviation from the average value (=8.87 MHz) is only 2.6%; cor-
responding to the O–Ala3. On the other hand, the calculated CQ values
for the remaining 10–13 residues are slightly larger than those of 1–9
residues, indicating that hydrogen hydrogen-bonding interactions
cause a decrease in CQ values. The calculated asymmetry parameters
for all oxygen atoms in initial α-helix are almost small particularly for
10–13 residues. For example, CQ (17O–Ala13) is 0.78 MHz larger than
CQ (17O–Ala6) and 17O–Ala12 with ηQ=0.04 has smallest asymmetry
parameter. The calculated average CQ(17O)=9.05 MHz for α-helix
structure is consistent with those experimentally determined by
Akihiro et al. [46], CQ,exp(17O)=9.28 MHz, and the theoretical value
calculated by Torrent et al. [45], CQ(17O)=9.30 MHz. According to the
results in Table 2, all CQ (17O) values change remarkably from the
initial α-helix to the final structure. In N- and C-terminals, residues
adopt coil structure while a bend secondary structure is present in
middle residue. Moreover, it is found that oxygen atoms of middle
residues (Ala6 and Ala7), His10 and Ala13 are involved in hydrogen
hydrogen-bonding interactions of the final conformation (Table 1).
For the O–His10, CQ (17O) value is decreased by 1.18 MHz and ηQ is
increased from 0.14 to 0.39. This can bemainly attributed to formation
of a proper hydrogen bond between O–His10 and N–Ala6 (rO…HN=
2.79 Å and ∠O…HN=158.84°) in final conformation. Due to the loss of
hydrogen bonds for 1–3 residues and their conversion to coil
structure, CQ (17O) is increased while an opposite trend is evidenced
for 10–13 residues of C-terminal, which do not participate in HB of the
initial structure.

4. Conclusion

The repeating sequence of malaria protein, HRP II 169–182, was
studied in this paper via MD simulations and DFT calculations. Results
indicated that coil and bend structures are dominant conformational
forms in aqueous solution. DFT calculations revealed that 17O EFG
tensors depend on the conformation and HB interactions of the
backbone. Thus, the converted quadrupole coupling constants show a
significant sensitivity to the hydrogen bond interactions in peptide.
The HB interaction causes a reduction in CQ (17O) of residues in two
conformations. It was also concluded that asymmetry parameters of
oxygen has small (b0.5) values in these conformations. These findings
indicate the NQR spectroscopy measurement can be used to study
peptide conformation, at least qualitatively. In the particular case of
HRP II it might furthermore be useful to measure quadrupole tensors
in the presence of heme as well, to test the possibility that the
presence of heme induces alpha-helical structure in the peptides.
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