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The hydrogen-bonding (H-bonding) interactions inR-helical andâ-sheet model peptides have been studied
by using the atoms-in-molecule (AIM) approach. The relative importance of NH‚‚‚O and CH‚‚‚O H-bonding
interactions in the different secondary elements such asR-helix, parallel, and antiparallelâ-sheets have been
assessed. The electron density values at the NH‚‚‚O bond are higher than those of the CH‚‚‚O bonds in the
R-helical conformation. The electron density values at the H-bonded critical points (HBCPs) corresponding
to NH‚‚‚O and CH‚‚‚O interactions are nearly equal in the parallelâ-sheet of the order of 10-3 au, whereas
in the case of antiparallelâ-sheets,F(rc) values for NH‚‚‚O and CH‚‚‚O interactions are of the order of 10-2

and 10-3 au, respectively. It is interesting to point out here that the weakening of NH‚‚‚O interactions in the
parallelâ-sheet arrangement is evident from the AIM analysis. This is concomitant with the increase in the
NH‚‚‚O distance in the parallelâ-sheet conformation. In addition to the clear description of H-bonding by
electron density at the HBCP, possible good linear relationships between the electron density at ring critical
points (RCP) and stabilization energy (SE) have been observed corresponding to the variousâ-sheet
conformations.

Introduction

Studies on hydrogen-bonding (H-bonding) interaction in
several model systems have been performed with a view to
understand various chemical and biochemical processes in real
life systems.1,2 The interactions between biomolecular systems
play an important role in physics, chemistry, and especially in
biology. Molecular interactions affect many biochemical pro-
cesses, for example, molecular recognition. H-bonding interac-
tion between nucleic acid bases is a typical and important
example, responsible for the structure and function of DNA and
interactions between polypeptides and proteins, which is of key
importance for its folding, function, and biological conse-
quences. Hence, the prediction of the structure, energetics, and
spectra of such systems is of primary interest in all quantum-
chemical calculations.3 The main goal of quantum chemical
calculations is to complement experiments and provide informa-
tion, predictions, and clear understanding which are not easily
accessible by experimental techniques, in order to elucidate the
nature of the processes studied.

The construction of complex protein folds relies on the precise
conversion of a linear polypeptide chain into a compact 3D
structure.2,4,5 The relationship of the forces that link sequence
and folding is intricate and yet to be firmly elucidated. Analysis
of 3D structures suggests that complex protein folds consist of
a limited number of secondary structural elements, such as
strands, helices, and turns, which are assembled using loosely
structured loops. With a view to understand the interplay of

the forces that connect sequence and protein folding, numerous
research works have been carried out in the past.2,4-7 Since the
volume of literature on this topic is massive, it is an extremely
difficult task to review here. However, it is necessary to point
out that both experimental and theoretical methods have been
extensively used to derive the relationship between sequence,
structure, folding, and function.7 The first step in the under-
standing of the sequence-structure relationship calls for con-
formational analysis of various amino acids. In this context,
Ramachandran’s stereochemical plot (φ-ψ diagram) of dipep-
tides8,9 has been widely used to predict the secondary structures
of proteins.7-9 From the point of computational chemistry, both
molecular mechanics and molecular dynamics methods have
been widely used to understand the structure of polypeptides
and proteins. However, rigorous quantum chemical calculations
on these systems are limited due to the number of atoms present
in the proteins.10-31 It is important to mention here that high-
level ab initio and DFT calculations on polypeptides have been
possible only recently.18-31

Several theoretical calculations with different levels of
accuracy have been made on the polypeptides to study theφ-ψ
plot distribution, H-bonding interactions, and stability.4-36 In
the stability of polypeptides and proteins, the H-bond plays an
important role in the formation of secondary structures such as
the R-helix, â-sheet, etc., and higher order structures.33-36

Quantum chemical calculations on some of the secondary
structures in proteins/peptides (â-sheets,â andγ turns) at the
HF, MP2 levels, and different DFT parametrization schemes
have been performed with special emphasis to the H-bonded
structures.13 Most of electronic structure calculations12-31 have
concentrated on the (i) structure, (ii) long-range interaction, (iii)
peptide-water interaction, and (iv) electronic properties. These
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studies have also affirmed the central role played by the
H-bonding interactions in protein.

The protein secondary structural elements are stabilized by
both inter- and intramolecular H-bonds.2 Generally CH‚‚‚O and
NH‚‚‚O H-bonds are mainly responsible for the stabilization
of these elements in various proteins.28,29 The cooperativity of
these H-bonds plays a crucial role in the stabilization of protein
structure and folding.25-27,31 Although a number of high-level
quantum chemistry calculations have been made on the poly-
petides, very little information is available on the quantification
of various H-bonds in the different secondary structural ele-
ments. The understanding and quantification of H-bonds in the
various secondary structural elements are necessary to develop
a strategy for de nova designing of new folding patterns and

foldamers. It is noteworthy to state here that the importance of
H-bonding interactions enumerating in various fields has led
to the development of necessary and sufficient criteria for
H-bonding, which include geometric, energetic, and spectro-
scopic characteristics.33-36 In addition, the theory of AIM has
been employed to characterize and quantify the H-bonding
interaction.37-46

The power of AIM theory in elucidating the H-bonded
interaction has been discussed on neutral and ionic clusters
including citations on the present context.45,46The AIM theory
has been utilized to determine the C_H‚‚‚O contacts in A‚‚‚U
Watson_Crick (WC) and U‚‚‚U base pairs, using nonempirical
ab initio calculations.32 The interaction of hydrated Mg2+ cation
with bases, base pairs, and nucleotide has been studied with

Figure 1. Minimized molecular structure of various (a)R-helicaln)1-14 (b) parallelâ-sheetn)1-10, and (c) antiparallelâ-sheetn)1-10 peptides with
H-bonding.
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the help of various theoretical approaches including AIM
theory.38 The topological parameters obtained from this study
clearly explained the striking difference in the cation-induced
enhancement of base pairing observed in guanine-containing
base pairs compared to adenine-containing base pairs. Similarly,
the possibility for AIM theory to analyze a polypeptide or a
particular portion of a peptide has been described.11,12,36,45

Previous studies on H-bonding have revealed that such
valuable information can be obtained from the electron density
analysis.37,39-46 Prompted by these wide applications and the
success of AIM theory, a systematic study has been initiated
on a variety of model secondary structural elements of protein
to understand and characterize the H-bonding interactions.

Computational Details

The geometries of theR-helix, parallel, and antiparallel
â-sheets were constructed by using the biopolymer and model
builder modules of the INSIGHT II molecular simulation
package (Accelrys, USA).47 The starting geometries of the
peptide models were minimized with the dihedral angles
constrained at their ideal values as described by Ramachandran
and co-workers8,9 using the steepest gradient, followed by a
conjugate gradient approach employing consistent valence force
field (CVFF),48 using the Discover module (Accelrys, USA).
For theR-helix, the poly alanine amino acid sequence has been
taken as the representative model (Ala)n (n ) 1-14). The

Figure 2. Molecular topography ofR-helical, parallelâ-sheet, and antiparallelâ-sheet peptides as obtained from theoretical electron density.
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backbone torsional angles for theR-helix were set toφ ) -57.0°
andψ ) -47.0°.2,7-9 The parallel and antiparallelâ-sheets were
constrained to be planar (φ ) ψ ) 180°),2,7-9 with repeating
glycine residues up ton ) 1-10 units. In the energy minimiza-
tion, the geometries were then refined until convergence
(criterion of the root-mean-square (rms) energy gradient of 0.001
kcal/mol per Å) was reached throughout. These optimized
atomic coordinates of idealR-helix andâ-sheet structures were
used for quantum chemical calculation without any further
optimization. All the ab initio quantum calculations (single
point) at the HF/6-31G* level were carried out by using the
Gaussian 98W suite program.49 The wave function generated
from the ab initio calculations has been used to generate the
electron density topography of polyalanine inR-helix and
polyglycine in â-sheet conformations. The AIM calculations
were carried out with use of AIM 2000 package.50

Calculation of Relative Energies ofR-Helix. To quantify
the role of H-bonding in the stabilization ofR-helix, the total
energies of the same sequence in the extended conformation
have been obtained from the HF/6-31G* level of calculation.
By using the total energy of the same sequence in theR-helix
arrangement, the relative energy (RE) has been calculated with
the following equation:

Calculation of Stabilization Energies ofâ-Sheets.For both
parallel and antiparallelâ-sheets, the stabilization energy (SE)
was computed by using the following equation, using super-
molecular approach

whereEsheet, Epeptide1, andEpeptide2are the total energies of the
â-sheet and individual energies of the interacting peptides
obtained from the HF/6-31G* level of calculation. The SE is
corrected for BSSE by following the method of Boys and
Bernardi.51

Results and Discussion

Figure 1 shows the minimum energy structures ofR-helix
(ala1-14), parallel and antiparallelâ-sheets (gly1-10) obtained
from force field calculations along with the H-bonding pattern.
The representative molecular electron density topographical
features obtained from AIM analysis are shown in Figure 2.
The red, yellow, and green dots indicate BCP, RCP, and CCP,
respectively.

AIM Analysis of H-Bonding in R-Helical Peptides. A
complete coverage of recent literature on the theoretical calcula-
tion on theR-helix is beyond the scope of this investigation.
However, some of the important observations from the quantum
chemistry calculations relevant to the present context are
discussed here. H-bonding cooperativity and energetics of
R-helix formation have been investigated by Wieczorek and
Dannenberg.19,22The various factors contributing to the stability
of R-helix have been summarized in this study. The origin of
cooperativity inR-helix formation has been assessed by Moro-
zov et al. and they have confirmed that electron density
redistribution accounts for half of the cooperativity.31 This work
has prompted us to look at the electron density analysis of model
R-helices.

It can be seen from the molecular graphs that in theR-helix,
both N-H‚‚‚O and C-H‚‚‚O interactions are present. The
existence of HBCPs and corresponding bond paths betweenith
and i+4th residues confirm the presence of N-H‚‚‚O (∼2.1
Å) bonding in theR-helix. This interaction is predominant in
the stabilization of theR-helix. In addition, the different atomic
interactions are curved and winding in appearance which
exemplifying the helical nature present in the chosen model
peptides. The number of BCP, HBCP, RCP, CCP, NH‚‚‚O,

Figure 3. Relationship between relative energy (HF/6-31G*) and total
F(rc) and total∇2F(rc) (inset) forR-helical peptides.

TABLE 1: Number of Bond Critical Points (nBCP), H-bonded Critical Points (nHBCP), Ring Critical Points (nRCP), Cage
Critical Points (nCCP), NH‚‚‚O, CH‚‚‚O Interactions, Relative Energies, Total Electron Density (∑G(rc)), and Total Laplacian of
Electron Density (∑∇2G(rc)) for the r-Helical Peptides

no. of
residues nHBCP nRCP nCCP nN-H‚‚‚O nC-H‚‚‚O

∑F(rc)
(e/ao

3)
∑∇2F(rc)
(e/ao

5)
rel energies
(kcal/mol)

1 -
2 - 2.2
3 - 1 4.74
4 2 7 2 1 1 0.0111 0.0132 5.16
5 4 7 2 3 1 0.0281 0.0294 4.53
6 6 22 8 3 3 0.0497 0.0513 2.19
7 7 27 9 4 3 0.067 0.0682 -0.4
8 10 34 12 5 5 0.0931 0.0945 -3.92
9 12 42 14 6 6 0.1157 0.117 -7.87

10 14 49 16 7 7 0.1386 0.1398 -12.2
11 16 56 18 8 8 0.1667 0.1692 -17.0
12 18 62 20 9 9 0.1948 0.1986 -22.0
13 20 69 22 10 10 0.2229 0.228 -29.1
14 22 76 24 11 11 0.251 0.2574 -34.8

RE ) ER-helical conformatiom- EExtended conformation (1)

SE) |Esheet- (Epeptide1+ Epeptide2)| (2)
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CH‚‚‚O interactions, relative energies, totalF(rc), and total∇2F-
(rc) at the HBCPs for theR-helical peptides are summarized in
Table 1. The relative energies for various polyalanine sequences
show that at least 7 residues are necessary for the formation of
stableR-helical conformation. It can be seen from the relative
energy that the addition of one alanine residue to the (Ala)7 is
3.88 kcal/mol. As the length of the helical sequence increases,
the relative stability increases. It is interesting to observe that
addition of one alanine residue increases the stability due to
H-bonding cooperativity as reported in the previous studies.19,22

The values ofF(rc) and∇2F(rc) at these points are typically of
the order of 10-2 and 10-3 au, respectively, which are similar
to the values stipulated for the H-bonding by Bader and co-
workers.37 The Laplacian of electron density is also positive
confirming the presence of H-bonded interactions.

The F(rc) values at the HBCPs corresponding to the
C-H‚‚‚O interactions are marginally lower than that of
N-H‚‚‚O H-bonds. It is interesting to note that electron density
analysis clearly portrays the relative importance of these two
H-bonded interactions in the stabilization of helical motif. It is

well-known that about one-fourth of amino acid residues in
polypeptides are found inR-helical conformation. However, the
exact fraction varies with the one protein to the other. The
preference of amino acid residues to formR-helical conforma-
tion mainly arises due to the fact that theR-helix optimally uses
the intramolecular H-bonds for its stability. Every peptide bond
participates in the H-bonding interaction in the formation of
the helix, which is accurately reinforced by the presence of
HBCPs.

It can be seen from Table 1 that the sum of the electron
density at the HBCPs increases as the stability of the helix
increases. It also can be seen that the Laplacian of the electron
density follows a similar trend. In the stabilization of the helix,
the microdipole of the peptide bonds plays an important role.
Each microdipole is connected through the intramolecular
H-bonding and results in a net dipole extending down the helix,
which increases with helix length. The linear relationship
between the relative energies and the sum of electron density
and its Laplacian at the HBCPs is shown in Figure 3. The AIM
theory helps to characterize the strength of interaction between
the two dipoles in the helical chain. Similar to the microdipole
of the peptide bond, the sum of electron density values at the
N-H‚‚‚O and C-H‚‚‚O HBCPs exhibits a direct relationship
with the relative energy and hence its stability. The linear
regression analysis yields

AIM Analysis of H-Bonded Parallel and Antiparallel
â-Sheets.Recently, several interesting theoretical calculations
have been made on theâ-sheet models.18,21,24-28 Horvath et al.
have studied the long-range effects in the formation ofâ-sheet
structure.26 This study brought out the considerable role played

TABLE 2: Number of H-bonded Critical Points (nHBCP), Ring Critical Points (nRCP), Stabilization Energies (SE),
Stabilization Energies Increment, Total Electron Density (∑G(rc)), and Total Laplacian of Electron Density (∑∇2G(rc)) at HBCP
and RCP, Respectively, for the Parallelâ-Sheet

no. of
residues nHBCP nRCP

∑F(rc)
(e/ao

3)
in HBCP

∑∇2F(rc)
(e/ao

5)
in HBCP

∑F(rc)
(e/ao

3)
in RCP

∑∇2F(rc)
(e/ao

5)
in RCP

SE
(kcal/mol)

SE increment
(kcal/mol)

1 2 1 0.012 0.0131 0.004 0.005 3.83 3.83
2 4 3 0.035 0.0369 0.011 0.0133 7.64 3.8
3 6 5 0.036 0.0395 0.014 0.0178 11.4 3.72
4 8 7 0.059 0.0633 0.02 0.0261 15 3.64
5 10 9 0.059 0.0659 0.024 0.0307 19.1 4.1
6 12 11 0.083 0.0906 0.03 0.039 22.8 3.69
7 14 13 0.082 0.0923 0.033 0.0435 27 4.2
8 16 15 0.105 0.116 0.04 0.0518 30.7 3.71
9 18 17 0.105 0.1185 0.043 0.0563 35 4.26

10 20 19 0.147 0.1603 0.053 0.069 38.7 3.72

TABLE 3: Number of H-bonded Critical Points (nHBCP), Ring Critical Points (nRCP), Stabilization Energies (SE),
Stabilization Energies Increment, Total Electron Density (∑G(rc)), and Total Laplacian of Electron Density (∑∇2G(r c)) at HBCP
and RCP, Respectively, for the Antiparallelâ-Sheet

no. of
residues nHBCP nRCP

∑F(rc)
(e/ao

3)
in HBCP

∑∇2F(rc)
(e/ao

5)
in HBCP

∑F(rc)
(e/ao

3)
in RCP

∑∇2F(rc)
(e/ao

5)
in RCP

SE
(kcal/mol)

SE increment
(kcal/mol)

1 2 1 0.018 0.0182 0.005 0.0054 4.5 4.5
2 4 5 0.036 0.037 0.017 0.0184 15.4 10.9
3 6 9 0.06 0.0597 0.032 0.0374 15.7 0.34
4 8 14 0.085 0.0858 0.048 0.0544 26.5 10.8
5 10 17 0.105 0.1062 0.06 0.0698 26.1 -0.45
6 12 22 0.121 0.1212 0.076 0.087 36.8 10.7
7 14 23 0.142 0.1417 0.082 0.0956 36 -0.72
8 16 29 0.162 0.1622 0.103 0.1193 45.9 9.87
9 18 28 0.183 0.1827 0.102 0.1195 46 0.03

10 20 34 0.204 0.2032 0.126 0.147 56.9 10.9

TABLE 4: Electron Density Values (G(rc)) of NH‚‚‚O and
CH‚‚‚O H-Bonds in Parallel and Antiparallel â-Sheets(n ) 5)

F(rc) (e/ao
3)

H-bond parallel antiparallel

CH‚‚‚O 0.0066 0.0051
NH‚‚‚O 0.0053 0.0143
CH‚‚‚O 0.0065 0.0052
NH‚‚‚O 0.0052 0.0147
CH‚‚‚O 0.0064 0.0051
NH‚‚‚O 0.0053 0.0148
CH‚‚‚O 0.0065 0.0053
NH‚‚‚O 0.0052 0.0152
CH‚‚‚O 0.0064 0.0055
NH‚‚‚O 0.0056 0.0152

RE ) -188.35F(rc) + 13.5, R ) -0.99 (3)

RE ) -183.07∇2F(rc) + 13.2, R ) -0.99 (4)
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by the long-range interactions in the stabilization of theâ-sheet
model (Gly10). The question of network cooperativity in the
modelâ-sheets has been addressed by Zhao et al.27 The interplay
between network cooperativity and electrostatics has been
highlighted in these model systems.27 Scheiner and co-workers
have made extensive investigation on the assessment of
contribution of NH‚‚‚O and CH‚‚‚O H-bonds using ab initio
quantum chemical calculations.28,29 Both geometric and ener-
getic analyses have been carried out. It is found that NH‚‚‚O
and CH‚‚‚O approximately and equally contribute to the stability
of interstrand binding energy. Earlier work on various model
â-sheets provided a similar conclusion. However, the exact
difference between these two interactions is not quantified. In
this connection, AIM theory becomes versatile and provides a
possible means to disentangle the contribution made by these
two types of H-bonded interactions.

The number of HBCP, RCP, SE, incremental SE, totalF(rc),
and total∇2F(rc) at HBCP and RCP, respectively, for the parallel
and antiparallelâ-sheet are listed in Tables 2 and 3. It can be
seen from the energetics of parallelâ-sheets that incremental
SE ranges from 3.64 to 4.26 kcal/mol. There is no dramatic
change in the SE upon addition of one glycine residue in the
parallel sheet conformation. However, in antiparallelâ-sheets,
it is possible to observe a significant variation in the trend of
incremental SEs. In these systems, odd- and even-numbered
residues contribute to the stability in a different fashion. The
second, fourth, sixth, and the other even-numbered systems form
large H-bonded rings (LHRs) and hence higher SE. The third,
fifth, and odd-numbered sheet structures form smaller H-bonded
ring (SHR) structures and cause destabilization. This behavior
has also been observed in the recent study onâ-sheet models.27

For parallel and antiparallelâ-sheets, electron density topog-
raphy features are shown in Figure 2. The electron density
topography features clearly reveal the formation of LHR and

SHR in the modelâ-sheets. It is possible to note from the
molecular graph that intermolecular H-bonding between the two
chains is evident and these topography parameters are also in
the range set by Bader’s theory.37

The values of electron density at the HBCPs and associated
topographical features clearly discriminate the nature of the
primary and secondary interactions found in the basic building
blocks of proteins. The cooperativity and long-range effects of
H-bonding interactions in the secondary structural elements of
protein can be explained by electron density topography analysis.
One of the primary motives of the present study is to gain insight
into the difference between the strength of NH‚‚‚O and
CH‚‚‚O in the stabilization ofâ-sheets. In the case of antiparallel
sheets, theF(rc) values at the HBCPs for the NH‚‚‚O interaction
are marginally higher than those at the HBCPs corresponding
to CH‚‚‚O, and hence the greater stability of antiparallel sheets.
On the contrary, for the parallel sheets, there is not much of a
difference in theF(rc) values at HBCPs for CH‚‚‚O and
NH‚‚‚O interactions. In the earlier studies, differences in the
geometry of these H-bonding patterns have been attributed to
the respective stability. The longer NH‚‚‚O (∼2.6 Å) bonds in
the parallel arrangement immediately suggest weakening of these
interactions as a potential source of lower SE. However, the
NH‚‚‚O H-bonds deviate less from the linearity than those of
the CH‚‚‚O bonds. Comparison of geometrical characteristics
of NH‚‚‚O interaction in the parallel and antiparallel arrange-
ments reveals that these bonds are considerably longer in the
parallel case, while they are shorter in the antiparallel case (∼2.1
Å). Electron density values of NH‚‚‚O and CH‚‚‚O H-bonds in
parallel and antiparallelâ-sheets(n)5) are reported in Table 4 as
a representative example. The analysis of electron density values
at different HBCPs for both arrangements shows that NH‚‚‚O
bonds are stronger than the CH‚‚‚O bonds in the antiparallel
arrangement whereas both NH‚‚‚O and CH‚‚‚O bonds have

Figure 4. Relationship between SE (HF/6-31G*) and (a) totalF(rc) and (b) total∇ 2F(rc) for parallel and antiparallelâ-sheets.

TABLE 5: Regression Equations for Stabilization Energies (SE), Using TotalG(rc) and Total ∇2G(rc) at H-Bonded Critical
Points (HBCP) and Ring Critical Points (RCP) for Parallel and Antiparallel â-Sheets

HBCP R RCP R

parallelâ-sheet SE) 284.6F(rc)HBCP + 0.54 0.97 SE) 756.7F(rc)RCP+ 0.54 0.99
SE) 258.1∇2F(rc)HBCP + 0.51 0.98 SE) 574.9∇2F(rc)RCP+ 0.85 0.99

antiparallelâ-sheet SE) 257.2F(rc)HBCP + 2.27 0.98 SE) 406.6F(rc)RCP+ 4.5 0.99
SE) 258.8∇2F(rc)HBCP + 2.1 0.98 SE) 346.1∇2F(rc)RCP+ 4.9 0.99
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nearly equal strength in the parallel sheets in accordance with
the earlier findings. The weakening of NH‚‚‚O interactions in
the parallel sheets is also observed from the electron density
values at the HBCPs. The relationships between the sum of the
electron density values and its Laplacian at all HBCPs vs the
SE of both sheets have been studied and the same has been
presented in Figure 4. The linear regression equations are
presented in Table 5. An excellent linear relationship between
the SE and the sum of electron density values shows that both
NH‚‚‚O and CH‚‚‚O are important in the stabilization of sheets
and relative significances of NH‚‚‚O and CH‚‚‚O interactions
can be assessed from the electron density values at the HBCPs.
In addition, these equations can be used in the quantitative
structure activity (QSAR) parlance to predict the stability of
larger helical and sheet structure of synthetic peptides and
natural protein sequences, using the average values of electron
density at NH‚‚‚O and CH‚‚‚O HBCPs.

However, in addition to the H-bonding interaction, it is
evident that other secondary interactions also lead to further
stability. Rich electron density topography features can be
observed from the molecular graphs depicted in Figure 2
corresponding to parallel and antiparallelâ-sheets. It is evident
from the geometry of theâ-sheets that it exhibits H-bonded,
large and small ring structures. The importance of these
H-bonded rings in the stabilization ofâ-sheet structures has been
discussed in a previous report.27 To quantify these rings in the
parallel and antiparallel sheets, the relationship between the
electron density values at the ring critical point (RCP) and SE
has been probed. In this study, an attempt has been made to
probe the RCP to illustrate the clear depiction of the interactions.
The linear relationship presented in Figure 4 clearly displays
the role of ring structure in the stabilization of sheet structures.
It is interesting to note from parts a and b of Figure 4 that the
F(rc)RCPand∇2F(rc)RCPrespectively show a good linear relation-
ship with the SE of both parallel and antiparallelâ-sheets. The
corresponding linear fits for SE vsF(rc)RCP and SE vs∇2F-
(rc)RCP are given in Table 5.

The analysis of the topographical features of theâ-sheets
clearly provides the possible reasons for the observed results.
It is evident from the electron density topographical features of
â-sheets that the variation in the values of HBCP at NH‚‚‚O
and CH‚‚‚O interaction changes due to the corresponding
variation in geometries. However, values of the RCP do not
vary during different interactions and hence the possible good
linear relationships between the electron density at the RCP and
SE corresponding to the variousâ-sheet conformations. In
addition to the electron density properties at the HBCP, the same
at RCP also correspond with the stabilization of both sheets at
various lengths.

Conclusions

In summary, the electron density topography features are quite
useful in delineating and quantifying the H-bonded interaction
in the various protein secondary structural elements. The values
of F(rc) at the HBCPs clearly distinguish the importance of
NH‚‚‚O and CH‚‚‚O interaction in theR-helix andâ-sheets. It
is possible to unravel the importance of NH‚‚‚O and CH‚‚‚O
interactions in the parallel and antiparallelâ-sheets. In the case
of the parallelâ-sheet, NH‚‚‚O is weaker than CH‚‚‚O whereas
in the antiparallel sheets, NH‚‚‚O is stronger than CH‚‚‚O. In
addition, RCPs clearly explains the role of ring structures in
the stabilization of sheets. The relationship developed between
SE andF(rc) at the HBCPs can be used to predict the stability
of synthetic peptides and protein by using the average values
of F(rc) at the HBCPs.
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