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Abstract: By using a simple repeating unit method, we have conducted a theoretical study which delineates
the preferences forâ-strand, 27-ribbon, 310-helix, andR-helix formation for a series of polyglycine models up
to 14 amino acid residues (Ac-(Gly)n, n ) 0, 1, 2, ..., 14). Interactions among residues, which result in
cooperativity, are clearly indicated by variations in calculated energies of the residues. Whereas no cooperativity
is found in the formation ofâ-strands and 27-ribbons, there is a significant cooperativity in the formation of
310- andR-helices, especially for the latter. In the case ofR-helices, the 14th residue is more stable than the
3rd by about 3 kcal/mol. A good correlation between calculated residue energy and residue dipole moment
was uncovered, indicating the importance of long-range electrostatic interactions to the cooperativity. The
results of our calculations are compared with those of the AMBER and PM3 methods, and indicate that both
methods, AMBER and PM3, need further development in the cooperative view of electrostatic interactions.
The result should be of importance in providing insight into protein folding and formation of helical structures
in a variety of polymeric compounds. This also suggests a strategy for the development of more consistent
molecular mechanics force fields.

Elements of secondary structures (some of these are shown
in the diagram below) such asR- and 310-helices,â-strands,
and â- and γ-turns are ubiquitous in proteins.1 However, a
simple physicochemical theory accounting for these secondary
structural features in peptides and proteins is currently im-
mature.2 Most R-helices in proteins contain 10-15 amino acid
residues. At least 15 residues are required for formations of the
helix to be observed in protic solvents such as methanol and
water.3 Recent gas-phase studies of polyalanines suggest that
formation of theR-helix cannot be realized for peptides with
up to 20 alanine residues, but can be promoted by a lysine
residue at the C-terminus.4 Polyglycine models do not form
helical structures in the gas phase even with a C-terminal
lycine.4c On the other hand, the 310-helix usually forms for short
sequences of 4-6 residues.5 Recent studies onâ-peptides,
γ-peptides, and oxa-peptides indicate that various helical
structures can be formed with short sequences.6-12 Helical
structures can even be formed with polypeptoids that lack the
ability to form hydrogen bonds.13,14

It is well-known that the coil-helix transition is cooperative.15

Several molecular mechanisms have been proposed to rationalize
the cooperativity ofR-helix formation. First, the formation of
the first 13-m-r hydrogen-bonded structure conformationally
restricts six backbone dihedral angles, and forces three carbonyl
groups to adopt a parallel orientation. Subsequent formation of
hydrogen bonds between nearby residues (i, i+3) only restricts
two dihedral angles.16 Second, in anR-helix, the amide dipoles
are roughly parallel to the axis of the helix. While any two
adjoining amide dipoles (i, i+1) are repulsive, an individual
dipole experiences attractive interactions with more distant
dipoles. Brant has estimated that in a longR-helix, the total
dipole interaction of a given residue with all succeeding residues
is attractive by about-1 to-2 kcal/mol.17 Third, the side chains
of peptides also influence the propensity toward helix formation
and cooperativity.18

Recently Vargas et al. suggested the importance of the CR-
H‚‚‚OdC hydrogen bond in protein folding.19 Here we present
a quantum mechanics study of a series of polyglycine models
with up to 14 residues. The results suggest that induced long-
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range electrostatic interactions are important to the formation
of certain helical structures of polymeric compounds.

Calculation Methodology

Our study is based on a simple repeating unit approach. That is, we
built peptide models with identical repeating units so as to obtain
geometric coordinates for the lengthening peptides. This is based on
the fact that when a helical peptide chain grows, the inner amino acid
residues will adopt very similar geometries. To derive the repeating
units for theâ-strand and 310-helix, anN-acetylated heptapeptide Ac-
(Gly)7 model was optimized with the HF/6-31G* method using the
GAUSSIAN 98 program,20 and with a constraint applied for each amino
acid residue with the same geometry. The repeating units for the 27-
ribbon and R-helix were derived in the same way by using an

N-acetylated undecapeptide Ac-(Gly)11 model.21 The energies of the
peptide models were calculated with both the HF/6-31G* and B3LYP/
6-31G* methods.22 We have shown that these methods give satisfactory
results for the conformational features of unnatural peptides such as
â-peptides and oxa-peptides.23,24

Results and Discussion

Geometry. Some calculated geometrical parameters for the
four types of structures are given in Table 1, along with reported
experimental values. In general, the calculated values are in good
agreement with the experimental data. The mean values for the
backbone torsionsφ and ψ were reported as-62° and -41°
for the R-helix and-71° and -18° for the 310-helix, respec-
tively.25 The corresponding values obtained by the current
calculations are-67° and-40° for the R-helix and-68° and
-17° for the 310 helix. Theâ-strand possesses two torsion angles
of about 180°. For the 27-ribbon, the two values are-86° and
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Table 1. Calculated Geometrical Parameters in Comparison with
Average Values (in parentheses)

structure residues/turn rise (Å) ψ Ψ

â-strand 2(2.0) 3.6(3.2 syn,
3.4 anti)

180° 180°

27-ribbons 1.86 2.84 -86° 63°
310-helix 3.05(3.0) 2.20(2.0) -68° (-71°) -17° (-18°)
R-helix 3.72(3.6) 1.51(1.5) -67° (-62°) -40° (-41°)

Figure 1. Structures of the 27-ribbon, 310-helix, and R-helix of
polyglycine.
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63°, respectively. While the 27-ribbon has the shortest hydrogen
bond (Figure 1), the hydrogen bond in the 310-helix is quite
long (2.45 Å).

Relative Stabilities.The calculated total dipole moments and
relative stabilities of the four types of secondary structures are
collected in Table 2. For clarity, Figure 2 gives the plot of
relative energies with respect to the 27-ribbon structure against

residue number (n) in the Ac-(Gly)n model. The results obtained
by the HF and B3LYP methods are very similar, but the latter
method is known to generate more accurate energy for systems
involving hydrogen bonds.26 Several features are apparent. (1)
The relative energy of theâ-strand linearly increases with
respect to the 27-ribbon. Each unit of the former is about 0.7
kcal/mol less stable than that in the latter. This is close to the
best value of 0.9 kcal/mol obtained for a dipeptide model.27 (2)
The 310-helical structure is about 4.5 kcal/mol higher in energy
than the 27-ribbon whenn ) 1, but this difference decreases
for increasingn. Whenn is larger than 9, the 310-helical structure
becomes more stable than others and holds untiln is too big to
be beaten by theR-helical structure. (3) TheR-helix is least
stable whenn ) 3-5. However, whenn becomes larger than
5, its stability quickly increases. Our projection is that it matches
the stability of the 310-helix when n reaches about 20. This
strongly supports the idea that the 310-helix is an intermediate
in the formation of theR-helix.5,28

Our results are in agreement with the gas-phase experimental
results;4 each residue in theâ-strand is expected to be about
3-4 eu higher in entropy than each residue in the helical
structure where hydrogen bonding reduces degrees of freedom.
This corresponds to about 0.9-1.2 kcal/mol stabilization in the
â-strand. Therefore, it can be estimated that theâ-strand is more
stable than the helical structures for polyglycine in the gas phase,
whenn is less than 15. However, since a globular structure of
polyglycine is even more stable than theâ-strand structure,4c

helical structures are not observed for polyglycines in the gas
phase.

Residue Energy and Cooperativity.To analyze the elec-
trostatic interactions along the peptide frame, we calculated the
residue energy (ε) in each secondary structure, which is defined
as the increment of total energy provided by each amino acid
residue, as shown in Scheme 1. Since each residue has the same
geometry in each secondary structure,εn should be a constant
if there is no interaction among amino acid residues. If each
amino acid residue has an attractive interaction with the other
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Table 2. Dipole Moment and Relative Energy of 27-Ribbon (A), â-Strand (B), 310-Helix (C) andR-Helix (D) of Polyglycine Models
Calculated by the HF/6-31G* and B3LYP/6-31G* Methods

HF/6-31G* B3LYP/6-31G*

dipole moment (D) relative energies (kcal/mol) dipole moment (D) relative energies (kcal/mol)

n A B C D A B C D A B C D A B C D

0a 4.2 4.2 4.1 4.1 0.0 -0.7 -0.6 -0.6 3.8 3.8 3.7 3.7 0.0 -0.3 -0.3 -0.3
1 4.1 2.8 6.9 7.5 0.0 -1.0 3.7 4.9 3.4 3.2 6.0 6.6 0.0 0.4 4.5 5.9
2 7.1 6.1 9.9 10.6 0.0 -1.3 3.2 9.7 6.1 6.3 8.6 9.3 0.0 1.0 4.6 10.9
3 8.8 6.4 13.7 14.6 0.0 -1.4 2.5 10.1 7.4 7.3 12.1 12.9 0.0 1.6 4.6 11.6
4 11.4 9.1 17.6 18.9 0.0 -1.5 1.3 10.0 9.6 10.1 15.5 16.8 0.0 2.2 4.2 11.8
5 13.6 10.1 21.3 23.2 0.0 -1.5 -0.3 9.4 11.5 11.6 18.8 20.7 0.0 2.9 3.5 11.7
6 16.0 12.5 25.2 27.5 0.0 -1.5 -2.0 8.1 13.5 14.3 22.3 24.6 0.0 3.6 2.6 11.0
7 18.5 13.7 29.2 32.0 0.0 -1.5 -3.9 6.3 15.7 16.0 25.9 28.8 0.0 4.2 1.6 9.9
8 20.7 16.1 33.1 36.5 0.0 -1.5 -6.0 4.3 17.6 18.5 29.4 33.0 0.0 4.9 0.5 8.5
9 23.3 17.4 37.1 41.1 0.0 -1.4 -8.1 2.0 19.9 20.4 33.0 37.1 0.0 5.6 -0.7 7.0

10 25.5 19.7 41.1 45.6 0.0 -1.4 -10.2 -0.5 21.7 22.8 36.7 41.3 0.0 6.3 -1.9 5.2
11 28.2 21.2 45.1 50.3 0.0 -1.3 -12.4 -3.1 24.1 24.7 40.2 45.6 0.0 6.9 -3.2 3.3
12 30.4 23.3 49.0 54.9 0.0 -1.3 -14.6 -5.8 25.9 27.1 43.8 49.9 0.0 7.6 -4.4 1.4
13 33.0 24.9 53.1 59.5 0.0 -1.2 -16.9 -8.6 28.2 29.1 47.5 54.1 0.0 8.3 -5.7 -0.7
14 35.3 27.0 57.1 64.2 0.0 -1.2 -19.2 -11.4 30.2 31.5 51.1 58.4 0.0 9.0 -7.1 -2.9

a The model withn ) 0, acetamide, in the corresponding secondary structure.

Figure 2. Plot of calculated relative energies (kcal/mol) of theâ-strand,
27-ribbon, 310-helix, andR-helix of polyglycine models by (a) HF/6-
31G* and (b) B3LYP/6-31G* methods.
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residues, thenεn becomes more negative whenn increases. The
value ofεn - εn-1 roughly represents the interaction between
the first residue and the terminal residue. This value will tend
to be zero whenn becomes very large.

Figure 3 is a plot of the residue energy against residue number
for the four types of structures. The residue energy is almost a
constant for the 27-ribbon and â-strand; this indicates no

electronic communication among residues (that is, there is only
local interaction between residuesi andi + 1 but no long-range
interaction between residuesi and>i + 1) and no cooperative
interaction. As expected, there is a large stabilization fromn )
1 to n ) 2 for the 310-helix (ε2) and fromn ) 2 to n ) 3 for
theR-helix (ε3), due to the formation of a hydrogen bond. Most
interestingly, for these two types of helices, the residue energy
decreases (more negative) with increasingn, which demonstrates
increasing interresidue attraction in longer peptides. It reaches
the minimum for the 310-helix whenn is about 10. However,
for the R-helix, even ifn reaches 14, the residue energy still
decreases. This means that residue units that are separated by
as much as 20 Å in theR-helix can still communicate
electronically in the gas phase, causing stabilization.

Thus, the formation of theR- and 310-helices is highly
cooperative. For theR-helix, the 14th residue is about 3 kcal/
mol more stable than the 3rd residue. For the 310-helix, the 14th
residue is more stable than the second residue by about 1.8 kcal/
mol. As far as we are aware, there is no previous report on
such large cooperativity for the helical structures in protein
secondary structures. This cooperative effect must be due to
long-range electronic interaction,29 and must play a crucial role
in the formation of these helices. Other factors, such as entropy
and side-chain effects, also contribute to the cooperative
formation of helical structures.16,30,31However, it appears that
the intrinsic electronic interaction discussed here is likely the
most important factor.

Origin of Cooperativity. To better understand the nature of
the cooperativity, we analyzed the incremental dipole moment
contributed by each amino acid residue, referred to as the residue
dipole moment. That is, the residue dipole moment of thenth
residue is obtained by the vector subtraction of the dipole
moment of the peptide model containing (n - 1) residues from
the dipole moment of the peptide model containing (n) residues.
These values are given in Table 3. The residue dipole moment
can be projected onto the axis of the helix (axial) and the plane
perpendicular to the helix axis (equatorial). As shown in Figure
4, the residue dipole moments are nearly constant for the
â-strand and 27-ribbon; however, those of theR-helix and 310-
helix increase noticeably asn increases. In the case of the
R-helix, the residue dipole moment increases by about 40% from
the first residue to the 14th residue. This is due mainly to the
contribution from the axial component in the direction of the
helix axis; the equatorial component of the residue dipole
moment is approximately constant for each of the secondary
structures (Table S2 in Supporting Information). The calculated
dipole moment of acetamide is about 3.8 D, while the residue
dipole moment increases to about 4.9 D in a longR-helix. This
is in agreement with an early estimate.32,33

The adjoining residue dipoles in theâ-strand structures are
always antiparallel to each other, which result in a large
interaction between them. Surprisingly, however, the values of
residue energies and residue dipoles are almost constant. This
indicates that there is no long-range interaction between residues
and no cooperativity at all in theâ-strand structures. The residue
dipole moment of theâ-strand is about 0.2 D larger than that
of acetamide, considered being the ideal standard reference.

The residue dipole moments in the 27-ribbon structures are

(29) (a) Young, W. S.; Brooks, C. L.J. Mol. Biol. 1996, 259, 560. (b)
Duijnen, P. T.; Thole, B. T.Biopolymers1982, 21, 1749.

(30) Huston, S. E.; Marshall, G. R.Biopolymers1994, 34, 75.
(31) Roohl, C. A.; Doig, A.Protein Sci. 1996, 5, 1687.
(32) Momany, F. A.; McGuir, R. F.; Yan, J. F.; Scheraga, H. A.J. Phys.

Chem. 1970, 74, 2424.
(33) A detailed analysis of theR-helix as an electric macro-dipole can

be found in: Wada, A.AdV. Biophys. 1976, 9, 1-63.

Scheme 1

Figure 3. Plot of calculated residue energies of thenth residueεn )
E(n) - E(n - 1). The zero energy equals-206.8177 au for HF/6-
31G* and-208.0119 au for B3LYP/6-31G*, respectively: (a) HF/6-
31G* and (b) B3LYP/6-31G*.
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larger by about 0.1-0.2 D than those in theâ-strand structure.
This is due to the 7-m-r hydrogen bonding structure polarizing
the residue dipole in the 27-ribbon. For the 310- andR-helical
structures, the first residue dipole moment is smaller than that
of the â-strand structure. This reflects the repulsive nature of
adjoining residues, and also is in agreement with the view of
cooperativity, that is, the electrostatic characteristic is curtailed
if there is an energy penalty. However, there is a large induced
dipole moment by the second reside in the 310-helical structures,
or the third residue in theR-helical structures, corresponding
to the formation of the first hydrogen bond. Interestingly, for
the R-helix, even the second residue causes a considerable
induced dipole.

A comparison between Figure 3 and Figure 4 indicates that
there is a good correlation between calculated residue energy
and residue dipole moment. For the 27-ribbon andâ-strand, both
residue energy and residue dipole moment are nearly constant.
For the 310- and R-helices, both residue energy and residue
dipole moment increase asn increases. This suggests that the
intrinsic cooperativity and induced residue dipole in the forma-
tion of the 310- and R-helices are caused by long-range
electrostatic interaction synchronously. That is, long-range
electrostatic interactions among residues produce stabilization

intrinsically. This stabilization is amplified by induced charge
distributions that result in induced residue dipole.

In the 27-ribbon, there is one hydrogen bond network as
shown in Figure 1. Each hydrogen bond, which is formed
between adjoining residues, generates a large induced dipole.
Since the 27-ribbon structure does not have cooperative interac-
tion, this suggests that through-bond resonance effect involving
the hydrogen bond network is not important.34,35In the 310- and
R-helices, there are two and three hydrogen bond networks,
respectively (Figure 1). Induced dipoles are not only caused by
hydrogen bonds, but also by through-space electrostatic (or
dipole) interactions between adjacent residues, which belong
to different hydrogen bond networks.36 This mechanism allows
residues far away from each other to communicate electronically,
and results in the through-space resonance-like cooperativity.
Since theR-helix allows for the most adjacent dipole interac-
tions, it has the largest cooperativity.

The above cooperativity can be generally applied to other
polymeric materials. In the case ofâ-peptides andγ-peptides,
we have found a similar cooperativity for certain helical
structures.37,38Green et al. have attributed chirality amplification
of helical polyisocyanates to a cooperative effect.39 Since
hydrogen bonding is not the origin of the cooperativity, it is
expected that the inductive cooperativity also plays an important
role in the formation of helical structures of polypeptoids and
â-peptides derived from proline.13,14 It is possible that this
cooperativity might cause helix formation of polyketones and
other polymeric materials.40

While the importance of electrostatic interaction to protein
folding and protein functionality has been well recognized,41,42

(34) (a) Guo, H.; Salahub, D. P.Angew. Chem., Int. Ed. 1998, 37, 2985.
(b) Jeffray, G. A.; Saenger, W.Hydrogen bonding in Biological Structures;
Springer: Berlin, 1991. (c) Guo, H.; Karplus, M.J. Phys. Chem. 1994, 98,
7104.

(35) We have also found that there is no cooperativity in 28-ribbon
structures forâ-peptides,37 and 9-helical (29-ribbon) structures forγ-pep-
tides.38

(36) Jorgensen, W. L.; Pranata, J.J. Am. Chem. Soc. 1990, 112, 2008.
(37) Wu, Y.-D.; Lin, J. Q.; Zhao, Y.-L. Submitted for publication.
(38) Wu, Y.-D.; Zhao, Y.-L. Manuscript in preparation.
(39) Green, M. M.; Park, J.-W.; Sato, T.; Teramoto, A.; Lifson, S.;

Selinger, R. L. B.; Selinger, J. B.Angew. Chem., Int. Ed.1999, 38, 3138.
(40) Prince, R. B.; Saven, J. G.; Wolynes, P. G.; Moore, J. S.J. Am.

Chem. Soc. 1999,121, 3114.
(41) (a) Hol, W. G. J.; van Duijnen, P. T.; BerendsenNature1978, 273,

443. (b) Hol, W. G. J.; Malie, L. M.; Sander, C.Nature1981, 294, 532.
(42) Rogers, N. K. InPrediction of Protein Structure and the Principles

of Protein Conformation; Fasman, G., Ed.; Plenum Press: New York, 1989;
p 359.

Table 3. Residue Energyεn ) E(n) - E(n - 1) and Residue Dipole Moments, in the 27-Ribbon (A), â-Strand (B), 310-Helix (C), andR-Helix
(D) of Polyglycine Models Calculated with the HF/6-31G* and B3LYP/6-31G* Methodsa

HF/6-31G* B3LYP/6-31G*

n residue energy (εn) (kcal/mol) residue dipole (D) residue energy (εn) (kcal/mol) residue dipole (D)

former latter A B C D A B C D A B C D A B C D

0 1 0.19 -0.10 4.44 5.68 4.55 4.28 4.05 3.86 0.09 0.80 4.92 6.26 4.13 3.94 3.66 3.51
1 2 0.64 0.34 0.18 5.40 4.50 4.30 4.53 4.01 0.49 1.06 0.55 5.59 4.05 4.01 4.18 3.66
2 3 0.23 0.10 -0.49 0.72 4.56 4.32 4.64 4.63 0.18 0.80 0.18 0.80 4.11 4.05 4.26 4.33
3 4 0.19 0.12 -1.01 0.01 4.56 4.33 4.73 4.78 0.15 0.79-0.22 0.43 4.12 4.07 4.36 4.44
4 5 0.10 0.06 -1.47 -0.50 4.58 4.33 4.80 4.88 0.07 0.73-0.67 -0.03 4.13 4.08 4.43 4.55
5 6 0.07 0.07 -1.70 -1.23 4.58 4.33 4.84 4.98 0.06 0.73-0.81 -0.67 4.14 4.08 4.46 4.66
6 7 0.04 0.05 -1.86 -1.71 4.59 4.34 4.86 5.05 0.06 0.70-0.97 -1.06 4.15 4.09 4.49 4.73
7 8 0.02 0.05 -2.00 -2.01 4.59 4.34 4.89 5.09 0.01 0.70-1.09 -1.39 4.15 4.09 4.51 4.77
8 9 0.01 0.04 -2.09 -2.25 4.59 4.34 4.90 5.13 0.01 0.69-1.13 -1.48 4.15 4.09 4.53 4.81
9 10 0.00 0.05 -2.15 -2.46 4.59 4.34 4.91 5.16 0.01 0.69-1.22 -1.82 4.15 4.09 4.54 4.84

10 11 0.00 0.04 -2.20 -2.60 4.59 4.34 4.92 5.18 0.01 0.68-1.25 -1.82 4.15 4.09 4.54 4.86
11 12 -0.01 0.04 -2.24 -2.72 4.59 4.34 4.92 5.20 0.01 0.69-1.27 -1.98 4.15 4.09 4.55 4.88
12 13 -0.01 0.04 -2.27 -2.81 4.60 4.34 4.93 5.21 0.00 0.68-1.30 -2.07 4.15 4.09 4.56 4.90
13 14 -0.02 0.04 -2.29 -2.89 4.60 4.34 4.93 5.22 -0.02 0.67 -1.33 -2.15 4.15 4.09 4.56 4.91

a The zero energy is-206.8177 au for the HF/6-31G* method and-208.0119 au for the B3LYP/6-31G* method, respectively.

Figure 4. Residue dipole moments of theâ-strand, 27-ribbon, 310-
helix, andR-helix of polyglycine models, calculated by the B3LYP/
6-31G* method, which is derived by vector subtractions of dipole
moments of peptide model (n - 1) from that of peptide model (n).
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our study provides more detailed mechanistic information on
the effect of the electrostatic interaction. For example, since
the cooperativity is dependent upon the secondary structure, and
the electrostatic interaction that causes the cooperativity is very
much dependent upon the dielectric constant of the medium, it
is expected that the tendency of helix formation is dependent
upon the protein-folding environment. Therefore, our results
support the idea that both local and global factors determine
the formation of the secondary structures.44 In addition, the
R-helix is mainly destabilized at the C-terminus due to four
parallel carbonyl groups that are not involved in hydrogen
bonding. It is expected that the best situation for the formation
of the R-helix would be with a polar environment at the
C-terminus and a nonpolar environment for the inner residues.
This will also be true for the formation of a 310-helix. Indeed,
formation of helical structures in a micelle environment such
as in membrane proteins is often found in the case of the helical
bundles of ion channels.45

Comparison with Force Field and the PM3 Methods.
Currently, most of the computational studies of protein-related
problems employ molecular dynamics methods based on force-
field potential energy functions.46 We used similar geometries

and repeated the above calculations with the AMBER force
field, which employs fixed atomic charges.47 As shown in Figure
5, the AMBER relative energies are in quite good agreement
with the B3LYP/6-31G* results. But the former displays a faster
energy rise for theâ-strand and faster energy decrease for the
310- andR-helices. In terms of residue energy, the AMBER gives
a large residue energy drop in the range ofn ) 1-5 for the
310-helix andn ) 1-7 for the R-helix. Beyond these ranges,
there is essentially no energy change. In particular, there is a
large decrease in residue energy fromn ) 1 to n ) 2 (ε2) for
all the four types of secondary structures. Such large electrostatic
attractions between adjacent amino acid residues are not found
in the ab initio calculations shown in Figure 3. Therefore, it
appears that the AMBER overestimates short-range electrostatic
interactions (or dipole interaction) but underestimate long-range
electrostatic interactions.48 This further demonstrates the im-
portance of long-range induced electrostatic interaction to the
protein structural preference. Our calculations thus suggest a
strategy for the improvement of molecular mechanics force-
field methods for the study of protein problems.

Recently, semiempirical methods have also been applied to
study protein structures.49 As shown in Figure 6, the PM3
method does not calculate the relative stabilities of the four types
of structures correctly. The stabilities of the two helical structures
are significantly underestimated. The problem is attributable to
the significant underestimation of hydrogen bonding energy, as(43) (a) Aqvist, J.FEBS Lett. 1999, 457, 414. (b) Damm, W.; van

Gunsteren, W. F.J. Comput. Chem. 2000, 21, 774. (c) Christianson, L.;
Lucero, M. J.; Appella, D. H.; Klein, D. A.; Gellman, S. H.J. Comput.
Chem. 2000, 21, 763. (d) Bernado´, P.; Alemán, C.; Puiggalı´, J.Macromol.
Theory Simul. 1998, 7, 659.

(44) Duan, Y.; Kollman, P. A.Science1998, 282, 740.
(45) (a) Bibbin, P.; Sansom, M. S. P.Biophys. Chem. 1999, 76, 161. (b)

Cotton, M.; Tian, C.; Busath, D.; Shirts, R. B.; Cross, T. A.Biochemistry
1999, 38, 9185. (c) Flower, D. P.Biochim. Biophys. Acta1999, 1422, 207.
(d) Borhan, B.; Souto, M. L.; Imai, H.; Shichida, Y.; Nakanishi, K.Science
2000, 288, 2209.

(46) Cheatham, T. E., III; Brooks, B. R.Theor. Chem. Acc. 1998, 99,
279.

(47) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.
M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.;
Kollman, P. A.J. Am. Chem. Soc. 1995, 117, 5179.

(48) Williams, D. E. InReViews in Computational Chemistry; Lipkowiz,
K. B., Boyd, D. B., Eds.; VCH: New York, 1991; Vol. 2, Chapter 6.

(49) Lewis, J. P.; Carter, C. W.; Hermans, J.; Pan, W.; Lee, T.-S.; Yang,
W. J. Am. Chem. Soc. 1998, 120, 5407.

Figure 5. Plot of relative energies and residue energies (kcal/mol) of
the â-strand, 27-ribbon, 310-helix, andR-helix of polyglycine models
calculated by the AMBER method.

Figure 6. Plot of relative energies and residue energies (kcal/mol) of
the â-strand, 27-ribbon, 310-helix, andR-helix of polyglycine models
calculated by the PM3 method.
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shown in Figure 6b. Thus, the calculated residue energies of
the two helical structures are higher than that of the 27-ribbon
even whenn reaches about 10. In addition, the method produces
only about 60% of the magnitude of the cooperativity obtained
by the B3LYP/6-31G* method. Therefore, to apply the PM3
method to the study of protein structures, modification of
parameters is necessary.

Summary. Through calculations of a series of polyglycine
models, we clearly demonstrate that there is a significant
cooperativity for the formation of the 310- andR-helices. There
is an excellent correlation between calculated residue energy
and residue dipole moment, indicating the importance of induced
dipole to the cooperativity. We propose that the induced dipole
is not due to resonance interaction through the hydrogen bond
networks, but is mainly caused by through-space dipole/dipole
interactions.35 This cooperativity should be applicable to the
helix formation of other types of polymeric materials including
those without hydrogen bond networks. The current study should
be useful for the understanding of protein folding. It also

highlights the deficiency of force field and semiempirical
methods, and suggests a possible strategy for the improvement
of the methods. In addition, we demonstrate that the repeating
unit approach is an efficient method for the study of confor-
mational features of polymeric materials. We are currently
applying the method to the study ofâ-sheets and other polymeric
systems.
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