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Abstract: Helices are among the predominant secondary structures in globular proteins. About 90% of the
residues in them are found to be in theR-helical conformation, and another 10% in the 310 conformation.
There is a standing controversy between experimental and some theoretical results, and controversy among
theoretical results concerning the predominance of each conformation, in particular, helices. We address this
controversy by ab initio Hartree-Fock and density functional theory studies of helices with different lengths
in a vacuum and in the aqueous phase. Our results show that (1) in a vacuum, all oligo(Ala) helices of 4-10
residues adopt the 310 - conformation; (2) in aqueous solution, the 6-10 residue peptides adopt theR-helical
conformation; (3) there might be two intermediates between these helical conformers allowing for their
interconversion. The relevance of these results to the structure and folding of proteins is discussed.

1. Introduction

Three types of right-handed helices occur in proteins: 310,
413 (or R helix), and 516 (or π helix). The symbols 310, 413, and
516 imply that the intramolecular hydrogen bonds form a ring
containing 3, 4, or 5 sequential carbonyl oxygens and consisting
of 10, 13, or 16 atoms, respectively. These helices, for a given
length of oligo- or polypeptide, have different numbers of
hydrogen bonds between the CO of residuen and the NH of
residuen + 3, n + 4, or n + 5 counting from the N-terminus
of the olygopeptide, as shown in Figure 1. For the same number
of amino acid residues, the 310 helix has the most number of
hydrogen bonds, and the 516 helix has the least. Consequently,
the 310 helix is expected to be the most stable, and the 516 helix
is expected to be the least stable. It is not surprising, therefore,
thatπ helices are hardly ever observed. Even though a 310 helix
has one more hydrogen bond than the 413 or R helix, it is theR
helix that dominates in protein structures; nevertheless, about
10% of helical structures1 in proteins are 310 helices. However,
despite the fact that both helices have been observed, it is not
clearly understood which factors are favoring the formation of
each helix type2.

In fact, early empirical calculations of helical structures
predicted that the 310 helix is outside the range of stability, but
theR helix is in a minimum.3,4 This, however, might have been
an artifact of the empirical potentials developed to reproduce

conformational preferences in proteins. It has been repeatedly
noted that in theR helix, hydrogen bonds are almost parallel to
the helix axis, but are quite tilted in the 310 helices, and that
both the hydrogen bond geometry and van der Waals interactions
between the successive turns are not as favorable in the 310

helices as in theR helices. It has also been suggested from
protein structure observations that the major importance of the
310 helix is that it very frequently forms the last turn at the
C-terminus of anR helix.5

† National Cancer Institute at Frederick. E-mails: topol@ncifcrf.gov;
burt@ncifcrf.gov.

‡ University of Toronto. E-mails: ederetey@alchemy.chem.utoronto.ca;
ttang@alchemy.chem.utoronto.ca; icsizmad@alchemy.chem.utoronto.ca.

§ Eotvos University. E-mails: aperczel@biotech.ox.ac.uk; perczel@
szerves.chem.elte.hu.

⊥ BioChemComp, Inc. E-mail: rashin@idt.net.
(1) Barlow, D. J.; Thornton, J. M.J. Mol. Biol. 1988, 201, 601.
(2) Millhauser, G. L.Biochemistry1995, 34, 3874.
(3) Scheraga, H. A.AdV. Phys. Org. Chem.1968, 6, 103.
(4) Brant, D. A.Macromolecules, 1968, 1, 291.

Figure 1. Schematic 2-D representation of the three helical conforma-
tions. Arrow lines denote hydrogen bonds.
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The formation ofR helices is traditionally described by the
Zimm-Bragg theory6 or its modified forms.7,8 In these theories,
the probability (equilibrium constant) of finding a particular
sequence in the helical conformation is determined by the
product of the nucleation constantσ (usually of the order of
10-4) and propagation constantss for each residue (usually
between slightly less than 1 and 1.3), and it has been shown
that unusually high stabilities of helices can be influenced by
sequence. The small value of the initiation constant probably
results from the need to simultaneously fix at least four
contiguous residues in the helical conformation to form the first
hydrogen bond of theR helix. As a result, even with the
maximum observed value ofs) 1.3, a 13-residue peptide would
be expected to be helical only 8% of the time.9 The finding of
short oligopeptides with helicities of up to 50%, prompted
restudying ofσ ands as well as an introduction of side-chain
interactions into the theories. Despite the accumulation of
experimental results and theoretical modifications, the values
of the constants as well as the theoretical interpretations remain
somewhat uncertain.10-12

It should be noted that the initiation of the 310 helix requires
the fixation of three residues, or one less than for theR helices.
Thus, the nucleation constant,σ3•10, for the 310 helix can be an
order of magnitude larger than that ofσR associated with theR
helix. Together with one more H bond in the 310 helix than in
theR helix, this might make the 310 helices more stable among
the two helical conformations, despite the better geometry of
the H bonds and van der Waals interaction in theR helix. In
other words, if we denote the number of the hydrogen bonds in
the R helix asn, the productσ3•10s3•10

n+1can be larger than
σRsR

n for somen, despite the fact thats3•10 < sR; however, for
a sufficiently largen, the product will become larger for theR
helix. Alternatively, one may argue that both helices lose the
same amount of entropy in their folding, and thus, the entire
advantage of the 310 helix is one extra hydrogen bond that is
somewhat weaker than in theR helix. In this interpretation, for
a sufficiently largen, the accumulated strength of theR-helical
H bonds overrides the advantage of the extra H bond in the 310

helix.
The first findings of oligopeptides in the 310 conformation

were reported for peptides containing Aib (Aib isR-ami-
noisobutiric acid), which is a branched amino acid found in
some natural microbial antibiotics.13-15 In Aib, there are two
methyl groups bonded to the CR atom, in contrast to the presence
of a methyl group and H in alanine. This imposes additional
restriction on the conformational freedom in Aib as compared
to most natural amino acid residues. It has been found that
depending on Aib content, length, and the crystal or solvent
interactions, these peptides adopt 310 conformation for shorter

lengths and mixedR/310 conformation for longer peptides (e.g.,
8-mers). Therefore, the nonnatural amino acid peptides lend
further indications13-15,19 that theR/310 helix equilibrium can
be significant in understanding the conformation of helices.

Experimental ESR data published in 1992 for the first time
strongly indicated that 16-residue-long Ala-based peptides form
a 310 rather than the expectedR helix in solution.16 Hanson et
al.17 found later for a 16-residue-long sequence in methanol,
that this peptide adopts a more “open geometry thanR helix,
having approximately 3.8-3.9 residues per turn-units”. Other
experimental studies confirmed 310 helix conformation in the
entire 16-mer, but in the 21-mer, it foundR helix conformation
up to residue 13 and 310 helix in the remaining C-terminal
residues.17 Recent experimental ESR studies of Ala-based
peptides showed preferredR-helical structures and restored the
common point of view thatR helices are dominant in water.18

In studying solvent effects, using organic-aqueous solvent
mixtures, it was found20 that the 310- f R-helix conversion was
enhanced as the water content increased from 0 to 50%.
Furthermore, using solid-state NMR data, Long and Tycko21

observed for a 17-mer-long helical peptide that addition of urea
has an intrinsic effect on convertingR- into 310-helical
conformation. They proposed that 310-helical units could be
thermodynamic intermediates duringR-helix folding and un-
folding in peptides and proteins. Recently, high-field NMR
studies of the alanine-rich peptides in solution22 showed nuclear
Overhauser effect (NOE) patterns, suggesting that there is a
significant amount of 310 helix in the investigated moiety. They
determined explicitly the ratio of 310 andR helix by integrating
the NOE intensities and found that whereas the core region of
the secondary structural element is dominated by a-helical
conformation, a nearly equal proportion of two helical forms
occurs at both ends. Most of these experimental studies
concluded that helical peptides are plastic structures and could
be in rapid interconversion of a wide range of helix-like
conformers as a function of their molecular environment.

The stability ofR-helical conformations vs 310 conformations
of polypeptides has been the subject of numerous molecular
simulations. Molecular dynamics calculations seem to show that
decaalanine is preferablyR-helical in both vacuum and solution
(for a review, see ref 23). In particular, the decamethylalanine
R helix has been found to be 3.3 kcal/mol more stable than the
310 helix in a vacuum and 8 kcal/mol more stable in solution,
and it has been indicated that this difference might be even larger
in the decaalanine.24 Other molecular dynamics simulations for
decaalanine showed that this polypeptide prefers theR helix
over the 310 helix by 16 kcal/mol in water, and 8.0 kcal/mol in
vacuo, but Aib10 showed no clear preference in water and prefers
the 310 helix by 4.3 kcal/mol in vacuo.25 The molecular dynamics
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and Monte Carlo simulations by Jorgensen et al.26 conducted
for undecaalanine demonstrated that theR-helical form is
intrinsically much more stable than the 310 alternative, and
whether or not the solvent was taken into account, the preference
was preserved. Sheinerman and Brooks27 used the modified
Zimm-Bragg theory and found that 310 helices are, on average,
shorter thanR helices and can be thermodynamic intermediates
of R-helix formation. Using -AAAK- repeats28 and other helical
peptides29 as models for molecular dynamics simulations, it has
been shown that 16-mer alanine-rich peptides samples dominat-
ing helical conformation in the cases of both CHARMM22 and
AMBER95 force field usage. As mentioned above, the discrep-
ancy between molecular simulations and some of the observa-
tions could be an artifact of the empirical potentials that are
used.

Previous quantum chemical computational studies of helices
involved PCO-NH-(Ala)n-CO-NHQ (where P and Q may be H
or Me) for up to a tetrapeptide30 (i.e.,n ) 4) and a pentapeptide31

(n ) 5). Both of these studies30,31 reported 310 helices rather
thanR helices as ground-state structures.

Thus, there is a standing controversy between the experi-
mental and some theoretical results, and among theoretical
results concerning conformational predominance in particular
helices. Here we address this controversy by ab initio Hartree-
Fock (HF) and density functional theory (DFT) studies ofR
and 310 polyalanine helices having different lengths both in a
vacuum and in the aqueous phase.

2. Computational Method

The extent of any computational study is dependent on the size of
the molecule. Although reliable results can be obtained only at high
levels of theory, large systems can only be studied quantum mechani-
cally at a lower level of theory. It has been shown recently32 that the
HF/3-21G calculations, however fortuitously, give comparable results
to those obtained at the MP2/6-311++G** level of theory for the
intrinsic stabilities in the gaseous phase without environmental effects.
We have wished to calibrate the HF/3-21G helix results with those
obtained at the much higher B3LYP/6-31G* level of theory for potential
use of this level of approximation for much larger polypeptides. It would
be important to know if such lower level ab initio computations can
give at least semiquantitative results in comparison to those of the DFT
optimized parameters.

As was mentioned above, two standard Gaussian basis sets, 3-21G
and 6-31G*, were used in the calculations. Both basis sets were
employed to carry out Hartree-Fock type calculations (HF/3-21G and
HF/6-31G*), and the latter one was used to carry out density functional
calculations using the B3LYP approach (B3LYP/6-31G*).33,34 All of
the calculations were performed using parallel versions of Gaussian
9435 and Jaguar36 program suits at the Advanced Biomedical Computing
Center on the J90 and Origin 2000 computers. Typically, 4-6
processors were used for these calculations. Solvation calculations were
performed with a self-consistent reaction field method using a Poisson-
Boltzmann solver, as incorporated in Jaguar.36-38

To locate certain minimums, a portion of the molecule had to be
initially constrained. After the completion of the constrained optimiza-
tion, the frozen geometrical parameters were gradually deconstrained,
leading to fully relaxed structures. In the final structures all gradients
were less than 4.5× 10-4 a.u.

Contributions to the free energy of the helical conformations arising
from vibrational contributions to the enthalpy and entropy as well as
from the rotation-isomeric conformational entropy were not considered
in our calculations. Torsional angles are given according to the IUPAC-
IUB convention39 within -180° and+180°.

3. Results and Discussion

A fairly large ab initio and DFT database has been compiled
in this study for HCO-NH-(Ala)n-CONH2 systems forn ) 4,
6, 8, and 10. The first important question we attempted to
elucidate concerned relative stabilities of the two helical
conformations. Data in Table 1 show the calculated stability of
theR helix relative to the 310 helix for all helix lengths studied.
For n ) 4, our computations show that both helices are almost
equally stable within the accuracy of calculations in both a
vacuum and water. However, as shown in Table 2, forn ) 4
the optimizations starting from both ideal helical forms converge
to almost the same structure as judged by their dihedral angles.
This explains the similarity of their stabilities. Forn ) 6, 8,
and 10, the 310 helices are more stable than theR helices by
6.5-4.9 kcal/mol in a vacuum, and less stable by 10.4-15 kcal/
mol in water. For all of these helix lengths, the dihedral angles
remain sufficiently different between the two helical forms,
preserving their hydrogen bonding patterns after the optimiza-
tion, as shown forn ) 8 in Table 3. It can be noted, however,
that the optimized dihedral angles significantly deviate from
their ideal values for theR (æ ) -55°, ψ ) -45°) and the 310

helix (æ ) -60°, ψ ) -30°).
Thus, our results differ from those obtained from the

molecular dynamics calculations23,24 and partly from some
experiments.16,18 In contrast to the molecular dynamics and
Monte Carlo simulations,25,26 our results show the 310 helix to
be significantly more stable than theR helix is in a vacuum.
Although some experimental data suggested a different conclu-
sion,16,18we find theR helix much favored in water. The value
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Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
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Gaussian, Inc.: Pittsburgh, PA, 1995.
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Table 1. Stabilities of theR Helix Relative to the 310 Helix for
Different Polyalanine Helix Lengths in the Gas Phase and in
Aqueous Solventa

stability of R- relative
to the 310 helix (kcal/mol)

helix length n ) 4 n ) 6 n ) 8 n ) 10

medium) gas 0.11 6.30 6.49 4.87
medium) water 0.51 -11.24 -14.94 -10.36

a All optimizations for HCO-(Ala)n-NH2 were performed at the
B3LYP/6-31G* level.
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of the relative stability of theR vs the 310 conformation of
decaalanine (-10.4 kcal/mol) obtained in the B3LYP/6-31G*
approximation corresponds well to the result of molecular
dynamics simulation of-8.0 kcal/mol,24 although it is sub-
stantially smaller than the value of stability of-16 kcal/mol
obtained in another molecular dynamics simulation by Li Zhang
and Hermans.25 The apparent contribution of hydration ther-
modynamics to this preference that was found in our studies is
significantly larger than the estimates from a molecular dynam-
ics study.24 Part of the difference could arise from differences
in the empirical potentials that were employed. Differences in
hydration energies from the MD calculations could be associated
with the use of different potentials and different sampling
techniques (e.g., see ref 18); however, MD sampling at least to
some extent mimics the vibrational contribution to the free
energy (or more precisely, the shape of the potential well) that
is not accounted for in our quantum-chemical calculations. It
is also known that the dipole moments obtained with 6-31G*
basis sets are usually overestimated, thus leading to an
overestimation of the hydration effects in our results.40 On the
other hand, according to the work of Li Zhang and Hermans,25

the entropic contribution should favor the 310 helix (-T∆S° )
-4.0 kcal/mol for decaalanine). Thus, entropic and hydration
effects could work in different directions for the relative stability
of R vs 310 helices. We shall estimate possible errors due to
both factors elsewhere.

From the entire conformational set that we studied, we singled
out the central helix (n ) 8) and analyze its isomeric forms in
details here. The purpose of this focus is the elucidation of
possible mechanisms of the conformational interconversion
between the two helical forms. Our octapeptide results, com-
puted in the gas phase at the HF/3-21G, HF/6-31G* and B3LYP/
6-31G* levels of theory for HCO-NH-(Ala)8-CONH2 and in the
aqueous solvent at B3LYP/6-31G* level of theory, are shown
in Table 3. The comparison of the torsional angles optimized
at the B3LYP/6-31G* level of theory to those obtained at the
HF/3-21G level of theory (see Table 3) clearly indicated that
the HF/3-21G-optimized torsional angles may be regarded to
be at least semiquantitatively correct.

On the basis of lengths of the hydrogen bond in the
conformations described in Table 3, one may ascertain the types
of hydrogen bonds involved. These are shown graphically in
Figure 2. For the 310 helices, a full H bond is denoted by a

solid line drawn from H to O (from top to bottom) along a
direction corresponding to a line between 11 and 5 o’clock.
For the 413 helices (R helices) the full H bond is denoted by a
heavy solid line drawn from H to O (from top to bottom) along
a direction corresponding to a line between 1 and 7 o’clock.
The hydrogen bond was considered to be full if the H-to-O
separation was<2.4 Å. In such cases, the solid lines were
applied in Figure 2. If the length of the H-to-O separation in
the hydrogen bond fell within 2.4 to 2.6 Å, it was regarded as
a partial hydrogen bond, and a broken line denoted it. H-to-O
separations exceeding 2.6 Å were disregarded and are not
marked as hydrogen bonds of any kind in Figure 2.

From Table 3 and Figures 2 we elucidate the following:
(i) If we disregard the hydrogen bond involving the formyl

carbonyl oxygen because of the flexibility of the terminal formyl
group, we find in the octapeptide (n ) 8) six (i.e., n-2)
hydrogen bonds for the 310 helix and five (i.e., n-3) hydrogen
bonds in the 413 or R helix.

(ii) We may recognize two paths or two mechanisms for the
310 f 413 interconversions as the H bonds flip over from the
right to left, like an automobile windshield wiper. The first path
starts the flip-over at the N- terminal (i.e. at the HCO-NH- end)
and works its way toward the C- terminal (i.e., to the -CONH2

end). The second path involves a change-over from the C-
terminal and works its way toward the N- terminal. In other
words, the starting point of the change in hydrogen bonding in
the second path is opposite to that of the first path.

(iii) In the first path, we are able to locate two “reaction
intermediates,” that is, two partially converted helices. We
denote these two structures as intermediateI and intermediate
I ′. In the second path, we are able to locate one partially
converted helix that we denote as intermediateII . Figure 3
depicts the mechanistic relationship of these two paths. The
energetics of these two interconversion pathways are shown in
Figure 4.

(iv) It is important to note that the increase of the basis set
size and the inclusion of electron correlation did make some
quantitative difference in the computed results; however, for
all computations carried out in the gas phase, the 310 helix turned
out to be the global minimum, and the 413 or R helix appeared
to be a local minimum, perhaps the highest of the local
minimums. In contrast to these gas-phase results, when calcula-
tions included water, within the Poisson-Boltzmann model, the
global minimum became the 413 or R helix, and the highest
local minimum appeared to be the 310 helix.

(40) Rashin, A. A.; Young, L.; Topol, I. A.Biophys. Chem. 1994, 51,
359.

Table 2. Multiple Conformers for HCO-(Ala)4-NH2 Optimized at the B3LYP/6-31G* Level in the Gas Phase and in Aqueous Solvent and the
Geometry Parameters of the Backbone

gas phase water

conf•1a conf•2b conf•3c conf•4a conf•5b conf•6c

ω0 -168.0 -168.1 -167.5 -172.9 -171.5 -172.1
æ1 -66.2 -65.7 -65.6 -61.4 -60.6 -61.8
ψ1 -22.4 -22.7 -22.0 -24.7 -26.5 -25.5
ω1 177.7 177.9 177.5 178.2 178.01 177.6
æ2 -62.5 -62.7 -62.5 -58.6 -58.9 -59.4
ψ2 -19.8 -19.0 -18.7 -22.3 -21.5 -19.7
ω2 177.0 176.8 176.8 177.7 177.1 176.9
æ3 -71.0 -68.8 -67.3 -65.0 -63.9 -63.5
ψ3 -7.2 -10.1 -12.1 -15.1 -16.2 -17.2
ω3 172.9 173.8 174.2 175.1 175.7 175.5
æ4 -103.8 -98.9 -95.1 -93.6 -92.8 -89.2
ψ4 11.5 8.6 4.6 5.8 5.3 3.5
ω4 176.8 177.0 174.0 177.6 177.5 177.0
energy, a.u. -1159.2084 -1159.2082 -1159.2081 -1159.3306 -1159.3321 -1159.3329
relative energy, kcal/mol -0.20 -0.09 0.00 1.40 0.51 0.00

a This structure was initially a 310 helix. b This structure was initially a genuine 413 helix. c This structure was initially a genuine 310 helix.
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Our results and their agreement with the conclusions of some
experimental studies have an important bearing on our under-
standing of the protein-folding process. If, as our calculations
suggest, theR helices tend to be the thermodynamically
preferred helical conformation in solution, then the folding of
the tertiary structure might proceed from helices “prefabricated”
as the pieces of the secondary structure at the early stages of
the folding process. If, however, the conclusions from other
experiments16 are correct, it might be that the pieces of the
secondary structure could be significantly changed when they
form the tertiary contacts. The latter possibility would make

the folding process as well as its prediction more complicated.
Although the side-chain influences could override any of the
preferences found for polyalanine helices, further study of the
factors contributing to theR-to-310-helix interconversion seem
to be warranted.

4. Conclusions

This paper presents the first ab initio and DFT calculations
performed for the helical polyalanine structures longer than one
helical turn in the gas phase and in aqueous solvent. Choosing
the helical structure for the test, we found that the intrinsic

Table 3. Helical Structure Parameters for HCO-(Ala)8-NH2 Optimized at Different Levels of Theory in Two Mediaa

310 helix intermediate I intermediate II R helix

theory, medium æ ψ ω æ ψ ω æ ψ ω æ ψ ω

(1), HF/3-21G
vacuum

-170.5 -172.3 -170.4 converged to intermediate I

-59.9 -29.8 -178.6 -57.1 -39.3 -176.5 -59.6 -29.7 -179.0
-58.9 -22.6 179.0 -61.5 -38.5 -179.7 -58.0 -24.2 179.1
-60.2 -22.3 178.4 -65.7 -42.6 177.5 -56.5 -32.4 -179.2
-60.5 -21.4 177.9 -58.6 -45.2 -179.1 -61.2 -38.6 179.6
-61.6 -20.2 177.5 -59.5 -42.1 -177.4 -72.2 -34.6 174.9
-62.3 -21.4 177.9 -58.9 -31.5 -179.7 -58.2 -37.2 -176.9
-73.0 -2.8 172.9 -68.5 -8.0 175.0 -83.4 -37.6 -164.4

-103.8 10.8 178.1 -101.0 8.9 178.4 -141.7 17.4 175.3
(2), HF/6-31G*
vacuum

-167.1 -167.0

-66.0 -25.4 -178.8 -66.1 -24.9 -179.3
-62.9 -21.5 179.1 -62.7 -21.5 179.1
-63.7 -19.3 178.9 -60.3 -27.9 -179.8
-61.2 -23.9 179.0 -64.1 -33.7 177.1
-62.6 -23.3 179.3 -73.5 -38.6 179.7
-68.6 -15.0 178.2 -66.3 -28.3 -176.9
-67.7 -15.7 176.4 -67.4 -18.4 178.7
-83.5 -7.3 175.3 -84.6 -7.4 176.3

(3), DFT/B3LYP6-31G*
vacuum

-167.5 -170.1 -167.2 -170.7

-63.8 -25.5 177.9 -60.6 -34.1 -180.0 -63.2 -26.0 177.9 -60.2 -34.8 179.7
-60.2 -21.1 176.6 -65.9 -33.6 176.2 -58.9 -22.9 177.6 -65.7 -32.9 176.5
-62.2 -17.0 174.4 -69.6 -38.2 175.6 -58.0 -28.1 177.7 -69.6 -38.9 174.5
-57.8 -24.6 176.8 -61.8 -41.1 177.8 -64.7 -36.5 176.4 -60.9 -41.8 177.8
-60.5 -23.0 177.3 -65.4 -41.7 -179.4 -74.0 -33.5 175.7 -62.8 -41.9 178.5
-65.4 -17.4 175.3 -62.3 -29.8 179.4 -65.9 -32.9 -175.6 -64.6 -35.4 178.1
-70.0 -7.9 172.4 -68.2 -10.1 174.2 -92.6 -27.9 -171.3 -75.9 -25.7 -174.3
-98.4 6.6 176.7 -98.9 7.0 179.1 -132.2 5.7 178.4 -112.0 3.7 -174.5

(4), DFT/B3LYP6-31G*
water

-172.7 -173.9 -172.8 -174.2

-59.3 -28.2 179.4 -57.5 -38.5 -178.6 -59.6 -27.8 178.7 -57.2 -37.7 -178.9
-56.5 -24.9 178.9 -63.9 -35.5 177.8 -56.6 -24.3 177.6 -63.3 -35.3 177.3
-59.2 -22.7 177.2 -70.0 -40.0 175.6 -56.7 -30.7 178.2 -69.4 -38.4 174.0
-58.2 -25.3 177.5 -61.6 -43.0 178.1 -67.2 -34.6 174.4 -62.7 -41.3 177.7
-61.1 -21.8 175.5 -63.9 -47.3 -179.0 -72.4 -36.5 174.9 -64.7 -41.4 177.3
-60.2 -24.8 176.5 -60.8 -36.9 179.6 -62.0 -39.1 -177.7 -64.2 -39.8 177.8
-65.8 -15.1 174.8 -64.5 -18.0 175.4 -78.0 -40.2 -165.7 -65.9 -37.9 179.6
-95.2 4.7 178.6 -94.2 1.2 179.1 -135.1 8.3 -179.3 -72.4 -31.8 -175.5

Energy, a.u.
(1), HF/3-21G
vacuum

-2123.9245576 -2123.9224861b -2123.9161236

(2), HF/6-31G*
vacuum

-2135.7811739 -2135.7764130

(3), DFT/B3LYP6-31G*
vacuum

-2148.5405101 -2148.5329400 -2148.5330143 -2148.5301617

(4), DFT/B3LYP6-31G*
water

-2148.7077673 -2148.7212521 -2148.7201031 -2148.7315778

Relative Energy, kcal/mol
(1), HF/3-21G
vacuum

0.00 1.30b 5.29

(2), HF/6-31G*
vacuum

0.00 2.99

(3), DFT/B3LYP6-31G*
vacuum

0.00 4.75 4.70 6.49

(4), DFT/B3LYP6-31G*
water

0.00 -8.46 -7.74 -14.94

a Each line represents dihedral angles of one residue in up to four conformations. First line for each of “theory/media” groups corresponds to
HCO terminal group.b Intermediate I′.
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properties (e.g., torsional angles) obtained at the B3LYP/6-31G*
level of theory were reproduced at least semiquantitatively at
the HF/3-21G level. This level of approximation could be
successfully used in further studies of much larger polypeptides.

All three approximations (HF/3-21G, HF/6-31G*, and B3LYP/
6-31G*) predicted the 310 helix to be the global minimum in
the gas phase. Only when solvation effects were included within
the Poisson-Boltzmann approximation at the B3LYP/6-31G*
level of theory, did the 413 or R helix became substantially more
stable than the 310 helix.

Our calculations revealed that there may be more than one
mechanism for the 310 f 413 interconversion. We identified two
paths or two mechanisms for the 310 f 413 interconversions as
the H bonds flip over. The first path starts the flip-over at the

Figure 2. Hydrogen bonding pattern in HCO-(Ala)8-NH2 optimized
at different levels of theory: (a) HF/3-21G in the gas phase; (b) B3LYP/
6-31G* in the gas phase; (c) B3LYP/6-31G* in water. The unnumbered
oxygen atom at the left-hand side is the terminal formyl oxygen and
the numbered hydrogen atom at the right-hand side is associated with
the terminal -NH2 group. Hydrogen bonds are shown by a “slash” for
310, a “backslash” for 413, a solid line for an O‚‚‚H interatomic distance
lower than 2.4 Å, and a broken line for 2.4-2.6 Å.

Figure 3. The mechanistic relationship of the two paths of 310 f 413

helix interconversion for HCO-(Ala)8-NH2. In the first path, we locate
two “reaction intermediates,” that is, two partially converted helices.
These two structures are denoted as intermediateI ′ and intermediateI .
In the second path, we located one partially converted helix that is
denoted as intermediateII . The energetics of these two interconversion
pathways are shown in Figure 4.

Figure 4. Energy profile of the 310 f 413 helical interconversions.
Only reactant, product, and intermediates are shown in the energy-
level diagram. Hypothetical conformers not found in the present work
are represented by interrupted lines and question marks. A, gas phase;
B, aqueous solvent.
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N- terminal (i.e., at the HCO-NH- end) and works its way
toward the C- terminal (i.e., to the -CONH2 end). The second
path involves a change-over from the C- terminal and works
its way toward the N- terminal. The calculation results regarding
changes of terminal subunit structures correspond well with
recent solid-state and solution NMR data.21,22

Understanding of theR-to-310-helix interconversion and
equilibrium can be important for the theory of protein folding
and for the protein structure predictions.
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