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The collective low frequency longitudinal vibrational modes of the a-helix are isolated using DeanÏs method,
(P. Dean, Proc. Phys. Soc., L ondon, 1959, 73, 413 ; P. Dean, Proc. R. Soc. L ondon, Ser. A, 1960, 254, 507), which
considers the di†erent masses of the amino acids involved. The spectrum range extends up to f \ 100 cm~1 for
the a-portion of several proteins within the range of experimental results (S. Cusack, J. Smith, J. Finney, B.
Tidor and M. Karplus, J. Mol. Biol., 1988, 202, 903).

I. Introduction
Native protein macromolecules and their synthetic analogs
have the general formula where R are the(ÈCOÈCHRÈNHÈ)

namino acid residues. One of the secondary structure of these
polypeptides, is the well-known a-helix of Pauling and
Corey.1 The higher-order structure of these biomolecules is
stabilized by weak bonds e.g. salt bridges, hydrogen bonds,
van der Waals forces, etc., this is reÑected in the existence of
low frequency phonons which impart to the molecule Ñex-
ibility (small force constant) and complexity (large reduced
mass) ;2 as a consequence there emerge internal movements as
the interbase hydrogen-bond breathing modes in B-DNA.3
Also these low frequency phonons can be excited by thermal
energy kT (200 cm~1), giving to the molecule a great adapt-
ability to the environment.

It has not been possible to decompose the measured spec-
trum of a protein molecule into the individual atomic dynamic
contributions. Also, the uncertainty of the experimental data
by neutron scattering studies is approximately 15%.4 Never-
theless, several theoretical techniques have contributed to
increase the understanding of the internal dynamics of pro-
teins : normal mode analysis5h17 and molecular dynamics
simulations.4,18h21 In these techniques the classical equations
of motion for the atoms are solved simultaneously, all atoms
and degrees of freedom of the molecule are treated explicitly
and some collective modes remain hidden. The observed spec-
trum is very sensitive to the distribution of low-frequency
modes.22

In the a-helix structure the series of hydrogen bonds, each
operating between the C2O group of a given monomer unit
and the NÈH group of the fourth proceding unit, holds
together the di†erent turns of the helix forming an angle of
approximately 26¡ with the helix longitudinal axis. There are
3.6 residues per turn in an a-helix, which corresponds to 5.4 A�
(1.5 per residue). The amino acids are linked by peptideA�

bonds. With regard to the vibrational longitudinal spectrum
the a-helix as a whole can be approximated as a linear masses
system of coupled oscillators.6h8 The observations by laser
Raman spectroscopy,9 show the pronounced low-frequency
peaks at B29 and 32 cm~1 for a-chymotrypsin and pepsin,
respectively. To explain the above experimental results,
Suezaki and likened the native globular proteins toGo8 ,10,11
continuous elastic spheres and spheroidal bodies in low-
frequency breathing motions. Also Chou,12 considered the
a-helix as a mass-distributed spring and applied this contin-
uity model to studying the hydrogen-bond modes of the a-
structures studied by Suezaki and Go8 .10

In determining the hydrogen-bond modes of several a-
structures we consider each amino acid of mass (see Tablem

i1) as having spherical shape linked together by hydrogen-
bond with the corresponding amino acid (see Fig. 1). We
believe that this is a more realistic approximation in the deter-
mination of hydrogen-bond vibrations.

II. DeanÏs method
When the oscillators have di†erent masses there is no analyti-
cal expression for the allowed frequencies and it is necessary

Fig. 1 Schematic drawing of the a-helix, the spheres represent the
amino acids and the coils the hydrogen bonds.

Table 1 Amino acid massesa

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

A R N D C Q E G H I L K M F P S T W Y V
71 156 114 115 103 128 129 57 137 113 113 128 131 147 97 87 101 186 163 99

a Molecular weight of amino acid minus that of water.36 1 dalton \ 1.6734] 10~24 g.
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Fig. 2 a-Helix hydrogen bonds vibrations, k \ 0.11 mdyn A� ~1.

to employ a computational method. In DeanÏs method the
spectral distribution M(u) is generated, which represents the
number of modes less than any given argument u. DeanÏs
method is useful when the oscillators are di†erent since it
yields quantitatively accurate results for the vibrational
spectra of disordered linear systems.
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where is the force constant between the masses i and i ] 1.k
iRef. 23 and 24 describe how one could compute the number

M(l) of eigenvalues of the matrix less than any given argu-A
Nment l. It was shown that SturmÏs theorem leads to the equa-

tion

M(l)\ n(l) (3)

where n(l) is the number of variations in sign between adja-
cent members of the sequence of functions
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where b14 0, for j\ 1, 2, . . . , N,

being the unit matrix of order j. Results for the vibrationalI
jspectra of disordered chains may therefore be derived simply

by the repetition of an elementary cycle of operations, i.e., per-
forming the calculations and noting of the signs of successive
g
i
(l).

III. Results
The force constant for the hydrogen bonds that we used was
k \ 0.11 mdyn N m~1 in accordance with ref. 25.A� ~1\ 11.0
Then eqn. (2) becomes :
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We have studied the a-portion of several proteins (1BP2,
1ECD, 1HOS, 1LH1, 1MBC, 1MBN, 1MLT, 1PRC-L,
1PRC-M, 1UTG, 1WRP, 2CRO, 2CYP, 2HHB, 3CPV,
3CYT, 3L2M, 4TNC).26 The sequences of the amino acids in
the a-helix segments of the proteins were obtained by pro-
cessing the Kabsch and Sander program,27 which uses the
Brookhaven protein data Ðles.

As an example of a common behaviour we consider the
sequences of the amino acids in the a-helix segments of the
photosynthetic reaction center (1PRC-L) and the troponin C
(4TNC) :

GFWQAITVCALGAFISWMLREVEISRKL (1PRC-L)

FEEFLVMMVRQMKEDAKGKSEEELADCFRIF (4TNC)

The calculated spectra are shown in Fig. 2. We observe that
the a-helix band extends up to 100 cm~1 ( f \ 3 ] 1012 s~1).
The a-segments studied of the mentioned proteins are within
this range.

IV. Conclusion
This method has shown to be a simple and powerful tool for
predicting the low frequency modes of macromolecules which
involve coherent motion of rigidly bound subgroups con-
nected by weak bonds or non-bonded interactions. These low-
frequency vibrations are shown to play an important role in
mediating interbase H-bond disruption or melting.28,29 The
advantage of this method is that it considers the di†erent
masses of the involved units.

The frequencies predicted by this method for the breathing
modes of proteins are consistent with the experimental4,9 and
theoretical ones10h12 estimated by more elementary models
on some similar systems.

This method could be also applied to B-DNA polymers in
order to study the interbase hydrogen-bond breathing modes3
and compare with the low-frequency experiments.30h35

Acknowledgements
This work was partially supported by the Conselho Nacional
de Desenvolvimento e (CNPq-Brazil).Cient•� Ðco Tecnolo� gico
The author wants to acknowledge Z. S. Herman for the
artwork of Fig. 1.

References
1 L. Pauling and R. B. Corey, Proc. Natl. Acad. Sci. USA, 1951, 37,

235.
2 K. C. Chou and N. Y. Chen, Sci. Sin., 1977, 20, 447.
3 Y. Z. Chen, Biopolymers, 1994, 35, 573.
4 S. Cusack, J. Smith, J. Finney, B. Tidor and M. Karplus, J. Mol.

Biol., 1988, 202, 903.
5 K. Itoh and T. Shimanouchi, Biopolymers, 1970, 9, 383.
6 B. Fanconi, E. W. Small and W. L. Peticolas, Biopolymers, 1971,

10, 1277.

Phys. Chem. Chem. Phys., 2001, 3, 1086È1088 1087



7 B. Fanconi and W. L. Peticolas, Biopolymers, 1971, 10, 2223.
8 W. L. Peticolas, Bipolymers, 1979, 18, 747.
9 K. G. Brown, S. C. Erfurth, E. W. Small and W. L. Peticolas,

Proc. Natl. Acad. Sci. USA, 1972, 69, 1467.
10 Y. Suezaki and N. Int. J. Pept. Protein Res., 1975, 7, 333.Go8 ,
11 P. K. Ponnuswamy and R. Bhaskaran, J. Pept. Protein Res.,

1982, 19, 549.
12 K. C. Chou, Biophys. J., 1984, 45, 881.
13 R. M. Levy and M. Karplus, Biopolymers, 1979, 18, 2465.
14 N. T. Noguti and T. Nishikawa, Proc. Natl. Acad. Sci. USA,Go8 ,

1983, 80, 3696.
15 A. M. Dwivedi and S. Krimm, Biopolymers, 1984, 23, 923.
16 J. F. Gibrat and N. Proteins : Struct. Funct., Genet., 1990, 8,Go8 ,

258.
17 H. Fedderson, Phys. L ett. A, 1991, 154, 39.
18 M. Karplus and J. A. McCammon, Annu. Rev. Biochem., 1983, 53,

263.
19 D. Perahia, R. M. Levy and M. Karplus, Biopolymers, 1990, 29,

645.
20 M. Karplus and G. A. Petsko, Nature, 1990, 347, 631.
21 S. Furois-Corbin, J. C. Smith and R. Lavery, Biopolymers, 1995,

35, 555.
22 J. Pleiss and F. Biophys. J., 1991, 59, 795.Ja� hnig,

23 P. Dean, Proc. Phys. Soc., L ondon, 1959, 73, 413.
24 P. Dean, Proc. R. Soc. L ondon, Ser. A, 1960, 254, 507.
25 R. Harley, D. James, A. Miller and J. W. White, Nature, 1977,

267, 285.
26 The nomenclature is from the Brookhaven Protein Data Bank:

http//www.pdb.org
27 W. Kabsch and C. Sander, Biopolymers, 1983, 22, 2577.
28 Y. Gao, K. V. Devi-Prasad and E. W. Prohofsky, J. Chem. Phys.,

1984, 80, 6291.
29 W. Zhuang, Y. Z. Chen and E. W. Prohofsky, J. Biomol. Struct.

Dyn., 1992, 10, 403.
30 H. Urabe and Y. Tominaga, J. Phys. Soc. Jpn., 1981, 50, 3543.
31 H. Urabe, H. Hayashi, Y. Tominaga, Y. Nishimura, K. Kubota

and M. Tsuboi, J. Chem. Phys., 1985, 82, 531.
32 J. W. Powell, G. S. Edwards, L. Genzel, F. Kremer, A. Wittlin,

W. Kubasek and W. L. Peticolas, Phys. Rev. Sect. A, 1987, 35,
3929.

33 T. Weidlich and S. M. Lindsay, J. Phys. Chem., 1988, 92, 6479.
34 T. Weidlich, S. M. Lindsay, Q. Rui, A. Rupprecht, W. L. Peti-

colas and G. A. Thomas, J. Biomol. Struct. Dyn., 1990, 8, 139.
35 G. Edwards and C. Liu, Phys. Rev. Sect. A, 1991, 44, 2709.
36 Handbook of Chemistry and Physics, Chemical Rubber Publishing

Co., Cleveland, OH, 43rd edn., 1961.

1088 Phys. Chem. Chem. Phys., 2001, 3, 1086È1088


