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Synopsis
The dynamics of a finite a-helix have been studied in the harmonic approximation by a
vibrational analysis of the atomic motions about their equilibrium positions. The system
was represented by an empirical potential energy function, and all degrees of freedom (bond
lengths, bond angles, and torsional angles) were allowed to vary. The complete results were
compared with a more restrictive model in which the peptide dihedral angle was kept rigid;
also, a model potential excluding hydrogen bonds was examined. Thermal fluctuations in
the backbone dihedral angles ~b and ~b are l2O to l5o. The fluctuations of adjacent dihedral
angles are highly correlated, and the correlation pattern is affected by the flexibility of the
pel~tide dihedral angle. Time-dependent autocorrelations in the motion of and ~b appear
to decay due to dephasing in less than 1 psec, while the motions of the carbonyl oxygen and
amide hydrogens out of the peptide plane are more harmonic. Length fluctuations have been
evaluated and exhibit a strong end effect; the calculated elastic modulus is ih agreement with "
other values. Rigid and adiabatic total energy surfaces corresponding to dihedral angle
rotations in the middle of the helix have been obtained and compared with the quadratic
approximation to those surfaces. The magnitudes and correlations between the fluctuations
obtained by averaging over the adiabatic energy surface most closely resemble the vibrational
results. Of particular interest is the fact that hydrogen bonds play a relatively small r°le in
the local dihedral angle fluctuations, though the hydrogen bonds are important in the energy
of overall length changes.

INTRODUCTION
A knowledge of the internal mobility of globular and fibrous proteins
is fundamental to an understandingof their properties. Much recent experimentaP-9 and theoreticaP°-~3 work has been devoted to this subject.
For globular proteins, internal motions have been implicated in such processes asenzyme datalysis,6 hemoglobin cooperativity,12 and immunoglobin
action.~3 Studies of mobility in fibrous proteins~’s’~°’11 have served to establish relationships between their mechanical properties and underlying
structure, Since the a-helix is an important structural element of many
proteins, an understanding of helix dynamics, which is of intrinsic interest,
can also serve as the basis for interpreting the internal motions of the more
complicated systems.
Among the theoretical approaches to the internal dynamics of a polypeptide chain or protein, there are two of particular importance: the
metho’d of "molecular dynamics" and the method of "harmonic analysis."
In the molecular dynamics approach, the classical equations of motion for
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the atoms are solved simultaneously and detailed information is extracted
by analyzing the resultant trajectories. Since the full interatomic potential
is employed to obtain the forces on the atoms, it is possible to treat largescale anharmonic motions. The method has recently been applied to the
internal dynamics of a globular protein.9 In highly harmonic systems (e.g.,
small oscillations of atoms about their equilibrium configuration), the
energy is not easily exchanged between the normal modes, and considerable
care is required in a molecular dynamics study to avoid biasing the phase
space of the trajectories by the choice of initial conditions. For such cases,
the harmonic analysis approach to the dynamics is well suited. It neglects
the anharmonic contributions to the potential energy and uses the normal
modes of the system to obtain the correlation functions and other properties
of interest. The fact that the calculations are analytic, given the normal
modes, makes harmonic dynamics the method of choice for systems to
which it is applicable.
One of the important structural elements of both globular and fibrous
proteins is the a-helix. Earlier work on this system includes the measurements of the ir and Raman spectra and their analysis in terms of the
normal mode vectors.14:16 Also, simplified models have been introduced
to interpret the low-frequency vibrations and relate them to the phonon
dispersion curve for the infinite Chain.17-19 Static correlations of backbone
dihedral angle fluctuations have been obtained within the harmonic approximation in the restricted configurational space of the (¢,~b) angles.10,~1
These correlations have been used~°,~ to evaluate geometrical fluctuations
and mechanical strengths of sections of the a-helix.
In this paper, we report a harmonic analysis of the dynamic properties
of the a-helix. Our approach is to treat a finit~ chain mbdel a-helix (decaand hexadecaglycine) and evaluate its energy in the conformational space
of all degrees of freedom by use of empirical potential energy functions.
Dynamical results were obtained from a complete vibrational analysis of
~g-helical hexadecaglycine; inclusion of all bond lengths and bond angles,:
as well as the dihedral angles, results in 252 degrees of freedom. The model
system is thus sufficiently complex so that it includes the interaction of a
large number of possible internal motions, yet it is sufficiently small so that
the normal modes and frequencies can be obtained by diagonalizing the
second-derivative potential energy matrix.
An analysis is made of the minimum energy conformation of the constrained helix and of conformations corresponding to uniform compression
and extension of the helix generated by concerted changes in all the dihedral
angles.: Energy surfaces obtained by varying only the dihedral angles are
compared with those found when the distorted helix is allowed to reduce
some of its strain by relaxing other degrees of freedom. Equilibrium
fluctuations in all the internal coordinates ,(bond length, bond angles, and
dihedral angles) are obtained in the harmonic approximation from a normal
mode analysis of the helix. Correlations among these fluctuations are
examined and related to the tendency of the system to preserve a-helical
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structure. Both time-independent and time-dependent correlation
functions for fluctuations in the dihedral angles of the helix are obtained
in the harmonic approximation to the dynamics. To test the adequacy of
the harmonic results, the full potential energy surface is examined and
compared with the quadratic approximation to it.
METHODOLOGY
The model systems considered are a-helical deca- and hexadecaglycine
width the amino and carboxyl ends blocked by CH3CO and NHCH3 groups,
respectively. Including these end groups, decaglycine contains 8 helical
hydrogen bonds (residue i bonded to residue i + 4); for hexadecaglycine,
there are 14 such hydrogen bonds. All atoms are treated explicitly except
for those in the CH2 and CH3 groups; these are represented as extended
atoms.20,.21
The empirical potential energy function is written as a sum of terms
corresponding to bonds, bond angles, torsional angles, van der Whals interactions, electrostatic interactions, and hydrogen bonds.2O,21 The resulting expression is
1K
E(R) = ~b~d b(b-b°)2+12b~d
angles

9¢ hy

rd~ogen

(1)

bonds

The energy as given by Eq. (1) is a function of the Cartesian coordinate set
(R) specifying the positions of all the atoms, but the calculation is carried
out by evaluating the coordinates for bonds b, bond angles 8, dihedral angles
¢, and interparticle distances r for any given geometry R and determining
the contributions using the force constant parameters Kb, Ko, K¢, Lennard-Jones parameters A and C, atomic charges qi, dielectric constant D,
hydrogen-bond parameters A’ and C’, and geometrical reference values
("zero-values") b0 80, n, and 8. Most of the parameters have been given
previously for the corresponding potential function applied to proteins.2~
Since N-H hydrogens are treated explicitly in the present case, appropriate
parameter changes are required. The individual charges and van der Waals
radii are -0.200, 1.55/~ for N and 0.120, 1.47/~ for H; the well depth of the
hydrogen-bond function is -3.86 kcal/mol at an O,H atomic separation of
1.89/~. The hydrogen-bond function [last term in Eq. (1)] was summed
over all pairs of hydrogen-bonded O,H atoms and replaced the van der
Waals interaction between these directly hydrogen-bonded O,H pairs. The
NH bond stretching force constant employed was 405 kcal/mol ,~:~, and the
in-plane angle bending force constants involving the amidehydrogen atoms
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were 31.4 and 38.2 kcal/mol rad2 for the C"--N--H and H--N--C’ angles,
respectively. Also, it is to be noted that the motion of the amide hydrogen
and carbonyl oxygen atoms out of the plane of the peptide bond are described by improper torsional angles.21 The angle that describes the improper torsion of the amide hydrogens X (C’,N,H,C") is defined as the angle
between the planes specified by C’,N,H and N,H,C’~; a corresponding definition is used to describe the improper torsion of the carbonyl oxygen
x(C%C’,O,N). The associated force Constants are K×(N--H) = 0.7 kcal/mol
and Kx(C--O) = 5.75 kcal/mol. Model studies were made in which some
of the important parameters of the potential function were varied. One
of these concerns the torsion about the peptide dihedral angle w. For most
of the calculations, a low value of K~ = 2.9 kcal/mol was used and comparisons were made with the commonly employed K~ = 7 kcal/mol, as well
as with an essentially i’igid peptide torsional potential, K~ = 100 kcal/
mol.
Since hydrogen bonds are expected to play an important role in the
~-helix, the potential function used for them was examined in some detail.
Figure 1 shows the total hydrogen-bond energy of a C=O fragment interacting with an N-H fragment as a function of geometry; the O...H distance
and N--H...O and H...O=C angle dependencies are given. The shape of

8NH0

(degrees)

-4.

8HOc (degrees)
Fig. 1. Total hydrogen-bond energy of the CO, NH fragments; the total hydrogen-bond
energy is the sum of hydrogen bond, nonbonded and electrostatic interactions of CO with
NH.
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the potential is similar to that reported by Hagler and Lifson~-2 for the amide
hydrogen bond. Since no explicit angular dependence is included in the
potential function [Eq. (1)], the observed variation of the hydrogen-bond
energy with angle results from the nonbonded and electrostatic two-body
interactions of the atoms of the N--H, C~O fragment. The effect of
eliminating the hydrogen bonds from the helix was studied by removing
the (10,12) term from Eq. (1); the remaining interactions (nonbonded and
electrostatic) between the fragments create a potential that is mainly repulsive, with a very shallow van der Waals minimum (0.1 kcal/mol) at an
O...H distance of 2.55/~.
By employing transformations between Cartesian and internal coordinates, the first and second derivatives of Eq. (1) can be obtained analytically. Energy minimization was achieved with first derivatives using
steepest descent and conjugate gradient methods23 and with second derivatives u~ing the Newton-Raphson method24; for the latter, the secondderivative matrix was diagonalized in the standard fashion.24 A cycle of
50 steepest descents followed by 5 Newton-Raphson for hexadecaglycine
required about 3.5 min on the IBM 360/91.
Rigid-geometry contour maps corresponding to uniform compression
and elongation of the helix were generated by changing the dihedral angles
¢ and ~b together in 1° increments; a uniform increase in and ~b of 1° for
all of the residues in decaglycin~ lengthens the helix by about 0.3/~. Uniform changes in the dihedral angles of the helix lead to short nonbonded
contacts that are’ easily relieved by small changes in helical structure. To
incorporate such relaxation effects, adiabatic geometry contours were
constructed by constrained energy minimization.21 A cycle of 200 steepest
descent minimization steps was performed for each of the~rigid-geometry
conformations in the presence of a constraining potential applied to the
first and last C" atoms; the latter fixed the overall length of the relaxed helix
to be the same as the corresponding rigid conformation but allowed for
readjustment of dihedral angles, as well as bond lengths and bond an-.
gles.
" The starting point for a vibrational analysis and a harmonic dynamics
treatment of the c~-helix is the stable equilibrium conformation. For the
minimization of decaglycine in the complete conformational space ~/5
steepest-descent steps followed by five cycles of 5 Newton-Raphson steps
each were required to eliminate the negative eigenvalues corresponding
to local maxima that appeared in intermediate steps. Each successive
NewtomRaphson cycle included progressively lower frequency eigenvectors
in the search procedure. At the conformation~l minimum of decaglycine,
the final rms derivative was 0.0008 kcal/mol/~ and the lowest nonzero
frequency was 14.16 cm-1.
Given the stable local minimum geometry, the normal-mode frequencies
are obtained25 from the secular equation
¯
.IF - co2TI =0
(2)
where F is the Cartesian second=derivative potential energy matrix (Fii =

2470

LEVY AND KARPLUS

02 V/OxiOxi)~and ~" is the Cartesian kinetic energy matrix (Tii = 5iimi, with
mi the mass of atom i). of the 3N eigenvalues of Eq. (2), 3N - 6 corresponded to normal frequencies, vi(vi = w~/2~r), with associated normalmode eigenvectors, Qi; the components of Q~ give relative amplitudes of
the contributing atomic displacements expressed in terms of mass-scaled
Cartesian coordinates.
Quantities of primary interest in a dynamical analysis are the correlation
functions26 of the form (AA(t)AA(t + z)), where AA(t) is the fluctuation
at time t of the variable A from its mean value (A), and the brackets indicate an ensemble average. For an equilibrium system, the correlation
function is independent of t and is often written (AA(0)AA(T)). The
equal-time correlation function, ([AA(0)]2), is the mean-square thermal
fluctuation of A from its equilibrium value, and (AA (0)AA (z)) describes
the time decay of this fluctuation. In the harmonic approximation to the
system dynamics, the position and velocity correlation functions can be
evaluated from the set of normal coordinates {Qi} and normal angular velocities {wl} found from Eq. (2). The correlation between any two normal
coordinates, Qi and Qi, is given by27
(Qi(tl)Qj(t2))= ~ijKT
.-’~ COS wi(tl -- t2)

(3)

Wi

where K is the Boltzmann constant and T is the absolute temperature.
Writing the displacement of an internal coordinate A from the mean value
as a sum of normal coordinate displacements,
3N-6

(4)

AA(t) = E aiQi(t)

where ai is the component of Qi in the direction of A, the position correlation function is found to be
3N-6 ~/2

(AA(O)AA(t)) = KT ~ .-~ cos wit

(5)

i=1 Wi

The ~elocity correlation function can be obtained from the equation
d2

3N-6

(AA(o)AA(t)) = - dt---~ ((AA(O)AA(t))) = KT ~ a~ cos wit (6)
i=1

where the first equality can be shown to be valid for an equilibrium
system.2s
To obtain information about the limitations of the harmonic dynamics
analysis, the potential energy surface .about the neighborhood of the ahelical minimum energy conformation was examined and a comparison was
made between the exact surface and the quadratic approximation to it.
Both rigid and adiabatic (¢,~b) dihedral-angle surfaces were used in this
comparison. The exact rigid (,~b) surface was constructed by rotating the
two angles 6 and ~b~ of decaglycine away from their equilibrium values at
4° intervals up to +20° without any energy minimization. This surface
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would govern the motion of the helix if all degrees of freedom except ¢8,
~b6 were held fixed. To include relaxation effects, the corresponding exact
adiabatic surface was constructed. The dihedral angles ¢6 and ~b~ were
again rotated away from their equilibrium values in 4° increments up to
=t=20°. However, after each 4° change in a dihedral angle, energy minimization of the helix was performed with a combination of conjugate gradient
and Newton-Raphson steps while ¢6 and ~b6 were held at the given value
by a large constraining potential. The resulting surface would govern the
motion of ¢6 and ~b6 if all other degrees of freedom were able to relax adiabatically in response to fluctuations in ¢6 and ~b6. The rigid and adiabatic
results thus represent limiting surfaces; that is, the portion of the full
multidimensional potential surface which governs the motion of ¢6 and
is expected to be more flexible than the rigid geometry surface yet somewhat
less flexible than the adiabatic surface. Calculation of the rigid surface
is very rapid; to generate the complete adiabatic surface, approximately
1 hr of IBM 360-91 computer time was required.
To obtain the harmonic approximations to the exact rigid and adiabatic
surfaces, the Cartesian second-derivative matrix F (Eq. 2) was expressed
in internal coordinates. ~ This simplifies the calculation and separates out
the overall translation and rotations that are introduced when the
dihedral angle pair is varied. The internal coordinate quadratic potential
energy matrix F was obtained from the relation25
F = ~-~.L.A.L+.el-~
(7)
where G-~ is the kinetic energy matrix

G~’1 ffi E Ox~
mh --q
with Si a given’internal coordinate. L is the matrix whose columns are the
internal coordinate amplitudes contributing to the normal modes, and A
is the diagonal matrix of normal mode frequencies. Each point on a sur.face
corresponds to a vector R, whose components are the values of the internal
coordinates.. The quadratic, approximation to the empirical potential
energy at R is then
2V = R+FR

(8)

For the rigid surface, R is the two-component vector (¢~,~b6); for the adiabatic surface, all 3N - 6 internal coordinates are involved.
As a further test of the harmonic surfaces, equal-time correlation functions were estimated from them by Boltzmann averaging; that is, for the
correlation function of the fluctuation AA and AB (A,B = 6,~b6), the
relation
(AA(0)AB(0)) ~ ~’AA"xBAA~B exp[-E(AA, AB)/KT]
EaA,,~exp[-E(AA, AB)]/KT

(9)
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was used, where AA and AB are summed over the calculated range (~=20°).
The correlation function estimates for the various surfaces are obtained
by using the appropriate energy function (rigid total, rigid harmonic, adiabatic total, adiabatic harmonic) when evaluating Eq. (9). The ~=20° limit
is satisfactory for the rigid surface, because at these extremes the energy
is already IOKT above the minimum. This is not true for the adiabatic
surface, but the expense involved in sampling a larger portion of that surface
did not appear justified.
RESULTS
In this section, we present and discuss the calculations concerned with
the helix potential surface and the resulting dynamics.
P~ential Surface for Helix Extension and Compression
We examine the potential surface for extension and compression of the
entire helix and compare the results obtained in the rigid and adiabatic
approximations. To begin, we consider a regular right-handed decaglycine
helix with standard geometric parameters and determine how much the
energy-minimized structure differs from the initial regular geometry. The
standard bond lengths and bond angles are somewhat arbitr~iry but reasonable (Table I); the three dihedral angles were chosen equal to ~b = -57°,
~b = -47°, w = 180°, in keeping with the IUPAC suggested values,29 although for decaglycine, the present empirical parameters yield ¢ ffi -58°,
~b = -48°, w = 180° as the energy minimum for the regu~lar a-helix. G~
et al.3° calculated the energy minimum of the regular pblyglycine a-helix
to be at = -52°, ~b = -53° with w = 180°. The energy-minimized geometry of a-helical decaglycine is compared with the geometry of the regular s-helix in Table I. As commonly found in conformational energy
calculations, the deviations in the average values of bond lengths and bond
angles from standard values are small, i.e., 0.01/~ or less for bond lengths
and 4° or less for bond angles. The final dihedral angles differ somewhat
more from the initial values, especially at the ends of the chain, where the
variation is as much as 10% !n the interior of the helix, the dihedral angles
vary in a well-defined manner, the ¢ and ~b both increasing by ~3° and w
decreasing by 12° from the regular helix values. The improper torsional
angles for N--H and C~---O show that the former is bent significantly out
of the C’--N--C" plane, while the latter is only slightly displaced from its
plane. All of these alterations combine to yield a shorter helix with a larger
cross section and somewhat improved hydrogen bonds. Table II summarizes the geometric properties of the hydrogen bonds of decaglycine in the
initial and energy-minimized conformations. It is clear that the hydrogen
bonds are significantly shortened (,-~0.16/~) and the H - - - O--C angle
increases by 4o-6° relative to the regular helix.
Rigid and adiabatic geometry results corresponding to "uniform"
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TABLE I
Comparison of Initial and Final a-Helix Geometrya

Helical Averages

Initial Geometry

Final Geometry

Final Standard
Deviation

1.500
1.541
1.216
1.311
0.979

<0.001
0.002
<0.001
0.001
<0.001

Bond length
1.490
1.530
1.215
1.305
0.980

C’-N
N-H
Bond angles
C’-N-C"
N-C"-C’
C"-C’-N
C"-C’-O’
C"-N-H

123
110
116
120
120

122
113
120
119
118

0.18
1.17
0.52
0.16
0.05

Final Values
of Individual
Dihedral Angles
Gly 1
2
3
4
5
6
7
8
9
10

"Improper"
CO
-55
-55
-54
-55
-54
-55
-55
-58
-64

-53
-48
-43
-46
-44
-45
-43
-45
-37
-41

173
169
168
168
167
168
168
168
167
168

Mean
-56.1
-44.5
168~4
Standard deviation
3.2
4.2
1.7
a Bond lengths are in ~, and angles are in degrees.

178
174
179
176
176
175
175
175
175
172

178
179
179
179
180
180
180
181
186
187

175.5
1.96

181
3.24

stretching and compression of.the helix from the equilibrium length (A/
= 0) are shown in Figs. 2(a) and 2(b), respectively; the values were obtained
as described above. The total energy curve in the rigid geometry map has
its minimum at ( = -58°, ~b = -48°) and increases steeply on both sides.
The npnbonded and hydrogen-bond contributions to the energy variation
are seen to be similar, though the former is somewhat less steep and has
it~ minimum at a point about 0.03/~ shorter than the latter. Thus the main
contribution to the increased rigid geometry conformational energy as the
helix is compressed arises from the repulsive portion of the hydrogenbonding 10-12 potential [Eq. (1)]. As the helix is stretched above its optimal length, the nonbonded repulsions increase rapidly, and the stabilizing
contribution of the hydrogen bonds is lost. The adiabatic geometry results
shown in Fig. 2(b) are strikingly different from the rigid-geometry calculation. In particular, there is a strong asymmetry in the energy contour
in that it is much easier to compress the helix than stretch it. The repulsive
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TABLE II
Comparison of Initial and Final Hydrogen-Bond Geometry
Number of Hydrogen B0nda
1:5

2:6

3:7

2.053
1.886

2.053
1.887

2.053
1.886

2.053
1.888

2.053
1.887

2.053
1.888

2.053
1.893

2.104
1.891

164
163

164
163

164
162

164
162

164
161

164
161

164
149

161
164

Ro...~ (~)
Initial
Final
~N~O (deg)
Initial
Final

4:8

5:9

6:10 7:NHCH3 CH,,,CO:4

/)HOC (deg)
157
157
157
157
157
157
157
Initial
157
151
161
163
163
163
165
164
166
Final
a Each hydrogen bond is identified by the two amino acids involved with the first number
in the pair corresponding to the CO residue and the second to ~he NH residue; NHCH3 and
CH;~CO ~orresponds to the carboxy and amino terminal-blocking groups.

contributions from too-close hydrogen-bond c.ontacts that occur during
compression in the rigid geometry are easily relaxed by small adjustments
of the dihedral angles. These can occur in the adiabatic calculation, since
the length constraints are imposed only at the ends of the helix. As the
constrained conformations are energy minimized, all of the ¢ and ~b values
tend to change. In general, the final values for ~b are mo~re dependent On
the starting helix geometry than are the values of ~k; that is, the final value
of ¢ averaged over the 10 residues was -50° to -52° regardless of initial
geometry, while the average value of ¢ increased progressively as the helix
was stretched (e.g., () =-62° for Al = -2/~ and (¢) = -47° for Al = +2
/~). It is evident from the figure that after relaxation, neither the hydrogen
bond nor the van der Waals energy increases when the helix is compressed
to Al = -2/~. That the adiabatic total energy curve still displays a shallow
minimum at the equilibrium length is due to the electrostatic energy
term.
The Young’s modulus of elasticity ~ of a polymer chain can be obtained
directly from the change in energy with chain length,31’32 that is,
(10)
~ = (AE)lo/A(Al)2
where AE is the change in energy due to a change in length A/, and l0 and
A are the length and cross-sectional area of the chain; the cross-sectional
area of the helix is 5.15 × 101/~2.11 From the present calculations, the
modulus of elasticity is estimated to be between 1.68 × 101~ dyn/cm2 (adiabatic energy curve) and 4.8 × 10n dyn/cm2 (rigid energy curve). These
estimates are close to previous calculations (2.3-7.2 × 10n dyn/cm2) based
on equilibrium length fluctuations by Suezaki and G6n and Itoh and Shimanouchit6 but are about an order of magnitude greater than measurements based on macroscopic extensions.33 A recent determinationz4 of
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Fig. 2. Change in energy with stretch and compressibn of the helix. (a) Left-hand figure
gives the change in total energy with rigid deformation of the helix, and the right-hand side
gives component change in hydrogen-bond energy, (--) and change in van der Waals energy
( .... ). (b) Same except for adiabatic deformation.
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the elastic modulus of collagen by laser Brillouin scattering yielded values
of 1.5-2.0 × 1011 dyn/cm2, in much closer agreement with the calculations.
It was suggested that inhomogeneous strain can account for the small values
of elastic moduli obtained from macroscopic extensions.
Harmonic Dynamics of a Helix
Some information about the flexibility of a helix has been obtained from
the calculated energy contours described above. A more complete understanding of the dynamic properties requires an examination of the
magnitudes, correlations, and time dependencies of the significant geometric variables. This part of the paper provides the results of a dynamical
analysis of the helix in the harmonic approximation.
Vibrational Spectrum
Since the dynamical results reported below are based on the harmonic
approximation, they reflect the vibrational frequencies and normal modes
of the helix. The ir spectra and normal-mode calculations for helical
polyglycine II and a-helical polyalanine have been reported previously.15,16,35,36 The calculated ir spectrum between 200 and 1800 cm-1 ob:
tained with the parameters used in this work is shown in Fig. 3. The relative intensities were taken to be proportional to the square of the molecular
dipole derivatives with respect to the normal coordinates; the dipole derivatives were obtained from monopoles assigned to each of the atoms.21
Intense higher-frequency absorptions correspond to the essentially localized
motions of the peptide group atoms; in addition, there are the lower-frequency modes that involve larger parts of the a-helix and contribute most
importantly to its elastic properties. In a 10-residue a-helix, in contrast
to an infinite helix, the atoms of a given residue occupy a nearly (but not
0.00
2.00

4.00
~ 6.00
l
rr
8.00

18.00 16.00 14.00 12.00 I0.00 8.00 6.00
FREQUENCY, WAVENUMBERS/IO0

4.00 2.00

Fig. 3. Calculated vibrational spectrum of decaglycine; absorption at ~3330 cm-1 corresponding to the NH stretch modes is not shown.
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exactly) equivalent environment with respect to atoms in a neighboring
amino acid. The effect of this on any particular local mode is to obtain a
band of frequencies instead of a single frequency. For example, the highest
frequency mode of the helix, the NH stretch (not shown in Fig. 3), consists
of 11 normal modes centered at 3330 cm-1 with a bandwidth of 200 cm-~;
the experimental value for polyglycine is in the neighborhood of 3300 cm-~.
The next set of observed frequencies corresponds to CH stretches of the
C,~ methylene group; these do not appear in the present calculation, because
the methylene group is treated as a single extended atom. The intense
amide I vibration (CO stretch) appears at 1590-1650 cm-~ in the spectrum
(experiment 1640-1680 cm-~), while the intense amide II vibration (CN
stretch and NH in-plane bend) is at 1530-1560 cm-~ (experiment 1500
cm-~). The less intense amide III mode appears in the region of 1370 and
1180 cm-~ (experiment 1250 cm-1); the calculated absorption at,-~970 cm-~
is due to a combination of motions involving the C" carbons; that is, of the
N--C~ and C~--C’ stretches, as well as the C’mN--C~ bend (experiment
1015 cm-~). Between 500 and 700 cm-1 there appear the amide IV, V, and
VI vibrationsICe and NH out-of-plane (improper) torsions]; the experimental range is 490-700 cm-~. The intense absorption at 570 cm-~ is due
to a combination of these motions.. Absorption in the far-it region is the
result of more complicated motions of the helix. The strong absorption
at 368 cm-1 has contributions from out-of-plane torsional and in-plane
bending vibration of the C--O and NH groups; it appears 1~o correspond
to the amide VII vibration observed at 360 cm-~. Below 300 cm-1, the
infrared absorption is weak.. The dominant contributions to these frequency modes are helix deformations which arise from torsional motions
of the¢,~b dihedral angles of the~ helix; they are discussed below.
Ma~nitude of Fluctuations
Bond-length fluctuations--which arise from localized, high-frequency.
vibrations--are on the order of 0.02"0.03/~. The spectral densities of the
fluctuations in NH, CO, and NC bond lengths of residue 8 in hexadecaglycine are shown in Table III, That one mode is dominant for the NH
bond is due to the near degeneracy of the stretching modes and the lack of
complete symmetry in the system studied. The bond-length fluctuations
are not sensitive to details of the structure of the a-helix; those at the end
of the helix are identical to the ones found in the middle. Furthermore,
the magnitude of the fluctuations are accounted for by the numerical value
of the bond stretching, force constants. Bond angle fluctuations have
magnitudes of 30-5°. As for the bond lengths, the magnitudes of theangular fluctuations are the same throughout the helix. An analysis of the
spectral densities shows that a broader range of frequencies contributes
to the angular motions (Table III).
Most of the helix flexibility, as well as correlations in fluctuations imposed by nonbonded constraints, involved the dihedral angles. The
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TABLE III
Typical Spectral Densities of Bond Length and Bond Angle Fluctuations~
Amplitude
All
Frequencyb
(A2 × 104)
Frequencies
(cm-L)
Coordinate
7.31
6.24
3434
([Ab(NH)]2)
0.08
3433
4.99
0.75
1597
([Sb(CO)]~)
0.54
1592
0.35
1608
0.34
1609
0.31
1605
11.15
1.56
988
([Ab(NC")]2)
1.15
960
0.75
972
0.74
983
0.72
946
(deg)2
(deg)~
14.60
1.17
446
1.08
387
0.92
409
0.82
509
0.82
400
26.43
2.34
188
([AS(NC-C’)]’)~
1,97
163
1.06
502
1.01
572
0.91
31

a The internal coordinates are those of residue 8 in the middle of hexadecaglycine.
b The five largest amplitudes are listed except for localized NH stretch. The contribution
to the total fluctuation from the five modes with the largest amplitudes varies from greater
than 90% (NH stretch) to less than 30% (NC"C’ bend).

equal-time aUtocorrelations for each of the main-chain dihedral angles (¢,,
ahd o~) are shownin Fig. 4(a).. Allowing for peptide-bond flexibility, the
rm~ fluctuations in and ~b are 120-13° in the middle of the helix, with
greater fluctuations at the ends. Thus, unlike the bond length fluctuations,
those in the dihedral angles are significantly reduced by the presence of
structure and the resulting nonbonded contacts in the interior of the helix.
In the study of G~ and.G~1° of an infinite helix in harmonic (,~) dihedral
angle space, the rms fluctuations were significantly smaller ( ~ 9°, ¢ ~
10.5°). Increasing the rigidity of the helix by restricting twisting about
w (K~ = 100 kcal/mol) significantly decreases the magnitude of the fluctuations in ¢ but has a much smaller effect on ~b [Fig. 4(a)]. This could be
due to the fact that changes in the angle involve motions of the C-~O
group, which is more strongly coupled to heavy-atom displacements than
is the NH group, which plays the corresponding role for ~b. Intermediate
values of K~ (7 kcal/mol) lead to intermediate results (Table IV). Removing the explicit hydrogen-bond potential results in only a small increase
in the dihedral angle fluctuations. This is primarily a result of the fact that
these fluctuations have only a small effect on the hydrogen-bond length
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(a)
Fig. 4. Correlations of fluctuations of dihedral angles. (a) Equal-t’i~e autocorrelations
.t’ each of the dihedral angles in hexadecaglycine. (b) Normalized correlations in fluctuations
ol’ @,~b, and ¢o of residue 8 with the other dihedral angles of the helix. --, K~ = 2.9 kcal/mol
(flexible peptide bond); - - -, K~ = t00 kcal/raol (rigid peptide bond); -- no hydrogen bonds
+ flexible peptide bond.

(see below). The rms fluctuations in the improper dihedral angles, corresponding to motion of the amide hydrogen and carbonyl oxygen out of
the plane of the peptide bond, are about 22° and 7.5°, respectively.
The spectral densities of representative dihedral angles and improper
torsional angles are shown in Fig. 5. For the dihedral angles, a large number
of low-frequency (<200 cm-1) modes are seen to contribute; the dominant
contributions came from 35-100 cm-1. The improper N H torsion is in
a higher-frequency range (250-400 Cm-t, 500--600 cm-t); the 500-600-cm-1
region, which makes a relatively small contribution, arises from coupling
of the C~O and NH improper torsions.
Since the lowest frequency modes involve the most extensive displacements, there must be correlations among fluctuations of the dihedral angles
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Fig. 4 (continued from the previous page)

if the secondary structure of the chain is to be maintained. Figure 4(b)
shows the correlations in the fluctuations of ¢ and ~k of residue 8 in the
middle of the 16-residue helix, within the same residue and with the dihedral angles in neighboring residues. Strong correlations exist between
fluctuations of Cs and ~bs and between ¢8 and ~b7, but the more distant
correlations are damped out relatively quickly. Also, it is clear from the
figure that Cs is strongly correlated with ws and ¢07; the correlation between
~b8 and ws (not shown) is much weaker. The observed correlations are such
as to localize the motion of the helix atoms. The strong anticorrelation of
¢8 and ~b7 leads to oscillations of the peptide group between them ([C=017
- [NH]s) while keeping the rest of the helix fixed. Similarly, the ¢8 and
w7 anticorrelation coupled with the 8,w8 correlation results in a localization
of the helical distortion. The analysis of G~ and coworkersl0,11 of fluctuations in the dihedral angles of an a-helix showed observable’correlations
between dihedral angles as far as six residues apart, although the magnitudes beyond four are very small. In that work, only the ¢ and ~b dihedral
angle were included. Apparently the additional flexibility inherent in a
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TABLE IV
Fluctuations of Dihedral Angles Obtained with Different Peptide Bond Torsion
Constantsa

([ACs(0)]2) 1/2
([A~bs(0)]2) 112
([A~s(0)]2) i/2

¢6(0) A~b6(0))

A¢~)~/2(A¢~)*/2
A¢6(0)A~bs(0))

K~ = 2.9

K, = 7.0

K, = 100

13.0
13.3
9.9

10.8
11.8
7.3

10.2
13.1
2. I

-0.49

-0.41

-0.44

-0.49

-0.53

a Fluctuations in degrees; torsion cons~n~ in kcal/mol.

complete treatment that allows all degrees of freedom to vary leads to more
rapid damping of the disturbances in helical structure induced by tdrsion-angle fluctuations. The present results are more similar to those
obtained in a molecular dynamics study of bovine pancreatic trypsin inhibitor (PTI),9 in which all degrees of freedom are included.
Restricting motion about the peptide dihedral angle has a strong effect
on the correlation pattern. G~ and G~,1° who allowed only and ~b to vary,
found that the correlations in the fluctuations of ¢i, ~bi are small compared

,ot

Fig. 5. Spectral densities of autocorrelations of dihedral angle (¢,%b,w) and improper torsion
(rNH,rCO) fluctuations. Modes contributing more than (1°)2 to the total fluctuation are included.
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to those of ¢i, Figure 4(b) shows that a similar result is obtained when
motion about the peptide dihedral angle w is completely restricted. Use
of the intermediate value (K~ = 7 kcal/mol) yields (A¢8ACs) = -0.41.
This result is very similar to the one shown in Fig. 4(b) for K~ = 2.9 kcal/mol
and is also in close agreement with the values obtained in the c~-helical part
of PTI with K~ = 7 kcal/mol; in the latter, the values of (A¢i, A~i > averaged
-0.40. It is of interest that for the fl-sheet region of PTI, the correlations
between distant residues were stronger and the (A¢i,A¢i) correlation was
found to be very small (see Fig. 4 of Ref. 9). A detailed study of fl-sheet
structure is planned to elucidate the differences between its dynamics and
those of the o~-helix.
The correlation patterns of the dihedral angles for the central residues
of the 10-residue helix are the same as shown for the 16-residue helix in Fig.
4(b), indicating that the middle of the helix is not affected by the greater
mobility oft.he ends. Correlations of fluctuations in ¢16 with ~bi and o~i at
the carboxyl terminal end of the helix, although qualitatively similar to the
correlations in the middle of the helix, are different in the details of the
observed pattern; e.g., (A¢16A~b16) is -0.25 as compared with -0.50 for the
central residues, the correlations between A¢16 and more distant residues
are somewhat larger than found in the center of the helix.
Fluctuations of improper torsions of the carbonyl and amide groups that
are hydrogen bonded to each other are not correlated. One reason for this
is that the amide H torsional axis is rotated by almost 90° with respect to
the carbonyl oxygen torsional axis, so that a simultaneous fluctuation of
the same sign in both torsions is not as destructive of the hydrogen bond
as if they were fluctuating about the same axis. Also, the spectral analysis
of these motions indicates that they involve very different fre~quency ranges
(see Fig. 5).
Figure 4(b) also shows the effect of removing the hydrogen-bond term
in Eq. il) on the correlation of dihedral-angle fluctuations. It is clear that
the effect is almost negligible. This arises from the fact that the fluctuations under consideration lead to weak perturbation of the hydrogen bonds
due to the flexibility of the system. By contrast, the presence of hydrogen
bonds has a large effect on the overall length fluctuations of the helix (see
below). An analysis of these striking differences is given in the section on...
potential energy surface calculations.
Length Fluctuations
The length fluctuations, which play an important role in the elastic
properties of the helix, involve concerted motions of two or more residues.
To determine their magnitude, the change in the projection of the centeroi’-mass coordinates of every residue onto the helix axis was obtained for .
each of the normal modes. The resultant length changes were then averaged over all the modes to obtain
(Ii)
<(AZ~j)~> = E <(rl. [R~ -R,°.j])~)
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where ((A/ii)2) is the fluctuation in the projected distance between residues
i and j, (R3 - R~) is the fluctuation of the difference between the center-of-mass coordinates of residues i and j in the a normal mode, ~ is the
unit vector in the direction of the helix axis, and the brackets represent the
thermal average. Autocorrelations of fluctuations in the projected distance
between adjacent residues (i and i + 1) of the helix in the presence and
absence of hydrogen bonds are shown in Fig. 6. In contrast to the lack of
effect of hydrogen bonds on dihedral-angle correlations, the presence of
hydrogen bonds significantly suppresses length fluctuations. An examination of the frequency spectrum of length fluctuations (Table V) and a
comparison with the spectra of dihedral angle correlations (Fig. 5) is helpful
for the interpretation of this result. Most of the vibrational modes of the
helix, including those involved in dihedral angle fluctuations, are length
preserving due to the correlation involved. Essentially only the lowest
frequency modes (<25 cm-1) contribute to length fluctuations. It can be
seen from the table that it is just these low-frequency modes that have a
large fractional reduction in frequency and correspondingly increase in
amplitude when the hydrogen bonds are excluded. For the modes that
contribute to the dihedral angle fluctuation (35-150 cm-1 in the complete
potential), the fractional change in frequency is much smaller (on the order
of 0.1) on deleting the hydrogen bonds.
Fluctuations in length as a funct.ion of initial length are shown in Fig. 7,
and the contributing .normal modes are given in Tabl0 V. Each point
represents an average over the appropriate l~o~rtions of the helix; e.g., the
fluctuations in the length of a segment three residues long was obtained
by averaging over fluctuations in the length between residues I and 3, 2 and
4, 3 and 5, e~c. When hydrogen bonds are excluded from the potential
energy function, the length fluctuations are dramatically increased; the
mean-square fluctuation in length of a segment is two to five times greater
than in the presenceof hydrogen bonds. This is a manifestation of the
same behavior as observed for the nearest-neighbor projected distance

.10
I0 12 14 16
RESIDUE NUMBER
Fig. 6. Fluctuations in length between adjacent residues (residue =" and i + 1): hydrogen
bonds included in the potential (~); hydrogen bonds excluded from the potential (--).
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TABLE V
Spectral Densities of Length Fluctuations for the Five Lowest Frequency Modes
~
Frequency
([A1(2,16)]2)a
(~2 × 102)
(cm-l)
A. Hydrogen Bonds Included in the Potential
1.21
0.12
2.83
0.06
0.06
7.38

7.81
13.41
14.70
17.90
23.23
Sum over all frequencies

B. Hydrogen Bonds Excluded fromthe Potential
6.16
7.11
8.21
14.14
15.97
Sum over all frequencies

4.50
10.83
3.61
8.17
0.79
39.27

Square of the length fluctuation between the second and last residues.

fluctuation. Although the length fluctuation generally increases with
segment length as expected,, the observed result is not monotonic. In
particular, there is a reduction in the fluctuation when the first intrasegment hydrogen bond forms (6/~) and at multiples of this distance.
From the large standard deviation given in Fig. 7, it is apparent that
length fluctuations are very sensitive to position in the helix. For small
~-helical fragments, segmental motion is strongly influenced by proximity
to the ends of the helix, where there is greater mobility (see Fig. 6). Several
authors11,17,1s have used normal coordinate methods adapted for infinite

.080
.060
.040

.020

’ 4.’o

8’.o

EQUILIBRIUM LENGTH

Fig. 7. Fluctuations in length within hexadecaglycine as a function of equilibrium length;
each point is obtained by averaging over equal-sized segments of the helix (see text).
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systems to study the dynamics expected for segments buried within very
long helices. Calculations reported in the literature are compared with
the present results in Table VI. It can be seen that for helices of the same
length including hydrogen bonds, the values are very similar. Also, it is
shown that the rms fluctuation is more than twice as large when the hydrogen-bond terms are removed. Related results have been obtained by
Fanconi and Peticolas,17 who used a simplified representation of an infinite
helix.
Fanconi and Peticolas17 and Itoh and Shimanouchi16 have constructed
frequency versus phase angle dispersion curves for several dynamical
models of the helix and compared the curves obtained in the presence and
absence of hydrogen bonds. Of particular interest in the work of Fanconi
and Peticolas17 is the separation that occurs between the longitudinal
(stretch) and transverse (bend and twist) acoustical modes for a 16-residue
helix as the hydrogen-bond force constant is varied from 0 to 0.30 mdyn/~;
the transverse mode is of lowest frequency. The lowest frequency modes
obtained for our normal-mode treatment of the 16-residue helix do not show
clear separation between stretching and torsional motion; in fact, the lowest
frequency mode is largely a stretch. The lack of symmetry inherent in a
treatment of a small, finite a-helix mixes the low-frequency modes, so that
a distinct completely symmetric stretch is not observed. Another consequence of the end effects is that the elastic modulus is strongly length dependent for short helices. For the present system, the elastic modulus
varied from 2.7 × 1011 dynicm~ for a 4-peptide helix (one turn) to 2.3 $1011
dyn/cm2 for the 16-peptide helix. The latter result, obtained in the harmonic approximation is to be compared with the values (1.7-4.8 × 1011
- dyn/cm2) given above.
Fluctuations in length were also extracted from a vibrational analysis
with & held rigid. Length fluctuations for different portions of the helix
when w was rigid showed an even greater variation than the results of Fig.
7, because increasing the rigidity of the molecule exaggerates the end effects.
TABLE VI
Root-Mean-Square Displacements of the End-to-End Length Obtained by Different
Authors

((Al)2)I/2
Source
Suezaki and G~ (Ref. 11)
Peticolas iRef. 18)
Present work

Number of Residues
i5
18
10.8a
18
15
15

Number of peptide groups.
Hydrogen bonds excluded from the potential.

Gly a-Helix

Ala a-Helix

0.29
0.31

0.23
0.24
0.21
0.38

0.28
(0.63)b
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Potential Energy Surfaces
To analyze the fluctuations and correlations described above, we examine
the potential energy surface governing the (¢,¢) torsional angles. Since
it is not possible to visualize the multidimensional energy surface of a finite
helix, we have examined slices through the full surface; in particular, we
consider the two-dimensional surface for the central angles (¢6,¢6) of decaglycine in various approximations. The rigid total-energy contour map
given in Fig. 8 (upper-left map) represents the surface that would determine
the motion of the helix if all the bond lengths, angles, and dihedral angles
except ¢6 and ~b6 were fixed rigidly at their equilibrium values. The contours are approximately elliptical close to the minimum; the orientation
of the ellipses is such as to !mply a large negative correlation between
fluctuations of ¢6 and ~b6, in accord with the results given above. The rigid
total energy surface is determined primarily by the hydrogen-bond term
for the angular range of interest (Fig. 9). The nonbonded contribution only
becomes important for larger angles, while the electrostatic interaction
shifts the low-energy region somewhat in the (-¢,-~b) quadrant.
The rigid-surface results disagree with the vibrational analysis (see
above), which demonstrated that for fluctuations in ~ and ~bi the presence
of hydrogen bonds has a minor effect. Because there are many correlations
among the various degrees of freedom, the two-dimensional rigid contour
maps do not adequately represent the structural features of the energy
surface that determine the fluctuations. A more adequate representation
can be obtained from the total adiabatic energy surface shown in Fig. 8
(upper right); it gives the total potential energy as a function of ¢6 and ~b6,
with simultaneous relaxation of the other degrees of freedom. It is evident
that the adiabatic map is much less restrictive. The most important difference between the rigid and flexible surface is due to the hydrogen-bond
term. It was dominant for the rigid surface but is negligible over the range
considered for the adiabatic potential (Fig. 9). Clearly the adjustment of
atom positions in the latter calculation permits the hydrogen bonds to re-.
main essentially unchanged while the torsional angles are varied over a
significant range. To confirm this result we give in Table VII the values
of parameters associated with the helix hydrogen bonds in the adiabatic
calculation for two extreme pairs of torsional angles; that is, we compare
the adiabatic results for A¢ = -20°, A~b = -20° and A¢ = +20°, A~ = -20°
with those for the equilibrium geometry. It is evident from the table that
all of the O.,.H hydrogen-bond lengths remain close to their optimum values. There are significant changes in the bond angles involved for 02...H6
through 05...H9, but the adjustments in geometry are suffi.cient to yield an
essentially constant value for the total hydrogen-bond energy. Listed in
Table VIII are the changes that occur in the dihedral angles. It is apparent
that energy minimization leads to more extensive alterations throughout
the helix when ¢ and ~b are rotated in the same direction as compared with
rotations of opposite sign. For A¢6 = --20°, A¢6 = --20° changes in the
dihedral angles occur in all residues except the first; for A¢6 = +20°, A¢6
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- Fig. 8. Two-dimensional potential energy surface for the central angles (~’s, ~s) of decaglycine in the different approximations.¯ Upper left,¯rigid total energy surface; upper right,
flexible total energy surface. Lower l~ft and right, are respectively, the rigid quadratic edergy
and flexible quadratic energy surfaces. Contour units are in kcal/mol.

= -20° the changes are more restricted. It should be noted that the peptide dihedral angles of residues 5 and 6 are increased by more than 10°; this
would be somewhat reduced if K~ were higher.
The dihedral angle dependence of the energy contributions to the adiabatic surface (Fig. 8) can be divided approximately ihto two regions with
respect to a diagonal line that extends from (A¢ = -20°, A~b = +20°) to
(A¢ = +20°, A~b = -20°). Above the diagonal, increases in the torsional
energy make the major contribution, while below the diagonal the surface
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TABLE VII
Changes from Equilibrium Values for Two Conformations on the Flexible Surfacea
Resi~tue

A~b

-4.50
2
3
-4
-+2.08
5
6
(-20)b
7
-4.65
-13.65
8
+4.23
9
10
-a Angles in degrees.
b Constrained angles.

A~b
-+5.52
-8.40
-12.05
(-20)b
-+10.21
--5.90

A~
-3.64
-4.81
+5.50
+12.50
+10.10
+3.99
-6.37
-4.86
--

A¢

A~b

Aw

---.
--(+20)b
-3.35
-2.88
-2.93
--

----7.30
(-20)b
-7.20
+4.09
--4.05

----7.91
+13.10
+4.83
+2.48
-3.50
--

depends on both the nonbonded and electrostatic energy contributions.
For neither region is the hydrogen-bond energy important.
A very important question concerns the validity of the harmonic approximation to the dynamics of an a-helix, in particular, and of polypeptides and proteins, in general. Skvortsov et al.37 used a Monte Carlo
method to study the dihedral angle fluctuation of a-helices. The empirical
potential employed consisted only of a hydrogen-bond potential expressed
as a function of a dihedral angle ~b,~b; with this potential function, the mean
energy per residue in the harmonic approximation is ((E - Emin)) = KT.
They found the mean energy per residue was 0.8KT with a LippencottSchroeder hydrogen-bond potential and 0.6KT with a Morse potential.
To examine the importance of anharmonic contributions to the potential
function used in the present work, we have constructed the quadratic ap-

¯ 161
121

81

"B "6 -4 "2 0 ~’ 4 6
RIGID HYDROGEN BOND

-8 -4 0 4 8 12 16
FLEXIBLE HYDROGEN BOND

Fig. 9. Hydrogen-bond contribution to the rigid total potential energy surface (left) and
the flexible total potential surface (right).

TABLE VIH
Hydrogen-Bond’Parameters at Two Points on the Adiabatic Flexible Surface of Decaglycinea
H Bond
O (terminal)--H4
O1--H5
O.~-.Hs
, O:,--H7
04--Hs
O.~,.--H9
O~--Hm
07--H (terminal)
Total energy

A~b = -20°, A~b = -20°
RO-H’
0~-~.-o

FAluilibrium Geometry .
RO-H
O~-H-O
O~.-O--C
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89

164
163
163
162
162
161
161
149

"
:

--30.9 kcal/mol

Distances in .~ andangles in degrees.

151
164_
166
163
165
163
163
161

.

1.88 1.89
1.91
1.91
1.89
1.89
1.89
1.89

161
154
164
132
128
144
159
149
-30.9 kcal/mol

OH-O-C
169
160
105
95
114
165
163
143

A~b = +20°, A~b = -20°
Ro-H
0~-~_o
1.89
1.89
1.89
1.89
1.89
1.89
1.89
1.89

166
163
157
161
167
159
166
154
-30.9 kcal/mol

O~-oc
150
165
163
145
145
135
163
166
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TABLE IX
Fluctuations Obtained from Potential Surfaces

Potential Surface
Rigid total
Rigid quadratic
Adiabatic total
Adiabatic quadratic
Vibrational result

1.53
1.34
9.14
7.06

!.44
1.37
9.31
7.27

-0.57
-0.64
-0.24
-0.40

12.69

12.89

-0.46

proximations to the rigid and adiabatic total energy surfaces for (¢6,¢6)
by the method described above. The rigid quadratic potential (Fig. 8)
averages the asymmetric effects of the hydrogen and nonbonded terms,
and the result is a set of concentric ellipses about the equilibrium geometry.
The adiabatic quadratic surface is more complicated, but it still has a high
degree of symmetry even though the geometry is determined by the interaction of nonbonded, electrostatic, and torsional effects. Comparing
the total surfaces to the quadratic approximations indicates that differences
exist but that they are not large.
Additional information is provided by the fluctuations in ¢8 and ~b~ estimated from the four potential surfaces by Eq. (9); the results are presented
in Table IX. The quadratic surfaces are more restrictive than the corresponding total energy surfaces, and there is a highe.r correlation between
fluctuations when the averages are obtained with thequadratic surfaces.
It is clear from Fig. 8 and Table IX that the rigid potential surface is not
adequate for simulating molecular dynamics. The averages obtained with
the adiabatic quadratic surface resemble the vibrational results more
closely. Summing Over a larger portion of the adiabatic surface (I ¢1, I 1
>20°) would increas~ the magnitude of the calculated fluctuations and
bring them into closer agreement with the harmonic dynamic values.
It is more difficult to evaluate the importance of the. discrepancies between the results for the adiabatic total surface and those obtained with
the quadratic approximation. There is some suggestion that the anharmonic contributions are significant. For both ¢ and ~b, Table IX shows that
the expected rms fluctuation is greater in the adiabatic total map than it
is in the adiabatic quadratic map. This difference, which is due to anharmonicity contributions, would be accentuated if the summation were
extended to include the complete conformational space available at ro(~m
temperature; comparison of the vibrational result with the adiabatic quadratic value provides an indication of the magnitude of the expected difference. TO obtain the exact value of the importance of anharmonic effects,
it would be necessary to compare the harmonic dynamics with a full molecular dynamids treatment of the helix.
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Time Dependence of Fluctuations
In addition to the magnitudes and correlations of fluctuations, their time
dependence is of considerable interest. By use of the methods described
above, the normalized position and velocity time correlation functions for
the internal coordinates were evaluated in the harmonic approximation.
The position results obtained for the central dihedral and improper torsional angles of the 16-residue helix are shown in Fig. 10, and the velocity
results for and ~b are given in Fig. 11. The bond lengths and bond angles
are not given~ because their decay behavior is of less interest than the softer
dihedral angles.9 From Fig. 10 it is eviden~ that the three dihedral angles
(¢s, ~bs, O~s) all show a rapid decay (~..1 psec) with a negative excursion and
subsequent smaller oscillations. Their appearance is that expected from
an underdamped torsional oscillator in that they undergo several periods
of vibration of successively decreased amplitude. The improper torsions
are very different in that there are well-defined periodic oscillations with
a slow decay superimposed on them; in particular, the C~O improper
torsion exhibits a beating phenomenon expected from the superposition
of a small number of harmonic frequencies--one with a period of,--0.1 psec
and the other with a period of~0.5 psec. An analysis of the power spectrum
of these correlation functions (Fig. 5) reveals that the five largest contributing frequencies account for 70% of the fluctuations in the carbonyl oxygen
torsion, 45% of the amide hydrogen torsion, and about 25% of the fluctuations in the backbone dihedral angles ~b and ~b. The velocity correlation
functions appear more harmonic than the position correlation, because the
former are more sensitive to the high-freque~icy end of the vibrational
spectrum [Eq. (5)], which consists of a few well-separated peaks in contrast
to the broad bands in the low-frequency portion:
In the general analysis of molecular motion, it is possible to identify two
extreme mechanisms which can contribute to the time decay in the autocorrelation function. One of these is referred to as "dephasing" and the
other as "energydissipation.’’ 3s If one focusesattention on the motion
of a small group of atoms within a macromolecule, these atoms will be observed to move in a stochastic manner due to thermal interaction with many
other degrees of freedom of the system.3s. Starting with a normal mode
analysis, the effect of the interactions due to anharmonic terms is to allow
energy transfer from one mode to another. The Langevin equation can
provide a phenomenological description of the dynamics of such an energy
dissipation process. For a completely harmonic system, energy dissipation
is excluded, since all the dynamical variables are periodic functions of time.
For a local motion (e.g., a dihedral angle) that does not correspond to a
normal mode, loss of correlation can nevertheless occur. This is attributable to dephasing of the normal coordinate components of that motion and
can also be treated in terms of a Langevin equation.39’4° Whether dephasing is observed for a particular coordinate depends on the details of
the frequency spectrum; i.e., a large number of closely spaced peaks will
result in dephasing. It is this type of decay in the correlation function that
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1.0

is shown in Fig. I0 for the harmonic approximation to the a-helix. Ultimately, due to constructive interference of the contributing normal modes,
the correlation function must increase in magnitude again; however, this
periodic behavior has not been examined except for the C-----O improper
torsion.
Both dephasing and energy dissipation processes have been studied in
an attempt to interpret the bandwidths of Raman lines in the vibrational
spectroscopy of liquids.41 Dephasing in liquids has been shown to be an
efficient relaxation mechanism,’ as it is for the harmonic model of the
~-helix. The relative contribution of dephasing and energy dissipation
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in the decay of time correlation functions of polypeptide and protein
coordinates remains to be investigated.
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