CorreIated Helix-CoiI Transitions in Polypeptides

In past discussions of the growth or decay of a polypeptide a-helix in solution; it has usually
been assumed that successive residue transitions occur independently at the helix-coil interface.1-9 Helix growth or decay has thus been viewed as a Markov process in that the
probability that a transition will occur has been assumed not to depend on the elapsed time
from the preceding transition.5 We have been studying helix-coil transitions by computer
simulation of the diffusional motions of a model polypeptidet° and have found that many
of the transitions that occur in the simulations are correlated; e.g., the unwinding of a residue
is simultaneous with or closely followed by the unwinding of the next reg~due in the helix. In
this note, we consider the nature of correlated helix-coil transitions that occur at the end of
a polypeptide chain.
Correlations in the rotational isomeric state transitions of nearby dihedral angles have
previously been suggested to play a role in the dynamics of a polymer in solution,tt-~6 The
physical basis for these suggestions is that in the absence of correlations, rotation about a bond
would be opposed by large solvent frictional forces on the rigid portions of the chain connected
by the bond. However, the kinds of transitions that occur in a polymer are determined only
in part by frictional forces; the forces derived from the effective potential energy also play
a role. For alkanes, there is a sizable (N3 kcal/mol) energy barrier for trans-gauche isomerization.17 Strictly concerted transitions (e.g., "crankshaft" motions) are suppressed in such
chains because of the large combined activation energy required for such transitions; evidence
of significant correlation in the transitions of second-neighbor bonds is apparent in some alkane dynamical simulationsts,19 but not in others.2° For polypeptides, the intrinsic barriers
to rotation about backbone dihedral angles ¢ and ~b are relatively small (N1 kcal/mol),17,21,22
and the subunit friction coefficients are relatively large, so that correlated transitions might
be expected to occur more frequently.
To examine this possibility, we have performed a diffusional dynamics study of the unwinding of two residues at one end of a model polypeptide helix as described in an earlier
paper,t° Neighboring residues are linked by Flory virtual bonds in this model, so that the
unwinding can be described using two virtual dihedral angles ~ and ~2.1°,t7 The effective
potential energy surface for the unwinding is shown in Fig. l(a). The potential well with
minimum in region St corresponds to the fully-wound helix. In the rest of the low-energy
trough between $1 and $2, the terminal residue is in various coil configurations, but the adjacent residue is still in the helix; the minimum in $2 is the most stable such configuration.
For a52 >~ 100°, the two residues at one end of the chain are in coil configurations, but the rest
of the chain is helical; the minimum in $3 is the most stable such configuration. The potential
surface includes a discontinuity along the upper boundary of region S~; for simplicity, this
feature is not displayed in Fig. l(a). The discontinuity prevents motion through the upper
boundary, which would correspond to simultaneous rupture of two hydrogen bonds in the
helix,lo
The classical, uncorrelated unwinding of two residues occurs by two successive transitions
on the energy surface. The system first moves from the potential well near $1 to the well near
$2 by crossing the low barrier in the energy trough connecting these wells. After remaining
for some time in the $2 well, the system then moves over a second low barrier to the well in
region Sa. In correlated unwinding, the system moves from the St well to the $3 well without
being trapped for a time in $2. In the present study, a total of 154 diffusional trajectories
starting in the St well were observed; the trajectories were terminated upon reaching the
surface of region $2 or Sa. Approximately one out of eight trajectories were of the correlated
type; two of these are displayed in Fig. l(b).
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Fig. 1. Configuration space defined by the virtual dihedral angles for the two residues at
one end of an a-helical region. (a) The potential of mean force (Ref. 10) with contour intervals
of 0.4 kcal/mol. Several contours in the $1 well are omitted for clarity; the minimum energy
in this well is -2.8 kcal/mol. Arrows indicate the preferred directions of diffusion (Ref. 24).
(b) Diffusional trajectories for two unwinding motions; the trajectories begin just to the right
of region $1.
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The correlated transitions may be understood by considering how the polymer motions
are influenced by energy surface and solvent frictional effects. With respect to the latter,
it is important to recognize that motion on the energy surface occurs by anisotropic diffusion23,24; the arrows in Fig. l(a) represent the preferred directions of diffusional motion on
the plane in the absence of any potential-energy variations. These arrows indicate the directions of the eigenvectors with largest eigenvalues of two-dlmensional diffusion tensors which
are derived elsewhere,24 but the physical origin of these preferred directions is easily understood. For ~1 > 90°, the displacement of the end residue and the attendant viscous dissipation
will be minimized during a positive (negative) rotation of ~ if there is a compensating positive
(negative) rotation of ~1. For ~1 < 90°, the dissipation is minimized if @2 and ~ change in
opposite fashion. Such anisotropic diffusional effects are the physical basis of the postulated
correlations in rotational isomeric state transitions mentioned previously; these effects are
expecte~l to govern the polypeptide chain motions in regions where the energy surface is fairly
flat and to compete with the forces due to the energy surface in other regions. As described
below, these expectations are realized in the polypeptide trajectories.
In the trajectory on the left-hand side of Fig. 1 (b), the system moves first along a low-energy
trough with increasing ~; although the overall motion is determined by the trough, the anisotropic diffusional effects are clearly evident in the diagonal sideways fluctuations within
the trough. The system then moves toward the $3 minimum along the direction of preferred
diffusion and decreasing potential energy. In the trajectory on the right-hand side of Fig.
l(b), the system is forced out of the low-energy trough connecting the S~ and S~ minima by
the anisotropic frictional effects. A related phenomenon is observed in many of the "classical"
trajectories ending in S~; approximately 40% of these trajectories strayed into the region ~
> 70° at an energy cost of roughly 2 kcal/mol above the corresponding minimum energy point
along the ~2 = 40° pathway.
It is possible that experimental evidence concerning the correlated transitions described
here could be obtained from careful measurements of the solvent viscosity dependence of the
rate and free energy of activation for helix growth.
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