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ABSTRACT Conformational transitions between the 112
stable states of the tetrapeptide isobutyryl-Ala3-NH-methyl
(IAN) are studied theoretically. The objective of the investiga-
tion is to advance the understanding of helix formation and of
conformational transitions in polypeptides. The possible reac-
tion paths between extended chain and helical configurations
are examined in detail. The study of the multiple reaction paths
in this 48-atom molecule became possible due to development
ofa new computational algorithm. It is shown that the helix-coil
transitions in IAN follow a sequence of local dihedral flips and
that the number of the available routes for the transition is
significantly lower than in a random search. A quasi-melting
point is obtained at 5 ± 1 kcal (1 cal = 4.18 J)/mol above the
lowest energy minimum. Below this point the molecule is
trapped in one or very few minima, and above it the molecule
hops between a large number of configurations.

One of the unsolved problems in the formation of secondary
structure elements (e.g., helices) is how the polypeptide
chain finds the correct configuration on a reasonable time
scale. It is believed that random search through all possible
conformations is too slow and that the actual folding mech-
anism is biased by certain stable intermediates (1). The
structural properties and the energies of these intermediates
and the reaction paths connecting them are not known.

Detailed microscopic calculations of the dynamics of sec-
ondary structure formation are not as yet feasible. However,
studies of simpler model systems have been performed in the
past, aiming at qualitative insights into the conformational
changes in polypeptides. In particular, a great body of
research was devoted to the study of the conformations in a
dipeptide and the transitions between them (2-4). However,
the dipeptide does not have the 1-4 stabilizing hydrogen bond
of the helix configuration and therefore cannot model the
formation of the last. Longer peptides were not studied in the
past, since the available techniques were limited to systems
(i) with a relatively small number of degrees of freedom and
(ii) (more importantly) with a small number of stable confor-
mations. The number of energy minima in peptides grows
very rapidly with the molecular size. For example, only three
major energy minima and four reaction paths exist in a
dipeptide, while in the tetrapeptide there are at least 112
energy minima interconnected by 257 reaction paths. To
address this sharp increase in complexity, a new computa-
tional technique had to be introduced.
Here we present a detailed calculation on a larger model

system-an analog of Ala4 [isobutyryl-Ala3-NH-methyl
(IAN)]. IAN is a flexible tetrapeptide that can form a full
helical turn (Fig. 1). In addition to the two configurations
resembling respectively a helical turn and an extended chain,
IAN has a large number of additional minimum energy con-

figurations. We present a detailed theoretical study of the
transitions between the different minima, including the tran-
sitions between the particularly interesting helix and extended
chain configurations. We show that the conformational tran-
sitions in IAN are selective (each minimum is connected to a
small number ofneighbors) and localized on a small part ofthe
molecule-typically a single peptide unit. Since the transitions
between the minima proceed via localized conformational
changes (localized already on a size scale of a tetrapeptide),
similar localized transitions are likely to prevail in larger
polypeptides as well. In Methods we introduce a computa-
tional technique designed for finding minimum energy paths in
molecules with multiple minima. In Results and Discussion a
detailed description of a reaction path between an extended
chain and a helix is presented. We also present the statistical
analysis of the transitions between all of the different minima.
We conclude with a general remark on possible mechanisms
of helix formation in polypeptides.

METHODS
The reaction path approach and the transition-state theory are
well-established methods to calculate rates of chemical reac-
tions or conformational changes (5-8). To apply these tech-
niques, the coordinates of a transition state between the
reactants and the products are required. The transition state is
usually identified as a saddle point of the potential energy
surface. In practice, computational searches of saddle points
are difficult (9). Most of the available techniques are limited to
systems with a relatively small number of atoms (<30) and
with few energy minima and transition states (9-12). Recently
Elber and Karplus (13) introduced a new algorithm that made
possible for the first time calculations of reaction coordinates
in large molecular systems ('1000 atoms). However, the
convergence of the new algorithm was still relatively slow.
Here we present an alternative approach that is between 9 and
20 times faster depending on the type of constraints and on the
tolerance imposed on the gradient. This approach is the only
one practical for the current problem in which thousands of
reaction paths need to be calculated for a 48-atom molecule.
Detailed comparison of the different computational ap-
proaches will be published elsewhere. The principles of the
new technique are outlined below.
We denote by V(R) the potential energy and by R1 and R2

the coordinate vectors of two different potential energy
minima between which we search for the connecting mini-
mum energy path. R1 and R2 are input required by the
algorithm. We impose on R the following holonomic con-
straint which depends on a parameter a

(R - Rat)(Ri - R2) = 0, [1]

Abbreviation: IAN, isobutyryl-Ala3-NH-methyl.
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FIG. 1. Schematic representation ofIAN. The calculation used the united-atom model in which the CH, are approximated by a single sphere.

All other degrees of freedom were included explicitly in the calculation. We also show the soft degrees of freedom of a single unit. The 4,I

dominate the structural changes, though the inclusion of the rest of the degrees of freedom is essential to obtain reasonable barrier values.

where

= [(1 - a)R1 + aR21.

The set of points R that satisfy Eq. 1 for a given a form a
multidimensional plane between R1 and R2. a parameterizes
a zero-order reaction coordinate and varies from zero (reac-
tants) to one (products) in small steps. At each step (different
a), the potential energy is minimized while forcing the system
to remain in the plane (1). The optimized structures for
different a values give a discrete representation of the
minimum energy path between the two minima R1 and R2.
The cartesian coordinates used are convenient for imple-

mentation on computers. A difficulty in their use is that rigid
body motions may affect the "a" constraint. (These motions
cannot change the value of the potential energy, which is a
function of the relative coordinates only.) It is necessary
therefore to project these motions out. This is done by adding
six additional linear constraints given below-three on the
translation and three on the rotation:

E Mi(ri - rref) = 0, [2]

E Miri X (rref ri) = >Miri X rref = 0,
i i

where the sum is over the atoms, Mi is the atomic mass, ri is
the atomic coordinate vector to be optimized, and rref is the
reference coordinate (R1 or R2).
Thus, we compute at each point of the reaction coordinate

a minimum of the potential energy V(R) subject to seven
linear constraints, which we denote by o,(i = 1, 7).
The general idea of locating transition states by using

constrained optimization is not new (9, 10, 13). However, the
current approach is different in two respects: first, the
calculated path satisfies the following criterion in the defini-
tion of a reaction coordinate; at any point along the reaction
coordinate only one direction may have negative energy
curvature. This criterion is satisfied since the energy is
minimized for all degrees of freedom except one-the direc-
tion perpendicular to the plane. In that direction the potential

energy curvature may be negative. Second, the optimization
in the present formulation is subject only to linear con-
straints, which speeds up the calculation to the extent of
making it feasible.
The minimization subject to linear constraints is performed

as follows. Consider a coordinate set RO that satisfies A,{R0)
= 0 (i = 1, 7). A displacement 8 that is added to R does not
violate the linear constraints if or(R0 + 8) = Var8 = 0 (that is,
if 8 is orthogonal to the gradient of the constraints). Such
orthogonalization is straightforward to perform in our case
since the gradients of the constraints are constant and do not
vary during the optimization. Therefore, we project the
gradient of the potential to the subspace of the constraints
during each evaluation of the forces. This assures that the
step 6, which is given by a linear combination of the current
and the older gradients, lies in the subspace defined by the
constraints [see Powell conjugate gradient algorithm (14)].
The numerical errors ofthe constraints are smaller than 10-13
amucA for the translations, 10-1o amu A2 for the rotations and
10-13 A2 for the a constraint (amu = atomic mass unit).
To ensure the accuracy of the results, the calculated

transition states were further refined by the method of
Banarjee et al. (12). [We incorporated in our program the
subroutine of Baker (15), which is based on the formalism of
ref. 12.] The energy was maximized along the eigenvector of
the second-derivative matrix with' a negative eigenvalue and
minimized for all the other directions. The initial structure
was the barrier configuration located by our technique. The
refinement decreased considerably the value of the energy
gradientfrom =10-1 to =10-6 kcal/mol-A. However, in most
of the cases the changes in the structures and the energies of
the transition states due to the refinement were small. The
energy changes were of the order of 0.01-0.1 kcal/mol, and
the changes in the dihedral angles (the soft degrees of
freedom of the system) were -5 degrees.
The above computational procedure was used in the study

of transitions between different minima of IAN. We focused
initially on the transition from the extended chain to the helix.
Idealized a-helix and 8-sheet configurations (y'I) = (-60,
-60) for a and (-60, + 120) for X were minimized by using the
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CHARMM potential energy (16). We note that although the
solvent (water) was not included explicitly in the study, the
distance-dependent dielectric option in the CHARMM force
field that we used is parameterized to recover some of the
solvent effects. The resulting a-helix "reactant" and ,-sheet
"product" were used in the reaction-path calculation. The
calculated minimum-energy path passed through several in-
termediate minima and maxima. To explore the possibilities
of alternative transition routes, the newly discovered minima
were further investigated. The reaction paths between all of
the pairs of the minima were calculated. This secondary
calculation resulted in a number ofadditional minima and was
repeated until converged. Convergence was assumed when
all of the N(N - 1) = 12,544 reaction path calculations forN
= 112 different minima did not result in new minima. (We
comment that some additional minima may be left undetected
by using the above protocol.) The calculated paths between
the 112 minima include paths from the "reactant" to the
"product" and from the "product" to the "reactant" (for
additional reliability). Finally we obtained only 257 direct
paths (with no intermediates) out of N(N - 1)/2 = 6216
possible paths examined.
The torsional angle distribution of the resulting 112 minima

is similar to that found in a dipeptide (2-4) and includes three
major configurations at T -~(-60, -60) (28%); (-60, 120)
(42%); (60, -60) (30%). The percentile given is average over
all the different minima, and all the OT pairs in each stable
structure.

RESULTS AND DISCUSSION
In Fig. 2 the lowest energy path between the helix and the
extended chain conformation is presented. Only the changes
in the T angles are shown (Fig. 2a), since the variations in the
rest of the degrees of freedom were small. (The changes in 4
along the reaction coordinate were less than 30 degrees.) The
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FIG. 2. (a) The changes in the T dihedral angles along the re-
action coordinate q (in A) from the helix to the extended chain con-
formation. The changes in all 4b values are less than 30 degrees. (b) The
lowest energy path for the transition from the helix to the extended
chain. The helix is on the left, and the extended chain conformation
is on the right. The reaction coordinate includes four intermediates
related by hydrogen bond flips. The energy profile is dominated by the
electrostatic terms (+) and by the van der Waals interactions (o).

path is composed of sequential, weakly overlapping T tran-
sitions. Along the reaction coordinate, each T transition is
close to completion before the next transition is initiated. The
first T flip replaces the 1-4 hydrogen bond by a ( turn. The
second flip results in two y turns, and finally the extended
chain conformation includes three y turns. Hydrogen bonds
contribute a substantial fraction of the electrostatic and the
van der Waals energies (Fig. 2b), and the energy barriers are
associated with their flips. In Fig. 2 the lowest energy path is
presented (the highest barrier is of 4.9 kcal/mol); additional
1068 indirect paths can be constructed between the helix and
the extended chain with up to 10 intermediates and a barrier
below 6 kcal/mol.
We consider next the properties of the 257 direct transi-

tions (without intermediate minima) between the 112 minima
of the IAN. We should like to understand the mechanisms of
the conformational changes in this tetrapeptide and to indi-
cate the possible relevance ofthese mechanisms to formation
of secondary structure elements (not necessarily helices) in
polypeptides in general. Therefore, it is ofinterest to consider
statistical properties of the calculated paths and the resulting
network between them. All of the possible routes between
the different minima are fully characterized by the direct
paths-i.e., the paths with a single maximum. This is anal-
ogous to the traveling salesman problem (17) in which the
information on direct flights is sufficient to construct all
possible connections.

In Fig. 3 we show a connectivity tree in which the minima
are placed at the tips ofthe tree branches (c), and the barriers
are located at the junctions of the branches. For clarity only
the dominant branch of the tree is shown. At the highest
energy of this branch, efficient hopping between a large
number of minima is possible. To further investigate the
transitions between minima we plot in Fig. 4 the distribution

FIG. 3. A schematic plot of the dominant branch in the connec-
tivity tree of IAN. The energy range considered is from zero (the
lowest energy minimum) to 5.5 kcal/mol. A minimum is described by
a dark full circle and a barrier asjunction between different branches.
For clarity, only the lowest energy path between any two minima or
clusters is shown.
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FIG. 4. Graph a shows the distribution of the barrier heights as

a function of the energy in kcal/mol (the zero is set at the lowest
energy minimum). The number of barriers at the maximum is 22.
Curve b shows the average number of the directly connected
neighbors to a given minimum (the maximum of this plot is 4.0).
Curve c shows the number of disjoint clusters of interconnected
minima.

ofthe barrier heights as a function ofthe energy (graph a), the
average number of neighbors (i.e., the average number of
minima that are connected to a given minimum by direct
paths) (curve b), and the number of clusters of minima with
energy barriers (between the clusters) which are higher than
a given value (curve c). The barrier distribution rises sharply
at -5 kcal/mol. Below this energy the minima are mostly
disconnected from each other, and the average number of
neighbors is zero. Above this energy a large number of
hopping channels become open, resulting in a sharp decrease
in the number of disjoint clusters of minima and an increase
in the average number of neighbors to 4.0. It is thus apparent
that the system has two distinct dynamical domains. In the
short timescale limit (or in the low temperature limit), the
system is trapped in a single minimum or in very few
interconnected minima, whereas on longer timescales (or at
higher temperatures), efficient hopping is expected between
numerous minima. While the detailed kinetics of the system
was not addressed in this study, one can make a rough
estimate for the hopping rate as K = coexp(-/3E) with ow
1012 s1, and E 6 kcal/mol. Taking into consideration a
possible error of some 2 orders of magnitude in this rough
estimate, we can still suggest for 25TC efficient hopping on a
timescale of t > l0' s and trapping in a single minimum on
a timescale of t < 10-9 s. We note that similar hierarchy of
timescales in conformational changes was measured in the
past for the more complex "polypeptides"-proteins (18).
Possible experiments to probe this transition between the two
dynamical domains in IAN may be line-shape analysis (to
detect the transition from homogenous to inhomogenous
broadening as the temperature of the experiment decreases)
or incoherent and inelastic neutron scattering to probe the
hydrogen fluctuations.
The question of "local" versus "extended" reaction co-

ordinate is addressed next. That is, we examine the spatial
extent of the conformational changes occurring in the direct
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FIG. 5. (a) A histogram plot of the number of direct paths with
a given number of dihedral transitions. The x axis is the number of
dihedral flips, and the y axis is the number of calculated paths. A flip
is defined as a change of at least 60 degrees. (b) A histogram plot of
the number of paths with a given number of dihedral transitions for
the hypothetical case in which all the minima are directly connected
to each other. That is, the 112 minima are directly connected to 111
neighbors (maximum connectivity).

reaction paths. The major conformational changes occur in
the "soft" degrees of freedom-i.e., the dihedral angles. In
Fig. Sa the number of direct paths is shown as a function of
the number of dihedral flips occurring during a given direct
transition. Clearly, most of the direct paths are associated
with a single dihedral flip. For comparison, we show in Fig.
5b a "maximum connectivity" distribution, which would be
obtained if all of the minima were directly connected to each
other (each of the 112 minima would then have 111 neigh-
bors). The "maximum connectivity" distribution peaks at
three and four flips per path. Hence, the actual connectivity
is not only lower than the maximal value but also has a strong
preference for localized events; 70%o of the localized flips are
in T and only 30% are in 4. The small number of double flips
found (19%) are in neighboring dihedral angles either on the
same residue or on two sequential peptide units.
We finally consider a possible relevance of our results to

conformational changes in polypeptides in general. In our
view the important results in this respect are the dilute
connectivity between the minima and the localization of the
conformational transitions. This localization can simplify
considerably construction of models for folding, since it is
easier to parameterize local properties than the extended
ones. The dilute connectivity results in channeling to specific
folding paths, which may limit the conformational space and
accelerate the search for the "right" conformation. Since the
channeling and the localization are apparent already in a
small peptide such as IAN, these properties are likely to
survive in larger polypeptides.
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