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ABSTRACT: Under some conditions, an isolated macromolecular chain at a minimum energy configu-
ration may be subject to either local or large-scale vibrational deformations that can preserve the global
molecular shape features of the given minimum. We refer to this persistence of dynamical shape as
intrinsic shape stability. Assessing shape stability is essential for studies of molecular recognition and
binding. In this work, we present a novel approach to analyzing and quantifying shape stability. As an
illustrative example, we apply the method in a quantitative study of stability in poly(L-alanine) helices
of variable lengths. Our approach explores the interrelation between various independent aspects of
macromolecular shape, namely, size, compactness, anisometry, and chain entanglements (or degree of
folding). We associate a different shape descriptor to each aspect. In this work, we analyze the role of
the chain’s length on the fluctuations in shape descriptors. We show that the study of entanglements
and anisometry can indicate the occurrence of conformational rearrangements that would otherwise remain
hidden when monitoring only the radius of gyration. We estimate the critical number of amino acid
residues for which a polypeptide, undergoing equilibrium motions, better conserves its helical shape for
a given set of environmental conditions. The methodology can be applied to general configurational

changes in other types of polymers.

Introduction

Consider a polypeptide with n amino acid residues,
in an a-helical (regular) conformation. At room tem-
perature and given environmental conditions, short
chains unfold rapidly since the helix is not their global
minimum.12 Similarly, long chains also bend away
from a regular helical conformation and produce coiled
coils.® In this context, a relevant question is: For a
given set of external conditions, what is the critical
number of residues, ng, of the polypeptide that ensures
the maximum stability of the original helical shape?
This is a particular case of the more general question
relevant to polymer shape: what are the conditions
(size, composition, temperature, solvent) under which
a macromolecule conserves the shape features present
at a conformational minimum? What is the time scale
of the molecular vibrations which maintain these shape
features? In the present work, I discuss and apply an
approach where all aspects of molecular shape are used
in the evaluation of intrinsic polypeptide shape stability.
I consider a condition where external factors (temper-
ature and solvation) are constant and the only variable
is the number of residues.

It is important to understand that we deal with a
definition of geometrical and topological shape; that is,
we analyze features that may remain invariant during
the motion and energy changes experienced by a mo-
lecular chain. Structural stability* is a generic concept
used to characterize a system which conserves intrinsic
properties when subject to small perturbations. In
structurally unstable systems, a smooth change in
control parameters (e.g., the nuclear positions) causes
a discontinuous change in the system’s properties.> An
analysis of structural stability, however, depends on
which are the properties we consider important to define
the notion of “structure”. Curvature properties in
electron density® and potential energy’ provide criteria
for establishing structural stability. In the present
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work, | deal with stability defined in terms of global
molecular shape features. To distinguish from energetic
(thermodynamic) and configurational (structural) stabil-
ity, 1 shall reserve the term shape stability® for the
conservation of molecular shape despite fluctuations in
nuclear configurations, potential energy, and electron
density.

A great deal of work has been devoted to the analysis
of energetics and dynamics in two-state transitions in
proteins, e.g., helix/coil and native/unfolded transi-
tions.®~15 In the present work, I deal with a particular
aspect of macromolecular flexibility: the response of the
molecular shape of regular polypeptide conformations
to deformations about the equilibrium positions. This
is a better defined problem, which can serve to test the
ability of a method to distinguish changes in molecular
shape under small distortions.

The best studied cases of regular conformations are
the secondary structures of polypeptides, in particular
the a-helices. Analyses of stability on a-helices have
been performed from different viewpoints. Computer
experiments have probed their energetic and structural
stability.16=1° [Structural properties usually followed
are, for instance, the fluctuations in internal hydrogen
bonds.] The effects of solvation?°~24 and amino acid
replacement?>-27 on helix stability are also known. In
addition to classical rules for the tendencies of amino
acids to occur in helices,?128:2% recent work has provided
guantitative results on helix propensity in terms of
polymer length3%31 and composition.32-35

The above studies have focused on monitoring either
the potential energy or some geometrical properties in
order to establish degrees of stability. In this work, I
deal with a measure of helical persistence that is based
on global molecular shape features, instead of ad hoc
local structural parameters. To this purpose, | probe
the shape stability of a polypeptide conformation in
terms of three independent global descriptors: molec-
ular size,3¢ anisometry,3”-39 and entanglement complex-
ity.49 Previous work in the literature has dealt with the
critical polymer length required for the a-helix to become
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the global conformational minimum of a (short) poly-
peptide.3041-44 Here, | move one step further along this
analysis. Our work presents a criterion to establish the
critical helical length that maximizes (or maintains) the
shape stability of the helix over possible equilibrium
deformations. In order to evaluate the intrinsic stabil-
ity, results are provided for a single isolated homopoly-
mer chain at constant temperature. In order to test the
single role of chain length, we work at ambient tem-
perature conditions, where on would expect in principle
the shape stability be maintained under most accessible
motions. (By contrast, it is evident that shape stability
will not be maintained at high temperature.) In the
present work, | test whether all accessible motions at
low temperature do indeed maintain the shape features
of a minimum energy conformer.

The work is organized as follows. In the next sections,
I present the methodology for shape characterization
and the details of the molecular dynamics simulations
of equilibrium motions. From the results, | discuss in
detail the conditions for shape persistence, the value of
the critical helical length, and an interpretation of the
nature of the structural deformations that distort mo-
lecular shape in long chains. Finally, our results allow
us to estimate the time scales for the motions which
preserve the molecular shape of a desired conformer.

Theoretical Background on Shape Stability

A minimum energy conformation whose shape is
invariant under small perturbations will be considered
stable.* [Small perturbations on a single molecule can
be caused by vibrations, an external bath, or external
fields such as those produced by other neighboring
molecules. Note that the vibrations refer to all those
accessible at a given temperature. These vibrations
may either be mostly localized at some bond or globally
extended over the entire molecule.] We say that a
molecule undergoes a shape transition whenever the
values of its shape descriptors present a sharp change
during a configurational rearrangement. An initial
conformation that undergoes shape transitions when
allowed to evolve freely is structurally unstable. Highly
flexible molecules belong to this class.

Characterizing the dynamical shape of a flexible
molecule involves averaging over the values of shape
descriptors for accessible conformations. These aver-
ages can be derived by sampling configurational space,
or by following the time evolution in phase space with
molecular dynamics (MD) trajectories. By analyzing
fluctuations in averaged shape descriptors, we can
express the flexibility and structural stability of a given
minimum energy conformation.8

The above notions can be rendered quantitatively.
Let I be some descriptor associated with a molecular
model (e.g., a descriptor of entanglements in a chain).
Let 'Jand or be the configurational average and the
broadness of the distribution (“fluctuation”) of T'(t),
respectively. Using an MD trajectory with time span
tmax, We have

I~ 1 t0"'tma><
T~ = ﬂo T'(t) dt (1)

op = [0 A 2)

where to is the initial point for sampling (e.g., after
equilibration) and I'(t) the value of the shape descriptor
for a configuration K(t), found at time t. [The integral
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in eq 1 is typically evaluated from discrete sampling
along the trajectory. Note that the standard deviation
in the mean 'Cwill be smaller than or.] Let I'p be the
value of the descriptor at an initial (minimum energy)
configuration Ko. A criterion for shape stability can now
be expressed in terms of I'J or, and I',. We can state
that Ky is structurally stable if I'(t) fluctuates close to
I'o over a long period of time, that is

[qr(t) — To)’H” < poy (3)

where the constant p can be chosen according to a
desired confidence level.

The inequality in eq 3 establishes an equivalence
relationship for configurations based on molecular
shape: if eq 3 is satisfied along the trajectory, then all
configurations K(t) are equivalent to Ko.8 Whenever eq
3 is not satisfied over a short-time range, there is an
indication that shape transitions take place along the
trajectory. With a proper choice of a descriptor T', I']
and or can serve as order parameters to follow these
transitions.

The simultaneous use of several independent descrip-
tors T" can provide a detailed characterization of all
essential features associated with polymer shape. In
our case, three properties (and their corresponding
shape descriptors) are monitored: molecular size and
compactness (using the radius of gyration), anisometry
(using the asphericity), and complexity of entanglements
or “degree of folding” (using the probabilities of over-
crossings). Comparing fluctuations in such descriptors
along MD trajectories provides a measurement of per-
sistence of a given shape feature. This approach is
applied in the analysis of shape stability of equilibrium
motions in polypeptides of variable length. The motions
studied are single-molecule oscillations, with coupling
to a thermal bath and a pseudosolvent (continuum)
dielectric screening. This approach allows us to esti-
mate the intrinsic shape stability of a given structural
feature for a constant setting of the environment.
Finally, the critical length n; for shape stability can be
expressed by the number of residues which minimizes
the shape fluctuations (measured by the standard
deviations) associated with at least two independent
descriptors I'; and I',.

Molecular Shape Descriptors of a-Helical
Chains

Let {r;i} be the set of nuclear coordinates associated
with a conformation of a molecule with n nuclei (i = 1,
2, ..., n). We shall choose the origin of the coordinate
system at the center of mass of the molecular backbone.
All shape descriptors we use here are derived from {ri}.
In addition, we will take into account the bond con-
nectivity in oder to derive a more detailed characteriza-
tion of molecular shape.

1. Descriptor of Size and Compactness. The
standard descriptor for a distribution of n nuclei in space
is the instantaneous radius of gyration Rg. For molec-
ular backbones with particles of the same mass (e.g.,
o-carbon backbones), the radius of gyration (written in
center-of-mass coordinates) is simply36

l n

- ;rf 4)

The “proper” radius of gyration is the configurational
average of Rg (i.e., IRgJ and is a well-known measurable
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property for polymers.3¢ The value of Rg measures size
and compactness. There are other alternative descrip-
tors of compactness which incorporate explicitly the
dependence on polymer composition by taking into
account different excluded volume contributions.*>—48
For our present goal, the standard radius of gyration is
sufficient.

2. Descriptor of Anisometry. A distinct aspect of
molecular shape is the deviation of the nuclear position
distribution from a spherical one. We refer to this as
anisometry. Early approaches used the so-called “shape
factors”, derived from the principal moments of inertia,
to characterize anisometry.*®50 A more convenient
single descriptor is the so-called asphericity Q.5773° |t
is defined in terms of the three principal moments of
inertia (calculated with the origin at the center of mass)

{/‘Li}Z
Q_—l : . A A 2 3/1 2 5
2{|E j E. 1( i j) }{I it (%)

As a shape descriptor, Q discriminates between geo-
metrical shapes. For a spherical distribution, we find
Q = 0. For prolate molecules (cigar-shaped with 1; ~
A2 > A3) we find Q =~ 1/,4, whereas oblate molecules (disk-
shaped with 1; > 4, ~ 43) give Q ~ 1. It should be
noticed that, in the case of an n o-carbon backbone, the
moments of inertia are related to Rg as follows:

3
;= 2nRg’ (6)

3. Descriptors of Entanglement Complexity.
Recently, we have introduced the probability distribu-
tion of overcrossings as an absolute, global shape
descriptor of a macromolecular conformation.*® This
distribution, indicated as { An(n)}, gives the probability
of observing N overcrossings by projecting into two
dimensions the bonding pattern of a rigid n-atom
macromolecular conformation. [The overcrossings are
the “double points” where two bonds appear to “cross”
when projected to a plane.] The projections considered
are those of the backbone to planes tangent to a sphere
whose radius is the span of the molecule (see below).851
The distribution {An(n)} can be defined for arbitrary
architectures and not only for linear molecular
chains.527%4

The computation of { An(n)}, as well its basic proper-
ties, is discussed in the literature.? Briefly, the algo-
rithm for evaluating the probabilities is as follows:

(a) Determine the center-of-mass coordinates of the
main-chain atoms defining the backbone and compute
the span R. This is the radius of the smallest sphere,
centered at the geometric center of the backbone, which
encloses the backbone completely.

(b) Consider an arbitrary point r on the sphere with
radius R and determine the plane tangent to the sphere
atr.

(c) Project the backbone coordinates onto the plane
in (b) and establish the number N of bond—bond
crossings associated with this projection.

(d) Repeat steps (b) and (c) for a number m (m > 1)
of randomized points r on the sphere. The probability
An is computed as the ratio my/m, where my is the
number of projections yielding N overcrossings.

The overcrossing probabilities for a molecule with at
least three atoms are normalized as follows:
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max N

% Ayin)=1, 0On=3 (7)

where the value of max N depends on the molecular
architecture. For linear chains, it is (n — 2)(n — 3)/2.
[Note that n = 3 corresponds to a planar configuration,
where evidently no bonds will overcross with nonzero
probability. In this case, we find Ag(3) =1 and An(3) =
0, for N = 1.] The set {An(n)} is a global (absolute)
shape descriptor. It does not describe local features but
conveys information on the folding of the entire back-
bone. A priori, the instantaneous overcrossing distribu-
tion of a polymer conformation does not depend much
on its size or anisometry, but rather on the twists, turns,
and convolutions (self-entanglements) of the chain. We
refer to these features as complexity of entangle-
ments.52-56

Two parameters can be used as shape descriptors for
the distributions above: (1) A*, the probability of the
most probable number of overcrossings N* (i.e., the
maxima of the distribution); and (2) N, the mean
number of overcrossings, given by

max N

N= 3 Naym) ®)

These descriptors capture essential folding features.
Their basic qualitative properties are as follows: (a) for
convoluted and entangled backbones, N and N* take
large values and A* is small; (b) for swollen and
disentangled chains, N — 0 and A* — 1. Analyzed in
detail, the overcrossing distribution allows one to rec-
ognize global shape homologies between tertiary folding
in proteins*® and common features among entire fami-
lies of proteins.54%5 In addition, the configurational
averages of these descriptors for self-avoiding random
walks indicate a well-defined power-law scaling behav-
ior.5455 Other properties of these descriptors found in
the study polymer models with excluded volume inter-
action are discussed in refs 53 and 54.

The differences between the overcrossing spectra of
two molecules can be illustrated with of our present
example, the n-alanines. Consider the regular a-helical
conformations of 10-alanine and 25-alanine. [See the
next section regarding the details of their determina-
tion.] We can compare some of their particular values
of overcrossing probabilities in the range of low over-
crossing numbers. Up to two significant figures, the
An(n) values found for N from O to 8 are respectively
0.45, 0.13, 0.32, 0.02, 0.04, 0.00, 0.03, 0.00, and 0.01 in
the case of 10-alanine. [The overcrossing probabilities
extend, of course, beyond N = 8. Only the first nine
An(n) values are quoted for illustration.] The quantita-
tive shift in the spectrum with the chain length can be
noticed for the same Ay values in 25-alanine: 0.43, 0.01,
0.06, 0.01, 0.03, 0.03, 0.32, 0.01, 0.00. We observe that,
whereas the most probable number of overcrossings is
N* = 0 in both cases, the second most probable value is
N = 2 for 10-alanine, but N = 6 in 25-alanine. When
the complete overcrossing spectra are taken into ac-
count, this translates in a shift in the mean number of
overcrossings from N = 1.34 + 0.01 in 10-alanine to
5.36 + 0.04 in 25-alanine. By the position of the first
overcrossing probability maximum (i.e., A*), we can
recognize the occurrence of common shape features, in
this case, the a-helical conformation. The mean number
of overcrossings is linearly related to the length of the
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helix. [However, note that the scaling takes a more
complicated form, INO~ an? (8 > 1), in the case of
configurational averages over random walk (as opposed
to regular) conformations.>*

In conclusion, we propose that the simultaneous use
of the shape descriptors Rg, Q, A*, and N provides a
thorough picture of all relevant shape features. Re-
cently, we have used these descriptors to study the role
of temperature and composition on folding transitions
in decapeptides.>” In the present work, these descrip-
tors and their fluctuations will be used as the param-
eters I and or (egs 2 and 3), employed to monitor the
intrinsic shape stability of polypeptides with variable
length.

Molecular Dynamics Simulations

The molecules considered are a series of poly(L-
alanines), with residue numbers 5 < n < 35. [For
simplicity, we refer to them as polyalanines or n-
alanines.] Polyalanine is the simplest polypeptide
known to form a-helices easily.20-27 For sufficiently long
polyalanines, the global minimum is thought to be
“helicoidal” in nature.®® The minimum number of
residues needed to reach this condition, n*, is ap-
proximately 10.3043-48

We are interested in following equilibrium motions
about the a-helical minimum energy conformations.
[Whereas all the work below has been restricted to
n-alanines, the basic concepts are general and applicable
to the study of shape stability in any other polymer.]
In order to assess intrinsic shape stability, only one
isolated molecule, coupled to a simulated thermal bath,
has been considered. In order to simulate the effect of
a solvent, we have included a variable dielectric screen-
ing of atomic charges. We want to determine the critical
value n. of the number of residues which conserve more
strongly the helical shape. One would expect n; > n*.

For each molecule, we have computed constant-
temperature trajectories and analyzed the shape be-
havior along them. For a proper comparison, the
simulation has been carried using a strategy comparable
to previous analyses of intrinsic stability in the litera-
ture.1”18 Structures are analyzed at molecular mechan-
ics level. [Electronic effects should play a small role in
determining global macromolecular shape features.] The
conditions include the thermal bath and dielectric
screening mentioned above.

The details of the simulations are as follows: (a) The
AMBER®%% force field (all-atom, version 3.0) was
employed, as implemented in the molecular modeling
program HyperChem.%% (b) A distance-dependent di-
electric constant (¢ = r) was used to simulate some
degree of solvent screening. (c) No cutoffs for nonbonded
interactions were included. (d) The initial structures
were fully optimized with the force field, starting from
standard helices (defined by dihedral angles (¢,y) =
(—58°,—47°)).2 (e) Helices were finished at the peptide
bonds, without charged or capped terminals. (f) Dy-
namic simulations were performed (after 10 ps equili-
bration) with a coupling to a thermal bath at 300 K.
The scaled-velocity algorithm of Berendsen et al.,5! with
a bath-relaxation constant of 0.1 ps after equilibrium,
was used to allow energy dissipation. (g) Configura-
tional snapshots were retained at intervals of 0.25 ps
over a 150 ps trajectory. (h) At each snapshot, the shape
descriptors Rg, @, A*, and N were evaluated. In the
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case of entanglement descriptors, A* and N were
evaluated along the trajectory with three series of
10 000 randomized points per snapshot.

It has been noticed that polyalanines with n > 10
exhibit a clustering of easily accessible conformational
minima resembling a helix.3® This clustering of minima
suggests that the helical conformation is stable (or
“persists”) in configurational space. Velikson et al.30
found that this distribution of minima depends little on
a dielectric constant ¢, taking values between 1 and 80.
We expect therefore that our choice of a distance-
dependent dielectric constant (¢ = r) for n-alanines (n
< 35) should not affect the essential features of the
potential energy landscape near the helical minimum.

Note that properties of the conformational surface can
serve to characterize the persistence of a helical struc-
ture only if we have an acceptable definition of the “a-
helical content” of a given conformation. However, this
is not a uniquely established notion in the literature.
There is no general agreement on how much a structure
resembles a helix once the vibrations about the mini-
mum energy conformer are taken into consideration. For
this reason, we do not define a helical content but
instead monitor the deviation of several shape descrip-
tors from the values of a standard helix at equilibrium.
As commented before, the shape descriptors we use are
not dependent on each other by construction. Therefore,
the occurrence of similarities or correlations between
their configurational averages can be an important
result toward understanding macromolecular dynam-
ics.3” In the next section, | discuss the behavior of
configurationally averaged descriptors from the simula-
tions with a variable number of amino acid residues.

Results and Discussion

1. Dependence of Configurationally Averaged
Shape Descriptors on Helical Length. By following
the shape descriptors along the MD trajectories, we have
computed configurational averages and fluctuations (egs
2 and 3). These trajectories represent equilibrium
motions about the helical conformational minimum at
T = 300 K. The helices considered have n amino acid
residues n = 5, 10, 15, 20, 25, 30, and 35.

A first visual analysis indicates that the shorter
helices, n < 10, exhibit some degree of “unfolding”. This
behavior for short helices coincides with various results
in the literature, based on energetic and structural
analysis. The lack of stability for short helices appears
to be the same whether one uses a weak bath cou-
pling'”22 or long-time overdamped Langevin dynamics.3!
Our observation can be made quantitative in terms of
all the shape descriptors. The averages of the size
descriptor, lRglland the mean number of overcrossings,
(N[} show a linear correlation with the number of
residues. In the case of the radius of gyration (with 5
< n = 35), we find

R.IA) ~ (0.40 + 0.02)n + (1.0 + 0.4),
C = 0.99922 (9)

where C is the correlation coefficient and the quoted
errors are 95% confidence intervals. The mean number
of overcrossings shows a similar behavior:

INC~ (0.266 & 0.013)n + (—1.4 £ 0.3),
C =0.99912 (10)
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Figure 1. Instantaneous values of asphericity Q and mean
overcrossing numbers N for polyalanine helices with n = 5,
10, 15, 20, 25, 30, and 35, along constant-temperature molec-
ular dynamics trajectories (T = 300 K).
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Figure 2. Configurational average of asphericity [Q0 for
equilibrium motions of polyalanine helices with variable
number of a-carbon atoms n. [The variable sizes of the bars
correspond to the configurational fluctuations represented by
standard deviations oq.]

The correlation between size and overcrossing numbers
is even stronger:

R.(A) ~ (1.48 + 0.02)INTH+ (3.0 & 0.1),
C =0.99994 (11)

The fluctuations along the trajectories show a more
complicated behavior. This behavior can be visualized
more clearly if we study the other two shape descriptors,
namely, the conformational asphericity Q and the
maximum overcrossing probability A*.

Figure 1 shows the complete results for the asphe-
ricity and the mean overcrossing numbers along the
trajectories for 5 < n < 35. The “spots” correspond to
the values of shape descriptors Q and N, linked by
straight line segments consecutively as they appear
along the trajectories. [Note that the behavior of Q is
nonlinear since it depends asymptotically on n as Q ~
1, — const x n~2, for n > 1.] The figure reveals two
facts: (a) The fluctuations in the descriptors depend
nonlinearly on n. (b) The trajectories for long helices
explore shapes which are significantly different from the
mean helical shapes.

The results in Figure 1 indicate that both short and
long helices exhibit shape fluctuations. Figure 2 con-
firms this observation by displaying the mean value (R[]
and the fluctuations og in the distribution (as error
bars). The fluctuations appear to be smaller for the
helices with 20 and 25 amino acid residues. Figure 3
complements this description with the results for the
averages and fluctuations in the maximum overcrossing
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Figure 3. Configurational average of the maximum prob-
ability of overcrossings for equilibrium motions of [A*Ofor
polyalanine helices with variable number of o-carbon atoms
n. [The variable sizes of the bars correspond to the configu-
rational fluctuations represented by standard deviations oax.]
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Figure 4. Interrelation between fluctuations in asphericity
and maximum probability of overcrossings for polyalanine
helices with variable lengths. [The numbers inside the
diagram indicate n, the number of a-carbons. According to
this criterion, the helices with n ~ 20 conserve more strongly
their shape under the simulation conditions.]

probability, [A*Cand oa~ respectively. Note that, whereas
the mean A* values depend little on n for polyalanine
helices with more than 20 residues, the fluctuations do
depend on the number of residues.

2. Differential Shape Stability in Terms of
Helical Length. The distinct behavior observed in the
above descriptors suggests that more than one property
is needed for a complete characterization of shape
stability in helices. Figure 4 presents such a charac-
terization by relating fluctuations in asphericity with
fluctuations in overcrossing probabilities for various
helices.

In Figure 4, there are two domains of shape fluctua-
tions. Short helices (n = 10) exhibit small changes in
entanglement complexity accompanied by large changes
in asphericity. That is, short helices maintain a “loop
entanglement” that resembles a helix during equilibri-
um motions, but they distort the original helical cylin-
drical geometry. Longer helices exhibit the opposite
behavior: the configurational fluctuations maintain the
overall cylindrical shape but the “loop entanglements”
change with respect to those of a helix. The optimum
shape stability according to the two criteria is found for
n =~ 20.

Figure 5 provides an alternative description by com-
paring the fluctuations in asphericity with the normal-
ized fluctuations in the mean number of overcrossings,
on/INO [Note that both oa+ and oq are bound quanti-
ties which do not scale linearly with the number of
residues.] Even though the quantitative result is dif-
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Figure 5. Interrelation between fluctuations in maximum
probability of overcrossings and normalized fluctuations in
mean number of overcrossings, on/NL [The numbers inside
the diagram indicate n, the number of a-carbons. According
to this criterion, the maximum shape stability appears at 15
<n <20]

ferent from that in Figure 4, the qualitative conclusions
are the same. Figure 5 indicates the existence of two
stability regimes as a function of the number of residues.
The maximum shape stability appears again in the
range 15 < n < 20.

Figures 4 and 5 represent some of the main results
in this work. They convey shape stability quantitatively
in terms of fluctuations in independent shape descrip-
tors. In the case of a-helices, the analysis suggests a
critical length for maximum helical shape stability of
N~ 20 + 5.

3. Damped Periodic Shape Oscillations in Long
Helices. By analyzing only the mean values of various
shape descriptors, it is difficult to gain much insight into
the actual processes leading to shape instability. In
contrast, Figure 1 shows that the shape instability in
long helices must be due to their accessibility to
conformations which are less prolate than a helix and
slightly less entangled. Therefore, we expect that a
more detailed analysis of MD trajectories can clarify the
nature of these motions.

As a first illustration, we consider the case of 30-
polyalanine. Figure 6 shows the dynamical changes in
shape descriptors along the 150 ps trajectory, after
equilibration is achieved at 300 K. We note distinct
differences in behavior for the shape descriptors during
the initial 50 ps. Whereas Rg exhibits uniform oscil-
lations about the equilibrium value Rg ~ 12.92 A, the
other shape descriptors indicate the presence of more
entangled, spheroidal shapes before 50 ps. An analysis
restricted to the radius of gyration would have indicated
no special shape differences during the initial period
(except, perhaps, for a larger configurational flexibility,
as suggested by the larger amplitude oscillations). In
contrast, the remaining descriptors (N, Q, and A%*)
reveal the richness of features in the actual shape
fluctuations taking place.

Figure 6 indicates that the asphericity Q and maxi-
mum overcrossing probability A* have periodic oscilla-
tions in shapes before 50 ps. These are accompanied
by values of N below the mean NI The regular
oscillations take place between configurations which
resemble helices (the maxima in A* and Q), on the one
hand, and more entangled and less prolate configura-
tions (the minima in A* and Q), on the other hand.

The nature of these configurational oscillations is
illustrated in Figure 7. The diagram shows four con-
secutive extrema in A*. From a minimum to a maxi-
mum in A*, the conformation passes from a bent helix
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0.45 0.23
0.4 0.225
0.35 0.22
A* 0
0.3 0.215
0.25 0.21
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6.9 13.1
6.8
6.7 13
N 66 Rg 12.9
22 12.8
6.3 12.7
6.2 1 12.6
0 S0 100 150 0 50 100 150

Time, picoseconds Time, picoseconds

Figure 6. Dynamical changes in shape descriptors along the
trajectory for 30-polyalanine at 300 K. [Radius of gyration
values are in angstroms. Configurations are collected once
equilibration is achieved (t = 0). Note the differences in
behavior for the shape descriptors for t < 50 ps. Whereas Rg
exhibits uniform oscillations about the equilibrium value Rg
~ 12.92 A, the other shape descriptors indicate the presence
of more entangled, spheroidal shapes before 50 ps. The
asphericity Q and maximum overcrossing probability A*
indicate periodic oscillations in shapes before 50 ps.]

Snapshots of 30-polyalanine at T=300K, corresponding to
configurations with extrema in the oscillations of A*.

—_— — —
+=3.5ps #=5.75ps #=7.50ps £=9.25ps
(i=15) (1=24) (i=31) (i=38)
[min A*] [max A*] [min A*] [max A*]

Figure 7. Configurations of 30-polyalanine corresponding
approximately to the first maxima and minima in A* found
in Figure 6. [The numbers below indicate the number of
snapshot (i) and the simulation time (t). The bent conforma-
tions are “more entangled” and less prolate than the stretched
conformations. Note that configurational change from i = 15
toi =31 (ori=24toi= 38)represents half a period for the
oscillation.]

to a normal helix. The fluctuations in the shape
descriptors correlate with a damped “hinge bending
oscillation” in the helices. Along this motion, the helix
moves away regularly from the perfect cylinder, yet with
decreasing amplitudes. Note that the two consecutive
minima in A* correspond to the two consecutive turning
points of one period of oscillation.

The oscillations appear to be damped in amplitude
but regular in frequency. Using the first 10 vibrations,
we can estimate the period 739, frequency vz, and
wavenumber v3q of this motion in 30-alanine:

o0~ 6.8+ 0.4 ps, vy~ 0.147 + 0.009 ps,

Vo~ 4.9+ 03cm ™t (12)
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The order of magnitude of this motion is comparable
with the typical time scales for elastic vibrations in
globular regions of proteins, and global stretchings and
bendings in proteins and nucleic acids.® These motions
can be extracted by standard normal mode analysis of
protein dynamics.5263 However, in our case, the result
is derived from oscillations in shape descriptors of
entanglement and anisometry. As we noted above, this
behavior cannot be extracted from the changes in
molecular size.

Longer polyalanine helices show a very similar be-
havior. Figure 1 indicates that 35-alanine also present
oscillations toward less prolate and entangled confor-
mations. Upon analyzing the oscillations in shape
descriptors for t < 50 ps, we find fluctuations similar
to those in 30-alanine. Averaging over the first eight
periods, we obtain

Tos ~ 7.8 £ 0.4 ps, vy~ 0.128 4+ 0.007 ps 7,

Vs~ 4.3+£02cm b (13)

The damped helical oscillations are not observed for
short helices. The former are barely discernible at n =
25. We can only make the following approximate
assessment:

Ts~ 4.4 £0.7ps, vy~ 0.23+0.04ps ™,

Vs~ 7.6 £1.3cmt (14)

These latter values agree well with a recent study of
vibrations in a polyalanine helix of length n = 21.%4
These authors find that the dominant motions in the
range of 11—20 cm™? (for n = 21) correspond to global
twisting and “bowstring bending” of the helix.

The clear differences between the values of 7, for n =
25, on one hand, and n = 30 and 35 on the other, suggest
that the corresponding equilibrium motions are not
entirely comparable. Our results indicate that the
“bending” motions which affect the molecular shape
either do not take place for n < 25, or they become too
fast to be detected. This is consistent with the fact that
we find the strongest persistence of helical shape
features for n ~ 20 residues.

In summary, our results indicate that global motions
about the equilibrium conformation modify significantly
the helical shape only in helices longer than n = 25.
These motions become slower in longer helices, even
though their “hinge” (or rather “bowstring”) bending
nature appears not to change. The associated fluctua-
tions in shape can be related to the fact that many
conformational minima are easily accessible from the
helical minimum in longer polypeptides. Many of these
minima will have molecular shapes distorted with
respect to the helix. The fluctuations observed may
represent the tendency in long structures to move away
from a cylindrical helix to a coiled helix.

Conclusions and Closing Remarks

In this work, we have presented an approach to
quantify the stability of intrinsic molecular shape
features under equilibrium motions about regular con-
formations. The equilibrium motions involve all ener-
gies and conformations accessible to an isolated mol-
ecule in equilibrium with a simulated bath. These
motions are not constrained to be either local or global
vibrations. The present methodology involves a simul-
taneous analysis of a series of molecular shape descrip-
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tors especially designed to account for independent
aspects of shape. We have shown that, by using shape
descriptors of anisometry and entanglement, it is pos-
sible to recognize motions which modify the molecular
shape. These motions would otherwise not be detected
by using standard descriptors, e.g., the radius of gyra-
tion. By using our approach, it is possible to quantify
the role of various properties on shape, including
composition, number of monomers, and the temperature
of a thermal bath. In this context, we have evaluated
the critical number of residues that minimize the overall
shape fluctuations in a family of isolated n-alanines, at
constant ambient temperature. The working conditions
of relatively low temperature make polymer length the
most important variable to affect shape stability.

The analysis of the persistence of a molecular shape
feature over time is important in molecular recognition.
For example, a flexible molecule will normally exhibit
poor binding at a receptor site. Yet, it is possible for a
floppy molecule to be biochemically active if its shape
transitions take place within a time scale larger than
the half-times for the recognition and binding reaction
steps. In this work, we have presented a methodology
to determine such critical time scales.

The analysis of persistence can also be relevant to
study not only equilibrium but also global motions in
proteins. The existence of structural transitions involv-
ing correlated displacements of many atoms over large
distances is believed to play an essential role in protein
functionality.5566 The present methodology can also be
used in this context. By monitoring global folding
features, we can establish whether such correlated
motions lead to any essential changes in molecular
shape.
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