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In the crowded environment of the cell, long
molecular chains frequently adopt ordered,
helical conformations. Not only does this en-
able information to be tightly packed, as in
chromatin, but it also allows the machines of
transcription and repair to grapple on to a
regular track. Though geometrically moti-
vated models of folding (/) with nonlocal
interactions corroborate detailed models of
proteins (2), foldamers (3), and DNA, here
we suggest a purely entropic approach to
understanding the folding of helices that
arises from a local and homogeneous inter-
action with depleting spheres. This depletion
interaction (4) can be used as a surrogate for
hydrophobicity, for polymer-polymer inter-
actions, and for boundary layers in elastica
and liquid crystals. For a broad range of
depletors, maximizing entropy leads to a uni-
versal polymer geometry; as the depletors
grow large on the scale of the polymer, this
leads to the favoring of sheetlike folding.

We modeled our polymer as a solid,
impenetrable tube (with radius #) immersed
in a solution of hard spheres (with radius r)
(5). The tube renders a region of space
inaccessible to the depleting spheres (Fig.
1A). The spheres’ entropy increases as this
excluded volume decreases by the overlap
volume, V... Though the size of the
excluded region is fixed by r and ¢, the ge-
ometry can vary, allowing overlap of the
inaccessible volumes from different parts of
the polymer, thus increasing the entropy of
the depleting spheres. If the tube takes on a
regular helix, the excluded volumes from ad-
jacent turns and the central region will over-
lap (Fig. 1B). For small spheres, the tube will
bend into a helix with a pitch (P) to radius (R)
ratio ¢* = 2.5122. This optimal ratio is
comparable to that seen, for instance, in many
o helices of commonly found proteins (/)
where ¢ = 5.4 A/2.7 A = 2 is a lower bound.
The optimal ratio decreases as the colloid size
grows, tending toward zero (Fig. 1C). As r/t
grows large, the helix radius will grow,
causing a fixed length of tube to unwind.
This limit of infinite helix radius is equivalent
to a B sheet, because this geometry is equiv-
alent to straight tubes lying in parallel.

As the colloid concentration increases, the
tendency to form a helix will grow strong
enough to bend stiff polymers. The persist-
ence length [, measures the relative stiffness
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of a rod and is the length scale over which
the rod can bend. If a stiff rod of length L
bends into a helix with curvature x, the total
change in free energy AF, including the
entropy of the colloids at concentration 7,
will be AF o Llp k> =n Voyertap. Because the
geometry of the helix relates Voverlap/L to the
curvature, we can determine when AF' < 0; that
is, when the depletion interaction dominates
the bending stiffness. In Fig. 1D, we plot the
value of the dimensionless control parameter
0 = nr3/(1,/t) at which the fully collapsed helix
is degenerate with a straight tube for a variety
of colloid radii. For segments of tube on the
order of a few [, that cannot bend back on
themselves, the helix should be the tightest
packing, as with packing spheres in tubes (6).
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Fig. 1. (A) Excluded volume (green) for a
straight tube (orange). (B) When the tube takes
on a helical conformation, the excluded volume
overlaps itself, reducing the total depleted
volume. (C) The ratio ¢ = P/R, which maximizes
Vivertap, Versus r/t. The points were calculated by
numerical integration of the overlap volume. As
r/t goes to O, the value of c approaches c”
(dashed line). (D) The value of 6 at which AF =
0 versus r/t. As nr3 grows, the tube will go from
a stretched helix to a collapsed (optimal) helix.
The points fall on the curve (r/t)*2, consistent
with the geometry (fig. S1).
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Our results suggest an explanation for the
helical conformations at the onset of protein
folding, the helical fiberlike growth of one
liquid crystalline phase into another, and the
helical supermolecular scaffold in condensed
chromatin, for instance. It is straightforward
to generalize this work to the induced
interaction between tubes. In order to max-
imize the entropy of the colloidal depletants,
the two tubes would form helices of opposite
handedness to achieve the tight packing
known in liquid crystalline systems. Applied
to the chromatin scaffold, the stereoconfor-
mations of sister chromatids in mitosis (7)
may be attributed to crowding in the cell. As
the density of polymers is increased, [,/t
controls their liquid crystalline ordering,
while the volume fraction nr3 of the colloids
measures the intensity of the inter- and
intratube attractions. The interplay of these
competing interactions, controlled by 0, will
lead to a rich phase diagram to explore
through additional theory and experiment.

It has been observed that the helix
content of polypeptides changes in response
to solvent (8). Though our model predicts
trends and lends understanding, the details of
complex interactions are encoded in effec-
tive values of » and ¢, much as effective
masses and spring constants are used to fit
the modes of crystals. Our approach yields
the same optimal geometry as equating the
tube thickness to its global radius of curva-
ture (9) and thus provides a physical
approach to studying the conformations of
knotted and linked tubes.
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