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Proteins, chain molecules of amino acids, behave in ways which are similar to each other yet quite
distinct from standard compact polymers. We demonstrate that the Flory theorem, derived for
polymer melts, holds for compact protein native state structures and is not incompatible with the
existence of structured building blocks suchaaelices and3 strands. We present a discussion on
how the notion of the thickness of a polymer chain, besides being useful in describing a chain
molecule in the continuum limit, plays a vital role in interpolating between conventional polymer
physics and the phase of matter associated with protein structure®0® American Institute of
Physics [DOI: 10.1063/1.1940059

Proteins are chain molecules made up of small chemicadf the Flory theorem. We consider a coarse-grained descrip-
entities called amino acids. In spite of their small size, thetion in which each amino acid is represented bydtsatom,
diverse physical and chemical attributes of the twenty typeshe hinges of the protein backbone. It is well known from
of naturally occurring amino acids and the history-dependenElory’s work in polymer physics that polymer melts or even
role played by evolution, globular proteins exhibit a range ofa long compact polymer has very interesting substructérre.
striking common characteristi¢sIraditional attempts at cre- The basic idea is that a short labeled piece of a polymer
ating a framework for understanding proteins using ideashain from within such a dense melt exhibits statistidis-
from polymer physics have been largely unsuccessful aributions and an end-to-end distaneehich are characteris-
stated by Flory. “Synthetic analogs of globular proteins are tic of random-walk behavior. Physically, the effective ab-
unknown. The capability of adopting a dense globular consence of any interaction is believed to arise from the inability
figuration stabilized by self-interactions and of transformingof the chain to discern whether it is making contacts with
reversibly to the random coil are peculiar to the chain mol-itself or with other chains. Does the presumed validity of the
ecules of globular proteins alone.” The standard models oFlory theorem and the existence of Gaussian random-walk
polymer physics do not provide an explanation for why therestatistics for short chain segments preclude structures built
are a relatively small numbeof order thousandnative state Up from helices and sheets? Interestingly, it has been sug-
folds? why they are inevitably made up of helices andgested recenth? that the model denatured proteins can ex-
sheet and how these folds are adapted for biological func-hibit random coil statistics in spite of having significant sec-
tion especially enzymatic activity. ondary structure.

In this paper, we seek to bridge this apparent gap be- Our principal results are summarized in Figs. 1-5 and
tween polymer physics and the physics of compact biomoldemonstrate that for compact proteins, characterized by an
ecules. We do this in two complementary ways: first, we€nd-to-end distance scaling approximately as the cube root
study the average behavior of compact protein native stat@f the protein sizesee Fig. 1

structures and show that, in spite of being made up mainly 0(1) The Flory theorem is found to holdFig. 2) for protein
a helices andg3 strands, the Flory theorem derived for poly- segments made up of more than 48 amino acids. The

mer melt§® holds reasonably well for native state protein existence of secondary motifs results in an effective
structures as well; second, we demonstrate that the notion of persistence length of this order beyond which one ob-

an anisotropic chain of nonzero thickness is valuable for ex-  tains Gaussian statistic§Fig. 3 accompanied by
trapolating from conventional polymer physics to the phase  andom-walk behavior.
used by nature to house protein structures. (2) The validity of the Flory theorem igot incompatible

Let us begin with an analysis of protein native state with the existence of secondary motffs.
structures from the protein data bartk assess the validity (3) One can understand the crossover in Fig. 2 by studying
correlation functions of the tangent and the binormal
dElectronic mail: banavar@psu.edu vectors along the chaifFigs. 4 and &
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FIG. 3. Statistics of the end-to-end distance of segments of proteins of
lengthl. For1=48, 64, and 80, the distributions show a nice collapse to the
form expec;ed for Gaussian statistics: the solid line denotes the function
P(x)=1/03y2/mIx? exp(-x?/20?), whereo=2.164 A. Forl=16, where the
presence of secondary motifs play a major role, the distribution is qualita-
tively different from the other sizes and exhibits a peak arising from the
Our results vividly demonstrate that proteins exhibit Presence ot helices.
properties that are not incompatible with those of generic
compact polymers. However, as stated before, the standaehdowed with a natural thickness. We will proceed to study
models of polymer physics do not account for the rich phasehe attributes of a tube and its relationship with conventional
of matter associated with protein native state structures. ldescriptions of polymers.
order to proceed, let us recall that a dominant structural motif  |n the continuum, a nonzero chain thickness serves a
used in biomolecular structures is the héfix’An everyday  valuable purpose. Consider first a polymer chain of vanish-
object which, on compaction, can be coiled naturally and
efficiently into a helical shape is a garden hose or a tiige. 1

FIG. 1. Log-log plot of the radius of gyratioRy of a set of 700 proteins
obtained from the Protein Data BafiRDB) of (Ref. 1]) versus their length
L or the number of constituent amino acids.
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4 8 16 32 64 128 FIG. 4. Plot of the tangent-tangent and binormal-binormal correlation func-
I tions along the protein sequence derived from our data set. The tangent

vector at locationi is defined as an unit vector pointing along the line
FIG. 2. Log-log plot of the end-to-end distanBeversusl for protein seg-  joining the positions of thé—1th and the +1th amino acids. The normal
ments. The plot was obtained by averaging over all segments of léngth vector is defined by joining thigh location to the center of the circle drawn
selected from the data set depicted in Fig. 1. For a giyBrwas determined  through three amino acid—1,i,i+1) locations. The binormal is perpen-
as an average over all segments of that length in proteins whose lengths adécular to the plane defined by the tangent and the normal. Note(#hale
greater that®?, in order to avoid finite-size effectRef. 9. The error bars  negative tangent-tangent correlation at sequence sepakaiimund 13 cor-
are of the order of the size of the symbols. Note the plateau which indicatesesponds to a turning back, on average, of the chain direction and is related
thatR is only slowly increasing with around 24. For values dflarger than to the crossover shown in Fig. Zb) the binormal-binormal correlation
48, we find thatR~ 12, remains nonzero for large separations.
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FIG. 5. Histogram of the magnitudes of the average tangent and binormal 0.3 1 7
vectors for each protein in our data set. For each protein, we measured the
magnitude as IM[SN,vi|, wherev; is either the unit tangent or the unit
binormal vector at locationandN is the number of such vectors for a given 5: 5
protein. For comparison, a histogram of the magnitudes of the average of%s 02 ]
randomly oriented vectors is shown as the shaded histodtdene v; was QQ”
selected to be a randomly oriented unit vegtdlote that several proteins ™
have a significant nonzero mean binormal vector due to the presenee of 01k |
helices. '
ing thickness in the continuum. It is well knowthat the 0 Liemn i Eiiedans
end-to-end distanc&R of a swollen, self-avoiding chain 0 2 4 s 8 10 12
scales approximately as the third/fifth power of its length () RIT1A]

In the absence of ar_‘y Oth_er Iength scale in th_e protﬂ@n FIG. 6. (a) Statistics of the end-to-end distance of segments of lelgéh
call that we are dealing with a chain of zero thickness in th&aken from model protein structuréRef. 18 and from PDB structures. The
continuum, one is led to a fundamental problem in simple peak in the distributions arises from the presence bklices.(b) Same as
dimensional analysis in expressing the relationshipc_ig- 3 but for segments of Fhe n_10de| struc_tures of_Iengtfﬁ and 12. The
R~L%6_poth R andL have units of Iength and there is no f|£s to the ?aussw:m for£n given in the caption of Fig. 3 yietd2.61 A for

=8 ando=2.08 A forl=12.
other length scale in the problem which can be used to fix the
correct dimension in the scaling relation. In order to study a
chain molecule in the continuum, the traditional approachube axis, one draws two circles both passing through the
has been to use the powerful machinery of renormalizatiotwo points and each one tangential to the axis at one or the
group theory> A tube of nonzero thickness circumvents this other location. One then simply requires that none of the
problem by providing the required additional length scaleradii is smaller than the tube raditfs}’ The use of many-
naturally, even in the continuum. Indeed, one may write ebody potentials is an essential ingredient for describing a
scaling formR(L,b,A)=LF(L/A,b/A), whereA is the tube tube in the continuurm® The many-body potential replaces
thickness. The continuum limit can be safely taken by lettingthe pairwise self-interaction potential and ought not to be
b go to 0 leading tAR=LF(L/A,0) ~A™L". thought of as a higher-order correction.

An interesting issue in polymer physics is the descrip-  The coarse-grained flexible tube model captures two es-
tion, in the continuum, of a closed chain with certain knotsential ingredients of proteins—the space within a tube
topologies. One, of course, requires physically that the knotoughly allows for the packing of the protein atoms and local
number be preserved in any dynamics. A string described bgteric effects are encapsulated by constraints on the local
in standard continuum approach is necessarily characterizeddius of curvature; the effects of the geometrical constraints
by an infinitesimal thickness and allows changes in the knoimposed by the chemistry of backbone hydrogen bonds are
topology with a finite-energy cost rendering the model somerepresented by the inherent anisotropy of a tuaetube,
what unphysical in this regard. This problem is cured by thewhen discretized, may be imagined to be a chain of disks
tube description. Hard spheres have been studied for centd-he generic compact polymer phase arises for long tubes
ries and their self-avoidance is ensured by considering alvith a thickness much smaller than the range of attractive
pairs of spheres and requiring that their centers are no closénteractions promoting compaction.
than the sphere diameter. Strikingly, the generalization of this Recent work? has shown that the low-energy conforma-
result to a tube entails a simple modification of the standardions adopted by tubelike polymers with certain constraints
pairwise interaction&® For each pair of points along the on symmetry and geometry are made up of helices and
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sheets akin to marginally compact protein secondary strudem and conversely, the notion that the chain molecules are
tures. For classes of short homopolymers characterized bypherently anisotropic and have a nonzero thickness provide
generic geometrical constraints arising from backbone hya new perspective in the field of polymer physics.

drogen bonds and sterics and with mild variations in their

overall hydrophobicity and local curvature energy penalty
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