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Abstract. In this paper we analyze the vibrational spectra of a large ensemble of non-homologous protein
structures by means of a novel tool, that we coin Hierarchical Network Model (HNM). Our coarse-grained
scheme accounts for the intrinsic heterogeneity of force constants displayed by protein arrangements and
also incorporates side chain degrees of freedom. Our analysis shows that vibrational entropy per unit residue
correlates with the content of secondary structure. Furthermore, we assess the individual contribution to
vibrational entropy of the novel features of our scheme as compared with the predictions of state-of-the-art
network models. This analysis highlights the importance of properly accounting for the intrinsic hierarchy
in force strengths typical of the different atomic bonds that build up and stabilize protein scaffolds. Finally,
we discuss possible implications of our findings in the context of protein aggregation phenomena.

1 Introduction

In its native state a protein fluctuates around a configu-
ration corresponding to the absolute minimum of its en-
ergy landscape. However, realistic energy landscapes are
characterized by many competing minima. Protein fold-
ing can therefore be viewed as the process of selecting the
right minimum among many others. Since proteins per-
form their functions at finite temperatures, the entropy of
their native states concurs in determining their stability
even when folding is driven mainly by an enthalpic bias.
When only one basin of the energy landscape is signifi-
cantly visited, as it happens for folded proteins, entropy
is mainly contributed by fluctuations around the minimum
—it is all vibrational entropy.

Native states are highly compact structures, character-
ized by the presence of secondary structure motifs, such as
α-helices and β-sheets. In turn, the vibrational properties
of a heterogeneous system are typically influenced by the
presence of simmetries and by its degree of modularity.
It is therefore interesting to investigate whether a corre-
lation exists between the presence of α and β structures
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and vibrational entropy. Previous work has shown that
both α-helices and β-sheets are characterized by a larger
flexibility than random-coil conformations [1]. However,
a systematic study quantifying the impact of secondary
structure content on the vibrational properties of native
protein conformations is lacking.

It is the aim of this paper to introduce the simplest
coarse-grained model able to quantify the correlation be-
tween vibrational dynamics of proteins and their struc-
tural organization at the secondary level. A sensible start-
ing point for such analysis is represented by the class of
coarse-grained network models, that map a given protein
structure on a network of point-like aminoacids interact-
ing trough Hookean springs.

In most implementations aminoacids are taken to sit
at the corresponding Cα sites and are assigned the same
average mass of 120Da. In this framework, a given native
structure specifies by construction the topologies of inter-
particles interactions, that is the networks of connectivi-
ties and equilibrium bonds. The patterns of low-frequency
collective modes are uniquely dictated by the topology
of the network of physical interactions that characterizes
the native configuration [2]. In this sense, network mod-
els might be considered as the simplest tools to describe
the low-frequency regime of protein dynamics. However,
due to the coarse-graining element, such schemes are more
questionable in the high-frequency part of the vibrational
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spectrum. This makes them unsuitable to compute vi-
brational entropy, which includes nonlinear contributions
from all modes, as shown by its very definition:

TSvib =
∑

i

hνi

eβhνi − 1
− β−1 ln

(
1 − e−βhνi

)

� −β−1
∑

i

ln νi + const, (1)

where the last passage follows in the classical limit β−1 =
kBT � hνi ∀ i. As a consequence, one needs to incorporate
further structural and dynamical details within the net-
work description besides the sheer topology of connections
in order to correctly compute vibrational entropies. More
precisely, we are interested in capturing the structural and
dynamical elements that characterize fluctuations at the
scale of secondary structures. We identify three crucial
features that must be taken into account.

i) A realistic hierarchy of force constants, reproducing
the different strengths of bonds featured in a protein
molecule. These comprise covalent bonds (such as the
peptide bond along the chain), and in particular the
interactions stabilizing secondary structures. I.e. hy-
drogen bonds, besides long-range forces such as hy-
drophobic or screened electrostatic interactions.

ii) The degrees of freedom corresponding to side chains,
which play a fundamental role in the spatial organiza-
tion of secondary motifs.

iii) The appropriate aminoacid masses, correctly repro-
ducing the true protein sequence. In fact, as shown
in fig. 1, residues of different mass show different α
and β propensities. In particular light residues tend to
be less represented in secondary structure motifs.

As we will show later, this analysis highlights that β-
rich (and α-poor) native conformations tend to have a
higher vibrational entropy per residue regardless of pro-
tein size and shape.

This is particularly interesting with respect to pro-
tein aggregation since protein aggregates are know to be
rich in β-structures. In most cases, they share the same
β-spine architecture characteristic of amyloid fibrils: an
assembly of beta sheets perpendicular to the fibril axis.
Moreover, aggregation is a rather common phenomenon
for all sorts of polypeptide chains regardless of their se-
quence [4]. This suggests that the phenomenon should
be governed by rather general laws, uniquely related to
the dynamical properties of polypeptide chains in solu-
tion. In particular, in view of the rather slow time-scales
characteristic of aggregation and in view of our results
on the correlation between vibrational entropy and sec-
ondary structure, it is tempting to postulate a mech-
anism of thermodynamic origin, that would favor the
growth of structures rich in β-content under quite generic
conditions.

The paper is organized as follows. In the Methods sec-
tion we describe the database of native structures and
the models used for our analysis. In the Discussion sec-
tion we discuss the features of vibrational spectra and
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Fig. 1. Plot of the statistical α (a) and β (b) propensities in the
PDBselect database (see text). I.e. the normalized frequency of
appearance of all residues in a given secondary structure motif
according to the DSSP protocol [3]. The solid lines are linear
fits that correspond to correlation coefficients of 0.44 (α) and
0.39 (β).

the emergence of the observed correlation between vibra-
tional entropy and secondary structure. Finally, we com-
ment on the biological relevance of our results, particularly
for what concerns protein aggregation phenomena.

2 Methods

2.1 The database

It is our aim to conduct the most general analysis of the
interplay between vibrational entropy and the content of
secondary structure in a large database of protein struc-
tures. Of course, we are bound to avoid repeatedly taking
into account structures corresponding to homologous pro-
teins. We therefore chose the PDBselect database, which
was explicitly built to gather the largest number of pro-
tein scaffolds by keeping the structural homology between
any two structures lower than 30% [5].

In order to illustrate the amount of structural diver-
sity displayed by proteins from the PDBselect database,
we show in fig. 2 both the α-helix and β-sheet content
of each structure as computed by means of the DSSP al-
gorithm introduced by Kabsch and Sanders [3]. We see
that the two measures roughly anti-correlate, their sum
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Fig. 2. α- versus β-content in the PDBselect database. The
inset shows the histogram of chain lengths in the database (lin-
log scale).

being Gaussian-distributed around 50% with a standard
deviation of about 15%. As a further piece of informa-
tion, we report in the inset of fig. 2 the statistical dis-
tribution of chain lengths for all sequences contained in
the database, which shows to decay exponentially. Ad-
ditionally, we found no appreciable correlation between
α- or β-content and other structural indicators such as
chain length or surface accessible area. On the contrary,
although not surprisingly, the sum of α- and β-content
correlates positively with the number of hydrogen bonds
(HB), which is indeed the principal physical interaction
stabilizing both kind of motifs.

2.2 The HNM model

Our starting point is a widely employed coarse-grained
scheme, the Anisotropic Network Model (ANM). Orig-
inally proposed by Tirion [6,7] at the all-atom level,
such model has been successively reconsidered by Ba-
har and co-workers in the Cα approximation [8], with re-
sults in fair agreement with experiment. In the spirit of
coarse-grained network models, aminoacids are modelled
as spherical beads linked by Hookean springs if they are
close enough in the native structure, as specified through
a pre-assigned cutoff distance. Both ANM and its scalar
analogue, the Gaussian Network Model (GNM) [9,10],
proved very efficient in describing the low-frequency part
of protein spectra, which is dominated by large-scale, col-
lective motions of entire domains or other structural sub-
units, as measured from X-ray crystallography or electron
microscopy [11–16].

Let N be the number of residues of a given structure
and let ρij denote the distance between the Cα’s of the i-
th and j-th aminoacids in the PDB structure1. Then, the
network of residue-residue interactions can be constructed

1 In the spirit of elastic network models, the PDB structure
is taken as an approximation of the native structure, i.e. the

by introducing a distance cutoff Rc, and the corresponding
connectivity matrix

Γij =

{
1, ρij ≤ Rc,

0, ρij > Rc.
(2)

Accordingly, the total potential energy of the Cα ANM is
a sum of harmonic potentials,

V =
1
2

∑

i<j

k Γij(rij − ρij)2. (3)

Here rij = |xi − xj | measures the instantaneous elonga-
tion of the (i, j) bond and k is the strength of all springs
connecting interacting pairs.

The ANM model is known to describe accurately long-
wavelength fluctuations, such as the concerted motions of
subunits or entire domains, whereas some doubts can be
cast on its predictive accuracy concerning aminoacid mo-
tions at a scale comparable to the characteristic dimension
of a residue. However, we are interested in computing vi-
brational entropies, which depend on the whole spectrum.
Importantly, the contributions of high and low frequen-
cies to the entropy are impossible to disentangle in an ele-
mentary manner, due to its strong nonlinearity. Hence, in
order to increase the spectral reliability of the Cα scheme
and make it more accurate in the high-frequency domain,
we introduce three additional features within the standard
ANM model.

1) In the basic ANM protocol, all springs share the same
strength, in spite of the wide differences among the
real forces governing residue-residue interactions in
a real protein. Hence, we introduce a hierarchy of
spring constants, aimed at reproducing the strength
of the most important interactions, that is covalent,
hydrogen-bond and van der Waals (VW) bonds. Con-
sequently, we modify the potential energy function (3)
as follows:

V = α
∑

i<j

Cij(rij − ρij)2

+β
∑

i<j

Hij(rij−ρij)2+γ
∑

i<j

Wij(rij−ρij)2, (4)

where C, H and W are the connectivity matrices of the
three distinct sub-networks comprising all aminoacids
interacting via peptide bonds along the main chain,
through HBs and VW interactions, respectively. The
quantities α, β and γ are the corresponding spring con-
stants, whose magnitude is taken by construction to
span two orders of magnitude. We coin this scheme
the Hierarchical Network Model (HNM).
Spring constants customarily used to model covalent
bonding are in the range 300–400 kcal/mol/Å2. Here
we chose α = 300 kcal/mol/Å. A second-order expan-
sion of the Lennard-Jones potentials used to describe

global minimum of the true potential energy of the system.
Hence, no minimization is performed and the network of inter-
actions is built directly from the PDB coordinates.



92 The European Physical Journal E

HB in different all-atom force fields gives values of β
in the range 30–90 kcal/mol/Å2. We tried values of β
in the range 0.1–0.5 α with no appreciable difference
in the distinctive features of the vibrational spectra.
Finally, taking into account that the young modulus
of covalent solids is about 103 times that of a van der
Waals solid, we assume α/γ = 103.

2) Coarse-graining protein structure at the Cα level,
one neglects all degrees of freedom associated with
aminoacid side chains. However, these are known to be
subject to different positional constraints in secondary
structure motifs such as parallel and anti-parallel β-
sheets and α-helices. Moreover, the entropic contribu-
tion of side chains has been recently proved fundamen-
tal in determining the free energy of protein native
states [17]. Hence, we also consider a variant of the
HNM model where we model side chains as additional
beads, whose equilibrium position we fix at the side
chain center of mass in the native structure. Further-
more, we place a covalent bond between each bead-like
side chain and its corresponding α carbon. In partic-
ular, given their small size, we neglect side chains of
Glycines, which will be only represented by their α
carbon bead. We remark that this approach is utterly
similar to many other unified residue models [18].

3) Usually, in the framework of protein network mod-
els, one assigns to each α carbon bead the average
aminoacid mass of 120Da. In the present study, we
adopt the following convention: we split the mass of
each aminoacid into a constant contribution of 56Da,
that represents the atoms lying along the peptide
bond, and assign a variable mass ranging from 35Da
(for Alanine) to 150Da (for Tryptophan) to the bead
representing the side chain.

In the following, we will present results for a hybrid
HNM model, whereby the above three features shall be
switched on and off in the calculation of vibrational en-
tropies. Our aim is to understand how the corresponding
three physical properties affect vibrational spectra in gen-
eral and vibrational entropy in particular.

3 Results and discussion

It is our aim to explore the correlation of vibrational en-
tropy with secondary structure content across the whole
database. More precisely, the fil rouge of our analysis is
to check whether entropic contributions might favor the
formation of β-sheets at high temperatures, thus in turn
disfavoring α-helices. In view of the positive correlation
existing between the α and β contents (see again fig. 2),
we shall consider in the following the correlation of entropy
with a global structural indicator defined as (β-content–α-
content), which we shall refer to as β-preference. Positive
correlation of this quantity with entropy leads to a neg-
ative correlation with free energy at high temperatures,
that will in turn favor the formation of β-like structures.
Conversely, a negative correlation would signal a prefer-
ence towards α helices. Importantly, in order to compare
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Fig. 3. HNM model without side chains and with equal masses.
Spectral density after consecutive activations of covalent bonds
(upper row, β = γ = 0), hydrogen bonds (middle row, β = 0)
and van der Waals (bottom row) interactions for an α-helical
(panels A, B, C —PDB code 1KFM), a β-barrel (panels D, E,
F —PDB code 1QJ9) and a structure with equal α and β
content (panels G, H, I —PDB code 1LSX). Parameters are:
Rc = 6 Å, α = 300 kcal/mol/Å2, β = 30 kcal/mol/Å2 and
γ = 0.3 kcal/mol/Å2.

proteins of different lengths, we shall always consider in-
tensive observables, namely entropies per residue.

A first analysis of the vibrational entropy of the PDB-
select structures performed by means of a standard ANM
model yields somewhat unintuitive results. The intensive
vibrational entropy Svib/N does not correlate with the
α-helical content (correlation coefficient 0.14) and anti-
correlates very weakly with the β-sheet content (correla-
tion coefficient 0.34). This result, implying that β-sheet
are mildly stiffer than α-helices, is manifestly at odds
with the well-documented rigidity of α-helices. We con-
clude that the ANM model, although reliable at the low-
frequency end of the vibrational spectra, does not include
a sufficient amount of detail to realistically reproduce full
vibrational entropies.

3.1 The HNM model: quasi-additivity of vibrational
spectra

As a first trial towards increasing the level of detail, we
consider the bare HNM model, that is we introduce a
three-level hierarchy of spring strengths in the framework
of the standard ANM scheme as from point i) above. More-
over, we shall switch on the different force constants one
at a time first, in order to investigate the effects of the
different physical interactions upon vibrational entropies.
A first observation is that a roughly ten-fold separation in
the intensity of force strengths is enough to induce quasi-
additivity of the vibrational spectrum. In fig. 3, we show
how the vibrational spectrum of sequences 1KFM (a purely
α-helical protein), 1QJ9 (a β-barrel) and 1LSX (36% α and
36% β) changes upon sequentially switching on the three
different interactions.
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As a general remark, we observe that, for all types
of structure, the bare covalent chain has only N modes
with non-zero frequency. More in detail, we see that the
structure with dominant α-helical character has a very
distinctive peak at high frequency. Moreover, such feature
shows to be robust with respect to the nature of residue-
residue interactions. A peak is also seen to emerge in the β
structure as soon as the connectivity matrix starts having
its off-diagonal regions populated due to HBs and VW
interactions.

More quantitatively, we found that the high-frequency
part of the spectra across all the PDBselect could be well
reproduced by a linear combination of two normalized step
functions χα and χβ , with supports lying, respectively,
in the [750, 1000] cm−1 and [500, 750] cm−1 intervals as
shown in fig. 4. The two resulting coefficients αspect and
βspect sum up to unity and might be regarded as a spec-
tral estimate of the actual α and β contents. At a closer
inspection, it turns out that only αspect is a good approx-
imation of the actual α-content of the protein (see fig. 5),
while βspect is observed to be large not only when the pro-
tein has an high beta content but also when it has no
pronounced secondary structural features at all. In other
words, while the α-peak is a clear distinctive feature of
α-helices, β-sheets are rather spectrally indistinguishable
from unstructured regions (see appendix A for a quanti-
tative explication of the α-peak).

If we now turn the HBs on, vibrational spectra acquire
a varying amount of new vibrational modes (between 5%
and 30%), on average 18% of the total number of degrees
of freedom on the entire PDB select. Perhaps not surpris-
ingly, the quantity of such new modes turns out to be
linearly correlated with the number of HBs (see fig. 6).
Furthermore, we see that the appearance of the new HB
part of the vibrational spectrum only slightly modifies the
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in fig. 3.
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spectral density at higher frequencies (compare panels B
and C, E and F or H and I in fig. 3).

Finally, adding the Lennard-Jones contribution, all the
remaining modes are filled, with the exception of the ex-
pected six zero-frequency modes corresponding to rigid
translations and rotations. Once again, due to the lower
intensity of their driving interaction, the new LJ modes
occupy the low-frequency end of the spectrum and do
not modify appreciably the spectral density at higher
frequencies.

3.2 The full model: entropy-secondary structure
correlations

The marked differences in the spectra of α and β pro-
teins described so far through the HNM Cα model do not
show up in the same clear-cut fashion if one examines how
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the vibrational entropy depends on the type of secondary
structure of the proteins: the intensive entropy shows no
correlation at all with β-preference (data not shown).

At a deeper thought, this is scarcely surprising, since
the only detectable spectral differences between proteins
of different secondary organization have already seen to
be located at high frequencies, which in turn results in
a negligible contribution to vibrational entropy. What is
more, that part of the spectrum is also the most sensitive
to the structural details of the system and consequently
the least reliably captured by a coarse-grained model. In
order to test the solidity of our conjectures, we must then
increase the level of descriptive accuracy of the model.
We have devised two ways to accomplish this, by adding
additional degrees of freedom representing the side chains
or adding the full sequence of aminoacid masses.

We found that both additional features independently
produce the same effect, namely destroy the clear α-peak
versus β-band picture illustrated above. However, the
spectral additivity is preserved and, all the more signif-
icantly, a good correlation between intensive vibrational
entropy and β-preference appears, as can be clearly seen
in fig. 7 where the two observables are scatter-plotted for
the full, weighted HNM model with side chains.

A systematic analysis reveals that such correlation is
shaped by a complex interplay between the features that
distinguish our model from the basic ANM scheme. In ta-
ble 1 the arousal of the correlation between entropy and
β-preference is summarized by reporting both the correla-
tion coefficient and the slope of the first-order least-square
fit to the data. The two best correlations achieved are re-
ported in bold.

The best correlation is obtained when all levels of de-
tail are present. In order to quantify their different con-
tribution, it is useful to compute the average correlation
coefficients over the four instances where a single feature
is always present. For example, the average correlation
coefficient is only 0.27 when side chain coordinates are
included (last four rows of table 1) and 0.29 in the four

Table 1. Summary of the effect of physical features of the
HNM model on the correlation between vibrational entropy
and β-preference:

√
= feature on, − feature off. The first row

corresponds to the bare ANM model.

SC Hierarchy Mass Correlation Slope

coefficient

− − − −0.239 −0.546

− − √ −0.123 −0.244

− √ − 0.261 0.588

− √ √
0.555 0.954

√ − − 0.253 0.639
√ − √

0.106 0.322
√ √ − 0.106 0.514
√ √ √

0.634 1.747

cases where true masses are taken into account (rows 2,
4, 6, 8). On the contrary, the average correlation coeffi-
cient of 0.39 obtained by sticking to realistic interaction
strengths points to a crucial role of the protein dynamical
heterogeneity in reproducing vibrational modes associated
with different secondary structure motifs.

Overall, the same conclusions can be drawn by cal-
culating the correlation drops resulting from the individ-
ual elimination of single features from the complete model
(last row in table 1). In particular the importance of force
hierarchy is confirmed (a correlation drop of about 0.5
from rows 8 to 6). Moreover, this analysis reveals that
considering equal masses also leads to the same correla-
tion drop (rows 8 to 7). On the contrary, the elimination
of side chains appears less traumatic with a limited loss
of correlation (rows 8 to 4).

In summary, concerning the interplay between sec-
ondary organization and vibrational properties, the three
levels of detail introduced can be ranked as follows: the
hierarchy of physical interactions proves to be the most
important feature, followed by mass heterogeneity and, fi-
nally, inclusion of side chain (coarse-grained) degrees of
freedom.

This correlation reflects a tendency of β-rich architec-
tures to host more low-frequency modes. This mechanism
can be better illustrated by switching off the weakest force
constant in the complete model, that is shut down LJ
bonds. In this case the M ′ vibrational modes with non-
zero frequency describe the oscillations of the network of
interactions determined by HBs and covalent bonds alone,
and represent all the oscillations with wavelength shorter
than or equal to the typical size of secondary structure mo-
tifs. The ratio f = M ′/M , with M the number of non-zero
frequency vibrational modes in the full mode might be re-
garded as the fraction of modes determined by the HB and
covalent interactions. This assumption appears reasonable
in view of the spectral quasi-additivity discussed above.
More precisely, we expect that zero-frequency modes will
be filled when recovering LJ interactions, without sig-
nificantly affecting the high-frequency portion of the vi-
brational spectrum. Figure 8 shows that f correlates
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is 0.44. Parameters are: Rc = 6 Å, α = 300 kcal/mol/Å2 and
β = 30 kcal/mol/Å2 and γ = 0.3 kcal/mol/Å2.

negatively with the β-preference. Thus, protein structures
with large β-preference host fewer high-frequency modes
and accordingly more low-frequency ones. This, in turn,
leads to larger vibrational entropies for β-rich structures.

More explicitly, we have shown that eliminating all
contacts but those contributed by secondary-structure
motifs a clear separation of α and β-like vibrational
spectra emerges. This is further illustrated by switching
off both van der Waals interactions and HBs (data not
shown). In this case we no longer observe a correlation be-
tween f and β-preference. Thus, chain topology alone does
not introduce any clear spectral signature of secondary-
structure organization.

4 Conclusions and outlook

In this work we have scrutinized a wide database of non-
homologous protein structures, with the aim of assessing
to what extent vibrational entropy is a sensitive mea-
sure of organization at the secondary structure level. To
this end, we have introduced a minimally featured coarse-
grained model, that we have coined Hierarchical Network
Model (HNM). At variance with current, stat-of-the-art
schemes, our recipe i) includes a hierarchy of physical
interactions separating the strongest, short-range forces
from the weaker, long-range ones, ii) expands the number
of degrees of freedom with the inclusion of side chain co-
ordinates and iii) accounts for the appropriate aminoacid
masses.

A thorough analysis of all the structures in the data set
has allowed us to unveil and quantify the correlation ex-
isting between the vibrational entropy of native folds and
their specific secondary-structure arrangement. More pre-
cisely, we found that all the three above-listed features of
the HNM are essential in order to spotlight and quantify

such correlation. Remarkably, the statistical significance
associated with the mixed spectral-structural signature at-
tains its maximum value only for the full-featured scheme.
Of remarkable interest is the special role played by the re-
quirement of force heterogeneity. In fact, we have proved
that the presence of a realistic hierarchy of force constants
accounts for the largest contribution to the observed cor-
relation.

As a final observation, it is interesting to discuss our
results in the perspective of the widespread, yet still much
debated phenomenon of protein aggregation. More pre-
cisely, concerning what physical effect could be held re-
sponsible for the overwhelming β preference of mature
peptidic aggregates [19].

The lack of clear signatures of the aggregation propen-
sity at the sequence level [4] suggests that the phenomenon
should be governed by rather general laws, uniquely re-
lated to the dynamical properties of polypeptide chains
in solution. In particular, in view of the rather slow time-
scales characteristic of aggregation, it is reasonable to pos-
tulate a mechanism of thermodynamic origin, that would
favor the growth of structures rich in β-content under
quite generic conditions. Of course, forces of enthalpic ori-
gin represent the strongest interactions along typical ag-
gregation pathways. However, there is no reason a priori
for the strongest forces to also encode the observed bias
toward β-rich structures. In fact, a composite structure
developing from the aggregation of polypeptides would
likely show a tendency toward non-specific organization
at the secondary structure level, thus realizing minimal
frustration architectures [20].

In view of the above facts, it is tempting to rationalize
the aggregation pathway as driven by strong, non-specific
forces but biased toward high content of β-type motifs by
contributions to the total thermodynamic force that are
weaker in magnitude but favor β-rich architectures due to
their higher density of vibrational modes at low frequen-
cies. Hence, based on the results reported in this paper,
one may speculate that the existing bias toward β-rich
mature aggregation products be provided by a free-energy
gain in vibrational entropy. Following this speculation, the
bulk of the free-energy changes occurring during aggrega-
tion would be mainly determined by increase of residue-
residue contacts and decrease of solvent-exposed surface,
while even tiny differences in vibrational entropy could
be able to steer an aggregating system toward a β-rich
configuration.

This work has been partially supported by EU-FP6 contract
012835 (EMBIO).

Appendix A. The α-peak

In order to rationalize the emergence of the α-peak in
the HNM-Cα model, we diagonalize the Hessian matrix
around a class of regular chain configurations that in-
clude both α-helices and beta sheets: those characterized
by fixed values of both the bond and dihedral angle. The
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configurations of a linear polymer composed of N consec-
utive residues can be described by a vector

(x1, . . . ,xN ) = (x1, y1, z1, . . . , xN , yN , zN ), (A.1)

or, alternatively, once x1 is known, by means of the three
vectors ri = xi+1−xi with i = 1, 2, . . . , N −1. Let us now
define a configuration of known dihedral angle φ according
to the following three rules:

ri = |ri| = 1, (A.2)
ri · ri+1 = cos θ (A.3)

(bond angle must be constant) and

ri1 × ri × ri+1 = sin2 θ cos φ (A.4)

(dihedral angle must be constant). Once xi2 , xi1 and xi

are known, xi+1 can be found solving the system of two
linear equations (A.3) and (A.4) and then by imposing
the constraint (A.2). In the simplest case, N = 4, the
shortest chain on which a dihedral angle can be defined,
one can easily show that the eigenvalues of the Hessian of
the potential

V = k(r1 − 1)2 + k(r2 − 1)2 + k(r3 − 1)2 (A.5)

are nine null ones plus

(2 −
√

2 cos θ)k, 2k, (2 +
√

2 cos θ)k. (A.6)

In other words they only depend on the bond angle and
they tend to peak at 2k for θ = 90◦. This last feature nicely
explains the α-peak and the β-band, being the average
Cα-Cα bond angle in an α-helix just slightly lower than
90◦, while it is around 50◦ for a β-sheet.

References

1. B. Ma, C.-J. Tsai, R. Nussinov, Biophys. J. 79, 2577
(2000).

2. F. Tama, Y.H. Sanejouand, Protein Engin. Design Select.
14, 1 (2001).

3. W. Kabsch, C. Sander, Biopolymers 22, 2577 (1983).
4. S. Ventura, Microbial Cell Factories 4, 11 (2005).
5. U. Hobohm, C. Sander, Protein Sci. 3, 522 (1994).
6. M. Tirion, D. ben Avraham, M. Lorenz, K. Holmes, Bio-

phys. J. 68, 5 (1995).
7. M. M. Tirion, Phys. Rev. Lett. 77, 1905 (1996).
8. P. Doruker, A.R. Atilgan, I. Bahar, Proteins 40, 512

(2000).
9. I. Bahar, A.R. Atilgan, B. Erman, Folding Design 2, 173

(1997).
10. E. Eyal, L.-W. Yang, I. Bahar, Bioinformatics 22, 2619

(2006).
11. W. Zheng, B.R. Brooks, Biophys. J. 88, 3109 (2005).
12. F. Tama, W. Wriggers, C.L. Brooks, J. Mol. Biol. 321, 297

(2002).
13. M. Delarue, Y.-H. Sanejouand, J. Mol. Biol. 320, 1011

(2002).
14. P. De Los Rios, F. Cecconi, A. Pretre, G. Dietler, O.

Michielin, F. Piazza, B. Juanico, Biophys. J. 89, 14 (2005).
15. K. Hinsen, N. Reuter, J. Navaza, D.L. Stokes, J.J. Laca-

pere, Biophys. J. 88, 818 (2005).
16. K. Hinsen, Proteins 33, 417 (1998).
17. D. Sciretti, P. Bruscolini, A. Pelizzola, M. Pretti, A.

Jaramillo, Proteins 74, 176 (2009).
18. M. Zacharias, Protein Sci. 12, 1271 (2003).
19. D. Eisenberg, R. Nelson, M.R. Sawaya, M. Balbirnie, S.

Sambashivan, M.I. Ivanova, A.O. Madsen, C. Riekel, Acc.
Chem. Res. 39, 568 (2006).

20. J.R. Banavar, A. Flammini, D. Marenduzzo, A. Maritan,
A. Trovato, Complexus 1, 4 (2003).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


