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The unfolded state ensemble of proteins has been described as a structurally
featureless state. While this approach is supported by the fact that many
unfolded proteins follow the scaling law behavior of a random coil, there is
evidence that the unfolded states of various proteins are stabilized by native or
non-native interactions. Recently, the existence of extensive non-native structure
was reported for a repeat protein, which resulted in a scaling law exponent that
is significantly smaller than that of a random polymer †Cortajarena et al., J. Mol.
Biol. 382„1…, 203–212 „2008…‡. It was concluded that the high compactness of
this protein stems from a significant fraction of interacting PPII helical segments
in the unfolded state. In this study, we aim at providing possible molecular
understanding of this anomalous compactness of the unfolded state and to
investigate its origin. Using a hierarchy of computational models, we ask whether
in general the unfolded state of a repeat protein is likely to be intrinsically
more compact than the unfolded state of globular proteins, or whether this
phenomenon depends mostly on the occurrence of a specific sequence that
promotes PPII conformations. Our results suggest that the formation of the PPII
conformation is indeed essential, yet the recurring sequence of repeat proteins
promotes the interactions between these PPII segments and the formation of
non-native interactions in the unfolded state. [DOI: 10.2976/1.3021145]
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The unfolded state of proteins has evolved
lately from being viewed as an elusive entity to
an acknowledged player in the folding process.
For decades, researches in the fields of protein
science and molecular biology focused on the
characterization of the native states of proteins
with the main goal of understanding protein
function from structure. Later, numerous
protein-folding studies have dealt with deci-
phering folding mechanisms and pathways by
characterizing the intermediates and the transi-
tion state ensembles that govern folding kinet-
ics (Baldwin, 2008; Dill et al., 2008; Onuchic
et al., 1997; Onuchic and Wolynes, 2004;
Shakhnovich, 2006). In recent years, the un-
folded state of proteins, which was often de-
scribed as a random coil, has started to be ap-
preciated as a state with much richer physics.
Accordingly, unfolded proteins are now con-
sidered to be different from random flexible

polymers that have no stabilizing interactions.
Therefore, they may have nonzero enthalpy
and their entropy may be lower than that of a
random coil.

One of the widely accepted models for the
description of the unfolded state of proteins re-
gards the polypeptide chain as a self-avoiding
walk (SAW). In such a description (de Gennes,
1979; Flory, 1953), the polypeptide chain
has properties that allow it to wander freely
through conformational space, with the only
restriction being the inability of the chain to in-
tersect itself. This model provides a scaling law
relationship for the size of such molecular spe-
cies, measured by the relation between an ef-
fective radius (e.g., the radius of gyration—Rg)
and the number of monomers (i.e., amino
acids) comprising the chain �N�. This scaling
law may be written as Rg=R0N�, where R0 is a
constant that is a function of the persistence
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length of the chain and � is a scaling exponent. The theoreti-
cal scaling exponent suggested by Flory for such SAWs is
0.6 (de Gennes, 1979; Flory, 1953). In the case of denatured
proteins, the Flory scaling law was corroborated by both ex-
perimental (Kohn et al., 2004; Tanford, 1968; Wilkins et al.,
1999) and by further theoretical investigations (Ding et al.,
2005; Fitzkee and Rose, 2004) and was found to be of the
scales 0.58 to 0.67.

It is now understood that SAW statistics do not preclude
the possibility of residual structure in the denatured states.
For example, it has been shown that in the presence of rigid
segments (i.e., secondary structure regions) in as much as
92% of the protein sequence, SAW statistics still prevail
(Fitzkee & Rose, 2004; Wang et al., 2007). This indicates
that, while denatured proteins follow the polymer physics of
a random coil, this does not exclude the possibility that the
denatured proteins can have structural elements, either native
or non-native. Several experimental studies support residual
nativelike structural elements in the denatured state (Religa
et al., 2005; Shortle and Ackerman, 2001; Yi et al., 2000).
Theoretical and computational studies have addressed the
role of native interactions in the denatured state and pro-
posed a significant bias toward the native structures (Ding
et al., 2005; Pappu et al., 2000; Wang et al., 2008). It
was also shown that non-native interactions (e.g., non-native
salt bridges) can be formed in the denatured state (Cho, JH
et al., 2008). The apparently contradictory observation
(McCarney et al., 2005) of the random-coil scaling of pro-
teins with formed local structures can be resolved if one
treats the denatured proteins as an ensemble of conforma-
tions with locally interacting residues that lack ordered long-
range contacts (Chen et al., 2008). Thus, while locally the
chain may have (transient) residual structure, perhaps resem-
bling the native state, global statistics reflects thorough self-
averaging over various conformations, which is manifested
as random-coil-like scaling.

Any deviation of the local or global statistical properties
of unfolded proteins from that of random-coil polymers may
have many implications for the biophysical properties of pro-
teins. It was shown that by modulating non-native electro-
static interactions within the unfolded state ensemble, one
can significantly change protein stability (Alston et al., 2008;
Anil et al., 2006; Cho and Raleigh, 2006; Cho, JH et al.,
2008; Grimsley et al., 1999; Pace et al., 2000). Tuning the
thermodynamic features of the unfolded state can affect fold-
ing kinetics as well (Trefethen et al., 2005). Variations in
crowding conditions and the degree of confinement level are
reported to have a direct effect on the free energy of the un-
folded state (Baumketner et al., 2003; Cheung et al., 2005;
Cheung and Thirumalai, 2007; Takagi et al., 2003; Xu et al.,
2005). In a recent study, it was shown that attaching oligo-
saccharides to proteins can introduce thermodynamic and
kinetic stabilization because the unfolded state becomes
less structured and more extended (i.e., higher free energy

due to higher enthalpy) as the degree of glycosylation in-
creases (Shental-Bechor and Levy, 2008). These examples
illustrate why understanding the properties of the unfolded
state may shed light on various biophysical characteristics of
proteins.

Repeat proteins, which are widespread in nature and have
a broad range of functions (Blatch and Lassle, 1999; Grove
et al., 2008; Main et al., 2003), are useful to study the prop-
erties of the unfolded state ensemble of proteins. Repeat pro-
teins consist of tandem arrays of structurally similar ele-
ments. Commonly they possess simple topologies dominated
by short-range interactions; these are known to form non-
globular, elongated structures. Due to their simplicity and
periodicity, repeat proteins have been used in several studies
to explore fundamental questions in protein folding such as
the effect of the number of repeats on protein stability, fold-
ing rate, and cooperativity (Barrick et al., 2008; Cortajarena
et al., 2008b; Courtemanche and Barrick, 2008; Ferreiro
et al., 2005; Ferreiro and Komives, 2007; Ferreiro et al.,
2008; Ferreiro and Wolynes, 2008; Kajander et al., 2005;
Kloss et al., 2008; Mello and Barrick, 2004; Tripp and
Barrick, 2008). Similarly, the modular nature of repeat pro-
teins is advantageous to study the unfolded state since one
can obtain the length dependence of the unfolded state while
keeping the content of the secondary structure unchanged. In
this study, we use the tetratricopeptide repeat (TPR) class of
proteins to investigate the nature of the unfolded ensemble of
proteins and the scaling law relationship between their size
and the number of repeats with respect to various possible
assumptions on the nature of interactions within the dena-
tured state ensemble.

The basic repeat unit of the TPR protein family is an �
helix-linker-� helix motif that spans 34 amino acids. As a
result of the short linker length, the helices within each re-
peat are oriented in an antiparallel manner relative to each
other, whereas the packing between adjacent repeating units
is of a parallel, stacklike form. Main et al. designed a TPR
domain based on the consensus sequence (called CTPR
herein) of that class (Main et al., 2003). The designed mod-
ule formed the canonical TPR fold and the folding of pro-
teins made of as many as 10 concatenated CTPR domains
was shown to concur with an Ising model (Kajander et al.,
2005). In addition, CTPR proteins were shown to retain the
established ligand binding functionality of the family, as was
demonstrated by binding to agonist peptides (Cortajarena
and Regan, 2006).

In a recent paper coauthored by one of us (Cortajarena
et al., 2008a), it was demonstrated that CTPR proteins, under
denaturating concentrations of GuHCl and urea, populated
a structured, yet non-native ensemble of conformations.
The radius of the denatured conformers scaled with N
with a power law typical to compact globular polymers
���0.37� rather than with the scaling expected for poly-
peptides under such conditions (i.e., ��0.6). As evident
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from CD spectra, the non-native structure formed in the de-
natured CTPR chains consisted of poly-proline II �PPII�
segments, present in about 50% of the chain length. The
existence of the postulated PPII segments is supported by
a bioinformatic sequence analysis and experimental inves-
tigation of the region connecting the repeating CTPR
domains that corresponds to the PPII segment (Cortajarena
et al., 2008a). The authors used a three-dimensional chain-
growth lattice model to rationalize the unexpected ex-
perimental observations of the high compactness of the
denatured proteins. It was demonstrated by Cortajarena
et al. (2008a) that the introduction of a rigid segment in a
fixed position within each repeat could already lead to a re-
duced scaling exponent (close to 0.5) when the rigid segment
length was �15 amino acids (Cortajarena et al., 2008a). The
addition of an attractive term between the rigid segments in
the lattice model resulted in a scaling law as low as 0.35.
Thus, it was implied that the PPII segments need to have an
additional higher order mode of arrangement than just the
linear-sequential one in order to reproduce the experimental
results.

In this article, we wish to broaden the theoretical discus-
sion regarding the phenomenon described by Cortajarena
et al. (2008a) and to provide molecular insight on the possi-
bilities to achieve high compactness for denatured repeat
proteins in general and particularly for CTPR proteins.
Using potentials of increasing complexity, we test various
scenarios for denatured CTPRs. We particularly focus on
possibilities for non-native interactions between segments
in different repeat units. Intuitively, the self-similarity of
the structure of repeat proteins can be a cause of long-range
interactions. Indeed, we demonstrate here that denatured-
state compactness can be partially achieved by taking into
account the identical interface natively found between
repeating units. As a further model, building on the experi-
mental finding that non-native PPII structure appears in
denatured CTPRs, we propose that the tertiary interac-

tions formed between PPII segments, similar to the ones
found in the native collagen fold, may lead to a compact
unfolded state (the formation of noninteracting PPII seg-
ments does not explain the compactness of the denatured
state). Our simulations suggest that the presence of multiple
compacting contributions derived from either the inert struc-
tural repetitiveness of the CTPR domains or from the pro-
pensity to form tertiary non-native PPII based folds, can re-
produce to varying extents the reported experimental
observations.

METHODS
To study the unfolded ensemble of the CTPR, we designed
several models to address the origin of the high compact-
ness found in the experiment conducted by Cortajarena
et al. (2008a). Some of the models are universal and
can represent the unfolded state of any protein; other mo-
dels, however, are more unique to represent the unfolded
repeat proteins. For the construction of the model sets we
used a potential similar to the one thoroughly described by
Clementi et al. (2000b). To construct model sets with prop-
erties different from the nativelike model, we varied the po-
tential energy by alternately enabling or disabling different
energy terms and by changing the parameter values of the
active terms. Generally, all models can be visualized as
“beads on strings” where the beads represent the center of
mass of the C� atoms and the strings are the virtual bonds
between the atoms.

The first model (model #1; see Table I) makes use of the
complete native topology-based model (Gō-like potential).
The potential in this model rewards conformations that re-
semble the native fold. The potential of a particular confor-
mation [V�� ,�0�, where � denotes a particular conforma-
tion and �0 denotes the native conformation] along the
molecular dynamics simulation trajectory consists of the fol-
lowing terms:

Table I. Simulated models and their potential energy terms.

Model Attribute Sizesa

Potential energy terms

Bonds
Bond
angles

Dihedral
angles Contact

Excluded
volume

Contact
source

1 Self-avoiding walk 2,3,4,6,8,10 + — — — + —

2 Helical 2,3,4,6,8,10 + + + i, i+4 + CTPR

3 Native topology 2,3,4,6,8,10 + + + + + CTPR

4 Mirror 3,4,6,8,10 + + + Mirroredb + CTPR

5 PPII rigid segmentsc 3,4,6,8,10 + PPII PPII — + —

6 Mirrored PPII
c 3,4,6,8,10 + PPII PPII Mirrored PPII

d + Collagen

aSizes are expressed in terms of number of repeats �n�. The protein length �y� confirms to the expression: y= �n�34�+15, which includes the additional solvating helix length.
bThe mirroring of contacts was accomplished by incrementing the indexes of the contact pairs and allowing each interrepeat contact �i , j� to occur between all combinations of two
repeats in the protein.
cPPII bonds, bond angles, dihedral angles, and contacts were taken from the first nine residues of each of the three helices of collagen (pdb�id: 1k6a).
dPPII mirrored contact were created by adding a single increment to a set of native contacts of type [i : j, i :k, j :k] to get contact sets of type [i :k, j :k, k :k+1], etc.
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V��,�0� = �
bonds

Kb�bi − b0i�2 + �
angles

K���i − �0i�2

+ �
dihedrals

K�
�n��1 − cos�n � ��i − �i0���

+ �
i�j−3

native
contacts

	n�5�Rij
0

Rij
	12

− 6�Rij
0

Rij
	10


+ �
i�j−3

non-native
contacts

	nn�Cij
0

Rij
	12

,

where bi is the C�-C� bond distance between residue i and
i+1; �i represents the angle between subsequent three resi-
dues; 
i represents the dihedral angle formed by subsequent
four residues. The dihedral potential has either a period �n�
of 1 or 3, consequently allowing both the anti and gauche
arrangements; Rij is the distance between the C� atoms of
residues i and j, and Rij

0 is the distance between residues i and
j that are in contact in the native state; Cij defines the repul-
sion distance between residues i and j (equals to 4 Å, i.e., the
radius of each C� bead is set to 2 Å). �n and �nn denote the
energetic contributions of the native and non-native terms,
respectively, and in this work are set to unity. The values of
the parameters that are exclusively derived from the native
structure are denoted by a “0” subscript or superscript. The
details of the molecular dynamics protocol can be found
elsewhere (Levy et al., 2005).

Table I provides a complete list of the different terms and
values constituting all model sets used in this work. Models
#2, #3, and #4 all use the CTPR native fold for derivating
their potential. Models #5 and #6 impose a PPII structure on
particular segments within each repeat, based on the PPII

conformation of the chains from an engineered collagen
structure (pdb code: 1k6a). As stressed above, these model
sets also vary in the tertiary interaction terms used in each.
Figure 1 shows the interactions that are allowed in models
#2, #3, #4, and #6; in models #1 and #5 no tertiary interac-
tions are included. The residues that are allowed to interact
are shown in the contact map and as green lines on the repeat
structures. The contact maps and structures in Fig. 1 are
shown for a CTPR protein with 8 repeating units.

Since crystal structures of CTPRs indicate great struc-
tural similarity between proteins with varying repeat num-
bers (Main et al., 2003), we designed CTPR proteins using
the coordinate files of CTPR8 (pdb code: 2avp) and CTPR20
(Kajander et al., 2007) as templates for the creation of the
extended-length models where their structured was not re-
solved experimentally. The CTPR protein composed of 2, 3,
4, 6, 8, and 10 repeats were simulated using the native
topology-based model to explore their thermodynamics. In
particular, the folding temperature, TF (characterized by the
peak of the heat capacity curve where CV=kBT2��E�2

− �E2��), of each system was calculated using the WHAM

(weighted histogram method) (Kumar et al., 1992) analysis.
Having the TF and the thermal melting curve of each CTPR
protein, the temperature at which the protein is mostly un-
folded was more easily defined. The folding simulations
were performed at various temperatures and include a few
folding/unfolding transitions. To explore the denatured state,
additional simulations were collected at temperatures char-
acterized by the folding trajectories. Detailed description of
the simulation protocol can be found in previous publica-
tions (Clementi et al., 2000b; Levy et al., 2004).

To obtain the hydrodynamic radius, Rh, from the
simulations, we used an approach originally due to
Kirkwood, who showed that the diffusion coefficient �D�
can be calculated from an ensemble of configurations as

Figure 1. Contact maps and their representation on the struc-
ture of CTPR8. Contact maps of i and j residue pairs that were used
for the construction of the helical model #2 �A�, native model #3 �C�,
mirrored model #4 �E�, and of the collagen model #6 �G�. The cor-
responding i and j pairs at �B�, �D�, �F�, �H� are connected with green
line on the native structure of CTPR8.
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D1/n2�i�j
n ��1/Rij��, where n refers to the number of resi-

dues and �1/Rij� denotes the inverse average distance be-
tween residues i and j over the entire ensemble. Finally, Rh

was calculated as the inverse of the diffusion coefficient,
based on the Stokes-Einstein relation. The error of the scal-
ing exponent � is between 5 and 10%.

RESULTS AND DISCUSSION
To study the molecular characteristics of the unfolded state
of repeat proteins, and in particular of CTPR proteins, which
were reported recently to have a structured and compact un-
folded state, we have designed a series of six models with
increasing complexity that represent various scenarios of the
unfolded state ensemble. In the first model the unfolded state
is modeled as a self-avoiding random walk and in the second
model the helical interactions that exist in the native proteins
are allowed to be formed in the unfolded state. The third
model assumes that any subset of the native interactions can
be transiently formed in the unfolded state. The fourth model
assumes that in repeat proteins non-native interactions can
be formed due to the high similarity in the sequence and in
the structure. Finally, the last two models rely on the experi-
mental finding that non-native PPII structures are populated
in the denatured state. The fifth model for the unfolded state
of CTPR therefore assumes formation of PPII segments in
each of the repeat units comprising the CTPR proteins, and
the sixth model assumes long-range interactions between
these PPII segments. Following is a detailed description of
these six models and their capability to reproduce the experi-
mental results reported by Cortajarena et al. (2008a).

Set 1: Self-avoiding walk „SAW… models
We constructed SAW models for CTPRs of various lengths
that serve as a control to examine if our simulations repro-
duce known scaling laws of SAW models. Details of the po-
tential used in this model are presented in Table I, model #1.
Briefly, the potential consists of two terms only: the first is
Hookean potential for bond distance and the second term de-
fines an excluded volume potential, keeping all non-
neighboring ��i-j��4� beads with a minimal distance of 4 Å.
We simulated these models at relative temperatures of 1.17
and 1.23 to allow comparison with model #3. The use of in-
creased temperature is redundant here due to the lack of
structure of this protein model. In both temperatures we cal-
culated a scaling law of 0.58 with almost perfect correlation
between the data and the linear fit. Indeed, this scaling is in
good agreement with the known scaling law of a SAW. These
results provide an additional support for the validity of use of
molecular dynamics simulations in the investigation of un-
folded state properties.

Set 2: Helical models
Native interactions, and in particular local native interac-
tions, are prone to be formed in the unfolded state since the

entropy cost of their formation is relatively low. In the helical
model (model #2), we explicitly created a combination of a
SAW backbone with interwoven helical contacts, based on
the CTPR native-helical contacts [see Table I and Figs. 1(A)
and 1(B)]. By that we created a model that only includes con-
tributions from helical contacts that are thought to support
the formation of the folded secondary structure. We simu-
lated this set at the two high simulation temperatures used in
both models #1 and #3 (relative temperatures of 1.17 and
1.23). It should be noted that, since the overall stability of the
helical model is remarkably reduced relative to the native
topology-based model (model #3), the ambient simulation
temperature has a more significant impact on the model be-
havior than the impact most probably stressed onto model
#3. Therefore, the probabilities of forming the helical con-
tacts in the helical set are reduced relative to the probabilities
of forming the identical contacts in the more stable model.

We nevertheless found out that at the high temperatures
native helical contacts are still formed. The average Q at
the simulation conditions is 13.7% at T=1.17 and �13.3% at
T=1.23. We continued our investigations by calculating the
Rh of this set. We found that the scaling law for Rh of this set
is 0.58 and 0.59, at relative temperatures of 1.17 and 1.23,
respectively. Thus, it appears that the transient formation of
helical contacts alone does not provide enough support for
the formation of even a marginally compact fold. It is also
evident that under the simulated conditions, the presence of
transient contacts gives rise to a scaling law that is similar to
those expected of SAW models.

Set 3: Native topology-based models
In native-topology-based models, the folded state of a mol-
ecule is considered to be the conformation with the smallest
free energy out of all available conformations (Clementi,
2008) under folding conditions. Biomolecular models
complying to such Gō-like potentials inherently have a per-
fectly funneled energy landscape. The potential therefore is
biased to form native interactions as no competing basins are
incorporated in the model. Modification of the different po-
tential energy terms in a Gō-model simulation can lead to the
formation of quite versatile model behaviors, both kineti-
cally and thermodynamically. The native topology based
models were shown in numerous studies to successfully re-
produce folding kinetics and mechanisms (Chavez et al.,
2004; Cheung et al., 2003; Cho, SS et al., 2006; 2008;
Clementi et al., 2003; 2000a; 2001; 2000b; Finke and
Onuchic, 2005; Gu et al., 2007; Karanicolas and Brooks,
2003; Levy et al., 2004; Levy and Onuchic, 2006; Matysiak
and Clementi, 2008; Simler et al., 2006)

Here, we used the native-topology-based model in
an effort to rationalize the Cortajarena et al. recent results
(Cortajarena et al., 2008a) and to come up with a model that
can loyally recapture some of the unique experimental obser-
vations brought in that report. The potential energy terms

A RT I C L E
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that were actually used in the native-topology-based (Gō) set
of simulations are described in detail in Table I, model #3
[see also Figs. 1(C) and 1(D)]. We initially used this model to
examine whether the simple Gō-like potential can ad-
equately describe the thermodynamic stability of CTPR pro-
teins, but specifically we were interested in determining the
temperatures at which the overall ensemble of conformations
tends to be mostly unfolded. To investigate this, each of the
CTPR proteins was simulated at varying temperatures which
allowed monitoring of both the folding and unfolding transi-
tions. Using this information, we were able to determine the
relative stability of the different models constituting this set.

The relative stability of the CTPR proteins of varying
lengths, expressed through their folding temperature (Tf,
the temperature at which the folded and unfolded state are
equally stable) studied using the native topology-based mod-
els is in agreement with the experimental data, the stability
increases with the increase in the number of repeats (Ferreiro
et al., 2005; Ferreiro and Komives, 2007; Ferreiro et al.,
2008; Ferreiro and Wolynes, 2008; Hagai and Levy). The
folding kinetics of repeat proteins have also been recently
shown to be captured remarkably well by such models
(Ferreiro et al., 2005; Ferreiro and Komives, 2007; Ferreiro
et al., 2008; Ferreiro and Wolynes, 2008; Hagai and Levy,
in press).

To computationally study the unfolded ensemble of pro-
teins one has to rely on their denaturation curves to define the
condition at which the proteins are unfolded. The unfolding
denaturation plots of the different CTPR proteins (Fig. 2) il-
lustrate that the unfolded state is significantly populated at
temperatures above 1.17 (relative simulation temperatures,
scaled to the TF of CTPR2). Accordingly, to investigate the
geometrical properties of the unfolded species in a statisti-
cally significant manner, we further simulated the CTPR se-
ries using the Gō models with increased sampling at these
high temperatures. We found that the scaling law of the un-

folded conformations of the CTPR models is 0.56, very close
to the value expected from polymer theory. In the light of the
SAW model set scaling ��=0.58�, one may also conclude
that the scaling of the native-topology-based model, at simi-
lar simulation temperatures, may represent the scaling of a
model set which does not reach “complete” unfolding. This
provides an additional example for the difficulty in quantita-
tively defining “unfoldedness” and raises questions such as
what is the extent of nativeness present, even transiently, if
any, in chains considered as unfolded and which of the native
characteristics can still be present in an unfolded chain while
still providing Flory scaling laws.

Along a typical simulation trajectory, at temperatures
which mostly promote unfolding, some residual presence of
mostly helical contacts (between i, i+4 pairs) was detected.
The average Q (the total number of native contacts in a given
conformation) throughout a complete data set of trajectories,
obtained at T=1.17, is 17.9%, and almost similar, 17%, at
T=1.23. In the light of model #2, it is possible that the re-
duced scaling exponent we obtained for model #3 ��=0.56�
at the unfolding temperatures does not seem to originate
mostly from the helical contacts which are automatically in-
cluded in the native-topology-based model. If that was the
case we would have expected that a model set based on heli-
cal contacts in isolation, as in model #2, would yield, at the
very least, the slightest increase in the overall geometrical
compactness—as measured by Rh and expressed by the scal-
ing law.

Our results most likely demonstrate that, even in the
presence of residual structure, under conditions which might
not induce complete unfolding, it is possible to obtain a scal-
ing law quite similar to the ones suggested for the self-
avoiding walk models. The fact that the residual structure is
composed of mostly helical contacts is in good agreement
with a previous report that showed that unfolded scaling laws
can be obtained even for proteins with well-formed second-
ary structure elements (Fitzkee and Rose, 2004). Quite ex-
pectedly, we did not witness any unusual compactness in the
unfolded state of this set and therefore it could not provide
ample support for the experimental results. The following
models were constructed in an effort to fulfill that exact same
purpose.

Set 4: Mirrored” models
We showed that modeling the unfolded state using the native
interactions (models #2 and #3) under conditions that induce
unfolding resulted in transient formation of native contacts.
Yet, the characteristics of the unfolded state ensemble ob-
tained from models #2 and #3 demonstrate that the unex-
pected scaling law reported by Cortajarena et al. for the
CTPR proteins (Cortajarena et al., 2008a) could not be ac-
counted for by the suggested presence of helical structure or
other native interactions dominating the denaturated chain.
We speculate that a model that could recapture some of this

Figure 2. Denaturation of native model set. Temperatures were
scaled relative to the Tf of CTPR 2. At temperatures above 1.17 the
rate of transition reaches a plateau, indicating the presence of sig-
nificant population of unfolded conformations.
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unusual unfolded-state behavior would most probably have
attributes which are not readily deducible from the folded
conformation of the CTPR molecules. Accordingly, non-
native interactions are expected to be formed in the dena-
tured state.

One of the interesting features of CTPR proteins is the
similarity of interfaces residing between and within the re-
peating units. For example, if we examine the residues in the
first repeat of, say, CTPR3, which are involved in intrarepeat
contacts, we would see that these are almost identical in their
type and order to the residues involved in the similar in-
trarepeat contacts within the second repeat of that protein.
This example also holds true for the interrepeat contacts. We
therefore devised a model set which takes into account the
possibility that upon refolding, the CTPR chain can form
inter- and intrarepeat contacts between nonadjacent repeat-
ing units. The claim that an identical interface can potentially
be formed between nonadjacent repeating units is based
on our suggestion that both the adjacent and nonadjacent
interfaces are literally identical, and thus, can alternately
be formed. Model #4, which will be discussed in this sec-
tion, was created to account for such interface formation pos-
sibilities. The model is designated as the “mirrored” model
because the contacts appearing in the native-topology-based
model of the CTPRs have been duplicated and reassigned.
The origin of the mirrored inter- and intrarepeat contacts
is from the contacts of adjacent repeating units and the re-
assigned identity of the pertaining residues is set to values of
residues that belong to repeats that are nonadjacent. Thus,
the interaction between residues which form a contact in
the native state, say in repeats i and i+1, is now mirrored so
that it can exist between repeat i and all other repeats. The
contact map of model #4 is depicted in Figs. 1(E) and 1(F)
and the different terms used in this model are summarized in
Table I.

We found that the unfolded state modeled by the mirror
model under the simulation unfolding conditions does pos-
sess an additional degree of compactness, with a scaling ex-
ponent of 0.53 at T=1.17 and 0.52 at T=1.23 [Fig. 3(A)].
This exponent is rather reduced relative to the native model
(model #3), yet the magnitude of this reduction fails to fulfill
the much anticipated decrease in the scaling law. We further
explored the degree of foldedness of this model and found
that the degree of contact formation at temperature of 1.17 is
�18.5%, and at 1.23 it is 17.6%. These values are quite simi-
lar to the ones calculated for model #3 (Q=17.9% and 17%),
yet the scaling exponent is different (0.56 in model #3 and
0.52 in this model), especially when taking into account that
the total number of contacts that define Q in model #4 is
larger than in model #3. Again, these results provide an ex-
ample for the terminological difficulty in defining the un-
folded state of a chain, in which a reaction coordinate, such
as Q, provides here imperfect predicting abilities for the geo-
metrical properties of that state.

In addition to the analysis of the average ratio of native
contacts formation �Q�, we wanted to quantitatively examine
the type of contacts contributing to the reduced scaling law
of model #4. To facilitate this, we calculated pij, the probabil-
ity of contact formation between residues i and j. pij is in
effect the Q of a given type of interaction (native, helical, or
mirrored) for a pair of residues i and j. The pij values of most
of the mirrored contacts was low relative to the CTPR-based
native contacts �Pij�0.03�. To focus on the pij of the mirror
model we calculated the difference-contact map, by subtract-
ing from the pij values of the mirrored model the same values
obtained from model #3. The difference-contact map reveals
nicely [Fig. 3(B)] that the probability to form the CTPR-
based contacts (native), and mainly the helical contacts, de-

Figure 3. Modeling the unfolded state of CTPR using the mirror
model. �A� The scaling law exponent of the mirror model �model #4�
at temperatures of 1.17 and 1.23. �B� Difference of pij between na-
tive model and mirrored model sets at T=1.27. Blue contacts repre-
sent contacts present in the mirror model �model 4� of CTPR6 that
are not formed in the native model �model 1�. Red contacts are
contacts that are more frequently present in the native model than in
the mirror model.
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creased in model #4 relative to model #3 (diagonal and near-
diagonal contacts). It is seen that the majority of the mirrored
contacts was indeed formed and that their formation resulted
in destabilization of the helical contacts. It is also apparent
that the prevalence of these contacts decreased as the dis-
tance between the i and j residues constituting the contacts
increased, which can be rationalized by the substantial en-
tropic cost that must be paid to form a contact between re-
mote i, j residues.

It would be interesting to speculate on the possible role of
mirroring interactions in biological modules that are com-
posed of repeating structural interfaces. The same idea can
even be applied to modules on the level of repeating multi-
domain proteins. Keeping a protein in this semifolded semi-
unfolded conformation, in situations where the mirrored
contacts do form, can have major advantages such as protec-
tion from degradation, kinetic control over the folding reac-
tion, or narrowing down the conformational search quest to a
smaller region of the energy landscape by keeping the chain
entropy relatively low prior to forming the native fold. On the
other hand, such interface mirroring can take place between
different molecules (similarly to domain swapping) and thus
can promote aggregation.

Set 5: Poly-proline II models
Cortajarena et al. (2008a) suggested that the compact struc-
ture of denatured CTPRs is due to interaction between rigid
PPII segments formed upon chemical denaturation. In the
next sections of this article, we wish to examine some as-
pects of the suggested PPII model, using a more realistic,
protein-related theoretical approach than the lattice simula-
tions presented in Cortajarena et al. (2008a). We first simu-
lated a model that is based on the assumption that under un-
folding conditions segments with PPII conformations are
formed.

Model #5 was constructed in order to introduce the pos-
sibility that a CTPR chain, upon unfolding, can adopt a PPII

fold at local and defined regions, and test its effect on the
scaling law of Rh. Particularly, we were interested to see
whether the decrease in the scaling exponent observed in the
lattice simulations of Cortajarena et al. (2008a) survives the
transition to real space simulations.

We constructed nine-residues-long PPII segments based
on the dihedral and bond angles of actual an PPII segment
taken from the collagen X-ray structure (pdb code: 1k6a)
(see Table I, model #5). We used the SAW skeleton as a tem-
plate into which the native PPII properties were introduced.
To form a continuous stretch of nine residues to accommo-
date the basic PPII unit, we assigned the nine residues at the
junction of adjacent repeat sequences (the region that com-
prises the C-terminal of a repeat and the N-terminal of the
subsequent repeat was probed experimentally to be critical
for PPII formation) the PPII native properties.

We found that the scaling exponent of the models
at T=0.23 is 0.6 and the scaling at T=0.67 is 0.58.
These results stand in conflict with the on-lattice model of
Cortajarena et al. (2008a) that showed that the scaling
exponent of a model consisting of nine rigid residues is
approximately 0.53. We rationalize these disagreements
on the basis of the methodological differences between
the two approaches: the on-lattice model defines PPII seg-
ments as fully rigid, while the current simulation uses an off-
lattice model with much more detailed representation of
chain residues. The PPII model (model #5) is in fact not dis-
similar to the helical model (model #2): both include struc-
tural elements with local interactions and no long-range in-
teractions.

Set 6: Collagen fold model
In this section, we further elaborate on the PPII model with
interactions that was suggested by Cortajarena et al. (2008a)
as the origin for the compactness of denatured CTPR. In
their paper, they showed that introducing an attractive inter-
action term between the rigid segments (representing the PPII

regions) led to the formation of increasingly compact confor-
mations with respect to the model length. The attractive po-
tential was applied to an increasingly larger fraction of the
repeat protein unit that corresponds to the defined rigid PPII

segments. While the simulations indicated significant com-
pactness due to long-range attraction between rigid seg-
ments, supporting the experimental results, there are open
questions regarding the molecular nature of these attractions
and their relevance to protein structures.

To circumvent the need to arbitrarily determine inter-PPII

default distances and fractions of PPII segment involved in
the inter-PPII network, we looked for a natural high-order ar-
rangement of PPII segments. One possibility is the superhe-
lical collagen fold, which is assembled exclusively out of PPII

segments. We therefore created a potential that defines such a
structure embedded in a SAW chain [Figs. 4(A)–4(C)].
Model #6 [see Table I and Figs. 1(G) and 1(H)] resembled in
all of its details to model #5, except in the critical contacts-
list term that was absent in model #5 and which is here cru-
cial for the definition of the higher-order super structure. The
contact list we constructed allowed the formation of several
combination of three-helix PPII segments, requiring the par-
ticipation of three subsequent segments of PPII. Three seg-
ments form a single triple-helix or at the extreme possibility
between any arrangement of adjacent three-helix combina-
tions that could be grouped together to form multiple, over-
lapping, three-helical elements. In addition, we set all the
distances in the contacts list based on the ones from the na-
tive structure of an engineered collagen molecule (pdb code:
1k6a).

We found that the scaling exponent obtained with this
model at T=1.23 was reduced to a value of 0.44, which is not
far from the experimental results ��=0.37� which we set out
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to explain. Possible reasons for the discrepancy between the
simulated and experimental scaling law are that the collagen-
type structures are formed from larger regions with PPII con-
formation and that chemical denaturation may support
higher compactness than thermal denaturation which was
used in the simulations to model the unfolded state. Alterna-
tively, it is possible that the combination of models #4 and #6
would result with higher compactness and smaller scaling
law. Our simulations at T=1.67 revealed, unsurprisingly for
this system, that at such conditions, for the given potential of
model #6, the chain mostly demonstrates self-avoiding be-
havior, with a scaling of 0.59. Examination of the conforma-
tions sampled throughout the simulations of this model re-
vealed that indeed, different arrangements and combinations
of the PPII helices are in fact formed at the lower tempera-
ture. Figure 4(D) depicts some of the different arrangements
of denatured CTPR10 obtained from model #6. We therefore
demonstrate here that by applying an unbiased potential, in
the sense that it lacks any arbitrarily decisions regarding the
local concentration of the collagen segments that are to be
formed, we were still able to obtain a scaling which is sen-
sible in terms of the experimental data. Thus, we suggest this
model set to be an additional valid solution to the experimen-
tal enigma Cortajarena et al. have raised.

CONCLUSIONS
In this study, we explored the unfolded state ensemble of
CTPR repeat proteins with the goal of providing molecular
insights on the high compactness of these proteins that was
recently reported. We designed several coarse-grained mod-
els to address the significant deviation of CTPR proteins
from the random-coil characteristics that are often found for
the unfolded state of many proteins. Accordingly, our com-
putational models aim at addressing the question of whether
the high degree of structure in the unfolded state of the
CTPR is unique to this protein or might be a common feature
of repeat proteins due to the existence of repeating units with
identical sequence.

The scaling law relationship between the average radius
of the protein in the unfolded state and the number of re-
peats was tested for a series of CTPRs composed of 2–10
repeating units. Simulating the CTPR proteins using
the native-topology-based model (at unfolding conditions)
or using a model that included the formation of helical in-
teractions only, resulted in a random-coil-like scaling. Si-
milarly, a model that simulated the formation of PPII

conformation in the unfolded state yielded random-coil
characteristics. These models indicate that native or local
interactions are not enough to explain the anomalous fea-
tures of the unfolded state of CTPR and, most likely, the
high compactness originates from long-range non-native
interactions.

Due to the repetitive nature of repeat proteins, we de-
signed a model that includes interactions between any pair of
repeating units and not only between neighboring repeats
that form interface in the native structure. One can imagine
that in the unfolded state where nonconsecutive repeats with
consensus sequence are close in space, various repeats can
interact with each other as their interfaces are optimized for
that. Accordingly, we designed a mirror model that allows
each interfacial contact to be formed between any pair of re-
peats. The unfolded state modeled using the mirrored model
is more compact than that of a random-coil polymer, but not
as compact as found for CTPR. Yet, the mirror model sug-
gests that the unfolded state of any consensus repeat proteins
may deviate from random-coil behavior due to the existence
of non-native interactions stemming from the high symmetry
of these proteins.

While our results suggest that the existence of PPII seg-
ments in the unfolded CTPR is not sufficient to explain the
experimental scaling exponent of �=0.37, we found, in
agreement with previous modeling, that interactions between
the PPII segments can yield significantly compact conforma-
tions in the unfolded state. We modeled the interactions be-
tween the PPII regions based on collagen that is composed of
three chains with PPII conformation. We found that two and
three segments of PPII can transiently associate and form col-
lagenlike structures.

It should be noted that polymer theory predicts universal

Figure 4. Modeling the unfolded state of CTPR using the col-
lagen fold model. Collagen model construction �model #6�. X-ray
structure of collagen �pdb code: 1k6f� was used as the origin for the
potential terms used in the simulation. The conformation of the first
nine residues of the collagen sequence and their contacts were
cloned to the regions in the CTPR flanking the repeat regions. Ver-
tical �A� and horizontal �B� views of the crystal structure of synthetic
collagen. �C� The individual PPII segments constituting the collagen
structure and their set of native contacts were cloned onto the CTPR
structure in regions marked with the cognate PPII colors on the
CTPR sequence �here, onto CTPR4�. �D� Snapshots of a simulated
collagen model. Arbitrary conformers of a collagen model with ten
adjacent PPII segments demonstrating the ability of the collagen
models in general to form different combinations of collagen super-
helices in an unbiased manner. Colored segments represent the
PPII regions, with color code changing from “cold” �blue� to “hot”
�red� according to the sequential order of the segments. SAW scaf-
fold is colored in gray.
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scaling exponents, namely 1/3 for the globular compact
state and 0.588 for the coiled state (de Gennes, 1979).
The appearance in this work and in the experimental work
of scaling exponents with values in between the two uni-
versal values should not be interpreted as contradicting
polymer theory. Rather, these scaling exponents are most
probably manifestations of finite-length effects. In other
words, in the limit of very long CTPR proteins the universal
scaling exponents should be regained (Cortajarena et al.,
2008a).

Our study indicates that repeat proteins and in particular
those with consensus sequence can adopt relatively compact
conformations in the unfolded state that are stabilized by
long-range non-native interactions and their formation is fa-
cilitated by the symmetry in the structure and in the se-
quence.
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