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ABSTRACT Structural transitions are impor-
tant for the stability and function of proteins, but
these phenomena are poorly understood. An exten-
sive analysis of Protein Data Bank entries reveals
103 regions in proteins with a tendency to trans-
form from helical to nonhelical conformation and
vice versa. We find that these dynamic helices,
unlike other helices, are depleted in hydrophobic
residues. Furthermore, the dynamic helices have
higher surface accessibility and conformational
mobility (P-value ¼ 3.35e-07) than the rigid helices.
Contact analyses show that these transitions result
from protein-ligand, protein-nucleic acid, and crys-
tal-contacts. The immediate structural environ-
ment differs quantitatively (P-value ¼ 0.003) as well
as qualitatively in the two alternate conformations.
Often, dynamic helix experiences more contacts in
its helical conformation than in the nonhelical
counterpart (P-value ¼ 0.001). There is differential
preference for the type of short contacts observed
in two conformational states. We also demonstrate
that the regions in protein that can undergo such
large conformational transitions can be predicted
with a reasonable accuracy using logistic regres-
sion model of supervised learning. Our findings
have implications in understanding the molecular
basis of structural transitions that are coupled
with binding and are important for the function
and stability of the protein. Based on our observa-
tions, we propose that several functionally relevant
regions on the protein surface can switch over
their conformation from coil to helix and vice-
versa, to regulate the recognition and binding of
their partner and hence these may work as ‘‘molec-
ular switches’’ in the proteins to regulate certain
biological process. Our results supports the idea
that protein structure–function paradigm should
transform from static to a highly dynamic one.
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INTRODUCTION

The protein structure–function paradigm, which states
that a protein must fold into rigid three-dimensional
structure to perform its respective task, is based on the
assumption that molecular recognition in the cell requires
precise geometrical orientation that is achieved by rigid

folds in the protein. The realization that many proteins
remain completely or partially unfolded in their native
functional state1–3 has transformed the ‘‘protein struc-
ture–function’’ paradigm to ‘‘protein trinity’’ paradigm,
which states ‘‘The native proteins can exist in any of the
three thermodynamic states—ordered, molten globule,
and random coil (i.e., Ordered$Molten globule $ Ran-
dom coil).’’4 According to this theory, not necessarily the
ordered state but any one of these can be the native func-
tional state of the protein. Reversible transitions among
these states may regulate the cellular processes these
proteins involved in. Over 30% of human proteome is pre-
dicted to be unfolded in the native state5 and this subset
includes various functional classes encompassing func-
tions such as cell signaling, gene-regulation, protein
phosphorylation, storage of small molecules, oligomeriza-
tion or self-assembly of large multiprotein complexes.3,5

Natively unstructured proteins are discovered more
recently, since the biased biochemical and biophysical
methods selectively work for globular protein.3 Crystal
diffraction patterns generally do not resolve unstructured
regions, which limit their identification and characteriza-
tion. Nevertheless, spectroscopic-based methods like
NMR and CD can characterize these regions. From the
disorder-promoting characteristics of amino acid sequen-
ces, disordered regions in the protein can be predicted by
computational methods.1,2,6–10 Several sequence patterns
that ascribe conformational flexibility in protein struc-
tures have been identified and analyzed.11,12

Conformational variability in protein structures has
functional significance. For example, these can be in-
volved in specific hinge movements to facilitate certain
interactions. Heat shock proteins contain flexible loops
that play crucial role in recruiting target protein.13

Structural disorder can also ascribe multiple cellular
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roles to a protein.14,15 The unstructured regions provide
an extended number of contact areas for recognition and
interaction with multiple interacting partners. These
regions can form metastable conformations of high speci-
ficity and low affinity and their transition to rigid con-
formations due to binding with interacting partners
decreases the conformational entropy to form a compact,
but reversible macromolecular assembly. Specific struc-
tural changes also act as conformational switches for
binding or release of ligand.16 Furthermore, the confor-
mational transitions may regulate protein turn-over.
Conformationally flexible regions of the protein are more
susceptible to protein degradation.15,17 The structural
transition of flexible regions to more rigid conformation
stabilizes the protein against proteolysis.18 Thus, the re-
versible transition between different conformational
states can work as a regulatory switch to control certain
cellular process.
Although a few attempts have been made using molec-

ular dynamics simulations,19–21 but such studies are
limited due to paucity of computational power and time.
Protein Data Bank provides a large number of experi-
mentally determined protein structures with a high level
of redundancy, which can be exploited to study the struc-
tural polymorphisms. Several groups22–25 have used the
redundancy in Protein Data Bank to explore the struc-
ture–function relationships. Several interesting struc-
tural transitions have been reviewed by Dyson and
Wright3 and Uversky.4 The analyses of structural transi-
tions in proteins require direct experimental evidence
and studies for individual cases, mostly based on CD
spectra, exist in literature. This includes increase in a
helical content in Max protein favored by self dimeriz-
ation and DNA-binding,26 coil-to-helix transition upon
t-RNA binding to protamines27 and ligand-controlled
rigidity of a-fetoprotein (AFP) and horse apocytochrome-
c.28,29 The region 82–94 in apomyoglobin undergoes coil-
to-helix transition during the binding of heme moiety.
Such a transition from disordered to ordered state pro-
tects the holomyoglobin from proteolysis.18 Coil-to-helix
transitions are also observed during phosphorylation of
proteins.30,31 Similarly, pKID domain of the transcription
factor CREB protein is intrinsically unstructured but
becomes helical when binds to CREB binding protein
(CBP).32 Intrinsically unstructured protein (IUP), p27-
KID, exhibits exceptionally high thermodynamic stability
after binding to Cdk2/cyclin-A complex.33 Based on this
observation, the authors proposed the concept of thermo-
dynamic tethering, i.e. the macromolecular assemblies
formed by IUP binding to existing protein complexes
leading to increased thermodynamic stability.33

In an interesting report, Gerstein et al.34 explored sev-
eral domain movements in the proteins with a similar
approach. They identified two kinds of domain motions
namely the ‘‘hinge’’ motion and ‘‘shear’’ motion. These
motions were proposed to be of low energy and are im-
portant for ligand binding. They have elegantly demon-
strated how the dynamics of protein structures can be
studied at large scale without applying computationally

or experimentally intensive methods. Similarly, the
structural changes upon protein–protein association or
enzyme–substrate interaction were analyzed by few
groups.35,36 However, there is a lack of comprehensive
studies aimed to analyze ‘‘structured $ unstructured’’
kind of transitions in Protein Data Bank. Here, we iden-
tified large conformational transitions in proteins and
then analyzed their inherent features as well as their
immediate microenvironments. Among all secondary
structure transitions, helix-to-coil transitions are the
most common. a-helix-forming small elements in large
unstructured regions were proposed to mediate the
coupled folding and binding events.37 On a similar
theme, preformed structural elements, mostly helices, in
unfolded proteins are proposed to be the anchoring
points for interaction and further facilitating their
coupled folding.38 Therefore, we took initiative to com-
prehensively analyze ‘‘helix$coil’’ transitions in PDB
and showed that these regions have differential prefer-
ence for amino acids, surface accessibility, and conforma-
tional flexibility. Interestingly, these regions directly
interact with ligands, nucleic acids or protein moieties
and their immediate structural environments differ in
their alternate conformations.

MATERIALS AND METHODS
Dataset

The Protein Data Bank (http://www.rcsb.org/pdb/)
entries are clustered using PDB-REPRDB server (http://
mbs.cbrc.jp/pdbreprdb-cgi/reprdb_menu.pl) as on October
12, 2005 with the following criteria; resolution � 3 Å, R-
factor < 0.3, length > 40, and sequence identity < 90%.
This is the parent dataset of 4685 clusters.

Secondary structure was assigned using Definition of
Secondary Structure Prediction program (DSSP) (http://
bioweb.pasteur.fr/seqanal/interfaces/dssp.html). The clus-
ters with a sequence stretch of length � 8 found in both
helical and nonhelical conformations were analyzed. The
data set composed of 103 clusters wherein each cluster
included sequences that had 100% identity and elimi-
nated all other close homologs. The representative pairs
for helical and corresponding nonhelical conformations
were then extracted out based on sequence length
(where the structure coordinates are available) and reso-
lution. Protein sequences with comparable lengths
within any cluster and with lowest resolution were pre-
ferred. The final dataset was composed of 103 pairs of
sequence segments (of length �8) having helical and
complementary nonhelical conformations (see, the flow
chart, supplementary Fig. 1).

Amino Acid Composition

The frequency of each amino acid was calculated for
both dynamic and rigid helices. To plot, we subtracted
the a.a. frequency in rigid helices from that of dynamic
helices. Thus, the positive values show the relative
abundance of particular amino acid in the dynamic heli-
ces and the vice-versa.
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Mean Hydrophobic Moment

We calculated the mean hydrophobic moments using
hmoment program available in EMBOSS package (http://
emboss.sourceforge.net/).

Surface Accessibility and Crystallographic
B-Factors

Information on the accessible surface area (ASA) was
taken from DSSP profile. A surface residue is that with
ASA at least 25% of its nominal maximum surface area.
Crystallographic B-factors (temperature factors or
Debye–Waller factors) for each Ca atom were taken from
PDB file and normalized using the formula:

B0 ¼ B� B

r

where B is the actual B-factor of Ca atom of the residue
B is the average B-factor, and r is standard deviation
for all Ca atoms in each PDB.

Machine Learning

Weka-3.4 machine learning java libraries (http://
www.cs.waikato.ac.nz/ml/weka/) were used for the pre-
diction of dynamic and rigid helices. The detailed
strategy adapted for the prediction is given in the sup-
plementary Figure 2.

Dihedral Angle Difference

Dihedral angle difference (DAD) between helical and
nonhelical conformations in a pair was calculated as

DADA
i ¼ juA

i � uB
i j þ jwA

i � wB
i j

where A and B are two structures to be compared and i
is the residue. This value is averaged over the entire
segment.

Contact Analysis

Crystal environment (for crystal structures) was com-
puted using Cryco server (http://ligin.weizmann.ac.il/
�lpgerzon/cryco5.0/cryco/cryst1.cgi). All close contacts
around the helical and nonhelical structures were listed
out at atom to atom distance cut-off of <4 Å.

Images

Structural images were generated by Visual Molecular
Dynamics (http://www.ks.uiuc.edu/Research/vmd/) and
RasMol (http://www.umass.edu/microbio/rasmol/index2.
htm) softwares. The heatmap was produced using an
excel macroscript.

Statistics

Suitable tests of significance were applied. Wherever
the data does not follow the normal distribution (as con-
firmed by Shapiro–Wilk normality test), we applied non-
parametric test of significance namely the Wilcoxon-test
besides the traditional t-test.

RESULTS AND DISCUSSION
Definitions

‘‘Dynamic helices’’ are those helices that have alter-
nate nonhelical conformation in the representative pair,
while the ‘‘rigid helices’’ are those that are structurally
conserved in the representative pair. There were 103
dynamic and 398 rigid helices derived from the same
PDB dataset (refer to ‘‘Materials and Methods’’ section).
‘‘Structural environment’’ is the number and type of
short contacts experienced in the immediate vicinity
(atom to atom distance < 4 Å) by the protein segment
considered. Water molecules were not included in this
structural environment, instead, these were analyzed
separately.

Comparison of Dynamic and Rigid Helices

We compared the length, amino acid composition, sur-
face accessibility, and conformational flexibility of
dynamic helices with that of rigid helices derived from
the same protein.

Dynamic helices are relatively short and
depleted in hydrophobic amino acids

The length distribution (Fig. 1) of dynamic and rigid
helices shows that the former are relatively short (8–12
residues, i.e. 2–3 complete turns of helix) in length as
compared to the later ones. Structural transition in lon-
ger protein segments would involve higher energetic cost
and hence these are infrequent in our dataset. This
might also relate to the fact that the long disordered seg-
ments of protein structure are generally not resolved in
X-ray diffraction pattern and hence are not available in
PDB.

Certain combinations of amino acid residues relate
directly to the local mobility of the protein backbone. In

Fig. 1. Length distribution of dynamic and rigid helices.
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a preliminary analysis, we compare the a.a. composition
of dynamic and rigid helices, which differs in the two
datasets. Dynamic helices are deficient in hydrophobic
a.a. and slightly enriched in hydrophilic and charged
a.a. In dynamic helices, Asn, Lys, Arg are the most
abundant and Val, Leu, Ala the least [Fig. 2(A)]. The v2

tests give P-values that are significant (P ¼ 0.024 and
0.022) for under-representation of Val and Cys, and
near-significant (P ¼ 0.067) for over-representation of
Lys (supplementary Table I). In particular, under-repre-
sentation of Cys may relate to loose packing of dynamic
helices, since Cys can contribute to rigidity by making
disulfide bonds. Similarly, over-representation of Gly
may contribute to the dynamic nature of these helices,
since Gly is the most flexible residue in terms of tor-
sional rotation of the backbone.

Dynamic helices are more surface-accessible

As the surface residues of a monomer may get buried
after interaction with other monomers/interacting part-
ners, we calculated ASA in the monomeric form of the
protein to nullify the effect of interaction(s) on surface

accessibility. We found more surface-exposed residues in
dynamic helices than in the rigid helices [Fig. 2(B)]. The
two-tailed t-test for the difference in proportion of
surface-exposed residues in dynamic and rigid helices is
highly significant (P-value ¼ 2.50577e-08). Thus, the
structural transitions are more common on the surface
than the buried regions of a protein. This agrees with
the fact that the protein core is generally rigid and
structurally conserved.

Dynamic helices are less amphiphilic than
rigid helices

Mean hydrophobic moment was calculated to estimate
the amphiphilicity of dynamic and rigid helices. We
found dynamic helices less amphiphilic than the rigid
helices [Fig. 2(C), P-value of t test ¼ 0.077]. The amphi-
philicity of helices play crucial role in proper protein
folding by exposing its hydrophilic face toward exterior
and hydrophobic toward protein-interior. Since the
dynamic helices are depleted in hydrophobic residues,
they are less amphiphilic than the other helices. This
might contribute to their loose packing on the protein
surfaces and eventually to their dynamic nature.

Fig. 2. Comparison of dynamic and rigid helices. (A) Difference in the amino acid frequencies in dynamic and rigid helices. (B) Distribution of
surface accessible residues in dynamic and rigid helices. (C) Distribution of hydrophobic moment in dynamic and rigid helices. (D) Distribution of
normalized B-factor for surface accessible residues in dynamic and rigid helices.
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Dynamic helices are inherently flexible

The crystallographic B-factors represent the extent of
dispersal of the electron density due to atomic oscilla-
tions around the equilibrium position. Several
authors15,39–43 have used normalized B-factors to esti-
mate the degree of local flexibility in the protein back-
bone or side chains.
Here, we compared the distribution of normalized B-

factors between dynamic and rigid helices. Since most of
the residues in dynamic helices are surface-exposed, we
analyzed only surface residues and found these to differ
[Fig. 2(D)]. The two-tailed t-test exhibits significant P-
value for the higher mean B-factors in dynamic helices
(P-value ¼ 3.35118e-07). Thus, the surface residues in
the dynamic helices are more flexible than those in the
rigid helices. This confirms the inherent dynamic nature
of these helices.

Dynamic and rigid helices can be predicted
using ‘‘logistic regression’’ model

In the above analysis, we show several discriminating
properties of dynamic and rigid helices. These discrimi-
nating characteristics can be exploited as attributes to
predict the dynamic and rigid helices in proteins. We
now show that we, indeed, can discriminate the dynamic
and rigid helices in proteins using the present dataset.
We used the logistic regression model to train the classi-
fier on our dataset. Standard 10-fold crossvalidation
strategy is used to test the reliability of the prediction.
The overall methodology adopted for prediction is given
as a flow chart in supplementary Figure 2. We predict
83.83% of total 501 instances correctly with a mean
absolute error of 0.211. The TP rate, FP rate, precision,
recall, and F-measure (product of precision and recall)
shown in Table I represent reasonable accuracy of pre-
diction. The precision can be improved by training on
more number of dynamic helices (by including close
homologs in the starting dataset). These observations
have important implications in identifying regions prone
to conformational transitions in proteins. This can also
be useful in designing synthetic ‘‘conformational
switches’’ in proteins.
In a Raman optical activity (ROA)-based study, McColl

et al.44 proposed two types of a-helices in proteins/poly-
peptides with respect to hydration patterns observed.
These were (1) canonical a-helices or ac-helices that
dominate primarily in the hydrophobic environment and
appears to be unhydrated. The main chain dihedral
angles (uiþ1 and ci) group in the range of �66 (�5)8 and

�41 (�6)8 and (2) Open conformation a-helices or ao-hel-
ices, that dominate in the hydrophilic environment and
are hydrated. The uiþ1 and Ci dihedral angles group in
the range between �59 (�6)8 and �44 (�6)8. The ac-heli-
ces are stabilized by the H-bonding with the water mole-
cules or the hydrophilic side chains with the peptidyl
carbonyl. Based on discriminatory features of dynamic
helices, one can probably relate the dynamic helices to
ao category. Assuming that the surface-exposed regions
experience more hydrophilic interactions than the in pro-
tein interior, we can safely conclude that the dynamic
helices, like ao-helices, prefer to be in the hydrophilic
environment. However, the comparison of uiþ1 and Ci di-
hedral angles in dynamic and rigid helices did not reveal
any significant grouping in the characteristic range of ac

or ao helices. Both the helices showed almost equal
grouping in two characteristic ranges (data not shown).
The comparison of hydration pattern would not be justi-
fied here, since there is a significant difference in the
solvent accessibility of dynamic and rigid helices. There-
fore, we cannot categorize the dynamic helices solely to
ao category.

Analysis of Dynamic Helix and Complementary
Non-Helical Conformation
Conformational perturbation in dynamic helices

The right-handed a-helical conformation falls in the
range �1208 to �108 and �1208 to 208, of u–c angles,
respectively, in the Ramachandran plot. It is expected
that, upon transition from helix to nonhelix, the u–c
angles of the right-handed a-helical conformation will be
perturbed. The Ramachandran plots in Figure 3 indeed
show that after transition, the u–c values spread out
from the allowed region of right-handed helical confor-
mation. The average dihedral angle difference (DAD)
varies from 11.278 to 208.648, suggesting a wide range of
perturbations in the dynamic helices. In 89 out of 103
cases, the average DAD values were above 408 (supple-
mentary Fig. 3). Thus, in most cases, the conformation
was noticeably different in the two conformational
states. The exact conformation (as given by DSSP) of the
nonhelical counterparts of the dynamic helices was
mostly turn (48%), bend (15%), and 310 helix (20%). The
DSSP does not calculate the PPII helical conformation.
Using an in-house computer program that identifies PPII
conformation using backbone torsion angles (centered
around �758 and 1458 values of u, c angles respectively
with deviation of �208), we found only 2% residues fall-
ing in the u–c range of PPII conformation. The dataset
completely lacks a complete turn of PPII helix (i.e., four
continuous residues in PPII conformation). To nullify the
effect of crystal contacts, we analyzed a subset, wherein
the PDB structures of nonhelical counterparts of the
dynamic helices were determined using NMR method.
Again, we do not see any preference for the PPII confor-
mation. Out of total 205 points, only two points fall in the
PPII range of u, c angles. This is inconsistent to a report
of Blanch et al.45 on human lysozyme, where PPII is pro-

TABLE I. Performance Measures for Prediction of
Dynamic and Rigid Helices

Class TP rate FP rate Precision Recall F-measure

Dynamic helix 0.73 0.13 0.59 0.73 0.65
Rigid helix 0.87 0.27 0.93 0.87 0.90
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posed to be preferred conformation upon helix-unfolding.
However, unlike our study, their study involved fully
hydrated and temperature-driven partially denatured
state of the protein. Also, they proposed that PPII is an
intermediate conformation during helix-to-sheet transi-
tion pathway, since the main chain torsion angles for
PPII and b-sheet conformations are in close vicinity in
the Ramachandran plot. This probably justifies the dis-
crepancy observed in the two studies.

Structural environment differs in two
conformational states

Since the multiple structures of the same protein pres-
ent in the PDB may differ in their structural environ-
ment, we analyzed the structural environment for the
representative pairs of helical and nonhelical conforma-
tions.

Helical conformation experiences more number
of contacts. The supplementary Table II shows the
number of crystal and noncrystal contacts (considering
center to center distance <4 Å). The structural environ-
ment or the number of short contacts experienced differs
significantly between the two conformational states (P-
valuewilcoxon-test, paired, two-sided ¼ 0.003474, P-valuet-test,
paired, two-sided ¼ 0.023). The dynamic helices experience
more contacts in their helical conformation than in their
nonhelical counterparts (P-valuewilcoxon-test, paired, one-sided

¼ 0.001737, P-valuet-test, paired, one-sided ¼ 0.01166). In
numbers, there are 81 cases in the dataset of 103, where
the number of contacts differs in two states and this sub-
set encompasses 53 cases where dynamic helices experi-
ence more contacts in the helical state (Fig. 4). However,
using the present methodology to derive the representa-

tive pairs for comparison, we cannot guarantee that all
possible pairs of helical and nonhelical conformations dif-
fer in their structural environment. The dynamic helices
may experience the same environment in both the confor-
mational states in certain conditions. Conformational dif-
ferences in such cases may arise as a consequence of long
range interactions or inherent nature of the structure or
other physical changes such as temperature and pH. In
any case, it is not easy to discern the real cause for the
conformational transitions by computational methods.
Naturally, any technical artifacts during the determina-
tion of the protein structure may also affect the results.
With these issues in the forefront, we cannot state
whether the conformational changes occur due solely to
aberrations in the environment or are inherent to the pro-
tein structure.

The observation that helical state of dynamic helices
experiences more contacts than the nonhelical state sug-
gests that these transitions represent the events of
coupled folding and binding. The few cases, where the
open conformation experiences more contacts than the
corresponding helical conformation may arise due to dis-
crepancy from the routine stabilizing interactions with
the immediate surroundings (discussed later). It can also
be a specific conformational switch for ligand-binding or
release [as in the case of Fig. 8(I)].

Further, we compared the total number of contacts
made in each kind of interaction (oligomer, ligand, crys-
tal, etc.) in both the conformations. We find that the
oligomer-interactions, in contrast to crystal- and ligand-
interactions have larger proportion of contacts in the
nonhelical conformation than in the helical conformation
(P-value < 2.2e-16). This suggests that these are mostly
crystal and ligand-contacts that lead to ordered struc-
tures upon interaction than the oligomer-contacts. This
is true since the appropriate crystal environment is bi-
ased toward ordered compact protein structure, similarly
ligand interaction requires precise and rigid geometrical
fold for specificity, but the same is not true for the pro-
tein–protein interaction.

Fig. 5. Amino acid frequencies in oligomer-, crystal-, and ligand-con-
tacts (small molecules, nucleic acids, metal ions). The two bars are for
helical and non-helical conformation of dynamic helix respectively. Left
panel shows hydrophobic amino acids and right panel shows hydrophilic
amino acids.

Fig. 4. Heatmap representation of short contacts experienced by
two alternate conformations of dynamic helices. NH and NX represent
the number of short contacts experienced in helical and nonhelical con-
formation, respectively. The color bars represent the relative numbers
of short contacts.

Fig. 3. Ramachandran plots for dynamic helices in their (A) a-helical
conformation (B) non-helical conformation.
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Aminoacid preference for short-contacts. To verify
whether amino acids that make short contacts in
dynamic helices are represented differentially in the dif-
ferent kind of contacts, we plotted amino acid frequencies
in oligomer-, crystal-, and ligand-contacts (small mole-
cule, nucleic acid, metal ion contacts) (Fig. 5). The prefer-
ence of hydrophilic amino acid in crystal contacts (longer
black colored bars in hydrophilic panel in Fig. 5) is in co-
herence with the earlier results by Dasgupta et al.46 This
shows the strong selection against hydrophobic amino
acids in crystal lattice.47,48 By lattice model simulations,
it has been shown that more hydrophobic contacts lead to
disordered aggregates, not the organized crystal lattices.
Although, the burial of hydrophobic surface results in
decrease in the entropy and hence stabilizing the interac-
tion, only optimum representation of hydrophobic surface
burial determines this phenomenon.47,48 This optimality
discriminates the organized protein crystals from the dis-
ordered aggregates. This is one of the reasons for the dif-
ficulties faced in crystallizing the membrane proteins
that are enriched in hydrophobic amino acids. Discrep-
ancy in the a.a. frequencies for short-contacts is observed
when helical and nonhelical states of dynamic helices are
compared. A deeper insight on such discrepancies in
interaction is given in the next subsection.
In addition, we compared the amino acid frequencies in

ligand-contacts with that represented in binding pocket

(BPK) and LIG databases.49 In the case of helical confor-
mation, we find significant correlations (P-values ¼ 0.0037,
0.0036) between our dataset and BPK/LIG databases (Fig.
6). The similar analysis with nonhelical conformation
reveals insignificant correlations due to insufficient and
inappropriate representation of routine ligand-interac-
tions. Thus, the routine ligand-interactions actually prefer
the ordered conformation. This is in agreement with the
fact that ligand-binding requires precise geometrical orien-
tation for binding, in contrast to other interactions that
can be achieved by linear unstructured regions.

Type of short contacts differs in helical and non-
helical conformations. We analyzed the type of con-
tacts observed in the three classes (Fig. 7). All contacts
are classified into carbon–carbon (C–C), carbon–heteroa-
tom (C–X), and heteroatom–heteroatom (X–X) interac-
tions. C–C contacts reflect the hydrophobic interactions,
in contrast to X–X contacts that estimate salt bridges
and hydrogen bonds. In the case of helical conformation,
no significant difference was observed between oligomer-
and crystal-contacts. This is also consistent with the
earlier observation by Dasgupta et al.46 where only
moderate differences were observed. The ligand-contacts
show more X–X type of contacts and less C–C contacts.
This is consistent with the fact that ligand-binding (small
molecule, nucleic acid, etc.) prefer salt bridges or hydrogen
bond interactions.49,50 Again, the observations deviate in

Fig. 6. Pearson’s correlations between our ‘‘ligand-contacts’’ dataset and BPK/LIG datasets: (A) for con-
tact-residues in helical conformation; (B) for contact-residues in nonhelical conformation.
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the case of nonhelical conformation. When compared to
helical conformation, nonhelical conformation showed
more C–C contacts in crystal- and ligand-interactions
than in the oligomer-interactions (P-valuev-squared test ¼
0.055, Fig. 7). In contrast, more X–X contacts were seen in
oligomer-interactions than in the crystal- and ligand-
interactions when compared to helical conformation
(P-valuesv-squared test ¼ 2.32e-09 and 8.33e-53). More
hydrophobic interactions in the crystal and ligand con-
tacts may lead to disorderliness in the local conformation
of the protein. This is in coherence with the earlier studies
that show that more hydrophobic crystal-lattice interac-
tions lead to less ordered crystal structures.47,48 On the
other hand, the oligomer-contacts enriched in hydrophilic
interactions generally lead to flexible interfaces.51 This
suggests that there are interactions that favor the orderli-
ness of the protein structure, in contrast to other ‘‘few’’
that disfavor. In particular, it’s the relative proportion of
hydrophobic and hydrophilic interactions that differs.
However, our observation is limited only to dynamic heli-

ces. To consolidate this observation, one needs to analyze
all the interactions on the protein surface with respect to
orderliness and disorderliness of the structure.

Thus, we showed that there are quantitative as well
as qualitative differences in the immediate structural
environments that are observed around the stabilized
helical conformation and the unstable open conforma-
tion. The aberrations in the immediate structural envi-
ronment assisted with the inherent tendency of struc-
tural deformability result to local structural transitions
in proteins. Again, the relative contribution of each of
the factors involved cannot be estimated using computa-
tional method.

Based on hydration pattern of a-helices in X-ray
crystal structures, Sundaralingam and Sekharudu52 pro-
posed that water molecules stabilize intermediate confor-
mations (like turns) in the helix-unfolding pathway. Our
analysis on crystal structures (78 representative pairs)
did not reveal any preference for close water contacts
(X–X type of contacts with a distance cutoff of < 3A8) in
the nonhelical conformations of the dynamic helices. The
P-values of significance tests were insignificant for the
difference in the number of water-contacts in the two
states (Pt-test, two-sided ¼ 0.6037, Pwilcoxin-test, two-sided ¼
0.2470). A major proportion (47.4%) of this dataset did
not show any close water contact in either of the confor-
mations. Based on this observation, we believe that
water molecules does not play a significant role here and
therefore the structural changes in our dataset appear to
be mainly due to aberrations in the structural environ-
ment other than water.

Illustrative examples

We now examine few illustrative examples of confor-
mational transitions.

Nucleic acid interaction. Several unstructured
regions in DNA/RNA binding proteins have been
reported to interact with DNA or RNA molecules.53

These unstructured regions may become structured upon
interaction with nucleic acid.26,54 The solution structure
of ribosomal protein S15 from Thermus thermophilus
shows several molten-globule regions [Fig. 8(A)]55 that
become highly structured upon interaction with RNA
molecule to form 30S ribosomal subunit [Fig. 8(A)].56,57

Contact analysis revealed that several hydrophilic and
charged residues of the protein (Lys5, Lys8, Gln9, Ile12,
His50, His51, Ser52, Arg54, Gly55, Leu57, Gln62, Arg64,
Arg65, Arg68, Tyr69, and Arg72) interact with the bases
and phosphate backbone of the RNA molecule (supple-
mentary Table III). Average DAD was 95.698 in this
case. The S15 protein along with S8 and S17 bind to
three way junction formed by H20, H21, and H22 (RNA
helix nomenclature) of the 30S subunit. Such inter-
actions coupled with transitions make compact macro-
molecular assembly of the central domain and help the
RNA to acquire proper tertiary fold. The other example
is Trp repressor protein.58,59 The solution structures of
both free and DNA-bound forms show the conformational
change in the DNA interacting regions of the protein

Fig. 7. Type of contacts in oligomer-, crystal, and ligand-interactions.
C–C stand for carbon–carbon contacts, C–X for carbon-heteroatom
contacts, and X–X for heteroatom-heteroatom contacts: (A) for contacts
made by helical conformation; (B) for contacts made by nonhelical con-
formation.
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[Fig. 8(B)]. A helix, present in the DNA–protein interface
in the DNA-bound form of the protein, acquires flexible
conformation in the unbound free-state [Fig. 8(B)]. These
transitions may decrease the conformational entropy
that is compensated by favorable enthalpic interactions

and entropy of solvent exclusion. Such transitions are
expected to be reversible, since entropic cost associated
with the transition shifts the equilibrium constant more
toward the value 1. The reversibility is important in the
regulation of process these proteins involved in. Similar

Fig. 8. Examples of conformational transitions in the a-helices. The dynamic helices are colored in red. (A) Ribosomal protein S15 from Thermus
thermophilus. The uncomplexed form (1AB3) of the protein has several unstructured regions (red-colored) that adopts helical conformation upon
binding to ribosomal complex (1FJ3). RNA molecule is shown as space-filled model. (B) Trp repressor from Eescherichia coli. 1WRT is the NMR
structure of free form and 1RCS is the NMR structure of DNA (space-filled model)-bound form of the protein. (C) Ribosomal protein L25 from
Eescherichia coli. 1B75 is the solution structure of the uncomplexed form and 1DFU is the RNA (space-filled model) complexed form of the protein.
(D) NMR structures of cellular retinol-binding protein II from Rattus norvegicus. 1B4M is the apo-form and 1EII is the holo-form of the enzyme (ligand
is shown in iceblue color and CPK model). (E) 1BLR is the solution structure and 1CBS is the ligand-bound crystal structure of cellular retinoic acid
binding protein II (CRABP II). Ligand is shown in blue and neighboring crystal units are shown in grey wireframe model. (F) Apo- and holo-forms of
Mouse Ferro-Cytochrome. 1IET is the solution structure of the free-form and 1B5A is the solution structure of heme-bound form. Ligand is shown in
iceblue color and CPK model. (G) 1APC is the NMR structure of free-form and 256B is the crystal structure bound-form of Cytochrome B562. (H)
Crystal structures of Homoserine Kinase C. 1H73 is complex with HSE þ ANPPNP and 1H72 is complex with Thr þ ANPPNP. The Ser133 is shown
as VDW model. The difference in the ser133 and ligand interaction can be seen. In 1H72, the Oxygen atom of Ser133 is in close contacts with ligand
(blue colore, CPK model). The same is not true with 1H73 where the region shows the non-helical conformation. (I) Crystal structures of Bombyx
mori Pheromone-Binding Protein (BmorPBP). 1DQE is the holo- and 1GM0 is the apo-form of the protein. Two helices showing transitions are col-
ored as red and iceblue. Ligand is shown in magenta color and CPK model. Transition in the red helix is a conformational switch to release the ligand
from the binding pocket at lower pH. (J) Crystal structures of Annexin V protein. 1ANX shows formation of helix upon binding to a Ca2þ ion (cyan
color) and a phospholipids molecule (VDW model). Ca2þ ion is coordinated with carbonyls of D226 and T229. (K) Crystal structures of l-serine dehy-
dratase from rat liver. PDB 1PWE is the apo form and 1PWH is the holo form. The dynamic helices are shown as cartoon models and neighboring
crystal units as grey wire frames. (L) Zoomed image for the chain A of 1PWE and 1PWH. Ligand is shown in blue and potassium ion (Kþ) is shown
in cyan color. (M) Trp repressor from Eescherichia coli. 1RCS is the DNA (wire-frame) bound solution structure and 1P6Z is the unbound crystal
structure of the protein (neighboring crystals are shown as wire diagram). (N) Crystal structures of human hemoglobin. 1IRD is the carbonmonoxy-
hemoglobin and 1FN3 is nickel reconstituted hemoglobin, crystal contacts are shown in gray wireframe and ligand as cyan CPK model. (O) and (P)
are the examples of transition due to crystal contacts. Close crystal contacts are shown in blue threads in 1JOB-N and as light-grey threads in
1CAV. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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changes are observed in the case of Ribosomal L25 pro-
tein from Escherichia coli.60,61 The unbound form con-
tains an unstructured region that acquires helical con-
formation when interacts with RNA molecule [Fig. 8(C)].

Small molecule interaction. Ligand-induced con-
formational stability has been reviewed in the litera-
ture.62 We have several such examples in our dataset.
Residues 28–36 form a helix in the holo form of cellular

Figure. 8. (Continued)
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retinol-binding protein II (CRBP II) [Fig. 8(D)]63 and reti-
nol molecule is completely buried in the protein. The he-
lix, which is a part of helix-turn-helix (HTH) motif, is
missing in the apo form of the protein. Thr30, Arg31,
Ala34, residues of this helix were in the close contacts

with the retinol molecule. There were several other con-
formational changes in the structure upon binding to reti-
nol, for example, several b-strands are induced upon
ligand binding. These changes were also discussed by the
author who solved the ligand-bound solution structure of

Figure. 8. (Continued)
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the protein.64 It is known that retinol dissociates from
CRBP II more rapidly than in the case of CRBP. It has
been proposed that the conformational perturbations in
the HTH motif facilitate the retinol release from CRBP II.
Similar changes were observed in case of cellular retinoic
acid binding protein II (CRABP II).65,66 The solution struc-
ture of the protein shows dynamic disorder in the binding
pocket and ligand-binding induces significant conforma-
tional changes [Fig. 8(E)]. The solution structure of Ferro-
Cytochrome is a molten globule structure [Fig. 8(E)]67 and
an unstructured region present toward the C terminal of
the protein adopts helical conformation upon interaction
with the heme moiety [Fig. 8(F)].68 The same is true for
another heme-binding protein Cytochrome B562 [PDB ids:
1APC and 256B, Fig. 8(G)].69,70 This is consistent with an
earlier observation on apo- and holo-myoglobin.18

Crystal structures of homoserine kinase C are solved in
complex with HSE [Homoserine] þ AMPPNP [50-adenyly-
limidotriphosphate] (PDB id: 1H72) and Threonine þ
AMPPNP (PDB id: 1H73).71 We found that the region
127–134 forms a helix in PDB 1H72. The C-b and O
atoms of Ser133 make close contacts with AMPPNP mole-
cule [Fig. 8(H)]. These contacts were absent in the PDB
1H73, probably because of different orientation and
fitting of ligand and, in turn, the region does not form
helical conformation. We propose that this might be a con-
sequence of differential ligand-binding in these two cases.
There were a few cases where the scenario is vice-

versa, i.e., the ligand bound form of the protein contains
a disordered region (region 131–141) that acquires heli-
cal structure in the ligand free form. For example, the
C-terminal of Bombyx mori pheromone-binding protein
(BmorPBP) is unstructured in pheromone bound state16

and adopts a helical structure in pheromone-free state
[Fig. 8(I)]. It has been proposed that local drop in pH
leads to protonation of acidic residues of the C-terminal
that further acquires helical conformation and moves
into the binding pocket to displace the ligand.16 Thus,
the coil to helix transition here is a conformational
switch to release the ligand from the binding pocket.
The N-terminal (region 2–11) of the same protein is dis-
ordered in the ligand-free form and adopts helical confor-
mation upon ligand interaction, similar to other cases
discussed above.
Ion binding proteins generally show structural poly-

morphism in apo and holo form.72–75 Annexin is the
family of proteins that bind to membrane in calcium-de-
pendent manner. The conformations of different calcium-
binding loops change upon calcium and lipid binding.76–79

In our dataset, we observe that region 221–228 of the
Annexin V binds to calcium ion and phospholipid mole-
cule and forms a helical structure [Fig. 8(J)]. The calcium
ion is coordinated with the carbonyls of D226 and T229.

Protein–protein interaction and crystal contacts.
The disordered regions may adopt rigid secondary

structure upon interaction with other proteins.32,33 We
have few such cases in our dataset. For example, PDB
1PWE and 1PWH both belongs to l-serine dehydratase,

the former is apo-form and latter is holo-form [Fig.
8(K,L)].80 The authors, who solved the structures of
these two forms, reported conformational change in the
region 193–234. The loss of helical segment 200–207 (as
reflected in our dataset too) is proposed to be the conse-
quence of release of ligand from the holo form, however,
the ligand itself does not interact with this helical seg-
ment. We hereby, propose another possible factor that
can contribute to such conformational perturbation. Our
contact analysis shows that the structural environment
of helical and the nonhelical structures differs (supple-
mentary Table III). For each monomeric unit of the
complex, it is found that helical conformation in the
holo-form experiences more short contacts than the non-
helical conformation in the apo-form. These contacts
either arise from neighboring monomers or the crystal
packing [Fig. 8(K,L), supplementary Table III].

There are several examples in our dataset where con-
formational transitions due to crystal packing are
observed [Fig. 8(M–P)]. These were not discussed in the
corresponding articles at all. The difference in the con-
formational flexibility (normalized B-factor) upon crys-
tal packing has previously been observed by Eyal
et al.,81 however, our observation is the first report for
such large conformational changes induced by close
crystal contacts. Thus, the transitions studied here are
not always the consequence of physical interaction of bi-
ological significance, but may also be an artifact of the
experimental method. This observation has implications
in homology-based protein structure prediction. Such
cases should be treated with caution while training any
computational model for protein structure prediction.
Our library of structural transitions upon interaction
can also be important in designing predictive docking
algorithms.

Our observations show the intrinsic tendency of con-
formational transitions in certain regions on the protein
surface in response to their immediate structural envi-
ronment. Since the observed number of cases for more
contacts in helical conformation is significantly higher
than that for the nonhelical conformation, we propose
that these regions undergo folding and binding that are
coupled together. The transitions coupled with binding
may regulate the biological process they are involved in.
In the presence of specific and favorable interaction, the
open extended region may adopt the helical conformation
that further facilitates appropriate binding with the
partner. Thus, the dynamic helices may represent the
‘‘molecular switches’’ that regulate the recognition and
binding of the partner and hence regulating the biologi-
cal process downstream. The molecular functions of
these proteins are mostly nucleic acid and ligand-binding
(supplementary Table II) that are crucial for several
important biological processes in the cell. Since the
dynamic helices are surface-exposed, can adopt the open
conformation, and are enriched in certain hydrophilic
amino acids that are preferred in proteolysis/ubiquitina-
tion (like Lys, Asn, Glu, Ser etc), these may also regulate
the protein turn over in the cell.
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CONCLUSIONS

The database level study of protein structures reveals
several short segments prone to ‘‘helix$coil’’ transitions.
Our analysis confirms their higher surface accessibility
and conformational mobility. We demonstrate using
sequence and structure features that we can predict the
regions in protein that can potentially undergo such con-
formational transitions. Further, these regions are sensi-
tive to their structural environment. In particular, the
native helical conformation and the alternate nonhelical
conformation differ significantly in their structural envi-
ronment. Several of the cases identified are in agreement
with the literature available. We propose that these
dynamic helices may function as ‘‘molecular switches’’ in
the proteins for the regulation of certain biological process.
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