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Abstract

structural diversity have largely remained unexplored.

fold of the protein thus determining its function.

Background: Analysis of known protein structures reveals that identical sequence fragments in proteins can adopt
different secondary structure conformations. The extent of this conformational diversity is influenced by various
factors like the intrinsic sequence propensity, sequence context and other environmental factors such as pH, site
directed mutations or alteration of the binding ligands. Understanding the mechanism by which the environment
affects the structural ambivalence of these peptides has potential implications for protein design and reliable local
structure prediction algorithms. Identification of the structurally ambivalent sequence fragments and determining
the rules which dictate their conformational preferences play an important role in understanding the
conformational changes observed in misfolding diseases. However, a systematic classification of their intrinsic
sequence patterns or a statistical analysis of their properties and sequence context in relation to the origin of their

Results: In this work, the conformational variability of a-helices is studied by mapping sequences from the non-
redundant database to identical sequences across all classes of the SCOP (Structural Classification of Proteins)
database. Some helices retain their conformations when mapped in the SCOP database while others exhibit a
complete/partial switch to non-helical conformations. The results clearly depict the differences in the propensities
of amino acids for the variable and conserved helices. Sequences flanking these ambivalent sequence fragments
have anisotropic propensities at the N- and C-termini. This structural variability is depicted by molecular dynamics
simulations in explicit solvent, which show that the short conserved helices retain their conformations while their
longer counterparts fray into two or more shorter helices. Variable helices in the non-redundant database exhibit a
trend of retaining helical conformations while their corresponding non-helical conformations in SCOP database
show large deviations from their respective initial structures by adopting partial or full helical conformations.
Partially ambivalent helices are also found to retain their respective conformations.

Conclusions: All sequence fragments which show structural diversity in different proteins of the non-redundant
database are investigated. The final conformation of these ambivalent sequences are dictated by a fine tuning of
their intrinsic sequence propensity and the anisotropic amino acid propensity of the flanking sequences. This
analysis may unravel the connection between diverse secondary structures, which conserve the overall structural

Background

Conformational variability in proteins arises from a
subtle interplay of a combination of environmental fac-
tors and intrinsic propensity of amino acids in different
sequence contexts. This diversity often provides a route
for monitoring protein activation and permits functional
promiscuity. The magnitude of conformational diversity
noted in proteins ranges from the side-chain
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fluctuations to a partial/complete change in secondary
structures and even rearrangements of the tertiary struc-
ture. Various terms are used to describe this phenom-
enon [1-6] and can be confirmed with the availability of
data from various related disciplines like protein folding,
NMR and fast kinetics. It is a well established that the
local sequence-to-structure mapping is not one to one
over the entire sequence space [7-9] though there are
numerous examples of highly structurally conserved
local sequence patterns. Certain type of sequences can
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adopt either an o-helical or a 8-sheet conformation and a
limited number of substitutions can convert an -
helical protein to a predominantly 3-sheet protein
[10,11]. Other studies have also demonstrated that sev-
eral different contexts such as change in pH [12,13],
alteration of the binding ligand [14] or site-directed
mutations [15,16] induce the structural transition
between an o-helix and a §-strand or random coil. It has
been confirmed that this conformational switch from o-
helix to B-sheet/B-hairpin structure plays a significant
role in the misfolding diseases as in amyloid fibril forma-
tion [17,18]. A detailed analysis of the relative magni-
tudes of the context-dependent factors on the
conformational preferences of these ambivalent sequence
fragments is important for reliable local structure
prediction.

Both experiments and statistical analysis [19-28] con-
firm that different amino acids have different propensi-
ties for a-helix or B-strand formation. Quantifying these
propensity scales provides local sequence information
for predicting secondary structures. However, both
experimental and theoretical study [10,29-31] have
shown that the peptides having identical sequences may
adopt different secondary structures in different pro-
teins. Determining the rules which govern the structural
ambivalence of these sequences and analyzing the con-
tribution of intrinsic propensity, sequence context and
environmental factors to the conformational preference
of such sequences may have important implications in
the pathogenesis of amyloid diseases including Alzhei-
mer disease and designing de novo proteins. Ambivalent
sequences are also suggested to be one of the reasons
behind upper limit of prediction accuracy for secondary
structure prediction [32].

The structurally ambivalent sequences were first
reported by Kabsch and Sander [8] who predicted pro-
tein structures based on sequence homology. They
investigated the structural significance and adaptability
of short sequence homologies by searching 62 proteins
of known three-dimensional structures. These sequen-
tially identical proteins adopt different secondary struc-
tures, each sequence occurs once as an o-helix and
once as a fB-strand. Subsequent studies [9,33-36] con-
firmed this observation by scanning a larger database
with lower percentage of sequence identity. However, a
systematic identification and classification of the
sequence patterns, conformational preferences of these
structurally ambivalent segments and their correspond-
ing flanking residues largely remain unexplored.

This work aims to assess the degree of conformational
variability of these ambivalent sequence segments quan-
titatively in known protein structures and examines the
factors that affect their respective preferences for a par-
ticular type of backbone conformation. In this work, we
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analyze the a-helices (since a-helices are considered to
show higher conformational diversity than -sheets [35])
from non-redundant database and map them to proteins
belonging to all classes of SCOP database to find identi-
cal sequences. Earlier studies have shown that ambiva-
lent sequences arise from different structural classes
[33,36]. In this study, we have mapped helical sequences
generated from a non-redundant data base into different
SCOP classes to find helices which are conserved in cer-
tain proteins but change into non-helical structures in
others. Unlike previous studies we have considered a
relatively wide range of sequence lengths, both short
and long to portray the pattern of variation of the differ-
ent physico-chemical properties from the conserved
helices to the variable helices, i.e., those which have dif-
ferent conformations in different proteins. We also iden-
tify the helical sequences which partially switch their
conformations. Although partially ambivalent sequences
were reported earlier, no detailed analysis of their phy-
sico-chemical properties are done. To our knowledge
this is the first detailed analysis, which reflects the trend
of variation of the different physico-chemical properties
ranging from the conserved to variable helices through
partially variable helices. The residues flanking the heli-
cal and their corresponding non-helical sequences are
also analysed to record anisotropic amino acid distribu-
tions in the N- and C-termini. Most of the conserved
and some of the variable helices are found to adopt the
same fold in both non-redundant and SCOP database.
Detailed molecular dynamics simulation results show
that the variable helices retain their helical conforma-
tions after simulation. The corresponding non-helical
conformations show large deviations from their initial
structure by adopting helical or partially helical confor-
mations. The short conserved helices are found to retain
their conformations while longer conserved helices fray
into two or more number of shorter helices. The selec-
tion of a large database makes the results free of data-
base biases and inconsistent parameters.

Results and Discussion

Population of helices with different degree of
conformational variation

The May 2008 release of PDB select [37] consists of
11592 helices. Of these, 6338 helices are mapped on to
the SCOP database (release 1.73) [38] with different
degree of conformational variability. Length distribution
of these helices plotted against the percentage confor-
mational transition in the SCOP database in Figure 1A
reveals that the shorter peptide sequences (< 15 residues
long) switch readily from helical to non-helical confor-
mations. Since the longer helices consist of more hydro-
gen bonds, the transition to non-helical conformations
is energetically expensive, leading to the conservation of
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Figure 1 Length Distribution vs. Conformational Shift. (A)
Length distribution of the helices versus the percentage
conformational shift. The numbers above the bars show the length
of the longest helix in that group. The color code depicts the
length range. (B) Fraction of helices (out of 6338) present in

different percentage conformational shift bins.

these helices in the chosen database. Figure 1B shows
the number of helices in % (out of 6338) in different
conformational shift bins. The Figure shows that a large
number of helices (more than 60%) are conserved
helices and record no conformational shift (0% shift).
The number of helices decreases as extent of conforma-
tional shift increases with very few helices beyond 30%
conformational shift (approximately 3% of the total
number of helices). However, number of variable helices
with 100% conformational shift are comparable to the
number of helices present in the 10% and 20% confor-
mational shift bins (~10%). Detailed analysis shows that
for conserved helices (helices with 0% conformational
shift) the sequences are in same SCOP fold for both
non-redundant and corresponding SCOP database in
92% cases and in same SCOP domain in 90% cases. The
corresponding values for variable helices (helices with
100% conformational shift) are 7% and 6% respectively.

Conserved and variable helices have different preference

of amino acids

Conserved helices always retain their structures when
they are mapped from the non-redundant database to
different SCOP classes while the variable helices
undergo a complete transition to non-helical confor-
mations in the SCOP database. The relative frequency
of occurrence of the i amino acid in variable/con-
served helices j is depicted as normalized conforma-
tional parameter (CP;) in Figure 2. This normalization
is with respect to the frequency of occurrence of the
corresponding amino acid in the non-redundant data-
base.

0§ Conserved
I Variable

Conformational parameter
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Amino acids

Figure 2 Conformational Parameters of Amino Acids in
Conserved and Variable helices. Relative frequency of occurrences
of the amino acids in the conserved and variable helices depicted
as conformational parameters.
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where #;; and f;; are the number and fraction of find-
ing i amino acid in given secondary structure j while
N; and f; are the number and fraction of finding i*”"
amino acid in the non-redundant database. According
to Chou-Fasman scale [39], M, Q, W are helix forming
residues which show a distinct propensity for conserved
helices as compared to the variable helices, while V
reveals a completely opposite trend. For all other amino
acids conformational parameters for both conserved and
variable helices are either higher or lower than 1,
reflecting respective preference or aversion. Although
bulky side chain of W was hypothesised to be the cause
behind its low frequency in ambivalent helical sequences
[36], the reason behind their low occurrence in these
type of sequences is yet to be fully understood. It might
be possible that high occurrences of M, Q, W in con-
served helices impart extra stability, which is not present
in case of variable helices, leading to a change in their
conformation.

In accordance to the earlier observations, A, I, L, V
[34-36] prefer to occur in variable helical sequences.
These residues have unspecific hydrophobic interactions,
which permit a greater number of possible orientations
in a hydrophobic environment and they are structurally
ambivalent. Variable helices have high frequency of G
and P in comparison to the conserved helices. These
residues are considered to be strong helix disruptors
and hence their higher frequency of occurrence in vari-
able helices is clearly understood. Cysteines tend to
form disulfide bonds imparting higher stability to the
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sequence fragment. Cysteines have a very low frequency
of occurrence in variable helices rendering the flexibility
needed for the transition to non-helical structures. This
observation is consistent with the earlier studies [34-36].
Frequencies of occurrence of other amino acids are also
found to be similar with the previous results [34-36].
However, Aspartic and Glutamic acids show notable
deviations. Both these amino acids are found to have
higher frequency of occurrence in variable helices com-
pared to conserved helices which is in conflict with the
earlier observations [34-36]. In both conserved and vari-
able helices, the propensity of Glutamic acid is higher
(CP; 2 1) than that of Aspartic acid (CP; < 1), which
dictates their intrinsic preference for helices [39].

Conformational parameter of amino acids varies with
respect to the percentage ambivalency of the helical
sequences

Though partially ambivalent sequences are reported ear-
lier [34,35,40], but surprisingly there is no detailed ana-
lysis of their sequence properties. Here we have
performed a systematic analysis of the amino acid distri-
bution in different sequences with different degrees of
ambivalency depicted as the percentage conformational
shift from helix to non-helical structures. Figure 3
depicts the conformational parameters of all amino
acids in the ambivalent sequences plotted as a function
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of their respective percentage ambivalency. It is interest-
ing to note that up to approximately 50% conforma-
tional shift, the values of the conformational parameters
of all amino acids remain almost similar. C, G, M, P
exhibit maximum deviation in the conformational para-
meter values above 50% structural ambivalency. G and P
are the helix breaking amino acids which exhibit a
considerable increase in the values of conformational
parameters when 50% residues of the helix change to a
non-helical conformation. Cysteines are found to
decrease rapidly when 50% conformational shift occurs
from a helical structure. A very similar trend is observed
for Methionine.

Flanking sequences have different distributions of the
amino acids near the two termini of variable helices
Flanking sequences follow different amino acid distribu-
tion patterns for the helical and the corresponding non-
helical conformations in variable helices. The flanking
residues play an important role in determining the con-
formation of ambivalent sequences [34-36]. This has
been also demonstrated experimentally [10]. Here we
have considered up to four residues flanking each ter-
mini of the variable helices to plot the distribution of
the flanking amino acids for N- and C-termini in Figure
4. To our knowledge this is the first report where the
flanking amino acids are differentiated as N-terminus
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Figure 4 Conformational Parameter in Flanking Sequences.
Conformational parameter of amino acids in flanking sequences
towards (A) N-terminus and (B) C-terminus of helical and non-
helical conformations of variable helices as well as of conserved
helices.

flanking and C-terminus flanking residues. Amino acids
follow distinctly different distribution patterns in both
flanks of the variable helices. Since helices are initiated
and terminated by different amino acids, a difference in
the amino acid distribution in two flanks of the ambiva-
lent sequences is not surprising. A common example is
Alanine, whose frequency of occurrence is higher in
residues flanking N-terminus of non-helical conforma-
tions than in helical conformations whereas in the C-
terminus flanking sequences it has almost similar
frequency of occurrence for both helical as well as non-
helical conformations. A completely opposite trend can
be observed in case of Glycine. This non-equivalence
termini dependent difference in the distribution patterns
of the flanking residues of helices and non-helical struc-
tures may be observed for other amino acids too. In
accordance to earlier studies [34-36] Glycine and Proline
are found to have high preferences (CP; > 1) for
sequences flanking ambivalent helices establishing their
role as helix breakers. The frequency of most of the
other amino acids in the flanking sequences are different
to that found in similar studies on chameleon sequences
[34-36]. However, it should be noted that the method of
determining ambivalent sequences is quite different in
this analysis as compared to the earlier ones. Previous
studies [34-36] highlighted similar sub-sequences which
are found to adopt both helix and strand conformations
in different proteins of the non-redundant database,
while in this work the helical sequences of varying
lengths found in the non-redundant database of proteins
are mapped into various SCOP classes to analyze the
pattern of partial/complete conservation/variation across
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the same folds. This study may have a significant impli-
cation on the structural diversity linked with the conser-
vation of the function or fold. We have also plotted the
conformational parameters of the amino acids in the
flanking sequences of the conserved helices in Figures 4
for comparison. Except Cysteine and Methionine at
N-terminus and Tryptophan at C-terminus all other
amino acids have similar values of conformational para-
meters for the flanking sequences of both the variable
and conserved helices.

Flanking sequences possess different environment

Variable helices in both helical and non-helical confor-
mations are found to possess similar solvent accessibility
which is in accordance with the earlier studies [33]. To
explore the local environment of the residues, the sol-
vent accessibility of the sequences flanking helices and
non-helical conformations is determined. The solvent
accessibility for a given residue X is calculated with the
DSSP software [41], which is normalised with respect to
the maximum solvent accessibility found in Gly-X-Gly.
Figure 5 depicts the fraction of these flanking sequences
with average normalised solvent accessibility. However,
it is rather interesting to note that the flanking residues
have different solvent environments for helical and non-
helical conformations towards N- and C-termini. Resi-
dues flanking N-terminus of helices have lower solvent
accessibility than its analogue in non-helical conforma-
tions, while a completely opposite trend may be
observed for the C-terminus flanking residues. For the
sake of comparison, we have also plotted fraction of
sequences flanking conserved helices with respect to dif-
ferent average normalised solvent accessibility in Figure

m Non helical B Conserved helical

thhfhos
Q®§E@@@&

Average normalized solvent accessibility (%)

O Helical
A

Fraction of sequences

Figure 5 Normalized Solvent Accessibility. Fraction of (A)
N-terminus and (B) C-terminus flanking sequences of helical and
non-helical conformations of variable helices as well as of conserved
helices with different average normalized solvent accessibility.
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4. Variable and conserved helices exhibit a similar pat-
tern towards N-terminus while they are completely dif-
ferent towards C-terminus.

Variable helical sequences try to retain their helical
conformation

Molecular dynamics simulations are performed for a
few representative conserved and variable helices with
an explicit water model. For variable helices, simula-
tions are performed for both proteins where the parti-
cular sequence is in helical and non-helical
conformation respectively. These proteins are chosen
randomly from the database for simulation such that
we have at least one representative protein chain from
each SCOP class. Variable helices are simulated by dif-
ferent protocols viz., simulation of the target chain,
simulation of the target chain by constraining all other
chains, simulation of the whole protein. Most of the
results are provided in the Additional file 1 (for 10
nano second simulations) and Additional file 2 (for 1
nano second simulations). The final conformations of
the variable and conserved helices are similar for both
10 and 1 nano second simulations which indicate that
the conformations corresponding to these sequences
have marginal dependence on simulation time. Here
we discuss representative simulations both for a vari-
able helix in helical and non-helical conformations and
for a conserved helix.

Figure 6 depicts the structures of protein chains
1H4LD and 1UNGE from the non-redundant and
SCOP database respectively. Both protein chains belong
to SCOP class All Alpha Protein. The sequence frag-
ment 148-162 (TSELLRCLGEFLCRR) in both protein
chains are identical. This sequence adopts a helical con-
formation in 1H4LD while it is found as a random coil
in 1TUNGE. The helical conformation remains intact
after 10 nano seconds of simulation. Figure 7 shows the
secondary structure evolution of the helical sequence
with respect to time. The final conformation corre-
sponding to this sequence after 1 nano second simula-
tion (refer to Additional file 2) is retained even after 10
nano seconds. This shows that the peptide fragment
tries to retain its helical conformation. Similarly, it is
found that the variable helices retain their respective
conformations after simulation (refer to Additional file
1 and Additional file 2 for more simulation results).
More interesting examples are observed for the non-
helical segments of ambivalent sequences. For example,
the non-helical sequence of ITUNGE shown in Figure 6
adopts a partial helical structure after 10 nano seconds
of simulation. Figure 8 depicts how the secondary struc-
tures evolve for this sequence fragment with time. This
partial helix forms after 1 nano second and this confor-
mation is retained throughout the simulation period.
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-
1UNGE
Figure 6 MD results of Variable Sequences. Example of an
ambivalent sequence (variable helix) both in helical (in TH4LD) as
well as in non-helical (in TUNGE) conformations (shown in red
color). The figures also show the conformations after 10 nano
second MD simulation. Figures are generated with pymol software.

Simulation results (from Additional file 1 and Addi-
tional file 2) suggest that the non-helical structures of
variable helices assume different conformations after
MD simulations with some adopting complete helical
conformations, some drifting to partially helical struc-
tures and some retaining their initial non-helical
conformations.

In contrast the conformations of conserved helices are
found to be length dependent. Figure 9 shows the struc-
ture of the protein chain 1BH8B before and after simu-
lation. This protein chain consists of four conserved
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Figure 7 Time Evolution of Secondary Structures in Variable

Helix. Time evolution of secondary structures of the variable helical

sequence in TH4LD. DSSP annotation is used with H & G as helical,

B & E as strand, T as turn, S as bend and others as coil.
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Figure 8 Time Evolution of Secondary Structures in Variable
Non-helix. Time evolution of secondary structures of the variable
helical sequence in TUNGE. The secondary structure annotations are
similar to that of figure 7.

helices located between residues numbered 3-14
(EEQLNRYEMYRR), 19-30 (KAAIKRLIQSIT), 36-63
(QNVVIAMSGISKVFVGEVVEEALDVCEK) and 72-84
(PKHMREAVRRLKS). Figure 10 shows the time evolu-
tion of the helices for all residues of 1BH8B. Secondary
structure evolution with respect to time for the four
helices separately can be found in Figure S2 (Additional
file 1). The results show that the shorter conserved
helices are rigid in nature and tend to retain the helical
conformation during the simulation period while the
longer conserved helices partially break into smaller
helices. From Additional file 2 (containing 1 nano sec-
ond simulation results) it is found that these shorter
helices have similar conformation after 1 and 10 nano
second simulation. The longer helices show marginal
differences in the structures with respect to simulation
time. The Zimm-Bragg helix-coil transition theory [42]
relates the helix content of a polypeptide to three para-
meters: s, the intrinsic helix-forming propensity of an

10 ns

1BH8B

Figure 9 MD result of Conserved Sequence. Initial and final
structure after 10 nano second MD simulation of protein chain
1BH8B containing four conserved helices (shown in different colors).

|| [ |
Helix  Strand Turn Bend Coil

Rcsiduc numbcer

Simulation time (ns)

Figure 10 Time Evolution of Secondary Structures in Protein
Having Conserved Helices. Time evolution of secondary structures
for all residues of 1BH8B. Results for four conserved helices

individually are shown in Figure S2 (Additional file 1).

amino acid; o, the constant for nucleating the helix; and
n, the number of peptide units in the polypeptide.
Hence, longer helices should be more stable than the
shorter ones. However our molecular dynamics studies
reveal an exactly opposite trend with the longer con-
served helices being more labile compared to the shorter
counterparts. This observation may be rationalized by a
gain in the conformational entropy which outweighs the
favorable energetic interactions in longer helices [43].
Other results provided in Additional file 1 and Addi-
tional file 2 also confirm this observation.

Though partially ambivalent sequences are observed
previously [34,35,40] no detailed studies on them are
reported. Figure S9 and Figure S10 (refer to Additional
file 1) depict the behavior of the partially ambivalent
helix in proteins INQJB and 1INQDB respectively. The
sequence LKEKENNDSSDK is a helix at positions 4-15
in the All Beta Protein INQJB (by SCOP classification),
but looses 75% of its helical structure at positions 7-18
in the partially ambivalent protein chain INQDB. After
10 nano seconds of simulation in presence of solvent,
the helical conformation in INQJB changes to a partial
helical structure, while its sequence analogue in
1INQDB, which has a predominantly non-helical confor-
mation remains unchanged. The result shows that the
partially ambivalent helix retains its structure and does
not drift to a completely non-helical one. The fact that
partially ambivalent helices conserve their original struc-
tures may be explained by an optimal balance of the
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energy and conformational entropy associated with the
partially helical structures.

Conclusions

In this study, conserved and variable helices are identi-
fied by mapping a given helical sequence from the non-
redundant database to identical sequences in the SCOP
database. Some helices retain their conformation when
mapped in the SCOP database while others exhibit a
complete/partial transition to the non-helical conforma-
tions. This complete/partial structural variability is
depicted by molecular dynamics simulations in explicit
solvent which reveal that the helical conformations of
the variable helices remain intact. The non-helical con-
formations change either to helical or partially helical
structures. Simulation results of the conserved helices
are found to be length dependent, with the shorter
helices retaining their conformations and the longer
helices breaking into two or more shorter helices. This
structural variation is markedly different from the true
helix-coil transition in the sense that in this case a given
sequence is ambivalent and naturally exists in two dif-
ferent conformations in two different proteins. The
amino acid distributions are found to follow completely
different patterns for conserved helices and variable
helices which may account for the ambivalent nature of
the variable and partially ambivalent helices. We report
a detailed structural analysis of the ambivalent
sequences and find that the amino acid propensities
show a marked deviation from their respective values
when the sequences are approximately 50% ambivalent.
The flanking sequences in both helical and non-helical
conformations have distinctly different amino acid pre-
ferences and this difference is anisotropic i.e. the N-ter-
minus flanking residues exhibit different amino acid
preferences compared to that of the C-terminus flanking
sequences. The solvent accessibility results also reveal a
similar trend. From this analysis, we conclude that the
two flanks of ambivalent sequences possess anisotropic
amino acid propensities which may be dictating
their preferences for either helical or non-helical
conformations.

Methods

Database

All a-helices of May-2008 release of PDB-select [37] are
compiled to create a database from PDB [44] (Protein
Data Bank). The database consists of protein chains
which have a sequence identity of 25% or less. Only pro-
teins with X-ray crystallographic structures are consid-
ered. All protein chains considered in this study have
resolution < 3 A and crystallographic R-factor less than
or equal to 0.3. The selected database consists of 2586
non-redundant protein chains from 2466 protein
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structures. These protein chains may be mapped on to
protein chains across the different SCOP classes.

All o-helical sequences of the non-redundant database
are compared to the SCOP database (release 1.73).
SCOP [38] classifies proteins with respect to their struc-
tural similarity. Proteins in SCOP are grouped in the
hierarchical order of family, superfamily, fold and class,
the class being the highest level of hierarchy. In this
study, all a-helices of the non-redundant database are
mapped to identical sequences in the nine SCOP classes
viz., (I)All alpha proteins, (II)All beta proteins, (III)
Alpha and beta proteins(a+b), (IV)Alpha and beta pro-
teins(a/b), (V)Coiled coiled proteins, (VI)Membrane and
cell surface proteins and peptides, (VII)Multi-domain
proteins(alpha and beta), (VIII)Peptides and (IX)Small
proteins. Two classes namely Designed proteins and
Low resolution protein structures are neglected. A
structural cutoff of resolution < 3 A and crystallographic
R-factor equal to or less than 0.3 are applied on these
protein chains with PISCES server [45]. The final SCOP
database consists of 48244 protein chains from 22309
protein structures for comparison.

Ambivalent helical sequence determination

Secondary structures are annotated residue-wise with
the help of DSSP software [41]. According to the widely
used definition, H and G are denoted as helical confor-
mation and all other classes (B, E, I, S, T, -) as non-heli-
cal [46-48]. Neglecting helices of less than 5 residues
long, we have 11592 helices in the non-redundant data-
base. All these helical sequences are mapped into differ-
ent SCOP classes to find identical sequences. The
mapping is done in the following way. For a helix in
non-redundant database of N residues and a protein
chain in SCOP database of M residues an NXM matrix
is created where an element of the matrix, A(;, j)[i = 1
— N, j =1 — M], is equal to 1 if i position of the
helix and j# position of the protein chain have identical
residue. Otherwise A(;, j)[i =1 > N, j=1—> M] is
equal to 0. Now if an element A(k, [)[kei, lf] = 1 and

N=1

2 A(k+m,l+m)=N, where m is a running vari-
m=0

able, then the helix from non-redundant database is said
to be mapped in position / to [ + N - 1 of the SCOP
protein. Among 11592 helical sequences in the non-
redundant database, 6338 occur in SCOP database with
varying degree of conformational shift to non-helical
conformation. We have binned these helices in a range
of 10% conformational shift. For example conserved
helices with no conformational shift are allotted 0% bin,
conformational shift between 1-10% into 10% bin and so
on. Only helices with 100% conformational change are
termed as variable helices. It is to be reminded that a
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given helical sequence obtained from non-redundant
database may exhibit different conformational shifts in
SCOP, but that helix is placed in the highest percentage
bin. For example, if a helical sequence X from the non-
redundant database maps into three sequences in SCOP
with percentage conformational shifts of 50%, 60% and
70%, then X is binned into 70% bin.

Molecular dynamics simulation

We performed the molecular dynamics simulations of
different helices using AMBER 9 package [49]. The
PDB coordinates of the proteins are used and missing
hydrogen atoms are added with Leap subroutine. Each
protein is solvated in a cubic box with TIP3P water,
maintaining a buffering distance of 10 A between the
edge of the box and the protein. The charge of the sys-
tem is neutralised either with Na+ or Cl- ions. The
leaprc.ff99SB force field [50] is used with the periodic
boundary conditions. This force field presents a careful
re-parametrization of the backbone torsion terms in
ff99 and achieves a better balance of four basic second-
ary structure elements (PP, B, oy and o). This force
field also shows the best agreement with experimental
data [51]. Electrostatic interactions are calculated using
the PME algorithm [52] with a real space cutoff of 8.0
A and fourth order spline interpolation. The SHAKE
algorithm is used to constrain all bond lengths to their
equilibrium distances [53]. Each system is energy mini-
mized twice, first step consists of the energy minimiza-
tion of the solvent by keeping the protein constrained
followed by minimizing the energy of the whole sys-
tem. A two stage equilibration is performed. The sol-
vated protein is simulated initially at a low
temperature of 100 K and the temperature is gradually
raised up to 300 K for 10 pico seconds at a constant
volume. This is followed by an equilibration for 100
pico seconds at a constant temperature of 300 K and
pressure of 1 bar. Constant temperature is maintained
through weak coupling to Berendsen temperature bath
with coupling constant of 2 pico seconds while con-
stant pressure is maintained through weak coupling to
isotropic pressure bath with coupling constant of 1
pico second [54]. Three different production runs of
10 nano seconds are performed for each sequence. All
output information are recorded in the production run
at an interval of 1 pico second. The time evolution of
backbone RMSD with respect to the initial conforma-
tion is shown in Figure S1 of Additional file 1 for each
sequence. The three plots for each protein show simi-
lar pattern with respect to time and the structural
deviations are found to be minimal. The divergence of
the final set of conformations are measured in terms
of the backbone RMSD differences and the average
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values of RMSD for the three simulations are shown in
table T1 of Additional file 1.

Additional material

<
Additional file 1: 10 nano second simulation results. This file contains
10 nano second molecular dynamics simulation results of variable and
conserved helices. The figures presented in this file depict the initial and
the final structure of the proteins during molecular dynamics simulation.
The time evolution of secondary structures for variable and conserved
helices are also provided here.

Additional file 2: 1 nano second simulation results. This file contains
1 nano second molecular dynamics simulation results of variable and
conserved helices. Variable helices are simulated by different protocols
viz, simulation of the target chain, simulation of the target chain by
constraining all other chains, simulation of the whole protein. RMSD
curves for the helices which follow a large deviation from the initial
conformations are also provided.

Acknowledgements

The authors gratefully acknowledge the financial assistance from
Department of Science and Technology (project no. SR/S1/PC-07/06), India
and Delhi University research grant. N.B. acknowledges CSIR, INDIA for
providing financial assistance in form of JRF. The authors also acknowledge
the valuable comments by the anonymous reviewers which helped in
improving the manuscript.

Authors’ contributions

P.B. has designed research. N.B. has performed research. P.B. and N.B. have
analyzed data and written the manuscript. N.B. and P.B. read and approved
the final manuscript.

Received: 17 July 2010 Accepted: 18 October 2010
Published: 18 October 2010

References

1. James LC, Tawfik DS: Conformational diversity and protein evolution - a
60-year-old hypothesis revisited. Trends Biochem Sci 2003, 28:361-368.

2. Jeffery CJ: Moonlighting proteins. Trends Biochem Sci 1999, 24:8-11.

3. Copley SD: Enzymes with extra talents: moonlighting functions and
catalytic promiscuity. Curr Opin Chem Biol 2003, 7:265-272.

4. James LC, Roversi P, Tawfik DS: Antibody Multispecificity Mediated by
Conformational Diversity. Science 2003, 229:1362-1367.

5. James LC, Tawfik DS: Catalytic and binding poly-reactivities shared by
two unrelated proteins: The potential role of promiscuity in enzyme
evolution. Protein Sci 2001, 10:2600-2607.

6. Dill KA, Chan HS: From Levinthal to pathways to funnels. Nat Struct Biol
1997, 4:10-19.

7. Han KF, Baker D: Global properties of the mapping between local amino
acid sequence and local structure in proteins. Proc Natl Acad Sci USA
1996, 93:5814-5818.

8. Kabsch W, Sander C: On the use of sequence homologies to predict
protein structure: identical pentapeptides can have completely different
conformations. Proc Natl Acad Sci USA 1984, 81:1075-1078.

9. Mezei M: Chameleon sequences in the PDB. Protein £ng 1998, 11:411-414.

10. Minor DLJ, Kim PS: Context-dependent secondary structure formation of
a designed protein sequence. Nature 1996, 380:730-734.

11. Dalal S, Regan L: Understanding the sequence determinants of
conformational switching using protein design. Protein Sci 2000,
9:1651-1659.

12. Carr CM, Kim PS: A spring-loaded mechanism for the conformational
change of influenza hemagglutinin. Cell 1993, 73:823-832.

13. Cerpa R, Cohen FE, Kuntz ID: Conformational switching in designed
peptides: The helix/sheet transition. Fold Des 1996, 1:91-101.

14.  Abel K, Yoder MD, Hilgenfeld R, Jurnak F: An a to 8 conformational switch
in EF-Tu. Structure 1996, 4:1153-1159.


http://www.biomedcentral.com/content/supplementary/1471-2105-11-519-S1.PDF
http://www.biomedcentral.com/content/supplementary/1471-2105-11-519-S2.PDF
http://www.ncbi.nlm.nih.gov/pubmed/12878003?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12878003?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10087914?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12714060?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12714060?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11714928?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11714928?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11714928?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8989315?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8650175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8650175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6422466?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6422466?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6422466?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9725618?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8614471?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8614471?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11045612?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11045612?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8500173?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8500173?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9079369?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9079369?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8939740?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8939740?dopt=Abstract

Bhattacharjee and Biswas BMC Bioinformatics 2010, 11:519
http://www.biomedcentral.com/1471-2105/11/519

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Yang WZ, Ko TP, Corselli L, Johnson RC, Yuan HS: Conversion of a 3-strand
to an a-helix induced by a single-site mutation observed in the crystal
structure of Fis mutant Pro26Ala. Protein Sci 1998, 7:1875-1883.

Tidow H, Lauber T, Vitzithum K, Sommerhoff CP, Rosch P, Marx UC: The
solution structure of a chimeric LEKTI domain reveals a chameleon
sequence. Biochemistry 2004, 43:11238-11247.

Kelly JW: The alternative conformations of amyloidogenic proteins and
their multi-step assembly pathways. Curr Opin Struct Biol 1998, 8:101-106.
Serpell LC: Alzheimer’s amyloid fibrils: structure and assembly. Biochim
Biophys Acta 2000, 1502:16-30.

Chou PY, Fasman GD: Prediction of the secondary structure of proteins
from their amino acid sequence. Adv Enzymol Relat Areas Mol Biol 1978,
47:45-148.

Munoz V, Serrano L: Intrinsic secondary structure propensities of the
amino acids, using statistical phi-psi matrices: comparison with
experimental scales. Proteins 1994, 20:301-311.

Lyu PC, Liff MI, Marky LA, Kallenbach NR: Side chain contributions to the
stability of a-helical structure in peptides. Science 1990, 250:669-673.
O'Neil KT, DeGrado WF: A thermodynamic scale for the helix-forming
tendencies of the commonly occurring amino acids. Science 1990,
250:646-651.

Padmanabhan S, Marqusee S, Ridgeway T, Laue TM, Baldwin RL: Relative
helix-forming tendencies of nonpolar amino acids. Nature 1990,
344:268-270.

Kim CA, Berg JM: Thermodynamic f-sheet propensities measured using a
zinc-finger host peptide. Nature 1993, 362:267-270.

Blaber M, Zhang XJ, Matthews BW: Structural basis of amino acid a helix
propensity. Science 1993, 260:1637-1640.

Minor DLJ, Kim PS: Measurement of the B-sheet-forming propensities of
amino acids. Nature 1994, 367:660-663.

Smith CK, Withka JM, Regan L: A thermodynamic scale for the B-sheet
forming tendencies of the amino acids. Biochemistry 1994, 33:5510-5517.
Creamer TP, Rose GD: a-helix-forming propensities in peptides and
proteins. Proteins 1994, 19:85-97.

Zhong L, Johnson WCJ: Environment affects amino acid preference for
secondary structure. Proc Natl Acad Sci USA 1992, 89:4462-4465.
Waterhous DV, Johnson WCJ: Importance of environment in determining
secondary structure in proteins. Biochemistry 1994, 33:2121-2128.
Blondelle SE, Ostresh JM, Houghten RA, Perez-Paya E: Induced
conformational states of amphipathic peptides in aqueous/lipid
environments. Biophys J 1995, 68:351-359.

Rost B: Review: protein secondary structure prediction continues to rise.
J Struct Biol 2001, 134:204-218.

Cohen BI, Presnell SR, Cohen FE: Origins of structural diversity within
sequentially identical hexapeptides. Protein Sci 1993, 2:2134-2145.

Zhou X, Alber F, Folkers G, Gonnet GH, Chelvanayagam G: An analysis of
the helix-to-strand transition between peptides with identical sequenc.
Proteins 2000, 41:248-256.

Kuznetsov IB, Rackovsky S: On the properties and sequence context of
structurally ambivalent fragments in proteins. Protein Sci 2003,
12:2420-2433.

Guo J, Jaromczyk JW, Xu Y: Analysis of Chameleon Sequences and Their
Implications in Biological Processes. Proteins 2007, 67:548-558.

Hobohm U, Sander C: Enlarged representative set of protein structures.
Protein Sci 1994, 3:522-524.

Murzin AG, Brenner SE, Hubbard T, Chothia C: SCOP: a structural
classification of proteins database for the investigation of sequences
and structures. J Mol Biol 1995, 247:536-540.

Chou PY, Fasman GD: Conformational Parameters for Amino Acids in
Helical, B-Sheet, and Random Coil Regions Calculated from Proteins.
Biochemistry 1974, 13:211-222.

Argos P: Analysis of sequence-similar pentapeptides in unrelated protein
tertiary structures: Strategies for protein folding and a guide for site-
directed mutagenesis. J Mol Biol 1987, 197:331-348.

Kabsch W, Sander C: Dictionary of Protein Secondary Structure: Pattern
Recognition of Hydrogen-Bonded and Geometrical Features. Biopolymers
1983, 22:2577-2637.

Zim BH, Doty P, Iso K: DETERMINATION OF THE PARAMETERS FOR HELIX
FORMATION IN POLY-y-BENZYL-L-GLUTAMATE. Proc Natl Acad Sci USA
1959, 45:1601-1607.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Page 10 of 10

Chakrabartty A, Baldwin RL: Stability of a-Helices. Adv Prot Chem 1995,
46:141-176.

Bernstein FC, Koetzle TF, Williams GJB, Meyer EFJ, Brice MD, Rodgers JR,
Kennard O, Shimanouchi T, Tasumi M: The protein data bank: A
computer-based archival file for macromolecular structures. J Mol Biol
1977, 112:535-542.

Wang G, Dunbrack RL: PISCES: a protein sequence culling server.
Bioinformatics 2003, 19:1589-1591.

Guo J, Chen H, Sun ZR, Lin YL: A novel method for protein secondary
structure prediction using dual-layer SYM and profiles. Proteins 2004,
54:738-743.

Hua SJ, Sun ZR: A novel method of protein secondary structure
prediction with high segment overlap measure: Support vector machine
approach. J Mol Biol 2001, 308:397-407.

Kim H, Park H: Protein secondary structure prediction based on an
improved support vector machines approach. Protein £ng 2003,
16:553-560.

Case DA, Darden TA, Cheatham TE, Simmerling CL, Wang J, Duke RE, Luo R,
Merz KM, Pearlman DA, Crowley M, Walker RC, Zhang W, Wang B, Hayik S,
Roitberg A, Seabra G, Wong KF, Paesani F, Wu X, Brozell S, Tsui V, Gohlke H,
Yang L, Tan C, Mongan J, Hornak V, Cui G, Beroza P, Mathews DH,
Schafmeister C, Ross WS, Kollman PA: AMBER 9 University of California, San
Francisco 2006.

Hornak V, Abel R, Okur A, Strockbine B, Roitberg A, Simmerling C:
Comparison of multiple Amber force fields and development of
improved protein backbone parameters. Proteins 2006, 65:712-725.

Best RB, Hummer G: Optimized Molecular Dynamics Force Fields Applied
to the Helix-Coil Transition of Polypeptides. J Phys Chem B 2009,
113:9004-9015.

Darden T, York D, Pedersen L: Particle mesh Ewald: an N.log(N) method
for Ewald sums in large systems. J Chem Phys 1993, 98:10089-11009.
Ryckaert JP, Ciccotti G, Berendsen HJC: Numerical integration of the
cartesian equations of motion of a system with constraints: Molecular
dynamics of n-alkanes. J Comput Phys 1977, 23:327-341.

Berendsen HJC, Postma JPM, DiNola A, Haak JR: Molecular dynamics with
coupling to an external bath. J Chem Phys 1984, 81:3684-3690.

doi:10.1186/1471-2105-11-519

Cite this article as: Bhattacharjee and Biswas: Statistical analysis and
molecular dynamics simulations of ambivalent a-helices. BMC
Bioinformatics 2010 11:519.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

* Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/9761469?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9761469?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9761469?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15366933?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15366933?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15366933?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9519302?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9519302?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10899428?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/364941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/364941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7731949?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7731949?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7731949?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2237416?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2237416?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2237415?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2237415?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2314462?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2314462?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8459852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8459852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8503008?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8503008?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8107853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8107853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8180173?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8180173?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8090712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8090712?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1584778?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1584778?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8117668?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8117668?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7711261?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7711261?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7711261?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11551180?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8298461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8298461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10966577?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10966577?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14573856?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14573856?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17299764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17299764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8019422?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7723011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7723011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7723011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4358939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4358939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3681998?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3681998?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3681998?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6667333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6667333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16590552?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16590552?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/875032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/875032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12912846?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14997569?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14997569?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11327775?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11327775?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11327775?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12968073?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12968073?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16981200?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16981200?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19514729?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19514729?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results and Discussion
	Population of helices with different degree of conformational variation
	Conserved and variable helices have different preference of amino acids
	Conformational parameter of amino acids varies with respect to the percentage ambivalency of the helical sequences
	Flanking sequences have different distributions of the amino acids near the two termini of variable helices
	Flanking sequences possess different environment
	Variable helical sequences try to retain their helical conformation

	Conclusions
	Methods
	Database
	Ambivalent helical sequence determination
	Molecular dynamics simulation

	Acknowledgements
	Authors' contributions
	References

