
An Analysis of the Helix-to-Strand Transition Between
Peptides With Identical Sequence
Xianghong Zhou,1,2 Frank Alber,3 Gerd Folkers,2 Gaston H. Gonnet,1 and Gareth Chelvanayagam4*
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ABSTRACT An analysis of peptide segments
with identical sequence but that differ significantly
in structure was performed over non-redundant
databases of protein structures. We focus on those
peptides, which fold into an a-helix in one protein
but a b-strand in another. While the study shows
that many such structurally ambivalent peptides
contain amino acids with a strong helical prefer-
ence collocated with amino acids with a strong
strand preference, the results overwhelmingly indi-
cate that the peptide’s environment ultimately dic-
tates its structure. Furthermore, the first naturally
occurring structurally ambivalent nonapeptide from
evolutionary unrelated proteins is described, high-
lighting the intrinsic plasticity of peptide sequences.
We even find seven proteins that show structural
ambivalence under different conditions. Finally, a
computer algorithm has been implemented to iden-
tify regions in a given sequence where secondary
structure prediction programs are likely to make
serious mispredictions. Proteins 2000;41:248–256.
© 2000 Wiley-Liss, Inc.
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INTRODUCTION

a-helices and b-strands are the two most distinct ele-
ments of the protein secondary structure. An a-helix is
formed mainly by local interactions while a b-strand is
usually formed by long-range interactions (i.e., residue i to
residue (i1x), |x|.4). Experimental results, as well as
statistical analysis, show that different amino acids and
their combinations have different propensities for a-heli-
cal or b-strand formation.1–10 These propensity scales
provide important tools for secondary structure prediction,
and in particular, methods that use local sequence informa-
tion.1,11,12 However, prediction methods based only on
residue propensities are not foolproof13 and various experi-
mental studies have pointed out that the secondary struc-
ture formation is strongly dependent on the environ-
ment.14–17 For example, naturally occurring peptides were
found to adopt an a-helix conformation in organic solvent,
but b-strand in nonmicellar SDS.15,18 Likewise, several

theoretical studies showed that sequentially identical pep-
tides in the Protein Data Bank (PDB19) can adopt different
secondary structures in different proteins.20–25 Even natu-
rally occurring peptides as long as eight amino acids can be
helical in one protein and a strand in another.25 We term
such peptides as structurally ambivalent. It is not known,
however, just how far secondary structure formation is
influenced by forces other than the sequence’s own intrin-
sic propensity. Nor is it known if there is a minimum
length for an autonomous folding unit based on the local
interactions. Understanding the degree to which and the
means by which the environment influences the structural
ambivalence of peptides has implications for both protein
design and the development of structure prediction meth-
ods. This information is also important for elucidating the
mechanisms by which proteins fold.

Given the explosive growth of the PDB, the goal of this
work is to assess the level of structural ambivalence
among peptides with identical sequence in known struc-
tures and to examine the origin of their structural diver-
sity.

COMPUTATIONAL METHODS
Database Survey

The Protein Data Bank (PDB) of June 1999 was used in
this study. Secondary structure assignments were made
automatically using the program package STRIDE.26 One
of our goals is the statistical analysis of peptide sequences
with structural ambivalence. Thus, to avoid statistical
bias caused by the large number of homolog proteins in the
PDB, two protein sub-databases were used: one in which
all protein-chain pairs have less than 25% sequence iden-
tity (DB1) and one in which all protein-chain pairs have
less than 95% sequence identity (DB2). DB1 (1106 chains)
and DB2 (3295 chains) were taken from the May 1999
version of the “PDB_Select database.”27

The selection of identical pairs of peptide sequences was
performed as follows. First, we surveyed the complete PDB
database selecting all possible sequence pairs with four
identical residues (4-mer). Where possible, these were
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then extended to identify longer identical sequence pairs
(5–9-mer pairs). Contiguous, overlapping 4-mers that form
higher order n-mers were not retained in the 4-mer
dataset and were assigned as the appropriate n-mer. Only
the longest possible n-mer was considered. Thus, we only
considered all 4-mer pairs that could not be extended to
5-mer pairs, or higher order n-mer pairs; 5-mer pairs that
could not be extended to 6-mer pairs or higher order
n-mers; and so on. These peptide pairs were then assigned
to DB1 and DB2 if both constitute proteins were members
of the corresponding sub-database.

We focused on peptide pairs with identical sequences
that adopt an a-helix structure in one protein and a
b-strand structure in another protein. We classify these
secondary structure transitions, termed helix-to-strand
transitions, into two categories: a partial helix-to-strand
transition is defined when they contain at least a dipeptide
unit adopting an a-helix in one protein and a b-strand, for
the same residues, in another (e.g., CCHHH in one protein
and TCCEE in another protein, where H represents helix,
E strand, C coil, and T turn); and a complete helix-to-
strand transition is defined when one peptide of a pair
contains only an a-helix structure and the other only a
b-strand structure (e.g., HHHHH in one protein and
EEEEE in another protein).

Analysis of the Helix-to-Strand Transition

In order to avoid biases in the PDB, the following
analysis was performed on the dataset of the structurally
ambivalent peptides in the DB1, where no protein pair has
sequence identity more than 25%.

Residue occurrence

To examine the residue occurrence in the structurally
ambivalent peptides, the amino acid frequencies were
calculated from all n-mers in DB1 that undergo complete
helix-to-strand transition. Amino acids in common n-mer
motifs, motifs that are found in more than one pair of
sequences, are counted at each occurrence of the motif.
These values were normalized against the amino acid
frequency in the PDB.

Local sequence

To examine properties of the local sequence surrounding
ambivalent peptides, the amino acid frequencies were
counted over the four residues immediately flanking each
of the n-mers in DB1 that undergo complete helix-to-strand
transition. The amino acid frequencies that bound helices
and strands were counted separately.

Local environment

Properties of the local environment of structurally am-
bivalent peptides in DB1 that undergo complete helix-to-
strand transition were investigated by classifying the
amino acids into 5 groups: aromatic residues (F,Y,W),
non-polar residues (V,I,L,M,C,A,G,P), positive residues
(H,K,R), negative residues (D,E), and non-charged polar
residues (N,Q,T,S). The interactions that both helical and
strand peptides have with their environments were then

examined by identifying all residues that form contacts
with peptide residues that are at least four amino acids
away in the sequence. Residue contacts were determined
using the CSU software,28 which considers residues to be
in contact if a hypothetical solvent molecule can not be
placed between them. The five amino acid classes gave rise
to 25 possible interaction types. Local interactions were
also examined by counting pairwise interactions between
amino acids in the peptide and amino acids in the environ-
ment (400 5 20320 interaction types).

Tertiary structural class

Previously, it was proposed that tertiary structural class
can be used to characterize examples of identical peptide
sequences that adopt significantly different structures in
different proteins.23 This issue was revisited here using an
enhanced dataset and also considering the peptide length.
The five major classes provided in the SCOP database29

(http://scop.mrc-lmb.cam.ac.uk/scop/index.html) were con-
sidered: All Alpha (a); All beta (b); Alpha and beta(a/b);
Alpha plus beta (a1b); and Multi-domain alpha and beta
(m(a/b)). All n-mers (4 # n # 7) in DB1 that have at least
partial helix-to-strand transition and for which SCOP
classifications exist for both proteins were used. The
proportion of n-mer pairs that fall into the same and
different tertiary structural classes was calculated and
compared.

Alerting of structurally ambivalent sequence
(ASAS)

We have developed a computer program, ASAS (Alerting
of Structurally Ambivalent Sequence), accessible at http://
cbrg.inf.ethz.ch/ASAS.html. It incorporates the statistical
data on structurally ambivalent peptides described here.
Given an input sequence, the program parses the se-
quence, matching its subsequences (4-mer to 9-mer) against
our database of structurally ambivalent peptides, which is
composed of the peptides showing helix-to-strand transi-
tion in DB1 and DB2. Due to the high structural flexibility
of short peptides (vide infra) we only list strongly structur-
ally ambivalent 4- and 5-mers. A peptide is defined to be
strongly structural ambivalent if it has been found in n
pairs of proteins in DB1 of which m pairs show helix-to-
strand transition, where m.2 and m/n.0.5. Longer subse-
quences (6-mers to 9-mers) are returned if they have
shown any structural ambivalence in DB1 or DB2.

All general computation is conducted within the Darwin
programming environment.30

RESULTS
Structural Ambivalence of Peptides
With Identical Sequences

Table I shows that a high fraction (16–31%) of the n-mer
pairs in DB1 undergo helix-to-strand transition. Of all 204

possible 4-mers, nearly a third are found in at least two
structures in DB1. Of this third, about half undergo either
complete or partial helix-to-strand transition. Even for
longer peptides, a surprisingly high fraction shows partial
helix-to-strand transition. In contrast, few longer peptides
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in DB1 undergo complete helix-to-strand transition. One
explanation for this comes from the fact that most strands
in DB1 are five residues, or shorter, in length. Thus, it is
more difficult to find long strands, let alone strands that
undergo a transition to a helix. Because protein pairs with
less than 25% sequence identity generally adopt different
folds, the ambivalence of peptides found in DB1 explicitly
reveals a high probability for peptides to fold into distinct
secondary structures in different global environments.

In DB2, the percentage of n-mers that are structurally
ambivalent decreases with increasing length. This is likely to
be due to the fact that as n-mers increase in length, there is a
greater chance that they derive from related sequences.
Interestingly, comparing n-mers from DB1 to DB2 shows an
increase in the fraction of short peptides that are structurally
ambivalent. Both 4-mers and 5-mers are more likely to
undergo partial or complete helix-to-strand transition in
DB2, which allows 95% sequence identity between structure
pairs. This indicates that short peptides are quite flexible,
even in the context of very similar environments. This is far
more difficult for longer peptides as a similar protein architec-
ture imposes physical constraints limiting transitions. For
example, the i to i14 Ca distance in a helix is about 6Å, but
nearly 14Å for a strand.

During the survey of PDB we identified a naturally
occurring nonapeptide, “KGVVPQLVK,” that shows par-
tial helix-to-strand transition in two proteins, namely
Importain Alpha ( PDB Code: 1IALA,31 residues 292–300)
and Pyruvate Kinase (PDB code: 1PKYA,32 residues 413–
421), that share only 11% sequence identity. The second-
ary structure assignments of these peptides are CCHHHH-
HHH and TTEEEEECC, respectively. The two distinct
structures of this peptide are illustrated in Figure 1. The
protein Importain Alpha is an all alpha fold, and while the
P296 and G293 in the peptide have the combined effect of
disrupting the regular hydrogen bonding pattern of the
helix, surprisingly, a number of ordered water molecules
compensate for this. One (WAT80) mediates a hydrogen
bond between the backbone O of G293 and the backbone N
of Q297. All of the hydrophobic residues are at least

partially buried, while the hydrophilic residues are ex-
posed to solvent. In pyruvate kinase, an alpha/beta fold,
the peptide adopts a strand that lines the base of a cleft in
the molecule. As an edge strand, P417 does not cause a loss
of an inter-strand hydrogen bond as its nitrogen is point-
ing away from the adjacent strand. K413 is buried, but
forms a salt link with D336. Both V416 and L419 are
exposed, suggesting that the local structure is not optimal
but has been “sacrificed” to best accommodate the rest of
the fold. Although the existence of structurally ambivalent
9-mers has been previously speculated,25 this is the first
report identifying such a peptide. Additionally, two hep-
tapeptides, “IKMFIKN” and “LITTAHA,” that show com-
plete helix-to-strand transition (HHHHHHH/EEEEEEE)
have been identified in protein sequence pairs that have
less than 10% sequence identity: Phosphoribosyl Anthrani-
late Isomerase (PDB code:1NSJ33) and Glycosylasparagi-
nase (PDB code:1PGS34) as well as Cyclodextrin Glycosyl-
transferase (PDB code:1CGT35) and Beta-Galactosidase
(PDB code: 1BGLA36). Thus, peptides exhibit an intrinsic
plasticity that allows them to adopt completely different
structures that adapt to their environments.

Sequence Properties of the Structurally
Ambivalent Peptides

Interesting features emerge from the analysis of the
residue composition in n-mers with complete helix-to-
strand transition (Fig. 2). Residues with relative frequen-
cies greater than one are more likely to appear in struc-
tural ambivalent peptides than not. Interestingly, the
residues with the highest frequencies are those with
hydrophobic aliphatic side-chains (L,V,I,A). A possible
explanation for this observation may be the rather unspe-
cific nature of hydrophobic interactions, which allow a
high degree of possible orientations in a hydrophobic
environment, favoring structural transitions. Most polar
side chains that are subject to directional hydrogen bond-
ing have relative frequencies below one (see for instance N,
D, Q, H, K, S, T in Fig. 2). The lowest frequencies (below
0.3) are found for residues C, P, and W. It is likely that the

TABLE I. Statistics of the Structural Ambivalent Peptides in the DB1 and DB2

4mer 5mer 6mer 7mer 8mer

Survey of the DB1
Total number of n-mer pairs 52,349 14,284 1,029 73 6
Number of n-mer pairs with partial

helix-to-strand transition
16,710 2,661 181 16 1

31.9% 18.6% 17.6% 21.9% 16.7%
Number of n-mer pairs with

complete helix-to-strand transition
6,999 563 21 0 0

13.4% 3.9% 2.04%

Survey of the DB2
Total number of n-mer pairs 91,533 62,727 7,809 1,932 1,162
Number of n-mer pairs with partial

helix-to-strand transition
39,512 12,292 1,009 86 5

43.2% 19.6% 12.9% 4.5% 0.4%
Number of n-mer pairs with

complete helix-to-strand transition
18,572 2,580 117 2 0

20.3% 4.1% 1.50% 0.10%
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large volume of W and the potential of C to form S-S bonds
reduce their flexibility in structure formation. The disrup-
tive nature of P in the context of a helix or strand
formation may be the reason for its low frequency in
ambivalent peptides.

It is striking that all residues with frequencies larger
than 1 are either strong a-helix formers (e.g., A and E) or
strong b-strand formers (e.g., V and I) according to the
Chou-Fasman parameters.1 Leucine, the residue with the
highest relative frequency, is known to have a strong
propensity for both helix and strand formation. Moreover,
our analysis reveals that the occurrence of strong a-helix
and strong b-strand formers are highly correlated. In one
third of all structural ambivalent 4-mers and nearly half of
all 5-mers as well as about two thirds of 6-mer pairs, one of
the two strong helix formers (A or E) and one of the two
strong strand formers (V or I) appear simultaneously. We

have also calculated the most frequently appearing dipep-
tide combinations normalized by their natural frequency.
Eight out of ten of the most frequently occurring dipep-
tides are again composed of a strong helix former and a
strong strand former (namely LL, IA, AV, LV, LI, AI, EL,
EI). However, the influence of the environment should not
be underestimated as this can override any intrinsic
helical or strand preferences for peptides. For example, the
strongly helical peptides EAAAA forms a strand in the
hydrolase inhibitor (PDB code: 1HLEA37), while the pep-
tide VVVIV, that contains strong strand forming residues,
is helical in the lipoprotein (PDB code:1SPF38).

Local Sequence Properties of Structurally
Ambivalent Peptides

The relative residue frequencies of the amino acids
neighbouring structural ambivalent n-mers (Fig. 3) sug-

Fig. 1. Schematic illustration of the nonamer “KGVVPQLVK” in a 1IAL
and in b 1PKY. Residues of the nonamer are in ball and stick mode with
the ribbon of the nonamer highlighted with magenta. The rest of the
protein is drawn in green. Hydrogen bonds of the nonamer are shown with

dotted lines. Residues and crystallographic water molecules, which
hydrogen bond to the nonamer, are illustrated as sticks and balls,
respectively. The figure was prepared with RASTER3D.68

Fig. 2. The relative frequencies of the 20 amino
acids in structurally ambivalent n-mers. The occur-
rence frequencies of the 20 residues are calculated
based on the n-mers with complete helix-to-strand
transition derived from DB1, and then normalized
with their natural frequency. For example, A has a
relative frequency 1.67, which means the occurrence
frequency of A in the structural ambivalent n-mers is
1.67 times its natural frequency.
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gest that helices are normally flanked by strong a-helix
forming residues (e.g., A, Q, E, M) while b-strands are less
frequently bounded by strong strand formers. This is
reasonable since helices are predominantly much longer
than strands, as already discussed.

Interestingly, structurally ambivalent peptides that
adopt helical structure are seldom bounded by helix break-
ers such as P or G. Conversely, sequences surrounding
strands show a preference for P and G. This suggests that
many structurally ambivalent peptides fold into a b-strand
only if a-helix folding is not possible due to the presence of
a helix-breaker in the sequence neighbourhood. As helix
formation is a local process, while strand formation needs
global interaction, this result implies that at least in some
regions, local folding happens prior to global folding, which
supports the hierarchical model of protein folding.39 For
the structurally ambivalent peptides, the presence or
absence of P and G in their neighborhood may give some
clues as to which secondary structure might be preferred.

Local Environment Properties of Structurally
Ambivalent Peptides

Classifying the residues into five types (aromatic, non-
polar, positive, negative, and noncharged-polar), we inves-

tigated the long-range interactions between residues in
the structurally ambivalent peptides and their spatial
neighbors to search for trends in helix or strand formation.
Our results (Table II) show that the occurrence frequency
of each interaction type in helix formation and strand
formation does not vary much in general. Counting all
pairwise interactions between amino acids in the peptide
and amino acids in the environment (400 5 20320 interac-
tion types) also fails to give useful indicators for formation
of specific secondary structure. Likewise, applying linear
regression and more sophisticated statistical models such
as “conditional logistic regression for matched pair analy-
sis” did not uncover useful trends (data not shown).
Although long-range interactions are considered impor-
tant for the structural ambivalence of sequentially identi-
cal peptides, they seem to be too subtle to be summarized
by the above statistics analysis.

Global Environments Implied by Tertiary
Structure Class

We have compared the tertiary structural classes of
protein pairs containing structurally ambivalent n-mers.
Among the n-mer pairs with complete helix-to-strand
transition in DB1, only 17.8% of 4-mer pairs, 14.4% of

Fig. 3. The relative residue frequency of the
sequence neighbours of the n-mers with complete
helix-to-strand transition derived from DB1. The fig-
ure compares residue frequencies neighbouring heli-
cal and strand peptides.

TABLE II. Occurrence Frequency (%) of the Long-Range Interactions Between the Helical and Strand Peptides and Their
Respective Environments

In the environment

Structurally ambivalent peptides

Aromatic Non-polar
Non-charged

polar Positive Negative

Aromatic Helix 0.14 3.58 1.48 1.72 1.94
Strand 0.16 3.48 1.54 1.52 1.85

Non-polar Helix 1.06 27.09 9.31 10.01 10.27
Strand 1.36 26.69 8.62 9.72 10.29

Non-charged polar Helix 0.11 4.63 2.51 2.45 2.78
Strand 0.13 4.84 2.74 2.52 3.04

Positive Helix 0.09 3.68 2.18 2.02 4.48
Strand 0.14 3.74 2.23 2.02 4.57

Negative Helix 0.08 2.43 1.61 2.55 1.7
Strand 0.12 2.72 1.68 2.74 1.56
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5-mer pairs, and 25.0% of 6-mer pairs derive from proteins
with the same tertiary structural class. Similarly, for
n-mer pairs with partial helix-to-strand transition only
20.2% of 4-mer pairs, 17.5% of 5-mer pairs, and 22.6% of
6-mer pairs are from proteins with the same tertiary
structure class. Hence, in DB1 the probability of n-mer
pairs adopting different structures in proteins from differ-
ent classes is much higher than for proteins from the same
tertiary structural class; 41.7% of 7-mer pairs with partial
helix-to-strand transition, are from structures with the
same tertiary class. Interestingly then, the probability for
n-mer pairs to adopt different structures in proteins with
the same tertiary class appears to increases with n-mer
length. This is likely to stem from the peptides coming
from related sequences. While this appears counter intui-
tive, it is also noted that the total number of n-mer pairs
drops sharply with length. Thus, as suggested in earlier
studies,23 information of protein tertiary classes can con-
tribute to predict the conformation of its subsequences,
however not in all cases. Among the ambivalent n-mer
pairs that derive from proteins from the same tertiary
class, about two thirds are from the a/b class, suggesting
that particular care should be taken when making second-
ary structure predictions for this class.

Structural Ambivalence Within the Same Protein

The PDB database includes many proteins that have
more than one structure deposited. This redundancy al-
lows an investigation as to whether secondary structure
variation is possible within the same protein. During the
survey of the whole PDB database, seven proteins were
identified that exhibited helix-to-strand transition under
different conditions (Table III). There appear to be two
major reasons for this structural ambivalence: (1) the
binding of different ligands or other proteins, such as in
the structure pairs of Elongation Factor Tu (PDB codes:
1EFT40/1TUIA41), Cyclin-Dependent Kinase (PDB codes:
1B39A42/1FINA43), Inositol Monophosphatase (PDB codes:

1IMF44/1IMDA44) and Antithrombin (PDB codes: 1AZXI45

/ 1BR8I46); and (2) the cleavage of a protein sub-domain,
such as in Lactoferrin (PDB codes: 1LCT47/ 1LFI48) and
Tetranectin (PDB codes:1HTN49/1TN350). The structure
pair 1HGGB51/1HTMB52 of Hemagglutinin involved both
different ligand-binding and sub-domain cleavage. For
both 1LCT/1LF1 and 1HTN/1TN3, the structurally ambiva-
lent residues lie near the cleavage sites, which are within
helices. After cleavage, what remains of the helices be-
comes a strand in the crystal structures of the cleaved
molecules. Both the interaction with other molecules and
subunit cleavage, result in changes to the environment of
residues in the structures, again pointing to the dramatic
influence that the environment has on the local structure.
Such structurally ambivalent sequence region may pro-
mote conformational changes closely correlated with the
biological function of the protein.

Alerting the Structurally Ambivalent Sequences

The structural ambivalence of peptide sequence poses a
dilemma for secondary structure prediction. For example,
with the PHD method, confusion between helix and strand
occur on average for about 8% of all residues.53 We
compared the prediction results made by the PHD method,
for the 16 target proteins at CASP2, with the crystallo-
graphic secondary structure assignment. The 16 target
sequences contain a total of 3,430 overlapping tetramer
peptides, out of which we identify 167 as being strongly
structurally ambivalent. Of the 167 peptides, PHD makes
a serious misprediction, either partial or complete confu-
sion between helix and strand, in 22 (13.2%) cases. For the
rest of the tetramers, PHD only makes a serious error in
173 (5.3%) cases. Thus, serious mispredictions are nearly
2.5 times more likely to occur in strongly structurally
ambivalent tetramers. Similar statistics are found for
pentamer peptides; however, we note the statistics are
quite sparse: one out of eight identified strongly structur-
ally ambivalent pentamers contain a serious mispredic-

TABLE III. Structural Ambivalence of the Same Protein Under Different Conditions†

Protein Residue range Local sequence PDB ID Local structure

Elongation factor Tu 57–58 APEERARGIT 1EFT CHHHHHHHHCCC
1TUIA CCCCEEEETTEE

Cyclin-dependent kinase 150–151 FGLARAFGVP 1B39A TTHHHHHHHCCT
1FINA TTTTEEEETTTT

Inositol monophosphatase 42–44 SPVDLVTATDQ 1IMF XXXCHHHHHHHHHH
1IMDA ETTEEEEEEEHHHH

Antithrombin 114–115 TISEKTSDQI 1AZXI TTCHHHHHHHHH
1BR8I GGTTEEEEHHHH

Lactoferrin 324–325 LGSGYFTAIQ 1LFI HCHHHHHHHHHH
1LCT HHCCEEEECCXX

Tetranectin 49–52 ALQTVCLKGTKV 1HTN HHHHHHHHHHHHCEEE
1TN3 CCCCEEEEEEEETTTT

Hemagglutinin 61–62 EKTNEKFHQI 1HGGB CCCCEEEECCCC
1HTMB HHHHHHHHHHHH

†The column “residues” gives the residue numbers that show helix-to-strand transition. The column “local sequence” gives the peptide sequence
around the residues having structural ambivalence (bold). The column “local structure” shows the local secondary structures around the
structurally ambivalent residues (bold) in different PDB structures. The secondary structure assignments are: H, helix; E, strand; C, coils; T,
turn; X, no secondary structure assigned since crystallographic data does not exist.
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tion (12.5%) compared to 223 serious errors in the remain-
ing 3,406 pentamers (6.5%). At CASP3 there are two
sequence segments, GSSEL(CCCEE) in Cyanovirin-N(PDB
code:2EZM54) and LIAGG(EEEET) in Flavin Reductase
(PDB code:1QFJ55), for which most prediction methods
erroneously assigned the strand conformation as helix.
These two sequences are also found in our database to be
strongly structural ambivalent pentamers. Although sec-
ondary structure formation is partly determined by non-
local residue interactions, this result confirms that there
are also local sequence patterns related to structural
ambivalence.

Our web service “Alerting of Structurally Ambivalent
Sequence,” accessible at http://cbrg.inf.ethz.ch/ASAS.html,
parses the submitted sequence and returns all of its
subsequences that occur in our structurally ambivalent
database. Information about the names of the constituent
protein pairs, as well as the local secondary structures of
the structurally ambivalent peptides, are made available
for the user. This service provides a complementary means
for secondary structure prediction.

DISCUSSION

We have surveyed the protein structure databases with
different degrees of non-redundancy for peptide sequences
of variable length (. 5 4 residues), which adopt an a-helix
structure in one protein and a b-strand structure in
another protein. In comparison to previous work,20-23,25

we have found a dramatically increased number of struc-
turally ambivalent pentamers, hexamers, and heptamers
due to the rapid growth of the PDB database. This is
despite the fact that in the previous studies, the database
of protein structures that was considered allowed up to
50% sequence identities. Here, in DB1, only structures
with mutually less than 25% sequence identity are al-
lowed. Also, only peptides that undergo a transition be-
tween a helix and a strand are investigated. Such peptides
have the potential to generate serious errors in secondary
structure prediction.

Short peptide sequences, four or five amino acids long,
appear most flexible. This may explain why the majority
of insertions and deletions (indels) are of this length.56

While, by definition, it is increasingly difficult to find
longer identical peptides in unrelated sequences, the
results presented here suggest that as many as one in
six identical 8-mers form variable local structures. This
points to the innate flexibility of peptide sequences to
adapt to best match their environment. Moreover, we
report the first naturally occurring nonapeptide show-
ing helix-to-strand transition in two evolutionary unre-
lated proteins, suggesting that structural ambivalence
may be even more prevalent than previously suspected.
The seven proteins, which show helix-to-strand transi-
tion upon ligand binding and subunit cleavage, empha-
size the importance of the global environment for the
secondary structure formation. The engineered eleven-
mer “chameleon” sequence designed by Minor and Kim57

strongly supports these findings.

The broad existence of structurally ambivalent peptides
does not mean that sequence properties are completely
indifferent to secondary structure formation. To the con-
trary, we find two sequence factors correlated highly with
structural ambivalence. Firstly, hydrophobic residues with
aliphatic side-chain (e.g., A,L,V,I) appear frequently in the
structural ambivalent peptides. Secondly, we find strong
helix formers and strong strand formers appearing to-
gether to be a good indication for structural ambivalence.
Strikingly, the “chameleon” peptide (AWTVEKAFKTF) is
comprised almost exclusively from amino acids that are
shown to be prevalent in other structurally ambivalent
peptides (Fig. 2) and includes both strong helix and strand
formers. These results confirm that short-range interac-
tions and the intrinsic properties of amino acids in peptide
sequences are important in determining their structures.
Many other elegant experiments have demonstrated struc-
tural changes in response to sequence mutations. For
example, a strand has been converted to a helix by the
introduction of single point mutations.58,59 Likewise, a
helical 4-mer was caused to become part of a loop with the
insertion of four residues in T4 lysozyme.60 Thus, alter-
nate structures can be induced by minor sequence change,
and while intrinsic sequence properties can be important
for structure formation, these preferences can be forgone
to satisfy the structure of the molecule as a whole.

The structural ambivalence of peptides has ramifica-
tions for health issues. The amyloid protein associated
with Alzheimer’s disease and the prion protein associated
with scrapie diseases, are suggested to undergo a conforma-
tional change.61,62 Peptide sequences within these pro-
teins that are known to have structural ambivalence
would be key sites to examine in such molecules for
potential therapeutic intervention. Recently a search for
“molecular switches” has been undertaken for a number of
proteins using the premise that if a region of local se-
quence lacks strong intrinsic secondary structure, then by
changing its environment, its structure can also
change.63,64

The structural diversity of peptides presents difficulties
for secondary structure prediction programs, particularly
those that rely only on local sequence information.1,65

Likewise, tertiary structure prediction algorithms that
work on the “spare parts” principle66,67 are also affected.
The information gathered in this study has been used to
build a filter that can identify regions of a sequence that
are likely to be misassigned. Application of this filter is
encouraging although the filter is also under the same
limitations as all approaches that are based only on local
sequence.
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