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Abstract The presence of energetically less favourable
cis peptides in protein structures has been observed to be
strongly associated with its structural integrity and func-
tion. Inter-conversion between the cis and trans confor-
mations also has an important role in the folding process.
In this study, we analyse the extent of conservation of cis
peptides among similar folds. We look at both the amino
acid preferences and local structural changes associated
with such variations. Nearly 34% of the Xaa-Proline cis
bonds are not conserved in structural relatives; Proline also
has a high tendency to get replaced by another amino acid
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in the trans conformer. At both positions bounding the
peptide bond, Glycine has a higher tendency to lose the cis
conformation. The cis conformation of more than 30% of 8
turns of type VIb and IV are not found to be conserved in
similar structures. A different view using Protein Block-
based description of backbone conformation, suggests that
many of the local conformational changes are highly dif-
ferent from the general local structural variations observed
among structurally similar proteins. Changes between cis
and trans conformations are found to be associated with the
evolution of new functions facilitated by local structural
changes. This is most frequent in enzymes where new
catalytic activity emerges with local changes in the active
site. Cis—trans changes are also seen to facilitate inter-
domain and inter-protein interactions. As in the case of
folding, cis—trans conversions have been used as an impor-
tant driving factor in evolution.

Keywords Protein folds - cis peptides - o dihedral -
cis—trans isomerization - Structural alignment - Structural
alphabet - Protein blocks - Protein Data Bank

Introduction

The large majority of peptide bonds in protein structures are
constrained to a planar conformation (Ramachandran and
Sasisekharan 1968; Pauling et al. 1951) (trans) due to the
partial double bond nature of the peptide linkage. This has
been used as a strict dihedral angle restraint (w ~ 180°) for
protein structure refinement in X-ray -crystallography
(Priestle 2003). However, several studies have identified
deformations in planarity that has been tolerated in protein
structures (MacArthur and Thornton 1991; Weiss et al.
1998).
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A very small percent of all peptides are observed to
occur in cis conformation (Ramachandran and Mitra 1976).
Significant portion of about 5% of all Xaa-Pro peptides
(Xaa being the amino acid preceding the Proline residue)
were found in this conformation with the @ dihedral close
to 0° (Stewart et al. 1990; MacArthur and Thornton 1991;
Weiss et al. 1998). On the other hand, only about 0.03% of
the Xaa-non-Pro peptides are reported to be in the cis form
(Weiss et al. 1998). This behaviour is due to the imide bond
character of the peptide joining a proline residue, which
limits the steric cost to have  close to 0°. Due to the strict
constraints used during structure determination and
refinement, many of the cis peptide bonds may have gone
unreported, especially in low resolution structures (Weiss
et al. 1998). The Co;—Cu;, | distance in cis conformation is
nearly 1 A less than that seen in frans and hence there can
be a strong influence of structure resolution on the cis bond
content (Stewart et al. 1990; Weiss et al. 1998).

Cis bonds are preserved in protein structures for both
structural and functional reasons (Brauer et al. 2002;
Lummis et al. 2005; Wu and Matthews 2002). Xaa-nonPro
peptides in cis conformation are observed near the active
sites and are shown to be important for the protein activity
(Weiss et al. 1998; Stoddard and Pietrokovski 1998; Jabs
et al. 1999; Guan et al. 2004). Amino acid preferences
associated with the cis conformation have also been studied
with the help of high resolution structures. Aromatic resi-
dues such as Tyr, Trp and other amino acids like Gly, Ala
and Pro are more frequent at the position Xaa, before the
Pro (Pal and Chakrabarti 1999; Weiss et al. 1998).

The inter-conversion between the cis and trans isomers
is a slow reaction and is catalysed in cell by peptidyl cis—
trans isomerases (Fischer and Aumuller 2003). An acti-
vation barrier of about 20 kcal/mol has been proposed for
this change (Grathwohl and Wuthrick 1981; Scherer et al.
1998). Unlike the Xaa-Pro cis bond, the non-prolyl pep-
tides require a considerable additional cost (~2 kcal/mol)
to be stabilized in this conformation. Several studies on
cis—trans isomerisation underline its importance in protein
folding kinetics and function (Andreotti 2003). Proline
isomerisation is shown to guide the unfolding and refolding
paths of proteins (Schmid 1986; Jakob and Schmid 2008).
Mutations destabilizing the cis conformation are also
shown to reduce the folding rates (Odefey et al. 1995; Guan
et al. 2004; Brandts et al. 1975).

Cis—trans conversion is implicated in cell signalling
(Sarkar et al. 2007; Wulf et al. 2005), neuro-degeneration
(Pastorino et al. 2006), amyloid formation (Eakin et al.
2006), channel gating (Lummis et al. 2005), phage infec-
tion (Eckert et al. 2005), structural dynamics (Grochulski
et al. 1994; Guan et al. 2004), etc. This isomerisation has
been recognized as a molecular timer that modulates the
amplitude and duration of different cellular processes (Lu
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et al. 2007; Nicholson and Lu 2007). Hence, it has been
also considered as a possible target for therapeutic studies
(Lu et al. 2007).

The values of w are associated with the other backbone
dihedrals and a strict correlation was observed with the
adjacent ¢ angle (Esposito et al. 2005). A strong associa-
tion between the side chain and backbone conformation has
also been noted for the cis conformation (Pal and Chak-
rabarti 1999). Local structural changes associated with cis—
trans isomerisation have been studied based on the Cu
distances (Reimer and Fischer 2002). Except for the posi-
tion X (Xaa-Pro), the distances between consecutive Cos
did not show much variations. However, significant chan-
ges were observed in the distances between Co; and Co; 5,
where i stands for the residue at position X. -turns of type
VI has the characteristic backbone ¢,  angles for the cis
conformation, at positions i 4+ 1 and i 4+ 2. f-turns of types
VIa-1 (@iy1.¥iv1,@ir2. W00 —60°, 120°, —90°, 0°) and
VIb-1 (@ir1.Wir1,@ir2 i —135°, 135° (& >100°),
—75°, 160°) are predominant among the different sub-
classes of type VI turns (Pal and Chakrabarti 1999).

The preferences for both amino acid types and backbone
conformations associated with cis peptides have been
analysed but specific and comprehensive studies on the
conservation of cis conformation have not been carried out.
In this study, we analyse the deformations in the planarity
of peptide bonds in protein structures with special
emphasis on the variations between cis and trans con-
formers in similar folds. Using protein family alignments
involving high resolution structures, we look at the amino
acid preferences and the local conformations associated
with such cis—trans conversion. A Structural Alphabet
namely Protein Blocks (PBs) was used for local structure
description (de Brevern et al. 2000; Etchebest et al. 2005;
Joseph et al. 2010). This helps to obtain a precise catego-
rization of pentapeptide backbone conformations into 16
frequent and regular conformations. Only the conserved
regions of the alignment are considered for the study.

Methods
Dataset

A set of high quality protein structures solved by X-ray
crystallography, with resolution better than 1.6 A and
R-factor <0.25 is extracted from the PDB. The SCOP
domains (version 1.75) corresponding to these structures
were identified and all those domains belonging to the
same SCOP family were aligned. This resulted in multiple
structural alignments of 775 families. The conservation of
o dihedral angles was studied by analysing well-aligned
(<30% gaps) columns in the alignment.
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Protein blocks

Protein blocks (PBs) correspond to a set of 16 prototypes of
pentapeptide conformations, described based on the ¢ and
@ dihedral angles (Supplementary data 1). They were
obtained by grouping different pentapeptide conformations
observed in protein structures using an unsupervised clas-
sifier similar to Kohonen Maps (Kohonen 2001) and hidden
Markov models (Rabiner 1989). This structural alpha-
bet allows a reasonable approximation of local backbone
conformations (de Brevern et al. 2000) with an average
root mean square deviation (rmsd) evaluated at 0.42 A (de
Brevern 2005; Joseph et al. 2010). PBs (de Brevern 2005)
have been assigned using a in-house Python software as in
the previous studies (Gelly et al. 2011; Joseph et al. 2011).

Secondary structure assignment

The secondary structure types associated with the PBs were
identified with the help of assignments made by PRO-
MOTIF (Hutchinson and Thornton 1996).

Multiple structural alignment

A structural alignment approach had been developed based
on the representation of protein 3D structures as PB
sequences (Gelly et al. 2011; Joseph et al. 2010, 2011;
Tyagi et al. 2008). The protein structural backbone was
transformed into PB sequence and these sequences were
aligned to obtain a comparison of the 3D structures.
Dynamic programming algorithm was used to generate PB
sequence alignments (Joseph et al. 2011). Pairwise struc-
ture comparison based on PB representation (iPBA) out-
performed other popular structural alignments tools in
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several benchmark tests (Joseph et al. 2011; Tyagi et al.
2008; Gelly et al. 2011).

The PB-based pairwise alignment was extended to per-
form multiple structure comparisons. A progressive align-
ment strategy similar to that used in CLUSTALW
(Thompson et al. 1994) was adopted for multiple PB
sequence alignments. The various different parameters and
gap penalties were optimized based on the alignment
quality. This method performed better than established
tools like MUSTANG (Konagurthu et al. 2006), MULTI-
PROT (Shatsky et al. 2004), SALIGN (Madhusudhan et al.
2009), MATT (Menke et al. 2008) and MAMMOTH
(Lupyan et al. 2005) (Joseph et al, submitted).

Results

The amino acid and conformational preferences associated
with cis—trans peptide variations were studied using a
dataset of alignment of families of high quality structures.
Initially, the preferences associated with the cis confor-
mation, were studied. Then the sequence and structural
features associated with cis—trans changes were analysed.
PB representation was used to have a reasonable catego-
rization of the backbone conformations associated with
such changes.

Figure 1 gives the distribution of the values of w angles
observed in the databank. In the alignment databank, 94%
of the peptides have m angles that varies at most 10° from
planarity (180°). Only about 0.31% of all peptides are
found to have cis conformation with @ close to 0°. The
distribution of w angles was also studied in a larger dataset
of structures solved at resolutions under 2.5 A. Only 0.23%
of the peptide conformations are in cis form.

-150 -100 50 0 50 100 150
(0]

Fig. 1 Distribution of @ angles. a The percentage distribution of w angles is plotted. The plot on the right (b) zooms the distribution with

occurrence <2%
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Cis peptide preferences

Throughout this work, we indicate the two amino acids that
form the peptide, as Xaal, Xaa2. The preference for each
amino acid to occur at these two positions of a cis peptide
was calculated. At the position Xaal, aromatic amino acids
have a higher preference compared to others. About 12.6%
of the position Xaal is occupied by Gly (Fig. 2a), while
87.6% of the position Xaa2 is occupied by Pro (Fig. 2b).
About 0.62 and 0.67% of all Tryptophans and Tyrosines
are in the first position Xaal of a cis-bond (Fig. 2c). Apart
from the aromatic amino acids (W, Y, F), Gly, Ala, Asn,
Pro and Cys also prefer to occupy the position Xaal
(>0.3%). Aromatic amino acids are reported to stabilize
Pro in the cis conformation by forming pi interactions (Wu
and Raleigh 1998).

5.4% of all prolines occur as Xaa2 in the cis-confor-
mation (Fig. 2d). All other amino acids are under-
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represented at this position, Tyr has a relatively higher
occurence of about 0.12%. For 61% of the cis peptides, the
solvent accessibility at the second position was higher than
the first reflecting a greater exposure at this position
(Supplementary data 2).

About 26% of the cis peptides occur in f§ turns of type
IV (Fig. 3). Other f3 turns of types VIal, VIa2 and VIb [that
are associated with a cis-Pro (Hutchinson and Thornton
1996)] also dominate the cis conformation. The confor-
mation at the first position (Fig. 3a) is represented by f
turns VIal and VIb with an occurrences of 13.1 and 16.2%,
respectively. The coil and extended (f strand) conforma-
tions share about 14% each, at this position, which is quite
low compared to the background frequencies. At the sec-
ond position (Fig. 3b), f turns VIal and VIb contribute to
12.2 and 21.1% of the cis conformations, respectively. The
strand conformation is less frequent (4.4%) at this position.
The preferred conformations were also studied in terms of
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Fig. 2 Amino acid propensity for cis-conformation. Percentage of each amino acid in the cis-conformation at the positions Xaal (a) and Xaa2
(b) that forms the peptide bond. For ¢ and d, the percentage is calculated with respect to individual amino acid occurrence frequency
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protein blocks (PBs). PBs generally associated with f§
strands, a—f, are preferred in both positions (Fig. 3c, d), PB
b, a specific PB often located after long loop at the entrance
of ff-strand, has a higher preference for the second position.
Loop associated PBs, g and j are preferred in the first
position while PBs 4 and k are preferred in the second.
Note that the PBs g and & are frequently found in succes-
sion, similarly j and k share common dihedrals. Supple-
mentary data 3 gives the dihedral angles associated with
these PBs.
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Fig. 3 Local conformational preferences for cis-conformation. The
local backbone conformation was analysed in terms of secondary
structures and PBs. PROMOTIF (Hutchinson and Thornton 1996)
was used for assignment of the local fold corresponding to the cis
peptides. Percentage of each type of local fold associated with the first
(a) and second (b) positions, are given. Abbreviation of PROMOTIF
assignments: BTX f-turns, X is the type of f-turn, AG antiparallel
strands, G1 type f-bulge, where the first residue is in the left-handed

Cis—trans variations

The multiple structural alignments involving high resolu-
tion structures were used to study the conservation of cis
conformation in structurally related proteins. The con-
served regions in the alignment (<30% gaps) were only
considered for analysis. The frequency of changes in the
dihedral was also computed from the alignments (Fig. 4).
65% of the w angles are highly conserved with a maxi-
mum variation of only 10°. On the other hand, the cis
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helical conformation (usually Glycine), AC antiparallel strands,
Classic type beta bulge, one extra residue forms the bulge, GTINV
inverse y-turns, HPX:Y f-hairpins, X and Y indicate the number of
residues in loop, based on two different rules (Hutchinson and
Thornton 1996). ¢ and d indicates the percentage of each PB in the
cis-conformation at the positions corresponding to Xaal and Xaa2.
For ¢ and d, the percentage is calculated with respect to individual PB
occurrence frequency
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conformation is not well conserved; about 36% of the cis
peptides prefer exchange with the trans conformer.

The change from cis to trans is indicated by the change
Xaal-Xaa2 to Xaal’-Xaa2', where Xaal and Xaa2 are
amino acids linked by the peptide in cis conformation and
Xaal’ and Xaa2' represents amino acids linked by the
peptide in trans conformation after the change. It was quite
striking to note that nearly 65% of the positions that were
associated with changes in the cis conformation are marked
with gaps in the alignment.

Based on the residue occupancies at the two positions,
cis peptides can have different tendencies to go to the trans
state. To study the relationship of amino acid types with the
stability of the cis conformation, we calculated the per-
centage of residues undergoing cis—trans variations. Fig-
ure 5 gives the percentage propensity of each amino acid
(in cis peptides) to go to the trans conformation in a related
protein. At positions Xaal and Xaa2, proline has about
31.8 and 33.8% chance of undergoing the change (Fig. 5a,
b). At position Xaal, isoleucine and glutamine have the
highest tendency for isomerisation (64.3 and 61.6%). Other
amino acids like glycine also show high preference of
about 47.5%, for conversion (Fig. 5a). Trp in the position
Xaal prefers to conserve the cis conformation (only 11.5%
change). At position Xaa2, the very low occurrences of
non-Pro residues restrict a reliable quantification of the
preferences (Fig. 5b). Only the changes with at least 10
instances are considered for analysis. Lys and Gly shows
higher preferences (47.5 and 55.5%, respectively) for the
change, at the second position Xaa2. As mentioned above,
only 33.8% of Pro undergoes cis—trans changes.
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Figure 5c, d gives the preferences in amino acid substi-
tutions associated with cis—trans variation. Only the con-
served alignment positions (no gaps at both positions) are
considered for studying the substitution preferences. At the
first position (Xaal-Xaal’) many of the amino acids prefer
replacement with non-polar amino acids like Gly, Ala, Leu
and Ile, for undergoing the change. Substitutions with Glu
and Pro are also preferred. On the other hand, at the second
position (Xaa2-Xaa2'), most of the amino acids prefer to be
conserved (Fig. 5c). Pro, which is dominant at this position, is
not highly conserved (only 13.3%) upon the cis—trans con-
version. Some amino acids like Thr, Asp, Gln and His prefer
substitutions with Gly upon conversion. Leu and Ile are
preferably replaced with Asp or Phe for the cis—trans change.

The local conformational changes associated with cis—
trans changes was also studied (Fig. 6). At the first position
(Fig. 6a), f§ turns of types VIII and IV are more prone to
cis—trans change (61 and 41%). However, it has to be noted
that only a few cis peptides occur in type VIII f turns
(Fig. 3a). f turn VIb and the coil states also have conversion
propensities above 30% (38.5 and 34.9%, respectively). At
the second position (Fig. 6b), the coil and strand confor-
mations have conversion frequencies close to 40%. The 8
turn VIb also show a relatively higher preference (38.3%).

The propensities were also studied in terms of PB
changes. At the first position (Fig. 6¢), PBs [ and p have
higher propensities for cis—trans change (75.9 and 69.7%,
respectively). PB [ is largely found in the N-cap of helices
while p is frequent at the C terminus (and at the N terminus
of strands). PB i mainly associated with coils and has a
high dominance of type IV f turns, has a propensity of
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about 50% for conversion. For the second position on the
other hand (Fig. 6d), PBs j and a have a relatively higher
preferences with frequencies 54.4 and 46.0%, respectively.

On the conserved regions of alignment (no gaps at both
positions), the PB changes associated with cis—trans
change was analysed (Fig. 7). At both positions, a prefer-
ence for substitution with a strand associated conformation
(PBs b, ¢ and d), was observed. At the first position
(Fig. 7a), loop associated PBs i and j, prefer replacement
with PB ¢ which is frequent at the N terminus of strands.
PB g, that represents a significant portion of 3, helices,
prefers substitution with central helix conformation (PB
m). This preference is observed at the second position also.
At the second position (Fig. 7b), PBs i and j, have greater
preferences to get replaced by strand associated PBs, b and
d. Apart from g, PBs £, k and p also prefer change with PB
m, upon cis—trans change.
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in cis conformation. ¢ and d gives the percentage substitution of each
amino acid (x-axis) (cis) by all the 20 amino acids (trans), associated
with cis—trans conversion. The legend gives the substitution percent-
ages; each column adds up to 100%

These substitution preferences were compared with the
favourable PB changes (substitution with different PBs)
observed in all the aligned regions in the dataset. Figure 7c
and d gives the distribution of differences in the substitu-
tion preferences. It can be seen that many of the preferred
changes associated with cis—trans variation differ highly
from the general preferences for PB substitutions. Also, the
largely expected changes involving the replacement of
central helix conformation (PB m) with the capping regions
(I and n) are under-represented.

Discussion
The cis peptides are maintained in protein structures for

both structural and functional reasons. Hence, these are
expected to be well-conserved across the proteins sharing
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Fig. 6 Local conformational changes associated with cis—trans
conversion. The local backbone conformation was analysed in terms
of secondary structures and PBs. PROMOTIF (Hutchinson and
Thornton 1996) was used for assignment of the local fold. Percentage
of each type of local fold involved in cis—trans conversion at the first
(a) and second (b) positions, are given. Abbreviation of PROMOTIF
assignments: BTX f-turns, X is the type of f-turn, AG antiparallel
strands, G1 type f3-bulge, where the first residue is in the left-handed

the same structure and function. In this study, we have
looked into the amino acid and conformational preferences
associated with the cis state and how these preferences
influence the replacement with a frans conformer in the
structurally equivalent regions. Multiple structural align-
ments of different SCOP (Murzin et al. 1995) families
involving high resolution crystal structures were used for
analysis.

SCOP domain families where at least one instance of
cis—trans change, were extracted (181 families). Nearly
80% of the domain families correspond to enzymes and the
rest are also dominated by ligand-binding activity
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helical conformation (usually Glycine), AC antiparallel strands,
Classic type beta bulge, one extra residue forms the bulge, GTINV
inverse y-turns, HPX:Y f-hairpins, X and Y indicate the number of
residues in loop, based on two different rules (Hutchinson and
Thornton 1996). ¢ and d indicates the percentage of each PB involved
in cis—trans change at the positions corresponding to Xaal and Xaa2.
The percentage is calculated with respect to individual occurrence
frequency in cis conformation

(Supplementary data 4). A few cases among these were
looked into.

The structure of Chitinase B holds a non-Pro cis bond
between Glu 144 and Tyr 145 (numbering taken from the
PDB file) in the active site at the centre of the TIM barrel
(Fig. 8a) (Kolstad et al. 2002). These two residues are
involved in direct contact with the substrate (van Aalten
et al. 2001) and are also in the vicinity of the dimer
interface (Fig. 8a). This cis conformation is not conserved
in Imaginal Disc Growth Factor-2 (IDGF2) (Varela et al.
2002), which shares a similar TIM barrel fold with chiti-
nase B. However, the absence of many active site residues
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gives the substitution percentages, each column adds up to 100%. The

preclude the chitinase activity, the protein is reported to
hold the ability to bind carbohydrates but in a different
conformation (Fig. 8b). Comparison of the two structures
(Fig. 7a, b) showed that the local PB change at the site of
cis bond is from PB series ce to ae, involving variation in f3
turn type IV conformation. By comparing IDGF2 protein
with related folds, Valera et al. (2002) suggested that the
protein may have evolved from chitinases to acquire the
new function as growth factors.

Another set of proteins that have the same fold and bind
similar substrates are the Glycinamide ribonucleotide

percentages of non-similar (except the conserved ones) PB changes
associated with cis—trans change were compared with the general
preferences observed in the databank. The differences in these
preferences (cis—trans general) are plotted in ¢ and d

transformylases and Glycinamide ribonucleotide synthe-
tase enzymes. The transformylase catalyses the formylation
of glycinamide ribonucleotide (GAR) using Mg(2+)ATP
and formate while the synthetase uses phosphoribosyl-
amine, glycine, and ATP to form glycinamide ribonucle-
otide. Both enzymes are important in the purine
biosynthesis pathway. A cis bond between Ala and Pro is
found in the vicinity of the active site of the synthetase
(Wang et al. 1998) (Fig. 8c). This region is at the C ter-
minus of a f§ strand and is associated with the PBs eb.
However, the cis peptide is not conserved in the
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Fig. 8 Evolution of new functions with cis—trans conversions. a The
structure of Chitinase B (PDB ID: 1GOI) (Kolstad et al. 2002)
(yellow) highlighting the binding site of N-acetyl D-glucosamine
(NAG) (orange) (van Aalten et al. 2001). The residues involved in cis
peptide (EY) are also indicated (red). The other monomer is shown in
cyan. b The structure of Imaginal Disc Growth factor-2 (IDGF2)
(green) has a similar fold but lack the cis peptide (Varela et al. 2002).
The sugar moiety (NAG and mannose) bound to the structure is also

transformylase enzyme (Thoden et al. 2002) (Fig. 8d). The
cis conformation is replaced by frans with a change in the
strand conformation (PB change eb to df). This part is in
direct contact with the substrate glycinamide ribonucleo-
tide (GAR). Though both enzymes bind ATP or its deriv-
atives and GAR, and they also have similar binding sites,
the catalysis mechanisms are different. The conformation
of bound ATP (or ADP) is also different in the two crystal
structures (Fig. 8c, d). Hence, the cis—trans peptide chan-
ges can be implicated in the evolution of new function.

Variation in cis-conformation is also observed while
comparing the structures of beta keto acyl carrier protein
synthase III (Qiu et al. 2001) and HMG (3-hydroxy-3-
methylglutaryl)-CoA synthase (Theisen et al. 2004), which
have similar folds. Changes in CoA-binding sites are also
observed (Supplementary data 5) between the two struc-
tures. Hence, the changes in the cis conformation are gen-
erally associated with the acquiring of a different function
with variations in substrate-binding modes.
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shown. The residues structurally equivalent to the cis peptide are also
labelled. ¢ The structure of glycinamide ribonucleotide synthetase
from E. coli (Wang et al. 1998) (yellow) that holds a cis peptide (AP)
at the active site. The ADP-binding site is also highlighted, ANP
phosphoaminophosponic acid adenylate ester. d The structure of
glycinamide ribonucleotide transformylase (Thoden et al. 2002)
(green) bound to ATP and glycinamide ribonucleotide (GAR).
Protein visualisation done with PyMol software DeLano (2002)

Apart from ligand binding and catalysis, cis peptides are
also involved in intra and inter protein interactions. The
structure of Hypoxic Response Protein I (HRP1) (Sharpe et al.
2008) has a cystathionine beta synthase (CBS) domain that is
reported to lack AMP-binding activity. A novel protein with
similar fold from Thermoplasma acidophilum (Proudfoot
et al. 2008) has an additional N terminal Zn™ ™ ribbon domain
(Fig. 9a). A cis proline is observed at the interface between
this domain and CBS and this directly takes part in the
interaction. The absence of this cis peptide loop in HRP1
reflects its functional relevance. It is interesting to analyse the
structural or functional importance of a cis—trans variation
with conserved amino acids. In the structure of hydroxynitrile
lyase (from Almond), a cis Proline is observed at a Glyco-
sylation site (Fig. 9b), when bound to sugar moiety. Though
the Proline is conserved at the second position, the structure of
related fold, pyranose 2 oxidase (Bannwarth et al. 2006) has a
trans conformation at this position which is likely to be due to
the absence of the glycosylation site.
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Fig. 9 Structural modifications associated with cis—trans change.
a Comparison of structures of Cystathione beta synthase (CBS)
domain-containing protein (Proudfoot et al. 2008) (yellow, PDB ID:
1PVM) and Hypoxic Response Protein 1 (HRP1) (Sharpe et al. 2008)
(green). The location of the cis peptide (KP) in 1PVM (yellow) is

Maletonin FAD

Fig. 10 Role of cis—transisomerisation in ligand binding. a Comparison
of structures of Myrisinases bound to substrate analogs (inhibitors)
S-benzyl-phenylacetothiohydroximate-O-sulphate (SEH) (Bourderioux
etal. 2005) (yellow) and Nojirimycine Tetrazole (NTZ) (Burmeister et al.
2000). The cis peptide (WA) is highlighted. b Comparison of Quinone
reductase structures (Calamini et al. 2008), one with the cis peptide (IP)
(vellow) bound to Melatonin and the other (green) unbound at this site.
Protein visualisation done with PyMol software DeLano (2002)

Non-Pro cis—trans isomerisation was observed in the
structures of myrosinase bound to different substrate ana-
logues (Fig. 10a) (Bourderioux et al. 2005; Burmeister
et al. 2000). The B-factors associated with this region were

highlighted. b Comparison of structures of hydroxynitrile lyase
(Dreveny et al. 2001) (yellow) and Pyranose 2 oxidase (Bannwarth
et al. 2006) (green). The sugar moiety bound to HRPI is also
highlighted. Protein visualisation done with PyMol software DeLano
(2002)

not higher compared to the rest of the protein, reflecting a
reliable conformational change dependant on the nature of
ligand. A similar case was also observed in the structures of
quinone reductase 2 where a cis conformation was adopted
upon substrate binding (Fig. 10b) (Calamini et al. 2008). In
the absence of the substrate (melatonin), the loop confor-
mation changes from f turn VIb to type I in the trans state.

Conclusion

Specific studies have shown that cis—trans isomerisation
has an important role in the protein folding process. Due to
the high energy cost, cis peptides accounts for only a
negligible percent of the total population. But the ones that
are observed in protein structures are seen to be essential
for the structural integrity and function. Here, we show that
the change between cis and frans conformations are effi-
ciently utilized for the emergence of new function among
similar protein folds. Many of the non-Pro cis peptides are
more prone to such changes than the Xaa-Pro peptides. The
local conformational changes associated with the cis—trans
variations are significantly different from those generally
observed in similar structures.
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