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Introduction (GX(5)HXHX(3,4)EX(6)G and GX(5)PXGX(2)HXX(3)N, togeth-
. ) . er contain the residues involved in metal ion binding at the active

‘Cupa’ is a Latin term for small barrel. All proteins that belong to sjte (typically three histidines and a glutamate), that is known to
the group of cupins adopt a barrel-like structure [1] . According top|ay a functional role [1,3]. Full length proteins may contain either
the database of Structural Classification Of Proteins (SCOP) [2], thgne cupin domain (Monocupins) or two cupin domains (Bicupins).
cupin proteins have been classified as members of ‘RmIC-likgy picupins, the two domains are structurally similar while the
Cupins’ superfamily in the ‘Double Stranded Beta Helix' fold. It sequence similarity can be extremely low. The members of this
comprises of 20 families with members performing diverse functionsyperfamily also vary in the nature of oligomerization. Extraor-
ranging from enzymatic activities like dioxygenases, decarboxylasefnary variations in function, variation in number of cupin
hydrolases, isomerases and epimerases to non-enzymatic functiefifinains in the gene products and variation in oligomerization
such as binding to auxin, nuclear transcription factors and seeghakes this superfamily both challenging and interesting to explore
storage. The nature of substrates used in various enzymati®rough an evolutionary analysis of structure and function.
reactions differs in size, chemical types and structural scaffolds. As per the statistics derived from the Pfam database [4], 10,346
This superfamily is one of the functionally most diverse known thugupin sequences have been identified in 843 species that belong to
far [1,3]. The functional site of members of this superfamily iseukaryotes, prokaryotes, archaebacteria and viruses. In a few plant
generally located at the centre of a conserved barrel. Figure 1(A—kpecies lik@®ryza sativa, Vitis vinifera and Arabidopsis thaliana more
shows the highly conserved location of metals and substrates bouttithn 100 cupin sequences have been identified. This highlights the
at the active site as well as the spatially conserved metal bindirgktent to which the cupins have duplicated and diverged in
residues in various proteins (See legend for details). proteomes of various organisms to perform diverse functions.

The sequence identity among the members of this superfamily is Here we present a 3-D structure-based phylogenetic analysis of
very low. The typical cupin domain consists of two sequenceupins and a detailed comparative analysis of structures in order to
motifs, each corresponding to twmstrands. These motifs are further our understanding of the relationship between structure
separated by a less conserved loop region. The conserved motiéd function. We have specifically explored the use of structure-
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Figure 2. Dendrogram generated on the basis of structural

comparisons of cupins at the level of domain folds. The protein
domains carrying out similar function are marked in the same colour.
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The monocupins are shown in bold. The proteins with unknown
function are indicated by black lines. The first four letters in the taxon
names refer to protein codes, fifth is the chain identifier while the
numbers 1 and 2 for bicupins indicate the N and C-terminal domains
respectively. The identity of the metal bound at the active site is
indicated in brackets. A detailed investigation was performed on the
functional clusters indicated in the dendrogram.
doi:10.1371/journal.pone.0005736.g002

a functional role in the enzymatic members of cupin superfamily.
The nature of metal ion can influence the chemistry of the
catalytic reaction. Therefore, similarities and differences in the
property of cupin domains to bind different metals have been
discussed for the members of various functional clusters in the
dendrogram. The metal ion, wherever known, has been
mentioned in brackets in the labels of taxa in the dendrogram
(Figure 2). This information is also made available in Table 1.

Overall, the structure-based clustering does not correlate with the
identity of the metal bound at the active sites; identical metals are
present in many clades that lie far in the dendrogram. However,
many functionally similar proteins have identical metals at their
active site to bring in the desired reaction mechanism for catalysis.
For example, in the domains clustered in the clade corresponding to
acireductone dioxygenase (shown in red in figure 2) the metal ion Ni
is preserved. Phosphomannose isomerases do not fall in a close
cluster but contain Zn at their active sites. Exceptions are the clades
of Quercetin dioxygenase and Glucose-6-phosphate isomerases
(shown in magenta and blue respectively in figure 2). The enzymes
in these two functional clusters have different metals bound at their
active sites. Although the metals bound at the sites are different, they
can act as electron sinks to allow the catalysis to occur. This has been
shown for 1Y3T, a quercetin dioxygenase which elicits enzymatic
activity even with different metals at the active site [6]. Crystal
structures of metal-bound forms of Ureidoglycolate hydrolases (teal)
have not been solved but the metal binding residues are conserved
in all the members which indicates the requirement of a metal ion at
their active sites. Similar reasoning holds for 1YWK, 5-keto-4-
deoxyuronate isomerase for which the structure of the metal-bound
form is unavailable. Rmic sugar epimerase does not require a metal
cofactor for activity. It is therefore not surprising that the metal
binding residues have not been preserved. The members of Germin
family 2ETEa_, an oxalate oxidase and 1J58, an oxalate
decarboxylase, have Mn at their active sites. In this context, it is
interesting to note that the two proteins act on identical substrates
but yield different products.

Generally, the cupin domains of monocupin proteins co-cluster
with their monocupin family members (Figure 2, shown in bold).
However, in a few cases these domains are interspersed with
protein domains that are tethered to another cupin domain. For
example, 1VJ2a_and 2ETEa_ are monocupins but co-cluster with
bicupins. This demonstrates high structural similarity between
some of the monocupin and bicupin domains and thus their
evolutionary relatedness.

In most of the bicupins, N terminal (----al) and C terminal
domains (----a2) share a high similarity to their potential
orthologues in other organisms than to each other (paralogues).
Examples include members of germin family (green), 4-keto-5-
deoxyuronate isomerase-like family (light blue) and hypothetical
proteins of ylba-like SCOP family (refer Table 1). Besides, in most
of the bicupins, the function has been associated with only one of
the two domains while the function of the other domain is
unidentified. This has been exemplified through an example of 4-
keto-5-deoxyuronate isomerase. The sequence identity between
the N terminal domains and between the C terminal domains is
about 50%. However, the sequence identity across the two clusters
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Figure 3. Structure-based sequence alignment of various functional clusters. A. RmIC epimerase (cyan in dendrogram), B. Ureidoglycolate
hydrolase (teal in dendrogram), C. Glucose-6-phosphate isomerase (dark blue in dendrogram), D. 4-Keto-5-deoxyuronate isomerase (light blue in
dendrogram. The secondary structural elements of the members are highly conserved.

doi:10.1371/journal.pone.0005736.g003
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Figure 4. A schematic of the multiple structural alignments of the representative members of each cluster. Helices are shown as
rectangles in different colors, strands as arrows and black rectangles are loops. The gaps in the alignment are indicated as white space. The region
corresponding to motifs containing metal binding residues has been boxed.

doi:10.1371/journal.pone.0005736.9004

is very low (about 10%). The crystal structures of the two proteins In order to gain a better understanding of the structural
are not available in their substrate bound forms, so the substratghylogenetic analysis, these studies were extended to identify
binding residues have not been identified. However, a study of thetructural signals that separate proteins into different clusters in the
residues at the active site region located in the C-terminal domainlendrogram. Since proteins with the same function have clustered,
and the degree of conservation around the metal ion shows thahis study could help us to delineate structural signals giving rise to
metal binding residues (three histidines and a glutamate) anspecific functions. The possible structural variations, reflected
nearby residues tryptophan, methionine, tyrosine, phenylalaninghrough SDM measure that could have contributed to branching
and arginine are conserved while serine is conservativelinclude insertions and deletions, changes in the lengths or
substituted by threonine (figure not shown). Similarly ttmarrel  orientations of regular secondary structures and conformational
fold of N terminal domains of 1XRU and 1YWK are lined by changes in loop regions. This is analogous to the evolutionary
conserved alanine, leucine, lysine, valine, glycine, isoleucine aritice approach proposed by Cohen and coworkers [8] but
phenylalanine and are characterized by a few differences such ggrformed by considering structural variations between members
isoleucine & leucine, glutamate & tyrosine and tyrosine &Of the superfamily as opposed to the traditional sequence
isoleucine. A comparison of residues across the two clustegéssimilarity-based measure. A detailed investigation on the
reveals the loss of metal binding residues; glutamate and histidirgéructural differences, of some of the functional clusters indicated
to leucine and the other histidines to valine and glycine. Otherin Figure 2 has been carried out.

residues in the N-terminal domain topologically equivalent to the

active site residues of C terminal domain are poorly conserved. Evolutionary trace analysis based on structure-based
tryptophan has been replaced by tyrosine, methionine by cysteinphylogeny

and tyrosine by valine. A phenylalanine and an arginine are Structure-based sequence alignments were generated for
conserved between the N and C-terminal domains of 1XRU members within each cluster. Mapping of secondary structure
These substitutions suggest the loss of metal binding abilities amgformation onto the alignments using JOY software [9] revealed
degeneration of active site residues in one of the bicupin domaigonservation of secondary structure elements as well as their
during the evolution of the bicupins. However, the close clusteringengths in the respective families (Figure 3A-D). A multiple
of these domains implies a conserved, yet unidentified functioralignment of representative members from each cluster and
These observations indicate an independent evolution of the Nnapping of conserved secondary structure information onto the
and C terminal domains in most of the bicupins. However, the Nsequences shows significant variation in the lengths of topologically
and C-terminal domains of BacB (uncharacterized) and of 1J5&quivalentb-strands containing the metal binding residues across
(oxalate decarboxylase) co-cluster in the dendrogram. The twéunctionally different cupins (Boxed in Figure 4). The metal
proteins have been isolated frdBacillus subtilis where large scale cofactor usually plays an important role in the function of cupins
genome duplication has been reported [7]. through an interaction with the substrate. Substitutioh-strands

). PL0S ONE | www.plosone.org 7 May 2009 | Volume 4 | Issue 5 | e5736
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Figure 7. The figures (A-D) show the quaternary structures of the proteins. N to C terminus of one chain of the dimeric proteins has
been coloured as spectrum while the other as pink. The ligands at the active site are shown as spheres. A. Ureidoglycolate hydrolase (1YQCa_),
the reference protein, bound to the product. The fifty residues in the N terminus are involved in interaction with another subunit in the dimer
through domain swapping. The region interacts with substrate in the other subunit. B. RmIC epimerase (1EPZa_) bound to the substrate. The region
of large deviation with respect to 1YQCa_ corresponds to the strands forming a beta swapped dimer and covers the active site in the other subunit.
C. Glucose-6-phosphate isomerase (1QXRa_) dimer bound to a substrate analog. The structurally variable region lies on the opposite face of the
domain in contrast to the reference 1YQCa_ and forms the active site in the same domain. D. 5-keto-4-deoxyuronate isomerase (1XRU) is a dimeric
bicupin with Zn bound at the active site. The functional domain considered for comparison lies at the C terminal end. The structurally different region
lies at the active site but is not involved in domain swapping with the N terminal domain in the polypeptide.
doi:10.1371/journal.pone.0005736.g007

Cupins have evolved functional diversity through variations inabout their possible functions. It thus appears likely that this
the lengths of &trands and greater conformational freedom procedure would be a valuable tool for the functional annotation
through loops in the barrel holding metal binding residues. Largeof structural genomic target proteins that are similar in structure
structural variations are observed in the region interacting withdespite poor sequence similarity.
another subunit or a tethered domain. This region is involved in
binding to the substrate in the same domain or in the interactingMaterials and Methods
one. Thus, there seems to be a complex interplay of domain
tethering, quaternary states and function. Dataset sources

Structure-based clustering of uncharacterized proteins within a The current information on known structures of cupins and
clade of proteins of known function can sometimes provide cluetheir classification has been obtained from the SCOP database

). PLOS ONE | www.plosone.org 10 May 2009 | Volume 4 | Issue 5 | e5736
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Figure 8. Superposition of the three-dimensional structures of hypothetical protein (BacBa2, magenta) and Quercetinase (1H1lal,
green). The substitutions at the active site have been indicated. The metal (sphere), metal binding residues (sticks), known substrate (sticks) and the
unknown ligand (dots) are also shown.
doi:10.1371/journal.pone.0005736.g008

(version 1.73) [2]. The coordinates of the protein structures werg@yolutionary analysis using a structural divergence

obtained from Protein Data Bank (PDB). Table 1 lists the proteingneasure

considered for the analyses along with the information on SCOP Kitsch, a distance based algorithm from PHYLIP suite of
family, domain orgaqization, quaternary states gnd theirfunctionsprograms was used for the generation of dendrograms [13]. The
A total of 52 proteins comprising of 76 cupin domains weregengrogram has been rendered using Dendroscope software [14].
considered. The lengths of the domains vary between 70 and 17ppe individual domains of the proteins were considered for the
residues. phylogenetic analyses. An all against all pairwise comparison of
these modules (domains) with cupin fold was performed using
DALI algorithm. From the pairwise alignments, a distance matrix
was computed in order to generate the dendrogram. A measure
called structural distance metric (SDM), calculated as follows [15],
Jras used to obtain the distance matrix. SDM can be defined as:

Comparison of structures

DALLI, a pairwise structural alignment algorithm [11], has been
used for the alignment of protein domains with cupin fold.
Simultaneous rigid-body structural superposition was performe
using a robust multiple structural alignment algorithm MUS-
TANG [12]. SDM ~ —100'log(W1*PFTE z w2'SRMS),

). PLOS ONE | www.plosone.org 11 May 2009 | Volume 4 | Issue 5 | e5736
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Figure 9. The equivalent residues at the active site region. The superposed structures of hypothetical protein (1VJ2a_, magenta) on
Quercetinase (1H1lal, green) have been shown. The representation of metal, residues and substrates are similar to that of the previous figure.
d0i:10.1371/journal.pone.0005736.g009

where, wl=(1-PFTE1-SRMS)/2 and w2 = (PFTESRMS)/2 Figure S1 Reaction mechanism of quercetinase and quercetin
analogues. A. Schematic representation of quercetinase activity,
where quercetin is converted into 2-protocatechuoylphloroglucinol

PFTE ~ Number of topologically equivalent residues - - o .
pologically eq carboxylic acid. B. Variations in the substrate analogues of

length of the smaller protein quercetin. Changes in the positions of the hydroxyl groups in the A
and B rings are highlighted.
SRMS ~ 1-(RMSD =3:0) Found at: doi:10.1371/journal.pone.0005736.s002 (0.10 MB
DOC)

RMSD is the root mean square deviation in A ) . . .

: . Figure S2 Sequence alignment of characterized quercetinases

The calculation of SDM includes parameters that account for ) . - . )

. - . from different organisms. B. subtilis (BACSU), A. japonicus
indels as well as root mean square deviation at the topologicall /ASPJA) and P. olsonii (PENOL bicupins. but Strept
equivalent positions. The SDM values therefore provide a goo FLA) g_?_RSl'DO.SO”" ( .) f_il_rﬁ. ;.Cqus’h u threp omyces
measure to understand the extent of differences between th%‘?' ( )|samor_locup|n. IS Tigure shows the sequence
structures. alignment of the C-terminal domain B. subtilis with the N-
terminal domains of A. japonicus and P. olsoni enzymes. The
residues highlighted in grey are involved in metal ion coordination

Supporting Information and the tyrosine residues shown in magenta interact with the

Text S1 oxygen in the C - ring of quercetin.
Found at: doi:10.1371/journal.pone.0005736.s001 (0.05 MBFound at: doi:10.1371/journal.pone.0005736.s003 (1.60 MB
DOC) DOC)
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