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ABSTRACT

The EzCatDB database (http://ezcatdb.cbrc.jp/
EzCatDB/) has emphasized manual classification of
enzyme reactions from the viewpoints of enzyme
active-site structures and their catalytic mech-
anisms based on literature information, amino
acid sequences of enzymes (UniProtKB) and the
corresponding tertiary structures from the Protein
Data Bank (PDB). Reaction types such as hydrolysis,
transfer, addition, elimination, isomerization, hydride
transfer and electron transfer have been included
in the reaction classification, RLCP. This database
includes information related to ligand molecules on
the enzyme structures in the PDB data, classified
in terms of cofactors, substrates, products and
intermediates, which are also necessary to elucidate
the catalytic mechanisms. Recently, the database
system was updated. The 3D structures of active
sites for each PDB entry can be viewed using Jmol
or Rasmol software. Moreover, sequence search
systems of two types were developed for the Ez-
CatDB database: EzCat-BLAST and EzCat-FORTE.
EzCat-BLAST is suitable for quick searches, adopt-
ing the BLAST algorithm, whereas EzCat-FORTE
is more suitable for detecting remote homologues,
adopting the algorithm for FORTE protein structure
prediction software. Another system, EzMetAct,
is also available to searching for major active-site
structures in EzCatDB, for which PDB-formatted
queries can be searched.

INTRODUCTION

Systematic classifications of enzyme reactions have been
crucially important to ascertain the relations between en-
zyme structures and functions, although they are extremely

time-consuming. The Enzyme Commission (E.C.) (or NC-
IUBMB;  http://www.chem.qmul.ac.uk/iubmb/enzyme/)
classifies enzymes hierarchically by manually assigning a
four-digit number to each enzyme based on the chemical
structures of substrates and products involved in catalysis
(1-3). This classification has been widely used for a long
time. However, the E.C. classification does not consider
enzyme sequences, structures and mechanisms, which are
extremely important for elucidating the enzymatic reac-
tions. The EzCatDB database (4) has emphasized manual
classification of enzyme reactions in terms of enzyme
active-site structures and their catalytic mechanisms based
on information from the literature, amino acid sequences of
enzymes (UniProtKB) (5) and the corresponding tertiary
structures from the Protein Data Bank (PDB) (6). In this
database, the reaction classification, Reaction, Ligand,
Catalysis and Protein active-site (RLCP), which reflects
the types of catalytic mechanism and enzyme active-site
structures as well as basic reaction types and ligand types,
has been developed since the first release of this database
in 2005 (4). Although the RLCP classification originally
included only the reaction types such as hydrolysis and
transfer reactions at the first database release, it has now
been extended to include other reaction types such as
addition, elimination, isomerization, hydride transfer and
electron transfer reactions. As for other major enzyme
reaction databases, the Catalytic Site Atlas (CSA) (7)
annotates enzyme functional residues in the enzyme entries
of PDB (6), whereas the MACIE database (8) annotates
and classifies each reaction step in detail, rather than the
overall reaction, which usually consists of several reaction
steps. Consequently, the EzCatDB database plays a distinct
role in enzyme research from these other enzyme reaction
databases because it classifies overall reactions.

Moreover, the EzCatDB database includes information
related to ligand molecules on the enzyme structures in the
PDB data, classified in terms of cofactors, substrates, prod-
ucts and intermediates, which are also necessary to elucidate
the catalytic mechanisms. Particularly, it has provided infor-
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mation related to intermediates, which must be extremely
important for catalytic reactions. Regarding the database
entries, although they were only 362 in the first release in
January of 2005, they have been increased to 871 in the cur-
rent version. More recently, the database system was up-
dated. Recent developments include novel search systems,
as described below. The updated EzCatDB is available at
http://ezcatdb.cbre.jp/EzCatDB/.

BASIC REACTIONS IN RLCP CLASSIFICATION

As described earlier in the literature (4), the reaction classi-
fication in EzCatDB clusters catalytic reactions at four lev-
els: basic reactions (R), ligand groups (L), types of catalytic
mechanism (C) and active sites located on enzyme proteins
(P). The ‘basic reaction’ group includes reaction types,
which can be related to the primary number of E.C. num-
bers (4). At the first release of the EzCatDB database, 10
years ago, this classification included only hydrolysis, phos-
phorolysis and transfer reactions (4). Since then, the RLCP
classification has been extended to include the following
other reaction types:

(a) Addition reaction (additive double-bond deformation):
A reaction that adds a group to a double bond, in which
the double bond is converted to a single bond. This re-
action is an inverse reaction of ‘elimination reaction’ de-
scribed below.

(b) Elimination reaction (eliminative double-bond forma-
tion): A reaction that eliminates a group from a moiety
that consists of a single bond, in which the single bond
can be converted to a double bond. This reaction is an
inverse reaction of ‘addition reaction’ described above.

(c¢) Exchange of double-bonded atoms: A reaction that re-
places double-bonded atoms. This reaction usually in-
volves a Schiff-base bond, in which a carbonyl group is
replaced by a Schiff-base bond, and vice versa; alterna-
tively, an external/internal aldimine group is converted
on the active sites of pyridoxal 5'-phosphate-dependent
enzymes.

(d) Shift of the double-bond position (or isomerization): A
reaction that shifts the position of a double bond to its
adjacent bond.

(e) Hydride transfer: A major redox reaction that cat-
alyzes transfer of one proton and two electrons between
substrate/intermediate and cofactor such as NAD(H)
and NADP(H). This reaction is distinct from the elec-
tron transfer described below.

(f) Electron transfer: A major redox reaction that catalyzes
transfer of an electron, usually between heavy metals or
sulfur atoms that are involved in redox reactions.

Reaction types such as addition (a), elimination (b), ex-
change of double-bonded atoms (c) and isomerization (d)
involve double bonds, in contrast to hydrolysis and transfer
reactions that involve nucleophilic substitutions. Addition
reaction (a) adds a group to a double bond, whereas elim-
ination reaction (b) removes a group from a single bond,
leading to formation of a new double bond. Reaction (c)
replaces double-bonded atoms (examples: C=0 to C=N
and vice versa). Isomerization in our definition (d) catalyzes

shifts of the position of double bonds. For example, triose
phosphate isomerase (EzCatDB ID; S00225) catalyzes two
consecutive isomerization reactions, in which a shift of the
double-bond position occurs twice. In the case of mandelate
racemase (EzCatDB ID; D00273), it also catalyzes two con-
secutive isomerization reactions. During the two reactions,
a proton is removed from one side, forming an enolic inter-
mediate, in the first isomerization, and another proton is at-
tached from the opposite side in the second isomerization.
Consequently, these two isomerization reactions complete
the racemization. On the other hand, reaction types such
as hydride transfer (e) and electron transfer (f) are major
redox reactions. In the future, other redox reactions such
as oxidation can be included in the RLCP reaction clas-
sification. Although the original RLCP site page (URL:
http://ezcatdb.cbre.jp/EzCatDB/RLCP/index.html) is hier-
archic, the table of the whole reaction classification can be
viewed at the RLCP overview site (URL: http://ezcatdb.
cbre.jp/EzCatDB/overview/reaction.html).

LIGAND DATA IN EzCatDB

For each entry of EzCatDB, annotation of ligand molecules
bound to the enzyme structures in the corresponding PDB
entries (6) was performed manually and was tabulated for
corresponding substrates, products and cofactors (4). Be-
cause the compound data for substrates, products and co-
factors in EzCatDB are based on KEGG compound data
(9), most of the compound data in this database are assigned
KEGG compound IDs, which have six-digit codes with an
initial C (such as C00010 for Coenzyme A). However, some
compounds are not assigned by any particular compound
IDs. For instance, tryptophan tryptophylquinone is an es-
sential cofactor for ethylamine dehydrogenase (EC 1.4.9.1),
but this compound is not assigned any KEGG compound
ID. In such a case, a corresponding compound datum was
created in EzCatDB, based on literature information, and
a ligand ID, which has a six-digit code with an initial L
(such as L00002 for tryptophan tryptophylquinone), was
assigned. In the case of intermediates, corresponding com-
pound data are usually not registered in other enzyme
databases, although intermediates are necessary in enzyme
reactions, and their corresponding 3D-structural data can
be included in enzyme structural data in PDB (6). There-
fore, intermediate compound data are also created, based
on literature information, and intermediate IDs, which have
six-digit codes with an initial I (such as 100001 for enolpyru-
vate), are assigned to the intermediate data. For compound
data that are created for EzCatDB, mol-formatted data are
available, in addition to the JPEG-formatted image data for
chemical structures, at each compound site in EzCatDB.

RECENT DEVELOPMENTS

Since the first release of this database, various improve-
ments have been made in EzCatDB (4). The main features
of the updated systems are described in the following sec-
tions.
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Table of annotated ligand/active-site data for the PDB en-
tries

The 3D structures of active sites for each PDB data can
be viewed using Jmol (10) or Rasmol (11) software, based
on manually annotated active-site residues and ligand data
from PDB (6). In addition to the PDBsum link (12), a link to
another PDB related database, PDB;j (13), is also available.
Moreover, mmCIF-formatted active-site structure data are
downloadable because this format (14) is a common and
widely used alternative to the PDB format.

Three novel search systems: EzCat-BLAST, EzCat-FORTE
and EzMetAct

Sequence search systems of two types, EzCat-BLAST and
EzCat-FORTE, were developed for different uses for the
EzCatDB database. EzCat-BLAST is suitable for quick
searches, adopting the BLAST algorithm (15,16), whereas
EzCat-FORTE is more suitable for the detection of remote
homologues, adopting the algorithm for FORTE protein
structure prediction software (17,18).

For the EzCat-BLAST system, sequence data of the
UniProtKB and corresponding PDB data registered in the
EzCatDB, which are assigned with manually annotated
active-site residue information, are clustered using BLAST-
Clust software (with 70% sequence identity threshold and
3% coverage), which is also a part of the BLAST package
(15,16), so that each UniProtKB sequence can be clustered
together with the corresponding PDB sequence data that
have annotated active-site information. Although most Ez-
CatDB entries only include a single UniProtKB sequence,
some entries include more than one sequence. In such a case,
close homologues can be removed by the clustering process.
The active-site residue information can be mapped onto
the representative sequence data from the PDB sequence
data, which are clustered together, using multiple-alignment
software, POA version 2.0 (19,20), along with the substi-
tution matrix BLOSUMG62 (21). Therefore, the dataset of
representative sequences that have active-site residue infor-
mation can be prepared. BLASTP search (15,16) can be
performed against the database that consists of the rep-
resentative sequence dataset in the EzCat-BLAST. A dis-
play system for EzCat-BLAST was also developed, so that
the active-site residue matches of the query sequence with
the hit sequences can be viewed (Figure 1). In the EzCat-
BLAST system, the active-site conservation was defined
as follows. If the hit sequence includes any corresponding
active-site residues, then the active-site conservation must
be calculated as 0-1. If the figure is one, then the query
sequence is presumed to have all the active-site residues,
which are completely conserved in the corresponding rep-
resentative sequence. According to the chemical similarities
between the query residue and the hit active-site residue, the
weight was assigned to the matched residue. If the matched
residue is the same or chemically similar (such as Asp and
Glu), then it would be assigned a higher weight. Conse-
quently, by summing up the weighted matched residues, the
score for the hit active-site residues could be obtained. To
calculate the active-site conservation, the score is divided by
the total number of active-site residues, which are on the hit
representative sequence. If the hit representative sequence
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contains no active-site residue, then the active-site conserva-
tion will not be calculated. This system is suitable for quick
searches, and also for sequences longer than 800 residues
that might consist of multiple domains, since the BLAST
algorithm adopts local alignment (15,16). For instance,
the sequence data for large enzymes such as polyketide
synthases (PKS) and non-ribosomal peptide synthetases
(NRPS) tend to be larger than 800 residues, with multiple
domains. It has been confirmed that sequences with up to
7500 residues can be sought using this EzCat-BLAST sys-
tem. In Figure 1, the output page of the sequence of NRPS
(UniProtKB; BSNXQ7) by EzCat-BLAST is shown. For
NRPS sequences, representative sequence data that contain
adenylation domain (EzCatDB IDs; M00170, M00347 and
MO00009) can be hit. In some cases, sequences that contain
acyl carrier protein (EzCatDB IDs; M00347 and U00001)
can be hit, although this domain is extremely difficult to de-
tect. In Figure 1, four adenylation domains were detected.
In contrast, B-ketoacyl transferase (EzCatDB IDs; D008S71,
D00867, D00825 and D00826), acyltransferase (EzCatDB
ID; D00091) and B-ketoacyl reductase (EzCatDB IDs;
S00328 and S00553) can be detected for PKS sequences.
Either acyl carrier protein (EzCatDB IDs; M00347 and
U00001) or thioesterase (EzCatDB ID: S00919) can also be
hit for PKS, although these domains are extremely difficult
to detect.

In the EzCat-FORTE system, the position-specific scor-
ing matrix (PSSM) is pre-calculated for each represen-
tative sequence that contains active-site information, ac-
cording to the method for FORTE that was developed
originally for protein structure prediction (17,18). When a
user provides a query sequence to this system, the PSSM
is also created for the query sequence, enabling compar-
ison with the PSSMs prepared for the EzCatDB repre-
sentative sequences. Consequently, even sequences of re-
mote homologues can be searched against EzCatDB to find
corresponding sequences. Moreover, in contrast to EzCat-
BLAST, which adopts local alignment, this FORTE sys-
tem adopts the global-local algorithm (17,18). Even if no
active-site residue is detectable with EzCat-BLAST, EzCat-
FORTE can be useful to detect active-site residue posi-
tions. Figure 2 shows the EzCat-FORTE output page of the
sequence of a methyltransferase (UniProtKB; Q2U5R7).
For data of this sequence, methyltransferase sequences can
be only partially detected using EzCat-BLAST, without
any significant score or any matched position with active-
site residues. However, EzCat-FORTE was able to identify
the remote homologous methyltransferase (EzCatDB IDs:
S00637, D00823 and D00075) (Figure 2). For the top hit
sequence, the active-site positions were identified. One of
the matched residues was conserved in the query sequence
(Figure 2). In the case of large proteins, the sequence re-
gion of the large protein, in which no enzymatic domain
could be identified using EzCat-BLAST, can be analyzed
using EzCat-FORTE. Therefore, a sequence region that one
might want to analyze further in greater detail can be iden-
tified using the EzCat-FORTE program, after pre-scanning
for large proteins using the EzCat-BLAST program.

Currently, 1413 representative sequences from 871 Ez-
CatDB entries are available for EzCat-BLAST and EzCat-



D456 Nucleic Acids Research, 2015, Vol. 43, Database issue

ResuLT SUMMARY EzCatDB:M00347-P39581 503 length
Matches on query sequence Matches on hit sequence (sqrt scale) E C :E ﬂ
Submission B - : : . : J RLCP :3.113.90040.334
1 500 1000 1500 2000 2500 EIOOD 3500 4000 4500 50@09 1 59 238 537 955 1453 2150 e —
MOO170 Matches on query sequence Matches on hit sequence (sqrt scale)
MOO347 E 2500 2000 2500 2000 2500 3000 3500 4000 4500 506@05 1 55 239 537 955 1453 2150
MOO347 | mjEEE e L] [ ]
Mgfﬂg“; — — — e I Bit score = 160.614 bits (405), Expect = 4.316E-042
Ry ﬂ ﬂ m # =_'-"""_‘ Identities = 159/534 (29.8%), Positives = 239/534 (44.8%), Gaps = 74/534 (13.9%)
T0108 i [r— Active-site conservation = 0.8875
MOO217 aupry f \HP AL TP FEKS 2
MOOL45 I —— query 2658 IMDOARKHPAKMAY STSLAGSIIPHINPGSIIPLCFEKSH--WTP 2715
AP ¥+ ol 2 !
ANICONTCO08] 20020008200, 50008 22 00K 1000 V200N 2008 OB IR O 212 S -8 002 SR 110 M 21 20 shict 7 10THAETYPOTDAFRSQGOSLTYCELWEQSDRARAATOKRISGEKKSPILVYGHHEPHT 65
E |
identity 0 25 50 75 200% query 2716 ku\wm Amumu‘mnuwmnnwmumAFMLAULLHBMFH\II 2775
++ 4D ++P + & + D+ G O+
REsuLT LIST shict  B7 ”vIPJ[!LQIPJERIAI‘IIE‘?(GAELLIHA»--AHLoI-———[!A\L:O(!IO 19
EzGatDB-UniProt & & = active-site
s from to bitscore E-value identity eap R0 AUS EC. query 2 TDVDGIRALE : SGLFHOLSA
18 1101 389.808 3735E-114  26.9% 108/1129 07 shict 120 TVSA QD-QIVK Lt VQISAAN--=---=----
3747 4825 385571 B8.533E-113  27.6% 921114 07 auery 2835 LOVNTDTRAFDF 2882
2643 3253 245358 1348E-066 29.6%  85/638 07 et o H‘ Binep
MO0170-POCOE 1 51111
1566 2172 216.853 1.198E-057 27.7%  55/621 07
query 28
1111 1283 32343 501E-001 212%  35M193 0
shict
4835 4990  28.491 BO0SE000 218% 27170 0 o
2658 3158 160614 4316E-042 208%  74/534 0.888 aquery 26 ATSTNTIGRINNTEAPIGRGTGOTTHIADP-Ll-—--~- FNHLLPIGP
T T DN IR AP N P
30 543 15368 7693E-040 26.6% 48523 0.888 shict 287 AKIFNTY 1P T\m’T“VEITHD-——uISR‘EoLPV(aFMP[!MNIFIMDEEFOPLPEGE
100347-P3958 1 3810 4262 136.732 3.263E-034 26.3%  50/468 0888 6.1.1.13 query 2986 3044
1624 2076 131724 1664E-032 26.3%  66/476 0.888 shict 393
2149 2213 20261 4.144E000 29.2% 0/65 0
query 3045 1‘1 [!AHHIR LGl »-.A-.(ﬂTFPOhN AAFWAFLTI{‘ 3104
3749 4260 150.073 1354E-041 27.2%  54/530 0.888 ‘ 1+l G JEL +IE H b +
sbict 394 0C) DFuI}Hm MELEE IEFHVRO STVENLIAMTVPEE 448
2662 3156  149.443 2001E-038  27.4%  69/526 0888 .
100347-081639 61.1.13
. query 3105 THS EPHTVI\]aLTHPLHDHL"NE SYNIPRYYIPLNAMPLTATGRIDRRRIOE 3158
37 541 145501 4.033E-037 257%  51/525 0.888 0 TR il T
9573 %074 40859 6SEET Gei | BeRo s shjct 449 HEFEKEF---OLTS ATKHELAASLPAYHIPRKF 1YGDH ONTANGHIDRKRIGE 499

Figure 1. Output for an NRPS sequence (UniProtKB; BSNXQ7) by EzCat-BLAST. (A) Top page. In the ‘RESULT SUMMARY", sequence matches
between query and hit sequences are shown as colored bars along with active-site matches. For this query sequence, four adenylation domains of NRPS,
which are homologous to the representative sequences from EzCatDB entries, M00170, M00347 and M00009, were detected. In the ‘RESULT LIST’, the
corresponding EzCatDB and UniProtKB IDs for the top hit sequences are shown with the position of the query sequence, bit score, E-value and active-
site conservation for each hit sequence. (B) Alignment display for the query and hit sequences. Active-site residues are colored according to the type of
active-site residues. Sidechain catalytic residues are presented in magenta, whereas mainchain catalytic residues are shown in green. The cofactor binding
residue is shown in orange. The link to EzCatDB entry is also shown with the alignment data.

FORTE. These representative sequences can be prepared
semi-automatically.

Another system, EzMetAct, is also available to search for
major active-site structures in EzCatDB, for which PDB-
formatted queries can be searched (22). Analysis of the en-
zyme reactions from EzCatDB revealed that several anal-
ogous reactions can be observed in non-homologous en-
zymes (23). For example, active sites of serine proteases,
such as trypsin and subtilisin, tend to share similar local
structures, even if they are not mutually homologous (24).
In such cases, EzMetAct is expected to be useful to detect
similar active-site structures (22). This EzMetAct system
adopts a template-based method, in which the weights for
the atoms in the template are determined using a metric
learning algorithm, a kind of machine-learning algorithm
(22). For example, the structure of immunoglobulin A1 pro-
tease (PDB; 3h09: peptidase S6 family) can be analyzed us-
ing EzMetAct, predicting that His100, Asp164, Gly286 and
Ser288 are identified as active-site residues for the serine
protease, although the two sequence search systems cannot
detect its active-site residues because of a lack of homol-
ogous enzyme deposited in the EzCatDB database. Cur-
rently, 192 templates from 103 EzCatDB entries are avail-

able for this system because the template preparation has
not been automated yet.

Taken together, these three systems are expected to be ex-
tremely helpful and convenient for searching for EzCatDB
entries.

CONCLUSION

The EzCatDB enzyme reaction database was updated sub-
stantially. The recent developments include three novel
search systems, two sequence search systems, EzCat-
BLAST and EzCat-FORTE, and an active-site struc-
ture search system, EzMetAct. Using these systems, the
database is expected to become more useful and conve-
nient for users. In addition to other databases such as
UniProtKB (5), PDBsum (12), PDBj (13), CATH (25) and
KEGG (9), EzCatDB makes links to other major enzyme
reaction databases such as CSA (7) and MACIE (8) if
corresponding enzyme entries exist. Although it has not
made links to other enzyme databases, such as Structure-
Function Linkage Database (26), the carbohydrate-active
enzymes database (27) and the a/B-hydrolase fold super-
family database (ESTHER) (28), we are planning to make
links from EzCatDB to those enzyme-related databases in
the near future. Currently, the database contains 871 en-
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Figure 2. Output for a methyltransferase sequence (UniProtKB; Q2U5R7) by EzCat-FORTE. In the ‘RESULT LIST’ of top page, sequence matches
between query and hit sequences are shown by colored bars. The corresponding EzCatDB IDs for the hit sequences are presented with Z-score, positions of
query and hit sequences and E.C. numbers for each hit. For this query sequence, a domain for methyltransferase, which is homologous to the representative
sequences from EzCatDB entries, S00637, D00823 and D00075, can be detected. In the alignment display, alignment of the query and top hit sequence
(EzCatDB ID; S00637) are shown. Active-site residues for the hit sequence are colored. If the matched residue of the query sequence is the same as the
active-site residues of the hit sequence, then it can also be colored. The link to EzCatDB entry is also shown in the table of the alignment display.

Table 1. Current contents of EzCatDB

Related data Description®

Number of corresponding data®®

DB codes for EzCatDB Entry ID in this EzCatDB database

RLCP classification Hierarchic classification of reaction
mechanisms

Compound data Compound data for

871 EzCatDB entries
516 EzCatDB entries for 439 RLCP classes

1106 compound data

substrates/products/cofactors

Intermediate data

E.C. numbers
Catalytic domains

Compound data for intermediates

Enzyme commission number (1-3)
Catalytic domains of enzyme structures that

1020 KEGG compounds (9) /86 EzCatDB

compounds
151 intermediate data

3 KEGG compounds (9) /148 EzCatDB
intermediates

have active-site residues, based on CATH

classification (25).
UniProtKB
PDB

Bank (6)

Protein sequence data from UniProtKB (5)
Tertiary structure data from Protein Data

667 E.C. numbers
335 CATH domains (25)

1612 sequences (1413 representative sequences)
6704 PDB entries (6) for 871 EzCatDB entries

4Reference numbers are shown in parentheses.
>The number of data might change through update.

zyme entries, related to 1610 UniProtKB sequences and
6704 PDB entries (Table 1). Because many enzymes are to
be included in this database, we are still preparing 300 more
EzCatDB entries, which will be registered in the future.
Downloadable files for the entire dataset are available at
http://ezcatdb.cbre.jp/EzCatDB/DL/index.html. The gen-
eral help page for this database is also available at http:
[lezcatdb.cbre.jp/EzCatDB/ezcat.html.

ACKNOWLEDGEMENT

We would like to thank Yuko Hasegawa, Keitarou Nonaka,
Kenji Morita, Munehiro Sugiyama, Junko Some, Mayumi
Hisanaga, Zen-ichi Nakagawa, Fuyan Sun, Eri Yoshimoto,
Aiko Hiraki, Yixuian Song, Yuko Chujo and Fumi Osawa,
who assisted with annotation of the enzyme data and col-


http://ezcatdb.cbrc.jp/EzCatDB/DL/index.html
http://ezcatdb.cbrc.jp/EzCatDB/ezcat.html

D458 Nucleic Acids Research, 2015, Vol. 43, Database issue

lection of the literature. We thank FASTEK for proofing the
manuscript.

FUNDING

Institute for Bioinformatics Research and Development
(BIRD), which were organized by the Japan Science and
Technology Agency (JST); Grant-in-Aid for Publication of
Scientific Research Results [238048, 248047], organized by
the Japan Society for the Promotion of Science (JSPS);
Commission for the Development of Artificial Gene Syn-
thesis Technology for Creating Innovative Biomaterial from
the Ministry of Economy, Trade and Industry (METI),
Japan. Funding for open access charge: National Institute
of Advanced Industrial Science and Technology (AIST),
Japan.

Conflict of interest statement. None declared.

REFERENCES

1. Webb,E.C. (1992) Enzyme nomenclature 1992. Recommendations of
the Nomenclature Committee of the International Union of
Biochemistry and Molecular Biology, Academic Press, NY.

2. Fleischmann,A., Darsow,M., Degtyarenko,K., Fleischmann,W.,
Boyce,S., Axelsen,K.B., Bairoch,A., Schomburg,D., Tipton,K.F. and
Apweiler,R. (2004) IntEnz, the integrated relational enzyme database.
Nucleic Acids Res., 32, D434-D437.

3. McDonald,A.G., Boyce,S. and Tipton,K.F. (2009) ExplorEnz: the
primary source of the [UBMB enzyme list. Nucleic Acids Res., 37,
D593-D597.

4. Nagano,N. (2005) EzCatDB: the enzyme catalytic-mechanism
database. Nucleic Acids Res., 33, D407-D412.

5. UniProt Consortium. (2014) Activities at the Universal Protein
Resource (UniProt). Nucleic Acids Res., 42, D191-D198.

6. Rose,PW,, Bi,C., Bluhm,W.E., Christie,C.H., Dimitropoulos,D.,
Dutta,S., Green,R.K., Goodsell,D.S., Prlic,A., Quesada,M. et al.
(2013) The RCSB Protein Data Bank: new resources for research and
education. Nucleic Acids Res., 41, D475-D482.

7. Furnham,N., Holliday,G.L., de Beer,T.A., Jacobsen,J.O.,
Pearson,W.R. and Thornton,J.M. (2014) The Catalytic Site Atlas 2.0:
cataloging catalytic sites and residues identified in enzymes. Nucleic
Acids Res., 42, D485-D489.

8. Holliday,G.L., Andreini,C., Fischer,J.D., Rahman,S.A.,
Almonacid,D.E., Williams,S.T. and Pearson,W.R. (2012) MACIE:
exploring the diversity of biochemical reactions. Nucleic Acids Res.,
40, D783-D789.

9. Kanehisa,M., Goto,S., Sato,Y., Kawashima,M., Furumichi,M. and
Tanabe,M. (2014) Data, information, knowledge and principle: back
to metabolism in KEGG. Nucleic Acids Res., 42, D199-D205.

10. Herraez,A. (2006) Biomolecules in the computer: Jmol to the rescue.
Biochem. Mol. Biol. Educ. 34, 255-261.

11. Sayle,R.A. and Milner-White,E.J. (1995) RASMOL: biomolecular
graphics for all. Trends Biochem. Sci., 20, 374-376.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. de Beer,T.A., Berka,K., Thornton,J.M. and Laskowski,R.A. (2014)

PDBsum additions. Nucleic Acids Res., 42, D292-1D296.

. Kinjo,A.R., Suzuki,H., Yamashita,R., Ikegawa,Y., Kudou,T.,

Igarashi,R., Kengaku,Y., Cho,H., Standley,D.M., Nakagawa,A. et al.
(2012) Protein Data Bank Japan (PDB;j): maintaining a structural
data archive and resource description framework format. Nucleic
Acids Res., 40, D453-D460.

. Biggs,J., Pu,C. and Bourne,P. (1997) Code generation through

annotation of macromolecular structure data. Proc. Int. Conf. Intell.
Syst. Mol. Biol., 5, 52-55.

. Altschul,S.F., Gish,W., Miller,W., Myers,E.W. and Lipman,D.J.

(1990) Basic local alignment search tool. J. Mol. Biol., 215, 403-410.

. Altschul,S.F., Madden,T.L., Schiffer,A.A., Zhang,J., Zhang,Z.,

Miller,W. and Lipman,D.J. (1997) Gapped BLAST and PSI-BLAST:
a new generation of protein database search programs. Nucleic Acids
Res., 25, 3389-3402.

. Tomii, K. and Akiyama,Y. (2004) FORTE: a profile—profile

comparison tool for protein fold recognition. Bioinformatics, 20,
594-595.

. Tomii,K., Hirokawa, T. and Motono,C. (2005) Protein structure

prediction using a variety of profile libraries and 3D verification.
Proteins, 61, 114-121.

. Lee,C., Grasso,C. and Sharlow,M.F. (2002) Multiple sequence

alignment using partial order graphs. Bioinformatics, 18, 452-464.
Grasso,C. and Lee,C. (2004) Combining partial order alignment and
progressive multiple sequence alignment increases alignment speed
and scalability to very large alignment problems. Bioinformatics, 20,
1546-1556.

Henikoff,S. and Henikoff,J.G. (1992) Amino acid substitution
matrices from protein blocks. Proc. Natl. Acad. Sci. U.S.A., 89,
10915-10919.

Kato,T. and Nagano,N. (2010) Metric learning for enzyme active-site
search. Bioinformatics, 26, 2698-2704.

Nagano,N., Noguchi,T. and Akiyama,Y. (2007) Systematic
comparison of catalytic mechanisms of hydrolysis and transfer
reactions classified in the EzCatDB database. Proteins, 66, 147-159.
Wright,C.S. (1972) Comparison of the active site stereochemistry and
substrate conformation in -chymotrypsin and subtilisin BPN’. J. Mol
Biol., 67, 151-163.

Cuff,A.L., Sillitoe,I., Lewis, T., Clegg,A.B., Rentzsch,R.,
Furnham,N., Pellegrini-Calace,M., Jones,D., Thornton,J. and
Orengo,C.A. (2011) Extending CATH: increasing coverage of the
protein structure universe and linking structure with function. Nucleic
Acids Res., 39, D420-D426.

Akiva,E., Brown,S., Almonacid,D.E., Barber,A.E. 2nd, Custer,A.F.,
Hicks,M.A., Huang,C.C., Lauck,F., Mashiyama,S.T., Meng,E.C.

et al. (2014) The structure-function linkage database. Nucleic Acids
Res., 42, D521-D530.

Lombard,V., Golaconda Ramulu,H., Drula,E., Coutinho,P.M. and
Henrissat,B. (2014) The carbohydrate-active enzymes database
(CAZy) in 2013. Nucleic Acids Res., 42, D490-D495.

Lenfant,N., Hotelier,T., Velluet,E., Bourne,Y., Marchot,P. and
Chatonnet,A. (2013) ESTHER, the database of the o/B-hydrolase
fold superfamily of proteins: tools to explore diversity of functions.
Nucleic Acids Res., 41, D423-1D429.



