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Abstract

Background: Ubiquitination is an important post-translational modification involved in diverse
biological processes. Therefore, genomewide representation of the ubiquitination system for a
species is important.

Description: SCUD is a web-based database for the ubiquitination system in Saccharomyces
cerevisiae (Baker's yeast). We first searched for all the known enzymes involved in the ubiquitination
process in yeast, including El, E2, E3, and deubiquitination enzymes. Then, ubiquitinated substrates
were collected by literature search. Especially, E3 and deubiquitination enzymes are classified into
classes and subclasses by their shared domains and unique functions. As a result, 42 different E3
enzymes were grouped into corresponding classes and subclasses, and 940 ubiquitinated substrates
including mutant substrates were identified. All the enzyme and substrate information are
interconnected by hyperlinks, which makes it easy to view the enzyme-specific ubiquitination
information.

Conclusion: This database aims to represent a comprehensive yeast ubiquitination system, and is
easily expandable with the further experimental data. We expect that this database will be useful
for the research on the ubiquitination systems of other higher organisms.

SCUD is accessible at http://scud.kaist.ac.kr

important process with highly complicated biological
behaviors.

Background
Ubiquitination is involved in many biological processes
including cell signaling pathway and protein quality

checkpoint system, by which ubiquitinated proteins are
delivered to the 26S proteasome and degraded. Many
recent studies have demonstrated that protein ubiquitina-
tion not only guarantees its degradation but also results in
other consequences such as receptor endocytosis and pro-
tein transport, indicating that ubiquitination is an

Experimental results about ubiquitination of numerous
substrates have been accumulated, but there is no data-
base which can easily facilitate further experiments or
computational analysis. Recently, a database, UbiProt,
which contains the information about ubiquitinated sub-
strates from diverse organisms, has been appeared [1].

Page 1 of 7

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18811980
http://www.biomedcentral.com/1471-2164/9/440
http://creativecommons.org/licenses/by/2.0
http://scud.kaist.ac.kr
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/

BMC Genomics 2008, 9:440

However, UbiProt is highly dependent on a small number
of high-throughput proteomics studies. Moreover, it fails
to include many previously identified substrates. Impor-
tantly, UbiProt has little information about enzymes
which are involved in the ubiquitination process.

Ubiquitination of a substrate is carried out by sequential
reactions of enzymes. First, E1 ubiquitin-activating
enzyme modifies a ubiquitin so that it is activated to a
reactive state (making it likely that C-terminal glycine on
the ubiquitin will react with the lysine side-chains on the
substrate protein). Then, E2 ubiquitin-conjugating
enzyme receives an activated ubiquitin, and catalyzes the
attachment of the ubiquitin to the substrate protein in
concert with E3 ubiquitin-protein ligase. Here, E3
enzymes are important as they determine the specificity to
their substrates. Either a protein complex or a unit protein
plays a role as E3 ligase. In case of E3 ligase complex, a
specialized subunit protein called substrate receptor per-
forms docking with the substrates, while the unit E3 ligase
has a special domain with which the substrates interact.
Therefore, it is necessary to identify all the known E3
enzymes, followed by classifying them according to their
unique domain or complex type, and finally discovering
E3-specific ubiquitinated substrates. If we are able to dis-
tinguish the substrates by E3 enzymes, it is possible to
find sequence motifs or structural characteristics that con-
tribute to the E3 enzyme-substrate specific interaction.
Moreover, ubiquitinated site information would help
identify the conditions on which specific lysines are
selected and ubiquitinated. For these purposes, we
searched for all the known enzymes involved in the ubiq-
uitination process in budding yeast, Saccharomyces cerevi-
siae, and classified E3 enzymes into E3 classes and
subclasses. Then, we collected ubiquitinated substrates
either by E3-based literature search or by reference to
high-throughput proteomics studies. This database aims
to represent a comprehensive ubiquitination system in
yeast.

Construction and content

We chose yeast as a model organism because a majority of
known ubiquitination substrates were obtained from
yeast. Moreover, the ubiquitination enzyme system is
highly sophisticated and has many unrevealed aspects in
other higher organisms, especially in human, making it
difficult to systematically represent the enzymes involved
in the ubiquitination process. Therefore, the yeast ubiqui-
tination system appears a good platform from which the
ubiquitination research can be extended to other organ-
isms.

http://www.biomedcentral.com/1471-2164/9/440

Identification of Ubiquitination Enzymes and E3 enzyme
Classification

We searched for all known ubiquitination enzymes
including E1, E2, and deubiquitination enzymes through

Saccharomyces Genome Database (SGD, http://
Www.yeastgenome.org) and Swiss-Prot  http://

www.expasy.org. For E3 enzymes, we looked for all the
proteins showing ubiquitin-protein ligase activity and
extracted the proteins involved in substrate recognition
independently or dependently on other proteins (in case
of complexes). We called these proteins 'substrate recep-
tors' that can act as a substrate-recognition subunit of E3
ligase complex or as E3 ligase alone. It has been known
that E3 enzymes can be divided into different groups. We
classified the substrate receptors according to the follow-
ing E3 enzyme classes and subclasses.

@ HECT (Homologous to E6-AP C terminus) class [2]
@ RING (Really Interesting New Gene) class [3,4]

B SPRF (Single Protein RING Finger) subclass: Single
protein ligases containing RING domain. They possess
both the substrate recognition part and the E2 interac-
tion part on them.

B SCF (SKP1, CDC53, and F-box) subclass: Cullin
(CDC53)-dependent multi-subunit E3 enzyme com-
plex. F-box proteins are in charge of substrate recogni-
tion.

B ECS (ELC1, CUL3, and SOCS/BC-box) subclass:
Cullin (CUL3)-dependent multi-subunit E3 enzyme
complex. SOCS/BC-box proteins are involved in sub-
strate recognition.

M U-BOX subclass: U-BOX is similar to RING domain.

B APC (Anaphase Promoting Complex) subclass:
Multi-subunit E3 enzyme complex. Its subunit "APC"
is similar to Cullins in SCF and ECS complex.

Here, U-box containing proteins were previously known
as E4 enzyme which promotes the polyubiquitination [5].
However, it has been also verified that U-box proteins can
intermediate the substrate ubiquitination with E1 and E2,
regardless of E3 involvement. This results in defining the
U-box proteins as a new family of ubiquitin ligases [4].
Diagrams of HECT class and 5 RING subclasses are
described in Figure 1.

Identification of Ubiquitinated Substrates

Using each substrate receptor in each E3 enzyme class or
subclass as a query, we collected by literature search all
substrate information as well as E2 and deubiquitination
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Diagrams of E3 enzyme classes and subclasses.

enzymes which participate in the substrate ubiquitina-
tion. The substrate information includes the ubiquitina-
tion site, type, enzymes, and ubiquitination effect as well
as related references. In addition, we included the ubiqui-
tinated substrates identified by several proteomics
approaches [6-9], although most of them do not have the
specific information on ubiquitination enzymes.

On the other hand, we also found the mutant and syn-
thetic substrates which are ubiquitinated by already
known E3 enzymes. In the endoplasmic reticulum (ER),
two representative E3 enzymes (HRD1 and SSM4) are
responsible for the ubiquitination of most ER substrates
[10]. HRD1 and SSM4 target the misfolded mutant ER
proteins as well as wild-type proteins. Moreover, UFD
(Ubiquitin Fusion Degradation) pathway protein UFD2
and UFD4 are involved in the ubiquitination of synthetic
ubiquitin fusion proteins such as UbVY7¢-V-fgal, while
their physiological substrates are mostly unknown [11].

Database Content

We found total 1 E1, 11 E2, 42 E3, 20 deubiquitination
enzymes, and 940 ubiquitinated substrates including
mutant and synthetic substrates (see Additional file 1).
The E3 enzymes are further grouped into different E3
classes and subclasses (Figure 2). Most E3 enzymes pos-
sess their own substrates, while the substrates of some E3
enzymes are not known yet.

Utility and discussion

The interfaces of our database were implemented using
MySQL, PHP, AJAX, and Python. The database displays a
list of all known E1, E2, E3, and deubiquitination
enzymes found in the yeast ubiquitination system. Partic-
ularly, E3 and deubiquitination enzymes are grouped
based on their shared domains or distinct functions. The
detailed information on an individual enzyme is provided
by a hypertext link. It includes general protein informa-
tion as well as a list of substrates ubiquitinated by the
enzyme (Figure 3). Most E3 enzymes possess their own
substrates, while the substrates of some E3 enzymes are
not known yet. Similarly, a list of all known substrates
and individual substrate information are also available.
The individual substrate information involves ubiquitina-
tion site, type, enzymes, receptors, effect, and general pro-
tein information (Figure 3). All the enzymes and substrate
information are associated by hyperlinks.

On the other hand, it is necessary to provide the experi-
mental evidences by which proteins are regarded as ubiq-
uitin-conjugates to ensure the quality of identified
substrates. For example, it is well known that ubiquitin-
modified proteins are likely to be degraded by proteas-
ome or vacuole. Therefore, sometimes proteins showing
stability change are assumed to be ubiquitinated. How-
ever, the stability change can be explained by other rea-
sons except for the ubiquitination. To offer the evidences
of ubiquitination, we collected all the experimental evi-
dences of ubiquitinated proteins in the references, catego-
rized them, and included in the database along with
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APC subclass, 3

U-BOX subclass, 2

ECS subclass, 2

SCF subclass, 15

The numbers of E3 enzymes for each E3 class and subclass. Total 42 E3 enzymes are sorted into different E3 classes

and subclasses.

detailed methods and related reference information (Fig-
ure 3). It will help users to examine the ubiquitinated pro-
teins with their own filtering criterions.

Finally, the database enables users to discriminate the
substrates by their type of ubiquitination such as mono-
and Lys48-linked ubiquitination (Figure 4). We also pro-
vide BLAST search service which runs on all the protein
sequences including enzymes and substrates in our data-
base. Moreover, researchers in ubiquitination field can
contribute to the database by submitting new proteins
including enzymes and substrates, by finding errors to be
corrected, and by giving general opinions and suggestions
about the database itself (feedback session). The database
will be regularly updated with additional data and correc-
tions.

Conclusion

SCUD is a web-based database aiming to represent a com-
prehensive ubiquitination system for yeast. We identified
all known ubiquitination enzymes including E1, E2, E3,
and deubiquitination enzymes as well as substrates by lit-
erature search. Users can examine various ubiquitination
features such as ubiquitination site, type, and effect, and
obtain enzyme-specific or ubiquitination type-specific
information by hyperlinks. This database is easily expand-
able with further experimental data. Built-in BLAST search
is useful when users want to test putative protein
sequences that may belong to the ubiquitination system
of yeast or other species. The feedback interface will gather
a variety of ubiquitination information as well as opin-
ions and suggestions about the database itself. We expect
that it will be useful for the researches on other higher
organisms.
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Enzyme Information

General Information

Standardname | RSP
Systematic name | YER125W
Alias MDP1, MUT2, NPI1, UBY1, SMM1

Main Search Enzymes Substrates  Ubiquitination types

All Enzyme Information

Ubiquitin-protein ligase involved in ubiquitin-mediated protein degradation; functions
This page lists all the enzymes which are involved in ubiquitinaén or deubiquitinatiod Description in multivesicular body sorting, heat shock response and ubiquitination of amested
RMNAPII, contains a hect {homologous to EB-AP carboxyl terminus) domain

Ubiquitination Features

[-1E1 ubiquitin activating enzyme (1) MNum. of substrates | Total 53 wild-typeand 4 mutant known substrates I
UBA1 - Ubiquitin-activating enzyme E1 1

[Expand all] [Contract al]

A N Keyword | Description
[-1 E2 ubiquitin-conjugating enzyme (11)

Ubiguitin-conjugating enzyrge E2-24 kDa ACK1 Activator of C kinase protein 1
ALGE Dolichy pyrophosphate Man9GIcNAC2 alpha-1.3-glucosyltransferase
ALR1 Magnesium transporter ALR1
ARN1 Siderophore iron transporter ARMN1
BSCS Bypass of stop codon protein S
BUL1 Ubiquitin ligase-binding protein BUL1
CDC3 Cell division control protein 3
CPS1 Carboxypeptidase S
CSR2 Transcription factor CSR2
/ Probable E2 ubiquitin-protein ligase HUL4 TR1 1
3 : Probable E3 ubiquitin-protein ligase HULS = Co.ppt.ar tra_mp_on pIOT.B.II‘I CTR
[E3 ubiquitin-protein ligase RSPS CUES Ubiquitin-binding protein CUES
ubiquitin-protein ligase TOM1 N
- Ui g fusion degradation protein 4 DIAT Protein DIAT
[IRING {5} EAFT Chromatin modification-related protein EAF7
[-] SPRF (14) :
ASI - Amino acid sensatwgependent protein 1 EART Protein EAR1
ASI2 © Amino acid sensor-indePsagent protein 3 ECM21 Protein ECM21
BRE1 : E3 ubiquitin-protein ligase
ENT2 Epsin-2

HRD1 : ERAD-associated E3 ubiquitin-profeajigase HRD1
MOT. I

Substrate Information

General Information

Standard name AAH1

Systematic name | YNL141W

Main Search Enzymes Substrates Ubiquitination types BLAST Feedbac

Description | Adenosine deaminase
All Substrate Information —
Ubiquitination Features
List of All Substrates ) E3 |E3 Substrate | Ubiquitin
Number] Site [Twpe |E2 Class | Subclass | Receptor | Receptor DU Effect
This page lists all the ubiquitinated si rates which were identified in the literature:
Substrates are alphabetically ordergel” and keyword links will provide mere decriptive explan 1 MULT)
each substrate Proteasomal
Total 926 vald-type and 12 myként substrates 2 COC3| RING | SCF SAF1 Degradation
[GotoaListd 3 K329 RING | SCF SAF1
Wild-type Substrates 4
7
Keyword / Descripton * Blank not determined, NA not applicable.
22 | ADP.ATP carier protein 2
Asn | Adenosine doaminese
ABC1 Pratein ABC1, mitachondrial y o B
AN : - Evidence |Purification & Prot
ABD N MRNA cap guanine-NT ————— - - —
ABP1 }is@.mndm g prokin Method ?ﬂggg; (Lugm.llstm-cham by UBA domain-containing protein, GxHis-ubiquitin
ACEA Acyl-Bq4-binding protein .
“_" }‘:Q e (1 “Analysis of polyubiquitin conjugates reveals that the Rpn10 substrate
ACk1 Activator R kinase protein 1 Refarence| Teceptor contributes to the tunover of multiple proteasome targets.”
ACS2 Acelyl-rnenlh{i\ synthetase 2 Mayor T, Lipford JR, Graumann J, Smith GT, Deshaies RJ.
ACTI Actin . Mol Cell Proteomics. 4(6) 741-51 (2005) [15699485]
ADE13 Adenylosuccinate lyas‘e\ Evidence || Protein Stability Assay
ADEZ Formyltetrahydrofolate symMse Method "Wegte m blot
ADEST Phosphoribosyformghycinamicing cyclo-igase ) “Proteasome- and SCF-dependent degradation of yeast adenine deaminase
ADEB Phosphoribosylformyiglycinamidine syethase ] upon transition from proliferation to quiescence requires a new F-box protein
ADH1 Alcohol defydrogenase 1 Reference E’mad gag P I 0 WP 5D . s
scusa S, Camblong J, Galan JM, Pinson B, Daignan-Fornier
ADh4 Alohol datyiogenase 4 AN Mol Microbiol. 60{4) 1014-25 (2006) [16677311]
ADO1 Adenosine kinase \ -
Evidence |Protein Stability Assay
ADP1 Probable ATP-dependent permease \
AFT2 Iron-regulated transcnptional activator AFT2 \ Method Westerm blot
AGP1 General amino acid pemease AGP1 \ 3] "skp1 -Cullin-F-bux-lAiepunderll degradation of Aah1p requires its interaction
Reference 'with the F-box protein Safip.”
Escusa S, Laporte D, Massoni A, Boucherie H, Dautant A, Daignan-Fornier B.
J Biol Chemn. 282{28):20097-103 (2007} [17517885]
Figure 3

Enzyme and substrate information. Lists of all known enzymes and substrates. Hyperlinks provide detailed information on
individual enzymes and substrates.
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SGUD saccharomyces Cerevisiae Ubiquitination Database)

Main Search Enzymes Substrates Ubiquitination types BLAST Feedback HELP

All Ubiquitination Type

List of all ubiquitination types

This page lists all the ubiquitination types annctated to the substrates in the database.

Total 6 ubiquitination types

Type Description

MOMNO Wodification of a lysine residue with a single ubiquitin moiety.

PLURI ] Multisite mono-ubiquitination (modification of several lysine residue with a single ubiquitin maiety).
MULTI Several ubiquiting form a ubiquitin chain, but its exact linkage such as Lys43-linked is unknown.
MULTI(K48-linked) Ubiquitins form a ubiquitin chain by linkage through 48th lysines.

MULTI(KE3-linked) Ubiquitins form a ubiguitin chain by linkage through 63rd kysines,

AUTO ] Substrate receptor type is same as its substrate.

Main Search Enzymes Substrates Ubiquitination types BLAST Feedback HELP

Ubiquitination Type Information

General Information

| Ubiquitination Type |Mono

|Modirication of a lysine residue with a single ubiquitin moiety.

Substrates with MONO

Description

E3 |E3 Subtrate Ubiquitin
Keyword| Number| | E2 Class | Subclass | Receptor Receptor DUE | Effect
Gls4 |1 RNG |SCF  |GRR1 |
HTB2 |1 | RADB |rRING  |SPRF | BRE1 | | uBPs| |
MALG1 |1 PEeh Lacs | HECT | NA RSPS5
PGI1 |1 | |HECT |Na | RSPS | | | |
Error-prone Pathway of TLS
POL30 |2 RADG RING | SPRF BAD1S {Translesion Synthesis) DNA repair
RPB7 |1 HECT | NA RSP5
RVS167| 2 | |HECT |NA | RSPS | | |
STEZ |1 | | |
STE2 |2 |
UBCI. .
STE2 3 LUBCA UBCS HECT | MNA BRSPS Wacualar Degradation
i, a | TSV | 1
Figure 4

Ubiquitination types. A list of all identified ubiquitination types and ubiquitination type-specific information.
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Availability and requirements

SCUD is available at http://scud.kaist.ac.kr/

License: The database is freely available.
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