Chapter 13

Exploring Protein Function Using the Saccharomyces
Genome Database

Edith D. Wong

Abstract

Elucidating the function of individual proteins will help to create a comprehensive picture of cell biology, as
well as shed light on human disease mechanisms, possible treatments, and cures. Due to its compact
genome, and extensive history of experimentation and annotation, the budding yeast Saccharomyces
cerevisine is an ideal model organism in which to determine protein function. This information can then
be leveraged to infer functions of human homologs. Despite the large amount of research and biological
data about S. cerevisine, many proteins’ functions remain unknown. Here, we explore ways to use the
Saccharvomyces Genome Database (SGD; http: //www.yeastgenome.org) to predict the function of proteins
and gain insight into their roles in various cellular processes.

Keywords Saccharomyces cerevisine, GO Term Finder, Protein function, Gene Ontology, YeastMine

1 Introduction

The Saccharomyces Genome Database (SGD; http:/www.
yeastgenome.org) is the premier website for researchers interested
in curated data about the budding yeast, Saccharomyces cerevisine
[1]. SGD provides comprehensive, curated biological information
regarding protein function, cellular location, interactions, and
expression, as well as information on mutant phenotypes for S.
cerevisine along with search and analysis tools to explore these
data, thereby enabling the discovery of functional relationships
between sequence and gene products in fungi and higher eukary-
otic organisms. The tools provided by SGD leverage this expertly
curated information. For predicting protein function, users can
access the wealth of curated information available on SGD’s locus
summary pages, scarch and retrieve information using YeastMine,
or analyze gene function using Gene Ontology (GO) enrichment
tools.

For researchers interested in a single, specific protein, the Locus
pages at SGD contain function summaries, gene ontology
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annotations, protein-protein interaction information, as well as
other curated, published experimental data to help predict a pro-
tein’s role in cellular processes. Additionally, more specific protein
information, such as predicted domains, can be found on Protein
pages. This information can shed light on a protein’s function, and
help direct experimental research aimed at determining a protein’s
function.

By leveraging these curated data, users can also predict the
functions of similar proteins using the GO Term Finder enrichment
tool at SGD. The GO project (http://gencontology.org/) is a
collaborative initiative involving many model organism databases,
and was initiated by SGD, FlyBase (Drosophila), and Mouse
Genome Informatics (MGI) to provide consistent descriptions of
gene products across various organisms and databases [2]. GO has
developed and maintains three structured ontologies to describe
the biological processes, molecular functions, and cellular locations
of gene products. GO Term Finder performs enrichment analysis
by taking lists of genes as input, then looking for overrepresented
ontology terms based on the associated annotations compared to
all other annotations [3]. This enables the identification of
biological processes, molecular functions, and cellular locations
that the gene products in the input list may have in common.

Finally, YeastMine is a powerful search tool that can be queried
to identify lists of proteins based on similarity in function, or other
shared characteristics, to gain insight into biological processes [4].
YeastMine contains all curated information stored in the SGD
database and more. Pregenerated queries can be employed by
users interested in a specific process to find novel players, or to
identify common functions within a group of proteins to predict
function or involvement in a specific cellular process.

Individually or together, the various tools at SGD can provide
insight into the cellular processes in which proteins are involved,
thereby supporting the development of a fully defined model of the
cukaryotic cell.

2 Materials

Using any of the tools mentioned above requires an internet-
connected computer with a web-browser to connect to the Saccha-
romyces Genome Database (http://www.yeastgenome.org).

3 Methods

The data in SGD are updated on a daily basis as more information is
curated. Therefore, results for these methods and case studies out-
lined below may be slightly different than described.
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3.1 Summary Pages

1.
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Open the URL, www.yeastgenome.org, in any modern web
browser (e.g., Chrome, Firefox, or Safari).

. Enter a gene name (e.g., NOG2) or systematic name (e.g.,

YNRO53C) into the search box on the top right-hand side of
the page and hit return.

. The resulting NOG2/YNR053C Summary page has many

sections that can be used to gain insight into the protein’s
potential function. The top Overview section contains a
Description that summarizes curated information. The Gene
Ontology (GO) section contains GO terms used to annotate
the gene product, and also a brief summary of its function,
cellular location, and biological processes in which it is involved
(Fig.1a). GO terms are linked to a term-specific page that dis-
plays the term’s definition as well as a list of other co-annotated
gene products. Proteins with similar functions or that are
involved in the same processes have closely related annotations,
thus GO annotations of characterized proteins can be leveraged
to predict the functions of uncharacterized proteins.

. Based on the premise that proteins acting in the same pathway

or involved in the same process may share mutant phenotypes,
the data in the Phenotype section can also provide insight into a
protein’s function. The Phenotype section contains a summary
of the curated experimental phenotype data, as well as the
individual mutant phenotype annotations (Fig. 1b).

. Protein function can also be predicted based on the proteins

that interact with it (see Note 1). The Interaction section of this
page summarizes the methods and number of physical and
genetic interactions that have been identified for this locus
(Fig. 1c). Selecting the “Details” link on the right-hand side
of any section will provide access to more detailed information,
such as a list of the interacting genes and proteins for the
“Interaction Details” link. By accessing a list of interacting
proteins, available via the “Analyze” link on the details page,
the GO Enrichment tool described below can be used to
predict protein function.

. For additional insight into a protein’s function, click on “Pro-

tein Details” on the top right link of the “Protein” section of
the page, or the “Protein” tab at the top of the page. The
“Protein” page contains the following types of protein-specific
information: cellular abundance, predicted domains, protein
sequence, posttranslational modifications, and physical proper-
ties. The predicted domains can help predict a protein’s func-
tion. For example, Nog2p, a putative GTPase, has predicted
GTP-binding protein domains in multiple locations (Fig. 2).
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Fig. 1 Summary of information on a locus summary page. (@) NOG2/YNRO53C Overview section has a
description of known protein function information. (b) Phenotype information can help predict a protein’s
function. (c) Interaction data can be used to predict protein function and process involvement
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Fig. 2 NOG2 protein page. Protein abundance and domains on the protein page can be used to predict protein
function

3.2 Gene Ontology 1. Open the URL www.yeastgenome.org in any modern web
Enrichment Tool browser (e.g., Chrome, Firefox, or Safari).

2. Enter a gene name in the search box as described above, such as
YAL044W-A.
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3. As previously outlined, a locus-specific Summary page will

appear. Click the “Interactions” tab at the top of the page to
open the Interactions page, which lists proteins that interact
with the query protein.

. On the Interactions page, a table with the interacting proteins

and corresponding experimental information is shown. This
table can be sorted and filtered on any column, such as for
specific interacting proteins of interest, in the “Interactor”
column. Underneath this table, the “Analyze” button will
feed this list of interactors into a selection of SGD’s analysis
tools.

. After clicking on the “Analyze” button, the resulting “Analy-

sis” page provides links to four analysis tools auto-populated
with the list of interacting proteins, a table listing the interac-
tors with curated summaries of their functions, and a precom-
puted list of shared GO biological processes. GO Term Finder
will look for GO molecular function, biological process, or
cellular component terms shared by these gene products. GO
Slim Mapper is similar to GO Term Finder, but will sort genes
into broad categories. SPELL provides visualization of genes
with similar expression patterns to the genes on the list. Finally,
YeastMine is an advanced data mining and analysis tool that will
be described in detail below. For general information about
these tools, sec Note 2.

. If “GO Term Finder” is selected, the “Gene Ontology Term

Finder” form will have the interactors preentered into the
“Query Set.” The default settings for this tool are to compare
these genes” GO annotations to all those in the SGD database
annotated using both manual and high-throughput methods,
and will only return hits with a p-value of less than 0.01. These
settings can be changed in the Optional steps: 3, 4, and 5.
Additionally, as defined in the “Step 2” section of the page,
the Process branch of the Gene Ontology is used for enrich-
ment, by default. This can be changed to another branch, such
as Function or Component (se¢ Note 3).

. The results for GO Term Finder are displayed in both graphic

and tabular form (Fig. 3). The graphic view displays the GO
terms in a hierarchical tree; color coded by the p-value, and also
indicates the genes that are annotated to the specific term. The
table view displays the GO terms to which the genes are directly
annotated, as well as parent terms, along with cluster and
background frequencies and p-values. The results can also be
downloaded using the “Download Full Results” link at the
bottom of the results table. Links to GO term pages, as well
as to the GO consortium’s search and browse tool (AmiGO;
http://amigo.geneontology.org/amigo), are provided within
the table of results.


http://amigo.geneontology.org/amigo
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Fig. 3 GO Term Finder results. (a) Graphic view of GO term enrichment of proteins that interact with Yal044w-
ap. (b) Table view of GO Term Finder results for Yal044w-ap interacting proteins
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3.3 YeastMine

1. YeastMine can be accessed in many ways. To directly access
YeastMine, open the URL http://yeastmine.yeastgenome.
org/yeastmine /begin.do in a browser window. Alternatively,
as described above, a pregenerated list of genes can be fed
directly into YeastMine by selecting the “YeastMine” link on
the “Analysis” page, which can be accessed via the “Analyze”
button below any table of genes on SGD pages. Finally, below
the search box on the top-right-hand side of every SGD page,
YeastMine is accessible via the “Batch Analysis” or “Advanced
Search” links.

2. Users can create and analyze their own lists of genes, or choose
from one of a number of premade lists provided by SGD, which
include, but are not limited to, the following: human genes with
yeast homologs, all uncharacterized ORFs in S. cerevisine, all
curated macromolecular complexes, and all ORFs verified by
experimental data (Verified_ORFs). These collections are acces-
sible by the “Lists” link in the purple toolbar that runs across at
the top of the page, or on the YeastMine front page (Fig. 4b).

3. Pregenerated queries are grouped into different categories,
depending on the types of annotated results that are analyzed
(Fig. 4c). The “Function” templates will return lists of genes
that are annotated to particular GO terms, or pathways. Con-
versely, for a given list of genes, other Function queries will return
all the pathways or GO terms that are annotated within the
starting list. The “Proteins” templates will return lists of genes
based on criteria such as molecular weight, sequence, posttrans-
lational modifications, domains, or cellular abundance.

4. Returned lists of results can be further screened by looking for
similarities within other curated data, such as interactions and
phenotypes, as outlined below in Subheading 4.

5. In addition, lists can be saved by creating a “MyMine” account,
using the “Log In” link found on the top right-hand side of the
header (Fig. 4a).

4 (Case Studies

4.1 Predicting the
Function of an
Uncharacterized
Protein with GO Term
Finder

In this example, GO Term Finder will be used to predict the
putative function of YAL044W-A, a protein of unknown function.
As outlined in Subheading 3, after entering YAL044W-A in the
search box, a page summarizing all curated information about
YAL044W-A will be returned. YAL044W-A is noted to be similar
to a Schizosaccharomyces pombe putative DNA repair protein, but no
other functional information is known. However, it has been
shown to physically interact with seven unique proteins (Fig. 5).
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Fig. 4 Analysis tools that are available on the YeastMine home page

Researchers can gain insight into the putative biological function of
the uncharacterized gene, YAL044W-A, by leveraging the curated
information about these interacting proteins’ functions with GO
Term Finder to determine GO terms that have been annotated to
this input set.

First, to identify known proteins that interact with YAL044W-
A, click either on the “Interactions” tab at the top of the page, or
the “Interactions Details” link in the “Interactions” section of the
page. In the “Annotations” section, a list of seven proteins that
interact with Yal044w-ap, along with experimental details and
references, are listed in a table (Fig. 5b). An “Interaction Network”
below the “Annotations” section is a graphic display of the inter-
actions of these proteins. In this example, Grx3p,/Ydr098cp,
Grx4p/Yerl74cp,  Mgslp/Ynl218wp,  Mpa43p,/Ynl249cp,



178 Edith D. Wong

A.
Summary Sequence Protein Gene Ontology Ph I ! Literature
VALOSSW.A YALO44W-A
Locus Overview i i E . 2 3 33
Reserved Name: BOL1 2 This name is reserved with SGD according to the Gene Naming Guidelines agreed upon by the yeast
Sequence community:
Protein Systematic Name: YALOG4W-A
R ONaEEr SGDID: 5000007586
i Feature Type: ORF, Uncharacterized
Description: Putative protein of unknown function; similar to 5. pembe uvi31 which is a putative DNA repair protein 1
Interacti
iz Name Deseription:  BolA-like protein 2
Regulation
B.
= i L Interaction Help @
S YALO44W-A Interactions P
Interactions = ’ -
Orilaw Source: All physical and genetic interaction annotations listed in SGD are curated by BioGRID
Annotations
Interaction
Natwork Physical
Resources

Analyze

@) Physical B Genetic @D Intersection -l

Annotations © 7 entriesfor7 genes

@ Filter table
Interactor  Type Assay Annotation Action
GRX3 Physical  Two-hybrid high-throughput  Bait :;dm’lm YuH, et al. (2008) e
GRX4 Physical  Two-hybrid high-throughput  Bait :;xjiﬁcaliun Yu H. et al. (2008) mac-aries:
MGS1L Physical  Two-hybrid high-throughput  Bait m’mwm YuH, et al. (2008) neoerina
MPA43 Physical  Two-hybrid high-throughput  Bait :ﬁ“mm YuH, et al. (2008) smeserissss
0 Flnsieal gﬁ;:?u-ma biab-throushpot; Hk m.dinuum :::::J-: B
@ shoy Hocal E:ﬁprt‘;?enm bigh-teoughpot. Hie :;)diﬁmuun :::l::: et
9 2o Pt Q:ﬁ;l.m high-tieaahect: bt mdmuu.. ﬂ'ﬂ"ﬁm en
Showing 1to7of 7entries| 10 = records perpage Y ﬂ =
& Download (ot} 8 Analyze

Fig. 5 Curated information about YAL044W-A. (a) Description of YAL044W-A, an uncharacterized ORF. (b) List
of proteins that physically interact with Yal044w-ap
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Nab2p/Ygl122cp, Sro9p/Ycl037cp, and Ssb2p/Ynl209wp all
have been shown to physically interact with Yal044w-ap.

Once identified, the annotations for these interactors can be
used with the GO enrichment tool to determine YAL044W-A’s
putative function. Directly below the annotations table, select the
“Analyze” button to pass these gene names to SGD’s analysis tools.
On this “Analyze” page, GO Term Finder, GO Slim Mapper,
SPELL, and YeastMine are listed above the input list of genes.
This list of interactors also includes the curated description of their
functions, which could also shed some light on the function of the
gene of interest. To find common GO terms to which these genes
have been annotated, this list can be sent directly to GO Term
Finder via the “GO Term Finder” link above the list of interactors.

In this case, the GO Term Finder form will be prefilled with
GRX3/YDR098C,  GRX4/YER174C, MGS1/YNL218W,
MPA43/YNL249C, NAB2/YGL122C, SRO9/YCL037C, and
SSB2 /YNL209W. To predict the function of YAL044W-A, the
researcher would enrich for “Process” annotations, which describe
broad biological concepts (the default selection). In this case study,
all default settings would be used. After clicking “Search,” the GO
Term Finder results are displayed both graphically and in tabular
form (Fig. 3). Within the graphical display of the results, the
hierarchical structure of GO can be observed (Fig. 3a). Based on
the enrichment of GO terms in the input list of interactors,
YALO044W-A is predicted to have a role in regulating transcription
with GRX3 and GRX4, likely through negative regulation of DNA
binding (http://yeastgenome.org/go,/G0O:2000678 /overview).
Additionally, the table displays the calculated frequency of GO
terms in the cluster (input list) and the background list of genes,
the entire yeast genome in this case. The p-value of 8.42¢-05 and
expected false positive of 0.00 indicate a high confidence in this GO
term process enrichment (Fig. 3b). The enrichment of processes,
such as this case study, can provide direction toward experimentally
determining a protein’s function.

In this example, YeastMine will be used to identify novel, potential
subunits of the mitochondrial ribosome. In yeast, there are 91
genes annotated to the mitochondrial ribosome or a ribosomal
subunit, less than half of what has been found for cytosolic ribo-
somes. Leveraging the wealth of curated information in SGD, as
well as the power of YeastMine’s search and analysis, a list of
putative novel mitochondrial ribosomal subunits can be identified
for future lab experiments. First, the researcher could identify all
known mitochondrial ribosome proteins. To identify novel pro-
teins, this list can be used to generate a second list of proteins
that interact with the known mitochondrial ribosome proteins.
Finally, restricting the list of interactors to uncharacterized proteins
would reduce the list to a manageable target list of possible genes of
interest.


http://yeastgenome.org/go/GO:2000678/overview
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To identify all the genes encoding subunits of the mitochon-
drial ribosome, researchers would use the “Function” template
query called “GO Term name [and children of this term] — All
genes” (Fig. 6b). To keep the search broad, the constraints “CON-
TAINS” “mito* ribosom*” would be used. This returns a list of 91
unique genes, annotated to GO terms such as “mitochondrial
ribosome,” “mitochondrial large ribosomal subunit,” and “mito-
chondrial small ribosomal subunit.” This list should be saved and
named using the “Save as List” button above the results table.

The second step would be used to identify all proteins that
interact with this list of ribosomal subunits. To do this, the user
would use the “Gene — Interaction” query found under the
“Interaction” category in Templates. Rather than looking up the
interactions for a single gene, the checkbox next to “constrain to be
IN saved Gene list” would be selected, and then the list created and
saved in the previous step would be selected from the dropdown.
This would return 3478 interactions involving 1030 unique genes
(listed as Participant 2 Standard Name) for the original list. Again,
this list of interacting proteins would be named and saved using the
“Save as List” button above the results table.

This list of proteins that interact with known mitochondrial
ribosome proteins can be filtered against a pregenerated list of
uncharacterized genes. To do this, the researcher would select
“Lists,” found at the top of the page, next to “Templates.” Under
lists, the “View” tab will display all the SGD pregenerated lists as
well as any personal lists that the researcher created. First, the
recently created list of proteins that interact with known mitochon-
drial ribosomal subunits and the “Uncharacterized_ ORFs” list of
672 genes are seclected. Then, selecting “Intersect” under
“Actions:” above all the lists will return a list of 34 genes that are
uncharacterized and have been shown to interact with known mito-
chondrial ribosomal subunits. This list of 34 genes would be a good
starting point for experimentally confirming which of these pre-
dicted mitochondrial ribosomal subunits were actual mitochondrial
ribosomal subunits. A detailed video description of this case study
can be found on the SGD YouTube channel, here: https: /www.
youtube.com/watch?v=AoVfmaZmTK4. To learn more about
the many features of YeastMine, visit the SGD YouTube channel
(https: //www.youtube.com/SaccharomycesGenomeDatabase)
and enter “YeastMine” in the search box at the top of the page.

5 Notes

SGD provides a number of tips and help for the resources men-
tioned above.

1. General help about curated protein function information at
SGD can be found on the function help page: http://www.
yeastgenome.org/help /function-help.


https://www.youtube.com/watch?v=AoVfmaZmTK4
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. Templates

Templaes are predefined queries, each has a simple form and a description. Click on a template to run it, you can search for templates by keyword and filter them
by category.

Actions: Expon wacm_?_‘j Options: @ Show descriptions:

You are nol logged in. Log in to mark items as favourites T7.
[0 GO Term —> All genes
Retrieve all ganes annotated o a specified GO Term. Manualy curated, high- and it GO are included.

) Gene ~> GO Terms.

Rsmwweomﬁon:roumuwgene Wild card quevies (such as “YAL') are suppored. Manually curaled, high-throughpur, and computational GO
‘annaofations are included.

[0 GO Term nam [and children of this term] —>All genes

Rsfmanosmmam»mmcommamdm!mmsoM Wild card queries (such as "ascospore®) are supported. Only
manually curated and high-throughput GO annotations are includad.

(0] Gene->Pathways
Retrieve all pathways in which the specified gene is invalved.

(0 GO SlimTerm--=Genes of a selected Feature Type

Rotdave genes of a selecled feature fype that are annotated to o swlected GO Sfim term and children of thal selected GO Slim Term. Only manually curaled and
high-throughput GO annotations are included.

O Pathway->Genes
Retriave all genes thal are involved in a specified pathway.

0 GO ID > Genes,
Retrieve all genas annotated fo a particular GO 1D with & particular evidence coda.

(01 GO Term name ~> GO Term Idantifier.
Retrigve the GO term identifier (GOID) and descriplion for & specified GO term name. Wild card queries (such a5 "a5c0spore”) ar supported.

(O Literatura —> GO annotations
Retrieve GO annotations made from a specified PubMed 1D (PMID).

0 GO Slim Term > Gene

Retrieve il genes thal are annolated to the selected GO Siim ferm and children of thal selected GO Siim Term. Only manually curaled and high-throughput GO
annofations are included.

0 GO Term igentifies > GO Term Name.

Retrieve the GO term names and descriplions for a specified GO term identifier (GOID). Nole that the quevy must contain either an entire identifier (such as
GO.0007350) or the numerical value preceded by a wild card (such as “30437).

Alop

GO Term name [and children of this term] = All genes

Retreive all genes that are annotated to the specified GO term and children of that specified GO Term. Wild card queries (such as *ascospore”) are
4z supported. Only manually curated and high-throughput GO annotations are included.

GO Term > Name - Show genes annotated with GO ferm (and any children of this GO term):

CONTAINS B [ite" ribo®

L EdtQuery

@8 web senvice URL e | Python | Ruby | Java (help] axport XML ]

Fig. 6 Function queries in YeastMine for predicting protein function. (a) A list of pregenerated queries available
for examining protein function. (b) Using specific query to identify all known mitochondrial ribosome proteins
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. Specific help about the analysis tools, GO Term Finder, GO

Slim Mapper, and YeastMine can be found at http://www.
yeastgenome.org/help /analyze/.

. Default settings are a good initial point for enrichment, with

adjustments made to p-value cutoffs, ontology branches, and
evidence codes made as necessary. If no enrichment for GO
annotation terms within the input list is returned, the p-value
can be increased in optional Step 5. This typically increases the
number of terms that are enriched.

. A number of help videos on SGD’s YouTube channel are also

useful starting points for using these tools: https://www.
youtube.com/SaccharomycesGenomeDatabase.

. For more specific questions, SGD curators can be contacted

directly at sgd-helpdesk@lists.stanford.edu.
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