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A broad range of tasks in modem bioinformatics analysis require
integration of data from disparate sources. The explosion of data in the post-
genomic era blazes a trail that for integrative bioinformatics: the use of disparate
information repositories to solve problems in data visualization, interpretation,
and normalization which have previously been difficult to address.

In order to integrate such repositories, we must maintain a dynamic data-
integration framework that is capable of processing large amounts of data in an
optimal manner. Although these requirements may be opposed, we can
reconcile them by combining the attributes of a federated database environment
with data marts: high-performance, task-specific databases which can be rapidly
generated and torn down, due to their small footprint.

This thesis reveals the power of data marts for solving emergent problems
in protein bioinformatics over a broad range, including functional annotation, the
use of integrated methods for data visualization and interpretation of
biomolecular data, and protein sequence mining. The broad range of examples
demonstrate that data mart integration of the proteome is an efficient and

practical alternative to monolithic approaches for integration.
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Introduction

“The curtain was rising on the greatest show on earth.”
-Russell Doolittle, From “The Roots of Bioinformatics In Protein Evolution”

(2010).

Sequence Oriented Bioinformatics: The Early Years

Our ability to understand life on a molecular level would be impossible in
the absence of key insights of the 20" century that correlated nucleotide
sequences, protein sequences, protein structures, protein function, and cellular
phenotype.

Scientists of the 1940s and 1950s were aggressively in pursuit of the
relationship between DNA and heredity. These decades witnessed emergence
of evidence linking DNA to the transformation of organism phenotype (McCarty
and Avery 1946). While this implied that DNA was related to cellular function, it
was not until the 1950s that clear evidence emerged for DNA’s regular and linear
structure (Watson and Crick 1953). These were seminal advances in the history
of molecular biology (Lederberg 1994, Knight 1997). It was at this time,
historically, that DNA took center stage in the quest to understand the molecular
basis for cellular biology.

Parallel advances were occuring in the protein world. The importance of
protein structures was demonstrated by X-ray methods in the middle 20™ century

demonstrating that proteins had a three-dimensional structure related to their




function (Muirhead and Perutz 1963). Scientists soon converged on the missing
piece to the puzzle of how DNA, amino acids, and molecular function were
interwoven with the discovery that simple nucleotide sequences are translated
via a “genetic-code”(Nirenberg et al. 1965). There was now a theoretical basis
for connecting genes, proteins, and cellular biology at a molecular level.

In 1973, these advances were complemented by work indicating that the
amino acid sequence of a protein determined both its structure and
subsequently, its function (Anfinsen 1973). It was now clear that genes,
nucleotides, proteins, and their structures (as well as functions) were directly
related. As computational technology continued improving during this time,
scientists increasingly began utilizing linear sequences to characterize the
molecular basis for life, and the field of bioinformatics was thus born.

Biological databases of the 1970s and 1980s enabled “sequence” mining
as a new technique for knowledge acquisition (Dayhoff 1965, Doolittle 1981).
These tools were now generating fascinating inferences on a regular basis.
Emblamatic of this paradigm was the famous computational discovery of the link
between cancer-causing agents in monkeys and human “growth factors”
(Doolittle et al. 1983).

The usefulness of these tools was, although unquestionable, severely
limited by the sparseness of high quality sequence data. The hundreds of
sequences spanned by databases of this era represented but a fraction of the
mammalian genome (which is comprised of tens of thousands of genes)

(Doolittle 1981, Pruitt et al. 2005). The time-consuming and laborious nature of




gene and protein sequence data collection was a bottleneck to the growth of
these repositories, and the curation and integration of such information from the
literature represented another key struggle at the time (Doolittle 2010, Strasser
2010).

The Human Genome Project (HGP) was advocated by Jim Watson and
others as a means to address the need for higher throughput, comprehensive
accumulation of sequenced data. The HGP brought automated methods for
sequence acquisition to bear - directly addressing the data-collection bottleneck
of the 1980s, revealing the vast majority of the protein-coding content of the
human genome (Ventner et al. 2001). This enabled and inspired analytical
treatment of cellular systems on a much larger scale:

In this landmark study, Craig Venter's call to action resounds even today:
“All genes and their control elements must be identified; their functions, in
concert as well as in isolation, defined; their sequence variation worldwide
described; and the relation between genome variation and specific phenotypic
characteristics determined. Now we know what we have to explain (Venter et al.
2001).”

From Bioinformatics to “Systems Biology”

Ventner's words challenge us to understand and define the information
contents of molecules in our cells on a genomic scale. This field of study is
known as molecular “systems biology” (Kitano 2002, Peri 2003). The
progression from molecular genomics to systems biology is natural: the biological

molecules encoded by our genomes are now revealed; and we seek to




understand their function. But function is often relatively defined in biology,
because molecules of the genome have coevolved specifically to functionally
complement many intramolecular partners in the context of the cellular
environment. Thus to characterize any one molecular component of the genome
we must characterize the genomic and cellular systems in which that component
operates.

Needless to say, the goals of systems biology are lofty. Genes are
often defined in terms of their sequence, structural, and functional properties, and
there are typically tens of thousands of genes encoded in any one mammalian
genome. The integration of these attributes is essential to our understanding of
biomolecular function (Kitano 2002, Boeckman 2005). We must thus interrelate
semantically diverse biomolecular information on a grand scale if we are ever to
precisely understand the role the thousands of molecules in encoded in our
genome.

One could claim that such tasks are inherently digital (i.e. they are ideally
suited suited by computers). First, a mammalian proteome alone comprises over
2 GB of plain text data, and if one were to include data records describing
sequence, structural, and functional attributes, the amount of information rapidly
scales. Second, we often aim to detect patterns in large, complex genomic data
sets, and this requires that such data be structured in a way that renders it
efficiently accessible to sophisticated computational methods — and of course
computers are only capable of processing digital data. Third, biological

knowledge is constantly evolving, and thus any attempt at capturing it must be




allow for rapid scanning and updating of information. The size, complexity, and
dynamic nature of the genome’s information content demand the use of
computational methods for data management, acquisition, and analysis of
genomic information.

Thus, the goal of identifying and defining the components of our genome
depends on the availability of computational tools that integrate different types of
biomolecular information on a large-scale. The integration and analysis of
diverse moieties of biomolecular data remains an important paradigm in modern
bioinformatics (Blundel et al. 2006, Stein et al. 2003, Venkatesh et al. 2002).
Systems Biology and Protein Bioinformatics

In order to provision the computational tools necessary to support the
integrated analysis of biomolecular information, it is accepted that we should
support the integration of the numerous categories and classes of biomolecular
data processing tools and data types (Aasland 2002, Fox-Erlich et. al 2004, Gryk
et. al 2010, Marchler-Bauer et al. 2003).

The majority of known functional genes in the genome are ultimately
realized as proteins: if the genome contains the blueprints for our cells, then
proteins are the actual buildings. The fundamental challenges in understanding
systems biology are directly related to our comprehension of the roles that
proteins play in the cell (Blundell et al. 2006, Boeckman et al. 2005, Kitano et al.
2002, Stark et al. 2005). It is obvious to say that this family of molecules is thus

essential to our systematic understanding of life.




To this end, the research community has spent several decades on the
digital curation, classification, and integration of protein data. Many proteins can
now be classified and subdivided into representative structural and functional
groups (Eckland et al. 2005, Marchler-Bauer et al. 2003). For example, by
categorization of proteome’s motif and domain elements, we now know that there
exist approximately 500 different kinases, with a similar number of SH3 domains,
encoded in our genomes. Such inferences are made possible by the continued
expansion and curation of large, public bioinformatics databases (Manning 2002,
Pruitt et al. 2005).

Proteins can be essentially defined in terms of their sequences. This
definition is both efficient as well as useful —sequence begets protein structure
that ultimately determines protein functionality. This functionality ultimately
drives the cellular processes that we seek to understand (Anfinsen, 1973). The
connection between protein sequences, protein structures, and molecular
functions is now a critical “dogma” in biology.

The Current State of Protein Bioinformatics

Many existing pieces of work indicate that the integrative analysis of
sequences, structures, and functions comprises a powerful technique for
extracting knowledge regarding precise aspects of protein evolution and
functional inference (Landau et al. 2005, Morgan et al. 2006). Unfortunately, this
integration is not reflected in the way bioinformatics data for these records are
managed (Blundle et al. 2006, Goble and Stevens 2008, Stein 2003). In order to

carry out database driven protein analyses of this integrative nature, scientists



are forced to compensate for the disparate nature of bioinformatics data
repositories (Stevens 2001, Saergent et al. 2011).

it is known that data integration is error-prone and time consuming in the
biological sciences, especially when we consider data sets of genomic scale.
The scenario of fractionated data renders the science of protein data integration
a domain of science that many have sought to advance in recent years. The
need for more comprehensive support of bioinformatics data integration of the
proteome is currently acknowledged as a major issue (Reeves 2009). Some
have attempted the streamlining of such tasks by brute force methods, which aim
at creating data warehouses that integrate all data using a single information
model — but such efforts were demonstrated to be fragile and unmaintainable
(Stein 2003). Nevertheless, our ability to understand the key aspects of protein
function hinges on our capacity to combine information from databases in a
meaningful way.
The CONNJUR and MNM Projects Aim to Integrate Protein Bioinformatics

Two independent research initiatives were recently undertaken to improve
the integrated analysis of protein data by providing support for integration: The
CONNJUR (Connecticut Joint NMR University Research) and MNM (Minimotif
Miner) projects. These are the founding projects behind this work, respectively
aimed at facilitating a better description of proteins from the structural and
functional standpoints (Gryk et al. 2010, Rajesekaran et al. 2009). In general,

the projects both aim at modeling information in a precise manner as well as




provisioning tools that are readily applied to solving real world problems in
sequence and structural bioinformatics.

The CONNJUR project focuses on integrating the process of protein
structural analysis using NMR (Nuclear Magnetic Resonance), whereas the MNM
project aims to catalog and facilitate the analysis of short, functional peptide
segments of less than 13 amino acids (known as Minimotifs) which are
conserved in eukaryotes which are (defined thoroughly in Chapter 1), for
elucidation of modular, conserved functional subunits in full-length proteins. This
thesis represents a fusion of concepts from these overall projects — applying the
principals of the CONNJUR mandate for broad-scale integration of protein
structural analysis workflows with MNM’s goals of improvement of our ability to
predict and define protein function in a broader biological context.

In this work, | have focused on a variety of emergent problems in the area
of protein bioinformatics that are relevant to the above-mentioned projects.
These include (a) the curation of protein functional annotations, (b) the visual
interpretation of protein structures in an evolutionary context (to determine
specificity and functional roles of molecules), (c) interactively locating and
predicting the evolutionary origin of poorly conserved proteins, and (d)
streamlining the NMR data processing workflow for structure calculation.

These tasks share a common attribute: the need for explicit, structured
integration of protein data artifacts of varying types. The thesis of this work is
that explicit computational modelling and integration of protein data solves

several emergent problems in protein bioinformatics, including the improvement



of methods for Minimotif data curation, structural-functional analysis of proteins,
protein derived NMR data processing, and inference of gene emergence. These
problems are representative of a broader range of problems in bioinformatics
which may be addressed in a similar manner.

Such advances in the computational treatment of these data types
represent key steps in increasing our ability to extract knowledge from protein
data archives. The models, principles, and strategies discussed in these pages
thus intended to enable the protein bioinformatics infrastructures of the future,
particularly those utilized in the CONNJUR and MNM initiatives.

Scope of Study

We aimed to develop practical solutions to emergent problems in protein
bioinformatics in this work, specifically in the context of the CONNJUR and MNM
projects. First, we develop and implement database integration frameworks
which can be generally applied to the curation of Minimotifs in Chapters 1 and 2,
wherein data from several sources is integrated in the service of sequence motif
data management. Broadly applicable data-marts are designed using similar
strategies in chapters 3 and 4. We apply the integrative techniques to the area of
protein NMR in Chapter 5 so as to demonstrate a novel method for structure
calculation. We briefly sum these chapters here:

In Chapter 1: “A Proposed Syntax for Minimotifs, Version 17, we
encountered a need to integrate functional annotations for thousands of proteins
for the Minimotif Miner database and application. Minimotifs are short, functional

peptide segments that occur at high frequency in eukaryotic organisms, playing
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many important roles in molecular interaction networks and other systems. The
construction of a robust generic database of such Minimotifs is implemented
using a precise, newly derived syntax for peptide function, via a database that is
populated by a system for ingesting sequence, taxonomical, and literature-
derived data. The value and robustness of this model for protein functional data
is then demonstrated using an array of statistical analyses characterizing SH3
domains.

Chapter 2: “MIMOSA - A System for Minimotif Annotation” delineates the
MIMOSA application for end-to-end curation of short, functional Minimotifs. The
chapter builds on the work in Chapter 1. MIMOSA is optimized for end-to-end
curation of thousands of functional peptides, or “Minimotifs,” into an MNM
database that will be heavily utilized. Through integration of Refseq, Pubmed,
and several other algorithms and data sources, the MIMOSA application
demonstrates a method of database integration for curation of large data sets.

In particular, MIMOSA extends the work in Chapter 1 by distilling the core
database characteristics into a system that is focused on curating new Minimotifs
found in the literature. Additionally, the MIMOSA system presents a novel
algorithm for scoring text abstracts with respect to semantic content that is
directly integrated into the curation system. By distilling the core components of
our Minimotif functional model and automating curation, MIMOSA represents the
first automated, end-to-end database for ingestion and processing of structured
protein functional data, further validating the feasibility of the federation strategy

and extending its scope to the domain of data warehousing and curation. This
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chapter demonstrates a concrete application of the syntactical model for
molecular function of Chapter 1, using a data integration approach that is flexible
enough to support ongoing importation of novel data records over time.

Chapter 3: “Venn — A Tool for Titrating Sequence Conservation onto
Protein Structures” presents the problem of integrating data of fundamentally
different types (sequences, structures, and functions). This project represents
important aspects of both the CONNJUR and MNM initiaitives, which aim to deal
with many moieties of protein data in an integrated manner. In order to fuse such
data, Venn heavily relies on database integration methods that are specific to a
precise, data-driven workflow. This strategy was designed to enable real-time
integration of protein structures with up-to-date sequence records available via
web services. The particular workflow that Venn automates is now known as
“homology titration.” This method was utilized to reveal key specificity
determinants in DNA binding which less robustly integrated analysis workflows
are not capable of recovering. Iterative analysis enabled by higher levels of data
integration is a fascinating paradigm in computational science that has many
applications in bioinformatics, and is again visited in Chapter 5.

Venn’s homology titration workflow would be highly impractical without an
integrated methodology that supports automated ingestion of external proteomics
repositories (i.e., EBI and the PDB) along with an internal representation of
protein structural/sequence data — the PDB currently has tens of thousands of
structures. Because of its federated nature, Venn was efficiently capable of

running on a variety of platforms with an extremely small footprint.
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In Chapter 4, “The Extremely Variable Conservation of y-Type Small, Acid-
Soluble Proteins from Spores of Some Species in the Bacterial Order Bacillales”,
the integration of phylogenetic data with interactive protein sequence scanning
methods was utilized to bound the point of emergence of the variably conserved
SSPE gene in gram-positive, sporulating bacteria. To survey the entire
sequence space of such proteomes, a database was designed to interactively
and comprehensively compare sequences in a controlled fashion, allowing for
precise and interactive thresholding of sequence homology scans. Identifying all
SSPEs in a subset of approximately 50 Firmicute proteomes and integrating the
results with 16S RNA databases from other repositories enabled prediction of the
point of emergence of the SSPE gene. Results were confirmed for these
speculations using empirical techniques for protein identification in various
species.

Chapter 5, “The R3 Methodology for NMR Structure Calculation in Sparse
Data Backgrounds” describes an experimental addition to the CONNJUR
framework for NMR data processing that enables calculation of protein structures
on heavily pruned input data sets (that is, data sets where copious amounts of
assigned chemical shifts and available NOESY peaks have been removed). This
method was tested using an in-memory model of the structure calculation
process that is capable of auto generating hundreds of test data sets as inputs to
the traditional, semi-automated structure calculation process — which typically
fails in sparse backgrounds. The large-scale automated testing of this method

using the CONNJUR integration framework demonstrated the theoretical viability
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of this new method for structure calculations, and is an important step forward
towards the construction of a fully integrated solution to NMR structure
calculation.

The approaches taken in these chapters demonstrate the key aspects of
integrating the resources diagrammed in fig. 1.

Federated Systems and Data-marts: A Strategy for Data Integration

In this section, the aspects of database integration that are foundational to
this research are discussed. All databases share a common thread: they provide
access to some corpus of information in an organized and structured manner
(Bergeron 2002, Simsion and Witt 2005). For example, a phone book might be
thought of as a primitive database: It is used to collect and index a large body of
information describing the locations of businesses and/or people.

Many digital bioinformatics databases exist today, cataloging a broad
range of data about biological entities (Berman 2000, Pruitt et al. 2005, Sayers et
al. 2010). Historically, such repositories have been “file” based: they accumulate
records in large files, or clusters of files, and impose a higher order of
organization on such files using folders, internal formats, or indices (Berman
2000, Pruitt 2005, Vyas 2008).

Modern structured databases (in particular, the “relational database”) go
one step further by storing data records as a decomposition of uniform,
semantically meaningful relationships and attributes (Erlich et al. 2004). This

strategy enables abstract operations on different records, which allow for
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normalization and integration not easily achieved using a simple file-based
approach.

Traditional relational databases may therefore play a key role in
approaching more robust data integration by automating rich queries spanning
different data types, but they are not, in and of themselves, a one-stop panacea
for all data integration problems (Bergeron 2002, Simian and Witt 2005,
Venkatesh et al. 2002). For example, relational systems do not natively support
the access of data from fractionated and non-relationally structured sources. The
distributed nature of modern bioinformatics databases thus requires a higher
level for integration that goes beyond the decomposition and reformatting of
information. This fractionated landscape is informally depicted in fig. 1.

An approach to integration of such fractionated resources commonly
exists in one of two common forms: a “federated system” or a “data warehouse”
(Bergeron 2002, Venkatesh et al 2002). A federated system is capable of
serving data from a wide variety of sources via a simplified, central portal that
links to external resources. Such a repository might be referred to as a “fagade”
or “proxy”. Meanwhile, the data warehouse focuses on hosting such data by
collocating it (Venkatesh et al. 2002). Thus, a warehouse directly integrates
records (in contrast to the federated system, which “proxies” them). As one
might expect, federated systems are ideal for synchronous access of rapidly
changing data, whereas data warehouses excel in offline, analytical tasks.

A third construct for data integration, which is most representative of the

approaches taken in this work, is known as the “data-mart”. Data-marts are
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small, efficient data warehouses that excel at a specific and well-defined task.
Data-marts typically make up for their lack in completeness by realizing highly
efficient, low-cost solutions to data mining problems that can be effectively
bounded in scope (Bergeron 2002).

For the protein data integration tasks described herein, we heavily rely on
federation to generate data-marts. Our reliance on federated methods is partially
due to the overbearing constraints that data warehouses may impose in certain
scenarios (Simsion and Witt 2005). For example, consider the task of creating a
database of mammalian proteome records using a data warehouse: Such a
construct, storing the entire sequenced proteomes of life, would contain upwards
of approximately 2GB of raw textual sequence data and would consist of
approximately 4 billion amino acids, only 5% of which would be mammalian
(ftp://ftp.ncbi.nih.gov/refseg/release/release-statistics/). That is, 95% of the
sequence portion of this database would be completely unused. It is obvious that
(when dealing with data of this magnitude) analysis on a conventional computer
might be suboptimal if a data warehouse strategy were to be blindly chosen in all
cases where integration was required.

The need to understand the role of all genes, their interrelationships, and
their particular functional attributes is lofty enough as is. There is obvious
immediate value in further constraining scope of bioinformatics to a particular
methodology or technical dogma. Thus, although many theoretical principles of

database design are applied throughout this work, we focus more on analytical



support of the biomolecular data integration workflows, rather then the blind
application of any one particular computational technique.

In this spirit, the following pages exemplify an agile combination of
relational databases (for querying), data-marts (for integration) and federated
systems (for “lazy” data ingestion), all applied to a broad range of problems in the

protein bioinformatics regime.
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Fig. 1. An UML-attributed (www.uml.org) diagram exemplifying the fractionated
yet interrelated nature of bioinformatics data repositories. Each square object (for
example, “Protein”) represents a data “class”, which may have sub-types (i.e.
UniprotKB), which comes from a data source (i.e. Refseq). Clouds represent
data sources, dashed arrows represent relationships between data sources and
data types (boxes), and straight arrows represent data “outputs” of clouds. In
UML, “packages” can be used to separate different data classes, and that is
done here to separate sequence, structure, and taxonomy. Left: Structural data
comes from the Protein Data Bank (PDB). Empirical evidence for structures is
stored at the Biomagnetic Resonance Bank, which can be linked to PDB chain
ids. Structures can be compared using alignment methods. Middle: It is
instructive to note that all “Protein” records that come from Refseq, UniprotKB,
and UniParc may have sequences, names, taxonomies, and taxonomical ids —
yet their identifier fields are distinct. External services for sequence alignment
can match records to one another, and similarly, can be used to integrate
structural data with sequence information (Chapter 3). Right: Taxonomical data
can be integrated with genomic and protein sequence records using taxonomy
identifiers, and compared using phylogenetic reconstruction algorithms (Chapter
4).
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Abstract

g wee, dutrit wd prods " sy madium, provided the orignal work & praparly diad.

Background: One of the most important developments in bioinformatics over the past few
decades hus been the observation that short bnear paptide sequences (minimotifs) mediate masny
classes of celller functions such as protein-protein Interactions, molecular trafficking and post-
transiationsl modiiications. As both the crestors and curatore of 1 database which catalogues
minimotiiz, Minimottf Miner, the authors have a unique perspective on the commonalities of the
wany functional roles of minimotifi. There i an obvious usefuiness in standardizing funcoral
sonotatiors both in aliowing for the facte excange of deta between wvartous bioinformatics
resources, s well as the internal dustering of stz of related dima dements. YWith these two

purposes In mind, the authors provide a proposed symtax for minimotif semantics primartly usekd

for fumctional amnoctation.

naconm. edu; Michael R Cryk* - grploffuche. edw; Martin R Schiller* - saaninschiller@runly edo

Results: Herein, we present 1 structured syntax of minimotifz and their functioml anrotation. A

syntax-based mode! of mimimotf function with established minimotf sequence definktions was

implementad using a relationsl database managament system (RDBMS). To amest the yaefulness of

our standardized semantics, 3 series of database quertes and stored procedures were used to
classify SH3 domain binding minimotifs into 10 groupz spanning 700 unique binding sequences.

Conclusion: Our dertved minimotif syntax is currently being used to normaltze mimim otif covalent
chemistry and functionsl definitions within the MnM dutsbase. Amahysis of SH3 binding minenotf

data spanning many diferent studies within cur database revesh unique sttributes and frequendes
which can be used to cassify different type of binding minimotifz. implementatton of the syntax

the relational datatuse erabies the appication of many dierent aralysis protocok of minimotsf deta

ad & an important ool tut wil hap to better wnderstand apectficity of minimottf-driven

molecular ntaractions with protaine.

Background many cellular functions [1-3]. Many minimotif databases
Minimotifs (also called Short Linear Motifa [SLIMs]), are  much as Minimotif Miner (MoM), Fukaryotic Linear Motif
short peptide sequences which play important roles in  (ELM), phospho.ELM, DOMINO, MEROPS, PepCyber
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and HPRD have cataloged more than a thousand minim-
ofif entries and are expected to have significant growth in
the near foture [1,4-10). Each of these databases model
functional minimotifs in some capadty, often using indi-
vidualized annotation achemes naeful for the mibnet of
minimotif dats being managed. As the amount of minim-
otif data continuea to grow, there are seversl expected
advantages to be gained from the use of a standandired
syntax. A andandized syntax will fadlitate exchange of
data with different minimotif databases. Likewise, a2
standardized syntax will allow integration with other non-
motif databases enabling researchers to examine the con-
nection of minimotifs with new types of data (e.g. disease
muations, protein structures, ceinlar activities, etc ), pro-
viding new opportunities for data mining. A standandized
syntax will also allow refinement of minimotif sequence
definitiona, redisce redundant data, and nommalize future
annotation efforta.

The authors have been the amaiors of the Minimotif
Miner database for the past four years. In compiling and
managing this large dataset, we have had a lengthy and
detailed exposure to the functional annotations arnrently
reported in the sdentific literature. This umique pempec-
tive has afforded us the insight as to certain common fea-
tures of the functional annotation of minimotifs. Here we
propose a standardized definition for minimotifs that is
axrently being used within MnM and which can be
broadly applied to all minimotifs induding those in the
aforementioned databases.

We have observed that all minimotif annotstions are
composed of two major categories, the covalent chemistry
and the fimction of the peptide. The fizst component of a
minimotif definition inchudes its sequence and modifica-
tion information. Schemes for modeling the sequence of
minimotifs are well established and have been adopted
from previous work modeling protein domains{11,12].
The proten sequences of minimotf instances are
sequence stringy of amino adds represented using an
alphabet of TUPAC single letter code amino add abbrevi-
ationa (13]. For eample, the PKTPAK' sequence in Kali-
fnn desaibes an instance or single ooccumence of 3
minimotif. Higher keved minimotif abatractions are often
represented a3 consensus sequiences of poaition apecific
scoring matrices (PSSMs). Consensus sequence defini-
tions identify permiasible positional degeneracy. PxxPxkK
is an example of consenan definition that deacribes mm}-
tiple instances for proteins that bind to the SH3 domain
of Crk; ' indicates that any of the 20 amino acids are
allowed at the indicated position. Degeneracy can also be
indicsted for groups of amino acds that have similar
chemical properties represented by a set of Greek aymbols
{14]. Consensun sequences can be reprasented as regnlar
eaxprassions in PROSITE syntax (12). Probability-based

hitp://wwew biomedoentral com/1471-2184/1(/300

PSSMs, like consensus sequences, represent the degener-
acy at each position, but have the advantage that the prob-
ability of an amino add at each position ia explicit. PSSM
are commonly epresented as LOGO plots [15,16).

The sequence definitions described sbove, by themselves,
have been found to be insuffident to describe many min-
imotifs which require additional covalent chemical mod-
ification. A set of rules for indicating post-translational
modifications was previoualy defined by the Seefeld Con-
vention {14). One such rule is to indicate a phosphor-
ylated rexidue by a lower case 'p' preceding an amino add
(e.g. RSxpSP indicates the second Ser is phosphorylated
in this 14-3-3 binding minimotf |17]). In our experience
there are two important limitations imposed by the
Seefeld Convention. Firat, the forced distinction between
lowercase and uppercase character sets puta undesirable
constraints on the impiementation hardware/software;
likewise the use of Greek characters to indicate degenexacy
of amino acids with similar physical properties in minim-
otif definitions can also be problematic due to machine-
spedific character encoding. Second, this minimotif syntax
is not extensible to all of the approximatedy 500 known

modifications, several of which have
established roles in minimotif funcion [14,18]. For
oample, myristoylated residues and ds-proline bonds
can not be enumented using the Serfeld Convention. In
this paper, we describe 3 model that overcomes these im-
itations for minimotif sequence definitions.

The second component of minimotifs is their biological
function(s), which have generally been free-form dexcrip-
tions in minimotif databases with no set standard. To our
inowledge this minimotif subdomain of imowiedge has
not yet been modded, which limits the ability to integrate
data from different datsbases and hence their global use-
fulness. There are several ontologjes that address domains
related to minimotifs. The Gene Ontology (GO) defines a
voabulary for moleailar and cellular functions and the
ansodiation of these functions with gene products. While
this ontology provides a useful resource for functionsl
activities, the GO datsbase is not designed to dexcaibe
minimotif functions, nor capture important common
atiributes that are specific to minimotifs (19]. For eam-
ple, the bind function in GO does not indicate the resi-
dues involved in an interaction, nor if any of these
residues require any post-translational modifications.
Likewise, the Pmotein Ontology, PSI-MOD, and Refleq
datsbases hep to define entities that can be uaed formod-
eling minimotifs but are not sufficient by themseves for
this purpose [20,21].

We provide a standardized semantic and symactic defini-
tion of minimotifs glaned from the data contained
within MnM 2, and have exeaxted its implementation by
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refactoring approximately 5000 minimotf annotations
within MnM. As an example of the utility of this model
and syntax, we demonstrate the use of the new database

in damifying SH3 binding minimotifs.

Minimotif Function Elements

A disambiguated and extensible semantic basis for mini-
motif functionality was derived from a set of nila which
characterizes the approximately 5000 minimotifs in the
Minimotif Miner (MnM) database [1] without informa-
tion loss. We have not aeated a formal grammar, b
rather 3 set of rules that characterize minimotif deacrip-
tions. For any minimotf dause, the syntax is Minimotif
(subject), Actiwity (verb), and Target (object) which can be
derived from a set of rules. We define these three major
dements as follows:

Minimotifs consist of sequence definitions and sources.
The sequence definition cm be an instance, 3 consenaus
sequence, or a PSSM; all three dasses of minimotifs are
commonly reported in the literature. Instances reprenent
primary dsta, whereas consensus sequences snd PSSMa
are imerpretations of the data. Minimoti may require one
or more post-transiation modifications such as phospho-
rylation or proline isomerization. In each motif, these
modifications can be described by one or more residue
namex, type(s) of modification, and position{s) in the
Mirimotif sequence. Another approach for modeling resi-
due modifications could be the atomic modd previousty
described [22]. A source is the protein or peptide that con-
tains the minimotif sequence. For example, in ' [PKTPAK
in Kalirin] [binds] [Cik)', 'PKTPAK' is a sequence defini-
tion and Kalirin' is the minimotif source [23]. Ahema-
tively, PodxK is a consensus definition that describes a
consensus sequence for multiple instances.

Targes are proteins, nudeic adds, cartbohydrates, lipids,
amall molecules, dementa, metals, drugs, or compleaxes.
In the case of proteins and nudeic adds, Terges may be
asociated with sequence definitions. Target proteins may
contain domains as defined by the Consaved Domain
Database {24). bdong to a hierarchical dassification
based on fold {25] or refer to detenmined mructue ee-
ments [ 26]. In the above eample of the PKTPAK minim-
otif, the Target 'Crk’ can be expanded 1o be more specific
‘Ist SH3 domain of Cik'; referring to the N-terminal of
two SH3 domaina in Crk.

Activities are the actions of minimotifs and all minimotif
activities can be generally dassified as binds, modifies or
traffia. The 'Binda’ Activity daaibes an interaction of a
protein containing 3 minimotif with another molecule.
The'Modifies’ Activity defines a chemical change to 2 min-
imotif sequence that can be further subategorized into
enzymatic activities such as phosphorylates, amidates,

htip:/wwew biomedcentiral. com/147 1-2164/1 01260

geranyl gemaylates, deaves etc The Trafficy Activity
deacribes minimotif sequences equired fora proteinto be
shuttled between cell compartments ar other specdific loca-
tiona within or outside of cells.

In a mumber of minimotifs, 2 Minimotif and Activity are
imown, but the Target has not yet been identified or it is
not yet known if the interaction of the Minimotf with the
Target is direct. This information is still useful, thus we wid-
lize 2 Required' Activity category which indicates that a
minimotif ssquence is necessary for a molenular or cellu-
lar activity. For omample, the PNAY minimotif in Cik is
required for Abl kinase activation (27]. In this case, Abl
kinase activation is 2 subcategory of Required’. As in this
oample, the Terget is null for the Required’ Acvity.

Minimotif Syntox

In order to combine these major minimotif elements and
the minimotif sequence definition into human-interpret-
able semantic sentences we have defined 22 different
attribates of minimotifs (Table 1) and dexived the set of
syntax rules listed below. Our goal was to identify a min-
imal set of rules that combine minimotif elements in
onder to regenerate valid minimotif sentences for the
~5000 minimotifs in the Minimotif Miner database. Valid
minimotif sentences are based on these syntax rules, and
biological entity categories of innumerable size (i.e. pro-
tein domaing, protein names, molecule names, etc ).

Sywtax Rades

Format: Minimotif dements in quotes are vadable and
defined in Table 1. Additional definitions are shown in
Table 2. Boid text does not change and ialicized dements
are optional. Each minimotif fnction conforms to one of
four rules (binds, modified, traffics, required).

‘Minimotif = ‘Minimotif Sequence' (' Required Modifi-
cation') in Peptide’ OR Protein’

Protein target’ = 'Domain pasition’ ‘'domain’ domain of
Protein’

Target = ‘Molecule' OR ‘Protein target’

Required modification’ = ‘Amine acid' 'Position’ resi-
due s pastraulational modificetion’
‘Activity modification’ = 'Amino acid’ 'Position’ residoe
s ‘postwraulational modification’

BIND RULE: ‘Minimotif' binds Target'

MODIFICATION RULE: 'Minimotif’ is modified by the

‘enzyme activity' of the ‘Protein target’ ('actvity modifics-
tion').
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Table )1 Astributan of a sinimoti¥ dafinition

#  Astribute’ Valid valees and description

f  Motf saquenca ype {Corsamus, inomsca, PSSM) type of seqpaanca dufiiton

2 Mouf sequence Any conmnna, nrsncs, o PSSH dmcartbing & minmonf pretain saquencs

3 Required modication dascription of chawical haage 10 of sage

4 Motf sowrce mma The aune of protein or peptide thet the of

5 Mool sowce sccamien member  Swins-Prot, RelSey hurs for pr > e the of

6 Mouf sart pesiion ivtager sart pasition of the minimwif in mettf 10urce scommwion aumber

7 Mouf sourca type w-aw ‘- hath 0f waz invassigatad as & paptids fragment or i 1 protein

8 Acwwy {binda, modiias, requires, wrafics) the action of the mirmont

9 Svbsamy A mors detalied dascription

10 Actviy modfication Description of achivity that comiensly changss 3 ouf negy

{1 Targstname The mme of tha malacule that scs upon the minimout

12 Targes scomssion numbser L:mi.lmthwmwl)hTmrwwwm

13 Targetwpe mmm d ‘hasher Target wis investigatad a1 1 paptide fragment or in a protain

14 Targst domein {wy domain in the CDO) protain dommin in the minimotf Terpet

1S Target domain positon Ivtagar that Indicatss the relathe locesion of 1 domein relsitve te s N-tarminws for preteins that heve mors
than one copy of the sme dowain

16 Target v vingar for sita where & minimotif binds a molacaie, i more than one pits s lmove

(7 Swbcallular iocaleatien Ragion of the call whare the minimotif activity otours

18 Aoy (Kg ICSB, K,) ransuramant of allieity of minimettf for ks tangac

19 Sorecure PD8 acxassion number) for a reruciurs of sthe minemotif In complax with ts wrget. A colsted sarfwts &
‘relotad ' of the of source er target.

2 Bparimantal sviderca PX-ray, NMR, Phage disglay, papiice mapping, g evolstiomry comerwaton,
e Ranarca, N1C, SPOT . P v, o omenapeacpiton s 3 yr bl
dfierent typas of cxparimantal evidunca thet suppers 1 minimonf sentence.

21 Minimest referance PubNad identthar or PDB scomsion nembar) indicatas the rafarsaces seurcais) of the deta mpporting the
raivimout definiion

22 Dvabuse rferanca Cress rofi 10 © other dutabess that contuins sember wif daflniton.

' | Astrioutes sre brokes uwp W0 4 secions relutad te the Aatmtf (16), Acsay (79), Terget (1815), and propersies ({619) of MeafAchey Target
relnimetf sesvtencas.

22



BMC Genomics 2000, 18:360

Table 2: Definitions of minimotif elements

http:/wwrw biomedcentral.corn/ 147 1-2 164/10/360

Bemeat Definkion

Mnimont The covek y of & peptide sagment rapr d by & sequ duf nd arvy ragpdred modiicasen snd
mintmett seurcs

Mimimetf sequence  An comanses or PESM that describes » papaide mirimowf of lass than |5 centigeous residess

Requrad modfcasion A changa in the covelent ch yols tf noquer

Motf Source The protain or papaida th cantains the mouf

Target The melecule relatad to s winimont by an scatviey

Actrery Tha actien of the rinewont

Binds Type of tvity that Invalves 2 direct intaraciion batwasn two or more moleculs spacies

Modfies Type of actvity where the misimets hus a chasge in #s covalent cvemisiry

Tralbcs Type of activity whars s prateie mevas beswasa callular comparowests

Required Type of acaivity whare & minimonf iz required for  chemical er calivier procass

Charwical procam An svent that resuits in 3 dungs of cowlent bonds on & molecule

Calkinr comparsment A placa in the call that can be discarmad by the localzation of at least oae molecula

Paptda Shart polymar of wwino acks

Proteia Polyraer of amino acids

Dowsin Aregon of a pr that folds independanily

Dowain pesiios Lecmion of s dowaia type ia & protwin that has more tun ena capy of a de: ypa relative to tha N

Celldar process An event ar saries of evants that ceiels In an ebsarvable change is a calf

TRAFFIC RULE: 'Minimotif is trafficked by Target’ to
‘Cellular compartment’' OR ‘Minimotif' is trafficked to
‘Cellular computment’

RBQUIRED RULE: Minimotif Is required for ‘Chemical
Process’ OR 'Celluler Procass’

Sywiax Exmmples

BIND RULE: [ILboocxNPxY (tyrosine 497 residue is phos-
phorylated) in Interieukin 4 receptor binds PTB domain
of IRS-1 [28}.

MODIFICATION RULE: GRG in miyelin basic protein Is
modified by the N argnine methyhation activity of
PRMTI (Amginine 107 is methylated) [29).

TRAFFIC RULE: WHIL in Synaptotagmin is trafficked to
synaptic vesides [30].

RBQUIRED RULE: GKFC in peptide is required for cell
adhesion [31].

Miimotlf Model and impiementation

The minimotif syntax was abstracted as a conceptual data
model, which was used to derive logical and physical data
models. An entity-relationship (ER) diagram of our con-
ceptnal data model is shown in Figure 1. The primary
objects in the ER diagram are the Minimotif (green ), Activ-
ities (orange), and Target (Cyan) each of which containa
details regarding their attribunes. Each Minwsotif has a
sequence and may have a modifiation {e.g tyrosine
phosphorylation in BIND RULE). All Minwmoti are in
pmwteins which may have ortholognes and domains. Each
Mindmotif can have 3 Target which is 2 molecule (Protein,
Nudeic acid and small moleaie are moleqiles; cyan).
Moleailes are in cell compartments. The Target has two
relationshipa with the Minimosf (orange): modifies refers
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Compartment

Target

hitp_Sweww ivormedcentral .comd 1471-2164/10/3060

Cellular Process

mucleic acid

Small Molecule

Modification has a

Sequence

Figwre |

fintity-relationship diagram of a conceptusl minimotil duta model Acthtses sre colored orangs; relatianehipe are
gray. molecules are cyan. There are properties of a MotfiAcivity/Terget 1 the database that are ROt present it this concepaal

10 2 change 1n chemustry of the Mummotf, thas the Target
18 a enzyme m ths case (MODIFIES RULE) For eample,
a2 Muumotsf that w ant by a protease s chemically modafied
by an enzyme The Tagst can also tand the Movmotyf
{BIND RULE) In the case where 2 Targst molecule 1 not
known, the Mimmmotif may be required for some Activity as
n the REQUIRED RULE above The TRAFFIC RULE m not
represented 1n thes chagram, bat 2 Mimmotyf » trafficked
by a Target from one cell compartment to another; the Tar-
gt need not be known for the TRAFRC RULE

The phymcal implementation of the database 13 shown n
Rpure 2 The demgn of the mmmmotif rdatonal database
shows an inemection table (motyf_sowee) of the Mimmo-
8f Acamty, and Targst tables. Each mimmotf i the data-
base table has s own speafic attnbutes such a8 mimmotd
type (consensus sequence of instance), 2 structre from
the Pyotesn Data Bank, an affinity for the Munmotsf/Target

We have previously reported the MM 2 database which
comtams more than 5000 mumotfs |2] We hawe now
refactored the MnM 2 database to use controlied vocabu-
lanes These mciude the Gene Ontology (GO, the Actusty
term names and 1d's for common molecular functons),
NCB! Taxonomy for ¥d's and species names, NCRI Con-
served Domam Database (CDD, the names and dentifien
for protem domans m motsf Targets), NCBI Reference
Sequenca (RefSeq; for Target and Mummotf source pro-
tan names and 1ds), Human Proteome Orgamrzation
(HUPO. for expeninental endence names and v8's), Pm-
Mod for post transianonal modafications of AMmmotyfs,
and the Protean databank (PDA, for acooamon numbers for
prowemn struchre files) The new rdational database that
uses these controlled vocabulanes enforces, normahies,
mizgrates, and exphatly defines the smmmotf semantics.
Detasls concerning the database are in Metivods.

The mirmmotd in the Minznotf Miner (MnM) database
were refactored and mpiemented m MnM 2 (2] Our

Pagefol 13
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implementation of ths model supports an integrative,
semanically-rich minemotf analyms wia the Structiwed
Query Language (SQL). and importantly, is compatble
with external motif analysis algorithma. This implementa-
tion enables extraction of groups of Minimotii which
share common values for any ssbeet or combimnations of
subsets for the 22 different attributes m the model (Table
1) A st of 10 rules can be used to regenerate stroctured
unambiguous human seadable annotahons (see Addi-
tonal file 1]

We have buill 2 user inmerface that enables usens o query
thas database. This webpage 18 available as 2 link from the
MnM 2 webeite. Users can select identifiers or text based
descripbons from controlled vocabularies 0 query the
database For example, all SH3 binding matifs can by
identified by selecting this domain from the CDD control-
led vocabulary for domains [24] Many minimotif
attributes can be queried from this page.

Once the query sysiem s used 10 retneve and group pri-
mary mimmotif data (instances), intespretations of this
data are often the next step in mmimotif analysis The
inerpretations of this data most commonly reponted in
the literature are consensus PSSMa, and group-
ings of families of mimmotifs; these can be automatically
penerated based on query resuits generated by the afore-
mentioned quety system

Often 2 single laboralory does an expenment that 1denti-
fies 2 consensus sequence, PSSM of grouping. MnM stores
indiwidual mstances as reported in the literature, 2 well 23
mferred consenaus arquences 33 reporied by the authors
Our new quary page has the advantage that consensus
sequences, PSSMs or farlies of matifs can be generated
from user-selecied mstances from one or more independ-
ent studies. Thua, this tool can be waed 10 study groupings,
consenss sequences, and PSSMs, which can vary signifi-
cantly between different smudies. Once groupings of

Page 7 of 13
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inntances are sdeced from the new query page, users can
then generate consensila sequences of PSSMs.

Groaping SH3 Domain Binding Minmnotifs

There are many advantages expected to be gained by the
use of a standardized minimotif ryntar and query systemn.
One such advantage is the sinplified dustering of data
within the database based on these new syntactical nules.
As a case example, we classified 1363 SH3 binding mini-
maotifs queried from the MoM 2 database. We selected this
collection of dats beciuse of both the large mumber of
reported SH3 binding minimots and the growing
number of consenss sequences {e.g. PaP, Rx-
PoxP, and PxaPxx [KR]). We poaed a number of questions
which would have been diffinilt to address without the
syntax, but which are now easily addressed by querying
the new reational database. Which SH3 consenmus
sequences are most comunon? How many SH3 binding
consensuses are present in different instances? Do SH3
minimotifs bind to the same site? Is there a residue pref-
erence for degenerate positions?

A number of these questiona had alrexdy been answered
in an ad hoc fashion, but our goal in this case suxdy was to
address these questions in a2 systematic manner. Addi-
tional details for thia analysis are provided [aee Additional
fide 1].

The groups of SH3 binders were extracted by custom SQL
statemnents filtering Minimotii by type (comaenaus vs.
instance), Target (SH3 containing proteins), and Activity
{binds). This resulted in 1363 (741 unique) SH3 binding
minimotifs, which could further be segregated into 69
consensus sequences and 672 instances. These sequences
were compared inside our datsbase for similarity based
on the Shannon Infoonation Content simil arity metric as
inplemented by the Comparimotif library [32). This ansl-
yis resulted in 10 minimotif groups that desaribe all SH3
binding minimotifa in the database (Figure 3). Details
concerning the dustering analysis, queries, and resulta
that lead to the distinct minimotif groupa are provided
fsee Additional file 1].

Structural analysis of SH3 Ngands

In order to better understand how these 10 SH3 binding
minimotif groups were rddated to each other, we analyzed
their known SH3/ligand complex structures. We queried
the Minimotif Miner database and located representative
structures for eight of the 10 groups. The fit function of
Molmal was used to align the backbones of the eight SH3
domaina using 6 residues in the p1 sheet, 4 residues in the
310 helix and 6 residues in the 84 sheet [33]. The root
mean squared deviation (RMSD) for alignment of the
backbone msidues in these regions was 0.9 A indicating a
good alignment (Figure 2). We then examined the rela-
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tionahips of the binding sites of the different minimotifs
by adding the sidechain bonds of the conserved residue
positiona and badkbone atoms for each minimotif. For
two structures we were only able to identify the binding
sites based on mudear magnetic resonance chemical shift
mapping experiments [34,35).

Our analysia revealed that although SH3 domaina are
most commonly disassed for their ability to bind Prod®
comaining peptides, members of the SH3 domain family
bind several different consensus sequences and have spe-
clalized stnictural intexfaces. Of the 10 minimotif groups,
many used different binding pockets on the SH3 domain.
Four minimotifs bound in a simil ar region to the standard
Pod® binding site (ToorPod, BaxB, PoorPR, and KPTVY).
The Biod (B = basic) shaces only one of two binding pock-
ets with PxxP as previcualy noted [36,37]. Two of the
motifs (RuPioxP and ProotPR) were found to bind in two
different orientations with the peptides flipped ~180° in
the binding sites. Two other consensus sequences bound
previcualy identified alternative sites not near the Pod?
site, and two had no structural information. This analysis
confirms the distinction of the minimotf custers dexived

by the sequence based-analysis.
Mot SH3 domain innding peptides have mulktiple

COnsEnsu’ MGLENces

Until recently, BxxB, PoxPR, and several other types of
$H3 binding minimotifs were not known. Given that
there were 10 different types of SH3 binding consensus
minimotifs, we wanted to lnow 1o what extent did previ-
ously studied ligands have muitiple consensus aequences.
We designed a query (query 9) that ssessed how many
COnsensus sequiences were present in each ligand exchud-
ing the pairng of PP with RaPod® and PaPx (KR}
because these minimotifs are children of PodP.

The average number of minimotif consenm per SH3 lig-
and was 23 indicting a tendency for each ligand
sequence t0 have muRiple SH3 consenss sequences. In
the most extreme examples the SPTPPPVPRRGTHT,
QPPVPSLPPRNIKP, KKPPPPVPKKPAKS, RRPPVPPR, and
RRAPPPVPKKPAKG ligands each have five of the 10 dif-
ferent SH3 binding consensus sequences. For each con-
sensus sequence, we have also reported the percent
ambigpity in Figure 3 which is the percentage of each min-
imotif for which there are mubktiple conaensus sequences.
It is obvious from this analysis that 3 high proportion of
previous SH3 binding experiments assessed ligands with
potential to have multiple ligand binding modes. Thus,
the majority of SH3 binding data may be subject to
ambiguows interpretation (Figure 3). In interpreting many
prvioua SH3 binding experimenta, new ligand binding
modes may now need to be considered in the experimen-
tal interpretation. Our database contains only 50 of the
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270 known human proteins with SH3 domains, thas the  all SH3 ligands in the dstsbase contained either s lysine
10 SH3 minimotif groups we identified may become even  or arginiae, suggesting that 2 positive charge may be an
mmm.wmdums important factor in lgaad binding 10 SH3 domains.
domains. mmhmy“:w&hwﬂ—

All SH3 domain binding pepttdas hove base rastdnes
To farther characierine the SH3 landecape. we  dues in SH3 ligands wese the negatively charged rexidues.
pesformaed analysis of sesidue content in alt SH3 ligands

wing quevies s deacibed in methods. Compositional  The overall average calculated charge of SH3-binding pep-
analysis showed a high peefcrence for proline (4.2 fold),  tides in our database was +3.2 & 1.4 (sverage length of
asginine (1.7 fold), and lysine (1.8 fold)(Table 3). infact,  12.] 3 3.1 residues); this calcslation is based on ssmming
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charges of basic and acid rasidues assuming a newtral pH.
Of nine other groups of minimotifs with common
domain tagets in MM 2 only minimotifs for Calmodu-
lin (n = 31) and 14-3-3 (n = 44) had net positive charges
0of3.01 1.3 and 1.0 1+ 0.9, mspectivdy; PDZ (n = 1089),
SH2 {n = 952), kinase (n = 206), PTE (n = 168), protease
(n = 93), FHA (n = 67}, WW {n = 27) and phosphatase (n
= 25) domains had ligands or substrates with an average
neutral or net negative chage.

Collectively, these query results strongly suggest that
known SH3 peptide ligands have a more positive overall
charge than proteins in the human proteome. It is impor-
tant to note that when restricting the SH3 Mgand query to
non-BxxB sequences, the average ligand charge was still
+2.2 4+ 1.2. Only 11 of the 1363 sequences had 3 neutral
or negative charge and several of these were for
WP E and PoxDY minimotifs, which have few
instances in the dataset.

Discussion

We have developed a syntax with 2 set of rules that
describes the more than 5000 minimotifs in the MoM
database. While this syntax ia complete for the data cur-
rently managed by MoM, we will actively continue to
develop and expand this model to support additional
types of data. The syntax is imporntant because it enables
the use of controlled vocabularies through defined niles,
integration with other types of databases, exchange of
data between minimotif databases, and the sbility to
address diffioait questions that are fadlitated through
mining of minimotif data.

hitp://wwew biomedcentral com/147 1-2164/10/360

Quirent approaches for defining the covalent chemistry of
minimotifs are not without Mmitations, beyond the post-
translational modifications discussed earlier. The most
commonly used representation of a motif is a consensua
sequence. The definition of the word consensus does not
necessitate that all members of 2 group conform, thus
consensus sequences, while having the advantage tha
they can be used to group a mumber of instances, can also
introduce ambiguity. For example, Caimodulin binding
minimotifs have several members that do not conform to
consensus sequences {39].

We have decided not to model a rdationship between
instances and their consensus sequences because these
can be moonstructed through database queries that use 3
wider set of data. However, this approach remains to be
tested with rgor and consensus sequences with noncon-
forming members may prove difficult There are likely t0
be other ways that consensus sequences are limiting, for
oumple, our SH3 minimotf analysis suggests that this
binding minimotif should have an overall positive chage,
which can not be reprasented by 3 consensus sequence.
Furthermore, our semantics anrently rely on consensus
sequence definitions and our syntax doex not support
PSSMs. While a thorough discussion of sequence defini-
tion limitstions is beyond the acope of this paper, we
eped that through continned annotation unsing our
standardized syntax we will able to identify all anomalies
in our modd and adjust it accordingly.

Through owr work on minimotifs, we recognized a
mumber of other important limitations that will need to
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Residue Total Count Composition (%) Enwichment (fold)
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be addressed in the future. Several attributes of minimo-
tifs could be modelled better. For mample, some Targes
of motifs are complexes, rather than single proteins. Fur-
thermore, a spedific structural conformation of a protein
may be spedficto a Minimotif or Target. Wherever possible
we have tried to use controlled vocabularies, but a
number of atributes could expand on this theme. We
could better use voabularies for activities and subcellutar
localizations from the GO database. However, we have
recognized that all minimotif, and perhaps molecular
activities, fit into the general categories of binda, modifies,
or traffica, a basic grouping of imcion not implemented
in GO. Alias names of proteins also present a problem
with redundancies, but this is 2 problem endemic to many
biological databases. While many previous minimotif
descriptions in the Nterature use elements of the syntax we
propose, the syntax is not always structured the same way,
making sutornated anaotation or restrucusring of previ-
ous Nterature difficult. Finally, there is no guarantee that
all future minimotf functions we identify will fit in our
model.

We have shown that implementation of the syntax is use-
ful. Our anatysis of SH3 binding minimotifs identified
over 1000 minimotifs that custer into 10 major groups.
The majority of these groups bound to a similar site but,
the spedfic contacs in the imeraction were generally not
conserved between groups. Thus, it seems that while the
evohationary pressure for binding to the SH3 domain ia
strong, the precise mechanism of binding can vary. Thia
SH3 minimotif analysis emphasizes the necmsity of
standardiring minimotif semantics and sequences i 2
well-modeded databane with a query system that can be
used to manage dsta from a collection of related siudies.
The data-ddven dassification provides a solution to
grouping minimotifs based on 3 broad collection of
experiments with reduced biaa towards any individual
peptide screen or shxdy. The semantics and relstional
database are important in this process became a large
amount of data can be nocmalized and becyuse sequence
similasity is not the only indicstor of functional similarity.
For eample, PLPP and SKSKDRYY poasess similar activi-
ties even though they do not share 2 single rexidue in com-
mon {4041].

Conclusion

Information inconsistency arsing from infonmal seman-
tia is always a limitation for data integration. The minim-
otif semantica described here, along with the data model
and itz implementation, enable the computation of func-
tional equivalence between minimotifs. This linguistic
acheme is similar to one recently suggested by Gimona
K2

The syntax will facilitate many types of computational
analyses of minimotifs. We are now able to generate spe-

hitp://wmew biomedcentral.com/147 1-2164/10/360

cific subaets of data based on any of the 22 atiribaxtes of
minimotifs. For example, the datsbase faclitates refining
sequence definitions similar to the recent refinement of a
sumoylation minimotif {43). The nommalized syntax will
allow exchange of data with other dstabases, reduce
redundancies, and provides 3 framework for fisture anno-
tations. The syntax also facllitates minimotif classifica-
tion, as done for SH3 domain binding minimotifs in this
paper.

Meathods

Database Design

QOur theoretical model of minimotif semantics is only use-
ful if it is logically understood by a machine, thus the rea-
son why we built 2 relational database. It is typial to
implement database relationships in ways which exceed
the complerity of the thearetical data modd on which
they are based (for performance and practi cality reasons).
Becatse many Tergess can also be Minisotif containing
potrins, and the three Minimotiff Activity/Target compo-
nemts are only related by experimental work, many addi-
tional tables were needed to link information for these
components.

Full datsbase documentation is provided (aee Additional
file 2). Since the most important elements of our database
are those which directly model the semantics, 2 mapping
between our conceptual model and its physical imple-
mentation is provided in a table in Additional file 1. The
physical model also inchides many other federated data
sources which are not in the conceptual modd such as the
gene alisa names (ref_homologene 2_gene_alias), and
minimotif annotation literature sources
{moti{_source_pubmedsource) which are linked to the
ref_pubmedsource table (not shown). More infoernation
regarding these relationshipa is in Additional file 2.

Additional tables in the database were used for data min-
ing For eample, Motif_source_motif group groups
minimotif_source records and ef_amino_acid is a table
of all amino adids. The motif table contains the minimotif
amino add sequence and any post-translational modifica-
tion to the sequence. Each minimotf is associated with
one motif_soume record, which is an intersection point
for two ref_moleaile records {one being the minimotif
containing protein, and one being the moleaile type of
the target which the minimotif acts upon). The target ia
optional depending on the annotation rule.

Each ref_moleqile entry can be aoptionally amociated with
cither 3 RefSeq protein and/or s HomoloGene chuster, and
additionally may have a ref_domain record (which is a
federation of the NCBI Conserved Domain Database
{CDD)) [ 24]. These dusters are important because many
minimotif functions are conaerved across species bound-
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aries, allowing us to group RefSeq proteins which sexve as
minimotif targets.

Clustering of SH3 minimotifs [see Additional file 1]
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Background: Minimotifs are short peptide sequences within one protein, which are recognized by other proteins or
molecules. While there are now several minimotif databases, they are incomplete. There are reports of many minimotifs
in the primary literature, which have yet to be annotated, while entirely navel minimatifs continue to be published on
aweekly basis. Our recently proposed function and sequence syntax for minimotifs enables us to build a general tool
that will facilitate structured annotation and management of minimotif data from the biomedical literature.

Results: We have built the MimoSA application for minimotif annotation. The application supports management of
the Minimotif Miner database, literature tracking, and annotation of new minimotifs. MimoSA enables the visualization,
omganization, selection and editing functions of minimotifs and their attributes in the MnM database. For the literature
components, Mimosa provides paper status tracking and scoring of papers for annctation through a freely available
machine learning appraach, which is based on word correlation. The paper scoring algorithm is also available as a
separate program, TextMine. Form-driven annotation of minimotif attributes enables entry of new minimotifs into the
MnM database Several supporting features increase the efficiency of annotation The layered architecture of MimoSA

database.

allows for extensibil ity by separating the functions of paper scoring, minimotif visualization, and database
management MimoSA is readily adaptable to other annotation efforts that manually curate literature into a MySQL

Conclusions: MimoSA is an extensible application that facilitates minimotif annotation and integrates with the
Minimotif Miner database. We have built MimoS5A as an application that integrates dynamic abstract scoring with a
high performance relational model of minimotif syntax MimoSa's TextMine, an efficient paper-scoring algorithm, can
be used to dynamically rank papers with mspect to context.

S

Background

Minimotifs are shart peptide sequences that are the rec-
ognition elements for many protein functions. These
short sequences are responaible for protein interaction
interfaces involving other proteins {or malecules) in cells,
trafficking proteins to specific cellular compartments, or
serving as the basis for enxymes to post-transistionally
modify the minimotif sequence. At present, many minim-
otif instances and consensus sequenices are collected into
a8 wide spaaning set of relatively small databases such 13
MaM, ELM, Domino, PepCyber, and ScanSite [1-5])
Most dstabases focus on spedific subsets of minimotifs.
For example, Ptupho-}‘.lM has merged with Phospho-
.y b ad

Dlp\tumdﬂnh:ui( Mirobisl, and Stuctural Bology, Urivarsity of
Cnn‘cth‘ Hualth Camax 203 Fermington Ava. Fermingian, CT 06030305
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Base as & datsbase that focuses on instances of phospho-
rylation om proteins [6]. Likewise, ScanSie largely
COmcenirates on protein interaction minimotifs for a
small subset of domains. In addition to these databases,
recent years have seen increased publication rates of high
throughput studies that generste minimotif data. Despits
this growth in information, many of the reported minim-
atif attributes have yet to be integrated isto sny datsbase.

The goal of the MaM project is to integrate well-struc-
tured data for A set of defined attributes of minimotifs in a
single, non-redundant data repository with high acon-
rcy. The oumber of reports of minimotifs in the Hters-
ture has continued to grow since the Iste 19805, recently
with more rapid growth due to high throughput fumc-
tional peptide screens. Previously, we showed that the
several thousand minimotifs in MaM can be discretized
into a structured symtax which cam be directly enforced
and modeled in & relational dstabase [1,7]. Through this
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process, we recoguized the need for a sysem that man-
ages minimotif annotation, which would help identify
papery, reduce the time required for manual asnotation,
reduce ervors, duplications and ambiguities, and sids in
maintenance of the datsbase.

Currently, there are no bicinformatics tools desigmed
for amnotating minimotifs from the liceruture. Most
reported annotation methodalogies concentrate mainly
on gemomes and proteome scale data [8-10]. A proposed
stratificstion of annotation efforts refers to sequence-
based annotation a5 the first dimension of genome ammo-
tation which defines components [11]. The second
dimension can be considered those annotatioms thet
focus on companent interactions. This is exemplified by
the human kinome and other types of functional annota-
tions inthe SwissProt and Entrez Gene databases [1213]
Annotation of minimotifs can be considered s second
dimension annotstion.

In considering whether to design a novel minimotif
smnotation systers or adapt an existing annotation systera
used for another purpose, we identified a mumber of
requirements to facilitate accurats, nom-redundant, and
efficient snnotation of minimotif ltersture. We wanted
the system to interface with s relational dstabase that
enforces controlled vocsbularies from extamnal databases
snd eliminates duplication. The system should be sble to
read, write, and edit emtries in s database. The system
should display papers that have been and are yet to be
annotated, as well as support database-driven machine
learning that scores papery for minimotif content, paper
sorting, and paper fikering. The systsm should also have
the capabdlity to track anmotations from ARnota-
tors. Finally, the system should be capable of accepting
the fine-grained information content of miicimotifs, in a
structured and comprehsnsive manner

Despite advances in management and mixing of scien-
tific kterature, no tool existzd that met the requirements
we required for scaarstely annotating minimotif dats. For
eample, each of the existing sanotation took such as
MIMAS, Textpresso and Biorat only addresses a subset of
the above requirements [14-16].

In this paper, we describe MimoSA, a Minimotif Sys-
tem for Annotstion designed for managing and facilitst-
ing minimotif snnotation. MimoSA allows for minimoti€-
centric analysis of PubMed abstracts and annotation of
minimotifs. MimoSAS contents are entirely databsse
driven, thus ensbling its adsption as sn ansotation tool
for other information spaces that require extraction of
information from the primary litersture.

Implementation

We present the generalizable architectiire and implemen-
tation of MimoSA, an application, which allows minimo-
tif anmotations to be entered, reviewed, edited, spproved

Poge2 of 19

by mubkiple users, and disseminated through the publ-
cally-availsble MaM web application. We also describe a
generulizable paperscoring algarithm aad its imeplemen-
tation for renking papers that contain minimotis. By
embedding this methodology imto MimoSA, PubMed
sbstracts can be scored and associsted papers can be
ranked based on the presence of mindmotif information
comtent.

MimaSA was developed in Java bitp:/fiavaun.com snd
interfaced with a MySQL database htip.//wwywmvgl
£om using the Hibernate object-relationsl mapper Mitp.//
Jwwhiberasta g MimoSA was built to interface with
the MaM relstional database, which has been expanded
to include the sbility to store information sbout papers to
be amnotsted and the relationships between minimotif
annotations and their source papers [7]. The graphical
user interface (GUT) wes developed using Swing Nitg.//
ivasuncon/dockbooksintataluiawing.  Supporting
spplications used for offline data proceszsing were also
developed in Java. These applications identify new key-
words and terms used to highlight text in the shatract dis-
play window and download content and metadats from
PubMed for papers added into the system. For these fes-
tures, we have relied extensively on the PubMed Applica-
tion Progrumning Interface (API) and Remote Procedure
Call (RPC) litrary.

Unlike other annotstion and text mining systems, the
data artifacts produced by MimoSA are scoessible by an
APL, which is syntax-driven and stromgly typed. This
allows for high-precision annotation of articles that is not
coupled to any ome dsta repositary. Thus, MimoSA may
easily be configured, for example, to save sanotstions to
an XML document or text file by simply modifying the
data access layer implementation.

The genenility of the MimoSA application emsbles its
adaptation to other databases and other knowledge
domains. This was a consideration made during the
development of MimoSA, so as to more broadly enable
adaption to other bicinformatics projects.

Rasults

MimoSA prototype desion

The primary function of MimoSA is to suppost the pro-
cess of arnotsting fumctions] minimotifs and their mets-
dats from the primary Mteratnre. Secandary functions
inchade minimiring wser errors and dsta redundancy,
tmproving innotation efficiency through techniques such
83 sutomated motifactivity/target suggestions, and sid-
ing in the identification of papers containing minimotif
content through a machine leaming-based ranking sys-
tem. MimoSA features distinct components and algo-
rithma, which streamaline these processes.

The general annotation workflow is as follows (see Fig.
1): Using the MimoSA dient saftware, the annotator
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accesses the server housing the MnM database. The user
selects a paper for annotastion using the Psper List
Viewer. Selection of & paper axtomatically triggers the
opening of the Abstrict Viewer and the Minimotif Anno-
tation Form and directs sm external web browser to
ouline verzions of the sbstract and full text paper, if avuil-
sble. Based on the information in the viewers, the Minim-
otif Annotation Form is used to modify an existing or
enter 3 new minimotif annotation, which is then commit-
ted to the detabase. The annotatiom status of the paper is
updated using the Paper Tracker Form.

The components of MimoSA can be broken up into
three functionsl categories: MnM dstabase management
tools, minkmotif annotation tools, and psper manage-
ment tools. Descriptions of each component follow.

The database management took consist of 8 minimotif
browser and & mimimotif editor. The minimoti€ browser
shown in Fig. 2A displays all mimimotif annotations in the
MnM database and associsted sttributes in s scrollable
window that also displays the total snmber of minimotifs.
A Paper Browser is accessed from a tab and gives a list of
papers that need annotation. From the paper or minimo-
tf browsers, s Minimotif Annotation Form can be
lmnched by double dicking 2 row to enter 2 new or mod-
ify an existing minimotif arnotstion (Ag. 2B-2D). This
opens a tabbed frame where all the minimotif stiributes
sre disphyed and can be added or changed. Minimotif
simotations can be selected for as Comms-
Separsted Vale (CSV) files for external manipulation,
Likewise, an import function allows import from a CSV
file. The minimatif annotations in the browser can be
sorted based on & number of different attributes from a
drop-down memn.

The minirmotif annotstion tools consist of the Minimo-
tif Annotstion Form, the Abstract Viewer, and the Protein

[E/—X

; o ,“'_J

Figare 1 Geneml architecture of MimeSA.
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Sequence Validstor Multipe forms can be displayed at
once. On the Minimotif Annotation Form, there is a
"done” function, which opens a new instance of the form
pee-filled with all of the minimotif-syntactical sttributes
except the minimoti's sequence and position. This is
intemded to facilitate more efficent annotation of high-
throughput papers for minimotif discovery (e.g. phage
display), where several aitributes of s minimatif are var-
ied in a comtrolled fashion, thus genersting 8 broad kand-
scape of similar minimotifs with subtle varistions {17,18].
To assist the annotstor in fiMing out the form, multiple
types of support are provided. Double-clicking on any
extry fisld in the form will display 3 context memn that
gives the maggested choices based on relevant content in
the MnM datsbase. In the Modification tab, selecting a
modificstion from the context menu will populate a dif-
ferent field in the form with & PSI-MOD sccession rum-
ber. The Abstract Viewer (Fig. 3A) antomatically displays
the PubMed abstract of paper that has been selected and
highlights keywords and terms in different colors based
oua sttcibute entries in the datshase The colodng scheme
is minimotif (purple), activity (blue) targst (orange)
putstive minimotif (red), affinity (yellow), protein domain
{green); if the word "motif” is present, it is balded. Selec-
tion of & paper with s right dick also opens the abstract
on the PubMed web site and a full text version of the
paper, if availsble, in a web browser. This enables efficient
access to full text papers and to other NCBI data using
the "Links” hypedtink. Linked data of interest to the anno-
tator includes sirocture and RefSeq accession numbers.
Another that assists annotstors is the Pro-
tein Sequence Validstion fumction (Fig. 3B). Once an
accession number has been entered, the protein sequence
is sutomatically retrievad from & Jocal version of public
databases such as NCBI and displayed in the Protein
Sequence Window. Once Joaded, the potition of the min-
imotif in the protein sequence is bolded. This ensures
that the minimotif is indeed present in the selected pro-
tein.
The paper management took consist of the Paper
Browser, Paper Status Window, and Paper Ranking com-
which are addressed later. The Paper Browser
shown in Fig. 4A can be wsed to manage millions of
papers. The Paper Browser displays metadata sbout the
PubMed sbstracts of all papers entered into a table of the
MoM database, The metadata includes PubMed ID,
suthocs, affiliation, journal, publicstion year, comments,
tracking status, paper score, title, URL, sbstract, snd
database source. A paper score (discussed later) is used as
8 defmit sort parameter, akhough the entire table cam
ko be sorted by PubMed ID, paper status, PubMed iden-
tifier, publication year, or journal using s pulldown menu.
Since the table containing papers has more than 120,000
tuples, only the first 1,000 resubts of any sott are shown.
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When 2 PubMed identifier is entered snd the "Add Paper”
button is sslected, the amocisted paper is retrieved from
NCH and inserted into the dstabase. Any sbetract can be
rotrieved for review by selecting the "Lasmch by PubMed
.

The Paper Status Window, 3 subcomponest of the
Abstract Window, is weed 0 track the anmotation status
of papars (Fig. 48). Exch tisne & paper is reviewed aad the
waer wpdates the status of the papes; & “Twview eveat” is

crested and sppended 10 the paper’s history, which is
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which contribute to minimatif definitions may either ase
peptides or fal length proteins. We think it is important
o specify this as sn sttribute since the two sources repre-
sent very different chemical entities. Finally, we have
started using PSI-MOD and GO contralled vocabulsries
for indicating activities and post-transiational modifica-
tions of minimotids.

Mdentification of papers with minimotif content

The MoM database contains many papers that were pre-
vicusly annotated for minimotif content, but many maore
papers have yet to be annotated. PubMed contains well
over 19 milion sbetracts of scientific papers. Only those
papers that have minimotif content are useful for annota-
tion. Our first approach to pare down the paper st used
keyword searches to identify papers, which were likely to
contsin mimimotif content; however, thiz spproach wis
not efficient. Therefore, we developed new strategies and
an efficiency metric for the evaluation and comparison of
these strategies (see Additional Rle 1).

We initially evaluated six general strategies: Keywords/
Medical Sobject Hesdings (MeSH), date restriction, for-
ward and reverye citstions, sthors with affilistions, and
minimotif regular expressions. A detailed description of
the strategies and results are presented in Additional File
1. These strategies were evaluated wsing 3 Minimotif
Identification Efficency (MIE) scare, which is defined a5
the percentage of papers that contain minimotifs. Collec-
tively, these strategies provided a st of approximately
120,000 abstracts, of which ~30% were expected to con-
tain minimotifs based on extrapolstion.

Design and training of the TextMine algortthm that scores
papers for minimotif content

We wantad to score and rank these papers a5 8 means to
better idemtify the ~30% that contsin miwimotifs and
develop s strategy for scoring all PubMed papers that can
be used for fisture maintenance of the MnM database. To
rank papers for minimotif content, we designed the Paper
Sooring (PS) algorithm and trained the sigorithm using
structured data for defined paper sets in the MaM dsta-
base.

The basic problem of interest can be stated as follows:
given a research astide (or an sbstract) sutomatically
mank the article by its likelhood of containing 8 minimo-
tif. We used a subset of papers as 2 truining set for train-
ing the PS algorithm. Each article im a research artice
collection A, which is used for treining, is read by hand
and given 1 score of either 0, indicating that the paper
does not contsin minimotifs, or 1, indicating that the
peper has st least ane minimotif. A ximilar algorithm has
been employed to characterize unknown microofganisras
[19]. A crucial difference between the PS algorithm and
that of Goh, o si, is that the PS5 algorithra provides an
ordering of the papers instead of using s filter threshold.
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The workflow for this phase consists of the following
steps: We start with disjaint sets P, N, 10d T of sbstracts,
which are positive, negative, or not reviewed for minimo-
tif content, respectively. Let W be the ordered term vec-
tor found by taking alt significant words (e.g. words like
the”, "of”, "new” eic., that have no disciiminatory value
between P and N) from the docaments of sets P and N.
For each word w in W and each article g in P we divide
the number of instances of w by the size of & this is the
enrichment of w in & Then, we sum these enrichments
over all P and divide by the size of P to obtain an overall
enrichment of w. We repeat this over set N, and subtract
the resukt from wp to arrive upon & "score” for word w,
which ranges from -1 to 1. Higher valuss indicate more
positive associstion with minimotif contert. We now
have 1 vector of decimal "scores”, which has the same
dimension as W, with one entry per term in the term vec-
toc. Call this vector S,

Now, we compute a score for each unknown paper by
combining word scores. This phase consists of the follow-
ing steps.

1) Scan through the paper (or sbstract) to count how
many times each ward w of W acours in this article.

2) Construct a vector v of all values from (1) in which
the order corresponds with S.

3) Compute the correlation between v and § amd obtain
a Pearson’s carrelation coefficient pe for each papec If X
and Y are any two random variables, then the Pearson's
carrelstion coefficient between X and Y is computed a5
%’:{ﬂﬂmhummdmomp,
is the expectad value of Y, ¢yis the standard deviation of
X, and oyis the standard devistion of Y.

4) Thus, we have now computed s “score” of the srticle,
which is the Pearson's correlation coefficient between the
scored words from the truining set W and respective
earichments of those words in the article n.

The Paper Scoring (PS) algorithm's pseudo code is pro-
vided in the Additional File 1. The correlation coeflicients
for the Jexermes mage from -1.000 to 1.000. This score
positively correlates with the presence of minimotif con-
tent, as expected.

Paper ranking and evahuation of the paper scoring
algoeithm

The algorithm shove is packaged as an independent
spplication, TextMine, which can be used in conjunction
with MimoSA (or &s 2 standaloae open source java appli-
cution which can be integrated with any annotation or
analysis pipeline). For the test set, we selected 91 new
articles, which we determined to either have or not have
minimotif content and were disjoint from the training
sets. The basis for all testing of the TextMine sppilicstion
was derived from correlstions of TextMine scores to this
set.
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The TextMine website and package provides a test data
set which reproduces cur amalyxis for a set of test papers.
The current version of MimoSA, otilized for MnM anno-
tation, uses scores from TextMine calculsted for 120,000

sbstracts for paper sorting.

Paper scoring algorithm and training set iz

Simce the purpose of the algorithm is not simply to ank
papers, but rather, to rank papers with increasing sensi-
tivity over time, we evaluated the incresse in the algo-
rthms efficacy with respect to larger training sets. We
found that there was a degree of variatioa depending on
training set sizeg, bot that overall, both pasitive and nega-
tive truining elsments improved the performance (Table

2.

For use in testing TextMine's performance relative to
the size of the traiming set the spplicstion paciage
imchndes an ieration module, which allows for spedifica-
tion of the sizes of positive and negative training sety (this
iterstion package generated the data in Teble 2). We
recarded the performance for incrementally increased
training set sizen, and noted that as the number of either
positive or megative traiming documents increased, a
modest perfommance improvement wis observed The
perfarmance of the algorithm is determined by the corre-
Istion coefiicient between the calculated scores, between
-1 and 1, and am actual score, between 0 and L

The table indicates thst large increases in the mumber
of positive training articles were comparible to small
increases in the number of negutive training articles, uit-
mately showing that both had modest increases in value
with set size. A positive correlation coefficient between
positive or negative training size and the algorithm per-
formance was observed (0.52 and 046, respectively). The
correlation soore between TextMine scores and the train-
ing set scores showed modest increases with size (ranging
from 059 to 0.66 when using 40 negative and 400 positive
sbstracts),

The Beciver Operator Charscteristic (ROC) curve isa
standard metric for visnalizing the sensitivity and speci-
ficity of an algosithm, which differentistes two popula-
tions. We have also inchaded & ROC curve for the highest
sooring traiming set, which had 400 positive and 40 negu-
tive articles. We found that this proportion was not
required, and that significant corvelations could also be
abtained with smaller dsta sizes, s previously described.
This curve is shown in Fig. 5. Notably, the area under the
curve was sbove 089, indiating a kigh correlation
between the score mugnitude and the presence (1) or
absence (0) of a minimotif, This dats can be gemerated
using the TextMine package. The steps for reproducing
this data are described in the TextMine application pack-
ge.
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Table 2: Larger training set sizes (negative, positive)
modestly improve algosithm performance

Nagative Pupars Positive Popers PaperScare
10 100 as0
» 100 062
» 100 083
o 100 084
10 20 asé
» 20 ase
» 20 ass
o 0 as0
10 200 080
» 200 083
2 200 a5
© 300 066
10 00 041
x o0 065

0 086
I 20 066

Because the general utility of this algorithm far exceeds
the field of minimotif amnotation, we have released Text-
Mine a5 1 stand-alone spplication that is cross-plaiform

and datsbase-independent.

Discussion

We huve buik sn spplication that facilitstes annotation of
minimotifs from the primary kiterature, which we are cur-
rently using to populste a3 more comprehensive MaM
minimotif database. The application scoces & set of papers
for minimotif content. In principle, the TextMine scare
can be used to scare all PobMed abstracts for minimotif
content and can be used in the future for maintaining the
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score of each word 1 the aforementsoned dictionary, and
the corresponding enrnchment of that word m the article’s
title and sbstract. Despute the broad range of semantic
methodalogses for communication of peptide menamotsf
wformation, we stil observed sgmificant difiereshation
of the paper rankangs when apphed to the minimotif con-
tent papers.

bute besed marinp and haghighting of abstracts, the dis-
ﬂydwmmmmn\d

otsf '] status  tracking.
A SA sio f an ad dstabase-dnven

>

databese As text munung sigotstiuns mcrease n profi-
aency and scope, & may be posmble to use s larpe,
MimoSA-curated set of mimmotsf-containing papers s 3
traizung et for sutomatically detecting munsmotsf defim-
on sentences and phrases (a papers by machine learmang

approsches

The implementation of the paper scoriag algonthun as 3
SQL stored procedure in MimoSA suininates its execu-
tion snd 15 amenable 10 further machine learmang devel-
opment A static algonthm wouild have required 3 word
or file hst as nput and require manusl merging of results
nto the datsbase One hrstation of the TextMine apph-
cation 15 that it does not directly contral for type bumng
That w, depending on the trammg set, we expect that
there 1s some nsk of “wesghting” words heavily 10 bias

culated words 50 26 to enasbie user inspecbon of how thewr
traiming set infloences the algonthm. Thus allows for
informed adpmstments to the trmmng set on 3 case-by-
case bams.

Although MimoSA was developed primanly for Min-
imotf aunotabion, the PS sigorthm for sconng content in
papers has broader apphications. In conmderstion of i
potestial use, we have implemented it 25 2 separate pro-
pram, TextMine For other annotation purposes, correls-
toa scores for indwmidual words from a trumng set of
articies already known to etther contain, or not-contain,
the deared mivrmation are calcuisted. Thus results in &
rank order for seversl thousands of words. For each mangle
artacle, the PS sigonthm thea calculates a Pearwon's Cor-
relstion Coefficient between two larpe linesr sets the

ppemh:gmﬂmanbemdmnﬂm
for munmotf content, wiuch, whea combined with the
paper tracking module, represents sn adaptive approsch
to ktersture scorng and content rabng The layered
architecture, penershizable data maode! of menumotsf func-
tionakity, and database driven components
ensble MimoSA to be reachly sdapted for ather molecular
aanotstion projects.

Avalishility snd Requirements
Project name: M f for th

Project home page mmm text-
mane bio-toolkat com

Opersting systesn(s): Piatiocmn mdependent

Programming lsaguage: java

Other requivements: MySQL 5.0 or lugher, java Vir-
tual Machme 1.6 or inghes,

Licease: Open Source

Any regtrictions to use: Thus paper mmst be referenced
1 any publcation that uses MimoSA or TextMine, or any
sppiscation that i1s developed based on these core spplica-
bons.

Additional meterial

Addtenal Fils ¥ Advinional matestal Appecach for dantibyrng papers
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ABSTRACT

Residue conservetion is an important, established
method for inderring protein function, modularity
and speciliclly. R is impostant 1o recognize that it
is the 3D speftial orientation of residues thet drives
sequence conservelion. Considering this, we have
bullt a new computsfional tool, VENN that allows
researchers to interaclively and graphically titrate
sequeance homology omo surface represeniations
of protein structures. Our proposed titration strate-
Qies reveal arifical detalls that are not reedilly identi-
fied using ofher existing foola. Analyses of a b2
transcription factor and receptor recognition
of Fbroblast Growth Factor using VENN revealed
key spedificty deteminarts. Weblink: Mg/
ablools uchce adu/vensy,

INTRODUCTION

In order to gain insight into protein function, scientists
often compare orthologows protein scquences (from
different species) to idetily important residues that are
conserved throughout evolution. However, sequences are
only a 1D representation of 3D proteins. In this context, it
is the spatial configumtion of amino acids, not the protein
scquence itael, which is under evolutionary pressurc.
The 3D aspects of the conserved structural motif are not
readily decoded from a protein sequence. For cxample, a
binding surface or enzyme active sitc may have scversl
conserved residucs spread over ite entire sequence, but in
3D space the residues are consolidated into a localized
binding surface.

Many toals such as BLAST have heen developed for
genemting sequence alignments (1). While computational
took such as ConSurf (2) and the Evolutionary Trace
Server (3) are very wacful to visualize sequence similarity
cmheddod on protcin structure, fixed non-imteractive
sckection of simdar sequences Emite their uscfulness
This comstraint obacure details that are critical for

understanding protcine and protcin families Here we
report VENN, 2 new program that addresses this Kmita-
tion. Because it maps the intersect of sequence and struc-
ture to cvaluate function, it is numed after John Vemn for
his work on Venn diagrame (4).

RESULTS

VENN is a2 Java application interfaced to a local MySQL
database. Users begin by sdecting a protein structure,
which i retricved from the Protein Data Bank and din-
played using the Jmol mokecular viewer (hitp://www jmol
.org). A BLAST alignment identifies up to 500 putative
homaloge. Users interactively aclect among these homo-
logs, and the cakulated amino acid conservation at cach
position is mapped onto the protein structure as a heat
map. The application and help vidoos arc at hitp://sbtools
.uche_odu/venn/.

The VENN workflow is shown in Figux 1A. The wecr
loade the protain structure and soquence into VENN via
the Protcin Data Bank (PDB) accestion number (5).
Similar matches to the individusl chain sequences (which
are putative orthologs or paralogs) in the structure are
remotdy mtricved from EBI (6) or locally via NCBI
using BLAST and stored in the local VENN database.
The user selects a act of sequences and initiates an align-
ment of these filtered scquences, shown in the alignment
display. Sequence conservation at cach position is caku-
lated from the sequence alignment and meed to generate
a hest map that i used to color the pmtein structure in
the Jmal structural display window. The uscr can repeat
the filtration procesa scecting more, fewer, or different
groups of mquences to titrate the sequence homology
and map it onto the mwface of the protein structure.
A screen shot of the structural display and alignment win-
dows i8 shown in Figure 1B.

We have identificd four principal strategics for using
homalog titration in VENN; users arc encouraged to
create their own, novd titmtion protocola: () Sclect all
orthologs or paraloge; choosing proteine with the same
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that have low BLAST acorcs to reveal the modularity of
fanctional sites in protcine (e.g. Figure 2D).
Todmumbctlﬂhydvm-e lored these
fow strategics by n_iqC(.‘AAThh-cl-ﬁ-ﬁq
pootein B (C/ERPR; PDB: 1GU4), a traaccription factor
of the bZIP family. The auntomated BLAST analysis iden-
tiied SO0C/EBPf homologs for homology tiimtion

dues (Figure 2A). As the user titeates in the S0 quences
with the highest BLAST scores repweacnting C/EBP famlly
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Figwe 2 Homology Sratscm of C/EBPP wing VENN. (A-D)) Images from VENN

lasger spheres. DNA (green) and & heatemp colorimg code

by of C/ERPP homodian

(IGU4) chum A = shown umng

of resdue cosmecvation are shown Rewdoe camervation maps for putative C/ERPP

hamalogs are shown- (A) arthologs from four specien, (B) hamdlogs with 50 bighat BLAST scores, (C) every 20th mquence fram the top 180

BLAST scorex msct shows chan A (y:ln-) with vuns (xmgrats) nﬂ cham B (cyn). (D) comparmon
he {cyus) and Vai 225 in the DNA-tinding site

cemwosamal protem (290kDu) Asrows 4

a, A 8and y members from many specics, functional sites
for coil-coil hbomodimerization and DNA binding emerge
(Fgure 2B, cyan and yelow arrows, respectively). At the
dimerization intarface, rsiducs L3068, N310, L313) L320,
E323, L324 and 1327 are compictedy conserved among
distant homaologs and form contacts at the dimenzation
interface. Residues R278, N281, N282, A284, K287, S288,
R289 and R295 comprisc 2 DNA-hinding stc.

To ident iy differences among doedy related members
of the bBZIP protein family, we scected every 20th
scquence in the top 160 BLAST xares (Figure 2C).
Within the highly comserved DNA-binding site, V28§
(ycllow arrow) was poordy constrved. Cloacr cxamination
reveals that this residuc it juxtaposcd to a guaninc basc
in the DNA. A fitersture scarch mvealed that this residuc
it known to be important for base sdectivity in bZIP
tranacription factors (7). In & similar type of analyeis,
VENN was used to identfy a similsr recognition deter-
minam among 1S differet FGF family membere for
binding their receptors (Figure 1B) From thit amalysis
we hypothesize that the critical Thw—Phe residucs are spe-
cificity datcminmants for FGF receptor recogaition of
FGFS ligande; this was previously recognized for FGFS
isof orms (8).

The BLAST results also mvealed scveral myosins and
centrasomal proteins that are not thought to bind DNA,
which is supported by a VENN amlysit. When the
conscrvation between theae proteine is plotted onto the
tramecription factor, it is clear that the cod-coil dimeriza-
tion interface wemaine consarved while the DNA -binding
region i not (Figure 2D).

VENN haz other unique capabiitice. VENN accom-
modates all protcin chains in structures of protein com-
plexes in a single amlysik which facditatca analysis
of multiprotein complexee. VENN also provides different
scquence alignment strategica. A ncutral soquence

10 call-coll regaons of harmn myasts and
pedow).

alignnent places no weight on any individual amino
acid, whereas a BLOSUM alignment weights maiducs
based on the BLOSUM62 matrix (9). VENN also offers
a pammctric sequence alignment where weights of align-
ment can be based on the existence of chemical and phys-
ical propertics of amino acids (for instance, aliphatic,
aromatic, acidic, basic, polar). From the vismlization par-
spective, VENN can be uaed to iteractivdy identify and
calor regions of protein by scarching for a regular expres-
sion. Thua, a user could scarch with ‘P.P’ to idemtify any
motif that has two prolines sepamted by one residuc.
Alternativdy, by entering & single amino acid ‘M" all
mcthionines can be colored. These faatures can be used
to examine the 1D location of consrvation motifs or
residucs.

VENN is an interactive software application that allows
users to tikmte and map sequence conservation onto
protein sructures. VENN pafomns a type of comseration
analyss that is digtinct from the many progaams
for pairwise and mukiple sequence alignments and from
programs such as DAL which is used to identify proteins
with simiar aructural folds (10). Other progmms
have been publiched that integrate sequence aimilarity
and protein structure to identily functional sitce. VENN
is most simdar to ConSurf (2), Evolutionary Trace (3) and
HomolMapper (11), however VENN has a number of
important distinctions that enabic new types of discovery.
For this scction it is helpful to compare an analysis of
C/ERPR with VENN (Figure 2) to that with ConSurf
and Evolutionary Trace (Figure 3). HomolMapper has
much more Emitod capabilities.
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Figare 3. Camparmon of ConSurf sand Evolutwoary Trace amlysis of
CEBPR (A) mge from CanSurfl amslyss of CERPH homodimer
(1GU4x chain A = shown wing lrger spheres and cham B backbane
» showe DNA onnge). Coke progremion from tesl ©0 saroon ind-
cates inoreesed conmervation; yellow spheess mdicat insufficint dats.
(M Immge from enalyss of C/ERPE homodimes (GU4) with
Evobutionsry Trace. Red mesidues indicate conmervasion whee plated
with the byghest Zacore (7.146). Oneotations are simillar to home for
the VENN snslysn of the same proteie i Figare 2.

Advantages of VENN

VENN has a number of unique features that distinguish it
from ConSurf and Evolutionary Trace; however, VENN
can be used synergistically with these programs. Most
notably, VENN is intcmctive database-driven program
which enahles fitration, and itcrative selection of different
sets of sequences. Thie is important because it treamiines
a number of diffirent strategics for protein sequence
sdection. Scveral protein sequence groups can be amo-
matically scected based on specie, protan family,
motifs, mass, pl, protein length and prescnce of & user-
defined motif. Homologs can also be sorted by BLAST
soore (defanlt), name, or taxonomy. In order to select dif-
ferent scts of scquences in ConSurf or Evalutionary Trace
a user mamt first perform a mukiple sequence alignment
and upload 2 sequence alignment fille. Thisis a linitatiom
C/EBRPB specificity determinants are  only revealed
through an ordered interactive titration of homalogowm
soquences (Hgure 2C) and in this case not by analyses
with ConSurf or Evolutionary Trace (Figum 3). We
expect that VENN's fiexibility in protein selection and
manipulation will coablk new types of strategics that we
have not yet explored.

VENN ako automatically identifics and scarches al
chaine prsent in a PDB accession numnber. Therefore,
no prior knowledge of the number or identity of chaine
is required. This wer-fricndly aspect in VENN is impor-
tant for exploring multiprotein complexes or complexcs
of proteins with other maolecules. Large structures of com-
pkxer, such as nudecosomes, clathrin coats and ribasomes
can be amalyzed in a single apalysis. Often interpretation
of a comserved functional site is mach casier when
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visualized in the context of its association with another
mokcuk as cxemplified by the conserved residues juxta-
poscd to 2 DNA molecule in the structure of the
C/EBPB:DNA complex (Figures 2 and 3). BEach chain
must be amlyzed individually with Evolutionary Trace
While ConSurf can display mwitiple chains, analysis of
multiprotein complezes 8 slowed by the fact that only
onc chain at a time can be analyzed.

A number of other features of VENN allow wsers to
readily identify important functional regiont in protcina.
VENN cnables users to select specific residucs in the align-
ment tab; these can be sdected and colored on the struc-
ture. Motifs can alo be sdected and colored in the
Structure tab; likcwise cntire domaine or protcin chains
can be colored using cither of theas functions Specific res-
idues that are comerved can be identificd by examining
a multiple sequence alignment in the Alignment tab
Alcrnatively, bolding a mouse over a residue or stom in
the structure revaals a popup belloon with its identity.
In addition to standard ncutml and BLOSUM scquence
alignment matrices, VENN ako allows ficxibility in align-
ment strategics based on amphasis of different attributes
with the aforcmentioned parametric alignment; ¢.g. uscrs
can heavily weight hydrophobic residues, hydrophilic ete.
ConSurf offers Bayesian or Maximum Likdibood methods
for cakulating amino acid similasity. By using the Excae
Custom Command from the menu a user can enter any
Jmd command to madify the display of structac. This
flexibility allows uscrs to gencratc images for publication.
While VENN docs not have an output fimction for struc-
ture images and alignments, theae can be readily captred
using a scieenshot program (c.g. Saipping todl in VISTA)
and the alignments can be cut and pasted into any text
oditor. VENN can akeo be uzed to identify conserved struc-
tural features in proteine or proteins familics. For example,
we used VENN to identify a novel asparaginc finger
in dynein light chain (1M9L; data not shown) (12).

Synergistic fumotions in sindlar sofware twols

Other tools can be used to compkement or precede an
analysis with VENN. The ConSurf sarver, for cxample,
is web based and be utilized for a quick, automated
vicwing of highly conserved residucs for a single chain in
structures of closc family members. The Evolutionary
trace (ET) program uscs a ranking and dustering stmtegy
to map functional sitce. Both ConSurf and ET enahble
more customnizablc features as well Other tools, such as
SwissPDBVicwer (13) and Chimem (14) emable structural
modeling and comparnson, induding aignment of mult-
pk PDB sequences to genarate a structural model that
rdates an aire family of protcine. Such models can
scrve as novd inputs to VENN for subscquent sequence
titration. SwistPDBViewer and Chimera can aleo be uacd
to manually genemte individual figures which resemble
those made by VENN by menu and command dniven
operations. VENN differs from these toals in that it is
entirdy imteractive, imtegrated with protcome data
sources, requires no intcemeodiary file farmats for any of
its analysis featurea and ambeds a databax and data
model of protein quences/meta data which can directlly
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automate the aforementioned scquence sekection, fikmtion
and titration strategics.

Lindtatioa of mapping homology onto protein struckmres

VENN, ConSurf and Prolutionary Trace have the major
limitation that a protein structure 8 needed to perform
an anmalysis and there are only ~55000 structures in the
latest release of the PDB. One possibic solution & to
use the ModBasc (bttp//modbase comphio ucaf eduf
modbase-cgifindex cg) (15) or the Swiss-Modd Reposi-
tory (http:/jswisamodd cxpasy.org/repository/) (16), data-
bases that have miliom of structursl modds that can be
downloaded a2 PDB files. Al three programe can read
user-defined PDB files. Akermatively, if the query protein
12 homalogous to a protein of known structure, then
Swiss-Modd can be first used to gencrate a2 modd struc-
ture in PDB file format (17}

CONCLUSIONS

VENN = a noved cros-platform software tool which pro-
vides hiologists with a highly mtcgrated methodalogy
for veualizng conservation of various functional groups
and taxonomical families on the 3D structure of a protan
of imerest. The ability to readily combine the vast proteo-
mic sequence space with structuwral information in an
automatic fashion can reveal functional attributes which
have not been reported using similar toals
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The data collection and integration, as well as provisioning of visualization and
comparison tools for identifying SSPE’s in the entire Firmicute protoeome are
presented here. The software necessary for much of this analysis, as well as the
data collection, was provided for by Jay Vyas. Experimental work and analysis of

phylogenetic data was done in collaboration with the laboratory of Peter Setiow.
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pe muall, acid-soluble apore s (SASP) are the most shandant
l:l'andlh :c.chrhlo:hhm yet they remain an enigma from

T

mmmmum:unmy-mw-rmmpm upEpmlmmmlh
most apore-forming members of Becillaks, i 8t least some members of the Pasnibaciiur pemus,
althowgh they are apparently abeest frem Closwridialer species. We have applied 2 new methed of searching for
apE genes, which now appear te also be sbaent from a chade of Bacilinlas species that incindes Alcyclobaciling
acidecabderiuz and Baciliur miciae. In addition, 00 y-type SASP were found in A ecidocaldarinz spores, although
several of the DNA-binding o/B-type SASP were present. These findings have elacidated the phylegenetic origin

of the xxpk gewe, and this may belp in determining the precise function of y-type SASP.

Bacterial apores of species of the Finmicures phytum contain
a sumber of amall, acid-soluble proteins (SASP) that comprise
10 1 15% of the proteln in the apore’s central region or come
(30, 32). The foliowing two types of major SASP have been

both within and across speciss acd (i) y-type SASP that ame
almost always encoded by a singie ripF geoe; this & the most
abundant protein fomnd in spoess of s sember of and
comptises 5 to 8% of total apore prosein (18-20, 20-32, 39). I
cantrat 10 the highly consarved sequences of o/B-type SASP,
sequences of y-type SASP are not well commerved across ape-
cies, and this has ailowed the wse of upE and SASP-y se-
quences to distingmish closely related Bacillur strains and ape-
cies (17).
m(hchnm,mmhgmdﬁ"mmm
SASP are tramcribed in parallel late in spore development
whan the varions SASP are syntheaized, and the tracscription
of 530 genes & madisted by the RNA polymerase sigma factor,
o (22). The SASP are degraded soon after spores complete
the germination process and begia outgrowth, and one fanc-
than of these proteins & to serve a5 a seservoir of amino acids
(aa) for protein synthesis early in outgrowth (12, 30, 32). The
fatter is an important function, since apores become deficient
in 3 gumber of amino acid biosynihstic exxymes during spore
formation and synthesize these erzymes osly dwring spore
In addition to serving as s reservoie of amino aciis,
the e/p-type SASP have an sdditiona! fuaction, as thess pro-
teins saturate spore DNA and protect & from many types of
damage and are thus very important for Jong-term spore -
vival (30-32). Howevae, other than serving as an amino acid

‘wmmﬂmmdm
lax, Microbial snd Strucrsral Biology, University of C

reservoir, no additional function has been demonstrated for
y-type SASP (12, 30, 32).

In the current work, we have examined ganome sequence
information for spove-forming Firmicuses and have confirmed
that (1) spore-forming Claswidisies species appear to lack mpE
genes; (i) most but not all spore-forming Bacillales species,
induding those in the dade eacompaming Paawbariliur spe-
ches, appear to contadn a single SPE mene; and (i) some
Baciliales species, inctuding Alicyclobacither acidacaldorius and
Bocillus maciae, appenr 10 Ik 20 spE gene. We have also
analyzed SASP in apoees of several of these speciss and have
found that () Passbocilius polywean sposes costain a y-type
SASP homolog that is retmed oaly diatantly t0 y-type SASP of
Bacilius species, snd (i) A ecidoceldanius spores appear to
Iack 8 y-type SASP but do contain at Jeast two o/p-type SASP.
These observations tave sifowsd the determination of the phw-
Jogenstic origia of the spE gene in the order Bacilinles, and
this information could lead to suggestions for additional func-
thons of y-type SASP besides that of a0 amino acid reservoir.

Pragaretes of P. pelyerss Wpores sad SANP wrmevhom el ansteds. F.
Poiwem (ATOC $.0) was oktaioed from the Amoricsn Type Culrure Collecrion.
Spores of fhis speciex, 85 weil 45 those of A advily FE32, 1 labomoery deshmive
of srmn 158, were prepiredt snd puaiied s desehod previcusly (14, 23). The
pustticd F. polywyrss spores (3 to 6 Ty [y weight]) were Lyophikued aod dey
Frproned Wik 10-um gaas bends (100 g [dsy weighe]) = the shemrve, with 10
lmin periods of shaking joxeeepersed with 1-min perieds of eoolng (23). The
dry-mptnred powder was exxeaeind twioe with 1 ml cald 356 soetie achd, nod the
twa superastaar Suids were pociad aad dislysed ar £C i Spenira/For 3 mhing
(soelarriar wedght cuta®t, 3,500) for ~ 14 b agakis two chmages of 1 Liver oold 1%
1oetic acld s doxbod previeusly (23). Acetie neid emrescts of ~4 mg (@
welght) & mbrdls sposes were prep s desoabed p by (13) nod used a5
2 sousce of markem for o - aad yIype SASP (n acid pol elecrrophesests. The
fioal dialpsiee were contstfuged, and the supematm: fmcnnm ware Jpephilieod.

Pp”-qnnﬁuq[tymlp])mmuum
EDS and ures for 30 min at £2°C 10 remove the

Health Ceats:x, CT 06030-3305. hmmmv
Fma@smmm che.odu.
* Published shead of print o 11 Rebroary 2011
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dried as desceibed above. mn:trpmmuu(iug[qwmmm
penuinsted fne 60 min at 37°C 0 ~30 m) of } MM dodacylmmioe io
TAs-HC bufer (fH 8.4) (2), and phise-comeest gricecescnpy Indtludm
=90% of the sposes had geeoanmad. After centvimpatinn and Wephiitrarien, ~4
my (dey weight) 0f the gemrinated sposes wis disropsad Rod aceric add enmos
were prepeoed, processed, sod deied as dessthed sheve.

The dsted aoetic aoid stvacts from vasious types uf sposes were dimcived 2 30
wlaf 3 M ures plus LS .l dituest foe acid-acylamide gel elecropbos, sungls
wnmumyluwmunmpﬁ.udmwwnnuﬁ
with Conmanmie Sue {23). In some eng
mﬁem-lnlhwﬂnnmdnmm
orde menbmams, and the peoieins on these membranes were nxined with
Coomasie biue. Seiacted nahad pasein bands wes them Ridjoeind s suto-
mmped N-tenmiimd seqomoe sudms oo &) Apphied Biyeems Precie 84 HT
pretein swemoee lo the Xeck Bboschoology Besse Cemter m the Yade
Univeesty Schoel of Medicine.

ola spar and BARP extruevon aad saal. 4.
m“mmmmmmmumm-
Mﬂmdumwumduwmql
moedfiogtinn of the basal | F R
(m;mmmammmdum(m!.m 17 o
QY 2 mM MO, 44 mM KELFO,, and 1 plicee yoamt emeart, aod the
mixmee of these cemponemss was sdfustod 1o g#3 7 wkh 10 N Hy50, peioe 10
wncdaviag and hald & S0°C. Anteciaved ghucose, agar, unﬂumdﬁad
Mo, (ail also held ar S0°C) weee nddod sepasscely to final
Slinee; 1S gAner, and 250 M, sepectivly, g_paunhquumpm
The A. ocilecabivds wrin was ureaked oo 2 phviz made s dowxibed sbowe
eanept Whow MoCly, and the plaze was incvbwind averight a S3°C. A Joop of
tiris overnight adiuse was inoeulstad (oo 20 mi of the mediun as desortbed
above bur without ager, die culmee wis growa for 5 0o 8 b at S5°C to a0 opriesl
denmhty ax 500 om o€ ~0.7, mid 200-.) sliquow were spread oo 48 flates coo-
MMBMMMNummmmdhh'uwnn

u $5°C wmtil maxtmom had oocusrad and mcded to X3°C for a few
houn, and the osljapore m'x was ieesped fom the plates ind placed m 4°C
delontred water. The spores wene msifiod tatislly by mukigle roonds ef sool-
eation, followed by cemvifgaricn and wwnee washing a8 descabed previcusly
(23} md the cmde spases wese supended f1 10 mi of 4°C waber. Flasl removal
of cells, oell dehrts, sod geemnatnd spores was by layeriog 1 mil of the crude
speres o ek of aix 13.240 uhmoemwfuge tiihes with &5 ot SO% Nycodeor
(Sigme Cheasical Company, 2. Loud, MO) it 2°C and ceaxsifugacion at 13000
*pm ia & Bockman 48 T) sever for 20 min at 20°C. Under these oonditions, nells,
cdl debels, and gremiomad spores emained it the wises Nyosdes hverfaoe
while the mee spuses palletad The petletd spores wese wishad ~ 3 imes with
£C water 10 emove Nyoodeoz and fasly mapendod i1 ~5 ol wisee. This
precedure yelded ~4S my (dry weight) of A. acifocaidadr spons thn weer
>98% froe of 0ell, oell debels, and germinared spuses m chansved by minms.
copy.

Twelwe miligrens (dey welght) of the pustiied 4 scidoaidartu spors was &y
ruptueed and cextmcted with ncetic acid as deacetbed above bt wing 30 min of
rupeusing and wih @alyws fee oaly ~4 b The dixlymoe was lyophiond, the
sexidhe wus disarived i 28 ul of 8 M nees plum 12.5 ud achd gel diinsoe (73), 15-p0
aliquom were subjocted to acld gel w-nmm-lupw-
transieeeed o 8 priyvioylideme @fiuneide membane, the membrane was statned
with Cocnasgle Uine ms desosbed sbuve, and protalns in saiosd bands werse
sequencod 85 deeceibed sbove.

RESULTS

Sequences of y-type and o/f-type SASP. The sequances of
spores’ singhe y-type SASP are nnt as comaarved as those of the
a/p-type SASP, and y-type SASP vary from 49 10 139 residuss
in length (Fig. 1). Al y-type SASP do, howewes, contaia one,
two, or three mepeam of ao evolutionarily conserved 7-23 se-
quence, TEFASET. In 8. sulvilis and Socslles megaierium
SASP-y, this sequence is the secogaition site for cesvage of
this protein by a specific protease, termed GPR, that isitistes
degradation of both o/f-type and y-type SASP eady in mpore
outgrowth (Fig. 1 and 2, sequences shaded in red) (30, 32). The
spacing between the conserved heptapeptide seqmances in
y-type SASP that have mmitiple epeats of this sequence varies

ABSENCE OF SASP-y FROM SPORES OF SOME RACILLALES SPECIES 1885

conaiderably (32). In contrast to the «/p-type SASP preseat in
spores of all Fmicures species that have been studied, y-type
SASP and sspE genes have not bean idsatified in apore-form-
ing species of the order Clowridisles (32).

In oedet to better understand the gemstic history of stpk, we
simed to position Firmucnies phylogeny with respect to the
presance or absence of the sipF gene. Computations! anatysis
comsisted of two geps (1) extumstive, controlisd searching of
completed Fimmicures apecies genomes for sapE orthologs and
(1) comstruction of a Firmsicwies species phylogenstic tree based
om 165 rRNA mquences. Thase efforts shoukd phylogeneticalty
position the sspE gene to divergence points in Firmsicuaes evo-
fution, thus sugsesting critical evolutionary events thar led to
the emergance of SASP-y 85 & protein that facilitates spore
outgrowth and might play some additional but waknown role.
Exhaustive detection of a homologous gens acrom multiple
genomss is computationally inteasive (11). Although tooks
such 38 BLAST (2) exiat for finding similar protein sequences,
the fact that proteins evolve st diffarent rates and by diffesent
mechanisaw mandates thmt exhanstive searches for orthologs
utlise keration against diflereat thresholds and alignment
methods. We thus constructed an ss-yet-unpublished software
ool for performing & “owmitidimensionsl” ssquence search
which aliows for anatysis of all “best hit™ peoteins scross mul-
tiple genomss with respect t not just ons tut a set of severa!
targat protedns of intereat (the source code can be acquired by
contacting the suthors directly; the database mructure was
obtained from reference 35). This toc! was spplied 1o Fimic-
wiey proteomes to reveal upF ganes.

The sequences of y-type SASP were wpdated and extracted
to a relational databese contsining over 3 miltion NCBI pro-
teins from completed proteomes aad placed in a smaller data
mart containing proteins in the 58 fully cursted ganomes of
Firmicuses species (27). The proteome sizes in these 58 apecies
ranged fram 2,080 proteins (Ammanifer degansil) to 6,238 pro-
teins (Poenibocibus ap. Y412MC10 [originaily camified as a
Geobacilhu speciea]). The protein sequances for major spore-
fation proteins SpolA, Spo0E, SpolF, SpollE, SpollGA,
SpanB.SpoVAA.SpoVFA,SpoVFB,Ouﬂ,unCmBm

different species were identified and visualized as histograme
alongside the best hits when stratified agaiost SASP-y proteins
from Booilhus clouni, 8. subtils, s0d {ysissbocillus sphsaricus,
sach of which has SASP-y peoteine with rather different amino
acid sequances (Fig. 1). Noa-trivial bext hits (those with o
pairwise sequence similarity of 03 on a scale from 0 to 1) wese
investigated for all genomes in arder to vatidate a list of known
sspE-containing ocganiems, aad for the rignificant SASP—y se-
quence faature, the TEFASET motif was javestigated (32), s
it appears © be well comarved 3nd thus tikely plsys a critical
fanctional robe for the SASP-y protein family. The fimal liat
obinined represemted & complete set (with respect 1o NCBI-
cursted Revwicures species gemomes) of mpE-containing orgen-
jams and can be utilized for phiflogenstic saatysis Clear upE
homalogs weee found in afl Saciikles species (Fig, 1) except A
acidocaldarius, B. tuscice, P. polywyxa, Poenibacithss sp. JIDR-2,
Paenibacillus sp. YA1ZMC10 and Becillur selawitiradiacens.
Howevae, B selemitiredaic s Hkely doss not sporulate and lacks
genes for o aumber of impoctant spore proteina, incuding
a/p-type SASP (6 24; data not shown). No mpE ganes wem
identified in apore-forming Claswidiales speciss sither, aa was

49



1886 VYAS ET AL

LS HRPHKTTARTHTIHTY DOVASOY
San: NANBEXERIUCWINER MUK DA
Ban: MEKKDIIIHERT DAL - Q5 TBAE Y

J. BACTERIOL.

FCE TRGCEAXARARNRS
UL 7B LB RBAL UBEUIINE

O /BLAKAYSCAKKAQRELAS I JSTHA!
:co‘mcxmammnrﬂ*\nmu
O TIUUBASEAL

sy ATIEC EACS AAK QI DES SN
TGO

WKL, WROL < 000 AL IBAB ATE LU ALY AALLY

LT uwlmwumﬂtm;.-.m

Barr G EMANINEROMARL
oI UG K UMAS JREKKNS SE N

wer, MPEJRNGR T NOG2IDART™

rzzrancroaangRAn sk AL NI 2

AACCRACGTTY
o - LTS SOM ALY SARLEQEBEEDY

ey e s 2 OMACN AT ANKAAY A KRR QRANTIAQIRE G
Bh, Ny

Bou - REKPUISYNRSISN . US PLLS IR RN AUBE A BKAUABUAULAMNRL b
Bea: HOFATEKINEN X, TOCCKAQDAASERRR

ey, mnccnmaunancnvn- m

il . il

Ma: QLVGASK mnncxmzamnnmux:m
Wt MHRGORKTRIQ IR JARIA ANTAP! NCCTRCKKCOARGRRGONA

Axr NAKUINETABUTBT SHV KRN ANARE K5 5
By RERKULSXRKR L DR J QS TBAL Y

VIX nwhmmnuuunummu

AI03 ARSI EL G B HURING
Y

L2 4 PRI KYNAL AT,
LU RERFUIRYNER PO A 7 MMALY
Dpu: HCQOOUE DHAQ IVE K I AR DGCOY
R DTS

Miar NBEKQISYNYRPHCAE L QS IRALY:
»e: AITACOGCINRATRCASICETNARY
wp. HEXICOR VR RATALAITCATHA AV

o MAKIENKTANSTS JUSVAION ACBURACAUL
Ghat NAKLUMKZAALTHL JEVRPINAL

Qnt. HANANHP SKTNR QOURK IR IR AR
G MAKL 'KKTBATTY IR BINRY R

@ HABQGACKEZARGIN

O ACE. LN

COMOCKAGARARNAGT ns‘xam
wonzecesasearsaiaseacvaeaye sy v-os s soctacearRKECEEY TR

A

RRIVROG QA SCHTTOONE
SOR/BCARAQBEABELAGRBCADSARMSY Z8EROEACE MABGECSBEBED
HAQEAROTAOAS AACEABAS T MACKKONAJRARKDS 286 SENE

AUKKQULIRIATRADS P25

HOH TRUKIVIRANKAUNL NG
QQ/BCCEAJALADEAINDOK

Gris RARUE GEN, g Y

Ria: VASCZECHKCARGTRKKHVERD TREGKCQSCARKK

Lipe MEVEFCHETOYNOTEOSTOOREBRNY TINDIETS 2N otnceTeaneAKERGhA2a TR N OlIEID=0 1 7O COAE A TRCAA 03 W Vol
S SULUCRLUGAL ANKEE ALUREANENNSY,

o:n. ATTHA o

seare POKKPRSRA L DBR P0GV UGS 2 o i -n"v.‘ywnu MRAZAIRLRSANARNK Y RAAK

ar NBLKNE TULELILPRAIUV RIS el . AYAULEBLYE BTY VOVIUSOOUL ARSI BLY

L MANTKRNQQ! HRGHRFRIVNP NS L RIPYIRP TAGCRAMAARRRIRYS

rjds HEKHKS XM B X B UATALKEANGATUKAYK

Pt

Pree AT TGAVAGKYORBSPE T VOO TPEERPDENPHTK

ez LAKSTEGBE SYUEBYEKUMERY DABIG DL IO AN

FIG. L Colpnudamn‘md*ﬂpiﬂh..mh_“hqmm-mnmhhm
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Inﬂ-wl!d,l-ﬂu:lnn;llq Bacilhe cysoiaxiz; Bé, BecWus fisnus, Bha,

Ban, Bacilis entivecis; But, Bacils -upluur;
Ty, Racil

tharingionsis, Bwc, Buc g/ DI\I.I
ilur, Gat, Geobanlius sieevosthams

plaamid; GCS, Gevbacyiius haurophilir, opiber, G,
thermodenivificens; GWC, Geobac s wp. WCH; GY1, Gesbacilus wp. Y4LZMOSL; mmm;wmcmm-.m

hatophibus (crigimally Spov Actoptela, Lap, Lyrirmacilic 15

pbacills i

, Pow, Pasnibacilis

mQMMM‘M“?&MDI‘;M,M;WWWL&M‘M nﬂg

For speciss whoee ak hnﬁonﬂmmﬁmh-ﬂwmm
ﬁqod-(l&ﬁ.i!),dlod-wmhwh 3 d genowe 'lh-—- ST shaded in red are
hnhm-ddmhhﬂﬂ-ﬂmﬂ?ﬁ@qm%ﬂ the bold remidwes (29,

!Z}.Th--@-nuhﬁ-N-nidnpnndeomm&hm-qmbmdnﬂ-vutdmwuo&ldlqmn
ia Ppo and Pun ropresent two long biocks of repested sequonces in sach of tham protsiss.

found previously by the analyris of acid-solutse spore proteios
or completed geoome sequances (7, 8, 32).

Comperison of smino acld sequences of SASP-y obtained
fram completed genomes of spore-foeming Firmuicnies speciss,
as well as those identified by targeted gene cloning (Fig, 1) (18,
25, 34), showed that y-type SASP exhibit some conserved se-
quences but are most notble for the following characteristics:
() a significsnt encichment of Gia and Asn (5 and 6-fold
eneiched with reapect 10 normal frequencies in the proteomes
of Paswbecilius sp. JDR-2 and Alicyclobacillus acidocaldarius
{~0.036 sad 0.105, reapectively]); (W) very low levels of hydro-
phobic residues, with substantially Jower hypdrophobic reidue
abundances in y-type SASP, althomgh these residues tend 10 be
Jem narurally abundant in geners! (eg., levels of L, I, and P are,
respectivaly, 3, 25, and 1.8 standard devistions below pro-
teomic backgeounds); and (HI) 1 to 3 repeats of the relatively
woll-conserved TEFASET GPR cdeavage site, although the

between these 1ast conserved sequences variss consid-
erably (Fig. 1). Only a single sipF gens was identified in the

completed genomes searched, with the exception of Socillus
weiherarephinensis, which contsined sspE genes encoding at-
most ideatical proteins oo both the chromomoms and a plasmnid
(Fig. 1).

The absence of s obviows sspE gane from the completed
genomes of A ecidocaldemuy, B mscise, Foenibocibus sp.
YAL2MCI0, Poevibacillus sp. IDR-2, and P. polhweia was sar-
prising, but examination of availabls draft genomic sequance
information for Paenibocilus curdianclwicus and Poenibecilss
sp oral tanon 786 strain D14 also revealad no obviovs upE
genes, although these species as well s 4. acidocaldariue, A
tuscioe, Paswbacilius sp. Y412MC10, Foewibocitus. sp. IDR-2,
sod P. polywyza did contsin multiple genes encoding afp-type
SASP (Fig. 2). The amino acid sequences of a/p-type SASP
fram Bacillales species compared in previous work are ex-
tramaly well conserved (30, 32). In particular, these proteins
axhibit two 18- to 19-as regions of & highly conmerved sequence
that are commaniy separated by a 3-as spacer (Fig. 2, red and
yollow hightighted regions aad in B. subvilis and Geobocits
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-*1\. il h" h-“h* h-l:’l.ﬂkth.a A:umh
© - A.

l.-na;r Q.YAI‘R. H-h mw‘dmﬂﬂbu
sad I d liotllll.ll- hem lnlll.n:illdlll llllllll Illllﬂb selated 1o thove whom saquences we lesed
balow this besak. Inl| shaded in rod snd yollow that each foom long a-helloss thet are structaral
cloments in them proteine’ IDl"‘n(l‘l»1‘.!‘!1‘1‘..:’.(".!!' duxiag spove by the lAlPa.n:ll:|lnlllln [
betwees the buld redduss in the red-shaded regioas The cks llllli.h- of the GMR slew ragiom,
sad ia all of the peoteine whh this duplication, .Il'iﬂl.‘lll.lllhlni‘ll‘ is gouadly incosssed. The Ppod, Pyol,

Ascl, snd Asc2 sequences in pucple wese obtainad by pectein sequence ansluisie this -ui.

pevisins ase from sirsin 5681 and the sequences of he A ecidecaldenas proteine e from strsin

houmaphilus sequesces) (30, 32). Thess two conserved regiomns
sach form jong a-helices thet interact with the minor gsoowe of
DNA sad are also 2 major element of the SASP-SASP dimer
inearface whan the prossin is bownd 10 DNA (16). Notably, the
spacing between thess two conserved regions i 3 as in simon
all of e o/B-type SASP sequeaces examined to dets (32).
Howavez, in sl but two of the avaliable a/p-ype SASP n-
quences from Fesmibacileu speciss, A. scidoceidesias, sad A
usrise, there asm x5 sa betwees these two highly consseved
strectural sloments (Fig. 2 and data not shows), a8 hes steo
bean observed in almost sl o/f-type SASP fsom Cloaridisles
species (32). In addiion, eves in the two highty conseeved
regions in the o/p-type SASP fromA acidocaldarius, A suier,
sad Fasnibeciha species thess 2 amino ackds pressnt thet
are oot found at thess locatings ia avip-type SASP from ather
wwmnmuaﬁmum

dimans betwesn aleont
HWWNMMI” and

A. ecidoceldavius (3, 33; me below). It was notable thet the
amino scid ssquances of the four a/-type SASP fsom Famei-
Deciliug 5p. YA12MCI0 are rather differem from shose of most
Becilisler spacies, laciudiog those of G kausophilus (Fig 2)
aad a nember of other Geobecillar species (33, data not
shown). These dats and the presance of aa cbvious apE gene
i all completed ganomes of Geobanidies species exvept Fasni-
Dacilhus sp. Y412MC10 are consistent with the recent assign-
ment of Peendbacilier ap. Y412MC10 a8 2 Paswibacillus speciss,
8 & had originafly been cdamified as & Geobec il species (ase

balow).

Anslysis of SASP in P. popucyns spores snd pomible mpE
gemes s Fasedariins specien. Although the sbsesce of cbviows
mpk ganes from Pasnibeciliue species, B. muise, and A. oci-
docaldurius was wosxpecesd, the divergeacs of thess osgaaiams
from most othee Secilals speciss was as aacieat event (3, 33).
Conssquantty, the fact thet Sacvilaies species thet appessed 10
iack an sipE gase wes related oaly distastly 10 spl-comtain-
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FIG. 3 Polpscrylamide gol slsctropharesis at low pi of acotic acid

¥ @ whany

mumples rua in lanes 1 and 2 are from dormant P. podmaxe spores
(lame 1) aad geerninnied P. polmyxs (lane 2). Bends lsbskd 1
and 3 i lme 1 are the Ppol and Ppa2 a/f-type SASP, respecively
(ﬂgl}vﬂnulhhmduﬂ.‘h”(ﬂgl)ﬂl
determined by soximo-tscmsinal ssquence asalysia of these protein
bunds as deaczibed in the text. Bands labelad 8 to b are cacs that were
latgaly or completsly remaoved by docoatiag treatmast, while bamde 1
% 3 wete pot (data not shown), (Lane 3) Dormmnt A ecidocwideriu
m(ﬂq[h-ﬂ)mqﬂﬁudﬂ“mm
from —4 mg spores wea Tua vis polyscrylamide gel clectrophorenis st
lh;ﬂ,mmhgdmn-ﬂ-ndmnp

diftmoride wes suined sa dencribed in
lhmihndﬂ-&oﬁ.kd.bdndl-d2hhn!nﬁml

aonio caldarie SASP Aacl snd Aacl vempectively, as de-
niodhilml.-ul-lZIQ!mnh-my,IﬁhbJ
isfroma Tha lsbeled hori ] srvows adj to lunes

1 and 3 denots the migration positions of 5. nhhsm-u-ﬂa;,
which wero detoriasd by runsing am aliquot of #0 acstic acid extract
of B bz spores in bae that are not shown but were sdjacent 10
lones 1 and 3.

ing Becillales apecies suggested the possbility that ao ipE
gene might indead be present in thess distantty reintad organ-
isms but has diverged suficiently to prechixie recognition by
normal sequsnce comparison programs. Comaquently, we ax-
amined apores of A. acidocolderius and P. polywymm foe 2 pro-
tedn that mdght be an oethalog of SASP-y.

The acetic add extmct foom purified P. pohwnxs spores
produced a large mumber of bands oa polyacrytamide gel elec-
trophoress at a low pH, with most of these bands migrating
faster than B. subvilis SASP (Fig. 3, lsme 1, B. subslis SASP
migration positioas denoted by arrows). An abvious quaestion
whather sl of the prominert bands seen in the P. polwaaa
spore extracts were really SASP. To help answer this question,
an aliquot of the acetic ackd extract from decosted P. polwain
spores was also subjected to polyaceytamide ge! electrophoresis
at a low pH, and this revealed that decoating did not reduce
the inteasities of bands 1, 2, and 3 but greatly reduced the
intansities of all other bands (data not shown). This suggested
that many of the latter bands were dus to Spore cost proteina.
To obtain further evidence that one or more proteins in bands

J. BACTHRIOL.

1. 2, and 3 were indesd SASP, an atiquot of germinated P.
pobemys spores was subjected 10 polyacrylamide gl electro-
phoresis at a Jow pH (Fig. 3, Inoe 2). Bands 1, 2, and 3 were
almost compiesely absent from the germinated apoee extract,
while the intensities of most other basds were not notably
affected. These data are consistent with the proteins in bends
1, 2, and 3 being SASP. Automatad N-terminal emino scid
ssquence acmiyxis of proteins tranafersed 10 polyvisylidens di-
fimoride membranes, following polyacrylamide gal electropho-
resis at a fow pH, produced N-tarminal sequences of AQGN
NGNS and SRRRNNLQY for bands 1 and 3, respectivety. A
seaech of the completed P pohenan E681 genome indicated
that the proteins in these bends wese o/B-type SASP, and these
were desigmated Ppol and Ppo2, respectively (Fig. 2).

The N-tesminal amino acd sequescs of the proteia in band
2 was PNQGGSXN, and this sequsnce maiched that of a
protein, termed Ppo, encoded in the P. palymyxs E681 ganome
({Fig. 1). This protein js cearly 00t an o/p-type SASP a5 it lncks
the two large blocks of conserved sequance fowad in these
proteias. However, Ppo has 2 oumber of similarities with
vtype SASP. In particular, Fpo (i) containe 13% Gin, (i) has
two repeats of a 7-a3 sequance with high simiarity © the
TEFASET motif, where GPR cleaves the B. asdwikis y-type
SASP (Fig. 1, sequances shaded in red), and (i) has extended
sequance mepeats (Fig. 1, yellow thocks in the Ppo and Beu
sequances) (30). In addition, the ppo trsnslational start codon
was precedad by a strong Gram-positive bactedal ribosome
binding shhe (RBS) and had appropriately spaced - 10 and 35
sequences preceding the RBS that wem extremely similar 10
those in promotars of ganes encodiag highly axpremed Savifk
sporulation peoteins, inctading SASP that are recognimed by
RNA polymerase containing o A&A)@).Shﬂhrm-nd
appropeiately separased —10 -35 siquences are alo up-
sream of the coding sequences of the genes encoding the £.
polymym offi-type SASP Ppol and Ppo2 (Rg. 4). In additon,
following their transiation stop codoss, the ppo, ppo!, and ppol
Zenos esch had an inverted repest sequence, followed by a
T-rich region that is fikely a tho-independent tramcription
terminator, as found in alf ganes escoding major SASP (30).

Surprisingly, the complete genomes of several other Poewi-
bacilfur apecies had o strong Ppo homdogs (Fig. 1). However,
Benes encoding proteins with some similarity 10 ytype SASP
ware discovered in Peanibociliuy apecies with either completed
or draft genomes avalisbie by sesrching for encoded proteins
=120 aa that matched at least 6 of the 7 amino acids in the
TEFASET GPR desvage motif To accommodate sequance
divergence, we searched via the consensus matif of [AQTIEF
[AGS][ASTYEQ)YFT). Examination of these polential y-type
SASP mevesled at Jeast one ortholog in a sumber of Poeniba-
oilles species for which the coding gene had other features of
genes encoding y-type SASP, inctuding (1) the presence of a
srong RBS; (i) the RBS being preceded by sequences with
axcellent homology to — 10 snd — 35 promoter sequances reo-
agnized by RNA polymerase with o®, sithough these genes
could potantiatly be recognized by the other forespore-specific
sigma factor o¥, a5 the promoter sequences of «© and o”-
dependest gends overizp to some extent (36); (iid) appropeiate
apacing betwaen the putative —10 sad -350"@“
slemeants; and (i) coding sequances followsd by tikely tho-
independent tranacription terminatoes (Fg. 4). In addition, the
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&ap.-mﬁn-lnﬁculﬁmﬂml dutnbuse. The op =10 and -35
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e >90% din snd smcleotid Mnm&ﬂnﬁ»“mmﬂﬂmﬂn-ﬁh&-hﬁm-
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highlighted in gresa sed as iwortod topest followsd by a T-rich ragion & in cyen.

poiyp

putative y-type SASP from Psawbecilfur sp. oral taxon 786
strain D14, Paewibac#lus curdianolricus, Poenibocillus ap.
JDR-2, and Poswbacillus sp. YMA12MCL0 bad 9, 12, 14, and
14% Gin, mapectively, while the Ppo protein had 13% Gin
{Fig. 2). Overall, these data are coneistent with the proteins
sncodad by these ganes being y-type SASP, although this has
by 20 means been proven. In addition, the sbsence of any close
bomolog of Ppo escoded by other compistely msquanced
Poenibaciur genomes suggpsts that this group of organiems &
axtremely diverse, perhaps more so than many other dades of
Bociliales spacies.

Analysis of SASP and op genes in A. acidocaldaning spores.
In contrast to the P. polymysn spore extract, the A. acidocal-
darisss spore axtract produced only a single major band (band
1) on acid gal electrophoresis, with this band running stightty
faster thas 5. subnikr SASP-y, 8s wall 35 at lesst one other
minor band (band 2) (Hg, 3, 1ane 3, migmtion position of A
aubriky SASP-y denotad by the arrow). No other band in the A
mmm;%dmhﬂqdhm

Amomated sequance analysis of baods 1 and 2 from the A
spore axtract resulted in the sequences ANNS

GSNR md ANQN(SG]JSNR, which were perfact maches to
the N-tarminsl sequance of A. acidocoldorius o/p-type SASP
Axcl and Ax?2, reapectively, with the N-terminal methionine
residues removed (Fig. 2). Tha region wpstream of the aac/
and anc2 genes contained good matches o {ikely tramcription
and transiation signals found in other geoes encoding major
SASF, and both genes had a likely tranecription terminator
dowsstream of the transiation stop codos (Fig 4). The iden-
tification of only e/p-type SASP in scid extracts of A. srido-
coldariis spores suggests that if spores of this apecies contain »
v-type SASP, i is expremed only poody, is not acid soluble, or
is extremaly labile to digestion by an acidic proteass. However,
it sesms more likely that this species does not contain an mpE
gene. lndeed, while 2 search of the completed 4. acidocal-
darius snd dosaly relmed B. sacier genomes did reveal poten-
tisl ganes ancoding proteins that had near matches to the 7-as
GPR desvags site motif, candidate genss lacked maay other
femtures of genes encoding y-type SASP in either Borilius spe-
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cies of P. polwwoa, such a3 a strong RBS and putstive o®
promoter sequances (data not shown). Consequentty, i ap-
pears mont Likely thar A anidoceldonius and 5. turcise lack an
SpE gene.

DISCUSSION

The work in this communication indicates that atthough
mpE ganss are found in most spore-forming Sacilinles specisa,
thay are most Likety absent from A. ecidocekdarisu and B. -
oite, two species that are ¢volutionarily divergent from other
spore-forming Becillales (3, 4, 9, 15, 33, 35; sea below). Phrylo-
senetkc recoastraction of bacterisi evolation can be mote
straightforward tham searches for prosein orthologs, and this
haw been done for Firmscuss species in the past (15). We have
reconstructad & Firmwcwaes phylogsnatic tree that inctudes all
known spE-containing apecies, alang with 8 sumber of other
Firmicuies, incheding thoss of Bocillales species that lack an
spE gene. In osderto this phiylogenetic tres using the
most up-to-date information from public databeses, we merged
168 tBNA sequences from various prokaryotc gemome fe-
xurmces, inchuding the NCBI, RDP, snd GresnGenos dats-
bases. In particatar, the RDP databese was usad to peovide a
hmndmmyo(mdnuofl(»SrRNAnqmto

cal sequences which appeared to be volatlle during atign-
ment were cross-validated via extemnal BLAST searches of
EBI pokaryotic 165 rRRNA sequences, as well as by com-
parison with previcus mecoostractions. lactesion of se-
quences of 2 number of Clastridiem species was shown 10 be
ceitical for training the recoasruction to accurately cluster
Thermoacsinonwces species in a manger that was consistent
with external BLAST searches of curreat data, as well ns
previous reconmructions by other groups. The sequesce
alignment was done using Muscle 3.6, and the tree was
derived using AIC with four categories and PhyML evoln-
tioa by HKY (1, 13). The final tres (Fig. 5) inctudes the
spore-forming Bocilakes species with completed genomes, s
well a3 those shown previously to contain an srpE gene, even
though these species’ ganomes have not besn sequenced
(18, 25, 34), as well as mambers of other Firmicutes genera
and species. Importantty, members of ane such genus, Ther-
moacknOmnes, are highly dimimilar to other Firmscues and
have very few clossly matching neighbors. A BLAST search
of 16S tRNA sequences from Thermoacsinomyces speciss
yielded low scores, ladicating that the geaus Thermoocting-
mye#s sy be a phylogenetically coberent group of organ-
isms, as has been suggeated in previous analyses (37, 38).

Koowldge of the evctutionary positions of specias that do
and do not cantain spF genes (Fig. 5) now allows w3 to pio-
point the common ancestor that fiest acquired the spF gence

ABSENCE OF SASP.y FROM SPORES OF SOME BACILIALES SPRCIES 1891

aa betwean the ancestor of Paawbacillus apecies and that of
Alicycloborils wp./B mixice, since P. polwym and Breviba-
ciblur brevis comtain mn wpE gene, Thewoachisomyces thal-
pophilur contains an sspf gene, and its spores contain 8 y-type
SASP (Fig. 1) (19, 34). This analysis also predicts that Ther
mobacdlur app. will contain an spfi-ke gene, while Pastewna
species as well as Bocilus schirgelii will tack a0 spE gene. The
dstermination of it jeast the Pesieuris penewrant genomo pe-
quence is in progress (21), 50 a dafinitive tast of this prediction
may soon be forthcoming. We note, however, that this overall
interpretation amunes that an 2pE gend did not emaerge and
was subsequently loat within these tzxa. We ako do not now
how many other poteatially informative ancestral taxa are not
available for anatysis due t© Bacilinles undersempling, and in
addition, many Racillaler cuture coltection sccemions are mis-
identified (17).

In addition to the abssnce of SASP-y and an spF gooe from
A. acidocoldarius and its cosely related species, the abeence of
stpE genes tms previonsty been noted in spore-forming Cilos-
tridicles spacies (7, 8, 32). Cleadly 2 y-type SASP isnot essential
for spore formation, spore stablliy, or spore resistance, al-
though SASP-y does provide an amino acid seserve that can be
used in spore outgrowth (12, 30). However, this must not be an
essential function, unlike the emential rale in spore DNA pro-
tection for the o/p-type SASP presant in all spore-forming
Firmicuses. o/p-Type SASP degradation can also supply much
amino acid for protein synthesis easly in spore outgrowth (12,
29). Presumably, the additiocal gain in smino scid storage
capecity jo dormant spores thmt could be provided by a y-type
SASP does not provide spores with a significant evolutionary
advantage, or this is compensated for in othee ways Indeed, at
least under isboestory conditions, it & very dificuk 1o demon-
strate s major phenotypic effact of loss of SASP-y from B
subrilis spotes that contain normal evels of o/Btype SASP
(12)

The likely atssace of a y-typs SASP from A. acidocaldarius
spores and the apparent sbesnce of an sppF gens from B
tuscioe a3 well suggest that spores of members of the ciade
containing these ocganiams do not coatain a3 y-type SASP.
Perhags knowing more details about the properties of spores
of members of this ciade in comparison with apores that do
contain y-type SASP may suggest pomihie additional functions
for this extremely abundant spore protein, other than simply
being an amino acid reservoir. In this regard & & perhaps
noteworthy that A. acidocaldariur is an serbe. Thus, y-type
SASP seem most {kely not to pley any significant role ja
spores’ long-term tolerance to oxygen, while this might heve
been suggested as a possibitity had the spE gens appeased
only in the transition between the aneseobic Clanwidiaks and
the ganerally sesobic Bacilales species

FIG. 5 Phylogenstic tree for Firmicutes spacics. The tres was comwirected asing 165 riRNA mquencms as desceibed in the teat. Organiom nomnes
i grooa cootsin ax wpE gone, organiam memes is red do not contsin an geoe, axd for organiors names in black the asuome
w-m“d“dhmm“dhﬁyhmh“u'nund-uﬁmwl

arienitireds shat this simont ly does not sporubete, uhﬂbﬂhhmmh’;—:nﬂnhm
mhmdhhﬂ&rm-‘h dﬁo g Abcy Wi speci di the period in Fimicwler
wolntion when the pE gano app 1. The b dijm imexi h-dmluhmnbon-qvi—.
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Chapter 5: The R3 Methodology for NMR Structure Calculation in Sparse

Data Backgrounds

“The only way of discovering the limits of the possible is to venture a little way
past them, into the impossible.”

-Clarke’s Second Law, From The Journal of Future Studies (Shuck, 2004).

Background
Iterative Structure Calculation

The primary methodologies for structural analysis of proteins include NMR
spectroscopy and X-ray crystallography. These techniques are complimentary:
X-ray crystallography is effective for determination of “still frames” of large
proteins which can be crystallized, whereas NMR is uniquely suited for studying
dynamics aspects of protein structures.

Current areas of research include increasing the size limitations of NMR,
as well as the level of automation (Gryk et al. 2010, Monetlione et al. 2009). NMR
structure calculation using traditional methods requires well-refined, high quality,
comprehensive data sets (namely resonance assignments and NOESY peak
lists) (Hermann 2002).

Chemical shift assignments and NOESY peaks are the primary input to
commonplace methods for structure calculation by NMR (which involve NOESY
peak assignment), followed by restraint generation and structure calculation

(Hermann et al. 2002). The CYANA noeassign protocol implements an iterative
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application of this principal to drastically improve structure quality: back-checking
of NOESY derived restraints against previously calculated structures iteratively
improves restraint sets. Each such iteration is referred to as a “cycle”.

Like any iterative method, noeassign’s success depends on a base-case.
This case is represented by the initial restraint set and a “seeded” (that is,
generated from minimal previous knowledge) structure, which cannot be back-
checked against a previous one. This structure generally tends to be a good
starting point in “average” or “best” case scenarios (i.e. where data is close to
complete), but in non-ideal cases, is less effective (Hermann et al. 2002). In this
work, we investigate the substituting of this seeded structure as a mechanism for
increasing the accuracy of NMR structure determination from sparse input.
Sparseness refers to a relative paucity of empirical data artifacts, namely
chemical shifts and peaks, but can also be thought of in terms of restraints, since
chemical shifts and peaks are required inputs to the restraint generating
algorithms, which are necessary for solving structures, by NMR (Hermann et al.
2002).

Can Bootstrapping Better Guide Iterative Calculations on Sparse Data
Sets?

The proposed rationale for a new strategy for structure determination is as
follows: We can increase the number of correct NOESY peak assignments, and
thus the accuracy of a structure by improving the initial bootstrap structure. We
present and evaluate a method for accomplishing this, called R3 (Reseed,

Recalculate, and Rescue) that is capable of improving or “rescuing” structure
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calculations that would otherwise fail (in sparse data backgrounds) by reseeding
a structure calculation protocol with a higher quality structure, and then running a
noeassign calculation.

The inner-workings of CYANA suggest a natural way to implement R3.
We describe this general methodology along with an implementation (for the
CYANA program) that is easily adapted. We show that R3 is capable of both
success and failure, that is, that variable bootstrapping results discriminate
“good” structures from “bad” ones. We also demonstrate efficacy of R3 for
increasing the quality of three previously solved proteins of varying sizes (other
examples are provided as supplementary data) in sparse conditions. These were
simulated over a titration of randomly removed data points in both chemical shift
and NOESY space. Finally, we share conclusions regarding several potential
applications of this method. There are a number of such future directions,
including filtration of structures from a large set of potentially “correct” seeds,
increased automation of the NMR calculation workflow, and identification of
erroneous peak assignment / restraint artifacts.
Methods
Implementation of the R3 Method

In the R3 methodology we alter the initial structure (which serves as base
input to an iterative structure calculation method, such as noeassign). The
“noeassign” method can be generically described as follows: Given a set of
peaks p, chemical shift assignments ¢, angle restraints, and a linear chain of

amino acids, we calculate peak assignments a0 and a corresponding set of



structure restraints r0. We then use the set of r0 along with initial input data to
calculate a protein structure s0. After this is completed, we recall p, and
recalculate a new set of assignments and restraints (a1 and 1), as well as a new
structure, s1. This process is continued a total of n times, until we are satisfied
with the structure pN-1. CYANA typically runs 7 of such cycles. To implement R3
in a theoretical sense, we simply substitute sO with a structure obtained by some
other means.

Technically, R3 was implemented using the CYANA program via the
noeassign macro that operates in an entirely automated fashion. Noeassign
scripts were specified in a typical CYANA “CALC.cya” script, which is
comparable to the standard noeassign scripts (available at
http://www.cyana.org). Specifically, noeassign generates a series of
assignments (cycle1.noa), and a structure (cycle1.pdb) from calculated restraints
(cycle1.upl). In this case of R3, cycle1.pdb is the “seeded” structure.
Acquisition of Test Data Sets

The chemical shift and peak assignments for proteins were obtained from
http://bmrb.wisc.edu, having BMRB ids 15270, 16790, and 6546 (Urlich et al.
2007). The data sets had protein lengths of 111, 128, and 175 residues
respectively. Thousands of such data sets are available with differing
completeness -- for testing, we used a small subset of well-formatted data sets
possesing sufficient data required for structure calculation. To create a broad
range of data sets with varying NOESY / chemical shift completeness, 300

experiments were run. For each protein, random chemical shifts and NOESY
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peaks were removed for all percentages ranging from 10 to 100. A subtle but
important feature of such a pruning is that it removes chemical shifts in each
such data set, where the algorithm for pruning is as follows:
0) Define P as the percentage of peaks to retain, and define C as the
percentage of chemical shift assignments to retain.
1) Select P% of peaks from each peak list, randomly.
2) Compile all selected peaks into combined peak list, which will be called
p.
3) Compile all resonance assignments from peaks in p, calling this ¢ (this
is the set of resonances which were assigned to a peak).
4) Remove duplicates from c.
5) Randomly select chemical shifts from ¢ until C percent of ALL chemical
shifts have been selected, or 100% of ¢ has been selected. If the
number of shifts selected is < than C% of ALL chemical shifts, continue
to randomly select new chemical shifts from the remaining chemical
shifts (which are outside of the set ¢).
The outputs of (2) and (5) represent pruned peak and chemical shift sets
that were used in R3 calculations.
Calculation of Structures (Standard Noeassign and Reseeding)

The results in this work were obtained using Cyana 3 software, but similar
results were found when R3 was tested on Cyana 2.1. In the case of R3, 10000
calculation steps were implemented for 7 rounds of iterative assignment and

structure calculation. Since each calculation was intensive, they were run in
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paralleled on an 8-CPU application server. Particularly long structure calculations
for standard noeassign were calculated first as per the noeassign standard
methodology. For R3 “rescue” calculations, these calculations were cloned (with
exception of all files of cycles 2 through 7, as well as final cyana outputs),
cleaned of all cycles (with exception of the first), and reseeded with a cyana
structure calculated from a “complete” set of chemical shifts and NOEs (that is, a
quality structure calculated from the unfiltered BMRB archive). This can be done
by overwriting the “cycle1.pdb” file with a predetermined structure. The Talos+
program was also utilized to generate angle restraints for data sets in all cases.
These tasks were automated using the java programming language for data
integration in conjunction python scripts for execution.
R3 Evaluation Criteria

To quantify our ability to improve structure calculation by better
bootstrapping we report the accuracy (and precision) of all structures.
Quantification of accuracy is done in CA RMSDs for simplicity and uniformity of
comparison.
Data Analysis

Analysis of the large amounts of data produced by this method was
undertaken using scripts that imported cyana data sets using software derived
from the VENN application for homology titration (Vyas et al 2009) into a MySQL

server.



Results

The performance of the R3 bootstrapping methodology is demonstrated in
this section using 600 structure calculations for 3 different proteins retrieved from
the BMRB. The BMRB ids for proteins shown in this section are 15270, 16790,
and 6546, which have 111, 128, and 175 residues, (espectively. To simplify and
integrate the discussion of these results we define two calculations: controls and
rescues. “Control” structure calculation experiments are calculations that have a
standard CYANA seeded structure. “Rescues”, in contrast, are those that are
seeded with a high quality seeded structure in the first cycle of a CYANA
calculation.

We noticed structure improvement on a broad scale for all 300 structures.
We define “improvement” as the decrease in CA RMSD between a control
calculation and its R3 rescued counterpart. Precision varied more considerably
in this approach.
R3’s Improves Structure Accuracy over a Broad Range

We first wanted to show that R3 generally increases the quality of
structure calculations in sparse data conditions, where chemical shifts and peaks
have been removed. Figure 19 shows 6 plots illustrating the general
improvements in accuracy obtained in various data sets where 10% to 90% of all
chemical shifts or 10 to 90 % of all NOE peaks were removed for each of the
three data sets, and Figure 20 visualizes the 3D structure of proteins calculated
by the R3 method, as well as the standard CYANA methodology. In each figure

only 70% chemical shift and 70% of all peaks were available for calculation of
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data. The resulting accuracy and precision is tabulated for all experiments in
tabulated in Table 6.

It is clear that R3 becomes begins improving accuracy at 10% data set
completeness, all the way up to 90% completeness. The most drastic increase in
improvement occurs in the range of 50% to 90% completeness. We found that
bootstrapping is not required, nor helpful, when data quality is high enough to
resolve the structure independently.

R3 Can Drastically Improve Restraint Set Quality in Sparse Conditions

In extreme scenarios (i.e. when data is sparse), we found that R3 was
capable of rescuing structures effectively (up to a certain limit). For example, we
note improvements from 8.6 to 2.6 angstroms (BMRB id 15270 calculated with
60% CS and 90% NOE) and 7.6 to 2.94 (BMRB id 16790 calculated with 80%
CS, and only 20% NOE). The opposite case was seldom noted (this is visually
corroborated by inspecting the 6 plots in Table 6). It is clear that R3 can retain
high quality restraints, even in scenarios of extreme sparseness: only 48% and
9% of total restraints were recovered by the R3 method in the last two of the
aforementioned data sets, for example. This indicates that a few high-quality
restraints can be a very powerful ally in the process of structure determination.
Discussion

R3 could be thought of as improving accuracy in one of two ways. First, it
may boost the total number of restraints, so that proteins are more likely to be
constrained into a natural conformation. Another explanation for R3’s

improvements is that it improves overall quality of NOE assignment derived
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restraints. These experiments show the latter to be true: When comparing control
and rescue calculations, we saw that the overall number of restraints varied only
slightly. Our results (Table 6) demonstrate that R3 (as implemented in the
CYANA program) is capable of satisfying this requirement: high quality seeded
structures cannot rescue a calculation’s accuracy in all scenarios. The seeded
structure does not “force” convergence to the correct solution in all scenarios,
that is, the quality of a structure calculation using the R3 method ultimately is a
measurement of the quality of empirically derived input data, and the seed does
not appear to bias the results of calculation in a manner which is inconsistent
with available peak and chemical shift data.

We might consider several, hybrid approaches to structure determination.
Any such method might work by generating an overall protein fold which
approximates the correct structure as input to R3. The R3 algorithm could then
be applied using a small set of peaks and resonance assignments, with the
seeded structure as input. There are many methods which might be put to the
task of generating such seeds, including the CS-Rosetta program for structure
calculation in the absence of NOESY peaks, the Swiss-Model server for
homology based protein structure prediction. Additionally we might be able to
refine such seeds by inclusion of restraints from different sources (for example,
empirically derived or known restraints on the topology of a protein) might be

incorporated into such seeds.
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Another intriguing future application for R3 would be as a tool for direct
filtration of good structure estimates from poor ones. The synergistic
combination of these methods with a technique such as R3 could result in novel,
hybrid approaches to structure calculation. Another potential application of this
method is in the area of benchmarking and refinement of structure calculations.
By randomly removing data and recalculating a structure multiple times we can
measure the stability of a structure calculation, with respect to empirical data.
Such an analysis could help to determine generic heuristics for structure
calculation, while also aiding in the identification of outlier data points in a specific

structure calculation attempt.
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Fig. 18. A comparison of control and R3 calculation accuracy when varying the
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calculation. Accuracy is determined as the CA-RMSD to gold standard structure
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Table 6 (a-f). CA-accuracy and heavy atom precision (reported by CYANA) for

600 structure calculation experiements (continued next page).

(Percentage of Assignments Retained)

(Percentage of Assignments Retained)

a) BMRB ID: 6546
Accuracy

(Percentage of Peaks Retained)

R 10 20 30 |40 50 |60 70 |80 |90 100
10 7.09 |6.83 553 |504 | 526 |34 38 |4.82 (483 |46
20 341 (391 {411 (59 |518 |[536 |7.12 |6.21 |5.16 | 7.59
30 384 (372 |578 (517 [6.11 [|5.11 |5.07 |6.26 |4.85 | 511
40 411 [421 |4.12 [ 594 | 505 548 |4.38 (483 |4.93 |263
50 5.01 [5.37 |8.17 [552 |522 [595 |53 |4.36 |3.68 |244
60 6.59 {507 (8.06 |86 |7.21 |646 |5.17 (435 |2.58 (24
70 3.03 ({368 (367 (523 [6.21 (452 |4.63 |3.88 |3.56 | 1.97
80 6.72 | 6 6.28 | 573 [5.24 |11.06 (547 |41 |[4.16 [1.35
90 502 |454 | 554 1448 (546 (6.12 |6.12 |457 |26 |15
100 |3.76 |6.65 |554 |581 [6.12 (563 |94 [3.28 [1.76 |0
(Percentage of Peaks Retained)

Cc 10 20 30 40 50 60 70 80 90 100
10 7.09 {683 |8.12 | 556 {495 |57 [4.92 {283 |562 [4.35
20 341 {448 |5.03 (524 (471 | 537 | 4.25 | 509 | 537 |3.72
30 3.84 | 585 |553 |537 (5.01 |59 |499 |39 331|297
40 411 |3.66 [ 4.83 | 523 (7.06 |641 | 525 |2.82 |3.45 |2.61
50 501 464 {588 |552 {55 |3.73 |349 |326 {233 |1.96
60 6.59 |5.16 |4.29 | 514 (6.38 |3.36 | 3.73 |2.57 | 252 |2.52
70 3.03 |52 |537 |501 |507 |3.71 [3.22 | 272 | 247 |1.62
80 6.72 [ 5.33 |4.86 | 7.38 {642 | 364 |3.08 |1.96 |2.09 |1.47
90 296 | 589 |4.73 | 556 (469 |3.03 {3.07 | 196 |[2.51 |1.65
100 |3.76 {529 | 546 |7.16 |7.11 | 347 | 267 |1.94 | 168 |1.79
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(Percentage of Assignments Retained)

(Percentage of Assignments Retained)

b) BMRB ID: 15720
Accuracy

(Percentage of Peaks Retained)

R 10 20 30 40 50 60 70 80 90 100
10 632 |49 442 |7.05 |554 1534 (437 (783 |59 |475
20 561 [ 7.35 {491 {649 | 531 |434 507 (493 |6.76 | 4.82
30 394 |565 {61 |4.11 |4.28 |9.01 |53 6.73 | 593 | 5.63
40 6.32 | 501 | 482 |517 |443 1441 {446 |6.1 |5.05 |3.77
50 46 |444 {574 |653 489 {45 [569 [6.11 |4.38 |2.63
60 485 |58 566 |6.02 652 |621 |629 |51 |8.02 |2
70 578 | 766 [6.76 {544 |497 |55 |78 7.3 1438 | 152
80 494 | 559 {483 {7.02 {513 |589 {399 |65 |299 (1.5
90 899 (39 |579 |7.07 496 | 862 |10.21|9.57 | 3.68 | 1.13
100 |5.18 |45 |56 {6.12 {622 |439 (485 |741 {344 |0
(Percentage of Peaks Retained)

Cc 10 20 30 40 50 60 70 80 90 100
10 632 |49 (442 |6.13 | 389 [495 |465 |455 |44 |4.83
20 561 | 735 |682 |62 |531 {628 |6.04 |513 | 569 |4.46
30 394 | 565 |427 |46 |463 |4.85 |519 |555 |2.84 |28
40 6.32 | 282 [3.62 {358 {592 [454 | 397 |3.01 |2.14 | 2.36
50 46 |633 |526 |585 |439 [562 |4.17 |3.58 |2.05 | 1.68
60 485 (539 [6.61 {441 (52 |[335 575 (221 [1.63 |1.65
70 578 |3.66 | 509 |443 |8.26 [6.16 | 2.15 | 217 |1.49 | 1.84
80 494 1576 | 6.16 |4.39 | 3.01 |3.23 | 2.76 | 1.82 |1.38 | 1.55
90 899 |464 (51 586 [3.73 [259 [231 {204 |1.71 |1.18
100 |4.41 |6.13 | 517 {423 |32 (525 |2 15 1138 |13
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(Percentage of Assignments Retained)

(Percentage of Assignments Retained)

c) BMRB ID: 16790
Accuracy

(Percentage of Peaks Retained)

R 10 20 30 40 50 60 70 80 90 100
10 526 | 481 {661 |[452 (598 | 597 |457 |4.82 {599 |8.43
20 8.25 (433 |3.77 {554 |6.07 {496 | 439 |7.58 |4.14 | 3.85
30 379 | 558 {54 |563 (477 |9.01 |457 | 597 | 462 |5.46
40 493 (574 |7.18 | 552 |5.02 |42 |597 |3.46 [3.56 |547
50 825 (654 (492 {629 (741 |5 3.25 | 471 {294 |48
60 45 |527 |6.17 |6.38 |441 | 533 |4.24 [543 {1.97 |2.16
70 825 |41 |596 [651 (6.02 {388 |579 {442 |292 |1.68
80 464 |5.77 |511 |54 (45 |521 |459 |181 [25 |1.98
90 825 |444 |52 531 (43 |51 |56 (423 |166 |16
100 |5.47 [8.07 | 585 |485 516 [3.89 |273 |26 |361 |0
(Percentage of Peaks Retained)

C 10 20 30 40 50 60 70 80 90 100
10 526 [481 |6.61 [3.15 (53 |4.94 | 595 |491 |4.08 | 561
20 825 |3.79 (654 {46 (47 |636 |6.23 {294 |3.94 (4.2
30 3.79 | 467 |7.56 (466 |53 |74 |4.03 {497 |3.95 284
40 493 |56 |506 |56 [4.17 (456 |4.18 {456 |3.56 | 2.5
50 825 |474 {478 | 564 (53 [3.3 |492 |325 |4.31 |1.46
60 433 [429 |576 |52 |[3.13 |446 | 532 |265 (209 [1.44
70 8.25 [463 |51 |6.69 |3.71 [295 |3.35 | 253 |2.14 |(2.24
80 464 (883 |665 |525 1343 {235 (524 |1.83 |1.22 | 219
90 825 {666 | 646 |4.49 (288 [3.28 | 557 | 191 |2.16 | 1.55
100 }4.85 |591 |3.56 |4.74 |276 (341 |3.77 | 241 | 224 [1.73
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(Percentage of Assignments Retained)

(Percentage of Assignments Retained)

d) BMRB ID: 6546
Precision

(Percentage of Peaks Retained)

R |10 20 30 40 50 60 70 80 90 100
10 | 30. 28 21.9122.1120.9| 23. 18. 30. 18.1 1 14.
20 | 28. 28. 17.9121.7(14.622. 13. 12. 12.417.6
30 |30 21. 29.8119 13.94}11. 9. 6. 4. 5.4
40 | 27. 32. 22.1117.9(11.3}13. 11 4. 3. 3.8
50 |27. 25. 13.1]119.5111.61}4. 3. 2. 2. 3.2
60 |31 25 21.9119.8110.7]8. 3. 2. 2. 2.4
70 |30.3(28.1[21.9|18.4]12.2]4. 4. 2. 1. 1.5
80 | 28. 28. 20.7114.119.2 5 3. 2. 1. 2.3
90 | 34. 26. 23.2112.5(5.4 4. 4. 1. 2 1.2
100 | 28. 21. 12.7110.5(114.6| 3. 2. 2. 1. 1.4
(Percentage of Peaks Retained)

Cc |10 20 30 40 50 60 70 80 90 100
10 |30.8]28.2(22.1(22.4]|21 23.8(18.6130 18.6 | 14.
20 |28. 29 18.2121.8]15.3 ]| 22. 14. 12. 13.11]8.1
30 |209. 21. 30.1119.4(14.4|12. 10. 6. 5. 5.9
40 | 27. 32. 22.3118.4)11.9| 14. 11. 4. 4 4.2
50 | 27. 26. 13.7119.9(12.2]5. 4. 3. 3. 3.6
60 | 30. 25. 22.2120.2111.2]09. 4. 2. 2. 2.9
70 |} 30. 28. 22.2118.8|12.8 | 4. 4. 2. 2. 2

80 |28.6]28.8(21.1]14.6(9.7 |5. 3. 3. 2. 2.8
90 | 34. 26. 23.5]13 6.1 5 5 1. 2. 1.7
100 ] 28. 22 13.3]11 15.2 | 4 2. 3. 1. 1.9
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(Percentage of Assignments Retained)

{Percentage of Assignments Retained)

e) BMRB ID: 15720
Precision

(Percentage of Peaks Retained)

R 10 20 30 40 50 60 70 80 |90 100
10 21 23. 22.4123.4122. 19 17 19 19.8115.4
20 21. 22. 17.5(18.7(19. 15.7113 12 13.818.8
30 24, 23. 21.2]114.3|12. 14 12. 9. 4.3 3.6
40 |21 21.9(22.214.6|13.7[11.6|9 6.6 |3 2.6
50 }23.3]16.7[20.1/18.7{12.8(9.5 |5. 2.4 {2 1.1
60 21. 23. 18.8 |14 12. 8.2 6. 2. 0.9 1.2
70 23. 22. 20.811.2(11. 8.7 2. 1. 0.9 0.6
80 22. i6. 15.219.1 13. 3.6 1. 1. 1.1 0.8
90 [19.9]18.2(18.8|13.5(5.2 [3.5 |1. 0.910.6 |0.5
100 §17. 17. 12.317.6 5.6 3.5 1. 0. 0.6 0.5
(Percentage of Peaks Retained)

c |10 20 30 40 50 60 70 80 90 100
10 |21.1]22.9|22.4|23.2122.7118.4|17.2]19.1}20 15.6
20 | 21. 22. 17.7118.7119.4]15.9113. 12. 13.919.1
30 [24.1123.9]21.114.3|12.5[14.2]13 10.2 (4.5 [4.1
40 1§ 21. 21. 22.3(14.8(14.3(111.9|9.6 6.9 3.5 2.8
50 |} 23. 16. 20.118.7}13 9.7 5.8 2.8 2.5 1.6
60 |21.2(23.2]18.8[14.1|13.1(8.3 [6.7 |2.9 |1.4 [1.6
70 }23.1({22.8|20.9(11.7}11.1/8.9 (2.5 |1.7 [1.3 [1.1
80 | 22. 17. 15.419.6 14 4.1 2.2 2.5 1.4 1.2
90 20 18. 18.7}113.815.8 4.1 2.1 1.4 1.1 0.9
100} 17. 17. 12.6}17.9 6 3.9 2.1 1.2 1.1 1
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(Percentage of Assignments Retained)

(Percentage of Assignments Retained)

f) BMRB ID: 16790

Precision

(Percentage of Peaks Retained)

R |10 20 30 40 50 60 70 80 90 100
10 l6. 14. 18 16.5(15. 16.1(13.8110.5]11 13.4
20 16. 16 13.2(14.6 | 14. 10.2112.319.1 8. 10.6
30 | 14. 17. 15.8{11.3|11. 11.3(9.6 8.2 3. 4.5
40 17. 14. 12.3(14.410. 6.1 6.6 5.8 4 2.6
50 16. 17. 15.8]10.6 |10 7.3 6.5 3.7 2 1.4
60 | 16. 17. 11.2]10 4.5 5.4 3.9 12.9 2. 1.8
70 | 16. 11. 12.7110.6 5.2 5 2.7 2.1 1. 2.1
80 14. 14 10.41]9.5 4.5 3.1 5.2 2.2 1. 2

90 | 16. 14. 14.6 |6 3.9 3.7 3.2 1.6 1. 1.5
100 ] 16 16. 11.5(7.4 3.5 4 2 1.6 1. 1.9

(Percentage of Peaks Retained)

C 10 20 30 40 50 60 70 80 90 100
10 16. 15 18.1]16.6|15. 16.1(14.1]10.9}11. 13.9
20 16. 16. 13.5114.9 14. 10.6[12.5]9.4 9. 10.8
30 15. 17. 15.9(11.711. 11.8 (9.7 8.5 4 4.6
40 17. 14. 12.6(14.5]10. 6.4 6.6 5.9 4. 2.8
50 16. 17. 15.9|11 10. 7.3 6.7 3.9 2. 1.7
60 |17 17.44111.5(10.2|4.8 {5.6 |4.1 |3 2. 2

70 | 16. 11. 13.2 |11 5.4 5.3 2.9 2.3 1. 2.2
80 14. 14. 10.8 | 10 4.9 3.4 5.4 2.4 1. 2.1
90 16. 15. 14.7(6.2 4 3.9 3.3 1.8 1. 1.7
1001 16. 16 11.9(7.7 3.7 4.2 2.2 1.7 1. 2.1
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Control Calculation: with 70% R3 (rescued) calculation: with 70%
Chemical shifts and 70% Peaks. _| Chemical shifts and 70% Peaks.
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Fig. 19 Control calculations vs rescue calculations visualized. Each row
represents a BMRB ID, and the two columns correspond to standard calculations
(left) and R3 calculations (right). In red, the correct conformer from the gold
standard calculation is shown as reference. In blue, the entire bundle calculated
by CYANA for the control (left column) or R3 methodology (right column) is
shown. Figures made and aligned with Molmol (Coradi et al. 1996).
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Conclusions

“So perhaps the time has come to do some mindless collecting of data.”

-Laurie Goodman, From “Hypothesis Limited Research” (1999).

Our interest in integration of protein data originated from a need identified
in the “CONNJUR” and “Minimotif-Miner” projects to integrate and normalize data
so as to simplify the process of structural and functional protein analysis,
respectively. While working towards these ends, it became clear that data
integration is a field unto itself. The broad range of content in this thesis supports
the notion that data integration is emerging as an increasingly important theme in
many areas of the molecular biology of proteins.

Our methods rely on a strategy that is grounded in fundamental
information modeling— and we have demonstrated the implementation of this
strategy using data-marts, coupled with federated utilities for data ingestion.
These technologies facilitate an array of analytical techniques, which can deliver
accurate hypotheses to the practicing biologist in an efficient manner.

This work has advanced our understanding of the integrative nature of
bioinformatics data in several ways. These pages have provided (1) a robust
foundation for defining and mining Minimotif information, (2) a platform for
semantically rigorous curation of Minimotifs on a large scale, (3) a practical
method for integration of the structural, sequence, and functional aspects of

proteins, (4) new insights into the boundaries of the time point in evolution
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wherein the SSPE gene emerged in Firmicutes which would be extremely difficult
to ascertain without an integrated data processing framework for data mining of
bacterial genomes, and (5) exemplary methods for increasing scope of protein
structure determination by NMR.

Advances in Minimotif Technology

In the first two chapters of this work | have presented a novel “syntax”
defining the information content of Minimotifs that is consistent and
unambiguous, and implemented this syntax in a structured relational database.
Because this syntax is precise, it was able to be implemented in such a database
in a manner that allowed for the querying of various aspects of Minimotif
functionality in an intuitive and dynamic fashion.

By coupling a database implementing our model of peptide function to the
“Mimosa” application for peptide annotation, we were able to deploy an
interactive, high throughput, multi-user technology for the unambiguous
annotation of functional peptide motifs. Ongoing work by Schiller and
Rajeskeran indicates that this model for molecular function and its ability to be
expressed in a structured database can be used to increase the quality of motif
searches in the MnM database.

The structured nature of our syntax allows us to leverage the power of
large databases and computers for aiding the process of annotation. The
ambiguity of common protein annotation vocabularies makes the use of
machines as aids in such annotation a less attractive option (machines are

notoriously bad at dealing with ambiguous, unstructured data).
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Finally, we developed a new algorithm for efficiently discriminating
literature abstracts containing data about Minimotifs from other abstracts. This
technology is again based on the Mimosa system for annotation, which includes
hundreds of thousands of medical abstracts that can be automatically viewed in
context of Minimotif related content. This algorithm is generic, and may be
applied in other scenarios where the differentiation of text content is desired.

The ability to generically, adaptively rank abstracts could be of much
broader useto the research community, and it would be relatively simple to
implement an adaptive system which personalized the extraction and clustering
of literature for individual investigators. As another, personal offshoot of this
technology, | recently deployed the JimpactFactor crawler
(http://jimpactfactor.appspot.com) , which has been deployed which outputs all
journals which are relevant to a particular area of study, author name, or gene
name.

The “sequence” information content of functional of Minimotifs is limited to
just a few amino acids in a search string which can potentially match thousands
of proteins in a mammalian proteome. However, when we consider the fact that
any peptide, in addition to its sequence attributes, contains molecular partners
and taxonomical context, it becomes clear that there indeed is more information
then sheer sequence at our disposal. In order to utilize these attributes,
however, they must be appropriately normalized and modeled. The notion of
integrating data to compensate for degeneracies is also a basis for many of the

other techniques applied in these pages.



VENN: Bringing “Structural Biology” to Life

The Venn application demonstrates integration that cuts across the many
domains of protein informatics — namely sequence, structure, and function, again
touching on the theme of broader integration for increasing information
resolution. This application, which exhibits broader integration then the Minimotif
work, was capable of leveraging our previously constructed API's from the
CONNJUR and MnM projects in a synergistic manner.

We are all familiar with the puzzlement posed by a three-dimensional
structural model, in spite of its impressive aesthetic qualities. Protein structural
interpretation is often difficult because its not always clear which regions of a
protein are responsible for which functions — the many biologically inert regions
of protein structures (for example, residues at the core) confound our ability to
see the signifcance of a protein when viewing it in 3D.

The VENN application allows us to rapidly detect significant substructures
in spite of exceeding complexity of 3D coordinates by integrating the latest
advances in protein and DNA sequencing to the world of structural biology,
allowing the biologist to visualize the consequences of evolution over millions of
years in color on a computer desktop. In simple analyses, unimportant residues
simply appear white. In more sophisticated workflows, such as that described in
the chapter, scientists may identify regions of important function by utilizing
sophisticated alignment and “titration” techniques, coupled with careful analysis

of residue coloration.
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The new version of VENN is web based, allows arbitrary coloring of any
sort on the RGB scale, the use of any one of hundreds of alignment matrices
available at NCBI, and allows for uploading of custom PDB and fasta-formatted
data sets. Venn's exemplary beta-zip transcription factor was just the first step
towards development of new paradigm that promises to bring us many returns in
the future. We have ultimately taken the VENN system and scaled it into the
“HIV-Toolbox” application, which integrates data on an even larger scale
(Saergent et al 2011). | certainly envision the continued integration of VENN with
more biological data as time goes on — including sequence isolates, DNA
sequence conservation for nucleotide bound structures, and gene-ontology
terms.

Its quite interesting to consider the consequences of higher throughput
structure determination on such applications, since these advances will ultimately
increase the data available to tools like VENN by orders of magnitude. At some
point in the future, it might be possible that VENN allows for titration of structural
as well as sequence changes in a single visual environment.

Data Integration for Distantly Related Proteins

Sequence similarity of genes and proteins is essential for use of common
gene finding tools such as BLAST. However, there are cases where a gene’s
function is not reliant on its primary sequence. In such a scenario, common
protein sequence based searches may not readily find true homologs. The
SSPE protein in firmicutes is a textbook case of such a gene, which shares very

little amino acid sequence similarity to its neighbors.



A desire to find “all” SSPEs in the firmicute proteome inspired the work of
Chapter 4. In this work, we demonstrated and defined an entirely new method
for sequence scanning and prediction of gene emergence. In particular, to find
the sequences, we expanded data regarding genes and their sequence
homology into a two dimensional plot of histograms, where, for each particular
species, we plotted a row with a histogram visualizing percent similarity of well
conserved, poorly conserved, and SSPE proteins. This “controlled” visualization
of homology was only possible in context of end-to-end data integration of
taxonomical and sequence data into a high-performance data mart.

We have thus integrated the process of sequence mining methods with
phylogenetic reconstructions, so as to enable new methods in bacterial protein
sequence mining; identifying the phylogenetic origins of the elusive SSPE gene,
and shedding light on a particularly interesting time point in bacterial evolution.
Current work by Hao and Setlow has since revealed that the origin of the SSPE
gene, which was identified in Chapter 4, may be, in fact, a major divergence point
the divergence of Firmicute genomes, and thus, in the evolution of
microorganisms (personal communication).

An important aspect of this work was our expansion of standard
sequences searches into two-dimensional searches, which plot various genes in
one. We can envision a powerful alternative to standard BLAST searches based
on this paradigm that is not specific to Firmicture proteomes, but rather, which is
integrated with the entireity of NCBI's proteomic resources. Such a tool could be

useful for gene hunting on a much wider range of species.
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CONNJUR: Pushing the Limits of NMR Data Integration

The notion of integration for its own sake is a founding precept of the
CONNJUR project that has found its way into every chapter of this thesis, and
ultimately, has now become a primary principle of the ongoing works of the MnM
project. In Chapter 5, we come full circle to continued advancing technologies
that facilitate the NMR workflow for protein structure calculation, which is one of
the main goals of the CONNJUR project, by using the integrated strategies which
define the overall CONNJUR project in general.

The R3 methodology for structure calculation, although in its infancy, may
have implications for higher-throughput structure determination methodologies as
well as benchmarking. In addition to ongoing improvements in NMR data
processing and analysis, we are advancing our understanding of how amino acid
sequences “fold” into three-dimensional structures. We now know that there are
a limited number of “folds”, based on research done into categorization and
clustering of different protein families(Andreeva 2004). Molecular dynamics
methodologies will surely benefit from our continually improving understanding of
the structural properties of proteins. This in turn will lead to increasingly accurate
methods for structural simulation and calculation that rely on such molecular
dynamics methodologies for in silico simulation of the protein folding process.

Nevertheless, we will need to validate protein models using empirical data
in the future. The fact that we have demonstrated this ability in R3 is thus a
proof-of-principal that, as in-silico structural models become increasingly

accurate, we may be able to begin solving structures in extremely high
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throughput by simply validating these models by collecting a small amount of
data.

In a broader sense, R3 is emblematic of the CONNJUR goal — which is
the integration of structures, peaks, chemical shifts, and atoms into a pipeline
which can be adaptively adjusted, tweaked, iterated, and visualized on the fly
with little or no need for manual intervention and file formatting. The prototypical
structure calculation models used to automate the R3 experiments represent the
first iteration of such a framework for CONNJUR, and ongoing work in the Gryk
laboratory continues to “push” the scope of the CONNJUR project to the point
where all NMR data types can comingle in a synergistic manner. As a group, the
CONNJUR team has also recently released a comprehensive, open source, and
vendor neutral spectral data conversion utility to the NMR community, which is
the first tool of this sort in the field (Nowling et al. 2011). In an even broader
sense, R3 represents a primary goal of this thesis: the demonstration of the fact
that integration alone can enable solutions to problems that are otherwise difficult
to solve.

The Future of Bioinformatics

This work was not intended to impose a top-down strategy for integrated
analysis of protein data on all bioinformaticians, but rather, to explore a broad
range of methodologies for integrated analysis of protein sequence, structure,
and function in several specific areas, which will generally guide others in the
future. To this end we have succeeded. Bioinformatics continues to grow and

expand in parallel with improvements made in other related industries — such as
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physics, chemistry, and of course, computing. The next several years of
bioinformatics promise to be as interesting as any thus far. One particularly
interesting trend is the rise of highly efficient methods for analyzing large data
sets.

The current climate for data mining is burgeoning with innovation in the
area of large-scale data analytics. Recent advances in generic data mining
techniques have now affected the trajectory of bioinformatics efforts as well
(Taylor et al. 2010). The fast approaching eras of personalized medicine and
high-throughput structural biology are destined to increase our data processing
requirements by orders of magnitude — while also augmenting our understanding
in an equally dramatic fashion.

As one would expect, the pace of progress in information integration is
breakneck, and things are changing rapidly. The debate which rages on is not
“Should we integrate?” but rather “How should we integrate?” The bioinformatics
world stands at a cross roads, where structured data integration techniques, such
as those enlisted in these pages, are being challenged by an ambitious and
extremely high performance array of “NoSQL” technologies (named after their
often cavalier eschewing of traditional SQL-oriented, highly structured database
integration technologies).

In the area of data science, these methods value simplicity over
explicitness, throughput over precision, and scalability over transactional

security. NoSQL technologies have burst onto the bioinformatics scene in the
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past 5 years, and are now being applied to the service of protein sequence
alignment, genome assembly, literature mining, and even structural biology.

The philosophical basis for these techniques does not solve perennial
problems of semantics and data integration, but rather, combats these issues
using an entirely lateral method of attack: rather than forcing our data to be
correct, allow it to it be incorrect — and simply collect more of it.

Might it be possible, rather than integrating existing, fractionated
repositories, to simply recollect biological data on a massive scale and reprocess
it using modern, ultra-high performance data analysis technologies? In the
biology community, we have seen similar trends in thinking in the area of gene
expression analysis and large-scale proteomics. These endeavors, which may
be criticized as “noisy” by some, have revolutionized our ability to profile the
salient characteristics of a cellular population. Certainly, the CS-Rosetta
paradigm, which involves the generation of tens of thousands of candidate
protein structures, represents a “big-data” approach to structure determination
that, although in its infancy, represents a foreshadowing of things to come. In
particular, these paradigms are generally highly dependant on the use parallel
computing.

Final Thoughts

Often in science, breakthroughs come in strange, unpredictable forms.

The next great advances in biology may very likely come not from larger, more

restrictive models of molecular classifications and hierarchies, but rather, from
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novel, highly simplified models for dealing with biomolecular computation which
have never before been imagined.

Doolittle and others came to witness the importance and power of
sequence-oriented bioinformatics for evolutionary inference in the last quartile of
the 20" century. The next several decades will witness the power of global
bioinformatics data integration in a similar light. That is, as we improve our ability
to integrate computational analysis of proteins, we will witness a deeper
conceptual integration of sequence, structure, and function. Ultimately, these will
beget a deeper understanding of the combinatorial, expansive molecular
relationships that drive cellular function. The curtains are about to rise on the
next act of “the greatest show on earth”.

Finally, a personal note: As our understanding of molecular interactions
continues to improve, we must never forget our prenomial charge — which is the
sharing of these advancements with humanity at large. We can do this at the
micro-scale by making our software free and open source for all to utilize.
Additionally, we may do this on a global scale by continuing to promote
bioinformatics to the status of a first-class, exhibitionary science. | cannot
imagine that the delicately crafted nuances of protein sequence alignment, the
pleasures of virtually spinning large, DNA bound protein models, and the extreme
diversity of natures protein arsenal is of interest only to the bioinformatics
community. After all, the mysteries of bioinformatics are but a reflection of the

regular ongoings that are native to all living things.
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Appendix A. Additional Material for Chapter 1

Table A1. Physical to conceptual data model mapping

Conceptual
Physical Model Model Purpose

Defines the motif sequence,

and any post-translational
Motif Motif modification

Defines the motifs activity
ref_knownactivity,motif_source Activity for a given annotated motif.

Defines the biological target
ref_molecule, motif_source Target of an annotated motif.

Defines the RefSeq record

for a motif containing
ref_homologene_2_gene_protein RefSeq protein or its target.

Defines a HomoloGene
ref_homologene_2 HomoloGene cluster for any protein.

Defines types of protein
ref_domain CDD domains

Table A2 defines the rules for generating human readable annotations

from the structured attributes of the minimotif syntax. The syntactical attributes

can be acquired by joining tables in the database. The value of different

attributes in each condition for a minimotif determines which rule is used.

SH3 Binding Motif Clustering

In order to determine SH3 domain binding motifs, a query against the

ref_knownactivity, ref_molecule, motif_source, motif and ref domain tables was

executed to join their data (query 7). The resultant cluster of motif sequences

from this data set consisted of 741 distinct sequences (69 consensus sequences

and 672 instances), with 59 Target (SH3 containing) proteins and 372 source

(Motif containing) proteins. At this point, we have utilized our semantic model of
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Table A2. Rules used to regenerate annotations from database tables.

Rule # Condition Rule
([Activity] = binds) AND [Motif Sequence] in [Motif source
([Required Modification] = name] [Activity] [Target Name];
1 Instance) AND (Target Name [Required Modification]
domain = empty or null) AND
([Required Modification] does
not =none)
([Activity] = binds) AND [Motif Sequence] in [Motif source
([Required Modification] = name] [Activity] [Target Name]
2 Instance) AND (Target Name
domain = empty or null) AND
([Required Modification] =
none)
([Activity] = binds) AND [Motif Sequence] in [Motif source
([Required Modification] = name] [Activity] the Target Name
3 Instance) AND (Target Name domain Target Name domain of
domain = is not empty or null) [Target Name]; [Required
AND ([Target domain Modification]
position] = empty or null)
([Activity] = binds) AND [Motif Sequence] in [Motif source
([Required Modification] = name] [Activity] the [Target domain
Instance) AND (Target Name position] Target Name domain
4 domain = is not empty or null) Target Name domain of [Target
AND ([Target domain Name]; [Required Modification]
position] = is not empty or
null)
([Activity] = binds) AND [Motif Sequence] in [Motif source
([Subactivity] contains name] binds [Target Name] and is
5 trafficked) AND ([Required [Subactivity] [Subcellular
Modification] = Instance) Localization]
AND ([Required Modification]
= none)
([Activity] = binds) AND [Motif Sequence] in [Motif source
([Subactivity] contains name] binds [Target Name] and is
5 trafficked) AND ([Required [Subactivity] [Subcellular

Modification] = Instance)
AND ([Required Modification]
is not = none)

Localization]; [Required Modification]
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Rule # Condition Rule
([Activity] = requires) AND [Motif Sequence] [Subactivity]
7 ([Required Modification] = requires [Required Modification]

Instance) AND ([Required
Modification] = none)
([Activity] = requires) AND
([Required Modification] =
8 Instance) AND ([Required
Modification] does not =
none)
([Activity] = modifies) AND
([Required Modification] =
Instance) AND ([Required
Modification] = none)
([Activity] = binds) AND
([Required Modification] =
10 Instance) AND ([Required
Modification] does not =
none)

motif in [Motif source name}; Target
Name is [Target Name]

[Motif Sequence] [Subactivity]
requires [Required Modification]
motif in [Motif source name]; Target
Name is [Target Name]; [Required
Modification]

[Motif Sequence] in [Motif source
name] is [Subactivity] by [Target
Name]); [Activity Modification]

[Motif Sequence] in [Motif source
name] is [Subactivity] by [Target
Name]; [Activity Modification];
[Required Modification)

minimotif function to derive a data set resulting from a very specific linguistic

analysis which can now be analyzed for minimotif groupings. Several database

procedures were needed for this analysis (queries 1-9).

Initially, consensus motifs were separated from motif instances using

query 1. This statement returned a series of sequence instances in MnM 2 which

bind the SH3 domain of a Target protein, along with the name of that Target

protein, e.g.

AKLKPGAPLRPKLN ABL

AKLKPGAPVRSKQL Grb2

AKPKKAPKSPAKA Nck1



Table A3. Queries for SH3 binding minimotif analysis

Que
i Syntax
number

Select sequence, #', ref_molecule.name from motif, motif_source,
ref_knownactivity, ref_molecule, ref_domain where
motif_source.motif=motif.id, ref_molecule.id=motif_source.target,
and ref_molecule.refDomain = ref_domain.id and
ref_domain.domain = ‘SH3’ and ref_knownactivity.Activity="binds’

1 and motif.type IS NOT 'Consensus’
Select motifClass,count(*),(select count(*) from
motif_comparison), avg(score) from motif_comparison where

2 score > 1 group by motifClass order by count(*)
Select sh3_group.rxp, count(0)/(select count(*) from lexica)
from sh3_group join lexica where lexica.sequence regexp
(sh3_group.rxp) group by sh2_group.rxp union select 'NOT
PXXP', count(0), count(0)/(select count(*) from lexica) from

3 lexica where not isPxxP(lexica.sequence)
declare totalresidues int;select sum(length(m.sequence)) into
totalresidues from sh3_binding_motifs_sandbox m; select
a.letter,sum(substrCount(s.sequence,a.letter)) rawTotalCount,
100*sum(substrCount(s.sequence,a.letter))/totalresidues as
percentComposition,
100*sum(substrCount(s.sequence,a.letter)>0)/totalresidues as
rawAmountContaining,
(100*sum(substrCount(s.sequence,a.letter))/totalresidues)/enric.perc
ent as percentCompositionNormalized ToProteome from
sh3_binding_motifs_sandbox s, ref_amino_acid a,
ref_aa_enrichment_human_proteome enrich where

4 enric.aa=a. letter group by a.letter
gSelect motifClass,count(*),(select count(*) from
motif_comparison), avg(score) from motif_comparison where
score > 1 group by motifClass order by count(*)

number of SH3 containing proteins in human proteome: ‘Select
distinct ref_homologene_2 from ref_homologene_2 h,
ref_homologene_2_gene_domain d,ref_homologene_2_gene g
where domain =<domain> and d.ref_homologene_gene=g.id and

6 g.ref_homologene_2=h.id’
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Table A3 (continued)

Query
number

Syntax

number of unique SH3 binding sequences: ‘Select distinct
sequence

from motif, motif_source,ref_molecule,ref _knownactivity a where
a.Activity ='binds’

and motif_source.knownActivity=a.id and motif_source.motif=motif.id
and ref_molecule.id=motif_source.target and
ref_molecule.ref_domain=(select id from ref_domain where
domain='SH3') order by sequence and not sequence regexp('x’) and
not sequence like '%[%"

charged character of SH3 binding sequences : ‘Select
avg(getPeptideCharge(s.sequence)) from human_proteome as s
UNION

select avg(getPeptideCharge(s.sequence)) from distinct

sh3_binding_lexica_type group by s.sequence regexp ({KR]..[KR]’)’
‘Select avg(s.cnt) from (select count(*) as cnt from
motif_source_motif_group where group_title='SH3' and motif
regexp(group_rxp) group by motif) s’

By running query 1 again, this time omitting the final 'and’ clause, we

extract minimotif consensus sequences, where the purpose of the '#' is to format

the data on export so that it is directly compatible with the Comparimotif program

which was used for comparing instances against consensa (Edwards et al.,

2008).

By utilizing the Comparimotif program to compare minimotif instance data

against consensa, and integrating this data set to MnM, we could now

cross-query between the results of a global Comparimotif analysis of the motifs

using query 2. This revealed the most common SH3 binding motif consensa.

This analysis revealed a variety of such relationships between consensus
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sequences and instances. We ranked relationships by using Comparimotif's
Shannon’s Information Content based score with a cutoff value of 2.0 since low
scores did not show meaningful relationships between consensus sequences
and instances (Edwards et al., 2008). Considering only scores above this cutoff,
we then tabulated a relevance score for important consensus sequences (Table
A4). We define '‘Relevance Percent' as the ratio of the number of Comparimotif
calculated matches for a consensus by the total amount of distinct instances
variants in our database for SH3 binding peptides. For example, a consensus
sequence which matched to every SH3 binding instance sequence in MnM 2

would have a score of 100%.

Table A4. Frequencies of exact matching instances / consensus sequences in

database.

Consensus Number
KKPP 7
PxxxPR 183
PxxDY 2
PxxP 1305
PxxPx[KR] 972
RxxPxxP 308
RKxxYxxY 3
WxxFxLE 1
[HKR]xxHKR] 495

KPTVY 2
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Table A5 indicates importance of all the consensus sequences in the
minimotif database in terms of their frequency. The PxxP motif, for example, was
an important class since it had the highest frequency. The second most
important matches, PxxPx[KR] and PxxPxK are known class Il SH3 binding

motifs.

Table A5. Consensus sequence relevance ranking.

Relevance
Consensus
Percent

Px[IV]PPR 3.0
PLPxLP 3.8
[KRPxxxxKx[KR][KR] 3.8
PxPPxRxSSL 4.6
RxLPxLP 4.6
PxPPxRxxSL 5.2
RxxK 7.9
KxxK 8.7
Px[APIX[PVIR 221
PxLPxK 12.6
[KRIxLPxxP 18.8
PxxxPR 20.7
RxxPxxxP 249
Px[AP]xxR 33.6
PxxPxK 35.0
PxxPx[KR] 74.0
PxxP 89.1

Many of the consensus sequences were related as are the two class ||
motifs above. Therefore we used Cytoscape to visualize all consensus
sequences related to instances and grouped motifs that had common sets of

instances (Shannon et al., 2003). The visualization of matches using Cytoscape
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allowed us to identify several important consensus sequences. Although the
implementation of Shannon Information Content scoring gives us a valuable
initial screen of motif significance, we also used regular expression matching in
SQL to identify “exact” matches. Since this was an important query for our
analysis, we embedded it in our database as a view (a table with all contents
dynamically derived from other tables).

This analysis resulted in ten different consensus groups (PxxDY, PxxP,
[HKR]xx[HKR], PxxxPR, PxxPx[KR], RxxPxxP, WxxxFxxLE, RKxxYxxY, KKPP,
and KPTVY). The results from query 3 identified PxxP, RxxPxxP and PxxPx[KR]
as the most common motifs (Table 4). However, PxxxPR, BxxB, and
[HKR]xx[HKR] may also be highly significant SH3 binding motifs that bind to
distinct sites. Additionally, KKPP, WxxFxxLE, PxxDY, and RKxxYxxY are
underrepresented in our database and their broader significance in binding SH3
domains will require further study. One limitation with the frequency-based
analysis is that the SH3 domains and motifs thus far experimentally examined
are biased, as may be the content of our database. We have aiso evaluated the
validity of our motif categorization by comparing the binding sites of different SH3
binding motifs in a structural analysis.

Analysis of Residue Content in SH3 Domain Binding Peptides

Residue content in all SH3 ligands was determined using queries 4 and 5.
Query 5 identifies the frequency of each residue in all SH3 binding minimotifs
and these numbers were normalized to the frequency of each residue in the

human proteome which was identified using query 5. Query 5 stores this data in
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a table titled ref_aa_enrichment_human_proteome which has each residue, a
percentage value for its enrichment, and its fold enrichment in SH3 binding

sequences.
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Appendix B: Additional Material for Chapter 3
Identification of Papers with Minimotif Content

In our initial attempts to collect papers from the literature that have
minimotif content, we tested several queries. To evaluate each query, a Minimotif
Identification Efficiency (MIE) score was calculated. To determine this score, a
subset, consisting of 10-20 randomly-selected papers chosen from the results of
the search, was selected. MIE is simply the percentage of those papers that have
minimotifs. Using MIE and other criteria, a search query is either accepted or
rejected. Accepted queries are used to add papers to a paper list in the Minimotif
database (see Fig. B1).

In addition to Keyword and MeSH term queries of PubMed, we used
several other strategies to identify papers containing minimotif information. These
included: author/affiliation searches that identified papers by authors (with their
institutional affiliations) of minimotif data-containing papers aiready in the MnM
database, regular expression searches which identified papers with abstracts
that contain strings of peptide sequences or consensus sequences using regular
expressions, reverse citation searches which identified papers referenced by
papers already in the MnM, forward citation searches which identified papers that
referenced a paper in the MnM database, journal selection identified which
journals have higher probabilities of publishing minimotif papers, and publication
year which was used to restrict searches to more recent papers in PubMed.
Combined, these strategies were used to build a list of ~130,000 papers that had

a MIE score of ~30%.



Minimotif < accepted

paper list search

Fig. B1. Strategy for identifying papers with minimotif content.

Automated markup of paper abstracts in MimoSA

Through an integrated database of PubMed abstracts, their lexemes, and
several million RefSeq and CDD keywords, MimoSA automates the process of
marking up potential key annotation terms which are key indicators of minimotif
meta data in abstracts [1, 2]. Automatically detectable elements of a minimotif
annotation include activity terms, minimotif interaction domains, minimotif target
or source proteins, and minimotif sequence information.

Minimotif detection. In order to detect terms that might contain minimotif
sequence or consensus residue information, we derived a regular expression for

amino acid sequences. To speed up the process of minimotif sequence detection
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by users, papers are automatically screened, and all text sequences that conform
to the following sequence by regular expression are highlighted and flagged.

((IXXDI(Gly)l(Ala)i(Val)|(Leu)|(lle)|(Met)l(Phe)|(Trp)I(Pro)|(Ser)i(Thr)|(Cys)|
(Tynl(Asn)I(GIn)|(Lys)I(Arg)|(His)I(Asp)|(Glu)|(Lys)I(Thn)I(Trp)\p{Punct}|)-
?7)3,15}.

Activity detection. To speed up the process of activity annotation, key
terms for suggested minimotif activities in a paper are automatically highlighted.
These terms come from the several hundred discrete sub-activity term
definitions in the MnM database. In addition, the words “binds”, “modifies”, and
“required” are highlighted.

Interaction partners and targets. In order to detect important domains
and / or proteins, a string-matching algorithm that searches for words which are
associated with gene names, aliases, or RefSeq protein names is applied to all
abstracts. Domains and proteins are highlighted in different colors. This was
useful for annotation as many targets of minimotifs are proteins and more
specifically domains within proteins.

Pseudocode for Paper Scoring Algorithm

The pseudo code of our algorithm for our ranking methodology is shown
below.

o Given: T, a set of training articles represented as pairs of articles and

positive indicator scores where a score of 0 indicates that the article
contains no relevant data and a score of 1 indicates that the article

contains relevant data. For example:
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(article 1, 0)

(article 2, 1)

(article 3, 1)

(article 4, 1)

(article 5, 0)

(article 6, 1)
Articles 2, 3, 4, and 6 all are highly relevant to the content being scored
for, and articles 1 and 5 do not have relevant content.
Given: A method for determining that two words are equivalent, or
equivalently, a method for normalizing the text in an abstract (i.e.,
removing non alphanumeric characters and making case uniform) so
that the overall amount of unique words is reduced.
For example: In the sentence “Peptide motif-binding functions for
binding of SH3/SH2 domain containing proteins.” Would normalize to
“PEPTIDE MOTIF BINDING FUNCTIONS FOR BINDING OF SH3
SH2 DOMAIN CONTAINING PROTEINS".

The algorithm pseudo-code is as follows.

Generation of Word Scores from article summaries / training values.

Define t, u, and v as maps where the keys are strings and the values
are integers. The sum of the scores will be stored in u, and the number
of times each word has appeared will be stored in v.

For each article “a” and score "s" in T:

For each word “w” in a:
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increment u[w] by s
Increment viw] by 1
¢ Calculate the average score for each word:
For each word "w" in u:
tiw] = u[w] / v[w]
¢ Define x: a map of articles to scores
¢ Define y: a map where the keys are strings and the values are
integers. This will be used to count the number of appearances of
each word.
¢ For each article "a" in the test set to be scored:
For each word "w" in "a™:
Increment y[w] by 1
o Using y and t, calculate the Pearson correlation coefficient for a
¢ Set x[a] equal to (Pearson correlation coefficient for a / number of
words in a)
Contained in x are the scores for the papers in the test set. Higher scores
indicate a greater likelihood of relevance with respect to the content positively

scored in the training set.



