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7.05.1 The Goal

Our ability to acquire and annotate complete genomes has accelerated rapidly since the first completely sequenced
genome became available in 1995." Prior to that point in time, our understanding of the biochemical networks that
sustain life were largely limited to a relatively few model organisms. This is largely true even for the most universal
and the best-studied metabolic pathways, such as biosynthesis of the ubiquitous cofactors and their precursors
(vitamins) covered in this volume. Hundreds of complete genomes are currently available for analysis, and the
availability of thousands is just a few years away. This wealth of data for the first time opened an opportunity to
practically assess the famous statement of Jacques Monod: “What is true for £. coli is true for the elephant” The
expectation was that the identification of genes associated with pathways of interest (e.g., biosynthesis of cofactors)
would allow us to establish the presence or absence and to reconstruct the details of these pathways across multiple
diverse species. Many research groups who understood the power of comparative genome analysis for projecting
the knowledge of genes and pathways from model organisms to others have asked the question “How can we
organize the data from thousands of genomes to support analysis of specific areas of metabolism?” The initial efforts
to address this question led to the establishment of metabolic reconstruction technology based on comparative
analysis.”” The development of the first genomic integrations connecting genes with formally encoded biochemical
reactions and pathways have undoubtedly benefited the research community.” ' In this chapter, we briefly
describe a technology for implementing one particular style of organization termed the subsystems-based approach.""
The proven utility of this approach is illustrated here by examples from vitamin and cofactor biosynthesis. We
discuss the encoding, projection, assessment of variation, and prediction of novel aspects of representative pathways.
Although we largely limit the discussion of specific examples to one subsystem, ‘Biosynthesis of Riboflavin’
(vitamin B,) and the derived cofactors, flavin mononucleotide (FMN) and dinucleotide (FAD), the same approach
is applicable to many other cofactors described in this volume.

One goal of subsystems-based annotation is to offer researchers interested in a single biochemical process a
‘summary’ of exactly how the process is implemented in each of the sequenced genomes. This summary
attempts to clarify the different variations one sees in the basic process, which genes play roles in the process,
and which open questions remain. We believe that a well-organized collection of the genomic data becomes a
framework to support research into the remaining open questions. A growing collection of subsystems capturing
a substantial fraction of the Core Metabolic Machinery projected across hundreds of completely sequenced
genomes, as well as the tools for its further expansion and curation is provided in The SEED database.'" A status
of The SEED subsystems (that are also available through the National Medical Pathogen Data Resource,
NMPDR,"?) encoding the biosynthesis of several major cofactors are listed in Table 1.
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7.05.2 More Precisely, What Is a Subsystem?

Subsystem-based annotation seeks to organize the genomic data relating to a small, well-defined set of ‘functional
roles’ that make up a pathway. For metabolic pathways these collections of functional roles include mostly enzymes,
sometimes enhanced with transporters and transcriptional regulators. We refer to this set of functional roles as a
‘subsystem’. Each functional role is typically associated with a set of homologous genes (members of a single protein
family) that implement this role in specific organisms. We create a ‘populated subsystem’ as a spreadsheet in which
the columns represent functional roles, and the rows represent specific genomes. Each cell in the spreadsheet
contains the genes that encode proteins that implement the functional role in a specific genome.

A number of factors determines the scope, phylogenetic coverage, accuracy, and level of completion of each
subsystem. Of course, the extent of the experimental evidence, the curator’s depth of knowledge in the
respective area of metabolism, and the stage of the curator’s analysis (usually reflected in the notes attached
to every subsystem) constitute the main factors. Overall, the small collection of 12 subsystems shown in Table 1
includes >50 000 annotated genes spanning ~750 analyzed diverse genomes (among them ~90% are bacterial,
with a relatively small fraction of archaeal and only about a dozen of representative eukaryotic genomes).
Briefly looking at Table 1, one may notice substantial variations in the number of functional roles (from three
in lipoate metabolism up to 61 in coenzyme B, biosynthesis, with a more typical size being ~15-25 roles), as
well as in the number of genomes containing an operational variant of each pathway (from 65 to over 700).
Functional roles included in each subsystem may be split into two main categories depending on their
occurrence in the genomes. On average ~40% of the functional roles constitute the core of a subsystem, and
they are rather universal (present in >1/2 of the analyzed genomes), whereas ~30% of the included roles
correspond to less ubiquitous and species-specific aspects of the pathway (present in <1/10 of all genomes). A
subsystem core often includes the most conserved and universal enzymes, whereas transcriptional regulators,
uptake transporters, and rare alternative forms of enzymes frequently constitute a labile periphery of the
subsystem.

To illustrate the concept of a subsystem, we will consider the subnetwork of biochemical transformations
that convert GTP and ribulose-5-phosphate first into vitamin B;, and then into FMN and FAD cofactors. This
subsystem was chosen due to a combination of reasons: (1) the high level of biochemical understanding (as
reflected in Chapter 7.02); (2) the ubiquitous and essential nature of flavin cofactors in the three kingdoms of
life; (3) a relatively simple topology, which includes the de #ovo biosynthesis of B, (replaced by salvage in some
species) followed by its two-step conversion into FMN and FAD cofactors; and (4) broad conservation of most
biochemical reactions and enzymes combined with some interesting variations between species that allow us to
illustrate the application of comparative genomic techniques.

Figure 1 provides a simplified subsystem diagram that schematically shows major intermediary metabolites
(depicted by ovals with abbreviations or Roman numerals I through VII) and enzymes (shown as rectangles with
abbreviations) known to catalyze the respective reactions (shown by arrows) in at least some of the characterized
species. Similar diagrams are broadly used by some of the pathway-oriented databases (such as KEGG”) to capture
all possible reactions and pathways within a subnetwork, whereas other resources (e.g, MetaCyc®) prefer to display
organism-specific pathway diagrams. As in KEGG pathway maps, subsystem diagrams in The SEED database
provide the ability to highlight the functional roles present in any selected organism. This allows the user to make a
preliminary assessment of which of the possible fluxes (shown by thick gray arrows in Figure 1) or metabolic
scenarios'” are present in the organism of interest. This depiction of the genes from specific organisms can be used
to clearly reveal incomplete functional variants of pathways'* containing gaps (missing genes) and inconsistencies
(out-of-contexr genes) that reflect incomplete knowledge or annotation errors. Although some of the revealed
problems may be reconciled by similarity-based annotation techniques (e.g., by finding a gene candidate with a
lower homology score or by the detailed analysis of gene grouping in a family of paralogues), others may not be
effectively addressed without application of additional genome context analysis techniques. Application of these
techniques, primarily clustering of functionally related genes on the prokaryotic chromosome,'” analysis of protein
fusion events,'® co-occurrence profiles'” and shared regulatory sites,'® substantially improves the quality and
consistency of genomic annotations. Such analysis can lead to accurate prediction of novel gene candidates and
other conjectures about pathways that can be further tested by focused experiments (see Osterman and Overbeek '



‘wielsAsgns ay} Ul sajoJ JusjeAinba Aeid 1eys (saijiwey uieload)
sauab Jo swioy} (snobojoypouoUu) SAlBUISYE SUIqUIOD ., AQ payJew s8]0J JO s1osgng "(Yyoueuq [ebuny/eaeyole ay} 1o} ‘paiojod PUE S8IN0J [BSISAIUN PUB |elaloeq Jo} ‘Aelb) smolre
321yl AQ pauljIno aJe saxnyjy Jofey "18sul 8y} Ul PaISIiud S[EJSWINU UBWO. JO (UIABJOQI 1O} g pue ‘Qv4 ‘NIN4 ‘d1D) suoneiraiqge piepuels Ag sajo41o ul umoys aJe syonpoud pue
sajeIpawIalul Aemyied '€ d|ge Ul Se suoljeinaigqge Yyim sajbueioal Agq paleoipul ale sawAzug ‘qy4 pue ‘NINH ‘UiAejjogu Jo sisayiuAsolq ay} jo welbelp walsAsgnsy | @4nbig

areydsoyd- suoueing-z-AxoipAula-¥'e-1 1A

areydsoyd-g asolngry IA

auizewn|-|ANgu-g-|Aylewid-2'9 A
auolpaulpiwiAd-(HE HT) Y g-oulWelANgU-9-oulWY-G Al

areydsoyd-,G suolpaulpiulAd-(HE 'HT) ' z-oulwelAnqu-g-ouly-G - li
areydsoyd-,5 suolpaulpiwlAd-(HE HT) ¥ Z-oulwelAsoqu-9-oulWy-G 1]
areydsoyd-,g suoulpiwnAd-(HE)-oulwe|Asoqil-9-oulweiqg-g‘z |

aweu punodwo) |oquAs

SISayiuksolq oAOU ap ulAeljoqry youelq
[eaeyoly
d1o
(11odsuen) abenfes uirejjoqry O%H O°H
cd ZHOdLD  E€HOdLD
youelq arewo} ayewo}
IA [efuny/reseyory ‘dd ‘d
aerdns
arewo4 HIA ddAd |
SdgHd
O%H O%H
Aemyred [esianiun
9ddAd eddAd adAd
ddad d10 _ . A
eaeyoly 'd"
[esey d ‘O°H guN guN
Agld
avd IVNINA,, NINL c4d VS« A SdINd A éddAd 1l ddAd I
d
'dd dlv
'd O°H davnN HdAvN

dav dlv



