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Overview

• Overview	of	our		bioinformatics	software	and	databases

• Modeling	the	human	microbiome
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"Big	Knowledge":			BioCyc.org Collection	of 7,600
Pathway/Genome	Databases

•Pathway/Genome	Database	(PGDB)	–
combines	information	about

– Pathways,	reactions,	substrates
– Enzymes,	transporters
– Genes,	replicons
– Transcription	factors/sites,	promoters,	
operons

•Tier	1:	Highly	curated	PGDBs
– MetaCyc,		HumanCyc,		YeastCyc
– EcoCyc		-- Escherichia	coli	K-12
– AraCyc – Arabidopsis	thaliana

•Tier	2:	Moderately	curated		-- 44	PGDBs
– Bacillus	subtilis,	Mycobacterium	
tuberculosis

•Tier	3:	Computationally-derived	DBs,	No	
Curation		-- ~7,600	PGDBs

•BioCyc	content	derived	from:
–Other	databases
–Computational	inferences
–60,000	curated	publications

•~1M	page	views/month
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Creation	of	BioCyc	Databases

NIH 
RefSeq

PGDB

Predict metabolic reactions
Predict transport reactions

Predict pathway hole fillers
Predict metabolic pathways

Predict operons

Protein features [uniprot]

Compute Pfam domains
Compute orthologs

GO terms  [uniprot]

Subcellular locations [psortdb]

Regulatory data  
[regtransbase]

Database links

Organism phenotype data
Gene essentiality data

Phenotype microarray data

Curation

Data Import

Computational Inferences
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Pathway/Genome
Editors

Pathway/Genome
Database

PathoLogic
MetaCyc

Annotated
Genome

Pathway/Genome
Navigator

Briefings in Bioinformatics 11:40-79 2010

+

MetaFlux

Licensed by 7,000+ Groups
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Metabolomics	Data	Painted	on	Metabolic	Map
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Human	Gut	Microbiome

• ~	1,000	bacteria,	archaea,	fungi

• Constitutes	a	distinct	human	organ

• What	mechanisms	underlie	operation	of	the	gut	microbiome?

• What	interventions	can	bring	the	microbiome	back	to	a	healthy	
state?
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Microbiome Imbalances Linked to Diseases

Healthy 
State

Diseased
State

AntibioticsProbioticsDiet Diet

Brain

Immune System

Secretes

Uptakes
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The Microbiome Ecosystem
Bioinformatics Research Group, SRI International, Menlo Park CA USA

BioCyc.org
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SRI genome scale metabolic models
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Metabolic	Modeling

Nutrients

Biomass

Secretions
A A B C

X

D D

Metabolic Reaction List

• Constraint-based	quantitative	models	of	metabolism
• E.	coli	model	derived	from	EcoCyc	database	(BMC	Sys	Biol	2014	8:79):

– 16	nutrients
– 108	biomass	metabolites
– 2286	reactions
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Flux	Balance	Analysis
• Define	system	of	linear	equations	encoding	fluxes	on	each	
metabolite	M
– R1	+	R2	=	R3	+	R4	+	R5

• Boundary	reactions:
– Exchange	fluxes	for	nutrients	and	secretions
– Biomass	reaction							L-arginine …	+	GTP	…	+	…	à biomass

• Submit	to	linear	optimization	package
– Optimize	biomass	production		or
– Optimize	ATP	production		or
– Optimize	production	of	desired	end	product

• Output:	Assigned	fluxes	(rates)	for	every	reaction

M

R1

R2

R4

R5

R3
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MetaFlux	Modeling	Tool:	Modes	of	Operation

• Solving	mode
– Individual	organisms,	organism	communities
– Steady-state	FBA,	dynamic	FBA
– Single	compartment,	2-D	spatial	grid	with	diffusion
– Removal	of	flux	loops

• Knock-out	mode (single/double	gene/reaction	knock-outs)

• Model	development	mode
– Inference	of	biomass	reaction
– Development	mode	(multiple	gap	filling)

• Suggests	reactions	to	add;	identifies	non-producible	biomass	metabolites

Karp et al, Briefings in Bioinformatics, 2015
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E.	coliMetabolic	Model

• Generated	from	EcoCyc,	updated	on	each	EcoCyc	release

• Predicts	phenotypes	of	E.	coli	knock-outs
– 95.2%	accuracy	for	1445	genes

• Predicts	growth/no-growth	of	E.	coli	on	different	nutrients
– 80.7%	accuracy	for	431	chemically	defined	growth	media

• BMC	Syst Biol.	2014	Jun	30;8:79
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Painting	E.	coli	Fluxes	on	Metabolic	Map
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Dynamic	FBA	Modeling	of	E.	coli

• Dynamic FBA modeling of E. coli growth under varying 
nutrient conditions

• t=1-20: E. coli grows anaerobically on 10 mmol glucose
• t=21-34: O2 is added to the simulation; E. coli grows completely aerobically
• t=34-35: O2 availability becomes limiting; acetate forms
• t=36-44: O2 is exhausted; anaerobic growth resumes
• t=45 onwards: glucose is exhausted, cells begin to die
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Where	do	Metabolic	Models	Come	From?



17 SRI International BioinformaticsThis 

A	Bioinformatics	Triumph:
Automatic	Construction	of	(Low	Quality)

Metabolic	Models	from	
Sequenced	Genomes

Given:  Genome sequence

Compute: Reaction network, nutrients, 
biomass metabolites
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Human	Genome	Project

• Early	publications	about	the	Human	Genome	Project	were	
remarkably	vague

• How	would	the	genes	be	found?
• What	fraction	of	human	genes	would	we	find?
• How	would	we	predict	the	functions	of	the	genes?
• What	fraction	of	genes	would	we	predict	functions	for?

– Today	we	can	predict	functions	for	~50%	of	bacterial	genes

• Tens	of	thousands	of	genomes	sequenced	to	date
– ~1,000	from	human	microbiome
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The	Solution
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Gene	Finding
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What	does	a	Bacterial	Gene	
Look	Like?

SD:6 8-10

ATCGGCTACCTGAATATGCACATATTATTCGAGCCGACA

AAGCTATGAATCCCTG…CCTTATAGACCTAGCTAATATA
GTG TAG
TTG TGA

Shine-Dalgarno sequence	complementary	to	16S	rRNA
– Search	upstream	of	ATG’s for	commonly	found	sequence	element

• Create	statistical	model	of	within-gene	sequence
• Accuracy:	90%
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Bacterial	Gene	Finding

• Previous	approach	insufficient
– Not	all	apparent	“open	reading	frames”	are	real

• Use	Markov	chains	to	model	the	“flavor”	of	gene	sequences
• A	Markov	chain	is	a	sequence	of	variables	Xi where	the	
probability	of	Xi depends	on	the	preceding	k variables

• Models	the	probability	of	base	b as	depending	on	the	k bases	
immediately	before	b in	the	sequence

• Accuracy:	90%
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Predict	Gene	Function
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One	Approach

• Compare	the	sequence	of	protein	P1	to	the	sequences	of	all	
other	known	proteins
– Via	the	Genbank	and	UniProt	databases	– 23.6M	proteins

• Find	the	protein	P2	with	the	most	similar	sequences	to	P1
– Using	inexact	string	matching	algorithm
– In	some	cases,	the	function	of	P2	will	have	been	determined	
experimentally

• Infer	that	the	function	of	P1	is	probably	the	same	as	that	of	P2
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Human	ATP	Synthase	
Aligned	to	E.	coli	ATP	Synthase
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Metabolic	Model	Generation
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Reactome	Inference

• For	each	protein	in	the	organism,	what	reaction(s)	does	it	
catalyze?

• Protein	(enzyme)	activities	can	be	specified	in	two	ways	
– Enzyme	names	(uncontrolled	vocabulary)
– EC	numbers	(controlled	vocabulary)
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Match	Enzymes	to	Reactions

Match

Protein
5.1.3.2

UDP-glucose-4-
epimerase

yes
Import Reaction
From MetaCyc

no
Probable enzyme
-ase

no yes

Not a metabolic 
enzyme

Manually 
search

yes
Define Reaction

no

Can’t Assign

MetaCyc

UDP-D-glucose à UDP-galactose
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MetaCyc v20.1 
2016

KEGG
2016

SEED
2015

Citations 51,000

Pathways 2,500
320

Modules
583

Subsystems

Reactions 13,800 10,009

Metabolites 13,400 17,554

Mini-reviews 
(textbook 

pages)
7,500

MetaCyc is free and open, contains computed atom mappings

“A Systematic Comparison of the MetaCyc and KEGG Pathway Databases
BMC Bioinformatics 2013 14(1):112

MetaCyc:	Curated	Metabolic	Database
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Gap	Filling	of	Metabolic	Models

• Models	created	using	preceding	process	are	incomplete
• Use	optimization	methods	to	infer	minimal	number	of	
reactions	to	import	from	MetaCyc	to	enable	reachability	of	all	
biomass	metabolites

• Experience	from	human	metabolic	model:
– Gap	filler	proposed	adding	8	new	reactions	from	MetaCyc;	4	supported	
by	literature	research

– Reversal	of	4	reactions	confirmed	by	literature	searches

• From	Bifidobacterium	longum	model:
– +12	reactions	proposed	by	gap	filler
– +13	reactions	added	during	manual	model	development
– 8	reactions	in	common



©	2014	SRI	International

Summary	of	Further	Research	Needed

• Smarter	more	automated	genome	annotation
– High	levels	of	disagreement	among	genome	annotation	systems

• Smarter	more	automated	metabolic	model	construction

• Develop	suite	of	metabolic	models	for	human	microbiome	
organisms

• Improved	visualization	and	analysis	tools	for	metabolic	models
• Improved	interoperation	of	metabolic	models
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