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Motivations: Management of
Metabolic Pathway Data

e Organize growing corpus of data on metabolic pathways
e Experimentally elucidated pathways in the biomedical literature
e Computationally predicted pathways derived from genome data

e Provide software tools for querying and comprehending this
complex information space

e Multiorganism view: MetaCyc
e Unique, experimentally elucidated pathways across all organisms
e Reference database for computational pathway prediction

e Organism-specific view:
e Organism-specific Pathway/Genome Databases
e Detailed qualitative models of metabolic networks

e Combine computational predictions with experimentally determined
pathways
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Pathway/Genome Database
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BioCyc Collection of 507
Pathway/Genome Databases

ePathway/Genome Database (PGDB) —
combines information about o =

e Pathways, reactions, substrates Bio- - PREET
e Enzymes, transporters
e (Genes, replicons
[

Transcription factors/sites, promoters, ' s
O pe rons ) ) 7 C TOOLS

ach database in the ction des me and metabolic

data, including the

eTier 1: Literature-Derived PGDBs
e MetaCyc
e EcoCyc -- Escherichia coli K-12

eTier 2: Computationally-derived DBs,
Some CuratIOﬂ i 24 PGDBS BioCyc Tier 1: Intensively Curated Databases

e HumanCyc
e Mycobacterium tuberculosis

eTier 3: Computationally-derived DBs,
No Curation -- 481 DBs
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Pathway Tools Overview

Annotated | uump | PatholLogic |¢mmm | MetaCyc

Genome Reference
1 Pathway DB
Pathway/Genome
Database
Pathway/Genome Pathway/Genome

Editors Navigator

SRI International Bioinformatics



Pathway Tools Software: PatholLogic

e Computational creation of new Pathway/Genome
Databases

e Transforms genome into Pathway Tools schema
and layers inferred information above the genome

e Predicts operons
e Predicts metabolic network

e Predicts which genes code for missing enzymes
In metabolic pathways

e Infers transport reactions from transporter names

Karp et al, Briefings in Bioinformatics 2009
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Pathway Tools Software:

Pathway/Genome Edit

e Interactively update PGDBs

with graphical editors

e Support geographically
distributed teams of
curators with object
database system

e Gene editor

e Protein editor

e Reaction editor

e Compound editor

e Pathway editor

e Operon editor

e Publication editor
D BIOCYC

=1 Eriten Transcription Uit data foe TUDODGT

A

Pathway Editor

Enter Regulatory Interaction data.
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Evidence for Binding Equisbium Constant for the Frolen-Site interaction
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What i1s Curation?

e Ongoing updating and refinement of a PGDB

Correcting false-positive and false-negative
predictions

Incorporating information from experimental literature
Authoring of comments and citations

Updating database fields

Gene positions, names, synonyms

Protein functions, activators, inhibitors

Addition of new pathways, modification of existing
EEVE

e Defining TF binding sites, promoters, regulation of
transcription initiation and other processes
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Pathway Tools Software: AL b
Pathway/Genome Navigator - - -

e Querying and visualization of: S aTEN
e Pathways S
e Reactions -
e Metabolites
e Proteins
e (Genes
e Chromosomes

e Two modes of operation:

e Web mode T | rewm=
e Desktopn mode Y| BRRE “ e
' - . TR R m I B[] f
e Most functionality shared, but each . 5
L S [ el .

has unique functionality




Pathway Tools Software:
PGDBs Created Outside SRI

e2,000+ licensees: 75+ groups applying software to 300+ organisms

eSaccharomyces cerevisiae, SGD project, Stanford University
e 135 pathways / 565 publications

eCandida albicans, CGD project, Stanford University

edictyBase, Northwestern University

eMouse, MGD, Jackson Laboratory
eUnder development:

e Drosophila, FlyBase

e C. elegans, WormBase

eArabidopsis thaliana, TAIR, Carnegie Institution of Washington
e 288 pathways / 2282 publications

ePlantCyc, Carnegie Institution of Washington

eSiXx Solanaceae species, Cornell University

eGrameneDB, Cold Spring Harbor Laboratory

eMedicago truncatula, Samuel Roberts Noble Foundation
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MetaCyc: Metabolic Encyclopedia

e Describe arepresentative sample of every experimentally
determined metabolic pathway

e Describe properties of metabolic enzymes

e Literature-based DB with extensive references and
commentary

e Pathways, reactions, enzymes, substrates

e Jointly developed by
e P. Karp, R. Caspi, C. Fulcher, SRI International
e L. Mueller, A. Pujar, Boyce Thompson Institute
e S. Rhee, P. Zhang, Carnegie Institution

Nucleic Acids Research 2010
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MetaCyc Data -- Version 13.6

Pathways

Reactions
Enzymes

Small Molecules
Organisms

Citations
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Taxonomic Distribution of
MetaCyc Pathways — version 13.1

Bacteria

Green Plants

Fungi

Mammals

Archaea
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e Biosynthesis [902]

Amino acids Biosynthesis [105]

Aromatic Compounds Biosynthesis [13]
Carbohydrates Biosynthesis [70]

Cell structures Biosynthesis [31]

Cofactors, Prosthetic Groups, Electron Carriers Biosynthesis [160]
Hormones Biosynthesis [40]

Fatty Acids and Lipids Biosynthesis [101]
Metabolic Regulators Biosynthesis [4]
Nucleosides and Nucleotides Biosynthesis [20]
Amines and Polyamines Biosynthesis [32]

Secondary Metabolites Biosynthesis [351]
+ Antibiotic Biosynthesis [20]

* o

L 2

* & o

*

Fatty Acid Derivatives Biosynthesis [7]

Flavonoids Biosynthesis [70]

Nitrogen-Containing Secondary Compounds Biosynthesis [64]
— Alkaloids Biosynthesis [43]

Phenylpropanoid Derivatives Biosynthesis [46]

Phytoalexins Biosynthesis [25]

Sugar Derivatives Biosynthesis [10]

Terpenoids Biosynthesis [103]

e Siderophore Biosynthesis [7]
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e Degradation/Utilization/Assimilation [639]

Alcohols Degradation [14]

Aldehyde Degradation [12]

Amines and Polyamines Degradation [40]
Amino Acids Degradation [113]

Aromatic Compounds Degradation [152]

C1 Compounds Utilization and Assimilation [24]
Carbohydrates Degradation [52]

Carboxylates Degradation [30]

Chlorinated Compounds Degradation [39]
Cofactors, Prosthetic Groups, Electron Carriers Degradation [2]
Fatty Acid and Lipids Degradation [18]

Inorganic Nutrients Metabolism [72]
+ Nitrogen Compounds Metabolism [15]
+ Phosphorus Compounds Metabolism [3]
+ Sulfur Compounds Metabolism [54]

e Nucleosides and Nucleotides Degradation and Recycling [9]
e Secondary Metabolites Degradation [58]

+ Nitrogen Containing Secondary Compounds Degradation [13]
+ Sugar Derivatives Degradation [31]
+ Terpenoids Degradation [10]
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e Detoxification [16]
e Acid Resistance [2]
e Arsenate Detoxification [3]
e Mercury Detoxification [1]
e Methylglyoxal Detoxification [8]
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e Generation of precursor metabolites and energy [124]

e Chemoautotrophic Energy Metabolism [14]
+ Hydrogen Oxidation [2]

e Electron Transfer [11]
e Fermentation [34]
e Glycolysis [6]
e Methanogenesis [12]
e Pentose Phosphate Pathways [4]
e Photosynthesis [6]
e Respiration [25]
+ Aerobic Respiration [9]
+ Anaerobic Respiration [14]

e TCA cycle [9]
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What Iis a Pathway?

e A connected sequence of biochemical reactions
e Occurs in one organism

e Conserved through evolution

e Regulated as a unit

e Often starts or stops at one of 13 common
Intermediate metabolites
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MetaCyc Pathway Variants

e Pathways that accomplish similar biochemical
functions using different biochemical routes

e Alanine biosynthesis | - E. coli
e Alanine biosynthesis Il — H. sapiens

e Pathways that accomplish similar biochemical
functions using similar sets of reactions

e Several variants of TCA Cycle
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MetaCyc Super-Pathways

e Groups of pathways linked by common substrates
e Example: Super-pathway containing

e Chorismate biosynthesis

e Tryptophan biosynthesis

e Phenylalanine biosynthesis

e Tyrosine biosynthesis

e Super-pathways defined by listing their component
pathways

e Multiple levels of super-pathways can be defined
e Pathway layout algorithms accommodate super-pathways

SRI International Bioinformatics



Enzyme Data Available in MetaCyc

e Reaction(s) catalyzed

e Alternative substrates

e Activators, inhibitors, cofactors, prosthetic groups
e Subunit structure

e Genes

e Features on protein sequence

e Cellular location

e pl, molecular weight, Km, Vmax

e Gene Ontology terms

e Links to other bioinformatics databases

SRI International Bioinformatics



Comparison with KEGG

e KEGG vs MetaCyc: Reference pathway collections

e KEGG maps are not pathways Nuc Acids Res 34:3687 2006
+ KEGG maps contain multiple biological pathways

+ Two genes chosen at random from a BioCyc pathway are more likely to be
related according to genome context methods than from a KEGG pathway

+ KEGG maps are composites of pathways in many organisms -- do not identify
what specific pathways elucidated in what organisms

e KEGG has no literature citations, no comments, less enzyme detail
e KEGG assigns half as many reactions to pathways as MetaCyc

e KEGG vs organism-specific PGDBs
e KEGG does not curate or customize pathway networks for each organism

e Highly curated PGDBs now exist for important organisms such as E. coli,
yeast, mouse, Arabidopsis

SRI International Bioinformatics



PathoLogic Step 3: Prediction of Metabolic
Pathways

e Infer reaction complement of organism

e Match enzymes in source genome to MetaCyc reactions by
enzyme name, EC number, GO term

e Support user in manually matching additional enzymes

e Computationally predict which MetaCyc metabolic
pathways are present

e For each MetaCyc pathway, evaluate which of its reactions
are catalyzed by the organism

e Features: Fraction of reactions present, number of unique
reactions, taxonomic domain of pathway

e Many other features explored with machine learning methods

BMC Bioinformatics 2009
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PatholLogic Step 4: Pathway Hole Filler

eDefinition: Pathway Holes are reactions in metabolic
pathways for which no enzyme is identified
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Step 1: Query UniProt Step 2: BLAST
for all sequences having against target

EC# of pathway hole genome
Step 3 & 4: Consolidate
hits and evaluate

evidence
organism 1 enzyme A

organism 2 enzyme A

organism 3 enzyme A

organism 4 enzyme A _ _ _
7 queries have high-scoring

organism 5 enzyme A hits to sequence Y

organism 6 enzyme A  =—

organism 7 enzyme A

organism 8 enzyme A

Z auab
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Bayes Classifier

P

(r)ror/lr 5 function X|
= /ql Uz, avg, rank, aln, l2ngin, 2tc,)

r)l’()l'/l(l nas
bheat rll(]( Tion X \ owy

c-value | l
cirzertor
(l\/J fﬂ(lrﬁ l(l
BLAST output acjaczrr

r'X4rNs
Nurmozr of
(l[[Hr 12"

To Of quzry
alignzd

BMC Bioinformatics 5:76 2004
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PatholLogic Step 5:
Transport Inference Parser

eProblem: Write a program to query a genome annotation to
compute the substrates an organism can transport

eTypical genome annotations for transporters:
e ATP transporter for ribose
e ribose ABC transporter
e D-ribose ATP transporter
e ABC transporter, membrane spanning protein [ribose]
e ABC transporter, membrane spanning protein [D-ribose]

SRI International Bioinformatics



Transport Inference Parser

elnput: “ATP transporter of phosphonate”
eQutput: Structured description of transport activity

elLocates most transporters in genome annotation using
keyword analysis

eParse product name using a series of rules to identify:
e Transported substrate, co-substrate
o Influx/efflux
e Energy coupling mechanism

eCreates transport reaction object:

phosphonate, + H,0 + ATP = phosphonate + P, + ADP

periplasm]

SRI International Bioinformatics



0o0ls

SRI International Bioinformatics



Pathway Tools Overviews and Omics Viewers

eGenome-scale visualizations of cellular networks

eHarness human visual system to interpret patterns in biological
COnteXtS E. c J'KIECIII Overview
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Regulatory Overview and Omics Viewer

e Show regulatory relationships among gene groups

LEeEND Escherichia coli K-12 Regulatory Overview

Inner ring: Genes that regulate only .
Quter ring: Genes that are regulated only .
hiddle ring: Genes that requiate and are regulated

+/- : Agene that has activators/inhibitors only.
a : Agene that has activators and inhibitars.
=zquare : Aqgene encoding a sigma factor.
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Genome Overview

F. coli K-12 Genome Overview

Legend: () Protein genes — Transeription unit with experimental evidence Monse owver genes for more information. Gene color indicates operon membership.
07 EHA zenes —  Transcription unit (predicted) Gene divectionality is indicated by the slanted commer.

Escherichia coli E-12 Chromosome:

190 b a
131,618

255,977

378,830
504,138
626,917
748,945 YY)

221,193 (dhdddby [ 1177 hhd
1,026,334 dh diUbhbbbbbbbhbddd

1,143,725

1,252,308

1,375,908

1,437,493

1,632,909

1,744,724 hh

1,872,376
1,387,705
£,095,345

2,231,622 B
2,375,611
z,504,669 ALANNALAPPPRA » AR hdd
2,652,254 hAdAAANA4d4AARND Ad4ndARddA4NARAINRIPAddddddadd
2,759,373 dddhhbb A w44

2,871,409

3,004,284

2,141,008
3,264,149 ARBRUAAddN
3,386,216 AARAAMA N ANARRBREELL

3,494,573
3,631,243
3,779,238

3,904,876

4,031,168

4,172,095 d

4,313,127

4,435,730

4,558,953

- 2 ) Bl0 Cyc SRI International Bioinformatics

T Collection



HESERER ENAH §
DLA A AL LA L

Yiaf,

foa A

Filpgil

R _____.nh

. LAAAAAE
| %%%%T%%Ti?i%T%if%?%%T

ol

I

{) mw_x_u,l_u gt

] _an.-.-.— a

_. %u_ir
x” _

.__.

T T | \
kk&k__xuw,wl.j_ﬁkhﬁ.nﬁ H.FJ.UK.“.-\_ i Tn..F_m.r.H_.....ﬁ_L i sRaREEdaEREAEE
shyafy ey by e iy ok, BB, Ry ,...qu T I N " TTTTTTTITT TR,
u. : ERAIIEE NS m____mm_mm_@@ + M mw hw¢++ﬂhmmw+++_w ___m__'_;._..%.*__u.-.-.-...n.n_-_-_:_.u_u-_._-u =
& I T LTI g3 ]
uxa___xiw?%_;& ‘. s Fata ot Eo Bt o Ba
RO ALk ek L e $5. 0 N e Bl g o paias _
L iantd| . IS SR R b B in e te E ~ R !
AU U i o\ n R I I TR u
e iy by ok ok (R L P R T P B I o T o o L [
. Hohg Y o .._JL gy .1__1 Wm » 31 £ by o ,_.m: [ ".E_ phlly, o il it |
P I T R T T O & g b by by WBe gy b, iRy e ML RE |
COR SRR SRR M| C N N Rl e K B !
debe iy b oy sy oby gty b ] ol P ot G B Ry phe gy g e iy A u
Mreth oy kgt gde o gty aly o o , Bt oAby oy kg oy ol ol My d, e, :
=itinjolAedofefelaie ] BN s el AT _
| | g o L Fy b
: RO Y Prammall T
AL g MN i _”_._..u_...-_q-P J _ e H.
3 mwm A ._..w ghmltarwﬁh_ __r”_,k awn_s . -+
: iy Jice i
m i 1% SE| itk _._..“.._.._ ﬂ__v#.__..;n (HEE T
=3k _. b a J ta_,.rr (P (A ¥
% I (- Mg it
¥ ,hh,,:Ft_ (b et 4, =,_:f_+:t T
o : 1
. f i +
= 25201 A P EE-L IR % B 5
_m mmmm.m = m m WAVWMUH o .L.|1..._h...n any,.__ _Murm
.m _ ' \g - .w..._ T
m : LM u.ﬂ.x
I i [T )
g Ly ot ,_m.z,._ﬂ.__h_ Te
m_ [IyHheh o4 ) Mid " Hlpthpsy s
Q|1 . (i e A sa, [HLEEE bl
8 Qb 6t Ot [ i _} ki P
_..__._._.—-.IL...PL. hpily mﬁﬁ]m_ i Tk 4 .__ _ _-_..pm_ ﬁ bEd h_a -
T = A, v w,ﬁ_.,_t oty oy -
i, e LY ok oo, | e g L 7 &
n" 1._| ' ﬂﬂ._m.u._.h- ‘H._._n_.-._!n-.rﬁ. ﬁ..r.. ¥ H.L..u ..dr ._._.nlu.h- "hnhl.lwnl_.rm ? H
o L ol .
_“@}r& x.wm.%v“ Dk ity o, me H}Lk ada, ﬂ . Lk ﬂﬁ_.@ %mr
" ‘ %H .
Oighelstn Mellisa Pl 1) n — STIRANN ......&wa s (o (X S. “
b gl TR faghlatlaa
e ria Lﬁgmn m,.t L o XL, . e s 0o 0x 0 0% | |
. : X o4 & _ u
TN rfﬁ AL e G L 00t | i
{ w_rs. j N 1 r Ca b Y . i
< = dap [P ".: o [kt i, _uavﬂm AU_ ool Y
iy il Vel O SEEE g = it ;
_,_me.w__wmtw P __wti_.rhfr,.: s B A m...: HML 1, _Uv_w _H o
VATTART AN A L Orby _f#}rrrpnﬁ—m s
B Iy mmunaht} hilh .




Genome Poster

e
r\h—,-l-ll' o W

. I'Il-lll-.q_-r—-ﬂ'-rn.-i: bl.-'L"M UL B
-..

== b — o= Ty e .h_.___.l
s g . -.=||.-+-J-|--|--.-\. e e e
-1 [ I.'-'-\- _\; r

-"'"i'}'."-l"_'.*:_.-...""":_"_

?’-\.H'rll.'--‘"ﬁ"\._\-‘\--—ff--c'. = o
L3 - - T ol e, v L..— - v C——
‘_—_ %p—-— A= = s

l.Jﬂ x rn-r'l.-J-_:.-.-— - =

& !\.ll--]_—l-«.ll—l—r _\.H—E—rh-" = .—:—. —Eh-
T L — —
J.-l'l-

- i il 8

T A

P

i BT

m—— =

P T e P v

I.d-l-l-h—-l-l-—:g—.- ._||_|.p..._ e = H{r—m:‘hi—.—"’%ﬂ-ﬂmahﬂq-—‘:; = |—H—
DR T = 3

.F-—FE.I' ”

o Ll ——— —, e, — r——
;,!-L—-u-.-——\-.q —— — = ] Dy e
e — — -
5 =T == =,

:15.CJ'.i,.”._,.IDC

K — ]

>_YYIIIWY

635,000

m|aB

I
885,000

|'TU| s sw0)

sdhA
T

755, 33..

LI

F -.--l-u-l-l-_rl-.-!-l--r -
—— =

S .

A ey e SR .
e |

o e

= —|.--|--r- o

= =
5 ‘—F T, |..-- '\1_-|l H"ﬁm . h-.l—l-.-rl—u#':—l-.-—l---l-_ﬂ.:
- ot o e e e

o e | el g L, T
il

) 0,5 . s - | .

e e e

--q_
7 rr'\-" .F*".-'-\.'- --n'-l—l—l-rrl-l—l—!-r'-l-.-—l--r-ﬂ —— '-_l--c—u-—uq-

l—'l-r.'.n

-
B
Fr—r-r--\. et

:\-ll--l-
:=_——_——.

el [ -.'"l'-l"- ﬂa-.'ﬂ'l-i
e R

-1.

Cyc

Database Collection

35

SRI International Bioinformatics



Dead End Metabolite Finder

e A small molecule C Is a dead-end If;:

e C is produced only by SMM reactions in Compartment, and
no transporter acts on C in Compartment OR

e Cis consumed only by SMM reactions in Compartment, and
no transporter acts on C in Compartment

SRI International Bioinformatics



Reachability Analysis of Metabolic
Networks

e Given:
e A PGDB for an organism
e A set of initial metabolites
e Infer:

o What set of products can be synthesized by the small-molecule
metabolism of the organism

e Motivations:

e Quality control for PGDBs
+ Verify that a known growth medium yields known essential compounds

e Experiment with other growth media
e Experiment with reaction knock-outs
e Limitations
e Cannot properly handle compounds required for their own synthesis

o Nutriehnts needed for reachability may be a superset of those required for
growt

Romero and Karp, Pacific Symposium on Biocomputing, 2001
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Algorithm: Forward Propagation
Through Production System

e Each reaction becomes a production rule
e Each of the 21 metabolites in the nutrient set becomes an

axiom
Nutrient Products
set (\
Ny
W e
0y, Metabolite PG?.B “Fire
pool reaction | veactions
\S_et)
Reactants
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Initial Metabolite Nutrient Set
(Total: 21 compounds)

Nutrients (8)

+ 2+ 2+ +
(M61 Minimal growth H,re, Mg, K, NR,

S0.,%, PO,*, Glucose

medium)

Water, Oxygen, Trace
Nutrients (10) elements (Mn?*, Co*",
(Environment) Mo?*, Ca*", Zn**, Cd*",

Ni*, Cu®")

Bootstrap Compounds

ATP, NADP, CoA
(3)
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Essential Compounds
E. coli Total: 41 compounds

e Proteins (20)
e Amino acids
e Nucleic acids (DNA & RNA) (8)
e Nucleosides
e Cell membrane (3)
e Phospholipids
e Cell wall (10)
e Peptidoglycan precursors
e QOuter cell wall precursors (Lipid-A, oligosaccharides)

SRI International Bioinformatics



Escherichia coli K12
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Results from EcoCyc Reachability
Analysis in 2001

e Phase |: Forward propagation

e 21 initial compounds yielded only half of the 41 essential compounds for E.
coli

e Phase II: Manually identify

e Bugs in EcoCyc (e.g., two objects for tryptophan)
« A>B B—>C

e Incomplete knowledge of E. coli metabolic network
¢« A+tB>C+D

e “Bootstrap compounds”

e Missing initial protein substrates (e.g., ACP)
+ Protein synthesis not represented

e Phase Illl: Forward propagation with 11 more initial
metabolites

e Yielded all 41 essential compounds
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Regulation
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Encoding Cellular Regulation in
Pathway Tools -- Goals

e Facilitate curation of wide range of regulatory
Information within a formal ontology

e Compute with regulatory mechanisms and
pathways

e Summary statistics, complex queries
e Pattern discovery
e Visualization of network components

e Provide training sets for inference of regulatory
networks

e Interpret gene-expression datasets in the context
of known regulatory mechanisms
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Regulatory Interactions Supported by
Pathway Tools

e Substrate-level regulation of enzyme activity

e Binding to proteins or small molecules
(phosphorylation)

e Regulation of transcription initiation
e Attenuation of transcription

e Regulation of translation by proteins and by small
RNAs
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Summary

e Pathway/Genome Databases
e MetaCyc non-redundant DB of literature-derived pathways

e 500 organism-specific PGDBs available through SRI at
BioCyc.org

e Additional curated PGDBs for mouse, yeast, Arabidopsis, etc
e Computational theories of biochemical machinery

e Pathway Tools software
e Predicts pathways and pathway hole fillers
e Reachability analysis, dead-end metabolite analysis
e Omics data analysis tools
e Captures many bacterial regulatory interactions
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BioCyc and Pathway Tools
Availability

e BioCyc.org Web site and database files freely
available to all

e Pathway Tools freely available to non-profits
e Macintosh, PC/Windows, PC/Linux
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