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Transporter Genome Analysis

Complete genome data

Blastp against transporter 
protein database

Blastp against a 
nonredundant

protein database

COG-based 
search

Analysis 
pipeline

Web
browser
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TransportDB
(MySQL)

Request data

Connect and query 
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Format results

Linux Web Server

Transporter Protein Data Sheet
• Transporter Name
• Transporter Family
• Possible Substrate/Function
• Genomic Locus
• COG
• Protein Sequence

http://www.membranetransport.org
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Database Statistics
As of May, 2006

ABC 37,031
MFS 8,886
DMT 2,572

APC 1,837
P-ATPase 2,172

RND 1,670
MOP 1,664

Total 51,970 (61%)

Total transport proteins: 85,234
Total families: 144
Total organisms: 244
Major Families:

VIC 1,075
TRAP-T 1,363
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EcoCyc Project Overview
E. coli Encyclopedia

E. coli functional-bioinformatics database

Genes: 4,332

Gene Products: 
4,332

Reactions: 1,257

Pathways: 190

Metabolic Network

Compounds: 1,106

Citations: 13,274
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Inclusion and annotation of membrane 
transporters in EcoCyc

Starting point- the set of known and putative E. coli membrane 
transporters from our transporter database

Modified the schema for enzyme reactions in EcoCyc to facilitate 
representation of membrane transport reactions

Annotated the set of known and predicted cytoplasmic membrane 
transporters

Bioinformatic predictions

Medline searches

Other leads from original journal articles

Other online resources, e.g., SwissProt
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Information captured on membrane transporters

Substrate specificity and affinity

Mechanism of transport
ATP-dependent, secondary transport, channels, PTS, unknown

Experimental evidence
Gene knockouts, purified proteins, whole cell or vesicle transport assays, growth phenotypes

Protein family

Physiological Role

Protein structure
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Ecocyc- Transport statistics

310 cytoplasmic membrane transport systems

681 genes classified as transporter genes

217 transporter reactions defined

146 transported compounds

60% of transport genes have experimental evidence for their function

17% transporters are co-encoded in an operon with an enzyme with the 
same substrate



TIGRTIGRTIGR
THE INSTITUTE FOR GENOMIC RESEARCHTHE INSTITUTE FOR GENOMIC RESEARCH

Breakdown of known transported substrates

inputs for metabolic pathways

other metabolites

cofactors

other
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Overview of Paulsen group curation efforts

Originally- incorporation of membrane transport systems into EcoCyc

expanded our annotation efforts focused on membrane biology
protein secretion

flagella, pilus, fimbriae biogenesis 

lipoproteins 

outer membrane proteins

lipopolysaccharide biosynthesis

other membrane proteins

Other areas, e.g., chaperones, and DNA repair

Curation of non-K12 E. coli – CFT073 and EDL933 (O157)
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Transporter predictions using Pathway Tools 
Collaborated with Tom Lee and Peter Karp at SRI on including 
transporter predictions in Pathway Tools

Used an analogous approach as they used for metabolic systems

Iterated a series of predictions for several genomes- compared with 
TransportDB

Issues in unambiguously assigning:
Substrate specificity

Transport direction

Energy coupling mechanisms

Identifying parts of multi-component systems, eg., ABC, PTS transporters
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Pathway Tools Prediction of Z. mobilis transporters
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Fungal sugar transporters
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1995 1996 1997 1998 1999 2000 2001 2002 2003

Brucella melitensis
Brucella melitensis suis
Buchnera aphidicola
Chlorobium tepidum
Clostridium perfrigens
Escherichia coli UPEC
Fusobacterium nucleatum
Mycoplasma penetrans
Shigella flexneri
Staphylococcus aureus
Streptococcus agalactiae 2603V/R
Streptococcus agalactiae NEM316
Streptococcus mutans UA159
Streptococcus pyogenes MGAS315
Streptococcus pyogenes MGAS8232
Streptomyces coelicolor A3(2)
Vibrio vulnificus
Yersinia pestis KIM5

Glossina brevipalpis
Methanopyrus kandleri
Methanosarcina acetivorans
Methanosarcina mazei
Pyrobaculum aerophilum
Pyrococcus abysii
Pyrococcus furiosus
Bifidobacterium longum
Bradyrhizobium japonicum
Oceanobacillus iheyensis
Pseudomonas putida
Ralstonia solanacearum
Shewanella oneidensis
Thermoanaerobacter tencongensis
Thermosynechococcus elongatus
Xanthomonas axonopodis
Xanthomonas campestris

Escherichia coli 0157:H7 EDL933
Escherichia coli 0157:H7 Sakai
Listeria innocua Clip11262
Listeria monocytogenes EGD-e
Mycobacterium leprae
Mycobacterium tuberculosis CDC
Mycoplasma pulmonis
Pasteurella multocida
Rickettsia conorii Malish 7
Salmonella typhi
Salmonella typhimurium LT2
Staphylococcus aureus Mu50
Staphylococcus aureus N315
Streptococcus pneumoniae R6
Streptococcus pneumoniae TIGR4
Streptococcus pyogenes SF370
Yersinia pestis CO-92

Agrobacterium tumefaciens C58-C
Agrobacterium tumefaciens C58-D
Caulobacter crescentus CB15
Clostridium acetobutylicum
Corynebacterium glutamicum
Lactococcus lactis
Nostoc sp. PCC7120
Sinorhizobium melilotu
Sulfolobus solfataricus
Sulfolobus tokodaii

Campylobacter jejuni
Chlamydia pneumoniae
Chlamydia trachomatis
Chlamydophila pneumoniae
Neisseria meningitidis MC58
Neisseria meningitidis Z2491
Pseudomonas aeruginosa
Ureaplasma urealyticum
Vibrio cholerae

Halobacterium sp. NRC-1
Thermoplasma acidophilum
Thermoplasma volcanium
Bacillus halodurans
Buchnera aphidicola
Mesorhizobium loti
Xylella fastidiosa

Chlamydophila pneumoniae
Helicobacter pylori J99

Aeropyrum pernix
Deinococcus radiodurans
Thermotoga maritima

Chlamydia trachomatis
Mycobacterium tuberculosis
Rickettsia prowazekii
Treponema pallidum

Pyrococcus horikoshii
Aquifex aeolicus

Borrelia burgdorferi
Escherichia coli K12
Helicobacter pylori

Archaeoglobus fulgidus
Methanobacterium thermoautotrophicum
Bacillus subtilis 168

Mycoplasma pneumoniae

Methanococcus jannaschii
Synechocystis sp. PCC6803

Haemophilus influenzae KW20
Mycoplasma genitalium G037

Animal/human pathogens
Bacillus anthracis Ames
Bacillus cereus 14579
Bacteroides thetaiotaomicron
Bordetella bronchiseptica
Bordetella parapertussis
Bordetella pertussis Tohama I
Chlamydophila caviae
Chlamydophila pneumoniae
Clostridium tetani 88
Corynebacterium diphtheriae gravis
Coxiella burnetii
Enterococcus faecalis
Haemophilus ducreyi
Helicobacter hepaticus
Leptospira interrogans serovar lai
Mycobacterium bovis
Mycoplasma gallisepticum R
Porphyromonas gingivalis
Rickettsia siberica
Salmonella enterica Typhi Ty2
Shigella flexneri 2a
Staphylococcus epidermidis
Streptococcus pyogenes
Streptomyces avermitilis
Tropheryma whipplei TW08/27
Tropheryma whipplei Twist
Vibrio parahaemolyticus
Vibrio vulnificus

Buchnera aphidicola BP
Candidatus Blochmannia floridanus
Chromobacterium violaceum
Corynebacterium efficiens
Corynebacterium glutamicum
Geobacter sulfurreducens
Gloeobacter violaceus
Lactobacillus plantarum
Nanarchaeum equitans
Nitrosomonas europaea
Onion yellows phytoplasma
Photorhabdus luminescens
Pirellula sp. 1
Prochlorococcus marinus pastoris
Prochlorococcus marinus CCMP
Prochlorococcus marinus MIT
Pseudomonas syringae p v. Tomato
Rhodopseudomonas palustris
Xylella fastidiosa temecula
Wolinella succinogenes
Synechococcus sp. WH8102

Archaea
Other Bacteria

2004
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Genome Sequencing projects
Brucella suis- human/animal pathogen- 3.3 Mb Paulsen et al. PNAS (2002) 

Enterococcus faecalis- human pathogen- 3.0 Mb Paulsen et al. Science (2003) 

Treponema denticola- dental pathogen- 3.0 Mb Seshadri et al. PNAS (2004)

Pseudomonas fluorescens- biological control- 6.5 Mb Paulsen et al. Nature Biotech (2005)

Clostridium perfringens- gas gangrene- 3.3 Mb Myers et al. Genome Research (in press)

Clostridium perfringens- food poisoning- 3.0 Mb Myers et al. Genome Research (in press)

Synechococcus sp- coastal isolate- 2.6 Mb Palenik et al. PNAS (in press)

Toxoplasma gondii- 3 strains- toxoplasmosis- 63 Mb Paulsen et al. Science (in prep)

Brucella ovis- animal pathogen- 3.3 Mb CLOSED and ANNOTATED

Dichelobacter nodosus- sheep footrot- 1.6 Mb CLOSED and ANNOTATED

Pseudomonas aeruginosa- opportunistic pathogen- 6.7 Mb CLOSURE
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Brucella suis

Brucella spp- causative agents of brucellosis, a zoonotic disease 
of humans and animals

Infective via inhalation, contact with diseased animals or 
consumption of contaminated foods

Potential biowarfare agent- B. suis - first agent weaponized by the 
US military

Brucella melitensis, B. suis, and B. abortus are the species most 
frequently associated with pathogenicity in humans

Intracellular pathogen that invades macrophages



TIGRTIGRTIGR
THE INSTITUTE FOR GENOMIC RESEARCHTHE INSTITUTE FOR GENOMIC RESEARCH

0%

20%

40%

60%

80%

100%

Amino
 ac

id 
bio

sy
nth

es
is

Puri
ne

s, 
pyri

midi
nes

, n
ucle

os
ide

s, 
an

d n
uc

leo
tid

es

Fatt
y a

cid
 an

d p
hos

ph
olip

id 
meta

bo
lism

Bios
yn

the
sis

 of
 co

fac
tors,

 pr
os

theti
c g

rou
ps

, a
nd

 ca
rrie

rs

Cen
tra

l in
ter

med
iar

y m
etab

oli
sm

Ene
rgy

 m
eta

boli
sm

Trans
po

rt a
nd b

ind
ing

 pr
ote

ins
DNA m

etab
oli

sm
Trans

cri
pti

on
Prot

ein
 sy

nth
es

is
Prot

ein
 fa

te

Reg
ula

tor
y f

unc
tio

ns
Cell

 en
ve

lop
e

Cell
ula

r p
roc

es
se

s
Plas

mid 
fun

cti
on

s

Prop
ha

ge
 fu

nc
tio

ns

Trans
po

so
n f

un
cti

on
s

Unk
no

wn f
un

cti
on

co
ns

erv
ed

 hy
po

the
tic

al 
pro

tei
ns

hy
po

the
tic

al 
pro

tei
ns

Small
Large

 

Chromosome- role category breakdown

1.15 Mb

2.1 Mb



TIGRTIGRTIGR
THE INSTITUTE FOR GENOMIC RESEARCHTHE INSTITUTE FOR GENOMIC RESEARCH

Brucella suis- best hits to rhizobial replicons
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Generation of suisCyc
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Brucella suis Carbon and Nitrogen Sources
Erythritol
Formate
Fructose
Galactonate
Galactose
Glucose
Glycerol
Glycolate
Maltose/Trehalose
Malate
Mannose
Mannitol
Ribitol
Ribose
Sorbose
Xylose
Xylulose
Acetoin

Alanine 
Arginine
Asparagine
Aspartate
Glutamate
Glycine
Histidine
Isoleucine/Leucine/Valine
Proline
Serine
Threonine
Sarcosine
N-acetyl-glucosamine
D-glucoseamine
Choline
Ornithine
Putrescine
Spermidine

Chr II

Chr I

Both Chr
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“Unexpected metabolism”

Protocatechuate pathway

Beta-ketoadipate pathway

Hydroxybenzoate and 
benzoate metabolism

4 monooxygenases of 
unclear specificity

Exopolysaccharide biosynthesis

Nitrous oxide, nitric oxide, 
nitrate and nitrite reduction

Chr II

Chr I

Both Chr
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Brucella suis- transport

Emphasis on ABC –type transporters (~90 systems)
sugar transporters (16)

amino acid transporters (22)

peptide transporters (11)

iron chelate uptake (5)
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Gene conservation with other α-proteobacteria

1902

2151/3341 2140/5299

980
2166/6752

M. loti

S. meliloti A. tumefaciens
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Dichelobacter nodosus: sheep footrot genome

Causative agent of footrot in ruminants, especially sheep

Severe economic losses to the wool and meat industries
lameness, loss of body condition and poor wool growth

Gram-negative anaerobe- small genome (1.38 Mb)

Type IV fimbriae and extracellular proteases- key virulence 
determinants
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Construction of nodoCyc
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Unexpected pathways present in D. nodosus

Sugar utilization
glycolysis, pentose phosphate pathway, fructose PTS, glycerol transporter and kinase

Electron transport
NADH ubiquinone oxidoreductase, ubiquinone biosynthesis, fumarate reductase

Aerobic metabolism/oxidative stress resistance
superoxide dismutase (Mn), alkyl hydroperoxide reductase, 

methionine sulfoxide reductase

class I (aerobic) ribonucleotide reductase, cytochrome (quinone) oxidase, bd type.

(aerobic) ubiquinone biosynthesis
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Dichelobacter nodosus

Giovannoni et al., Science 309:1242.



TIGRTIGRTIGR
THE INSTITUTE FOR GENOMIC RESEARCHTHE INSTITUTE FOR GENOMIC RESEARCH

Pathway conservation in small genome bacteria
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Pathway conservation in small genome bacteria
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Coastal and open ocean Synechococcus sp.

Unicellular cyanobacteria constitute 20-40% of marine chlorophyll 
biomass and carbon fixation

Synechococcus found both in oligotrophic ocean and in coastal 
waters

Utilizing a genomic approach to investigate adaptations between 
coastal and open ocean Synechococcus isolates

Coastal environments differ from oligotrophic ocean
Higher nutrient concentrations
More dynamic
Light attenuation from debris
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WH8102 Microarray expression analysisWH8102 Microarray expression analysis

Utilizing a complete genome array of WH8102 to investigate Utilizing a complete genome array of WH8102 to investigate 
how cyanobacteria perceive and respond to different conditions in the marine environment

Develop an overall model of the regulatory and metabolic networks of WH8102
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Whole genome microarray studies of Synechococcus

Major Nutrients
Nitrogen- Ammonia, Urea, Nitrate
Phosphorus 

Trace Nutrients
Nickel, Iron

Co-cultivation with other marine bacteria 
Effects of Shock

Osmoregulation- Salt Shock
Toxic Compounds- Ethidium, Mitomycin C

Mutants
Regulatory mutants- two component systems
Other mutants
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Construction of CyanoCyc
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Phosphate regulation in Synechococcus

Low phosphate
Early log phase

Low phosphate
late log phase

Phosphate sensor kinase/
response regulator mutants
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Mapping array data onto the metabolic overview of 
Synechococcus WH8102
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Functional Genomics of Microbial 
Membrane Transporters

Bioinformatics-> predicted/putative functions of many 
many genes- how accurate? 

Detailed characterization of interesting/novel transporters 

Large scale analysis of P.aeruginosa transporter gene 
mutants 
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P. aeruginosa transposon mutants
Total % Total

Number of predicted PAO1 Genes 5570

Tn5 Insertions hitting PAO1 sequence 10149

Hits in predicted coding regions 9199 91

Intergenic Tn5 Hits? 950 9

Unique Tn5 insertions 9870 97

Total genes hit by at least one Tn5 3581 64

Total genes not yet hit by Tn5 1989 36
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Transporter Mutant Collection

044C09

109D02

384 mutants in different 
transporter genes

85% transporter genes-
non-essential?
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Method I: BIOLOG MicroPlates
BIOLOG MicroPlates test the ability of a microorganism 
to utilize or oxidize a preselected panel of different 
carbon sources.  
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086E06: predicted proline/sodium symporter
PM1-10 plates

Proline
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Global comparison of phenotype microarray data
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Confirmation of Biolog-based data

76 mutants tested on Biolog- putative amino acid/sugar transporters

Growth on minimal media agar plates

Complementation studies with cloned genes

RT-PCR studies of gene expression

Membrane transport assays

27/76 mutants confirmed phenotypes



TIGRTIGRTIGR
THE INSTITUTE FOR GENOMIC RESEARCHTHE INSTITUTE FOR GENOMIC RESEARCH

QRT-PCR analysis of P. aeruginosa transport gene expression
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Transport genes identified by Phenotype Arrays
041H09 – amino acid?

Histamine

086E06 – proline/sodium
L-Proline

062B02, 203A09, 109G08, and 041D07 – arginine/ornithine
L-Arginine and L-Ornithine

111E12,188H02, 138B02 – amino acid
Hydroxy-L-Proline

137E08 - probable ABC transporter
L-Aspartic Acid

128B09 – branched chain amino acid
L-Alanine and D-Alanine
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Mapping functional transporter data onto PseudoCyc
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Novel pathway for histamine utilization?

Histamine 
transporter

aldehyde
dehydrogenase aminotransferase

transcriptional
regulator hypothetical

27 novel transporter genes- 16 substrates

All of these substrates except for one mapped onto predicted pathways in 
PseudoCyc

One exception- histamine
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Conclusions

Incorporation and curation of membrane transporters in EcoCyc

Enabling prediction of transport reactions using Pathway Tools

Using Pathway Tools to assist in analysis of completed genomes

examples- Brucella suis, Dichelobacter nodosus

Using Pathway Tools to assist in functional genomics analyses

Biolog analysis of transporter gene knockouts in Pseudomonas aeruginosa

Microarray expression analysis of Synechococcus WH8102 



TIGRTIGRTIGR
THE INSTITUTE FOR GENOMIC RESEARCHTHE INSTITUTE FOR GENOMIC RESEARCH

Acknowledgments



TIGRTIGRTIGR
THE INSTITUTE FOR GENOMIC RESEARCHTHE INSTITUTE FOR GENOMIC RESEARCH

Acknowledgments
TIGR

Kathy Phillippy Garry Myers 
Aaron Johnson Qinghu Ren
TIGR faculty, sequencing and annotation core

SRI International
Peter Karp Suzanne Paley Tom Lee

Scripps Institute of Oceanography
Brian Palenik Bianca BrahamshaChris DuPont

Virginia Tech
Steve Boyle

Monash University
Julian Rood Dane  Parker

Biolog Corporation
Barry Bochner Jeffrey Carlson

NIH, DOE, USDA, NSF



TIGRTIGRTIGR
THE INSTITUTE FOR GENOMIC RESEARCHTHE INSTITUTE FOR GENOMIC RESEARCH



TIGRTIGRTIGR
THE INSTITUTE FOR GENOMIC RESEARCHTHE INSTITUTE FOR GENOMIC RESEARCH

Current metabolic reconstruction approaches

Pathway Tools

Genome Properties

Genome annotation- Manatee

Metabolism Transport

TransportDB
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