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1. Methods

e Position Weight Matrices (PWMs), or profiles

— Usually not very specific

e Many close genomes (alignment of upstream regions

possible)
=> phylogenetic footprinting (conservation of
homologous binding sites)

e More distant genomes
=> consistency check (conservation of regulon
content, presence of binding sites upstream of
orthologous genes)



Consensus

codB CCCACGAAAACGATTGCTTTTT
purkE GCCACGCAACCGTTTTCCTTGC
pyrD GTTCGGAAAACGTTTGCGTTTT
purT CACACGCAAACGTTTTCGTTTA
CVPA CCTACGCAAACGTTTTCTTTTT
purC GATACGCAAACGTGTGCGTCTG
purM GTCTCGCAAACGTTTGCTTTCC
purH GTTGCGCAAACGTTTTCGTTAC
purL TCTACGCAAACGGTTTCGTCGG

consensus ACGCAAACGTTTTCGT
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Positional weight matrix
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Phylogenetic footprinting

rbs operon in Enterobacteriaceae

—————— TAATCACCAT ————GTAALACGT T TCGAGET TGATCACAT T TCIGT AACGTCAC
—————— CTET oG T e T -Gl GALAC G T T TOGAT GG GATCACATTTCTCTCTTETGGET
—————— TTTTCOCACGOGCEAACGAAACGTTTOGAT AGCGATCACACTTCTGEATTGTCCC
——————— TTTCATTTGT TCGEECEAAAGT T TOEAT GECEAT CACAAT T TCACCCAATTGG
TOCTTCTTETTATATCGCTAGCAAAGTETT TCGETGECEATCAZAAT T TCACT AAATGAG
TTﬂECTTTCTTTTTTTGTTﬁECGﬂﬂﬂﬂGTTTCGATGGCGATCACATTTTTTTTATTTCTT

W HWOHCHOHHOH HHHHHHHE WA

CATGETTTTCCCAACTCAGTCAGGAT TAAACTGTGEGT CAGTGAAACGT T TCGEETGEATGG
CATGETTTTCT ——GC T CACACATTGATAAT AATTATTT TAGZGAAACGT T TG T AGTGG
ST TECCT T TGO CETTTTTT TAAAC T CC T AGAGAGTGAR AT T TG T ARCGG
T TTGCCT T TG TGOCATTTT TCTALMACTCAGT ——AT CAGTGARACGT TTCGITGT Tk
ST TTETCTTCTACTGCCGETTTTTCTAAACTCCT T ——GT TAGDGAAACGT T TCGITET TG
CGTTGCCTTTCCCﬂETTCTTTTTCTﬂEﬂﬁTGTT———GTTﬂECGﬂﬁAEGTTTCGCTGGTGG

WO N OO O OO R RO HOH

AG——————— AAA0 A0 A AT TCT TAATTCTGATATTTCATCGGTGATC
AL AR A A AAA0 A0 A AT AT TAACGCTGATAT TTCCGLGGETCATT
AGT—————- AL AL AGECETATTACTEAAT TCOGACGTETCTEGCIIETGATT
AGT——————- AAAL AL AGETECATTACTAAATTCTGATATTTCCOGCTGTTATC
ALT——————- AL AL AGETETATTACTEAACGCTGATATTTCCOGIGGTTATC
GET-—————- AAA0 A0 AL A ATTATTEAATTCAGATATTTCTTCOGTGATT

- CRTRR T BWooW WW W WW W Ww W WW B

Start codon of rbsD
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Phylogenetic footprinting

rbs operon in Enterobacteriaceae

... regulated by CRP and RbsR

CRP binding site

—————— TAATCACCAT ————GTAALMACET T TCGAGET TGATCACZAT

—————— CTETOGC TGO T —-GCGALMACT T TOGAT GG GAT T ATAT

—————— TTTTOCACGCGCGAACGAAMACET T TOGAT AGCGAT AT AT

——————— TTTCATTTGT TCGEECEAAAT AT T TCEAT GECEAT CACAR

TOCTTCTTETTATAT CGCTAGCAAAGTIT T TOGETEECEATCATZAR

TTACCTTTCTTTTTTTGT TAGLGALAC T T T GAT G AT ACAT]
"

HHHHHHHE WA

W HUH WO HOH

CATGETTTTCOCAACTCAGT CAGGEAT TAAACTGTGGEGTC

CATGETTTTCT ——GCTCACACATTGATAATAATTATTTT,

ST TECCTTCCCCTECCGTTTTTT TAAACTCC T AG A

GTTTGCCTTCT G TGCCATTTT TCTAAACTCAGT ——ATC

GTTTETCTTCTACTECCGT T TTTCTAAACTCCTT ——GTT

CETTECCTTTEC AT TCTTTTTCTAGAATETT———GTT
o

WO N

HOHCHCHCHOH N H HOHW

Start codon of rbsD

GCEAAACGTTTICGE
ECEARAACGTTTICGC
GCEARACGTTTICGE
L ARACGTT TG
SCEAAATGTTTCGEC
ECEAAATGTTTCGEC

O

HOHH HOHW

[ TCCETARAMCGTCAC
(TCTCTCTTCTGET
(TCTGECATTGTCCC
[ TTCACCCAATTGG
[ TTCACTALATGAG
[ TTTTTTATTTCTT

H

RbsR binding site

A8 000 S AT ST TCT TAAT TCTGATAT T TCATCGGTGATIC
348800 0 A TACT TAACGCTEATAT T TCOGCGETCATT
AAAAA AN G GTATTACTGAAT TCCGACGTETCTGLCGTEATT
AAAAAAA TG ATTACTAAATTCTGATATTTCOGETGTTATC
AL LA A ETETAT TACTGAA G TGATAT T TCOGCGGT TATC
488000 A AT TATTGAAT TCAGATATTTCTTCCGTGATT

HOHH O OHW



Conservation of regulation =>
consistency check

I Set of known sites  —— PWM

Genome 1 Genome 2 Genome N
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2. Example. Conserved motif upstream of nrd genes

a-protcobacteria Pg!';BC ., A_AT Tolre.
P-proteobacteria " ohlrt.Ar T T
-proteobacteria otk Tolr,
5-proteobacteria el hAT T s,
Bacillus/Clostridium %:%? A C%ATALTI LT
Thermotogales F TACAAE‘[ ~JTue .
Thermus/Deinococcus le CcAcC ,, GTA TAT
Chlamydiales TSFTCTACATATT T |

nnnnnnnnnnnnnnnn

Cyanobactena “C __CIAIQ Jclzer

nnnnnnnnnnnnnnnn



ybaD is regulator of ribonucleotide reductases (nrdR)

e COG1327: exactly the same phylogenetic pattern
with the signal

— “large scale” on the level of major taxa

— “small scale” within major taxa:

e absent in small parasites among alpha- and gamma-proteobacteria
e absent in Desulfovibrio spp. among delta-proteobacteria

e absent in Nostoc sp. among cyanobacteria

e absent in Oenococcus and Leuconostoc among Firmicutes

e present only in Treponema denticola among four spirochetes

e Predicted transcriptional regulator, consists of a Zn-
ribbon and ATP-cone domains

e ybaD in E. coli, renamed to nrdR



Additional evidence -1

avd nrdR b rnbE  rnbH nusB
. Protecbacteria —|j1>-»1
nrdR is P

nrdR dnaB  dnal

S O m etl m e S Bacillus and Strepfococcus
clustered
pofd  muthd nraR anaB dnal

with nrd Lactobacillus and Staphylococcus —:}>|:>E;>*':>|:>—
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Treponema denticola —.—»—@—



Additional evidence — 2

In some genomes,
candidate NrdR-binding
sites are found upstream
of other replication-
related genes

— dNTP salvage

— topoisomerase |,
replication initiator
dnaA, chromosome
partitioning, DNA
helicase Il

dN

.
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ybaD is regulator of ribonucleotide reductases (nrdR)

and replication

e COG1327: Predicted transcriptional regulator, consists of a Zn-ribbon and
ATP-cone domains
e exactly the same phylogenetic pattern with the signal
— “large scale” on the level of major taxa

— “small scale” within major taxa:

e absent in small parasites among alpha- and gamma-proteobacteria
e absent in Desulfovibrio spp. among delta-proteobacteria

e absent in Nostoc sp. among cyanobacteria

e absentin Oenococcus and Leuconostoc among Firmicutes

e present only in Treponema denticola among four spirochetes

e sometimes clustered with nrd genes or with
replication genes dnaB, dnal, polA

e candidate signals upstream of other replication-
related genes
e dNTP salvage

e topoisomerase |, replication initiator dnaA, chromosome
partitioning, DNA helicase |l
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Multiple sites (nrd genes):
FNR, ,

TGECTTTTTACT TTGAGCTACATCARL AR A AGCTCAAACATCETTGATGEARAGCACTATATATAGACT I TARAATECETCCCARCCC AR TATGTTG TATT
TGATTTTTACC TTGTTCTACATCAATARMATTGCARACATCETTGATEEARA TCACTACATATAGACTI TARAATECACGCCGACCCARTATGTTGTATT

ACCTTTTTACCTTGTTCTGEETCAATAARATCGCARACATCYTTGATGEAR A TCACTACATATAGARCTTARAATHCGCCTCGECCCAACATATTGTATT
ZEHEEERE EEHE  *E HEXE KEEE AEHEERL L || AR ERAHTERL KX EXL FEXXALE  frrrErrrdw *  EEREE KE REEAEEE

AATCGACTATAATTGC TACTACAGCTCCCCACG - - ARARAGETECGECETIIGTEEATRAA GC - GEAT GECGATTECEEA- ARGCACCGEARAANC AR ACEA
AATTGACTACAATTGC TACAACACCTGETTCACT - - CGACACAAGGTEAATTETGEATAR CCTEEET CAGGATTECE G- AAGTCATT GEAARRMGAGATEA

AATCETCTATTAT-GTCACCATATCTTGTCGATGTC TGECEETEATCAGATETGEATARM A CGEGC CEEATCCEAR GETARACAGCACGAGCCETAGCET
*%k* k£ *hE  Fk & kk £k k% * * % hrrEEEAER ** *  * k% * * *

AARRRCCEGAAANCGCCTTTCCCAAT T TC TG TEEATAA CCTGTTCTTAAAM A TATGGAGCGATCATGACACCGCATGTGATGAMACGAGA
ATARRCCTGTTA-TGGCTTCCCCGECCTCIGTEEATAN CCTGTTCTTACAAA TATGEAGTEATCATGACACCGCATGTEATGANACEAGA

GCAGCGCCTTC G- GEATARCCTCCGCCTCIGTEEGATAAC CTGTTCT- - - ATATAT GGAGTGATCATGACACCGCATGTEATGAMAC G TEA
* * * E EREE AL AR AL LR R EER LR T OAEEARAEE AAAEALALAEEX L AL LR R LR ELREEE &

AACAGEGARTAACCC-TAACGCC--AATTTCCTTGTTCTAGGTC AR CAR TATTGEGCTATCAGTTGACTGTCACTCATCCAGATACCCATATATAGTGTCT
AACAGEGARTARACC-TAAAGC T--GATTTCCTTGTTCTAGGTC AR TTAT-- - - - === —— GTTGACTETCACTTC TGCCATTACCCATATATAGTGTCT
AAGTTCGATTTATCTACTAGGGAGGAATTTCTTTGCTCTACATC AATTTTGCAGC GATARAACTGC AAACACCCCTACGCAATTTCAATATATAGTGCCT

AAGACTEATTTCTCTACGATGC CGEAATTTCCTTEAGCCAGGTC AR TTCTAACGC AATARAA CCGEGTCCCCCTCCAGGCGAATTCAATATATAGT GTCT
* % R * * % kkkkE KAk Kk Kk kkFE * * * * kAkEEKEAEE L KK

ATARATATTTTAAGCATC TATAT GTAGTAGTTAT CCACAM A NGEA TCCACATCCCCCTCECAGCCCTGATGTGC TG GEGTTGC - CTTIGTEEATAR — ————
ATAGTAATTAC GATACCTATATGTAGTAGTTATCCACAA A ACCATCCACA - CCCCCTCOCAGCCCTGATGTGC TG GETTTGC - CTIGTEEATAA A T GG
ATCCTGTARAC ATTACCTACATATAGTSTITAT CCACAM ACGTCATCCACA - GCCCTCTETARCCCTTGCCAGTTACGETTCTCGCCTETEEATARC ————

ATCCTTTTACAAGAACCTACATATTGTGTITATCCACAAN GARCATCCACA - GCC- TCCGCACCCETTGTCAGCCGC GG TTCCETCTETEEATARAC - —— -
L * kEKk kEk ok kk  EEAEALAAKR FhEAEERE KK * Kk k% K * EEkE KK FEF A K ALK K

———————————— CCCTATGCGECEETATACAGGAGTGACATTGTGAAAACAGTAGTGATTAARC GG GACGECTECCAGET
TTTTEEEECTAATCCTACGC GG CAGGATACAGGAGCGACATTGTGAAR A CAGTAGTEATTAAACGEGACGETTGTCAGET
———————————— CTTTCCAG—--—--—————-AGGAAGRA-PAACGTGAAACCAGTAGTGATTARARC GG GACGETTECCAGET

————————— ATCAACARAGEAAGAACACCGAGGAACAAC - —-ATGAAACCAGTAGTEATTARAACGEGACGEATETCAGET
Tk E % * FEXFE FRAXEXALEFEEXFH AL AL L LT £k FEEEL



Mode of regulation

e Repressor (overlaps with promoters)
e Co-operative binding:
— most sites occur in tandem (> 90% cases)

— the distance between the copies (centers of
palindromes) equals an integer number of DNA turns:

e mainly (94%) 30-33 bp, in 84% 31-32 bp —
e 21 bp ( ) in Vibrio spp.
e 41-42 bp ( ) in some Firmicutes

e experimental confirmation in Streptomyces (Borovok
et al. 2004, Grinberg et al. 2006) and in E. coli
(Grinberg et al. 2006)



3. Regulators and their motifs

e Cases of motif conservation at surprisingly
large distances

e Subtle changes at close evolutionary
distances

e Correlation between contacting
nucleotides and amino acid residues

e Conserved non-consensus positions



NrdR: conservation at large distances

a-protcobacteria gAC AATTATT
p-proteobacteria ol by T,
Y-proteobacteria chxAIAAxLI
5-proteobacteria "L eaG AL T 7,
Bacillus/Clostridium %:_%? AC#ATA-é-x LT
Thermotogales L ACAATAT. T,
Thermus/Deinococcus LI CAlC :A TAT
Chlamydiales 15 GrhahTaT T
Cyanobacteria %IQQHCIAIQ :AI T

mmmmmmmmmmmmmmmm



DNA motifs and protein-DNA interactions

Entropy at aligned sites and the number of contacts
(heavy atoms in a base pair at a distance <cutoff from a protein atom)

20

3 -9 -5 -1 1 5 9

13 -8 -5 -1 5 9§ 13 .
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Changes: CRP/FNR family

TGTCGGCnnGCCGACA
CoO0A
Desulfovibrio
’ TTGTGAnNnnNnnnnTCACAA

CRP

Gamma
FNR
Gamma

TTGATnnnnATCAA
HcpR

Desulfovibrio
TTGTgAnnnnnnTcACAA




DD
DV
EC
YP
VC
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Correlation between contacting nucleotides
and amino acid residues

CooA in Desulfovibrio spp.

CRP in Gamma-proteobacteria

HcpR in Desulfovibrio spp.
FNR in Gamma-proteobacteria

CcOooA
COOA
CRP
CRP
CRP
HCPR
HCPR

ALTTEQLSLHMGATROTVSTLLNNLVR
ELTMEQLAGLVGTTROTASTLLNDMIR
KITRQEIGQIVGCSRETVGRILKMLED
KXTRQEIGQIVGCSRETVGRILKMLED
KITRQEIGQIVGCSRETVGRILKMLEE
DVSKSLLAGVLGTARETLSRALAKLVE
DVTKGLLAGLLGTARETLSRCLSRMVE
TMTRGDIGNYLGLT VETISRLLGRFQK
TMTRGDIGNYLGLT VETISRLLGRFQK
TMTRGDIGNYLGLT VETISRLLGRFQK

Contacting residues

TG: 1%t arginine

: REnnnR

GA: glutamate and 2"9 arginine

} TGTCGGCn
} TTGTGANNN

} TTGTgAnnn

NnGCCGACA

nnnTCACAA

nnnTcACAA

nnATCAA

} TTGATnnN



The
correlation
holds for
other
factors in
the family

1
-

FNR/CRP family tree Gene Helix-Turn-Helix motif

BMEnnR  SRQDIAEMTGTTLHTVSRILSNWE )

—L_C AT nniR SRODIAEMTGTTLHTVSRILSSWE

NnrR SM nnrR SRQDIAEMTGTTLHTVSRILSAWE
RS narR TRONISEMTGTTLHTVSRLLSAWE

—E RPA nvR  SRODIAQMTGTTLHTVSRLLSGWE
8J nnR SRODIAQMTGTTLHTVSRILSGWE _/

DD hcpR  SKSLLAGVLGTARETLSRALAKLV

DVU2547 TKGLLAGLLGTARETLSRCLSRMV |

HcpR1 DP2197 SKGOLASLLGTAPETLSRIFGQFA )
DA hcpR SKTQLASNLGTVSETLSRTLRKLS

GSU3421  KKGELASRLGTVSETLSRSFRKLK

GMhcpR ~ KKGELASRLGTVSETLSRAFRKLK

[ SYsi0449  PKSQLAAQLGTIFATLSRAFYQLK

Avari72101 PKGQLAALLGTIPETLSRALYKLA

PZ dn AKQLVAGHLSIQPE'!'FSRIIRRLI

PA dnr AKQLVAGHLSIQPETFSRIMHRLG

PZ dnrE PKRLIASQLGIQPETLSRILHRLT

PZ dnrS PKRLIASKLGIQPETFSRILHRLI

PD NNR NKRLIAGHLGMQPESLSRAFARLR

————{;E CTE dnr RKAVLASRLSVQPETFSRVIKSLT
TdenAOT00 PKHVIASRLGIQPETLSRVLAKLR

DNR RE dneD TQRVIASKLGVTPETLSRVMSRES
— RSO04890 SKTLVASKLGLAPATLSRVLQQLI
'_{:jg CV2708 NKNLIASRLNLTPETFSRVLQQLS

BPS04478 GKKAIASRLNLTPEHFSRVLRDLC

AF dnr2 KKAAVAARLGLTPETLSRVLSRMR

AF dnr1 KKAMIAARLGLTPETFSRVLKRLR

CACO884  SKKQLSEMLGIPRPSLSREFINLR

CTC01969 SRKEMAELLGVPRPSLSREMIKMK

CB hepR SROTLAETFGIPRPSLSRELINMK

~ CTC00896 SKKDLAERFGIQRPSLSRELNKMR

L CPE2522  SRKDWADKLGVQRPSLSRELMKMR
Tden 0478  NREAMAEYLAVPRPSLSRELMSMD

HcpR2 CDhcpR  SRNEMADFLCVDRSSMSRELGKMR
— Chte020005 NRQELADYLSVDRSAMSAELSKLR
FN1801 NLGALAEFFGVERPSLSRVLSELV

AE TM1171 TLEELSRLFGCARPALSRVFQELE

PMihcpR  TLEELANLEGVTRPSLSRVESKMQ

BT0688 SQQELSDYFGVSRPSLARELSHMO

___{jz BF 2148 SQQELADYFGVSRPSLARELAHMQ

PG 1053 SWKELSDRFGVNRQSLARSLSQLE

[ Tte Crp?2 KROELANLAGTSRENTTRILSOMD

8S FNR THODLAKFCAAARE SVNRMLGDLR

RR CooA  TVEEIANLIGSSROTTSTALNSLI

EC CRP TRQEIGQIVGCSRETVGRILKMLE

SY NtcA SHQATAEATGSTRVTVTRLLGDLR

8L ArcR TAAEIAKISGTSRETVSAVLKKLR

—— SMFixK SRODIADYLGLTIETVSRVVTKLK

NM FNR SREETGSYLGLKLETVSRTLSKFH

L{EPANR SRNEIGNYLGLAVETVSRVFTRFQ

EC FNR TRGDIGNYLGLTVETISRLLGRFQ

DNA consensus

.

Tl colbbes

0T

»
-
-
‘

>

01-
L

u')

e.....Talh,

AT

ke, T,

L

. GTAAC., GTTAG.

nnGCCATNTNNANATCCnn
nIGTTGNANNTNCAACAN
ctGTAACANNTGTTACag

cnGTAACANNTGTTACNng

nTCTAACNNNNGTTACAN

nTCTCCCnNnnGCCACAN
nTCTCANNNNnnTCACAN
nTCTCANNTANNTCACAN
nTGTCGGCNNGCCGACAN
TTCTGANNnNnNnNNTCACARA
ntCTAnCnnnnGnTACan
nTCTCANATATNTCACAN

nnTTCGATNnNNNATCAANN

Profile

NnrR

HcpR:1

HcpR:2

DNR

Hch:3

HcpR:4
HcpR:5
HcpR:6

HcpR:7
HcpR:8

HcpR:8
HepR:10



Engineering transcription factors with novel
DNA-binding specificity using comparative
genomics

Tasha A. Desai', Dmitry A. Rodionov®?, Mikhail S. Gelfand®?,
Eric J. AIm®>* and Christopher V. Rao™*
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Lacl family: systematic analysis

1369 DNA-binding domains in 200 orthologous rows
<ld>=35%, <L>=71 a.o.

4484 binding sites, L=20H., <ld>=45%

Calculate mutual information between columns of TF and
site alignments

Set threshold on mutual information of correlated pairs



LAFDHDQILQOMA
LAFDHNQILDYG

LSFDHNEILAYGE
LSFDHNEILAYGE

LAFDHSKILAYG
LAFDHSKILAYG

LAFDHSKILAYG
LAFDHNQILDYG
LSFDHNEILAYG

LSFDHNEILAYG

Protein

alignment

Definitions

ERLOGKVRYQP-IGFELLPEKEFSLRQLORMYETVLGRS—---LDKRNF
ORLRNKLEYSP-TAFEVLPELFTLNDLEFQLYTTVLGED--FADYSNF
RRLRNKLEYSP-VAFEVLPEMEFTLNDLYQLYTTVLGEN--FSDYSNF
RRLRNKLEYSP-VAFEVLPEMEFTLNDLYQLYTTVLGEN--FSDYSNF
RRLCNKLEYSP-VAFDVLPEYFTLNDLYQFYSTVLGAN--FSDYSNEF
RRLCNKLEYSP-VAFDVLPEYFTLNDLYQFYSTVLGAN--FSDYSNEF
RRLCNKLEYSP-VAFDVLPEYFTLNDLYQFYSTVLGAN--FSDYSNEF
ORLRNKLEYSP-IAFEVLPELFTLNDLEFQLYTTVLGED--FADYSNF
HRRLRNKLEYSP-VAFEVLPEMFTLNDLYQLYTTVLGEN——FSDYSNEF
HRRLRNKLEYSP-VAFEVLPEMFTLNDLYQLYTTVLGEN--FSDYSNEF

A A A A A AAAANA
VYVVYVVYVYVYVYYVYYY

Mutual information

I(l, j) — ZZ pi,j(a1 n)

log p; ;(a,n)
p; (@) p; (N)

Sites

tTAaTGgCIITTAtGCcCACTAT
TTAaaGTARALAaTTACCATAA
AQAtTGTCHITTAtGcCACTAT
TTATGGT TTcTACCATAA
TTATGGT TTcTACCATAA
TTATgGTCRgTTTcACCAaAA
TTaGTCg TAaccaACtAA
TTATCGTCAECtcGACGACAA
TttAGGTARAGTTATACTTTTA

tTAATGgCIITTAtGcCACTAT

J

n=1l a=1
P
o Ii,j _E(Ii,j)
ol a(rll) Z-score




Correlated pairs
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NrtR (regulator of NAD metabolism)




Comparison with the recently solved structure:
correlated positions indeed bind the DNA
(more exactly, form a hydrophobic cluster)

LEU-161 -
141




MerR family

Phylogenetic tree of HMR transcriptional regulators from MerR family

Yol A@LA@GT

mmmmmmmmmmmmmmmmm

HMRTR Cyanobacteria HMRTR Proteobacteria

First 3 positions in sequence logos are the 3’ end of 10 promoter boxes.



Correlations and structure
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4. Evolution of regulatory networks

Expansion and contraction of regulons

New regulators (where from?)

Duplications of regulators with or without regulated loci
Loss of regulators with or without regulated loci
Re-assortment of regulators and structural genes

... especially in complex systems

Horizontal transfer

Birth of new sites

— positions under selection in intergenic regions

— conservation of sites



Regulon expansion, or
how FruR has become CRA

e CRA (a.k.a. FruR) in Escherichia coli:

— global regulator

— well-studied in experiment
(many regulated genes known)

e Going back in time: looking for candidate
CRA/FruR sites upstream of (orthologs of) genes
known to be regulated in E.coli



Experimental data in E. coli

Mannose Glucose

manXYZ ptsHI-crr

I end Iedd
/ eda

adhE
aceEF |ch
mtlA mtiD pku“ PPSA
Mannito] sy ! gapA pg gpmA pckA

fop “ pfkA aceA
tpiA
fruBA  fruK I
FruCtoSe s ¢m— \‘ aceB J



Sites conserved in Enterobacteriales

Mannose

Glucose

manXYZ ptsHI-crr

.

Mannitol

fbp

fruBA frukK

mtlA mtiID }

'adhE
aceEF
—>

pku“ ppsA
gapA  pgk gpmA pCkA

{ tpiA I

\J

icdA

aceA

C—



Common ancestor
of Enterobacteriales and Vibrionales

Mannose Glucose

manXYZ ptsHI-crr

\ ]adhE
aceEF icdA
R e 2

pYKF | | ppsA /
pCkA

ww‘ gapA U pgk‘ ) gpmA .
> < > < P G C—l

fop | | pfkA N aceA
tpIA I
fruBA  fruK I
Fructose sy ¢u— \’ aceB J
el

mtlA mtiD ]}l

Mannitol

C—




Common ancestor of Enterobacteriales

Mannose Glucose

manXYZ ptsHI-crr

k ‘adhE
aceEF icdA
Eeess—)> s o

KF R} ppsA

. mtlA mtiD | 2 “ b\

Mannitol > < > d gapA pgk gpmA kaA /
) m— G C—

fbp \pka I'A ' I ! aceA
fruBA  fruK Itp'
FrucCloSe m——) mm— \’ aceB J
"M"

C—

— Gamma-proteobacteria
— Enterobacteriales



Common ancestor of Escherichia and Salmonella

Mannose Glucose

manXYZ ptsHI-crr

I end Iedd

‘/f eda
adhE
aceEF icdA
mtlA mtiD pku“ PPSA ‘
v gpmA

Mannito| =) G— gapA pckA

fbp \pka aceA
tpiA
fruBA  fruK I
Fructose m——p ¢— \‘ aceB J

— Gamma-proteobacteria
— Enterobacteriales
= E. coli and Salmonella spp.



Regulation of iron homeostasis
(the Escherichia coli paradigm)

lron:

essential cofactor (limiting in many environments)
dangerous at large concentrations

FUR (responds to iron):

synthesis of siderophores

transport (siderophores, heme, Fe?*, Fe3*)
storage

iron-dependent enzymes

synthesis of heme

synthesis of Fe-S clusters

Similar in Bacillus subtilis



Regulation of iron homeostasis in a-proteobacteria

[- Fe] [+Fe] [ -Fe] [+Fe]
— @)
heme
2

degraded

Iron storage
ferritins

Transcription
factors

FeS status
of cell

[- Fe] [+Fe]

Experimental studies:

e FUR/MUR: Bradyrhizobium, Rhizobium and Sinorhizobium
e RirA (Rrf2 family): Rhizobium and Sinorhizobium

e Irr (FUR family): Bradyrhizobium, Rhizobium and Brucella



Organism Abb, I Irr I"'",'_-':.,r“ MntR| RirA | IscR
Distribution of I e N HENE
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Regulation of genes in
functional subsystems |-
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A. RirA-box (IRO)

All logos and Some Very -L TGA TCA
Tempting Hypotheses: [ A R s
L. B. Iron-Rhodo-box
1. Cross-recognition of FUR
and IscR motifs in the L T
ancestor. QIG CI“A?LAC CAC e
2. When FUR had become C. Mur-box (MRS)
MUR, and IscR had been ]'G A A
lost in Rhizobiales,  \/ | [LXIVYAI AT A II 16
emerging RirA (from the — bo; """"""
Rrf2 family, with a :
rather different general L IGg A T.A ISE CA
consensus) tookover ~ \ \ ( $" = e%E '-‘.‘:”:J-,’t“’f.
their sites. E. IscR"box-I
3. Iron-Rhodo boxes are ,L“G
recognized by IscR: <11 AQ~< - . ,%EQ@';,
directly testable — .

—  Update:
seems to be correct hees

..................
——————————

e
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.
e
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Large-scale restructuring: Catabolism of
branched chain amino acids and fatty acids in
gamma- and beta-proteobacteria

(A) Branched-chain amino acid (ILV) degradation

L-Valine
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L-Leucine L-Isoleucine
|

BCAT |
¥ W
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| I
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toaco ||l Grere
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(B) Fatty acid (FA) degradation

Fatty acid transport

e e

FadL

Fatty acids

t_: Col,ATP
-Fad[}l

acyl-CoAs

AMP, PP,

9 s ETFH,

[EtD]
| AcdH*

EIHJ ETF !f
Unsaturated ——= 3-frans-enoyl Cod
acyl-CoAs

o
=
& MADH
[hcae"] |
J-katoacyl-Cof

FadA | co

k 4

Acetyl-CoA

f-oxidation cycle



(&) LiuR in ympratecbacteda (MerR family)
r

- - Components of ILV degradation ETF FA degradation
1 AC ILV ¥ FA degradation
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RbsR and PurR: duplication
and subsequent change of specificity

RbsR (HIN)
RbsR RbsR (PMU) PurR (HDU) PurR
PurR (PMU)
RbsR (STM) o \2
RbsR (STY) & \@ PurR (HIN)
RbsR (ECO) PurR (STY)
2, PurR (STM)
RbsR (PCA) 0.14 o, PurR (ECO)
7~
016 PurR (PLU
RbsR (PLU) ui(FLU)
PurR (YPK)
PurR (YPS)
RbsR (VFI) L 0.74
RbsR (VCH
sR ( ) e PurR (VFI)
RbsR (VPA) = PurR (VCH)
RbsR (VVU) PurR (VPA)
PurR (VVU)
Qr_\@ PurR (PPR)
“
o o \@
LS
RbsR (PST) =
RbsR (PAE)

RbsR (PPU) o &0 (PFO)
RbsR Pseudomonadales
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Evolution of DNA motifs

Conserved Different

Different

RbsR
Pseudomonadales

blts




History

PurR: new ligand, RbsR:
changed default change Entero-

state (bound to of motif bacteriales
DNA), new regulon / <

Pasteurellales

\ \ Vibrionales

Duplication

\< Pseudo-
monadales

Ancestral state (retained in Pseudomonadales):
RbsR regulates the rbs operon
by binding in the absence of ribose




Summary and open problems

e Regulatory systems are very flexible
— easily lost
— easily expanded (in particular, by duplication)
— may change specificity
— rapid turnover of regulatory sites
e ..vielding significant changes in genome functioning
e With more stories like these, can we start thinking
about a general theory?
— catalog of elementary events; how frequent?

— mechanisms (duplication, birth e.g. from enzymes, horizontal
transfer)

— conserved (regulon core) and non-conserved (regulon
peryphery) genes in relation to metabolic and functional
subsystems/roles

— (TF family-specific) protein-DNA recognition code
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