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Gene regulatory networks in bacteria
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.....It all started in Marburg..
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....first steps towards TRANSFAC

Marburg, 1985/86

ALy
£, 4

g% % Technische
3 %2 Universitit Dieter Jahn | 7. March 2018| 30 years TRANSFAC | Seite 3
Braunschweig

ER L, VS
o5 e
¥, "'ﬂ

bi\fsc.\i

Braunschweig Integrated Centre

of Systems Biology INSTITUT = MIKROBIOLOGIE




....Transcription....in vitro transcription...

T R O tean Soceiy of Biotogieal Chersats, Ine. e et
Association of RNA Polymerase ITI with Transcription Factors in the 29 Ju |y 1986
Absence of DNA* :

{Received for publication, July 29, 1985)

Edgar Wingender, Dieter Jahn, and Klaus H. Seifart
From the Institut fir Physiologische Chemie I, D-3550 Marburg/Lahnberge, Federal Republic of Germuny
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Made: 1985

Chip: Motorola 68000 8MHz
Memory: 512 kB

System: TOS 1x
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... Atari 520+ plus ,Transcription” plus ,Edgar® =

Edgar Wingender 1993

 Gene Regulation
in Eukaryotes

430 pages
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.....2000ff....the dancing genes — Intergenomics..

INTERGENOMICS - Bioinformatics Competence Center Braunschweig

INTERGENOMICS
Towards a bioinformatic framework for “InterSystems Biology”

INTERGENOMICS - Structure of the Competence Center

Project Coordination: Scientific Advisory Board
Prof. E. Wingender (external)
(UKG / GBF) p
Dr. R. Apweiler (EBI / Hinxton, UK)
S Prof. R. Hofestaedt (University of Bielefeld)
Project Management:
o Prof. D. Schomburg ( Cologne University)
Dr. R.-J. Miiller
(GBF) Dr. T. Werner (Genomatix Software GmbH, Munich)
Partners
* GBF - German Research * Technical University of * University of *» Biobase GmbH
Centre Braunschweig Applied Sciences
for Biotechnology Braunschweig / 1 Group Reinhard Hehl
« University of Goettingen 3 Groups Wolfenbuettel
UKG (+2 being set up)
[ 1 Group
e Coordinati Coordinati | Goerdination 1

Coordination: oordination: oordination: oordination:

Dr. H. Blécker Prof. D. Jahn Prof. U. Klages Dr. H. Saxel Frank Klawonn
woﬂ I;?Q .
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Intergenomics: Our start into bioinformatic __

create your own virtual 2D protein gel

PrediSi
PREDIction of Slgnal peptides

Muench, R., Hiller, K., Barg, H., Heldt, D., Linz, S., Wingender, E. & Jahn, D. (2003)
PRODORIC: Prokaryotic Database of Gene Regulation.

Nucleic Acids Res. 31, 266-269

Grote, A., Klein, J., Retter, I., Haddad, I., Behling, S., Bunk, B., Biegler, I., Yarmolinei., c., vain, u. o wiunun,
R. (2009) PRODORIC (release 2009): a database and tool platform for the analysis of gene regulation in
prokaryotes. Nucleic Acids Res. D61-5

Hiller, K., Schobert, M., Hundertmark, C., Jahn, D. Muench, R. (2003)

JVirGel: Calculation of virtual two-dimensional protein gels.

Nucleic Acids Res. 31, 3862-3865

Hiller, K., Grote, A., Maneck, M., Muench, R. & Jahn, D. (2006)

JVirGel 2.0: computational prediction of proteomes separated via two dimensional
gel electrophoresis under consideration of membrane and secreted proteins.
Bioinformatics 22, 2441-244

Hiller, K., Grote, A., Scheer, M., Muench, R. & Jahn, D. (2004)
PrediSi: prediction of signal peptides and their cleavage positions.
Nucleic Acids Res. 32, 375-379

Grote, A., Hiller, K., Scheer, M., Muench, R., Noertemann, B., Hempel, D.C. & Jahn D. (2005)
JCat: a novel tool to adapt codon usage of a target gene to its potential expression host.
Nucleic Acids Res. 33, 526-531

Scheer, M., Klawonn, F., Muench, R., Grote, A,, Hiller, K., Choi, C., Koch, I., Schobert, M., Haertig, E., Klages,
U. & Jahn, D. (2006) JProGO: A novel tool for the functional interpretation of prokaryotic microarray data using
Gene Ontology information.

Nucleic Acids Res. 34, 510-515

Bunk, B., Kucklick, M., Jonas, R., Munch, R., Schobert, M., Jahn, D. & Hiller, K. (2006)
MetaQuant: a tool for the automatic quantification of GC/MS based metabolome data.
Bioinformatics. 22, 2962-2965
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Intergenomics: Our start into bioinformatic __

‘omics’ data
HEGO
] i
I
PGDvZ
) mewvod g s o sonp
o PRODORIC
ENZYME
.
Intemet HEGO
BloCye
Dats soUress Intermedate DB Final DB

Data sources

Data warehouse vin websorvices

Strepto-DB

I BLAST Search [ ]

EaeTs DB Acc-No GEbanozane Je-o GE0o0123, PRO000DI 23
oR
GenesProteins
T e e e T T e T e Timcoamaaans
Genome Viewer

Intergenic Region | input Sequence:
Analysis +Nueleatides ar

Proteome Comparisan | |* ATinoacios
= i piain format

BLAST Options - BLAST Progrars (R - =00 COT (1[5 Jog 1950 000005

Csumn ] [ Reser |

Resulls for GEG0002408 (1bsK - Streplococcus agalactiae ABOS) (15 hit(s)) top |1

DB Acc-No. || Short Name. |
GED0002408  rhsk
GEO0041887  roek

I E-Value I Bil Score ]
@

GEDDOO016E  gos0117
GEO0039903  rbsk
GEOOO31526  rosK
|GED0031591  rbsk
GED0004508  roeic
GEDD042357  roskc
GEO0034284  rosic
GEDN040184  roskc Streptococcu 18RS21 (unfinished)
GEOO40185  SAJ_p1sz Streptococeu 1BRS21 funfinished) 3042 17z
GEO0041836  rbsD Stroptacoccus agalactias H38B {unfinished) 7e08 s20
GEODC30082  re<D Streptococeus sgalsciiae 515 {unfinished) 7008 s20
|GED0002407  rbsD Shreptacoccus agalactias A909 7e08 520
GEOD000167  giso11s Streptococcus agalactias NEM316 7et8 s20

—Genomic
ot Show BLAST hits in wmumlcwnkllA

~<MUSCLE=  + calculsts allgnment: Jalview
Aligament « calculats alignment: Simple View

00 1737
00 1737

1728
00 1713
13

Choi, C., Muench, R., Leupold, S., Klein, J., Siegel, I., Thielen, B., Benkert,|B.,
Kucklick, M., Schobert, M., Barthelmes, J., Ebeling, C., Haddad, I., Scheer{ M.,
Grote, A., Hiller, K., Bunk, B., Schreiber, K., Retter, |., Schomburg, D. & Jahn,
D. (2007) SYSTOMONAS - an integrated database for systems biology analysis of
Pseudomonas.Nucleic Acid Res. 35, D533-D537

Choi, C., Miinch, R., Bunk, B., Barthelmes, J., Ebeling, C., Schomburg, D.,
Schobert, M. & Jahn, D. (2007) Combination of a data warehouse concept with web
services for the establishment of the Pseudomonas systems biology database
SYSTOMONAS. Journal of Integrative Bioinformatics 4:48

Pommerenke, C., Gabriel, I., Bunk, B., Miinch, R., Haddad, 1., Tielen, P., Wagner-
Débler I. & Jahn D. (2008) ROSY - a flexible and universal database and
bioinformatics tool platform for Roseobacter related species.

In Silico Biol. 8:177-186

Klein, J., Miinch, R., Biegler, l., Haddad, I., Retter, I. & Jahn, D. (2009)

Strepto-DB, a database for comparative genomics of group A (GAS) and B (GBS)
streptococci, implemented with the novel database platform ‘Open Genome Resource’
(OGeR) Nucleic Acids Res. D494-8

Shevshuk, O., Roselius, L., Glinther, G., Klein, J., Jahn, D., Steinert, M. &
Miinch, R. (2012) InFiRe — a novel computational method for the identification of
insertion sites in transposon mutagenized bacterial genomes

Bioinformatics, 28:306-310
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The new PRODORIC2 database (http.//www.prodoric2.de)

2
Eckweiler, D., Dudek, C.-A., Hartlich, J., Brétje, D., & Jahn, D. (2017):
1 PRODORICZ2: the bacterial gene regulation database in 2018.
Nucleic Acids Res. 46, D320-D326.
od AATCGT '

replicon
D n T A B A s E motif2repli /' replicon_no INTEGER organism

3 organism_no INTEGER
T ECER organism_no INTEGER

. restriction_no INTEGER 7
m [ Meepilcon®s o TNTEGER /A z restriction_no INTEGER
i ; € Ssargh IVirtual Footprint  7Help B9 Contact

motif2Zmotif

motif2motif_correlation

Welcama 15 the PRODORIC2E Damabase

8 3 COMpREnEna CAShs Shout

i THQUBLON N PIGAITOBHL 1 CLEMN 3 FLORLTy €t AT Fait Db S motif_1 INTEGER

o bieatrpten (athe brvder dde. Ui fondin whghlimilre o tormprled s o [oa b 407 fre | B il Richce )
AR v VN3l RS LGB B GG B i G P LI motif_2 INTEGER /*

s

Sparch a Poalsion Wakght Malriz (PWM) correlation_noINTEGER motif — restriction
& Posbon wesghl matr P o combructed om 3 18 of wignad Bamaenpton taclor A Sndrg e T oD - restriction_no INTEGER
o Suinci Mabrsr [Caan wmorms = - - 4,—» rrmlif:lype_nalNTEGER y) motif_type
motif2matrix . restriction_no INTEGER ¢ motif_type_no INTEGER

4 o st g g By 0 e

motif_no INTEGER

Grganmam [ Bacin s DI 13 + AT 1413 vt (gt ganim -] matrix_no INTEGER 7 matrix
i >  E—
| L] /" matrix_no  INTEGER
Seanch & Funcsonal Mlanset motif2interaction restriction_no INTEGER 7
Fungional Elsments summanos genos, operon or promolen an hisciuns motif_no INTEGER
Erter Shor Hame of Furtons Elnment | | g be interaction_no INTEGER
= grt Purciore| Bt o by 8 1w
— . motif2reference
= =] motif_no INTEGER »| Interaction
— reference_no INTEGER 7
Refererces / interaction_no INTEGER
+ BrChR e B s L 5. e e ) (0 PROOORKC pskaryots dasbass of s sequaion, Ao Aok e interaction_type_noINTEGER /' interaction_type
o Gt e A Fagoenn Benieg Gues P Taemee § e 0 & e S G KOO gumsns FIOTY § Setuhent g interaction2reference | restriction_no INTEGER interaction_type_noINTEGER
ouod piaiorm for . seabyn of prew ragesten s prriaryolen. Maoee Loy Sep 17 06 108 phin interaction_no INTEGER /‘
reference_no INTEGER Va reference

reference_no INTEGER

e——T— | Now:

oA e Platform-independent
SQLite database

New Website

experiment2reference

experiment_no INTEGER oo
reference_no INTEGER Vs

iy
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The new PRODORIC2 database (http.//www.prodoric2.de)

Table 1. Statistics of the PRODORIC? content (September 2017)

Organism TFBSs PWMs®* Increase in %"
Bacillus licheniformis 8 3 new
Bacillus megaterium 7 2 new
Bacillus subtilis 007 01(65) 28
Bradyrhizobium japonicum 36 4(3) 33
Campylobacter jefuni 5 2 100
Clostridium acerobutylicum 23 3 new
Clostridium beijerinekii 7 2 new
Clostridivum difficile 630 266 13(12) new
Corynebacterium glutamicum 59 (i 500
Dinoroseobacter shibae 255 6 new
Escherichia coli CFTU73 4 2 100
Escherichia coli str. K-12 substr. MG1635 1562 9482) i
Escherichia coli str. K-12 substr. W3110 76 L] 50
Helicobacter pylori 24 3 50
Listeria monocytogenes 62 5 150
Mycobacterium tuberculosis 73 5 400
Pseudomonas aeruginosa PAOT 444 41(386) 86
Rhodobacter sphaeroides 38 o 50
Salmonella enterica i 1 -
Sraphylococeus aurens COL 34 2 100
Sraphylococeus aurens Newman 2 1 -
Streptococeus agalactiae 5 1 -
Streptococeus pyogenes MGASS005 4 1 -
Streptococeus pyogenes MGAS8232 10 2 100
Streptococcus pyogenes 3 1 -
Synechococcus elongatus 11 1 -
Synechocystis 16 3 200
Sum 3947 307(261) 3l

#The non-redundant number of PWMs (in parentheses).
" Based on the total numbers.
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The new PRODORIC2 database (http.//www.prodoric2.de)

{PRODORIC?

DATABASE i= Browse Il Virtual Footprint ?Help |+ Statistics [ Contact

Details for MX0002¢5 Dinoroseobactger shibae FnrL

General Information

Accession MX000245

Factor FnrL

Locus Tag dshi_0660

Replicon Dinorosechacter shibae DFL 12 chromosome, complete gencme.
External Links NCEI| GenBank BacDive

Frequency Matrix

A 2 0 4 4 4 7 T 2% & 32 9 3 5B &8 HomOIOg Of Anr Of

T 4 62 2 5 33 12 4 9 12 1 s 8 1 6

G 3 0 s 3 6 11 16 19 2% 20 4 4 2 4 .

: RS D A Pseudomonas aeruginosa
Consensus T T G A T C T A G A T C A A

Sequence Logo

2
E 15
§
o
§ 1
-
E
=]
=007 ‘ A_._ N C
0 =1 e - == 0 X
T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10 1 12 13 14
Position
Motif List
[ download FASTA
Motif Acc  Motif Name Binding Sequence Start End Orientation PubMed-ID
MF102974  &ftB operon TTCCCTGCGCGTAA 215858 215845 - 28473307
MF102975 rpsU operon TTGCTGGACAACTA 244049 244036 - 28473807
MF102976 secE operon TTGAAATCTTCACAA 256209 256223 + 28473307
MF102977 Dshi_D424 operon TTGATCTGCGTTAA 417031 417044 + 28473807
MF102978 hemN1 operon TTGATGAAGGTCAA 526350 526363 + 28473307
ME102979 hemN2 operon TTGATCTGGGTCAA 664358 664345 - 28473807
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Two cases

1. Infection

~ ] R
Pseudomonas aeruginosa

(Nelly Panté, University of British Columbia)

Gram-negative, ~ 2 ym
6,3 Mbp, ~5600 genes
Denitrification

Opportunistic pathogen
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The oxygen regulator Anr regulon

Model of Anr function

T nnnnA

nnnnnnnT

8Fe 8S

nnnnnnnn

Anr O, Anr
inactive active
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\fﬁ Virtual Footprint

ACGTGGATCAG

Transcription Factor Binding Sites Aligned Sequences ACCGAATCAG

(Training Set) TCACGGATCAA

Position Weight Matrix Scoring Model

Hits with Homology Scores Prediction
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g Virtual Footprint

- )T

Aligned Sequences

Scoring Model

Prediction

Position Weight Matrices

Reduction of False-Positive Predictions
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e Virtual Footprint
5

Base-stacking Stacking Energy Peak (SEP) Str[;':ﬁ: o

The average base—stacking energies for 1911 promoters; < TPITOTT STATT 1T
- ? - 2 T T T - T T
/ \ "bpszackddl dat® —

1.4
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Regulog Analysis: hemN

Phylogenetic conservation of the Anr binding
site upstream of other hemN genes:

Organism Pos. Sequence

Pseudomonas aeruginosa -77/-64 . GGAAGGCCTG
Pseudomonas putida -77/-64 .GGAAACTGTG
Pseudomonas syringae -76/-63 . GTGGCGGGCC
Chromobacterium violaceum -79/-66 . CCGGCGAAGC
Neisseria meningitidis -87/-74 . TAAACCTGTC
Xanthomonas campestris -48/-35 .CAGAGGCGCC
Agrobacterium tumefaciens -83/-70 .GTTTGCAACT
Rhizobium loti -70/-57 .CGCCAATGCC

TGATTTGTATCAA:
TGATTTGTATCAA:
TGATGTGGATCAA ¥:
TGACCCTTATCAA

TGATATGTGTCAA

TGATCAGAATCAA

TGACTTCAATCAA ;

TGATTTCGGTCAA .
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Experiment and prediction

Predicted Anr regulon
versus experimentally detemined (DNA array)

Prediction Matches Genes Regulog Overlap
Whole genome 523 1000 27% 87
Intergenic 179 352 75% 79

‘ Intergenic, Stacking Energy 105 212 80% 68 ‘

!
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P. aeruginosa oxygen regulatory network

'02 NO3_ —> NOZ- —> NO/Nzo —> N2

v

Dnr

NarXL

7 Nitrate Reductase Biofilm
- » Cofactors

/ Infection
\ Arginine fermentation W

Pyruvate fermentation

— Long-time survival
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Regulatory circuits for denitrification onset

02 NO3 N02 NO N20 N2
A A A A A
Quter Membrane
\J \J \J \J
NO3'—- NAP —» N02 -~ NIR — NO N20—- NOS ——I"'NZ
ral A 4 | N
et FF ’
> (] . :
I Y H H I T |
@ ] NAR “\
@ NO3' + ! N02 i
s |

m : Cytopl. Membrane
AN .

|1
b3

Tielen, P., Rosin, N., Dohnt, K., Haddad, I., Jansch, L., Klein
J., Meyer, A.-K., Narten, M., Pommerenke, C., Scheer, M.,

......................................

Schobert., M., Schomburg, D. & Jahn, D. (2013) Regulatory
and metabolic networks for the adaptation of Pseudomonas
aeruginosa biofilms to urinary tract-like conditions

PLOS ONE 8: €71845. doi:10.1371/journal.pone.0071845 nirs-N
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Anr / NarXL feed-forward loops as digital logic schema

0, 0,

A NO5- ~Anrt NO5-

by L
Basal NN NarxL NarxL

expression k
_AND | AND |
S~ S

,/'// S~

NO
v ;
Dnr
v ' S~
‘ ~ A
NAR NIR NOR NOS
NO5- NO,- NO N,O N,

Question: What is the influence of basal expression in feed-
forward loops on environmental adaptation in general?
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Anr / NarXL feed-forward loops as digital logic schema

AT NO.- — AN’ NO5-

3

L L
Basal NEEERERD NarxL NarXL
expression k

| AND AND |
\\\_77{7-{_ / o //

NO
k % of Y
Y i
Dnr
v ' S~
A A
NAR NIR NOR NOS
7 - R / 7 \\ e - \\ e o “
NO5- NO,- NO N>O N,

Question: What is the influence of basal expression in feed-
forward loops on environmental adaptation in general?
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Initial model with 3 differential equations

_dX(t)

dt = Sx(t) — X(t)
. dz(tt) =k+(1-k)X()—-Y(t)
8 = X ()Y (6) - Z(t)

Signal Sx (oxygen tension)

Regulator X

Regulator Y

Signal (nitrate) for regulator Y = constant
Production of Z as a function of Xand Y

k% of Y

Basal expression of k?

!
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Working Procedure

Simulations with the model

« Start with the simplest model .
« Proof whether an optimal k exist via £
simulations i, R —
 If no optimal k exists, extend the model
Start BT /\/ —
b t\r:e

—_— 7k

L
0.5

abundance
[~ =] - o
= =] T <
- -
og. Dz.
-
-
(4,]
[+
™

25 3 35 4 45 5
time
CostBenefit
8 I CostlBene{it—O—
lv c!‘j: ; CostBenefit—k
Stop if an E "
" N 0 L = L —————r— T T 1 1
optimum exists o o5 1 15 2 25 8 a5 4 45 5
time
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Final model

© - T2 = S0 - X(0)
dt
v _ _ oy (K )X
at ket (1= X(O"+Kyy e
L 4Z(t) _ (I+Ke)X(O" (1+Ky )Y (O™ Z(t)

dt  X(OMKyy Y(O"Ky,

- dlc)lgrt) =1- SX(t) + Sx(t)Z(t) _jout -
(1+Kxy) X ()"
n, (k +(1-k) x<t>iv+ny ) _
((1+sz)X(t)h (1+Kyz)Y(t)h) .
Z \ X(O"+Kyy Y(O"+Ky, w
. dw(t) .
at W
"jw =B —-b()"

jout Two more state variables:
i 1. Energy store b(t) (ATP)
Jw
2. Growth rate of the population w(t)
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Final Model

Improvement

//
V)

Roselius, L., Langemann, D., Miiller, J., Hense, B., Filges, S., Jahn, D. & Miinch, R. (2014)

Modeling and analysis of a gene-regulatory feed-forward loop with basal expression of the second regulator
J Theoret Biol., 363:290-299
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Two cases

1. Infection 2. Biotechnology
4 i ) 4 i i )
Pseudomonas aeruginosa Bacillus megaterium
(Nelly Panté, University of British Columbia)
(M. Rohde, HZI Braunschweig)
» Gram-negative, ~ 2 ym G " 4.8
» 6,3 Mbp, ~5600 genes 5 :aai)p()s'ggzo o
= Denitrification B.' : hp, oot lgeners tions (
i - = Biotechnological applications (e.g.
Opportunistic pathogen orotein production)
- J (& J
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Bacillus megaterium biotechnology
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1.25 g recombinant protein per liter culture (intracellular)
500 mg recombinant protein per liter culture (extracellular’
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Phenotypic heterogeneity during protein production

Subpopulations of low and high-producing cells

= Small green high producing colonies (~70%)

= Large white low producing colonies

= Two distinct cell fractions in FACS analysis

SSC-A
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Time-lapse microscopy — experimental setup

[ nl
[

= Inverse fluorescence microscope
= Heating system and controller
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Time lapse microscopy of GFP production by B.megaterium
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Culture heterogeneity in bacteria

Definition:
Culture heterogeneity = genetically identical cells aquire distinct phenotypes.

)

A A

4 y

The stable formation of two subpopulations is also called bistability.

Examples:

Adaptation to C-sources, competence, sporulation, persister cells, self-destructive
cooperation, etc.

Possible explanation: Adaptation to fluctuating environments, ,,bet hedging*“
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Xylose inducible protein production system

& &
Tetracycline . . Xylose . .
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TLM-Tracker: Image analysis software for time-lapse movies

:
Flrst step: File Workflow Help

. ﬁQ‘O|:"e:T4@|—C€@P‘W‘E§
Seg mentatlon Of Cel IS — Screen 1 - Tracking —Screen 2 - Lineage tree (1: cell 1image 36 / 2: no cell selected)

Second step:
Tracking of cells

Third step:
Data export and
analysis

— Image Tracking - —Edit lineage tres

Workflow ————————
i 60 i
: 14 B N |7 = J Add (Ins) J ’7 Back J Continue J

time: [fop  min
Execute Remove (Del)

— Display

(s Tracking Remaove gmup]
_JCell ages
Layout

Klein J., Leupold S., Biegler |., Biedendieck R., Minch R. & Jahn D. (2012) TLM-Tracker: software for cell
segmentation, tracking and lineage analysis in time-lapse microscopy movies. Bioinformatics 28:2276-2277

Free Download: http://www.timtracker.tu-bs.de/
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GFP production in a growing microcolony
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Conclusion:

Influence of cell aging

Division 1 1, Explanation: Unequal plasmid distribution
2 olo 1)
Division 2 / ' More plasmids at the old cell pole
- U
Division 3 3 oo 1] ¥ \
1 0p s 2) (2 9o 1

Miinch, K., Miiller, J., Wienecke, S., Bergmann, S., Heyber, S., Biedendieck, R., Miinch, R. & Jahn, D. (2015)
Polar fixation of plasmids during recombinant protein production in Bacillus megaterium results in population heterogeneity.
Appl Environ Microbiol., 81:5976-5986
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B R I C s Braunschweig Integrated Centre
of Systems Biology

%0 BRENDA ||

The Comprehensive Enzyme Information System

§ IPRODORIC?

AATCGTGAG
DATABASE
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Summary:

How it all started with Edgar
Some Bioinformatics from Braunschweig

PRODORIC database

Prediction of gene regulatory networks in
bacteria

Modeling of regulatory circuits
Culture heterogeneity
BRICS
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Thank you:
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