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RNA Folding Path Simulations

Including Pseudoknots and Knots

Harlepp et al., EPJE (2003)
Xayaphoummine et al., PNAS (2003)
Xayaphoummine et al., NAR (2005)

Online RNA folding server http://kinefold.curie.fr > 21,000 online simulations so far



DNA / RNA Folding / Unfolding Kinetics

S
:@ k+ = ko@ kT = ko%? v=05-06

k+ = 10°- 10" seq s =4 - 20 bases )

(helix zipping 10" sec)

k='= sec, min, hours, days, weeks...

K+ is slow compare to typical molecular time scales, local heat diffusion, etc
— DNA switch under folding kinetics control

K+ is fast compare to transcription rate <1 base/ms

— RNA switch under co-transcriptional folding control

K— can be arbitrary sow ——= long-lived out-of-equilibrium folds




by following the
stochasticformation
and dissociation
of entire helices

Elementary stochastic transitions :

PNAS 97, 6515 (2000)

At each configuration along the folding path :

o calculate all rates: ki: koexp(—A G /KT)
e choose one transition stochastically :

kl k2 ¢ |k3| L L

o Efficient speed-up using " Exactly Clustered
Stochastic Simulations"  PNAS 100, 15310 (2003)



Modeling RNA Secondary Structures
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Tetrahymena Group | Intror]

394 bases

P5b

A predicted
A known

PNAS, 100, 15310 (2003)

100-base-long Random Sequences
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RNA transcriptional regulation with knots

Knots in 5’UTR infC operon of B. subtilis c
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Encoding Folding Paths of RNA Switches

under Antisense Regulation

Viasnoff et al., NanoLett. (2006)
Xayaphoummine et al., NAR (2007)

Dawid, Cayrol, Arluison



Riboswitches (metabolite—induced conformational change)

Coenzyme B,; (adenosylcobalamin)
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(Post)—-transcriptional regulation through RNA switch control

Escherichia coli Bacillus subtilis

& tRNA-mediated antiterminatiorn vitro

DsrAJ-[r—\B Putzer et al, NAR 2002
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——= combine : antisense interaction + structural switching



Example of simple RNA switch design (both structures have equivalent energy here)

structure 1 structure 2 A 2, One "native" structure Two "relaxed" structures
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"Reverse" RNA switch (R)
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"Reverse” RNA switch (R)
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Encoded and regulated folding paths of RNA switches

Viasnoff et al, NanoLetters 2006 e 3
Xayaphoummine et al, Nucleic Acids Res. 2007 3 Seo A
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folding/interaction simulations

RNA switches
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Evolution of Large Biological Networks

under General Duplication—Divergence Models

Evlampiev & Isambert, arxiv.org/abs/q—bio.MN/0606036
Evlampiev & Isambert, arxiv.org/abs/q—bio.MN/0611070



what was known before sequencing

5 decades (8 including viruses)

Even multimodal distribution
within some species families
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Ten Years of Genome Sequencing:

1 cell

Saccharomyces cerevisiae, 1996

] No match
B Known gene

[] Homology to known gene

s

Caenorhabditis elegans, 1998

[C] No match
B Known gene

[ ] Match outside nematodes

B Match within nematodes only

100,000 cells Drosophila melanogaster, 2000

[] No match
EST + protein match
EST match

Protein match

few genes... same genes...

Gallus  20,000-23,000

Paramecium 39,000

Wheat 75,000 ?

(allohexaploid)

—= Evolution through Duplication—Divergence of Genes and Genomes



Detailed interaction logic (AND/OR/NQOT)

Combinatorial Gene Expression

Network-like schematic representations :
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PPl Networks: Properties

* N number of nodes, L number of links
Nk number of nodes with k neighbours

p, degree distribution, <k> mean degree

N, 2L
:—’nj:k:): k = —
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* Random mutations (nucleotide substitutions)

synonymous (the same aminoacid)
nonsynonymous (a different aminoacid)
nonsense codon modifications (Stop)

* Recombinations — crossing over/gene conversion

exchange of homologous sequences between homologous chromosomes
non reciprocal exchange (loss of one of the variant sequences)

* Deletions and Insertions — unequal crossing over
gene deletion and local gene duplication — shuffling of protein domains

* Global gene duplication — whole genome duplication
replication of chromosomes without segregation

Long suspected... recently proved!



* Random mutations (nucleotide substitutions)

nonsynonymous (a different aminoacid)
nonsense codon modifications (Stop)

* Deletions and Insertions — unequal crossing over
gene deletion and local gene duplication — shuffling of protein domains

* Global gene duplication — whole genome duplication
replication of chromosomes without segregation

Implies important genetic modifications!!



Whole Genome Duplication in Yeast Genome
Kellis et al. 2004

Common ancestor
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Whole Genome Duplication in Yeast Genome
Kellis et al. 2004

YDR207C 206 205 204 202 201 200 198 197 196 195 194 192 191 190 189 188 187 YDR186C
Scer4
Kwal 1
Scer12
g YLR231C 233 234 237 238 239 240 241 242 243 244 245  YLR246W,
‘c.. ee .",
........O'...l.......‘.-. ......-.‘...0.0.‘.'...ﬂ.... -
00........' '......000"
YiL142 YIL135 YOR214 YDR170 YGL148 YGL141

YNLO74 YLR228 YLR246 YLR168 YLR163 YOL117

YMR171 YMR155  YBR115 YBR10S YGR08S YGR0OB)  YBRI36 YBR117  YGRO96

S YDLO30 YPRO70 YPR0S6 YPR102 YPROT2  YPR112 8

[ | Scer 1
Kwal 2 - Scer 2
- Scer 3
Kwal s 1~-flm B scer «
:] Scer 5
- Scer 7
- Scer 8
koars - TN T e M TR | B scor o
- Scer 10
Kl & mml-ﬁ.&_ﬂ- I scer 11
- Scer 12
- Scer 14

wwars [ R H  A— N0 L e i | Dol
e -Scer16



Whole Genome Duplications in Evolution
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—Shuffling of protein domains

—Speciation events

Whole Genome Duplications promote:

-2,500/ 4,000 ?7?



Whole Genome Duplications in Evolution
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. —Speciation events
Whole Genome Duplications promote:

—Shuffling of protein domains



Evidence of Genome Duplication on PPl network

Yeast 6000 genes : 4000 in PPI network

500 duplicates from WGD : 250 with both duplicates in available PPl network

PPI network

Proba to share k+ partners:

k=1 WGD dupli > 20 x random pairs
k=10 WGD dupli > 1,000 x random pairs

Node pair distribution with shared partners
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Evidence of Genome Duplication on PPl network

Yeast 6000 genes : 4000 in PPI network

500 duplicates from WGD : 250 with both duplicates in available PPl network

PPI network

Network
Duplication
under WGD

Proba to share k+ partners:

k=1 WGD dupli > 20 x random pairs
k=10 WGD dupli > 1,000 x random pairs

Node pair distribution with shared partners
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Evidence of Genome Duplication on PPl network

Yeast 6000 genes : 4000 in PPI network

500 duplicates from WGD : 250 with both duplicates in available PPl network

PPI network

Proba to share k+ partners:

k=1 WGD dupli > 20 x random pairs
k=10 WGD dupli > 1,000 x random pairs

Node pair distribution with shared partners
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Evidence of Genome Duplication on PPl network

Yeast 6000 genes : 4000 in PPI network

500 duplicates from WGD : 250 with both duplicates in available PPl network

PPI network

O O

Divergence

O

Proba to share k+ partners:

k=1 WGD dupli > 20 x random pairs
k=10 WGD dupli > 1,000 x random pairs

Node pair distribution with shared partners
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Evidence of Genome Duplication on PPl network

Yeast 6000 genes : 4000 in PPI network

500 duplicates from WGD : 250 with both duplicates in available PPl network

PPI network

O O

"Rewiring"

O

Proba to share k+ partners:

k=1 WGD dupli > 20 x random pairs
k=10 WGD dupli > 1,000 x random pairs

Node pair distribution with shared partners
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Evidence of Genome Duplication on PPl network

Yeast 6000 genes : 4000 in PPI network

500 duplicates from WGD : 250 with both duplicates in available PPl network

PPI network

O O

Shared
Partners

O

Proba to share k+ partners:

k=1 WGD dupli > 20 x random pairs
k=10 WGD dupli > 1,000 x random pairs

Node pair distribution with shared partners
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Evolution of Protein-Protein Interaction Networks reflects
evolution at the level of Genome

random mutations, local gene duplications, global gene duplications

— Different models of PPl Network Evolution

local — evolution by local gene duplication-divergence process
Ispolatov, Krapivsky, Yuryev, Phys. Rev. E 71, 061911 (2005) time=linear

growth
— Barabasi-Albert like models (preferential attachment)

Barabasi, Albert, Science 286 509-512 (1999)

global — evolution by whole genome duplication

Evlampiev, Isambert g—bio.MN/0606036 exponential
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global+local — general duplication-divergence model J

Evlampiev, Isambert gq—bio.MN/06011070
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Asymptotic Topology of PPI Networks
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, M’ >1 scale-free
—= Asymptotic Network Topology M’=max([’ ) M’ <1  Exponential

R R
(
GDD Model + Fluctuations M’ = ,|;|1 max([; n§ > r|;|1 [(1—q(n)) rs(n)+ Cl(n)ro(n)]:M

Conserved Networks are also necessary Scale-free (M’>M > 1)




Duplication—Divergence Models Including Self-links

P—P Interaction Network Asymmetric divergence
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Kirill Evlampiev
* At each step generating function of number of nodes

FO(x)=2, ., (N "
* For two consecutive steps

F"(x)=(1-q) F"(A,(x))+qF" (A,(x))+qF " (A,(x)),
Ai(x)z(l_q)(6i3+yisx)+q(6io+yiox)(6in+yinx)’ 6ij=1_Yij’ rizA'i(l)

( +1)
F n)(x) F( n )( x)
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The real degree distribution and its generating function

(n)
ln)_(Nk > (n) _ n)  k
P ——<N.,.,>»k21 P (x)—g:lpl x*-1

Network's dynamics (get rid of k=0)

w1 ()= (1—q) p"(A,(x))+gp™(A,(x))+qp"(A,(x))

p

A["]
n+1) ‘ ’
=N = (1-g) p"(4,(0))~gp"(4,(0)~g p"(4,(0)
(N")
Stationary solution? lim p" (x)= p(x) — functional equation on p(x)

n—w«

It can be analysed using asymptotic methods

plx)=1—-A,(1—-x)+A,(1—x)°+...+A, . (1—x)"+0o((1—x)%), x—1



* Network evolution is described in terms of ensemble averages <Q>

* This description is meaningfull since fluctuations are not large

distribution function of L 1

L
<L(n]> F[ <L(n)>‘

P(n)(L)

the pth moment is proportional to the pth power of the first one!

o Due to N <sN<2L in |linear regimes <N>~<L>Exp & Scale Free
this holds also for distributions of N and Nk

* For nonlinear regime this probably holds too (numerical simulations)
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—3> PPl Network Evolution in terms of protein domains
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under Protein Domain Shuffling
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Redefining PPl Networks as Domain Interaction Networks
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Redefining PPl Networks as Domain

Genome and PPl Network Evolution
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Multidomain proteins (random shuffling)
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—= Adding some "combinatorial logic" through multidomain proteins
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Hierarchy and Feedback in the Evolution

of Bacterial Transcription Networks

Cosentino—Lagomarsino, Jona, Bassetti & Isambert,
arxiv.org/abs/q.bio/0701035, PNAS (2007), in press



300 sequenced genomes

o ———

: ==
Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130
Leptospira interrogans serovar lai str. 56601

Treponema pallidum
Treponema denticola ATCC 35405
Borrelia burgdorferi B31
Borrelia garinii PBi

— Shewansella oneidensis MR-1

~ Mannheimia succiniciproducens MBELSSE

- Haemophilus influenzae Rd

- Pasteurella multocida

— Haemophilus ducreyi 35000HP

Yersinia pestis biovar Medievalis str. 91001

1 Yersinia pestis CO92

Yersinia pestis KIM

Yersinia pseudotuberculosis IP 32953

~ Photorhabdus luminescens subsp. laumondii TTO1

- Erwinia carotovora subsp. atroseptica SCRI1043

Shigella flexneri 2a str. 301

Shigella flexneri 2a str. 2457T

| | Escherichia coli 0157:H7 EDLS33

Escherichia coli CFT073

Escherichia coli K12

Escherichia cali O157:H7

| Salmonella enterica subsp. enterica serovar Paratypi A str. ATCC 9150

Salmonella typhimurium LT2

Salmonella enterica subsp. enterica serovar Typhi Ty2

Salmonella enterica subsp. enterica serovar Typhi
_: Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis

[ Candidatus Blochmannia floridanus

" Buchnera aphidicola str. Sg Schizaphis graminum

Buchnera aphidicola str. APS Acyrthosiphon pisum
Buchnera aphidicola str. Bp Baizongia pistaciae

Vibrio wilnificus CMCP&

Vibrio wulnificus YJO16

Vibrio parahaemolyticus RIMD 2210633

Vibrio cholerae

Vibrio fischeri ES114

Photobacterium profundum SS9

— Idiomarina loihiensis L2TR
Pseudomonas putida KT2440
Pseudomonas syringae pv. tomato str. DC3000

1




300 sequenced genomes

: ==
Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130
Leptospira interrogans serovar lai str. 56601

Treponema pallidum
Treponema denticola ATCC 35405
Borrelia burgdorferi B31
Borrelia garinii PBi

— Shewansella oneidensis MR-1

~ Mannheimia succiniciproducens MBELSSE

- Haemophilus influenzae Rd

- Pasteurella multocida

— Haemophilus ducreyi 35000HP

Yersinia pestis biovar Medievalis str. 91001

1 Yersinia pestis CO92

Yersinia pestis KIM

Yersinia pseudotuberculosis IP 32953

~ Photorhabdus luminescens subsp. laumondii TTO1

- Erwinia carotovora subsp. atroseptica SCRI1043

Shigella flexneri 2a str. 301

Shigella flexneri 2a str. 2457T

| | Escherichia coli 0157:H7 EDLS33

Escherichia coli CFT073 =

1

Escherichia coli K12
Escherichia cali O157:H7
| Salmonella enterica subsp. enterica serovar Paratypi A str. ATCC 9150
Salmonella typhimurium LT2
Salmonella enterica subsp. enterica serovar Typhi Ty2
Salmonella enterica subsp. enterica serovar Typhi

_: Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis
[ Candidatus Blochmannia floridanus
" Buchnera aphidicola str. Sg Schizaphis graminum

Buchnera aphidicola str. APS Acyrthosiphon pisum

Buchnera aphidicola str. Bp Baizongia pistaciae

Vibrio wilnificus CMCP&
Vibrio wulnificus YJO16
Vibrio parahaemolyticus RIMD 2210633
Vibrio cholerae
Vibrio fischeri ES114
Photobacterium profundum SS9
— Idiomarina loihiensis L2TR
Pseudomonas putida KT2440
Pseudomonas syringae pv. tomato str. DC3000

Escherichia coli K12

3000 =

2000 -

1000 -

awo0f ¥
A

oF . L

-l ey

LY

o
Q

L 1 L e L1
1000 2000 3000 4000 5000
Escherichia coli CFTO73




300 sequenced genomes

o omr -

Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130
Leptospira interrogans serovar lai str. 56601

Treponema pallidum

Treponema denticola ATCC 35405

Borrelia burgdorfen B31
Borrelia garinii PBi

— Shewanella oneidensis MR-1

- Haemophilus influenzae Rd
- Pasteurella multocida

1

1 Yersinia pestis CO92

~ Mannheimia succiniciproducens MBELSSE

— Haemophilus ducreyi 35000HP
Yersinia pestis biovar Medievalis str. 91001

Yersinia pestis KIM

Shigella flexneri 2a str. 301
| Shigella flexneri 2a str. 2457T

Escherichia coli CFT073 =

Yersinia pseudotuberculosis |IP 32953 =
- Photorhabdus luminescens subsp. laumondii TTO1
- Erwinia carotovora subsp. atroseptica SCRI1043

Escherichia coli 0157:H7 EDLS33

Escherichia coli K12
Escherichia cali 0157:H7

Salmonella typhimurium LT2

| Salmonella enterica subsp. enterica serovar Paratypi A str. ATCC 9150

Vibrio wulnificus CMCP&
Vibrio wulnificus YJO16

Vibrio cholerae
Mibrio fischeri ES114

— |diomarina loihiensis L2TR
Pseudomonas putida KT2440

Pseudomonas syringae pv. tomato str. DC3000

Salmonella enterica subsp. enterica serovar Typhi Ty2
Salmonella enterica subsp. enterica serovar Typhi
_: Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis
Candidatus Blochmannia floridanus
" Buchnera aphidicola str. Sg Schizaphis graminum
Buchnera aphidicola str. APS Acyrthosiphon pisum
Buchnera aphidicola str. Bp Baizongia pistaciae

Vibrio parahaemolyticus RIMD 2210633

Photobacterium profundum SS9

Escherichia coli K12 ‘Yersinia pestis CO92

Salmonella typhimurium LT2

000 7
3000 - °
2000 H1°8

.
1000 -

4000 -

I s =]

¢ 1 &

: HE
] > i L

LA | - |

e gl
KT

. - ) e iz
: f -lE
| I H . W L
i 3
2SN LR,
.i' a1 k2 A
0 1000 2000 3000 400
‘Yersinia pseudctuberculosis IP 32953

3000 =

2000 -

1000 -

4000 |
.

3000

2000

00f ..

- ERC _.' .‘.:.--..-

LA

o = = T : 7]
LI e o
T . - ”

3
- ! D)
PR -
S ..
s )
L N A
s f e e " o
VA IR

o
Q

L 1 L e 1
1000 2000 3000 4000 5000
Escherichia coli CFTO73

100 3000 4000
Salmonella enterica subsp. enterica serovar Typhi Ty2



300 sequenced genomes

1

— Shewanella oneidensis MR-1

1 Yersinia pestis CO92

o omr -

Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130

Leptospira interrogans serovar lai str. 56601
Treponema pallidum

Treponema denticola ATCC 35405
Borrelia burgdorfen B31
Borrelia garinii PBi

Mannheimia succiniciproducens MBELSSE

~ Mannheimia succiniciproducens MBELSSE
- Haemophilus influenzae Rd
- Pasteurella multocida
— Haemophilus ducreyi 35000HP

Yersinia pestis biovar Medievalis str. 91001

Yersinia pestis KIM

- Photorhabdus luminescens subsp. laumondii TTO1

Yersinia pseudotuberculosis |IP 32953 =

“Yersinia pestis CO92

Erwinia carotovora subsp. atroseptica SCRI1043
Shigella flexneri 2a str. 301

| Shigella flexneri 2a str. 2457T

Escherichia coli 0157:H7 EDL933

Escherichia coli CFT073 =

Escherichia coli K12 ——

Escherichia coli 0157:H7

Salmonella enterica subsp. enterica serovar Paratypi A str. ATCC 9150
Salmonella typhimurium LT2

Escherichia coli K12

Salmonella enterica subsp. enterica serovar Typhi Ty2
Salmonella enterica subsp. enterica serovar Typhi
Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis
Candidatus Blochmannia floridanus
Buchnera aphidicola str. Sg Schizaphis graminum
Buchnera aphidicola str. APS Acyrthosiphon pisum
Buchnera aphidicola str. Bp Baizongia pistaciae
Vibrio wilnificus CMCP&
Vibrio wulnificus YJO16
Vibrio parahaemolyticus RIMD 2210633
Vibrio cholerae
Vibrio fischeri ES114
Photobacterium profundum SS9

Salmonella typhimurium LT2

— |diomarina loihiensis L2TR

Pseudomonas putida KT2440
Pseudomonas syringae pv. tomato str. DC3000

2000 F

1500 |

1000 %

soop

wof gT Y B . Ef
L T LI
NECE R e
3000 - 3t ioe o]
il S b e
HERV L4 3 Ha
2000 M } T o
i N - of L03
. ! O
1000 |t . W L
i it iy
L. 1L N
el 0 Yk L SR ]
] 1000 3000 4001

4000 -
3000 =
2000 -

1000 -

Ev ! | ! L L L
1) 250 500 a0 1000 1250 1500
Haemophilus influenzae Rd KW20

0 10
Yersinia pseudotuberculosis IP 32953

o
*

.

L
¢ el

B L 1 L
Q 1000 2000 3000
Escherichia coli CFTO73

L L
4000 5000

e
4000 |

.
3000

2000

00f ..

100
Salmonella enterica subsp. erterica

3000 4000
serovar Typhi Ty2



300 sequenced genomes

o omr -

Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130
Leptospira interrogans serovar lai str. 56601
Treponema pallidum
Treponema denticola ATCC 35405
Borrelia burgdorteri B31
Borrelia garinii PBi
— Shewanella oneidensis MR-1
~ Mannheimia succiniciproducens MBELSSE
- Haemophilus influenzae Rd
- Pasteurella multocida
— Haemophilus ducreyi 35000HP
Yersinia pestis biovar Medievalis str. 91001
1 Yersinia pestis CO92

1

Mannheimia succiniciproducens MBELSSE

Haemophilus influenzae Rd KW20

L
1500

%

.

s semesmsm a

Yersinia pestis KIM
Yersinia pseudotuberculosis |P 32953 = __I/_

~ Photorhabdus luminescens subsp. laumondii TTO1

- Erwinia carotovora subsp. atroseptica SCRI1043

Shigella flexneri 2a str, 301
Shigella flexneri 2a str. 2457T

LT

.

“Yersinia pestis CO92
..

=

=T 5

g a
e ey e f el g A

z-‘,

SR

H

.

“Yersinia pseudotuberculosis IP 32953

0
Yersinia pseudotuberculosis IP 32953

Photorhabdus luminescens subsp. laumondi TTO1

1000 2000 3000 4000

Escherichia coli 0157:H7 EDLS33
Escherichia coli CFT073 —

Escherichia coli K12

Escherichia cali O157:H7
Salmonella enterica subsp. enterica serovar Paratypi A str. ATCC 9150
Salmonella typhimurium LT2
Salmonella enterica subsp. enterica serovar Typhi Ty2
Salmonella enterica subsp. enterica serovar Typhi
_[:- Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis
Candidatus Blochmannia floridanus
"t Buchnera aphidicola str. Sg Schizaphis graminum
Buchnera aphidicola str. APS Acyrthosiphon pisum

Buchnera aphidicola str. Bp Baizongia pistaciae
Vibrio wilnificus CMCP8
Vibrio wulnificus YJO16
Vibrio parahaemolyticus RIMD 2210633
Vibrio cholerae

Escherichia coli K12

w
a
=]
=]

ra
=}
=]
=]

Escherichia coli K12

o
5000

1000 2000 3000
‘Yersinia pseudotuberculosis IP 32953

Vibrio fischeri ES114

Photobacterium profundum SS9

— Idiomarina loihiensis L2TR

Pseudomonas putida KT2440

Pseudomonas syringae pv. tomato str. DC3000

Salmonella typhimurium LT2

g

.

Escherichia coli K12

100
Salmonella enterica subsp. erterica

4000
serovar Typhi Ty2

1000 1500 2000 2500 3000 3500
Vibrio cholerae C1 biovar eftor str_ N169&1




300 sequenced genomes

o omr -

Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130

Leptospira Interrogans serovar lai str. 56601
Treponema pallidum
Treponema denticola ATCC 35405
Borrelia burgdorfen B31
Borrelia garinii PBi
— Shewanella oneidensis MR-1
~ Mannheimia succiniciproducens MBELSSE
- Haemophilus influenzae Rd

Mannheimia succiniciproducens MBELSSE
Haemophilus influenzae Rd KW20

o

1230 =

=]
8
=)

\,
I}
=

w
=1
S

e
1]
=

Haemophilus influenzae Rd KW20

000 4000

1

- Pasteurella multocida
— Haemophilus ducreyi 35000HP

Yersinia pestis biovar Medievalis str. 91001
1 Yersinia pestis CO92

.

(LKl

e

s semesmsm a

Yersinia pestis KIM

Shigella flexneri 2a str, 301
Shigella flexneri 2a str. 2457T
Escherichia cali 0157:H7 EDLS33
Escherichia coli CFT073 =

LT

“Yersinia pestis CO92
.

=

Yersinia pseudotuberculosis IP 32853 = | =]
- Photorhabdus luminescens subsp. laumondii TTO1

- Erwinia carotovora subsp. atroseptica SCRI1043

“Yersinia pseudotuberculosis IP 32953

Photorhabdus luminescens subsp. laumondi TTO1

1000 2000 3000

Escherichia coli K12

||| Escherichia cali 0157:H7

Salmonella typhimurium LT2

Salmonella enterica subsp. enterica serovar Paratypi A str. ATCC 9150

andidatus Blochmannia floridanus

Vibrio wlniticus CMCP6
Vibrio wulnificus YJ016

Vibrio parahaemolyticus RIMD 2210633
Vibrio cholerae

Escherichia coli K12
Escherichia coli K12

Salmonella enterica subsp. enterica serovar Typhi Ty2
Salmonella enterica subsp. enterica serovar Typhi

_[:- Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis
[ C

"t Buchnera aphidicola str. Sg Schizaphis graminum

4000 -

3000
.,

2000

1000

1000 2000 3000 4000

Buchnera aphidicola str. APS Acyrthosiphon pisum
Buchnera aphidicola str. Bp Baizongia pistaciae

Vibrio fischeri ES114

Photobacterium profundum SS9

— Idiomarina loihiensis L2TR

Pseudomonas putida KT2440

Pseudomonas syringae pv. tomato str. DC3000

Salmonella typhimurium LT2
Escherichia coli K12

100
Salmonella enterica subsp. erterica

4000

3000

2000 iy

1000

1000 1500 2000 2500 3000 3500
Vibrio cholerae C1 biovar eftor str_ N169&1




Leading strand
template

3!
5 '

Leading
strand

Lagging
strand
v

5’

Lagging straéd

template

duplex DNA 1at

T
st
cw

oriC

ornC

WY

\ RNA pr\imer Parent DNA

time=0
1st forks started 30 min ago
2nd forks at ori just started

celld

oriC

R T —

‘2nd" or top forks have
completed 3/4 of chromosome.
3rd forks at ori just started

e/

oriC

&

oriC

time = 10 min

1st forks finish synthesis

2nd forks have completed

1/4 of chromosome



L :,H-'\\
AL ity

1%,




Transcription in Bacteria

N
&

DNA
DNA

Regulatory |

spaaes e

nteractions




Hierarchy with Mostly Self-Regulatory Feedback

Shen—-Orr Dataset (2002)

Operons : 423
TFs : 117

Reg Int: 578

ARs : 59 (50% TFs)

RegulonDB 5.5 (2006)

Operons : 648
TFs : 147

Reg Int: 1170

ARs : 85 (58% TFs)
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Longest Shortest Paths

Number of Layers

outside core

Hierarchy with few Transcriptional Layers

Escherichia coli

Shen Orr et al (2002)
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Transcription Factor Families

Winged helix Lambda repressor-like C-terminal ctlestor dommin of Homeodomain-like
the bipartite response regulator

Putative DNA binding protein

Nucleic acid binding protein FIS-like

Flagellar transcriptional Trp repressor
activator FIhD

Babu et al., NAR 2006



TF Family Expansion
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Duplication and layers
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Classes of nodes tend to occupy the same layer: “lateral” growth.

Shuffling of links between TFs exists but preserves layer structure.



Evolutionary Decoupling of Duplicated ARs
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Evolutionary Decoupling of Duplicated ARs

AR Duplication
+

A A
I I pAaQA Py Crosstalks
/LJ'/'a‘\ /v\
Aa’



Evolutionary Decoupling of Duplicated ARs
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Evolutionary Decoupling of Duplicated ARs
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