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+» dependence on the environment:

e exponential growth:

minimal medium rich medium
energy cost (J/9) 560 85
doubling time 2-3hr 2 20 min

=>» bacteria can sense the environment and adjust their

“growth program” according to environmental conditions

» coping with stressful conditions:
— motility: flagella synthesis and chemotaxis
— osmotic response: porin/channel synthesis
— heat shock response: chaperons

— quorum sensing, biofilms, bacterial community

— SOS response (e.g., to DNA damage)

* non-growth condition

— stationary phase (E. coli can be dormant for > 10 years)

— sporulation (e.g., B. subtilis)

— Exchange of genetic material: transformation (competence)

and conjugation
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need reqgulation
to maintain
optimal growth




< Central dogma * regulation

sugar,
‘ NH3I O2

e ribosomal proteins

rpl

structural proteins

tsx

transporters

DNA

enzymes

regulators

|RNAp | | DNAp |

o] tsx initiation control by transcription factors (TF)I

- 1Sl initiation control by SRNA and RNA-binding proteins
 tsx termination control by sRNA and anti-terminators

« control of mMRNA and protein degradation

coupled to
environmental
signals; coord
growth program



* transcriptional initiation control

* modulation of RNAp-promoter affinity
via activators and repressors

- b no transcription
repressor
spontaneous
isomerization
leading to
basal level
1 l of transcription activated‘ leyel
D of transcription
activator operator
binding site promoter

« allosteric activation of RNAp

no spontaneous
isomerization and thus
no transcription

activated level
of transcription

=» net result: rate of tsx init dependent on cellular conc of activators/repressors
controlled by, e.g., environmental inducer molecules



Regulation of the /ac-operon of E. coli

Physiology:
* lac-operon: utilization of lactose
LacZ: digestive enzyme; LacY: lactose transporter; LacA: acetyl-xfer
* repressed by the Lac Repressor (encoded by lacl)
* repression alleviated by allo-lactose (minor by-product of lactose metabolism)
« activated by the global regulator Crp (aka CAP) requires the inducer cAMP
» cCAMP synthesized endogenously by Adenylate Cyclase (encoded by cyaA)
» activity of AC repressed by glucose uptake

qualitative behavior:

=lof | [I[efeI8 expression

low high OFF
low low OFF
high high OFF
high low ON

Function: expression ONLY in the presence of lactose AND absence of glucose



Molecular implementation of regulatory function
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¢ two-component signaling systems

Stimulus

. § \ Periplasmic

sensing Dimerization ATP-binding Regulatory Effector

. 1 domain domain kinase domain domalin domain
criplasm
| perip HK —[NGiFG2 @P»{ "
AT LI T T™1TM2 kfz rP) l

ATP ¥
cytoplasm ADP - Response
PO, o

Notable examples in E. coli
@ — control osmoregulation
sromoter  gene (EnvZ/OmpR system) and

the response to chemicals
(CheA/CheY system)



Regulation does not necessarily rely
on proteins. RNAs play very
important roles in the regulation of
translation and degradation but also
transcription



Schematic view of a riboswitch
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A riboswitch-ribozyme
(RNA molecules capable of catalyzing biochemical reactions, as protein enzymes)

F Self-cleaving

. Cofactor OH
Q

OH
OH

NH,

Nuclease Glchiof
GIcNéP
Ribozyme
RNA cleavage site \ )\ J
5/ Pre-cleaved RNA 5’ Cleaved 3’ Cleaved fragment
fragment
|—— Aptamer —
(ribozyme)

B. subtilis gImS gene

(see Collins et al. Genes & Dev 2007 for details)

Regulation in the RNA (pre-protein) world?



A RNA thermosensor

A. 20°c 30°c 37°¢ B 20°C 37°C
. plcA-prfA —p —
PrfA is the master PrfA protein—» e mRNA
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Johansson et al., Cell 2002



The effect is due to a stem,
stable at low temperatures
and sequestering SD, and

getting unstable around = 37°
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Protein-interacting ncRNAs
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T. Romeo, Mol. Microb., 1998



RNAIIl is a
514nt long
transcript of
S.aureus.

The ncRNA
regulates a
set of genes
involved Iin
virulence. The
expression of
RNAIIl is
regulated by
the agrA/C
system.

MRNA-interacting ncRNAs
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RyhB regulates iron metabolism in E. coli
(Massé & Gottesman, 2002, 2003)

Fﬁ_ it::r:‘\;r-ngglNA A RyhB targets multiple
Fur-1ryh SAhCDAB-mRNA [T NAs coding for
FtnA-mRNA iron-using and/or iron-
+ Bfr-mRNA storing proteins
Other r-m
genes SOdB"mRNA
C. RyhB
RyhB expression is & ..
repressed by Fur (Fe?* £y F 0 e
cofactor). S, B e



Figure 1. Degradation of full-length sodB mRNA
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Eric Masse et al. Genes Dev. 2003; 17: 2374-2383
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Modeling of the RyhB regulatory system

sRNA production

rate o, ~
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Comparison to pure transcription

Time for degradation by sRNA vs a purely
transcriptional regulation

1000 At |
Comparison of
0.8 — response times
00 = for given steady-
0.4 state values and
100 0.2 MRNA lifetime.
White areas:
sRNA regulation
faster than
10 transcription.
0 10 20

Mitarai et al. Phys Biol. 2007



Environmental conditions that bacteria must adapt to can
be actively modified by the action of bacteria themselves

HSL

v

e ©
f@

e,
Target genes

— density-dependent gene expression — can detect multiple signaling molecules
— potential for complex language

gquorum sensing: inter-cellular communication
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e proteins:
— amino acid chain; typically ~300 a.a. in length
— each protein encoded by a “gene” (~1000 bases)

» Dbacterial genomes: circular chromosome(s)
— E. coli K-12 MG1655: 4.6Mb, ~4400 genes; 2/3 “identified”
— 4 different strains of E. coli: 4.6 — 5.4 Mb (common: 3.8Mb)
— range for 150+ bacteria: 0.1 — 10 Mb

Bacterial genome size relates to gene number

"Genes

X/
8000

plant bacteria

Average:
6000 950 genes/Mb

4000

obligate intracellular parasites

2000

E. coli, B. subtilis, ...

1 2 3 4 6 i
—>Genome size (Mb




e approx 85% of the E. coli genome codes for proteins
e operon structure

— genes coding for proteins that function in the same pathway may be
located adjacent to one another and controlled as a single unit that is
transcribed into a polycistronic mMRNA called “operon”

txn initiation control open reading frame txn terminator
lacl lacZ lacY lacA
1040 82 3510 780 825

abl
64036 i : : : % : : /74085
aral ‘ arab thiP
polBE araf %hi@

vabM
74886 1 " L L P " L L " 4635

vabM leuC leuRA

tbpA eul leuB féu

_i'vr_." Question: origin of the operon organization?

84886 1 L 1 i——-

— regulator of an operon is often located nearby (and divergently transcribed)
— different operons involved in the same function can be located far away



The organization of the bacterial genome

Replication starts at the origin (Ori)

| Leading strands
a Highly expressed genes cluster at ori for

replication-associated gene dosage effects
Gene strand bias results in more
genes in the leading strand

Functionally neighbor genes
are co-transcribed in operons,
“ which group in superoperons

)

GC skews are higher
in the leading strand

Replichores have similar sizes,
i.e. chromosomes are symmetric
(~180° ori/ter)

L T

Genomic islands are often
the result of lateral transfer

* "
Recombination-associated chi sites * % "
accumulate in the leading strand %
4 Leading strand KOPS motifs near
Macrodomains are super- : 7 dif guide chromosome translocation
structures of supercoiling domains 7

K
Lagging strands |
Replication terminates at the dif site

EPC Rocha Ann. Rev. Genet. 2008



Interferences between transcription and replication
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Effects of collisions and gene strand bias
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G/C skew on leading vs lagging strands

GC-skew plot for sequence ID: U00096.2 Desc: Escherichia coli K-12 MG
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« other genomic elements and features
— transfer RNA: 61 different types, 74-95 nt in length

The genetic code is triplet Amino acids have 1-6 codons each
First base Second base Per cent of residues in protein
Svirtualtext www. ergito com
C A G 10 Svirtualtext www.el’gitOAcom

UUU} UCU)  UAUYg. UGUY. Lt
U uuc ucc ) Se

UUA - UCA UAA}STOP UGA STOP 8 ® Ala

UUG UcG) — 13 Glug e Gly Sereg

cuu ccul CAU } His CGU 6 Lyse e Val
c Cuc EEG CAC CGC ) A lce e Thr

CUA [ " Goa (PP CAA} gn CGA [ A?r?: e Pro Arge

CUG ccG| CAG CGG 4 she

Ph

AUU ACU ) AAU }Asn AGU } S - o
A AUC ) lle  Acc ) Thr AAC AGC Yre

e ACA } Lys A }Arg 2 Mete His Y

et ACG| AAG AGG Cyse

Trpe

GUU ccu ) GAU } Asp GGU
G GUC Val GCC e GAC GGC Gl

GUA GCA GAA } P <Y i 3 4 5 6

GUG cce) GAGS ™Y GGG Number of codons

=» codons not equally represented: 86 tRNA genes in E. coli MG1655
=» codons not equally used in coding sequences [= codon bias]
(strong bias especially in highly expressed genes)



Concentration of cognate tRNA (uM)

Concentration of cognate tRNA (uM)
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 plasticity of the genome

> mutation # passive decay of genome

o Deinococcus radiodurans: Withstands 1.5 Mrads, dessication,
starvation, UV light, hydrogen peroxide; grows well at 6 krad/h

o mutator strain: can increase mutation rate 1000-fold
— base-pair substitution (BPS): 10-°/base/replication

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

— insertions and deletions: ~1/3 of BPS rate \@?

on outside of bacterium.

Phage DNA enters the cell.

* horizontal transfer
— competence
— conjugation
— transduction

A—Bacterial host #1

When a phage infects a host cell,
it may cause the degradation of
host DNA into small fragments.

Phage coat proteins are
synthesized and phage

DNA is replicated.
BACTERIAL Donor
TRANSFORMATION DNA Bacterial BACTERIAL

1\ chmmosome CHROMOSOME

g Competent 8
§ bacterium L
The phage carrying the bacterial

DNA j
A
(anIi:sc[ty?ird) DNA infects another cell,
\/ transferring the bacterial DNA
5 into the new cell.
Recipient Cell F+ Cell F-Cell
With e "A" gene

During maturation of the virus
particles, a few phage heads may
envelop fragments of bacterial
DNA instead of phage DNA.

Only bacterial DNA is present

in the transducing virions.

& Transfer
of F-Factor
_—-’

a Replication




Competence typically is regulated

[A. Grossman, Ann. Rev.
Genetics 1995]
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CRISPR loci: a bacterial adaptive immune system

Spacer
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Leader Repeat
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Marraffini & Sontheimer,
Nat. Rev. Gen. 2010



> homologous recombination ' e S

g6 86éb

requires reasonably long regions of homology
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> site-specific recombination
[Watt et al, 85]

only occurs for specific sequences; requires special proteins



> consequence of recombination

Y O

direct repeat (e.g., insertion sequences)

— recombination releases material between repeats as circular molecule
[may be transferred between cells]

— reverse process. chromosomal integration

A X Y B Q Q ALY X‘B
I
A B A B

inverted repeat:
— sequence inversion (important mechanism of the evolution of gene regulation)




* plasmids: olasmids |F,P1 |R1 0SC101 | ColE1
— types:
ypP copy # 1-2 3-5 ~10 ~30
length 90kb |102kb |65kb |7.2kb

— maintenance: provides a service to the host
e.g., poison-antidote system, antibiotic marker (genetic engineering)

M ix E. coli th plasmids
1 presence ofC Clz: heat

Fluctuations and control of
plasmid copy number (see ceor E.Jj;ig::[;:;:a:z"a:”%ﬁ' .
Wong-Ng et al, Phys Rev E, 2010) @ o

Trans formec icell Cells that do not
survives take up plasmid die

on ampicillin plates
l Plasmid replication
/\j (@3

Dy o
o B
8 lmp

Colony of cells, eacl con aini g copies
of the same recomb t plas d
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e dimensions

~10.5 base pairs

=34A=

1 helical turn

DNA: 2 nm x 2 nm x 3.4 nm/turn
small proteins: (few nm)3 or ~10nt R
protein complexes, (10-20 nm)3 or 30 ~ 60nt 2
cell size: 1 um2 x 3 um .
concentration: 1 molecule/cell ~ 1nM

intracellular diffusitivity of protein: ~10 ym?/sec

sugar-phosphate
backbone

Nontemplate
strand
"D A
ame G
> C
> T

Y )
Template 2
strand k" \

B subunit

www.ergito.com

20 A (2 nm)



abundance

— ribosomes: ~ 20,000 (52 proteins each)
— RNAp ~ 1,000 (a few pct available)
— proteins: 2x106 (TF: 10 ~ 1,000 / type)

— mRNA: small fraction of RNA
0.1 ~ 100 copies/cell;

peaked at 2 ~ 3 copies / cell

25% of bacterial dry mass is concerned with gene expression

Component Dry Cell  Molecules Different Copies of

Mass (%) Icell types each type
Wall 10 1 1 1
Membrane 10 2 1
DNA IES 1 1 1
mRNA 1 1,500 600 2-3
tRNA 3 200,000 60 >3,000
rRNA 16 38,000 2 19,000
Ribosomal proteins 9 10° 52 19,000
Soluble proteins 46 2.0x 108 1,850 >1,000
Small molecules 3 7.5x10° 800

virtualtext www ergito com

Normalized number of proteins

0.2 -

0.15 4

0.1 -

0.05 4

Transcription

/- factors
/7 0\

<77 8 9 1011121314151617181920>20
log, (molecules per cell)

Warning: many of these numbers are growth-rate dependent!



Transcription — translation — degradation

° rateS 0 Transcription begins
— transcription: elongation ~40 nt/s ( -
— translation: ~ 15 aa/s >
— transcription-translation coupling: pp/ 5 end is triphosphate
infrequently translated mRNA cleaved 0.5 Ribosormes begin ranslation

— mRNA half-life: <5 min ( ‘)\
2 ~ g 100% : >

AT

0% &
45% 1 - L 90% )/
40% + - 80% & /‘ -
35% + L 700 £ &
o 30% L 60% g 1.5 Degradation begins at 5' end
S o . .
3 25% + L 50% ':,- ( /7
L;Q_ 20% + - 40% 2 - 4
15% + - 30% ‘_; /‘ ’
o, o, E )
10% + L 20% 3 /\‘, ’
5% + L 10% * ‘
0% - - 0% ,
2.0 RNA polymerase terminates at 3' end
o 1t 3 5 7 9 11 13 15
Half-Life (min)
Frequency in M9 Media /‘ . : ™
Frequency in LB Media /* (
— protein half-life: —-—
p o . . 3.0 Degradation continues,
from cell-doubling time (passive decay) ribosomes complete translation
down to a few min (active proteolysis) P £~
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% size and structure

eukaryotes:

— cells ~1000x larger
— DNA in nucleus

— linear chromosomes
— haploids and diploids
— organelles

— vesicles

— microtuble network

haploid

bacteria
: "',.
.I
flagellum capsule
nucleocid chromosome plasmid
prokaryotic /
cell diploid cell P
u golgi——— \\
Tum apparatus y 4 W
eukaryotic / l
cell nucleus ——5—

(4 L '|.|

A,

, chromosomes%\. — - .'
endoplasmic ~-""‘\-’l: >

10 um reticulum \

\milochondria — e :_:-'--""""'

haploid cell e




< Chromosome

d U pl |Cat|0n telomere

origin of
replication

nuclear ——
membrane

centromere

cell cycle

prepare for
chromosome
segregation

DNA
replication

——=

DNA replication

.\ chromosome
| segregation

chromatin structure
(regulated)

Metaphase
chromosome

1400 nm

Condersed scaffold-
associated chromatin

associated

chromatin

Chromosome
scaffold

Interphase:
extended
scaffold-

30-nm

chromatin 30 nm
fiber of JI
packed v

nucleosomes

‘Beads-
on-a-string”
form of
chromatin

Short -~
DNA double ¥

helix



% RNA splicing and transport

promoter

region
intron 1 2 3
DNA
exon 1 2 3 4
transcription
noncoding
5'leader region
1 2 3 4
pre-mRNA [j— IS Iaaaaaaae—— e )
lsplicing
spliced mRNA (Y )
1 2 3 4

only RNA with appropriate
proteins bound are selected
for transport out of the nucleus

AAAAAAAAA
mRNA for transport

AAAAAAAAA%

nucleus

cytosol




% genome and organization

e genome size

Organism Genome length No. genes
M. genitalium 0.5 Mb 500
E. coli 4.5 Mb 4,000
Yeast 12 Mb 6,000
Human 3,000 Mb 35,000
Rice 500 Mb 50,000
Lilly 90,000 Mb ?

 organization (human)

— multiple replication origins

— large intergenic separation: 3Gb/30,000 genes = 100kb
(mostly transposable elements)

: genes . introns repeated sequences E] RNA polymerase gene intergenetic sequences
Escherichia coli (57 genes)
1 | | | o e i i s e E 0 5 e e e 1]
Saccharomyces cerevisiae (31 genes)
N ] [ || I | 0| _l___zl—]: | Eill HE B § III B B
Drosophila melanogaster (9 genes)
— |l N :I:IIIT E[ E[[ T ] I 1
Human (2 genes)
[ - =X I xmm
L | | ! | | |
0 10000 20000 30000 40000 50000 60000

number of base pairs



% Gene regulation in eukaryotes

control of transcriptional initiation
— direct activation by recruitment of RNAp
— activation/repression by modifying chromatin structure

control of entry of regulators into nucleus

control of RNA splicing (e.g., alternative splicing)
localization of mMRNA

control of mMRNA life-time

control of mMRNA translation

ubiquitination system to tag protein for degradation



