central dogma + regulation

° ’ ribosomal proteins ‘

t tsl
SX S
DNA ’transporters‘ ’enzymes‘

SRNA ’ regulators ‘ ’ RNAp ‘ ’ DNAp ‘

’ structural proteins ‘

« tsx initiation control by transcription factors (TF)

e o . coupled to
« tsl initiation control by sSRNA and RNA-binding proteins environmental
+ tsx termination control by anti-terminators (eg. protein, sSRNA) signals

« control of MRNA and protein degradation

The transcription bubble moves along DNA

tsx initiation control <
<
by o-factors and TFs F il genetic circuits utilize all
( a these modes of regulation!

N
tsx elongation ( -

tsx termination control lk( ~
by proteins and sRNA . ”71

tsl initiation control tsl elonaation post-tsl control:
by proteins and sRNA 9 modification & proteolysis

\/ .
o _-polypeptide~__ ¢

sememmm—— LD L
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mRNA  stant =
stop (UAC)

mRNA stability control
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Topic 3: Post-transcriptional control

A. Transcriptional elongation and termination

kinetic model of tsx elongation and termination
mechanisms of termination (intrinsic vs rho-dependent)

regulation of anti-termination

1.
2.
3.

B. Protein synthesis and translational control

C. Protein degradation and post-translational control

A. Transcriptional elongation and termination

(post-tsx-initiation control)

RNA
KVJ)}“WI‘ o o—l
vanscrgtion &=
RNA
poreom |
\ Lt ONA
A\
b
\J A S
) ot >
- = g
2 '
) z r
ot
g s
.
A "",
\J E
&j’ poly A

* “normal” termination at end of an operon
» premature termination within or even at the beginning of an operon

— control mechanism (antitermination)
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1. kinetic model of tsx elongation/termination:

terminated [Yager & von Hippel 1992]

7Y
8 Termination efficiency
paused . 1 1
f H 1z 1+jg(1+;k) 1+f;‘jk
N-1]—- [N+
normal site: vo~100s~" 7~1s = T<10™*

f~01s! ks01s7?
termination site: vo~f~100s~1 T=1~10s 754
k=1~5s"1
Need for anti-termination (AT):
+ long genes: prob. not terminating = (1 — T)"9th « 1
* regulation: extra layer of control for downstream transcription

2. Mechanisms of termination
(a) intrinsic termination

E. coli: 50% of mRNA have intrinsic
terminators at their end

70% of non-coding RNA i - mutations 5 -
/K/""\N disrupting (,,
{\UC\/LGI termination e |
All sequences \\C “G/ '} {
required for AU < |GHC
termination are Al <|[cHG — A
in transcribed U/<|CHG — AUC
[?glon CcHG|— AU
< e e i 2
14 5 CCCA’/ “Uuuuuuuu 3'
S =
Ny ] deletion]
_——/
I i optimal terminator:
RN bolymeties ant R are relesd * hairpin with GC-rich stem
followed by runs of U’ s
V. - * 7-9nt separating hairpin and U’ s
’ » downstream sequence inductive

to TEC pausing
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Model of intrinsic termination

paused TEC paused TEC

uBs - NusA
= u7
RBS RBS |
UUUAU -3 JUUUUAU -3°

u7
|
AARAATA — ———AAAAAT.
HBS

N\ /

trapped TEC

u7
‘Euwm’, [Nudler & Gottesman, 2002]

ATA
e

» destabilization of TEC requires simultaneous disruption of HBS and RBS
— hairpin formation displaces RNA from UBS (stimulated by NusA, part of TEC)
— stretch of U’ s provides weakest HBS
* pausing at terminator promotes hairpin formation
and is essential for termination (depends on downstream sequence)

(b) rho-dependent termination

Rho terminates transcription
RNA polymerase transcribes DNA
( -
-
—

Rho attaches to recognition site on RNA
Cs
@y

Rho moves along RNA, following RNA

(' 7\ A rho-dependent terminator has a biased base composition
-

AUCGCUACCUCAUAUCCGCACCUCCUCAAACGCUACCUCGACCAGAAAGGCGUCUCUU

‘ i Bases i i
RNA polymerase pauses at terminator and ; — ermination occurs
S C 41% Deletion prevents termination e
A 25%

& U 20%
- G 14% virtualtext www.€rgito.com

TG * rho binds to ~40nt stretch of

= unstructured, C-rich mRNA ( = RUT)
« translocation of rho requires energy
+ actual termination site not well-defined

Termination: all components released
— up to 120nt distal to RUT

__’///“? — generally correlate with pause sites

_
it _

10
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Polarity effect:

nonsense mutation affects tsx of downstream genes

- I_l> "

promoter gene A gene B

stopped w’ S —>
ribosome rho-dependent termination

* enforces tsx-tsl coupling — no tsx of untranslated mRNA
(quality check on translation?)

—> similar effect may arise at on-set of starvation (a.a. shortage)
or upon exposure to translation-inhibiting antibiotics?

11

Quantitative study of transcription processivity

[Dai, Zhu, TH (Nat Microb 2019)]
P E LacZ

_ 1200~ 216

[ fae

2 10004 ) O

ﬁ 500 g 08 a9 2 o o O glucose
z g aCm8
E 6007 ¥ € 04

2 4004 ¥ 2

g K <02

= J X z >

g 200 ** ak* QE:

o
:
o

NE,
50 100 150 200 0 500 1000 1500 2000 2500
Induction time (s) position

* wildtype: processive
» stop codon: 50% loss per 500 bases
 similar but weaker effect from
sub-inhibitory dose of translation-inhibiting drug (Cm)

12
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Quantitative study of transcription processivity
[Dai, Zhu, TH (Nat Microb 2019)]

tsx pause site (croR
P p ( )
P 5 X LacZ
croR terminator

Stop codon-croR /
[
g 1000- O P297 primer
< oo O P636 primer 157
T 800- 00 O P898+150 primer
B (eXe} A P1237+150 primer O 0
© 6007 0o P1578+150 primer @ 107
< 400- 00 P1941+150 primer @
['4 Oo P2403+150 primer (2} 5
E 200- ’
N 9@ aRfk o
D) ] o)) o

RS o)

8 0 D 0
- 0 50 100 150 o

0 500 1000 1500 2000 2500

Induction time(s) Position (nt)

=>» effective termination by rho requires
tsx pause site following stop codon
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3. Regulated anti-termination (diverse mechanisms)
(a) via protein-mRNA interaction
(e.g., bgl operon) usually involves intrinsic terminator
A A AU
A
538400
18
"% —— iy
3
t-L : é—»é t-R
v U z z‘* A100 alternative hairpin stabilized
% - ‘y by RNA-binding protein BgIG
.CUGGAUUGUUAS - & I uvu-3-on BgIG
+40 +50
B AU v o} : m* [ )
¢c-¢_ .  alternative structure
§°x R l
so,° - G "\'\_ "
UU A A
$: S X P ~P<——-— BglG
U - G - C
A «eo.‘é - g +90 A100
G - Cc -G
nehe e - M,,mamwwiuf positive feedback: increases
1%_3] [% the amplitude of fold-changes
t1- t1-
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3. Regulated anti-termination (diverse mechanisms)

General scheme: stabilize alternative mRNA 2" structures

Uuuuu

default
alternative

alt structure stabilized
by complementary small RNA

©
Qﬁﬂ
o SOOI LI, & unes

(R i ]
Transcriptional termination

Uuuuu

alternative
default

alt structure stabilized
by metabolite

S P
Terminator

l Metabolite

15

Trp level high:
ribosome fast — termination

RNA polymerase
trpL trpEDCBA

\\

termination

terminator

normal
translation

(b) via coupling to translation (“translational attenuation”)

e.g., trp operon of E.coli (biosynthesis of Trp)

Trp level low:
ribosome stalls — antitermination

RNA polymerase
trpL

H

TrpL

t
fragment ranscription

antiterminator

ribosome stalled
ata Trpcodon

trpEDCBA

polymerase continues

16
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translational attenuation

leader  tipE trpD e tpB tpA
- -
operator i
L operatr
promoter
rp MRNA Iy =

RNA Mgy a high tryptophan
RAUGCACUUG afels
RAUGCACUUG , @
&
S/

\
leader peptide
leader peptide coding region

b low tryptophan %

>
R =
A CAAUGAAAGCAAUUUUCGUACUGAAA GUUGGUGGCGCACUU CCITT Vs
1

leader peptide—

1 operon mRNA
_—

o cns
5| 130 161 tpE polypeptide
) | Met-cin—rhr ...

iy © no protein synthesis
AGCGGGCIITITIILU GAACAAAAUUAGAGAAUAACAAUGCAAACA., |

4 1fHl2

=D
end of leader
(site of attenuation)

Copyright © 2004 Pearson Education, Inc., publishing as Benjamin Cummings

TABLE 16-1 Leader Peptides of Attenuator-Controlled Operons Containing Genes for Amino Acid Biosynthesis*

Operon Amino Acid Sequence of Leader Peptides

Tryptophan Met Lys Ala lle Phe Val Leu Lys Gly Tp Tp Arg Thr Ser

Threonine Met Lys Arg lle Ser Thr Thr lle The The The lle Thr lle Thr Thr Gly Asn Gly Ala Gly
Histidine Met The Arg Val Gin Phe Lys His His His His Hs His His Po Asp

Isoleucine-valine GEDA Met Thr Ala Leu Leu Arg Val lle Ser Leu Val Val lle Ser Val Val Val lle lie lie
Po Po Cys Gly Ala Ala Leu Gy Ag Gy Lys Ala

Leucine Met Ser His lle Val Arg Phe Thr Gly Leu Leu Leu Leu Asn Ala Phe lie Val Arg Gly Arg Pro
val Gly Gly lle Gin His

Pnenylalanine Met Lys His lle Pro Phe Phe Phe Ala Phe Phe Phe Thr Phe Pro

Isoleucine-valine B Met Thr Thr Ser Met Leu Asn Ala Lys Leu Leu Pro Thr Ala Pro Ser Ala Ala Val Vval Val

Val Arg Val Val Val Val Val Gly Asn Ala Pro

17

Topic 3: Post-transcriptional control

A. Transcriptional elongation and termination

B. Protein synthesis and translational control
1. tRNA and the genetic code
2. translational mechanisms (initiation, elongation, termination)
3. translational control

C. Protein degradation and post-translational control

19
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B. Intro to protein synthesis
1. tRNA and the Genetic code

First base Second base

evirtualtext www.€rgito.com

U C A G

ucu T uGu }
Phe Ueo yr UGC Cys
UCA UGA STOP

UCG UGG Trp

CUA CCA cin CGA
CcuG CCG CAG oele
AUU ACU AAU AGU

A AUC } lle  acc Aac JA" agc J S°

ACA AGA

Arg
AUG Met ACG

AGG

GGC
GGA
Glu  gea

GCC
GCA
GCG

Gly

o B &

. gag}m 233} %
- &l i
&)

}
}
g |

GUU } GCu

secondary structure of tRNAYal ¢

. amino acid

C78

“wobbled” pairing at the 3" position

20

wobble pairing at 3rd codon position

Standard base palrs occur at all positions

Eg ... 3
Sugar g\:}:
Cytosme H~

H Guanine
g‘js
H c‘°
H

Sugar g [ E

H

Uracil |\(C
Adenine

ugar
G-U wobble pairing occurs only at third codon position

H
H{;.:g\o
Sugar “, .'O
Uraml E: EI}C

vitualtext vww.€rgit0.com L( Gual

nine Sugar
The third codon base wobbles
Base in first position Base(s) eecognized in
of anticodon third position of codon
U Aor G
(o} G only
A U only
G Coru

Third bases have least meaning

ucu
ucc

B
e  Uac (muse)

Third base relationship  Third bases Codon

with same  Number
meaning

third base imelevant U,C,A, G 32
= } purines differ UorC 14

from pyrimidines Aor G 10
unique U CA 3
deﬁnmons G only 2

- distinguishing the 3 base
involves tRNA base modification

22
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Codon frequency in the E. coli genome

0.05

0.025

0.05

0.025

strong codon bias exists even for those with single tRNA species??
(related to AT/GC bias?)

24

2. Translational mechanisms

//iiuo .
it RNA o

small ribosomal é ! 2
subunit

prokaryotic
ribosome

W nucleotides)

~34 proteins

mRNA  start (AUG)

stop (UAC)

25
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(a) translational initiation

ribosome 16S start 308
binding site  rRNA codon subunit
hY /TA\

» dependence on distance between RBS

The complete SD sequence

SD
D, TCGATGAGGTCATATG
Dy TCGATGAGGTCCATATG
Dy TCGATGAGGTCACATATG
Dg TCGATGAGGTCTTCATATG
D, TCGATGAGGTCATTCATATG
Dy TCGATGAGGTCATTATCATATG
Dy, TCGATGAGGTCTTATTATCATATG
Dy, TCGATGAGGTCTATTATTATCATATG
Dys TCGATGAGGTCATTATTATTATCATATG

CAT Relative Activity

2 -1 0 1 2 3 4 5 6 7 8 9 1011 1213 141516 17

SD-AUG Aligned Spacing

* broad range of allowed spacing

and ATG

SD
d, TCGATTAAGGCTATG
d, TCGATTAAGGCATATG
dg TCGATTAAGGCACATATG
d, TCGATTAAGGCATTCATATG
dg TCGATTAAGGCATTACATATG
d, TCGATTAAGGCATTATCATATG
dyo TCGATTAAGGCTATTATCATATG
dy, TCGATTAAGGCTTATTATCATATG
dy,y TCGATTAAGGCTATTATTATCATATG
dyy TCGATTAAGGCATTATTATTATCATATG
dyy TCGATTAAGGCATATTATTATTATCATATG

26

0.01

0.009

« dependence on 5’ -UTR sequence

F

(ribosomal protein S1)

AG?]

v
308 + U == 30S-U —> translation

DG slow

0.1

a GGAA, Iull length, 42'C

oY T T T T T
£ 5 4 3 2 o 0 1 2

7
08G; (kealmol)

0.01

3 “5?‘“?.’??29

¥ cccnrro0ccan,

01

¢ GGAA. full length, 28%C

a4 13 Az A1 0 -8 hd -7 £l -5 - = -2 - o
AGY (keabmol)

=>» quantitatively accounted for by thermodynamics RNA pairing
=> translational efficiency is highly tunable; often explored in synthetic biology
=>» but endogenous genes mostly have high translational efficiency (later)

27
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(b) translational elongation

+ tRNA charging
— associates the correct a.a. to the tRNA
— uses a dedicated tRNA synthetase for each a.a. (and all isoacceptors)
— consumes ATP
— aa-tRNA recognition not necessarily dependent on anticodon

T el
aaRS %\

N> A
A PP,

Amino acid .\—LV $4
/ ) i N/
AMP
> aaRS
tRNA
aa-tRNA i

28

« formation of tRNA-aa*EF-TU*GFP ‘ternary complex’
— tRNA-aa unstable otherwise
— almost all tRNA-aa present in ternary complex
— large demand for EF-TU (~40kD)
— most abundant protein in fast growing cells \\ B2z
(~5x no. ribosomes; sets the total tRNA amount) <= Temary complex 5\)%

aa-tRNA

EF-TusGTP formation

* ribosomal incorporation of tRNA as ternary complex
note: spends energy (GTP) L C%\ 2

» tfranslocation via the help of EF-G N% ey
again spends energy (GTP) b

/ Ribosome with empty A-site
Temary
. cumple blndmg
» total energy: codn

\c

4ATP/peptlde bond %% Ribosome with % ifé\
empty A-site
EF-G *GDP
£ Translocation
i
’{’j

Pepldyl
L% rrrrrr A commodatior
pEy _.
EP A o

E P A

EF-TusGDP

29
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« translational accuracy?
— translational error rate = 103 to 10
— but thermo probab of base mismatch much larger

=>kinetic proof reading (Hopfield, Ninio)
spend energy to enhance specificity

140 190
140 190

Cognate uu
Near-cognate CUC

_h.

Initial Codon smse\ otP [gramadski & rodina, 04]
ing gniti ivati hydrolysis
k, pM’'s’ Kys' Ky, S Kgror S Accom ion ::"’"s';’ev"

limited by k, EF-Tu conf. K.,
change >
‘ m- K =
-»> K,
i > =
»

PA k, ﬁ
Cognate uui 85 @ * )1
Near-cognate CUC 85 Rejection
Ky 8™ ks, " /
Table 1. Parameters of aa-tRNA Discrimination
Initial Selection Proofreading
Codon Kear Ku ke K ko/(ks+k7)
uuu 190 = 20 20 =06 100 = 20 10041

cuc 0.4 = 0.1 0.25 + 0.1
F ntutsascion = 60 = 20

( Froomeom=1525 )

H_J

~1000x discrimination
against near-cognate!
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(c) translational termination

release of peptide recycling of ribosome

rescue of broken mRNA

32
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