. g . The transcription bubble moves along DNA
tsx initiation control '
-
by o-factors and TFs .-/- Z ey genetic circuits utilize all
( = these modes of regulation!
tsx elongation control ( —
by roadblockers and rho S

. —__
tsx termination control x( N
by proteins and sRNA /

tsl initiation control
by proteins and sRNA

post-ts| control:

tsl elongation control modification & proteolysis

\/ .
o _—polypeptide~ ¢

- N w Yy
5.-‘\’2?7‘_-' %J‘ | %

start =
stop (UAC)

mRNA stability control

Topic 3: Post-transcriptional control

A. Transcriptional elongation and termination
1. Basic models of tsx elongation and termination
2. mechanisms of elongation (intrinsic vs rho-dependent)

B. Control of termination (=anti-termination or AT)

1. AT at a single termination site (various mechanisms)
2. processive AT (Q, N, Nus)

Translational mechanisms (initiation, elongation, termination)

D. Translational control
1. RNA-binding protein
2. riboswitch
3. small regulatory RNA
E. Protein degradation and post-translational control
1. proteolytic machinery
2. protein unfolding
3. substrate selection
4. effect on gene regulation

O
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C. Translation
1. tRNA and the Genetic code

ACA AGA

Arg
AUG Met ACG

AGG

GGC
GGa [ GV

GCA
Clu  gge

GCG

The genetic code is triplet
First base Second base
@virtualtext www.€rgito.com
U C A G
uuu ucu UAU }T uGu }

U uuc } Phe oe uac S uec S
UUA} UCA [ S8 UAA }STOP UGA STOP
uuG LY yce UAG UGG Tmp
cuu ccu CAU } His CGU

c Cuc CcCcC CAC CGC A
CUA Leu COA Pro caa } G CGA g
CUG GEE CAG CGG
AUU ACU AAU} AGU

A AUC} lle ACC] AAC R AGC ser

}
}
oy |

Guu GCU
GCC

secondary structure of tRNAYal ¢

& amino acid

C75

Cau_ o
anticodonUys . N
e
i codon

base-pairing check
by 16S rRNA

wobble base

2/9/21



wobble pairing at 3rd codon position

G-U pairs form at the third codon base

Standard base pairs occur at all positions
H H

The third codon base wobbles

Base in first position Base(s) eecognized in
of anticodon third position of codon
U Aor G
G only
A U only
G Cor

u "
©virtualtext www.€rgito.com

Hi ~
- O
Sugar N E\:}
Cytosme N
H  Guanine
CH 3 Sugar

i: ii ..'Hw
b
SugalrJraciI [ Er{;H

Adenine
Sugar
G-U wobble pairing occurs only at third codon position

Sugar “,
Urgacil * HN b\g/\
H
o
Evitualtext vaww €rgit0.com Guanine Sugar

Third bases have least meaning

ucu
uccC

Third base relationship  Third bases Codon
with same  Number
meaning

third base irelevant U, C,A, G 32

. } purines differ ~ UorC 14

from pyrimidines Aor G 10
M unique UCA 3
definitions G only 2

wirtualtext www €gItO com

base modification & alternative pairing

Normal bases Modified bases
[} [} o ﬁ\c
HI™ b\(:H HN t\(.VCH“ N/ Il\\cf"' HNT & NH r:
o‘!’\N/E” cy&\w i ol:\o/b“

Urlidine i idine (T) Di

l;sgudouridlne(m

NH 5 @ NH G

N/*\CH \GN/&CH N/K‘},Hs
oSt oSt O'J:\u/ll”"

C;lidine 3-mell'|ylcylidine &lehylcytidine

NH, Nb:cu N—CH‘,CH-C/ i
N” >N C—
S oL L0 1) &\H

NN r/

Adenosifle N lsopenlenylabenosme

£ elnyladenosme (IPA)

NH-COOCH,
OH bm:oocrg

O 0
HN,!:\ K i &\: - /%\?,}H
H
/& lL\N/ HN}\ E\r{ ;m,k"/ll;\ N/\l
) Wyosine (Y)
wirualtext wwve €1QItO com

;lN

Inosine paivs with three bases

R
Sugar K H
Cytosine HEN/

Inosine Sugar

Sugar "‘L
Uracil |, :?C

Inosme
ar

HN/“
H N\O’ e N}»({‘\c\,\
N_&N,é/., \"h\(
Sugar  adenine  Inosine Sugar
vinualtext www.€Tgito.co

Wobble Hypothesis' Modified Wobble
nucleoside Hypothesis® nucleoside

Anticodon Codon Anticodon Codon

N3y N3 N3y N3

G cu G C U

C G C

1 UCA 1 u C A
xm’U*

u AG sUb A G
x0°US AGU(C)
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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?)

2. Translational mechanisms

//f;tu;
it 1A & et

aminoacyHRNA

i ;;9__/&
(MW= 1,600,000] = = S— P o
prokaryotic o ¢ . s
ribosome / smal rbosomal —
7 ( ‘subunit S = -
(MW= 2,500,000) S —
1 i mMRNA
~34 proteins —_—

polypeptide
\

( S
@ 4 //
; (1,540 ( >
r ) nucleotides) - /

21 proteins y
| 4

growing
9 ooy

g_—Popeplide ~3 3 ¢

3 8

8

stop (UAC)
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a. translational initiation

ribosome 16S start 30S

binding site  rRNA codon subunit
S
\ P /[A\

CAT Relative Activity

2 -1 0 1 2 3 4 5 6 7 8 9 1011 1213 1415 16 17

SD-AUG Aligned Spacing

* broad range of allowed spacing

» dependence on distance between RBS and ATG

The complete SD sequence

A: 'SD-ATG spacing series D, sD
5'...TAAGGAGGT ............ ATG d, TCGATTAAGGCTATG
SD dy  TCGATTAAGGCATATG
Dy TCGATGAGGTCATATG d,  TCGATTAAGGCACATATG
D, TCGATGAGGTCCATATG d,  TCGATTAAGGCATTCATATG
Dy TCGATGAGGTCACATATG dy  TCGATTAAGGCATTACATATG
D¢ TCGATGAGGTCTTCATATG dy TCGATTAAGGCATTATCATATG
D, TCGATGAGGTCATTCATATG d,, TCGATTAAGGCTATTATCATATG
Dy TCGATGAGGTCATTATCATATG d;, TCGATTAAGGCTTATTATCATATG
Dy, TCGATGAGGTCTTATTATCATATG dyy TCGATTAAGGCTATTATTATCATATG
Dy, TCGATGAGGTCTATTATTATCATATG d;, TCGATTAAGGCATTATTATTATCATATG
D5 TCGATGAGGTCATTATTATTATCATATG dy, TCGATTAAGGCATATTATTATTATCATATG
9
y E 3 A
* dependence on 5" -UTR sequence R
F 01
AG:’ ‘\ (ribosomal protein S1) o0 ;@
v Ao
308 + U == 30S-U — translation Ry
AGY slow h
94 93 92 15 0 8 B
£
1-J E 1
014 01 4
0.01 on
0.009 4 0.001 4 .c
a GGAA, ull longh, 42°C A e
foerrr T T T T T T T T T T T 1 14 4’: -z -t -0 ~'a c' ; L ; “ 8 2 2 0
42 1 16 8 4 T £ 5 - a3 2 -1 0 1 2 M,’ {kcaVmol)
£G! (kealmol)
=>» 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)
10



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 o
aaRS g\ <

o7

PP;

Amino acid .\—L'

AR
ATP 7
> AMP

> aaRS
tRNA

aa-tRNA é

11

— 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

(~5x no. ribosomes; sets the total tRNA amount)

note: spends energy (GTP)
» tfranslocation via the help of EF-G
again spends energy (GTP)

.
\%’ C
q%q/)% g Ribosome with
e ——
E P A

empty A-site

« total energy:
4ATP/peptide bond

EF-G*GDP

+P,
Translocation
&i\' /
C — EF-G «GTP
<

12

E P A

@ e Léé ¢
<=l

E P A

* ribosomal incorporation of tRNA as ternary complex

‘Accommo
Aocommos
Y
F

« formation of tRNA-aa*EF-TU*GFP ‘ternary complex’

aa-tRNA

EF-TusGTP

/ Ribosome with empty A-site
Temary
complex binding
and decoding

dation
/R
g

.2
Ternary complex
formation

y
E P A
GTP ﬁ
hydrolysis > P,
&b
Ak
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TABLE 4 Stoichiometric content of transcription-translation

proteins in E. coli

RNA polymerase, core

Protein Mol wt o7 Molecules (t = 40 min)

(10°)  (¢=40 min)

(%)
Per ODaso Per ribosome
10"

1-Protein 850 135 10.2 1.00
L7112 12 0.81 408
EF-Tu 42 5.55 551
EF-G 84 1.66 82
EF-Ts 31 0.13 18
IF1 8 0.04 25
IF2 115 0.52 31 0.30
IF3 20 0.07 20 0.20
LeuS$S 100 0.12 0.5 0.05
Phe S-f 94 021 1.0 0.10
LysS 58 0.11 08 0.08
Arg S 58 0.08 0.6 0.06
Gly S 77 0.17 09 0.09
Val S 106 0.14 0.6 0.06
Glu S-p 48 0.10 0.9 0.09
Ile S 107 0.24 1.0 0.10
Phe S-a 36 0.11 12 0.12
GIn S 61 0.11 0.8 0.08
Thr S 65 0.09 0.6 0.06
RNA polymerase f 150 0.52 14 0.14
RNA polymerase o 39 0.37 38 0.37

375 1.30 19 0.19

13

« translational accuracy?
— translational error rate = 10-3 to 10+
— but thermo probab of base mismatch much larger
=>kinetic proof reading (Hopfield, Ninio)
spend energy to enhance specificity

Initial Codon GTPase\ GTP [g?qmadski & rodina, 04]
binding gnition ivati hydrolysis
K, uM’'s” Ky ™ Ky, 8" Ko S A : Peptidyl
Cognate uul 140 190 @ P EF-Tu conf. K
Near-cognate CUC| 140 190 limited by ks c,‘:ng, 5 g
AFD K x
> k,
£m + <« _I nm __ * + [
PA o~
e Y
Cognate uui 85
Near-cognate CUC! 85 Rejecti
k8™
Table 1. Parameters of aa-tRNA Discrimination
Initial Selection Proofreading
Codon Keat Ku Keat/ Kua Ko/ (ks +Ks)
uuu 190 = 20 20+ 086 100 = 20 1.0+ 01
cuc 04 =04 0.26 = 0.1 =
F neuisascon = 60 = 20 Fpoomotng =15+ 5

—
~1000x discrimination
against near-cognate!

14
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c. translational termination

release of peptide recycling of ribosome  rescue of broken mMRNA

15

D. Translational control

=>» access to ribosomal binding site (RBS)
may be blocked by either proteins or RNA
=> untranslated mMRNA rapidly degraded
(avoids problems with truncated polypeptides)

A regulator may block ribosome binding

<€egulator binding site-

. )
NNNNNNNNNNNNNNNAlﬁNNNNNNNNNNNNNNNN

<Ribosome—binding site >

' S
) ©virtualtext www.ergito.com

16
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1. via RNA-binding proteins

CsrA-CsrB » CsrA/B (global regulation of carbon utilization)
SFA- P A .
complex Ee;,z;: -- activates glycolysis .
N5 -- represses gluconeogenesis
1. Directly-facilitated oo 12 13,0 ?‘1314
CstA © endonucleolytic 1175 S S

~ G
55 S A

&
NS
attack-? Vq,c;;u%o",gg,kona.cf:s,m@;ig:: 15 16
¢ S
' o Mo, ot
s . ‘ 10, &
— - & o AR

glg CAP mRNA b aclin pge e
b r.b.s.

i~ kY
Xy Compelition for mRNA binding, 9;’5 "g c,liz,\“
/ ribosome clearance, nucleolytic P ‘m’fc‘é }
Ribosome ‘ attack on exposed site(s)-? 7% g so
se..a\t:‘;“}i‘no‘ s Acf‘
= binding of CsrAin 5" -UTR inhibits translation T, o
and accelerates mRNA degradation (t ~ 1min) C"ygs e N
= CsrAis sequestered by CsrB (regulatory RNA L3 O PR
with 18 binding motifs resembling those of 4 &% 1 Terminator
target MRNA); csrB tsx regulated by BarA/UvrY EON
=> CsrA stimulates csrB tsx via UvrY (-ve feedback)  [FeeatedBlements = @ oo 13. cacaave
=> 2nd antagonizer of CsrA (CsrC recently found) 2 Al O hAcoacA s, cAGOAAG
4. CAGGAUG 10. CAGGAUG 16. CAGGAUG
5. CAGGGAA 11. CAGGAUG 17. AAGGAUG
6. CUGGAUG 12. CAGGAAG 18. CAGGGAG
17
* ribosomal proteins
rpSL1psSG fusA ' tufA When rRNA is available, the r-proteins
S12$Z EF-G EF-Tu

associate with it. There are no free r-proteins,
and translation of mMRNA continues

P! !

rRNA
: 1 ¢
Cssssmnn?
1psM rpsK rpsD oA 1plQ
S$13 S11 S4 o L17

T = &5

r-proteins
K rplA
L11 L1

When no rRNA is availale, r-proteins

a $8 binding site in 165 accumulate. One of the r-proteins
aus’ ribosomal RNA binds to the mRNA and prevents translation
Pl mplLmpoBrpoC VN
A
L10L7 B B (e Jy)
- Nerc/
‘..‘ G-c b translation initiation region in
Sy the messenger RNA for S8
cIHg, A
p
43
\\\ "
*anumsn ualtext www €rgito.

-

¢\ €3 0colE

— weak 2nd structure stabilized
by ribosomal protein (-ve feedback)
— rRNA itself regulated by (p)ppGpp
(stringent response)

18
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2. via riboswitch (block RBS by alternative 2nd structure)
* tsx AT
|+ e | mm e ’ HL
- Sarmee ]
tsl control
ETET P —OAKE ¥ A
e P ] e
Nature Reviews | Molecular Cell Biology
19
3. via sRNA control
length and location of SRNA
>
! -
. e 2

SRNA length range (# of bases)

sRNA-mediated control found in

-- transcriptional termination (plasmic copy # control)
-- mRNA stability control

=> translational inhibition/activation & mRNA degradation

RNA regulator

Terminator
stem-loop 5’
gadX gady
RNAUrepC-mRNA
duplex a b
uuuuu T
- 48— gadX mRNA ————————————ppp I'arget message

<4— GadY sRNA 5 2

20
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Upstream
. . —_ORF ___Toxin Coupled translation
< cis-acting /r
e'g" hOK/SOK (tOXIn-antldOte SyStem) \J)/\j‘ Efficient translation of toxin
-- inhibits translation % P
-- unique target, spatially localized = e —
- rapid sRNA decay | e st
1) Loss of plasmid DNA
}L 2) No new RNA synthesis
3) Decay of antisense RNA
% trans-acting Lnibiion of txn synthess
- Regulation of iron metabolism by the repressor Fur
Iron —— tsx repressor (Fus———| Iron acquisition genes
| Iron storage genes,
bommmmmm - “RytB- = ——! Iron consuming genes,
oxidative stress relief, ...
. . . g . C,
-- RyhB binds to translational initiation CF o
. C-G A
regime of mRNA (sodB, sdh, ...) &N c‘k C%.?é’
ad gt Ay
U 6€ HFQ- 678
GCGAU-A -LVccAGuAuuncuuA—U“Uuu
UUCAUUAUGACCUUCGUUACACUCGUUACAGCACGAAA-S '
manbiantis M A ibhaloton-s:
sodB
21

- discoordinate expression of the gal operon
-- cAMP high (glucose shortage): operon activated
-- cAMP low (glucose-rich): GalE remain high, GalK:GalE ~ 1/4

A AU * physiology:
, -- GalK needed only for
i-l/} galactose metabolism
-- GalE needed in galactose metabolism
ﬁ galE | gar galk | gam | AND UDP-galactose synthesis
o (building block for cell wall and capsule)

» GalK translationally repressed by Spot42
(repressed by cAMP-CRP)

Galactose,

PERMEASE (!
Galactose,
Spot 42 §% GalK (ATP) it PHOSPHATASE
P Gal-1-P
%4 § GalT " (UDPGlu © Glu-1-P)
&1 A UDPGal
§E§ “"A?‘/ ;:é?u GalE " J“ Glycosylations
52 o B uprete
cunsoct R avcoaavou ot Eeumruun SYNTHETASE 1 (UTP © PPi)
. Glu-1-P
TELLTTETT T LEEE CTELETETETT T T [ IIIHIHJ MUTASE "
Glu-6-P

GalE....galT-galK....galM

22
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- translational control of rpoS (encodes o)
-- default translation “off” (by 2nd structure of 5’ -UTR)

o Translation DsrA
S B’ inhibitory &Y u
U U~
bs ATG structure - g-a Cg_zﬂ
[ U-A C-G
2 £
, = =
Regulatory RNA 5 o
Translation Acﬁiﬁuccnuu“u“ &0 &C
5 . A UA-UCA-UUUUU
5 stimulatory
structure
T 1T
rbs ATG A UAA GG GGAACAUUGCUU. U
€55 3 gseuin  Aee oohd g
B B poS
XOW_]L
A L
- A
DsrA RprA

-- activated by sRNAs DsrA (low temperature) and RprA (cell surface stress)
-- negatively regulated by another sRNA OxyS (oxidative stress, ~40 targets)

GU-5"

23

KD

«» Mechanism(s) of sSRNA-mediated regulation

* many require Hfq (e.g., DsrA, OxyS, Spot42, RyhB)
-- hexameric protein forming a ring
-- homologous to eukaryotic Sm-like proteins that
function in RNA splicing
-- binds A/U-rich single-stranded RNA
next to stem-loop region

ARc,
A.DsrA

¥
B. OxyS ¥R
&Y Ye_d”
oYy = et
¢ o2 AU,
g €-G c-G .
] U-A C-G ':'i‘
] ¢ 5% = Cay
e S| &S ac=¢ Ye-g
c-¢ SHFQ- UG8 &8 % ol
peA-URRCRRU oy € £5 52 &=
A A-UCA-UUUUU AF §8  wra- ac
oy uee Ca
T 00 L T 111 LT
---CCC A YGCCUMR  AGE coan ;

hiA

pos
D. Spot 42 § %
2 ¢
C. RyhB P =
b
§or
'
d
C B 8
o
o =] uA
= U &% AU e a
& & FS Y
g - i3 who &F
5 &% o &5 Ay g
Bk ey £5 & =
5 68 &t ) B &8
U S§ ~HFQ-- G- €-6C —HFQ-- &8 G
GCGAT-A ASUCCAGUAUUACUUA-UUTUY GuAGaGU-AAUCcaATUY -6 & Souuuutun
CULECLEEE T TR | ] TIETTEETE 11T 117
Acw

TULITTTITT T TT1] I T

sodB

galE....galT-galK....galM

24
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(e.g., acting as RNA chaperone) [ R I

« effect of SRNA/mRNA pairing
— can change ribosome accessability

(dissociation of Hfg upon pairing?)
— mRNA degradation must be blocked in some cases; how?
(e.g., Spot42 regulation of galK and DsrA stimluation of rpoS)

« effect of Hfq .
— can stabilize sSRNA (half-life > 30 min)
— can also bind to target MRNA " W T
(and induce alternative 2nd structure) N &
— can stimulate sSRNA/target mRNA pairing 5 [ - iq 55

— can lead to rapid mRNA degradation : \/\ sl Mo
— can lead to rapid sRNA degradation /. LN \
(stoichiometric rather than catalytic) /— \= %
Hiq g
« effect of RNase E I/~
— required in MRNA and sRNA degradation praresen -4 Sogmmmnmaotunas £
— recognition motif similarly to Hfg sodB

Gf
GCAAAUUAAUAAUAAA GCAUAUGC... -3
13 40 8

sodB

5

25
sRNA-mediated gene silencing [E. Levine et al, PLoS Biol. 2007]
sRNA SRNA
o o
repressor gene k L N ,\3’. repressor gene k P ,\3‘.
= T P P
G A~ . TR A
= gene expression L L3
arget gene e get g orget NN
min  OFF mRNA B
« qualitative expectation: 4 [protein] o wlosRNA PO
threshold-linear response w/ SRNA gene expression
. . ~ Olm ~OL;
— tight repression for om < os moes
— weak repression for am>>as teme Oom
* quantitative prediction: T— Os
10
as=0
dﬂ:a _ﬁ m—k-m-s s @ = 0.2 nMimin
dt " " o = 0.5 nM/min
ds m 6 @ = 1nMimin
—=0o,-Bs—k-m-s (nM)
dt h
4
parameters characterized for RyhB/sodB, ,
with Bm™' = 6 min; Bs' = 30 min
and &'~ 50 nM-min (diffusion-limited) 0
0 02 04 06 08 1
o (in nM/min)

27
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Expt’ | characterization

plasmid-encoded inducible GFP reporter's
translationally fused with truncated sodB  §

onl

5

various sources of ryhB &
3

s T g

2

5

further verification by

* mutant crsodB: lose nonlinear resp

RFU/hr]

5 T T T T T T T
@ chr RyhB, [Fe]=1uM »—EQ
[ M chr RyhB, [Fe]=100uM hi
4 @ PZA31 PryhB:ryhB, [Fe]=1uM
-’
A pZA31P _cryhB [aTc]=Ing/ml

PZA31P, :ryhB, [aTc]=2ng/ml
3 W PZA31P :ryhB, [aTc]=5ng/ml , ~

[

—_

<

"promoter activity” (Ocm) [104 RFU/hr]
(crsodB GFP expression in AryhB cells)

=>»single-parameter fit to the expected threshold-linear form

* direct MRNA measurement: similar to GFP

onse

e compensating mutation in RyhB: restores threshold-linear response

28

Compare to protein regulators

sRNA

2, —

Oy PR

repressor gene .k P
PR

S
b\

[N

Oy —~—
target gene
target
mRNA

e SRNA

a =02 nM/min

a =05 nM/min

x|1.5

a, = 1 nM/min

00 -

0 0.2 0.4 0.6
a. (in nM/min)

sRNA-mediated tsl regulation
=> fold-repression depends

sensitively on o,

Br

ag ~ T~z
~
repressor gene B

K X
Oy V \R ~ T~
—~
target gene \4
target

mMRNA @

target
protein

protein
repressor

o, =0

R
ap =02 nM/min
Qg = 0.5 nM/min
“r

=1 nM/min

x10

0 0.2 0.8 1

0.4 0.6
a. (in nM/min)

protein-mediated tsx regulation
=> fold repression independent

of promoter activity (o)

29
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multiple targets

o ~
2~ o = O > 0
[5) 0y =0, 0 > 0 =

target 2

ky o =

rget 2 2 a7
target o _ = B
a /_/-/_ —

z repressor gene
iepressorgene ki SN_ W5 gene 2 ON

N 7 o) ~ By
B —~— —~— -
gene 2 OFF target 1

target 1

gene 1 repressed

target

=> built in cross talk (gene 2 requlates repressor!) protein
=>» nontrivial circuits from apparently simple feedforward motifs

W

T T ryhB_
® chrryhB, sodB+ '

@ chrrhyB, sodB- Pt no aTc

o~
e
13

sodB mRNA

)
T

0 0.1 0.15 0.25

5]
T

1 ryhB-

no aTc

crsodB-GFP expression [104 RFU/hr]
T

fumA mRNA

=)

1 2 3 4 5

) - 4 0 0.1 015 025
promoter activity (O,m) [10° RFU/hr]

“V> repression of gene 1
relieved by gene 2

aTc=2 ng/ml
aTc=5 ng/ml

[IPTG] (mM) [Plac:crsodB-gfp]

aTc=2 ng/ml
ol aTc=5 ng/ml

[IPTG] (mM) [Plac:crsodB-gfp]

30

Sequence dependence

on sRNA-mediated gene silencing  [Haoetal, PNAS 2011]

Approach:

— focus on RyhB-sodB interaction in E. coli as a model system
— construct mutants of ryhB and/or sodB in selected regions

— express the mutants using titratable promoters

— quantify degree of repression on reporters and native targets
— analyze results using mathematical models

Goal: construct biophysical model of gene regulation by sRNA

(c.f. von Hippel’ s work on protein-DNA interaction)
— inform bioinformatic algorithms to improve sRNA/target predictions
— provide framework to characterize sRNA/target interaction
— design of sRNA regulators for synthetic biology applications

31
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Experimental system
strain: E. coli K12 MG1655 with AryhB, laclq, tetR

—-20
TetR 32"80 4(\)(9UUGCU . RyhB
aTc —|J_ 3 ’}@C g -
QM_ s 20
2988 L, &
5 -GCGA%- AA-I[JICCAGUAU'UACUUA- UUUUUUUUU- 3
* wild-type or mutant ryhB encoded on pZA plasmid
(p15A ori, 10~15 copies) or chromosomally integrated
« titratable expresion controlled by aTc 60 % sodB-gfp
8% U-4A,
A-H kp
Lacl gg - 20 G-
iPTe —i| co 43
¢a £5
m sodB e Hfq A-
5 -8 DOCAAAUUAAUAAUAAAS: C;I%OAUGCU-

« translational fusion of truncated (wt or mutant) sodB with GFP reporter
» encoded on pZE plasmid (colE1 ori, ~30 copies)
« titratable expresion of sodB-gfp controlled by IPTG

32
20 EY R-series mutants
s RyhB &€ - -
§Z L57CA, (constructed by doped oligosynthesis)
Ak
ac Pt ; X
é=¢ U-A label | mutation region on ryhB (32-56)
3'-uuuuUUULU-R CU-AA-UAGCG-5'
ds Lo U i r0 | AAGCACGACATTGCTCACATTGCTT
G=C
RS 11 | AAGCACGACAAYCTCACATTGCTT
A% c
A5 sodB & A e
y-a c A 2 AAGCACGACATT@@ATTGCTT
A=U -20 [
C=G
Cg:;é‘ ) 3 AAGCACGTGCCATTGCTT
A%y - 14 | aaccgpyac{Cyecrc(@)prrecTT
5':1ﬂ\-u G-CAUAUGCU =3’
1 o 15 | AAGCACGACATT€AYCACATTGCTT
fold repression
50 sodB-GFP expresion (aTc=0) 16 AAGCACGACATTGC@CATTGCTT
sodB-GFP expresion (aTc=10ng/ml) 17 AAGCACGACATTGCTCAC@GCTT
18 AAGCACGA@TG@ACATTGCTT
9 AAGCACGACATTGCTCACAT@TT
r10
0.5 s S rll
WrXrSrors oo

=>» Mutation in core interaction region eliminates repression
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Cu
20 § &
s RyhB ™ &
soflg % \ G-,
C=G
U=-A -
G=C . C=G
G- linker u-A
. C=G G=C \
3 =UUUUUUUUU=AUUCAUUAUGACCU=AA=UAGCG=5
] 1 U=A 1
95 60 C-G 1
G=C
Um=A¢

P ScAUy

‘;\_GE sodB A 60 G
e ‘@ 75
&g e v
€-U U cC
-& % cAcGU

G .
A=U A
. U=A linker G-C - 80 ,
6'-A-UGCAAAUUAAUAAUAAAG-CAUAUGCU -3
3 1
88

40
fold repression
sodB-GFP expresion (aTc=0)

R-series mutants
(constructed by doped oligosynthesis)

label | mutation region on ryhB (32-56)

10 AAGCACGACA’@':‘CTCACATTGCTT

rl | AAGCACGACATAGCTCACATTGCTT

Complementary mutation in sodB

label mutation region on sodB (45-69)

s0 GGAGAGTAG(MG:TCATTCGAATT

sl | GGAGAGTAGCTATGTCATTCGAATT
= A

sodB-GFP expresion (aTc=10ng/ml) S 20+
‘n
2 10
e 5F
Q I
S 2
ke,
o 1t
bl E
0.5
ro/sO  r1/s0  r0O/s1 r1/s1
34
20- &% C-series mutants
80 "263: RyhB é\G:CQ,-
G- mutation region on sodB | mutation region on »yhB
U-A Al -
G=C . C=G - 38-
gm¢ linker i label 52-60 label 38-46
3'-9UUUUUUUU-AUUCAUUAU?ACCH:ﬁA-UAGC?-5' s0 Al @ TGTC r0 GACA! ETG},T
95 60 C=-G 1
ﬁ:gct; scl AECTATGTC rcl GACAFAGET
1
G A ScAUU L .
‘A.‘% sodB PPN v c(‘;\ sc2 AgCGATGTC | rc2 | GACAFCGET
A:.‘:li; 20 U Ulf sc3 AGCCATGTC rc3 | GACAFGGET
é'ué u . A sc4 AEGAATGTC rc4 | GACARPTCET
- A_cACS !
,3:;,: linker G’t‘;'.l:’;\so scs AGGTATGTC rc5 | GACAFACET
6'-;1.\-UGCAAAUUAAUA‘SUAAAG-CAUAUGCg-3' sc6 ag¢ceqreTc c6 eacafccdT
0 88
, sc7 A¢GCATGTC rc7 | cacafec¢T
10
& LnoaTe sc8 A¢AAATGTC rc8 | GACAFTTET
‘B [[] 10ng/mi aTc
8 T sc9 A¢ATATGTC 1c9 | GACAFAT¢T
%g sc10 | A$AGATGTC | rcl0 | GACAfFCTET
& ) scll AGACATGTC rcll | GACAFGT¢T
TR
QO sc12 | A$TAATGTC | rcl2 | GACAFTAGT
b~
B scl3 | A$TITATGTC | rcl3 | GACAFAAGT
7
scl4 | AGTGATGTC | rcl4 | GACAFCA¢T
scls AQICHTGTC rclS | GACALGAJT
35
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Cy .
20-& ¢ explanable by RNA energetics?
nggROmB paee ’
EES c=G AE =E RyhB—sodB — E RyhB — EsodB
&-¢ linker u-a
3'-lLJUUUUUUUU-AUUCAUUAU(L;ACCH:ﬁA-UAGC?-5' s 20 @ wild-type
95 60 c-¢ 1 g 10k O C-series
U=A
Y4Q_A vcau Q5
A U
';\:;.GE sodB G 60 < 8—
U=A .@ A et
=U A 2
A=U -20 u, u ©
=G SA AY °
=-U C — 1'
é-& S, cGY
C=G . AG’CUA 05 s N N N s N N N s
Ay linker ey Y ' -13-12-11-10-9 -8 -7 -6 -5 -4 -3
5 -II\-UGCAAAUUAAUAIJ\UAAAG—CAUAUGCIJJ-3 AE (kcal/mol)
1 40 88 a .
= magnitude of repression
5 107 [OnoaTc depends on the core sequence
2 _ [ 10ng/mi aTe = exponential correlation with 4E
o= I A _ 1 1 )
eso@ il -giAdds - 2
e} 1 I 17}
oS 1 \ 2
T 5 1 {l: ' a
Q10 i (]
2 L)
? K=}
8038858885 EEE
000000
36
C .
€G§ RyhB 20- g-% explanable by RNA energetics?
80-U A
i ‘kg:g(‘ AE = Eipsoas ~ Eryms = Eoun
gz& linker o
3'-l[Juuuuuuuu-AUUCAUUAur[sAccH-ﬁA-UAGc?-5' g 20 @ wild-type
95 60 gzg 1 ‘®10 O C-series
WJ=AG 8 5 O R-series
A ScAUu =
4% sodB ; . ‘60 G g '
-A .% A hed \
=-U A 2
A=U -20 U R =) \ ®
A:ﬁ uA A —AE/RT ®
s S, acsY ¢
C=G . G’cu Osl PR WS S S . 2 S S
i linker A”A s0 ) -13-12-11-10-9 -8 -7 -6 -5 -4 -3
5 -II\-UGCAAAUUAAUAI}UAAAG—CAUAUGC[}J-3 AE (kcal/mol)
1 40 88
> binding energetics not = magnitude of repression
relevant outside of the core depends on the core seduence
c =>» exponential correlation with AE
.g = but weaker than Boltzmann factor
7] expected from thermodynamics
& & s{ifi]
o o .
e} T 2{
o e 14
0'50 Ni—mem
e85 285888¢%
o O-0~-0~0
37
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c 20|
X 10
[7]
4§ 4 UUG 2
C RyhB b-9 O 5
i@ G- g
e 2y 88 o 2
5% @ :
1 RGSE e g8 % 91
5 -4cant- A’ Jecaduavuacuu Suvuuuuud. 3 05

@ wild-type
O C-series
O R-series

100g

Fold repression

Summary
« Core base-pairing sequence:

=> allows for fine-tuning of activity
« Hfg-binding sequence:

-- not necessary for function
-- RyhBt does not require Hfq for function

=> allows fine tuning of activity

AE (kcal/mol)

-- complementarity necessary, but not sufficient
-- activity depends exponentially on the energy of hybridization (AE)

= Why does RyhB make itself dependent on Hfq ?

=> strong binding may be a useful filter for bioinformatic searches

-- activity depends exponentially on the energy opening the linker (AEj; ;)
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