Growth-rate dependence of gene expression
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=>» can’t predict the GR dependence of unreg. genes

=> follow the growth dependence of each parameter
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C. translational efficiency (a,,;) steady state:

d a, i [mR;1* = A[P] a ¢
—[mR;] = am,i[gi] — BmilmR;] P 2L T
dt Z ga—p [mR]* = A[P]* } a, 1,[}1

—[P;] = api[mR;] — A [P;
dt[ i = apifmRil = A[P] with mean @, =, a, ;
strategy (for culture in steady state):
+ obtain “proteome fraction” by mass spec: ¢; = [P;]*/[P]*
+ obtain “transcriptome fraction” by RNA-seq: y; = [mR;]"/[mR]*
R. Balakrishnan, M. Mori et al, Science (2022)
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Y L G/ = api/a,

= ¢; = 1, for different conditions!

> «a,; = @,, i.e., similar translation efficiency for most genes!!
=>» majority of mMRNAs look alike to ribosomes
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C. translational efficiency («,, ;)

o [mR;] = amilgi] — Bmi[mRi]

i

d
E[Pi] = ap[mR;] — A [Py]

strategy (for culture in steady state):

steady state:

2Q

api[mR;]" = A[P;]"
a, [mR]" = A[P]"

ap'i _ ﬁ
a, Y

D

with mean @, =Y, a, ;

+ obtain “proteome fraction” by mass spec: ¢; = [P;]*/[P]*
+ obtain “transcriptome fraction” by RNA-seq: y; = [mR;]"/[mR]*
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Tl S % g regulation
acs xmRNA < —
02 04 06 08 01 2= 3 5 7 10
Growth rate (1/h) A? / INZ
= ¢; ~ ; for different conditions! vast majority < 2x
2 «a,; ~ @,, i.e., similar translation efficiency for most genes!!
=>» majority of mMRNAs look alike to ribosomes
28

= ¢; = 1, for different conditions!

=>» majority of mMRNAs look alike to ribosomes

genes showing differential regulation of mMRNA and proteins
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> «a,; = @,, i.e., similar translation efficiency for most genes!!
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Topic 5: Global effects of gene expression

Description of individual genes: transcriptional regulation
RNAP]
7 MRil = amilgil = BmilmRi] mi = @mo Pi(--) = amo Kp o)
d d Ami
—[P;] = a,;[mR;] — A [P; —[mR;]=0 = [mR]" =—=[g;
dt[ ] p,l[ il [Pi] dt i i B [gi]
.= i d *
am; = MRNA synthesis rate/promoter E[ 1] = ap - [mR;]* = 1+ [Pi]
Bm,i = MRNA degradation rate H_J
ap,; = protein synthesis rate/mRNA a; protein synth. flux

A = cell growth rate (proteins stable) (aka “promoter activity”)

20

X mRNA, G-lim
X mRNA, R-lim

)@\ O protein, G-lim
’%ﬁ protein, R-lim
much simpler job for gene regulation if true RbsB %}

how does E. coli do it? @
o O XX

Puzzles:

*  mRNA level is thought to reflect
“promoter activity”; why not??

* where did the dilution effect go?

-
(4]

Relative abundance
o 5

L 7

0 0.5 1
Growth rate (1/h)
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C. translational efficiency (a,,;) steady state:

d a,;ImR;* = AP « ¢

—[mR;] = amilgi] — BmilmR;] P .

* 2 ga,, [mR]" = ALPI" } T, W
E[Pi] = ap[mR;] — A [P]

with mean @, =Y, a,{;

Q: source of constraint on the total flux of protein synthesis @, [mR]" ?
= mRNA abundance nearly matched to the growth rate
=> translational initiation rate @, nearly growth independent

5 _
. é% => [mR]* ~ A a, ~[P]" = const
S 4
g ° a % reexamine protein synth flux (‘promoter activity’)
5T
Sz & _
é ‘g‘ § O Reference /[PL]* = ap,i [le]* ~ ap : lpl : [M*
€ 1 l O Pu-PtsG ?

¢ Poor nutrients
% o2 o5 ors 1 since a,,; ~ @, for typical genes
growth rate (1/h)

=>» protein synth flux does not give promoter activity

(dominated by GR itself)
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C. translational efficiency («,, ;)

steady state:

d a, i [mR;]* = AP a,; .
2 mRil = amilgil = BmilmRi] Z C pil : L= i
d a, [mR]" = A[P]" a P
—[P] = ImR:1 = A[P;
dt[ i = apitmRd =[P . with mean @, =3, a,;
509) < - >
7 i E protein synthesis flux:
=, o e . vme ARL i =e [Rblog
u%’-u- Acnh  dneipel nl
5
» &
E%
g%, l§ e
& Poor nutrients
00—V
0 0.25 0.5 0.75 1
growth rate (1/h)
total flux of protein synthesis: [avg protein length: £ =%, £;¢; 1 _
. : @, [mR]" - ? = € [RB]; Gt _ [Rblac
A[P] f=c¢- [Rb]act = aplm =€ [ ]act = P [mR1*
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C. translational efficiency (a,,;) steady state:
a,;ImR;* = AP «
= [MRil = amilgil = BmilmRi] Z g pil : 2L i
d a, [mR]" = A[P]" ap 1!’1
—[P] = a,;[mR;] — A [P;
a [P = aplmRil = A TR with mean @, =, a, ;
N & By £ => const Rb density on mRNA
TN T e (across conditions & mMRNAs)
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[Dai et al, Nat Microb. (2017)]
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C. translational efficiency («,, ;) steady state:

d ayi[mR;]" = A[P]"
E[mRi] = am,i[gi]l — BmilmR;] Z C P

d a, [mR]" = A[P]"
E[Pi] = ap[mR;] — A [Py]

with mean @, =},

ap'i _ ﬁ
a, Y
i ap,ilpi

(509) = (0 = 0
R S di €/ Pi’ 200nt S const Rb density on mRNA
@D o
\V E— 05 Wy, Oy (across conditions & mRNAs)
u%w-(% D/TITTTITH QR T G
d = 200nt
~ 50nt rdmlx ~ 1000nt d =~ 200nt
mm
106 ‘ 0.15 |
glucose mannose v
10° 10°
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Quantitative study of tsx processivity
Dai et al, Nature Microb. (2019)

1

5 120 g 16
2 1000
2 ® 0.8 g 9@ © o
< 800 o} A
z £ & &
g 600 **/ * % 0.4
> 400 -
g o */ey **f:* < 02 decay length
3 X x ~1ooo nt
o € 0.14
0 50 100 150 200 0 500 1000 1500 2000 2500
Induction time (s) position

O glucose
ACm8

35



C. translational efficiency («,, ;) steady state:

d api[mR]" = AP a,; ¢;
—[mR;] = am,ilgi]l — Bmi[mR;] P Pt _
dt d Z Cap [mR]* = A[P]" a Y
E[Pi] = api[mR;] — A [P]

with mean @, =3, a,9;
Q: source of constraint on the total flux of protein synthesis @, [mR]" ?
= mRNA abundance nearly matched to the growth rate

=> translational initiation rate @, nearly growth independent

Next: how is mMRNA abundance set?

[mR;]" = ami[g:1/Bm.i (via synthesis or turnover?)

36

mRNA turnover (B,,,)

d
= [mR;] = amilgi] — Bmi[mRi]

d

E[Pi] = api[mR;] — A [P;]
» stop initiation of transcription at ‘t = 0’ (rifampicin)
» measure mMRNA abundance for t > 0 (RNA-seq)

- fit to delayed exponential decay (only relative abundance required):
[mR;](t) = [mR;](0) - e~Fm.i(t=to)

nuoB  nuoE nuol nuoJ nuoK nuoN 10° B
nuo \nuoC nqu num HTUE_ nuoM |
nuoG
T L e e e
2406 2402 2398 2394 2390 107"

genomic coordinates (kb)

=
2

2
reference

relative mRNA concentration
after transcription initiation arrest

slow
condition growth
0 5 10 O 5 10
time (min) time (min)
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d
dt

d
E[Pi] = ap;i[mR;] — A [Py]

[mR;](¢) = [mR;](0) - e=Fmi(t=to)

» stop initiation of transcription at ‘t = 0’ (rifampicin)
* measure mMRNA abundance for t > 0 (RNA-seq)
 fit to delayed exponential decay (only relative abundance required):

mRNA turnover (f5,,, ;) weakly dependent on gene and condition

— [mR;] = amilgi] — Bmi[mR;] > B = Em,i = Bm,ii = 0.5/min

0.2 frrrr y
[—_IReference 500
[——] C-limitation
2015 400
g : .
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&£ 0.05 1l 100
1
I
0.1 ‘013. .u...; l 3 ’ 03 ! °
mRNA degrad. rate f3,,,; (1/min) fold-change in fir
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mRNA turnover (5, ;) 2
d oZ: 0.1
a[mRi] = amilgil — Bmi[mR] E
o
d c
—[P;] = api[mR;] — A [P; ©0.05
[P = api[mRi] — 2 [P] g

detour:

fraction of MRNAs

mRNA degrad. rate f8,,,; (1/min)
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* huge burstiness typical: a,;/f,; ~ 20
* post-tsx regulation
(change in mRNA turnover: signature of SRNA and protein regulation)
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100 FIhD
[:N
mMRNA turnover (8,,;) o Oref f141/min
’ 0 o O C-lim. B,,;:0.60/min
d rég \ \
2 mRil = amilgil = BmilmRi] S8
= . .
d = \ [
E[Pi] = api[mR;] — 1[P] z & \\1
det 102 \\ o o
etour: A N
. . o
* huge burstiness typical: a,,;/f,,; ~ 20 T SR e———,
* post-tsx regulation time (min)
(change in mRNA turnover: signature of sSRNA and protein regulation)
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mRNA turnover (5,,,;) weakly dependent on gene and condition
d

—[mRil = amilgil = fmilmRi] 2 B ® Bmi = Xi Bm,i Wi =~ 0.5/min

i[P,] — a, [mR;] - A[P,] = GR-dependence of total MRNA abundance
de™ " TP ! must come from mRNA synthesis (a, ;)

+ stop initiation of transcription at ‘t = 0’ (rifampicin)
* measure mRNA abundance for t > 0 (RNA-seq)

+ fit to delayed exponential decay (only relative abundance required):
[mR;1(t) = [mR;](0) - e~ Pmi(t=to)
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s 0.1 g
(-1 .
S 1 g 200
S 1l
& 0.05 1 100
I
I
17 0

T 03 1 3
01 03 1 3 .
mRNA degrad. rate f,,; (1/min) e e P
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focus on mRNA synthesis (a,,;):
steady-state: a,,;[9:] — Bm,i[MR;]"

d
7z [MRil = @ ilgil = Pmi[mRi] total MRNA synthesis flux:
d _
E[Pi] = api[mR;] — 1[P] Jmr = X Wm,ilgil = P - [MR]
constancy of 3, ;: change in total MRNA abundance [mR]* from J,,.x
1.5
R 31| O Reference F 6 . A T B
5 o O Pu-PtsG S 00+ gl 0%
= g ¢ Poor nutrients 5 s £ ’ 8 3 e g
g - from §[mR] s E =3 1 © <
o 2 4 53 5 n<
s = 0L o 2| o O
[S 3 £ <« O
@2 E@ 8 = = N =
< — 1 2 < r— 05 ¢ ©
z & g é O Ref. g E @1 g O Reference e
=l O PuPtsG {1 g é O Pu-PtsG O -
. Poor nutr. 0 ¢ Poor nutrients @ E
0
O 0.25 05 0.75 1 O 25 0.75
growth rate (1/h) growth rate (1/h)

= total mRNA synthesis flux tuned to match the translational capacity
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focus on mRNA synthesis (a,,;):
steady-state: @, ;[g;] — Bmi[MR;]*

d
7z [MRil = @ ilgil = Bmi[mRi] total mRNA synthesis flux:
d _
= [P = apilmRi] = A [P] Jmr = Xi @m,ilgil = Bm - [mR]

model of transcriptional regulation:
[RNAP] 4,

Ri([A] [B], ..) ———=2% a4
A Kp,i
' N\
~ o~
o @
o U At B
OA1 OB1 OAZ OC'\ core
promoter

i = [RNAP]av ' am,ORi([A]r [B]’ ---)/Kp,i
A\ J

Y
promoter on-rate > k;([A],[B], ...)

r = 21 %pilg:] = [RNAP],, - ¥:[g:] ki
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focus on mRNA synthesis (a,,;):
. steady-state: @y, ;[gi] — B :[MmR;]"
7¢ MRil = amilgil = fmi[mRi] total mRNA synthesis flux:
d _
E[Pi] = api[mR;] — A [P] Jmr = 2i @m,ilgi]l = Bm - [MmR]"
model of transcriptional regulation: 8000
# RpoA (half
AT Y L7 M 1. )
) ) ) — . 0
A Kp,i " S 6000 g poop B B R 4
e ~N =
/\/ E 4000 o o © o
o
'E' T e . 0D &§oo
Onr Ogy OA2 ch core ° m O
promoter & u m m
e
0
= [RNAP] 4y - amoR;([A] [B], ..)/F 00 02 04 06 08 10
|\ growth rate (1/h)
h'd
promoter on-rate > /;([4],[B],...) « RNAP components GR-independent
 anti-oP factor Rsd upregulated
r = Liapilgil = [RNAP]ay, - Xilgi] ki as growth slows down
44

=>» Rsd titrates the pool of available RNAP
to match tsx output with tsl capacity

o\g@
W@w

= Rsd expression significantly affects > Arsd strain exhibits growth defect
the rate of total mRNA synthesis in proportion to its expression level in WT
3 30 ”E 70
3 o 3 N 6
5 o E %% 25 5% 5% o F 5
» £ § C= @ 50 S
w E 2 206 T4 ® 4 =
L, -%% % £ F T4 PN
5 s =
2T "EE fw & =
e gy Sal &P 28
g “os ° GoWT ||5s 2 & K °© ®
o]
c o on Arsd 8 g g 10 o MO !
O0 0.25 0.5 0.75 1 0 _8 00 0.5 10
growth rate (1/h) WT growth rate (1/h)
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focus on mRNA synthesis (a,,;):

d
TS [mR;] = amilgil — Pmi[mR;i]

d

E[Pi] = ap;i[mR;] — A [Py]
steady-state: «;[g;] = &;[mR;]

Summary

> Y« gl -k

> ¢y gl -k

> [P] e [gi] -k

i.e., protein conc set “directly”
by transcriptional regulation,

approximately independent of
changes in growth rate

i ilgi] = [BVAPLay L9 = B ifrfl]

constitutive expression (k;=const)
> expect [P;] « [g;] o« e~ *i?Te

2 40 - {:: _{)_ -
— o
- ~
= 2
505 ¢~
= o]
o © oriC (OM53)
o © ter (OM54)

0

0

0.5 1
growth rate (1/h)

*  Ptet:gfp at oriC (x; = 0)
o Ptet:gfp at terC (x; = 1)
AT, ~ g (0341Ty), To~1h
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focus on mRNA synthesis (a,,;):

d
= [mR;] = am,ilgi]l — Bmi[mR;]

d

E[Pi] = api[mR;] — A [P;]
steady-state: «;[g;] = 6;[mR;]

Summary

2> Y xgl]- Kk

> i~ gk

2> [P] < [gi] - K

i.e., protein conc set “directly”

by transcriptional regulation,
approximately independent of

changes in growth rate

i iL9i] = BIAPL, 9i1ks = B ]

Global survey of relation
between [P;] and k;

3.10% T T —r
rpiM 7
—~
T 110tk glnA k|
g F ]
3 r 1
[=Jetl
= 310 [ A 8
as pck 7
1103k @ gitL
3_102 L Lo L
3.10° 1102 3402 1107 3.0
in p—1
[gilk; (in h71)
0.08 T T

fraction of genes
o o
o o
B ()

o
o
S}

o lnsal ,
17101/5 12 1 2 5 10

FC([PD)/FC([gilki)
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focus on mRNA synthesis (a,,;):  In general,

d
E[mRi] = am,ilgi]l = BmilmR;] [gi] - k;

P b=y = S o
“1P] = apylmRi] - A [P S
steady-state: «;[g;] = 6;[mR;] “quantitative central dogma”

Summary

2 [P] « [g;] - k; from fixed ¥;[g:]k;
am,ilgil = Muv Lgilki = Bm.i ¢m = approx. obtained for WT cells

> Y «[gi]- ki => not always true for mutants

abundance

> [P] o« [g]] - k, ‘ a

e ) rot R @
i.e., protein conc set “ v QiQE

by transcriptional regt M“ﬁm T g
approximately indepe | =" =9 V2=t 1|
changes in growth rate

> ¢i =~ '(,bi < [gl] . ki E total promoter on-rate, K | mRNA and protein [> ;ic

=
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Factors affecting protein concentrations
(steady state carbon I|m|tat|on)

variation in FC(P) = [PS1o%]: [pfost], ®
« gene dose: negligible 2
+ mRNA stability: negligible '
+ translational efficiency: 30%
» promoter on-rate: 10-fold

=3 =)

FC
promoter on-rate, k, (;m"/min)

translation init.
[
B

variation in [Pj] &
« gene dose: negligible )
+ mRNA stability: 2-fold =

« translational efficiency: 3-fold © %
» promoter on-rate: 100-1000 fol@i S====—c]

02 05 12 5 10 Tt 102 100 10t 10°
FC(P) protein concentration, [P] (1/pm®)

[G]  mRNA deg

= genes “born” into different expression classes
=> expression level set largely by basal promoter on-rate k;

(with help from translation eff and mRNA stability for the highest expression class)
=>» range in basal rates >> tsx regulation >> post-tsx regulation
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Summary: from DNA to protein
Canonical model for gene expression
%[mRi] = apr,ilgi] = Bm,i[mR;]
%[Pz‘] = ap,i[mRi] —A[P]
steady-state:
(P] = Up,i [gilampr,i _ Opi [RNAP] ., [9:1k;
Y Bmi 4 P 2

Principles of gene expression (E. coli)

0) predominance of basal tsx level in defining expression classes

1) uniformity and constancy of mMRNAs in translation and degradation
2) coordination of total mMRNA synthesis flux with translational capacity

[P] [mR]  kilg:]

=» connection from promoter to protein conc: IGRACTRONATH
JRA Y]

* general promoter entanglement thru GR dependence of };; k;[g;]

* Rsd as coordinator of transcription and translation
*  mRNA as proxy for protein (~200nt per ribosome)
» extremely high burstiness (~20 for typical genes) [cf: Hausser et al, 2020]

[g:] [mR;] [Pi]Q
[ A a,; Y
mR,i p,i QZ'WC;%?
Loe®
ﬁm,i l A
« X »
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