Last time: Carbon Catabolite Repression (CCR)
=>» not about carbon preferences but about carbon/nitrogen coordination

proteomics
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=> physiological function of CCR: reallocation of proteome from carbon
catabolism to anabolism and protein synthesis when carbon supply is high

=>» strategy of coordination: a—ketoacids as sensor of C/N balance
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= mechanism: not via PTS but via direct inhibition of cCAMP synthesis
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Hierarchical vs simultaneous carbon usage

Q4: If cAMP-Crp is for proteome-metabolome coordination,
how is hierarchical carbon usage implemented?

Effective usage of mixed carbon sources
desirable in numerous industrial applications
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= Can we manipulate the order of carbon hierarchy?




Hierarchical vs simultaneous carbon usage

Q4: If cAMP-Crp is for proteome-metabolome coordination,
how is hierarchical carbon usage implemented?

growth

rate (1/h) oaa | succ | pyr | glyc | glucose

lone |0-79 £[0.46 £/0.61 £/0.63 £ | 0.85 £
alone | 01 | 0.01 | 0.02 | 0.01 | 0.00

mannose 0.42 | 0.87 | 0.64 | 0.70 (0.65 £| 0.84 =
+ 0.00(£ 0.01|+ 0.00|+ 0.02] 0.01 0.00

xylose 0.61 (0.88 =| 0.71 |0.80 £(0.64 £ | 0.84 =
+ 0.00[ 0.01 |+ 0.01] 0.01 | 0.01 0.01

glycerol 0.63 £|0.93 £|0.72 £(0.85 £| 0.84 =
0.01 | 0.00 [ 0.01 | 0.03 0.00

0.67 £(0.90 +|0.77 +=|0.85 £(0.70 £ | 0.84 =
0.00 [ 0.00 [ 0.00 | 0.00 | 0.00 0.01

0.85 +(0.94 +/0.86 +=(0.82 £(0.84 =
0.00 | 0.00 | 0.01 | 0.01 | 0.00

A12 > max{ly, 15} CJ ﬂ:> A12 = max{dy, 15}

simultaneous utilization hierarchical utilization

maltose

glucose

Hierarchical vs simultaneous carbon usage

Q4: If cAMP-Crp is for proteome-metabolome coordination,

how is hierarchical carbon usage implemented?

glucose
maltose Xylose

growth ; | |
rate (1/h) oaa | succ | py glyc | glucose
lone |0:79 £[0.-46 £]0.61 +[0.63 +| 0.85 +
aloné | 401 | 0.01 | 0.02 | 0.01 | 0.00
mannose | 042 | 087 | 0.64 | 0.70 [0.65 [ 084 % | o

+ 0.00[£ 0.01|+ 0.00|+ 0.02| 0.01 0.00
0.61 (0.88 | 0.71 |0.80 £(0.64 £ | 0.84 =

xylose | g 00| 0.01 |+ 0.01] 0.01 | 0.01 | 0.01 s pyr
veorol 1063 £[0.93 £[o.72 +Jo.ss [ 084+
gy 0.01 | 0.00 | 0.01 | 0.03 0.00

aliose 1067 £[0.90 £]0.77 +0.85 +[0.70 £ [ 0.84 +
0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | succ

0.85 +(0.94 +/0.86 +(0.82 £(0.84 £
0.00 [ 0.00 | 0.01 | 0.01 | 0.00

A12 > max{Ay, 15} d ﬂ:> A12 ~ max{dy, 15}

simultaneous utilization hierarchical utilization
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Simultaneous utilization of two C-sources in steady state
Consider two substrates C1, C2, with single-substrate growth rate 1,, 1,
Jer =kc1 - Mey total protein synthesis flux on two substrates:
\501 Ao M =Jcy - Yor + ez Yoo Y¢; yield of Ci
influx of C1 =Ve1Mer + Ve M, vei = keiYei
influx of C2 Ao CAMP-CID = 215 = Verder + Vez dez
/E other constraints: 4,5, =Yg, 412 =V P,
c2
+ + — fHmax
Je2 = kez - Mc Prt st bc =9
A P = ¢c = ¢ - (1 —2A12/4¢)
b bc = Pco + bc1 + b2
pmax generic (non flux-carrying) C-proteins
a
e no further known constraints to fix ¢ .1, ¢
a, oy => optimization: ¢;, = 0 ifve, < veq
A2 = hierarchical utilization: 1 = max{1;,1,}
Ao i Alternative: common reqgulation (cAMP-Crp)
PIHE = ¢MIX _ o -- induced by C1: $c1 = ay - Pc
Ac = ¢ - voval/ (o + va) --induced by C2: ¢, = a, - ¢¢
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Simultaneous utilization of two C-sources in steady state
Consider two substrates C1, C2, with single-substrate growth rate 1,, 1,

Jer = k1= My = iz = Veaber + Ve de
Ecq = =7 - (1 —14,/4
influx ofo e = oc ( 12/4c)
' GAMP-Crp AI’Fernative: common regulation (CAMP-Crp)
influx of C2 --induced by C1: ¢y = a; - ¢,
/ECZ - IndUCGd by CZ: d)cz = 0(2 . ¢C
=key M . . :
Jez Czd) ez Empirical data: flux-carrying catabolic enzymes
max/\ ¢ comprise a small portion of the C-sector
Cc
2 [Mori et al, MSB (2021)]
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Simultaneous utilization of two C-sources in steady state
Consider two substrates C1, C2, with single-substrate growth rate 1,, 1,
Jer =kc1 - Meq

Eci
influx of C1

)'12

influx of C2
/Ecz

Je2 = kcz - M,

= iz = VerPer + Ve Pez

2 ¢ = ¢& - (1= A12/A¢)

cAMP-crp Alternative: common regulation (cAMP-Crp)

--induced by C1: ¢y = a; - ¢,
- induced by 02: d)cz = az . ¢C

= Az = (Vo1 + Ve a) 7 (1 — 412 /A¢)
relate parameters to 1,, 1, :
C1alone: A, = vt = verar ™ (1 — A1 /A¢
C2alone: 1, = vea ey = Ve a0 (1 — 42/ A¢
/112 )'1 AZ
= =S +
1=2iz/Ae 1=N/c 1-2/Ac

Al + Az - lelZ/AC
1 - /‘{122/2%—

growth-rate “addition” formula!
[Hermsen et al, MSB (2015)]
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Simultaneous utilization of two C-sources in steady state
Consider two substrates C1, C2, with single-substrate growth rate 1,, 1,
Jer =kc1 - Mcy

_ Eci
influx of C1

2'12

influx of C2
ﬂfcz

Jez = kez - M,

ACZ

c C1 alone
C1&C2
@ pg
apcr™”
A
A

¢ = ¢ — dro
“Yova/(Yo + va)

cAMP-crp Alternative: common regulation (cAMP-Crp)

= A2 = Ve1Per + Ve Pez

= $c = ¢ - (1= Ai2/Ac)

- IndUCGd by C1: ¢C1 =Qag ¢C

- IndUCGd by CZI (1)(:2 =Qa; - ¢C

= /112 _ /11 + 2.2 - 22‘1/’1‘22/2’6'
1 - AIAZ/AC

> max{1,, 4,}

growth-rate “addition” formula!

ot Ak KA
271 (e Aord, =A; speed limit

= key assumption:
cAMP-Crp responds to total C-flux (« 1),
with ¢ .1, ¢, remain on its respective C-line
when grown alone or with both C1+C2




Simultaneous utilization of two C-sources in steady state
Consider two substrates C1, C2, with single-substrate growth rate 1,, 1,
Je1 =ke1 - Mey

Eci
influx of C1

A1 cAMP-Crp

influx of C2
ﬂfcz

Je2 = kcz - M,

A bc 25 - = 7
¢Enax C1 alone 5 cai g 15 PdctA O
-line 91
PglpF @
ME 20 ‘/O ?2 i glp
o ~
max C1&C2 S 15k > 1.0
a1 d¢ > S ]
O Z 10k 3
max © ® 059
a, ey @ ) N
A, N 5| O single substrate 8 o
2 g O two substrates = 0.0- S, o 4
> 0 P R T | "C'o/. yoe %
A 04 06 08 10 ’79@ "o,
growth rate (1/h) £

PEY = (bmax bro Ir E. coli grown on Y
Ac = O - yova/(yo + va) E. coli with 1mM IPTG glycerol/succinate
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Simultaneous utilization of two C-sources in steady state
Consider two substrates C1, C2, with single-substrate growth rate 1,, 1,

— 11 .
]m = kc1 'MCl s e C2: oaa
= 10 # m C2: pyr
s .
. c1 ﬁ 0.9 2 a C2:succ
influx of C1 - T
S0.8 Ay = A
o
CAMP-Crp 8 R
. = L
influx of C2 S07 e A+ Ay — 20145/ A¢
S 06 s iz = Z
ECZ g ,/ 1- /11/12/)‘(?
_ 0.5 “
]CZ - kcz MCZ 03 04 05 06 0.7 08 09 10
pyruvate GR on carbon 1 alone (1/h)
_uptake =) 1 Pacta =
g %10 succinate S 1.5 PglpF &I
bl
D‘80 glycerol 8 ~uptake xylose = i
2 10 _uptake o] uptake = 1.0+
= = 5 g E
3 £ 3
s Y ® 0.5
s 5 = 007 B o 4
0, Sy, * 4, * Z 4z 0,
< 9@0 e, @» “, (/CC‘/‘ 2 Vo, S, OC») G, %
% o, g, ‘/b% Yo % o, P % Y oy,
Oy, 7, o) 4 Yo i (o)
72 v "y E. coli grown on %

glycerol/succinate
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Simultaneous utilization of two C-sources in steady state
Consider two substrates C1, C2, with single-substrate growth rate 1,, 1,

3 £ ‘ | @ C2:0aa
X 210 7\*;ﬂ = C2:pyr
S1° > 127 | a C2:succ
3 % 0.9 = %1 |
/
fJE ¥ E 0.8 =l /1‘12 A
N9 = ; ] =
flﬁg ] e : 0. /,’ /11 + /12 211}'2/;{(;
3 2 06 7 Az = >
k. & - T/
1 2 5 10 0.5
A/(Ae—Aiz) 03 04 05 06 07 08 09 10
pyruvate GR on carbon 1 alone (1/h)
_uptake 5 1 oo
g® = 107 succinate S 154 |p fFE'
\‘89 glycerol 3 uptake 2 1 [Pk
8 _uptake o Y =
Q1 (o] uptake = 1.0
E z 5]
£ = 2
e ® ° S 05
o 5o 3 0od H— Elg/_ L
° - Yo, < 77 o,
7 “ Vose e, (@ %
/z%% Oe’o %/ %”az 0%9?/ S eozo% %‘9/@ K Y, ’
Y, O/;/ e e % 9’@ . y
v g E. coli grown on oy F
glycerol/succinate
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Hierarchical vs simultaneous carbon usage

Q4: If cAMP-Crp is for proteome-metabolome coordination,
how is hierarchical carbon usage implemented?

4 )

re?t:eO\(A;%) oaa | succ | pyr glyc | glucose
0.79 +]0.46 +]0.61 +]0.63 =] 0.85 +
alone | "4 51| 0.01 | 0.02 | 0.01 | 0.00
mannose | 042 | 087 | 0.64 [ 0.70 l0.65 £[ 0.84 +
+ 0.00|+ 0.01|+ 0.00|+ 0.02| 0.01 | 0.00
xylose | 0:61 [0-88 +[ 0.71 [0.80 £]0.64 £ 0.84 +
+ 0.00| 0.01 |+ 0.01] 0.01 | 0.01 | 0.01
woerol 063 £[0.93 £l0.72 £o.85 £[ | 084+
aly 0.01 | 0.00 | 0.01 | 0.03 0.00
maltose 0:67 £[0.90 £[0.77 £[0.85 +]0.70 +| 0.84 +
0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01
glucose |85 +[0.94 +[0.86 £[0.82 £[0.84 |
0.00 | 0.00 | 0.01 | 0.01 | 0.00

A12 > max{Ay, 15} d

simultaneous utilization

ﬂ:> A1z ~ max{dy, 15}

hierarchical utilization

glucose

maltose Xxylose
glycerol j
oaa pyr
succ
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Hierarchical usage of glycolytic substrates

glucose-glycerol diauxie

Time [h]

[Okano et al, Nat. Microb. (2019)]

Q4: If cAMP-Crp is for proteome-metabolome coordination,
what is responsible for hierarchical carbon usage?

steady-state growth on glucose

by titrating glucose transporter PtsG

| meesesete vge. @ 10g 10 | vl o
1 "o glycerol o | 0 8_ 09 glucose + glycero S
I:| [ ] " _>' ()
] o R * 0 60 = 08 o dlucose only
§ glucose a ° . 8 E 0 |8 o 8 S ..,
8 | o M| 0'45 G os glycerol only
o - 0.2§ o
O o K] 05
[ ] -
011 — Booo 00§ 04
-15-10-050.0 0.5 1.0 1.5 2.0 * 1 10 10 100

3MBA [uM] (PtsG expression)

=>» takes the faster of the two growth rates
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Hierarchical usage of glycolytic substrates

20 mM glucose / 10 mM maltose

100

[Okano et al, Nat. Microb. (2019)]

steady-state growth on glucose using titratable PisG

20 mM glucose / 24 mM xylose
100

8 8
= = °
£ 080 £ 080 o
= |8 $ 8 2 8% =8 $ 88 s,
o060 | o % 060 o
040 040
1 10 100 1000 1 10 100 1000
3MBA [uM] 3MBA [uM]

10 mM lactose / 10 mM maltose

100

steady-state growth on lactose using titratable LacY

10 mM lactose / 24 mM xylose
100

® ®

£080 ° £080 8 ®
= 8 e o § e © = 8 e o ©
% 060 ° % 060 °

(¢] (¢]
040 040

1 10 100 1000 1 10 100 1000

3MBA [uM] 3MBA [uM]

=>» takes the faster of the two growth rates
=>» not specific to PTS transport (lac uptake: proton symport)

17



Hierarchical usage of glycolytic substrates
[Okano et al, Nat. Microb. (2019)]
steady-state growth on lactose using titratable LacY

10 mM lactose / 40 mM glycerol 10 mM lactose / 20 mM fructose
100 100
° °
<080 8 <080 ®
= o [ ] H g e o = s 8 :
[ )
% 060 o % 060 e o
o
040 040
1 10 100 1000 1 10 100 1000
3MBA [uM] 3MBA [uM]

steady-state growth on glycerol using titratable GIpFK
40 mM glycerol / 20 mM mannose

080 =>» hierarchical usage of glycolytic
_.060 e © substrates is independent of
=
=040 1 ] o o the nature of the substrate
o
© 020 °

000

1 10 100 1000
3MBA [uM]

=>» takes the faster of the two growth rates
=>» not specific to PTS transport (lac uptake: proton symport)
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Growth rate on both substrates (h™")

Hierarchical usage of glycolytic substrates
[Okano et al, Nat. Microb. (2019)]

1.1+ : y=x - .

Glycerol only —, >
1.0 4 Gluconate ’. GepP

. Lactose
o 4

— ; Oxaloacetate S Glucose

Pyruvate @ Fumarate _+* “Arabinose

Malate @ % Succinatq..
0.8 - ] .* Mannitol
Galactose Melibiose .**
Mannose @ FTUCIOSSANIEINNS => hierarchical usage of glycolytic
PR S RE———— FuCOge ™+ substrates is independent of
'@ Xylose A the nature of the substrate
Sorbitol i :
Glycerol only
0.6 T l‘ T- T T T 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Growth rate on second substrate (h™")
=>» takes the faster of the two growth rates
=>» not specific to PTS transport (lac uptake: proton symport)
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Hierarchical usage of glycolytic substrates
[Okano et al, Nat. Microb. (2019)]
steady-state growth on lactose using titratable LacY
10 mM lactose / 40 mM glycerol
100m c mM glyc actose f uLNaCYZ total carbon flux
_ lactose + glycerol s ) (3VIBA controlled) q
Ezjz ¢ 3 $ gegc:zroI.onIy glycerol flux GIoEK
e o lactose only P
040
1 10 100 1000
3MBA [uM]
£ 40 E
3 lactose flux c
8 30 8 8
) ngycerol,O Q S
% 20 ¢ S
= [ Y H
2 10 ° a;. i glycerol flux
5 % '
g O x
° 10 100 1000 =
3MBA [uM] S lactose flux
el
i ©
=> use all available lactose S glycerol flux
=> glycerol uptake regulated by A > 3MBA
20
Hierarchical usage of glycolytic substrates
[Okano et al, Nat. Microb. (2019)]
steady-state growth on lactose using titratable LacY
10 mM lactose / 40 mM gl |
1oom acose mi glyeero lactose ﬂwz total carbon flux
oss lactose + glycerol s ° (3VIBA controlled) q
5050 ¢ b $ gegc.erol.onIy glycerol flu GIoEK
© o lactose only P
040
1 10 100 1000
3MBA [uM] —
= 40 ‘ ]lachac + ]glyc (A) Yglyc =AM
S o
% %0 lactose flux ngyc Jiae =0
Q ngycerolO OCB ° 7
é 20 e . /.]lac <J
= e o o E ngyc,O L7 R R
f 10 o QQ. glycerol flux ¢ Juc=]= AM /Y144
g o ‘ (]glyc =0)
[ | A L
° 10 100 1000 t 3
3MBA [uM] Aglyc L A = Aglye
=>» use all available lactose =>» tight crossover from
= glycerol uptake regulated by A sharp rise in Jgy(4)
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Hierarchical usage of glycolytic substrates
[Okano et al, Nat. Microb. (2019)]

Mechanism of sharp GR-dependence

slow growth fast growth lactose ﬂu'-NaCYZ total carbon flux
[— Crp(A)j Crp(/l)j (3MBA controlled) q
glycerol flux
GIpK Sied,, GIpK Siod,, GlpFK
g 37 Q¢ Increasing [MBA] 2 10y Increasing [3MBA] ]lachac + ]glyc (A) Yglyc = M
=1 > x 9+ < ——
% 24 v é 7 ve vo ngyc Jiac =0
g ?; & P vow 7
E By 3 i ] . ]lac <J
§ " [BMBA] = 1:0 M \ E g: - [3MBA] = 100 MJg]stO
:'% 5 7 v e L7 e /]lac—] AM/Ylac
“\ao-—“—!—l—.‘nﬁh%O ——Ea 2" Ugyc =0)
S 05 06 07 08 09 1 05 06 07 08 09 | \ &,
Growth rate (h™") Growth rate (h™") Aglyc t A2 Agyc
B Pu-ptsG on glucose + glycerol
-ptsG o
b i => tight crossover from
< Pu-ptsG AglpR I 3 R
 Pipt SR giZ2 o gucose sharp rise in Jyy(1)
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Hierarchical usage of glycolytic substrates
[Okano et al, Nat. Microb. (2019)]
Mechanism of sharp GR-dependence but why hold back?
10 mM lactose / 40 mM glycerol
slow growth fast growth 100 °
Crp(1) Crp(1) E 080 8
= ° o .88 o o
& 060 o
GIpK Sied,, GIpK Sie,, o
] =) H— 040
2 > 1 10 100 1000
. _ 3MBA [uM]
g 37 é} Increasing [3MBA] g 10y Increasing [3MBA] 2130 | AgIpR glpK22 v
= \ = e : glpR* glpk* @
S § 81 vev =)
2 o o 7} . 20
- fo1 v 3 .
& -Q %. ia vVow o 0.97
e, 323 & g 10
‘Il [3MBA] = 100 7M v _IQ_ ? - EABA] =100 uyM g‘
X . o
u§_ O“J“_Ho’—y g- 0 T ‘1- 2@, 0
S 0506 07 0809 1> 05 06 07 08 09 0 10 20 30
Growth rate (h™') Growth rate (h™") glucose uptake (C)
B Pu-ptsG on glucose + glycerol .
W Pu-piei on ghucoes =>» supplement-as-needed strategy with ultra-
@ Pu-ptsG on glycerol . )
S hona o & dies sensitive GR dependence via g3p-GIpR

¥V Pu-ptsG AglpR glpK22 on glucose

23
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Growth tranSition kinetics [Erickson, Schink, et al, Nature (2017)]

Nutrient upshift

08 [ r I I = T T T
o succinate £ g | succinate | —
8 o4 4 < :
a QD 06 |- 1 -
Q o2 4 ®©
e ‘ c 04 ! —
& o1l ! succinate { E ., » succinate |
s . gluconate (S + gluconate

0.05 ' ' L ST I | !

-2 -1 0 1 2 -2 -1 0 1 2
time (hr) time (hr)

Nutrient downshift (diauxic growth)

©
~

I glucose +
succinate

Mass (OD600)

1 g0.2 ~glucose + ) 7

) S 0 sugcinate | | |

0 2 4 6 0 2 4 6
time (hr) time (hr)

o

.025
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Growth tranSition kinetiCS [Erickson, Schink, et al, Nature (2017)]

Coarse-grained kinetic theory of growth involving only
-- single ordinary differential equation
-- values of the initial and final growth rates (to define C quality)
-- steady-state growth laws

=>» describes gene expression and growth curve
throughout the course of the transition

=>» no need for kinetic parameters; no fitting parameter

=> works both for nutrient upshifts and downshifts

=>» same theory describes growth inhibition by antibiotics

25
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n(t) Je=vem) M, {mi(®)}

Jp = - Mpg
000
oma ) o8ed )
nutrient influx ~ metabolites protein
(inaa unit) (ka, aa, ATP,...) synthesis

Kinetics of protein synthesis:

Growth tranSition kinetics [Erickson, Schink, et al, Nature (2017)]

dr = Mp(t)/M(t)

- regulation of ribosome synthesis: (1) = 7x(/ (1))

At) = d%lnM e = Mc(O)/M(t)
';TM =Jp= Mg =v:M, — (1) = “pr(t) = v - Pc(t)
1
{%MR = Xg(t) Jp w—b %d’R =21 - (xr(@®) — ¢ (1)) o5 )
M = xc(0) Jp wmb | Lo = 28 - (e (®) = pc@®) ., | .
+ coupled nonlinear ODEs for ¢, (t)and ¢ (t) 02 | xR
* requires regulatory functions y (t)and y.(t) S 0a 04 o6 s

Mo

- same form as in steady state: 7z () = () = Pro/(A = 1 /¥0)

> repeat for regulation of catabolic enzymes: x¢(t) = #c(v (1)) = ¢c (1)
26
Growth tranSition kinetiCS [Erickson, Schink, et al, Nature (2017)]
“Equation of motion” for =vehc(t)/Pr(t)
: vete() = 7 (026 ()]
—_ — -y —_
dt cXc XR

=> exact solution; completely determined by 4,, 4,
Kinetics of protein synthesis:

+ coupled nonlinear ODEs for ¢, (t)and ¢ (t) 0.2

=» from soln for , solve for ¢ (1), P (t), A(t), M(t)

$r = Mp(t)/M(t)

At) = %lnM e = Mc()/M(t)
oM =p= Mp =veMy — —— () = ~pr(t) = v - Pe(t)
{%MR = xr () Jp b | e = A0 (22 ()= #=®) 00 [ 220
M = xc() Jp b e = 20) - (7c(D = pe®) oy | .
AR

* requires regulatory functions y;(t)and y.(t) 0 0
- regulation of ribosome synthesis: () = 7x(/ (1))

> repeat for regulation of catabolic enzymes: x¢(t) = fc(

02 04 06 08 1
Mo

- same form as in steady state: ¥z (/) = ¢ () = Pr o/ = 1 /¥0)

) =¢c())

27

12



Growth transition kinetics
“Equation of motion” for

Vede(t)/Pr(t)

nutrient upshift

0.64

v RNA !
o ODgyg 4
o032} 4 lLacZ
3 )
& Succinate , 42
Q o016} '
[}
g 1
= 0.08 ! i
. Succinate
' Gluconate
\ 0.5
0.04 1 1 1 " 1
-2 1 0 1 2 3
Time (h)

rel. PlacZ activity
rel. RNA content

d . .
=¥ =7 WeRe®) = ¥ (O£ ()]
=>» from soln for

, solve for ¢ (t), ¢ (1), A(t), M(¢)
=> exact solution; completely determined by 4, A,

nutrient downshift

2.56
bz N
n ° 600 R
1.28 '\ ¢ RNA ~q8
. =2c
=) n ' L )
8 9641 suce. 4 ZE
3 Glucose : NgS
< 0.32F N 4o S«
: i
< R
S 016 = I is
' Succinate
oosf ¢ Jos
004 1 i 1 1 1 1
2 -1 0 1 2 3 4 5

Time (h)

[Erickson, Schink, et al, Nature (2017)]

28

Time (h)

Growth transition kinetics
proteome-wide response to nutrient up-shift

[Erickson, Schink,

et al, Nature (2017)]

0.64
v RNA !
:
} } ¥ - 082 & H8¢4 2
1S3 , Z8
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upshift kinetics:

* rapid increase in ribosome synthesis

* rapid reduction of C-protein synthesis

» slow recovery of growth rate due to
slow dilution of pre-existing C-proteins
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Growth transition kinetics
proteome-wide response to nutrient down-shift

v v v

75
— 1
58 '
c 050 |- !
Se
T 9 1
82, L
Lg% :
—8—sEEaa—aaa—8—]
0 1 1 1 1 Ll
dE 01234 ok
Py o C
S%  Time(m) =2

downshift kinetics:
* rapid increase in C-protein synthesis
* rapid reduction of ribosome synthesis

[Erickson, Schink, et al, Nature (2017)]
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[Erickson, Schink, et al, Nature (2017)]
Kinetics of individual metabolic sectors mostly follow the predicted form
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more upshifts [Erickson, Schink, et al, Nature (2017)]
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more downshifts [Erickson, Schink, et al, Nature (2017)]
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[Erickson, Schink, et al, Nature (2017)]

Glucose-lactose diauxic shift (Monod, 1947)
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hierarchically utilized carbon sources; uses one fitting parameter
to describe the release of inhibition of lactose uptake by glucose.
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Growth inhibition by antibiotics [Wuetal Ph.D. thesis (2022)]
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Effect of translation-inhibiting drugs: inactivate ribosomes
PRt = pr/(1 + [drugl/Ky) [Dai et al, Nat Microb. (2017)]
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Growth inhibition by antibiotics [Wuetal, Ph.D. thesis (2022)]
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Effect of translation-inhibiting drugs: inactivate ribosomes

£ = ¢r/(1 + [drugl/Ky) [Dai et al, Nat Microb. (2017)]
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Summary

 quantitatively predictive behaviors despite molecular complexity
« catabolite repression: not just about carbon [You et al, Nature (2013)]
— why: proteome/metabolome coordination
— who/how: direct inhibition of cAMP synthesis by alpha ketoacids
* simultaneous carbon usage [Hermsen et al, Mol Syst Biol (2015])]
— increase in growth possible but cannot exceed “speed limit”
— GR addition formula via common cAMP regulation (C-line)
* hierarchical carbon usage [Okano et al, Nature Microb. (2019)]
— strategy: supplement-as-needed
— mechanism: total flux sensing (cCAMP) + diff regulation of uptake enzymes
— physiological function unknown (not about optimizing resource)
« growth transition kinetics [Erickson, Schink et al, Nature (2017)]
— strategy: flux-based regulation (translation activity via ppGpp)
— form of regulatory function determined from steady state growth laws
— single ODE completely captures transition kinetics; no fitting parameters
— quantitative link to CCR still to be worked out
=» combination of molecular vs physiological approaches
quantitative predictions & molecular mechanisms
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physiological ‘ physiological
input output

genotype-

phenotype

v relation
molecular gene regulatory
signals [ N'complex responses

molecular
network

Tenet of classical molecular biology:
molecular knowledge =» biological function

Problem with the bottom-up approach:
quantitative, predictive understanding of the system
requires many inaccessible in vivo parameters

40

physiological ‘ physiological
input output

genotype-

phenotype

v relation
molecular gene regulatory
signals  [N'complex responses

molecular
network

Top-down approach:

tame complexity by quantitative phenomenology (‘laws’)
= simple relations between physiological inputs/outputs

=>» quantitative predictions on physiological responses

=>» useful guide for synthetic biology
=>» insight on the “purpose” of regulatory mechanisms
=>» guide for regulatory strategies & molecular implementations
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