Transcriptional regulation of
amino acid synthetic operons
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Transcriptional Attenuation

Ribosome stalls
RE‘ED’THI’GUQ‘.I‘T at control codons
Conformation A

leader RN& AUG .

' Structura

Terminator

gannf{f:nan'c;{? Ribosome prevents
anformation N:111 formation
AUG - - | ; = 0 UUUUUTUY

Q = TR(t,m)P(t,n)dt
R(t,m) =§Po(i,mkt)

P(t,n)=q-Po(n-1,nqt)
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Mechanistic sensitivity of attenuation:
yperbolic control

The sensitivity, a,,, of the regulation
response, r, to the rate, k, of control codon
reading, when

m=1,
n=1

Q :]OR(t)-P(t)dt =Te‘k‘qe‘qtdt = =r(k)

1+k/q_
_dlogr kg

ehrenberg@xray.bmc.uu.se



Mechanistic sensitivity:exponential
control

m =1, step rate for translation mk=k, average time
to finish stoch. proc. 1/k

n>>1, step rate for transcription ng, average time
to finish stoch. proc. 1/q

In the limitn — o

Q= j e 5(t-1/q)dt =e™? =r(k)
0

_dlogr

a, = =—k/q=In(r
rk dlogk q ()

} ehrenberg@xray.bmc.uu.se



m >>1, step rate mk
n>>1, step rate nk
In the limit m,k — o

Mechanistic sensitivity: Boolean control

r(k) =1 when k<qg, r(k) =0 when k>g
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System sensitivity of attenuation

Synthesis and consumption of limiting amino
acid are equal

fIR]

1-f f
_I_
k. K

ke [E]= f [R]v=

ke [E]
- f[R]ke

Rate, k, of reading rare codon (f<<1) is hypersensitive (|a,,|>>1) to amir

limitation just below (s<1) balance point (s=1) of supply and demand:
9% oeklogk 1

>\ _I:_-;g S 1-s+fs
US> a,>>1whens=~1
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Overall sensitivity of attenuation may
be numerically very large

The overall sensitivity of attenution is the
mechanistic sensitivity a, multiplied by the
system sensitivity a,

_dlogr _dlogr dlogk _
dlogs dlogk dlogs

rs ark ) aks
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Codon usage Iin attenuation leaders is
highly biased. Why?

Ribosome stalls
RE‘ED'Thrﬂugh at control codons

Conformation

. Structura

leader RNE AUG -
Terminator
. Termination ;
; Ribosome prevents
Conformation 1111 formation
AUG = - 3 — m UUUUTTUL

Q :TR(t,m)P(t,n)dt | &
\ R(t,m) =§Po(i,kt)

.7 i=0
P(t,n)=q-Po(n —1,qt)
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The genetic code

et b I T UL % T Wl Wril o

U s A G tRNA Codonrecognition
Phe Ser Tyr Cys isoacceptor (5'-3")

Phe Ser Tyr Cys

Leu Ser Stop Stop

Leu Ser Stop Trp tza; ng CcUuU
Leu Pro His Arg Leu3 CUA CUG
Leu Pro His Arg Leud UuG

LEn Pre i e I euz THIA 10
Leu Pro Gln Arg o -

lle Thr Asn Ser
lle Thr Asn Ser
le Thr Lys Arg
Met Thr Lys Arg

Val Ala Asp Gly
Val Ala Asp Gly
Val Ala Glu Gly

charged-tRNA

2
N

uncharged-tRNA

Third base in codon

Ribosome

FOC |GXFNC|NC| 0200
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Codon usage in attenuation leaders

Very highly favored codons in attenuation
leaders:

Leu (CUA), Thr (ACC), Val (GUC), lle (AUU,
AUC).
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Theory: Selective Charging of tRNA
Isoacceptors

mMRNA mRNA

charged-tRNA aa charged-tRNA

uncharged-tRNA

@ aminoacid X
\ tRNA4 for amino acid X
tRNA; for amino acid X

. codon read by tRNA
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Two isoacceptors — one codon each

(1—a)a_fA (4 4 f_A f_B
(1—ﬂ)b_f5©a_(1 . ﬂ)a/bj

If f—A<f—B and,8—>0:>a:(1—f’*/f5j
a b a/ b
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Flow coupling relations

The two types of tRNAs are either in amino acid lacking form, i.e. tRNA, or tRNA,
or in aminoacylated form, i.e. T, Or T,;

Define [tRNA,|+[T;,]=a  and  [(RNA]|+[T,]=b
tRNA, |=(1-a)-a tRNA; | =(1-5)-b
:TsA]:a'a :Tss::ﬂ'b

Flow relations: }Ai[ ] E](l—a)a: fA[R-VR
5 =

[
[AAJ[E]@-p)b= fo[R]ve

jo_al-a)_f, _ (1-a) f,/a
s bA-p) f, ~(@-p) fglb

AA
AA

So that

Furthermore | = J,+ Jg =[R]VR = [R]/T where T zi{ fA(l+&j+ fy [1+

Km
max b.ﬂ
b/ f,

When | >0 then 7—>o and >0, a—>1-
| alf,
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Experimental data

For E. coli, total concentrations of all tRNAs
and translation frequencies of all codons
have been estimated.

From this information the aminoacylated
fraction of each member in any family of
iIsoacceptors can be estimated for any
degree of amino acid limitation
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Predictions for the leucine family

-"ll“lulll: T Iﬂu“h‘-hrﬂ"ul#

= ==

= | gy (CUG), 4470
= pu2 (CUC,CUU), 943
= | eu3 (CUA.CUG), 666
— {uuG}. 1913
= gus (LUUAUUG), 1037

0.2 0.4 06 08 1
Saturation of ribosome

LULIVIED DT IDILIVILY LW Lwar vaviuvii

Amino Acid Codon Sensitivity Codon Usac
Leucine uuG 0.59 6.3
UUA 3.0 6.1
CUG 55 60.1
CucC 24.8 6.2
cuu 24.8 57
CUA 26.9 2.2

Codon used in tmR!
Codon used in attenuation leader

Codon usage in leu genes

Genes Codon groups Occurrences Expe:
levABCD insensitive (UUG,UUA) 28 8-2
intermediate (CUG) 87 73

Elf et al. Science 2003
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Explaining codon usage in attenuation
leaders and amino acid synthesis

By selecting the codon for which the rate of
translation is most sensitive to amino acid
deficiency, the codon usage in attenuators
for the Leu (CUA), Thr (ACC), Val (GUC),
lle (AUU, AUC) cases were rationalized.

Frequencies of codons sensitive or
iInsensitive to amino acid limitation are
under or over represented, respectively, In
genes encoding amino acid synthesizing

TR \enzymes.
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Prediction

= |euld CU.A.CUG;.&&&
= | eud (UUG), 191
== LeuS (UUAUUG), 1031

w— Leul (CUG), 4470
= |eu2 (CUC,CUU), 943

0z 04 _ 06 08
Saturation of ribosome

with
Tao Pan & Kimberly Dittmar, Chicago
Michael Soérensen, Copenhagen

Charging

EOIREEEEEEE

L= ]

RN
e

-1
-2
-1
-2
-3
=]
-1
e-2
u-1
u-2
u-3
u-4
u-5

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02 .

L N

leul(CAG) leu2(GAG) leu3(UAG) leu4{CAA) leu5

Selective Charging Test 1:
Direct Charging measurement

Northern hybridization

Isoacceptor

tRNA charging micro array
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Dittmar et al. EMBO reports,2005
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Selective Charging Test 2:
Ribsomal Bypassing at Serine codons

Bypassing Construct: ATG......... TTC [TCC or AGC] ATC TAG C TAATTT ——lacZ
Control Construct: ATG.......... TTC TCC GTC TAC CAGTTC ——lacZ

09 L e uéc (pr\;d.}
——  Ser5 (pred.) — —- AGC (pred) I‘bp
—— - Ser3 (pred) | o uccer) bypassfreq. =
o AGC (exp.)

L+ [aa —tRNA]

. 3 Km
/ 10°
i i K 7ng —lo-1
’___,’ . s ) l‘<Cat :10 M S
————————————— 10*k —_—:-hh-“v\ m
AA-3a-1 /£
_’J r,, =10°s™ (fitted)
i s T 1 L L =5 s L L L s L L L L
0 01 02 03 04 05 06 07 08 09 100 01 02 03 04 05 06 07 08 09

with
Jonathan Gallant, Dale Lindsley, Paul
Bonthuis, Teodora Tofoleanu, Seattle

Lindsey et al. EMBO reports,2005
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Selective Charging Test 3:
Perturbation of tRNA concentration
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New codon reading is predicted,
verified and explained

-

isoacceptor
(copies/cell)
(6000) tRNASS

(750/2750) tRNALS,
(750) tRNASSsAc

(525) tRNAGA

(T50) (RNAS g

codon
(usage %oo)
CUG (60.1
CUC (6.2)
cuU (5.7)
CUA (22)
UUA (6.3)
UUG (6.1)

.

RN

The extended reading pattern is due to a cmosU
modification of the wobble position

Sorensen, EIf, Bouakaz et al. In press
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Summary

1. Prediction of very uneven fractions of aminoacylated
tRNAs in a family of isoacceptors upon limited supply of
their common amino acid.

2. Successful predictions of codon usage among control
codons in leaders of MRNAs for operons controlled by
ribosome dependent attenuation

3. Succesful predictions of codon usage in amino acid
biosynthetic genes

4. Theory confirmed for four isoacceptors families with
Northerns and microarrays

5. Successful prediction of by-passing frequencies for two
tRNASer isoacceptors upon inhibition of SerRS.

6. Prediction and verification of novel codon assignment.
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On method |

Global mathematical modeling of growing bacteria based on
careful biochemistry has also explained

1. The E. coli protein elongation rate and its variation with
growth condition

2. The missense error level in E. coli
The sensitivity of attenuation of transcription, i.e. 1/f effect

4. Bi-stability in growth rate for pathogens exposed to
antibiotics

5. Modes of action of erythromycin and josamycin

6. Resistance against erythromycin and josamycin by
expression of mini genes for cis acting peptides

7. Control of initiation of chromosome replication in E. coli

w

ehrenberg@xray.bmc.uu.se



On Method |l

The above examples high-light the power of
integrating biochemistry and microbiology
through mathematical modeling.

This type of modeling will also create a basis
for population genetics in cell physiology
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Part ll: Bistability and Memory in
Bacterial Responses to Antibiotics



The basic idea

Slow Ab uptake

é “ ‘ Low intracellular concentration
- = Continued rapid growth

Growth = Dilution

Slow Ab uptake

‘ - - - High Intracellular Concentration
= No growth

No growth
(No dilution)
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Bistability

ehrenberg@xray.bmc.uu.se



General model for antibiotic uptake In
growing cells

dt N - g Tf—‘
Jmem I

a intracellular concentration

C permeability

Aoy external ab concentration

A, free ab conc. (depends on a)

growth rate (depends on a)
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Bistability in intracellular antibiotic
concentration

%:C°(aex_afr)_ﬂ°a

dt . )
" J .
‘]mem :
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a.(a) and u(a) for ribosome inhibitors
(simple model)

1. Free intracellular antibiotic is in equilibrium with ribosomes - afr(a)

a intracellular concentration

a; - (rt — (a —a, )) — Kd : (a —a, ) . @, free Ab conc. (depends on a)
K4 dissociation constant
I' total ribosome concentration

2. Free ribosomes translate at full rate > M (a)

uninhibitejc\i ribsomes

N V|, uninhibited protein synthesis rate

Vin (rt - (a —ay )) I, concentration of amino acids in proteins
(@) =
Po
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Bistability in ribsome inhibitor model

b
Jqr(@) S
Ei][] — ‘bq-"""-.. i —
= ‘.‘\1 é.:, "u.$\‘ E?
‘ - S S
E//:{i | é?
||'||||I||:I||u||||ll U -+ L i JI
4 6 g8 10 12 14 0.1
EYIILY.A! ' A A

Steady states for different

=108
Kd 10 M permeability values (c)

v, =20s1
r=10uM
¢=0.0001s"
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The critical cell wall permeability

vV, (r't—Kd)3 V.2

m t

C*= R
21 p, (rth ) 210y K,

1
A fnhdy
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Hysteresis

I |
05 | vl
| o
Aoy (UM)
X \
g
e What about the MIC?
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How long time does it take to reach
steady state?

10

f—
=

[—
—

Growth Rate, u (s71)

& 10
D 0.1 l

A Y
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Preliminary experimental results

Growth Rate (min™")

20 50 100 150 200 400
Erytromycin in media (ug/ml)

Experiment by Liina Kosenkranius, Tartu
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— Arvi Joers, Martin Lovmar (Experiments, Uppsala)

/ ﬂ
\ VETENSKAPSRADET

—

ehrenberg@xray.bmc.uu.se



Non-competitive Inhibitors

E+I+S#ES+I X SE4+P

o] T\Lkl i T\Lkl

El+S —# ES|
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Non- or uncompetitive Inhibitors

E+|+s—<z_>ES+|L>E+P

a T\Lk| a T\Lk|

El+S —<z_> ESI

Noncompetitive

7

If substrate binding
IS In equilibrium. Uncompetitive

WA

NG

v/[s] 1/[8]

Picture from "Structure and Mechanism in Protein Science”, Alan Fersht (1999)
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Non-competitive Inhibitors

154 INPIEITOr -

k
E+l+S—=ES+|—~>E+P concentration:
q

f T\L'ﬂ f T\L'ﬂ 3{

El+S <> Esl s

1/Rate (5)

b
Y‘

0 002 004 006 008 0.1
Rate/Substrate concentration (M- 's1) x 108

* Substrate binding | = - o
out of equilibrium. - conceraton o
* Inhibitor binding

equilbrated.
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Non-competitive inhibition out of
equilibrium

E+l+Se—2ES+|—f sE4+P
q

a T \L i q T \L i
k 002 0b4  0D5 008 01 '
E I + S H ES I Rate/Substrate concentration {(M-1s1) x 108 1/Substrate concentration (M-
20 7
q 181
161

If the binding kinetics is

: : 'l
like for erythromycin... .
0
i '| Inhibitor
ny 1 o concentration:| 1004
I3
2 80-
0
151 260
e
=
AL 401
54 20-
0 0
0 L3

1
1
3
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Inhibition of protein Synthesis
50S + 1 —mt 3R+ ] — >R —a
o] T\Lkl of T\Lkl

With an inhibitor that -
has binding kinetics
like erythromycin

% .54
(%
o 0

1010 108 106 104
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In the test tube

a T\Lkl q T\Lkl

Constant binding
constant, but
different rate
constants

).54

50S + 1 —m 5 R+ ] —»R —

Inhibition of Protein Synthesis

10¢

104

102

100
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Dilution due to
growth of the
bacteria

A Kinetic Window for Inhibition of
Protein Synthesis in the Living Cell
50S + | —m s R4 | 3R —fuy

@ Lk @ Lk

505 .| —fm 3y R.|

0.
of T T~
0%,
0°,
: Erythromycin Wild-Type
)10 . L 22* :
106 104] 1022 100

Josamycin
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Dichotomous codon reading
during amino acid starvation



Peptide chain elongation on ribosomes

T Temary complex

Vimlc. nly ?} £ie=p

- 10

1sfocation
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he large ribosomal subunit viewed
from the the small subunit interface

- b
l ' -

Picture from Nissen et al. Science (2000) 289, 920-930
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he large ribosomal subunit cleaved
along the nascent peptide exit tunnel

Picture from Nissen et al. Science (2000) 289, 920-930
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Macrolides block the peptide exit tunnel

JOSAMY CIN

bl yCaminoss

hﬂycamse
g lsobutyrats

CARBOMYCIN A

D
embered
one nng Jd

Mycamm@se

w'rg.fcarcuse
I scbubyrate

DH v"“”*r’
5]

14-rme mibered
lactone ring

Tunm__el
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Rate constants for erythromycin and
josamycin interactions with the ribosome

020 E

__ois 34
:-.-vl:l 12

£ 251
& oo _
24

ll.‘j
=151
1 =1
0.54

-------------- 2 0

0 10 20 30 40 5 6 70 8 0 002 0.04 0,06
. Erythromycin/Josamycin

Josamycin Erythromycin

k, (WM-1s1) 0.0325 + 0.0007 1.00 = 0.04
ky (s) 0.18:10+0.02:103  10.8:103+0.7-103
Kp (nM) 55+0.5 10.8 £0.3
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Inhibition of protein synthesis by
erythromycin and josamycin

00— &

80

50

40-

® Erythromycin

30 A Josamycin

04 A
0.0001 0001 001 01 1 10 1

Josamycin Erythromycin
k, (WM-1s1) 0.0325 + 0.0007 1.00 = 0.04

kq (s7) 0.18:103 +£ 0.02-10°3 10.8-103 + 0.7-10°3
Kp (nM) 5.5+0.5 10.8+ 0.3
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Systems Biology of Antibiotic
Action and Resistance

Part Il Cis-acting pentapeptides
conferring erythromycin resistance



Erythromycin chased by josamycin
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Erythromycin dissociates with a probability close to
1 when the resistance peptide is expressed.

Lovmar, M. et al. (2006), J Biol Chem 286, 6742-6750
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Resistance peptide expression increases the
erythromycin dissociation rate constant

Translated Erythromycin dissociation rate
Peptide constant (s™)
Init. complex 0.011 £0.001
MR 0.017 £0.005
MRL 0.025 +£0.004
MRLF 0.051 £0.004
é MRLFV 0.068 +0.006
MRLFVA 0.014 +0.001
MRLFVAN 0.014 +0.001
MN 0.011 £0.001
MNA 0.015 £0.001
MNAI 0.016 +£0.001
MNAIK 0.017 £0.001
MNAIK 0.015 +£0.001

Lovmar, M. et al. (2006), J Biol Chem 286, 6742-6750
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\\ 2Measured by nitro-cellulose filter binding

\\ ®Measured by formic acid precipitation
\ “Could not be determined because fMRLFV-Puromycin bind to NC-filters

Translated | Releasing _Eryth_rornycm Peptlfle diss- PeptldyITtRNA
Peptide agent dissociation rate ociation rate hydrolysis rate
constant (s)? constant (s)? constant (s)b
MRLFV RF1 0.14 £0.02 0.073 +0.007
MRLFV RF1 No Erythramycin 0224002
<: MRLFV RF2 0.13 £0.01 0.074 +0.01 0.10 +0.01 ~
LFV RF2 No Erythromycin 0.25 +0.01 0.26 +0.0
MRLFV | Puromycin 0.067 £0.009 Not determined¢ 0.23 £0.02
MRLFV | Puromycin No Erythromycin Not determined® 0.31 £0.03
MRLFVA RF2 0.014 £0.001 0.015 £0.002 0.015 £0.001
MRLFVA RF2 No Erythromycin 0.29 £0.03 0.32 +0.03
MRLFVAN RF2 0.014 £0.001 0.006 £0.0004 0.004 £0.0004
MRLFVAN RF2 No Erythromycin 0.27 £0.03 0.44 +0.03
MNAIK RF2 0.015 £0.001 0.26 +0.03 0.28 +0.02
E——C |
MNAIK RF2 No Erythromycin 0.25 £0.02 0.27 £0.02

Lovmar, M. et al. (2006), J Biol Chem 286, 6742-6750
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Erythromycin and peptide dissociation rate
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A molecular model for the mechanism of
peptide mediated resistance supported by
structural simulations
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Lovmar, M. et al. (2006), J Biol Chem 286, 6742-6750
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Systems Biology of Antibiotic
Action and Resistance

Part Ill: Modeling erythromycin action
and resistance peptide action validated in
VIVO



— T RMA
Celiular mRMNA

< Erythromycin
@ Protein production

O Resistance paplda
producticn

@ Feptidy-ARNA drop-off
@ Ribosome “cleaning”
=«=. BO8 racycling

Erythramycin concentration
in growth media:
0.7 pgiml

7 agéml
15 pgdmi

29 sgimi

0D (6800 nm) B hours after induction O

T Taugiml
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o
] |
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Model of erythromycin and resistance

Erythromycin concentration

in growth media:

0 pgiml

—

—waml g

50 poim|

&

65 paiml

75 ugml

it
g

B85 poiml

gl )

Lovmar, M. et al. (2006), J Biol Chem 286, 6742-6750
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Systems Biology of Antibiotic
Action and Resistance

Part IV: Josamycin action and josamycin
resistance peptides



Jocamycin and erythromycin resistance
peptides differ in mode of action

A ERYTHROMYCIN B JOSAMYCIN
0.8 0.25
507 ‘} £
E ==
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MVLEVLL ]

a
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mv [ H
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Josamycin resistance peptide does not

MFLV peptide (pmol)

20- A RESISTANCE PEPTIDE
B Josa. and Enyt.
@® Josamycin

15- A Erythromycin

10

0
1 1 2
0 5 Timeo(min) 5 0
504 C RESISTANCE PEPTIDE (DROP-OFF)
W Josa. and Eryt.
404 ® Josamycin
A Erythromycin
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Peptidyl-tRNA hydrolase over
expression confers josamycin, but not

erythromycin, resistance
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Systems Biology of Antibiotic
Action and Resistance

Part V: Modeling josamycin action and
resistance in vivo

(in progress)



Modeling in progress

1.

Primary effect of josamycin is induction of dipeptidyl-tRNA drop-
off from a small fraction of josamycin bound ribosomes

Primary effect of josamycin resistance peptides is to sequester

josamycin bound 50S subunits in the cell, thereby attenuating

dipeptidyl-tRNA drop-off

The model predicts that the tRNA isoacceptor (i) with the largest
ratio (f,/[tRNA] between second position codon usage on
ribosomes (f,;) and total intracellular concentration ([tRNA.]) will
become sequestered as dipeptidyl-tRNA and rate limiting for
bacterial growth

The model predicts that over expression of the limiting tRNA will
make the tRNA with the next largest such ratio rate limiting for
bacterial growth, etc etc

Accordingly, peptidyl-tRNA sequestering occurs according to a

mechanism similar to that at work in selective charging of tRNA
isoacceptors during starvation of their common amino acid
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