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What is a cell?
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What can cells do?

A
B—> FEEDING + EXCRETING
c /V \A E

_\\\\\\.\\\
@\ L SIGNALING
@ SHAPE CHANGE ij?}

@ MOVE

—( )
@®)- <@



The molecular basis of life

Cells are made of macromolecules

subunit macromolecule
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The central dogma

..........

iEEEEEEEEE

polypeptide



Beyond the central dogma
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'Birth control’ for proteins

d [F:erOTein] = synthesis - degradation
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Synthesis and degradation of a protein
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Regulation of activity
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The abundance of protein-kinases in eukaryotes
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Protein phosphorylation-dephosporylation
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STEADY STATE ENZYME KINETICS

Many enzymes have only one substrate, which they bind and
then process to produce products according to the acheme
outlined in Figure 3-50A, In this case, the reaction is witten as

k‘. K cay
E+S— ESd’ E+P
Ko

Here we have assumed that the reverse reaction, in which E+ P
recormbine to form EP and then ES, occurs so rarely that we can
ignore it Inthis case, we can exprass the rate of the reaction -
known as its valocity, ¥, as

W=k, [ES]

where [E3] is the concentration of the enzyme substrate
complex, and &y 15 the turnover number: a rate constant that is
acual to the number of substrate molecules processed per
enzyme molecule each second.

But how does the value of [ES] relate to the concentrations that
we know directly, which are the total concentration of the
enzyme, [E_I, and the concentration of the substrate, [517 When
enzyme and substrate are first mixed, the concentration [ES] will
rise rapidly from zero to a so-called steady state level, as
illustrated below
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state: ES almost constant
ES forming

At this steady state, [ES] is nearly constant, so that

rate of ES formation

ky [EIIS]

rate of ES breakdown

k_y [ES] + ko [ES]

or, since the concentration ofthe free enzyme, [E, is equal to
[E-1-[ES]

k k
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[E.] - [ES]| 5]

-1+ Rpp -1t Ry

Rearanging, and defining the constant K, as
Ko+ Koy
'l':'l

we get

or, remembering that ¥ = k5 [ES], we obtain the famous
Michaslis-Menten equation

K oot [EglIS]

Em + [5]

As [5]is increased to higher and higher levels, essentially all of
the ereyme will be bound to substrate at steady state: at this
point, a maximum rate of reaction, Vi, will be reached whera
I"F.= '.-"I_“M:c =k [E,L T|1L|§. it iz convenient to rewnte the
Michaslis-Manten equation as

V mm [5]

v
K. +[5]



Vimax
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Figure 3-45. Molecular Biology of the Cell, 4th Edition.



Sigmoid signal-response curve (zero order ultrasensitivity)
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Graded and reversible




Perfect adaptation
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Bacterial chemotaxis

counterclockwise swimming

clockwise tumbling




Robusthess in

bacterial chemotaxis

U. Alon*t, M. G. Surette:, N. Barkait & S. Leibler*t+
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50 Biophysical Journal Volume 82 January 2002 50-63

Models of Eukaryotic Gradient Sensing: Application to Chemotaxis of
Amoebae and Neutrophils

Andre Levchenko® and Pablo A. Iglesias?

*Divisions of Biology, California Institute of Technology, Pasadena, California 91125 and TDepartment of Electrical and Computer
Engineering, Johns Hopkins University, 105 Barton Hall, Baltimore, Maryland 21218 USA

ABSTRACT Eukaryotic cells can detect shallow gradients of chemoattractants with exquisite precision and respond quickly
to changes in the gradient steepness and direction. Here, we describe a set of models explaining both adaptation to uniform
increases in chemoattractant and persistent signaling in response to gradients. We demonstrate that one of these models can
be mapped directly onto the biochemical signal-transduction pathways underlying gradient sensing in amoebae and
neutrophils. According to this scheme, a locally acting activator (P13-kinase) and a globally acting inactivator (PTEN or a
similar phosphatase) are coordinately controlled by the G-protein activation. This signaling system adapts perfectly to
spatially homogeneous changes in the chemoattractant. In chemoattractant gradients, an imbalance between the action of
the activator and the inactivator results in a spatially oriented persistent signaling, amplified by a substrate supply-based
positive feedback acting through small G-proteins. The amplification is activated only in a continuous presence of the external
signal gradient, thus providing the mechanism for sensitivity to gradient alterations. Finally, based on this mapping, we make
predictions concerning the dynamics of signaling. We propose that the underlying principles of perfect adaptation and
substrate supply-based positive feedback will be found in the sensory systems of other chemotactic cell types.
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Feedback controls




Positive feedback (mutual activation)
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The lac operon
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Michaelis-Menten enzyme kinetics
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Phsophorylation /

dephosporylation \

Buzzer:
Reversible switch

Irreversible switch:
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Multistability in the lactose utilization network of Escherichia coli
ERTUGRUL M. OZBUDAKY", MUKUND THATTAIL", HAN N. LIM!, BORIS I. SHRAIMANZ? & ALEXANDER VAN OUDENAARDEN!

Nature 427, 737 - 740 (19 February 2004)

b ¥
100}

3 10| E L
E 100} S E§*!#? 1
T
G i |
1} "E 1
c:.j § ﬂ gf -
6 8 10 20 40

Extra-:allular TMG (M)

Initially uninduced cells grown

) Initially uninduced cells (lower panel)
for 20 hrs in 18 uM TMG

and induced cells (upper panel) grown
in media containing different

. . concentration of TMG
TMG = thio-methylgalactoside



'‘Death control’ for proteins
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Positive feedback (antagonism)
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Antagonism (positive feedback) between p53 and Mdm?2
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The number of steady states depends on total Mdm2 level
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Another view of antagonism (bifurcation diagam)
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Another example for antagonism:

‘Artificial’ genetic networks




Construction of a genetic toggle

switch in Escherichia coli
Timothy S. Gardner*{, Charles R. Cantor* & James J. Collins*

* Department of Biomedical Engineering, ¥ Center for BioDynamics and T Center
for Advanced Biotechnology, Boston University, 44 Cummington Street, Boston,
Massachusetts 02215, USA
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Negative feedback and homeostasis
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Typical biosynthetic pathway
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Engineering stahility in gene
networks by autoregulation

Attila Becskei & Luis Serrano

EMBL, Structures & Biocomputing, Meverhofstrasse 1, Heidelberg D-69012,

Germany
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Km3 = Km4 ol Km5 = Kmé =0.01

Negative feedback and oscillation
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A model for circadian oscillations 1in the Drosophila

period protein (PER])

ALBERT GOLDBETER
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The repressilator

A synthetic oscillatory network
of transcriptional regulators
Michael B. Elowitz & Stanislas Leibler

Departments of Molecular Biology and Physics, Princeton University, Princeton,
New fersey (08544, USA
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Positive and negative feedback oscillations (activator-inhibitor)

PhasePlane
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LETTERS

nature
genetlcs

Dynamics of the p53-Mdm?2 feedback loop
in individual cells

Galit Lahav!, Nitzan Rosenfeld!, Alex Sigal', Naama Geva-Zatorsky', Arnold J Levine?, Michael B Elowitz® &
Uri Alon!

NATURE GENETICS VOLUME 36 | NUMBER FEBRLIAF

1 ' r .
—0.8 /\
o
=
@ 0.6}
p53-CFP and Mdm2-YFP O
levels in the nucleus 3, '
o 0.4f
after y-irradiation 0
Q
=
™ 0.2f
0

0 200 400 600 800 1.000
Time (min)

Period of oscillation: 440 + 100 min



Percentage of cells
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Negative feedback between p53 and Mdm2
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DNA damage makes p53 less accessible
for Mdm2 dependent degradation
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p53 degradation rate constant is decreased after

DNA damage
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Limit cycle oscillation on the PhasePlane
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Oscillation in p53-Mdm2 after stress
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p53 level

A bifurcation diagram
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Positive and negative feedback oscillations (substrate depletion)
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Beyond the central dogma
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Antagonistic relationship creates two self-maintaining steady states
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Bifurcation diagram
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Lac operon:
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