Cellular Control Analysis
(CCA)

Also called:

Metabolic Control Analysis

Biochemical Systems Theory



Introduction to CCA

It origins:

Three groups, Edinburgh, Berlin and Michigan, simultaneously
and independently developed almost an identical theory to
describe the effects of  perturbations in biochemical pathways.

What is it?

The approach aims to achieve a quantitative understand of the
relationship between genotype and phenotype, to understand
systems behavior in terms of the unit processes (enzymes)

that make up biochemical pathways.

KacseH, Burns JA1973. Thecontrol of flux. Symposium of the Society for
Experimental Biolog®7,65¢104. (Reprinted ilBiochemical Society Transactiit®
341¢366, 1995.)



Cellular Control Analysis

E1 E 3
V 1 V2 V
Steady state flux J
Variables Parameters
1. Concentrations of 1. Enzyme Levels
Molecular Species 2. Kinetics Constants

2. Fluxes 3. Boundary Species

CCA investigates the relationship between the variables
and parameters in a biochemical network.
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E1 E 2 3
V 1 V2 V
Steady state flux J

At steady state:

V1 = Vo = v3

dS1/dt = dS>/dt = 0



A Thought Experiment

X0 — Sl — S2 — S3— S4—55 — S6 — X1
Vv

Xo and Xiixed

all reactions
reversible, assume
stable steady
state.
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A Thought Experiment
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X0 — Sl — S2 — S3— S4—55 — S6 — X1

Vv

What happens to the steady stéte

1. Steady statdlux goesdown.
2. All metabolitesupstreamgoup
3. All metabolitesdownstreamdo down

Xo and Xiixed

all reactions
reversible, assume
stable steady
state.
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E1 2 3
S1——S2
% Vo %
Steady state flux J
If we make a change, say to the levels if E2 (change its Vmax ),

we will observe a change in the steady state flux, J

Let & mean a small change, therefore to Investigate the influence
of changing E2 on the steady state flux J, we could measure the

0J
0>
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Steady state flux J

Unfortunately the ratio has two undesirable aspects

1. The ratio depends on the size of the change that we
make to E2

2. The ratio depends on the units that are used to
measure E2 and J.
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E1 2 3
S1 %
Vv Vo Vv
Steady state flux J

To avoid these issues, we scale the ratio to remove the units and
we also use infinitesimal changes rather than small finite

changes, as a result we get a new formula:

dJ E-
dE> J
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Arithmetical interpretation:

dJE _ dJ/J _ J%
dEJ dE/E ~ E%
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dJ
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Geometrical interpretation:
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dJ E;
Cp = 7’
¢ db; J

This is called the flux control coefficient
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Since changing the level of an enzyme activity can also change
the metabolite levels, there is a similar control coefficient for
the metabolites:

dS E;
Cg = ’L
¢ dE; S

This is called the concentration control coefficient
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Computing control coefficients using Jarnac

p=defnOSt f X
J1:S1H X Do
end,;

println p.cc (<p.J1>, p.Vmaxl);
println p.cc (<p.S1>, p.Vmax1);
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Some characteristics of flux control coefficients.

Ina linear metabolic network | the value of any particular flux
control coefficient is bounded between zero and one.

This condition applies to a linear chain
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How can you measure control coefficients?

1. Changing gene expression and measuring the effect on the
system .
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Cellular Control Analysis

How can you measure control coefficients?

Changing gene expression and measuring the effect on the
system.

Using i nhibitors to change an enz
measuring the effect on the system.

Building a computer model and using the computer to
compute the coefficients
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The Summation Theorems
J J J J
Cp, +Cp, +Cp, ...+ Cp, =1

Cg, +Cz, +Cz,...+C3 =0
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The Summation Theorems
J J J J
Cp, +Cp, +Cp, ...+ Cp, =1

1. The summation theorem Implies that the enzymes of a pathway
share the control of flux.

2. Changes in one control coefficient result in changes in other
control coefficients.

This means that a control coefficient is a system property and
not an intrinsic property of the enzyme alone.



Rate-Limiting Steps
Ch, +Cp,+Chy...+Cf =1

Where does the concept of the rataniting step fit into this picture?

FromCancerWebrate-limiting step Theslowest stegn a
metabolicpathway.

Is the ratelimiting step the step with a flux control coefficient of
one?

If so then there can only be one.

OR Ighe rate limiting step the step with thieighest fluxcontrol
coefficient?



Rate-Limiting Steps

Ch, +Cp,+Chy...+Cf =1

Another complication:

In branched and cyclic pathways, individual flux control coefficient

can exceed 1.0, this means that some other steps may have flux
control coefficients <1.0.

Does this mean that these steps are hypate-limiting?



Hyper-Rate-Limiting Steps

Branch Point Properties

System Outpuf: J-

(a) Most flux goes through J5

<1

Pathway behaves as a linear chain
of reactions with respect to J-

(b) Most flux goes through J3

>>0 <<0 J3

Flux through J5 exhibts pathway
amplifcation.




Rate-Limiting Steps

Ch, +Cp,+Chy...+Cf =1

The answer is of course to drop the idea of the #atating

step and instead to quote, where possible, the value of the flux
control coefficient which will give a quantitative measure of

the limiting-nessof the step.



2 Ke (KS

Whyratef A YAOGAY 3 &0S
In metabolism.

Theflow through cellular networks
does not behave likeoadtraffic.

The rate at which cars move in a
traffic line is not a function of the
number of cars in the line.
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The flow through cellular
networksdoes not work like
checkout lines

The rate at whicltustomers
movethrough the checkout
line isnot a function of the
length ofthe line.
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Therate atwhich a substrate is
catalyzed by an enzyme (reaction
flow) is a functionof the
concentration of substrate.

¢CKS af2y3ISNI 0KS
the faster the enzyme works

Hexokinase
http://mgl.scripps.edu/people/goodsell/pdb/p
db50/pdb50_2.html
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Simple Example

R1 R2
X0— S—— X0

FluxControl on R1 FluxControl on R2

Productinsensitive 1.0 0
Product Sensitive  ~0.5 ~0.5
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What about some real values?

The following information was taken from a paper by S. Thomas

et al, Biochemical Journal, 1997, 322, 119 -127
Enzyme Flux Control Coefficient
Glycolysis in tuber
tissue of potato. PGM 0.029
Values computed PG| 0.139
using a combination PEK 0.132
of calculation and :
experimental work. Aldolase 0.0
. TPI 0.0

Enzymes, metabolites
and fluxes David A. | GAPDH/PGK 0.001
FellJ Exp Botany,
56(410),267272 enolase 0.005

PK 0.702

Sum 1.008
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Outline of metabolism In
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Metaboliccontrol
analysis of glycolysis in
trypanosomesas an
approach to improve
selectivity and
effectivenesf drugs.
Bakker et alMolecular
and Biochemical
Parasitologyl06 (2000)
1c10

Experimental andh Silico
Analyses oGlycolyticFlux
Control in Bloodstream
FormTrypanosomadorucej
J. Biol. Chem., Vol. 280,
Issue 31, 2830688315,
August 5, 2005

Enzyme Flux Control Coefficient

Glucose Transport 0.90 0.08

Hexokinase 0.02 0.05
Phosphofructokiase 0.00 0.01
Aldolase 0.02 0.28
GAPDH 0.02 - 0.23
Phosphoglycerate 0.02 - 0.15
Pyruvatekinase 0.0 0.01
G3P DH 0.02 [ o7
Sum 1.0 0.98

35% increase over measur&anax I
of Glucose Transporter




What Determines the Control
Coefficients?

Elasticities

If the value of a control coefficient is a system property, what
IS the relationship of the control coefficients to the individual
enzymes of the pathway?

Somehow, all the enzymes contribute to the value of a given
control coefficient, how can we describe this?

In order to answer this question we must consider another
type of coefficient, called the elasticity coefficient.



Elasticities

Michaelis - Menten Curve for an isolated enzyme

s

L)
55

Let us define the elasticity as:

ov S
0S v

£q =



Elasticities

Michaelis - Menten Curve for an isolated enzyme

Note that substrate
elasticities are  positive
and product elasticities
are negative




