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BIOE321Part III

Pathway and Metabolic Engineering

The analysis of pathway and metabolic engineering is very involved and complicated. Indeed, the area is still in its infancy despite rapid recent advances. In this course, we will mostly focus on the metabolic engineering of microbial systems, where quite a bit of knowledge has been accumulated and more experimental results are available as compared to other systems. The methodology discussed here can be extended, with modification, to other systems as well.

Due to time constraint, the remainder of the lectures will be concentrated on the following three different aspects:

1. pathway analysis and regulation of metabolic pathways;

2. metabolic flux analysis; and

3. a brief introduction of metabolic control theory.

Simple examples will be used to illustrate the related concepts. Again, the treatment presented here can be extended to other more complicated systems  

I. Pathway Analysis and Regulation of metabolic pathways

I.1 
Examples
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[image: image21.png]5.4.1. BRANCH POINT CLASSIFICATION

Often, in biological processes, poor product yields are attributed to limita-
tions caused by enzymatic levels or activities. Although overall activity of the
enzymes in the product branch determines productivities, product yields are,
however, functions of the flux split ratios at intermediate branch points. The
latter, also referred to as nodes, are points in a metabolic network where a
reaction sequence bifurcates between two or more different pathways. For
example, the yield of product P; in Fig. 5.18 depends on the flux split ratio
at the I node and not on the activity of the I to P, branch per se. Because the
pathways that synthesize primary metabolites typically can support substan-
tial fluxes, metabolic engineering efforts should be focused on altering flux
partitioning at selected metabolic branch points to enhance product yields.
Although a network may consist of a large number of nodes, it is generally
believed that the split ratios at relatively few nodes actually affect product
yield. These nodes are referred to as principal nodes. Although the metabolic
control structure used by different organisms to regulate flux varies markedly,




I.2 
Review of Enzyme Kinetics (see attached handouts)

I.3 
Linear Pathway - irreversible


Consider the following enzymatic system converting A to B then to C.
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Enzymes E1 and E2 are involved in reaction 1 (r1) and 2 (r2), respectively. In addition, let us assume

1. the enzyme kinetics follow that of Michaelis-Menten (MM)

2. the intracellular concentration of A CA, is constant

3. the cell are not growing (it can be shown later that the contribution from such a cell volume change is relatively small and it usually can be ignored)

Mass balance 
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Where Kcat1 and km1 are the MM constants
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(2)

Where Kcat2 and km2 are the MM constants again.
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(3)

Note: the concentration of C will keep on increasing if there is no consumption of C within the cell (i.e., no other reaction uses C as the substrate). It will accumulate insider the cell or it will be excreted extracellularly.

At steady state, the concentration of B is given by



0= r1-r2








(4)
Example 1: Linear irreversible reactions
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Parameters:

k1   = kcat1 E1   = 150 mM/min ; 
Km1 = 0.015 mM

k2   = kcat2 E2   = 200 mM/min ; 
Km2 = 0.008 mM

The concentration of A is at 0.2 mM.

Base case

The following output from Excel shows the reaction rates, r1 and r2, at various concentration of A and B.
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Calculate r1

The reaction rate, r1, can be calculated from equation (1)
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The concentration of B at this rate can be calculated from equation (4) with B as the only unknown or use a Matlab program, 

Calculate concentration of B, CB


Use fzero('bdot_h', cb) to find the zero where cb is the guess input (usually 0.05 to 0.1) and bdot_h is a Matlab function given below


function [res] = bdot_h(cb)


k1=150;


k2=200;


km1=0.015;


km2=0.008;


a=0.20;


r1=rate_cal(k1,km1,a);


r2=rate_cal(k2,km2,cb);


res=r1-r2;

   %r1,r2,res
The concentration for B calculated is 0.0185 mM.

Calculate r2

Check
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Note: this is very similar to that of r1. The discrepancy is due to round-off error of B. Exact answer will be obtained if CB is not written out as an intermediate answer.

Case 1: E1 is increased by 20%, i.e., k1 is increased by 20% (k1=1.2*k1)

Calculate r1
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Calculate CB


Concentration of b can be calculated in a similar manner to be 0.0411 mM

Calculate r2

Note: r2 = r1 = 167.44 mM/min

Case 2: E2 is increased by 20%, i.e., k2 is increased by 20% (k2=1.2*k2)

Calculate r1


r1 does not change, r1 = 139.54 mM/min

Calculate CB


Concentration of b can be calculated in a similar manner to be 0.0111 mM

Calculate r2


r2 = r1 = 139.54 

or
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Note: a small discrepancy will occur due to round off error of CB if CB is written out as an intermediate answer.

Summary of results for a linear irreversible reaction network 

	
	base case
	k1=k1*1.2
	k2=k2*1.2

	Concentration of B, CB
	0.0185 mM
	 0.0411 mM
	 0.0111 mM

	r1
	139.54 mM/min
	167.44 mM/min
	 139.54 mM/min

	r2
	139.54 mM/min
	167.44 mM/min
	 139.54 mM/min


Note:

1) the overall flux is dictated by the first reaction; it is said then the "control" of the reaction network is by the first reaction.

2) the percentage change in flux is linearly proportional to the change in enzyme level E1;

3) a change in E2 does not result in a change in the reaction rate, the system responded by changing the concentration of the metabolite concentration of B.

I.4
Linear irreversible reaction network with feedback inhibition
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Similar assumption as before, in addition, 
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(5)

Hence, Mass balance 

Where Kcat1 and km1 are the MM constants, KI is the inhibition constant
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(6)

Where Kcat2 and km2 are the MM constants again.
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(7)

Note: the concentration of C will keep on increasing if there is no consumption of C within the cell (i.e., no other reaction uses C as the substrate). It will accumulate insider the cell or it will be excreted extracellularly.

At steady state, the concentration of B, CB, is given by



0= r1 - r2








(8)
Parameters:

k1   = kcat1 E1   = 150 mM/min ; 
Km1 = 0.015 mM

k2   = kcat2 E2   = 200 mM/min ; 
Km2 = 0.008 mM

kI   = 0.05  

The concentration of A is at 0.2 mM.

Base case

We cannot calculate r1 before knowing the concentration of B, however, we can calculate CB by using equation (6) with CB as the only unknown at steady state.

Calculate CB


Concentration of b can be calculated in a similar manner as before with some modification.

 
Use fzero('bdot_h', cb) to find the zero where cb is the guess input (usually 0.05 to 0.1) and bdoti_h is a Matlab function given below

function [res] = bdoti_h(cb)

%based on bdot_h but with inhibition and kI=0.050;

k1=150;

k2=200*1;

km1=0.015;

km2=0.008;

ki=0.050;

a=0.20;

r1=rate_cali(k1,km1,ki,a,cb);

r2=rate_cal(k2,km2,cb);

res=r1-r2;

%r1,r2,res
 The concentration of b, Cb, is found to be 0.0063 mM

Calculate r2
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Calculate r1

r1 r2 = 88.03 mM/min

or check with the original equation
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*note: a slightly different answer will be obtained if the calculation is not carried out simultaneously; round off error occur when writing out the intermediate answers).

Case 1: E1 is increased by 20%, i.e., k1 is increased by 20% (k1=1.2*k1)

Calculate CB


Concentration of b can be calculated in a similar manner to be 0.0077 mM

Calculate r2
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Calculate r1

r1 = r2 = 97.80 mM/min


Case 2: E2 is increased by 20%, i.e., k2 is increased by 20% (k2=1.2*k2)

Calculate CB


Concentration of b can be calculated in a similar manner to be 0.0052 mM

Calculate r2
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Calculate r1


r1 = r2 = 94.22  mM/min

Summary of results for a linear irreversible reaction network with feedback inhibition

	
	base case
	k1=k1*1.2
	k2=k2*1.2

	Concentration of B, CB
	 0.0063 mM
	 0.0077 mM
	 0.0052 mM

	r1
	88.03  mM/min
	97.80 mM/min
	 94.22 mM/min

	r2
	88.03  mM/min
	97.80 mM/min
	 94.22 mM/min


Note:

1) unlike in the previous case, the overall flux is not dictated by the first reaction only;

2) both E1 and E2 have control over the overall reaction rate (or flux);

3) the percentage change in flux is not linearly proportional to the change in enzyme level E1, in fact only about 11% change in flux when E1 is increased by 20%;

I.5
Branched Network
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I.5.1 
Introduction - From Metabolic Engineering, Stephanopoulos et al.
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FIGURE 5.12 Transcriptional control of the lac operon. In the absence of lactose (top), the
lac repressor binds to the lac operator DNA, blocking the transcription of the lac genes by RNA
polymerase. When lactose is present (bottom), it binds to the lac repressor, forming an inactive
complex that cannot bind to the lac operator. This allows RNA polymerase to bind the lac
promoter region and transcribe mRNAs for the three enzymes of the lac operon: B-galactosidase
(lacZ), lactose permease (lacY), and galactoside transacetylase (lacA).
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FIGURE 5.14 Pathway for cholesterol biosynthesis and its regulation.
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[image: image29.png]FIGURE 5.18 Metabolic nodes: (a) flexible or weakly rigid node; (b) strongly rigid node.
Dashed lines indicate (negative or positive) feedback control mechanisms.

it is nevertheless possible to classify them into three general categories based
on their branch point rigidity (Vallino, 1991).

o Flexible nodes (markedly subsensitive to regulation): Nodes at which
flux partitioning will change readily in response to cellular metabolic
requirements. Such nodes are characterized by competing enzymes that
have similar substrate affinities and similar reaction velocities. By
definition a flexible node will not limit product yield, as any branch can
attain a split ratio of 100% whenever required.

o Weakly rigid nodes (moderately sensitive to regulation): Flux partition-
ing at these nodes is dominated by one branch. The dominating
enzyme(s) is characterized by high specific activity and/or substrate
affinity, together with a lack of feedback inhibition.

o Strongly rigid nodes (highly sensitive to regulation): Flux partitioning at
these nodes is tightly controlled at one or more of its branches by a
combination of feedback control and enzyme transactivation by
metabolites from a competing branch.



Example: Branched Pathway

Let us analyze the branched glyoxylate shunt system discussed above. 
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[image: image31.png]In a flexible node, the flux split ratio will solely depend on the cellular
demands for the two products P, and P, (Fig. 5.18a). A weakly rigid node is
similar to a flexible node with the difference that one branch may exhibit
significant dominance over the other(s) due to greater affinity of the corre-
sponding enzyme for the common metabolite and /or greater overall activity
over that of the subordinate branch. In this case, complete deregulation of
the subordinate branch will not have a notable effect on the flux. On the
other hand, if the activity of the dominant branch were to be attenuated, this
would significantly increase the flux through the subordinate branch. A
strongly rigid node is highly regulated by end product activation or inhibi-
tion, as shown in Fig. 5.18b. In this example, each product metabolite acts as
an activator of the competing branch, as well as an inhibitor of its own
formation. A rigid node can have a controlling effect on pathway product
yield, and its deregulation can be more complex than enzymatic attenuation.
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Analysis:

assumption: reactions follow MM kinetics

Symbols: 
CI  = concentration of isocitrate;  


Vmax,G = Kcat,GEG  = maximum reaction rate, where EG is the lyase enzyme activity 


Vmax,K = Kcat,KEK = maximum reaction rate,  where EG is the dehydrogenase enzyme activity










Then


[image: image18.wmf]I

C

G

m

K

I

C

V

r

+

=

,

)

(

)

G

max,

(

1


and



[image: image19.wmf]I

C

K

m

K

I

C

V

r

+

=

,

)

(

)

K

max,

(

2


The ratio of the two reactions is given by
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Note: the relative flux depends on 

1. the ratio of two reaction systems 

2. the relative value of the MM saturation constants, Km,G and Km,K
[image: image33.png]Let us assume that the desired goal is to increase the P, branch flux split
ratio, and, furthermore, that the steady state concentration of P, is high
enough to inhibit its own synthesis in the absence of the activator, P,. In
such a case, increasing the split ratio of the P, branch would require that the
flux to P, be attenuated. However, in a strongly rigid node such an approach
would result in lower levels of P,, and consequently the P, branch will lose
its activation by P,. In short, attenuation of one branch results in the
attenuation of the competing branch (overall nodal collapse), leaving the
split ratios for each branch relatively unchanged.



[image: image34.png]Metabolic networks may not always exhibit the binary response to flux
partitioning implied by the previous classification, as a result of the complex
and diverse control architectures and enzyme kinetics (Srere, 1994). Thus,
attenuation of one branch of a strongly rigid node may result only in partial
attenuation of the competing branch, so that some improvement in product
yield may be attained in a dependent network that harbors a rigid node. It is
also possible that attenuating unwanted pathways may cause the excretion of
intermediate metabolites instead of flux reduction or flux redirection.

Although other possible control architectures could be postulated that
would produce a rigid node, the key aspect to any such control is the
presence of a feedback mechanism between competing branches (cross-talk)
that will have the tendency to maintain a constant flux split ratio. Not only
can a rigid node limit product yield, bur its effects are not easily mitigated
via simple enzyme activity attenuation.

The glyoxylate shunt shown in Fig. 5.19 is a thoroughly investigated
metabolic branch point. Isocitrate lyase (IL) is induced when cells are grown
on acetate, and it serves an important role in supplying anaplerotic carbon

Citrate

Lyase (IL) Dehydrogen H
K,=604 uM K =8 uM

Vax=289 an/min V=126 mM/min

Glyoxylate oa-Ketoglutarate

FIGURE 5.19 Kinetic parameters of isocitrate branch point enzymes.



[image: image35.png](see Chapter 2) that would otherwise be lost as CO, in the TCA cycle. Under
growth on acetate, isocitrate dehydrogenase (IDH) is primarily (ca. 80%) in a
phosphorylated state that renders it inactive. When cells are presented with a
more advantageous carbon source, such as glucose, there is rapid dephos-
phorylation of IDH, leading to its activation.

The kinetic properties of the two competing enzymes are summarized Fig,
5.19 for growth on acetate (glucose increases IDH v,,,, 5-fold). An important
feature of this branch point is the large discrepancy in the respective K,
values: 1L has a 75-fold larger K,. At physiological concentrations of
isocitrate (about 160 uM), IL is first-order with respect to isocitrate while
IDH is saturated by the common substrate. As a result of the mutual
disposition of the kinetics of these two enzymes, the flux through the shunt
is ultrasensitive to changes in the level of isocitrate concentration. Introduc-
tion of glucose into an acetategrown culture induces both an increase in the
Vmax Of IDH as well as a corresponding decrease in the carbon flow through
citrate synthase, with an overall effect of lowering the intracellular isocitrate
level (about 170-fold). Because the IL has a significantly higher K, for
isocitrate than IDH, the isocitrate concentration drop decreases the flux
though the shunt to a great extent (ca. 99%). Thus, although there is no
allosteric modulator known to act directly on IL, the flux through it can shift
from 30% of the total down to virtually zero. This control has the interesting
feature that the enzyme most affected, IL, is not subject to direct control, and
this has been referred to as the “branch point effect.”



The relative flux for these two reactions, r1 and r2, at different isocitrate concentration is shown below (with the parameter values shown in the figure).

the ratios of the two reactions, r1 and r2, at different isocitrate concentrations are shown below

[image: image36.png]5.4.1. BRANCH POINT CLASSIFICATION

Often, in biological processes, poor product yields are attributed to limita-
tions caused by enzymatic levels or activities. Although overall activity of the
enzymes in the product branch determines productivities, product yields are,
however, functions of the flux split ratios at intermediate branch points. The
latter, also referred to as nodes, are points in a metabolic network where a
reaction sequence bifurcates between two or more different pathways. For
example, the yield of product P; in Fig. 5.18 depends on the flux split ratio
at the I node and not on the activity of the I to P, branch per se. Because the
pathways that synthesize primary metabolites typically can support substan-
tial fluxes, metabolic engineering efforts should be focused on altering flux
partitioning at selected metabolic branch points to enhance product yields.
Although a network may consist of a large number of nodes, it is generally
believed that the split ratios at relatively few nodes actually affect product
yield. These nodes are referred to as principal nodes. Although the metabolic
control structure used by different organisms to regulate flux varies markedly,



Note:

1. the ratio of the reaction flux (rate), r1/r2, is about 0.5 when isocitrate is at its physiological level of 0.16 mM, indicating that r2 is favored;

2. the formation of (-ketoglutarate is favored for isocitrate concentration below 0.44 mM, hence the ratio r1/r2 is less than one (see graph above);

3. on the other hand, formation of glyoxylate is favored for isocitrate concentration above 0.44 mM, hence the ratio r1/r2 is more than one (see graph above);

Case 1: E2 is increased by 50%, i.e., Vmax,K = 1.5*Vmax,K = 1.5*126 mM/min = 189 mM/min. The results are plotted below
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FIGURE 5.19 Kinetic parameters of isocitrate branch point enzymes.



Note:

1. the formation of (-ketoglutarate is always favored even when the isocitrate concentration is above 0.5 mM; this trend is even more pronounced by the increase in E2.
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Case 1: E1 is increased by 50%, i.e., Vmax,G = 1.5*Vmax,G = 1.5*289 mM/min = 433.5 mM/min. The results are plotted below

Note:

1. the reaction network still favors r2 at isocitrate concentration of 0.16 mM; however, by increasing e1, the relative partitioning between the two branched reaction network are getting closer to even partitioning.

2. by examining the above two perturbation, it can be seen that the isocitrate node is flexible, i.e., the relative partitioning of the two reaction can be changed by changing the enzyme level(s).
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				0.5000		145.6311		196.8504				174.7573		218.4466
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branch - ori

						system 1		system2				sys k2=1.2*k1

				vm(mM/min)		150.0000		200.0000				240.0000

				km(mM)		0.0150		0.0080				0.0080

				s

				0.0000		0.0000		0.0000				0.0000

				0.0050		37.5000		76.9231				92.3077

				0.0100		60.0000		111.1111				133.3333

				0.0150		75.0000		130.4348				156.5217

				0.0200		85.7143		142.8571				171.4286

				0.0400		109.0909		166.6667				200.0000

				0.0600		120.0000		176.4706				211.7647

				0.0800		126.3158		181.8182				218.1818

				0.1000		130.4348		185.1852				222.2222

				0.1200		133.3333		187.5000				225.0000

				0.1400		135.4839		189.1892				227.0270

				0.1600		137.1429		190.4762				228.5714

				0.1800		138.4615		191.4894				229.7872

		physiological conc		0.2000		139.5349		192.3077				230.7692

				0.2200		140.4255		192.9825				231.5789

				0.2400		141.1765		193.5484				232.2581

				0.2600		141.8182		194.0299				232.8358

				0.2800		142.3729		194.4444				233.3333

				0.3000		142.8571		194.8052				233.7662

				0.3200		143.2836		195.1220				234.1463

				0.3400		143.6620		195.4023				234.4828

				0.3600		144.0000		195.6522				234.7826

				0.3800		144.3038		195.8763				235.0515

				0.4000		144.5783		196.0784				235.2941

				0.4200		144.8276		196.2617				235.5140

				0.4400		145.0549		196.4286				235.7143

				0.4600		145.2632		196.5812				235.8974

				0.4800		145.4545		196.7213				236.0656

				0.5000		145.6311		196.8504				236.2205
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						system 1		system2		sys1/sys2								system1		a->b

				vm(mM/min)		589.0000		126.0000						189.00				system2		a->c

				km(mM)		0.6040		0.0080						0.01

				s

				0.00		0.0000		1.5556		0.00				2.33		1.50

				0.02		18.8782		90.0000		0.21				135.00		1.50

				0.04		36.5839		105.0000		0.35				157.50		1.50

				0.06		53.2229		111.1765		0.48				166.76		1.50

				0.08		68.8889		114.5455		0.60				171.82		1.50

				0.10		83.6648		116.6667		0.72				175.00		1.50

				0.12		97.6243		118.1250		0.83				177.19		1.50

				0.14		110.8333		119.1892		0.93				178.78		1.50

		physiological conc		0.16		123.3508		120.0000		1.03				180.00		1.50

				0.18		135.2296		120.6383		1.12				180.96		1.50

				0.20		146.5174		121.1538		1.21				181.73		1.50

				0.22		157.2573		121.5789		1.29				182.37		1.50

				0.24		167.4882		121.9355		1.37				182.90		1.50

				0.26		177.2454		122.2388		1.45				183.36		1.50

				0.28		186.5611		122.5000		1.52				183.75		1.50

				0.30		195.4646		122.7273		1.59				184.09		1.50

				0.32		203.9827		122.9268		1.66				184.39		1.50

				0.34		212.1398		123.1034		1.72				184.66		1.50

				0.36		219.9585		123.2609		1.78				184.89		1.50

				0.38		227.4593		123.4021		1.84				185.10		1.50

				0.40		234.6614		123.5294		1.90				185.29		1.50

				0.42		241.5820		123.6449		1.95				185.47		1.50

				0.44		248.2375		123.7500		2.01				185.63		1.50

				0.46		254.6429		123.8462		2.06				185.77		1.50

				0.48		260.8118		123.9344		2.10				185.90		1.50

				0.50		266.7572		124.0157		2.15				186.02		1.50
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						system 1		system2		sys1/sys2								system1		a->b

				vm(mM/min)		289.0000		126.0000						189.00		433.50		system2		a->c

				km(mM)		0.6040		0.0080						0.01		0.6040

				s

				0.00		0.0000		1.5556		0.00				2.33		0.0718

				0.02		9.2628		90.0000		0.10				135.00		13.8942

				0.04		17.9503		105.0000		0.17				157.50		26.9255

				0.06		26.1145		111.1765		0.23				166.76		39.1717

				0.08		33.8012		114.5455		0.30				171.82		50.7018

				0.10		41.0511		116.6667		0.35				175.00		61.5767

				0.12		47.9006		118.1250		0.41				177.19		71.8508

				0.14		54.3817		119.1892		0.46				178.78		81.5726

		physiological conc		0.16		60.5236		120.0000		0.50				180.00		90.7853

				0.18		66.3520		120.6383		0.55				180.96		99.5281

				0.20		71.8905		121.1538		0.59				181.73		107.8358

				0.22		77.1602		121.5789		0.63				182.37		115.7403

				0.24		82.1801		121.9355		0.67				182.90		123.2701

				0.26		86.9676		122.2388		0.71				183.36		130.4514

				0.28		91.5385		122.5000		0.75				183.75		137.3077

				0.30		95.9071		122.7273		0.78				184.09		143.8606

				0.32		100.0866		122.9268		0.81				184.39		150.1299

				0.34		104.0890		123.1034		0.85				184.66		156.1335

				0.36		107.9253		123.2609		0.88				184.89		161.8880

				0.38		111.6057		123.4021		0.90				185.10		167.4085

				0.40		115.1394		123.5294		0.93				185.29		172.7092

				0.42		118.5352		123.6449		0.96				185.47		177.8027

				0.44		121.8008		123.7500		0.98				185.63		182.7011

				0.46		124.9436		123.8462		1.01				185.77		187.4154

				0.48		127.9705		123.9344		1.03				185.90		191.9557

				0.50		130.8877		124.0157		1.06				186.02		196.3315
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linear

						system 1		system2				sys k1=1.2*k1		sys k1=1.5*k1

				vm(mM/min)		150.0000		200.0000				180.0000		225.0000						system1		a->b

				km(mM)		0.0150		0.0080				0.0150		0.0150						system2		b->c

				s

				0.0000		0.0000		0.0000				0.0000		0.0000

				0.0050		37.5000		76.9231				45.0000		56.2500

				0.0100		60.0000		111.1111				72.0000		90.0000

				0.0150		75.0000		130.4348				90.0000		112.5000

				0.0200		85.7143		142.8571				102.8571		128.5714

				0.0400		109.0909		166.6667				130.9091		163.6364

				0.0600		120.0000		176.4706				144.0000		180.0000

				0.0800		126.3158		181.8182				151.5789		189.4737

				0.1000		130.4348		185.1852				156.5217		195.6522

				0.1200		133.3333		187.5000				160.0000		200.0000

				0.1400		135.4839		189.1892				162.5806		203.2258

				0.1600		137.1429		190.4762				164.5714		205.7143

				0.1800		138.4615		191.4894				166.1538		207.6923

		physiological conc		0.2000		139.5349		192.3077				167.4419		209.3023

				0.2200		140.4255		192.9825				168.5106		210.6383

				0.2400		141.1765		193.5484				169.4118		211.7647

				0.2600		141.8182		194.0299				170.1818		212.7273

				0.2800		142.3729		194.4444				170.8475		213.5593

				0.3000		142.8571		194.8052				171.4286		214.2857

				0.3200		143.2836		195.1220				171.9403		214.9254

				0.3400		143.6620		195.4023				172.3944		215.4930

				0.3600		144.0000		195.6522				172.8000		216.0000

				0.3800		144.3038		195.8763				173.1646		216.4557

				0.4000		144.5783		196.0784				173.4940		216.8675

				0.4200		144.8276		196.2617				173.7931		217.2414

				0.4400		145.0549		196.4286				174.0659		217.5824

				0.4600		145.2632		196.5812				174.3158		217.8947

				0.4800		145.4545		196.7213				174.5455		218.1818

				0.5000		145.6311		196.8504				174.7573		218.4466
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						system 1		system2				sys k2=1.2*k1

				vm(mM/min)		150.0000		200.0000				240.0000

				km(mM)		0.0150		0.0080				0.0080

				s

				0.0000		0.0000		0.0000				0.0000

				0.0050		37.5000		76.9231				92.3077

				0.0100		60.0000		111.1111				133.3333

				0.0150		75.0000		130.4348				156.5217

				0.0200		85.7143		142.8571				171.4286

				0.0400		109.0909		166.6667				200.0000

				0.0600		120.0000		176.4706				211.7647

				0.0800		126.3158		181.8182				218.1818

				0.1000		130.4348		185.1852				222.2222

				0.1200		133.3333		187.5000				225.0000

				0.1400		135.4839		189.1892				227.0270

				0.1600		137.1429		190.4762				228.5714

				0.1800		138.4615		191.4894				229.7872

		physiological conc		0.2000		139.5349		192.3077				230.7692

				0.2200		140.4255		192.9825				231.5789

				0.2400		141.1765		193.5484				232.2581

				0.2600		141.8182		194.0299				232.8358

				0.2800		142.3729		194.4444				233.3333

				0.3000		142.8571		194.8052				233.7662

				0.3200		143.2836		195.1220				234.1463

				0.3400		143.6620		195.4023				234.4828

				0.3600		144.0000		195.6522				234.7826

				0.3800		144.3038		195.8763				235.0515

				0.4000		144.5783		196.0784				235.2941

				0.4200		144.8276		196.2617				235.5140

				0.4400		145.0549		196.4286				235.7143

				0.4600		145.2632		196.5812				235.8974

				0.4800		145.4545		196.7213				236.0656

				0.5000		145.6311		196.8504				236.2205
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						system 1		system2		sys1/sys2								system1		a->b

				vm(mM/min)		294.5000		126.0000						441.75				system2		a->c

				km(mM)		0.6040		0.0080						0.60

				s

				0.00		0.0000		1.5556		0.00				0.07		0.05

				0.02		9.4391		90.0000		0.10				14.16		0.16

				0.04		18.2919		105.0000		0.17				27.44		0.26

				0.06		26.6114		111.1765		0.24				39.92		0.36

				0.08		34.4444		114.5455		0.30				51.67		0.45

				0.10		41.8324		116.6667		0.36				62.75		0.54

				0.12		48.8122		118.1250		0.41				73.22		0.62

				0.14		55.4167		119.1892		0.46				83.13		0.70

		physiological conc		0.16		61.6754		120.0000		0.51				92.51		0.77

				0.18		67.6148		120.6383		0.56				101.42		0.84

				0.20		73.2587		121.1538		0.60				109.89		0.91

				0.22		78.6286		121.5789		0.65				117.94		0.97

				0.24		83.7441		121.9355		0.69				125.62		1.03

				0.26		88.6227		122.2388		0.72				132.93		1.09

				0.28		93.2805		122.5000		0.76				139.92		1.14

				0.30		97.7323		122.7273		0.80				146.60		1.19

				0.32		101.9913		122.9268		0.83				152.99		1.24

				0.34		106.0699		123.1034		0.86				159.10		1.29

				0.36		109.9793		123.2609		0.89				164.97		1.34

				0.38		113.7297		123.4021		0.92				170.59		1.38

				0.40		117.3307		123.5294		0.95				176.00		1.42

				0.42		120.7910		123.6449		0.98				181.19		1.47

				0.44		124.1188		123.7500		1.00				186.18		1.50

				0.46		127.3214		123.8462		1.03				190.98		1.54

				0.48		130.4059		123.9344		1.05				195.61		1.58

				0.50		133.3786		124.0157		1.08				200.07		1.61
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linear

						system 1		system2				sys k1=1.2*k1		sys k1=1.5*k1

				vm(mM/min)		150.0000		200.0000				180.0000		225.0000						system1		a->b

				km(mM)		0.0150		0.0080				0.0150		0.0150						system2		b->c

				s

				0.0000		0.0000		0.0000				0.0000		0.0000

				0.0050		37.5000		76.9231				45.0000		56.2500

				0.0100		60.0000		111.1111				72.0000		90.0000

				0.0150		75.0000		130.4348				90.0000		112.5000

				0.0200		85.7143		142.8571				102.8571		128.5714

				0.0400		109.0909		166.6667				130.9091		163.6364

				0.0600		120.0000		176.4706				144.0000		180.0000

				0.0800		126.3158		181.8182				151.5789		189.4737

				0.1000		130.4348		185.1852				156.5217		195.6522

				0.1200		133.3333		187.5000				160.0000		200.0000

				0.1400		135.4839		189.1892				162.5806		203.2258

				0.1600		137.1429		190.4762				164.5714		205.7143

				0.1800		138.4615		191.4894				166.1538		207.6923

		physiological conc		0.2000		139.5349		192.3077				167.4419		209.3023

				0.2200		140.4255		192.9825				168.5106		210.6383

				0.2400		141.1765		193.5484				169.4118		211.7647

				0.2600		141.8182		194.0299				170.1818		212.7273

				0.2800		142.3729		194.4444				170.8475		213.5593

				0.3000		142.8571		194.8052				171.4286		214.2857

				0.3200		143.2836		195.1220				171.9403		214.9254

				0.3400		143.6620		195.4023				172.3944		215.4930

				0.3600		144.0000		195.6522				172.8000		216.0000

				0.3800		144.3038		195.8763				173.1646		216.4557

				0.4000		144.5783		196.0784				173.4940		216.8675

				0.4200		144.8276		196.2617				173.7931		217.2414

				0.4400		145.0549		196.4286				174.0659		217.5824

				0.4600		145.2632		196.5812				174.3158		217.8947

				0.4800		145.4545		196.7213				174.5455		218.1818

				0.5000		145.6311		196.8504				174.7573		218.4466
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branch - ori

						system 1		system2				sys k2=1.2*k1

				vm(mM/min)		150.0000		200.0000				240.0000

				km(mM)		0.0150		0.0080				0.0080

				s

				0.0000		0.0000		0.0000				0.0000

				0.0050		37.5000		76.9231				92.3077

				0.0100		60.0000		111.1111				133.3333

				0.0150		75.0000		130.4348				156.5217

				0.0200		85.7143		142.8571				171.4286

				0.0400		109.0909		166.6667				200.0000

				0.0600		120.0000		176.4706				211.7647

				0.0800		126.3158		181.8182				218.1818

				0.1000		130.4348		185.1852				222.2222

				0.1200		133.3333		187.5000				225.0000

				0.1400		135.4839		189.1892				227.0270

				0.1600		137.1429		190.4762				228.5714

				0.1800		138.4615		191.4894				229.7872

		physiological conc		0.2000		139.5349		192.3077				230.7692

				0.2200		140.4255		192.9825				231.5789

				0.2400		141.1765		193.5484				232.2581

				0.2600		141.8182		194.0299				232.8358

				0.2800		142.3729		194.4444				233.3333

				0.3000		142.8571		194.8052				233.7662

				0.3200		143.2836		195.1220				234.1463

				0.3400		143.6620		195.4023				234.4828

				0.3600		144.0000		195.6522				234.7826

				0.3800		144.3038		195.8763				235.0515

				0.4000		144.5783		196.0784				235.2941

				0.4200		144.8276		196.2617				235.5140

				0.4400		145.0549		196.4286				235.7143

				0.4600		145.2632		196.5812				235.8974

				0.4800		145.4545		196.7213				236.0656

				0.5000		145.6311		196.8504				236.2205
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						system 1		system2		sys1/sys2								system1		a->b

				vm(mM/min)		589.0000		126.0000						189.00				system2		a->c

				km(mM)		0.6040		0.0080						0.01

				s

				0.00		0.0000		1.5556		0.00				2.33		1.50

				0.02		18.8782		90.0000		0.21				135.00		1.50

				0.04		36.5839		105.0000		0.35				157.50		1.50

				0.06		53.2229		111.1765		0.48				166.76		1.50

				0.08		68.8889		114.5455		0.60				171.82		1.50

				0.10		83.6648		116.6667		0.72				175.00		1.50

				0.12		97.6243		118.1250		0.83				177.19		1.50

				0.14		110.8333		119.1892		0.93				178.78		1.50

		physiological conc		0.16		123.3508		120.0000		1.03				180.00		1.50

				0.18		135.2296		120.6383		1.12				180.96		1.50

				0.20		146.5174		121.1538		1.21				181.73		1.50

				0.22		157.2573		121.5789		1.29				182.37		1.50

				0.24		167.4882		121.9355		1.37				182.90		1.50

				0.26		177.2454		122.2388		1.45				183.36		1.50

				0.28		186.5611		122.5000		1.52				183.75		1.50

				0.30		195.4646		122.7273		1.59				184.09		1.50

				0.32		203.9827		122.9268		1.66				184.39		1.50

				0.34		212.1398		123.1034		1.72				184.66		1.50

				0.36		219.9585		123.2609		1.78				184.89		1.50

				0.38		227.4593		123.4021		1.84				185.10		1.50

				0.40		234.6614		123.5294		1.90				185.29		1.50

				0.42		241.5820		123.6449		1.95				185.47		1.50

				0.44		248.2375		123.7500		2.01				185.63		1.50

				0.46		254.6429		123.8462		2.06				185.77		1.50

				0.48		260.8118		123.9344		2.10				185.90		1.50

				0.50		266.7572		124.0157		2.15				186.02		1.50





		



r1

r2

isocitrate concentration (mM)

r1 or r2



		



isocitrate concentration (mM)

ratio of r1/r2



		



isocitrate concentration (MM)

r1(modified),r2



						system 1		system2		sys1/sys2								system1		a->b

				vm(mM/min)		294.5000		126.0000						189.00		441.75		system2		a->c

				km(mM)		0.6040		0.0080						0.01		0.6040

				s

				0.00		0.0000		1.5556		0.00				2.33		0.0731

				0.02		9.4391		90.0000		0.10				135.00		14.1587

				0.04		18.2919		105.0000		0.17				157.50		27.4379

				0.06		26.6114		111.1765		0.24				166.76		39.9172

				0.08		34.4444		114.5455		0.30				171.82		51.6667

				0.10		41.8324		116.6667		0.36				175.00		62.7486

				0.12		48.8122		118.1250		0.41				177.19		73.2182

				0.14		55.4167		119.1892		0.46				178.78		83.1250

		physiological conc		0.16		61.6754		120.0000		0.51				180.00		92.5131

				0.18		67.6148		120.6383		0.56				180.96		101.4222

				0.20		73.2587		121.1538		0.60				181.73		109.8881

				0.22		78.6286		121.5789		0.65				182.37		117.9430

				0.24		83.7441		121.9355		0.69				182.90		125.6161

				0.26		88.6227		122.2388		0.72				183.36		132.9340

				0.28		93.2805		122.5000		0.76				183.75		139.9208

				0.30		97.7323		122.7273		0.80				184.09		146.5985

				0.32		101.9913		122.9268		0.83				184.39		152.9870

				0.34		106.0699		123.1034		0.86				184.66		159.1049

				0.36		109.9793		123.2609		0.89				184.89		164.9689

				0.38		113.7297		123.4021		0.92				185.10		170.5945

				0.40		117.3307		123.5294		0.95				185.29		175.9960

				0.42		120.7910		123.6449		0.98				185.47		181.1865

				0.44		124.1188		123.7500		1.00				185.63		186.1782

				0.46		127.3214		123.8462		1.03				185.77		190.9821

				0.48		130.4059		123.9344		1.05				185.90		195.6089

				0.50		133.3786		124.0157		1.08				186.02		200.0679





		



r1
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isocitrate concentration (mM)

r1 or r2



		



isocitrate concentration (mM)

ratio of r1/r2



		



isocitrate concentration (MM)

r1(modified),r2

E2 increased by 50%



		



r1

r2

isocitrate concentration (mM)

r1, r2

E1 increased by 50%
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[image: image1.png]5.4.1. BRANCH POINT CLASSIFICATION

Often, in biological processes, poor product yields are attributed to limita-
tions caused by enzymatic levels or activities. Although overall activity of the
enzymes in the product branch determines productivities, product yields are,
however, functions of the flux split ratios at intermediate branch points. The
latter, also referred to as nodes, are points in a metabolic network where a
reaction sequence bifurcates between two or more different pathways. For
example, the yield of product P; in Fig. 5.18 depends on the flux split ratio
at the I node and not on the activity of the I to P, branch per se. Because the
pathways that synthesize primary metabolites typically can support substan-
tial fluxes, metabolic engineering efforts should be focused on altering flux
partitioning at selected metabolic branch points to enhance product yields.
Although a network may consist of a large number of nodes, it is generally
believed that the split ratios at relatively few nodes actually affect product
yield. These nodes are referred to as principal nodes. Although the metabolic
control structure used by different organisms to regulate flux varies markedly,
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