CENG364 Biomolecular Engineering

Course Objectives:

Introduce engineering students to how
fundamental chemical engineering
principles (such as biochemical reaction
kinetics, thermodynamics of biological
systems, and bioreaction networks) are
relevant to a large range of biological
processes of practical relevance, at
cellular and industrial scale.
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CENG364 Biomolecular Engineering

Course Objectives:

As part of an on-going CELT program,
chemical engineering students will be
exposed to Excel VBA programming and
this will be applied to practical engineering
problems within the course.

5%?...

Metabolic Engineering

Course Integration

Stoichiometry = MFA

Engineering Calculations

Enzymes, Thermodynamics = MCA

Moetabolic Engineering
Project on Excel VBA

Metabolic Engineering = MFA (Fed-Batch)

MCA (Simple Pathways
Applications)

Reaction Networks = Systems
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Increased Productivity of Desired Products

Productivity increases of desired
products may be achieved by:

Reactor Based Approaches

Enzyme Based Approaches
Metabolic Engineering

Reactor Based Approaches

The reactor is used to promote desirable reactions
and to limit les favorable ones.

Fed-batch is a good example, where the
production of inhibitory products (e.g. ethanol in
yeast, acetate in recombinant E.Coli and Lactate in
animal cells) is limited and desired products
(either biomass or an end product) is favoured.

Enzyme Based Approaches

1. Enzyme Insertion or Deletion

2. Enzyme Concentration Increase

3. Enzyme Velocity Increase

4. Replacement of One Enzyme with Another

§. Modification of an Enzyme and its kinetic
properties

6. Use of Enzyme Inhibitors / Activators

Metabolic Engineering Approaches

Metabolic Flux Analysis (STEADY-STATE
assuming that all cellular intermediates are low in
concentration and constant)

Metabolic Control Analysis (DYNAMIC but analysis
undertaken under one set of operating conditions

with one set of enzyme concentrations and one set
of intermediate concentrations)

Metabolic Engineering Approaches

METABOLIC FLUX ANALYSIS
Detailed Know ledge of Stoichiometry and Energetics Required
Steady-State Process
Can be used to indicate how overall defined metabolic

improvements may be made by increasing the flux of some
reactions and decreasing the fiux of others

Mechanisms Used:
~ Enzyme Insertion or Deletion
E P M

- Enzyme Activity | /Decrea:
~ Repl: of One Enzyme With Anoth:

= Modification of an Enzyme and its Kinetic Properties
~ Use of Enzyme Acti s and/or Inhi

(Mast Common in BLUE)

Metabolic Engineering Approaches

METABOLIC CONTROL ANALYSIS

+ Detailed Know ledge of Stoichiometry and Energetics Required
IN ADDITION,NEED ENZYME DATA (VELOCITY -v- SUBSTRATE
CONCENTRATION) FOR ALL ENZYMES - PREFERABLY FOR ALL
SUBSTRATES, PRODUCTS CELL INTERMEDIATES, ATP/NAD(H),
INHIBITIRS AND ACTIVATORS

* Steady-State / Pseudo Steady State Process

* Provides a “snap shot” of prevailing metabolic condition of cell at the
rmullap intracsliular conditions of enzyme concentration and activity and

intermediates concentrations

. C?:I Il[)e ihlsed o idenﬁ;y on: “rate Iil:migg Iﬁgz&v:‘nﬁe (‘gr most likely 8 umvmg:f
rate limiting enzymes) and s 5t m s to enzyme activity
can lead ?oga de%ired inma%x
* Mechanisms Used:
~ Enzyme Insertion or Deletion
- B Ci h

- of One Ei With A
- Modification of an Enzyme and its Kinetic Properties
~ Use of Enzyme A andlor |

{Most Common in BLUE)
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Importance of Programming to Enable Metabolic
Flux Analysis and Metabolic Control Analysis

* Metaboiic Flux Analysis (MFA) requires the use of
Matrices and Gaussian elimination to solve a metabolic
pathway map. This can be dome manually or may be
automated by programming techniques (e.g. Excel VBA)

Metabolic Control Analysis (MCA) requires inversion of a
matrix from a relationship involving a number of
matrices.

These mathematical manipulations can be undertaken in

a number of platforms (eg Mathematica, Matlab,

Polymath, Excel VBA programming, etc.) % &
FE

Importance of Programming to Enable Metabolic
Flux Analysis and Metabolic Control Analysis

+ Some of these packages are not freely
available and expensive (e.g.
Mathematica), have limited programming
and numerical methods capacity
(e.g.PolyMath) or require specialist
knowledge and experience to use (e.g.
Matlab). In addition, automatic repetitive
calculations require programming skills.

%
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Importance of Programming to Enable Metabolic
Flux Analysis and Metabolic Control Analysis

+ Students will be taught Excel VBA as a commonly
available, programming language suitable for a wide
range of engineering applications. All of the necessary
mathematical manipulations necessary to understand
MCA and MFA theories and practically apply them to
practical metabolic pathway analysis and improvement
are possible using this package and some elementary
programming
Although simple input/output packages are available for
some applications (e.g. Gepasi for MCA), it is important
that students understand the underlying basis of the
calculations and the necessary solution procedures
necessary for their solution. a

BERT.,

CENG364 Projects

* Three projects will be undertaken using Excel VBA:

- Metabolic Flux Analysis (MFA) by Guassian Elimination of
Constructed Matrices (PROJECT 2)

- Calculation of Thermodynamic Properties at Cellular Conditions
(K,q of various metabolic reactions) (PROJECT 3)

- Metabolic Control Analysis (MCA) of a Metabolic Pathway and
its Comparison to Analysis Packages available (e.g. GEPASI)
(PROJECT 4)

These projects will replace the mid-term exam

CENG364 Biomolecular Engineering

“MACRO-LEVEL"

g\:llass and Energy Balances, Metabolic Flux
alysis)
¥

“MICRO-LEVEL”

(Enzyme Mechanisms, Mechanisms of Ener?etiw
including Transport, Cell Organelles and Cel
Signaling)

v

SYNTHESIS OF “MACRO” and “MICRO” LEVEL

alslystems Biology, Pathways Synthesis,
letabolic Engineering § w

SRE .




Gy 3%

Date 7(’ . 3 . 57 No.

Midahotc Fur  Aradyss g uantitative
rp ks sk Goes wikee 7 w\«\w ot ﬁ(LQ"/\(J'( A{ﬂ“*f-r
) cutpets

d Mﬂw Comstructr JANTERNAL DISTRIBUTION

W THE  PATHWAY.

Slample  Exanple . - o4
[DWC‘A‘N 'j ZW%/LH"‘W/\/ Pr‘a oluc
s () MEA Anedgsic C
7,, Practeced o~ g(,/g O v CO Mty nhibr i e
/ 1) /Q/QWU B el (Rd—dbq-lc[. /Ccru‘f/w«ug)
k\ Ne) GW ( Deletan /Ihw"a»’#w\)

L 2 . 4

~ WO‘W!}’ 5?:%‘“ >@ 42}:4 a—&’ e}(p-(_/"""ef\de'( Aadq
(lor gt mo . of matian] () o wnlo/ attbas] . 0o Cogee
£@ne . ble b /\om.é( EN 4/\4:1‘7:‘;»« .

MEA Wcturt _cude (e25e shucly diag\ T/ ° T ey

Inforvebnon (')A/VL, Wla( M« M@#dwf—q
éb’;qy\)”lﬂeﬁ\ oool-o,

O’) H v "’H-(,c/l«\ Q%IL «v\‘ow lay %

e <Pz’“’w\ 7"(—? A’\"““-»_f C ou 5“"3')

Flwore  comeg wmFo el =

/,%*3%/ Floe — L
( /@'4-1’%mfe["‘é““ 7) W Ml of ﬁ&«w&& foken wp
A

2 ¢ €y v@l-v-a"— /Jqﬂwaf-ﬁ

oy M“‘"““——“’“ ¢ A (‘;"“V‘ Pé:?
—W (P rmspi= Fres oo S oo CPTS
k 7!7‘M P b/nZ‘r " ) VoY Fa
1/ Ja F Ao+ 4§70 /t’,/ - 7(&@3{

J%"‘LL["VV‘L role a d’ w;bvﬁ r~eatbran oe
’U’ﬂw A?/ W/(&v.r#em boaed on  ZAF Rl /
& SM \fo w.{(‘o/\ » J‘c«.ml-,ﬁ,,,

*° ACQ,-{—O\J{ S 2 M b oy P roddiiet
J

*KOKUYO LOOSE-LEAF /-836F 6 mm ruledx 36 Jines”



_______ - ;3&%‘%‘? e e
Q.,»ck < ‘yuw%ﬁoﬁ \%_(%L Mﬁﬂ_;

phcakn e Glrrd Lo
;fc%«v:a\ hpg__M‘_L@;&_ﬁfs@f




EW""”L‘ -3

\,\jL\O«{: 4) o Whee -
- (
wis Jttiarn lﬂ.l‘brt wu(w't
wjlmm/? T‘M( % PR
Sy , o O MFA @m&&bm .
& prorf ol ey At
e e ikt
W - QA S
Mﬁuf oA 0%\/&0( W]»uxh J% ot pt © [Zu_'fw Boneck { Feet- oo feks /(&A’ﬁh +)
postit TGl Qofiilmtoon 5 & (B (oletoon [ mhelitin)
o s prdnsoy Z*lw ot Pale Pete oy
o "l‘w(&d 3 [mger Cre bl kﬂq W(
PR I/\f'ﬂ ( )
; o P
W%w\ QJ *(4// @4 Cu:fw(’)f/"”"b A It telie
AV - 4
D s gt v, i | R e
@ gﬁr V\‘[‘I,\,'{’ * D&’(‘g\/ PL.OG b&Ol"M‘{M‘wL %£M (PT!) /1.
(a\, va&’f [M’)(/vl*dd s ot X -—ﬁwsf,u f’("‘“ hote- ,fwm Yhs _ (77[3”%
oo (ww A fanES gm s Aaa ,/{), ot vesifran dogo .
wd R i ﬂ,(.t)[c.@o( Posrdon by s bard o
‘(4”“" “[j bpromen) Qo\z‘ﬁvuu &&ﬂ /%«M'im
st lﬂ/»gL Sl,\,\cm e S‘\')%I FIC 1o FeecTtion
31»05 veacl{ Lwrtlk Tea 4 M‘ﬁ‘u'ﬁ?
%6( th@ﬁ Otretfion
Cone )

MH‘J&— £z Vi AL

(9«1& 3 C wyolte
rvm (o~ quW/“[' %f é7élD ()wchufm (6\/ !)t‘os'jg\ﬂ.q,,ux

Lmﬁful wA GD(& Q;PM;@

Tverr (Mrley ryaca P’bdwﬁm.
Core 3. cam’ fo hose € gl

et s T o Rl o 7 *
nmalt e t f‘*‘l?{ clie o wﬁoﬁf <f[~£ CC/ C.m/\» Pocerts







/" dent Name: Teh Yo Er | L;Qr/
Student Ip: c8520018 /3 (wed-)

(030~ (1. 6vam-

-

—
PRECTICA L APPLICATION l

P
! ATRICGS
EThRoL Vet >
m 1€ Flag pubfsis - By hand” > e Bk
(wheit do the matenxl u‘fnéna the w‘fgo )
PhovwcT (KmTon 15 5560 5 THE gmr«fbs Hm«mrk/f’njc&

Yeng (aea-
ovamme i § WE Laar)

- Doivs & mefhols Py I'MbTIts t u(ch‘flfy whete the f"“ﬂ" is
s- Redice inhibition offect b

@) pactr based uﬂ;-uJ\ (hed-Rafoh)

tb) w.ase mnirv-(af-'.,n (Cnzwe feletion [ Inkibition )

T Rudbad by foded dowc dewn prass Fﬂ_ﬁc badkeria. CE.coli) desived. prdact
. : X o bim o na CEoli) > Soma Lesive + ReETATE
_fnk«Lﬁan predunct my wt b the desind prduct, Yeast > EMMAwoL P v

Animal Celk = tAcTie fcin , NHy __,_3'““ Lf")’ ]""‘(“‘fJ

p‘z?,lo,n s v

\(fb:n&d\

bt only wm Us and GE
el an”» a{

canly c-«lculn singe

Mr-"’v\‘fo'y Glrwth i unkwewn,

o Mr"ﬂr"m/

o, [H.0
PH).). he asimmg that bfnsysﬁu{fx ate made of these ¢ f"!aﬂ'.roy:,
P ETB ﬂwryhomﬂ’ymvm ey — ? wate 4
; élyw(ys.s (u..( m(w‘ of
o 4 0 gt bl 7/L\
\ G(uuxe, &l cose -6 P

Slume ad infermedfe of U’yuﬁ/ )

¥
) Case 1 = wnder - dedoimne £ Casg &*
> _—_—
piv fo ealonlahe ()‘Mrlm'f.,.\l on‘y { Sottion

Gace 3% over defermined

n\d'cl\&n

fao‘ﬁ.[u‘(n"(’
muH’.‘H‘, .(2“‘; 0( soldtion

of



Metabolic Flux Analysis
what aous whete

We will now Lmertake a Metabolic Flux
Analysis ‘By Hand”

The purpose of this is to illustrate the
calculation of carbon flow through the cell
and to illustrate how knowing the fluxes
can assist in identifying “limiting reactions”
or bottlenecks and (potentially) offering
strategies for improvement (e.g. enzyme
gﬂetion, enzyme enhancement etc)

L}

e

Metabolic Flux Analysis

We will also examine the concept of “Overflow
Metabolism” and how practically we can
manipulate the metabolism by “cell culture
means”. Metabolic improvement may be made
by a number of available techniques, for
example:

Genetic Engineering (Enzyme deletion,
enhancement, introduction)

Cell Culture Manipulation (Batch,
Fed-Batch, Continuous)

Use of Metabolic Inhibitors

Metabolic Flux Analysis
What is Metabolic Flux Analysis?

Simply put, it is the systematic representation of an
overall metabolism by a diagram linking the major
catabolic and anabolic pathways together using their
common biosynthetic intermediates (carbon skeletons)
and having these biosynthetic intermediates form cellular
components through monomers or polymers or both.

Fluxes are then assigned to the reactions in the diagram
based on experimental measurements
)
2.2
-
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Metabolic Flux Analysis
Experimental measurements may be of many types:
Primary measurements:
Substrate concentration, Product Concentration, Exit
Gas concentrations

Pulse-Chase Experiments with labelled substrates

NMR
Derived measurements:

Metabolic Flux Analysis

The development of strategies to improve
metabolic performance is the basis of
another technology , viz. METABOLIC
ENGINEERING.

We will study the underlying theory of
metabolic engineering and undertake
some calculations in later lectures.

Metabolic Flux Analysis should be seen as
a precursor to Metabolic Engineering. .

i 0

Metabolic Flux Analysis
What is a FLUX ??

The most common flux unit is mols / g biomass / h

Mols are used since the use of weights leads to some
confusion as 100 mols of glucose, for example, is
converted to 144 g Glucose-6-Phosphate and then in
two more steps to 198 gof Glyceraldehyde-3-Phosphate
and Dihydroxyacetone Phosphate.

When mols are used, 1 mol of glucose becomes 1 mol of
Glucose-6-Phosphate and 1 mol each of
Glyceraldehyde-3-Phosphate and Dihydroxyacetone
Phosphate.

id

.

Metabolic Flux Analysis

Flux Analysis Organises DATA, so we must define
WHAT DATA WE REQUIRE

WHEN you measure everything that goes IN
WHEN you measure everything that goes QUT
AND you know the metabolic routes to connect these

THEN you can write a complete description of what is
happening in the process

id
=

Metabolic Flux Analysis
Degrees of Freedom (F)

Number of Substrates (S)
+

Number of Products (P) ’
+

Number Metabolic Intermediates Included (M)

Number of Constraints (C)

If F > Number of Independent Experimental Measurements Available,
then the system is under-determined

If F < Number of Independent Experimental Measurements Available,
then the system is over-determined

If F= Number of Independent Experimental Measurements Available.




Metabolic Flux Analysis Metabolic Flux Analysis

Example:

How many experimental measurements are needed to determine
the flux through the fermentative pathway (ethanol) and respiratory
pathway of a yeast when these are the only catabolic pathways?
Assume no oxygen is used for anabolism.

Case 1:

Qs and Qgpano known

Case 2:
Qg and Qgpyano known ,% Carbon in cell is known

Qerhanod €an be used to calculate QgFERMENTATION

[ GROWTH
o.CaN be used to calculate QFERMENTATION % Carbon and Qg can be used to calculate Qg

Qg - QgFERMENTATION can he used to calculate the flux %t;gar going

to respiration (QgRESPIRATION) and to cell growth (QgGR Qg - QgFERMENTATION _  GROWTH can he used to calculate

the flux of sugar going to respiration (QgRESPIRATION)
Without some measurement the flux of sugar used for celt growth, ’
the fiux of sugar going to respiration cannot be determined.

This is an example of a system capable of solutiong @
‘-"—"1"-‘

This is an example of a under-determined system.

1o

T aEEL.

Metabolic Flux Analysis Metabolic Flux Analysis

Case 3:

Case 4:

in addition to Qg , Qgryano .% Carbon in cell being
known, QCO, and QO, is known

Now five combinations of data can be used to calculate
what we want :

Qs and Qgpyano, known % Carbon (Case 2)
Qs ., QemanoL » QCO, (Case 3)
QO,, QgrnanoL % Carbon in cell
QCO,, Q0,and ,% Carbon in cell
Qs , QO, and ,% Carbon in cell
Excessive data = 2

In addition to Qg , Qgpanor % Carbon in cell being known, QCO, is known
Qeriano, €an be used to calcuiate QCO,FERMENTATION
QCO, - QCO,FERMENTATION can be used to describe QCO,RESPRATION

FERMENTATION RESPIRATION oy
8:20a Al andaa: R(élscoi can be used to caiculate

Qg - QFERMENTATION . RESPIRATION can be used to calculate QgGROWM

This could have been calculated using % Carbon data

This is an example of a over-determined srstams where different
combinations of data can be used to calculate what is wanted but the whole
data set is unnecessary.

Excessive data = 1

Metabolic Flux Analysis

In a system is over-determined, then the redundancy of the
measurements can be used to:

(a) Calculate the rates of non-measured metabolites

(b) Increase the accuracy of the available measurements
by application of least squares calculation

popecn
{c) Identify the source the measurement error or L e s
in ist ot %ARANI P Cater Gty
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Metabolic Flux Analysis

Flux Analysis of E. Coli ML308 on Glucose, Pyruvate or
Fumarate As Sole Sources of Carbon

Data for the system: (¢

CASE 1: 11.24 mols Glucose form 1kg Biomass, 5.20
mols Acetate with CO, as the only other product. The
specific growth rate is 0.94h-

CASE 2: 56.12 mols Pyruvate form 1kg Biomass, 26.10
molis Acetate, 0.08 mols Lactate. The specific growth
rate is 0.07h-1

CASE 3: 26.23 mols &umarate form 1kg Biomass, with
CO, as the only product. The specific growth rate is
0.63h"1 s
i
&

Metabolic Flux Analysis

Metabolic Flux Analysis

Alanine is made from 1 pyruvate
Valine ia made from 2 pyruvates
Leucine is made from 1 pyruvate and one acetyl-CoA

All other cell components can be treated in the same
way and can be derived from a limited number of
precursors (or carbon skeletons or biosynthetic
intermediates). Monomers are compounds that are
directly polymerised into polymers and may or may not
be equivalent to these biosynthetic intermediates.

Metabolic Flux Analysis

Other relevant metabolic information: 1'-‘5";\; Ar fooe
1. Glucose uptake is by the glucose phosphotr!‘;l‘;ferase
(P1s) system. PEP is converted to Pyruvate and is used as the
phosphate donor. All other pyruvate formed from PEP is  /
undertaken by pyruate kinase.

phosphate ot give acetyl phosphate which phosphorylates

AT 3 T rven mmansnbrmbom 1atbiimby (v Aawmpembonrd t200m m o s d o s

2. 1 mol Fructose-6-P is converted to 2 mois of Triose-P —
hence two boxes are included in the diagram s s H
3. Some Acetyl-CoA is used to from oxaloacacetate, 'm‘ ey iy
however, the majority of acetyl-CoA is convened toC Q}V
4. The majority of the precursors from the TCA Cycle come "
from PEP via the enzyme PEP carboxylase which
converts PEP to oxaloacetate using CO,
5. The thiol ester of Acetyl-CoA is exchanged with inorganic

Metabolic Flux Analysis

rreef

e

ifﬂf

1
}

i

’nf-rnﬁm';. (u N
Lt 1"“' MMP"M date
a- Bibg data .

Metabolic Flux Analysis

The first step in the process is
to draw a metabolic diagram
which represents the known
pathways and their interactions
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Metabolic Flux Analysis

Metabolic Flux Analysis

11.24 mols of PEP are committed to Glucose Uptake, 0.55
mols are needed for biosynthesis and 2.75 mols for
anaplerotic provision of the TCA Cycle.

The balance (2.50 mols) is available for pyruvate kinase
and thus converted to pyruvate, of which a total of 13.74
mols are available.

Of this 13.74 mols pyruvate, 2.32 mols are used for
biosynthesis and 11.42 mois decarboxylated to Acetyl-
CoA.

2.64 mols of Acetyl-CoA are used for biosynthesis and
5.20 mols for acetate excretion, leaving 2.52 mols malate
to be oxidised and decarboxylated to oxaloacetate

Metabolic Flux Analysis

CASE 1: 11.24 mols Glucose form 1k? Biomass,
5.20 mols Acetate with CO, as the on g other
product. The specific growém rate is 0.94h-1

1. When 11.24 mols cgdglucose is taken up, 11.24 mois
of PEP must be used in its transport.

2. The biosynthetic requirement from the TCA cycle is
1.69 mols from oxaloacetate and 1.06 mols from
oxo-glutarate, making a total of 2.75 mols which
must come from PEP to oxaloacetate conversion.

3. Excretion of 5.20 mols acetate takes 5.20 mols from
acetyl-CoA

4. Other biosynthetic requirements are 0.14 mols from
TrioseP, 1.34 mols from 3-P-glycerate, 2.32 mols
from pyruvate, 0.55 mols from PEP and 2.64 mols
from acetyl-CoA

5. Ofthe 11.24 mols of ?lucose entering the glyoo%ﬁc
athway, 1.98 mols of Glucose-6-P is taken off for
iosynthesis

Metabolic Flux Analysis

The remainder is simple arithmetic:

11.24 mols of glucose are delivered as 11.24 mols
Glucose6-P of which 1.98 mols are used for biosynthesis.

The remainder 9.26 mols is phosphorylated again and
delivered as two trioseP totalling 2*9.26 mois = 18.52
mols

0.14 mols of TrioseP is used for biosynthesis and the
remainder (18.38 mols) is oxidised to
diphosphoglycerate.

After 1.34 mols of 3-phosphoglycerate are used for
biosynthesis, 17.04 mols of PEP are available

Metabolic Flux Analysis

Together with the anaplerotic provision of 5.27 mols of
oxaloacetate (2.75 mols from PEP and 2.52 mols from
malate), 1.69 mols are used for biosynthesis and 3.58 are
recycled through the TCA Cycle.

To obtain a FLUX, it is simply a matter of multiplying the
current units (mols / kg dry weight) by the specific growth
rate to obtaim mols / g dry weight /h.

Metabolic Flux Analysis

If some of the intermediates are used for other purposes,
the additional load must be balanced by cyclic
regeneration. The utilisation of glutamate and glutamine is
a good example of this. They are amino group donors for
many reactions. The throughput of oxo glutarate is 1.06
mols (0.86 to Glutamate, Proline and Arginine and 0.20
mols to Glutamine), but considerably more Glutamate and
Glutamine are used as amino donors regenerating
oxoglutarate and glutamate which are reaminated using
ammonia and energy from the oxidative metabolism.




Metabolic Flux Analysis

Metabolic Flux Analysis

CASE 2: 56.12 mols Pyruvatt?cirrn 1kg Biomass, 26.10
mols Acetate, 0.08 mols Lactate. The specific growth
rate is 0.0.7h-1 -

P.,JMA “'S
When pyruvate is used as the carbon source, PEP is
made from pyruvate using pryruvate synthase.

Pyruvate is a the substrate for gluconeogenesis, the
process by which glucose is made from 2C and 3C
compounds at an energy cost. 1.98 mols of Glucose-6P
must be made fro biosynthesis (as previously).

There is a large excretion of acetate (25.10 mols) and
some lactate (0.08 mols).

Metabolic Flux Analysis

CASE 3: 26.23 mols Fumarate form 1kg Biomass, with
CO, as the only product. The specific growth rate is 0.63h!

Fumarate enters directly into the TCA Cycle

All biosynthetic precursors are provided either by
converting malate to pyruvate (using malate
dehydrogenase) or by oxaloacetate to PEP (using PEP
carboxy kinase)

There is no acetate excretion

Metabolic Flux Analysis Metabolic Flux Analysis :

This metabolism shows us one of the potential problems
of flux analysis.

We know that 23.48 mols of C, must enter the glyoolyﬁc :
pathway from the TCA cycle (17.49 mols from malate and
5.99 mols from oxaloacetate) — however, we cannot be
sure that this is the correct partitioning of the C,
compounds.

All of the throughput could have been from malate in
which case 5.99 mols PEP would need to be made from
pyruvate using pyruvate synthase. Alternatively,
oxaloacetate decarboxylase could operate exclusively, in
which case 17.49 mols would need to be made from PEP
by pyruvate kinase.

Metabolic Flux Analysis

Interpretation of Flux Analysis
Methad: : e Acetate excrstion may be considered to be caused by%
* m;:;;-; oumputs. of precursare from WA : limited ability of the TCA cycle to provide biosyntheti
; ; intermediates or by excessive activity of the glycoiytic
bewetiringl ot priummes. : pathway or both. The fact that this problem does not

¥ Bt she vmmke. o M . when fumarate is the carbon source indicates that
! oee: : case, the biosynthetic intermediates provision ar}q
are better balanced.

dry. b 9
input(s) to outputs of precursons. £
L ohpas o Lo a Ao, (7 wdrymbinmnwm‘. .

dplyi J t constant

- e «
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Metabolic Flux Analysis

Acetate excretion may be reduced by restricting the
uptake of the feed (glucose). This is most easily achieved
in continuous culture at low dilution rates (0.3h™).

Analysis of this steady state shows that 8.64 mols of
glucose are used to make 1 kg Biomass.

Comparing the glucose in batch to the glucose in
continuous culture:

The outputs to precursors are identical

The throughputs in the TCA Cycle are identical

The throughputs in glycolysis are lowered

The conversion of PEP to Pyruvate is exclusively

dedicated to the phosphotransferase system for glucose 2
uptake with none involving Pyruvate Kinase g

b

—
L .

Metabolic Flux Analysis (INHietTion)

Acetate excretion may also be achieved by ihikitingitaa
«Bpz¥mespyruvate dehydrogenase) which forms acetyl-
CoA from Pyruvate and leads to Acetate Excretion.

w
BSIRNALE: ot ot op e of Ulwu
At a concentration of 50pmol, acetate excretion is totally
prevented. Interestingly, the growth is also inhibited to a
specific growth rate of 0.3h1, which is similar to the dilution
rate in continuous culture where acetate excretion is
prevented.
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This enzyme is inhibited by bromopyruvats ™ Behuse > sabente des

One method achieves the desired outcome by process
manipulation
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Metabolic Flux Analysis

Such strains have the following characteristics:
The outputs of precursors are the same

The uptake of pyruvate falls by 30% (acetate excretion
stimulates pyruvate uptake

No acetate excretion compared to 47% of the input
pyruvate excreted as acetate in the wild type E Coli
Large stimulation of lactate excretion (14% of pyruvate
uptake)

There is an increase in the amount of Acetyl-CoA
oxidised in the TCA Cycle (more NAD(H) production)-
this presumably compensates for the reducing power
required to reduce pyruvate to lactate, the loss of ADP
phosphorylation by acetate phosphate and the loss of
the proton motive force for acetate excretion.

Metabolic Flux Analysis

Manipulation of enzymes is now very common and there
needs to be some theoretical basis for determining which
enzymes should be manipulated to achieve a desired
outcome.

One such theoretical basis is Metabolic Control Analysis
which is a central them is Metabolic Engineering. We will
study this in due course.

Metabolic Flux Analysis s

Metabolic Flux Analysis (bEe(tTion)

Acetate excretion may also be prevented by aisistisewesy
RERasnanke pxeselionaneeiunisnes

Fluoroacetate is converted to fluorocitrate by the enzymes
responsible for acetate uptake and excretion. Fluorocitrate
is toxic to cells and usually they will not grow well in its
presence. Selection for strains capable of growing well in
the presence of Fluoroacetate may indicate the loss of the
acetate uptake/excretion capacity.

Such strains do not excrete acetate.




