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Flux Coupling

USEd tO see hOW maximize (or minimize) Vi/Vs
e
pairs of fluxes affect KR Ebm , VieN
One an Other. L,;I;T?R = L,}:;r:kv_rmmj V;C 1\"'[11-:11151-"*2*“
v; =0, VieM

Done by calculating I
the minimum and
maximum ratio

maximize or (minimize) V4

subject to Vv, =1
between two fluxes
Es,f v,=0, Vie N
. v{.ﬂghk = ,l:igr?kc'_.-'mix .t : Y .
Transformation P b V7€ Muanspon
. V.= 0, VieM
needed to make it a - /

linear problem

UW Madison, Chemical & Biological Engineering Research. 14(2):301-12 (2004

Burgard, AP, et al. Genome



Types of Coupling:

R _=minv/v, R =maxv/v,

M

Directionally

‘L_I i _}
Coupled: !

Partially
Coupled:

- Fully Coupled:
Coupled: — _R—c — V1 and V7

Directionally - V2 and V3
Coupled: L2 ——t [ ) » Directionally Coupled:
’ e - V2,V3 > V1\V7
Uncoupled: — V6 9 Vl,V4,V7
. — V5> V4
Uncoupled:

— V5 w/ all other fluxes, except
\Z!

ated to the fiL 5 Ry andl R,,,, as shown. — V4 w/ all other fluxes, except
Burgard AP et al. Genome V5 and V6

Research 14(2) 301-12 (2004) — V6 w/ V2, V3 and V5

(1) directionally coupled if the




Separate Irreversible & Reversible Reactions

v_for(rev) rewversikble fluxes forward direction
v _back(rev) reversible fluxes kbackward direction
CObj this is the walue of the objective function for the FBA solutions:

In S-v=0 equation split reversible reactions (v_for and v_back fluxes)

Equations
massbalance (1) mass balance equations for each metabolite

calcobj calculates the dot product of the o wvector the flux wvector;

masshalance (i) .. smw(irr,
calcobj.. Cbj=e=suw (irr,c irr(irr)*v _irr(irr))+som(rev,c for(rev)*v for(rev)+c back(rev)*v backirev)):

Model FBA /masskalance,

Ao (irr)=0;

Aap (irr)=Vmax;

.;cirev]=%;

oaer 2eeen—0. . All Fluxes Constrained Between 0 and Vmax
v _back.up(rev)=Vmax;

set unblocked irr(Jj) . L. . .
oy ezEnRLCked () Flux Variability Analysis to find actual
alias (dummyindex, irz) ; Vmax and Vmin for each flux =

loop (dummyindex, c irr (dummyindex)

solve FEa using 1p maximiz | NIS WIll @allow us to remove blocked reactions
if(CObj.1=0,unblocked irri: . . . . . . . .
: (including infeasible directions of reversible reactions)

else unblocked irr (dummyir
c irr(dummyindex)=0; );




Parameters
d(3)

d back(]j)

S mod(i,J);

S mod(i,J)=3(1,]):
5 mod(i,unblocked backonly)=-5(i,unblocked backonly):
unblocked irr(j)=unblocked irr(j)+unblocked backonly(]j):

Variables

v_hat irr(j) flux values through reaction in network
v_hat for(j) flux walues through reaction in network
v_hat back(j) flux walues through reaction in network
Cbj _hat

T

v _hat irr.lo(j)=0;

v_hat for.lo(j)=0;

v_hat back.lo(j)=0:

wrac_irrup(d=ing;  All Flux Ratios (v_hat) Constrained Between O and Inf
v hat for.up(j)=inf:

v_hat_back.i;}i]=inf;

tT;c=5:

Eqmations FOF the uptake ﬂUX, add
massbalance hat (i) mass balance eguations for each metabolite addltlonal COnStralnt
allowing its ratio to vary

Focked irr)*v_hat irr(unblocked irr)) + smw(unblocked both,S5 mod (i,

calcobj hat calculates the dot product of the ¢ vector the flux veg
uptakelimit;

massbalance hat (i) .. sow(unblocked irr,5 mod (i, g
calcobj hat.. Obj_hat=e=sznm (unblocked ig
uptakelimit.. v_hat irr('vl')=1l=t*10;

Model FluxCoupling /masshalance hat,calcob] hat,uptakelimit/:

‘\(\ﬁ UW-Madison, Chemical & Biological Engineering
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GAMS File Results

e Two Text Files (row I, column J = Ratio
for V,/V,:
— “OneDirection” reports the max and min
ratios In tables for the irreversible reactions

compared to all other fluxes (irreversible
and reversible fluxes).

— “BothDirection” reports the max and min
ratios in tables for the reversible reactions
with each other (note that reversibility Is
redefined after FVA is performed)
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Results from the Example Network

FluxCouplingExample.txt - WordPad R _=minv/y, R =maxv/i, R

File Edit View Insert Format Help

~ Directiuﬂa"}r I—l“,.,p
1-!" _}vq

NS H SR # ™ orestionaly [y 5w -

rllmﬂrzc.n . r|-,_‘?'_ T . r|-,_‘?2 FT . r|-,‘r3 T r r|—__‘i.-_q T r r|-_‘r5 T r r|—_‘i.-5 FI r rl—_‘r'? L
"y1",1.0000,1.0000,] 00, "+INF", "+INF",1.0000,1.0000 | Partially o |m"um"+________1"mu"m",
"y2", "+INF", 1. -:‘l:l-i.‘l- "+INF","+INF", "+INF", "+INF" Coupled: I 2 R =c R c

2
"w3","+INF",1.0000,1.0000,"+INF","+INF", "+INF", "+INF" 1 ;
"4 CAINED, "+INF","+INF",1.0000,1.0000,1.0000,"+INF"

- . T - - - - Fully .

ML NI L THE '+ INFE", "+INF", "+INF",1.0000, "+IHNF", "+IHNF" (:g“‘].j]f_d' L]. “— Uz |......u....u.....‘... R —————
e G "+INF" ) +INF", "+INF", "+INF", "+INF",1.0000, "+INF" ] R .=R
"yym,1.0000,1.0000,1.0000, "+INF","+INF",1.0000,1.0000

Directionally IE ||

"MINRATIOW, "wl®, Ty2®, MyggW Mgd® WgCn Sgph fgpn cﬂ“P]Ed: 2 !

myl™ 1.0000,0.0000, Q,0.0000,0.0000,0.0000,1.0000 Rpm=c¢ R =
Me2™,1.0000,1. -:'-:'-:."- .0000,0.0000,0.0000,1.0000
"v3",1.0000,1.0000,1.0000,0.0000,0.0000,0.0000,1.0000 | Uncoupled:
Mya® O-8ea0 0,.0000,0.0000,1.0000,0.0000,0.0000,0.0000
mysvg onog 4 .0000,0.0000,1.0000,1.0000,0.0000,0.0000
ny6*C1.0000,0.0000,0.0000,1.0000,0.0000,1.0000,1.0000
my 7™ 1.0000,0.0000,0.0000,0.0000,0.0000,0.0000,1.0000

max

mar ©

ROWS = denominators
COLS = numerators

Max V,/V5 = Inf & Min V,/V; = 0 so they =~ Max Vy/Vg = Inf & Min V,/Vg =1 so
are Uncoupled (V6> V1) they are Directionally Coupled

(V6> V1)

UW-Madison, Chemical & Biological Engineering



Flux Coupling Calculations

 \What are all the fully coupled reaction
pairs?

 \What are all the uncoupled reaction
pairs?

 What are all the directionally coupled
reaction pairs (v; 2 Vv;)?

%&} UW-Madison, Chemical & Biological Engineering




Metabolic Engineering

1. Knockout Prediction Tools
(FBA, MOMA, ROOM)

2. OptKnock

{ f’*
%W UW-Madison, Chemical & Biological Engineering
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MOMA: Minimize Distance Between
Wildtype & Mutant Flux Distributions

Metabolic Model

Wildtype Solution Space
Knockout Solution Space

f

® FBA
O MOMA
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Some Non-Essential Flux
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Relative in siico Lycopene
Production Yields

MOMA for Increasing Lycopene Production

gpmA

in silico fraction of maximum yield
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Knockout Background

Tablk 1
Expermental resulis of single and multipke gene knockouts

Enockout construct Girowth rate Percent morease in
Iycopene content (FFP" )

Mone LGy %% (470 FPM)

Ningle knockouts

gdha (.55 1 3% (+4)
gpma .44 8% (+3)
cpnb {155 Te% (+2)
Hioge .52 Qe I+ 4
Fdhf 0.57 40 (4 1)

Dowble knockouts

gdhA, acel 0.52 13% [+ 4]

gdhA, spmA 0.37 1 2% [+ 1)

gdhA, cpmB .49 18% [+ 1)

gdhA, talB 0.4 104 [+ 4)

Triple Imockouis

gdhA | acelb talB .44 19% [+ 4)

gdhd, acelb tdhF (.38 3T (4 3) (6600 PFM )

Alper, Jin, Moxley, & Stephanopoulos.
Metabolic Engineering. 7:155-64 (2005)




Improving Valine Production in £. coli

A 0.6 B 08 C 0.8 ’m;h\ggl
IpiA g 25

% 05 T 054 S 05 « folE", 'i;
= = ppc_=ma " o s P
| | Pgi 3 "
é 0.4 1 @ “'i; 0.4 4 'E. 0.4 4 ._
§ 031 sdhA/B/C/D tpiA pIKA/B §E 03 § 03y
§ fumA/B/C é é .
E 0.2 | _E 0.2 | 3;—‘ 0.2 |
3 L 3 val 5 = Val
g (PKKIVBN) g (PKKIIVEN) 8 (PKKIIVEN)
HE : o1 Double Gene Deletion a 0] Triple Gene Deletion

Single Gene Deletion (AaceF) (AaceFApfkA)

T T T T T 1 ﬂ T T T T T 1 + T T T T
? 0 0.1 0.2 0.3 0.4 05 1] 0.1 0.2 0.3 0.4 0.5 ’ 0 0.1 0.2 0.3 0.4 0.5
in silico growth rate (hr') In silice growth rate (hr') In silico growth rate (hr')

Fig.3. Results of in silico gene knockout simulations by using the genome-scale metabolic model of E. colif MBEL279. The results of single (4), double (B), and
triple (C) gene knockout simulations with respect to L-valine production and growth rates are shown. Only the five best candidates with respect to the L-valine
production rate are shown for each stage of knockout simulation. Slashes indicate Isoenzymes or subunits of the enzyme complex. The L-valine preduction and
growth rates of the contrel Val strain harbering pKKilvBN are also indicated for comparison.

Park, J.H. Lee, K.H., Kim, T.Y., and Lee, S.Y. PNAS, 104(19):7797-7802 (2007).

Model calculations led to an improved strain design for valine

production ( —2 fold increase in valine yields)

UW-Madison, Chemical & Biological Engineering




OptKnock:

e Finds reactions, that if removed, couple of biomass
proauction and metabolite production (ie. higher
growth requires higher metabolite production levels)

e REFERENCES:

Burgard, Pharkya, Maranas. Biotechnology & Bioengineering.
84(6). 647-657 (2003)

Pharkya, Burgard, Maranas. Bliotechnology & Bioengineering.
84(7). 887-899 (2003)

Pharkya, Burgard, Maranas. Genome Research. 14(11):
2367-76(2004)

Fong, et al. Biotechnology & Bioengineering. 91(5). 643-648

(&>
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Computational Design of Mutant Strains

Strain Designs for:
OptKnock: Find gene deletions needed Lactate Production

such that maximizing biomass is coupled Succinate Production
with maximizing metabolic engineering 1,3 Propanediol Production
objective Chorismate Production
Alanine Production
Serine Production
Aspartate Production
Glutamate Production

b
—

=.. Mutant A
~= Mutant B ||

== Mutant C
— E. coli Burgard et. al.

B&B 2003
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B&B 2003 Complete

E. Coli Network

UW-Madison, Chemical & Biological Engineering vbfomaﬂ




Methods — adaptive evolution

Cultures grown in /\' /\ q
250m| minimal medium

supplemented with 2g/L

carbon source

Serial passage during ~ Wildtype Day 1l Day2 Day ..

exponential growth

Stable growth rate
achieved at end of
evolution

Cells frozen throughout
evolution for phenotype
testing

Phenotype testing Phenotype testing

'\ UW-Madison, Chemical & Biological Engineering




OptKnock Problem Statement

maximize Vehemical (OptKknock )

v,
|

subject to maximize Vbigmass (Primal)
v

J M
subjectto Y Syv = 0, Cells have to grow

Vs + Vaik — Vele_uptake If a. reaCtlon (j) IS
1:'ar;_. 1_-f,_._r.-:.-;.'_r_- removed, Set yJ:O SO that
Vbiomass = VJ haS to equal O-

1 1 AR
1'.: Vi Vi

Specify the maximum
number of reactions
reactions you want to
delete, this is K.

To solve this problem, you transform it by using the
adual constraints for the primal problem, in addition to
the primal constraints

%} UW-Madison, Chemical & Biological Engineering
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Succinate

OptKnock

MOMA

[

Enockouts

Enzyme

Biomass Succinate
{1/hn { o 1hr)

Succinate
{ o 1hr)

Wild

A

“Complete network™

COA +« PYR — ACCOA « FOR
MADH + PYR «— LAC + NAD

COA +« PYR — ACCOA « FOR
MADH + PYR «— LAC + NAD
ACODA £ 2 MADH+«— (0A + ETH + 2 NAD

ADF + PEP — ATP + PYR
ACTP + ADP+— AC + ATP or
ACODA £ Pi— ACTP + COA
GLE + PEP — G&P « PYR

Pymevate formate lyase
Lactate dehydrogenase

Pymevate formate lyase
Lactate dehydrogenase
Acemldchyde dehydrogenase

Pymvate kinase

Acetate kinase
Phosphotransacetylase
Phosphotransterase system

(.38 .12

(.31 1070

L.actate

OptKnock

MOMA

Enockouts

Biomass L.actate
{1/hr) { e 17

L.actate
{ e 17

“Complete network™

ACTP +« ADP +— AC + ATP or
ACODA £ Pio— ACTP + COA
ACODA £+ 2 MNADH «— C0A + ETH + 2 NAD

ACTP + ADP+— AC + ATP or
ACODA £ Pi— ACTP + COA
ATP + FaP— ADP + F1GP or
FlaP« GAPF + DHAP

ACTP + ADP+— AC + ATP or

ACODA £ Pi— ACTP + COA

ATP + FaP — ADP + F16F or

FlaP« GAPF + DHAP

ACODA £ 2 MADH+«— (0A + ETH + 2 NAD
GLE + ATP — G&P + PEP

Acetate kinase
Phosphotransacetylase
Acemldchyde dehydrogenase

Acetate kinase
Phosphotransacetylase
Phosphotructok inase

Fructose- 1 fi-hiphos phatate aldolase

Acette kinase
Phosphotransacetylase
Phosphotructok inase

Fructose- 1 fi-hiphos phatate aldolase
Acemldchyde dehydrogenase
Cilucokinase

(.38 0

(.28




Succinate Production Strains

(C) Succinate Mutant C

PEP GLC ATP
10,00
FYR ADF

159

4
pHAP 223 c ap

" |16.01
13P2DG

16.0F]

159

359

G6P — DePGI— D6PGC — RLSP

IKD6PG E‘-Ei
F&P
1 526

3.50 Fl1&aF

/%b

ﬂm I
Sova”

EAP FaP

050

11.96 :
ATP —— H~—H2

12714 12,76

3 .
NADPH v N ADH FADH

E=k
=

&

Succinate Production Limits
(mmol/gDW/hr)

o0 L)

£

» Mutant A
Z--— Mutant B
== Mutant l.“
—E coli |

0.1 0.2 0.3
Biomass Production (1/hr)

Glucose Uptake = 10
Oxygen Uptake = 0




Lactate Production Strains

(D) Lactate Mutant C

k-
=

— - Mutanit A
- Mutant B
= = Nutant C

ts

imi
-

PEP GLC 5 1p 9.89
10040
PYRAADP

i-ﬁPqﬁ D6PGL— D6PGC — RLSP

2KD6PG D”‘5'| m}/\n_na
F6P

[==1
| o ]

(mmol/gDW/hr)

DHAFP o GAP

I iu &2 050,
: ATP <=2 U2
13P2DG 0.00 n%

il
—
B
=1
::
=
=
3
=
[-%
I.i
]
=
i
-t
L]
-

7.99
.82 - —= NADH FADH
NADPH - 0.1 0.2 0.3

PG T Biomass Production (1/hr)
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11'3“ /}_m\\ﬂ].x ! —
Glucose Uptake = 10

pEPLIE OA SUCCOA

par y Oxygen Uptake = 0

AKG

0.13
ICIT =
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Calculating the Flux Envelop

e This is a combination of flux variability analysis (for just the
production flux) and robustness analysis (varying growth rate)!

Sets
steps /s .5, «——— HOw many steps

maxmin "ax‘:::z"_" along the x-axis

Parameter

i) used to define the objective function for optimizatiol
n_steps number of steps that will ke taken and is defined I
range max maximum flux wvalue through the flux to be varied
range min minimum flux wvalue through the flux to be varied
flux wvalue (steps) stores the values for the wvaried flux
store obj(steps,maxmin) stores the value of the objective fur
pick fluxi(j) a wector of zeros except for the one flux which

n_steps=card(steps);

pick_tlux('Biemass')=l:  Flux along the x-axis

c(3)=0;
c('EX_lacD e')=1; Flux along the y-axis
loop (3tTeps,
flux wvalue(steps)=range min+(ord(steps)-1)* (range max-range min)/ (n_steps-1);
loop (i, if(pick flux(j)<>0,v.fx(Jj)=flux walue(steps): yroh:
solve FBA using 1p maximizing Obi: V\\\\\
tor bj t 'm rod')=0bj.1; H 1
store_obj(steps, 'maxprod’)=0bi.L: . > Max & Min the y-axis flux
solve FBA using lp minimizing Obj;
store_obj (steps, 'minprod’ )=0bj.1;

Lo | . . . : i i
Wy UW-Madison, Chemical & Biological Engineering



Calculations (Answers on Next
Slide

e Calculate and graph the flux envelops for
lactate production under glucose ANAEROBIC
conditions for:

— Wildtype solution
— Acetate Kinase mutant (ACKr reaction)

— Acetate Kinase & Aldehdehyde Dehydrogenase
double mutant (ACKr and ADHETr reactions)

**We will use physiological measurements for
glucose anerobic uptake and ATP maintenance

e Why might your graphs
look different from those
In the publication?

(mmol/gD'W/hr}

Lactate Production Limits

| ] ] ] . ] ] 0.2 0.3 0.4
%} UW-Madison, Chemical & Biological Engineering Biomass Production (1/hr)
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 Why might your graphs look different from those in the
publication?

— Different metabolic networks are used (their network overpredicts
anaerobic growth rates)!

— Different glucose uptake rates are used (they used a value of 10 rather
than 18.5)!

%




Experimental Testing of a Lactate Strain

el actate secretion
rate increased with
increasing growth
rate

e actate yield
Increased —35% over
60 day evolution
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«2° by-product
0.05 0.10 0.15 0.20 0.25 0.30 0.35 -
secretion decreased
Growth Rate (hr1)

25

INCRT| actate Formate

|
0 O
o O

l-actate

(©))]
o

Succinate
& -Malate

N
o

906 of Total
S

By-Products

Glucose Uptake Rate

0 10 20 30 40 50 60 20 40

Days Evolved Days Evolved
UW-Madison, Chemical & Biological Engineering S.S. Fong et al. B&B 2005
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OptStrain:

Currate KEGG database to
find balance reactions.

Ildentify reactions for
database with highest
production yields for product

Identify fewest number of

reactions needed from
database

Run OptKnock to find
reaction deletions which
couple growth and
production rates

Pharkya, Burgard, & Maranas,
ngineering Genome Research 2004




