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Overview of Cellular Growth

e Batch e CSTR or Bioreactor

— Multiple growth — @ SS: All
phases, exponential concentrations are
growth has constant constant.

growth rate, p.
F |

.
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© Oxygen E = 1.5 mmol/g DW-hr
4 Glucose E =0.3 mmol/g DW-hr
m Acetate E=0.35 mmol/g DW-hr
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FIG. 6. Analysis of aerobic chemostat culture showing the glucose
and oxygen uptake rates and the acetate secretion rate as functions of
the dilution or growth rate. The chemostat was not limited for
minerals. The solid lines represent the flux balance model simulations.
E, average deviation between predictions of the model and experimen-

Fi  tal measurements; DW, dry wenght

In Chemostat:
D=FNV=p@ SS

=

Varma and Palsson, App.
Environ. Microbiol. 60(10):
3723-3731 (1994)




APPL. ENVIRON, MICROBIOL.

Time (hr)

FIG. 7. Analysis of aerobic batch culture showing time profiles of
cell density, glucose concentration, and acetate (Ac) concentration.
The culture was not limited for minerals. The solid lines are the flux
balance model predictions of the time profiles for the culture. E,
average deviation between predictions of the model and experimental

In Batch Culture:
V is Constant
Biomass (X) increases over time
Carbon Source (eg. glucose)
decreases over time

*Acetate is secreted if not
enough Oxygen is supplied

Varma and Palsson, App.
Environ. Microbiol. 60(10):
3723-3731 (1994)
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In Batch Culture:

03] V is Constant
o Biomass (X) increases over time
3 Carbon Source (eg. glucose)
" decreases over time
o 2 4 6 8 10 1 *Acetate and other by-products are
107 Time (br) secreted to consume NADH made
81 during glycolysis
g s 3 (No Oxygen means No Respiration)
]
0

12

Time (hs)

61 E=0.51 mM
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Time (hr)

FIG. 11. Anaerobic batch culture showing the time profiles of cell _ _ _
dgnsit&- and yarinu5 b}r.p'rﬂduc_t cﬂn{:ﬁntratiﬂns_ Snlid lhines 'I'CFTCHE—I'I.': Varma and Pa|SSOI’1, App. EﬂVII’Oﬂ. MICI’ObIOl.

the model predictions of the model. E, average deviation between 60(10): 3723-3731 (1994)
predictions of the model and experimental measurements; Ac, acetate;
For, formate; Eth, ethanol.




How to Approximate Batch Simulations?

e During each small time step, At, we will
assume that uptake & secretion rates
and u are constant.

X(t) = biomass concentration
S(t) = substrate concentration
P(t) = product concentration
v has units of mmol/gDW/hr

dx/dt = uX X(t-+At) = X(t)-eHat
dS/dt = Vgy X = S(t+At) = S(t)-Ve, ¢-X(1) -(1-e40)/u
dP/dt = Vg, p-X P(t+AL) = P(t)-Vey p-X(t) - (1-649)/p

We need to know vgy s, Vey ps 1!
(we can use FBA to calculate these)

gw} UW-Madison, Chemical & Biological Engineering




Constraining Exchange Fluxes:

e During each small time step, At, the substrate uptake
rate depends on the current substrate and cell
concentration and the cells maximum uptake ability:

VEX_S_avaiIabIe — - S(t) / [X(t)'At]

For example: if there is 0.2mmol glucose/L and 1 gDW cell/L,
then in 0.1 hrs the most substrate you could take up is
2mmol/gDW/hr.

This might exceed the cells uptake capacity, so you take either
the cell’'s capacity or the availability as the limit.

Maximum Uptake Rate = maX(VEX S_availabler VEX_S max)
le. which ever is less negative

éwﬁ UW-Madison, Chemical & Biological Engineering
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An lllustrative Example:

e During aerobic growth the maximum cellular uptake
for glucose is 10.5 mmol/gDW/hr (18.5 for anaerobic
growth) and the maximum O, uptake is 15.

» At t=2 hours, [glucose] = » At t=9 hours, [glucose] =
10.9 mmol/L and X=0.08 0.5 mmol/L and X=0.7

gDW/L. If our Atis 0.1 gDW/L. If our Atis 0.1
hrs, then: hrs, then:

VEX_gIc_avaiI = -136. VEX_gIc_avaiI =-7.1.
» This exceeds our cell » Our cell capacity
CapaC|ty (VEX_gIc_max) (VEX glc max) of -10.5
of -10.5. exceeds what is available
» We would run FBA with a in the media.

lower glucose uptake rate > We would run FBA with a
of -10.5mmol/gDW/hr lower glucose uptake rate
of -7.1mmol/gDW/hr

W UW—Madison, Chemical & Biological Engineering
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Batch Calculations: Aerobic

e Graph concentrations versus time for glucose
aerobic growth.

 When does glucose run out? When Is acetate
reconsumed?

 What are the final yields before acetate is
reconsumed:

— Biomass: -AX/AGIlc (gDW cells/mmol glucose)
— Acetate: -AAc/AGIc (mmol acetate/mmol glucose)

‘W
Nz
d

W, UwW-Madison, Chemical & Biological Engineering

W

s




— Glucose (mmol/L)
— Acetate (mmol/L)

c
o
=
@©
P
S
c
B
o
c
o
O

6
Time (Hours)

e

Q,M,;' UW-Madison, Chemical & Biological Engineering




— Biomass(gDW/L)

c
@)
=
@©
L.
4
c
(3]
(&)
c
o
@)

6
Time (Hours)

Wy UW-Madison, Chemical & Biological Engineering



Batch Calculations: Aerobic

 \When does glucose run out? When is
acetate reconsumed?

— ANS: At 9 hours
e \What are the final yields before acetate
IS reconsumed.:
— Biomass: 0.063 g/mmol ~ 0.35 g/g
— Acetate: 0.509 mmol/mmol ~ 0.16 g/g




Batch Calculations: Anaerobic

e Graph concentrations versus time for glucose
anaerobic growth.

 What are the final yields:
— Biomass: -AX/AGIlc (gDW cells/mmol glucose)
— Acetate: -AAc/AGIc (mmol acetate/mmol glucose)
— Ethanol: -AEtoh/AGIlc (mmol ethanol/mmol glucose)
— Lactate: -ALac/AGIlc (mmol lactate/mmol glucose)

e If you start out with more cells initially (0.02 g/L)
does this speed up or slow down the time course?
Does the Biomass yield change?

éwﬁ UW-Madison, Chemical & Biological Engineering
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Batch Calculations: Anaerobic

e Graph concentrations versus time for glucose
anaerobic growth.

e What are the final yields :
Biomass: 0.026 gDW/mmol ~0.14q9/9g
Acetate: 0.76 mmol/mmol ~ 0.25g/g
Formate: 1.65 mmol/mmol ~0.41g/g
Ethanol: 0.73 mmol/mmol ~0.199/g

e |f you start out with more cells (0.02 g/L) initially
does this speed up or slow down the time course?
Does the biomass yield change?

— Now growth stops at 5.7 hours instead of 10.4
— Biomass vyield is still 0.026 gDW/mmol

M} UW-Madison, Chemical & Biological Engineering
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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)

|

!;6:’_&
éwf UW-Madison, Chemical & Biological Engineering




Results from the Example Network

=

=] FluxCouplingExample OneDirection.txt - WordPad = i , =  fu
pngExampte_ R, =minv/, R =maxv/i, [R _<vh <R __
File Edit View Insert Format Help
Directionall I_l...
N E S # o) irectionally -

Coupled: 1 p = =c
|rllmﬁ'r:c.nr r|-_1rr_r|r r|-_1i.-2 rlr rl-__‘?-Erlr r|-_1r_g rlr rl-__‘FElrIr r|-_1rEr|r rl—_f'? I il HIERE
"yim,1.0000,1.0000,1,0000,"+INE", "+INF",1.0000,1.0000 | partially |m"um"+________1"m""m".
my2m, "+INF", 1.000% '+INE", "+INF", "+INF", "+INF" | Coupled: Vi€V, R - o
Mgrg M . "L THE™ , 1.0000 . T.0000 , "L THE® . "L THFE"® . "L THE"® , nLTHE® min I:"I max '32
Myrg®™, UiTME", "+INEF", "+INF",1.0000,1.0000,1.0000,"+INFE"

- - — — — , — — Fully
1F-5 L8 . I ____]'Frl N 2] ____]'Frl . r|____]'Fr| |" T ____]'Frl P :Ij:'jl.- I ____]'Frl |" ] ____]'Frl c w ] d- 1""]] C::. vz |.......u...........u... srsssmsssnsansssnsansnnn
"o "+INF" J'+INE", "+INF", "+INF", "+INF",1.0000, "+IHF" oupled: Ro=Rpm—¢

"y ",1.0000,1.0000,1.0000, "+INF", "+INF",1.0000,1.0000

3 V -—-} 1.:' |u-u|||-+|un++uu+u|nuu&
—_— - _— - - - - ]
It_.{ I a! I' C.rl My 1 Tz ¥ n rl-_?-ﬁ:=| I |—_ir_g rI r|-_r5 " rl—_rE rI Ty T W cﬂllp]!d' - I

mylv,1.0000,0.0000,0,0000,0.0000,0.0000,0.0000,1.0000 R .=c R,..=®
my2n,1.0000,1.000 .0000,0.0000,0.0000,1.0000
"¥3",1.0000,1.0000,170000,0.0000,0.0000,0.0000,1.0000 | ypeoupled: F
my4w, Q_0000,0.0000,0.0000,1.0000,0.0000,0.0000,0.0000 R =
my5nCo.0000,4.0000,0.0000,1.0000,1.0000,0.0000,0.0000
.0000,1.0000,0.0000,1.0000,1.0000
.0000,0.0000,0.0000,0.0000,1.0000

0 R__=o

RIiE X

Max V,/Vg = Inf & Min V,/V, = 1 so they
are Directionally Coupled (V6> V1)

Max V,/Vc = Inf & Min V,/V. = 0 so they
are Uncoupled (V6> V1)

UW-Madison, Chemical & Biological Engineering



Steps for Determining

1. Decouple reversible reactions into
forward and reverse reactions, so v;>0

2. Remove reactions (k) which can not
carry any flux, meaning given
constraints v,=0.

Calculate the maximum and minimum
flux ratios for pair-wise flux
comparisons.

éwﬁ UW-Madison, Chemical & Biological Engineering
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E. coli
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5. cerevisiae
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Figure 4 Total numbers and percentages of blocked reactions for the
three networks under different growth conditions.

S
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Distribution
of Blocked
Reactions

The number of
blocked reactions
(those which can
not carry flux),
depend on:

1) Network
2) Growth Condition

Burgard, AP, et al. Genome




Distribution of Coupled Reactions

OH. pylori
_OE. cnli

!l B 11 Some Networks are

) ' More Highly
Connected Leading
Fewer Coupled
Reactions:
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" H. pylori
“ E. coli

1) Network
2) Growth Condition

5. cerevisiae

Figure 3 Percentage of reactions contained in coupled sets in the H.
pylon, E. coli; and 5. cerevisiae metabolic networks for growth on either a
complex or glucose-minimal medium {with and without a biomass reac-
tion ).
Burgard, AP, et aI Genome




upled Reaction Sets

FOR

I 212- 1 | I: l ASP,
FRFF —IrPRﬁ._\I-—h GaR’ Mo " FGAR ---i- FOAM v A [Fompe Wi A]R—p CAIR L—p SAICAR
24314 6.3.4.13 rain ‘ 6.3.3.1 4.1.1.21 4.1.1.21 16 I
FTHF THF . s322°
21.22 HIS L 4
== Fully coupled “istidi ® (1, 1.2) (1,1.2)
: ISHCINE  wLovede AICAR' g PRFICA —— IMP
— Partially coupled Biosynthesis™ 35410
--------- » Uncoupled FTH:_:I.?LA-.];] I

Figure 6 Coupled reaction set identified for purine biosynthesis in E. coli on a glucose-minimal
medium, assuming a constant biomass composition. The numbers indicate the relative values or
range of values for each flux in any particular flux distribution for given growth condition. Sec-
ondary metabolites and cofactors are omitted for simplicity.

Flux Coupling Analysis of Genome-5cale Networks

many”

» CH0ACP
# C120ACP
» Cla0Acp |AGL3P CTP SER CMP
ACCOA—» .-1C'M'P\[ ’ —  PA —"‘-—-CDPDGB-A- Ps —-J-'L » PMME —# PI}MF = PC

2.3.1.38 = C16DACE 2.3.1.51 4.1.1.65 -2.1.1.17 Z2.1.1.1 21016

. CIGIACP (o pcy & 2718
MALCOA —& M.-\I.!-.('J i DAGLY
22,139 * CIROACE = TAGLY
MNA

* CIBIACP
* CIB2ACP

CYS ;
PNTO = APPNTO = dPPNCYS = 4PPNTE = DPCOA = COA e PAP N
2.7.1.13 6.3.2.5 4.1.1 27.7.3 2.7.1.24 2.T8.7

]

BIOMASS

GTeE DOLP GDP DOLP — g
F&P MANGE MANIP GDPMAN DOLMANP MANNAN &
5318 542E8 27713 24,153 24.1.109
COPDG CMP
GoHP MITP MYOI PINS
3514 1.1.3.28 2. 1811

Figure 7 Reactions coupledto biomass formation for aerobic 5. cerevisiae growth on a glucose-minimal medium. Secondary metabolites and cofactors

are omitted for simplicity. All reactions are fully coupled, meaning that knowledge of one reaction flux is sufficient to specify the flux through all reactions B u rg ard , AP , et aI . Ge N 0 m e

at steacy-state. Mote that PAP is corverted to AMP, which is a precursor to biomass. This enzyme subset is decomposad into numerous subsystems,
indicated by diferent colored arrows, if the biomass reaction is replaced with drains on the various biomass precursors.



Inclusion of
blomass reaction
leads to a large

number of

coupled reactions

Burgard, AP, et aI Genome




