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Mathematical description of k-OptForce

The k-OptForceprotocol for strain engineering requires the definition of the following sets,

parameters and variables:

Sets:

I={ili=1,2,...,M} = Set of metabolites in the stoichiometric model

J={j |j =1,2,...,N} = Set of reactions in the stoichiometric model

4" = £ i =1,2,...,N“"} = Subset of reactions which are part of the kinetic model
J% = {j i =1,2,...,N"} = Subset of reactions described only by stoichiometry
1" = {i|i=1,2,...,M"} = Set of metabolites that are taken up by the organism

14" = {j li=1,2....,M“"} = Subset of metabolites involved in reactions in J“"

P ={plp =1,2....,P} = Set of parameters for kinetic expressions for reactions in J*"

MUSTY = Set of reactions that must be up-regulated in reference strain to ensure target product

overproduction

MUST" = Set of reactions that must be down-regulated in reference strain to ensure target

product overproduction

MUST” = Set of reactions that must be removed from reference strain to ensure target product

overproduction
MUSTStoic = Jstoic n (MUSTY U MUSTE U MUSTX}

BY = Set of reactions with finite upper bounds (i.e., reactions for uptake of nutrients)



B- = Set of reactions with finitelower bounds (i.e., irreversible reactions and flux towards

biomass)

Parameters:

Si; = Stoichiometric coefficient of metabolite i € I in reaction j € J
UB; = Upper bound for the flux of reaction j € J

LB; = Lower bound for the flux of reaction j € J

v = Steady-state flux for reactions j € J¥ in the reference strain obtained by solving the system

of ODEs

ij'km = Upper bound of flux for reaction j € J*in the overproducing strain

ij'km = Lower bound of flux for reaction j € J*in the overproducing strain

vj’"‘”‘ "ef = The maximum enzymatic reaction rate of reaction j belonging to J" in the reference
strain

u;”* = Value of uptake flux of metabolite i € I"*Pt(u; € {v;})

c™a = |_ower bound on concentration for metabolite i € I*i™ constructed by allowing for +50%

1

deviation in their steady-state concentrations (from solving the ODES)

cimi" = Lower bound on concentration for metabolite i € I*i™ constructed by allowing for —50%

deviation in their steady-state concentrations (from solving the ODES)

z = The maximum allowable fold change on vjmax el for j € Jkin

kjpz Value for kinetic parameter p € P associated with reaction j € Jkin

max ref _
biomass ~—

Maximum flux of biomass production in the reference strain consistent with steady-

state fluxes v**for j € Jkin

pn = Minimum required flux of biomass production in the engineered strain
g = Minimum flux of target chemical production in the engineered strain



v(qm“x,ci,k}’) = Kinetic expression describing the flux of reaction j € J¥*, as a function of

vjm”,cl- and kjp

Variables:

v; = Flux of reaction j,for all j € J

Vpiomass = FIUX of reaction producing biomass

Vproa = Flux of reaction producing the target chemical

u; = Uptake flux of metabolite i € I"*P*(u; € {v;})

max —
v: =

] The maximum enzymatic reaction rate of reaction j € J¥in the engineered strain

c; = Concentration for metabolite i € I*i"

7 = Flux of reaction j,for all j € J*in

& = Dual variable associated with constraint involving ij Stle | for all j € {Jt° n MUSTY}
& = Dual variable associated with constraint involving y****,, for all j € {Js**i* n MUST"}

TI,U ,nfz Dual variables associated with constraints involving y* ***, for all j € {J**** n MUST*}
ij = Dual variable associated with constraint on lower bound on v;, for all j € J

ij = Dual variable associated with constraint on upper bound on v;, for all j € J

g; = Slack on “less than” primal constraints,for all j € {B” U {]“"ic N {MUST! u MUSTX}}}
gf=Slack on “greater than” primal constraints,for all j € {BL U {]“""C n{MUST UM USTX}}}
ajU = Slack on dual variables,for all j € {B" U {]“"ic N {MUST! v MUSTX}}}

ajL = Slack on dual variables,for all j € {BL U {]“""C n{MUST" U MUSTX}}}

Binary variables:



y{"¥" = Binary variable associated with fluxy;, for all j € {J** n MUST}
y{*™ = Binary variable associated with fluxv;, for all j € {J¥i" n MUST"}

y**t° = Binary variable associated with each fluxv;, for all j € {J**°° n MUSTY}

y+*° = Binary variable associated with each fluxv;, for all j € {J**°i¢ n MUST*"}

ij S0 = Binary variable associated with each fluxy;, for all j € {J$®° n MUSTX}

The stepwise procedure of the sequence of optimization formulation of k-OptForce is described

in the following sections.

Characterization of the phenotype of the reference strain

The optimization formulation for characterizing the feasible space for the wild-type network is

described as follows:

max/min vj
N

s.t. ZSUVJ' =0, viel (1)
J€l
=", vi € JP! (2)

; LB < v < UB;, vjeJ ¢ [ Ve

v; = v, vj € Jkin 4
Vbiomass = t?:g;l;g (5)

Here,the flux of each reaction in the network is iteratively maximized and minimized subject to
limitations of stoichiometry (1), metabolite uptakes (2) and the limits on fluxes (3).In addition,

the fluxes for reactions belonging to J“" are set at their steady-state valuesv;** (4), obtained from

solving the system of ODEs of the kinetic model. The biomass fluxvy;,mqss 1S fixed at the

max ,ref

maximum attainable valuev,; - = (5), consistent with the steady-state flux distributionv;**

forj € Jki" . The iterative set of Linear Programs (LP) are solved using the CPLEX solver

accessed through GAMS to global optimality.



Characterization of the phenotype of the overproducing strain

The optimization formulation for defining the feasible space of the engineered strain consistent

with the overproduction of the target product is similarly defined as follows:

max/min vj
N

s.t. ZSU'VJ' =0, viel (1)
i3]

w = u'?t, vi € bt 2)

i t t
biomass < Vbiomass '”pﬁge < Vprod 3)
- — V} E]

LB; <v; <UB,, vj€e] C)

v = v(ve, ¢ k), vi e [kin j g jkin e p 5)

Mt < ¢ < 9K, vi € [kin (6)

ref . -
0< v < zy) " vj € Jhin N

In this formulation, in addition to the constraints of stoichiometry (1), metabolite uptakes (2) and
flux ranges (4), Constraint 5defines the kinetic relations for j € J¥as a function of their
maximum activity v"“*, metabolite concentrationsc;, and other kinetic parameters k].”. Since the
internal cellular environment of the engineered strain will deviate significantly from their wild-
type conditions, the metabolite concentrations and maximum enzymatic activities can no longer
be set at their steady-state values for the reference strain. Constraint 6 allows the metabolite
concentrations ¢; to vary within a range from their steady-state concentrations(c/"™ and c["*)

obtained from solving the system of ODEs. The maximum enzyme activity vjm“" is allowed to

range from zero to a pre-specified factor z times its wild-type value v ¢/ through (7).

Identification of FORCE sets

The set of minimum manipulations required to guarantee a pre-specified yield of the target
chemical (i.e. the FORCE sets) could be obtained from either of the two optimization

formulations, which are described as follows:

1. Single-step formulation:




This formulation solves a single optimization problem to identifyminimum set of direct
engineering interventions, both from JK" and Jsic, leading to an increase, decrease or elimination

of a reaction flux. Manipulation of fluxes in J“" and J"°° are controlled by separate binary

variables.Binary variablesy/ " and y/"*™" propagate the up-regulation and down-regulation of
fluxes J“" respectively, whiley ¢ , y and y**** control the up-regulation, down-

regulation and removal of their respective fluxes in J°°,
A max-min bilevel optimization problem is used to identify alternative sets of k (pre-specified)
engineering interventions that maximize the minimum product formation (worst-case scenario) in

the network. This formulation can be expressed in the following:

max Vprod

St Z ij,kin + y},,kin + Z ij,stoic + y]{,,smic + y],')(,stoic =K, (l)
jE]k[“ }'E]stoic
ij,kin + y];,kin < 1, Vj' E]kin (2)
ij,sfoic + y]{,,stoic + y].}(,stoic < 1, Vj e]stuic (3)
v = v(v}?”ax, ¢ k;’), vi € [kin j g Jkin ;¢ p ()
Cl?"m < ¢ £, vi € Jkin (5
v T (1= y R < pprex < T vj € gk n MUST'} (6)
) A U, ki . i
v < pmax < g (14 (2 - Dy, vj € M0 MUSTY) ()
_ . maxref . ki U L
ymax = p; , vj € J*kin n NOT( MUSTY U MUST")} ®)
min Vprod
N
ZS”V}' = 0, Viel (9)
j€]



upt vi € [vPt (10)

u =u; o,

Ubiomass Z Vilomass (11)
LBj < vj < UB,, vjeJ (12)
vy = v)5t + LB (1 — yf*tor), vj € {J5to n MUSTY} (13)
v; <v75Y + UB;(1 - y[otre), vj € {JStoic n MUSTL} (14)

LBj(1 — y[*t) < v; < UB;(1— y[**°),  vj € {J5°° n MUSTX} (15)
j = T vj € Jkin (16)

U,kin _ Lkin _ Ustoic _ L,stoic _ X,stoic
Y Vi » Vi Vi Y E{O,l}

The inner optimization problem simulates the “worst-case” scenario for the production of the
targeted product while the outer part aims to maximize the overproduction target for a certain
number of engineered modifications x(1). Constraints 2 and 3 ensure that a single reaction cannot
be targeted for more than one manipulation.The outer problem fixes the flux of the reactions in

J4" using (4).The enzymatic manipulations in J“" are identified by Constraints 6-7. v"** of
reactions belonging to both J“" and MUST" sets are constrained by (6), such that for ij'ki"

max ,ref

values of 0, v/ equals v; , otherwisev/™** is free to explore any value between zero and

umax sref

/ , indicating down-regulation of its activity. Likewise, Constraint 7 up-regulates an

enzyme belonging to MUSTY sets such that it can range from v™*™ to 7™

i j
overexpression if its corresponding binary ij'ki" is one, and equals vjm“"'ref otherwise.y"** of
reactions in J" outside the MUST sets are kept at their reference value317jmax’ref using (8).

Constraints 12-14 in the inner problem propagate the effect of engineering modifications encoded

within "t y1tt and y X to the corresponding reaction fluxes in J*°°. For example, if

a reaction is selected for up-regulation then the flux for this reaction is set greater than the

minimum value allowed in the overproducing strain (ijS’L). Constraint 16 ensures that reactions

in J“" are unaffected by the worst-case simulation of the inner problém. Subsequently, we canuse
integer cuts (not shown here) and identify all the alternate solutions for k-interventions. The

bilevel problem is converted a single-level Mixed Integer Nonlinear Problem (MINLP) (see the



subsequent section for detailed formulation), which is solved using the BARON solver in GAMS

to global optimality.

This optimization problem is solved successively by increasing x until the target yield is achieved.
Given that the objective function of the outer problem is maximization of the product formation,
manipulations with the highest impact on the product yield are identified first. By increasing the
value of x additional modifications that improve upon the previously identified ones are revealed
thereby providing a way of prioritizing the manipulations based on their impact on the product

yield.

Conversion of the single-step bilevel problem into a single level MINLP:

The bilevel problem for identifying the FORCE sets is converted into a single level optimization
problem in the following two methods:

a. Using the conditions of Strong Duality
The optimization formulation of the single-level MINLP for the identification of the FORCE sets

is as follows:

max Vprod

g1 Z yju’,kin + y;:,kin + Z ij,stoic + y},_l,,stoic + y}(,stoic =k, (1)
jejkin Jjejsteic

ij,kin + y]._[.,kin < 1, V] E]kin (2)

ij,smic + y}.,stoic + y;(,stoic < 1, Vj e]stoic (3)

= v(vPe, k), Vi e [kin j g jkin 1 c p ()

Mt < ¢ < ¢, vi € [kin (5)
ref ki wref : i

v T (1 =y < e < T vj € {J¥" n MUST!} (6)
max,ref max,ref U.ki . i

v] <V <y (14 (- Dy ™), vj € Jkn n MUSTY} (7)

max,ref . i
vnax = y; , vj € J¥m n NOT( MUSTY U MUST")} (®)



N
ZSijvj = 0,

JjeJ

v; = v)% + LB (1 — yto),

Uj < v]_OS,U + UBj(l _ yj{,,stoic),

LB;j(1 — yi***) < v; < UB;(1 —

z Aispmd + Y;grod - ngd =1
LEl

Z ALSU + §]U + }’JL - ]/]U = 0,

i€l

ZA‘S” - (5}’" -I—]/]L — yJU =0,

i€l

ZM%+%—#+#—W=&

i€l
Z)lisij +yf -y =0,
iel

Z AiSij + i +vi—v/ =0,

i€l

— L u
vprnd - yprndLBprod - YprodUBprad +
je(ystoicnmusTU}

X,stoic
Yj ):

Viel
vjiEJ
vj € {J5toc n MUSTY}
vj € {J5t n MUSTY)
vj € {J5t€ n MUSTX}

vj € ]kin

Vj e Ustoic ) MUSTU}
vj € {J5*°l n MUST"}
Vj = Ustoic n MUSTX}
Vj € NOT{prod U MUST*t°i¢}

V] € ]kin

(5:,-” (U;}S'L + LBJ- (1 _ y;j,sto[c

_ Z 6)1. (v}QS,U + UBj(i _ y},,stnfc))

jE{]StOiCﬂMUSTL}

) -y

je{]-‘fO‘CnMUSTX}

)

jENOT{produMusTstoic}

U,kin _ Lkin _ Ustoic . L,stoic
J &di 1 &) 17

— TI}}UBJ'(l _ ij.StOIC)

¥/ LB — v UB; + Z it

jE]"‘in

yX,stoic c {0‘1}

6}‘Ur 6}!’:”?1 H?:V;‘U.V}L € R+; #jij'l. ER

)

(€)

(10)

n

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

21)



Here, the objective function of the problem remains the same as that of the outer problem in the
bilevel formulation. In addition, the dual problem of the inner optimization problem (called the
primal) is constructed. Each constraint in the primal problem has a corresponding dual variable
in the dual problem. Similarly, each constraint of the dual corresponds to a primal variable (i.e.
v;). The signs of the dual variables depend on equality or inequality constraints of the primal, and
vice versa. chUanchjLare the dual variables associated with the primal constraints determining the
up-regulation (11) and down-regulation (12) of a reaction respectively. n}’ andnerepresent the
duals associated with the primal constraints for removal of reactions (13), while x; correspond to
the fluxes in J“". The duals for the upper and lower bounds of reactions are represented by
ij and ij respectively. All the constraints of outer level (2-8), inner level (9-14) and its dual
problem (15-20) are included in the single-level formulation. The optimization function of the
inner problem is replaced by the constraint of strong duality, where the primal (inner) objective
set equal to its dual objective (21). This ensures that the inner problem is always optimal

whenever we optimize the outer objective.

b. Using the Karush-Kuhn-Tucker (KKT) conditions of optimality

When we enforce the strong condition of duality (Constraint 21) in the previous formulation, we
add additional bilinear terms, which increase the nonlinearity of the problem. The nonlinearity
arises from the multiplication of the fluxes r; of the reactions in JY" with their dual variables W -
We can avoid these bilinear expressions by replacing the constraint of strong duality (21) of the

previous formulation, with the Karush-Kuhn-Tucker (KKT) conditions of optimality:

(v — v = LB; (1 — y*"%), vj € {J5toic n MUSTY}

gjL = v — LB]- (1 _ij,stoic )’ vj € {]stoic N MUSTX} (21)
v; — LB vj € {J°" n NOT{MUST****} n B*}
é}-u, v] € {]stoic N MUSTU}

at =<y, vj € {J5° n MUST*} (22)
ij, v] € {]stoic N NOT{MUSTstOiC} N BL}
—v; + v + UB, (1 — y/*), vj € {JSt°ic n MUSTL}

9/ =< v +UB; (1 -y ), Vj € J5toic 0 MUST*} (23)
- + UB,, vj € {J5°' n NOT{MUSTS***} n BV}
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(st, VJ € {]stoic N MUSTL}

al =4{n’, Vj € {J5t% n MUSTX} (24)
v vj € {J5t° n NOT{MUST"****} n BV}

gr < g™ (1-wh), vj € {BL U {J5toic n {MUSTY U MUSTX}}}  (25)

a < a™ ™ wh, vj € {BL U {Jstoic n {MUSTY U MUST*}}}(26)

g/ <gm(1-w), vj € {BY U J5toic n {MUST! U MUSTX}}}  (27)

af <amwl, vj € {BY U {J5toic n {(MUST" U MUST*}}} (28)

v L U L
97.9j,% & €RT
w', w! € {0,1}

Here, g]-L and g}’ represent the slacks in the constraints of the primal (inner) problem, while
ajLand ajU are their corresponding dual variables respectively. The KKT conditions of optimality
state that at the optimal point, the primal constraints are slack (i.e. slacks gjL and g}’ are greater
than 0) if the dual variables are tight (i.e. ajLand ajU equal 0). Conversely, the primal constraints
are tight (i.e. slacks g; and g’ are equal 0) when the duals are slack (i.e. a'and a are greater
than 0). These conditions are enforced by constraints 25-28. Binary variables ijand wj” connect

the primal slacks to their corresponding dual variables. All other constraints from the previous

problem (Constraints 1-20) remain unaltered.

The processing time for the single-step formulation for FORCE sets could be significantly
improved if we can pre-estimate the primal constraints that will never be active, and those that
will always be inactive. This will allow us to fix the values of some of the slack binary variables

(w/, w/) to one or zero. Thestepwise guidelines for identifying (and fixing) some

ofijandijvariabIes areelucidated as follows:

(1) Identify all the blocked reactions in the model, and fix their flux to zero. Subsequently,
remove all the dual constraints associated with the blocked reactions.
(2) Formulate the dual problem of the primal inner problem and enforce strong conditions of

duality (Constraint 21 of formulation with Strong Duality)

11



(3) Augment the primal and dual constraints and include all constraints for MUST sets
(Constraints 9-20)

(4) Relax all binary variables associated with MUST sets (yj"i” ,yf“”'c) (i.e.,convert them to
continuous variable varying in the interval [0-1]).

(5) Minimize the sum of all dual variables (6”,n{,v",8.n, v}) and identify all dual
variables (set A) which are non-zero. The corresponding primal constraints will always
be active for these variables.

(6) Maximize the sum of all dual variables (6" ,n/, .81}, v/") and identify all dual
variables (set B) which are zero. The corresponding primal constraints will be inactive for
these variables.

(7) For the formulation with KKT conditions, fix the binary variables (w}",w;") associated
with set A variables to one, while fixing the binary variables of set B to zero.

(8) Solve the reduced single-level formulation with KKT conditions to identify the FORCE
sets.

2. Two-step formulation:

Decomposing the single-step formulation for FORCE sets into two equivalent steps can
significantly reduce the computational complexity of solving the problem. The two-step
formulation for identifying FORCE sets is described as follows:

Step 1: Identifying minimum set of interventions within J"

The first step minimizes the number of interventions in J" required to be consistent with desired

levels of overproduction of the target chemical.The formulation is as follows:

12



min U,kin L,kin
E Vi +y;

je]kin
st ij,kin +y}j_!,,kin < 1' Vj E]ki" (1)
N
Zgijvj —0, Viel )
jel
u; = ul®, vi € Jupt (3)

; target
min
Vhiomass = VUpiomass » Vprod = vpdt ’ (4)

LB; <v; < UB;, vjejJ (5)
v = vV, ci, k7). Vi € [kin j € jkin ;) € p (6)
N < ¢ < cmax, Vi € Jkin (7)
v e (1 — Py < pmax < pnerrel vj € J4" n MUSTY} (8)
TS < pmar < T (1 4 (7 — DyPEM), ) e gkt MUSTY} (9)
pmax = v}”“x”f , vj € {J¥n n NOT(MUSTY U MUST!)} (10)

yjy,kin' y};,k[’n € {0,1}

Theconstraints for propagating enzymatic interventions in J“"aresame as those enforced in the
outer problem for the single-step formulation. The pre-defined levels of production of the desired
chemical and biomass are set by Constraint 4. Integer cuts are used to identify all the alternate
sets of interventions. This MINLP is solved using the BARON solver in GAMS to global
optimality.

Step 2: Identifying additional interventions within J*°:

The optimization formulation for identifying the minimum set of interventions outside the kinetic

space to complement Step 1 interventionsis a bilevel problem, described as follows:

13



max  Vprod
s.1. Z ij,stoic + y},,stoic + yj,_i(,stoic =k, (1)
jEjstnic
y}l,stoic +y;.,stoic +y]X,Stoic < 1, Vj E]stoic (2)
min Vprod
N
Z%’”f =0, viel (3)
Jj€J .
u; = u;&p , Vi € Iuptake (4)
VUbiomass = vg;(l;?nagsl (5)
LB; < v; < UB, vieJ (6)
v; = v7% + LB;(1 — y{**) vj € {J5t°lc n MUSTY} (7)
v < v7%Y + UB;(1— yftoe), vj € {5t n MUST"} (8)
LB;(1— y[**) < vy < UB;(1 — %), vj € Jstolc n MUSTY}  (9)
____step1 . kin
v =0 , vjie] (10)
]{I,stoic] J;_l.,stoinciyj)(,sf:oic e {0’1}

Similar to the single-step formulation, the inner optimization problem simulates the “worst-case”
scenario for the production of the targeted product while the outer part aims to maximize the
overproduction target for a certain number of engineered modifications xin J*°°. The constraints
propagating these interventions are same as those in the inner problem of single-step formulation.

step 1

The fluxes in J“" are fixed at their steady-state values v; obtained from the first step of the

formulation (10). The number of direct interventions x in J°° is successively increased until the
target yield is achieved. CPLEX solver in GAMS is used to solve the resulting MILP to global

optimum.
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Kinetic Model of central metabolism of E. coliextracted from Chassagnoleet al[1]:

All abbreviations for metabolites and reaction names have been imported from the nomenclature

of iIAF1260 model [2] of E. coli.

Differential equations for metabolite balances:

e
dCgic—p _ p(c feed _ ce )— CxV6Leptspp

dt glc—D glc—D Dy
dCyep _
T VgLeptspp — VPGl — VGeppH2 — VpeMT — Vpam — UCgep
dCrep _ ) c

dr | UpGl T VPFK + Vrgr2 + Vrara — 2Vmursyne h — Hlfep

= Vprk — VrBAa — Klfap

dt
dac,

g93p _
—ar  VrBa + Vrpr — Vearp + Vrkr1 + VrkT2 — VTALA — VTrpsynt h — UCy3p
dthap _
P TERLL + vrpr — Veapp + Vrkr1 + Vezpp — MCanap
dCd13dpg _
—dr Veapp — Vpek — UC13dpg
dcﬂ — _ — —uC

dr Upck — Vpgm — VpGep — Hl3pg
dCypg _ c
. = VpeM — VEno — Hl2pg

dt
dcﬂ = — — — — — —uC

dt VEno — Vpyk — ViLcptspp — Vppc — VppPA — Usynt h1 — Hlpep

dt = Upyk UGLCptspp UpDH 17Synt h2 17Met5ynt h vTrpSynt h—H pyr
dCepgc _

qr  ~ VG6pDH ~VGND ~ UCopgc
dCruSp—D _
—ar Venp — VrpE — VRpI — UCrysp—p
dCxuSp—D _
—ar VrpE — Vrkr1 — Vrkr2 — MCxusp-p
dCrSp —

dr Vrpr = Vrkr1 — VprpPs — UCrsp
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dCs7p

= Vrgr1 — Vrara — HCs7p
dt
dCe4p _ C
dr UtaLa — VrkT2 — Vpppa — Hlesp
nglp _
4t UpGMT ~ VGLGC T VppPA — uCy1p

Kinetic rate equations:

max e CP ep

VGLCptspp Lglc—D m

17GLCptspp

C C n

pep e e pep PTS ,g6p

(KPTS,al + KPTS,aZ C + KPTS,a3Cglc—D + CglC—D C ) (1 + Cg6p )
pyr pyr

C
max _ _“fép
i (Cg P " Kper eq )

Upgr =

K 1+ Cron 4 ——Conae +C
PGI,g6p g6p
’ K 1+% Kpgr ,g6p,6pgcin h
pel.fep KpGr,fep,6pgcin h
Uprk
max
Vprk Catp Crop

Cq A L
<Catp + Kprk atp s (1 + ¢>> (Cf6p + Kprk fop,s E) 1+ ( 2

n
KprK adp ¢ B PFK
1 +Cf6p T n— P 1
PFK ,fép,s

A=1q ey Cadp | Com

Kprkpep  Kprkadpb  Kprk,amp b

Cadp Camp

B=1+
KPFK,adp ,a KPFK,amp ,a

Cy3,C
max g3p“dhap
VrBA (Cfdp - —>

v = Krpa eq
e K +C + Krpa g3p Canap + Krpa dhap Cg3p + Cg3pCrap + Cy3pCdhap
FBA,fdp fdr " Kipa eqTALDO blf  KFBA eqTaLDO bif  KFBA,g3pinh  KFBA ,eqTALDO blf
o e 2]
Vrpy = e

C
KTPI,dhap (1 + g—3p> + thap

Krp1,93p
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m C13dpg Cnad h
ax pg Cna
VGAPD (Cg3p Cnad K

GAPD ,eq

Veapp = Cr3dng o
na
KGAPD,ng 1+ + Cg3p KGAPD,nad 1+ + Cnad
Keapp 13dpg KGapp nad h
Catp C
max atp “3pg
VpGK (Cadp Ci3dpg — Kook oo )
Upgk = Cot Cing
K (1+—)+c )(K (1+—)+c )
( PGK ,adp KpeK atp adp PGK,13dpg Kpek 3pg 13dpg
C2
max _ pg
Vpai <C3pg Kpem eq)
Vpem = :
KPGM 3pg (1 + KPGM Zpg) + C3pg
C
max ___“pep
VENO (CZM Keno eq)
VEno = '
K 1+ o +C
ENO,2pg Keno vep 2pg
Coep (npygx —1)
max
vPYK Cpep (KPYK pep + 1) Cadp
Vpyk = 7
c PYK
LT e neric
K L o + | —=—+1 Coap +K
PYK ,pep PYK Crdp } Camp i KpyK pep ( adp PYK ,adp )
Kpyk fdp  KPYK ,amp
max ~NPDH
v = UPDH Coyr
PDH — NppH
KPDH,pyT + prr
nppc fd
ax C ( ( Crap ) fdp )
v pep Kppc fap
PPC =
Kppcpep + Cpep
C
max _ glp
VPGMT (Cgep KPGMT eq)
Upemr = .
Kecur 96p (1 + Kpeur glp) C
In nGLGe
max fdp
vaLGe Cglp Catp (1 + (KGLGC fdp) )
VeLee = '
(KGLGC,glp + Cglp)(KGLGC,atp + Catp)
max
_ VprppsCrsp
VprPPS =

Kprpps pyr t+ Crsp

17



max
V63D Cdhap

KG3PD,dhap + thap

VUG3pD

max
Vpiep Capg

VpGcp =
KPGCD,Bpg + C3pg

— ,,max
UMursynt h = VMurSynt h

max NDDPA ,e4p ~MDDPA ,pep
v _ VbDpPA Ce4p Cpep
DbppA — NDDPA e4 n
,edp DDPA ,pep
Kpppa,eap +C,y (KDDPA,pep +C,,
p pep
— max
17TrpSynt h — 17TrpSynt h
— ,,max
17Met5yntt h — 17Met5ynt h
VGepPDH
max
_ VgeppH Cg6p Cnadp
- Chadp h Cnadp h
Coep + K, (1 + 2 K, 1+ +C
( goép G6PDH,g6p) KG6PDH nadp h,gépin h G6PDH nadp KGeppH nadp hnadpin h nadp
max
_ VGND C6pgc Cnadp
VenD =

Cna Ca
(Cﬁpgc + KGND,6pgc) <Cnadp + KGND,nadp (1 + $> (1 + ¢>>

KGND nadp h,inh KGND atp inh

Cxu 5p —D)

— max
UrpPE = VRPE (Cru5p—D - K
RPE eq

C
— ,,max r5p
Urp1 = VRpj <Cru5p—D -

KRPI,eq
v =vmex (oo Cmlos
TKT1 — YTKT1 r5p “xu5p—D KTKTl
,eq
v =pmax [~ _ _M
TALA — YTALA s7p“g3p K
TALA,eq
vrery = vmex (¢ oo GenCosp
TKT2 — VYTKT2 edp “xu5p-D K
TKT2,eq

max
vSynt h1l Cpep

Vg =
ynt h1
KSynt h1,pep + Cpep
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ax
Uggl/nt h2 prr

vSynt hz = KSynt h2,pyr + prr



Kinetic Parameters:

Parameter Value | Unit | Parameter | Value | Unit Parameter Value | Unit
Kprs a1 3082.3 | MM | Kgapp 13apg | 1.046-5 | mM Keee.g1p 32 | mM
Kprs a2 001 | MM | Kgappnaa | 0.252 | mM KeLec.ap 4.42 | mM
Kprs a3 2453 | MM | Kguppnaar | 1.09 | mM NeLee 1.2

Mp7s.g6p 3.66 Kpgkeq | 1934.4 Kprpps pyr 01 | mM
Kpg1.eq 0.1725 Kpekaap | 0.185 | mM Ke3pp.dhap 1 |mMm
Kpc1,96p 29 | mM | Kpgkap 0.653 | mM Kpecp apg 1 |mMm
Kpcr pop 0266 | MM | Kpgy13apg | 0.0468 | mM VIt -0.013
Kpei fepepgeinn | 02 | MM | Kpggapg | 0473 | mM Kpppa eap 0.035 | mM
Kpergopopgeinh | 02 | MM | Kpgreq 0.188 Kpppa pep 0.0053 | mM

Kprk atp s 0123 | MM | Kpguapg 02 | mM Mpppa ey 2.6

Kprk adp 128 | mM | Kpguapy | 0.369 | mM pDPa pep 22 | mMm

Kprk adp 389 | MM | Kpnoeg 6.73 e 0.134

Kpri adp ¢ 414 | mM | Kenoopg 01 | mM VIS 0.134

Kprx amp a 191 | mM | Kpnopep | 0135 | mM Kaoppi g6p 144 | mM

Kprk amp b 3.2 MM | Kpyk pep 031 | MM | KgeppH nadp hgepink | 643 | MM

Kprk pops 0.325 | mM Loyk 1000 KeoppH nadp 0.0246 | mM

Lprk 5629067 Kpyk atp 22.5 | mM | K¢epph nadp hnadpin k| 0.01 | MM
Nprx 11.1 Kpyi adp 026 | mM Kenp 6pge 375 | mM
Kprx pep 326 | MM | Kpyg sap 019 | mM KND madp 0.0506 | mM
Krpaeq 0.144 Kby amp 02 | mM KGND madp hinh 0.0138 | mM
Krpa,fap 175 | mM Npyk 4 Konp atp inh 208 | mM
Krpa g3p 0088 | MM | Kppypyr 1159 | mM KipE eq 1.4
TALDO bif 2 Nppy 3.68 Kgpi eq 4
Krpadhap 0088 | mM | Kppc sap 0.7 | mM Krir1.eq 1.2
Krpa.g3pinh 06 | MM | Kppcpep 407 | mM Kravaeq 1.05
Krpieq 1.39 Mppe.fdp 421 | mM Krkr2.eq 10

Krpr,dnap 2.8 MM | Kpgur eq 0.196 Ksyne n1,pyr 1 mM

Krpig3p 03 | MM | Kpourgep | 1.038 | mM Ksymt h2.pyr 1 | mMm
Keapp eq 0.63 Kpgur g1p | 0.0136 | mM
Keapp.g3p 0683 | MM | Kggorap | 0119 | mM
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V™ of reactions (in mmol gDW™* hr'd):

Parameter Value Parameter Value Parameter Value
VeI Cptspp 2.5404e08 vp¥E 30.50 Ve oy 693.13
vpet 323155.53 vpisE 2997.05 veRs 8148.96
VPER 924893.62 VpEE 62.00 VREE 3379.28
VEBA 8750.234 VpEiT 332.68 VREE 2436.57
v 34389.38 viige 2.88 VI 4803.26
vissD 460441.92 VPRSP 6.293 v 5510.94
vex 1451948.94 |  vI¥%, 7.47 vinax, 42840.70
VPt 50203.72 VpeeD 13.117 VSynt h1 4.00
VX 164840.43 v 61.92 VI 1o 36.08
Initial metabolite concentrations (in mM):
Metabolite Value | Metabolite | Value Metabolite Value
Sle-D 2 Ca13apg | 0.008 Crusp—p 0.111
Cy6p 3.48 C3pg 2.13 Crusp—p 0.138
Crep 0.6 Capg 0.399 Crsp 0.398
Crap 0.272 Coep 2.67 Cs7p 0.276
Cy3p 0.218 Coyr 2.67 Coap 0.098
Cahap 0.167 | Cepge 0.808 Co1p 0.653
Fixed metabolite concentrations (in mM):
Metabolite | Value | Metabolite | Value
clecd, 50 Crad 1.314
Catp 416 | Cpagn | 0.0934
Cadp 0595 | Cpagp | 0.1588
Camp 0.165 | Cugapn | 0.062
Other parameters:
Parameter | Value Unit Parameter | Value Unit
I 0.1 hr Dx 564 | gDW hr*
D 0.1 hr! a 1
Cx 8.7 |gDW hr?
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Kinetic Model of central metabolism of S. cerevisiae constructed from van Eunenet al[3]and

Gombertet al[4]:

Differential equations for metabolite balances:

nglc—D _
g = VeLer T VHEX1 + 2 Vrgpn
ngép _
—dt = VyEx1 — VpGI — VgepPDH2 — VTRE6PS
dCf6p _
dr . vpel T Vprk + Vrkr2 + VraLa
dt PFK FBA
dcﬂ =2 — — + + —
dt VrpAa — VGapp — VG3rT T VrkT1 T VTkT2 — VTALA
dCd13dpg - v
dt GAPD PGK
dC3pg _
. = VpGk — VpGm ~ VpGCD
dt
dCng _ ’
dt PGM ENO
deep 0 Y
dt ENO PYK
deyr _
—dr = VPvK T VPYRDC ~ 2 * vgycc
dCacald _ 2
ar Upyrpc — VaLcD — 4 * UpyRT2m — VALDD
anad h
i Vgapp + Vg3pr — Varcp + 3 * Vpyrram t+ Varpp

The following reactions were added to the kinetic model using MFA information of central
metabolism of S. cerevisiaefromGombertet al[4] to account for biomass production:

1. Reactions in Pentose Phosphate Pathway (G6PDH, TKT1, TALA and TKT2)

2. Flux towards L-serine and glycine synthesis (PGCD)
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Kinetic rate equations:

e
max Cglc -b Cglc -D
UGLCt Km Km Keq
_ GLCt ,glce GLCt ,glc **GLCt
VeLet = o Cen e oCote
c— c— c—D™gic—
1+ 2 + =42 + 091~ —
Keice gice  Karee glei Kerce gice KeLee gici
Umax Cglc —-D Catp _ Cgép Cadp
HEX1 \ gm Km Km Km K€l
v _ HEX 1,glci “HEX 1,atp HEX 1,atp “HEX 1,glci “HEX 1
HEX1 Cole—p Coe C C I
1+ g + g6p + tre 6p 14+ atp + adp
K7 K K} K K
HEX 1,glci HEX 1,g6p HEX 1,tre 6p HEX 1,atp HEX 1,adp

Vrren = Krren
vrreeps = Krresps
Veerpn = Kgeppu

vrgr1 = Krgr1

vrgrz2 = Krkra

Vrara = Krara

ve3pr = Kgzpr

Vpeep = Kpeep

pmax Cg6p _ Crep
PGl \gm KM K4
v _ PGI ,g6p PGI f6p " pGI
PGl 14+ Cg6p _ Crep
K K
PGI ,g6p PGI f6p
A
Uprk = B

Cf 6p Catp + gR Catp Cf 6p >

A =B gR Copp Cro <1+
atp “f6p KPY’YILTK,f6p KPT’YILJK,atp KZ?YILJ'K,f6pKI¥II7K,atp
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B = Kpp rop KPFK atp [ {1+

+ |

c 2
\ (1 + ¢> (1 +
Kprk atp

1+

/ Lprk

Cf 6p

Catp gR Catp Cf6p

2

(1 + CFL’FK ,atp Catp

i
KPFI( ,atp

m m m m
KPFK,fép KPFK,atp KPFK,fép KPFK,atp

Cprx fdp Crdp

2
Cprx f26dp Cf26bh
) (1+ f26dp ™ f26bp
Kprk f26dp

Kprk fap

R

Ch

max

UrBA

2

FK ,atp Catp |
i
Kprk atp /

o

Camp )2 (1 + Cf26bp

7
Kprk amp Kprk f26dp

TPI

1
——C3,———C,
ed g3p1+1(;‘17,[ 93p

Crap _ 4Kpp

m
Krpa fap

m eq
KFBA fdp KFBA

C
4 _Cra )
Kprk fap

Vrpa =

1

eq

Pl
1+x°9 93P

TPI

eq eq

Cy3p

1
eq
1+KTPI

TPL 3 1 Cy3 T
eq “g3p eq “g3p
14K 1p, 14K p, 1+K

Pl
eqCg3pCrap

TPI

C
+ Ly

m
Krpa fap

max

m
KFBA ,g3p

eq

+

m
KFBA ,dhap

Kbt ¢ . cc c
VGAPDf e Cg3p (Cnad —Cnad n)
14K5L,

m m m
KFBA ,93p KFBA ,dhap KFBA

max
V6appr Cnad hC13dpg

Ceapp

m m
KGapp g3pKcapp nad

m m
Kgapp 13dpg KcAPD nad h

VGaPD =

eq
Krer o

eq “g3p
1+Kpp; C1

1+

m
KGapp g

+

m
3p Kgap

3dpg (1 + Cnad —Cnad h + Chnad h )

D ,nad h

m m
KGAPD nad KGAPD nad h

adp C3pg Catp

UpGk

eq
max (KPGK C13dpg €

m m
KPGK ,3pg KPGK ,atp

m m
KpGk 3pg KPGK atp )

Upgk = (

1 + C13dpg

C3pg

m
KPGK ,13dpg

+

Catp
e (14
PGK ,3pg PG K ,atp

max( C3pg
m
KPGM ,3pg9

Capg )
m eq
Kpeu 3pg Kpeu

Capyg

1+

C3pg

+

m m
Kpem 2pg  Kpem

,3pg

+ Cadp )

m
KPGK ,adp

m
fdp KFBA ,g3pi

)
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pmax Capg _ Cpep
ENo KIZ“nNO 2pg KgILVO 2p, Kpx
, 2pg “ENO

v =
ENO Capg Cpep
1+—; + —
KENO 2pg KENO ,pep
Cpep Coep (npyg —1)
max
VPYK (1 + ) Cadp
_ PYK ,pep PYK ,pep

UPYK - Catp Npyg

1+K?YK atp Cpep PYK

) m
Lpyk | — <5, + (1 tom o ) (Cadp + Kby aap )
14—t PYK ,pep
Kpyk fap
pmax CnPYRDc
_ PYRDC “~pyr
vPYRDC - C NpyrDC
Km NPpYRDC 1+ __“pvep
PYRDC ,pyr K. pep
M
VaLcp = N
M = max (Cnad — Chaa h)cetoh Chad hCacald
= —V4LCD Ki Km - Ki Km Kea
ALCD ,nad "*ALCD,etoh ALCD ,nad “*ALCD,eto h"*ALCD

m
N=1+ Cnad — Chadn KALCD,nad Ceton Chad h Cacald Chad h

i i m i m i
KALCD,nad KALCD nad KALCD,eto h KALCD,nad h KALCD,acald KALCD nad h
m
(Cnad - Cnad h)Ceto h KALCD,nad h (Cnad - Cnad h)Cacald

i m i i m
KALCD nad KALCD,eto h KALCD nad KALCD nadh KALCDacald
m
KALCD ,nad Ceto h Cnad h Cacald Cnad h

i m i i m
KALCD nad KALCD,eto h KALCD nadh KALCD nadh KALCD,acald
(Cnad - Cnad h)Cacald Ceto h Ceto h Cnad h Cacald

i m i i i m
KALCD nad KALCD,eto h KALCDacald KALCD nad h KALCD,eto h KALCD,acald

Vpyrezm = Kpyream

Varpp = Karpp Cacald
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Kinetic Parameters:

Parameter Value | Unit | Parameter | Value | Unit | Parameter | Value Unit
KGict,gice 16 |[mM| Koy | 03 [ MM | Klkas | 03 mM
KGicegici 16 MM | Krpag3p 2 | mM Lpyk 60000
Kelee 1 Krga,anap 24 | mM Npyk 4
Kiipx1,gtci 0.08 MM | Krga g3pi 10 | mM | Kpyrpc pyr | 6-36 mM
Kiiex1,atp 015 | mM Kid, 0.045 NpyRDC 1.9
Kiex1,adp 023 | mM Kl 0.069 Kl'cpnaa | 017 mM
Klex 1 g6p 30 [ MM | Klippgsp | 039 [mM | Ki .| 092 mM
Khexipesp | 004 | MM Kdipp 134pg | 0-51 | MM | Kjicp naan | 0-11 mM
Khix1 3800 Kiippmaa | 285 | MM 1 KL op aqn | 0031 mM
K,E'};,’gﬁp 14 MM | Kiipp naan | 0007 | MM | Kilop cron 17 mM
K,%,’fﬁp 0.3 mM Ceapp 1 mM KjLCD'ewh 90 mM
Kp, 0.314 Kbtk spg | 053 | MM | Kitep peaa | 111 mM
gR 5.12 Kpek 13apg | 0003 | MM |\ gk e | 11 mM
Lprg 0.66 Kptx adp 02 | mM Kilop 6.9e-5
Kprk fop 0.1 MM | KBtk arp 03 | MM |  Krpegy 0 | mMmin®
KPFk atp 0.71 | mM Kol 3200 Krreeps | 2.45 | mM min™
Chr atp 100 KBt 3pg 12 | mMm Kgapr 18.34 | mM min™
CprK atp 3 Kbemapg | 008 [ MM [ Kypp 0.59 | mM min™
CprK amp 0.0845 Kl 0.19 Kpyreom | 2.34 | mM min®
Cprk f26bp | 0.0174 Kfvoz2pg | 004 | MM | Kgeppy 20 | mM min®
Cprk,fdp 0.397 Ko pep 05 | mM Krir1 6.66 | mM min™
Kbk atp 065 | mM K, 6.7 Kraia 6.66 | mM min’
Kbpkamp | 00995 | mM | KRk oo, 0.19 | mM Krira 6.13 | mM min?
Kpri f264p | 0-000682 | mM | Kby co 02 | mMM | Kpeop 0.78 | mM min™
Kprk, fap 0.111 | mM Kpyk atp 9.3 | mM
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max
Vv

of reactions (in mM min™):

Parameter | Value | Parameter | Value | Parameter | Value
Vit 256.88 v&“f’,‘,)f 2440.37 VYR 652.71
virgR 332.78 | vii%pr 1414.01 | vpyRpc | 289.58
vpEt 943.46 vpeR 3117.61 viIED 953.96
VP 248.7 vpEi 999.50
VEES 220.69 VERD 416.85

Initial metabolite concentrations (in mM):

Metabolite | Value | Metabolite | Value | Metabolite | Value
Cyic—p 0.1 Cy3p 1 Cpep 0.1

Cqop 3.8 Ca13dpg 0.00001 Cpyr 2.8
Crep 0.74 Cspg 0.69 Cacald 0.04
Crap 12 Capg 0.09 Chad h 0.29

Fixed metabolite concentrations (in mM):

Metabolite | Value | Metabolite | VValue | Metabolite | Value
Chad 1.59 Cra6bp 0.014 Crren 2
Catp S Cco 2 1 Cgelc —-D S0
Cadp 1 Ceton 25 Cglyc 10
Camp 0.3 Cire6p 2.2 Cac 10
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Supplementary Figures:

Glucose
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Figure S1: The steady-state distribution of fluxes in the central carbon metabolism of E. coli
obtained after solving the system of ODEs for the kinetic model proposed in Chassagnole et al [1].
Values in brackets indicate the flux in mmol gDW™ hr* per 100 mmol gDW hr* of glucose

uptake.
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Figure S2: The concentration of metabolites (in mM) in the reference and overproduction
phenotype for the overproduction of L-serine in E. coli. Metabolite concentrations of the
reference phenotype (values on the right) are obtained by solving the system of ODEs for the
kinetic model proposed in Chassagnole et al[1]. Metabolite concentrations of the engineered

strain (values on the left) are obtained by solving for the FORCE sets.
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Figure S3: The steady-state distribution of fluxes in the central carbon metabolism of S.

cerevisiae obtained after solving the system of ODEs for the kinetic model proposed in van

Eunenet al[3]. Values in brackets indicate the flux in mmol gDWhr™* per 100 mmol gDWhr™ of

glucose uptake.
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Comparison of the flux ranges of key central metabolic reactions between the reference
phenotype and the overproducing phenotype (for both k-OptForce and regular OptForce)

for L-serine overproduction in E. coli:

Reference phenotype
flux ranges

Overproducing
phenotype flux range

Overproducing
phenotype flux range

Reaction . Ay o1 (k-OptForce) (regular OptForce)
(inmmol gDWhr~) (inmmol gDW*hr™) (inmmol gDW *hr™)
Min flux Max flux Min flux Max flux Min flux Max flux
GLCptspp 100 100 100 100 100 100
PGI 35.75 35.75 37.98 98.13 -35.96 99.81
PFK 73.35 73.35 0 292.46 0 292.46
FBA 73.34 73.34 0 102.22 -55.30 227.97
TPI 72.29 72.29 50.38 08.26 -25.73 98.82
GAPD 161.64 161.64 148.88 196.76 72.77 197.32
PGK 161.64 161.64 148.88 196.76 72.77 197.32
PGM 153.26 153.26 0 61.10 -108.85 61.81
ENO 153.26 153.26 0 61.10 -108.85 61.81
PYK 19.27 19.27 0 47.50 0 204.67
G6PDH 63.40 63.40 0 61.83 0 135.77
GND 63.37 63.37 1.68 22.72 0 22.72
RPE 37.74 37.74 0.39 14.42 -31.03 14.42
RPI 25.51 25.51 1.27 15.29 0.49 31.00
TKT1 20.86 20.86 0.39 7.40 -15.32 7.40
TALA 20.72 20.72 0.36 7.37 -15.35 7.37
TKT2 16.88 16.88 0 7.01 -15.71 7.01
EDA 0.03 0.03 0 47.88 0 121.18
EDD 0.03 0.03 0 47.88 0 121.18
PGMT 0.86 0.86 0.19 107.21 0.19 199.27
PDH 93.28 93.28 0 14.03 0 15.15
PPC 27.00 27.00 0 118.68 0 203.52
GLGC 0.77 0.77 0.15 7.05 0.15 1000
ACK -96.15 476.47 -13.47 199.64 -14.59 199.64
G3PD 1.05 1.05 0.16 3.95 0.16 132.88
PGCD 9.38 9.38 153.82 212.23 153.82 263.49
PSERT 9.38 9.38 153.82 212.23 153.82 263.49
PSP 9.38 9.38 153.82 212.23 153.82 263.49
DDPA 3.84 3.84 0.36 211 0.36 2.88
GHMT -51.53 6.76 -26.76 9.60 -26.76 12.92
PRPPS 5.02 5.02 0 11.29 0 199.96
SERD L 0 58.28 0 41.04 0 81.87
CS 4.78 60.35 1.05 200.13 1.05 200.13
ACONT 4.78 62.11 1.05 52.02 1.05 55.29
ICDH 4.78 61.37 1.05 15.07 1.05 16.19
AKDGH 0 60.17 0 14.03 0 15.15
SUCOAS -1000 60.06 -1000 68.90 -1000 68.95
SUCD 0 62.87 0 50.98 0 54.25
FUM -9.74 69.81 -6.04 84.65 -6.60 85.10
MDH -374.62 66.99 -243.60 87.29 -243.60 90.94
ICL 0 63.98 0 50.97 0 54.25
MALS 0 62.98 0 50.97 0 54.25
GLUSY 0 217.84 0 199.08 0 199.08
ASPTA 12.48 239.40 2.74 82.37 2.74 82.37
THRA 0 112.67 0 55.60 0 55.60
ACCOAC 9.59 527.43 2.10 2.32 2.10 201.18
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Comparison of the flux ranges of key central metabolic reactions between the reference

phenotype and the overproducing phenotype (for both k-OptForce and regular OptForce)
for TAL overproduction in S. cerevisiae:

Reference phenotype
flux range

Overproducing
phenotype flux range

Overproducing
phenotype flux range

Reaction . Ap o1 (k-OptForce) (regular OptForce)
(inmmol gDWhr~) (inmmol gDW*hr™) (inmmol gDW *hr™)
Min flux Max flux Min flux Max flux Min flux Max flux
GLCt 100 100 100 100 100 100
HEX1 100 100 95.84 100 95.84 100
PGI 77.56 77.56 91.02 97.18 91.02 97.18
PFK 90.31 90.31 0 99.26 0 99.26
FBA 90.31 90.31 0 98.87 0 98.87
TPI 71.30 74.78 91.77 96.86 91.77 96.86
GAPD 168.58 168.58 191.83 197.65 191.83 197.65
PGK 168.58 168.58 191.83 197.65 191.83 197.65
PGM 167.69 167.69 191.83 197.65 191.83 197.65
ENO 167.69 167.69 191.83 197.65 191.83 197.65
PYK 167.55 167.55 191.68 197.50 191.68 197.50
PYRDC 163.03 163.03 155.61 179.90 155.61 179.90
ALCD 159.69 159.69 86.00 142.85 86.00 142.85
ALDD 3.53 3.53 66.53 68.91 66.53 68.91
ACS 0.47 126.14 69.95 106.24 69.95 106.24
PC 0 167.96 30.10 38.23 30.10 38.23
ACCOAC 0.36 35.32 46.65 48.05 46.65 48.05
FAS80 0 9.81 0 0.40 0 0.40
2PS 0 9.03 23.27 23.56 23.27 23.56
G6PDH 18.99 18.99 0 1.70 0 1.70
GND 18.99 18.99 0 1.70 0 1.70
RPE 11.65 12.39 -0.45 1.05 -0.45 1.05
RPI 7.33 7.33 -0.45 1.05 -0.45 1.05
TKT1 6.67 6.74 -0.18 0.56 -0.18 0.56
TALA 6.65 6.66 0 0.56 0 0.56
TKT2 6.01 6.07 -0.47 0.49 -0.47 0.49
G3PT 18.33 18.33 0 6.79 0 6.79
PYRt2m 4.74 4.74 -4.21 7.64 -4.21 7.64
PGCD 0.89 0.89 0 2.08 0 2.08
GHMT -0.82 16.48 -0.45 2.17 -0.45 2.17
CSm 0 26.42 0 1.03 0 1.03
CSp 0 26.65 0 1.01 0 1.01
ACONT 0.93 27.18 0.29 1.04 0.29 1.04
ICDH 0 19.63 0 1.00 0 1.00
ASPTA -258.43 81.88 19.66 36.00 19.66 36.00
THRA 0 33.30 0 34.59 0 34.59
TRE6PS 2.45 2.45 0.01 1.70 0.01 1.70
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