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a  b  s  t  r  a  c  t

Curcumin  is a natural  compound  obtained  from  turmeric,  and  is well  known  for  its pharmacologi-
cal  effects.  In this  work,  we  design  a heterologous  pathway  for  industrial  production  of  curcumin  in
Escherichia  coli.  A kinetic  model  of  the  pathway  is then  developed  and  connected  to a  kinetic  model  of
the  central  carbon  metabolism  of E.  coli.  This  model  is used  for  optimization  of  the  mutant  strain  through
eywords:
etabolic engineering

inetic modeling
scherichia coli

a  rational  design  approach,  and  two manipulation  targets  are  identified  for  overexpression.  Dynamic
simulations  are  then  performed  to compare  the curcumin  production  profiles  of  the  different  mutant
strains.  Our results  show  that it is  possible  to obtain  a  significant  improvement  in the  curcumin  produc-
tion  rates  with  the  proposed  mutants.  The  kinetic  model  here developed  can be an  important  framework
to  optimize  curcumin  production  at an  industrial  scale  and  add  value  to  its biomedical  potential.

©  2014 Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

Curcumin is the yellow pigment from turmeric, a well known
ulinary spice obtained from the herb Curcuma longa. Research has
hown that curcumin presents a wide range of pharmacological
ffects, including anti-inflammatory, anti-oxidant and anticarcino-
enic activity (Aggarwal et al., 2003; D’Aguanno et al., 2012; Palve
nd Nayak, 2012). Given its therapeutic potential, there is an inter-
st for industrial production of this natural compound.

Escherichia coli has been an extensively used host for many
ndustrial applications and is one of the most well characterized

odel organisms. Furthermore, previous experimental studies by
ther groups show that curcumin production in E. coli by expres-
ion of heterologous enzymes is a feasible process (Katsuyama et al.,
008). One of the problems of using curcumin for therapeutic pur-
oses is that it is rapidly metabolized when taken orally. Therefore,
ngineering a non-pathogenic E. coli strain for in situ curcumin pro-
uction can be a promising way to potentiate its pharmacological
ffects.

The goal of this work consists on the design and optimization
f an efficient pathway for curcumin production in E. coli. It begins
ith the identification of the best candidate genes for implemen-
ing the heterologous pathway. This pathway will be modeled in
ilico and inserted into an available kinetic reconstruction of the
entral carbon metabolism of E. coli (Chassagnole et al., 2002). The
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integrated model will then be used for rational design of an opti-
mized strain for curcumin production.

2. Models and methods

2.1. Gene selection

Curcumin and other curcuminoids are secondary metabolites,
that derive from the amino acid metabolism through several enzy-
matic steps (Fig. 1). Katsuyama and co-workers constructed an
artificial pathway for production of curcuminoids in E. coli using
the genes of phenylalanine ammonia-lyase (PAL) from the yeast
Rhodotorula rubra (step 1), 4-coumarate:CoA ligase (4CL) from
Lithospermum erythrorhizon (step 2) and curcuminoid synthase
(CUS) from rice (Oryza sativa)  (steps 3 and 4) (Katsuyama et al.,
2008). It could be observed that direct production of curcuminoids
from the metabolic flux of the native metabolism, through phenyl-
alanine and tyrosine, resulted in very low production yields.

In a different experimental setup, carboxylic acids were sup-
plied directly into the medium, which resulted in higher production
yields for the different curcuminoids. Therefore, in this work we
will assume that the culture medium is supplemented with ferulic
acid for the production of curcumin. Hence, only the 3 latter steps
are required. Nonetheless, this does not fully decouple curcumin
production from the native metabolism, as there is still a require-
ment of carbon and energy sources, in the forms of malonyl-CoA

and ATP, respectively.

In parallel work, the authors identified two enzymes, diketide-
CoA synthase (DCS) and curcumin synthase (CURS), which are
responsible for curcuminoid production in C. longa (Katsuyama
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Fig. 1. Curcuminoid production from the amino acid metabolism involves 4 enz

t al., 2009a). Unlike the CUS enzyme found in rice, DCS and CURS
atalyze each of the two steps separately. Also, in vitro enzymatic
ssays revealed that DCS exhibits allosteric regulation. Together,
CS and CURS represent an efficiently regulated system that pre-
ents depletion of the starter substrate during the condensation
hase. Therefore, these two enzymes were chosen for the imple-
entation of the two  final steps. For the conversion of ferulic

cid into feruloyl-CoA, we selected one of the variants of 4CL
rom Arabidopsis thaliana, which have been kinetically character-
zed (Hamberger and Hahlbrock, 2004). The stoichiometry of the
onstructed heterologous pathway is the following:

4CL: ferulic acid + CoA + ATP → feruloyl-CoA + ADP + PPi
DCS: feruloyl-CoA + malonyl-CoA + H+ → feruloyl-diketide-CoA
+ CoA + CO2
CURS: feruloyl-CoA + feruloyl-diketide-CoA + H2O → curcumin
+ CoA + CO2.

.2. Kinetic modeling

We  developed a kinetic reconstruction of the curcumin pro-
ucing mutant strain, by extending a kinetic model of the central
arbon metabolism of E. coli available in the literature (Chassagnole
t al., 2002). The model accounts for the PTS-system, glycolysis and
he pentose-phosphate pathway. It also contains analytical rules
efining co-metabolite variation after a glucose pulse, which were
ot used in this work. In order to connect the reconstruction of
he heterologous pathway to the native metabolism, the model
ad to be extended to also include the pathway from pyruvate to
alonyl-CoA (Fig. 2).
The kinetic rate laws and kinetic parameters for the new reac-

ions, including the heterologous pathway were instantiated based
n information available in the literature. Maximum reaction rate
arameters (Vmax) are usually not reported in the literature as they
epend on condition-specific enzyme levels. Specific activity val-
es or enzyme turnover numbers (kcat) are reported instead. For
he heterologous pathway, the concentrations of the respective
nzymes were assumed to be in excess (100 mM).  For reactions
elonging to the native metabolism, the Vmax parameters were cal-
ulated in the following manner. First, a reference steady-state
ux distribution was estimated using a genome-scale model of
. coli (Feist et al., 2007). A Flux Balance Analysis simulation
as performed, where the reactions common to both models
ere constrained to their reference value in the dynamic model

±0.01 mM/s). Secondly, the parameters were calculated by equal-
zing the rate laws to the estimated flux (v), and solving for Vmax,

sing the same procedure adopted by the authors of the original
odel:

 = Vmax · f (X, K) ⇔ Vmax = v
f (X, K)

.

c steps: (1) deamination, (2) esterification, (3) extension, and (4) condensation.

In the following, the kinetic reconstruction of each enzymatic
step is described in detail. The complete list of kinetic rate laws
and parameters is presented in Table 1.

2.2.1. Pyruvate dehydrogenase (PDH)
Although PDH was already part of the original model, the con-

centration of acetyl-CoA was not included in the model, hence
the effects of product inhibition were not accounted for. Accord-
ing to Shen and Atkinson (1970) at a concentration of 0.05 mM
of acetyl-CoA, the apparent KM value changes from 0.4 to 1.3 mM.
Assuming a competitive inhibition mechanism, where the appar-
ent KM value is given by the formula Kapp

M = KM(1 + I/KI), we obtain
KI = 0.0222 mM.  The rate law was  changed to account for product
inhibition using this parameter. Note that the KM value from the
original model was  kept.

2.2.2. Acetyl-CoA carboxylase (ACCOAC)
This enzyme catalyzes the carboxylation of acetyl-CoA into

malonyl-CoA. The work of Tong (2005) reports a KM value of 0.3 �M
for accoa. Also, in vitro assays from Freiberg et al. (2004) show that
in the opposite direction the binding constant for malonyl-CoA is
100 �M. Therefore, we  adopted a Michaelis–Menten rate law with
competitive product inhibition. The Vmax parameter was calculated
using the method described previously, assuming 1 mM for the
steady-state concentrations of acetyl-CoA and malonyl-CoA.

2.2.3. 4-Coumarate:CoA ligase (4CL)
Kinetic properties of 3 variants of 4CL for A. thaliana were deter-

mined by Ehlting et al. (1999). The work presents the specific
activity of the 3 variants for different substrates. Another work
(Hamberger and Hahlbrock, 2004) reports a 4th variant of this
enzyme for the same organism, which has a higher specificity for
ferulate (KM = 26 �M,  SA = 153 nmol/s/mg). We  selected this vari-
ant, and calculated its turnover number, given its molar mass
(62,559 Da).

2.2.4. Diketide-CoA synthase (DCS)
This enzyme has been characterized in Katsuyama et al. (2009a).

However, the kinetic parameters were estimated using separate
equations for each substrate: kcat(Sn/(Sn

50 + Sn)) for feruloyl-CoA,
and kcat(S/(KM + S)) for malonyl-CoA. Since we want one single rate
law that takes into account the utilization of both substrates, we
recalculated kcat for the lumped equation given the values in the
original article.

2.2.5. Curcumin synthase (CURS)

This enzyme has also been kinetically characterized (Katsuyama

et al., 2009a,b). From the 3 variants identified, CURS1 was cho-
sen because it has the higher specificity for feruloyl-CoA. The
authors have only identified the parameters for the first substrate.
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Fig. 2. Representation of the extended dynamic central carbon metabolism model of Chassagnole et al. (2002) to include the kinetic reconstruction for the curcumin pathway
(highlighted). Image created with the Omix software (Droste et al., 2011). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version  of the article.)

Table 1
Kinetic rate laws and respective parameters for the artificial pathway.

Reaction Kinetic rate law Parameters

PDH Vmax
pyrn

pyrn+KM (1+((accoa)/(KI )) Vmax = 270.28 mM/s, KM = 1159 mM

KI = 0.0222 mM,  n = 3.68
ACCOAC Vmax

accoa
accoa+KM (1+(malcoa)/(KI )) Vmax = 0.04634 mM/s, KM = 0.0003 mM

KI = 0.1 mM
4CL  E · kcat

fercoa
KM +fercoa

kcat = 9.572 s−1, KM = 0.026 mM

DCS  E · kcat
fercoan

Kn
M1

+fercoan
malcoa

KM2
+malcoa

kcat = 0.01343 s−1, KM1 = 0.046 mM

KM2 = 0.0084 mM,  n = 1.8
CURS E · kcat

fercoa
KM1

+fercoa
ferdicoa

KM2
+ferdicoa

kcat = 0.02163 s−1, KM1 = 0.018 mM

KM2 = 0.018 mM
Synth3 Vmax

accoa
KM +accoa Vmax = 0.284 mM/s, KM = 1 mM

Synth4 Vmax
malcoa

KM +malcoa
Vmax = 0.092372 mM/s, KM = 1 mM

Fer  trans k
(

ferext − 1
Keq

fer
)

k = 1000 s−1, Keq = 1

Cur  trans k
(

cur − 1
Keq

curext

)
k = 1000 s−1, Keq = 1
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ig. 3. Flux control coefficients of CURS flux for the strain carrying the artificial pathw
oth  ACCOAC and PK (mutant2).

herefore, we assumed that the KM value is the same for both
ubstrates, as the molecules are very similar. Also, as in the pre-
ious case, we recalculated kcat to match the lumped equation that
ccounts for both substrates.

.2.6. Synth3 and Synth4
These reactions should account for all the flux from acetyl-CoA

nd malonyl-CoA that is not channeled into the artificial path-
ay. Following the same strategy used in the original model for

ynth1 and Synth2, we  assumed Michaelis–Menten kinetics with
 KM value of 1 mM for both reactions. The Vmax parameters were
hen estimated using the method described earlier.

.2.7. Transport reactions
From the in vivo experimental work of Katsuyama et al. (2008),

e can conclude that E. coli must have transport mechanisms for
erulic acid and curcumin. However, since the mechanism is not
eported, we  assumed reversible mass action kinetics for the rate
aws. Also, we assumed that transport is not a rate-limiting step,
ence we defined an arbitrarily high value for the kinetic constants.

. Results

The kinetic model developed in this work can be used to perform
ynamic simulations, and also to optimize the production of cur-
umin through the identification of potential bottlenecks. For that
atter, we performed metabolic control analysis for the strain car-

ying the heterologous pathway (mutant 0) using the COPASI tool
Hoops et al., 2006). In particular, we calculated the flux control
oefficients (FCC) which explain how the change in each individual
nzyme affects the whole system, and observed the effect of each
eaction over the flux of CURS (Fig. 3).

It can be observed that the rate of ACCOAC is by far the one with
igher influence over CURS. Since this influence is positive, we over-
xpressed the respective enzyme in silico by 10-fold (mutant 1), and
ecalculated the FCCs. It can now be observed that, for this mutant,
he most significant control comes from Glc ex,  the reaction repre-

enting the glucose feed. The next enzymatic reaction exerting most
ontrol now becomes pyruvate kinase (PK), although with a smaller
mpact compared to the previous case. We  then also overexpressed
his enzyme by 10-fold (mutant 2), and again recalculated the FCCs.
utant 0); after 10× overexpression of ACCOAC (mutant 1); and 10× overexpression

By proceeding with this approach, the next logical step is the
downregulation of G6PDH, which would decrease the flux through
the pentose-phosphate pathway, increasing the flux through gly-
colysis and, consequently, the availability of acetyl-CoA. However,
this can affect biomass production, potentially resulting in a strain
with higher yields but lower productivity. This is a trade-off that
must be carefully analyzed if such manipulation is to be performed.
Furthermore, it can be observed that at this point, glucose supply
is the main limiting factor for curcumin production.

Our model does not account for co-metabolite variation. The
analytical functions used in the original model for explicit temporal
variation are only applicable for the short pulse experiment per-
formed by the authors. Since our fermentation operates in a larger
time-scale we used the steady-state concentrations from the origi-
nal model. We  performed sensitivity analysis to evaluate the impact
of not explicitly accounting for co-metabolite variation. The sensi-
tivity coefficients of the curcumin production rate with respect to
the co-metabolite concentrations were computed and found to fall
within the range [− 6.48e−6, 4.94e−5]. Therefore, we conclude that
this assumption does not significantly affect our predictions.

We performed batch simulations of the 3 mutant strains, assum-
ing that ferulic acid is available in excess and that glucose is the
limiting substrate (Fig. 4). It can be observed that the overexpress-
ion of ACCOAC (mutant 1) significantly increases the production
rate of curcumin. The simultaneous overexpression of ACCOAC and
PK (mutant 2) does not result in a further increase in the rate of
production, yet it increases the expected yield.

4. Discussion

Overall, our results show that ACCOAC and PK may be two
potential bottlenecks for curcumin production, hence their over-
expression is highly recommended, specially the former. In fact,
the overexpression of ACCOAC was  also performed in Katsuyama
et al. (2008) for in vivo curcumin production in E. coli.

It should be noted that the overexpression of PK cannot be exces-

sive, otherwise it can have a negative impact in the whole central
carbon metabolism (data not shown). The reason is that an excess
of PK, which converts phosphoenol-pyruvate (pep) into pyruvate,
can cause a fast depletion of pep, one of the substrates for the
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ig. 4. Time-course simulation of a glucose-limited aerobic batch fermentation for t
lucose  concentration in the reactor was  set 10 g/L, and the fermentations were sim

hosphotransferase system (PTS). The lack of pep causes a decrease
n PTS activity and, consequently, a decrease in glucose uptake.

It is also important to recall our initial assumption that trans-
ort is not a rate-limiting step. This assumption was made because
ransport has been observed but the respective transporters have
ot been identified. Further experimental work would be neces-
ary to test this assumption. If transport is rate-limiting then the
ransporters would be the first amplification targets.

As an alternative to MCA, one could have used elementary flux
ode (EFM) based methods for rational strain design (Trinh et al.,

008; Hädicke and Klamt, 2011; Soons et al., 2013). This would
ot require the construction of a kinetic model. However, due to
he uncertainty in the flux distribution, EFM-based designs usu-
lly require a larger number of manipulations to obtain the desired
edirection of the metabolic flux to the target pathway.

Finally, we compared our in silico results to the experimental
esults of Katsuyama et al. (2008). In their experiment, the authors
roduced curcumin by supplying ferulic acid to the medium. In
his case, glucose was provided in excess (40 g/L) and ferulic acid
as the limiting substrate (194 mg/L). This resulted in a produc-

ion of 113 mg/L of curcumin, which represents a molar yield of
.306. This is bellow the maximum theoretical yield of 0.5 (one
olecule of curcumin per two molecules of ferulic acid). We  used

ur model to simulate an experiment in the same conditions, and
btained a total production of 181 mg/L of curcumin, which repre-
ents a molar yield of 0.492. In this case, the result was independent
f the overexpression of glycolytic enzymes, as glucose was  not
he limiting substrate. We  hypothesize that the difference in the
ields between the in silico and experimental results is caused by
ur selection of the DCS/CURS system from C. longa, which exhibits
fficient allosteric regulation, whereas the authors selected the
ultifunctional enzyme CUR from rice for the catalysis of the two

nal enzymatic steps.

. Conclusions

This work consisted on the design and optimization of a heterol-
gous pathway for curcumin production in E. coli. We  developed a
inetic model for the wild-type strain carrying the artificial path-
ay by extending an already available kinetic model of the central

arbon metabolism of E. coli (Chassagnole et al., 2002). Using this
odel, we performed metabolic control analysis and identified two

otential bottlenecks for the production of curcumin when glu-

ose is the limiting substrate. Hence, the overexpression of the
espective enzymes is recommended. Simulations performed with
he kinetic model further confirm that the proposed manipulations
ncrease the expected curcumin production rates.
utants, showing the glucose consumption and curcumin production profiles. Initial
d for 3 h.

The model developed in this work can be used as a framework,
not only for rational strain design, but also for implementation
of optimal feeding control strategies. Since several assumptions
regarding the kinetics of the heterologous pathway were made, it
will be necessary to further calibrate the model parameters with
experimental data measured from cultivations of the mutant strain.
The model has been deposited in the BioModels database (Li et al.,
2010) and assigned the identifier MODEL1406060000.
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