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Abstract

Background: Computational modeling and analysis of metabolic networks has been successful in metabolic
engineering of microbial strains for valuable biochemical production. Limitations of currently available computational
methods for metabolic engineering are that they are often based on reaction deletions rather than gene deletions and
do not consider the regulatory networks that control metabolism. Due to the presence of multi-functional enzymes
and isozymes, computational designs based on reaction deletions can sometimes result in strategies that are
genetically complicated or infeasible. Additionally, strains might not be able to grow initially due to regulatory
restrictions. To overcome these limitations, we have developed a new approach (OptORF) for identifying metabolic
engineering strategies based on gene deletion and overexpression.

Results: Here we propose an effective method to systematically integrate transcriptional regulatory networks and
metabolic networks. This allows for the formulation of linear optimization problems that search for metabolic and/or
regulatory perturbations that couple biomass and biochemical production, thus proposing adaptive evolutionary
strain designs. Using genome-scale models of Escherichia coli, we have implemented the OptORF algorithm (which
considers gene deletions and transcriptional regulation) and compared its metabolic engineering strategies for
ethanol production to those found using OptKnock (which considers reaction deletions). Our results found that the
reaction-based strategies often require more gene deletions to remove the identified reactions (2 more genes than
reactions), and result in lethal growth phenotypes when transcriptional regulation is considered (162 out of 200 cases).
Finally, we present metabolic engineering strategies for producing ethanol and higher alcohols (e.g. isobutanol) in E.
coli using our OptORF approach. We have found common genetic modifications such as deletion of pgiand
overexpression of edd, as well as chemical specific strategies for producing different alcohols.

Conclusions: By taking regulatory effects into account, OptORF can propose changes such as the overexpression of
metabolic genes or deletion of transcriptional factors, in addition to the deletion of metabolic genes, that may lead to
faster evolutionary trajectories. While biofuel production in £. coliis evaluated here, the developed OptORF approach is
general and can be applied to optimize the production of different compounds in other biological systems.

Background

Metabolic engineering has emerged as an important field
aimed to improve cellular production of valuable bio-
chemicals and biofuels. Conventional approaches in met-
abolic engineering for identifying targets for
manipulation focus on metabolic branch points, where
undesired reactions are eliminated from competing
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branches to enhance flux through desired reactions using
genetic modifications. However, these metabolic network
modifications will not only affect fluxes through local
metabolic pathways, but also have system-level effects on
metabolic behavior due to changes in carbon, energy, and
electron flow. Correspondingly, such conventional
approaches may fail to identify modifications in distant
pathways that can potentially improve cellular produc-
tion.

Computational models of metabolism have been suc-
cessful in predicting the consequences of gene deletions
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at a systems level [1-4]. In Escherichia coli, genome-scale
models of metabolic networks have been used to identify
metabolic engineering strategies such as gene deletions
or additions to maximize production of primary or sec-
ondary metabolites [5-7]. Some computational methods,
such as OptKnock [8], identify knockout strains that
would have improved biochemical production capabili-
ties after undergoing adaptive evolution. Knockout
mutants that force the coupling between biomass and
biochemical production allow one to use growth rate as a
selective pressure and find adaptively evolved strains with
improved growth rates and production capabilities. Such
methods have been used to generate lactate and succinate
producing strains [9,10]. A number of variations on Opt-
Knock have appeared recently which use alternative
search algorthims, add non-native pathways, and con-
sider deviations from wildtype flux levels [5,11,12].

Computational strain design methods evaluate the
effects of gene or reaction deletions to search for the
mutants with improved production capabilities. A gene
deletion is simulated by removing the reactions associ-
ated with the target gene from the metabolic networks;
however, most current methods are often based on reac-
tion deletions, and not gene deletions. However, genes
and reactions do not always have a one-to-one relation-
ship due to the presence of multi-functional enzymes,
enzyme subunits, orphan reactions, and isozymes. Thus,
knockout mutants based on reaction deletions can some-
times be genetically impossible or difficult to construct.
Also, existing methods do not take into consideration the
transcriptional regulatory networks that control metabo-
lism. As a result, predicted strains with high production
capabilities may not be able to grow initially or evolve to
the desired final state due to regulatory restrictions.

In this study, we present a new optimization approach,
OptORE, to identify metabolic engineering strategies
based on a minimal number of metabolic and transcrip-
tion factor gene deletions and metabolic gene overexpres-
sion, which couple biomass and biochemical production.
Here, gene to protein to reaction (GPR) associations are
modeled directly using a Boolean approach and reactions
are removed when the associated genes are deleted. Inter-
actions between the regulatory and metabolic networks
are also modeled using Boolean approaches by turning on
or off metabolic gene expression in response to transcrip-
tional factor (TF) status. These Boolean relationships can
be effectively formulated as linear constraints using
binary variables and matrices, which are more systematic
and/or computationally efficient than previously sug-
gested formulations for modeling GPR associations and
integrating metabolic and regulatory models [13-17].

The integrated model of metabolism and regulation can
predict the steady-state metabolic flux distributions and
regulatory states simultaneously. Consequently, the

Page 2 of 19

OptORF framework allows for the identification of opti-
mal metabolic gene knockouts as well as transcription
factor knockouts. In addition, overexpression of genes
that are unexpressed under a given condition can be
found in order to improve the production of a target bio-
chemical. Using genome-scale metabolic and regulatory
models of E. coli [18,19], we have identified metabolic
engineering strategies for ethanol production using Opt-
Knock (which considers reaction deletions) and com-
pared these strategies to those found using our new
approach OptORF (which considers gene deletions) with
and without transcriptional regulatory constraints. Our
analysis showed that the strategies based on reaction
deletions often require a larger number of gene deletions,
and also many of them result in lethal growth phenotypes
when transcriptional regulation is considered. In addi-
tion, we have identified metabolic engineering strategies
for overproduction of higher alcohols such as isobutanol
via non-fermentative pathways based on a recent study
[20]. While ethanol and higher alcohol production in E.
coli is evaluated here, the OptORF approach can be easily
applied to other biochemicals and microorganisms.

Methods

OptOREF is a bi-level optimization problem which identi-
fies the optimal metabolic and regulatory gene deletions
as well as gene overexpressions that maximize biochemi-
cal production at the maximum cellular growth under
transcriptional regulatory constraints (Table 1). The
inner problem of OptOREF, which is a linear programming
(LP) problem, maximizes growth under the given gene
deletions and regulatory states that are determined by the
constraints of the outer problem. OptORF is formulated
as a single level mixed integer linear program (MILP) by
replacing the inner maximization problem with its opti-
mality conditions as constraints. GPR associations and
transcriptional regulatory constraints are systematically
formulated using three dimensional arrays, which differ
from recently reported approaches [13,15,17].

An example of an integrated metabolic and transcrip-
tional regulatory network is shown in Figure 1. In this
network, a substrate (S) can be utilized to produce bio-
mass (B) via either intermediate metabolite I1 and/or I2.
Reaction R2 converts I1 into by-product P1 and 0.08 B,
whereas reaction R5 converts 12 into by-product P2 and
0.12 B. Reaction R1 is carried out by enzyme E1 which
consists of two subunits encoded by gene G1A and G1B.
Reaction R5 can be carried out by either enzyme E5 or
E6, which are encoded by genes G5 and G6 respectively.
Transcription factor TF1 is active when S is present, and
activates expression of G3 and G5, and represses G1A
expression (all other genes are considered to be expressed
under all conditions in the model).
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Table 1: OptORF formulation
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cellular growth

maximize biochemical production
subject to

maximize

subject to

steady-state mass balance
enzyme capacity
thermodynamics

reaction deletions

GPR associations

transcriptional regulations

gene deletions and overexpressions

limited number of gene deletions

limited number of gene overexpressions

Since the cellular objective is maximizing biomass pro-
duction (B) from substrate (S), pathways involving R5
(producing P2) would be normally preferred to ones
involving R2 (producing P1). Given an engineering objec-
tive of producting P1, close inspection of the reaction
network indicates that removal of reactions R3 and R4 or
reaction R5 would couple maximum biomass production
to production of P1 instead of P2. OptORF will identify
genetic modification strategies involving gene deletions
that are associated with these reactions (G3 and G4, or
G5 and G6, respectively). However, G1A expression is
inhibited by TF1, and TF1 is active in the presence of S,
and thus reaction R1 cannot happen. Therefore, OptORF
will also identify the overexpression of G1A along with
the gene deletions mentioned above. An alternate strat-
egy to the overexpression of G1A would be the deletion of
TF1 which inhibits expression of G1A. In fact, when TF1
is deleted, the genes activated by TF1 (G3 and G5) would
be no longer expressed, which reduces the number of
genes that are needed to be deleted. Therefore, OptORF
will first identify double knockout strategies including the
TF1 deletion, and then find the alternate strategies with
the G1A overexpression (these strategies are shown in
Figure 1, see Additional file 1 for the implementation).

GPR association

Constraints for GPR associations are systematically for-
mulated using a three dimensional array (GPR(j, n, g)) and
binary variables for reaction (dj), enzyme (b,), and gene
(9,) status, where j, n, and g specify a reaction, enzyme,
and gene, respectively. Each reaction with a known GPR
association (j Jgpg) can be carried out by the associated
enzyme complex(es) (n  N(j)), and each enzyme complex
is associated to gene products (g G(n)), where Jpp, N(j),
G(n) are defined as the following:

Jepr ={j€ J|3(n, g) s.t. GPR(j, n, g) =1; reaction j has known GPR associations}
N(j)={ne N|3g s.t. GPR(j,n, g) =1 for j; enzyme n is associated with reaction j}
G(n)={ge G|3Fj s.t. GPR(j,n,g) =1 for n; gene g is associated with enzyme n}

If any of the enzymes for reaction j are present (any b,
= 1), the reaction can have a non-zero flux (dj = 1) where
d;indicates whether a reaction can or cannot occur. If all
the enzymes are not present (all b, = 0), then the reac-
tion cannot occur (d; = 0). This reaction-enzyme logical
relationship can be formulated as the following:

debn VjG]GpR/nEN(j) (1)
d;j< Y b, Vielon (2)
neN(j)

If all of the associated genes for enzyme # are expressed
(all y,,) = 1), then the enzyme is present (b, = 1). If any of
the subunits are not expressed (any y,, = 0), then the
enzyme is not present (b, = 0). This enzyme-gene logical
relationship can be formulated as the following:

b, —1)> Z(yg—l) Vne N 3)
8eG(n)
b,<y, VneN,ge G(n) (4)

Reactions without known GPR associations are not
constrained by these GPR rules.

Transcriptional regulation

Transcriptional regulation of metabolic genes are also
formulated as linear constraints using a three dimen-
sional array (TR(g, m, r)) and binary variables for gene
expression/transcription factor (TF) activity (y,), condi-
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Figure 1 Application of OptORF to an example metabolic and regulatory network. (A) In this example network, substrate Sis utilized to produce
biomass B and by-products P1 or P2. Here, the engineering objective is the production of P1 and the cellular objective is the production of B. Since
reaction R5 produces more B than reaction R2, P2 is the preferred by-product and P1 production is uncoupled to biomass production (no P1 is pro-
duced when biomass is maximized). (B) Reactions in the network and their GPR associations. (C) Transcriptional regulation of the metabolic genes and
transcription factor in the network. (D) Metabolic engineering strategies for the production of P1 identified by OptORF, where P1 is now produced
when biomass production is maximized in the altered networks. (E) A schematic view of the OptORF solutions. The metabolic flux distributions for
wildtype and mutants are shown to describe how the optimal flux profiles (where production of biomass, B, is maximized) in the integrated network
changes by the metabolic and/or regulatory perturbations presented in (D).

tion (a,,), and effector status (x,), where m specifies a  the corresponding gene is expressed (y, = 1). If none of
condition for gene expression/TF activity and r affects  the conditions for expression are satisfied (all 4, = 0),
these conditions (m). Effectors (r) can be TFs, flux values,  then the gene is not expressed (yg = 0). Similarly, each
and environmental conditions. The sets that are used in

transcription factor, g Gy, is active (y, = 1) if any of the
the formulation are defined as follows: ¢

conditions for its activity is satisfied. If none of the condi-
tions for activity are satisfied, then the transcription fac-
tor is inactive (y, = 0). Then, the binary variables for TF

Gyer = {8 € G| gisametabolic gene with known transcriptional regulation}
Gpp ={g € G| gisa transcription factor gene} . . ) .
M(g) = {me M|3r s | TR(g,m,r)| =1 for g misacondition for gene g} activity (y,) are used to constrain the binary variables for

RA(m) = {r < R| 3g s.. TR(g,m,7) =1 for m; risan activator for condition 1} TF effectors (x,) which determine the conditions for met-

RR%(m) = {r e R|3g s.t. TR(g,m, 1) = —1 for m; ris arepressor for condition m} abolic gene expressions or other TF activities.
Each metabolic gene,g G,z is transcribed if the con-

ditions for its expression, m(g), are satisfied. If any of the Vg 2y V8E Gypr UG, me M(Q) (5)
conditions for gene g expression is satisfied (any a,, = 1),
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Vg S 2 Ay V8E Gypr VG (6)
meM(g)
xg = Yg vge GTF (7)

Each condition for gene expression or transcription fac-

tor activity, m, has its associated effectors, r(m). If all the

associated activators are active (all xﬁ%) = 1) and repres-

Rep

sors are inactive (all Xr(m

) = 0), then the condition for
gene expression or transcription factor activity is satisfied

(a,, = 1). If any of the activators are inactive (any xf(c,fl) =

0) or repressors are active (any xf% = 1), the condition

for gene expression or transcription factor activity is not

satisfied (a,, = 0).

(1-a,)< 2 (1-x,)+ z x, VmeM

reRACt(m) reRRep(m)
(8)
a, <x, Vme M,re R (m) (9)
a, <(1-x,) Vme M,re R*(m) (10)

Each effector, 7, can be a transcription factor (TF), pos-
itive metabolic flux (PF), negative metabolic flux (NF), or
other environmental stimuli (ES). Intracellular and extra-
cellular stimuli are reflected by the positive or negative
metabolic flux indicators by constraints, where intracel-
lular stimuli are dependent on the flux values (v}-) of inter-
nal reactions and extracellular stimuli are dependent on
the flux values of exchange reactions (secretion or
uptake). A threshold value (& = 10-3) is used to determine
whether the flux is positive (vpp > €) or negative (vyp< -€)
as the following:

vize ifx;=1 VjePF (11)
vi<e if x;=0 VjePF (12)
v;s—¢ if x;=1 Vje NF (13)
viz-¢ if x;=0 Vje NF (14)
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The constraints including 'if' indicators were imple-
mented directly using the GAMS/CPLEX indicator con-
straint facility instead of the Big M method. Other
environmental stimuli (ES) such as oxidative stress or
high osmolarity were assumed to be absent in this study.

x,=0 VrekES (15)

Gene deletion and overexpression

A gene deletion or overexpression is implemented by
introducing gene knockout indicators (z,), gene overex-
pression indicators (w,) and surrogate gene expression

indicators (), ) as the following:

zg_wg=yg_y,g ngGMET (16)
24 :)/g_y,g ngGTF (17)
zZg+tw, <1 Vg€ Gpypr (18)

The gene knockout indicator allows an expressed gene
(;= 1) to be unexpressed (y'g = 0), and the gene overex-
pression indicator allows a repressed gene (y, = 0) to be
expressed (y'g = 1). If an expressed gene is deleted (y, = z,
=1, and w, = 0), the value of its surrogate gene expression
indicator is equal to zero (y'{g = 0). If a gene is not
expressed (y, = w, = 0), then the surrogate gene expres-
sion indicator assumes a value of zero (y'g = 0) and no
gene knockout is allowed (z, = 0). If a repressed gene is
overexpressed (y, = z,= 0, and w, = 1), its surrogate gene
expression indicator takes a value of 1 (y:g = 1). No over-
expression is allowed if a gene is already expressed (y,= 1,
and z,= w, = 0), and the surrogate gene expression indica-
tor assumes a value of 1 (y:g = 1). A gene can be either
deleted or overexpressed, but not both at the same time.
Similarly, a transcription factor deletion is implemented
by allowing an active TF (y, = 1) to be deleted (y:,; =0,

and z,= 1). However, the variables W, are not introduced

for all TFs to prevent an inactive TF from being active.
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The total numbers of gene deletions and overexpressions

are limited to desired values, K; and K, respectively.

Zzg <K,

8

E <
wg_
8

Then, instead of the gene expression/TF activity indica-
tors, the surrogate gene expression/TF activity indicators
are used to determine the enzyme/TF status and thus
reaction states via GPR associations and transcriptional
regulation by equations (21)-(23) which replace equations
(3),(4), and (7).

(19)

(20)

(b, -1)> Z (V,-1) VneN

(21)

8eG(n)
b, <y, Vme M,ge G(n) (22)
Xg = )’lg Vge Gy (23)

Optimality condition

The bi-level optimization problem can be formulated as
an MILP using the strong duality theorem in the similar
way as described in OptKnock [8]. Here, a general proce-
dure to construct the optimality conditions for the inner
LP problem is presented without using large bounds for
primal and dual variables. The objective function and

simulated conditions are specified using a linear combi-

nation of fluxes ( Z ]p Vi ) and lower bounds for each flux

(v?b ), respectively. The primal LP (P) is formulated as fol-

lows:
max 2/3 Vi
v, .
J j

Viel:(u;) (24)

v 20 ifd =1 Yje (A (25)

Page 6 of 19

v;=0 ifd;=0 Vje]:(h)) (26)
The reversible reactions (j J\/; ) are only constrained
by the mass balance equation, and associated with these

constraints are unconstrained dual variables (u;). The
uptake, secretion, or irreversible reactions are addition-
ally constrained by the lower bounds (v?b), and associ-
ated with these constraints are positive dual variables (/1]-).
The reactions removed by gene knockouts are con-
strained to zero by using binary variables (v;= 0 if d;= 0),
and associated with these constraints are unconstrained
dual variables (hj). The dual LP (D) is formulated as fol-

lows.

( mln Z( vj

1]]

Zsﬂu, =

ifdj=1 VjeJ\Jy,

(27)
zsji“i_/ljzpj ifdj=1 Vje ]y (28)
zsﬂu,m =p; ifd;=0 Vje] (29)
2,20 (30)

At optimality, the values of the objective functions in
(P) and (D) are equal, and primal and dual variables sat-
isfy the constraints of (P) and (D), respectively. The fol-
lowing optimality conditions for the inner problem are
always satisfied as the values of all binary variables (d)) are

fixed to 0 or 1. The inner problem can be written as:

2}’1‘"1 = 2(“’?’)1]‘
j j

Equations (24) —(30)

(31)

In this study, we used the biomass formation as the
objective function of inner problem (p; = 1 forj = biomass
formation). The constraints including 'if' indicators are
implemented directly using the GAMS/CPLEX indicator
constraint facility. We also constrained the dual variables
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for reaction removal (hj) to be within a small range (-1 to

1) in order to reduce the solution time (J. Kim, J.L. Reed,
and C.T. Maravelias, in preparation).

OptORF formulation
The objective function in the outer problem of OptORF
formulation is a linear combination of fluxes with penalty

terms for the total number of gene deletions or overex-
pressions (z],cjvj o Eg T ﬁzgwg). The first term

defines biochemical production of interest, the second
term applies a weighted penalty («) to an additional gene
deletion, and the third applies a penalty () to an addi-
tional overexpression. In other words, the biochemical
production rate should increase at least by & or S if an
additional gene is deleted or overexpressed, respectively.
These penalty terms can be very useful for eliminating
strains needing more genetic modifications if the
improvement in production is small. When a or S is a
very small value (= 10-9), it effectively eliminates unneces-
sary modifications from the solution without affecting
the optimal biochemical production. For example, if
deleting gene A results in the same product yield as delet-
ing gene A and B (i.e. deletion of gene B does not improve
the yield), then the gene B deletion would not appear in
the optimal solution.

If multiple solutions are desired, integer cuts constrain
successive optimal solutions with a parameter (J), which
is the number of differences in genes among identified
strategies. A previously identified solution (k) is com-
prised of a set of gene deletions and overpressions that
are stored in parameters Zz and WF, respectively. If & is
set to 1, integer cuts prevent OptORF from finding the
same solution as the previous ones. One may set § to a
higher value in order to obtain a more diverse set of met-
abolic engineering strategies. In this study, we used a =
10, 5 =10%,and § = 1. The complete OptORF algorithm

is defined by the following equations:

max Ecjvj—a Ezg—b Ewg
j g g
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st Y (Zhzg+ Wiw)+d< D (ZE+W)) VkeK
8 8
Equations (1),(2),(5).(6),(8)—(31)
dj by eV Vg%, € {0,1}
(32)

Models and simulation conditions

In this study, we have implemented an integrated model
of metabolism and regulation for E. coli, iMC1010 2 [19],
which consists of 906 metabolic genes and 104 TFs.
There was one transcription factor, GInL, that was
included in the original model but was missing regulatory
targets. GInL should affect GInG activity, but instead
GInG activity is independent of GInL (the correct rule for
GInG should be (GInL. AND Not (nh4(e)>2)). However,
this missing regulatory interaction would not affect the
results of this study as GInG is not active under these
conditions and was not identified as a strategy for
improving production of the alcohols examined here. In
the OptKnock simulations, we excluded transport reac-
tions for acetate, carbon dioxide, formate, phosphate, and
water from consideration as eliminating transport may be
challenging. In addition, ATP synthase deletion was
excluded from consideration since the deletion resulted
in a high variability in ethanol production at the pre-
dicted optimal growth condition. Equivantly, the deletion
of focA, focB, and atp operon were excluded from the
OptOREF simulations. The OptORF approach was applied
to identify metabolic engineering strategies for overpro-
duction of ethanol or higher alcohols (i.e. ¢;= 1 for j =
desired alcohol secretion) in glucose minimal media.
Maximum glucose uptake rate (GUR) and oxygen uptake
rate (OUR) are specified in order to simulate anaerobic
growth conditions (GUR = 18.5 mmol/gDW/hr, OUR = 0
mmol/gDW/hr) [21]. A minimal growth rate was set to
0.1 hr! for all simulations. The optimization problems
were solved using CPLEX 11.2 accessed via the General
Algebraic Modeling System (GAMS).

Results and Discussion

We identified metabolic engineering strategies for etha-
nol production in E. coli using the OptORF formulation
with an integrated model of metabolism and regulation,
and compared the resulting strategies to ones using a pre-
vious approach based on reaction deletions (OptKnock).
First, a set of reaction deletion strategies was obtained
using OptKnock, and then a corresponding set of gene
deletions needed to remove the reactions in each Opt-
Knock strategy was identified. These OptKnock gene
deletion designs were then compared to the gene deletion
strategies found by OptORF without considering tran-
scriptional regulation to examine the differences between
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the reaction-based strategies and gene-based strategies.
To investigate how transcriptional regulation affects
adaptive evolution of microbial strains, we analyzed avail-
able data for adaptively evolved E. coli mutant strains
using the integrated metabolic and regulatory model.
OptKnock strategies were then re-analyzed using an inte-
grated metabolic and regulatory model and compared to
the OptORF strategies identified when transcriptional
regulatory constraints were considered. Finally, we pres-
ent metabolic engineering strategies for overproducing
ethanol or higher alcohols in E. coli that include both
metabolic gene deletions and overexpressions, as well as
transcription factor deletions, using our developed
approach.

Reaction deletion vs. gene deletion

In this section, we compare reaction-based deletions to
gene-based deletions and describe how the OptKnock
and OptORF approaches differ in the strategies they
identify. In most cases, the relationship between genes,
proteins, and reactions is not one-to-one. A metabolic
reaction can be carried out by one or more enzymes, each
of which can be comprised of multiple gene products. An
enzyme can catalyze multiple reactions that utilize differ-
ent substrates, and different enzymes may catalyze the
same reaction. Consequently, removal of a reaction may
require deletion of multiple genes and may accompany
the removal of additional reactions, which can result in a
different metabolic solution space from the one predicted
when reactions can be removed individually. Figure 2
shows an example, where different outcomes are found
for reaction deletions and gene deletions. There are two
transketolases (TktA and TktB) in E. coli each of which
catalyzes two reactions (TKT1 and TKT?2) in the pentose
phosphate pathway. By removing TKT1 reaction along
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with phosphotransacetylase reaction (PTAr), ethanol
production can be coupled to cellular growth at an
improved production rate. However, deletion of the two
genes (tktA and tktB) needed to remove the TKT1 reac-
tion results in a lethal growth phenotype [22], which is
correctly predicted by the model since TKT2 would also
be eliminated. This illustrates how the coupling of cellu-
lar growth and biochemical production by reaction-based
strategies may no longer occur when the necessary genes
are deleted. Moreover, if the reaction that needs to be
removed happens spontaneously or does not have known
gene(s) associated to it, there is no practical way to genet-
ically engineer the cells.

The number of genetic manipulations needed is an
important factor when evaluating metabolic engineering
strategies. When isozymes are present, a strategy with the
minimum number of reaction deletions does not neces-
sarily correspond to a strategy with the minimum num-
ber of gene deletions. For example, there are four gene
products in E. coli known to function as serine deami-
nases. In order to completely remove this particular met-
abolic reaction from the system, one would have to
knockout all four genes. If removal of an alternative reac-
tion would serve the same purpose, but require fewer
gene deletions, then OptORF would identify the simpler
genetic strategy while reaction-based frameworks would
not be able to distinguish between them.

We have analyzed the top 50 ethanol producing strains
found by OptKnock for each double, triple, quadruple,
and quintuple reaction deletion (200 in total, see Addi-
tional file 2). Figure 3A shows the minimum number of
gene deletions required to remove the identified set of
reactions for each case. On average, we found that two
more gene deletions would be required than the number
of reaction deletions to completely eliminate the reac-

A GPR for transketolase B Reaction Deletions (TKT1, PTAr) C  Gene Deletions (tktA, tktB, pta, eutD)
DNA b2935 b2465 [ ] Mutant I  Vild-type
jo3 o3
MRNA . B k! Coupled 3 No Growth
=} =}
2 2
J I} £ g
= =
mome. @) Q@) 2 :
nzyme a ~
3 —> 3
= =1
£ £
@ 5]
Reaction ( TKTI ) ( TKT2 )
Growth Rate Growth Rate
Figure 2 Differences between reaction deletions and gene deletions. (A) Gene to protein to reaction (GPR) association for transketolase reactions
(TKT1 and TKT2) in E. coli. (B) Solution spaces for wild-type (blue) and TKT1-PTAr reaction deletion strain (green) predicted by the metabolic model.
Ethanol production is coupled to cellular growth at an improved rate in the mutant strain. (C) When the corresponding genes (tktA, tktB, pta, and eutD)
are deleted to eliminate TKT1 and PTAr, no growth is predicted for the mutant strain as indicated by the solution space only residing on the y-axis.
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Figure 3 Comparison of reaction-based deletion strategies (OptKnock) and gene-based deletion strategies (OptORF). (A) A total of 200 op-
timal reaction deletion strategies (50 double, triple, quadruple, and quintuple reaction deletions each) were found by OptKnock, and the minimal
number of gene deletions that are required to remove the identified reactions were found for each OptKnock strategy. The last histogram (overall)
shows the overall distribution of required gene deletions across all 200 strains. (B-C) For each OptKnock strategy, an analogous strategy was then iden-
tified with OptORF which had the same number of gene deletions as the OptKnock strategy, giving 200 OptORF strains with the same overall gene
deletion distribution as shown in (A). The ethanol yields and growth rates for the 200 OptKnock strains (blue triangles) and 200 OptORF strains (red
circles) are shown in panels B and C, with OptORF strains having higher ethanol yields as compared to OptKnock strains for the same number of gene
deletions.

tions suggested by OptKnock from the network (e.g. a
four reaction deletion strategy would require deleting six
genes). The identified set of necessary gene deletions also
resulted in removal of additional reactions (which are not
accounted for in OptKnock) in most of the cases (196 out
of 200 cases), sometimes resulting in lethal growth phe-
notypes (31 out of 200 cases). For each OptKnock strat-
egy found, we identified another strategy requiring the
same number of gene deletions using OptORF without
transcriptional regulatory constraints (see Additional file
2). This gave us metabolic gene deletion strategies that
can be compared to ones identified by OptKnock. As
shown in Figure 3B, the ethanol yields for OptORF
designed strains were higher than the yields for Opt-
Knock strains, and all OptORF strains were capable of
growing (Figure 3C).

From a computational point of view, gene deletions can
be more advantageous than reaction deletions due to the
nature of combinatorial optimization. The difficulty of
solving such an optimization problem increases exponen-
tially with the total number of decision variables, i.e.,
reactions or genes to choose from. Generally, the total
number of reactions are larger than the total number of
genes in available genome-scale models. For example, the
most recent metabolic reconstruction of E. coli K-12

MG1655 [23] includes 2,381 reactions, but only 1,260
ORFs are accounted for. Although OptORF requires a
number of binary variables for genes, proteins, and regu-
latory rules, these are very tightly constrained by the GPR
association and transcriptional regulatory constraints. As
a result, the computation time to solve an OptORF prob-
lem is comparable to the time to solve an OptKnock
problem.

Adaptive evolution and transcriptional regulation

Transcriptional regulation plays a significant role in con-
trolling the expression of metabolic genes thereby affect-
ing flux through metabolic reactions. These regulatory
effects have not been directly considered in previous
strain design approaches. Transcription factors not only
affect metabolic flux distributions by controlling gene
expression, but they also sense and respond to metabolic
or environmental changes. Integrating transcriptional
regulatory networks with metabolic networks requires
the connection between genes and reactions. We have
effectively formulated these transcriptional regulatory
and gene to protein to reaction (GPR) logical relation-
ships, which enables us to predict the effects of transcrip-
tion factor deletions as well as metabolic gene deletions
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culated without considering transcriptional regulation (blue) and considering transcriptional regulation (green). Experimentally observed trajectories
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on transcription regulation and metabolism, simultane-
ously.

Metabolic engineering strategies described in this work
are based on the assumption that microbial cells would
evolve to have higher growth rates, and that biochemical
production would increase along with cellular growth
rate, the latter being the selective pressure during adap-
tive evolutionary experiments. An important question
that one might ask is how malleable the transcriptional
regulatory network is during adaptive evolution. If cells
can easily rewire their transcriptional networks to gain
higher fitness, it is possible that knockout strains could
lose the coupling of biochemical production and growth,
if expressing unexpressed genes leads to a higher growth
rate without a higher biochemical production. To address
this issue, we have analyzed available data for adaptively
evolved strains of E. coli, and compared the data to pre-
dictions using the integrated model of metabolism and
regulation.

First, previously experimentally implemented E. coli
strains designed for lactate production [9] were re-
assessed using the integrated metabolic and regulatory
models. Figure 4A and 4B show the possible lactate and
biomass yields for AptaAadhE and AptaApfk strains pre-
dicted by the metabolic model (blue) and integrated met-
abolic and regulatory model (green). The experimental
observations for lactate yields and biomass yields during
60 days of adaptive evolution are also shown. All the dele-
tions were simulated based on gene deletions and not
reaction deletions, and yields were plotted to normalize

the fluxes to changes in glucose uptake rate which
occured during adaptive evolution. The AptaAadhE
strain is only predicted to produce more lactate with
increased growth by the integrated metabolic and regula-
tory model, while no coupling between lactate produc-
tion and growth is predicted by either model for the
AptaApfk strain. Experimentally observed trajectories for
AptaAadhE strain move towards the optimal point pre-
dicted only by the integrated metabolic and regulatory
model (Figure 4A), while the AptaApfk strain does not
exhibit improved lactate production in agreement with
both models (Figure 4B).

Metabolic gene deletion strains have also been evolved
on different carbon sources [1]. We have analyzed growth
phenotypes for these strains using the metabolic model
and integrated metabolic and regulatory models, and
found that only the strains grown on malate showed a sig-
nificant difference in predicted growth rates between the
regulated and un-regulated models. Figure 4C shows the
experimentally observed growth rates relative to the pre-
dictions for mutant strains grown on malate at the end of
adaptive evolution (day 40). Mutant strains seem to
evolve and increase their growth rates to the optimal val-
ues predicted by the integrated model, but do not reach
the values predicted by the metabolic model alone. The
only strain that did exceed the integrated metabolic and
regulatory model predictions, Azwf, also had large exper-
imental standard deviations in the observed growth rates.
Based on these results, it is possible that cells undergoing
adaptive evolution do not significantly rewire their tran-
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scriptional regulatory networks, and therefore regulation
should be considered in the design of production strains.

Another advantage of using an integrated model of
metabolism and regulation emerges when it comes to
predicting essential genes. An integrated model is better
at predicting essential genes under a given condition, and
hence more likely prevents gene deletions which are
lethal from being included in the strategies. It was previ-
ously shown that an integrated model of E. coli correctly
predicts the growth phenotypes for 10,833 (78.8%) of the
total 13,750 cases (mutant grown in a single environmen-
tal condition), while a metabolic model alone predicts
8,968 (65.2%) cases correctly [19]. An integrated model is
also capable of predicting essential transcription factors
(e.g. cysB and metR) as well as metabolic genes in E. coli
[19,24,25]. Accordingly, strains that are designed with
regulatory considerations should grow better initially and
may achieve the desired phenotype faster.

Metabolic model vs. integrated model

The ethanol producing strains identified in the first result
section were re-analyzed using the integrated metabolic
and regulatory model to demonstrate the differences
from using the metabolic model. When we re-calculated
the production rates and growth rates for the 200 previ-
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ously identified OptKnock strains after imposing regula-
tory constraints, we found that ethanol production was
significantly lower for most strains (Figure 5A, see Addi-
tional file 2). This is attributed to the fact that some of the
regulated enzymes are not being expressed according to
the transcriptional regulatory constraints. For each Opt-
Knock strain we subsequently identified the minimum
number of genes that need to be overexpressed to achieve
the same ethanol yields when regulatory affects are not
considered (Figure 5C, see Additional file 2). In other
words, we found the sets of genes which are down-regu-
lated by transcriptional regulation, but are necessary to
achieve the same growth and ethanol production rates as
shown in Figure 3. Without overexpression of these
genes, the ethanol yields of OptKnock strains were much
lower than the yields of OptOREF strains identified when
regulatory effects are considered in the strain design pro-
cess (Figure 5A). Also, the number of lethal growth phe-
notypes for OptKnock strains were much higher when
regulation is accounted for (162 out of 200 cases) imply-
ing that these strains would not be able to grow, at least
initially (Figure 5B), and would possibly be difficult to
construct. Interestingly, OptORF strains exhibit a sharp
increase in growth and ethanol yields between 4 and 5
gene deletion strategies. This is due to the expression of
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Figure 5 Comparison of strategies by the metabolic model and the integrated metabolic and regulatory model. The OptKnock deletion strat-
egies in Figure 3 were re-analyzed using the integrated metabolic and regulatory model, where their corresponding gene deletions were the same

but the maximum growth rate and ethanol production were re-calculated with the integrated model. (A-B) The ethanol yields and growth rates for

most of the OptKnock strains (blue triangles) were predicted to be significantly lower by the integrated model than the those predicted by the met-
abolic model alone (Figure 3B and 3C) due to transcriptional regulatory constraints. Also shown are strain designed using OptORF (green circles) when
transcriptional regulation is included (gene overexpression was not allowed such that K, = 0). (C) For each OptKnock strategy, we identified the min-
imal number of genes (whose expression is repressed by the transcriptional regulation) that were needed to be overexpressed to achieve the same

ethanol yield as predicted by the unregulated metabolic model (Figure 3B and 3C).
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genes involved in the Entner-Doudoroff pathway, and this
pattern was not observed in Figure 3B and 3C when regu-
latory interactions were not considered in the design of
OptOREF strains.

Finally, the strain designs identified by OptKnock (200),
OptORF without regulatory constraints (200), and
OptORF with regulatory constraints (200) were com-
pared to identify common genetic strategies. Figure 6A
shows the list of commonly found gene deletions for dif-
ferent approaches and their frequency. Among the top
200 strategies found by each approach (shown in Figures
3 and 5), genes that appear in at least 15% of the total 600
strategies are listed. Overall, deletion of pyruvate for-
mate-lyase (PFL) was the most frequent for all of the
approaches. Deletion of phosphoenolpyruvate:sugar
phosphotransferase system (PTS) was mainly found in
approaches without transcriptional regulation, while the

two transcription factor deletions (fnr and gntR) are iden-
tified only by OptORF when transcriptional regulation is
accounted for. Deletion of pgi or tpiA was evenly distrib-
uted across all methods, indicating that one of them is
typically necessary to couple growth to ethanol produc-
tion (see next section for further discussion).

For each of the three approaches, we generated a heat
map based on the correlation coefficients between the
genes that appear in at least 10% of their corresponding
200 strategies (Figure 6B-D). If a pair of gene deletions
always appears in strategies together, the corresponding
cell in the heat map is colored in yellow. A cell is colored
in black when a pair of gene deletions are anti-correlated.
For example, pta and eutD appear together since the dele-
tion of both is required to eliminate the phosphate acetyl-
transferase activity, while either fur or arcA appears since
the deletion of either transcription factor results in a sim-



Kim and Reed BMC Systems Biology 2010, 4:53
http://www.biomedcentral.com/1752-0509/4/53

Page 13 of 19

Table 2: Gene deletion strategies for ethanol production in E. coli

Deleted Genes Growth Rate Ethanol Yield
(he1) (%)

none (wild-type) 0.467 393

arcA pgi 0.122 83.5

nuoN pgi 0.121 83.6

fnr gntR pflB tdcE pgi 0.225 86.2

arcA gntR pta eutD tpiA 0.244 89.3

fnr gntR pfiB tdcE tpiA 0.235 90.5

The predicted ethanol yields and growth rates are listed for two-deletion strategies and five-deletion strategies. Three or four deletion
strategies are not shown because the ethanol yield was not significantly improved over two deletion strategies. The variability in ethanol
yield at the predicted maximum growth rate was zero or very small (< 0.01%) for all cases. The ethanol yield is reported as % of the maximum
theoretical yield (100% is 0.51 g ethanol/g glucose or 2 mol ethanol/mol glucose). Maximum glucose uptake rate of 18.5 mmol/gDW/hr was

used to simulate anaerobic growth conditions.

ilar phenotype. The pattern of correlation becomes
clearer (strategies have less variation) as the structure of
the model gets simpler from a gene-based deletion with
transcriptional regulation (Figure 6D) to reaction-based
deletion without transcriptional regulation (Figure 6B).
This indicates that as models account for the complex
structure and interactions of networks, more diverse
metabolic engineering strategies can be identified.

Strain designs for ethanol production by OptORF

We have employed OptORF to identify metabolic engi-
neering strategies for ethanol production in E. coli.
Strains are designed to grow on glucose minimal media in
anaerobic conditions. Notable differences from the previ-
ously reported strain designs [12] are that these strategies
include the deletion of transcription factors (e.g. Fnr,
ArcA, or GntR) and electron transport chain components
(e.g. NDH-1) as well as overexpression of metabolic genes
(e.g. edd or fbp). We have identified a set of strategies
consisting of only gene deletions (Table 2), and another
set of strategies that also include overexpression of genes
(Table 3). It should be noted that the deletion of lactate

dehydrogenase (Ldh) is not required in the presented
strategies because ethanol production is preferred over
lactate production at the optimal growth condition, and
so deletion of Ldh would not be required. Lactate could
be produced initially when cells are growing sub-opti-
mally (which is probably why other studies deleted Ldh
[26,27]), but lactate production would be predicted to
decrease as cells adaptively evolve to higher growth rates,
which favor ethanol production due to differences in
redox requirements (ethanol production consumes more
NADH).

Deletion of fur or arcA is found in most strain designs,
where some enzymes involved in aerobic metabolism
(that are repressed by Fnr and/or ArcA) can be advanta-
geous for ethanol production. Aerobic genes in central
metabolism that are repressed by these anaerobic regula-
tors include aceAB, aceEE Ipd, mdh, sucAB, and
sdhABCD. The de-repression of malate dehydrogenase
(mdh) was predicted to be especially important based on
comparisons between flux distributions with and without
mdh. If necessary, such repressed genes may be overex-

Table 3: Gene deletion and overexpression strategies for ethanol production in E. coli.

Deleted Genes Overexpressed Growth Rate Ethanol
Genes Yield (%)
(hr?)
fnr pfiB tdcE pgi edd 0.225 86.2
fnr pfiB tdcE pgi ptsH edd fop 0.182 90.4
fnr pflB tdcE tpiA edd 0.235 90.5
fnr pfiB tdcE tpiA gdhA edd 0.214 914
arcA pta eutD tpiA ptsH edd 0.192 91.6

In addition to gene deletions, overexpressed genes are identified to further improve ethanol production. The maximum number of
overexpressed genes was limited to two for all cases, and strategies including less than four gene deletions are not shown due to the

negligible increase in ethanol yields by gene overexpression.
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pressed, as an alternative to deleting fur or arcA to ensure
that metabolic activity is high enough to achieve the
desired level of ethanol production.

Genes involved in the electron transfer chain were also
identified as needing to be deleted to limit the amount of
NADH oxidized by this pathway. NADH:ubiquinone oxi-
doreductase (NDH) I and II catalyze the transfer of elec-
trons from NADH to the quinone pool, and the electrons
are passed to fumarate by fumarate reductase (FRD), an
essential enzyme for anaerobic growth. OptORF identi-
fied the deletion of NDH-1 (nuo0), the predominant NDH
under anaerobic conditions, to block electron transfer
from NADH to fumarate. As a result, the model predicts
a decrease in FRD flux and reduced succinate production
in NDH-1 deficient strains, while flux through fumarase
and malic enzyme is increased.

Deletion of pgi was also found in many of the strain
designs for ethanol production, suggesting re-direction of
flux through glycolysis to the pentose phosphate (PP)
pathway or Entner-Doudoroff (ED) pathway. This
increases generation of NADPH whose electrons are
passed to NAD via NADH transhydrogenase, and the
additional NADH is used to reduce acetyl-CoA to ethanol
by alcohol dehydrogenase (AdhE). While increasing the
amount of NADH available to produce ethanol, the pgi
deletion also lowers the net ATP production and thus
decreases growth rate as compared to the wild-type
strain. The ED pathway consists of two enzymes, Edd and
Eda, and the expression of edd is repressed by the tran-
scription factor GntR. Deletion of gntR would de-repress
the expression of edd, which allows for the conversion of
glucose to pyruvate and glyceraldehyde-3-phosphate.
Equivalently, overexpression of edd was identified as an
alternative to deletion of gntR. The activation of the ED
pathway in a pgi mutant also leads to a significant
increase in growth rate, which would be favorable for
industrial-scale ethanol production.

There are three enzymes, PfIAB, PfICD and TdcE,
which possibly function as pyruvate formate-lyase (PFL).
The regulatory model indicates that expression of pfiD
requires either ArcA or Fnr as activators, and a previous
study showed that PFL activity was still detected in pflA
or pflB mutant [28]. Another study revealed that a fur
deletion alone is sufficient to decrease PFL activity down
to the level of AfurAarcA strain, while an arcA deletion
alone did not decrease PFL activity [29]. Thus, deletion of
fnr, pflB, and tdcE would abolish PFL activity and require
cells to use pyruvate dehydrogenase (PDH) [26,30],
whose expression is repressed by Fnr and ArcA in anaer-
obic conditions. Deletion of fiur would lower PFL activity
and attenuate the repression of PDH, the result being the
production of NADH instead of formate when pyruvate is
converted to acetyl-CoA. In the absence of oxygen, some
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of the acetyl-CoA would be reduced to ethanol consum-
ing two NADH molecules to maintain a redox balance.

Deletion of pta and eutD (both catalyze the conversion
of acetyl-CoA to acetylphosphate) would reduce acetate
production, and hence increase formation of other by-
products such as ethanol, lactate, or succinate. However,
multiple studies have shown that the mutations in the
ack-pta pathway cause accumulation of pyruvate [31-33],
and the integrated metabolic and regulatory model pre-
dicts the secretion of pyruvate (64% mol pyruvate/mol
glucose) in a AptaAeutD mutant. Pyruvate can be either
secreted or reduced to form other fermentation by-prod-
ucts, but there is not enough NADH available to ferment
all the pyruvate generated by glycolysis. In order to con-
vert pyruvate to ethanol, arcA and gntR deletions are
needed to derepress PDH and the ED pathway, along with
a pgi or tpiA deletion to re-direct flux from glycolysis to
the ED pathway. A AtpiA mutant alone could cause meth-
ylglyoxal accumulation and inhibit the anaerobic growth
[34], but re-directing flux to the ED pathway should pre-
vent methylglyoxal accumulation.

In the strategies that include both gene deletion and
gene overexpression, we found that overexpression of edd
replaced the gntR deletion in most strains to activate the
ED pathway. In addition, overexpression of fructose-1,6-
bisphosphatase (fbp) was predicted to increase the
amount of fructose-6-phosphate, and reverse the direc-
tion of the non-oxidative branch of the PP pathway in the
strains utilizing the ED pathway. The reversed PP path-
way results in a decreased flux in the TCA cycle and an
increased flux in the ED pathway and PDH, leading to
improved ethanol production. The model predicts that
ptsH deletion (in addition to other modifications)
increases flux through the lower half of glycolysis and
decreases succinate production. Switching glucose trans-
port from the phosphoenolpyruvate:sugar phosphotrans-
ferase system (PTS) to proton symport has been shown to
improve overall performance and production yield for
ethanol as well as other compounds [35].

Glutamate can be synthesized via multiple pathways
depending on the availability of nitrogen sources. When
ammonia is abundant, an ATP-independent pathway
functions to save energy by converting a-ketoglutarate to
glutamate using NADPH. This pathway is encoded by
glutamate dehydrogenase (gdhA), the deletion of which
would require cells to use the ATP-dependent pathway
that normally operates when the concentration of ammo-
nia is low [36]. This ATP-dependent pathway would
decrease growth rate, but increase the flux through the
ED pathway and PDH, and improve the ethanol produc-
tion.

Predicted flux distributions corresponding to maxi-
mum biomass production and gene expression states are
shown in Figure 7 for both the wild-type and
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Figure 7 Central metabolic state of wild-type and ethanol production strains. Genes associated with each reaction in the central metabolic net-
works are shown. If isozymes exist, the corresponding genes for each isozyme are listed on separate lines. If an enzyme consists of multiple subunits,
the associated genes are listed at the same line. (A) Metabolic flux distribution for wild-type strain as predicted by the integrated metabolic and reg-
ulatory model. Genes repressed by transcriptional regulation, as predicted by the integrated model, are highlighted in black. (B) Metabolic flux distri-
bution for the AfnrApfiBAtdcEApgi+edd ethanol production strain as predicted by the integrated metabolic and regulatory model. Genes de-repressed
by the deletion of the Fnr transcription factor are highlighted in gray. *The expression of ackA is not activated by Fnr in the mutant strain.

AfurApflBAtdcEApgi+edd strain. These were predicted by
the integrated metabolic and regulatory model (A: dele-
tion, +: overexpression). The ethanol production rate was
predicted to be approximately 86.2% of the maximum
theoretical yield and the corresponding growth rate was
0.225 h-1 for the mutant strain (39.3% and 0.467 h-1for the
wild-type). This result is somewhat similar to the previ-
ously reported values [12], but the perturbation strategy
identified by OptORF takes into account transcriptional
regulatory effects, and as such could facilitate the adap-
tive evolution process of the mutant strain to achieve the
desired phenotype. Some of the gene deletions presented
here have been used previously to engineer un-evolved
and evolved strains of E. coli for ethanol production
[26,37]. The strength of the OptORF appoach emerges
when these individual modifications are put together in a
cooperative manner to generate a strategy, which simul-
taneously considers the metabolic and transcriptional
regulatory network.

Strain designs for higher alcohol production
In addition to ethanol, we have also identified metabolic
engineering strategies using OptORF for over-production
of higher alcohols such as isobutanol and 2-phenyletha-
nol from glucose. Since E. coli does not naturally produce
these higher alcohols, we have augmented the iMC1010v2
network with non-fermentative reactions and corre-
sponding GPR associations for synthesis of these alcohols
based on a recent study [20]. In summary, 2-keto acid
decarboxylase (KDC) and alcohol dehydrogenase (ADH)
were added to the network to allow for production of 1-
propanol, 1-butanol, isobutanol, 2-methyl-1-butanol, 3-
methyl-1-butanol, and 2-phenylethanol from intermedi-
ates in isoleucine, leucine, and valine biosynthesis. We
have assumed these enzymes, KDC and ADH, have no
substrate specificity so that the production of any higher
alcohol is equally preferred.

Our computational results found that most of the strat-
egies for ethanol production can also be modified for the
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Table 4: Gene deletion and overexpression strategies for isobutanol production in E. coli.

Deleted Genes Overexpressed Growth Rate (hr) Isobutanol Yield
Genes (%)

adhE gdhA 0.223 89.5

adhE gntR pgi 0.128 93.8

adhE pgi edd fbp 0.128 94.3

adhE pntA nuoN edd fop 0.110 95.1

adhE pntA gdhA edd fbp 0.102 95.5

The predicted isobutanol yields and growth rates are listed for gene deletion and overexpression strategies. The two enzymes needed for
synthesis of isobutanol (KDC and ADH) were assumed to be present for all cases. The variability in isobutanol yield at the predicted maximum
growth rate was zero or very small (< 0.01%) for all cases. The isobutanol yield is reported as % of the maximum theoretical yield (100% is 0.41
g isobutanol/g glucose or 1 mol isobutanol/mol glucose). The simulation conditions were the same as the ethanol case.

production of some higher alcohols with the additional
deletion of AdhE (which produces ethanol) and addition
of KDC and ADH. In particular, we have found that the
anaerobic production of isobutanol can be coupled to
growth at ~94% of the theoretical maximum vyield (Table
4). In addition to the strategies found in the ethanol case,
deletion of the AB-specific pyridine nucleotide transhy-
drogenase (pntAB) was identified to be beneficial for
increasing isobutanol production. This prevents the elec-
tron transfer from NADH to NADP, and thus more
NADH would be available for the production of isobu-
tanol.

In addition to isobutanol, we found that the production
of 1-propanol and 2-phenylethanol can also be coupled to
growth, but their yields were much lower than the isobu-
tanol yield (~38% and ~5.7%, respectively, see Additional
file 3). However, the production of other branched-alco-
hols such as 2-methyl-1-butanol or 3-methyl-1-butanol
can be accompanied with the production of other alco-
hols including ethanol and isobutanol. In other words,
cells could either produce 2-methyl-1-butanol (3-methyl-
1-butanol) along with the other alcohols or produce only
the other alcohols. In such cases, changes in the substrate
specificity of KDC or ADH enzymes would be needed to
generate specific alcohols. Interestingly, the identified
metabolic engineering strategies for 2-phenylethanol
production were very distinct from the strategies for
other alcohol production strains (see Additional file 3).
While strategies for producing other alcohols involved
increasing fluxes in the oxidative branch of PP pathway
and ED pathway, the strategies for 2-phenylethanol
include deletion of genes in the both the oxidative (zwf or
gnd) and non-oxidative (talAB) branches of the PP path-
way. The model predicts that these gene deletions would
increase the fluxes in the aromatic amino acid biosynthe-
sis pathways, which leads to the increased availability of
phenylpyruvate, the precursor for 2-phenylethanol. Anal-
ysis of these higher alcohols illustrates how OptORF can

be used to couple biomass and production of metabolites
which are not part of central metabolism.

Conclusions

We have systematically integrated metabolic and regula-
tory models, and developed a new computational frame-
work (OptORF) for designing microbial strains for
metabolite production. We compared our new approach
to OptKnock, and found four primary differences
between the strains that are identified using the two
approaches. First, OptKnock may propose removing
reactions that do not have any genes associated with
them, making the construction of such strains experi-
mentally impossible. Second, OptORF can find metabolic
engineering strategies requiring the smallest number of
gene deletions while still achieving high production
yields. Since OptKnock strategies are based on reaction
deletions they often require more gene deletions than
those found using OptORF. Third, OptKnock may sug-
gest reaction deletions that result in a different solution
space when the necessary genes are deleted or transcrip-
tional regulatory effects are accounted for. In this case the
adaptive evolutionary outcome would be different than
what is predicted when only reaction deletions are con-
sidered, sometimes resulting in reduced production
yields or lethal phenotypes. Lastly, OptORF can propose
changes such as the overexpression of metabolic genes or
deletion of transcriptional factors that may lead to faster
evolutionary trajectories.

Based on our analysis of experimental data using inte-
grated metabolic and regulatory model it is unclear to
what extent, if any, cells re-wire their transcriptional reg-
ulatory network during adaptive evolution. Given that a
finite number of mutations are found in adaptively
evolved strains [38], it seems likely that cells could get
stuck in a local maxima in the fitness landscape, where
they would need to change the regulation of multiple
gene products to improve fitness. This idea is supported
by the fact that the same starting strain can evolve to dif-
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ferent end points, and in some cases achieve only sub-
optimal behaviors [9,39,40]. By taking regulatory effects
into account when designing strains it may be possible to
start with strains that are already expressing the neces-
sary enzymes needed to achieve the desired production
and growth rates. Some evolved strains may stay within
the solution space defined by metabolic and regulatory
constraints, while others may alter their regulatory net-
works if it results in a significant growth advantage, thus
altering the solution space in which they evolve. Thus, it
will be particularly important to conduct parallel evolu-
tionary experiments to find evolved strains that lead to
higher production without violating regulatory con-
straints.

In its current implementation, OptORF uses Boolean
approximations to describe how transcriptional regula-
tion affects metabolic fluxes. Although the use of Boolean
variables do not exactly represent the dynamic nature of
metabolism and regulation, it has been previously shown
that constraint-based models using these approximations
successfully predict the cellular behavior in continuous
and batch culture [1,19,21,24]. The approach could be
extended to include other types of regulatory models
which can account for varying levels of gene expression
or enzyme activity. A previous study has shown that the
behavior of a transcriptional regulatory network can be
well approximated by a system of linear equations near a
steady-state, where gene expression does not substan-
tially change [41]. The OptORF approach could be
improved by applying these linear approximations in the
regulatory part of the model, in order to describe varying
gene expression levels, and using approaches to constrain
metabolic fluxes based on predicted gene expression lev-
els [42-44].

The OptORF approach is currently applied to produce
metabolites that can be coupled to biomass production. A
recent study has used a genetic algorithm to design
strains with un-coupled metabolite and biomass produc-
tion, where a bi-level problem is used and the inner prob-
lem uses an objective function to predict un-evolved
cellular phenotypes [45]. OptORF could also be extended
to find metabolic engineering strategies that do not
require coupling of cellular growth and product forma-
tion, and would evaluate gene deletions, gene overexpres-
sion, and regulatory effects simultaneously to identify
such strategies.

The novelty of the method developed here is that it
accounts for transcriptional regulatory networks in addi-
tion to metabolism in the design of strains for metabolic
engineering. However if desired, the approach can be
used with and without transcriptional regulatory con-
straints to consider the interdependence of reactions
through their GPR associations. It should be noted that
the integrated model of metabolism and regulation allows
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for simulating the effects of both gene overexpression
(where un-expressed genes are expressed) and gene dele-
tion. The OptORF approach can also suggest transcrip-
tion factor deletion as an alternative to metabolic gene
deletion or overexpression, which provides greater flexi-
bility in metabolic engineering strategies. By further
incorporating flux modulation approaches such as those
proposed in OptReg [12], additional engineering strate-
gies can be designed which consider adjustment of flux
values and not just the complete removal/addition of
reactions via gene deletion or gene overexpression.

The approach we have developed here is general and
can be used to engineer production of a variety of prod-
ucts in different microorganisms, for which constraint-
based models exist. The number of microbial transcrip-
tional regulatory network models continues to grow,
which has been enabled by high-throughput datasets and
computational analysis [46-52]. Regulatory networks
reconstructed from analysis of high-throughput datasets
can be integrated with metabolic networks using Boolean
or other types of regulatory modeling formalisms, and
our approach can applied to new integrated models of
metabolism and regulation. As such, it will have impacts
on the biological production of a wide variety of prod-
ucts, ranging from biofuels and other commodity chemi-
cals to specialty chemicals [53-55].

Additional material

Additional file 1 Implementation of OptORF for the example net-
work. The OptORF approach is implemented in the General Algebraic
Modeling System (GAMS). A free demo version of GAMS can be down-
loaded from http://www.gams.com. This file contains the example network
described in Figure 1.

Additional file 2 List of strain designs for ethanol production. This
spreadsheet contains the list of strain designs described in Figures 3 and 5,
and corresponding growth rates and ethanol production yields.

Additional file 3 List of strain designs for higher alcohol production.
This spreadsheet contains the list of strain designs for 1-propanol, isobu-
tanol, 2-methyl-1-butanol, 3-methyl-1-butanol, and 2-phenylethanol.

Authors' contributions

JKimplemented the model and approach, performed the analysis, and drafted
the manuscript. JLR conceived of the study, participated in its design and coor-
dination, and helped to analyze the data and draft the manuscript. All authors
read and approved the final manuscript.

Acknowledgements

This work was funded by the DOE Great Lakes Bioenergy Research Center (DOE
BER Office of Science DE-FC02-07ER64494). The authors also wish to acknow!-
edge Bob Landick, Tricia Kiley, Brian Pfleger, and Christos Maravelias for useful
discussions and Chris Tervo for help editing the manuscript.

Author Details

"Department of Chemical and Biological Engineering, University of Wisconsin-
Madison, Madison, WI 53706, USA and 2DOE Great Lakes Bioenergy Research
Center, University of Wisconsin-Madison, Madison, WI 53706, USA

Received: 11 December 2009 Accepted: 28 April 2010
Published: 28 April 2010


http://www.biomedcentral.com/content/supplementary/1752-0509-4-53-S1.GMS
http://www.gams.com
http://www.biomedcentral.com/content/supplementary/1752-0509-4-53-S2.XLS
http://www.biomedcentral.com/content/supplementary/1752-0509-4-53-S3.XLS
http://www.biomedcentral.com/1752-0509/4/53
http://creativecommons.org/licenses/by/2.0

Kim and Reed BMC Systems Biology 2010, 4:53
http://www.biomedcentral.com/1752-0509/4/53

References

1.

22.

23.

24.

Fong SS, Palsson B@: Metabolic gene-deletion strains of Escherichia coli
evolve to computationally predicted growth phenotypes. Nat Genet
2004, 36:1056-1058.

Segre D, Vitkup D, Church GM: Analysis of optimality in natural and
perturbed metabolic networks. Proc Natl Acad Sci USA 2002,
99:15112-15117.

Shlomi T, Berkman O, Ruppin E: Regulatory on/off minimization of
metabolic flux changes after genetic perturbations. Proc Nat/ Acad Sci
USA 2005, 102:7695-7700.

Schuetz R, Kuepfer L, Sauer U: Systematic evaluation of objective
functions for predicting intracellular fluxes in Escherichia coli. Mol Syst
Biol 2007, 3:119.

Pharkya P, Burgard AP, Maranas CD: OptStrain: A computational
framework for redesign of microbial production systems. Genome Res
2004, 14:2367-2376.

Park JH, Lee KH, Kim TY, Lee SY: Metabolic engineering of Escherichia coli
for the production of I-valine based on transcriptome analysis and in
silico gene knockout simulation. Proc Natl Acad Sci USA 2007,
104:7797-7802.

Alper H, Miyaoku K, Stephanopoulos G: Construction of lycopene-
overproducing E. coli strains by combining systematic and
combinatorial gene knockout targets. Nat Biotechnol 2005, 23:612-616.
Burgard AP, Pharkya P, Maranas CD: Optknock: A bilevel programming
framework for identifying gene knockout strategies for microbial strain
optimization. Biotechnol Bioeng 2003, 84:647-657.

Fong SS, Burgard AP, Herring CD, Knight EM, Blattner FR, Maranas CD,
Palsson B@: In silico design and adaptive evolution of Escherichia coli for
production of lactic acid. Biotechnol Bioeng 2005, 91:643-648.

Burgard AP, Van Dien SJ: Methods and organisms for the growth-
coupled production of succinate. Patent 2007. WO/2007/030830

Patil K, Rocha I, Forster J, Nielsen J: Evolutionary programming as a
platform for in silico metabolic engineering. BMC Bioinformatics 2005,
6:308.

Pharkya P, Maranas CD: An optimization framework for identifying
reaction activation/inhibition or elimination candidates for
overproduction in microbial systems. Metab Eng 2006, 8:1-13.

Lun DS, Rockwell G, Guido NJ, Baym M, Kelner JA, Berger B, Galagan JE,
Church GM: Large-scale identification of genetic design strategies
using local search. Mol Syst Biol 2009, 5:296.

Covert MW, Palsson B@: Transcriptional regulation in constraints-based
metabolic models of Escherichia coli. JBiol Chem 2002,
277:28058-28064.

Shlomi T, Eisenberg Y, Sharan R, Ruppin E: A genome-scale
computational study of the interplay between transcriptional
regulation and metabolism. Mol Syst Biol 2007, 3:101.

Gianchandani EP, Joyce AR, Palsson B@, Papin JA: Functional states of the
genome-scale Escherichia Coli transcriptional regulatory system. PLoS
Comput Biol 2009, 5:1000403.

Suthers PF, Zomorrodi A, Maranas CD: Genome-scale gene/reaction
essentiality and synthetic lethality analysis. Mol Syst Biol 2009, 5:301.
Reed JL, Vo TD, Schilling CH, Palsson B@: An expanded genome-scale
model of Escherichia coli K-12 (iJR904 GSM/GPR). Genome Biol 2003,
4:R54.

Covert MW, Knight EM, Reed JL, Herrgard MJ, Palsson B@: Integrating
high-throughput and computational data elucidates bacterial
networks. Nature 2004, 429:92-96.

Atsumi S, Hanai T, Liao JC: Non-fermentative pathways for synthesis of
branched-chain higher alcohols as biofuels. Nature 2008, 451:86-89.
Varma A, Palsson B@: Stoichiometric flux balance models quantitatively
predict growth and metabolic by-product secretion in wild-type
Escherichia coliW3110. Appl Environ Microbiol 1994, 60:3724-3731.

Zhao G, Winkler ME: An Escherichia coli K-12 tktA tktB mutant deficient in
transketolase activity requires pyridoxine (vitamin B6) as well as the
aromatic amino acids and vitamins for growth. JBacteriol 1994,
176:6134-6138.

Feist AM, Henry CS, Reed JL, Krummenacker M, Joyce AR, Karp PD,
Broadbelt LJ, Hatzimanikatis V, Palsson BZ: A genome-scale metabolic
reconstruction for Escherichia coli K-12 MG1655 that accounts for 1260
ORFs and thermodynamic information. Mo/ Syst Biol 2007, 3:121.

Joyce AR, Reed JL, White A, Edwards R, Osterman A, Baba T, Mori H, Lesely
SA, Palsson B@, Agarwalla S: Experimental and computational

25.

26.

27.

28.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 18 of 19

assessment of conditionally essential genes in Escherichia coli. J
Bacteriol 2006, 188:8259-8271.

Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA,
Tomita M, Wanner BL, Mori H: Construction of Escherichia coliK-12 in-
frame, single-gene knockout mutants: the Keio collection. Mol Syst Biol
2006, 2:. 2006.0008

Kim'Y, Ingram LO, Shanmugam KT: Construction of an Escherichia coli K-
12 mutant for homoethanologenic fermentation of glucose or xylose
without foreign genes. Appl Environ Microbiol 2007, 73:1766-1771.
Hespell RB, Wyckoff H, Dien BS, Bothast RJ: Stabilization of pet operon
plasmids and ethanol production in Escherichia coli strains lacking
lactate dehydrogenase and pyruvate formate-lyase activities. App/
Environ Microbiol 1996, 62:4594-4597.

Zhu J, Shimizu K: The effect of pfl gene knockout on the metabolism for
optically pure D-lactate production by Escherichia coli. Appl Microbiol
Biotechnol 2004, 64:367-375.

Levanon SS, San K-Y, Bennett GN: Effect of oxygen on the Escherichia coli
ArcA and FNR regulation systems and metabolic responses. Biotechnol
Bioeng 2005, 89:556-564.

Kim Y, Ingram LO, Shanmugam KT: Dihydrolipoamide dehydrogenase
mutation alters the NADH sensitivity of pyruvate dehydrogenase
complex of Escherichia coliK-12. JBacteriol 2008, 190:3851-3858.

Tomar A, Eiteman MA, Altman E: The effect of acetate pathway
mutations on the production of pyruvate in Escherichia coli. Appl
Microbiol Biotechnol 2003, 62:76-82.

Causey TB, Shanmugam KT, Yomano LP, Ingram LO: Engineering
Escherichia colifor efficient conversion of glucose to pyruvate. Proc Nat!
Acad Sci USA 2004, 101:2235-2240.

Dittrich CR, Vadali RV, Bennett GN, San K-Y: Redistribution of metabolic
fluxes in the central aerobic metabolic pathway of E. coli mutant strains
with deletion of the ackA-pta and poxB pathways for the synthesis of
isoamyl acetate. Biotechnol Progr 2005, 21:627-631.

Ferguson GP, Tétemeyer S, MacLean MJ, Booth IR: Methylglyoxal
production in bacteria: suicide or survival? Arch Microbiol 1998,
170:209-218.

Gosset G: Improvement of Escherichia coli production strains by
modification of the phosphoenolpyruvate:sugar phosphotransferase
system. Microb Cell Fact 2005, 4:14.

Helling RB: Why does Escherichia coli have two primary pathways for
synthesis of glutamate? JBacteriol 1994, 176:4664-4668.

Trinh CT, Unrean P, Srienc F: Minimal Escherichia coli Cell for the Most
Efficient Production of Ethanol from Hexoses and Pentoses. App/
Environ Microbiol 2008, 74:3634-3643.

Herring CD, Raghunathan A, Honisch C, Patel T, Applebee MK, Joyce AR,
Albert TJ, Blattner FR, Boom D van den, Cantor CR, Palsson BO:
Comparative genome sequencing of Escherichia coli allows
observation of bacterial evolution on a laboratory timescale. Nat Genet
2006, 38:1406-1412.

Fong SS, Marciniak JY, Palsson B@: Description and interpretation of
adaptive evolution of Escherichia coliK-12 MG1655 by using a genome-
scale in silico metabolic model. JBacteriol 2003, 185:6400-6408.

Fong SS, Joyce AR, Palsson B@: Parallel adaptive evolution cultures of
Escherichia colilead to convergent growth phenotypes with different
gene expression states. Genome Res 2005, 15:1365-1372.

Gardner TS, di Bernardo D, Lorenz D, Collins JJ: Inferring genetic
networks and identifying compound mode of action via expression
profiling. Science 2003,301:102-105.

Colijn C, Brandes A, Zucker J, Lun DS, Weiner B, Farhat MR, Cheng TY,
Moody DB, Murray M, Galagan JE: Interpreting expression data with
metabolic flux models: predicting Mycobacterium tuberculosis
mycolic acid production. PLoS Comput Biol 2009, 5:21000489.

Shlomi T, Cabili MN, Herrgard MJ, Palsson BO, Ruppin E: Network-based
prediction of human tissue-specific metabolism. Nat Biotechnol 2008,
26:1003-1010.

Moxley JF, Jewett MC, Antoniewicz MR, Villas-Boas SG, Alper H, Wheeler
RT, Tong L, Hinnebusch AG, Ideker T, Nielsen J, Stephanopoulos G:
Linking high-resolution metabolic flux phenotypes and transcriptional
regulation in yeast modulated by the global requlator Gen4p. Proc Nat!
Acad Sci USA 2009, 106:6477-6482.

Asadollahi MA, Maury J, Patil KR, Schalk M, Clark A, Nielsen J: Enhancing
sesquiterpene production in Saccharomyces cerevisiae through in
silico driven metabolic engineering. Metab Eng 2009, 11:328-334.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15448692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12415116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15897462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17625511
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15520298
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17463081
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15821729
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14595777
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15962337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16375763
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16199194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19690565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12006566
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17437026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19503608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19690570
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12952533
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15129285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18172501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7986045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7928977
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17593909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17012394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17259366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8953729
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14673546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15669087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18375566
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12835924
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14982993
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9732434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15904518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7913929
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18424547
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17086184
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14563875
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16204189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12843395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19714220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18711341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19346491
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19619667

Kim and Reed BMC Systems Biology 2010, 4:53
http://www.biomedcentral.com/1752-0509/4/53

46.

47.

48.

49.

50.

52.

53.

54.

55.

Rodionov DA: Comparative genomic reconstruction of transcriptional
regulatory networks in bacteria. Chem Rev 2007, 107:3467-3497.
Barrett CL, Palsson BO: Iterative reconstruction of transcriptional
regulatory networks: an algorithmic approach. PLoS Comput Biol 2006,
2:e52.

Rodriguez-Penagos C, Salgado H, Martinez-Flores I, Collado-Vides J:
Automatic reconstruction of a bacterial regulatory network using
Natural Language Processing. BMC Bioinformatics 2007, 8:293.
Baumbach J, Rahmann S, Tauch A: Reliable transfer of transcriptional
gene regulatory networks between taxonomically related organisms.
BMC Syst Biol 2009, 3:8.

Faith JJ, Hayete B, Thaden JT, Mogno |, Wierzbowski J, Cottarel G, Kasif S,
Collins JJ, Gardner TS: Large-scale mapping and validation of
Escherichia coli transcriptional regulation from a compendium of
expression profiles. PLoS Biol 2007, 5:e8.

Zhang S, Xu M, Li S, Su Z: Genome-wide de novo prediction of cis-
regulatory binding sites in prokaryotes. Nucleic Acids Res 2009, 37:e72.
Wang T, Stormo GD: Identifying the conserved network of cis-
regulatory sites of a eukaryotic genome. Proc Natl Acad Sci USA 2005,
102:17400-17405.

Khosla C, Keasling JD: Metabolic engineering for drug discovery and
development. Nat Rev Drug Discov 2003, 2:1019-1025.

Feist AM, Palsson B@: The growing scope of applications of genome-
scale metabolic reconstructions using Escherichia coli. Nat Biotechnol
2008, 26:659-667.

Alper H, Stephanopoulos G: Engineering for biofuels: exploiting innate
microbial capacity or importing biosynthetic potential? Nat Rev
Microbiol 2009, 7:715-723.

doi: 10.1186/1752-0509-4-53

Cite this article as: Kim and Reed, OptORF: Optimal metabolic and regula-
tory perturbations for metabolic engineering of microbial strains BMC Sys-
tems Biology 2010, 4:53

Page 19 of 19

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

* Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVled Central



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17636889
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16710450
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17683642
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19146695
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17214507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19383880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16301543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14654799
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18536691
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19756010


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


