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Oil and natural gas are used as the primary raw materials for 
manufacturing an array of large-volume chemicals, poly-
mers and other products that improve our overall stan-

dard of living. Growing concerns over the environment and volatile 
fossil-energy costs have inspired a quest to develop more sustainable 
processes that afford these same products from renewable feedstocks 
with lower cost, lower energy consumption, and reduced waste and 
greenhouse gas emissions. Metabolic engineering of microorgan-
isms is emerging as a powerful approach to address this need, and 
it entails the creation of new high-performance cellular systems that 
convert inexpensive plant-derived carbohydrates into bio-based 
fuels, chemicals and polymers1. Here we report the direct produc-
tion of BDO, a major commodity chemical used to make over  
2.5 million tonnes of plastics, polyesters and spandex fibers annually.

BDO currently is manufactured entirely from petroleum-based 
feedstocks such as acetylene, butane, propylene and butadiene2. 
Given the importance of BDO as a chemical intermediate and 
the issues associated with petroleum feedstocks, alternative low-
cost renewable routes from sugars have been highly sought after. 
However, the highly reduced nature of BDO relative to carbohy-
drates has thwarted attempts thus far to develop effective pathways 
and organisms for direct production. Furthermore, like many com-
modity chemicals of interest, BDO is not a compound produced 
naturally in any known organism. The need for an efficient, sustain-
able process led us to a detailed assessment of biosynthetic pathways 
and host-strain designs for direct one-step production of BDO in a 
microbial fermentation process.

Engineering a microbe for the production of a heterologous 
compound requires establishment of a new biochemical pathway, in 
addition to a thorough knowledge of metabolic pathways and metab-
olism. A textbook example of a successful metabolic engineering 
project is the production of 1,3-propanediol (PDO) in Escherichia coli  
developed by Genencor and DuPont3, which led to a commercial 

process. By introducing a four-step pathway consisting of genes from 
PDO-synthesizing bacterial species, together with targeted changes 
to the host central metabolism, researchers at these companies were 
able to achieve PDO production with high rate and titer. Microbial 
processes have also been reported for a number of key chemical 
intermediates such as 1,2-propanediol4, isobutanol5, isoprene6 and 
putrescine7, in addition to proposed platform chemicals such as 
succinic acid8, glucaric acid9 and 3-hydroxypropionate10. Direct bio-
logical production of BDO introduces the additional challenges that 
this compound is highly reduced and is not produced naturally in 
any known organism. To facilitate and expedite our effort, we lever-
aged predictive computational modeling of metabolism and model-
driven analysis of experimental data. Constraint-based metabolic 
modeling is a rapidly developing discipline, and researchers have 
reported the successful application of metabolic models of E. coli to 
engineer strains that produce high levels of threonine11, valine12 and 
succinic acid13.

Here we report the use of an accurate genome-scale metabolic 
model of E. coli14 and biopathway prediction algorithms15 to broadly 
survey and prioritize specific BDO pathways that are predicted 
to lead to optimal performance. In addition, the model engen-
dered metabolic engineering strategies for balancing energy and 
redox needs, and for elimination of potentially toxic by-products. 
Translating our computational design into the laboratory, we intro-
duced and optimized two heterologous pathways for BDO produc-
tion in E. coli and engineered the host metabolism to direct carbon 
and energy into the pathways. Finally, our production strains were 
capable of synthesizing BDO from a range of renewable feedstocks.

RESULTS
BDO is a non-natural compound not synthesized by any known 
organism, so there are no complete biosynthetic pathways we could 
harness for BDO production. We therefore used our in-house 
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SimPheny Biopathway Predictor software to elucidate all potential 
pathways from E. coli central metabolites to BDO. The Biopathway 
Predictor algorithm is based on transformation of functional groups 
by known chemistry, termed ‘reaction operators’, rather than by 
known enzyme reactions. Therefore, we are not restricted by what 
enzymes are known, leaving the flexibility to identify novel enzyme 
activities or to engineer enzymes for a particular substrate. The con-
cept is similar to others previously reported15–17 (see Methods). The 
algorithm identified over 10,000 pathways of four to six steps for the 
synthesis of BDO from common central metabolites such as acetyl-
CoA, α-ketoglutarate, succinyl-CoA and glutamate (Supplementary 
Results, Supplementary Fig. 1). We next used in-house pathway-
visualization and selection software to sort and rank the pathways. 
The evaluation process involved the iterative ranking of pathways 
on the basis of various attributes including maximum theoretical 
BDO yield, pathway length, number of non-native steps, number of 
novel steps and thermodynamic feasibility (Fig. 1). We first elimi-
nated pathways with unfavorable thermodynamics (based on group-
contribution theory18) or reduced theoretical yield when evaluated by 
constraint-based modeling. We prioritized the remaining pathways 
(approximately 10% of the initial number) using the following cri-
teria (in order of weighting): the number of steps without currently  

characterized enzymes (based on the Kyoto Encyclopedia of Genes 
and Genomes, EcoCyc and internal databases), the number of non-
native steps required, and the total number of steps from central 
metabolism. Overall, this process selected the BDO production 
pathways proceeding through the 4-hydroxybutyrate intermedi-
ate (Scheme 1 and Supplementary Fig. 1) as the highest priority 
for construction and in vivo testing. Several additional pathways, 
as well as candidate enzymes for catalyzing each pathway step, are 
disclosed19 (Supplementary Figs. 2–4).

Two artificial routes for BDO biosynthesis (Scheme 1) converge 
at the common intermediate 4-hydroxybutyrate (4HB). For the 
purpose of development and validation, we divided the pathway 
into upstream enzymes for the production of 4HB and downstream 
enzymes for the conversion of 4HB to BDO.

Upstream pathway: biosynthesis of 4HB from glucose
The first route to 4HB starts from the tricarboxylic acid (TCA)–
cycle intermediate succinate, which is activated as succinyl-CoA 
by the native E. coli enzyme succinyl-CoA synthetase (SucCD). 
After two sequential reduction steps catalyzed by CoA-dependent 
succinate semialdehyde dehydrogenase (SucD) and 4HB dehydro-
genase (4HBd), respectively, the CoA derivative converts to 4HB 
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Figure 1 | Overview of the Biopathway Predictor network calculation and analysis procedure. aProcedure for calculating new compounds at level  
n based on reaction operators and compounds present at level n – 1 is given in ref. 16. bThe SimPheny database contains manually curated metabolic 
models, enzymes, reactions and metabolites. Calculated Biopathway Predictor networks, composed of simple substrate-product reactions, must be further 
processed into balanced chemical reactions composed of physiologically relevant species. cReaction and metabolite flags, used for pathway ranking and 
display, allow the scientist to quickly distinguish between known and novel metabolites and enzymatic reactions. dTraced pathways vary in length from  
1 to i reaction steps. eSelection criteria include number of pathway steps, number of known metabolites or enzymes, ΔGrxn of pathway, contains or excludes 
reaction operator or metabolite of interest, and maximum theoretical yield of product (according to constraint-based flux analysis). 

Scheme 1 | BDO biosynthetic pathways introduced into E. coli. Enzymes for each numbered step are as follows: (1) 2-oxoglutarate decarboxylase; (2) 
succinyl-CoA synthetase; (3) CoA-dependent succinate semialdehyde dehydrogenase; (4) 4-hydroxybutyrate dehydrogenase; (5) 4-hydroxybutyryl-CoA 
transferase; (6) 4-hydroxybutyryl-CoA reductase; (7) alcohol dehydrogenase. Steps 2 and 7 occur naturally in E. coli, whereas the others are encoded by 
heterologous genes introduced in this work.
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via succinate semialdehyde. SucD activity is not found in wild-type  
E. coli K-12 strains, but it has been reported in other bacterial spe-
cies. E. coli already possesses a 4HBd activity20, so we first tested 
whether introduction of heterologous SucD alone would result in 
4HB production. E. coli W3110 was transformed with p99sucD, 
which harbors the Clostridium kluyveri sucD gene expressed from 
the trc promoter. After 24 h cultivation in glucose minimal medium, 
0.13 mM of 4HB appeared in the culture broth. A control culture 
without p99sucD did not produce any detectable 4HB. To improve 
upon this rate of production, we screened SucD and 4HBd enzymes 
from C. kluyveri and Porphyromonas gingivalis21–23 and an additional 
4HBd enzyme from Ralstonia eutropha for biochemical properties 
and the ability to be expressed in E. coli (Supplementary Table 1). 
Both SucD and 4HBd from P. gingivalis were expressed well and 
resulted in the highest specific activities in host strain MG1655lacIQ. 
We then assembled a synthetic operon by sequentially cloning sucCD 
(E. coli), sucD and 4hbd (P. gingivalis) together with individual ribo-
somal binding sites between the PA1 promoter, which is regulated 
by the lactose repressor protein, and the rrnB T1 transcriptional 
terminator. We tested this operon in three expression vectors with 
copy numbers ranging from low to high (Table 1), transformed into 
MG1655lacIQ. All three E. coli constructs enabled synthesis of 4HB 
from glucose, whereas the host strain transformed with empty plas-
mid backbones only accumulated succinate (Supplementary Fig. 5). 
The highest 4HB concentration (11 mM), highest ratio of 4HB to 
succinate and highest enzyme activities occurred with the strain 
containing the medium–copy number plasmids (Supplementary 
Fig. 5 and Supplementary Table 2).

The second route for 4HB synthesis branches from E. coli cen-
tral metabolism at the key oxidative TCA-cycle intermediate, 
α-ketoglutarate. The pathway consists of two consecutive reac-
tions catalyzed by an α-keto acid decarboxylase, encoded by the 
Mycobacterium bovis sucA gene24, and the 4HB dehydrogenase 
described above. This pathway is thermodynamically more favorable 
than the succinate route, owing to the irreversible decarboxylation 
step, and it also consumes one less reducing equivalent. To demon-
strate the synthesis of 4HB using α-ketoglutarate as the intermedi-
ate, we examined three E. coli constructs (Supplementary Fig. 6). 
Similar concentrations of succinate accumulated in all constructs 
including the control strain, whereas only the three constructs with 
SucA overexpression produced 4HB. There was also a positive cor-
relation between 4HB accumulation and gene copy number.

Downstream pathway: conversion of 4HB to BDO in E. coli
The conversion of 4HB to BDO requires two reduction steps, 
catalyzed by dehydrogenases (Scheme 1). Alcohol and aldehyde 
dehydrogenases (ADH and ALD, respectively) are NADH- and/or 
NADPH-dependent enzymes that together can reduce a carboxy-
lic acid group (derivatized with Coenzyme A) to an alcohol group. 
This biotransformation can occur by addition of exogenous 4HB 
to wild-type Clostridium acetobutylicum25, but neither the enzymes 
nor the genes responsible have been identified. We developed a 
list of candidate enzymes from C. acetobutylicum and related 
organisms on the basis of known activity with the nonhydroxy-
lated analogs of 4HB (for example, butyrate) and other pathway 
intermediates, or by sequence similarity to characterized genes 
with these activities (Supplementary Table 3). We tested can-
didates for activity by expressing the corresponding genes on 
the high-copy pZA33S plasmid in the E. coli host MG1655lacIQ. 
As 4HB-CoA is not available commercially, the nonhydroxy-
lated analog butyryl-CoA served as the substrate for aldehyde 
dehydrogenase assays. Activity was determined by the oxidation 
of NADH as measured by the change in absorbance at 340 nm 
(A340; Supplementary Methods). The ratio of activity with a four-
carbon (butyryl-CoA) substrate over activity with a two-carbon 
(acetyl-CoA) substrate was 1.65 or 0.73 for the enzymes encoded 

by C. acetobutylicum adhE2 (gene 002) and E. coli adhE (gene 011), 
respectively (Supplementary Table 3). These results are similar 
to those previously reported5,26. However, only dehydrogenase 002 
was able to synthesize BDO in vivo. We also synthesized a codon-
optimized version of 002 for use in E. coli to improve expression27 
(Supplementary Fig. 7), which was used in many of the following 
experiments. This gene is referred to as 002C.

For the BDO production experiments, we expressed the  
4-hydroxybutyryl-CoA transferase (cat2) gene from P. gingivalis 
W83 (gene 0034)28 on the medium-copy plasmid pZA33S for the 
conversion of 4HB to 4HB-CoA, and the candidate dehydrogenase 
genes on the high-copy plasmid pZE13S. We then cultured the cells 
aerobically to an A600 of about 0.5 in medium supplemented with  
10 mM 4HB, induced expression with 0.25 mM IPTG and took  
culture-broth samples after 24 h. This resulted in 138 μM BDO 
in the culture broth, as determined by gas chromatography–mass 
spectrometry. In cultures of a control strain containing the empty 
vector pZA33S, no detectable BDO resulted from 10 mM 4HB.

Complete synthesis of BDO from glucose
The final step of pathway validation was to express both the 4HB and 
BDO segments of the pathway together in E. coli and demonstrate 
production of BDO in glucose minimal medium. We reassembled 
the complete BDO pathway on two plasmids, pZA33S-sucCD-
sucD-002 and pZE13S-cat2-4hbd, and transformed them first into 
the MG1655lacIQ background. Cells grown anaerobically in M9 
minimal medium and supplemented with 0.25 mM IPTG approxi-
mately 15 h after inoculation produced 2.1 mM 4HB and 0.6 mM 
BDO from 20 g l−1 glucose in 48 h, along with 6.2 mM succinate. 
Improved production of both 4HB and BDO resulted from rear-
rangement of the pathway to express all 4HB synthesis genes from 
the medium-copy plasmid pZA33S, and the downstream genes cat2 
and 002C from the high-copy plasmid pZE23S. We also included 
the M. bovis sucA gene to enable use of the α-ketoglutarate route 
discussed above. This resulted in the production of 1.3 mM BDO 
and 3.4 mM 4HB in 40 h (Fig. 2a, left set of bars). We therefore used 
these plasmids, pZA33S-sucCD-sucD-4hbd/sucA and pZE23S-
cat2-002C, in all the host-development work discussed below.

Table 1 | Strains and plasmids
Designation Genotype or description References

E. coli strains
W3110 Wild-type E. coli K-12 CGSC 4474
MG1655 lacIQ Wild-type E. coli K-12 ATCC 47076
MG1655 ΔldhA lacIQ MG1655 ΔldhA lacIQ This work
AB3 MG1655 lacIQ ΔadhE ΔldhA ΔpflB This work
ECKh-138 AB3 ΔlpdA<K.p.lpdD354Ka This work
ECKh-401 ECKh-138 Δmdh ΔarcA This work
ECKh-422 ECKh-401 gltAR163L, StrR This work
ECKh-463 ECKh-422 rrnC<cscAKB This work
Plasmidsb

pZS*13S pSC101 origin, AmpR, PA1lacO-1 ref. 40
pZA33S P15A origin, ChlorR, PA1lacO-1 ref. 40
pZE13S ColE1 origin, AmpR, PA1lacO-1 ref. 40
pZE23S ColE1 origin, KanR, PA1lacO-1 ref. 40
pTrc99A ColE1 origin, AmpR, Ptrc Vector 

Database
aNative lpdA gene replaced by K. pneumoniae lpdA modified with a D354K mutation. bPlasmid 
backbones are listed here. Plasmids expressing genes in an operon are described using the 
convention ‘backbone-gene1-gene2-gene3’ in the main text.
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Metabolic engineering of the host strain
Achieving a functional BDO pathway in E. coli was the first step 
in engineering an organism for high-level BDO production. The 
second major step involved optimizing the host strain to chan-
nel carbon and energy resources into the pathway. The OptKnock 
algorithm29 identified strain designs that couple BDO production 
to growth while maintaining the overall maximum theoretical 
BDO yield. Evaluation of the OptKnock results revealed one highly 
promising four-knockout strategy, removing alcohol dehydrogenase 
(adhE), pyruvate formate lyase (pfl), lactate dehydrogenase (ldh), 
and malate dehydrogenase (mdh) genes. The model predicted that 
this design could achieve a BDO yield of 0.37 g per g at maximum 
growth assuming anaerobic conditions (Supplementary Fig. 8). In 
this design, formation of the natural fermentation products ethanol, 
formate, lactate and succinate is blocked, thereby forcing produc-
tion of BDO to balance redox. A deletion analysis of the in silico 
mutant strain revealed that pyruvate dehydrogenase, citrate syn-
thase and aconitase are essential to achieving high yields of BDO in 
this four-deletion background. Absence of these individual activi-
ties reduced the predicted maximum BDO yields to 46%, 33% and 
33%, respectively.

We first introduced the pathway into an intermediate strain, 
ΔadhE ΔpflB ΔldhA (referred to as AB3). AB3 did not grow under 
strict anaerobic conditions, probably owing to a combination of 
redox imbalance and insufficient pyruvate dehydrogenase activ-
ity. Pyruvate dehydrogenase in E. coli naturally has very low activ-
ity under oxygen-limited or anaerobic conditions owing to NADH 
sensitivity of the E3 subunit encoded by lpdA30,31, leading to poor 
anaerobic growth of strains with pyruvate formate lyase (pflB) dele-
tions. We therefore replaced the native lpdA gene with the Klebsiella 
pneumonia lpdA gene, which is greater than 90% identical at the 
nucleotide level to the E. coli gene and is known to function anaero-
bically32. The modified gene also contained the D354K mutation, 
reported to reduce NADH sensitivity31. This strain, called ECKh-
138, still did not grow under strict anaerobic conditions, but did 

grow much better microaerobically (see Methods for a description 
of the microaerobic culturing procedure). After transformation 
with plasmids encoding the entire BDO pathway, this strain pro-
duced more BDO in culture than both MG1655 and AB3 (Fig. 2a). 
A fed-batch fermentation of this strain resulted in 82 mM (7.5 g l−1) 
BDO in 48 h (Supplementary Fig. 9). However, high concentra-
tions of acetate, pyruvate and ethanol, and moderate concentrations 
of pathway intermediates 4HB and γ-butyrolactone (GBL) accu-
mulated as well. GBL is the lactonized form of 4HB, hypothesized 
to be produced spontaneously from 4HB-CoA. Reduction of these 
byproducts is discussed below.

In accordance with the OptKnock design, we deleted mdh to 
block reductive TCA cycle flux and channel all carbon through 
the oxidative TCA cycle. To enable greater expression of the 
endogenous genes encoding citrate synthase, aconitase and 
isocitrate dehydrogenase activities, we also deleted the tran-
scriptional repressor of several aerobically expressed genes, 
arcA (ref. 33) (strain ECKh-401). Additionally, we introduced 
a R163L mutation into the gene encoding citrate synthase, gltA, 
to reduce inhibition by NADH and therefore improve TCA-
cycle flux34,35, generating the strain ECKh-422. This mutation 
involves residues believed to take part in a complex hydrogen-
bonding network with the pyrophosphate moiety of NADH.  
In vitro citrate synthase assays performed on extracts from this 
strain showed little inhibition by 2 mM NADH, compared to 
almost complete inhibition in the parent strain (Supplementary 
Fig.  10). When transformed with plasmids encoding the full 
BDO synthesis pathway, including α-ketoglutarate decarboxy-
lase (sucA), ECKh-422 produced substantially more BDO and 
4HB than ECKh-401, and both were improved relative to ECKh-
138 (Fig. 2a,b). Removal of the reductive TCA cycle also elimi-
nated succinate production. Furthermore, 13C labeling analysis 
confirmed that over 95% of the carbon flux fed into the BDO 
pathway was via the oxidative TCA cycle and α-ketoglutarate 
decarboxylase (Fig. 3).

Further optimization of BDO pathway
With the host strain constructed according to the computa-
tional design, we then turned our attention to improving overall 
throughput to BDO. On the basis of several lines of evidence, we 
hypothesized that the functions of the downstream aldehyde and 
alcohol dehydrogenases were limiting BDO production. First, 
the alcohol and aldehyde dehydrogenase step is the only one 
catalyzed by enzymes not using their native substrates. Second, 
increased expression of the 002 gene owing to codon optimiza-
tion resulted in higher BDO production. Third, pulse-labeling of 
a culture with 13C-glucose resulted in a substantial lag between 
the appearance of label in 4HB and in BDO (Supplementary 
Fig.  11). We therefore set out to improve this downstream 
activity by rescreening our bank of aldehyde and alcohol dehy-
drogenases (Supplementary Table 3) for those with better 
BDO production in vivo and by improving expression through 
codon optimization27. We found that, like 002C, a codon- 
optimized version of the C. beijerinckii aldehyde dehydrogenase 
gene36, 025B, was very active in the conversion of 4HB-CoA 
to BDO in vivo, but unlike 002C, it did not produce substan-
tial amounts of ethanol (presumably owing to lower activity of 
the enzyme encoded by 025B on acetyl-CoA; Supplementary  
Fig. 12). When expressed in the strain ECKh-422, 025B gener-
ated much less ethanol than 002C while slightly increasing the 
conversion of 4HB to BDO (Fig. 2b). 025B encodes a monofunc-
tional enzyme, containing only aldehyde dehydrogenase activity, 
as opposed to the bifunctional aldehyde and alcohol dehydroge-
nase activity of enzyme 002 (ref. 36). The alcohol dehydrogenase 
activity(s) responsible for converting 4-hydroxybutyraldehyde 
to BDO (Scheme 1) in this strain was thus native to E. coli.  
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Figure 2 | Production of BDO from glucose in engineered E. coli strains. 
(a,b) Host strains are as described in Table 1. All strains contain the 
complete BDO pathway on plasmids as follows: E. coli sucCD, P. gingivalis 
sucD, P. gingivalis 4hbd and M. bovis sucA were expressed on the medium-
copy plasmid pZA33S (pZA33S-sucCD-sucD-4hbd/sucA); P. gingivalis 
Cat2 and C. acetobutylicum AdhE2 (a) or C. beijerinckii Ald (b) were 
expressed on the high-copy plasmid pZE23S (pZE23S-cat2-002). Cells 
were grown microaerobically in M9 minimal medium containing 10 g l−1 
glucose, induced with 0.25 mM IPTG at an A600 of approximately 0.5 and 
harvested 40 h after induction. Bars represent extracellular concentrations 
of compounds indicated in key. Data are averages from three replicate 
cultures; error bars show s.d.
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We were not surprised by this, considering the large number of  
E. coli genes annotated as alcohol dehydrogenases33,37.

Production of BDO from different carbohydrate feedstocks
Sucrose represents a potential feedstock for production of chemicals 
and is a globally traded commodity that in some parts of the world 
is cheaper per pound than glucose of the same purity. E. coli K-12 
strains do not naturally take up and utilize sucrose, though sucrose 
operons of related organisms such as E. coli W38 and Klebsiella 
pneumoniae39 have been characterized. On the basis of model pre-
dictions for maximum theoretical yield, we chose the sucrose operon 
of E. coli W, which does not use the phosphotransferase system 
to import the sucrose molecule. The operon consists of a sucrose 
permease (cscB), D-fructokinase (cscK), sucrose hydrolase (cscA) 
and a LacI-related sucrose-specific repressor (cscR). We cloned 
the sucrose-utilization operon into the rrnC locus of ECKh-422  
to generate ECKh-436. The synthetic operon also lacked the section 
of cscR encoding the first 53 amino acid residues, thus rendering 
expression constitutive. ECKh-436 grew as well on sucrose as on 
glucose and produced concentrations of BDO similar to those of 
ECKh-422 on glucose (Fig. 4a).

Our exploration of feedstock flexibility extended beyond puri-
fied substrates to the use of crude, mixed sugar streams derived 

from hydrolyzed biomass. To this end, we tested the final BDO 
production strain ECKh-422 pZS*13-sucCD-sucD-4hbd/sucA 
pZE23-025B-Cat2 on xylose, a typical 5-carbon sugar, and on bio-
mass hydrolysate containing glucose and xylose as well as various 
oligosaccharides and other impurities (Supplementary Table 4). 
The results indicated approximately equal efficiency of BDO pro-
duction from all these substrates (Fig. 4b). Although the absolute 
BDO concentrations from xylose and mixed sugars were slightly 
lower than from glucose, the cell densities of these cultures were 
also lower, resulting in reduced concentrations of all products and 
approximately equal specific production rates.

Fermentation of BDO production strains
We further studied one of the best BDO-producing strains, 
ECKh-422 pZS*13-sucCD-sucD-4hbd/sucA pZE23-025B-Cat2, 
in a 2-l microaerobic fed-batch fermentation (Fig. 5a). The cul-
ture produced over 18 g l−1 BDO from glucose in 5 d. To measure 
the improvement resulting from strain engineering, we compared 
these results to those from the ancestral strain ECKh-138, which 
produced 7.5 g l−1 BDO strictly via succinate (Supplementary 
Fig. 9). Acetate, pyruvate and 4HB dominated the ECKh-138  
fermentation, whereas BDO was the dominant product with 
ECKh-422 (Fig. 5b).
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DISCUSSION
In this work we present a microbial system for the production of a 
large-volume commodity chemical, 1,4-butanediol, from sugar feed-
stocks, representing the biological synthesis of this non-naturally 
occurring product. This endeavor met with two major challenges: 
the construction and expression of a heterologous pathway to BDO 
from central metabolic intermediates, and the engineering of the 
host E. coli metabolism to channel carbon flux and energy into 
this NADH-intensive pathway. The challenges met here are likely 
to be characteristic of the production of any commodity chemical 
biologically, as these compounds tend to be highly reduced, not pro-
duced biologically in nature and toxic to the cell. Our integrated 
computational-experimental approach to this problem can there-
fore enable biocatalytic production of more challenging yet com-
mercially relevant targets.

The BDO pathway we selected uses a combination of native  
E. coli enzymes, heterologous enzymes working on their native sub-
strates, and heterologous enzymes made to act on non-natural sub-
strates. We searched the literature for candidate enzymes for each of 

those steps and then used bioinformatics to identify, in databases of 
sequenced organisms, homologs that in some cases functioned bet-
ter. We cloned these genes in synthetic operons under control of the 
lac-based PA01 promoter40. This promoter has the advantage that it is 
IPTG-inducible in strains containing lacIQ, such as those used in this 
study, and constitutive in strains lacking this element. Therefore, one 
could control expression during the research stage of a project, then 
use the same constructs in the production strain (lacking lacI), where 
adding an inducer is impractical. Expression of six genes under a 
strong promoter in multiple copy results in a substantial metabolic 
burden on the cell. Rearrangement of gene order on two plasmids of 
different copy number optimized the expression balance so that the 
cell allocated limited cellular resources primarily to those steps that 
presented a bottleneck for BDO production. Codon optimization 
further improved the expression of these crucial genes.

E. coli synthesis of 1,4-butanediol entails the reduction of highly 
oxidized starting material, carbohydrates, into a more reduced target 
molecule. We used constraints-based modeling and the OptKnock 
framework to design a strain in which production of BDO was the 
only way to balance redox and enable anaerobic growth. The first 
step was deleting pathways to the common fermentation products 
lactate, formate and ethanol. A less intuitive manipulation was to 
engineer the oxidative branch of the TCA cycle to be fully func-
tional under the anaerobic or microaerobic cultivation conditions. 
This entailed a combination of genetic manipulations, including 
the deletion of the arcA gene in the ArcAB two-component sys-
tem to alleviate the transcriptional repression of genes that encode 
enzymes functioning in the oxidative branch of the TCA cycle; the 
overexpression of an NADH inhibition–insensitive version of cit-
rate synthase, which directs the carbon flux into the TCA cycle in 
the presence of high intracellular NADH concentration; and the 
deletion of malate dehydrogenase, encoded by mdh, to reduce the 
flux through the reductive TCA cycle under oxygen-limited cultiva-
tion conditions. Anaerobic operation of the TCA cycle in the oxida-
tive direction has been reported33, though no prior examples of high 
TCA flux to produce a reduced product exist in the peer-reviewed 
literature. To the best of our knowledge, this is the first example of 
using the oxidative TCA cycle to supply reducing equivalents under 
anaerobic or microaerobic cultivation conditions for the production 
of small molecules in an E. coli host strain. This strategy provides a 
new avenue for metabolic engineering and could apply to the design 
of other biocatalysts.

The new host was not able to grow anaerobically, even with the 
BDO pathway expressed. This was not unexpected, as it is well doc-
umented that strains with similar knockout combinations do not 
grow under anaerobic or near-anaerobic conditions41,42. However, 
with microaeration these cells grew well and produced much more 
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BDO than the wild-type host. We chose microaerobic conditions 
such that sufficient NAD(P)H is available to drive the BDO path-
way, but any excess beyond the capacity of the pathway is respired 
to generate ATP that may be necessary for cell growth, mainte-
nance and product transport. Dissolved oxygen concentration in 
the fermentation, measured by a polarographic probe, was always 0, 
indicating that the cell experienced a severely oxygen-limited envi-
ronment. Further adjustments to the BDO pathway will improve the 
ability of this host to consume NAD(P)H and thus reduce the host’s 
aeration requirement.

The work outlined here shows production of BDO by a hetero
logous pathway, followed by an increase in BDO titer by over three 
orders of magnitude, to nearly 20 g l−1. We recognize that commer-
cialization will require another three- to five-fold increase, and to 
this end we are taking steps to raise the rates of key steps in the 
pathway, remove metabolic inefficiencies and substantially reduce 
byproducts. Systems-biology approaches that combine model-
ing technologies with ‘omics’ data measurements can identify and 
address bottlenecks that are obstacles to commercialization43. 
Fermentation process engineering can also optimize the feeding 
and aeration strategy to achieve higher cell densities and improve 
specific productivity. Finally, the ability to use lower-cost crude 
feedstocks will make biological BDO production more economi-
cally attractive, and feedstock flexibility will allow manufacturers to 
take advantage of geographic differences in sugar availability. Here 
we have described the production of BDO from pure and mixed C5 
and C6 sugars and show that these sugars do not pose any additional 
technical barriers.

METHODS
Cultivation conditions. Twenty-milliliter bottle cultivations for metabolite pro-
duction or bioconversion were performed in M9 minimal salts medium (6.78 g l−1 
Na2HPO4, 3.0 g l−1 KH2PO4, 0.5 g l−1 NaCl, 1.0 g l−1 NH4Cl, 1 mM MgSO4, 0.1 mM 
CaCl2) supplemented with 10 mM NaHCO3, 20 g l−1 D-glucose and 100 mM MOPS 
to improve the buffering capacity, 10 μg ml−1 thiamine and the appropriate anti
biotics for plasmid maintenance (Table 1). E. coli strain MG1655 lacIQ+ was grown 
anaerobically, and we obtained anaerobic conditions by flushing capped anaerobic 
bottles with nitrogen for at least 5 min. Microaerobic conditions were used for all 
other strains, which we established by initially flushing capped anaerobic bottles 
with nitrogen for 5 min, then piercing the septum with a 23G needle (Becton-
Dickenson) after inoculation. The needle was kept in the bottle during growth to 
allow a small amount of air to enter. Protein expression was induced with 0.2 mM 
IPTG when the culture reached mid-log growth phase, unless otherwise indicated 
in the text. For 4HB-to-BDO conversion experiments, 50 mM 4HB was added at 
the time of induction. All cultures were grown at 37 °C.

Fermentations were performed with 1 l initial culture volume in 2-l Biostat B+ 
bioreactors (Sartorius-Stedim Biotech) using modified M9 minimal medium (6.78 g l−1  
Na2HPO4, 3.0 g l−1 KH2PO4, 0.5 g l−1 NaCl, 2.0 g l−1 NH4Cl, 1.0 g l−1 (NH4)2SO4, 1 
mM MgSO4, 0.1 mM CaCl2) supplemented with 20 g l−1 D-glucose. The tempera-
ture was held at 37 °C, and the pH was held at 7.0 using 2 M NH4OH (aerobic 
phase) or Na2CO3 (microaerobic phase). Cells were grown aerobically to an A600 
of approximately 10, at which point the cultures were induced with 0.2 mM IPTG. 
One hour after induction, the airflow rate was reduced to 0.02 standard liters per 
minute for microaerobic conditions, and NaHCO3 was added to a concentration of 
10 mM. The agitation rate was set at 700 r.p.m. Concentrated glucose was fed in to 
maintain the glucose concentration in the vessel between 0.5 and 5.0 g l−1.

Bacterial strains and plasmids. Genomic DNA from bacterial strains was iso-
lated with the PureLink Genomic DNA Mini Kit (Invitrogen) according to the 
manufacturer’s instructions. Recombinant DNA manipulations were conducted 
as described44. Genes and open reading frames in the study were amplified from 
appropriate genomic DNA templates using the high-fidelity KOD DNA polymer-
ase enzyme (EMD Chemicals). Analytical PCR experiments for genotyping and 
sequencing were conducted according to standard molecular biology protocols 
with Taq polymerase (Promega). DNA sequencing was provided by Genewiz.

Development of expression vectors for BDO pathway. Vector backbones were 
obtained from R. Lutz (Expressys) and are based on the pZ Expression System40. 
The vectors obtained were pZE13luc, pZA33luc, pZS*13luc and pZE22luc, and 
these contained the luciferase gene as a stuffer fragment. The luciferase stuffer  
fragment was replaced as described in the Supplementary Methods. All vectors 
have the pZ designation followed by letters and numbers indicating the origin of 
replication, antibiotic resistance marker and promoter or regulatory unit.  

The origin of replication is the second letter and is denoted by E for ColE1-based 
origins, A for p15A-based origins or S for pSC101-based origins. A lower–copy 
number version of pSC101 is designated S*. The first number represents the anti-
biotic resistance marker (1 for ampicillin, 2 for kanamycin, 3 for chloramphenicol). 
The final number defines the promoter that regulated the gene of interest (1 for 
PLtetO-1, 2 for PLlacO-1 and 3 for PA1lacO-1). For the work discussed here, we used three 
base vectors, pZS*13S, pZA33S and pZE13S, modified for the biobricks insertions 
as discussed above.

Codon optimization of genes 002C and 025B. Codon optimization was performed 
using the neighbor-correlation method27, which optimizes each codon in the spe-
cific context of its neighboring codons on the basis of E. coli usage. The optimized 
nucleotide sequences of each of these genes are shown in Supplementary Figures 
13 and 14 and were synthesized commercially (Geneart).

Constraint-based modeling and OptKnock. The OptKnock strain-design meth-
odology29 was applied within an iterative framework to identify multiple sets of 
knockouts leading to the coupling of BDO production to cell growth in E. coli. 
A genome-scale metabolic model of E. coli based on iJR90414 was implemented 
for this analysis using Genomatica’s in-house SimPheny computational platform 
(http://www.genomatica.com). A non–growth-associated energetic maintenance 
requirement of 7.6 mmol gDW−1 h−1 was assumed, along with a maximum specific 
glucose uptake rate of 20 mmol gDW−1 h−1. BDO was assumed to be exported via 
facilitated diffusion. The final result was a list, ranked in terms of the maximum 
BDO yield at the optimal biomass yield, of distinct deletion strategies that dif-
fered from one another by at least one knockout. Knockout strategies derived by 
OptKnock, along with the metabolic model used in this study, are provided in 
Supplementary Data 1–3.

Design of new BDO pathways using the BioPathway Predictor algorithm. 
BioPathway Predictor is a computational tool implemented in Genomatica’s 
SimPheny platform for enumerating and evaluating networks of enzyme-catalyzed 
reactions, with the goal of identifying novel pathways for producing a chemical 
of interest (Fig. 1). Reactions in a BioPathway network are generated by a defined 
set of reaction rules that operate repeatedly on a specified starting material and 
its derivatives8. Reaction rules are derived from generalized enzyme chemis-
try functions on the basis of recommendations by the International Union of 
Pure and Applied Chemistry (IUPAC)45. The set of reactions used is provided 
in Supplementary Data 4. Using the calculated reaction network, BioPathway 
Predictor generates potential biosynthetic routes between any two molecules con-
tained in the network. Predicted biopathways are then ranked using criteria such as 
percentage of reactions catalyzed by characterized enzymes, maximum theoretical 
product yields, and thermodynamic feasibility. A flowchart of this process is pro-
vided in Figure 1.

Additional methods. Details of chromosomal manipulations, enzyme assays and 
analytical procedures are provided in the Supplementary Methods. 
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Metabolic engineering of Escherichia coli for direct production of  
1,4-butanediol
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EDITORIAL SUMMARY
AOP: The design and implementation of a high-yielding enzymatic route to 1,4-butanediol—a 
compound not known to be produced naturally—provides a compelling example of how 
metabolic engineering can be harnessed for the microbial conversion of carbohydrate 
feedstocks to desired small molecules.
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