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Abstract The microbial metabolic versatility found in nature has inspired scien-

tists to create microorganisms capable of producing value-added compounds. Many

endeavors have been made to transfer and/or combine pathways, existing or even

engineered enzymes with new function to tractable microorganisms to generate

new metabolic routes for drug, biofuel, and specialty chemical production. How-

ever, the success of these pathways can be impeded by different complications from

an inherent failure of the pathway to cell perturbations. Pursuing ways to overcome

these shortcomings, a wide variety of strategies have been developed. This chapter

will review the computational algorithms and experimental tools used to design

efficient metabolic routes, and construct and optimize biochemical pathways to

produce chemicals of high interest.

Keywords Cell factories, DNA assembly, Metabolic engineering, Pathway

construction, Pathway design, Pathway optimization, Synthetic biology

Contents

1 Introduction

2 Pathway Design

2.1 Choosing the Target Molecule and Host Organism

E. Garcia-Ruiz and M. HamediRad

Department of Chemical and Biomolecular Engineering, Institute for Genomic Biology,

University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

H. Zhao (*)

Department of Chemical and Biomolecular Engineering, Institute for Genomic Biology,

University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

Departments of Chemistry, Biochemistry, and Bioengineering, University of Illinois at

Urbana-Champaign, Urbana, IL 61801, USA

e-mail: zhao5@illinois.edu

mailto:zhao5@illinois.edu


2.2 In Silico Pathway Design

3 Pathway Construction

3.1 Methods Based on Restriction Digestion/Ligation

3.2 In Vivo Recombination-Based Methods

3.3 In Silico Design of DNA Assembly

4 Pathway Optimization

4.1 Gene Expression

4.2 Protein Activity

4.3 Spatial Localization

5 Applications

5.1 Production of Pharmaceutical Products

5.2 Production of Fuels and Chemicals

6 Conclusions

References

1 Introduction

During the last few decades, intensive exploitation of natural sources and increasing

concerns on environmental pollution have motivated a growing interest in devel-

oping sustainable processes to produce fuels, commodity chemicals, and natural

products [1, 2]. Microorganisms have emerged as suitable platforms for sustainable,

environmentally friendly, and cost-effective processes to produce a whole range of

compounds [1, 3–5]. In nature, microorganisms have exhibited a wide metabolic

versatility, allowing them to produce a variety of chemicals. This ability has been

exploited by the scientific community to develop microbial cell factories to syn-

thesize desired chemicals.

In some cases, the chemical of interest is an endogenous metabolite and can be

produced in the original organism. However, native pathways are usually tightly

regulated and do not fulfill industrial productivity expectations. Therefore,

overproduction of the desired compound can be achieved by metabolic engineering

of the native host by, for example, channeling cellular fluxes toward the desired

pathway or modulating cellular regulatory networks. In other cases, natural path-

ways or synthetic pathways combining enzymes from different organisms or even

new enzymes can be inserted in a more suitable heterologous host to produce the

chemical of interest. Nevertheless, multi-enzymatic pathways from different spe-

cies may not function optimally in the desired host. Causes for low or no production

of the desired molecule are often multifactorial. In some circumstances, it is

because of an inherent failure of the pathway. In others, such pathways into the

cell usually generate different cell perturbations such as growth impairment, accu-

mulation of metabolites, generation of toxic intermediates, and oxidative stress to

name a few [1, 2, 6, 7]. Production of the target chemical can be achieved not only

by optimizing the biochemical pathway but also by engineering the host microor-

ganism. In this case, the overall metabolic performance of a cell may be improved

by modulating gene expression on a genome scale using traditional gene deletion
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methods or more recent techniques involving small regulatory ribonucleic acids

(RNAs) [1, 2, 8–10]. However, methods for engineering the host microorganism are

beyond the scope of this chapter and are not discussed here.

In this chapter we discuss recent strategies used to design, engineer, and opti-

mize biochemical pathways to produce chemicals of high interest. We describe

computational algorithms used to design efficient metabolic routes and experimen-

tal tools to construct and improve the efficiency of the designed pathway (Table 1).

Table 1 List of tools for pathway engineering

Tool Description Advantages References

Pathway design tools

Retropath Pathway design containing

circuits and self-regulation

based on the specifications

given to the program

Especially useful when the

regulatory elements are

being included into the

pathway design

[26, 152]

OptForce Find the metabolic engi-

neering modifications on

the flux of each reaction to

improve the production of

the target

Overproduction of the tar-

get molecule by optimiz-

ing the flux of each

reaction

[153, 154]

CORBAPy Network based algorithm

which designs the elements

of the network based on

biological hypothesis

The network based algo-

rithm allows the discovery

of unknown pathways

[155]

XTMS Design and score the pos-

sible pathways for produc-

tion of the target chemical

Scoring system for ranking

the pathways reduces the

number of constructs

needed for characterization

[156]

Metabolic tinker Search for all of the ther-

modynamically possible

paths between two com-

pounds (source and target)

Enabling tool for discov-

ering thermodynamically

possible metabolic

pathways

[157]

GEM-Path Specifically in E. coli and
eliminate unfavorable

pathways in each step of

the search

Improved and fast

searching algorithm for

pathways in E. coli

[158]

Pathway construction tools

BioBrick-based Sequential assembly based

on restriction digestions

using standardized suffixes

and prefixes

The availability of a com-

prehensive library of stan-

dardized BioBrick parts

coupled with its modular-

ity makes this method very

powerful and flexible

[33–35]

Gibson assembly-

based

Overlapping sequences

at/near the end of the DNA

parts are simultaneously

chewed back and repaired

Scarless, fast and reliable

assembly of multiple parts

[30, 38–

40]

(continued)
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Table 1 (continued)

Tool Description Advantages References

Ligase chain reaction DNA bridges put the DNA

parts next to each other and

a thermostable ligase

assembles them together

Modular method espe-

cially useful for combina-

torial assemblies

[42]

Golden gate assem-

bly-based

Iterative cycles of restric-

tion and ligation using

Type IIS endonucleases

that cleavage outside of the

recognition site releasing

tunable 4 bp overhangs

Scarless, fast and reliable

assembly of multiple parts

[43, 45–

48]

DNA assembler Leveraging yeast homolo-

gous recombination

machinery for assembling

parts with designed

homology regions

Flexible, reliable and

recommended for large

constructs

[49, 50]

Pathway optimization tools

Gene expression

Plasmid copy number Modulate copy number of

plasmid to reduce meta-

bolic burden

Balancing of different

genes expression can be

easily modulated

[60, 61]

Chromosomal inte-

gration (RAGE,

CasEMBLR,

Di-CRISPR)

Integrate the pathway into

a specific region of the

genome

Increase protein expres-

sion, genetic stability and

reproducibility. Also

reduce metabolic burden

[64, 69–

71, 75]

Promoter strength Engineer promoters with

spanned strength to modu-

late gene expression

Fine tuning of one or mul-

tiple gene expression

[76–82]

Transcriptional

terminators

Engineer terminators with

different strengths to mod-

ulate gene expression

Increase mRNA stability

allowing increase protein

expression. Also allow fine

tuning of gene expression

[86, 87]

CRISPR-based

methods

Use modified CRISPR-Cas

system to modulate gene

expression

Allow precise temporal

repression or activation of

a gene

[88–93]

Codon optimization Replacement of codons to

meet the host codon bias

Increase gene expression [94–96]

Change of codons to mod-

ify mRNA structure

Favor translation

efficiency

[100–102]

Randomization of codons Disable hidden control

elements

[27, 102]

RBS optimization Optimization of RBS by

computational tools

Increase translation

efficiency

[28, 36,

107–109]

Protein activity

Protein engineering In vitro protein engineer-

ing to increase activity or

modify substrate

specificity

Increased activity bypasses

low gene expression. Sub-

strate specificity increases

catalytic efficiency and

avoid side reactions

[13, 112]

(continued)
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2 Pathway Design

Designing pathways for chemical biosynthesis in microorganisms requires an

in-depth knowledge of the enzymes catalyzing the reactions and of the physiology

of microorganisms themselves. In many cases, this information is incomplete

because of the complex nature of biological systems. Traditionally, the design

process consists of surveying the literature to find the candidate genes and assem-

bling those demonstrated to have the desired activities into a biochemical pathway.

This is then followed by the characterization and optimization of the designed

pathways (Fig. 1). However, because of the small number of genes that could be

analyzed by a single person and the suboptimal decisions, this process is usually

inefficient. Designing the pathways for the production of those chemicals is there-

fore difficult and time consuming in many cases. Thus a considerable number of

software packages have been developed to overcome this shortcoming. These

packages in most cases generate a large list of series of enzymes (pathways) that

can potentially convert one or more of the abundant precursors available in the cell

to the desired products [11]. These pathways are then sorted based on a wide range

of criteria and the best candidate pathways for this conversion are reported to the

user. The chosen pathways are then constructed and characterized to find the most

efficient. Each pathway comprises regulatory elements such as promoters, Ribo-

some Binding Sites (RBS), terminators, and the genes coding the protein of interest.

Because all these parts greatly depend on the host in which the pathway is

expressed, we first discuss the criteria for choosing the proper host before looking

into the intricacies of pathway design.

Table 1 (continued)

Tool Description Advantages References

Library of homolo-

gous proteins

Screen different protein

homologues with different

traits

Allow finding proteins

with best features

[117–119]

Cofactors Increase cofactor expres-

sion levels or swap cofac-

tor specificity

Reduce competition for

cofactors

[118, 121–

123]

Spatial localization

Scaffolds Anchor the proteins of the

pathway to a scaffold

Favor metabolite tunneling

avoiding diffusion

[127, 128]

Compartmentalization Encapsulation of pathway

enzymes in cellular organ-

elles or bacterial

microcompartments

Reduce metabolite diffu-

sion, avoid metabolite

transport and regulation,

reduce toxicity, prevent

competition for

intermediates

[129, 130,

135]
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2.1 Choosing the Target Molecule and Host Organism

As mentioned before, many different chemicals have been produced in microor-

ganisms and these chemicals range from antibiotics and natural products to com-

modity chemicals and fuels. For example, ethanol is produced on a very large scale

for different applications from beverages to fuel. The target molecule is determined

by the market, but the decision on the production host for that molecule is the key.

Depending on its ecological niche, each organism has evolved and achieved

some fitness advantages over others to ensure its survival and proliferation. This

survival strategy is different from one organism to the next. For example,

Escherichia coli has an astonishingly fast growth rate and consumes available

nutrients very quickly, rapidly outperforming competing strains in the culture. On

the other hand, Saccharomyces cerevisiae grows more slowly but produces ethanol

which kills most of the bacteria present in the same culture, after which the alcohol

is consumed as a carbon source. Yarrowia lipolitica has a rather interesting strategy
and stores energy as intracellular lipids constituting up to 36% of its dry weight

[12]. Bearing these differences in mind, there is no super host that is best for

production of all target molecules. Therefore, the identity of the target molecule

plays a very important role in the choice of the production host. As an example,

S. cerevisiae is the ideal host for the production of ethanol and ethanol-derived

chemicals [13–15] whereas Y. lipolitica is a great host for production of fatty acid-

derived products [16].

Another consideration when choosing the host is the danger it might pose to the

end user of the product. If the final product is intended to be used as a food additive,

the microbial host is preferred to have been granted GRAS status (Generally

Regarded as Safe) by FDA (American Food and Drug Administration), QPS status

(Qualified Presumption of Safety) by EFSA (European Food Safety Authority), or

similar. Therefore, it can fulfill safety requirements, such as ensuring the absence of

adverse health effects arising from the presence of endotoxins and emetic toxins.

Host choice greatly affects the design of the pathway and the performance of the

strain in the production setting. The availability of metabolic engineering tools is

also another factor to take into account for selecting the host. Two of the most

Target molecule 

High titer

Choose the Host

Find Possible Pathways

Pick the Best Pathways

Pick Assembly Method

Assemble 

Characterize

Optimize

Fig. 1 The common

workflow from choosing the

host to chemical production.

After the host is chosen, the

possible pathways are found

and ranked and a few of the

highest ranked pathways are

constructed and

characterized. After

optimization of the best

pathway, the production in

high titers is achieved
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commonly used industrial microorganisms are E. coli and S. cerevisiae. The

extensive metabolic engineering toolkit for these organisms is one of the major

factors for their preference as the production host. These hosts have been exten-

sively studied and engineered to produce a wide variety of products from different

feedstocks [17–20]. A detailed comparison between them and other alternative

hosts, including the advantages and disadvantages of each system, is reviewed

elsewhere [21].

The choice of host can have significant impact on the choice of pathways and

enzymes for the production of the desired chemical. Even though it was shown that

over half of the gene products involved in small molecule metabolism of E. coli and
yeast carry out common reactions [22], the regulatory elements are widely different

between the two organisms [21]. Even different strains of the same microorganism

can have different behaviors [23]. The host also determines the regulatory elements

(promoters, terminators, and RBS), codon preferences, maturation modifications,

and the secretion machinery. Fisher and co-workers suggested six factors for

choosing the host [21], which we summarized in Table 2.

2.2 In Silico Pathway Design

Once the host is chosen, the pathway design process begins. Engineering the host to

produce the target molecule in industrial quantities is challenging and requires

careful considerations. Traditionally, a few pathways are selected based on similar

pathways in the literature. However, because of the large and growing number of

possible pathways, manually picking the best is inefficient and impractical. To

solve this problem, a myriad of bioinformatics tools have been developed which

can search public databases to design and rank possible pathways producing the

target molecule. These models search through enzyme databases such as BRENDA

[24] and, by finding the enzymes that can possibly catalyze the reaction, they

generate a large number of potential pathways, many of which do not exist in

nature.

Table 2 Guidelines for choosing a proper host

Metabolic resources Abundant precursors and co-factors for the pathway of interest

Minimum metabolic

adjustments

Ideally choose hosts with characteristics desired for the produc-

tion of the final product, for example, produce ethanol in yeast

and taking advantage of robust endogenous pathways

Product secretion Good secretion ability in the host for product of interest

Toxicity of products Ideally, none of the products or intermediates are toxic to the cell

Genomic toolset and culti-

vation conditions

Facile tools are available for genetic modification and engi-

neering. Cultivation conditions are not too difficult on an

industrial scale, which includes the oxygen demand and opti-

mum growth media and temperature

Proper enzyme folding The protein of interest can be properly expressed and folded in

the host of choice
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Assembling all of these pathways is neither practical nor necessary. So the next

step is to find the potential pathways with higher chances of success and

constructing them. The best pathway is not necessarily a well-known pathway in

nature and it may be a combination of genes from different organisms. Not being

constrained to using native genes or obtaining all of the genes from one source has

its advantages. The best pathway is usually chosen based on specificity of the

enzymes for the desired reaction, the number of enzymes involved in the pathway,

the thermodynamic favorability of the reactions in the pathway, and the toxicity of

the intermediates to the cell [25].

There are many programs designed for pathway design and each uses a different

search algorithm and ranking strategy. A list of some of these programs can be

found in Table 1. These computational tools have been successfully used in an

extensive range of applications. In one example [26], Retropath was used to find

pathways for flavonoid pinocembrin production. By searching the enzymes in the

database, nine million pathways were predicted that could potentially produce this

compound. This list was then narrowed down to 12 highly ranked pathways which

were then constructed and characterized. The metabolic network was then opti-

mized using Retropath and a 17-fold improvement in the final titer was achieved.

Other elements of the pathway have been modeled and characterized too. For

example, with the modeling of different RBSs, translation initiation rates can now

be predicted with high accuracy [27]. This model was used to create a library of

RBSs with different strengths and achieve a wide dynamic range of translation

levels for proteins of interest. This RBS library calculator was then combined with a

system level kinetic model and 73 different variations of a pathway were designed,

built, and characterized [28].

3 Pathway Construction

After the pathways of interest are selected and designed, they have to be assembled

and constructed. Deoxyribonucleic acid (DNA) assembly strategies have been

developed for a long time and have progressed from restriction digestion/ligation

to more sophisticated seamless multi-part assembly methods [29]. Using the newly

developed techniques, DNA constructs as large as the size of entire genomes and

with as many as 25 parts have been assembled [30]. Because of the need for high

throughput assembly and because of the sophistication of some of these DNA

assembly techniques, many online tools have been developed to facilitate and

optimize the design and assembly strategy for a specific construct. DNA assembly

methods have been extensively reviewed [29, 31] and in this section we mostly

focus on the more recent assembly methods and web tools that help select and plan

the best assembly strategy.

E. Garcia-Ruiz et al.



3.1 Methods Based on Restriction Digestion/Ligation

3.1.1 BioBrick-Based Methods

Because of the complexity of biological parts and assembly strategies, extensive

efforts have been put into modularizing the biological parts. The idea of these DNA

parts or bricks and the tools to assemble them together easily was first introduced in

1996 [32], but the term BioBrick was first used by Tom Knight and the assembly

strategy was published later [33]. In the BioBrick method, all parts are stored in

circular plasmids that are easily amplified. Restriction endonucleases EcoRI and
XbaI are used as prefixes and SphI and PstI as suffixes to create two compatible

sticky ends between the parts being assembled. The parts are subsequently assem-

bled by digestion and ligation. Iterative digestion and ligation allows the assembly

of multiple parts (Fig. 2a). These standard parts are commonly used and stored in

databases that are continuously updated. Over 2,000 parts are now available with

more parts being designed and added to the database by researchers around the

world.

T5 exonuclease

Anneal and ligate

b

d

1
2

3
4

21 3 4

In vivo 
Recombination

a

EcoRI and 

XbaI

EcoRI and

SphI

Ligate

E

X S

P

E

X S

P E

S
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X

E
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X S

BsaI recognition

site

Donors

1

2

Receiver

1

2

BsaI digestion

c

Ligation

1 2

Fig. 2 DNA assembly methods. (a) In BioBrick assembly, prefix and suffixes are used to

assemble parts in order. Four enzymes – EcoRI (E), XbaI (X), SphI (S), and PstI (P) – are used

as the double digestions sites in the prefix and suffix regions. The correct set of prefix/suffix has to

be chosen for each step and the final DNA molecule contains the suffix and prefix for further

assembly rounds and addition of new parts. (b) In Gibson assembly, the T5 exonuclease digests the

50 ends of the DNA parts and the digested pieces are ligated to form the final construct. (c) In the

Golden Gate assembly method, a Type IIS endonuclease such as the most commonly used BsaI is
used to digest the region next to the recognition site (shown here in blue) generating a 4-bp

overhang. In the ligation step the matching overhangs ligate together, resulting in the assembly of

the DNA fragments in the designed order. (d) In DNA assembler method, the DNA parts with

homology are recombined by the cellular homologous recombination machinery in S. cerevisiae
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There have been many modifications and improvements over the BioBrick

method to make the strategy more flexible and useful. ePathBrick is one of these

methods in which the same principle of irreversible digestion/ligation was

expanded to four restriction enzymes. This change makes it easier to assemble

combinatorial pathways and in one example, they assembled seven parts on a single

ePathBrick vector. Different variations of the same pathway were assembled to

generate 54 different vectors [34]. This method was later widely used to construct

combinatorial pathways to investigate the effect of each of the DNA parts on the

whole pathway. Changing different parts of a pathway and seeing the effect on the

production provides valuable insight on the function contribution of the individual

parts. The ePathBrick method was used to assemble 18 plasmids with different

combinations of a 3-gene catechin biosynthetic pathway. Three variants of the first

two genes and two variants of the last genes were tested and characterized, and the

best combination was found [35]. In another study, this ePathBrick was used to

optimize the transcription rate of genes involved in the fatty acid biosynthetic

pathway [36]. The entire pathway was divided into three modules and each module

was transcribed from a different promoter. Changing the promoter regulating each

of the modules enabled the researchers to identify the bottlenecks of the pathway

and to reduce them by fine tuning the transcription levels. It is evident from these

applications that modularity of an assembly method is very important and can lead

to useful applications.

One of the problems with BioBrick assembly is the use of site-specific restriction

enzymes. Because the recognition sequence of these enzymes is usually rather

short, it is likely that they are present in genes that are going to be cloned. A

six-base pair recognition site, for example, can randomly appear roughly every 4 kb

which makes this method troublesome for longer constructs. Traditionally synon-

ymous point mutations are introduced to replace the pre-existing cut sites in the

genes such that they are no longer recognized by the restriction enzymes [33].

An alternative method called iBrick is described in a recent paper which solves

this problem to a great extent [37]. In this method, two restriction enzymes of I-SceI

and PI-PspI with very long (>18 bp) recognition sites were used. Using these

enzymes greatly reduces the probability of restriction sites found within genes

and enables the users to construct longer pathways without the need for modulating

the sequence of the genes involved. Using iBrick, a carotenoid (~4 kb) and

actinorhodin (~20 kb) biosynthetic cluster was constructed without introducing

point mutations.

3.1.2 Gibson Assembly-Based Methods

The Gibson assembly method was developed by Daniel Gibson in 2009 [30, 38,

39]. This method allows for scarless single-pot assembly of multiple parts at the

same time. The parts being assembled usually have around 25-bp homology which

guides the assembly (Fig. 2b). After mixing the parts with T5 exonuclease, this

enzyme starts digesting one strand of the parts (chew back) and the Phusion
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polymerase starts repairing the DNA parts following the exonuclease. In this

process, the flanking regions anneal to each other and, with the exonuclease being

heat inactivated and Phusion polymerase catching up, the reaction is completed in

the same buffer at a constant temperature of 50 �C. This isothermal assembly

method was used to assemble 25 DNA fragments, constituting the entire Myco-
plasma genitalium genome [40]. The Gibson Assembly Kit is commercially avail-

able at New England BioLabs (Ipswich, MA) and many web tools are available for

designing the overhangs between the DNA parts.

One of the shortcomings of the Gibson assembly-based methods is that the two

adjacent parts must have homology regions with each other. The promise of

synthetic biology is modular design and a lot of protocols depend on this modular-

ity. This modular design allows for better and easier construction of combinatorial

assemblies. For example, in many studies different homologs of a gene have to be

cloned in a pathway in multiple assemblies. However, using Gibson assembly-

based methods, because there is a small homology between each two adjacent parts,

changing one part in the assembly requires changing its adjacent parts as well,

which becomes problematic in large libraries of constructs. This inherent short-

coming can be overcome by designing linkers between the parts. By adding a short

DNA sequence (linker) before and after each part, the assembly becomes indepen-

dent of the sequence of parts and anything with the appropriate linkers can be

inserted in the proper location. Designing linkers can be tricky because orthogo-

nality of the linkers can make a huge difference in the assembly strategy. Decreas-

ing the homology between the linkers can reduce the percentage of misassembly.

R2oDNA Designer [33] is an online tool to design these with improved efficiency.

The optimized linkers were used with three homology-based assembly methods and

efficiency of more than 75% was reported [33].

There have been many modifications and improvements on the Gibson assembly

protocol. One of them sought a combination of BioBricks and Gibson assembly

which results in both multi-part assembly of the Gibson method and modularity of

BioBricks [41]. In this method, a long linker was designed between each of two

parts to be assembled and, using Gibson assembly, all of the parts were assembled

together. It is noteworthy that because of the sensitivity of the sequence before the

start codon, the whole RBS region was used as the overhang but an overhang

sequence was added between the terminator and the coding sequence. Using this

method, PCR-amplified parts with BioBrick style linkers were generated and a

randomized library with different promoters, genes, and terminators for the lyco-

pene biosynthetic pathway was constructed with a 200-fold expression level dif-

ference between the constructs [41].

3.1.3 Ligase Chain Reaction-Based Methods

Ligase Chain Reaction (LCR) is an innovative scarless ligation based method

optimized by scientists from Amyris (Emeryville, CA). In this method, a “bridge”

is designed with homology between the parts to be assembled. The temperature of
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the reaction is increased and the DNA is denatured. By decreasing the temperature,

the bridge anneals to the fragments, and the two fragments are ligated together by a

thermostable DNA ligase. This cycle is then repeated and the assembled fragments

serve as a template for the next ligation reaction. This assembly technique is very

versatile, and any combination of the parts can be assembled without

pre-processing and designing specific overhangs. Because this process does not

involve amplification in the assembly, the mutation rate is very low (less than 1 per

>50 kb). It was reported that Gibson assembly cannot assemble constructs of 4 or

more parts with efficiency of more than 50%, but LCR could assemble up to

12 DNA pieces with more than 60% efficiency. Thirteen factors affecting the

efficiency of LCR method have been experimentally optimized as a condition for

LCR assembly [42].

3.1.4 Golden Gate-Based Assembly Methods

The Golden Gate method relies on digestion with Type IIS endonucleases whose

recognition site is adjacent to the cut site. The advantage of this mode of cleavage is

that the sequence of the recognition site is independent of that of the cut site, and

hence the resulting four base overhang can be customizable. This flexibility in

choosing specific overhang sequences enables the user to design different over-

hangs for each junction. Then, in the subsequent ligation step, the sticky ends are

exposed, and complementary overhangs are ligated. Consequently, the assembly of

the desired parts in the desired order can be achieved (Fig. 2c) [43].

Because of its flexibility and modularity, this method was quickly adopted as a

gold standard for DNA assembly. Researchers have used it for a myriad of

applications from large-scale TALEN synthesis [44] to natural product discovery

[31]. In the first work, one-pot single step assembly of 13 DNA fragments was

performed, achieving an efficiency of ~98%, which demonstrates the capability and

robustness of the Golden Gate assembly method.

Because of the widespread use of this method, many variations and improvements

have been developed. One prominent example is MoClo [45, 46]. In this approach, a

modular cloning system based on hierarchical assembly has been proposed. Here, in

a first step of assembly, CDSs, promoters, RBSs, and terminators are assembled in

a plasmid (level 0 assembly). Subsequently, these cassettes are assembled together in a

second level of assembly (level 2 assembly). Iterative cycles of higher levels of

assembly would produce larger cassettes making MoClo a powerful method for

hierarchical assembly of large plasmids. Similarly, a comprehensive toolkit was also

developed for S. cerevisiae. In this case, a set of characterized parts such as promoters,

CDSs, and terminators are available in a Golden Gate-ready plasmid [47]. Similar

to BioBrick assembly, standardized part libraries based on these methods have been

deposited in Addgene and are available to the public [47, 48].

Despite the advantages of the Golden Gate method, there is one major limitation

which may hamper its extensive use. The presence of the recognition site of the

Type IIS endonuclease in the parts to be assembled greatly reduces the efficiency of

E. Garcia-Ruiz et al.



the assembly reaction. Thereby, these sequences should be avoided when possible.

However, similar to BioBrick-based methods, this has to be performed only once

and the repaired part can be reused for multiple assemblies.

3.2 In Vivo Recombination-Based Methods

Homologous recombination allows the assembly of multiple DNA parts with

homology to each other inside the cells. This process is known to be used by the

cells for repairing the unwanted DNA breaks which sometimes occur in the

genome. By transforming the DNA pieces with homology, yeast cells recognize

this homology and assemble the plasmids of interest by yeast homologous recom-

bination [49]. This method, also known as DNA assembler, works by extending

each part for ~40 bp to have a homology region with the adjacent part. This

homology region is then recognized by the homologous recombination machinery

and the parts get assembled. When all of the parts are assembled and the selection is

applied, only the cells with circular plasmids survive (Fig. 2d). It should be noted

that because this method is based on sequence homology, the parts are similar to

what they would be if they were to be assembled by the Gibson assembly. The

flexibility and ability to construct large plasmids using this method is a great

advantage, but the slow growth of yeast cells and possible misassemblies because

of the similarity of the homologous parts are the limitations of this method. Using

this method, Shao and coworkers could assemble large constructs including a ~9-kb

xylose utilization pathway, ~11 kb of zeaxanthin pathway, and a plasmid

containing both of these pathways with more than 70% efficiency [49].

This method was later modified to improve the efficiency. In one report the

origin of replication and marker were disconnected and each of them served as

another part in the DNA assembly. The idea is that, because both of these parts have

to be present in the assembled construct, some of the transformants harboring

misassembled plasmids are unable to survive and fewer false positives are

observed. This strategy resulted in 100-fold decrease in false positive transformants

compared to the original DNA assembler method [50].

Because DNA assembler is a powerful method for assembling large constructs,

many studies have used it for constructing large plasmids, many of which are larger

than 20 kb [17, 51–55]. Nonetheless, by increasing the number of genes in the

pathway, the percentage of correct constructs decreases and more colonies have to

be picked to find the correct construct. It seems that having larger but fewer DNA

pieces is a good strategy for getting less false positives with the DNA assembler

method. One way to solve this problem is to combine in vitro and in vivo assembly

methods. Yuan and coworkers [56] were able to assemble large constructs of ~13,

22, and 44 kb plasmids by assembling small pieces of their construct using the LCR

method and then assembling the larger pieces using DNA assembler. By combining

these two methods they achieved the impressive fidelity of 71% for the 44-kb

construct.
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3.3 In Silico Design of DNA Assembly

Given the variety and differences between the above-mentioned DNA assembly

methods, it can be tricky to choose the right one. Some of the assembly methods

perform the best for assemblies with larger pieces and some others with larger

numbers of pieces. Sometimes it is easier and even more cost-effective to synthe-

size some of the parts, but sometimes not. The j5 DNA design software is available

that suggests when DNA synthesis is cost-effective. The success rate of the

assembly in some cases also depends on the sequence of the parts being assembled.

For instance, if the parts have high sequence homology with each other, DNA

assembler may not be the ideal strategy because misassemblies are likely to happen.

These sequence dependencies are difficult to detect manually and computational

tools are required to suggest the best assembly strategy. If not considered carefully,

many problems may arise because of these intricacies.

One of the most widely used DNA assembly automation packages is j5 which

designs combinatorial libraries and hierarchical assemblies with its extensive

design rules [57]. It also takes advantage of the ever decreasing cost of DNA

synthesis and suggests synthesis when it is cost effective to do so. j5 has an

extensive cost optimization option which not only helps with the assembly protocol

but also optimizes the cost, making it a useful tool for construction of a large

number of pathways [58].

Another software package called Raven has an interactive learning function and

can interact with the user [59]. This package designs the assembly strategy but gets

feedback from the user and if one of the steps of the assembly doesn’t work for any
reason, it changes the strategy to avoid that specific step. This package was reported

to outperform the non-optimized assemblies with the p value of <0.0001.

4 Pathway Optimization

A designed pathway often does not function optimally in a desired host. Therefore,

it is crucial to optimize a number of factors to obtain a functional and efficient

pathway. Pathway optimization tools can be classified in three different groups:

gene expression, protein function, and spatial localization.

4.1 Gene Expression

The introduction of a set of heterologous genes usually entails a metabolic burden

for the host. As a result, the chemical of interest may not be produced in yields that

fulfill the expectations of industrial implementation. To alleviate the metabolic

stress and hence increase the yield of the chemical, the expression of a heterologous
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pathway can be improved by tuning a number of parameters that usually affect

either the transcription and/or the translation processes.

4.1.1 Transcriptional Level

Plasmid, Chromosomal Integration and Copy Number

The introduction of metabolic pathways into a host is usually based on three

different platforms: high-copy number plasmids (HCP), low-copy number plasmids

(LCP), and chromosomal integration (CI). They perform differently and show pros

and cons. Thus, when engineering a metabolic pathway, selecting the right cloning

platform can be an arduous task.

Many pathway designs rely on the use of plasmids because of their availability

and variability. Traditionally it was believed that using HCP would benefit the

expression of a pathway, as more copies would lead to higher protein expression,

and thus overproduce the chemical of interest overall. This is the case of the

salicylate biosynthesis pathway in E. coli. When the EntC (isochorismate synthase)

from E. coli and the PchB (isochorismate pyruvate lyase) from Pseudomonas
fluorescens were expressed in an HCP, the salicylic acid (SA) titer reached

~770 mg/L, whereas in LCP the production dropped to ~200 mg/L [60]. Neverthe-

less, it was shown that LCP could also result in better expression levels than using

HCP [61]. Possible explanations can be cellular toxicity of expressed heterologous

proteins or limited availability of cellular expression machinery such as transcrip-

tion factors, and therefore increasing the DNA copy number does not increase

expression [47, 62]. Recently, Wu and coworkers engineered E. coli to produce

resveratrol from L-tyrosine. The authors divided the pathway in three modules that

were expressed in individual plasmids with different copy numbers (from 10 to

100) to modulate and alleviate bottlenecks in the pathway. A combination of low

and middle copy number plasmids resulted in higher resveratrol production

(~35 mg/L). Interestingly, when the higher copy number plasmid was used in any

module, the resveratrol titers dropped dramatically [63].

Furthermore, the use of plasmids is usually associated with a metabolic burden

on the cells being particularly obvious with HCP. It has been shown that cells

carrying plasmids have generally lower growth rates than cells without plasmids

[47, 64, 65]. It is believed that this burden is partially linked to the cost of the

maintenance of the plasmid in the cell. Recently, Karim and coworkers who were

intrigued by the factors that influence the “plasmid burden” in yeast cells investi-

gated the effect of a number of plasmid elements, for instance origin of replication,

selection markers, promoters, and copy number in haploid and diploid cells

[66]. Interestingly, this study unraveled interactions between different elements

that somehow could mask individual effects of plasmid elements. For example,

increased plasmid loads are correlated with decreased growth rates. However, this

impact is more evident in diploid cells than in haploid cells. Selection markers,

especially auxotrophic ones, can also impair the growth significantly. In addition,
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plasmid copy number can be modified up to a certain range by all the factors

evaluated. These data reflect an intricate contribution to the plasmid burden of

different factors which should be taken into account to make a knowledgeable

decision when choosing a plasmid in metabolic pathway engineering [66].

Although plasmids are easy to handle and allow flexibility, they suffer from

genetic instability forcing to maintain a selective pressure by using strict formulated

media or addition of antibiotics that can boost the cost of the production of a

chemical [47, 64, 67]. On the other hand, plasmid-based protein expression is not

consistent from cell to cell, indicating that limited copy number regulation com-

promises the reproducibility [47]. These disadvantages are turning chromosomal

integration into the method of choice.

Chromosomal integration overcomes all of these drawbacks. It was proved that

gene integration in host genome produced reliable protein expression patterns,

unaffected growth rates, and also bypassed the use of selective compounds. Addi-

tionally, integration in the genome is usually in single or low copy number, so

protein toxicity and competition for metabolites can be buffered [47, 64, 67]. Nev-

ertheless, the genetic context where heterologous genes are integrated also seems to

influence protein expression [64, 68]. Recently, Yin and coworkers studied the

impact of the chromosomal location in the polyhydroxybutyrate (PHB) production

in E. coli. The phaCAB operon (PHB synthesis pathway) from Ralstonia eutropha
and a red fluorescent protein (RFP) were integrated downstream of 13 different

chromosomal locations, some of them with high transcriptional activities. They

found similar results for both rfp and phaCAB; the asnB (asparagine synthetase B)

location showed the highest transcriptional levels out of the 13 locations evaluated,

measured by real-time PCR. However, in the case of phaCAB, a single copy of the
operon did not produce detectable levels of PHB. Then the phaCAB operon was

integrated in multiple copies in the chromosome via Cre-loxP system. PHB was

only detected when four copies of the operon were introduced, and PHB levels

increased with the number of copies of the pathway, showing maximum levels

(~34.1 wt%) with 50 copies [64]. At the same time, a plasmid-based phaCAB
expression was evaluated. Despite the high levels of 43.68 wt% obtained, the

production of PHB dropped dramatically to 8.08 wt% when the antibiotic pressure

was removed, proving the instability of the plasmid system [64]. This work

illustrated the importance of chromosomal integration, genomic context, and

copy number to reach high production levels of a chemical.

Bearing in mind these results, chromosomal integration strategies should allow

efficient multiple copies integration in specific regions of the genome. However,

traditional methods showing some limitations are tackled by recent studies. Gu and

coworkers used a flippase recombinase (FLP) from yeast to optimize gene

overexpression for amino acid production in E. coli. The FLP can recombine two

DNA sequences containing a 34-bp recombination site (FRT). Accordingly, one

main requirement is that the host genome should contain an FRT site. The authors

determined that increasing the concentration of donor plasmid in the transformation

and the number of FRT sites in the chromosome led to an increased number of

copies inserted into the genome [67]. Using this strategy, the production of L-tryp-

tophan was optimized. The introduction of two copies of aroK gene (shikimate
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kinase) in the chromosome increased L-tryptophan levels ~87%, although more

number of copies decreased the production. In a similar way, the three genes serAFR,

serB, and serC for overproduction of L-serine were inserted in the chromosome in

different copy numbers. The highest L-serine strain producer contained 10:4:4

copy number combination of serAFR, serB, and serC genes, respectively. This

FLP/FRT recombination strategy allowed optimizing and balancing integrated

gene copy number of a metabolic pathway in a single step [67].

Chromosomal integration of an alginate-degrading pathway through

recombinase-assisted genome engineering (RAGE) showed 40-fold improved eth-

anol production titers from brown macroalgae over its corresponding plasmid-

based counterparts [69, 70]. This study again highlighted the instability of

plasmid-based pathways. In addition, the study revealed that the distance between

the chromosomal origin of replication and the integration point impacted the

growth, indicating the important role that the chromosomal location has in the

expression of the pathway. In this case, modified enzymatic pathways from 34 to

59 kb were efficiently integrated in E. coli chromosome using the Cre-lox recom-

bination system. Moreover, the authors could apply the FLP/FRT recombination

strategy to remove the antibiotic marker to generate a markerless strain for further

chromosomal modifications. Through this approach it was also possible to balance

the pathway copy number that allowed higher cell densities [69]. These

recombinase-based methods are efficient and permit genomic integrations in spe-

cific regions marked by recombination sites (loxP and/or FRT for instances) but this

advantage turns into a limitation as these sites have to be previously introduced in

the genome by other approaches.

CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/

associated protein-9 nuclease) is a powerful tool to generate double strand breaks

(DSBs) in yeast chromosome in a single locus or multiple loci with high efficiency

[71–74]. By combining the CRISPR/Cas9 editing properties and the yeast in vivo

DNA assembly efficiency, it is possible to insert a multi-gene enzymatic pathway in

a high efficiency, reliable, and marker-free fashion. By using the CasEMBLR

method, Jakoči�unas and coworkers integrated a carotenoid pathway composed of

15 parts, and also developed a tyrosine-producing yeast strain by insertion of

10 parts. The advantage of this method is that a set of linear DNA parts (promoters,

ORFs, terminators for instance) with sequence homology in their ends can be

assembled and integrated in a single step in any desired location in the genome

with efficiencies ranging from 30 to 90% without the need for using selectable

markers [71]. In spite of the fact that introduction of multiple copies of the same

element can be challenging, CasEMBLR may allow swapping between biological

parts easily, and reduce the effort in constructing donor plasmids containing

different combinations of elements.

Similarly, Shi and coworkers have also recently exploited the CRISPR/Cas9-

based DSBs combined with yeast in vivo recombination. The authors have devel-

oped Di-CRISPR, delta integration CRISPR, which targets delta sites in

S. cerevisiae chromosome to integrate multiple pathway copies. Di-CRISPR

enabled the integration of 18 copies of a large cassette (24 kb) consisting of a
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xylose utilization and (R,R)-2,3-butanediol (BDO) production pathways in a single

step with high efficiency [75].

Promoter Strength

Promoter is a control element generating great modifications in gene expression as

strong promoters usually result in increased mRNA levels. Therefore, increasing

the promoter strength is a successful approach to enhance protein expression.

Nevertheless, in multi-gene pathways this approach can lead to transcriptional/

translational stress, accumulation of metabolites, and toxicity. To prevent these

problems, balancing the promoter strength between genes is an option. There have

recently been much effort to characterize and develop libraries of natural/hybrid/

synthetic promoters with a wide dynamic range in terms of promoter strength that

allow the precise regulation of each gene in the pathway [47, 76–79].

For example, Liang and coworkers developed a set of inducible hybrid pro-

moters based on the GAL promoter in yeast. The new group of promoters was

tightly regulated in the presence of minimal concentrations of estradiol (10 nM). By

refactoring a zeaxanthin biosynthetic pathway in yeast using this set of promoters,

the authors reported a production improvement of 50-fold over the pathway with

constitutive promoters [80].

Lee and coworkers characterized a set of yeast constitutive promoters that

allowed them to develop a linear regression model to engineer pathways in a

predictable fashion. By this approach the authors achieved the production of

violacein for the first time in yeast [81].

Similarly, Zhang and coworkers optimized the production of amorphadiene

(AD), a precursor of artemisinin, by the experimental design-aided systematic

pathway optimization (EDASPO) method. Basically, the pathway was divided

into four modules, and the genes were under the control of T7 and T7-variant

promoters. By characterizing a few combinations, the authors developed a linear

regression model that enabled further optimization and achieved a threefold

enhanced AD titer [82]. Balancing the promoter strength has been successfully

used to engineer multi-gene pathways [19, 63, 83, 84].

Transcriptional Terminators

Although terminators have an important role in the transcription termination and in

the mRNA half-life [85], there have been fewer studies in terminator development

and characterization for metabolic engineering applications. Recently, the impact

of a number of terminators on gene expression in yeast was studied, revealing their

capacity to modulate expression as much as promoters [86]. The authors found a

strong correlation between the expression and the increased mRNA half-life,

suggesting that terminators influence the stability of mRNA [86]. In another

study, the same group developed a set of short synthetic terminators which

performed similarly to those common in yeast. To evaluate the utility of these
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terminators in pathway engineering they expressed the codon-optimized cis-
aconitic acid decarboxylase (CAD1) gene from Aspergillus terreus under the

control of the weak promoter TEFmut3, followed by the collection of synthetic

terminators. Constructs containing the synthetic terminators allowed similar or

even higher itaconic acid titers than those containing the yeast CYC1 terminator

[87]. In addition to this, the synthetic terminators were functional in a different

yeast species, suggesting a generalized use of these terminators [87]. These studies

highlighted the potential utilization of terminators to modulate gene expression and

metabolic pathway balancing for optimal pathway function in the designated host.

CRISPR-Based Modulation

A recent strategy to modulate gene expression is to exploit the properties of the

CRISPR system. Qi and coworkers developed a CRISPR-based system for gene

repression on a genome scale, CRISPR interference (CRISPRi) [88]. A dCas9

(a mutant RNA-guided DNA endonuclease defective in nuclease activity) was

used to bind a small guide RNA (sgRNA) that targets specific DNA sequences.

The dCas9 binds sgRNA, and the complex sgRNA-dCas9 binds these DNA regions.

A precise design of the sgRNA can target different DNA elements such as pro-

moters or ORFs. Therefore, sgRNA-dCas9 complex can efficiently block the

transcription process at different levels, for instance it can impede the transcription

factor binding, the RNA polymerase binding, or the transcriptional elongation

[88]. CRISPRi has been successfully used in metabolic engineering to modulate

multiple genes of a polyhydroxyalkanoate (PHA) biosynthesis pathway in E. coli.
By engineering sgRNA to different targets that produce a range of expression

levels, it was possible to modulate the 4-hydroxybutyrate (4HB) content in poly

(3-hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB)] [89].
In a similar approach, dCas9 can be fused to a repressor or activator module, thus

allowing the dCas9 guided by gRNA to silence or activate a gene [90–92]. Zalatan

and coworkers further modified the CRISPR system to convert the gRNA into an

RNA scaffold (scRNA). The scRNA was designed to contain sequences recognized

by RNA-binding protein modules. Then, transcriptional activators or repressors

were fused to RNA-binding proteins, so these activators or repressors could be

recruited and bound to the RNA scaffold at a desired DNA location to activate or

silence a gene [93]. It was anticipated that these CRISPR-based gene modulation

approaches could be effectively used in multi-enzyme pathway optimization. It

makes it feasible to turn ON/OFF enzyme expression to maximize pathway pro-

ductivity by generating predictable and flexible metabolite flux. This approach was

validated with a highly branched violacein biosynthetic pathway in yeast. This

pathway consisted of five genes (VioABEDC) producing violacein as a final

product. Nevertheless, different modulation of the last two steps (VioD and

VioC) can generate four colored products. Thus, by switching on and off the

expression of VioA, VioD, and VioC, all possible pathway routes were achieved

in a predictable manner [93].
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4.1.2 Translational Level

Codon Optimization

It is widely believed that different organisms have different codon usage depending

on the abundance and availability of tRNAs. Codon optimization strategies usually

replace rare codons with those that meet the host codon bias. Therefore this can be

an efficient tool to favor the translation of heterologous proteins. There are a

number of studies where codon optimization successfully culminated in improved

protein expression [94–96]. It is suggested that optimal codons improved the

mRNA stability [97]. However, there is also empirical evidence that using frequent

codons is sometimes detrimental [98]. There is great controversy about why this

strategy is not consistent from protein to protein. Lanza and coworkers noticed that

codon optimization is usually based on data from the whole genome, but growth

conditions and other factors can modify tRNA abundance, so traditional approaches

omit relevant information that can impact the translation process in specific envi-

ronments [99]. To overcome this drawback, the authors developed a “condition-

specific codon optimization” method consisting of using codon bias based on genes

expressed under a desired condition. This approach increased 2.9-fold the catechol

1,2-dioxygenase gene expression in yeast over a commercial optimized

version [99].

It was recently suggested that the codon bias has low effect in translation

efficiency [100, 101], pointing out that mRNA structure, especially in the first

15–20 amino acids, is the main factor that affects the translation efficiency [100–

102], and thereby secondary structures of mRNA may impede binding of ribosome

and pause elongation [102]. On the other hand, it is known that control elements

may appear embedded in the coding region that are difficult to identify. By

randomizing the codon sequence, it is possible to disable these hidden elements

[102]. Computational tools can assist in designing optimized genes that prevent the

drawbacks arising from mRNA structures and cis-regulation [27, 102, 103].

Optimization of RBS

The initiation of translation in prokaryotes occurs when the 16S rRNA of the small

ribosome subunit binds to the Shine–Dalgarno (SD) sequence in the RBS in the

mRNA. It is usually located 5–15 bases upstream from the start codon, and changes

in its sequence-dictated affinity can change the expression levels several orders of

magnitude, enabling fine-tuning of the pathway expression [27, 77, 102, 104–106].

Recent examples demonstrated the effectiveness of RBS optimization to

increase the productivity of metabolic pathways; for instances, astaxanthin, fatty

acids, and riboflavin titers were enhanced in E. coli [36, 107, 108]. However,
screening a combinatorial library of RBS in a multi-gene pathway can be tedious

and impracticable even with high-throughput screening methods. Also many of the
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combinations may have detrimental effects bearing in mind that the initiation of

translation can be affected by many factors: the structure of the mRNA can interfere

with the binding of the ribosome to the RBS, so weak RBS can lead to low

expression levels; strong interactions with the RBS can also cause stalling of

translation, and distance between SD and start codon has been shown to be critical,

for instance [27, 102]. It is obvious that a rational design is highly desirable. Current

online tools use computational methods that circumvent these drawbacks, consid-

ering all of the potential molecular interactions, and design RBSs with a wide range

of initiation translational rates [27, 28, 109].

4.2 Protein Activity

Despite the many efforts in enhancing and balancing gene expression in multi-

enzyme pathways, in some cases the production of a desired chemical is still

difficult to accomplish. In these cases, either the intrinsic activity/specificity or

suboptimal environmental conditions can be a limiting factor. To achieve improved

pathway outcomes, it is critical to modulate protein properties.

4.2.1 Protein Engineering

There are two general approaches to alter the intrinsic properties of a protein:

directed evolution and rational design. Both strategies have been applied success-

fully in protein engineering for pathway optimization. Whereas rational design

requires a thorough knowledge of structure-function protein characteristics,

directed evolution explores the whole protein sequence, and circumvents the

limitations of incomplete structure-protein information [110, 111].

Lian and coworkers [13] constructed a cellobiose utilization pathway to produce

ethanol from cellulosic biomass in yeast. It consisted of a cellodextrin transporter

and a β-glucosidase. In this study the cellodextrin transporter 2 (CDT2) from

Neurospora crassa was engineered by directed evolution to increase its cellobiose

uptake activity. CDT2 is a facilitator, and thus does not consume ATP for cellobi-

ose uptake, and it may provide energetic benefits in anaerobic cultures, although it

is less efficient than others transporters such as CDT1. After three rounds of

directed evolution, the best CDT2 evolved variant enabled over fourfold increased

cellobiose consumption rate and ethanol productivity in anaerobic conditions. More

rational design experiments showed that both specific activity and transporter

expression levels were ameliorated. By this approach, the total ethanol yield was

increased by more than 25% [13].

In another recent example, a biosynthetic pathway for cis,cis-muconic acid

(ccMC) production consisting of three enzymes, AroZ, AroY, and CatA, was

engineered in E. coli. The authors observed the accumulation of a metabolic

intermediate, catechol, the substrate of CatA (catechol 1,2-dioxygenase). Replacing
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inducible promoters by constitutive ones did not solve the bottleneck. Accordingly,

rational design to alter enzyme activity mitigated the limiting step. Higher enzy-

matic activities were obtained by widening the channel of the catalytic pocket.

Improved CatA variant also led to ~26% improved ccMC productivity [112].

Introduction of unnatural amino acids (UAAs) in protein sequences can also

diversify the biochemical properties of an enzyme or even lead to new functional-

ities. Although incorporation of UAAs has been used in protein engineering,

resulting in improved biocatalysts, it has not been applied in pathway optimization

probably because the introduction of orthogonal pairs of aminoacyl-tRNA synthe-

tase/tRNA in the desired host is still challenging and needs further optimization

[113–116]. The use of engineered enzymes containing UAA in pathway optimiza-

tion may increase the spectrum of catalytic reactions that can be performed by

engineered hosts to address biosynthetic bottlenecks.

4.2.2 Homologous Proteins

Modification of protein properties by protein engineering to meet pathway require-

ments can be challenging and often fails. Thus it sounds more feasible to find the

appropriate protein among the current proteins available. In nature there exists

proteins capable of executing the same function in a variety of organisms. Despite

playing similar catalytic roles, they may exhibit diversified features such as differ-

ent optimal pH, temperatures, higher activities, specificities, promiscuities, and

regulation among others. Thus, the selection of the proper subset of enzymes with

better performance in the desired host is essential in the construction of an efficient

pathway. Nevertheless, limited information about the biochemical properties of

proteins can hinder the design. In these circumstances, a less rational design such as

a combinatorial library can bypass the lack of information. For example,

Gluconobacter oxydans WSH-003 was engineered to produce 2-keto-L-gulonic

acid (2KLG), a precursor of vitamin C. The heterologous pathway consisted of L-

sorbose dehydrogenases (SDH) and L-sorbosone dehydrogenases (SNDH) from

Ketogulonicigenium vulgare WSH-001. In this study, five SDH and two SNDH

enzymes from K. vulgare WSH-001 with different features [117] were combined.

Ten combinations were analyzed and the best one achieved 4.9 g/L of 2KLG [118].

Recently, more rational design has been used to engineer S. cerevisiae to

produce taxadiene. The catalysis of farnesyl diphosphate (FPP) to geranylgeranyl

diphosphate (GGPP) by geranylgeranyl diphosphate synthase (GGPPS) is a limiting

step in taxadiene production. Thus the optimization of this enzyme may increase the

productivity. A computational approach was used to predict the binding affinity of

six GGPPSs from different organisms with its substrate FPP. The protein modeling

and docking predicted that the GGPPSbc (from Taxus baccata� Taxus cuspidate)
may benefit the limiting reaction. The authors proved the model empirically, and

observed that the taxadiene titer was improved over tenfold using GGPPSbc [119].
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4.2.3 Cofactors

A large number of enzymes involved in metabolic reactions depend on cofactors for

proper functionality. When an exogenous pathway is introduced in a host, compe-

tition for the cofactors and/or redox imbalance can emerge and cause metabolic

stress, impair cellular growth, and an overall reduction in the productivity of the

pathway [120]. Thus, tuning the concentration of cofactors [121, 122] or swapping

the cofactor specificity [123] can be used to enhance pathway efficiency.

Lim and coworkers elegantly compensated the redox imbalance created by the

introduction of a synthetic n-butanol pathway in E. coli [122]. In this study, the

E. coli host was previously engineered for production of butyrate where the cofactor
regeneration pathway was redirected to use butyrate as the final electron acceptor

[83]. Introduction of the heterologous n-butanol pathway in this host generated

NADH deficiency, highlighting the need for further engineering. To supply more

NADH, the authors modulated the pyruvate dehydrogenase complex (PDH enzy-

matic complex) which catalyzes the decarboxylation of pyruvate into acetyl-CoA,

producing CO2 and NADH. To overcome the limitation conferred by strong inhibi-

tion of the complex under anaerobic conditions, a mutant PDH complex active in

anaerobic conditions and driven by strong control elements was integrated into the

chromosome, yielding a 12% improvement in n-butanol titers. On the other hand,

some pyruvate could still be catalyzed by NAD+-independent pyruvate formate

lyase (PFL), producing acetyl-CoA and formate. The NAD+-dependent formate

dehydrogenase (FDH) from yeast converts formate into CO2 and produces NADH.

The fdh1gene expression was fine-tuned using synthetic 50-UTRs. The optimal

engineered strain showed 35% increased n-butanol titers achieving 6.8 g/L [122].

In another example, Gao and coworkers engineeredG. oxydansWSH-003 strain to

produce 2KLG. The heterologous pathway consisted of SDH and SNDH from

K. vulgare WSH-001. These dehydrogenases require pyrroloquinoline quinine

(PQQ) for functionality, and may compete with native PQQ-dependent proteins.

Thereby, the biosynthetic PQQ cluster was overexpressed to avoid a PQQ bottleneck.

Increasing the supply of the cofactor resulted in an increase of 20% of 2KLG [118].

In a similar way, Cui and coworkers observed that increased NADPH concen-

trations favored the production of shikimic acid (SA) in E. coli [121]. The shikimate

dehydrogenase reduces 3-dehydroshikimate to shikimate using NADPH as a cofac-

tor; therefore the availability of NADPH may limit the productivity of the pathway.

The authors proved that overexpression of transhydrogenase (pntAB) or/and NAD

kinase (nadK), two native enzymes involved in NADPH regeneration, increased the

SA titer by more than twofold [121].

4.3 Spatial Localization

The efficiency of a pathway sometimes depends on factors unrelated to protein

expression or catalytic activity. Toxicity of metabolic intermediates, reduced
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availability of intermediates because of diffusion or consumption in other metabolic

pathways, and reduced local enzyme concentrations are some factors that hinder

pathway efficiency. Colocalization of pathway enzymes can efficiently decrease

intermediate loss, increase protein concentration, and reduce toxicity by metabolite

tunneling. Spatial colocalization can be achieved by anchoring the enzymes in a

scaffold or by enzyme sequestration into cellular compartments. This approach has

been extensively reviewed elsewhere [4, 7, 124]. Here we describe a few recent

successful examples.

4.3.1 Scaffold Strategies

This strategy for spatial colocalization of enzymes is based on the interaction

between the proteins of interest and a synthetic protein [125], RNA [126], or

DNA [127] scaffold. Proteins are fused to a binding domain that recognizes and

anchors enzymes to the scaffold.

A recent example is the improvement of butyrate production in E. coli. Three
enzymes of the pathway, 3-hydroxybutyryl-CoA dehydrogenase (Hbd),

3-hydroxybutyryl-CoA dehydratase (Crt), and trans-enoyl-coenzyme A reductase

(Ter), were fused to ligands for GBD, SH3, and PDZ domains. When these

constructions were expressed in E. coli, the butyrate production increased from

1.22 to 3.51 g/L [128]. The authors also observed a decline of by-product acetate

production. It was suggested that the scaffold approach directed the carbon flux

efficiently through the immobilized enzymes [128].

Another approach is to use DNAmolecules as a scaffold. In this case the proteins

of interest are fused to zinc-finger (ZF) domains that bind specific DNA motifs

[127]. Thus, a plasmid DNA can be designed to contain a number of different

recognitions sites for different ZF domains. Conrado and coworkers proved the

feasibility of DNA scaffolds in metabolic engineering by increasing the productiv-

ity of trans-resveratrol, 1,2-propanediol, and mevalonate in E. coli. In this study the
authors corroborated the hypothesis that improved yields were the result of optimal

proximity between the enzymes of the pathway optimizing metabolites channeling.

For this purpose, the ZF binding motifs in the DNA scaffold for each enzyme were

located far from each other (no proximity between enzymes) or with 2–12 bp

spacers (proximity between enzymes). The improvements were annulled when

the enzymes were far apart [127].

4.3.2 Compartmentalization

The use of scaffolds to organize enzymes spatially helps to improve metabolites

channeling, but it can impede the proper folding of multimer enzymes or cause a

metabolic burden by consuming additional cellular sources to synthesize the scaf-

fold [4]. Pathway encapsulation can overcome these issues and benefit pathway

engineering. Expression of all the enzymes in a pathway scaffold-free in a specific

cellular organelle avoids metabolites transport, diffusion and leakage, prevents
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competition for intermediates with other pathways, escapes from regulation, and

increases the concentration of enzymes and proximities between them (small

compartments compared with cytoplasm) [129].

One striking example that represents the benefits of compartmentalization

targeted the Ehrlich pathway into yeast mitochondria to produce isobutanol. The

isobutanol pathway consisted of five enzymes divided into two sets: (1) acetolactate

synthase (ALS), ketolacid reductoisomerase (KARI), and dehydroxyacid

dehydratase (DADH) which are present in mitochondria and (2) α-ketoacid decar-

boxylase (α-KDC) and alcohol dehydrogenase (ADH) which are usually in cyto-

plasm. In this study, α-KDC and ADHwere directed to mitochondria by fusion with

the N-terminal mitochondrial localization signal from subunit IV of the yeast

cytochrome c oxidase (CoxIV). α-Ketoisovalerate (α-KIV) is produced by DADH

in the mitochondria and has to be transported to the cytoplasm to be further

modified by α-KDC. The authors found that one limiting factor in the pathway

was the availability of α-KIV in the cytoplasm. Thus avoiding the transport of this

intermediate from mitochondria to cytoplasm may increase the availability of the

intermediate, and hence increase the titer of the pathway. The overexpression of the

five genes together with the targeting of α-KDC and ADH to mitochondria enabled

titers of 635 mg/L of isobutanol, which represented ~twofold improvement over the

same pathway with α-KDC and ADH directed to the cytoplasm (380 mg/L) and

over ninefold compared with the control with an empty plasmid (67 mg/L)

[129]. Additionally, the authors reported an increment in the production of other

branched-chain alcohols as isopentanol and 2-methyl-1-butanol. One suggestion

that the authors proposed to support these phenomena is that the first three enzymes

of the pathway are also involved in isoleucine, leucine, and valine biosynthetic

pathways generating metabolic intermediates that eventually can be a substrate for

α-KDC and ADH producing isopentanol and 2-methyl-1-butanol [129].

In another example, the production of penicillin was enhanced by targeting part

of the biosynthetic penicillin pathway to the peroxisome in Aspergillus nidulans.
Three enzymes are involved in the pathway; the last one (isopenicillin

N acyltransferase, AatA) is located in the peroxisome whereas the other two

(δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine synthetase, AcvA and isopenicillin N

synthase, IpnA) are in the cytoplasm. As the intermediates need to be transported

into the peroxisome, it was suggested that colocalizing all the enzymes in the same

compartment may benefit the production of penicillin. The authors found that

targeting AcvA into the organelle increased the penicillin production by 3.2-fold.

Interestingly, targeting IpnA to the peroxisome dropped penicillin production

drastically. One reason could be that the redox state of the peroxisome did not

provide the appropriate environmental conditions for activity and stability of

IpnA [130].

The compartmentalization strategy also enabled the enhancement of itaconic

acid production in Aspergillus niger. Overexpression of two enzymes, cis-aconitate
decarboxylase and aconitase, in mitochondria led to a twofold improvement of

itaconic acid production compared with the overexpression of the two enzymes in

the cytoplasm [131]. However, a similar approach by targeting cis-aconitic acid
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decarboxylase (CAD) from Aspergillus terreus to mitochondria failed to improved

itaconic acid production in S. cerevisiae [132].
Compartmentalization strategies can definitely be used in metabolic engineering

to improve pathway efficiency. Nevertheless, organelle environmental consider-

ations should be taken into account as the conditions may not be favorable for

specific enzymatic reactions.

Harnessing the cellular organelles has been used for pathway engineering in

eukaryotes. In the case of prokaryotes, the use of bacterial microcompartments

(MCPs) for metabolic engineering is a promising strategy [133, 134]. Bacterial

MCPs are metabolic enzymes involved in a specific process encapsulated in protein

shells that encase metabolic intermediates which can be volatile or toxic for the cell

[133, 134]. Although the use of MCPs in pathway optimization is in its earliest

stages, and needs further characterization, recently Lawrence and coworkers proved

its potential in metabolic engineering. The authors reproduced an MCP from

Citrobacter freundii to generate a bioreactor to produce ethanol in E. coli. The
pyruvate decarboxylase (encoded by the pdc gene) and alcohol dehydrogenase

(encoded by the adh gene) from Zymomonas mobilis were targeted to the heterol-

ogous MCP. The ethanol production was almost doubled in those strains expressing

PDC and ADH targeted to the MCP [135].

5 Applications

Metabolic engineering and synthetic biology tools have enabled the engineering of

microorganisms to produce a wide spectrum of chemicals with applications in

several fields. The examples described below highlight recent advances in the

design, construction, and optimization of pathways for biosynthesis of valuable

chemicals.

5.1 Production of Pharmaceutical Products

Natural products are the main source of drugs and pharmaceuticals. However,

recovery of these products from their natural source is usually tedious, time

consuming, and inefficient, and their chemical synthesis is not always available.

Thus, there is an increasing interest in developing new manufacturing platforms

based on model microorganisms that are easy to manipulate and are usually able to

reproduce numerous enzymatic steps in mild conditions which are more environ-

mentally friendly than the chemical synthesis.

The biosynthetic production of many pharmaceuticals has been accomplished.

Some examples are the production of: (2S)-pinocembrim, suggested for treatment

of cerebral ischemic injury [136, 137]; shikimic acid, precursor of an anti-influenza

drug [121]; catechins, precursor of anthocyanins and tannins [35]; resveratrol, as a
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therapeutic compound [63, 127]; penicillin [130]; and N-acetylglucosamine, as

treatment for cartilage disease [84]. Here we discuss the production of artemisinic

acid [138] and opioids [139].

The synthesis of artemisinic acid, a precursor of the antimalarial artemisinin, in

large quantities is a remarkable example. To date, the unique source of artemisinin

has been its natural plant producer Artemisia annua. Nevertheless, the supply of this
plant to the pharmaceutical industry was environment-dependent, generating fluc-

tuation in the price from year to year. Since 2004 many attempts have been made to

produce artemisinin commercially affordable, especially in the developing world

[138]. For that purpose it was proposed to develop a microorganism-based platform

capable of synthesizing at least 25 g/L of artemisinin [138]. There are two key steps

in the biosynthesis of artemisinin: (1) synthesis of amorphadiene and (2) synthesis

of artemisinic acid which can be chemically converted to artemisinin [138]. Thus,

the main objective was to overproduce amorphadiene. Although the production of

the intermediate metabolite amorphadiene in E. coli was improved up to levels of

27.4 g/L [140], the following steps in the pathway to obtain artemisinic acid

dissuaded researchers from continuing to engineer E. coli. The main reason for

this decision was the general limited ability of E. coli to express heterologous

eukaryotic P450, an enzyme involved in the conversion of amorphadiene into

artemisinic acid. As the success of the project at this point was compromised, it

was concluded that a change of production host would benefit overall the final

productivity of the pathway. Then S. cerevisiae was engineered to produce

artemisinic acid [141, 142] (Fig. 3). The first step to increase the production of

amorphadiene was to overexpress the mevalonate pathway genes responsible for

conversion of acetyl-CoA to FPP by using galactose-inducible strong promoters.

The copy number of tHMG1gene (truncated HMG-CoA reductase) was also trip-

licated as its expression was found to be a rate-limiting factor. The heterologous

gene from A. annua amorphadiene synthase (ADS) expressed in a high-copy

plasmid was codon-optimized for S. cerevisiae, although the production of

amorphadiene was not improved compared with the non-codon-optimized version

of the gene. Finally, the optimization of the fermentation conditions led to 37–41 g/

L amorphadiene titers [142]. The next step was to introduce the amorphadiene

oxidase cytochrome P450 (CYP71AV1) and its cognate reductase (CPR1) together

with the ADS gene from A. annua driven by galactose-inducible strong promoters

in a high-copy plasmid to convert amorphadiene into artemisinic acid. To reduce

the toxicity generated by high levels of CPR1, it was integrated in the genome in a

single copy under a weak promoter (GAL3 promoter). Finally, the cytochrome b5
from A. annua (CYB5), the artemisinic aldehyde dehydrogenase (ALDH1), and

alcohol dehydrogenase (ADH1) from A. annua were also integrated in the genome

under a strong promoter (GAL7p) (Fig. 3). The artemisinic acid titers obtained were

25 g/L [143]. These levels allow the economical production of artemisinin through

a photochemical transformation process developed by Sanofi [138, 143, 144]. Bio-

engineering of yeast has enabled the current cost-effective industrial production of

artemisinin, making the antimalarial treatment affordable in developing countries,

and hence saving lives [138].
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Another interesting example is the production of opioids in S. cerevisiae
[139, 145]. Opioid drugs are used in the medical treatment of severe pain. Currently

these drugs are derived from the opium poppy (Papaver somniferum). As in the

case of artemisinin, poppy agribusiness is susceptible to environmental factors, and

is also subjected to strict governmental control. This study described the engineer-

ing efforts to produce thebaine and hydrocodone in baker’s yeast. The biosynthetic
pathway genes were divided into modules to facilitate their optimization (Fig. 4).

The first step was to increase the carbon flux to (S)-reticuline biosynthesis. Four

modules containing 17 genes from a variety of organisms (plants, bacteria, yeast,

and mammals) were integrated in the genome. Module I was designed to increase L-

tyrosine and 4-hydroxyphenylacetaldehyde (4-HPAA), precursors of the (S)-
reticuline. Module II contained the genes to synthesize and recycle the

tetrahydrobiopterin (BH4) redox cofactor. Module III included the genes to syn-

thesize (S)-norcoclaurine. Module IV contained the genes to synthesize (S)-
reticuline. The integration of these modules in yeast genome gave rise to 20 μg/L
of (S)-reticuline. Module V contained additional copies of three genes (mutated

tyrosine hydroxylase, TyrHWR; 40-O-methyltransferase, 40OMT; and norcoclaurine

Acetyl-CoA

FPP

Amorphadiene

Artemisinic
alcohol

Artemisinic
aldehyde

Artemisinic
acid

Artemisinin

ERG10, ERG13, tHMG1 
(X3), ERG12, ERG8, 
MVD1, IDI1, ERG20

ADS
CYP71AV1, 
CPR1, CYB5

ADH1

ALDH1

Chemical 
conversion

Fig. 3 Scheme of pathway engineering for semi-synthetic artemisinin production in yeast. The

first step was to increase the levels of amorphadiene by overexpression of the mevalonate pathway

(from acetyl-CoA to FPP), and it was also necessary to introduce ADS. The second step was to

convert amorphadiene into artemisinic acid by introduction of additional genes (see text for more

details). Finally, purified artemisinic acid was converted into artemisinin through a chemical

process. ERG10 acetoacetyl-CoA thiolase, ERG13 HMG-CoA synthase, tHMG1 truncated

HMG-CoA reductase, ERG12 mevalonate kinase, ERG8 phosphomevalonate kinase, MVD1
mevalonate diphosphate decarboxylase, IDI1 isopentenyl diphosphate isomerase, ERG20 farnesyl
diphosphate synthase, FPP farnesyl diphosphate, ADS amorphadiene synthase, CYP71AV1 cyto-

chrome P450 enzyme, CYB5 cytochrome b5, ADH1 artemisinic alcohol dehydrogenase, ALDH1
artemisinic aldehyde dehydrogenase
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synthase, NCS) which were suggested to produce a bottleneck in the pathway flux.

The introduction of module V led to a fourfold improvement of the (S)-reticuline
titers. The second step was the production of thebaine. The four enzymes involved

in this process were engineered. First, the discovery of the 1,2-dehydroreticuline

synthase/reductase (DRS/DRR), an epimerase that converts (S)-reticuline to (R)-
reticuline, was a key step for the production of thebaine. This epimerase was

identified by bioinformatic analysis of genomic and transcriptomic databases. The

next enzyme in the pathway, salutaridine synthase (SalSyn) exhibited

Sugar L-Tyrosine

4-HPAA

MODULE I
Tkl1p, Aro4pQ166K, Aro7pT226I, Aro10p

MODULE IV
6OMT, CNMT, 

4’OMT, CPR, NMCH

(S)-Reticuline Salutaridine

MODULE III
TyrHWR, DHFR, DoDC, NCS

Tetrahydrobiopterin

MODULE II
PTPS, SepR, 
QDHPR, PCD

L-DOPADopamine(S)-Norcoclaurine

MODULE V
TyrHWR, NCS, 

4’OMT

(R)-Reticuline Salutaridinol 7-O-Acetylsalutaridinol

MODULE VI
DRS-DRR, SalSyn, SalR, SalAT

ThebaineNeopinoneCodeinoneHydrocodone

Spontaneous

SpontaneousMODULE VII
T6ODM, MorB

Fig. 4 Scheme of pathway engineering for opioids (thebaine and hydrocodone) production in

yeast. Genes included in the same module are represented by the same color. Module I contains the

genes to increase precursors of (S)-reticuline: Tkl1p transketolase, Aro4pQ166K 3-deoxy-D-arabino-

2-heptulosonic acid-7-phosphate (DAHP) synthase (mutation Q166K), Aro7pT226I chorismate

mutase (mutation T226I), Aro10p phenylpyruvate decarbosylase. Module II contains the genes

to synthesize and recycle the tetrahydrobiopterin (BH4) redox cofactor: PTPS 6-pyruvoyl

tetrahydrobiopterin synthase, SepR sepiapterin reductase, QDHPR quinonoid dihydropteridine

reductase, PCD pterin carbinolamine. Module III contains the genes to synthesize (S)-
norcoclaurine: TyrHWR tyrosine hydroxylase (mutations R37E, R38E, W166Y), DHFR
dihydrofolate reductase, DoDC L-DOPA decarboxylase, NCS norcoclaurine synthase. Module

IV contains the genes to synthesize (S)-reticuline: 6OMT norcoclaurine 6-O-methyltransferase,

CNMT coclaurine N-methyltransferase, 40OMT 30-hydroxy-N-methylcoclaurine 40-O-
methyltransferase, NMCH N-methylcoclaurine hydroxylase. Module V contains additional copies

of TyrHWR, NCS, and 40OMT. Module VI contains the genes to synthesize thebaine: DRS-DRR
1,2-dehydroreticuline synthase-1,2-dehydroreticuline reductase, SalSyn salutaridine synthase,

SalR salutaridine reductase, SalAT salutaridinol 7-O-acetyltransferase. Module VII contains the

genes to synthesize hydrocodone: T6ODM thebaine 6-O-demethylase, MorB morphine reductase
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N-glycosylation, which resulted in reduced activity of the enzyme. Protein engi-

neering was used to create a chimeric SalSyns with different N-terminal ends from

cheilanthifoline synthase (CFS), a plant P450 enzyme which was heterologously

expressed in yeast with high activity, to prevent N-glycosylation. Additionally, the
codon-optimized salutaridine reductase (SalR) and salutaridinol acetyltransferase

(SalAT) homologues from different Papaver sp. were compared. The best combi-

nation of the four engineered enzymes in module VI included: P. bracteatum
DRS-DRR, PbDRS-DRR; yeast codon-optimized P. bracteatum N-terminal variant

SalSyn, yEcCFS1-83-yPbSalSyn92-504; yeast codon-optimized P. bracteatum
SalR, PbSalR; and yeast codon-optimized P. somniferum SalAT, PsSalAT. The

strain containing all 6 modules (with 24 genes cassettes) integrated in the chromo-

some was able to produce 6.4 μg/L of thebaine, the first morphinan alkaloid in the

biosynthetic pathway. Then the pathway was extended to produce hydrocodone by

introduction of a seventh module containing thebaine 6-O-demethylase (T6ODM)

and morphine reductase (MorB) (Fig. 4). The final strain harbored 26 genes in

7 modules and produced 0.3 μg/L of hydrocodone from glucose for the first time, as

the poppy cannot produce this compound [139]. The levels of opioids obtained in

this work do not support industrial implementation as one dose of this drug requires

the fermentation of thousands of liters [139]. More engineering studies are therefore

needed to increase the production levels. However, this study demonstrated the

potential of synthetic biology and metabolic engineering to design organisms

beyond the limits of nature.

5.2 Production of Fuels and Chemicals

Increasing energy demand is pushing to the limit the use of non-renewable fossil

fuel sources. Thus, there is a special interest in developing microbial cell factories

able to produce fuels and alternative petroleum-derived chemicals. Some recent

examples are the microbial synthesis of isobutanol, isopentanol, 2-methyl-1-buta-

nol [129], n-butanol [122], ethanol [69, 146], (2R,3R)-butanediol [147], fatty acids

[36, 148], and fatty acid ethyl esters (FAEE) [149].

Baker’s yeast S. cerevisiae was engineered for the production of FAEE. First, a

wax ester synthase (WS), responsible for the synthesizing of FAEE from acyl-CoA

and ethanol, was introduced. Five different WSs from different organisms were

evaluated. The WSs from Marinobacter hydrocarbonoclasticus DSM 8798 (WS2)

allowed the highest FAEE titers of all five, 6.3 mg/L [150]. The synthesis of acyl-

CoA requires acetyl-CoA, an essential intermediate metabolite involved in several

pathways. Thus, acetyl-CoA availability could hinder the FAEE production. Two

different strategies were used to increase acetyl-CoA levels in the cytoplasm. The

first was the introduction of an ethanol degradation pathway to redirect the carbon

flux to the synthesis of acetyl-CoA. This pathway consisted of the endogenous

alcohol dehydrogenase 2 (ADH2) and acetaldehyde dehydrogenase (ALD6), and a

mutated variant of the acetyl-CoA synthetase (ACSSE
L641P) from Salmonella
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enterica which cannot be acetylated. These three enzymes were overexpressed in a

high-copy plasmid together with WS2. The yield obtained was

408� 270 μg gCDW�1, which is three times the productivity of the strain carrying

only theWS2. However, the reproducibility was compromised, probably because of

variations related to the large high-copy plasmid. To circumvent plasmid number

fluctuations between replicates, the WS2 was detached from the ethanol degrada-

tion pathway in a different plasmid. Then the FAEE productivity was significantly

improved by 2.7-fold [149]. Integration of five or six copies of ws2 in yeast

chromosome increased the FAEE titer more than fivefold compared with its

plasmid-based counterpart [151]. The second strategy to increase cytosolic

acetyl-CoA levels and NADPH cofactor levels was to introduce a heterologous

phosphoketolase (PHK) pathway by expressing xpkA (encoding xylulose-5-phos-

phate phosphoketolase) and ack (encoding acetate kinase) from A. nidulans.
Replacement of ack by pta (phosphotransaketylase) from Bacillus subtilis that

catalyzed the direct conversion of acetyl phosphate into acetyl-CoA was also

evaluated (Fig. 5). Both PHK pathways, xpkA/pta and xpkA/ack, together with the

integration of ws2, increased the production of FAEE by 1.6- to 1.7-fold (4,670 and

5,100 μg FAEE gCDW�1), compared with the strain with only ws2

Glyceraldehyde-3-P

Xylulose-5-P

FAEE

Acetyl-CoA

Acetate

Acetaldehyde

Pyruvate

Acetyl-P

Ethanol Fatty acyl-CoA

ALD6

ADH2 ACSSE
L641P

ACK

WS2

XPKA

PTA

Fig. 5 Scheme of pathway

engineering for FAEE

production in yeast. Two

pathways to increase acetyl-

CoA levels were used: the

ethanol degradation

pathway and the

phosphoketolase (PHK)

pathway. Enzymes involved

in the ethanol degradation

pathway are presented in

pink, and enzymes involved

in the PHK are presented in

light blue. The reaction
steps catalyzed by the

introduced enzymes are

represented by thick arrows.
ADH2 alcohol

dehydrogenase 2, ALD6
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[149]. Increasing precursor and cofactor levels increased the FAEE production,

although further engineering is needed to achieve higher FAEE levels for commer-

cial applications.

6 Conclusions

Many attempts have been made to establish microbial platforms for the production

of valuable compounds. Although there are some commercially successful exam-

ples of microbial production of bio-based chemicals on an industrial scale, there are

still a number of challenges remaining. Recent advances in synthetic biology and

metabolic engineering have enabled the production of a wide range of chemicals in

heterologous hosts. The examples described in this chapter have identified and

overcome a variety of bottlenecks that can arise when a heterologous pathway is

introduced into a host microorganism. However, when a bottleneck was bypassed a

new one emerged. Iterative cycles of optimization are needed to achieve an efficient

pathway, which can be tedious and time-consuming. This highlights the need for

new approaches to expedite the process. It is anticipated that the increasing

genomic, metagenomic, and metabolic information available can permit the devel-

opment of accurate computational algorithms that can eventually help predict

efficient biosynthetic pathways. Improved pathway designs combined with new

experimental tools are expected to reduce efforts and to facilitate pathway con-

struction and optimization. It is envisaged that in future years the number of

chemicals efficiently produced in microbial platforms will increase dramatically.

Acknowledgements We thank the National Institutes of Health (GM077596), the National

Academies Keck Futures Initiative on Synthetic Biology, the Energy Biosciences Institute, the

Department of Energy under Advanced Research Projects Agency-Energy (ARPA-E)

(DE-AR0000206), and the National Science Foundation as part of the Center for Enabling New

Technologies through Catalysis (CENTC), CHE-0650456 for financial support in our protein and

pathway engineering projects.

References

1. Lee JW, Na D, Park JM, Lee J, Choi S, Lee SY (2012) Systems metabolic engineering of

microorganisms for natural and non-natural chemicals. Nat Chem Biol 8(6):536–546

2. Dai Z, Nielsen J (2015) Advancing metabolic engineering through systems biology of

industrial microorganisms. Curr Opin Biotechnol 36:8–15

3. Chen Y, Nielsen J (2013) Advances in metabolic pathway and strain engineering paving the

way for sustainable production of chemical building blocks. Curr Opin Biotechnol 24

(6):965–972

4. Liu Y, Shin H-d, Li J, Liu L (2015) Toward metabolic engineering in the context of system

biology and synthetic biology: advances and prospects. Appl Microbiol Biotechnol 99

(3):1109–1118

E. Garcia-Ruiz et al.



5. Du J, Shao Z, Zhao H (2011) Engineering microbial factories for synthesis of value-added

products. J Ind Microbiol Biotechnol 38(8):873–890

6. Eriksen DT, Li S, Zhao H (2013) Chapter 3 - Pathway engineering as an enabling synthetic

biology tool. In: Zhao H (ed) Synthetic biology. Academic, Boston, pp 43–61
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Faulon J-L (2014) Validation of RetroPath, a computer-aided design tool for metabolic

pathway engineering. Biotechnol J 9(11):1446–1457

27. Salis HM, Mirsky EA, Voigt CA (2009) Automated design of synthetic ribosome binding

sites to control protein expression. Nat Biotechnol 27(10):946–950

28. Farasat I, Kushwaha M, Collens J, Easterbrook M, Guido M, Salis HM (2014) Efficient

search, mapping, and optimization of multi-protein genetic systems in diverse bacteria. Mol

Syst Biol 10(6):731

29. Chao R, Yuan Y, Zhao H (2015) Recent advances in DNA assembly technologies. FEMS

Yeast Res 15(1):1–9

30. Gibson DG, Young L, Chuang R-Y, Venter JC, Hutchison CA, Smith HO (2009) Enzymatic

assembly of DNA molecules up to several hundred kilobases. Nat Methods 6(5):343–345

31. Cobb R, Ning J, Zhao H (2014) DNA assembly techniques for next-generation combinatorial

biosynthesis of natural products. J Ind Microbiol Biotechnol 41(2):469–477

32. Rebatchouk D, Daraselia N, Narita JO (1996) NOMAD: a versatile strategy for in vitro DNA
manipulation applied to promoter analysis and vector design. Proc Natl Acad Sci U S A 93

(20):10891–10896

33. Shetty RP, Endy D, Knight TF (2008) Engineering BioBrick vectors from BioBrick parts.

J Biol Eng 2(1):1–12

34. Xu P, Vansiri A, Bhan N, Koffas MAG (2012) ePathBrick: a synthetic biology platform for

engineering metabolic pathways in E. coli. ACS Synth Biol 1(7):256–266

35. Zhao S, Jones JA, Lachance DM, Bhan N, Khalidi O, Venkataraman S, Wang Z, Koffas

MAG (2015) Improvement of catechin production in Escherichia coli through combinatorial

metabolic engineering. Metab Eng 28:43–53

36. Xu P, Gu Q, Wang W, Wong L, Bower AGW, Collins CH, Koffas MAG (2013) Modular

optimization of multi-gene pathways for fatty acids production in E. coli. Nat Commun

4:1409

37. Liu J-K, Chen W-H, Ren S-X, Zhao G-P, Wang J (2014) iBrick: a new standard for iterative

assembly of biological parts with homing endonucleases. PLoS One 9(10), e110852

38. Gibson DG, Smith HO (2010) Method for in vitro recombination. US 7,776,532 B2

39. Gibson DG, Smith HO, Hutchison CA, Young L, Venter JC (2015) Methods for in vitro

joining and combinatorial assembly of nucleic acid molecules. US 8,968,999 B2

40. Gibson DG, Benders GA, Andrews-Pfannkoch C, Denisova EA, Baden-Tillson H, Zaveri J,

Stockwell TB, Brownley A, Thomas DW, Algire MA, Merryman C, Young L, Noskov VN,

Glass JI, Venter JC, Hutchison CA, Smith HO (2008) Complete chemical synthesis, assem-

bly, and cloning of a Mycoplasma genitalium genome. Science 319(5867):1215–1220

41. Sleight SC, Sauro HM (2013) Randomized BioBrick assembly: a novel DNA assembly

method for randomizing and optimizing genetic circuits and metabolic pathways. ACS

Synth Biol 2(9):506–518

42. Sd K, Stanton LH, Slaby T, Durot M, Holmes VF, Patel KG, Platt D, Shapland EB, Serber Z,

Dean J, Newman JD, Chandran SS (2014) Rapid and reliable DNA assembly via ligase

cycling reaction. ACS Synth Biol 3(2):97–106

43. Engler C, Kandzia R, Marillonnet S (2008) A one pot, one step, precision cloning method

with high throughput capability. PLoS One 3(11), e3647

44. Liang J, Chao R, Abil Z, Bao Z, Zhao H (2014) FairyTALE: a high-throughput TAL effector

synthesis platform. ACS Synth Biol 3(2):67–73

45. Weber E, Engler C, Gruetzner R, Werner S, Marillonnet S (2011) A modular cloning system

for standardized assembly of multigene constructs. PLoS One 6(2), e16765

46. Weber E, Werner S, Engler C, Gruetzner R, Marillonnet S (2011) System and method of

modular cloning. EP 2,395,087 A1

47. Lee ME, DeLoache WC, Cervantes B, Dueber JE (2015) A highly characterized yeast toolkit

for modular, multipart assembly. ACS Synth Biol 4(9):975–986

E. Garcia-Ruiz et al.



48. Iverson SV, Haddock TL, Beal J, Densmore DM (2016) CIDAR MoClo: improved MoClo

assembly standard and new E. coli part library enable rapid combinatorial design for synthetic

and traditional biology. ACS Synth Biol 5(1):99–103

49. Shao Z, Zhao H, Zhao H (2009) DNA assembler, an in vivo genetic method for rapid

construction of biochemical pathways. Nucleic Acids Res 37(2):e16

50. Kuijpers NGA, Solis-Escalante D, Bosman L, van den Broek M, Pronk JT, Daran J-M,

Daran-Lapujade P (2013) A versatile, efficient strategy for assembly of multi-fragment

expression vectors in Saccharomyces cerevisiae using 60 bp synthetic recombination

sequences. Microb Cell Fact 12:47

51. Shao Z, Zhao H (2014) Manipulating natural product biosynthetic pathways via DNA

assembler. Curr Protoc Chem Biol 6(2):65–100

52. Shao Z, Zhao H (2013) Construction and engineering of large biochemical pathways via

DNA assembler. In: Polizzi KM, Kontoravdi C (eds) Synthetic biology. Methods in molec-

ular biology, vol 1073. Humana Press, New York, pp 85–106

53. Shao Z, Zhao H (2012) Chapter Ten – DNA assembler: a synthetic biology tool for

characterizing and engineering natural product gene clusters. In: David AH (ed) Methods

in enzymology, vol 517. Academic Press, San Diego, pp 203–224

54. Shao Z, Luo Y, Zhao H (2012) DNA assembler method for construction of zeaxanthin-

producing strains of Saccharomyces cerevisiae. In: Barredo J-L (ed) Microbial carotenoids

from fungi. Methods in molecular biology, vol 898. Humana Press, New York, pp 251–262

55. Mitchell LA, Chuang J, Agmon N, Khunsriraksakul C, Phillips NA, Cai Y, Truong DM,

Veerakumar A, Wang Y, Mayorga M, Blomquist P, Sadda P, Trueheart J, Boeke JD (2015)

Versatile genetic assembly system (VEGAS) to assemble pathways for expression in

S. cerevisiae. Nucleic Acids Res 43(13):6620–6630
56. Yuan Y, Andersen E, Zhao H (2016) Flexible and versatile strategy for the construction of

large biochemical pathways. ACS Synth Biol 5(1):46–52

57. Hillson NJ, Rosengarten RD, Keasling JD (2012) j5 DNA assembly design automation

software. ACS Synth Biol 1(1):14–21

58. Hillson N (2014) j5 DNA assembly design automation. In: Valla S, Lale R (eds) DNA cloning

and assembly methods. Methods in molecular biology, vol 1116. Humana Press, New York,

pp 245–269

59. Appleton E, Tao J, Haddock T, Densmore D (2014) Interactive assembly algorithms for

molecular cloning. Nat Methods 11(6):657–662

60. Lin Y, Sun X, Yuan Q, Yan Y (2014) Extending shikimate pathway for the production of

muconic acid and its precursor salicylic acid in Escherichia coli. Metab Eng 23:62–69

61. Jones KL, Kim S-W, Keasling JD (2000) Low-copy plasmids can perform as well as or better

than high-copy plasmids for metabolic engineering of bacteria. Metab Eng 2(4):328–338

62. Lee TH, Maheshri N (2012) A regulatory role for repeated decoy transcription factor binding

sites in target gene expression. Mol Syst Biol 8(1)

63. Wu J, Liu P, Fan Y, Bao H, Du G, Zhou J, Chen J (2013) Multivariate modular metabolic

engineering of Escherichia coli to produce resveratrol from L-tyrosine. J Biotechnol 167

(4):404–411

64. Yin J, Wang H, Fu X-Z, Gao X, Wu Q, Chen G-Q (2015) Effects of chromosomal gene copy

number and locations on polyhydroxyalkanoate synthesis by Escherichia coli andHalomonas
sp. Appl Microbiol Biotechnol 99(13):5523–5534

65. Da Silva NA, Srikrishnan S (2012) Introduction and expression of genes for metabolic

engineering applications in Saccharomyces cerevisiae. FEMS Yeast Res 12(2):197–214

66. Karim AS, Curran KA, Alper HS (2013) Characterization of plasmid burden and copy

number in Saccharomyces cerevisiae for optimization of metabolic engineering applications.

FEMS Yeast Res 13(1):107–116

67. Gu P, Yang F, Su T, Wang Q, Liang Q, Qi Q (2015) A rapid and reliable strategy for

chromosomal integration of gene(s) with multiple copies. Sci Rep 5:9684

Pathway Design, Engineering, and Optimization



68. Lee TJ, Parikh RY, Weitz JS, Kim HD (2014) Suppression of expression between adjacent

genes within heterologous modules in yeast. G3 (Bethesda) 4(1):109–116

69. Santos CNS, Regitsky DD, Yoshikuni Y (2013) Implementation of stable and complex

biological systems through recombinase-assisted genome engineering. Nat Commun 4

70. Santos CNS, Yoshikuni Y (2014) Engineering complex biological systems in bacteria

through recombinase-assisted genome engineering. Nat Protoc 9(6):1320–1336
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