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a b s t r a c t

Design and construction of biochemical pathways has increased the complexity of biosynthetically-
produced compounds when compared to single enzyme biocatalysis. However, the coordination of multi-
ple enzymes can introduce a complicated set of obstacles to overcome in order to achieve a high titer and
yield of the desired compound. Metabolic engineering has made great strides in developing tools to opti-
mize the flux through a target pathway, but the inherent characteristics of a particular enzyme within the
pathway can still limit the productivity. Thus, judicious protein design is critical for metabolic and path-
way engineering. This review will describe various strategies and examples of applying protein design to
pathway engineering to optimize the flux through the pathway. The proteins can be engineered for
altered substrate specificity/selectivity, increased catalytic activity, reduced mass transfer limitations
through specific protein localization, and reduced substrate/product inhibition. Protein engineering can
also be expanded to design biosensors to enable high through-put screening and to customize cell signal-
ing networks. These strategies have successfully engineered pathways for significantly increased produc-
tivity of the desired product or in the production of novel compounds.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Engineering highly efficient enzymatic pathways for industrial-
scale production of fuels and chemicals remains an overwhelming
challenge in metabolic engineering and synthetic biology (Kea-
sling, 2010; Khosla and Keasling, 2003). The poor performance of
pathways may result from unbalanced protein expression and
activity levels, low availability of precursors and cofactors, toxic
intermediates and end-products, and overall metabolic burden
(Du et al., 2011). Several transcriptional engineering strategies
have been developed to address these inefficiencies, such as vary-
ing plasmid copy number (Ajikumar et al., 2010; Jones et al., 2000),
promoter engineering (Alper et al., 2005; Du et al., 2012), inter-
genic region engineering (Pfleger et al., 2006; Smolke et al.,
2000), ribosome binding site (RBS) engineering (Salis et al.,
2009), and codon optimization (Redding-Johanson et al., 2011).
However, these strategies cannot overcome the limitations associ-
ated with enzymes themselves. Innate enzyme characteristics can
produce bottlenecks, generate unwanted by-products, and limit

high titers. To overcome these deficiencies, shrewd protein design
can be indispensable when engineering an optimal pathway. In
designing efficient proteins, one may choose to engineer activity,
substrate specificity/selectivity, solubility, and stability. Addition-
ally, substrate/product inhibition and protein localization can be
considered in the design process to optimize the pathway. Protein
function can also be designed as a major messenger of cellular sig-
nals, in detection of cell–cell communication and environmental
inputs. Thus, protein engineering is a powerful tool in developing
biosensors for high-throughput methods in metabolic engineering
and designing customized cellular signaling networks.

This review will first briefly describe experimental and compu-
tational tools for protein engineering and design. Next, a few
examples will be highlighted to illustrate how these tools can be
used to improve the efficiency of pathways for the production of
fuels and chemicals. Though there are innumerable examples of
protein engineering to improve the performance of enzyme bio-
catalysts (Bornscheuer et al., 2012; Cobb et al., 2012; Rubin-Pitel
and Zhao, 2006; Wang et al., 2012), this review will focus on engi-
neering enzymes within a pathway, wherein the engineered en-
zyme is coupled with the entire pathway for an increased flux,
titer, and productivity of the final product. Protein design for bio-
sensor development and signaling pathway engineering will also
be discussed, as systems can be engineered to yield novel output
responses or react to novel inputs.
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2. Tools for protein engineering

2.1. Directed evolution

Directed evolution has become one of the most powerful tools
in protein engineering. The process mimics Darwinian evolution
in a test tube and involves iterative rounds of creating genetic
diversity followed by selection or screening (Cobb et al., 2012; Ru-
bin-Pitel et al., 2006; Wang et al., 2012) (Fig.1A). The most com-
mon methods to generate genetic diversity include error-prone
PCR, DNA shuffling, chemical mutagenesis, and use of a mutator
strain. To identify improved mutants from this genetic diversity,
a myriad of screening/selection methods have been developed
such as colorimetric assays, colony size-based growth assays, and
fluorescence activated cell sorting (FACS). A major advantage of di-
rected evolution is that no prior knowledge of the enzyme struc-
ture or mechanism is required to improve enzymatic properties.
Another advantage is the ability to mutate the entire enzyme, thus
identifying residues distant to the active site that could affect
activity through allosteric interactions. However, a major disad-
vantage of random mutagenesis-based directed evolution is the
large library size; this limits the exploration of the full sequence
diversity, even with the most powerful screening or selection
method. Additionally, it can be difficult and time consuming to de-
velop a high-throughput screening/selection method for a target
enzyme property (Fig.1A).

2.2. Rational design

Rational design is a knowledge-driven process which uses a priori
information about the enzyme such as its structure or sequence. This

knowledge is used to make specific, targeted amino acid mutations
which are predicted to affect enzymatic properties vital for the de-
sired reaction (Fig.1B). This strategy can be valued more than direc-
ted evolution because it limits the onerous task of screening the
large libraries of random mutagenesis-based directed evolution. In
a sequence-based approach, researchers pursue systematic compar-
isons of homologous protein sequences to identify possible residues
that could alter protein activity. When the three-dimensional crystal
structure of the target enzyme or a homologous enzyme is available,
a more direct structure–function relationship study of residues
within the active site can be investigated. Through this visualization,
the active site structure can be redesigned, allowing for modified
chemistry to occur. Though there are many options for modifica-
tions, one example is to mutate large residues to smaller, hydropho-
bic residues, thus enlarging the active site which allows a larger
substrate to bind. Various computational tools have been developed
to compare the homologous sequences and structural databases to
create a mutability map for a target protein (Damborsky and Brezov-
sky, 2009; Pavelka et al., 2009; Pleiss, 2011) (Fig.1B).

Rational design is not only used to modify existing enzymes, it
can also create new ones. Statistical methods linking structure and
function relationships are becoming more successful for de novo
protein design. A detailed understanding of the desired catalytic
mechanism and its associated transition states and reaction inter-
mediates is typically required for this method. An idealized active
site is created by positioning protein functional groups to provide
the lowest free energy barrier transition state between the sub-
strates and the product (Rothlisberger et al., 2008; Siegel et al.,
2010). Siegel and coworkers developed a de novo enzyme which
could catalyze the Diels–Alder reaction. In this design, the most
dominant interaction of the transition state is interaction of the
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Fig.1. A schematic of the main protein engineering strategies consisting of directed evolution, rational design, and a combined approach. (A) Directed evolution involves the
iterative rounds of genetic diversity, being screened/selected for higher activity. The genetic diversity can be introduced through either error-prone PCR or DNA shuffling. (B)
Rational design identifies residues which are expected to increase the desired activity through a priori sequence or structure knowledge. (C) Though the methodology to
combine these strategies can vary, one example of the conjoined method is using directed evolution to identify hotspots, and then rational design to target residues proximal
to those hot-spots.
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highest occupied molecular orbital (HOMO) of the diene with the
lowest unoccupied molecular orbital (LUMO) of the dienophile.
Thus, a narrow energy gap between the HOMO and LUMO was
important for the design. Quantum mechanical calculations pre-
dicted that with the precise positioning of a hydrogen bond accep-
tor to interact with the carbamate NH of the diene and a hydrogen
bond donor to interact with the carbonyl of the dienophile, the
hydrogen bonds would stabilize the transition state by
4.7 kcal mol�1. This was the basic scaffold of the active site in the
protein design. Furthermore, the Rosetta methodology was used
to determine the final protein functional groups needed to com-
plete the active site. This method was able to successfully design
an active site which could accomplish the Diels–Alder reaction,
but further rational design and site saturated mutagenesis was re-
quired to improve the activity (Siegel et al., 2010). Though not ap-
plied to a complete pathway yet, the de novo protein design is too
significant to ignore when constructing a heterologous pathway.

2.3. Combination of rational design and directed evolution

Distinctions between rational design and directed evolution are
becoming less clear, as researchers commonly combine these tech-
niques (Fig.1C). Though strategies to conjoin the methods vary, one
strategy involves a two-step process of directed evolution to iden-
tify hotspots and apply rational design on those regions, or vice
versa if used in de novo protein design. This was shown by Rothlis-
berger and coworkers in their de novo protein design, whereby the
quantum mechanical calculations and rational design ensured that
the key catalytic residues were positioned correctly but directed
evolution was used to improve the enzyme, correcting the design
parameters which could not be calculated (Rothlisberger et al.,
2008).

Another strategy to combine these techniques is semi-rational
design, the targeting of specific residues for saturation mutagene-
sis or mutagenizing a specific domain that is suspected to have
critical function. Semi-rational design is powerful because it can
reduce the library size to be screened and can augment the success
rate of identifying positive hits (Quin and Schmidt-Dannert, 2011).
These intelligent libraries rely on the ability to identify key benefi-
cial mutations through critical structure–function relationships
and knowledge of mutational effects on protein folding and activ-
ity. This design process harnesses the power of directed evolution
but reduces the onerous task of screening. Techniques to develop
these smart libraries have been diverse and efficient (Cobb et al.,
2012; Wang et al., 2012).

3. Engineering enzyme specificity or selectivity to improve
pathway performance

Both rational design and directed evolution have successfully
been used to engineer enzyme specificity or selectivity to improve
pathway performance. Often, the promiscuity of enzymes tends to
correlate with low catalytic activity and undesirable side-reac-
tions. This results in an inefficient pathway with build-up of inter-
mediates and by-products, which can be toxic to the cell. By
redesigning proteins for increased specificity or selectivity toward
the desired substrate, fewer by-products are formed. This strategy
has proven to be one of the most successful strategies to optimize a
pathway through protein design.

Eliminating side reactions through protein engineering was
proven useful in the production of specialty chemical triacetic acid
lactone (TAL) (Zha et al., 2004). The fatty acid synthase (FAS) is a
bifunctional enzyme, but was rationally designed through se-
quence homology and structure–function relationships to inacti-
vate the keto reductase domain. This eliminated the enzyme’s

ability to utilize NADPH, abolishing the enzyme function to pro-
duce palmitic acid. As a result, the carbon flux was shifted exclu-
sively to the desired product TAL. Another example did not
completely eliminate secondary activity, but increased selectivity
towards the desired reaction. Nair and Zhao engineered a xylose
reductase with increased selectivity for D-xylose over L-arabinose
(Nair and Zhao, 2008). Screening the error-prone PCR library re-
vealed mutations clustering around the (b/a)8-barrel, which led
to speculation that this region was involved in substrate recogni-
tion. Targeting this secondary structure, the site-saturation muta-
genesis led to a final mutant with an increased selectivity from
2.4- to 16.5- fold preference for D-xylose. Further engineering for
selectivity was shown to actually decrease overall catalytic activ-
ity, thus a trade-off in efficiencies was noted. Once re-introduced
into the pathway and combined with other metabolic engineering
strategies, all side reactions were effectively eliminated with no
by-product formations from a mixture of substrates (Nair and
Zhao, 2010).

Zhang and coworkers (Zhang et al., 2008) engineered a promis-
cuous 2-keto-isovalerate decarboxylase (KivD) for preferred sub-
strate specificity towards a non-natural substrate. This expanded
the Escherichia coli metabolism to produce unnatural C5–C8 alco-
hols, which could be used for biofuels (Fig.2A). The KivD specificity
constant kcat/Km was engineered through rational design to a 40-
fold higher preference for (S)-2-keto-4-methylhexanoate than its
cognate substrate, 2-ketoisovalerate, a 10-fold increase over the
wild-type specificity (Fig.2B). The a-keto acid binding pocket was
enlarged by mutating proximal residues to smaller hydrophobic
amino acids, eliminating large bulky residues within the pocket.
In this same report, 2-isopropylmalate synthase (LeuA) was ratio-
nally designed for increased activity for (S)-2-keto-3-methylvaler-
ate. The crystal structure suggested the additional methanol group
of the (S)-2-keto-3-methylvalerate would cause steric conflict with
surrounding residues. This could be relieved by mutating those
proximal residues to smaller and less bulky functional groups.
The mutation S139G was identified with a sevenfold increase in
kcat for (S)-2-keto-3-methylvalerate (Fig.2C). The combination of
the mutated KivD and LeuA produced several non-natural alcohols,
which were not observed in the wild-type pathway.

The final products of the short chain trans-prenyl diphosphates
family vary in chain length from C15 to C25, though they have sim-
ilar tertiary structures. To better understand the mechanisms of
the product chain length, a farnesyl diphosphate (FPP, C15) syn-
thase (IspA) was engineered (Lee et al., 2005). The mutants identi-
fied through error-prone PCR exhibited altered chain length
elongation mechanisms. Many of the mutations were found near
the conserved first aspartate rich motif (FARM), known for its role
during chain elongation. However, a previously unknown chain
elongation mechanism was identified, through a mutation discov-
ered on the helix adjacent to the FARM within the substrate-bind-
ing pocket. This is a major advantage of directed evolution over
rational design: unknown structure–function relationships can be
discovered. Other targets of protein design involving varying prod-
uct chain length include polyketide synthases (Evans et al., 2011;
Jez et al., 2001, 2002; Shao et al., 2011) and the enzyme R-hydra-
tase (PhaJ), which was engineered to control monomer chain
length in polyhydroxyalkanoates synthesis (Tsuge et al., 2003).

Cofactor NAD(P)+ and NAD(P)H usage can also be engineered to
increase the overall efficiency of the pathway. Properly designed
proteins can reduce the competition for the cofactors between cell
metabolism and enzymes of the pathway. An internal cofactor
regeneration strategy was incorporated into the xylose utilization
pathway to reduce the imbalance between the xylose reductase
(XR) and xylitol dehydrogenase (XDH) for biofuel production. In
one study, the XDH enzyme was engineered for switched cofactor
specificity to NADP+, which would complement the XR cofactor
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preference of NADPH (Krahulec et al., 2009; Matsushika et al.,
2008). In another study, the XR was altered to have preference for
NADH, to complement the XDH preference of NAD+, which led to
a 40-fold increase in ethanol productivity over the wild-type en-
zyme (Runquist et al., 2010). Similarly, Bastian and coworkers engi-
neered an NADH-dependent pathway for the anaerobic production
of isobutanol (Bastian et al., 2011). Under anaerobic conditions, the
only available reducing equivalent is NADH, however a key enzyme
in the isobutanol pathway, the ketol-acid reductoisomerase (IlvC),
is NADPH–dependent. To optimize the pathway, the cofactor usage
of the IlvC was completely switched from NADPH to NADH through
iterative targeted mutagenesis. The pathway, coupled with an alco-
hol dehydrogenase (ADH) which was engineered for higher cata-
lytic efficiency through random mutagenesis, was able to produce
nearly 14 g/L of isobutanol anaerobically. The pathway with the
wild-type enzymes only produced 2 g/L.

4. Engineering protein activity to improve pathway
performance

Though improving the substrate/cofactor specificity or selectiv-
ity of enzymes can increase flux, there are many other ways to
engineer enzymes to increase the overall performance of a path-
way. One example is higher activity, which can be achieved by
improving the catalytic efficiency, protein solubility, and stability.
Additionally, the pathway can be optimized by increasing the

activity of the transport system, either through improved transfer
of extra-cellular substrates into the cell or increased export of
the products.

Leonard and coworkers (Leonard et al., 2010) engineered two
enzymes from the diterpenoid biosynthetic pathway, geranylgera-
nyl diphosphate synthase (GGPPS) and levopimaradiene synthase
(LPS) for levopimaradiene production. To engineer the LPS, a
homology model structure was used to select fifteen residues con-
stituting the binding pocket. These residues were then mutated to
specific residues based on phylogenetic analysis of functionally dif-
ferent LPS enzymes. The mutations which were found to yield in-
creased levopimaradiene production were combined together.
The resulting mutants were observed to produce the most levop-
imaradiene. To engineer the GGPS, random mutagenesis through
error-prone PCR was used. The mutations were hypothesized to af-
fect the GGPPS catalysis by improving the binding efficiency of the
magnesium ions needed for substrate anchoring. The most im-
proved mutants GGPPS (S239C/G295D) and LPS (M593I/Y700F)
were cloned into the full pathway and combined with other meta-
bolic engineering strategies. The final pathway resulted in a 2600-
fold increase in levopimaradiene production.

An interesting sequence-based rational design method was
developed by Yoshikuni et al. (2008)). Over 30,000 homologous se-
quences of over 200 different E. coli enzymes involved in central
metabolism were analyzed for the probability of mutations to each
amino acid. Mutability prediction profiles were generated and it

A

B CC

Asn-250 
Ser-216 

His-167 
Pro-252 

His-285 

Zn2+  

Tyr-169 

Fig.2. Design and establishment of the non-natural metabolic pathway to produce C5–C8 alcohols. (A) The metabolic pathways for C5–C8 alcohol production. The KivD is
coupled with the Adh6, converting 2-keto acids to alcohols. To establish the non-natural metabolic pathway, the promiscuous KivD was engineered for increased specificity
for 2-keto-4-methylhexanoate. The LeuA substrate specificity was engineered towards 2-keto-3-methylvalerate. (B) The binding pocket of KivD based on the homology
model, showing the mutated residues for the best mutant V461A/F381L. The purple residues are from ZmPDC, a previously characterized crystal structure, the red residues
are from wild-type KivD residues, and the green residues are from the mutated KivD. The purple residue is large and bulky, taking up significant space in the binding pocket,
not allowing a large substrate to enter. The green residues illustrate the smaller hydrophobic residues, which create more space in the binding pocket and allow the enzyme
to accept substrates larger than its cognate substrate. (C) Binding pocket of Mycobacterium tuberculosis LeuA bound with 2-ketoisovalerate (green). The substrate of interest
(S)-2-keto-3-methylvalerate has one more methyl group, depicted by the dark green sphere. It was predicted that His-167, Ser-216, and Asn-250 would cause steric
hindrance with the methyl group. A multiple sequence alignment identified the corresponding residues in E. coli LeuA and mutagenesis was applied to those residues.
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was found that Gly and Pro amino acids are less mutable, thus are
more essential. It was hypothesized that an enzyme’s activity could
be improved by redistribution of Gly and Pro based on the evolu-
tionary relationship of other homologous enzymes. Proof of con-
cept was demonstrated on two enzymes in the mevalonate
pathway which were known as rate limiting: the 3-hydroxy-3-
methylglutaryl-CoA reductase (tHMGR) and the terpene synthase
c-humulene synthase (HUM). Multiple sequence alignments of
homologous tHMGR and HUM enzymes were constructed and sub-
stitutions involving Gly and Pro were introduced according to the
prediction profiles. This strategy identified a combination of
tHMGR and HUM mutants that when integrated into the host
had a 3–4-fold improved growth and nearly 1000-fold improved
sesquiterpene production. It was noted that the improvement to
the HUM protein was found to be from significantly improved con-
centration of the soluble enzyme.

Increasing the overall enzyme activity through traditional di-
rected evolution was eloquently illustrated by Atsumi and Liao in
a study focusing on 1-propanol and 1-butanol synthesis in E. coli
(Atsumi and Liao, 2008). A combination of error-prone PCR and
DNA shuffling through six rounds of directed evolution identified
a top candidate, called CimaA3.7. The kcat/KM of CimaA3.7 for acet-
yl-CoA was 6.7 times greater than the wild-type enzyme at 30 �C.
The enzyme activity was screened at varying temperatures and
CimA3.7 showed higher activity than wild-type at all temperatures
tested. Once re-inserted into the pathway, this enzyme yielded a
9.2-fold improvement in 1-propanol production and a 21.9-fold
improvement in 1-butanol production.

Transporters can be the greatest limiting factor in a pathway
but engineering these proteins has been an underutilized strategy
for improving the pathway performance. Lack of three-dimen-
sional crystal structure has limited the engineering of these pro-
teins to directed evolution. Young and coworkers used directed
evolution to generate mutants of xylose transporters with an in-
creased affinity towards xylose but a lower Vmax. The yeast strain
overexpressing the best xylose transporter mutant showed an im-
proved growth rate of 70% on xylose as the sole carbon source
(Young et al., 2012). Note that the trade-off between the Km and
the Vmax in engineered xylose transporters was also found in cello-
dextrin transporter engineering (Ha et al., 2012). The mutant cello-
biose transporters were found to have a higher Vmax, but a lower
affinity for cellobiose. Efflux pumps can also be engineered to im-
prove the efficiency of the pathway. Directed evolution was used to
identify mutant efflux pumps which increased the host’s tolerance
to antibiotics and toxins (Bokma et al., 2006; Crameri et al., 1997).

5. Engineering regulatory proteins to improve pathway
performance

Besides engineering kinetic parameters of enzymes, pathway
efficiency or the flux through the desired pathway may also be in-
creased via relieving feedback regulation of the enzymes. Feedback
inhibition by intermediates or final product has evolved as a major
mechanism to regulate enzyme activities in natural systems. The
function of this evolved mechanism is to maintain the concentra-
tion of intermediates or final products within a narrow range to
prevent cytotoxicity (Jackson et al., 1974). If feedback-regulated
enzymes exist in a biosynthetic pathway, they are often the bottle-
neck for efficient production. Thus, engineering feedback-resistant
enzymes is an effective strategy to improve the overall pathway
performance.

Liao and co-workers have developed a creative strategy to pro-
duce long-chain alcohols used for biofuels via 2-keto acids (Atsumi
et al., 2008), intermediates in the biosynthesis of amino acids.
However, these amino acid biosynthetic pathways are known to

be highly regulated by feedback inhibition (Jackson et al., 1974),
which is one of the bottlenecks for efficient biofuel production.
Relieving feedback inhibition in these biosynthetic pathways in-
creased the titer of a series of alcohols significantly. For example,
the introduction of the feedback-resistant aspartate kinase/homo-
serine dehydrogenase (ThrA), which catalyzes the first two steps in
threonine production from aspartate, resulted in nearly a 4-fold in-
crease in the titer of both 1-propanol and 1-butanol (Shen and Liao,
2008). In a follow-up study to produce 3-methyl-1-butanol, the
precursor 2-ketoisocaproate was only produced at 0.2 g/L in the
wild-type strain, limiting high-level production of the desired
product. However, by replacing the wild-type 2-isopropylmalate
synthase (IMPS, encoded by leuA) with a feedback insensitive mu-
tant (IMPS-G462D), 2-ketoisocaproate was accumulated to a con-
centration of 1.6 g/L, and enhanced 3-methyl-1-butanol
production was achieved (Connor and Liao, 2008).

Eliminating feedback inhibition can be accomplished by mutat-
ing the inhibitor-binding pockets, but also by simply removing the
regulatory domain or relocating the enzyme to a different com-
partment within the cell. For example, the biosynthesis of L-phen-
ylalanine is subject to feedback inhibition, with chorismate
mutase-prephenate dehydratase (CM-PDT) as the major control-
ling point. The E. coli CM-PDT contains three distinct domains:
CM (residues 1–109), PDT (residues 101–285), and the regulatory
domain (residues 286–386). Removal of the regulatory domain
eliminated the feedback inhibition by L-phenylalanine while
retaining CM-PDT activities. A yield of 0.21 g/g glucose, which is
38% of the theoretical maximum, could be achieved through the
overexpression of the truncated CM-PDT (Baez-Viveros et al.,
2004). Another example is the introduction of a truncated version
of 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGR) to im-
prove the efficiency of the mevalonate pathway and the titer of
the corresponding products. HMGR, consisting of a transmembrane
domain and a catalytic domain, is the major rate-limiting and con-
trolling enzyme of the mevalonate pathway (Donald et al., 1997).
Through the truncation of the transmembrane domain, the desired
protein was relocated to the cytosol as the soluble form, and the
characterized regulatory features of HMGR were not observed.
Consequently, the deregulated HMGR led to significantly enhanced
production of a series of medically important drugs and chemicals,
such as squalene (Donald et al., 1997; Rico et al., 2010), artemisinin
(Ro et al., 2006) and taxol precursors (Engels et al., 2008), and gan-
oderic acid (Xu et al., 2012).

6. Engineering protein complexes to improve pathway
performance

To improve the efficiency of pathways containing sequential
biochemical reactions, natural systems have evolved to localize
pathway enzymes in close proximity by means of protein com-
plexes or microcompartments. The DmpGF complex to channel
the toxic intermediate acetaldehyde (Manjasetty et al., 2003) and
the carboxysome in cyanobacteria to increase the efficiency of car-
bon fixation (Dou et al., 2008) serve as two classic examples of nat-
ural multi-enzyme complexes. Protein co-localization can not only
increase pathway flux via higher local metabolite concentration,
but also prevent the release of potentially toxic intermediates into
the cell. Therefore, the organization of multi-protein complexes is
particularly desirable when the affinity of the pathway enzymes
towards the substrate is low, or toxic intermediates are generated
in the sequential reactions.

The simplest way to assemble the protein complexes is to fuse
metabolic enzymes that catalyze successive reactions together. For
example, fusion of FPP synthase and farnesene synthase resulted in
increased farnesene production and eliminated formation of a side
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product, farnesol, when compared to free enzymes (Wang et al.,
2011). In another project, to increase the pathway flux to bisabo-
lene in Saccharomyces cerevisiae, the endogenous farnesyl diphos-
phate synthase (ERG20) was fused to bisabolene synthase (AgBIS)
using the flexible Gly-Gly-Gly-Ser (GGGS) linker, resulting in the
increased production of bisabolene 2-fold greater than the individ-
ually expressed genes (Ozaydin et al., 2012). As simple as protein
fusion is, this method suffers from several limitations prohibiting
it from being widely applied to pathway optimization. There are
a limited number of proteins that can be fused without affecting
the enzyme activity and protein expression level cannot be bal-
anced for enzyme activity.

A more flexible method to co-localize sequential pathway en-
zymes is to use a synthetic protein scaffold, carrying multiple pro-
tein–protein interaction domains to allow the specific docking of
pathway enzymes (Conrado et al., 2008; Lee et al., 2012). In addi-
tion, the modularity of the synthetic scaffold enables the optimiza-
tion of the enzyme stoichiometry by varying the numbers of
binding domains on the scaffold. This approach was first validated
by increasing the efficiency of the mevalonate biosynthetic path-
way consisting of an acetyl-CoA acetyltransferase (AtoB), a 3-hy-
droxy-3-methylglutaryl CoA synthase (HMGS), and a 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGR) (Dueber et al., 2009).
AtoB, HMGS, and HMGR were tagged with peptide ligands and or-
ganized on an artificial scaffold. The optimal scaffold resulted in a
77-fold higher titer than that used by individually expressed pro-
teins. The improvement was derived from a balanced pathway flux,
which prevented the accumulation of the toxic intermediate and
decreased superfluous protein expression level. Another successful
example of protein complex engineering is the design and engi-
neering of an artificial cellulosome (Wen et al., 2010) or hemicell-
ulosome (Sun et al., 2012) by yeast cell surface display, which
enabled the engineered S. cerevisiae to convert cellulose or xylan
directly into bioethanol. In the assembly of a mini-cellulosome
(Fig.3), three component enzymes, endoglucanase, cellobiohydro-
lase, and b-glucosidase, were co-localized onto the yeast surface
associated scaffoldin through high affinity interaction between
cohesins and dockerins. The achieved enzyme-enzyme, enzyme-
proximity, and cellulose-enzyme-cell synergy resulted in efficient
consolidated bioprocessing (CBP), which integrated enzyme pro-
duction, cellulose degradation, and fermentation in a single step,
promising cost-effective production of biofuels (Fan et al., 2012;
Wen et al., 2010).

7. Design and engineering of biosensors for pathway
optimization

One increasingly important technology in high-throughput
metabolic engineering and synthetic biology are biosensors (Mich-
ener et al., 2012). Generally, biosensors can be developed based on
proteins (Zhang and Keasling, 2011), RNAs (Montange and Batey,
2008), and even whole cells (Pfleger et al., 2007). Here, we will
focus on protein-based biosensors, which can be either naturally-
existing or purposely engineered. To accommodate metabolic
engineering or synthetic biology studies, a biosensor should be
able to couple the presence or concentration of a specific molecule
to a detectable and high-throughput compatible signal, such as
fluorescence or antibiotic tolerance (Michener et al., 2012; Zhang
and Keasling, 2011). Particularly, transcription factors that respond
to precursors, intermediates, or products in synthetic pathways are
the best candidates to initiate biosensor development. For exam-
ple, a biosensor based on the transcriptional factor Lrp was devel-
oped to detect intracellular L-methionine in Corynebacterium
glutamicum. This biosensor, which exhibited a linear relationship
between cytoplasmic concentrations of the effector amino acid
and the fluorescence output, was successfully used to isolate
L-methionine over-producing mutants by high-throughput
screening (Mustafi et al., 2012).

Although biosensor-based technology enables (ultra) high-
throughput screening, its wide application in pathway engineering
is hindered by the limited number of transcription factors or other
sensing proteins responsive to the molecules of interest, such as
industrial chemicals, drugs, and biofuels. When a suitable candi-
date does not naturally exist, directed evolution becomes a power-
ful tool to engineer a synthetic biosensor by taking advantage of
the flexibility and plasticity of some transcription factors in molec-
ular recognition. To demonstrate the feasibility of this strategy,
Tang and coworkers engineered the L-arabinose responsive tran-
scription factor, AraC, to be D-arabinose activated, by screening a
library of AraC mutants (Tang et al., 2008). Furthermore, the AraC
regulator was engineered to be mevalonate responsive, and the
customized sensor was used for mevalonate pathway engineering
(Tang and Cirino, 2011). In this work, a library of AraC mutants was
created by simultaneous saturation mutagenesis of the effector-
binding pocket (P8, T24, H80, Y82, and H93), as depicted in Fig.4A.
After several rounds of combined positive and negative screening,
AraC-mev (P8P, T24L, H80L, Y82L, H93R) was found to be activated
by mevalonate specifically (Fig.4B). Then, as shown in Fig.4C, the
engineered biosensor was used to screen for mevalonate-overpro-
ducing strains from a randomized mevalonate pathway library.
Theoretically, this general approach can be expanded to design
reporters for any molecule of interest to develop high-throughput
screening systems.

Another application of biosensors in pathway engineering is to
control pathway expression according to the concentration of spe-
cific metabolites. Dynamic metabolic flux control via biosensors
minimizes cellular burden and also prevents the accumulation of
toxic intermediates by eliminating the expression of downstream
proteins before sufficient substrates are available. For example,
by using the acetyl phosphate biosensor to control the expression
of the rate-controlling enzymes of lycopene synthesis, the produc-
tion of lycopene was increased by 10-fold (Farmer and Liao, 2000).
Similarly, in a recent report to increase the efficiency of fatty acid
ethyl ester (FAEE) synthesis, the expression of an ethanol produc-
tion pathway and a wax ester synthase, responsible for esterifying
the fatty acids with ethanol, were placed under the control of FadR
(Zhang et al., 2012). Being a fatty acyl-CoAs or free fatty acids
responsive biosensor, it would not drive the expression of FAEE

AGA2 
AGA1 Scaffoldin

Cohesin I Cohesin II Cohesin III 

Dockerin I Dockerin II Dockerin III 

Cellulose 
binding domain

Endoglucanase
Cellobiohydrolase

β-Glucosidase

Saccharomyces cerevisiae  

Fig.3. Yeast cell surface display of a tri-functional minicellulosome. The functional
components of a cellulosome, including the endoglucanase, cellobiohydrolase, b-
glucosidase, and the cellulose binding domain were assembled onto the yeast cell
surface via scaffoldin. The specific interaction between cohesin and dockerin allows
the tailored design of a functional minicellulosome.
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pathway genes until fatty acyl-CoA had accumulated to sufficient
levels.

8. Protein design to engineer signaling pathways

Besides biosynthetic pathways, protein engineering can also be
applied to rewire cell signaling pathways, which play important
roles in cell–cell communication and decision making towards var-
ious environmental challenges. The engineered signaling pathways
will not only enhance understanding of the molecular languages of
cells, but also enable customized cell signaling networks to achieve
desired applications (Kiel et al., 2010; Lim, 2010; Pryciak, 2009).
Briefly, in a cell signaling pathway, sensors, such as receptors on
the cell surface, can detect the environmental inputs, which are
processed via the intracellular signaling networks to generate var-
ious outputs, including gene expression, cell growth, and cell
migration. Therefore, one major goal of signaling pathway engi-
neering involves redirecting the linkage between specific inputs
and desired outputs (Lim, 2010).

Protein engineering can be applied to redirect the outputs of na-
tive receptors. As proof of concept of signaling pathway engineer-
ing, Notch transmembrane receptors were chosen as the target to
generate novel outputs, by taking advantage of their modular
structures (Sprinzak et al., 2010). Notch and Delta are both trans-
membrane proteins, which play important roles in communication
between neighboring cells. When Delta in one cell binds to Notch
in a neighboring cell, the cytoplasmic domain of Notch receptors,
which is a transcription factor, is released by protease cleavage.
The release of this transcription factor activates the expression of
target genes. By replacing the system with an alternative transcrip-
tion factor, the chimeric Notch can generate a novel transcriptional
output. Therefore, Delta bound Notch can be used to target a new
set of non-native genes. Similarly, this strategy was expanded to

engineer other modular receptors that release the transcription
factor through other mechanisms, other than proteolysis (Barnea
et al., 2008).

Although engineering of signaling pathways can produce new
outputs, the design of signaling networks that can sense novel,
orthogonal, and even user-defined inputs is more desirable in met-
abolic engineering and synthetic biology. To achieve this goal, a
strategy known as RASSL (Receptors Activated Solely by Synthetic
Ligands) which uses mutated receptors to bind novel and specific
ligands, was developed based on G Protein Coupled Receptors
(GPCRs) (Conklin et al., 2008). By taking advantage of the abun-
dance and diversity of GPCRs, the strategy was further developed
to obtain a series of RASSLs that can be specifically controlled by
novel molecules to generate a varied set of outputs (Armbruster
et al., 2007).

9. Future directions and conclusions

The burgeoning success in protein and pathway engineering
studies illustrate the immense level of knowledge and understand-
ing researchers have accumulated in terms of in vitro and in vivo
biocatalyst development. Nonetheless, it is still humbling how
insignificant this knowledge is when compared to what is still
undiscovered. Though researchers have the power to engineer tar-
get properties of enzymes, it is often accompanied by reduced
functionality in another characteristic. Though this trade-off can
be accepted now, the future of protein design may not have such
limitations.

The multi-enzyme pathway for a tiered biocatalysis allows for
complicated systems to be engineered which produce complex
molecules. More intricate engineering of these systems will require
high-throughput screening/selection methods to become more
diversified and versatile to keep pace with the output of potential

Fig.4. Engineering a mevalonate responsive biosensor for mevalonate pathway engineering. (A) Binding pocket of wild-type AraC for L-arabinose (L-Ara), which was chosen
as the target for saturation mutagenesis. Hydrogen bonds (dotted line) between the residues and L-arabinose are depicted. Extensive water molecules (red dots) in the binding
pocket mediate the hydrogen bonds. (B) Directed evolution of AraC to respond to the desired molecule specifically. (C) Mevalonate pathway engineering using the evolved
biosensor.
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specialty chemicals. Future high-throughput screening processes
could be realized through microfluidic platforms, with the ability
to screen up to 108 colonies a day (Guo et al., 2012; Uhlen and
Svahn, 2011), or more versatile application of FACS. With recent
developments in in vivo assembly of pathway libraries in S. cerevi-
siae (Du et al., 2012; Ramon and Smith, 2011; Wingler and Cornish,
2011), the prospect of protein design on the pathway scale could
include iterative multi-enzyme mutagenesis. Smart libraries with
small but high quality mutant libraries will become even more sig-
nificant in multi-enzyme mutagenesis, reducing the overall library
size. As de novo protein design becomes more accurate, a distant
future can be envisioned when enzymes in these pathways will
not require directed evolution. Computer algorithms used for both
de novo protein design and identification of critical residues will
continue to improve. With the development of more powerful
tools for protein design, biochemical pathways can be readily de-
signed and constructed to efficiently produce industrially impor-
tant chemicals and fuels.
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