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ABSTRACT: Through microbial engineering, biosynthesis has the potential to
produce thousands of chemicals used in everyday life. Metabolic engineering and
synthetic biology are fields driven by the manipulation of genes, genetic regulatory
systems, and enzymatic pathways for developing highly productive microbial strains.
Fundamentally, it is the biochemical characteristics of the enzymes themselves
that dictate flux through a biosynthetic pathway toward the product of interest. As
metabolic engineers target sophisticated secondary metabolites, there has been
little recognition of the reduced catalytic activity and increased substrate/product
promiscuity of the corresponding enzymes compared to those of central metab-
olism. Thus, fine-tuning these enzymatic characteristics through protein engi-
neering is paramount for developing high-productivity microbial strains for secondary metabolites. Here, we describe the
importance of protein engineering for advancing metabolic engineering of secondary metabolism pathways. This pathway
integrated enzyme optimization can enhance the collective toolkit of microbial engineering to shape the future of chemical
manufacturing.

Over the past decade, the chemical manufacturing industry
witnessed the beginnings of a new technological trans-

formation in industrial chemical production. This revolution
was spurred by advances in metabolic engineering and synthetic
biology that enabled sophisticated engineering of microbes for
sustainable chemical manufacturing. (Bio)chemicals derived
from the primary metabolism of biological systems, including
ethanol, butanol, propanediol, lactic acid, acetic acid, citric acid,
and succinic acid, were the first set of chemicals to be targeted
for microbial overproduction and are being commercially pro-
duced from renewable carbon sources.1−8 Secondary metabo-
lites, which are products of complex chemistries found in nature,
represent a vast number of chemical candidates (>200,000) for a
myriad of applications such as drugs, food additives, consumer
products, industrial chemicals, and biofuels.9−14 Developing
technologies for sustainable production of these chemicals at
commercial scales has the opportunity to drastically alter the
chemical industry’s landscape. Traditionally sourced as natural
extracts from plants or as derivatives of petrochemical pro-
cesses, secondary metabolites produced in engineered microbes
can alleviate market volume and price constraints with clean,
renewable, and sustainable technology. However, only a few of
these chemicals have been produced using engineered pathways
in microbes and are still in transition from lab to commercial
manufacturing.15,16

Microbes engineered to enable these processes are
manipulated such that the fluxes of enzymatic reactions in
the pathway are balanced to limit the accumulation of inter-
mediates and byproducts to increase the conversion of feed-
stock through intermediate metabolites to a desired product.17

In addition, several competing and off target pathways have
been altered to channel cellular flux through desired bio-
synthetic pathways.18 Metabolic engineers have traditionally
used rational and combinatorial genetic engineering to improve
the balance of reactions in the biochemical pathways respon-
sible for carbon flux, energy/cofactor supply, and accumulation
of intermediates.19−23 With the emergence of synthetic biology,
researchers are now trying to design molecular level control
mechanisms intended to improve flexibility and capability in the
engineering of biological processes.24,25 At a fundamental level,
all of these engineering interventions are changing the con-
centration of enzymes in a cell but largely ignore the properties
of the enzymes themselves. Little attention has been paid to the
kinetics of enzyme-catalyzed biochemical reactions and how
they might be improved. At the same time, advances in enzyme
engineering facilitating design of improved natural and
synthetic enzymes that catalyze both existing and novel reac-
tions have yet to be fully explored for microbial biosynthesis of
naturally occurring26 or tailor-made chemicals.27,28 To achieve
sustainable manufacturing of secondary metabolites, one must
combine metabolic engineering (i.e., introducing biochemical
pathways from various organisms into a microbial host and
balancing pathways in conjunction with the native metabolism
for overproduction) with protein engineering of secondary
metabolism enzymes that are specifically hindered by reduced
catalytic activity and increased substrate/product promiscuity29
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(Figure 1). This review highlights the exciting possibilities as
pathway integrated enzyme optimization approaches become
fully assimilated into the metabolic engineering/synthetic biology
toolkit.

■ ENZYME CHALLENGES FOR METABOLIC
ENGINEERING

Recently, Bar-Even et al. reported a detailed meta-analysis of
the natural enzymes that catalyze the reactions of primary,
intermediate, and secondary metabolism (Box 1.).30 Their work
clearly frames the uniquely slow kinetic characteristics of
enzymes in pathways associated with various levels of
metabolism (Figure 2a). When the microbial engineering goal
is high flux through these enzymes, the traditional metabolic
engineering approach would be to express 30-fold more of the
slow enzymes. However, this approach is suboptimal, as doing
so may come at the cost of a significant metabolic burden that
can be detrimental to productivity (Figure 2b).31 If you
consider pathways of inefficient enzymes, which are often more
than five steps long, it quickly becomes impossible to simply
overexpress the enzymes, as metabolic resources and physical

space in the cell become hard constraints. In this context,
protein engineering techniques are capable of overcoming the
deficiencies of secondary metabolism enzymes to enable the
development of microbial strains with commercial level
productivity. Therefore, there is an urgent need to systematize
and exploit protein engineering techniques to improve activity
but also to control specificity, optimize stability, direct localiza-
tion, improve solubility, and/or modulate regulatory domains in
metabolic engineering for next generation chemical synthesis.32−34

Enzymes drive flux through metabolic pathways. In the end,
the productivity of a pathway is dictated by the kinetic char-
acteristics of the enzymes involved. The enzymatic properties
influencing flux noted above (solubility, localization, cofactor
dependence, product inhibition, substrate/product specificity,
catalytic rate, and stability) are a few of the biochemical protein
characteristics that can be manipulated for any particular
enzyme and may thus be addressed using protein engineering
techniques.35 Some of these properties are also influenced by
metabolic balance and the levels of other metabolites, cofactors,
or inhibitors. The degree to which each of these factors hinders

Figure 1. Cellular engineering for secondary metabolite biosynthesis. The synthetic biology toolkit and components are designed to manipulate the
rate and efficiency of gene transcription, including very complex designed genetic circuits. These controls can also extend to translational rate
through alteration of ribosome binding site (RBS) strength or mRNA secondary structure. Protein engineering of biosynthetic enzymes (blue,
purple, and teal) aims to optimize catalytic rate, solubility, stability, specificity, product inhibition, and degradation rate. Metabolic engineering
considers pathway and gene expression tools in an attempt to control feedstock, intermediate metabolites/substrates (M1, M2, and M3), and product
concentrations by balancing steady-state levels of the engineered enzymes to optimize productivity/flux. Open circle symbols represent approaches
that can be used to modify specific characteristics shown in filled circles.
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direct metabolic engineering of a heterologous pathway
depends upon the characteristics of the native enzyme.

■ CONSTRAINTS ON SECONDARY METABOLITE
BIOSYNTHESIS

Research efforts in metabolic engineering often emulate bio-
synthetic processes utilized in nature. Evolution has fashioned
multiple routes for producing individual biochemicals from
various starting points (i.e., glucose, glycerol, ethanol, xylose,
carbon dioxide). Some metabolic pathways are highly targeted
(phospholipid or tryptophan biosynthesis), while others are
phenomenally diverse (terpenoid or flavonoid biosynthesis).11

In these diverse pathways, biosynthesis has evolved to utilize
sequential coupling of smaller building blocks followed by
cyclization reactions to create hydrocarbon frameworks. These
chemical skeletons can then be hydroxylated, oxidized, or
reduced to increase diversity or enable further functionaliza-
tion such as acetylation, glycosylation, and amidation12,36,37

(Figure 3a). Framework and functionalized diversity can arise
from the presence of either multiple enzymes acting on the
same substrate or one promiscuous active site that can act on
multiple substrates. The diverse pathways can also display
network-like characteristics, with identical enzymes acting in
alternative sequences to produce similar products (Figure 3b).
Over time, selective evolutionary pressure has induced more

stringent evolution of primary metabolism enzymes resulting
in improved specificity and activity. As a result, engineering of

microbial strains overproducing primary metabolites leads
to fewer activity/specificity challenges and can be effectively
modulated by changing enzyme concentration.38,39 In con-
trast, secondary metabolite biosynthesis pathways show more
enzymatic promiscuity, which is biochemically linked to
reduced catalytic activity.29,30 Because biological activity is a
generally uncommon characteristic in the chemical landscape,
nature has evolved enzymes for secondary metabolite biosyn-
thesis with greater substrate and product diversity, in con-
trast to their primary metabolism counterparts.29 This makes
secondary metabolite pathway engineering a difficult task.
Regardless of whether the limiting factor is detrimental pro-
miscuity or insufficient activity, there is room in these pathways
for substantial enzyme optimization.31 We will discuss this with
two examples: terpenoid and flavonoid metabolic pathways.
The terpenoid pathway is one of nature’s most diverse

secondary metabolism pathways with greater than 55,000 mem-
bers (Figure 3a). Many terpenoids have been identified as
having a wide array of useful applications.40 Structurally and
functionally similar terpene synthase and cyclase enzymes have
evolved through gene duplication to convert the pathway’s
allylic pyrophosphate (PP) backbone molecules, geranyl-PP,
farnesyl-PP, and geranylgeranyl-PP, into dephosphorylated and
often cyclized or branched compounds referred to as mono-
terpenes, sesquiterpenes, and diterpenes, respectively.41 Nature’s
defect/default chemistry in terpenoid cyclization (allylic
substrates with highly unstable carbo-cation transition states)
plays a huge role in creating the chemical diversity. At the
enzyme level, many terpenoid synthases have evolved catalytic
sites that coordinate loosely bound transition states and exhibit
drastic product promiscuity due to a lack of carbo-cation inter-
mediate stabilization. This serves to further increase molecular
diversity without necessitating the metabolic burden of
numerous unique enzymes.42 Further, many cytochrome
P450s exist to oxidize and otherwise functionalize the various
carbon skeletons,43 which can subsequently be modified by
enzymes transferring methyl, acetyl, or glucose units. Enzymes
in the terpenoid pathway deviate from the canonical single
substrate/single product dogma and instead have either a range
of possible substrates or can synthesize a mixture of products
from a given substrate. Engineering such a pathway is not
amenable to traditional metabolic engineering approaches,
because byproducts and pathway intermediates are produced by
the same enzyme. This means altering enzyme concentration
will have little effect on the product yield, and only protein
engineering approaches will be effective in improving the
pathway.
Another unique example of the aforementioned primary/

secondary metabolism principle is the phenylalanine/flavonoid
biosynthesis pathway. Beginning with primary metabolism
intermediates, phosphoenolpyruvate from glycolysis and
D-erythrose-4-phosphate from pentose phosphate, independent
pathways with chorismate as the common precursor lead to the
formation of three different cyclic amino acids: tryptophan,
tyrosine, and phenylalanine. Two of these products, phenyl-
alanine and tyrosine, are precursors for flavonoid biosynthesis
through coumarate (Figure 3b). Flavonoids are an important
class of molecules for plant defense mechanisms and may have
significant health benefits in humans.44−46 Luteolin and
quercetin are two downstream secondary metabolites that are
reported to have pharmaceutical effects47,48 and along with
their flavonoid relatives constitute a very diverse class of over
9,000 compounds including anthocyanins and flavonols, whose

Box 1.

Meta-analysis of Natural Enzyme Kinetics. Biologists have
always had an appreciation for the importance of enzyme
kinetics in cellular metabolism of different organisms. But until
recently, none had endeavored to pursue a comprehensive
meta-analysis of the numerous natural enzymes whose kinetics
had been characterized in independent studies. Bar-Even et al.30

studied the kcat and kcat/KM of several thousand natural
enzymes and discovered that the median rates were ∼10 s−1

and ∼105 s−1 M−1, respectively. Such kinetics are far from
diffusion-limited (>108 s−1 M−1) and indicative of evolutionary
selective pressures insufficient to elicit maximal catalytic
efficiencies. The foremost implication for design of bio-
synthetic microbial strains is that even pathways producing
primary metabolites have room for protein engineering efforts
to facilitate process improvements. When the relative kinetics
of different classes of enzymes were compared, it was found
that the median rates for secondary metabolism enzymes are
∼30-fold less than those for primary metabolism of
carbohydrate catabolism and energy production (Figure 2a).
Differences between primary and secondary metabolism
enzymes stem from the conflicting selective pressures and
diversity requirements of secondary enzymes and metabolites.
Because biological activity is a rare trait in chemical
compounds, nature’s search for protein−ligand interactions
demands diversity of secondary metabolites generated by
enzymatic promiscuity (in substrate and product). This
increased promiscuity is correlated with reduced activity.106,107

Thus, metabolic engineers seeking to construct strains producing
secondary metabolites face a requirement rather than an
opportunity to apply protein engineering techniques to overcome
the catalytic inef f iciency of the relevant secondary metabolism
enzymes as described by Bar-Even et al. as well as the
substrate/product promiscuity selected for in nature.
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microbial biosynthesis has been addressed previously.49−51

This chemical diversity is the product of both a large set of
biosynthetic enzymes as well as a moderate level of substrate
promiscuity.52 Substrate promiscuity makes flavonoid secon-
dary metabolism look more like an interconnected network
than a linear pathway. This distributed movement of molecules
through the network complicates metabolic engineering
concepts of pathway optimization.
It is clear that what nature has evolved as a pro-survival

phenotype is enzymatic promiscuity leading to chemical
diversity, but as scientists and engineers strive to harness
nature’s chemical biosynthesis capabilities, the advantageous
traits of evolution become hurdles for efficiency and economics.
Individual enzyme promiscuity at intermediate steps or perhaps
most importantly at the penultimate step leads not only to
hampered productivity but also to the formation of con-
taminants in a desired extraction product at levels relative to the
lack of specificity and the physio-chemical characteristics of the
intermediates and final product. In large-scale commercial
operations, purification of target chemicals from contaminating
byproducts (a requirement for many applications other than
biofuels), especially byproducts that are highly similar to the
main product, can reduce yields and increase production costs
tremendously. Metabolic engineers have only begun to harness

protein engineering tools in the context of strain develop-
ment,31,53−58 but to develop commercially viable strains for
many secondary metabolite chemicals, it will be necessary to
apply the full suite of techniques to engineer native enzymes for
enhanced specificity and activity.

■ THE PROTEIN ENGINEERING TOOLKIT
New techniques in protein engineering have taken the field
from site-directed mutagenesis and alanine scanning to
computational design and combinatorial libraries. Many tools
are now available to assist in rational, semi-rational, and random
mutagenesis approaches to enzyme engineering.59,60 Using
these techniques, enzymes have been engineered with en-
hanced activity, increased/decreased/altered specificity, and
increased solubility/stability (Table 1). Selection of an
appropriate engineering technique is dependent on available
knowledge of enzyme structure, activity/inhibitory domains,
and functional or evolutionary relationships balanced against
the availability of screening/selection techniques; together
these two variables inform the decision of which strategy should
be used (Figure 4).
Rational design of enzymes depends on the ability to derive

structure−function relationships. The availability of protein
structures and optimized homology modeling techniques will

Figure 2. Significance of enzyme engineering in secondary metabolite pathway engineering. (Aa) Evolutionary selective pressures have driven the
biosynthetic enzyme activity of primary metabolism higher than that of secondary metabolism. The median kcat for primary metabolism enzymes is
approximately 30-fold greater than that of secondary metabolism enzymes (Box 1.). Redrawn from Bar-Even et al.30 (b) Pathway integrated enzyme
optimization is critical to metabolic engineering of secondary metabolite production. Gray symbols represent wild-type enzymes, while larger green
symbols are engineered enzymes. Dashed arrows are marginally active and promiscuous enzyme pathways, while thick arrows are highly active and
specific engineered pathways. Crossed out enzymes are knocked-out or attenuated. F = feedstock, PM = primary metabolite, SM = secondary
metabolite, P = product. Traditional (Current) metabolic engineering begins with overexpression of native and/or heterologous pathways and
deletion of competing pathways, which tends to generate some modest amount of product. Combined protein engineering and metabolic
engineering approaches (Future) for pathway tuning can optimize flux by reducing byproduct formation and increasing enzyme activity.
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Figure 3. Diversity in secondary metabolism. Chemical diversity in secondary metabolism often comes from a series of chemical processes: polymerization,
cyclization, and functionalization with layered product promiscuity. Each of these processes can occur by multiple, distinct, and parallel enzymatic conversions.
(a) In the terpenoid pathway, geranyl-pyrophosphate synthase (GPPS), farnesyl-pyrophosphate synthase (FPPS), and geranylgeranyl-pyrophosphate synthase
(GGPPS) catalyze the sequential polymerization of isoprenyl-pyrophosphate, a C5 compound, to C10, C15, C20, and more. Another set of interrelated
enzymes catalyze the formation of basic hydrocarbon sesquiterpenes: humulene, aristolochene, cadinene, and germacrene D, for example. Functionalization is
exemplified through cadinene hydroxylation and glycosylation. Enzymes: humulene synthase (HS), 5-epi-aristolochene synthase (EAS), cadinene synthase
(CS), germacrene D synthase (GS), cadinene-8-hydroxylase (C8H), cadinene-7-hydroxylase (C7H), cadinene hydroxylase (CH), cadinene UDP-glucosyl-
transferase 1 and 2 (CUGT1 and CUGT2). Here, dashed lines are used to indicate putative enzymes. (b) The phenylpropanoid pathway exemplifies the
interface between primary and secondary metabolism as well as their different traits. Primary metabolism drives carbon building blocks through a series of
linear enzymatic steps to form tyrosine (Tyr) and phenylalanine (Phe). The products of primary metabolism are used as precursors to secondary metabolism:
Phe and Tyr are converted to flavonoids through the common coumarate and naringenin intermediates. Beyond naringenin, the network architecture of
flavonoid secondary metabolism becomes evident as multiple pathways are capable of synthesizing complex chemicals such as quercetin and luteolin.
Enzymes: flavone synthase (FS), flavonoid 3′-monooxygenase (F3M), flavonone 3β-hydroxylase (FN3H), flavonol synthase (FLS).104,105
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confer an ability to build such relationships from which more
effective design experiments can be conducted. One advantage
of rational design is that it reduces the number of experimental
variants necessary to screen to identify useful mutations.35

However, this approach is limited by the necessity of structural
information that is not always available, especially for proteins
with no known homologues or that are difficult to crystallize or

not amenable to other structural analysis techniques, such as
membrane-associated proteins.
Structural information alone does not enable rational design;

it depends on computational tools as well. These computational
tools must (a) interpret the structural information, (b) use it to
make calculations or abstractions of interatomic and/or inter-
molecular interactions, and (c) translate them into actionable
predictions for mutagenesis. Tools range from those related to
construction of secondary and tertiary structures from primary
sequences using homology modeling such as SWISS-MODEL
or MODELER61−64 to those used for the characterization of
structural dynamics and mutational effects such as NAMD,
ROSETTA, or YASARA.65−67 These tools can help take basic
amino acid sequence information and translate it into struc-
tural models that can then be used as the basis for dynamics
or energetics calculations on enzyme, enzyme−substrate, or
enzyme−transition state models in the formation of product.
Such docking studies can in turn be used to identify useful
positions for site-specific mutagenesis.68 However, even the
most advanced energetics tools have difficulty in quantitatively
predicting results of mutagenesis.69 More often, structural and
dynamics information can be used to qualitatively predict
productive mutations (i.e., a polar residue stabilizing a charged
intermediate or a smaller residue opening up space for a larger
substrate in an active site). More recently, computational tools
have been adapted to enable crowd-sourced conformational
and mutational testing, resulting in significantly improved bio-
chemical characteristics of synthetic enzymes including improve-
ments in enzymatic activity through otherwise unpredictable
findings.70

Semi-rational design is an intermediate approach that
involves identification of important residues in an enzyme,
whether in the active site, a cofactor site, or elsewhere, and
diversifying at a limited set of positions.31,53,60 Diversity can be
focused by restricting mutations to phylogenetic consensus/
preference or to conservative residue mutations.71,72 From this
information combinatorial and evolutionary approaches can be
applied to increase diversity for medium-throughput screen-
ing.73,74 Here, the number of variants used for screening can
be on the order of tens or hundreds, which is more realistic for
traditional analytic techniques. In this case structural
information is useful but not required, and a high-throughput

Table 1. Examples of Pathway Enzymes Engineered for Activity, Specificity, or Solubility

enzyme (pathway) engineering technique (tool) outcome

poplar O-methyltransferase-7 (flavonoid)a rational design (Sybyl/FlexX) 6× increase in activity
geranylgeranyl pyrophosphate synthase (terpenoid)b directed evolution (epPCR) 2× increase in activity
premnaspirodiene synthase (terpenoid)c rational design (GOLD) fully shifted product specificity
horseradish peroxidase (lignin)d directed evolution (epPCR) enantiomeric selectivity
P450-BM3 (terpenoid)e semi-rational (enriched library) increased substrate specificity
CYP11A1 (terpenoid)f rational design (visual molecular dynamics) 4× increase in solubility
horseradish peroxidase (lignin)g directed evolution (epPCR/recombination) 7× increase in functional expression, 2×

increase in stability at 70 °C
5-epi-aristolochene synthase (terpenoid)h semi-rational (computationally assisted design strategy

and proteolytic selection)
mutants stable at >65 °C

geranylgeranyl pyrophosphate synthase and
levopimaradiene synthase (terpenoid)i

semi-rational (site saturation and epPCR) 18× increase in product titer

3-hydroxy-3-methylglutaryl-CoA reductase and
humulene synthase (terpenoid)j

semi-rational (in silico phylogenetic analysis and
residue-specific alanine scanning

43× increase in product titer

aSybyl: molecular visualization software from Tripos Inc. FelxX: software to flexibly dock ligands in a binding site.84 bepPCR: error-prone
polymerase chain reaction.81 cGOLD: program for calculating docking modes of small molecules in a binding site.68 dReference 78. eReference 90.
fReference 108. gReference 109. hReference 110. iReference 31. jReference 53.

Figure 4. Selecting an enzyme engineering technique. Rational, semi-
rational, and random mutagenesis techniques span a spectrum of
library sizes whose screening/sorting requires throughput dependent
on that size. Protein engineering is limited generally by deficient
structure−function understanding of proteins (unshaded fraction of
oval − difficult to predict successful single mutations) and
experimentally where most low/medium-throughput techniques are
insufficient to screen libraries with 108−1014 variants, typical of
random mutagenesis approaches. In contrast, high-throughput
techniques are unnecessary when screening small libraries. When
selecting which approach to use for engineering enzymes, especially
those of secondary metabolism, high-throughput screens are often not
available and structure−function knowledge is even more limited, thus
the most common approaches are semi-rational. The density gradient
of the shaded area suggests the relative proportion of enzymes capable
of being engineered by each technique.
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screening assay often is not necessary, nor is an ability to
predict precisely which mutations will be advantageous.
In the absence of structural or ancestral information, random

mutagenesis methods can be useful alternatives. Fully random
approaches or deeply combinatorial focused libraries require
the generation of millions or billions of variants through
mutagenesis, degenerate primer design, or fragment shuf-
fling.75,76 A high-throughput selection technique must be
available to identify desirable mutants from a large library:
screening approaches vary from cell sorting methods to
panning to automated analytical tools.77 Traditionally, these
have involved colorimetric or fluorescent products, dye con-
jugates, or fluorescence resonance energy transfer substrates.78−80

A somewhat underappreciated component of evolutionary
approaches for either activity or selectivity is an assay-
dependent ability to select for mutations that also increase an
enzyme’s overall stability and solubility. Random mutagenesis
and variant sorting is a valuable protein engineering tool,78,81

but for most enzyme engineering applications in the context of
a metabolic system identifying a high-throughput selection
assay is a hurdle since most products of interest are not readily
quantified by such assays.
As one approaches protein engineering of secondary metab-

olism enzymes, it is important to identify what information is
available or can be derived computationally. This knowledge,
along with a survey of the available analytical techniques, should
help guide the adoption of a particular approach. Nevertheless,
in principle, any one of these engineering approaches can be
applied to enzymes to address the characteristics that need to
be optimized prior to designing high-productivity chemical
biosynthesis microbial strains.

■ APPLICATIONS IN ENZYME ENGINEERING
Construction of a novel pathway in an organism begins with
identification and selection of the necessary enzymes. Depend-
ing on the enzyme, multiple isotypes may exist from evolu-
tionarily divergent organisms (bacteria, plant, or animal). When
an endogenous version of the enzyme exists, it is often the best
choice because it has evolved within the context of the host
environment (i.e., an Escherichia coli enzyme will work well in
the E. coli cytoplasm). On the other hand, endogenous enzymes
are usually tightly regulated; thus, heterologous enzymes
may avoid such control mechanisms and promote biosynthesis.
Efficacy of heterologous enzymes in microbial systems is highly
unpredictable; therefore, it is advisable to examine multiple
orthologs, to identify a best possible starting point for optimiza-
tion through protein engineering within the framework of the
biosynthetic pathway.
Rapid and detailed identification of active sites is now pos-

sible thanks to high-resolution structure determination methods
and bioinformatic homology studies,82 where previously
extensive biochemical studies were necessary.83 Understanding
active-site structure allows modulation of key residues capable
of altering an enzyme’s catalytic efficiency.31,84 Once the shape
and composition of an active site is elucidated, the choice of
mutations can be informed by phylogenetic comparison,
accessibility, or hydrophobic/electrostatic transition state
stabilization. In the absence of structural information, random
mutagenesis approaches can also be used to increase enzyme
kinetics, so long as an appropriate screening assay can be
developed.85−87 If a target product requires synthetic chemistry
not found in nature, it is possible in some cases to design de
novo enzyme functionalities by restructuring the active site of a

high-stability scaffold to coordinate the new chemistry.88 Such
designed enzymes display relatively low initial activities that can
be enhanced further by directed evolution. However, endless
optimization of enzymatic activity, natural or designed, for
chemical biosynthesis is productive only if the reaction being
catalyzed is specific.
When optimizing productivity, product specificity is critical.

It is important that each enzyme in the constructed metabolic
pathway generates only the intermediates that will serve as
substrates for the subsequent enzymes and eventually the
appropriate final product. Fortunately, both rational design and
directed evolution have been shown to be capable of redirecting
product specificity.26,68,78,79,89−92 In rational studies where the
active site architecture is known, mutation positions altering
specificity can be found in both the first or second contact shell
and selection of new residues can be informed by phylogeny
where available. If phylogenic information is unavailable,
engineering is limited to what can be derived directly from
structural analysis and predictions of the particular structure−
function relationship. The key to using directed evolution with
large libraries to increase catalytic specificity is, as always, a
powerful selection assay.
Stability and solubility are important determinants of steady-

state enzyme levels for a metabolic pathway.33,53 Often
correlated,93,94 these two protein characteristics can contribute
to the degradation rate of an enzyme. An enzyme with limited
solubility or short-lived stability can result in a low enzyme
concentration or require greater turnover that is energetically
wasteful. Generally, proteins maintain secondary and tertiary
structures that bury hydrophobic residues in a core shielded
from their aqueous environment by more hydrophilic amino
acids. When this equilibrium is disrupted, a protein can unfold
or even aggregate. Therefore, amino acid charge at the surface
and in the core of an engineered enzyme is important to con-
sider. It can be especially important in cases where the native
pathway or enzyme has evolved for activity at temperatures
suboptimal for fermentation (e.g., 20 vs 37 °C).
For reasons related to structural flexibility and metabolic

control, enzymes tend to evolve thermostability at the edge of
their native environment’s temperature.94 Tools to predict the
behavior of native or engineered enzymes upon overexpression
in vivo are available and can help inform initial selection from
orthologs (Table 2).95 Rational design methods to increase

enzyme stability and solubility interrogate the fundamental
thermodynamics that drive protein folding and use the informa-
tion to test or predict various point mutations in silico.96

Mutations can range from simple incorporation of disulfide
bonds97 to helix end-capping98 to surface entropic stabiliza-
tion or rigidification.99 While it is clear that the depth of

Table 2. SOLproa Predicted Solubility of Farnesyl
Pyrophosphate Synthase Homologs

species
% aa sequence

identity prediction probability

Escherichia coli 100 insoluble 0.599
Bacillus subtilis 45.1 soluble 0.735
Ginkgo biloba 23.5 insoluble 0.813
Saccharomyces cerevisiae 22.1 insoluble 0.821
Arabidopsis thaliana 19.9 insoluble 0.704
Synechocystis sp. PCC6803 19.0 insoluble 0.839
aReference 78.
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understanding in the field between structure or sequence and
stability or solubility is sufficient to enable industrious design,
directed evolution studies aimed at the same goals suggest that
they can be accomplished through a variety of sometimes
unpredictable mutations. Random mutagenesis combined with
well-designed reporter systems100 and semi-rational approaches
have allowed smaller libraries to be screened.101,102

■ CONCLUSIONS
As metabolic engineering ambitiously broadens the scope
of renewable chemicals production, the use of secondary
metabolites, which are as diverse in their chemical composition
as they are in their potential applications, is inevitable. Design
of commercially viable microbial production strains for
secondary metabolites is dependent upon high-efficiency con-
version of feedstock to product through several intermediate
metabolic steps, which is related to the efficacy of the enzymes
involved. In primary metabolism, biosynthetic enzymes evolve
under highly selective conditions, which results in improved
biochemical and biophysical characteristics. In contrast,
enzymes involved in secondary metabolism actually evolve to
increase product diversity: they exhibit substrate and product
promiscuity through flexibility that correlates with decreased
stability and activity. As a result, metabolic engineers must
begin to incorporate protein engineering into strain design
when utilizing such enzymes, but there are relatively few
examples where this has been done.31,53 As synthetic biology
further enables advanced control of metabolic systems, the
entire gamut of tools for enzyme manipulation should be
employed to optimize in the context of the system.
Rational design, semi-rational approaches, and directed

evolution have each been previously applied to engineer en-
zymes with altered specificity, stability, and activity (Table 1).
To date, the majority of enzyme engineering has focused on
catalysts for biotransformation processes with operating
conditions often quite different than microbial fermentation.
To identify enzyme variants ideal for in vivo biosynthesis of
secondary metabolites, we advise a semi-rational approach. Any
available structure−function knowledge should be leveraged to
inform specific alterations. In the absence of such information,
diversity libraries covering focused segments of the enzyme
with a limited set of possible substitutions can be screened with
mid-to-high throughput assays for desirable characteristics.103

Where high-throughput screens are available for the reaction
product or a downstream metabolite, random mutagenesis can
be important to identify unanticipated scaffold mutations. In
the future, protein engineering efforts must be integrated with
the metabolic engineering and pathway balancing required to
develop a commercially viable microbe and will be fundamental
to obtaining high-productivity strains.
Unlike primary metabolites, many secondary metabolites

are used in smaller specialty chemical applications such as
consumer products, food additives, and pharmaceuticals. The
markets for individual metabolites of this class are frequently
not large enough to compel investment of the tens of millions
of dollars required for developing microbial strains and
fermentation-based production for these chemicals. As demand
for such microbes becomes commonplace, applying protein
engineering with metabolic engineering will become a necessity
for faster and cheaper microbial strain engineering. Soon,
industry demand may extend beyond the repertoire of natural
chemicals toward new chemical entities accessible only
through the catalytic powers of engineered enzymes. Secondary

metabolism itself exemplifies the capability of existing enzyme
scaffolds to evolve new functionality to create new chemical
diversity. This chemical diversity can be extended further by
modifying the metabolite scaffolds using traditional chemistry
techniques. Clearly, pathway integrated enzyme optimization
must be drawn into the metabolic engineering toolkit to
facilitate secondary metabolite biosynthesis and will play a
growing role in the future as novel biochemistries are explored.
Finally, taking bold steps to integrate and utilize tools from
traditional biology/biochemistry research will be necessary for
rapid increases in the ease and speed of strain engineering for
industrial renewable chemicals production.
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