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ABSTRACT

Metabolic engineering of plants can reduce the cost and environmental impact of agriculture while providing
for the needs of a growing population. Although our understanding of plant metabolism continues to

increase at a rapid pace, relatively few plant metabolic engineering projects with commercial potential have
emerged, in part because of a lack of principles for the rational manipulation of plant phenotype. One
underexplored approach to identifying such design principles derives from analysis of the dominant
constraints on plant fitness, and the evolutionary innovations in response to those constraints, that gave

rise to the enormous diversity of natural plant metabolic pathways.

Metabolism meets two seemingly conflicting needs: responding
dynamically to developmental and environmental changes while
maintaining the homeostasis required by a living cell, organ, or whole
organism. This challenge is especially acute for plants, which are
sessile organisms that endure constantly changing environmental
conditions over life spans ranging from weeks to hundreds of years. For
example, carbon fixation and allocation in leaves responds dynamically
to unpredictable changes in environment, with time scales ranging from
minutes to months. Consistent with a need for rapid response, the
turnover time of most key metabolites of central carbon metabolism is
on the order of 1's (1, 2).

Plant metabolic phenotypes are the result of hundreds of millions of
years of evolutionary history, during which some ancestral metabolic
networks were restructured to meet the demands of changing
environments while others remained close to their evolutionary ancient
forms. For example, changes in temperature and aridity led to dozens of
independently evolved variants of C4 metabolism for carbon fixation,
even as the core process of the Calvin-Benson-Bassham pathway—
which uses ribulose-1,5-bisphosphate carboxylase-oxygenase
(RuBisCO) for carbon fixation—remained conserved (3-5). A current
challenge in metabolism is to understand the physicochemical
constraints on the structure and function of the metabolic network, and
thereby gain insight into how evolution worked within these restrictions
to shape the characteristics of extant plants.

Beyond Tinkering: The Utility of Design Principles for
Plant Metabolic Engineering

Metabolic engineering promises opportunities to increase yield in
agriculture and produce chemicals at lower economic and
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environmental cost. Despite progress, the rate of success in moving Plant Gene Clusters and
from concept to agricultural production or microbial fermentor has fallen Opiates

short of expectations. For example, tens to hundreds of millions of SCIENCE CAREERS

dollars were spent in the public and private sector in efforts to increase New Technology Pollinates
RuBisCO carboxylase activity and thus improve photosynthetic Plant Science

productivity of C3 plants. These studies yielded information about the PODCAST

structure and function of the enzyme but did not achieve the desired Mining Plant Biodiversity

improvement in its kinetic properties (6). RuBisCO'’s kinetic properties
seem already to be optimized by evolution (7, 8). Thus, efforts in
metabolic engineering have been limited by existing physicochemical constraints.

Metabolic engineering of a medically important plant metabolite, the antimalarial artemisinin (9), is said to have
required an investment of more than $25 million and 150 person-years (10). One reason for the cost and
complexity of the project is that it required the balanced expression of a large number of biosynthetic enzymes (11)
to ensure a high production rate of the final product without leading to accumulation of deleterious reactive or toxic
metabolic intermediates. Future metabolic engineering and synthetic biology projects demand better tools to
predict which enzymes are key targets for adjusting expression and throughput.

To improve the efficiency and fulfill the promise of metabolic engineering, we must better understand the design
and regulation principles governing metabolism. Understanding how evolution has led to designs that work well for
the seemingly conflicting needs of stability and dynamic physiological responses might provide important clues.

Identification of Dominant Constraints Through Optimality Models

Using the concept of optimality (12), a fitness function is defined—for example, the production of a metabolite in
the minimum number of steps—and the landscape of possible solutions is analyzed. The goal is to find the solution
with the highest fithess given defined constraints. A constraint might be avoidance of highly reactive intermediates.
The metabolic pathway derived is compared to the natural solution; a close correspondence would suggest that
the constraints and fitness function analyzed might indeed be relevant. In contrast, if no correspondence is seen,
the analysis would indicate that this is not the dominant constraint or fithess objective shaping the system.
Although most work on optimality models was done in microbes, this approach is being extended to plant
metabolism.

The space of possible paths for transforming an initial compound into a product is theoretically immense. Even
with the limitation of using known enzymes with their canonical set of transformations encapsulated in the Enzyme
Commission classes (oxidoreductases, transferases, hydrolases, lyases, isomerases, and ligases), there is still a
combinatorial explosion of possible paths. However, the set of pathways found in nature, while showing
biochemical diversity, is much smaller.

As an example, Fig. 1 illustrates the conversion of the key glycolytic metabolite glyceraldehyde-3-phosphate
(GAP) to pyruvate. This can be achieved in numerous ways with known enzymes; there are seven options that
each make use of five enzymes (the number of steps in Embden-Meyerhof-Parnas glycolysis, shown in green in
Eig. 1) and more than 70 when allowing seven enzymatic steps. Some of these options are shown in Eig. 1, with
the shortest path, which uses the highly reactive intermediate methylglyoxal, highlighted in red. The different paths
vary in terms of their adenosine triphosphate (ATP) yield; number of steps; reactivity, stability, and toxicity of the
metabolic intermediates (e.g., methylglyoxal); and thermodynamic feasibility.

Fig. 1

The large number of alternative possibilities for metabolic
transformations. Results from an analysis of the possible
pathways for transforming glyceraldehyde-3-phosphate (GAP)
into pyruvate (PYR), using the set of characterized enzymes from
all organisms, are shown. The number of possibilities quickly

m - é, increases as the number of steps becomes larger. The shortest
[ Cinioacesrs | 4m theoretical path is denoted in red. The path used by Embden-
"\\ ",f( ' Meyerhof-Parnas glycolysis is shown in green. 2PG, 2-
T — phosphoglycerate; 3PG, 3-phosphoglycerate; PEP,

phosphoenolpyruvate; DHAP, dihydroxyacetone phosphate.
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These are only some of the possible constraints for a successful metabolic pathway (13). Uncovering the
importance of these constraints is central to understanding the structure of metabolism and a key element in
designing novel biosynthetic pathways. Examples of additional constraints are flux kinetics, investment in enzymes
(protein cost), affinity and specificity, and whether intermediates are confined within subcellular compartments.

Analysis of the pentose phosphate pathway (PPP) (14) is an informative example of the application of optimality
models to metabolism. In this analysis, the question was posed: How can five six-carbon sugars be converted into
six five-carbon sugars with the minimal number of enzymatic steps? By choosing to constrain the possible reaction
mechanisms to those catalyzed by known enzymes, the authors showed that the solution with the minimal number
of steps is identical to the one arrived at by evolution. This analysis was recently extended to the central carbon
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metabolic network of Escherichia coli (15), in which the observed reaction network was found to connect the 13
precursor metabolites required to build biomass through the shortest paths. It remains to be seen whether
optimality models can inform our understanding of pathways beyond central carbon metabolism, and whether
these lessons can be tested and used in metabolic engineering.

In a very different approach, a flux balance analysis framework was used to predict the maximal possible yield of
biomass per oxygen uptake rate on different carbon sources (16). This parameter was measured experimentally,
leading to the conclusion that E. coli has close to the optimum predicted value for growth on glucose but is
suboptimal for growth on glycerol. Lab evolution by propagation on glycerol for ~700 generations resulted in
progressively improved growth, finally reaching the predicted optimum on glycerol.

The E. coli lac operon—encoded lactose utilization system is also being used to study factors contributing to
optimality. One study investigated the impacts of altered expression of lacZ, the gene encoding the B-
galactosidase enzyme, under varying concentrations of lactose (17). The protein cost is a quantification of the
decrease in growth rate as a result of the expression of lacZ product; this could arise, for example, from ribosomes
not being available for producing other proteins or because solvent capacity limits the total capacity of a cell to
harbor proteins. The benefit measured is the increase in growth rate due to enhanced capacity to use lactose.
Computationally maximizing the net difference between the cost and benefit gave predictions of optimal
expression levels that varied according to the lactose concentration in the environment. These predictions were
tested experimentally: After several hundred generations, lacZ expression levels adapted by mutation to achieve
values close to those predicted. A recently published cost/benefit analysis of the lac operon presented evidence
that activity, rather than expression, of the lacY lactose permease is the major physiological cost to the cell (18).

In addition to considering constraints and optimality principles of pathways and gene expression, it is informative to
look at constraints on optimizing the building blocks of metabolism, enzymes. Some enzymes are considered
optimal because they are able to perform catalysis at rates approaching the limit of diffusion; that is, the maximal
turnover rate (kcat) divided by the substrate affinity (Kv) is ~10%t0 10%s™' M™". However, very few metabolic
enzymes are even close to this kinetic paragon status (19). A comprehensive analysis of nearly 2000 measured
enzymes shows a distribution of turnover rates divided by affinities that peaks at ~10° s™' M™", three orders of
magnitude below the diffusion limit constraint (Fig. 2). In fact, the median maximal turnover rate value over all
measured enzymes is ~10 s~ '—nowhere near the rates of 10* to 10° s™' achieved by often-quoted record holders
such as carbonic anhydrase and superoxide dismutase.

Fig. 2

. .

(M‘ Distributions of kinetic parameters compiled from published
| \ enzyme data. Only values obtained with natural substrates were

y included in the distributions. (A) Enzyme specificity constant

Tl - \Li (kcat/Kwm) values; N = 1882. (B) Enzyme turnover rate (kcat) values;
i Sl N = 1942. Enzymes operating within primary and specialized
metabolism show markedly different keat and kcat/Km values.
Numbers in parentheses represent the median values for each
group. Locations of several well-studied and often quoted rapid
enzymes are highlighted: CAN, carbonic anhydrase; SOD,
superoxide dismutase; TIM, triosephosphate isomerase.
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[Adapted from (19)]

What limits typical enzymes from being better catalysts? The observed distributions suggest constraints other than
the diffusion limit—for example, limitations on the affinity toward metabolites of low molecular weight as a
consequence of maintaining specificity and to discriminate between compounds of similar structure. The trends in
parameter values also suggest that the required flux might be an important determinant: Enzymes involved in
central carbon metabolism are on average ~30 times faster than those involved in specialized metabolism (defined
below and historically referred to as “secondary” metabolism; Eig. 2) (20). This might result from lower selective
pressure for optimizing the kinetic parameters for maximal flux in specialized versus central metabolism.

Optimality model approaches aim to identify the forces that shape and constrain biological systems, rather than to
ask whether biology is optimal. These studies sharpen our insight into likely important influences in the evolution of
metabolic systems, yet the solutions might be different when driving forces vary. For example, even the
fundamental process of carbon fixation, typically performed by the Calvin-Benson-Bassham pathway, is carried out
in at least six alternative ways in various organisms (21). Similarly, there are a number of variants of glycolysis
including the Entner-Doudoroff pathway. Such diversity is often suggested to be related to selective pressures
from the organism’s current or past ecological niche. Nowhere is this theme of metabolic diversity in the service of
ecological adaptation more evident than in the realm of specialized metabolism.

Constraints in the Land of Diversity: Evolving the Specialized Metabolism Buffet

In contrast to the products of central metabolism, specialized metabolites are diverse small molecules, each class
of which is generally found in a subset of taxa. They are far more varied in structure than central metabolites,
numbering in the hundreds of thousands of structures in the plant kingdom (22). Because of this complexity and
their typical restriction to specific groups of plants, many enzymes of specialized metabolism are yet to be
discovered. There is an increasing appreciation that these compounds serve a wide variety of physiological and
ecological roles. For example, various roles for the taxonomically widespread and structurally diverse aromatic
specialized metabolites have been documented, including the housekeeping function of protection against solar
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ultraviolet-B and specific signaling between legume roots and bacteria early in the establishment of symbiotic
nitrogen fixation (23, 24). Specialized metabolites fulfill a diversity of adaptive roles for plants (25-27) and also
serve as a source of many of the most important therapeutic agents in traditional and modern medicine.

We have a better understanding of the range of constraints and possible solutions for primary metabolism than for
specialized metabolism. Nonetheless, it is instructive to attempt to infer some major constraints and design
principles, inspired by the approaches in microbes and plant central metabolism. We propose that this strategy will
lead to a better fundamental understanding of these fascinating and diverse metabolic networks, while improving
our ability to engineer stress tolerance and synthesis of products useful to humankind.

One constraint is that the antimicrobial or antiherbivory functions of many characterized plant specialized
metabolites are often associated with toxicity and chemical reactivity. How can such highly reactive compounds be
safely produced and stored for a time of need? Strategies used by plants for alleviating the constraint of producing
these toxic compounds include sequestration in subcellular compartments (such as the vacuole) and production or
transport to specialized organs or cell types. For example, the pungent taste of mustard and horseradish is the
result of glucosinolates; defensive compounds containing a reactive SCN group are kept in an inactive form via a
glucose moiety (28, 29). Tissue disruption by animal feeding unleashes the defensive activity of these compounds
when glucosinolates come in contact with the enzyme myrosinase, and the combination rapidly produces nitriles,
isothiocyanates, and other reactive and potentially noxious compounds. Thus, the plant avoids the toxic effects of
glucosinolate degradation by sequestering the substrate metabolite and the enzyme in different cells or subcellular
compartments until consumption by an herbivore. Another strategy used by many plants is storage of compounds
in specialized structures. For example, epidermal hairs called glandular trichomes produce and store the
metabolites that make basil and mint aromatic, whereas laticifers in opium poppy are the site of morphine
accumulation.

Strong themes are emerging regarding the evolutionary and metabolic mechanisms for the synthesis of structurally
diverse specialized metabolites. One is the recruitment of primary metabolic enzymes and pathways by gene
duplication and acquisition of new enzymatic activities and biochemical regulatory mechanisms (e.g., altered
allostery and protein-protein interaction, as discussed below). Another involves balancing the expression of central
metabolic pathways with specialized metabolic pathway enzymes. For example, the regulation of amino acid
biosynthetic pathways in plants is highly responsive to varied conditions that cause production of specialized
metabolites from amino acids or their precursors (30).

Basing the production of specialized metabolites on the diversion of flux from central metabolism provides a
source of abundant precursors but requires regulation at the branch point. One approach employed by evolution is
duplication of a primary metabolic enzyme gene followed by alteration of enzyme activity and loss of regulation
imposed by end-product feedback regulation on one of the resultant enzymes. An example is the evolution of
methylthioalkylmalate synthase (MAM) in Arabidopsis thaliana and other mustard family plants, which leads to the
protective glucosinolates (Eig. 3A) discussed above. This enzyme evolved from the committing enzyme of leucine
biosynthesis: In addition to loss of feedback inhibition by leucine, the substrate specificity of the MAM enzyme has
changed to catalyze the synthesis of glucosinolates (31). Together, these changes converted an enzyme of amino
acid biosynthesis, which stringently regulates leucine production, into one that synthesizes a variety of alkyl
glucosinolates. This example illustrates how relatively simple changes in protein structure and function can convert
enzymes of central metabolism into those that divert flux for the production of specialized metabolites.

S e o Fig. 3
- .. . é Evolution of two enzymes of specialized metabolism by gene
e o - duplication and neofunctionalization. Enzymes and products of
It sy o~ specialized metabolism are shown in blue, primary metabolism in
black. Dashed lines indicate multiple enzymatic steps. (A) The
View larger version: committing enzyme of glucosinolate biosynthesis, MAM, evolved
In this page In a new window by duplication of a progenitor a-isopropylmalate synthase gene

Download PowerPoint Slide for Teaching  (q|PMS)e,). MTOB, 4-methylthio-2-oxobutanoate. (B) The maize
BX1 indole synthase activity evolved from a progenitor TrpSa
subunit. DIMBOA, 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-

one.

Indole synthase of maize (Bx1; benzoxazineless1), derived from the tryptophan synthase a (TrpSa) subunit, is an
example of a gene duplication event leading to evolution of an enzyme with an unexpected activity (Eig. 3B) (32).
The ancestral amino acid biosynthetic TrpSa enzyme requires interaction with a partner subunit (tryptophan
synthase B; TrpSB) for catalytic activity in organisms as diverse as bacteria and plants (33). In fact, the TrpSa
product, indole, is channeled to the TrpSp active site without being released from the complex. In contrast, indole
synthase is a variant form of TrpSa that no longer interacts with the partner TrpSB and converts the tryptophan
pathway intermediate indole-3-glycerolphosphate (IGP) to indole in the committing step of synthesis of insecticidal
and fungicidal cyclic hydroxamic acids. Thus, the evolution of chemical defenses in maize and other grasses
accomplished a feat of protein engineering by eliminating the requirement for interaction between TrpSa and
TrpSB to produce indole for use as a precursor in specialized metabolism.

As is the case for carbon fixation and C4 metabolism described above, production of the same or functionally
related metabolites is often achieved through different biosynthetic routes (22). Can optimality analysis identify
constraints on specialized metabolic pathways by analysis of the alternative routes?

http://www.sciencemag.org/content/336/6089/1663.full 6/29/2012
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Monoterpenes and sesquiterpenes (hydrocarbons with carbon chain lengths of 10 and 15, respectively) are
widespread in nature. Each class is produced by two enzymatic steps from the same five-carbon substrates:
isopentenyl diphosphate and dimethylallyl diphosphate. Despite the use of common intermediates, the pathways
are found in different compartments, and as a result, sesquiterpenes are typically derived from the cytosolic
mevalonate pathway and monoterpenes from the plastidic deoxyxylulose 5-phosphate pathway. Glandular
trichomes of cultivated tomato and a wild relative (Solanum habrochaites accession LA1777) produce and store
large amounts of defensive monoterpenes or sesquiterpenes by analogous two-step pathways that are different
from those of other organisms (34, 35). Both enzymes arose from proteins that do not normally participate in these
pathways: cis-polyprenyldiphosphate synthase and diterpene synthase. An outcome of this novel approach to
specialized metabolism is that the synthesis of trichome sesquiterpenes in the wild tomato takes place in the
plastid and uses substrates from the plastidic deoxyxylulose 5-phosphate pathway, rather than the cytosolic
mevalonate pathway.

Two testable hypotheses come from comparing the evolutionarily reengineered pathways in trichomes to
conventional terpene biosynthesis: (i) Moving sesquiterpene biosynthesis to the plastid allows higher flux
production of these defensive compounds; (i) freeing trichome metabolism from the canonical terpene biosynthetic
pathway could reduce constraints on diversification, allowing faster evolution of novel chemistries in response to
changing predator and pathogen populations.

Although the discovery of new plant metabolic enzymes and pathways is still labor-intensive, modern technologies
allow this process to advance at an increasingly rapid pace. Rational engineering of plant function requires going
beyond documenting the parts of the broad metabolic network toward developing a deep understanding of the
fundamental principles that govern metabolic regulation. We suggest that there is value in uniting the diverse
approaches discussed in this review, including the use of varied computational methods to generate hypotheses.
In addition to providing new insights into metabolic networks, such efforts are essential for predictive metabolic and
synthetic engineering that will help meet the looming crisis in providing food, energy, and materials for the rapidly
growing world population.
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