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Abstract
Applications of Synthetic Biology for Emerging Biotechnology

by
Michael S Belcher
Doctor of Philosophy in Plant Biology
University of California, Berkeley
Professor Henrik Scheller, Co-chair

Professor Jay Keasling, Co-chair

As government and corporate policies transition to meet the UNs sustainable development goals
as outlined in Agenda 2030%, there will be a drastic need for the invention and refinement of
“green technologies” applicable in a variety of economic sectors and disciplines. Biotechnology
has become heavily influenced by the field of synthetic biology?, which offers the capacity to
deconstruct, shape, and rebuild natural systems from all domains of life. This is achieved via the
development and integration of novel synthetic systems with natural biological processes. The
potential of synthetic biology is now being realized as demonstrated by its application in
numerous industries including (but not limited to): medicine?, agriculture®, food®, energy® (both
bio and petroleum based), natural product discovery and production’, pharmaceutical drug
development®, and materials science®.

Tools such as CRISPR-Cas9, along with the development of next generation DNA synthesis'?,
assembly*?, and sequencing technologies®3, have unlocked the potential of synthetic biology.
This has made the engineering and augmentation of most living systems possible, allowing for
the development of complex and refined genetically modified organisms (GMOs) for
deployment in numerous applications. The world is transitioning into the era of the Fourth
Industrial Revolution!, an era focused on the mitigation of climate change and the race to Net
Zero™. | envision that synthetic biology will play a crucial role in this transition, and while this
space is much too vast for one person to explore in totality, scientists continue to work on
independent components while exploring collaboration for the synergistic application of their
discoveries. Eventually, the input from varying specialties form functional “high-level” systems
developed with synthetic biology.

In particular, the fields of synthetic plant biology and synthetic yeast biology have shown great
promise for the development of breakthrough biotechnology platforms. The engineering of plants
that serve as primary feedstocks for biofuel production (which generally has focused on
maximizing the feedstock-to-fuel conversion efficiency through cell wall engineering) is now
exploring the augmentation of current agricultural systems for the bioproduction of high-value
biologics and therapeutics in planta. While still nascent in application, there is much promise for
these technologies due to the scalability of in planta production, without the need for sterile
conditions or complex manufacturing controls. The development of more efficient and versatile
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methods for the engineering of synthetic genetic circuits in plants is crucial for the deployment
of the highly specialized plant chassis in biotechnological settings.

Yeast, on the other hand, can serve as a counterpart to large-scale bioproduction in plants by
providing a chassis for biochemical pathway discovery and complete biosynthesis of complex
molecules from all domains of life. Yeast is a highly dynamic single-celled eukaryotic organism
that has been highly characterized and is easily manipulated/engineered in the lab. In recent
decades yeast has proven to be an effective platform for the bioproduction of various natural,
specialty, and commodity chemicals whose manufacturing is not possible or cost effective with
current methods. Additionally, yeast as a bioproduction platform offers the prospective of new-
to-nature molecules through the coalescing of biosynthetic enzymes from disparate pathways.
This is a truly exciting prospect for the future of drug discovery and development as we utilize
the vast genetic diversity of the biological world for the construction of novel biosynthetic
enzymes and pathways.

The following sections aim to highlight my research focused on synthetic plant and yeast
biology, with a focus on the development of technologies and strategies for application in the
bioenergy and bioproduction sectors. While this alone will not answer all the existential
problems of a transitioning world, it represents a small piece of a very large puzzle that we as a
collective are working to solve.
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Introduction

A brief analysis of the past, present, and future of biofuels

Rapid increases of energy consumption and human dependency on fossil fuels have led to the
accumulation of greenhouse gases and consequently, climate change. As such, major efforts have
been taken to develop, test, and adopt clean renewable fuel alternatives. Production of bioethanol
and biodiesel from crops is well developed, while other feedstock resources and processes have
also shown high potential to provide efficient and cost-effective alternatives, such as landfill and
plastic waste conversion, algal photosynthesis, as well as electrochemical carbon fixation. In
addition, the downstream microbial fermentation can be further engineered to not only increase
the product yield but also expand the chemical space of biofuels through the rational design and
fine-tuning of biosynthetic pathways toward the realization of “designer fuels” and diverse future
applications.

There is a clear need to transition energy dependence from fossil fuels to renewable energy
sources to address the unprecedented pace of climate change due to the accumulation of
greenhouse gases (GHGS) in the atmosphere. Overwhelming evidence has shown that human
activity is the major driver of climate change and that its consequences are impacting food
production, migration patterns, economic, and political stability on a global scale. In the US
alone, 6.677 gigatons of GHG were emitted in 2018 with the largest fractions being attributed to
transportation (28%), electricity generation (27%), industry (22%), commercial and residential
applications (12%), and agriculture (10%)*®. As all these activities are largely dependent on
fossil fuels, technological advances and diversification of alternative energy sources hold
promise to significantly reduce carbon emissions and alleviate climate change.

Predating the use of petroleum itself, biofuels such as vegetable oils, animal fats, and ethanol
were used for heat and illumination (Figure 1). This is exemplified by the first mass-produced
car, the Ford model T, which ran on corn-derived ethanol. As automobile production became
increasingly industrialized in the early 20th century, it became evident that the ethanol
production scheme could no longer meet the ever-growing fuel demand for internal combustion
engines. Today, with environmental policies pushing for a reduction of GHG emission, aided by
recent advances in crop engineering and fermentation processes, bioethanol and biodiesel
production have once again become viable and sustainable surrogates for petroleum-based fuels.
Bioethanol is derived from corn and sugar cane in the United States and Brazil, respectively,
which together account for 84% of the total global production. In the United States, bioethanol
production has reached a volume of 15.7 billion gallons in 20197, thus meeting the mandatory
10% supplementation requirement for gasoline®®. In Europe, the lack of cultivable land and the
ban on genetically modified crops has largely limited bioethanol production. As such, 75% of the
biofuel market in the European Union is composed of biodiesels derived from rapeseed, palm oil,
soybean, and used cooking oil. As of 2015, biofuels have reduced carbon emissions by 589.3
million tons (Figure 1) and will continue to play an important role in renewable energies®®.

Recent advances in battery technology have substantially increased the power density of
electrical energy storage devices, thus accelerating the development of electric vehicles.
However, to date, electricity in the US is still predominantly derived from fossil fuels such as gas
and coal (38% and 23%, respectively)?’. Furthermore, limitations in the driving range, high
capital cost, the lack of infrastructure, and power-to-weight ratios preclude the implementation of
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electric long-haul vehicles and aviation. To reach a carbon-neutral to -negative transportation
scheme, a more diversified approach therefore requires the use of both electric vehicles and
biofuels alike. Specifically, electric vehicles hold promise in short-range and light-weight
configurations, whereas the use of biofuels offers significant advantages for conventional long-
distance ground transportation and aircraft.

To mitigate GHG emissions while meeting the global fuel demand, biofuel technology
advancements need to focus on (1) optimization of current biofuel-production technology for
higher productivity and efficiency of lignocellulosic biomass conversion, (2) diversification of
feedstocks to ensure the viability of biofuel production within existing ecological and economic
constraints (e.g., carbon fixation through photosynthetic and electrochemical means as well as
conversion of biowaste into value-added products), and (3) expansion of the chemical space
toward designer molecules that improve fuel economy and performance while reducing carbon
emissions. Major efforts need to be devoted not only to overcome technological barriers but also
to integrate social, economic, and environmental factors to provide long-term, cost-effective, and
reliable production systems for the biofuel industry.
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Advancing lignocellulosic feedstocks for biofuel production

Biofuel technology has evolved through several generations of significant advancements. The
predominant problem with first-generation biofuels is that they are derived from food crops (e.g.,
corn and sugar cane), which require fertilization, water, and soil, and thus directly compete with
food production. Tight regulations on the use of pesticides and genetically modified crops further
limit their utilization in sustainable transportation. In order to mitigate these short-comings,
second-generation biofuels are derived from non-edible lignocellulose remnants of plants, which
consist of up to 70% polymerized sugars and constitute the most abundant form of biomass on
Earth?!. These biofuels are attractive because their net carbon footprint (emitted carbon —
consumed carbon) can be neutral or even negative, and their generation from agricultural and
forest residues or white wood chips provides economic advantages compared to crops??23,
However, using lignocellulose for biofuel production requires energetically and financially
costly extraction of fermentable sugars such as thermal, chemical, and/or biochemical pre-
treatment. As a result, despite the fact that the Energy Independence and Security Act (EISA) of
2007 set an annual blending target of 16 billion gallons of cellulosic biofuels by 2022 for the
US?*, by 2017 production had amounted to less than 2% of this benchmark?’. Significant
technological progress has since been made in the production of lignocellulosic biofuel toward a
clean and economically viable process, including advances in energy crop engineering strategies,
efficient degradation of lignocellulose, and simultaneous manufacturing of higher-value
products.

The climate benefits of large-scale lignocellulosic biofuel production were initially questioned
due to its potential competition with land use for reforestation; it is believed that energy crop
cultivation may result in less carbon capture efficiency than reforestation, leading to a carbon
debt that must be compensated by the carbon negativity of the resulting biofuels. However,
recent analysis of switchgrass production on transitioning crop/pasture land showed that in fact,
its GHG mitigation potential is comparable with reforestation of this land and has several times
more mitigation potential than grassland restoration (Field et al., 2020)?2. Additionally, the
ability of energy crops such as sorghum to grow on marginal lands provides an avenue for
biofuel production that minimizes the competition for necessary farmable land to support the
growing population®®2®,

In order to maximize the land use for lignocellulosic biofuel production, crops have been
engineered to be more productive in accumulating biomass by increasing their photosynthetic
capacity and carbon fixation efficiency (Figure 2). Biological processes like non-photochemical
quenching (NPQ) and photorespiration are bioconversion of photon energy into fixed carbon.
This is because the NPQ process dissipates excess photon energy as heat (unproductive), and the
transition from an NPQ state to a carbon fixation state (productive) is generally slow, leading to
mass energy loss in field conditions. It has been shown that overexpressing the genes responsible
for NPQ relaxation in the model crop Nicotiana tabacum can accelerate the switching process,
resulting in ~15% increases in plant height, leaf area, and total biomass accumulation?’.
Additionally, plants have evolved to maximize light capture with much of the energy wasted.
While counterintuitive, diminishing a plant’s light harvesting capacity in dense field conditions
has a drastic and beneficial effect on biomass accumulation. In fact, truncation of light-
harvesting complex antenna components decreased the capacity for light capture in engineered
lines resulting in a 20% increase in total biomass accumulation under these conditions®.
Photorespiration is another process that limits productivity due to Ribulose-1,5-Bisphosphate
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Carboxylase/Oxygenase’s (RuBisCO’s) capacity to react with molecular oxygen in place of CO2
thus leading to a net loss of carbon sequestration efficiency. Therefore, introducing an
engineered photorespiratory bypass pathway into biofuel crops has the potential to increase the
energy conversion efficiency of the plant?®**°. Eventually, many of these traits can be stacked into
individual biofuel crops to increase plant productivity and maximize biomass production as
technologies for advanced plant engineering and gene regulation are developed®!.

Figure 2. Engineering
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Metabolic pathways to synthesize products with higher values can also be incorporated in the
meantime to increase the economic feasibility of lignocellulosic biofuels as fossil fuels are
currently produced at a far lower price than biofuels, and simultaneous manufacturing of higher-
value products with biofuels would increase their economic viability. ‘‘Molecular farming,”’
which couples agriculture with the production of high-value small molecules and proteins
including therapeutics and antibodies, is a promising strategy for increasing the value of
lignocellulosic biomass (Buyel, 2019; Yang et al., 2020)233, Accumulating these molecules after
integrating their biosynthetic pathways in a biofuel crop background and introducing efficient
extraction schemes into the processing pipeline can drastically decrease production costs, thus
increasing profits. This has additional implications for medicine, as cancer biologics and viral
antibodies can be produced in planta at high levels in the field without the need for sterile
manufacturing systems (Capell et al., 2020;Dent and Matoba, 2020; Donini and Marusic, 2019;
Mortimer, 2019)34353637 This is one of the most promising strategies to achieve economic
viability for biofuel production, although transgene biocontainment strategies will need to be
implemented to prevent unwanted transgene flow from engineered crops (Clark and Maselko,



2020)8, Because of the mismatch in the volumes of fuel needed versus the volume of each
individual therapeutic needed, it will be necessary to have a large number of crops, each
producing the same biofuel precursor and different high-value products, which will be
agronomically challenging.

Biofuel production from lignocellulosic biomass relies on the microbial bioconversion of cell-
wall sugars and components into fuels and products (Baral et al., 2019; Perez-Pimienta et al.,
2019)*4%. A major hurdle to efficient bioconversion is the recalcitrance of the feedstock material
and the inhibitory effect that lignin has on this process (Dos Santos et al., 2019)*. Cell-wall
engineering has shown promise for decreasing overall recalcitrance by increasing the ratio of
C6/C5 sugars, reducing lignin content, and reducing the acetylation of cell-wall polymers that
limit the conversion efficiency of the feedstock material (Aznar et al., 2018; Eudes et al., 2015;
Yan et al., 2018)*>%344 While lignin is a major contributor of feedstock recalcitrance, it is also a
promising substrate for specialized microbes that convert these aromatic polymers into usable
products (Fang et al., 2020; Incha et al., 2019)*>%6, The introduction of specialized microbial
hosts into various processing systems has the potential to optimize the conversion of all
lignocellulosic feedstock components into products with economic value, limiting the waste
streams for biofuel production and increasing the viability for their use on a global scale.

The synergistic application of these various strategies has the potential to make lignocellulosic
biofuels economically viable while shifting the current paradigm of what an effective
biofuel/bioproduct production system achieves. Through a multidisciplinary approach across all
sectors, we have the potential to revolutionize the manufacturing of biofuels/bioproducts from
lignocellulosic biomass ushering in a new era of green technologies.

Diversifying photosynthetic feedstocks for biofuel production

While the first and second generations of biofuels use light and CO2 to produce biomass in crops
that is later fed to microbes, third-generation or algal biofuels combine energy capture and fuel
production within a single cell of photosynthetic cyanobacteria and algae (Figure 3). Having the
entire fuel-production process take place in one organism makes the process more direct and
efficient with no energy invested in non-fermentable parts such as plant stems, roots, and leaves.
The solar energy conversion in cyanobacteria and algae is higher than that in plants, reaching an
efficiency of 3% in microalgae compared to less than 1% in most crops (Wijffels and Barbosa,
2010)*". Furthermore, many species can grow in wastewater or marine environments with simple
nutritional requirements and therefore do not compete for land use with agriculture. It is
estimated that microalgae can produce oil at a yield of 100,000 L/hectare/year, while palm and
sunflower oil can only reach 1,000-6,000 L/hectare/year. Algal fermentation could also lead to
9,000 L/hectare/year of bioethanol production, compared to 600 L/hectare/year derived from
corn (Alalwan et al., 2019)*,

Despite these favorable comparisons, attempts at large-scale cultivations have struggled with
high production costs. Unlike agriculture, which has been optimized over millennia by humans,
the technology for mass scale cultivation of photosynthetic microorganisms is still in its early
developmental stage. The cultivation can be done in either an open system like a raceway pond,
or in a closed system such as a photobioreactor. Open ponds have lower operating costs, but their
use is limited due to the risk of contamination, as well as strict regulation against genetically
modified organisms in an uncontained system (Abdullah et al., 2019)*°. Closed systems, on the



other hand, can have more tightly controlled cultivation conditions and have a low risk of
contamination but the operating costs are high: $2,743 per ton of biomass versus $1,227 per ton
of biomass in open ponds (algae farm cost model) (Zhu et al., 2018)°°. These costs can be
lowered if the following limitations are addressed: (1) light dissipation in the NPQ process, (2)
narrow usable light spectrum, and (3) poor carbon fixation efficiency of microbes.

Light dissipation in NPQ in algae is akin to that of energy crops, which can also be addressed by
a similar engineering strategy: truncation of the chlorophyll A in green algae (Melis et al.,
1999)°%and modification of the light-harvesting complex antenna size of the cyanobacterial
photosystems have been shown to improve the solar-to-product conversion efficiency by up to 3-
fold (Melis, 2009)2. The second issue is cyanobacteria and microalgae only capture the visible
light range (400-700 nm), which makes ~50% of incident solar energy inaccessible
(Blankenship et al., 2011)3. However, terrestrial cyanobacteria, when grown in far-red light
environments, express a novel chlorophyll f (Chen et al., 2010)>*. Heterologous expression of
this pigment in Synechococcus sp. PCC7002 successfully extended light absorption up to 750
nm, thereby broadening the usable solar spectrum for fuel production (Tros et al., 2020)°.

The issue with poor carbon fixation is more complex in nature since RuBisCO, the main CO2
fixing enzyme, suffers from poor catalytic activity and its promiscuity toward O2. In fact,
attempts to improve the activity of RuBisCO have had limited success due to a trade-off between
CO2 affinity and carboxylation rate (Savir et al., 2010)°°. As an alternative, efforts to engineer
the Calvin cycle for increased regeneration of RuBisCO’s substrate, ribulose-1,5-biphosphate
(RuBP), resulted in a 69% increase in ethanol yield (Liang et al., 2018)°’. In addition, CO2
fixation can be improved by engineering a carbon sink that pulls fixed carbon away from the
Calvin cycle. By introducing the 2,3-butanediol pathway into Synechococcus elongatus PCC
7942, as well as enzymes generating pyruvate from 3-phosphoglycerate, the total carbon yield
was increased by 1.8-fold (Oliver and Atsumi, 2015)°. Unnatural carbon fixation pathways have
also been introduced to circumvent the poor properties of RuBisCO and its complicated
regulation. Certain archaea use a reductive acetyl-CoA pathway to fix carbon with formate
dehydrogenase and CO dehydrogenase/acetyl-CoA synthase. This pathway is ATP efficient,
requiring 2 ATPs to synthesize acetyl-CoA, compared to 7 in the Calvin cycle (Claassens et al.,
2016)°. However, due to the pathway normally operating under anaerobic conditions, it might
have limited transferability to organisms with oxygenic photosynthesis. Nevertheless, an in vitro
study has demonstrated that enoyl-CoA carboxylases/reductases with better properties than
RuBisCO, along with 16 other enzymes from all three domains of life can be incorporated in a
circular pathway where cofactors can be regenerated (Schwander et al., 2016)%°.
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Figure 3. Current diversity of feedstock conversion pipelines for biofuel

production. (A and C) Upon pretreatment, sugars and aromatic molecules can be extracted
from lignocellulosic biomass; together with carbohydrates, lipids, proteins, and plastic
monomers from waste, these molecules can be used as carbon sources for the microbial
production through glycolysis and beta oxidation pathways to make biofuels and biogas. (B)
Instead of feeding biomass to microbes, photosynthesis and direct synthesis of biofuels can be
achieved in a single cell in cyanobacteria and microalgae. (D) Lithotrophs can be coupled to the
cathode of an electrochemical cell, with delivery of electrons from the electrode driving CO2
reduction and carbon fixation.

One key parameter that dictates the viability of algal biofuels is the productivity of the host
strain. Certain microalgae can store up to 80% of their dry weight as lipids, making them an
attractive target for biodiesel production, while other strains accumulate carbohydrates that can
be fermented to make ethanol (Alalwan et al., 2019)%L. Further engineering strategies have
demonstrated the feasibility to upregulate lipid production (e.g., triacylglycerol, De Bhowmick et
al., 2018)% and convert residual proteins and carbohydrates toward further fermentation (Rashid
et al., 2013), The lipid length and level of saturation can also be altered through metabolic
engineering, which can yield biodiesel for direct use in vehicles without extensive engine
modification (Kings et al., 2017)%. To produce a specific biofuel directly by photosynthetic
microorganisms, metabolic engineering is often required, and cyanobacteria are typically used
due to their genetic tractability. A range of different fuel molecules have been produced,
including alcohols, free fatty acids, molecular hydrogen, and alkanes (Knoot et al., 2018)°.
Standout examples include 5.5 g/L (212 mg/L/day) of ethanol and 4.8 g/L (302 mg/L/day) of
butanol, both in the cyanobacterial model strain Synechocystis sp. PCC6803 (Gao et al., 2012;
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Liu et al., 2019)%%%7. In these cases, the most efficient strategy to reach high titers was to use the
strongest promoters available to drive overexpression of pathway enzymes. However, a better
understanding of the native metabolism and the development of more sophisticated genetic tools
will likely lead to more efficient approaches. Indeed, transcriptomics studies have revealed the
importance of small RNAs for cellular control (Kopf et al., 2014)%, and genome scale models
have allowed coupling production with growth (Shabestary and Hudson, 2016)%°. Still, the field
has a long road ahead before cyanobacteria can reach the productivity of model heterotrophic
hosts.

Defining and engineering bioenerqy plant feedstock ideotypes

Ideotypes are theoretical archetypes of crops which serve as a practical framework for plant
breeders to critically evaluate what traits they should be targeting for specific applications.

With advances in plant biotechnology and a growing urgency to adopt more sustainable practices
across our economy, new uses for crops as bioenergy feedstocks may pivot our definition of an
ideal crop that is engineered for biomass and bioenergy production, in contrast to food
production. Although there is a plethora of specific applications to which plant engineering
efforts can contribute, here we highlight recent advances in two broad areas of research:
increasing available plant biomass and engineering production of higher value co-products.

Before our ability to genetically engineer plants, plant breeders were constrained to breeding and
selecting from the morphological, physiological, and metabolic repertoire already preexisting in
plant genomes. Initially, such efforts were focused on breeding out deleterious traits or on a
narrow aim such as yield. Fifty years ago, the concept of an ideotype was proposed as an
alternative regime. The ideotype is an idealized form of a particular crop, which could then be a
target to breed towards, rather than merely breeding away from deleterious traits’®. This shift in
mentality provided a much-needed framework to help set goals and target traits for plant
breeding efforts. A useful ideotype must be ‘theoretically capable of greater production than the
genotype it is to replace and of such design as to offer reasonable prospect that it can be bred
from the material available™. The discovery and development of plant genetic engineering
technologies such as Agrobacterium-mediated and biolistic transformation expanded the scope of
possible ideotypes, as plant engineering efforts can now draw on a much larger effective pool of
genetic material, expanding from interfertile germplasm to all sequenced and characterized
genes from across the tree of life. Feedstock crops are harvested primarily for biomass, which is
then used as a substrate for downstream processes (e.g., bioconversion, fermentation,
combustion, etc.). Thus, it becomes useful to frame plant carbon partitioning in terms of biomass
composition, and what production or deposition of small molecules or polymers would be
present in feedstock ideotypes. Using new synthetic biology tools to redesign carbon flow in
plants, one may alter and optimize the composition of biomass and bioproducts in a way that
cannot be achieved through conventional breeding methods, ultimately improving the scalability
and feasibility of renewable feedstock crops. The ideotype for each crop may vary depending on
its economics, growing region, and intended application. We propose some aspects of possible
ideotypes for several biomass crops. Here, we focus on carbon allocation as a metabolic/
physiological trait that may be modified to increase the utility and value of feedstock crops.
Specifically, we focus on two aspects: 1) traits that may alter overall plant biomass and the
usability of this biomass and 2) traits that may enhance the value of feedstock crops with the



production of higher value co-products, paying special attention to advances within the last two
years.

Engineered traits to enhance plant biomass

The plant cell wall is a complex network of polymers and is one of the most effective carbon
sequestering systems on the planet, with annual production of land plants estimated at 150-170
billion metric tons per year’. Cell walls represent a massive and largely untapped supply of six-
carbon (C6) sugars in the form of cellulose (b-1,4-linked glucose). However, cell walls are
naturally recalcitrant to degradation and fermentation, limiting their use as chemical feedstocks
rather than bulk materials’?. Lignin is a main inhibitor of saccharification (sugar release) in
woody crops and hemicellulose limits saccharification yields in monocot biomass crops’. Many
engineering efforts have focused on decreasing lignin and improving fermentation
characteristics. We are only beginning to explore ways to modify the composition and deposition
of plant cell wall components to improve their ability to serve as biomass feedstocks. One
strategy for reducing lignin accumulation uses 3-dehydroshikimate dehydratase (QsuB) from
Corynebacterium glutamicum, which converts a lignin precursor into protocatechuate.
Transgenic expression of QsuB in Arabidopsis thaliana plastids reduced lignin accumulation and
improved saccharification yield by 25-100% depending on treatment method’. Moreover, the
six-carbon/five-carbon (C6/C5) sugar ratio of the biomass also affects saccharification yields,
with higher ratios performing better. The most highly accumulated C5 sugar is xylose, but xylan
(xylose polymer) synthesis mutants show dwarfism due to xylem vessel collapse. This phenotype
has been rescued by returning xylan synthesis specifically to vessel tissue, leading to a 42%
increase in saccharification yield compared to wild type™. Acetylated cell wall components are
converted during fermentation to acetic acid, which inhibits fermentation. RNA-interference
(RNAI) has been used to decrease expression of genes responsible for acetylation, nearly tripling
saccharification yields’®. Gene stacking has been used to generate engineered lines that contain
multiple aforementioned traits’’. This demonstrates how modern bioengineering strategies can be
used in tandem to modify the cell wall composition, a step towards engineering the optimum
bioenergy crop ideotype. While ideotype specifics will vary by crop and intended application, in
general an idealized biomass cell wall will have a high C6/C5 sugar ratio, low lignin
concentration, and provide a favorable substrate for fermentation.

Beyond modifying the molecular composition of the cell wall, others have also focused on
engineering upstream metabolic processes to increase rates of photosynthesis, carbon fixation,
and biomass production. Plants often absorb more photons than they can use for photosynthesis,
leading to non-photochemical quenching (NPQ) that dissipates excess energy as heat but does
not contribute to biomass. Mutation of light harvesting complex components results resulted in a
25% biomass increase in Nicotiana tabacum under field conditions’®. It is also possible to
modulate the NPQ process to shift more quickly from a heat-producing to a photosynthetic state,
restoring energy capture via production of NADPH and ATP. Engineered N. tabacum
overexpressing the genes coordinating NPQ relaxation showed increases of ~15% in plant
height, leaf area, and total biomass accumulation in field conditions’®. These are promising
results, as most plants use similar mechanisms making this technology applicable to bioenergy
crops dependent on the maximum accumulation of lignocellulosic biomass. Another key process
that limits the theoretical maximum for biomass accumulation is photorespiration. The primary
cost of photorespiration stems from the process plants use to ‘recycle’ the unintended product



formed via the oxygenase activity of RuBiSCO, leading to loss of both carbon and nitrogen. An
alternative photorespiratory bypass based on the 3-hydroxypropionate bicycle was

successfully engineered into cyanobacteria by expressing six heterologous genes from
Chloroflexus aurantiacus. This bypass not only limits losses from photorespiration, it also
fixes additional carbon and can supplement the Calvin-Benson cycle®. Other photorespiratory
bypasses have been demonstrated to work in planta yielding more than a 25% increase in
biomass in field trials®’. Thus, the ability to modify both the rate of carbon fixation and the fate
of carbon deposition in the form of various cell wall polymers have been shown to be
complementary processes for increasing the accessible feedstock sugars from future feedstock
plant crops.

Engineered co-products to increase feedstock value

Lignocellulosic bioproduction offers a much larger potential supply of biomass than food-based
fuels such as corn-ethanol, and reduces the conflict between food and fuels, materials, and other
products which may be produced from biomass crops. Future biomass crop ideotypes should
therefore be designed to ensure the use of lignocellulosic material is cost effective.
Lignocellulosic biofuels have been slow to achieve commercial viability, in part due to low fuel
prices and the chemical recalcitrance of lignocellulosic matter82®, A promising strategy to make
lignocellulosic biofuels economically competitive is the co-production of higher value products
directly in feedstock crops, which can be separated from the bulk carbon fuel source during
processing®*. This can be achieved in two ways: either feedstocks for lignocellulosic biofuels can
be modified so as to produce a higher value side product, or lignocellulosic biofuel can be
produced from side products of other agricultural processes. The former is amenable to feedstock
bioengineering efforts to optimize for biofuel purposes and will be discussed here. The ideotype
of co-product crops will depend on the specific crop, but one important component is that the co-
product sells for more than the cost of extraction. Co-product value (in terms of $/kg) and market
size tend are often inversely correlated, as shown in Figure 4.The base use of most biomass
crops is production of ethanol, but plants have been engineered to produce co-products such as
higher value fuels, commodity chemicals, and high value small molecules. Higher value fuel
products include lipids for biodiesel and jet fuel. Biodiesel-grade lipids have recently been
produced in engineered sorghum that accumulates 8% dry weight oil in leaves in the form of
lipid droplets®. These droplets can be extracted using simple, cheap techniques during the
standard processing pipeline for lignocellulosic biofuels, minimizing additional purification
costs. Jet fuel is also a high-volume product with an annual market size of 290 billion liters in
2015, with prices usually ranging around $1 per liter. There is no practical alternative available
for liquid aviation fuels®®, which account for a small but rapidly growing fraction of total
anthropogenic greenhouse gas emissions- currently 2.3% and growing at approximately 6% per
year®’. Jet fuels have been produced from the oilseed crop camelina, and efforts are underway to
increase jet fuel yield®. Another promising high-volume side product is 1,5-pentanediol, a
commodity chemical used in polyester and polyurethane production. The present market value is
around $6000/ton, with a market size of 18 million USD®*. Using plants as a production chassis
for high value low volume products has received substantial attention in recent years, with
several analyses suggesting plants may allow for cheaper production of edible vaccines, bulk
enzymes, and monoclonal antibodies than alternative systems®. These high value products split
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into two major classes: high value small molecules and proteins. The anti-malarial drug
Artemisinin is a high value small molecule naturally produced in nonmodel plants.

Figure 4. Tradeoff between
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Fast-growing tobacco plants have recently been engineered to produce the drug, potentially
expanding production capacity®. Plants have been the primary production platform for high
value small molecules for millennia - medicines, spices, and drugs have mostly been sourced
from plant hosts. In modern times, the large-scale production of cannabis and opium poppies
attest to the scalability and cost-efficacy of in planta small molecule production. Despite
advances in microbial engineering and synthetic chemistry, plants remain the production
platforms of choice for these high value small molecules, demonstrating the low cost and high
scale that can be achieved with plant systems. With an appropriate ideotype compromising
between fermentable sugars and high-value co-products, engineered lignocellulosic biomass
crops may be economically viable.

Rather than a single ideotype for all biomass crops, different crops may be more amenable hosts
to particular applications. Complex metabolic pathways to produce high value small molecules
have been successfully implemented in model plant species, and some biomass crops seem
particularly amenable to metabolic engineering for high value small molecule production as well
as overall modifications to the total carbon allocation (Figure 5). Ultimately, engineered
feedstock crops that produce co-products may help offset costs associated with a future plant-
based bioeconomy that will have to compete with petrochemicals.
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Figure 5. Carbon allocation schemes for various biofuel crops of interest.
Carbon allocation in five bioenergy and bioproduct crops. Spider-plots demonstrating carbon
allocation between six major categories: cell wall C6, cell wall C5, lignin, starch, soluble sugars,
and high value small molecules. Panel A shows best estimates of current carbon allocation
between these six categories. For this panel, blue indicates poplar, red indicates sorghum, purple
indicates sugarcane, green indicates cannabis, and orange indicates switchgrass. Panels B—F
show current allocation (solid blue line) and a hypothetical ideotype (dashed red line) for the
crops: poplar, switchgrass, sorghum, sugarcane, and cannabis, respectively. Concentric rings are
percent dry weight, the outermost circle for all charts is 80% to allow for comparison between
panels. Data are averages from literature sources and should be taken as approximates. See
Table 1 for data sources.

Poplar Switchgrass Sorghum Sugarcane Cannabis
Cell wall C6 45% [30] 37% [31] 36% [32] 43% [33] 48% [34]
Cell wall C5 16% [30] 25% [31] 23% [32] 19% [33] 13% [34]
Lignin 26% [30] 16% [31] 16% [32] 26% [33] 3% [35]
Starch 2% [36] 5% [37] 12% [38] <2% [39] 3% [40]
Soluble sugars 3% [36] 10% [41] 9% [42] 35% [43] 2% [44]
Small molecules N/A N/A N/A N/A 3-30% [45]

Table 1. Percentage of carbon allocation in potential feedstock crops. All data

are presented as percentage dry weight and rounded to the nearest percent. When data are tissue-
specific, averages or data from the most abundant tissue were used. All data are from untreated,
wild-type, or control plants. (Adjusted citations for Table 1 are 99-114 for source data.)
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Conclusion

Dedicated crops have been used in first-generation food-to-ethanol production for over 100 years
%1 and in the United States annual production has increased 10-fold since 199022, Ethanol
accounts for over 90% of all biofuel produced in the United States, nearly all of which is derived
from dedicated fields of corn, consuming 38% of corn production®. The production of biofuel
products from food crops causes competition between food and fuel, raising the price of staple
foodstuffs®*94. Lignocellulosic ‘second generation’ biofuels substantially reduce this problem by
either growing on marginal land where food crops are not viable, or by production from
agricultural residues rather than diverting a food crop into the biofuel pathway.

Biofuels have sometimes been presented as an environmentally friendly and low-carbon
alternative to fossil fuels, but current implementations have failed to deliver substantial GHG
emission reductions. Biofuels grown from established agricultural fields generally achieve GHG
emission reductions of 20-80% compared to fossil fuels*®. However, land use change associated
with the conversion of natural land to biofuel production leads to a ‘carbon debt’ that takes
decades to centuries to pay back, negating any GHG savings®®. Furthermore, conversion of
natural land to biofuel production is a major driver of rainforest loss®”. Growing biofuel
feedstock on marginal lands and producing biofuel as one of multiple products are the two main
strategies to reduce this trade-off. Here we consider re-designing biofuel feedstock crops to
reduce cell wall recalcitrance, increase biomass per acre, and generate additional products not
only add value but also improve resource use efficiency.

Modern biotechnology has expanded the possibilities of crop ideotypes by allowing for plant
phenotypes not attainable through classical breeding. Petrochemical fuels have been instrumental
for global industrialization, and their use remains indispensable at present. However, climate
considerations as well as the practical limitations inherent in using a finite resource call for the
development of alternative sources of liquid fuel and materials. Plant biomass is the most viable
means of production sufficiently scalable to take the place of petrochemicals in the economy of
the future, and ideotype breeding serves as a useful paradigm for the design and improvement of
biomass feedstock crops.
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Applications of synthetic plant bioloqgy for bioengineering

No matter the goal of a plant engineering project, gene expression and the regulation of its
expression is crucial for synthetic biology applications. At its core, the regulation of when,
where, and how strong a gene is expressed underpins the phenomenon of multicellular life.
Intricate networks of transcriptional elements (transcription factors, promoters, RNAS,
enhancers, and regulatory proteins to name a few) harness complex arrangements of “logic
gates” to conduct the development of a multi-system organism from a single embryonic cell. The
development of synthetic regulatory systems that provide control of when a gene is expressed
(specific to an external condition or developmental stage), where it is expressed (which tissue or
cell type), and the level of expression (regulate accumulation of mMRNA and protein products)
without disrupting endogenous processes would allow for the engineering of complex,
multilayered, synthetic gene circuits in future endeavors. In the work presented here, we sought
to develop novel tools for the modulation of transgene expression in plants by developing
synthetic orthogonal regulatory elements. These elements allow for the refinement of the
engineering scheme by providing the means to tune the desired synthetic genetic circuit with a
higher level of precision. We also developed a series of synthetic genetic circuits building upon
our preliminary work with synthetic transcriptional regulators for deployment in sorghum.

Design of orthogonal requlatory systems for modulating gene
expression in plants

Agricultural biotechnology strategies often require the precise regulation of multiple genes to
effectively modify complex plant traits. However, most efforts are hindered by a lack of
characterized tools that allow for reliable and targeted expression of transgenes. We have
successfully engineered a library of synthetic transcriptional regulators that modulate expression
strength in planta. By leveraging orthogonal regulatory systems from Saccharomyces spp., we
have developed a strategy for the design of synthetic activators, synthetic repressors, and
synthetic promoters and have validated their utility in Nicotiana benthamiana and Arabidopsis
thaliana. This characterization of contributing genetic elements that dictate gene expression
represents a foundation for the rational design of refined synthetic regulators. Our findings
demonstrate that these tools provide variation in transcriptional output while enabling the
concerted expression of multiple genes in a tissue-specific and environmentally responsive
manner, providing a basis for generating complex genetic circuits that process endogenous and
environmental stimuli.

Plants offer a unique platform to address many imminent challenges that face society, as future
engineering efforts hold promise in promoting sustainable agriculture, renewable energy, and
green technologies'*®. However, the tools to effectively modify and engineer plants are still in
their infancy. One major hurdle has been the development of genetic parts that enable precise
control of transgene expression in plants. Many genetic and metabolic engineering strategies
require robust and accurate control of multiple genes to optimize synthetic pathways, regulate
flux, and introduce new traits'!617, The ability to modulate gene expression provides a direct
approach to address these tasks. However, the majority of plant engineering efforts are limited to
a small number of characterized constitutive promoters, which may result in unintended
pleiotropic effects or toxicity issues and are limited in their range of expression strength.
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This work was inspired by previous studies that have successfully engineered orthogonal gene
expression tools employing a reductionist and modular approach to parts design!®-12, Our
unique strategy builds upon this approach by blending elements from both yeast and plants and
could theoretically be applied to any TF type. Additionally, many of these previous systems
were constructed using repetitive cis-element DNA sequences in the promoter design, while an
important aspect of our approach is maximizing sequence diversity while tuning promoter
strength. Specifically, we sought to build an expansive and diverse library of synthetic
transcriptional regulators for plant engineering with components from various yeast transcription
factor (TF) systems in conjunction with plant-specific regulatory DNA sequences. With this
approach we developed a method that can be expanded beyond the well-characterized Gal4-
based synthetic systems that have been used in the past*?*?, In general, parts design was
approached in three ways: altering TF DNA-binding dynamics at the regulatory promoter by
introducing DNA cis-element variation with randomly concatenated cis-elements, modulating
RNA polymerase 11 recruitment by testing various plant minimal promoters, and directly
modifying TFs from disparate families through truncation and fusion of activation or repression
domains to generate new synthetic TFs, or trans-elements (Figure 6).

A major finding of our work is that plant minimal promoter sequences can be leveraged for the
design of chimeric promoters. By utilizing cis-elements from yeast in combination with a plant
minimal promoter, we can generate functional synthetic promoters that interact with both the
orthologous yeast TF as well as the endogenous transcriptional machinery of the plant. The
minimal promoter, also known as a core promoter, lies directly upstream of the transcription start
site and is where the transcription pre-initiation complex including RNA-polymerase 11
binds!2"1?8, Thus, the minimal promoter region facilitates the assembly and stabilization of the
pre-initiation complex leading to variable levels of basal and activated transcription determined
by this interaction'?®!3°, The binding of additional TFs, specifically orthogonal trans-elements in
this work, at the regulatory promoter upstream of the minimal promoter can stimulate or repress
this basal level of transcription providing multiple layers of regulation'®!. Using this strategy, we
characterized a diverse set of synthetic promoters and synthetic trans-elements composed of
discrete genetic parts from various TF families. Promoters were constructed with a collection of
TF-binding cis-elements appended upstream of a plant minimal promoter. All minimal promoter
sequences also contain the native 5> UTR downstream of the transcription start site. We tuned
promoter strength by modifying basal transcription through minimal promoter variation and
modulating the binding dynamics of the trans-element with concatenated cis-element (CCE)
variation. The initial library of synthetic promoters was developed for the yeast TF, Gal4, by
appending random combinations of five well-characterized Gal4 upstream activation sequences
(i.e., cis-elements), to varied plant minimal promoters. Through our approach, we explored how
these CCEs and minimal promoters contribute to the overall strength of a synthetic promoter. We
then expanded upon this design strategy to TFs from disparate protein families and assembled a
full suite of trans-elements and synthetic promoters for each. By expanding our library to contain
both cis- and trans-element variation, we generated and tested more than 500 unique
promoter/TF pairs resulting in a wide range of transcriptional output potential. Our library of TF-
binding cis-elements, plant minimal promoters, and TF fusion proteins demonstrates a novel
method for the design, construction, and characterization of new tools for the controlled
modulation of gene expression for various plant synthetic biology applications.
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Figure 6. Visual schematic of design principles and experimental workflow.

a, A randomized library of CCEs and minimal promoters was used to generate a suite of
synthetic promoters for the Gal4 expression system to identify contributions of each element to
the strength of a synthetic promoter. b, A combinatorial library of five select CCEs and minimal
promoters was generated for Gal4. We found that CCEs and minimal promoters have an additive
contribution to gene expression. ¢, A single endogenous promoter, denoted as pNative , was used
to drive the expression of an orthogonal synthetic activator in a tissue specific or
environmentally responsive manner. This synthetic activator then induced expression of three
reporter genes to verify reporter presence corresponds with the tissue or condition tested. d, The
effect of trans-element and CCE diversity on gene expression was examined using numerous TF
families from S. cerevisiae. Increasing the diversity of TF families tested allows for an
investigation into how our modifications behave in varying systems and expands our parts
library drastically. e, Testing a single trans-activator with the corresponding suite of synthetic
promoters verifies that the CCE has a direct effect on gene expression strength for the other TF
families. This variation provides the capacity to control the relative expression strengths of
multiple genes when coupled with a single trans-element and increases the sequence diversity of
our parts. The center line of the box and whisker plot denotes the median value, the box
represents the interquartile range while whiskers represent the 5th and 95th percentile with
values outside considered outliers (n > 8 biological replicates). f, The modularity of our trans-
element design was investigated by fusing activation domains to the minimal DNA binding
scaffold of each TF. We found that the fusion of an activation domain to the truncated TF,
denoted as DBD, had varying effects on transcriptional output dependent on the family used for
the basis of the design. The center line of the box and whisker plot denotes the median value, the
box represents the interquartile range while whiskers represent the 5th and 95th percentile with
values outside considered outliers (n > 8 biological replicates).
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Sequence randomization modulates expression strength

As a proof of concept for our promoter design strategy, we utilized the well-characterized TF
Gal4 fused to the VP16 activation domain as the activating trans-element!2, The heterologous
nature of yeast TFs like Gal4 provides an opportunity to leverage a purely orthogonal system in
plants, decoupling the transcriptional regulation of transgenes from those endogenous to the
genome. To test the abundance of parts generated in this study, we used a high throughput
transient expression assay in Nicotiana benthamiana. This system allows for the rapid screening
of parts using a combinatorial approach, with each element cloned into individual binary vectors.

A diversity of known Gal4 cis-elements were manually curated from native promoters in the
yeast Gal regulon, each with a distinct nucleotide sequence and assumed to exhibit a diversity of
dissociation constants with Gal4'*3, We hypothesized that these deviations would lead to
variation in the transcriptional output of each synthetic promoter, depending on the combination
and position of cis-elements used in the CCE design. Minimal promoters from a collection of
plant promoter sequences were appended to the CCEs generated with these Gal4 cis-elements to
produce complete synthetic promoters (Figure 7a). This strategy also presents an opportunity to
investigate the effect the minimal promoter has on gene expression outside the context of its
endogenous sequence®®*1%. Additionally, introducing nucleotide diversity to our promoter
constructs may limit the potential for transcriptional silencing often observed when identical
sequences are used multiple times in gene stacking efforts**1*, We screened these randomized
combinations to measure the strength of the promoter in the presence of our synthetic trans-
element and the basal expression of our promoters in the absence of the TF. A measurement of
Green Fluorescent Protein (GFP) fluorescence was used as the proxy for transcriptional output,
while the constitutive expression of a Red Fluorescent Protein (RFP) was used as a normalization
metric, with the ratio of GFP over RFP providing normalized values for the output of each
construct. As expected, we observed a distribution of expression strengths while avoiding the
usage of identical sequences, demonstrating a strategy for tuning gene expression (Figure 7c).
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Figure 7: Design and characterization of a library of synthetic promoters.

a, Brute force strategy to design and generate a library of promoters with varying expression
strengths. The synthetic activator was synthesized by fusing a Gal4 DNA-binding domain to a
nuclear localization sequence and VP16 activator domain. A library of cis-elements that bind
Gal4 and vary in sequence were gathered from endogenous yeast promoters that fall within the
Gal regulon. Various plant minimal promoters were also gathered. Five random cis-elements
were concatenated to generate CCEs and subsequently added upstream to a plant minimal
promoter to generate synthetic promoters. b, Synthetic promoter strength was characterized by
their capacity to drive GFP expression. The constitutive MAS promoter from Agrobacterium was
used to drive RFP, downstream and in the same orientation, to normalize between samples. The
synthetic activator was driven by the constitutive ACT2 promoter from A. thaliana, enabling the
expression of GFP. A control construct was generated, lacking the synthetic activator, to measure
the basal expression of the synthetic promoters. ¢, A range of expression strengths can be
observed with the designed synthetic promoters. Constructs including the synthetic activator
enable GFP expression (blue), while controls lacking synthetic activators provide basal
expression levels of synthetic promoters (red). Constructs were transiently expressed in N.
benthamiana leaves, and GFP fluorescence was normalized to constitutive expression of RFP
and reported in arbitrary units. The center line of the box and whisker plot denotes the median
value, the box represents the interquartile range while whiskers represent the 5™ and 95"
percentile with values outside considered outliers (n > 8 biological replicates)

Promoter parts independently augment expression strength

Our library of randomly designed synthetic promoters provides the opportunity to initiate
rudimentary investigations into the genetic components of plant promoter architecture. The
comparatively simple and better-characterized promoter structure of prokaryotes has enabled the
design of various synthetic promoter systems'#%4!, However, even in the most well studied
eukaryotic systems (e.g., yeast), we are only beginning to elucidate the genetic components that
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dictate gene expression'#2. To test the contributions of various CCEs and minimal promoters, we
constructed a combinatorial library of five CCE sequences and five minimal promoters based on
performance in the initial screen. The expression strength of all twenty-five promoters was
measured, and the expression output revealed each element has an independent effect on
promoter performance (Figure 8). That is, specific CCEs were identified that drive higher gene
expression by altering the binding of the trans-element, and similarly, minimal promoters were
identified that increase expression strength in both the basal and induced states. The empirical
characterization of this library demonstrates the ability to engineer synthetic promoters with
tunable expression determined by pre-characterized parts.
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generalizable trends in promoter expression strength. a, Combinatorial design of
CCE and minimal promoter to test the independent contributions to expression strength in a
predictable manner. Promoter strengths were expected to increase with the addition of a strong
CCE and minimal promoter, whereas weak expression would be expected when using a weak
CCE and minimal promoter. b, Characterization of all combinations of synthetic promoter
generated from five CCEs and five minimal promoters spanning variable expression strengths.
Parts were selected based on data from Figure 1, with the goal of selecting elements with varying
strength. Promoter output is measured as GFP fluorescence normalized to constitutively
expressed RFP, in the same construct design described in Figure 1. The general trend was strong
output being correlated with the usage of DNA elements that promote expression; however,
some noise is still observed, which can be due to the context dependence of promoter elements
within the genome. All values represent the average of n > 8 biological replicates. ¢, Qualitative
demonstration of five synthetic promoters. This displays the trend of increasing promoter
strength with the usage of DNA elements that promote higher expression. Five constructs
(labeled and outlined) with varying expression strengths were infiltrated into N. benthamiana
and imaged.

r o

Minimal promoter strength

»
=
=

Shortroot
GL2
Pistillata

19


https://paperpile.com/c/vCwL2H/sOJ8B

Synthetic parts enable state-specific gene expression

In many cases, it is not necessary to constitutively express all transgenes, and thus state-specific
regulation of gene expression provides an additional dimension of control over a genetic circuit.
For example, the constitutive overexpression of a given protein may act as a sink on cellular
resources resulting in overall detrimental effects'*®. Similarly, various agricultural traits (e.g.,
disease resistance) often result in fitness costs, and thus targeted expression of these genes may
curtail unintended consequences'**14°, To further evaluate the efficacy of our parts in planta, we
generated stable lines in A. thaliana. To demonstrate that these synthetic elements can coordinate
the expression of multiple genes in a tissue-specific manner, we expressed the synthetic activator
under an endosperm-specific promoter, At2S3, stacked with three reporters (GFP, RFP, and beta-
glucuronidase (GUS)) driven by unique synthetic promoters (Figure 9a). As the reporters can
only be turned on by the synthetic activator, we observed the expected expression of all three
exclusively in seed tissue (Figure 9b). Additionally, examination of the vegetative tissue arising
from the seeds with active reporters showed no reporter activity, with expression cycling from
seed to seedling and from flowering plant to seed. Our findings demonstrate the use of synthetic
promoters for the tissue-specific regulation of multiple genes simultaneously.

Coordinating the expression of multiple genes in an inducible or environmentally responsive
manner may provide a solution to many challenges in plant engineering. To highlight how our
synthetic promoters may address some of these issues, we designed a similar circuit with the
synthetic activator driven by a phosphate responsive promoter, AtPht1.1, which is induced under
low external phosphate concentrations. Stable Arabidopsis transformants display the expression
of all reporter genes in response to phosphate deprivation in the medium, and as expected,
reporters were not observed when phosphate was supplemented (Figure 9c). These results
display how our synthetic system may enable control over stacked genes in applications that
require engineering integrated with environmental cues (i.e., abiotic and biotic stresses).
Importantly, these data also demonstrate our system can be transferred between different species
(i.e., N. benthamiana and A. thaliana) while retaining its functional properties. Additionally, no
phenotypic or growth disturbances were observed demonstrating the orthogonality of the parts.
This strategy can be further expanded in future studies by linking this cue to a series of
transcriptional events by expressing a second (third, fourth, fifth, etc.) trans-element under a
synthetic promoter to generate multiplexed transcriptional cascades originating from a single
endogenous signal.
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Figure 9. Utilizing synthetic
promoters for the coordinated
expression of multiple stacked

transgenes. a, Schematic of how a
synthetic activator can be utilized to
drive the concerted expression of
multiple downstream genes of interest.
The cartoon depicts the basic design
of constructs used to demonstrate the
expression of multiple transgenes
(GFP, RFP, and GUS) can be
controlled by regulation of the
synthetic activator. CCE03+A.t. WUS
was used to drive GFP expression,
CCEO1+A.t.PYK10 was used to drive
RFP, and CCE02+A.t.PRK was used
to drive GUS. b, Spatial regulation of
multiple reporter genes using
endosperm-specific expression of the
synthetic activator driven by the At2S3
promoter. Seeds from transgenic
plants show expression of all three
reporter genes, whereas vegetative
tissue taken from roots or whole
seedlings showed no indication of
reporter gene expression. Scale bar for
seed images measures 0.5mm, scale
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bar for vegetative tissue is 1.0cm ¢, Regulation of multiple reporter genes under the control of
the synthetic activator which responds to environmental stimuli. The AtPht1.1 promoter is
driving the synthetic activator, enabling the inducible expression of all three downstream
reporter transgenes in response to phosphate deprivation. Scale bar for root cell images is 40um,
scale bar for seedling with OmM phosphate is 0.5cm, scale bar for seedling with 2mM phosphate

is 1.0cm.

Exploring trans-element modularity with disparate TFs

Although Gal4-based synthetic TFs have previously been developed for plant systems, there are
clear applications that would benefit from the expansion and development of other synthetic TFs.
After validating our promoter design strategy, we investigated how conducive other TFs from
different protein families would behave in our system, specifically MADS (MCM1), Homeobox
(Matal and Mata2), GATA (Gatl), and bZIP (Yapl) type TFs. We tested how these TFs behave
when truncated to the predicted DNA-binding domain, and their potential to be functionally
reconstructed through the fusion of transcriptional regulatory domains (Figure 10a). Thus, in an
effort to expand our parts library and explore the versatility of our approach, we designed and
characterized additional sets of synthetic TFs along with corresponding promoter libraries. Cis-
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elements for Yapl and Gatl were designed using experimentally determined sequence motifs
based on position-specific affinity matrices with randomly chosen bases for ambiguous
nucleotides in each motif'*%, Cis-elements for MCM 1, Matal, and Mato2 were generated with
sequences from previously characterized yeast promoters and were designed to bind all three TF
typest4”148, We subsequently generated CCEs by randomly concatenating five corresponding cis-
elements. Complete synthetic promoter libraries for each set were then assembled through
addition of the WUS minimal promoter, chosen for its high output in the initial library.

Our orthogonal TF design strategy introduces protein modifications to alter expression strength
while expanding the parts library. We tested two known transactivation domains (TADs), C1
from Zea mays and VP16 from herpes simplex virus type 1, to examine their effect when
appended to the tested TFs'*°. Our trans-element library was generated by fusing these TADs to
either the full-length TF or the truncated TF consisting of solely the predicted DNA-binding
domain . Additionally, these predicted DNA-binding domains were tested without a TAD fusion.
We selected two predicted domains for MCM1, Gatl, and Yapl (denoted as either D1 or D2),
and a single domain for Matal and Mata2 (denoted as D). The prospect of designing a minimal
and modular DNA-binding protein on which various activation or repression domains can be
appended could drastically expand the space for synthetic tool development. All modified trans-
elements also include an SV40 nuclear localization sequence to ensure proper import into the
nucleus'®. Using this strategy, we designed and synthesized various activating trans-elements
for each TF and compared their expression output across a subset of their corresponding
promoter library.

We designed our screen to evaluate the efficacy of transcriptional activation using truncated TFs
as a minimal DNA-binding scaffold. Comparing truncated TFs to their full-length versions
revealed that minimal DNA-binding scaffolds could be directly fused to TADs to enhance gene
expression, and in most cases outperform the full-length TF (Figure 10). The addition of a TAD
to the truncated Gatl TF chassis resulted in increased expression over the full-length TF with or
without an activator, showing behavior congruent to our expectations (Figure 10b). An
interesting result was observed when analyzing how the DNA-binding domains of MCM1 and
Yapl behave without the addition of a TAD. Often times these trans-elements consisting of
solely the DNA-binding domain resulted in substantial increases to expression strength. This
would imply that the predicted DNA-binding domain of these constructs has inherent activation
properties that may be interrupted when a TAD is fused. While the molecular basis of these
observations has not been elucidated in this study, this phenomenon reveals the potential of
limiting the genomic footprint of synthetic elements by utilizing minimal units with desirable
transcriptional regulation properties in synthetic circuit designs. For both homeobox TFs tested
(Matal and Mata?2), the trans-elements generated by the addition of the C1 or VP16 activation
domain to the full-length TF generally resulted in higher expression levels than those built on the
minimal DNA binding scaffold. This may be due to the removal of the flexible C-terminal tail
that provides stability to the TF/DNA/protein transcriptional complex*®!. While this was the
observed trend, there were exceptions as demonstrated in Figure 10e.

Overall, the modifications we made to the native TF increased expression output, except in
limited cases, as shown for Mata2 with promoter pMAlpha 9 where the full-length TF yielded
higher expression than the altered versions (Figure 10f). Importantly, we also demonstrate how
both the promoter and the trans-element used to drive its expression alter the overall behavior.
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This highlights the importance of a thorough and systematic investigation into how cis and trans
modifications modulate overall behavior. While not all parts function as expected, this work
highlights a strategy for improving the development of other synthetic transcriptional systems
from defined minimal biological parts and provides a characterized library for immediate use.
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Figure 10. Fusions of TADs to
both full-length and minimal
DNA-binding domains
provides a level of modularity

to trans-element design. a,
Graphical schematic demonstrating
the trans-element design strategy
implemented in this study.
Specifically shown here is the
comparison of the wild-type TF to the
truncated DNA-binding domain with
or without the C1 or VP16 TAD. b-f,
Demonstrates the effect that
modifications to the TF used to drive
expression have on promoter output.
These data display varying trends
observed for each family, specific to a
single promoter from the
corresponding library, and confirms
the potential for designing modular
trans-elements. The center line of the
box and whisker plot denotes the

median value, the box represents the interquartile range while whiskers represent the 5 and 95"
percentile with values outside considered outliers (n > 8 biological replicates).

Expanding TF modularity with repressor domain fusions

An additional level of control can be designed into our system with the introduction of repressive
regulators, permitting logic principles in genetic circuits. To explore this potential, we designed
repressive trans-elements that bind our synthetic promoters to repress transcription. As a proof of
concept, we fused the SRDX repression domain to the Gal4 DNA-binding domain®®?. When
synthetic repressors were co-infiltrated into tobacco leaves with synthetic promoters driving
GFP, GFP fluorescence decreased, indicative of a repression in gene expression (Figure 11a,
11b). We then generated additional repressive trans-elements by fusing the SRDX domain (-
SRDX for C-terminal fusions and -SRDXn for N-terminal fusions) to the other orthogonal TFs
we tested (Figure 11c). Addition of the SRDX domain to other TF types engendered repressive
trans-elements capable of limiting the basal expression of their corresponding promoters.
Though, repression functionality was often dependent on the location of the terminal fusion,
these trends varied from family to family. Plant engineers can utilize these synthetic promoters in
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tandem with repressor logic to achieve tissue specific gene repression, by driving the repressing
trans-element with a tissue-specific promoter or build complex gene circuits that can be both
activated and repressed. Surprisingly, the addition of the SRDX domain to some of the trans-
elements resulted in no change in expression, or even the increase in expression in some case. It
is important to note, modifications made to a TF from one family may be consistent in behavior
with the modifications made to another, as context dependence plays a role in determining
functional protein fusions. Often times the addition of a given regulatory domain alters behavior
inverse to the expected, highlighting the need to empirically test various modification schemes
when designing parts for optimal behavior in planta. Nonetheless, our findings summarize a set
of trans-elements that can be used as effective repressors for future plant engineering efforts.
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normalization of GFP expression, as it is generally expressed at the same level in all samples. c,
Quantification of repression observed with the introduction of the synthetic repressors from
Yapl, Mata2, and Gatl. Functional Yapl and Gatl repressors were constructed with an N-
terminal fusion of SRDX while the functional Mata2 required a C-terminal SRDX fusion . The
center line of the box and whisker plot denotes the median value, the box represents the
interquartile range while whiskers represent the 5™ and 95™ percentile with values outside
considered outliers (n > 8 biological replicates).
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Hybrid promoters designed to bind multiple TF types

To expand the dynamic potential of our system, we developed synthetic promoters with cis-
elements designed to bind multiple TF types; Matal, Mata2, and MCM1. This was inspired by
the native yeast mating system that determines haploid cell compatibility, and regulates the
switch from haploid-specific gene expression to diploid-specific gene expression after
mating!47148153-1%5 These promoters are regulated by MCM1, a-specific TFs (Matal), and a-
specific TFs (Mata2) at the cis-regulatory region, with output determined by the combination
bound at a given time. This requires these promoters to have binding sites for multiple TFs
allowing for the regulation of a single output with a multi-input parameter, allowing for more
complex logic principles to be introduced. With this in mind, we designed two sets of the
synthetic promoters with hybrid cis-elements composed of binding motifs for MCM1, Matal,
and Mata2 (Figure 12a). Each trans-element from these families can interact with the hybrid
promoters increasing the number of potential combinations and output range. For pMa_8
specifically, the background expression can be repressed with M2-D-SRDX, while MC-D1-C1
and M1-VP16 increase promoter output at varying levels. This demonstrates expression strength
modulation of a single promoter by altering the trans-element used to drive its expression.
Although the development of our synthetic promoters was intended for protein accumulation, we
used this hybrid promoter system to examine the correlation between protein and transcript
abundance at two days and five days post-transformation. These data demonstrate a strong
correlation (Spearman 0.71) confirming our method of quantifying output at the protein level is
sound for observing changes at the transcriptional level (Figure 12b, 12c).

Potentially, the most powerful application of these hybrid promoters is their capacity to introduce
multi-gated logic principles into genetic circuits. A simple ‘or’ gate can be generated by utilizing
two activating trans-elements from MCM1, Matal, or Mata2, with the promoter in the on state
when either activator is present. Additionally, it is possible to develop a reciprocal ‘nor’ gate by
utilizing two repressor constructs in concert with a synthetic promoter with high levels of
background expression. The promoter remains in the off state when either repressor is bound,
only activating when both are absent. Another interesting application of our repressor constructs
is the potential to generate a genetic kill-switch that will shut down promoter activity even in the
presence of an activating trans-element, as demonstrated by the combination of M2-D-SRDX
and MC-D1-C1 with pMa_8 (Figure 12a). Utilizing our multi-binding site promoter system, we
lay the foundation for the fabrication of more complex and elegant genetic circuits in plants.
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Figure 12. Hybrid promoters incorporate cis-elements with binding sites for

multiple TF families. a, Graphical representation of the hybrid promoter schematic with
trans-elements corresponding to the data shown. Varying the family and functional domain of
each trans-element modulates the expression of the synthetic promoter to varying levels.
Additionally, the hybrid promoter can incorporate more than one TF signal simultaneously with
output determined by the combination bound. This is demonstrated with the repression of pMa_8
when M2-D-SRDX and MC-D1-C1 are co-expressed with the synthetic promoter. Standard
violin plot represents the estimated kernel density with the median and interquartile range
represented by dashed lines (n > 8 biological replicates). b, Using hybrid promoter pMa_10,
protein and transcript abundance was measured for plants expressing the representative synthetic
elements at two and five days. Protein levels were measured using levels of GFP/RFP
fluorescence as before. Transcript abundance was determined using gPCR with tissue from the
same plants used for fluorescence measurements. The center line of the box and whisker plot
denotes the median value, the box represents the interquartile range while whiskers represent the
51 and 95 percentile with values outside considered outliers (n > 6). ¢, The correlation between
protein and transcript abundance was examined with all data from both days. These data have a
Spearman correlation of 0.71 with a p-value of 2.09e-8.
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Discussion

A major challenge to circuit engineering has been the unravelling and elucidation of genetic
determinants underpinning gene expression in eukaryotes, especially in plants. A core tenet of
synthetic biology is the ability to understand the fundamental and reductionist rules that govern
natural systems in order to reconstruct and engineer artificial molecular components of life. Our
findings demonstrate a strategy to investigate contributions of various cis-elements, minimal
promoters, and trans-elements that dictate gene expression, providing the foundation for future
studies to rationally design transcriptional regulation systems with predicted expression strengths
a priori. Although there are many nuances to transcriptional regulation in plants that have not
been elucidated in this study, our results take one step towards the coarse dissection of the
contributing effect of specific genetic elements in controlling gene expression. These findings
may provide the foundation for the future identification of design principles that will enable the
construction of more refined and targeted transgene expression systems in plants. It is important
to note that the orthogonality of our system may vary in different plant species as imported cis-
elements may already be present in their genome; however prior work with the Gal4 system in
Arabidopsis has suggested that there are no major pleiotropic effects from the introduction of
new synthetic TFs'24128 This will have to be confirmed on a case-by-case basis in future studies
utilizing these parts in diverse plant species. Nonetheless, there is potential to expand our
conceptual approach for promoter and TF design to other eukaryotes by fusing native core
promoters and orthogonal cis-elements to build up DNA parts in less developed systems.

A major obstacle that has often thwarted plant engineering efforts is the natural phenomenon of
transgene silencing. Plants have evolved robust defense mechanisms that may perceive multiple
transgenes driven by the same promoter as a threat, resulting in gene silencing at the
transcriptional (gene inactivation via DNA methylation) and post-transcriptional (RNA
degradation) level**®*" Thus, although many engineering efforts require the coordinated
expression of multiple genes, it has long been observed that stacking the same promoter multiple
times may also dramatically increase the chance of gene silencing®®. Inherent to our library
design of synthetic elements is the avoidance of identical sequences, as addressed by the
randomization of varying CCE combinations and minimal promoters to avoid the use of
homologous sequences. This strategy permits the stacking of multiple genes with distinct
promoters and may circumvent potential gene silencing. Additionally, it is important to note that
many classically used promoters have been incorrectly labeled as ‘constitutive,’ as they are not
expressed in all tissues, nor do they express at similar levels across various tissue types!®®. Thus,
this broad stroked approach and traditional reliance on ‘constitutive’ promoters represents a
major barrier that separates the level of engineering complexity that can be deployed in model
microbial versus plant systems. A key hurdle has been how to artificially design promoter
elements that replicate elements of spatial and temporal control over gene expression®, In
comparison to microbial efforts, these challenges are unique and specific to plants and have not
yet been thoroughly addressed. The majority of previous studies that have required tissue-
specific expression of transgenes have utilized endogenous promoters; however, these promoters
cannot modulate expression strength, thus demonstrating the one-dimensional limitation of being
restricted to these endogenous sequences. The distinct output of each combination of synthetic
promoter and trans-element enables the expression of numerous transgenes at varying strengths,
providing an additional dimension of control over synthetic genetic circuits. Eventually, these
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techniques can be expanded to design and build complex multi-layered gene expression systems
with synthetic elements

A rapidly growing global population has led to an increase in the motivation and enthusiasm for
the engineering of plants to tackle impending societal challenges. Many of these efforts have
focused on agronomy, with the goal of increasing crop output per hectare by optimizing plant
traits associated with abiotic/biotic stress, disease resistance, biofortification, and sustainability.
Additionally, there is a growing interest in using plants for ‘molecular farming’, with engineered
lines grown for the harvest of high-value compounds and proteins. In order to deliver on such
agricultural biotechnology solutions, tools will need to be developed that address basic
challenges in controlling transgene expression strength, enabling tissue-specific expression, and
stacking multiple genes without risks of gene silencing. With these concerns in mind, we have
developed a strategy for designing and testing synthetic transcriptional regulators and have
demonstrated their utility in planta. Expanding the capacity for synthetic plant biologists to
perform targeted and precise engineering will be indispensable for future complex multi-gene
engineering efforts.

Initial design and testing of synthetic bidirectional promoters

Promoters (in general) are thought to be unidirectional in driving gene expression, often denoted
as a single headed arrow, though they inherently show bidirectional behavior in most cases!®:.
Generally, the product of upstream transcription is short lived uaRNAs (upstream antisense
RNAs), and while currently unknown, may themselves have a function much like siRNAs and
miRNAs®2. While we are not interested in the uaRNAs specifically, this phenomenon
demonstrates the capacity for transcription at both the 5* and 3’ end of the promoter. This leads
us to believe there is potential to engineer a single promoter that drives productive transcription
of both the sense and antisense strands of the flanking DNA. This could be quite beneficial when
designing synthetic gene circuits with numerous gene-coding sequences by limiting the number
of elements required for desired functionality. Especially, when generating GMO plants that
require years of work between generations when producing modified lines; and are limited in the
amount of transgenic material that can be introduced with each cycle!®®. We theorize that the
system we developed for engineering synthetic promoters can be applied for the development of
synthetic bidirectional promoters that generate independent mMRNA sequences at both ends. In
tandem with bidirectional promoter activity, it would be possible to link multiple CDSs with 2A
peptide regions to develop polycistronic expression systems for use in plants®*. This would be
especially promising, allowing for the expression of six genes with a single promoter and two
terminators. This has the possibility to revise the current approach to plant engineering, which
requires a promoter/terminator pair for each CDS. Decreasing the “genetic real estate” used for
non-coding sequences like promoters and terminators would increase the capacity for the
inclusion of functional CDSs in a single transformation event, accommodating more complex,
layered, and stacked engineering schemes.
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Bidirectional promoter theory and design

The approach of using DNA-binding sequences (cis-elements to form CCEs) and minimal
promoter elements (each including a core promoter and a 5’UTR) to generate synthetic
promoters was augmented to instigate bidirectional functionality. By appending a second
minimal promoter in the antisense orientation upstream from the CCE we aimed to drive
productive transcription (resulting in mMRNA production of a desired sequence) of both the sense
and antisense strand. CCEs of varying length we generated by random concatenation of 1-8
varying cis-elements, with randomized 4bp spacer sequences, that bind the Gal4-based trans-
elements. In place of the minimal promoters used in the initial study, which were sequences
derived from various native plant promoters with their corresponding 5’UTR, we selected core
promoter sequences developed by Jores et al. due to the array of sequence diversity and robust
output in their experimental system. Core promoters AT2G39670 and AT3G26090 were
selected, as they were top performing elements in their studies using Agrobacterium infiltrated
tobacco plants. In line with our goal of increasing sequence diversity in our promoter designs,
two different 5’UTRs were selected to complete the bidirectional promoter constructs. The
Zm00001d041672 and HSP18.2 5’UTRs were selected to flank the core promoters (Figure 13a).
The inclusion of the 5°UTR is crucial for the proper processing of the pre-mRNA into mRNA as
well as translation. Zm00001d041672 was chosen due to its inclusion in the Jores et al.
experiments done in tobacco, (although rationale for its selection was not discussed in their
publication). HSP18.2 was chosen based on previous experiments that demonstrated this 5S’UTR
promotes robust production and accumulation of both mRNA and protein products*®.
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The Gal4-binding cis-elements are unique in they are quite palindromic. This feature of the
sequence lends to the idea that the zinc-finger domain of Gal4 can bind the DNA in both 5’ to 3’
and 3’- 5’ orientations®”, which makes it a great option for developing a system that functions
bidirectionally. The flanking core promoters each bind RNA polymerase and the PIC prior to
transcription initiation®8, Transcription is then activated by the introduction and binding of the
Gal4 trans-element at the CCE leading to mRNA production at both ends. An additional benefit
of this scheme is the almost infinite array of promoters that can be designed by altering the cis-
elements of the CCE, core promoters, and 5°UTRs (Figure 13a). Each element has an individual
contribution to the overall functionality, providing the capacity to tune the strength of expression
at each end independently. A two-reporter assay was used to determine functionality of the
bidirectional promoters by measuring eGFP and mCherry fluorescence (Figure 13b). Protein
accumulation served as a proxy for analyzing the strength of gene expression, this method was
verified to correlate with mRNA accumulation in our previous study using these reporters.

Achieving productive bidirectional transcription

While the suite of promoters initially designed and tested did not produce robust results, we were
successful in achieving bidirectional transcription of both reporters simultaneously. 37 promoters
with CCEs containing 1-8 randomized cis-elements were initially tested, showing a range of
transcriptional output. All trials were done with the Gal4-VVP16 transactivation-element,
expressed under the 35s promoter, in conjunction with an individual bidirectional promoter
(denoted as Bd_CisXX). Surprisingly, the number of cis-elements used in each promoter lacked
significant correlation with output, R? value of 0.076 for eGFP and 0.065 for mCherry (Figure
14). Though, further investigation into the individual combinations used in each CCE could
glean insight into the contribution of each cis-element independently, as there is a subset of
promoters that outperform the average. The 5’UTR did show a difference in overall output when
comparing the fold-increase in expression over the empty vector control. eGFP, driven by the
Zm00001d041672 5°UTR end of the promoter, had an average fold increase of 3.31 across all
tested promoters (Figure 14a). mCherry, driven by the HSP18.2 5’UTR end of the promoter, had
an average fold increase of 10.66 across all tested promoters (Figure 14b). HSP18.2 was shown
previously to promote robust transcription/translation in tobacco, likely making it a contributing
factor to these observations. The Zm00001d041672 5’UTR used on the other end comes from
maize. Often, elements from monocots like maize do not function as expected when used in
dicots like tobacco®®, which may be an explanation for the minimal output. The core promoters
selected to flank the CCE in these designs were shown to have similar strengths in the data set
used for selection, making them an unlikely explanation for the major difference in output seen
at each end. Though, this does not exclude the possibility that the core promoters themselves
were a factor in the differences observed. Overall, the 37 promoters tested did not perform at an
optimum level when compared to strong constitutive promoters like 35s, which is often used to
drive high levels of expression in plant systems'’®. While this was disappointing, we do have a
framework for optimization of the system via core promoter and 5° UTR modifications.

Insights from initial designs

Even though these first designs did not produce robust levels of output, we were successful in
demonstrating bidirectional expression highlighting the potential for engineering bidirectional
promoters. We have targeted the core promoters as the likely source for optimization of these
primary designs, as additional work done with select Jores et al. core promoters found them to
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be underperforming in our tobacco system (Dr. Andy Zhou, unpublished). Further comparison of
methods also highlighted a key incongruity that is often overlooked. Their measurements were
all taken at the mRNA level using barcoded sequences to measure transcription, a sound method
for the examination of gene transcription. In our tobacco system, we analyze protein
accumulation as a measurement of gene transcription. While both methods are correctly
employed, they are measuring different aspects of the central dogma'’*. Inconsistencies are often
observed when correlating mRNA abundance and the resulting protein titers. In a theoretical
scenario, MRNA with a short half-life and high translation efficiency could produce similar
amounts of protein as MRNA with a long half-life and low translation efficiency. If one were to
measure the protein abundance, it could be assumed the transcriptional/translational dynamics of
both mMRNAs were similar, due to similar titers. When measuring the abundance of each mRNA,
one would find drastic differences due to varying transcript dynamics and could incorrectly
assume this pattern would be observed at the protein level. When selecting core promoters based
on mRNA measurements, we inappropriately assumed this would correlate with high levels of
protein production, which is the goal for our promoter designs. The second iteration of our
bidirectional promoters will shift back to using core promoter sequences mined from dicots, or
tobacco specifically, that correlate with high levels of protein accumulation in the native system.
These core promoters can then be substituted into our scheme for the optimization of
bidirectional promoter design. Additionally, the Zm00001d041672 5°UTR would be substituted
with varied 5°UTRs from the tobacco HSP family to determine the ideal elements for our
application.
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Increasing the hexose/pentose sugar ratio in sorghum with synthetic
biology

As discussed earlier, a major contributor to the recalcitrance of bioenergy feedstocks is the ratio
of C6 to C5 sugars. Sorghum bicolor is an emerging target of feedstock engineers due its drought
resilience and capacity to generate large amounts of biomass!’?. Unfortunately, sorghum
feedstocks generally contain high levels of C5 sugar in the form of xylan, which plays a crucial
role in maintaining the rigidity of water conducting xylem*’3, Additionally, sorghum has an
abundance of xylan-rich sclerenchyma in stem fibers that likely assist in maintaining the rigidity
of mature plantst’. Mutations that disrupt genes responsible for xylan synthesis in model plants
often lead to vessel collapse resulting in a dwarfism phenotype!”. While this would successfully
increase the C6/C5 sugar ratio, thus reducing recalcitrance, the decrease in biomass accumulation
due to dwarfism would result in a net loss for bioenergy applications. We hypothesize that
decreasing the xylan content in the fiber cells specifically, while leaving the xylan of the vessel
elements unaltered, would result in an increased C6/C5 ratio of the resulting sorghum feedstock
while limiting the dwarfism phenotype. This approach has been successfully demonstrated in
Arabidopsis thaliana via vessel-specific complementation of xylan biosynthesis in mutant
lines!™.

Application of synthetic promoters for the tissue specific engineering of
Sorghum bicolor

This work aims to introduce a synthetic genetic circuit into Sorghum bicolor that will increase
the C6/C5 sugar ratio by decreasing xylan content in the sclerenchyma (Figurel5a). Synthetic
promoters in conjunction with our tissue-specific expression strategy will be used for the
integration of our circuit. A sclerenchyma-specific promoter was mined from the sorghum
genome (pSWNL1) to serve as the integration node. The goal is to have the circuit active only in
the sclerenchyma, while silent plantwide, to prevent vessel collapse and therefore dwarfism.
pSWN1was mined by selecting 2.2kb of the upstream sequence from the SbSWN1 start codon
(LOC8069067), using the NCBI S. bicolor genome sequence. SWN1, a homologue of NST1
from A. thaliana, is hypothesized to be expressed specifically in the fiber cells, making it a
perfect bait to mine a sclerenchyma-specific promotert’®. This hypothesis is based on research
done in the monocot Zea mays on the expression pattern and downstream targets of ZmSWN1,
demonstrating its role in secondary cell wall synthesis in the fiber cells specifically*’’. The high
degree of sequence similarity between SbSWN1 and ZmSWNL1 suggests a similar role in both
systems, though specific experiments to confirm this in sorghum are yet to be published.

Xylan, a B-(1,4)-linked xylose homopolysaccharide, is biosynthesized by the IRX xylan synthase
complex. IRX9 and IRX14 are primarily structural proteins while IRX10 is responsible for the
catalytic elongation of the xylan backbone'’8. A dominant-negative suppressor of xylan
biosynthesis was generated in A. thaliana by mutating IRX10 to abolish the catalytic activity via
a G283D amino acid substitution'’. This caused a drastic dwarfism phenotype when
overexpressed plantwide with a 35s promoter. We designed a similar dominant-negative
suppressor for sorghum (IRX10*) by introducing this same mutation at the aligned residue of the
sorghum IRX10 homologue (G291D), which is conserved across most land plants. By
overexpressing IRX10* in the sclerenchyma we aim to minimize xylan biosynthesis in the fiber
cells specifically.
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Two different Gal4-based synthetic promoters (pSbSP1 and pSbSP2) were designed using
CCE17 and two minimal promoters, one from Triticum aestivum and one from Z. mays.
Combining our top performing CCE in conjunction with previously tested minimal promoters
from monocots will provide the highest likelihood of functionality once integrated into the
sorghum genome. Unfortunately, we were unable to test these promoters prior to genetic
integration of the complete circuit due to a lack of reliable methods for rapid transient
transformation and analysis, which is a major challenge in sorghum engineering'®. The Gal4-
VP16 transactivation-element was selected for use in this circuit, having shown robust
transcriptional activation in varying experimental designs when coupled with CCE17. The
complete circuit will aim to harness the tissue-specific expression pattern of pSWN1 (serving as
the integration node for the circuit) to drive the expression of Gal4-VP16, which is turn binds
and activates downstream of pSbSP1 or pShSP2.
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Figure 15. Synthetic genetic circuit schematics for Sorghum engineering.

a, Stem cross-section denoting the location of sclerenchyma. b, Approach 1 utilizes a two-
component expression system for IRX10* expression in the sclerenchyma. ¢, Approach 2 utilizes
a two-component system in conjunction with 2A peptides for bicistronic expression. The aim is
to generate a positive feedback loop for IRX10* expression in the sclerenchyma. d, Positive
control line will express IRX10* plant wide using the constitutive monocot promoter pZmUBI.

We designed four iterations of our circuit for the generation of stably transformed sorghum lines
for downstream analysis. Two approaches were employed, approach 1 being a simple two-
component system, with approach 2 including a positive feedback mechanism. Both synthetic
promoters were included with each approach. The two-component approach uses pSWN1 to
drive expression of Gal4-VVP16 in the sclerenchyma. Gal4-VVP16 then interacts with the synthetic
promoter to drive the expression of IRX10* (Figure 15b). With this method the expression of
IRX10* is limited by the strength of both pSWN1 and the synthetic promoter. This could be
problematic as IRX10* must outcompete the native IRX10 in complex to disrupt xylose
transferase activity. To preemptively hedge against this situation, we employed the second
approach to include a positive feedback mechanism using 2A peptides for bicistronic
expression’®. As with approach 1, pSWN1 drives expression of Gal4-VP16, which interacts with
the synthetic promoter to drive expression of IRX10*. To produce the positive feedback loop we
included a second copy of Gal4-VP16 downstream from IRX10* linked with a 2A peptide
sequence (Figure 15c¢). This second copy of Gal4-VVP16 will generate positive feedback by
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interacting with the synthetic promoter driving its own expression along with IRX10* to reach
the maximum theoretical output. A positive control line was also designed with the aim of
inducing the dwarfism phenotype by overexpressing IRX10* plantwide. We aim to achieve this
by driving the expression of IRX10* with the constitutive monocot promoter pZmUBI, which
should lead to the expression of IRX10* in all tissues™? (Figure 15d).

Next steps and future experiments

We have outsourced the genetic transformation of our stable sorghum lines to Dr. Ray Collier
and his team at the University of Wisconsin. This transformation process takes over a year to
generate T1 sorghum seeds, so unfortunately, we are currently unable to perform an analysis of
the physiological effects of our synthetic genetic circuit. Once available, we will germinate and
screen for the homozygous insertion of the complete genetic circuit in all five lines. Seedlings
that are confirmed for successful transformation can then be grown to maturity and undergo a
panel of experiments to determine key phenotypic changes. Specifically, characteristics that have
a direct impact on optimizing the feedstock-to-biofuel conversion efficiency will be explored.
Various aspects of growth and development will be catalogued throughout the life of the plants
including height, biomass accumulation, stem thickness and rigidity, and overall health. Mature
plants will then be harvested, and the tissue subjected to numerous chemical and molecular
analyses. A monosaccharide analysis will determine changes to xylose levels in specific tissues
(stem, leaves, roots, etc.) and plant wide!8, Additionally, lignin will be quantified and analyzed
to examine peripheral changes in secondary cell wall components™2, The resulting biomass can
then be used as a feedstock for downstream analysis of saccharification and conversion
efficiency, which is the ultimate application of the engineered lines. We expect a range of
phenotypes in these experiments across all five lines (as well as within each line), with the
positive control having the largest increase to the hexose/pentose sugar ratio and the most
dramatic dwarfism. The four lines developed with approach 1 and approach 2 will hopefully
yield a spectrum of results across all experiments. This will provide a detailed comparison of
multiple traits of interest, allowing for a multivariant analysis to determine the most suitable line
for bioenergy applications. Eventually, additional traits developed with synthetic biology (i.e.,
low lignin, decreased cell wall acetylation, and biosynthetic pathways for high value co-
products) can be iteratively stacked in the same line to develop an optimum bioenergy sorghum
line for implementation in future field trials and large-scale conversion experiments.
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Applications of synthetic yeast biology for biotechnology and
the biosynthesis of plant natural products

The interest in plant natural products spans the entirety of human civilization, with references of
plant-based medical remedies being documented throughout history*®®. Plants have diversified
over time to create an array of biosynthetic pathways that produce specialized metabolites with
an immense range of chemical structure and function8. This can be attributed to their sedentary
nature, which drives the evolution of numerous traits that chemically modulate interactions with
an ever-changing environment. Advances in genome sequencing/mining has led to the
characterization of numerous biosynthetic pathways responsible for the synthesis of alkaloids,
terpenoids, phenolics, polyketides, and many more!8-187, Unfortunately, the large-scale
production of many high-value molecules (especially those with pharmaceutical or industrial
applications) is hindered in plants. This is mainly due to the considerable energy and time input
required to amass a purified product, which is often synthesized at very low concentrations in the
native plant host.

Synthetic biology offers a remedy to the challenge of mass production via microbial engineering.
Introducing the genes of a biosynthetic pathway for a target molecule into a microbial host
delivers a system for the mass production of plant natural products via fermentation in
bioreactors. Saccharomyces cerevisiae has emerged as an appealing host for the bioproduction of
plant natural products due to its well-characterized genome, the understanding of native
biosynthetic pathways, the plethora of genetic tools available, and the presence of an
endoplasmic reticulum (ER) as a eukaryotic microorganism*®. The latter is of great importance
when dealing with plant natural products specifically, as many of the plant-derived enzymes
required for biosynthesis are ER bound (especially cytochrome P450s oxygenases) or interact
directly with components of the ER'®. By optimizing biosynthetic pathway functionality in
yeast, it is possible to achieve production titers of high-value plant natural products at far greater
a concentration then the native plant host without the need for vast plots of land or fertilizer
input.

Pivotal advances in microbial engineering for the biosynthesis of
plant-derived terpenoids

Terpenoids are a vast and diverse class of molecules with industrial and medicinal importance.
The majority of these molecules are produced across kingdom Plantae via specialized
metabolism. Microorganisms, mainly Escherichia coli and Saccharomyces cerevisiae, have
become choice platforms for the biosynthesis of terpenoids due to recent advances in synthetic
biology and metabolic engineering. New techniques for gene discovery have expanded our
search space for novel terpene synthesis pathways and unlocked unrealized potential for the
microbial production of more complex derivatives. Additionally, numerous advances in host and
pathway engineering have allowed for the production of terpenoids requiring oxidation and
glycosylation, effectively expanding the potential target space. These advances will lay the
foundation for the microbial biosynthesis of a seemingly infinite domain of terpenoids with
varying applications.
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Over 50,000 known terpenoids are naturally produced across all kingdoms of life and constitute
the largest class of natural products. Though, the majority are the result of specialized
metabolism in plants'*®°. Terpenoids are of major interest due to their applications in the food,
pharmaceutical, and cosmetic industries as well as their potential as liquid fuels. Microbial
biosynthesis is an optimal platform for the isolation and purification of individual terpenoid
compounds. Additionally, this limits the need to grow, harvest and extract plant material, which
generally contains low concentrations of the desired product along with complex mixtures of
similar compounds and prevents the overharvesting of ecologically sensitive species. Terpenes
are synthesized from C5 isoprene building blocks derived from the mevalonate (MEV) or 1-
deoxy-D-xylulose 5-phosphate (DXP) pathway. These units are then condensed to produce larger
and more complex molecules. The major terpene families are the hemiterpenes (C5),
monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), triterpenes (C30), and tetraterpenes
(C40). This space is further expanded by the oxidation, via cytochrome P450 oxygenases
(CYPs), and glycosylation, via glycosyltransferases (GTs), of the base terpene
skeleton/scaffold*®11%2, Furthermore, prenyltransferases add terpene units to other molecules to
generate complex terpene composites, or meroterpenoids, which includes the cannabinoids!®®
(Figure 16).

Within the last two years, large strides have been made in the microbial production of terpenoids
from cannabis and hops, with a focus on prenylated chalcones, flavanones, bitter acids, and
cannabinoids due to their distinct bioactive properties. All of these products result from the
concatenation of a common isoprenoid precursor with a second fatty acid-derived precursor by a
prenyltransferase. Prenyltransferases (PTs) in cannabis and hops are severely under characterized
yet are responsible for the large diversity within the cannabis & hop terpenomes. A combination
of gene network and phylogenetic analyses has been used to identify candidate genes for many
of these molecules.

Microbial engineering is currently limited to the biosynthesis of known and well characterized
terpenoid products. Computational biology, genomics, and transcriptomics are powerful tools for
the identification of novel terpenoid synthesis pathways, ushering in a new era of synthetic
biology'°*1%. Yeast has proven to be a desirable host for the production of these complex
terpenoids due to its endogenous MEV pathway, the presence of an endoplasmic reticulum (ER)
to anchor membrane-associated plant enzymes, and the plethora of genetic tools for the
metabolic engineering of this chassis. Bacterial engineering for terpene production has also seen
recent success, but there is limited capacity for the expression of CYPs in these hosts without
extensive modification of the native enzymes. Here, we focus on recent advances in the
discovery of terpenoid synthesis pathways and their heterologous expression in microorganisms,
as well as the expansion of the terpenoid target space through host engineering and the utilization
of plant-derived CYPs and GTs.
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Figure 16. Expanding the terpenoid target space for microbial biosynthesis

with plant-derived tailoring enzymes. The molecules used for this representation exhibit
a variety of desirable bioactive properties and provide an example of relevant targets for future
engineering efforts. There are numerous additional diverse terpenoid families not represented in
this figure, and the terpenoids that are displayed represent a single example from potentially
thousands in each of the represented families. It is important to note that each arrow does not
necessarily signify a single reaction, and in many cases, there are numerous reactions required
for the biosynthesis of the representative molecule. Many of the enzymes that catalyze these
reactions are yet to be characterized, leaving ample opportunity for future work in pathway
discovery and microbial biosynthesis.

Advances in omics studies to identify novel terpenoid biosynthesis pathways

Detailed transcriptomics performed on extractions from glandular trichomes as well as female
floral tissues of Cannabis sativa at varying developmental stages indicate that candidate genes
involved in terpene and cannabinoid synthesis have abundant expression in trichomes®. A
recent study acquired high quality glandular trichome transcriptomes from nine different
commercial cannabis strains in an attempt to characterize terpene synthases'®’. A phylogenetic
analysis of the whole genome contig database of C. sativa also revealed 24 o-methyltransferases
and eight putative aromatic prenyltransferases, one of which was characterized as the
penultimate synthase for cannaflavins A and B1%8, Additionally, a total of more than 22,000
expressed sequence tags (ESTs) from several hop trichome-specific cONA libraries have been
deposited in the TrichOME database®®. This comprehensive transcriptome is a significant
resource for further research into natural product pathway discovery and has massively advanced
the potential for microbial biosynthesis of multiple terpenoids. Additionally, a recently unveiled
metadata platform MaveDB aims to distribute and interpret data from multiplexed assays of
variant effect and may be a valuable tool to inform rational engineering®®.
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Recent advances in microbial transgene expression systems for terpenoid
production

There have been several key advancements in the production of terpenoids from both hops and
cannabis in recent years. In 2018, an industrial brewing yeast was engineered to produce primary
flavor determinants in hopped beer, allowing for a hoppy tasting beer in the absence of additional
hops. Employed was a combinatorial assembly of yeast toolkit parts (promoter, terminator, linker
etc.) and iterative design-build-learn-test cycles with strain selection guided by a mathematical
model relating genetic design to monoterpene flux?*-2%, To be functionally useful, the
engineered strain needed to retain its ability to convert sugars to ethanol, and have precise, stable
expression of flavor-determining monoterpenes linalool and geraniol. This work was in contrast
to most metabolic engineering efforts which are commonly enlisted to maximize product titers.
Multiple state of the art engineering techniques and iterative improvement schemes were
employed to tune production of multiple commercially important metabolites without major
collateral metabolic changes.

For cannabinoids from C. sativa, an aromatic prenyltransferase catalyzes the formation of
cannabigerolic acid from olivetolic acid (OA) and geranyl pyrophosphate (GPP). The pathway
then branches again toward different cyclized products, such as tetrahydrocannabinolic acid
(THCA), cannabidiolic acid (CBDA), and cannabichromenic acid (CBCA). A recent landmark
paper describes the successful production of THCA and CBDA from sugar in yeast?®®. Unnatural
cannabinoid variants with tailored alkyl chains could also be obtained via feeding the engineered
strain with hexanoic acid analogs, demonstrating the substrate promiscuity of olivetolic acid
pathway enzymes. Most notably, cannabinoid variants with an alkyne moiety were synthesized,
paving the way for future click derivatization. It has been shown that the cannabinoid alkyl side
chain is a critical pharmacophore and may be a promising target for pharmaceutical discovery?°®.
Another study successfully reconstructed the entire B-bitter acid pathway by heterologous
expression of two CoA ligases, a polyketide synthase, and a prenyltransferase complex in an
optimized yeast system. A metabolon composed of two aromatic prenyltransferases was
elucidated?®. Another key tool for increasing transgene expression and function for terpenoid
biosynthesis is mutagenesis analysis, particularly for prenyltransferases given the plasticity and
promiscuity of their active sites?®>27,

Prenylated flavonoids are another subclass of plant phenolics, which combine a flavonoid
skeleton with a prenyl side chain. Unlike other flavonoids, they have a narrow distribution in
plants, limited to only several plant families, including Cannabaceae. Recent studies have
demonstrated that hop terpenophenolics (a term for both bitter acids and prenylchalcones) exhibit
diverse bioactivities with a high potential for pharmaceutical applications?®. A prenylated
flavonoid with a very potent phytoestrogen activity is 8-prenylnaringenin, produced in Humulus
lupulus (hops). 8-Prenylnaringenin was recently produced de novo as a proof of concept for yeast
as a platform for biosynthesis of prenylated flavonoids®®.

Recently, the importance of non-catalytic foldases and chaperones for terpenoid production in
trichomes has been elucidates®®. THCA and CBDA are unstable and will be non-enzymatically
converted to the decarboxylated forms, A9-tetrahydrocannabinol and cannabidiol respectively. It
is hypothesized that CsaCHIL, a chalcone isomerase-like protein lacking catalytic activity,
potentially binds THCA and/or CBDA for stabilization in hemp glandular trichomes and limits
negative feedback to upstream enzymes. It has also been shown that upregulation of multiple

39



foldases and chaperones resulted in a 20-fold improvement of THCA synthase functionality in
yeast and poses a promising avenue for optimizing microbial production?®°.

Optimizing cytochrome P450 oxygenase function in microorganisms

The progression of terpenoid biosynthesis in microorganisms is limited by the dearth of
characterized terpene synthases as well as the CYPs and GTs that modify these terpenes.
Computational biology has enabled the discovery of new enzymes, as demonstrated by the
identification of 55 predicted terpene synthases from C. sativa'®. CYPs, in particular, are
hypothesized to be a main driving force of terpenoid diversification in plants through
hydroxylation, sequential oxidations of specific positions (generating anchoring points for
additional modifications by transferases), as well as catalyzing ring closure and rearrangement
reactions that significantly increase terpenoid complexity?**. Most CYPs react with a distinct
carbon on the terpene backbone, reactions that are challenging for synthetic chemistry, making
biosynthesis of oxidized terpenoids a preferable option for production®'2, These CYPs are
generally localized to the ER of the native host in close proximity to the terpene synthase
producing the substrate for the reaction?*®. Often included on the ER are GTs required for the
glycosylation of the oxidized terpenoid, forming potential metabolons on the ER membrane.

There are many inherent challenges with transferring into microorganisms CYPs optimized by
nature to work in plant systems. This is a major hurdle when working in prokaryotic cell-
factories due to their lack of an ER and cytochrome P450 reductases (CPRs) responsible for
transferring electrons between the CYPs and electron carriers in eukaryotes. Groups have
successfully engineered E. coli with functionally reconstructed plant-derived CYPs by
generating fusion proteins with membrane anchors suitable for prokaryotic cells along with the
co-expression of a CPR?4217, A major advantage of working in yeast systems like S. cervasiae
and Yarrowia lipolytica for the production of decorated terpenoids is the endogenous ER system.
This has been successfully demonstrated in S. cerevisiae engineered to produce oxidized
casbenes, a medically important diterpenoid derivative, that required the optimization of six
CYPs, achieving titers of over 1 g/L, building upon techniques initially demonstrated in the
landmark paper producing artemisinic acid, a plant-derived sesquiterpene, in yeast?3:21°,

Expansion of the terpenoid target space with plant-derived
glycosyltransferases

The terpenoid target space can be further expanded through the introduction of GTs from plants
into microorganisms for the glycosylation of oxidized terpenoids. Beyond adding new
functionality, plants natively produce glycosylated volatile or toxic terpenes for long-distance
transport as well as storage of “disarmed" molecules??’. Saponins, modified triterpenoids
synthesized through varying oxiditions and glycosylations of a f-amyrin backbone, have
garnered recent interest in both the industrial and human health spaces??!. The biosynthesis of -
amyrin has been achieved in both E. coli and S. cerevisiae, but the production of its oxidized and
glycosylated derivatives has been limited to yeast??2?%, Recently, Wang et al. achieved 2.25 g/L
production of ginsenoside Rh2, an oxidized and glycosylated triterpene generally harvested from
Panax spp., by the directed evolution of UGTPg45%%°. This was the highest titer reported to date
for an in vivo production system.

40



Advances in cell-free platforms have enabled the interrogation of GT function in vitro and was
recently deployed for the production of novel cannabinoid glycosides??’. This method allows for
the characterization of GTs that can then be introduced to a production host for large scale
biosynthesis. A challenge for future engineering will be the availability of substrate, nucleotide
sugars, for glycosylation reactions in heterologous hosts. Limited work has been done in
microbes aimed at producing various nucleotide sugars, but the formation, interconversion, and
salvage of these substrates has been extensively studied in plants, providing a framework for
future microbial engineering efforts?2,

Increasing terpenoid production titers by altering subcellular morphology

A new paradigm of modifying the subcellular morphology of production cells rather than
optimizing metabolic flux has successfully increased oxidized terpenoid production titers in
yeast. Kim et al. overexpressed INO2, an ER size regulation factor, which resulted in an increase
in ER biogenesis, ER protein abundance, protein-folding capacity, and cell growth while limiting
ER stress response®?®, This resulted in a 71-fold increase in squalene production and an 8-fold
increase in the CYP-mediated production of protopanaxadiol compared to control strains. A
similar goal was achieved by knocking-out PAH1, which generates neutral triglycerides from
phosphatidic acid. This strategy also enlarged the ER and boosted production of B-amyrin,
medicagenic acid (oxidized derivative), and medicagenic-28-O-glucoside (glycosylated
derivative) by eight-, six- and 16-fold, respectively, over the control strain?®. These strategies
will prove to be pivotal advances in terpenoid engineering and may be applied to any yeast
chassis engineered for maximizing the biosynthesis of terpenoids derivatives.

Enhancing product accumulation capacity through host engineering

A potential hindrance of terpenoid biosynthesis in microorganisms is the potential for product or
intermediate toxicity preventing the accumulation of high levels of a desired molecule.
Achieving maximum accumulation will be essential when commercializing next-generation
biofuel alternatives like the sesquiterpene bisabolene?®!. Groups have engineered synthetic
hydrophobic droplets within the cell that allow for the storage and accumulation of lipophilic
compounds like terpenes while circumventing growth or toxicity issues?32233, While this work
was done in plants, there is potential to transfer these technologies to microorganisms. Lipid
engineering in yeast was accomplished through the overproduction of triacylglycerol and a
knock-out of FLD1, which regulates lipid droplet size, resulting in oversized lipid droplets that
accumulate and store lycopene, an acyclic tetraterpene, resulting in record titers of 2.37 g/L?%.
These challenges have brought recent attention to Yarrowia as a production host for plant-
derived terpenes due to its capacity to accumulate lipophilic compounds and the potential to
utilize technology developed for S. cerevisiae in this new host?*>2%¢. A recent pivotal study
harnessed peroxisomes to produce squalene at an unprecedented titer through dual cytoplasmic-
peroxisomal engineering®’. This study indicates that peroxisomes can function analogously to
trichomes due to their pathway compartmentalization. While there has been little exploration
thus far of the capability of yeast peroxisomes to mimic the trichome metabolic environment
specifically, they are a promising avenue for the optimization of heterologous production of
terpenoids in yeast.
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Conclusion

Utilizing microbial biosynthesis to produce economically relevant terpenoids limits the need to
grow, harvest, and extract plant material. This provides an environmentally friendly synthesis
platform for specialized terpenoids and permits their production at high concentration and purity.
Advances in technologies and strategies for the identification and heterologous expression of
terpenoid biosynthesis pathways in microorganisms will provide numerous opportunities for
future research. While there has been recent success in engineering prokaryotes for terpene
production, yeast will prove to be the optimum production host for more complex terpenoid
derivatives and should be a cornerstone for future efforts. The progression of metabolic
engineering for terpenoid production is only limited by the identification and application of
plant-derived terpene synthases, prenyltransferases, CYPs, and GTs for the biosynthesis and
decoration of natural terpenoid scaffolds. By implementing techniques previously described
there is potential to expand the latent target space beyond the natural/known terpenome, enabling
the biosynthesis of synthetic terpenoids. Achieving this goal will require new breakthroughs in
host engineering along with optimizing the expression and function of heterologous pathways.
Additionally, generating host strains that produce various or specialized nucleotide sugars for
glycosylated terpenoids will provide a chassis for the production of terpenoid glycosides,
allowing for the microbial biosynthesis of compounds with altered and enhanced bioactive
properties?382%,
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Biosynthesis of taxanes in yeast

The difficulty sourcing medicinal plant terpenes is exemplified by the Taxol story: clinical
development of Taxol was an agonizingly slow progress due to supply shortages of the natural
producer Taxus brevifolia in the 1980s and 1990s?“°. The concentration of Taxol in the plant is
very low (< 0.0001% in bark tissue), and harvesting of yew for extraction is not sustainable,
since T. brevifolia is now endangered?*. As is the case for all complex plant terpenes, full
chemical synthesis is also not currently a viable economic option as it requires many steps
(eleven chiral centers in the case of Taxol), gives low yield, and it not scalable for production.
Taxol is currently manufactured either by semisynthesis from 10-deacetylbaccatin I11 extracted
from the needles of Taxus spp., or by extraction from plant cell suspension cultures grown with
elicitors to improve production?¥2, Both methods still rely on a plant source, resulting in a low
and unstable yield, high production costs, and unwanted byproducts. There are many examples
of medicinally relevant plant diterpenes that are currently facing similar sourcing issues, with
Taxol and cyclopamine as lead examples?*®. This is particularly regrettable because plant
terpenes can have unique mechanisms of action not demonstrated by any other class of
compounds. For example, Taxol stabilizes microtubules by binding at a unique and specific site
resulting in cell cycle arrest making it an effective cancer treatment?*4,

There are two major challenges that historically have limited the production of complex plant
terpenes in yeast, low yields for the first step in the pathway (terpene synthase reaction) and
optimizing complex pathways for the elaboration of the terpene scaffold requiring multiple
tailoring enzymes?*. Previous work with Taxol indicates that multiple products are produced in
early stages of the pathway, a major cause of low yields observed in yeast?*®. Additionally,
enzymes such as P450s are a notorious challenge for yeast heterologous expression, especially
when required to act in series, resulting in diminishing yields of products, thus limiting both
pathway discovery efforts as well as the reconstitution of multistep pathways. Despite these
challenges, the rational design of strains to tune coupling with redox partners can improve P450
activity in yeast?*’. Along with improving redox dynamics, P450 optimization could be enhanced
via augmentation of the ER anchoring regions to improve the localization and expression of plant
derived P450s in yeast; or the inclusion of non-enzymatic ER scaffold proteins engineered to
bind the P450s for the formation of pseudo-metabolons?*®,

Overview of Taxol biosynthetic pathway

Taxol biosynthesis in the native host T. brevifolia is a complex pathway requiring nineteen
enzymatic conversions, with eight of these enzymes yet to be identified/characterized?*®. This
includes eleven ER anchored enzymes (nine P450s, a dehydrogenase, and a cytochrome-P450-
reductase) with the remaining predicted as soluble cytosolic enzymes. In Taxus, both taxadiene
synthase (TXS) and geranylgeranyl diphosphate synthase (GGPPs) are localized to the plastids.
This is important to note when introducing TXS in yeast, as localization sequence removal is key
to improving performance, with truncation of the first 60aa yielding the largest taxadiene
titers?>°, Taxadiene-5a-hydroxylase (T5aH) then converts taxadiene to taxadiene-5o-ol (T5ao0l),
this is the primary modification of terpene scaffold. T5aol is then acetylated at the 5C position
replacing the hydroxide. Taxadien-5a-acetate then undergoes numerous oxidations, an
epoxidation, dehydration and benzylation to produce 10-deacetylbaccatin I11. The final
bioconversion of 10-deacetylbaccatin I11 to Taxol (which can also be achieved via semisynthesis)
requires five additional enzymes: phenylalanine aminomutase, B-phenylalanoyl-CoA ligase,
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[baccatin I11 3-amino, 13-phenylpropanyltransferase], taxane-2a-hydroxylase, and a N-benzoyl
transferase (Figure 17). Currently, many of the enzymes required for Taxol biosynthesis have
yet to be experimentally validated, though multiple research teams are working to characterize
the pathway?®!. The daunting task of engineering Taxol production into yeast is made even more
challenging due to the spectrum of byproducts generated in the first two steps of the pathway,
which drastically diminishes metabolic flux to downstream reactions. The taxadiene to T5aol
conversion by T5aH is especially problematic in yeast, producing more than ten dead-end
alternative products, with T5aol as a minor product?*®. Prior to this work, the structure of most of
these molecules were yet to be experimentally verified which complicates optimization of
T5a0H activity and T5aol production.
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Figure 17. Taxol biosynthetic pathway. Taxol biosynthesis from GGPP requires
nineteen chemical conversions catalyzed by ER-bound enzymes. As displayed, there are various
points in the pathway that can undergo unproductive conversions to dead-end intermediates. The
correct “order of operations” for many of the conversions is yet to be experimentally validated.

Deciphering the T5aOH product spectrum in yeast and tobacco

Biosynthetic pathway discovery for plant natural products can be carried out in a variety of
systems. Tobacco, specifically Nicotiana benthamiana, can serve as an excellent platform for
investigating the biosynthetic characteristics of plant derived enzymes with Agrobacterium-
based transient expression®°2253, Efforts to engineer plant natural product biosynthetic pathways
in yeast can be greatly enhanced when coupled with these tobacco-based investigations.
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Especially for high-throughput gene discovery, as plant derived enzymes frequently require
modification/truncation for proper functionality in yeast while remaining active in tobacco
without modification4. We sought to bolster our investigations into TSaH activity with parallel
experiments in yeast and tobacco, with the goal of deciphering the T5aH product spectrum and
confirming T5aol biosynthesis. Characterizing the array of oxidized products produced by the
T5aH reaction with taxadiene is made more perplexing when compared to the GCMS analysis of
Taxus cells grown in tissue culture. We found that the spectrum of oxidations generated by TSaH
is a phenomenon only observed in our transient production systems (yeast and tobacco), with
these additional byproducts absent in Taxus tissue (Jack Liu, Sattely Lab-Stanford, unpublished).
This could suggest a secondary level of regulation in Taxus that restricts the “unproductive”
oxidation of taxadiene at the 5C position, potentially via allosteric regulation of T5aH, the
presence of peripheral (non-enzymatic) proteins that modify reaction Kkinetics, or substrate
shuttling via metabolon formation>>2%, Interestingly, while the product profile is fairly
consistent in both the yeast and tobacco transient systems, the relative and absolute abundance of
each molecule are quite diverse.

Taxane production in yeast is carried out in a modified line engineered to overproduce GGPP
(JYWO001), the primary substrate of the taxadiene diterpene scaffold. TXS was further modified
to improve taxadiene production with the removal of the 60aa localization sequence, an N-term
maltose binding protein (MBP) fusion, and a C-Term ERG20 fusion (to increase GGPP
concentration local to TXS). Two copies of the augmented TXS were integrated into the yeast
genome with a galactose inducible promoter to allow for pathway activation after reaching
desired cell culture density. After confirmation of taxadiene production, T5aH and a CPR from
Taxus were integrated into the 2x TXS strain with a galactose inducible promoter for T500l
production. This strain was then used for metabolite extraction and GCMS analysis for
comparison to the TSaH product profile generated in the tobacco system, as well as molecular
structure confirmation.

More than eleven oxidized products, both mono-oxidized taxadiene (MOTD) and di-oxidized
taxadiene (DOTD), are produced in both the yeast and tobacco systems (Figure 18). This
demonstrates that not only does the T5aH reaction result in varying oxidations of taxadiene, but
also has the capacity for sequential oxidations of taxadiene, further complicating optimization of
T5ao0l production specifically. Unfortunately, the ablation of non-specific T5aH activity will be
crucial for the successful integration of the Taxol biosynthetic pathway in yeast. We have
currently identified the structure of eight MOTDs and DOTDs produced by T5aH via product
purification and NMR analysis. Four of these are MOTDs, one being T5aol and the other three
forming epoxides from the hydroxide added at the 5C position (Figure 18a-d). The four DOTDs
identified in this work have a myriad of secondary oxidations, with one undergoing a
rearrangement of the primary taxadiene scaffold (Figure 18e-h). These data, in conjunction with
findings that these alternative products are not found in Taxus cells, suggest that the TSaH
reaction with taxadiene is not specific in these transient hosts, with the capacity to form
numerous transition states during the reaction. This could potentially be attributed to a sub-
optimal redox coupling between T5aH and the CPR?*’. Even though both enzymes were mined
from Taxus, the interaction between them may be altered when outside their native context or
orientation. This also strengthens the argument that additional, unknown/unidentified structural
proteins or redox intermediaries are present in Taxus that modulate the reaction. One difference
observed when comparing the GCMS data from tobacco and yeast is the relative abundance of
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OCT (Figure 18b) compared to T5ao0l (Figure 18c). In yeast, the OCT/T5ao0l ratio is ~2/1, while
in tobacco OCT and TS50l levels are relatively equal (based solely on analysis of peak height).
Overall, the differences observed are most likely attributed to altered enzyme behavior (the same
polypeptide sequence was used) in yeast and tobacco, as interactions with endogenous proteins
and substrates would be quite varied in the plant and fungal host. Comparisons between the
absolute abundance and production titers for these products in both systems are not currently
viable, as there was no standardization done to normalize between samples. Another important
aspect of P450 activity that needs to be explored in future experiments is the balancing of CPR
and P450 levels. Overexpression of both the CPR and P450 can lead to a suboptimal redox
coupling if the stoichiometry of CPR and P450 are not properly balanced?®®. Experiments that
alter the level of CPR expression with constitutive promoters of varying strength (while
maintaining overexpression of T5aH) could inform decisions for optimizing the concentration of
redox partners, which in turn should improve T5aol production in yeast.
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Figure 18. Compilation of T5oH product spectrum in yeast and tobacco.
a-d, Four of the MOTD:s identified in the GCMS analysis of yeast and tobacco were structurally
validated with NMR. e-f, Four of the DOTDs identified in the GCMS analysis of yeast and tobacco
were structurally validated with NMR. Lines lacking T5aH expression (verified for taxadiene
production) are shown in black. The tobacco line with T5aH is shown in red while the yeast strain
with T5aH is shown in purple. T5aol (¢*) production was verified via NMR structure analysis as
well as comparison to chemically synthesized T5aol (generated with purified taxadiene).
Unfortunately, TSaol is a minor product, which demonstrates a major bottleneck in heterologous
hosts for the early stages of the Taxol pathway. Additional MOTDs and DOTDs present in the
samples are yet to be identified.
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Visualization of enzyme expression and localization dynamics

A major challenge when engineering functional P450s from plants into yeast is maintaining
robust expression and proper ER localization. P450s, along with their general redox partners
CPR and Cytochrome b5 reductase, require ER anchoring for proper assembly and functionality
of the electron transport chain coupled to the oxidative reaction carried out by the P450.
Confocal microscopy is a great tool for the examination of enzyme expression and localization
dynamics when coupled with fluorescent reporter protein fusions™>°. To better understand how
enzymes from plants (specifically from plant natural product pathways) behave in yeast, we
generated a suite of fusion proteins consisting of an enzyme of interest and a fluorescent protein
for visualization of expression/localization dynamics (Figure 19). In addition to our
investigation of specific enzyme behavior in yeast, we sought to better understand how the
expression vector used in each experiment (plasmid-based expression vs. chromosomal
expression) influences protein production across a population.

A common method for enzyme characterization in yeast utilizes high-copy plasmids with an
auxotrophic selection marker for expression %%, Unlike most antibiotic-based selection methods,
kanamycin selection in E. coli for example, auxotrophic selection has a degree of inefficiency. It
is possible for “cheaters” not carrying the plasmid containing the selectable marker to persist by
scavenging the deficient amino acid from dead cells in culture. When comparing the expression
patterns of an integrated fluorescent protein (eYFP) and various fusion proteins carried on an
auxotrophic plasmid we observed a drastic effect on expression across the population (Figure
19). Using either of the plasmid-based vectors (URA or LEU auxotrophic selection) for fusion
protein expression resulted in a mixed population when visualized, specifically when analyzing
the binary pattern of expression vs. no expression in each cell (Figure 19b-d). While other
factors likely contribute to this phenomenon, there is a consistent pattern observed when
comparing the expression of stably integrated and plasmid-based expression vectors. Even
though genetic integration of an expression vector yields homogenous expression in a
population, and thus consistency in production titers and peripheral observations, plasmid-based
expression has many utilities when engineering biosynthetic pathways in yeast. While not
advised for strains engineered for large-scale production, plasmid-based expression is excellent
for initial experiments aimed to characterize unknown biosynthetic enzymes. This is due to the
high throughput manner in which enzymes can be tested and optimized prior to genetic
integration, providing a primary system for investigating novel biosynthetic pathways in yeast
while building a final production strain.

A key observation can be made when comparing the localization pattern of a full-length
dioxygenase (the complete CDS from the native host including a predicted localization pattern)
with that of the same enzyme with the localization sequence truncated. Expression of the full-
length sequence in yeast results in a unfunctional enzyme, which is corroborated by the abnormal
localization pattern. Truncation of the native localization sequence restores biosynthetic
functionality (Dr. Graham Hudson, UC Berkeley-Keasling Lab, unpublished) as well as the
proper cytosolic localization in yeast (Figure 19c,d). These data demonstrate the utility of
confocal microscopy for the visualization of enzyme behavior, which can inform the
interpretation of production titers when rebuilding biosynthetic pathways in yeast.
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Figure 19. Comparison of
expression with genetic
integration and auxotrophic

plasmid vectors. a, eYFP is
expressed via genetic integration,
signal is present in all cells. b, A
cytosolic double bond reductase
fused to eYFP is expressed from a
URA auxotrophic plasmid. This
shows proper cytosolic localization,
though expression is limited to
<50% of the population. c, A
cytosolic dioxygenase, full-length
native sequence fused to eYFP, is
expressed from a LEU auxotrophic
plasmid. Protein fails to properly
localize and accumulates to
unknown cellular bodies;
expression is limited to <30% of the
population. d, The cytosolic
dioxygenase with eYFP fusion has been truncated to remove the predicted plant localization
sequence. This restores proper cytosolic localization in yeast when expressed from a LEU
auxotrophic plasmid, though expression in still limited to <50% of the population. These
findings highlight the inefficiency of expression from auxotrophic plasmids as well as the effect
of enzyme modification when introduced into yeast. Cultures were visualized 8hr PI at 1000x,
scale bars represent 10uM.

Another aspect of enzyme expression and localization we wanted to explore was stability over
time. Taxadiene-5a-acetyltransferase (TAT), a soluble and cytosolic enzyme from the Taxol
pathway that acetylates T5o0l, was fused to eGFP and visualized over time post-induction
(Figure 20a-c). At 8hr post-induction (PI) TAT:eGFP is seen properly localized to the cytosol
with minor puncta forming in a few cells. Though, when visualized at 24hr P1 the majority has
been shunted into numerous puncta in each cell, with limited fluorescence remaining in the
cytosol. Complete amalgamation of TAT:eGFP into these puncta can be seen at 48hr PI. This
could be an explanation for the lack of biosynthetic activity for TAT when introduced into the
T5aH production strain, though minimal levels of T5aol (or other unidentified issues) could also
restrict activity. While the mechanism responsible for this shift from dispersed cytosolic
localization to compartmentalized bodies has not been identified, it is hypothesized that the
enzyme is being trafficked into proteosomes or peroxisomes for turnover. Especially when
compared to a peroxisome localized fusion protein??, which shows a similar (though more
dramatic) pattern seen at 48hr P1 (Figure 20d). Observing this localization pattern over time has
highlighted additional aspects for optimization when engineering biosynthetic pathways in yeast,
persistence of localization and stability/half-life. Ensuring that the enzymes required for target
molecule biosynthesis have robust expression, along with persistence in both localization and
half-life, is crucial when optimizing production strains for large scale synthesis schemes.
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An additional characteristic of enzyme behavior in yeast was observed when comparing
localization dynamics over time of an ER and a cytosolically localized enzyme. Ketoreductase
11 and 23 (KR11 and KR23) involved in saponin biosynthesis (a plant natural product from
Quillaia Saponaria requiring numerous oxidations and glycosylations?®?) were selected for
visual comparison. KR11 (cytosolic localization) was tagged at the C-term with eYFP and KR23
(ER localization) was tagged at the C-term with CFP to analysis localization simultaneously.
KR11:eYFP and KR23:CFP were cloned into the same plasmid-based expression vector with
Gall and Gal10 (galactose inducible promoters) driving their expression. When visualizing the
localization of both KR11:eYFP and KR23:CFP at 8hr PI, KR11:eYFP is seen properly localized
to the cytosol while KR23:CFP is properly localized to the ER membrane (Figure 20e). After
confirming both enzymes were expressed and properly localized at 8hr PI, we visualized the
same culture at 24hr PI. As previously observed with other cytosolically localized enzymes,
KR11:eYFP had been shunted into small bodies with very little remaining in the cytosol.
KR23:CFP on the other hand retains proper ER localization in most cells, while showing limited
loss in overall abundance (Figure 20f). This phenomenon demonstrates an incongruity in
behavior between ER-anchored and cytosolically localized enzymes from plants when expressed
in yeast. The ER localized enzymes are largely occluded from accumulation to the “unknown
bodies” that capture the cytosolic enzyme. While the mechanism of action responsible for these
observations has yet to be characterized, these findings highlight aspects of enzyme behavior that
should be explored when engineering biosynthetic pathways from plants into yeast.
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Figure 20. Observations of enzyme expression/localization in yeast over time.
a, TAT:eGFP expression from an auxotrophic plasmid was visualized at 8hr PI. Cytosolic
localization is observed in the cells expressing the fusion protein (retaining the auxotrophic
plasmid). The same TAT:eGFP culture was visualized at 24hr PI (b) and 48hr PI (c). Over time,
the cytosolic localization of TAT:eGFP shifts as the protein is accumulated in unidentified
cellular bodies, potentially peroxisomes for protein turnover. d, GalT:mCherry was tagged with a
peroxisome localization sequence to visualize peroxisome localization dynamics of a fusion
protein. When compared with b and c, it can be hypothesized that the TAT:eGFP fusion protein
is being shunted to peroxisomes over time via an unidentified mechanism. e, KR11:eYFP and
KR23:CFP were co-expressed and visualized at 8hr Pl. KR11:eYFP properly localizes to the
cytosol while KR23:CFP properly localizes to the ER membrane. f, The same culture visualized
in e was sampled at observed at 24hr Pl. KR23:CFP maintains proper ER localization (in most
cells) while KR11:eYFP can be seen accumulating in the same unknown bodies demonstrating a
variation in behavior based on localization. Cultures were visualized at 1000x, scale bars
represent 10uM.

Taxol-associated P450 localization in yeast

Unfortunately, the P450s required for Taxol biosynthesis fail to properly localize to the ER
membrane when expressed in yeast. This issue presents a major challenge for engineering a
functional Taxol biosynthesis pathway due to the required redox coupling with ER bound
enzymes. One option for reconstituting proper ER localization is to exchange the native ER
anchor region of the P450 with an anchor sequence known to properly bind the ER membrane in
yeast?®3, This chimeric protein would hopefully have restored ER localization while retaining the
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native biosynthetic characteristics. This is more challenging with a subset of the Taxol P450s
that are predicted to have multiple transmembrane domains with an uncharacterized ER-binding
mechanism. Modifying this interaction without disrupting the internal loop structures and
catalytic activity of the protein could prove quite difficult. Another aspect of P450 function is
often determined by peripheral protein-protein interactions in the native host. Many highly
modified plant natural products are synthesized by a collection of enzymes in complex along the
ER membrane called metabolons, with the intermediate substrates shuttled from one reaction
center to the next. These highly optimized systems often involve non-catalytic “scaffold”
proteins that act as a foundation for the binding and assembly of numerous enzymes.

Examining the expression and localization dynamics of Taxol-associated P450s revealed a
deficiency in ER localization when tested in their native form in yeast. Expression was seen for
all the P450s investigated, but they localize to the cytosol. As mentioned earlier, functionality for
the vast majority of P450s from plants are dependent on proper ER-anchoring and redox
coupling with additional ER-bound enzymes. We sought to modify the localization of Taxol
P450s in yeast by substituting the native ER-anchor region (predicted in silico) for a sequence
previously shown to result in proper ER localization in yeast. Structure modeling and
transmembrane domain prediction was carried out for six of the Taxol P450s (T2aH, T5aH,
T7BH, T10BH, T13aH, and T14BH) using the PHYREZ2 platform. In general, the first
transmembrane domain of a P450 acts as the ER-anchor region. We therefore selected the first
amino acid after the predicted transmembrane domain for each P450s as a truncation point. The
functional ER-anchor sequence (MEHLYLSLVLLFVSSISLSLFFLFYKHKS) was used to
replace the truncated region along with the same linker sequence (GSAGSAAGSGEF)?*used
for the fluorescent reporter protein fusions. The linker sequence was added with the aim of
improving ER localization by introducing flexibility at the fusion site. Unfortunately, even with
the modified anchor region the P450s fail to properly localize to the ER (Figure 21).
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Figure 21. Functional ER-anchor swap fails to induce proper ER localization

of Taxol P450s. Six of the P450s required for Taxol biosynthesis were tested for ER
localization in yeast. All six P450s failed to properly anchor to the ER membrane, remaining in
the cytosol. By swapping the predicted ER anchor of these P450s (first transmembrane domain
of the polypeptide) for a functional ER-anchor sequence, we hoped to induce proper localization
for these enzymes. Unfortunately, the modified P450s still fail to properly localize to the ER
membrane. All P450:eGFP constructs were genetically integrated into the taxadiene production
strain for expression and localization visualization. Cultures were visualized 8hr PI at 1000x,
scale bars represent 10uM.

Another potentiality for improving the localization and function of multiple P450s is engineering
protein scaffolds that promote assembly at the ER membrane. Membrane steroid binding
proteins (MSBPs) are a class of protein that are commonly involved with biosynthetic pathways
in plants?%. Furthermore, these are often required for functional biosynthesis, exemplified by the
lignin biosynthetic pathway involved in secondary cell wall formation. Biosynthesis of the lignin
polymer is highly regulated, multi-branched, and includes several P450s requiring a MSBP for
complex assembly?®®, By identifying transmembrane domain anchors and MSBPs with a high
affinity for interaction, it may be possible to generate pseudo-metabolons when engineering plant
natural product biosynthetic pathways into yeast, specifically those that require numerous ER-
bound enzymes. To test the potential of this application, we selected a MSBP to test in yeast with
a previously characterized fusion protein confirmed for functional ER localization (ER-CsIG).
Fluorescent reporters were used to observe the expression and localization of both MSBP
(MSBP:mCherry) and ER-CsIG (ER-CslG:eGFP) simultaneously to examine co-localization
patterns (Figure 22). ER-CsIG:eGFP showed proper ER localization patterns in most of the cells
observed (Figure 22a), while MSBP:mCherry showed varied patterns of localization (Figure
22b). It is important to note that there are potential unknown interactions between MSBP and the
mCherry fusion protein. In the cells that showed high levels of co-localization though, robust
accumulation of both MSBP and ER-CsIG can be seen along the ER envelope of the nucleus
(Figure 22d). The pattern observed seems to represent a nucleation reaction, with co-localization
initiation leading to the accumulation of both MSBP and CsIG at high concentrations. This
observation exemplifies a prospective method to promote the accumulation and optimum
localization of plant derived P450s, as well as providing a secondary scaffold for the “assembly”
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of multiple P450s simultaneously. While more optimizations would be needed to integrate
numerous enzymes into this engineering scheme, the potential of forming pseudo-metabolons
could be a favorable approach when engineering biosynthetic pathways of plant natural products
like Taxol in yeast.

Figure 22. Incorporation of a MSBP induces accumulation and co-localization

of ER-anchored P450. a, Visualization of ER-CsIG:eGFP expression and localization. b,
Visualization of MSBP:mCherry expression and localization. c, Brightfield image of the cell
culture. d, Merged image compiling a, b, and ¢ shows a high degree of co-localization of MSBP
and ER-CsIG. Cells with the highest amount of co-localization demonstrate a robust
accumulation of both MSBP and ER-CsIG at the ER membrane. Though, there is a mixed
population within the culture that fails to colocalize. Individual cells exemplifying each
condition are highlighted with a while star. Cultures were visualized 8hr PI at 1000x, scale bars
represent 10uM.
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Biosynthesis of steroidal alkaloids in yeast

Steroidal alkaloids are a class of molecules with a diverse range of structure and physiological
effect?®. They are commonly found in plants from the nightshade family, genus Solanum,
including tomato, eggplant, and potato. Yeast provides a relatively unexplored opportunity for
the bioproduction of steroidal alkaloids in a heterologous host. As yeast does not natively
produce cholesterol, the primary substrate for steroidal alkaloids, very limited efforts have been
made to explore this molecular space for bioproduction. Interrupting ergosterol production and
shunting zymosterol to cholesterol can be achieved by genetically exchanging ERG5 and ERG6
with DHCR7 and DHCR242%". Additionally, the substitution of cholesterol for ergosterol in the
cell membrane results in limited disruption on yeast growth and development, making this a
plausible system to explore. This “humanized” yeast system has been used in studies of
mammalian cell-surface receptors and transporters in the past but harnessing this chassis for the
bioproduction of plant natural products has untapped economic potential®®®, Further
modifications could be made to optimize cholesterol overproduction and bioavailability, to
ultimately produce a S. cerevisiae strain engineered specifically for the biosynthesis of
cholesterol derivatives with diverse structures and applications.

Development and characterization of cholesterol producing yeast chassis

To explore the potential of yeast as a platform for steroidal alkaloids production, we engineered a
cholesterol producing strain using CEN.PK as our parent line?®®. DHCR7 and DHCR24 from
humans were selected based on previous work on cholesterol biosynthesis. Sequential gene
substitution of the native ERG5 and ERG6 genes was carried out via homologous recombination.
pADH1-DHCR7 was used to replace ERG5 and its native promoter with pADH1-DCHR24
replacing ERG6 and its native promoter, gene substitutions were performed at the native loci.
One deficiency of “humanized” yeast is the capacity for acid transport, as cholesterol substitution
disrupts endogenous acid transporters?®’. This was observed when performing counter selection
for the URA auxotrophic marker used in cloning, which utilizes plating on 5-FOA (final medium
pH of ~3.5). This acidic medium, in conjunction with the 5-FOA counter selection (a weak acid
requiring the acidic pH to maintain protonation and thus functionality), caused a drastic lag in
growth for the final strain with colonies appearing more than ten days after plating. Multiple
colonies that cleared PCR and sequencing screens were then selected for GCMS analysis of
cholesterol production against an analytical standard. Interestingly, two strains were confirmed
for cholesterol production (Chl24-20 and Chl75-10) but have varied product profiles. Chl24-20
was the top producing strain in this initial screen, with cholesterol being one of two major
products in the GCMS analysis. While Chl75-10 did produce cholesterol, it was a minor product,
with two other major peaks present (Figure 23a). These were not structurally identified but
based on MS spectrum analysis are hypothesized to be structurally similar to cholesterol with
variation in the number of C-C double bonds. Chl24-20 was selected as our production strain for
downstream analysis.

While final cell densities of experimental strains and the control strain were equivalent at 72
hours, there was an observable lag in growth for the experimental strains during the first 36
hours of production. This is most likely due to sub-optimum cholesterol production along with
peripheral effects of sterol substitution in the developing membranes of dividing yeast. After
confirmation of cholesterol production in Chl24-20 with an analytical standard, we used GCMS
analysis of Chl24-20 culture extract and a series of five dilutions of cholesterol standard in ethyl
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acetate, which is the same final solvent used for extraction (Figure 23b). These data were then
used to generate a standard curve for cholesterol to quantify production in Chl24-20, which was
calculated to be ~128.4nM with our extraction method (Figure 23c).
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Figure 23. Confirmation and
guantification of cholesterol

production. a, Two lines confirmed for
cholesterol production were compared via
GCMS. Chl75-10 produces limited cholesterol
in conjunction with two other unknown
products. Chl24-20 produces more cholesterol
without these other products, and thus was
selected for further analysis. While not
confirmed, based on MS analysis the unknown
peaks are hypothesized to be structurally
similar to cholesterol with a variable number of
C-C double bonds. This observation is most
likely due to an incomplete removal of ERG5
and ERG6 when developing the strain, leading
to the production of these cholesterol-like
molecules with varying bond structure. b, A
serial dilution of a cholesterol analytical
standard was used to develop a standard curve
for quantification of cholesterol production. c,
Cholesterol production in Chl24-20 was
quantified. Based on the integration of peaks
shown in b, we calculated cholesterol
production in Chl24-20 to be ~128.4nM with
current extraction methods.
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Future potential for glycosylated steroidal alkaloid production in yeast

Numerous steroidal alkaloids have implications in human health and research including
cyclopamine, a-tomatine, and a-solanine®*>2°271 The interest in o-tomatine (native to tomato) is
due to its function as an antimicrobial that protects the plant against fungi as well as
herbivores?’°. Its broad-range mechanism of action, which involves disruption of cellular
membranes as well as inhibition of acetylcholinesterase, makes it a great candidate for further
development of antibiotics. a-solanine, from potato, has a similar membrane disruption effect,
but is different in its capacity to interact with mitochondrial membranes. It acts as a poison by
disrupting the mitochondrial membrane potential leading to a flood of calcium ions into the
cytoplasm causing cell damage/death?’2. Cyclopamine is of particular interest due to its
interaction with Hedgehog signaling, which is involved with an array of developmental
processes including embryonic development and tumorigenesis?*. Much like Taxol, it has
profound implications for its capacity to inhibit tumor growth as a treatment for a variety of
cancers, though the mechanism of action is quite different. Cyclopamine is a steroidal alkaloid
derived from cholesterol that does not require glycosylation, making it a great target to test the
potential of our steroidal alkaloid yeast platform. Verazine is an intermediate in cyclopamine
production that has a well characterized pathway requiring three P450s and an aminotransferase
(CYP90B27, CYP94N1, GABAT1, and CYP90G1)?"3. The conversion of verazine to cyclopamine
then only requires two additional reactions that are currently being charactered (Dr. James Reed,
John Innes Center-Osbourne Lab). What is exciting about this pathway is the potential to
generate novel glycosylated steroidal alkaloids with the introduction of GTs from either saponin,
tomatine, or solanine biosynthesis for the glycosylation of the 3C position (Figure 24).

Recent advances in engineering nucleotide sugar pathways into yeast, coupled with the
promiscuous nature of plant derived GTs, provides an opportunity for the biosynthesis of
glycosylated steroidal alkaloids?’#?"®. Solanaceous plants produce a variety of these molecules,
with diverse physiological applications and effects and therefore have an abundance of genetic
material that can be implemented in yeast?’®. The potential to produce novel glycosylated
molecules is especially promising, for example glycosylated cyclopamine derivatives, with the
introduction of GTs that glycosylate similar structures such as saponins. These new molecules
have a greater degree of structural diversity and may provide enhanced, altered, or even novel
properties. This specifically demonstrates the utility of synthetic yeast biology as a tool to
produce “new-to-nature” molecules not possible with classic organic chemistry or extraction
from plants. While further optimizing the production of free cholesterol, we can begin to
introduce key nucleotide sugar pathways that produce the substrate for GT reactions, allowing
for pathways requiring glycosylation to be investigated. Engineering a yeast platform specifically
for the bioproduction of glycosylated steroidal alkaloids would be an excellent resource for
future studies on these complex and derivatized molecules
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Figure 24. Potential of a cholesterol producing yeast platform for glycosylated

steroidal alkaloid biosynthesis. Cholesterol is a primary substrate for numerous relevant
plant natural products. As more details about specific pathways are discovered, there will be
ample opportunity for implementing yeast as a chassis for the bioproduction of these molecules.
There is additional capacity to produce novel glycosylated steroidal alkaloids with the integration
of GTs from various pathways. Saponins, like many glycosylated steroidal alkaloids, are heavily
glycosylated at the 3C position of the scaffold (highlighted in red). The promiscuous nature of
GTs can potentially be co-opted by integrating both native and non-native GTs with varying
scaffolds to produce new-to-nature molecules as well as economically or medically relevant
natural glycosylated steroidal alkaloids.
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Final thoughts

While much of the work discussed is varied in its approach or function, its core follows the
reductionist theme of synthetic biology, aiming to rebuild living systems for specific applications
in biotechnology. Whether engineering a fungus or a plant, the concepts applied remain the
same. The amazing diversity of biological systems present on earth are a canvas for synthetic
biologists, providing an almost infinite source of genetic information that can be reengineered
and reshaped to solve challenging problems. In my opinion, synthetic biology is still in its
infancy, but as we collectively increase our knowledge and understanding of the core tenets of
life, we will see the true power of synthetic biology emerge. Even with these limits on our
current understanding, we are transforming the old industrial economic model into a biobased
economic model. Opportunities for ambitious and clever engineers are abundant, and | predict an
exponential increase in the development of novel synthetic systems in the coming decade. So
much untapped potential makes this an exciting era for biotechnology, with the prospect for
application of bio-based solutions across all sectors. Eventually, the integration of biological
systems with digital systems will exponentially expand the possibilities, as electrical and
biological process can be intertwined to generate platforms we have yet to imagine, all made
possible with synthetic biology.
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