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Humans have used plants as medicines for 
thousands of years

Chinese traditional medicine



The 19th century: the beginning of the 
pharmaceutical industry

H. E. Merck laboratory, Darmstadt, Germany, 1826



The first naturally derived pure medicine to be commercialized 
was morphine (by Merck, 1826)

In 2013 ~ 523,000 kilograms of 
morphine were produced

Morphine



The first natural product to be chemically synthesized on 
a commercial scale was salicylic acid by Bayer (1899)

Salicylic acid, in the form of leaves from the willow tree, has been used for its 
health effects for at least 2,400 years

Salicylic 
acid



Chemical synthesis of useful molecules from plants is 
often difficult/impossible

Salicylic acid - 2 steps Morphine - 19 steps
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ANTI-CANCER

ANTI-CANCER
VACCINE ADJUVANT

ANTI-MALARIAL

Plants are very talented chemists

Wormwood 
(Artemisia annua)



Around 50% of drugs in current use are natural products 
or natural product-derived 

- Plants produce a wealth of 
bioactive natural products

- There are over 400,000 species of 
higher plants on the planet

- The vast majority of potentially 
useful molecules cannot be 
accessed at scale

- The known compounds are only 
the tip of the iceberg



There has been rapid expansion in plant genome sequence 
data in recent years and this is about to explode

Submissions of unique plant genomes and species to NCBI 
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Major new large-scale sequencing 
initiatives

Plant genomes contain the instruction manual to make an enormous array 
of as yet undiscovered chemical diversity, including new drugs 
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Submissions of unique plant genomes and species to NCBI 

Year



Translating DNA into chemistry: (1) Rapid identification of 

pathway genes in plant genomes using new computational methods



Translating DNA into chemistry: (2) Protype enzymes and 

pathways using powerful rapid transient plant expression technology

OUTPUT

INPUT Instructions from plants

Deep data platform,

iterative learning

Enzymes 

Pathways 

Chemicals

DNA-encoded 

enzyme toolkit

Transient plant 

expression

Metabolite analysis

(Bio)assays

Scale-up

Engineering

5 days from leaf infiltration to metabolite analysis



Translating DNA into chemistry: (3) Preparative-scale 

purification of chemicals and analogues

~1 g of 98% pure target compound 

Reed et al. (2017) Metab. Eng. 42:185



Production in plants is scalable

YouTube: Medicago/vaccine – from nucleic acid sequence to 10 
million doses of flu vaccine in under a month
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The challenge of natural products and medicinal chemistry

• Selective modification of complex hydrocarbon scaffolds is problematic using synthetic chemistry
• Enzymes have regio- and stero- selectivity and so overcome this block
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Bioassaying suites of purified analogues

Functionalisation of a complex hydrocarbon scaffold by 
combinatorial biosynthesis using a prototype enzyme toolkit

Reed et al. (2017) Metab. Eng. 42:185

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=5555447_gr4.jpg
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Reconstitution of the 12-step avenacin pathway in 
Nicotiana benthamiana

Li, Leveau, Zhao et al. (2021)



Elucidation and reconstitution of a complex biosynthetic 
pathway of major medicinal importance

The Chilean soapbark tree
(Quillaja saponaria)

Vaccine adjuvant QS-21

Licensed for use as an 
adjuvant in vaccines for 
shingles, malaria and 

COVID-19



Avenacin A-1 QS-21

L-Ara

D-Glc

D-Glc

L-Rha

D-Fuc

L-Ara

D-Xyl
D-Api

D-GlcA

D-Gal

D-Xyl

Highly unusual C-18 acyl chain

Examples of structurally diverse triterpenes

Quillaic acid core



Oxidation

(Cytochromes P450)

Downstream tailoring 

(Glycosylation, Acylation)

Scaffold generation

(Triterpene synthases)

>200 scaffolds reported >20,000 triterpenes 

The triterpenes: enormous structural diversity 
generated from a single simple precursor

• A wide range of potential medicine, agriculture and industrial applications



Triterpene

Scaffold
ProductIntermediate

Upstream

precursors
Oxygenation GlycosylationCyclisation

Enzyme Set 1 Enzyme Set 3Enzyme Set 2

With multiple enzymes in each enzyme set, each producing a different molecular transformation, and 
each set additive to the previous set, many thousands of different molecular forms can be generated 
by the random selection of one or more enzymes from each set into a pathway assembly.  Unique 
biological activities can be traced back to a specific pathway, for further production of test material

1 x 102 variants 1x 104 variants 1x106 variants

New chemical space: Diversity potential



Arabidopsis - Huang et al. (2019)

Wheat – Polturak et al. (2022) Pink shepherd’s purse – Liu 
et al. (2019)

Soapwort – Jo et al., in prep. Chinaberry tree – Hodgson et al. (2019); 
Pena Rodriguez, Hodgson et al., submitted

Sea cucumber – Thimmappa et al. (2022)

We work on diverse organisms
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Green algae

Basal land plants

Other monocots

Grasses

Stem dicots

Asterids

Saxifragales & Caryophyllales

Other malvids

Brassicales

Other fabids

Fabales

Rosales

            

          

       

                

                         

                

        

        

      

           

                            

               

            

                

         

                

        

              

                                 

                                   

        

Characterised triterpene synthase product

We harness the chemical engineering instruction 
manual of the Plant Kingdom

Combinatorial biosynthesis Pan-genome mining Enzyme superfamilies



We have made over 100 compounds at preparative 
scale in Nicotiana benthamiana
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We have made over 100 compounds at preparative 
scale in Nicotiana benthamiana



HTS results of 36 compounds against 
95 cancer cell lines - 3,420 data 
points (AUC of IC50 data)

We can harness the chemical engineering ability of the 
Plant Kingdom and use it to engineer new bioactives



The 19th century: the beginning of the pharmaceutical industry

H. E. Merck laboratory, Darmstadt, Germany, 1826



OUTPUT

INPUT Instructions from plants

Deep data platform,

iterative learning

Enzymes 

Pathways 

Chemicals

DNA-encoded 

enzyme toolkit

Transient plant 

expression

Metabolite analysis

(Bio)assays

Scale-up

Engineering

Screen chemical libraries

The 21st century: the Biorevolution
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https://spmpublications.com/shop/mock-orange-anne-osbourn.html or from Amazon

https://spmpublications.com/shop/mock-orange-anne-osbourn.html

