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The sweet side of drug discovery: 

How sugars can help shape the future of medicine



Outline

• How are molecular medicines made today?

• Why supply becomes a bottleneck?

• Sugars as key drivers to improve pharmacological outcomes 

• Synthetic biology as a discovery and manufacturing platform

– Engineering microbes to make essential medicines
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My first encounter of natural products

Hangzhou, China

胡慶余堂 (Hu Qing Yu Tang)
“是乃仁术，真不二价” 

(Art of benevolence, genuine goods at fair prices)
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Molecules at the center of modern medicine

Epothilone
A: R = H 
B: R = CH3

Rapamycin
Ingenol

Paclitaxel Calicheamicin γ1

Vancomycin
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Molecules at the center of modern medicine

Epothilone
A: R = H 
B: R = CH3

Rapamycin

Vancocin
Antibiotic

Picato
Anti-actinic keratosis

Rapamune
Immunosuppressant

Taxol
Anti-cancer

Mylotarg
Anti-cancer

Ixempra
Anti-cancer

Ingenol

Paclitaxel Calicheamicin γ1

Vancomycin
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Molecules at the center of modern medicine

Ingenol

Epothilone
A: R = H 
B: R = CH3

Rapamycin

Amycolatopsis
orientalis

Euphorbia peplus Streptomyces hygroscopicus

Micromonospora echinospora ssp. 
calichensis

Sorangium cellulosum

Taxus brevifolia

Paclitaxel Calicheamicin γ1

Vancomycin

Limitations in relying on nature
• Supply risks: long growth period, climate change, pest, and other environment factors

• Drug shortages: essential medicines, supply chain, geo- and socio-political factors
• Costly and inefficient extraction: small mass percentage, similar structures, cost 6



Molecules at the center of modern medicine

Paclitaxel Calicheamicin γ1

Epothilone
A: R = H 
B: R = CH3

Rapamycin

Professor Dale Boger

Professor Phil Baran

Professor K.C. Nicolaou

IngenolVancomycin
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Sugars / Carbohydrates / Glycosylation

Prof. Carolyn Bertozzi Prof. Laura Kiessling Prof. Mia Huang

Glucose Galactose Fructose

SucroseLactose

Starch

Cellulose
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Prof. James Paulson

antibody
immune
bacterium
virus

cell-cell
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Chemical glycosylation

J. Am. Chem. Soc., 1999, 121, 734–753.
Professor Chi-Huey Wong

One-pot glycan synthesis 

Ber. Dtsch. Chem. Ges. 1893, 26, 1643–1649.
Tetrahedron 1968, 24, 5855–5871.
Canad. J. Chem., 1973, 51, 42.
Tetrahedron Lett. 1980, 21, 1421–1424.

Chemical glycan synthesis 

Glucose Galactose

Lactose
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How about glycosylation in Nature? 

Professor Ben Shen
J. Biol. Chem. 2008, 283, 28236–28245.

Glycosyl-
transferase
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QS-21 as a potent vaccine adjuvant
• Adjuvants: molecules that boost the immune response of a vaccine.
• The addition of an adjuvant to a vaccine stimulates the human body to produce more antibodies, reducing the 

amount of vaccine needed and potentially increasing the efficacy of the vaccine.

Professor Jay Keasling

Shingles (91.3% efficacy)
Shingles vaccine efficacy 
increased from 37.6% to 
91.3% with adjuvant

RSV (94.1% efficacy)
RSV vaccine with 
adjuvant
non-adjuvanted 
candidates failed trials
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Malaria (75% efficacy)
New adjuvanted malaria 
vaccine: unprecedented 
efficacy malaria vaccine

COVID-19



Current QS-21 production strategies
Extraction and purification 

from Quillaja Saponaria

• Specific areas in Chile
• Laborious extraction, low yield 
• Non-sustainable production

Total synthesis of QS-21 and derivatives

Acc. Chem. Res. 2016, 49, 9, 1741–1756 (the laboratory of Prof. David Gin)

Acyl chain synthesis 

Tetrasacchride synthesis 

12



• Overharvesting has led to a forest crisis in Chile

Increasing demand for vaccines

Pandemic preparedness

Current challenges associated with QS-21 production
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Opportunity in microbial hosts

• Microorganisms can be engineered 
to produce the exact natural product

• The pathways can be altered to 
produce unnatural products 

• The production is easily scalable 

Simple sugars Yeast fermentation

Saccharomyces cerevisiae 
(baker’s yeast)

Synthetic biology to make complex natural products

QS-21

Production scheme 
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• 1000-times higher space-time yield leading to 

1000x higher accessibility 

• Immediate on-demand scalability 

• Decreased purification cost as molecules of 

interest can be selectively synthesized

• Sustainable and portable production scheme
Decades vs Days 

Synthetic biology to make complex natural products
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Annotated QS-21 biosynthetic pathway

Professor Anne Osbourn

Reed, et al Science, 2023, 379, 1252–1264.
Martin, et al Nat. Chem. Biol. 2024, 20, 493–502.
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QS-21 biosynthetic pathway

Glucose

Squalene

Acetyl-CoA

2,3-oxidosqualene
ERG1

Mev Pathway

Mevalonate-PP

IPP

DMAPP

ERG19

IDI1



Lost in translation: Subcellular localization study of C16 oxidase
C16 oxidase-mCherry

C28TMD-C16 oxidase-mCherryC28 oxidase-GFP

C16 oxidase-mCherry

8 9 10 11

YL-4

YL-3

Retention time (min)

QA std

QA
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Necessary modules for QS-21 biosynthesis 

Glucose

Squalene

Acetyl-CoA

2,3-oxidosqualene
ERG1

Mev Pathway

Mevalonate-PP

IPP

DMAPP

ERG19

IDI1

• The lack of nucleotide sugar variety in yeast
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Nucleotide UDP-sugar biosynthesis in yeast

Sam Crowe

UDP-Glc
UDP-GlcA

UDP-Xyl
UDP-Fuc

…
20

ACS Syn. Biol., 2024, 13, 1215–1224.
ACS Syn. Biol., 2024, 13, 1589–1599.
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Strategies to alleviate the UDP-Xyl inhibition

• HsUGD mutation 

Biochemistry, 2018, 57, 6848−6859

HsUGD AtUGD alignment to identify target residue 

• AtUGDA101L is constructed
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Strategies to alleviate the UDP-Xyl inhibition

• AtUGDA101L is constructed
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QS-21 glycosylation

• Functional expression of nucleotide sugar synthases to make 6 heterologous sugars, as well as their 
corresponding sugar transferases  



Terminal Araf biosynthesis and addition to make QS-21

10.5 11.1 11.7

10.5 11.1 11.7

10.5 11.1 11.7

Spiked with 
QS-21

Retention time 

QS-21 std

Extract

1987.9150

1988.9178

1989.9211

1987.9189
1988.9220

1989.9237

QS-21 std

Extract

1984 1986 1988 1990 1992 1994

Mass-to-charge (m/z)

• Confirmed by analytical team, “cleanest extract ever” compared to Q. saponaria 
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Complete biosynthesis of QS-21 in yeast

Sugar

• Complete biosynthesis of QS-21-Xyl and QS-21-Api in yeast
• 37 enzymatic steps 
• 38 heterologous genes

• Terpene synthase, various homologues 
• P450s and their redox partners (CPR, cytb5, various homologues)
• Nucleotide sugar synthases 
• Glycosyltransferases 
• Type I, type III PKS, KR

• 8 yeast genes over expressed Liu et al Nature, 2024, 629, 937–944.
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Terminal Araf biosynthesis and addition to make QS-21

10.5 11.1 11.7

10.5 11.1 11.7

Retention time 

QS-21 std

Extract

1987.9150

1988.9178

1989.9211

1987.9189
1988.9220

1989.9237

QS-21 std

Extract

1984 1986 1988 1990 1992 1994

Mass-to-charge (m/z)

10.5 11.1 11.7

Spiked with FRXX
-C18-Xyl
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A microbial biosynthetic platform for complex carbohydrates 

Phenylethanoid 
glycosides

"There is no particular reason why QS-21 
itself should be the best adjuvant of the 
series (in fact, it still has some residual 
cellular toxicity), and this will be just the 
way to study its structure-activity 
relationships to see if there’s something 
even better.”

https://www.science.org/content/blog-post/good-news-chilean-soapbark-tree-and-us
27
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Can we evolve Nature’s medicines ourselves?

Bioactivity 
Pathway

Discovery

Microbial
Biosynthesis

Enzyme
Engineering

Better and safer
drug candidates
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Take-home messages

• Sugars impart biological functions, important for drug performance

• Synthetic biology can accelerate drug discovery, lower cost, and be 

more sustainable

• Safer, more potent therapies that are affordable for everyone
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