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A B S T R A C T   

Activating inert substrates is a challenge in nature and synthetic chemistry, but essential for creating functionally active molecules. In this work, we used a 
combinatorial optimization approach to assemble cytochrome P450 monooxygenases (CYPs) and reductases (CPRs) to achieve a target product profile. By creating 
110 CYP-CPR pairs and iteratively screening different pairing libraries, we demonstrated a framework for establishing a CYP network that catalyzes six oxidation 
reactions at three different positions of a chemical scaffold. Target product titer was improved by remodeling endoplasmic reticulum (ER) size and spatially con-
trolling the CYPs’ configuration on the ER. Out of 47 potential products that could be synthesized, 86% of the products synthesized by the optimized network was our 
target compound quillaic acid (QA), the aglycone backbone of many pharmaceutically important saponins, and fermentation achieved QA titer 2.23 g/L.   

1. Introduction 

Cytochrome P450 enzymes (CYPs) are a superfamily of versatile 
biocatalysts found throughout the biological kingdoms and known to 
catalyze more than 20 different types of oxidation reactions (Guengerich 
and Munro, 2013; Podust and Sherman, 2012). CYPs are best known for 
their ability to catalyze the regio- and stereo-selective oxidation of 
nonactivated C–H bonds in complex chemical scaffolds (Urlacher and 
Girhard, 2019). They play important roles in the biosynthesis of natural 
products such as terpenoids (Paddon et al., 2013), alkaloids (Zhang 
et al., 2022), and (iso)flavonoids (Sun et al., 2022). CYPs operate under 
mild conditions and can be more efficient than existing chemical cata-
lysts (Li et al., 2020; Hammer et al., 2017), which makes them of interest 
to the pharmaceutical, chemical, and biotechnological industries. 

The versatile role CYPs play in nature makes them an important tool 
in synthetic biology for building microbial cell factories (MCFs) to 
produce commercially valuable pharmaceuticals (Hu et al., 2023), such 
as saponins (Zhao and Li, 2018; Wang et al., 2020). Building MCFs to 

synthesize saponins is challenging, especially when the aglycone back-
bone needs to be oxidized at multiple carbon positions with differing 
degrees of oxidation necessary to enable the downstream acylation/-
glycosylation reactions. All this must work in absolute synergy to ach-
ieve proper immunostimulant, antiviral, antifungal, antiparasitic, or 
antitumor activity (Güçlü-Ustündağ and Mazza, 2007; Reichert et al., 
2019). Quillaja saponaria Molina (QsM) is the major source of saponins 
used in vaccines for the prevention of diseases (e.g., malaria, shingles, 
cancers, HIV-1, Covid-19) (Lacaille-Dubois, 2019; Laurens, 2020; Shah 
et al., 2019; Huang et al., 2020). The purification yield of the popular 
saponin QS-21 from QsM is ~0.001% (Walkowicz et al., 2016) and total 
chemical synthesis of QS-21 requires seventy-six steps (Fernández-Te-
jada et al., 2016), making both production methods economically 
challenging. Chemical synthesis of a QsM saponin can also begin with 
the triterpenoid quillaic acid (QA) (Wang et al., 2005), which is the 
aglycone backbone for 49 out of 58 saponins identified in QsM (Fleck 
et al., 2019). Recently, the Q. saponaria genome was sequenced and the 
genes expressing enzymes necessary for synthesis of QS-7 and the 
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bridgehead of QS-21 were elucidated and heterologously expressed in 
Nicotiana benthamiana (Reed et al., 2023). 

Establishing a MCF to efficiently synthesize QA will provide a stable 
and scalable source of raw material for the synthesis of pharmaceutically 
important saponins. The biological pathway to synthesize QA requires 
multiple CYPs to oxidize β-amyrin (BA) at three different positions in a 
total of six oxidation steps: one-step oxidation at the C-16 position to a 
hydroxyl group, two-step oxidation at the C-23 position to an aldehyde 
group, and three-step oxidation at the C-28 position to a carboxyl group. 
It is known that CYPs can exhibit substrate promiscuity and oxidize 
unintended substrates (Bernhardt and Urlacher, 2014). The flexibility of 
CYPs in regard to substrate specificity can be useful for catalyzing new 
reactions, but can also lead to accumulation of under-oxidized or 
over-oxidized products not recognized by other co-expressed CYPs (Li 
et al., 2021; Moses et al., 2014). For example, each CYP could have 
multiple potential substrates and products during the conversion of BA 
to QA, leading to the synthesis of 47 different products (Fig. 1). Previ-
ously, BA was oxidized by two CYPs to produce QA, achieving a titer of 
314 mg/L QA, specific productivity of 8–9 μg/L/h/OD600 QA, and QA 
made up only 54% of oxidized triterpenoids in a 5L fed-batch fermen-
tation (Li et al., 2021). Low titer and purity increases purification costs 
due to the structural similarity between the side products and QA. 

Recent efforts in synthetic biology to construct complex genetic 
circuits have used combinatorial optimization strategies to develop 
target phenotypes without prior knowledge about the expression levels 
of the component genes (Naseri and Koffas, 2020). Furthermore, most 
eukaryotic CYPs localize to the endoplasmic reticulum (ER) and function 
with a redox partner, cytochrome P450 reductase (CPR) (Nowrouzi and 
Rios-Solis, 2022). Different CPRs paired to the same CYP can affect the 
electron transfer efficiency between the CYP-CPR pair and can also lead 
to different product profiles (Sun et al., 2020). Therefore, we took a 
combinatorial optimization approach that constructed and iteratively 
screened CYP and CPR libraries without prior knowledge about the 
combination of enzymes that best performs any specific reaction. Rather 
than selecting for the most efficient CYP to catalyze each individual step, 
we iteratively screened different CYPs and CPRs in order to empirically 
build an enzyme network favoring QA production. By systematically 
constructing the enzyme network, the combinatorial optimization 

approach could potentially identify new CYP-CYP or CYP-CPR pairings 
that show improved activity, which might be missed using a targeted 
selection approach. 

The spatial distance between CYPs could also affect final product 
distribution, because different CYPs prefer to localize on different ER 
membrane microdomains (Ozalp et al., 2005; Brignac-Huber et al., 
2016). We hypothesized that manipulating the spatial configuration of 
the CYP network could lead to different product profiles. We discovered 
that expression of an Arabidopsis thaliana membrane steroid-binding 
protein (Gou et al., 2018) decreased the spatial distance between CYPs 
and significantly improved QA production. Finally, we overexpressed 
genes known to improve ER biogenesis (Kim, et al., 2019; Papagiannidis 
et al., 2021) in order to increase the ER surface available for binding by 
CYPs and CPRs and further improved QA production. Overall, a robust 
method that applies a combinatorial optimization strategy to build a 
heterologous CYP network and spatially controls the CYPs on the ER was 
developed. Implementation of this method achieved more than a 7-fold 
increase in titer, 32-fold increase in specific production, and QA con-
sisted of 86% of oxidized triterpenoids. 

2. Materials and method 

2.1. Chemical compounds and standards 

β-amyrin, hederagenin, echinocystic acid, and quillaic acid were 
purchased from Sigma-Aldrich (Shanghai, China), gypsogenin and 
gypsogenic acid were purchased from Toronto Research Chemicals 
(Toronto, Canada). 

2.2. Genes and plasmids construction 

The genomic DNA (gDNA) of S. cerevisiae CEN.PK2–1C was prepared 
using the DNAiso kit (Takara Biomedical Technology Co., Ltd., Beijing, 
China.) following the manufacturer’s instructions. Arabidopsis comple-
mentary DNA (cDNA) was acquired following published protocol (Yang 
et al., 2020). Molecular cloning was accomplished using the Gibson 
Assembly® Cloning Kit (NEB). Native S. cerevisiae genes were amplified 
using S. cerevisiae CEN.PK2–1C gDNA as the template. GgBAS, GvBAS, 

Fig. 1. Potential products formed from expressing CYPs to oxidize β-amyrin to quillaic acid. 47 different products can be formed during the six-step oxidation 
of β-amyrin at the C-16, C-23, and C-28 positions to produce quillaic acid. Quillaic acid is the biological precursor of the natural immunoadjuvant QS-21 and other 
Quillaja saponaria Molina saponins. BA: β-amyrin; OA: oleanolic acid; HE: hederagenin; GY: gypsogenin; EA: echinocystic acid; GA: gypsogenic acid; QA: quillaic acid. 
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and the CYP genes were codon-optimized, synthesized and cloned into 
pESC-URA plasmid by GENWIZ Inc (Suzhou, China). The yfp gene and 
the CPR genes were already available in the lab, with the exception of 
VvCPR, which was synthesized and codon-optimized by GENWIZ Inc. 
AtBAS and four MSBPs were amplified from Arabidopsis cDNA. All genes 
were expressed using native S. cerevisiae gal1/gal10 promoters or 
Saccharomyces eubayanus gal2 (SeGal2) promoter. The SeGal2 promoter 
was acquired according to published protocol (Peng et al., 2018). The 
combinatorial plasmid libraries were constructed using pESC-URA 
plasmid. The genotypes of the constructed plasmids, as well as the se-
quences of the genes and primers are listed in the Supplementary Tables 
1, 2 and 4. 

2.3. Strains construction 

The strains used for combinatorial screening were constructed by 
transforming the combinatorial plasmid libraries in the target 
S. cerevisiae strains. Genomic integrations were performed using the 
Cas9-based method following published protocol (Luo et al., 2019). 
Cells were made competent using the Frozen-EZ Yeast Transformation II 
Kit (Zymo Research, CA, USA) according to the manufacturer’s in-
structions. Transformed cells were plated on SD (synthetic defined) agar 
media supplemented with 2 g/L of glucose and lacking the appropriate 
nutrients for selection, and incubated at 30 ◦C for 4–5 days. Clones were 
screened using colony PCR and the gDNAs of positive clones were 
extracted, amplified, and sequenced for further validation. The con-
structed strains are listed in the Supplementary Table 3. 

2.4. Flask cultivation 

For plasmid expression experiments, three colonies of each engi-
neered strain were separately inoculated into 10-mL test tubes con-
taining 2 mL of SD media lacking the appropriate nutrients and 
supplemented with 2 g/L of glucose, incubated at 30 ◦C, and shaking at 
220 rpm overnight. From each overnight culture, 1 mL starter culture 
was inoculated into a 250-mL flask containing 29 mL of SD media 
lacking the appropriate nutrients and supplemented with 2.0 g/L of 
galactose, grown at 30 ◦C, and shaking at 220 rpm for 96 h. For ex-
periments where the heterologous genes are expressed from the chro-
mosome, the protocol is similar to that of the plasmid expression 
experiments except that the fermentation used YPG media, which con-
sists of 10 g/L of yeast extract, 20 g/L of peptone, and 20 g/L of 
galactose. 

2.5. Fed-batch fermentation 

The gDNA of yeast strain BY4742 was prepared by aforementioned 
method and used to clone the methionine and leucine auxotrophic 
maker genes. The two genes were integrated at the rhr2 locus of strain 
yQA16G in order to create strain yQA20. Fed-batch fermentation was 
performed based on previous report (Yang et al., 2020) with a few ad-
justments. Single colonies of yQA20 were inoculated into 10-mL test 
tubes with 1 mL of YPD media, and the cultures were incubated over-
night at 30 ◦C and 220 rpm. The overnight cultures were transferred into 
250-mL flasks containing 29 mL of fresh YPG media and grown to OD600 
2–3. The resulting cultures were transferred to Eppendorf-DASGIP 1-L 
bioreactors (Eppendorf, Germany) containing 370 mL YPG media (pH 
5.5), and pH was maintained by adding either ammonium hydroxide or 
1 M HCl. Fermentations were performed at 30 ◦C, 400–800 rpm, and an 
air flow rate of 24 sL/h. Feed media A contained 400 g/L of galactose, 
which was fed at a rate of 1–4 mL/h to keep the DOC between 0% and 
30%. Feed media B contained 50 g/L of yeast extract and 100 g/L of 
peptone, and was fed 24 h after inoculation at a rate of 1 mL/h for 40 h. 

2.6. Western blotting 

The western blot experiments were carried out according to previ-
ously published method with little modification. First, yeast expressing 
His-tagged CYPs or CPRs were inoculated into 10-mL test tubes con-
taining 1 mL of SD media lacking uracil and supplemented with 2 g/L of 
glucose, incubated at 30 ◦C, and shaking at 220 rpm overnight. The cells 
were then transferred into 250-mL flask containing 29 mL of SD media 
lacking uracil and supplemented with 2.0 g/L of galactose, grown at 30 
◦C, and shaking at 220 rpm for 96 h 50 OD600 of cells were harvested by 
centrifugation, and the supernatant was discarded while the cells were 
resuspended in 5 mL of phosphate buffer solution (PBS) and lysed. After 
centrifuging at 13523 g, the supernatant was removed and the precipi-
tate was re-dissolved using 1 mL 8 M urea. 10 μL of supernatant and 
dissolved precipitate were analyzed using 10% SDS-PAGE. The proteins 
were transferred onto a nitrocellulose membrane and detected with 
mouse monoclonal antiV5-fluo antibody (Proteintech, USA). Reading 
and analysis were carried out using a Tanon 5200 scanner (BioTanon, 
Shanghai, China). The CYPs and CPRs were only detected in the dis-
solved precipitate. 

2.7. Triterpenoid extraction and analysis 

Triterpenoid extraction and analysis were performed as previously 
described with minor adjustment (Li et al., 2020). Oleanolic acid, gyp-
sogenin, gypsogenic acid, hederagenin, echinocystic acid, and quillaic 
acid were quantified using LC/MS. First, each culture was centrifuged at 
2348 g to separate the supernatant from the cell pellet. The supernatant 
was discarded and acetone/methanol (1:1, v/v) was added to the cell 
pellet, and lysed using BeadBeater (BioSpec, USA) following the man-
ufacturer’s instructions. The lysed sample was centrifuged at 13523 g for 
10 min, and 2 μl of sample was injected into an Agilent 1290 HPLC in-
strument equipped with an Agilent 6130 single-quadrupole MSD (Agi-
lent Technologies, Santa Clara, CA, USA). Agilent ZORBAX Eclipse Plus 
C18 (3.5 μm, 2.1 × 100 mm) column (Agilent, USA) was used for 
chromatographic separation. The mobile phase consisted of acetonitrile 
(B) in 10% methanol solution with 0.1% acetic acid (A). The samples 
were run using the following condition: 0.00–20.00 min 50–59% B in A; 
20.00–26.50 min 59–100% B in A; 26.50–29.00 min 100% B in A; 
29.00–31.50 min 100-50% B in A; 31.50–34.00 min 50% B in A. 
β-amyrin was quantified using GC/MS. The samples were processed the 
same way as for LC/MS analysis except extraction was performed with 
n-hexane. After cell lysis, the samples were centrifuged at 13523 g for 
10 min, and 200 μL of sample was placed in a new vial. N-hexane was 
evaporated using nitrogen gas and the residual solids were silylated with 
N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) at 80 ◦C for 30 
min and then dissolved in 1 mL of n-hexane prior to GC/MS analysis. 
GC/MS analysis was performed using an Agilent 8890B GC instrument 
equipped with an HP-5MS column and 5977B single quadrupole mass 
spectrometer in electron ionization (70 eV) mode. Generally, 1 μL of 
sample was injected at 80 ◦C, and held for 1 min before ramping the 
temperature at 20 ◦C/min to 300 ◦C and held for 15 min. 

2.8. BiFC experiment 

Bimolecular Fluorescence Complementation (BiFC) was performed 
using published protocol with minor changes (Ozalp et al., 2005). The 
yellow fluorescent protein (YFP) was split into two non-fluorescent 
fragments: nYFP (N-terminal 1–155 amino acid residues) and cYFP 
(C-terminal 156–242 amino acid residues). nYFP or cYFP was fused with 
a (GSG)4 linker to CYP716A12, CYP716A262, and CYP72A567. The 
expression cassettes were inserted into either pESC-URA or pESC-LEU 
plasmids using the Gibson assembly method. Fluorescence experi-
ments were performed using a Nikon AX microscope (Nikon, Japan) 
fitted with a × 60 oil-immersion objective. YFP was excited using a 488 
nm laser and detected at 520–555 nm. Image analysis was carried out 
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using the NIS-Elements software. 

2.9. Statistical analysis 

All experiments were carried out with three independent replicates 
and data are expressed as mean ± standard deviation. Statistical anal-
ysis was performed using ANOVA in the Prism v.9 software (GraphPad 
Software). Statistical significance is indicated as *P < 0.1, **P < 0.01, 
***P < 0.001, and ****P < 0.0001. No significance is presented as “ns”. 

3. Results 

3.1. Construction of BA production chassis 

We constructed a microbial chassis to produce the pentacyclic tri-
terpenoid substrate BA that was used to screen CYPs for building an 
enzyme network to synthesize QA. First, three β-amyrin synthases (BAS) 
were screened by plasmid expression in Saccharomyces cerevisiae strain 
CenPK.2-1C: A. thaliana BAS (AtBAS) (Shibuya et al., 2009), Glycyrrhiza 
glabra BAS (GgBAS) (Zhang et al., 2015), and Gypsophila vaccaria BAS 
(GvBAS) (Meesapyodsuk et al., 2007), which produced 0.433 mg/L, 
4.03 mg/L, and 4.02 mg/L BA, respectively. To increase carbon flux 
through the mevalonate (MVA) pathway and further increase BA titer, 
Enterococcus faecalis genes mvaE and mvaS were introduced at the 
ura3-52 locus to improve mevalonate synthesis, and the native meval-
onate pathway genes (Erg12, Erg8, Erg19, IDI1, Erg20, and Erg9) were 
overexpressed to improve farnesyl pyrophosphate (FPP) synthesis (Luo 
et al., 2019) (Supplementary Fig. 1a, Supplementary Table 3), creating 
strain JWY603. Expression of a plasmid encoding GvBAS in JWY603 
improved BA production to 56.3 mg/L (Supplementary Fig. 1b). Inte-
grating the gene encoding GvBAS into JWY603 at the 308a locus created 
strain yQA05C, which produced 48.3 mg/L BA. 

3.2. Establishment of a CYP network for QA production 

Position C-28 in BA requires the highest number of oxidation steps, 
and thus has the highest probability of producing the largest number of 
potential output compounds. Therefore, initial enzyme networks were 
separately seeded with five CYPs hypothesized to solely oxidize BA at C- 
28 in order to understand the extent of oxidation at C-28. CYP716A12 
from Medicago truncatula (Carelli et al., 2011), CYP716A75 from Maesa 
lanceolata (Moses et al., 2015), CYP716A83 from Centella asiatica (Kim 
et al., 2018), CYP716A94 from Kalopanax septemlobus (Han et al., 2018), 
and CYP716AL1 from Catharanthus roseus (Huang et al., 2012) were 
co-expressed on a plasmid with A. thaliana CPR 1 (ATR1), a commonly 
used CPR for screening plant CYP activity in heterologous hosts (Moses 
et al., 2014, 2015; Carelli et al., 2011; Kim et al., 2018; Han et al., 2018; 
Huang et al., 2012). The five CYP-ATR1 pairs were screened for pro-
duction of the three-step oxidized product oleanolic acid (OA). Out of 
the CYPs co-expressed with ATR1, expression of CYP716A12 led to the 
most OA produced (14.5 mg/L) (Supplementary Fig. 2). The genes 
encoding CYP716A12 and ATR1 were integrated into yQA05C at the 
911b locus to create strain yQACYP1, which produced 22.7 mg/L OA. 

Next, C-23 oxidation activity was added to yQACYP1, since this 
position contains the second largest number of oxidation steps. 
CYP714E19 from C. asiatica (Kim et al., 2018), CYP72A397 from 
K. septemlobus (Han et al., 2018), CYP72A68V2 from M. truncatula 
(Fukushima et al., 2013), and CYP72A567 from Psammosilene tunicoides 
(Li et al., 2021), were separately expressed from a plasmid and screened 
for the two-step oxidized product gypsogenin (GY). Screening these four 
CYPs mainly led to accumulation of either the under-oxidized product 
hederagenin (HE) or the over-oxidized product gypsogenic acid (GA). 
Although expression of CYP72A567 produced 2.33 mg/L GY, expansion 
of the network in yQACYP1 with C-23 oxidation activity did not accu-
mulate the desired two-step oxidized product GY as the major product 
(Supplementary Fig. 3a). 

Finally, the enzyme network in yQACYP1 was modified to include 
the one-step C-16 oxidation activity. CYP87D16 from M. lanceolata 
(Moses et al., 2015), CYP71Y16 from Bupleurum falcatum (Moses et al., 
2014), and CYP716A262 from P. tunicoides (Li et al., 2021), were 
expressed from a plasmid and screened for the one-step oxidized product 
echinocystic acid (EA). Screening three CYPs showed that expression of 
CYP716A262 led to the highest EA titer at 7.74 mg/L. CYP716A262 was 
reported to oxidize BA to EA by catalyzing both C-16 and C-28 oxida-
tions (Li et al., 2021). Integrating the genes encoding CYP716A262 and 
ATR1 on the chromosome of yQA05C to create strain yQACYP11 pro-
duced 3.87 mg/L EA, and expressing an additional copy of CYP716A262 
from a plasmid in yQACYP11 produced 5.20 mg/L EA, which was 32.9% 
lower than EA produced by the network co-expressing the genes 
encoding CYP716A12 and CYP716A262 in yQACYP1 (Fig. 3a). The 
higher production in yQACYP1 compared to yQACYP11 suggested that 
the high EA titer observed using yQACYP1 was not due to the individual 
activity of CYP716A262, but a result of CYP716A12 and CYP716A262 
functioning together. 

The difference in EA produced by yQACYP1 and yQACYP11 suggests 
that different co-expressed CYPs and CPRs could affect the screening 
results. As a result, the four C-23 oxidizing CYPs were screened in 
yQACYP11 and compared to the screening results from yQACYP1. In 
yQACYP11, co-expression of CYP72A68V2 still led to GA being the 
major C-23 oxidized product, but co-expression of CYP714E19 and 
CYP72A567 led to QA being the major C-23 oxidized product (Supple-
mentary Fig. 3b). In general, western blot analysis confirmed that the 
majority of the CYPs expressed well (Supplementary Fig. 10a), and 
protein level did not directly correlate with production level or resultant 
product profiles. 

3.3. Effect of different CPRs on the CYP network 

CPRs play an important role in modulating CYP activity by control-
ling electron transfer from nicotinamide adenine dinucleotide phos-
phate (NADPH) to CYP. We screened CPRs from different biological 
kingdoms (fungi, plant, animal) in order to determine how different 
CPRs affect CYP network activity, and whether plant CYPs in the 
network have preferences for plant CPRs. The 9 CPRs screened were: 
ATR1 and ATR2 from A. thaliana (Moses et al., 2014; Gou et al., 2018), 
CrCPR from C. roseus (Huang et al., 2012), AaCPR from Artemisia annua 
(Paddon et al., 2013), RoCPR from Rosmarinus officinalis (Yang et al., 
2020), SaCPR from Santalum album (Diaz-Chavez et al., 2013), GlCPR 
from Ganoderma lucidum (Yang et al., 2018), GsCPR from Ganoderma 
sinense (Zhu et al., 2015), and AmCPR from Apis mellifera (Wallberg, 
et al., 2019). 

CPRs were added to the networks separately seeded with CYPs 
oxidizing BA at C-28, creating 45 CYP-CPR pairs in yQA05C. Expression 
of each CPR created a unique activity profile, and expression of the 
ATR1 homolog ATR2 decreased OA by >63.9% compared to ATR1 
(Supplementary Fig. 2), despite ATR1 and ATR2 expressing equally well 
(Supplementary Fig. 10b). Expression of either ATR1 or CrCPR led to 
stable OA production independent of the CYP expressed. Therefore, the 
genes encoding CYP716A12 and CrCPR were also integrated onto the 
chromosome of yQA05C at the 911b locus to create strain yQA06A. By 
exchanging the CPR from ATR1 (yQACYP1) to CrCPR (yQA06A), OA 
production increased by 85.6%–206 mg/L in YPG medium (Supple-
mentary Fig. 4). 

Next, the CYPs that oxidize at C-16 and C-23 were screened again in 
yQA06A and compared to the screening results from yQACYP1 in order 
to determine how changing CPR affects the CYP network. In general, 
OA, EA and GY titers increased, while HE (under-oxidized) and GA 
(over-oxidized) titers decreased, with the exception that HE titers 
increased when CYP72A567 was expressed in yQA06A compared to 
yQACYP1 (Supplementary Fig. 3c). The C-16 and C-23 oxidizing CYPs 
were also separately co-expressed with each CPR to create 63 CYP-CPR 
pairs, and each pair was screened in yQA06A (Fig. 2). Although pairs 
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with ATR2 showed lower activity compared to pairs with ATR1 for C-28 
oxidation, certain pairs with ATR2 showed higher activity compared to 
pairs with ATR1 for C-16 and C-23 oxidation. In some cases, pairs with 
ATR2 showed higher activity than pairs with CrCPR despite yQA06A 
already expressing a copy of CrCPR on the chromosome. Regardless of 
the paired CPR, CYP714E19 preferred to accumulate the C-23 single- 
oxidation product HE, CYP72A567 preferred to accumulate the C-23 
double-oxidation product GY, and CYP72A68V2 preferred to accumu-
late the C-23 triple-oxidation product GA (Fig. 2, Supplementary Fig. 5). 

In general, CYPs that oxidize C-28 prefer plant CPRs. There was no clear 
preference for plant, fungal or animal CPRs observed for the CYPs that 
oxidize at C-16 and C-23, but higher activity was observed when 
CYP714E19, CYP72A567, and CYP716A262 was paired with certain 
fungal or animal CPRs compared to plant CPRs. These observations 
indicate that plant CYPs do not necessarily prefer plant CPRs in heter-
ologous systems. 

Vitis vinifera CPR (VvCPR) was previously paired with CYP716A262 
and CYP72A567 to produce QA (Li et al., 2021). Expression of these two 

Fig. 2. Combinatorial optimization identifies 
novel CYP-CYP and CYP-CPR pairings for specific 
oxidase activities. C28 oxidation: combinatorial 
expression of 5 CYPs and 9 CPRs in strain yQA05C to 
evaluate oleanolic acid production. C-23 oxidation: 
combinatorial expression of 4 CYPs and 9 CPRs in 
strain yQA06A to evaluate hederagenin, gypsogenin, 
and gypsogenic acid production. C-16 oxidation: 
combinatorial expression of 3 CYPs and 9 CPRs in 
strain yQA06A to evaluate echinocystic acid 
production.   

Fig. 3. CYP activities and product distribution are 
context dependent. a, Heterologous expression of 
CYP716A262 in a strain co-expressing CYP716A12 
(yQACYP1) improves EA titer more than in a strain 
expressing a second copy of CYP716A262 (yQA-
CYP11). b, Effect of co-expressing CYP714E19 and 
CYP72A567 to oxidize at the C-23 position and pro-
duce GY in strain yQA06A. n.d. (not detected).Per-
turbing the metabolic flux by overexpressing erg1 
improved EA titer in strain yQA07 (c), improved HE 
titer but not GA titer in strain yQA10 (d), and did not 
improve QA titer in strain yQA11 (e). The strain in-
formation is listed in Supplementary Table 3.   
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CYP-CPR pairs in yQA06A did not increase activity compared to the 
other CYP-CPR pairs (Supplementary Fig. 5d and Supplementary Fig. 7). 
CYP716A262 paired with VvCPR only produced 1.31 mg/L EA, whereas 
paired with SaCPR led to 8.13 mg/L EA in yQA05C (Supplementary Fig. 
7b). Not only did CPRs impact EA titer dramatically in yQA05C, CPRs 
also impacted product distribution as measured by the ratio of EA to OA 
(1.40:1 for VvCPR, 2.73:1 for ATR1, 3.02:1 for CrCPR, 2.58:1 for SaCPR, 
1.13:1 for RoCPR, and 5.68:1 for AaCPR). 

3.4. Understanding the impact of perturbing metabolic flux 

Engineering metabolic flux towards increasing precursor supply is a 
common strategy to improve product titer and yield of MCFs (Paddon 
et al., 2013), and typically assumes reactions function in series, moving 
an accumulated substrate towards the next product in the pipeline. 
However, CYPs in the QA production network is assumed to function as 
a random network of reactions, so three different CYP networks were 
created to understand how metabolic flux perturbations impact a 
random network of reactions. The enzyme network in yQA06A was 
expanded with C-16 oxidation activity by integrating the gene encoding 
CYP716A262 to create the EA producing strain yQA07. To create 
enzyme networks with C-23 oxidation activity, the gene encoding 
CYP72A68V2 was integrated into yQA06A to create HE and GA pro-
ducing strain yQA10, and the gene encoding CYP72A567 was integrated 
into yQA07 to create QA producing strain yQA11. 

Perturbation of the CYP networks in yQA07, yQA10, and yQA11 was 
achieved by overexpressing S. cerevisiae squalene epoxidase erg1 to in-
crease 2,3-oxidosqualene production. Metabolic flux perturbation 
increased total triterpenoid titer by 30.1–55.8%, increased the relative 
amount of single-step oxidation products (EA and HE), but had no sig-
nificant impact on the relative amount of multi-step oxidation products 
(GY, GA and QA) (Fig. 3c, d, e). If cofactors (e.g., NADPH) or CPR were 
limiting, then EA or HE would not have increased with increased pre-
cursor supply. Therefore, this data suggests that using the traditional 
technique of increasing precursor supply to increase target product 
production is more complicated in metabolic pathways containing 
multiple CYPs, especially when multi-step oxidation reactions are 
involved. 

3.5. Expansion of the CYP network to improve QA production 

To determine which oxidation reactions might be limiting, the 

network in yQA11 was expanded by rescreening the 12 CYPs oxidizing 
C-28, C-23, and C-16 and inserting them at the met15 locus. Addition of 
five CYPs that oxidize at C-28 improved QA production by up to 29.4%, 
addition of the four CYPs that oxidize at C-23 improved QA production 
by 68.9–110%, and addition of the three CYPs that oxidize at C-16 
improved QA production by 46.8–78.1% (Fig. 4a). Out of the 12 CYPs 
screened, adding one additional copy of the gene encoding CYP72A567 
(strain yQA12J) increased QA titer the most, with QA titer reaching 
44.7 mg/L, but adding two additional copies of CYP72A567 (strain 
yQA12N) did not further improve QA titer despite EA titer decreasing 
significantly (Supplementary Fig. 8a). However, co-expression of the 
genes encoding CYP714E19 and CYP72A567 (strain yQA12P) improved 
QA production by 49.7%–64.7 mg/L compared to yQA12N. The genes 
encoding CYP714E19 and CYP72A567 were also co-expressed in 
yQA06A to create strain yQA06-C8C9 to determine whether the 
improvement in C-23 oxidation is dependent on the other CYPs in the 
network. Co-expression of the two CYPs in yQA06A improved GY pro-
duction by 210% (Fig. 3b), indicating that the improvement in C-23 
oxidation activity was not dependent on the other CYPs overexpressed in 
yQA11. 

CPRs were shown to impact enzyme network activity, and 10 CPRs 
were rescreened by integrating them at the ndt80 locus in yQA12P to 
determine how they impact QA production. Adding an additional copy 
of CrCPR (strain yQA13C) did not significantly improve QA titer, but 
adding SaCPR (strain yQA13F) to the network improved QA titer by 
48.1% (Fig. 4b). According to the product distribution data from 
different CYP-CPR pairs (Fig. 2, Supplementary Figs. 5–7), addition of 
SaCPR to the network likely improved CYP72A567 and CYP716A262 
activity, despite expression of SaCPR being relatively weak compared to 
the other CPRs (Supplementary Fig. 10b). Overall, optimizing the 
network for QA production by expanding the network in yQA11 with a 
copy of CYP714E19, SaCPR, and an additional copy of CYP72A567 
increased QA production by 350% to 95.9 mg/L. 

3.6. Spatial control of CYP network configuration 

Reducing the spatial distance between enzymes of a biosynthetic 
pathway can improve production by MCFs (Park et al., 2022). CYPs can 
localize to different ER membrane microdomains. Therefore, extended 
physical distances between CYPs might lead to substrate or intermediate 
diffusion, resulting in either changes in product profile or reduced yield 
of the target compound. Membrane-associated progesterone receptors 

Fig. 4. Combinatorial expansion of enzyme network and taking advantage of network effects increased quillaic acid production. a, Quillaic acid titer of 
new strains established by rescreening the CYP library in strain yQA11, and b, rescreening the CPR library in strain yQA12P. 
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(MAPRs) are evolutionarily conserved proteins homologous to cyto-
chrome b5 and can interact with CYPs to modulate their function (Ryu 
et al., 2017). MAPR orthologs, membrane steroid-binding protein 1 and 
2 (MSBP1 and MSBP2), were discovered in Arabidopsis and regulate 
lignin biosynthesis by physically organizing CYPs on the ER membrane 
(Gou et al., 2018). 

We attempted to use MSBPs to reorganize the physical network of 
heterologous CYPs on the ER, and hypothesized MSBPs could reduce the 
intermolecular distance between different CYPs during QA synthesis 
(Fig. 5a). The genes encoding A. thaliana MSBP1 and MSBP2, as well as 
two additional homologues MSBP3 and MSBP4 (Salanoubat et al., 2000; 
Mayer et al., 1999), were integrated into yQA11. QA titer improved by 
71.2–91.7% when MSBP2-4 were expressed and improved by 223% 
when MSBP1 was expressed (Fig. 5b). Adding MSBP1 to the network in 
yQA11 improved the titer more than that observed after adding 
CYP714E19 and CYP72A567 to the network, indicating that proper 
physical network configuration is just as important for improving titer as 
the presence or absence of the component enzymes. The amount of other 

terpenoids did not change significantly after adding MSBPs, unlike when 
adding CYPs to the network, suggesting that MSBPs use a unique 
mechanism to improve QA titer (Supplementary Fig. 7). Adding MSBP1 
to the network in yQA13F to create strain yQA15 led to an 79.5% in-
crease in QA titer to 172 mg/L (Fig. 5c). 

Bimolecular fluorescence complementation (BiFC) (Ozalp et al., 
2005) was used to verify whether adding MSBP1 to the network actually 
reduced the intermolecular distances between CYPs. The gene encoding 
MSBP1 was integrated into JWY603 to create yQAM1. CYP716A12, 
CYP716A262, and CYP72A567 were fused with non-fluorescent frag-
ments of yellow fluorescent protein (YFP), so that YFP signal can only be 
detected after different CYPs come in proximity to each other. No YFP 
signal was observed in JWY603 for CYP716A12-CYP716A262 and 
CYP716A12-CYP72A567 pairs, but YFP signal was observed for the 
same pairs when MSBP1 was present (Fig. 5d). These results indicate 
that MSBP1 changed the physical configuration of these enzymes in the 
cell. A faint YFP signal was observed for the CYP716A262-CYP72A567 
pair in JWY603, and a stronger YFP signal was observed for the same 

Fig. 5. Physical reconfiguration of spatial dis-
tance between CYPs on ER improved product 
profile. a, Model of protein complex formed between 
heterologous CYPs with and without MSBP present. b, 
Quillaic acid production after integrating four 
different MSBPs from A. thaliana into strain yQA11. c, 
Change in product profile and increase in quillaic acid 
production after adding MSBP1 to the enzyme 
network in yQA13F to create strain yQA15. n.d. (not 
detected). d, BiFC analysis of CYP716A12/ 
CYP716A262 fused with nYFP, and CYP716A262/ 
CYP72A567 fused with cYFP. Confocal images of 
strains JWY603 or yQAM1 (JWY603 expressing 
MSBP1) expressing different CYP pairs fused with 
either nYFP or cYFP. cYFP: C-terminal amino acid 
residues 156–242; nYFP: N-terminal amino acid res-
idues 1–155. Bar = 5 μm.   
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pair in the presence of MSBP1, suggesting that the physical distance 
between CYP716A262 and CYP72A567 was further reduced in the 
presence of MSBP1. BiFC also confirmed that the three CYPs did not 
interact with themselves even in the presence of MSBP1 (Supplementary 
Fig. 11). 

3.7. Sensitivity towards availability of NADPH and ER surface 

CPRs transfer electrons from NADPH to CYP, so it is possible that 
NADPH regeneration is a limiting factor during QA production. Five 
enzymes catalyzing different mechanisms for NADPH regeneration 
(Partipilo et al., 2021; Li et al., 2018; Bieganowski et al., 2006) were 
added to the enzyme network in yQA11: Escherichia coli 

transhydrogenase SthA, S. cerevisiae NAD kinases Pos5 and Yef1, and 
S. cerevisiae dehydrogenases Ald6 and Tyr1. Out of the five enzymes 
screened, addition of SthA improved QA titer significantly by 186% 
(Supplementary Fig. 12). Furthermore, eukaryotic CYPs and CPRs must 
localize to the ER membrane in order to function. Previously, remod-
eling the ER by overexpressing S. cerevisiae ino2 and ice2 to increase ER 
size was shown to improve terpenoid production (Emmerstorfer et al., 
2015). The large number of heterologous CYPs and CPRs in the enzyme 
network to synthesize QA suggests the availability of the ER surface 
could also be a limiting factor, so ino2 and ice2 were overexpressed in 
yQA11. Overexpression of ino2 and ice2 increased QA production by 
60.4% and 152%, respectively (Supplementary Fig. 12). Finally, sthA 
and ice2 were integrated individually and in combination into yQA15, 

Fig. 6. Product profile of optimized CYP network 
primarily favors QA production. a, Triterpenoid 
titers produced by the starting strain yQA05C that 
only produces β-amyrin and final quillaic acid pro-
ducing strain yQA16G that heterologously expresses 
the optimized CYP network. n.d. (not detected). b, 
Fed-batch fermentation of strain yQA20 to produce 
quillaic acid. c, LC-MS analysis results of quillaic acid, 
oleanolic acid, echinocystic acid, hederagenin, gyp-
sogenin, and gypsogenic acid produced by yQA20 
using negative ion mode in comparison with com-
mercial standards.   
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and overexpression of both genes (strain yQA16G) improved QA titer 
the most to 258 mg/L (Supplementary Fig. 13). 

Comparing the BA production strain yQA05C with the final QA 
production strain yQA16G (enzyme network consisting of CYP716A12, 
CYP714E19, two CYP72A567, CYP716A262, CrCPR, SaCPR, MSBP1; co- 
expressing SthA and Ice2) showed that the molar conversion of BA to QA 
was 71.2%, QA made up 80.6% of terpenoids, and QA titer achieved 
258 mg/L in 250 mL flask fermentation (Fig. 6a). Finally, the leucine 
and methionine auxotrophies were removed in yQA16G to create strain 
yQA20. Fed-batch fermentation of yQA20 in 1L fermenters achieved a 
titer of 2.23 g/L QA, specific productivity of 290 μg/L/h/OD600 QA, and 
86% of oxidized triterpenoids produced was QA (Fig. 6b and c). 

4. Discussion 

Our results demonstrate the feasibility of using a combinatorial 
optimization strategy to assemble an enzyme network that catalyzes the 
multi-step oxidation of inert substrates to synthesize functional scaffolds 
for building pharmaceutically active molecules. Using the combinatorial 
optimization strategy, we assembled an enzyme network to catalyze six 
oxidation steps at three different positions of β-amyrin to produce 
quillaic acid as the major product. By iteratively screening CYP and CPR 
libraries, two important observations were made. 

Firstly, expressing a combination of different CYPs to catalyze multi- 
step oxidations at a particular carbon position can lead to higher pro-
duction than increasing the copy number of the same CYP. Previously, it 
was shown that CYP716A262 can produce EA and its expression with 
CYP72A567 can produce QA (Li et al., 2021). The traditional strategy to 
enhance product titer would be to increase the copy number of these two 
enzymes. We showed that increasing CYP716A262 from one to two 
copies had limited effect on increasing EA titer, and increasing 
CYP72A567 from two to three copies had no effect on increasing QA 
titer. However, iteratively screening CYPs to build an optimal enzyme 
network led to the discovery that combining one copy of CYP716A12 
with one copy of CYP716A262 was the best strategy for improving EA 
production. Similarly, the combination of two copies of CYP72A567 
with one copy of CYP714E19 improved QA titer the most. 

Secondly, CYP screening results can be dependent on the presence of 
other CYPs and CPRs, so care should be taken in the future when 
designing screens and interpreting results. Screening the same CYP-CPR 
library in the BA producing strain yQA05C and in the OA producing 
strain yQA06A produced different product distributions for each CYP- 
CPR pair. One might conclude that CYP716A262 has no preference for 
CPRs based on the screening results from yQA06A, but CYP716A262 
showed a strong preference for SaCPR in yQA05C. The positive impact 
of adding SaCPR to the network was later confirmed in the QA pro-
ducing strain yQA12P. 

Metabolic engineering efforts typically increase flux towards pre-
cursor synthesis in order to push flux towards the target product and 
increase production titer. However, we observed that CYP networks are 
delicately balanced, especially when multiple oxidation steps are 
involved. Simply increasing precursor production can disrupt the 
product profile and lead to the accumulation of unwanted side products. 
Previous efforts to produce QA faced similar challenges and accumu-
lated significant amounts of partially oxidized intermediates (Li et al., 
2021). Rather than directly perturbing metabolic flux, we chose to 
manipulate the distance between different CYPs to increase target 
product synthesis. We showed that assembling the enzymes in the 
network into a proper spatial configuration is just as important as 
identifying which enzymes to add into the network towards increasing 
product titer and controlling product profile. We anticipate that these 
approaches will be generalizable and provide new strategies for 
assembling CYP networks for the synthesis of other pharmaceutically 
active molecules where multi-step oxidations are required. Enhance-
ment of product distribution towards highly oxidized products, such as 
QA, might be further optimized by incorporation of additional enzymes 

that interact with CYP, such as cytochrome b5 (Kandel and Lampe, 
2014). 

While increasing gene expression (e.g., increasing promoter strength 
or gene copy number) is a common strategy in metabolic engineering, 
the iterative screening approach showed that multi-step oxidations by 
CYPs can be more efficient when catalyzed by limited expression of 
different enzymes rather than high expression of the same enzyme. This 
observation suggests that organisms in nature contain large libraries of 
CYPs, not only to target a diverse substrate pool, but also to take 
advantage of potential network effects that increase the catalytic effi-
ciency for any particular reaction by having multiple different CYPs 
present. This hypothesis is further supported by our observation that 
bringing different CYPs in closer proximity to each other leads to 
increased activity towards the desired target profile. Finally, we provide 
a new framework for building CYP networks that is useful for discov-
ering new reactions catalyzed by CYPs and constructing new biosyn-
thetic networks catalyzed by multiple CYPs for synthesizing medicines 
and chemicals, and this framework enabled us to achieve the highest 
reported QA titer and productivity to date. 

Synthesis of QS-21 requires functionalizing QA with eight sugars and 
one acyl group, which in theory could be performed in a microbial host 
by expressing genes identified from Q. saponaria. However, functional 
expression of an enzyme in a microbe does not necessarily lead to high 
enzyme activity, due to differences between the physicochemical mi-
croenvironments within microbial and plant cells, and the absence of 
helper proteins normally present in plant cells, as we showed in this 
work with MSBP. From a commercial perspective, low enzyme activity 
could be counterbalanced by the microbe’s shorter production time and 
ease of scaling production relative to a plant-based system. Therefore, 
both microbial-based and plant-based production systems have unique 
advantages and challenges that need to be addressed in order to become 
stable sources of raw material for the production of adjuvants for 
vaccines. 
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