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SUMMARY
Although many prokaryotes have glycolysis alternatives, it’s considered as the only energy-generating
glucose catabolic pathway in eukaryotes. Here, we managed to create a hybrid-glycolysis yeast. Subse-
quently, we identified an inositol pyrophosphatase encoded by OCA5 that could regulate glycolysis and
respiration by adjusting 5-diphosphoinositol 1,2,3,4,6-pentakisphosphate (5-InsP7) levels. 5-InsP7 levels
could regulate the expression of genes involved in glycolysis and respiration, representing a global mecha-
nism that could sense ATP levels and regulate central carbon metabolism. The hybrid-glycolysis yeast did
not produce ethanol during growth under excess glucose and could produce 2.68 g/L free fatty acids, which
is the highest reported production in shake flask of Saccharomyces cerevisiae. This study demonstrated the
significance of hybrid-glycolysis yeast and determined Oca5 as an inositol pyrophosphatase controlling the
balance between glycolysis and respiration, which may shed light on the role of inositol pyrophosphates in
regulating eukaryotic metabolism.
INTRODUCTION

Glycolysis is one of the oldest and most fundamental metabolic

pathways in cells. In prokaryotes, a divergent evolution of

glucose catabolism has been detected,1 and 57% of prokary-

otes utilize the Embden-Meyerhof-Parnas (EMP) pathway.2 The

remaining prokaryotes utilize the Entner-Doudoroff (ED) pathway

(�27%),3 the phosphoketolase (PK) pathway,4 and the bifido-

bacterium shunt.5 In eukaryotes, there has been convergent

evolution in the use of the EMP pathway for the catabolism of

glucose.1,6 Grafting of the EMP pathway has been done in pro-

karyotes.7 In Escherichia coli, non-oxidative glycolysis was con-

structed and optimized using adaptive laboratory evolution.8

Furthermore, an analysis of the promiscuity of enzyme activities

was performed to identify the flux distribution in this non-oxida-

tive glycolysis pathway.9 E. coli have the coexistence of both the

ED and EMP pathways, whereas almost all eukaryotes only rely

on glycolysis for the utilization of glucose and have no coexis-
748 Cell 186, 748–763, February 16, 2023 ª 2023 The Author(s). Pub
This is an open access article under the CC BY license (http://creative
tence of alternative pathways. Many eukaryotes have evolved

to enable a very high glycolytic flux such that energy can be pro-

duced mainly (or for some even as the sole source) by aerobic

fermentation, e.g., cancer cells that show the Warburg effect

and yeast Saccharomyces cerevisiae as an important model

organism that shows the Crabtree effect. This leads to a funda-

mental question: can the EMP pathway in S. cerevisiae be dis-

rupted and graftedwith other pathways? If so, how cellular meta-

bolism adapts to such stress remains unclear.

The essence of central carbonmetabolism is to balance fluxes

through glycolytic and respiratory processes such that cells are

provided the required energy, cofactors, and necessary precur-

sor metabolites required for anabolism.10 Similar to many other

eukaryotes, yeast has evolved several key regulatory pathways

to control the metabolism process,11 such as 50 AMP-activated

protein kinase (AMPK), which acts as a Ser/Thr protein kinase

to sense the cellular AMP/ATP ratio12; the target of rapamycin

(TOR) kinase, which controls nitrogen metabolism and protein
lished by Elsevier Inc.
commons.org/licenses/by/4.0/).
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biosynthesis and hereby, cell growth13; and 5-diphosphoinositol

1,2,3,4,6-pentakisphosphate (5-InsP7),
14 which can sense ATP

concentration,15 so that it can be considered the ‘‘energy

sensor’’ to the cell and could participate in the regulation of

respiration and glycolysis.16 Despite significant progress in our

understanding of energy metabolism in eukaryotes, the potential

mechanisms via which the cells adjust the flux through glycolysis

and respiration in response to environmental conditions remain

unclear. For example, it is unclear how the transition between

fermentation and respiration in yeast is achieved.17 Therefore,

the grafting of the EMP pathway with an alternative pathway

may perturb such regulators and hereby provide insights into

the mechanism of cells in the regulation of central carbon

metabolism.

In the present study, we report the variability of hybrid-glycol-

ysis yeast and identify Oca5 as an inositol pyrophosphatase that

can degrade the ‘‘energy sensor,’’ 5-InsP7, into inositol hexaki-

sphosphate (InsP6), which then adjusts fluxes through glycolysis

and respiration via Gcr1 pyrophosphorylaiton and the Mig1/

Hap4 signaling pathway. We further demonstrated the utility of

the hybrid-glycolysis yeast in free fatty acids (FFAs) production

and using the engineered strain enabled the achievement of

the highest reported titer to date. The results of the present study

provide insights into how yeast could survive under energy

shortage stress through metabolism plasticity via regulation of

different transcription factors (TF).

RESULTS AND DISCUSSION

The phosphoketolase pathway combined with
transhydrogenase rescued the growth of glycolysis
disrupted yeast
Here, we first evaluated the grafting of the native EMP pathway

with alternative major glucose catabolic pathways, including

the pentose phosphate (PP), ED, and PK pathways. To block

glycolysis, the phosphofructokinase (Pfk) is a good target as

this enzyme is regarded as the ‘‘gatekeeper’’ of the EMP

pathway.18 Blocking the activity of this enzyme will only inhibit

glycolysis and negligibly disrupt gluconeogenesis or the PP

pathway (Figure 1A). When we deleted PFK1 and PFK2 resulting

in complete elimination of Pfk activity, the strain QL1 could not

grow in a glucose minimal medium (Figure 1B), indicating that

the PP pathway, as the sole glucose catabolic pathway with no

energy generation, could not support yeast growth.

Next, we introduced edd and eda from E. coli into QL1 to

establish the ED pathway strain QL2. The QL2 strain could also

not recover growth in the presence of glucose (Figure 1B). This

is consistent with the finding of a previous report,19 where the

bacterial ED pathway could not replace yeast glycolysis without

the functional iron-sulfur cluster enzyme, 6-phosphogluconate

dehydratase. Finally, the heterologous PK pathway components,

including xylulose-5-phosphate-specific phosphoketolase (xPK),

from Leuconostocmesenteroides,20 and phosphotransacetylase

(PTA), from Clostridium kluyveri,21 were introduced into QL1 to

generate the PK pathway strain, QL3. QL3 was observed to

grow in the presence of glucose (Figure 1B). However, the

maximum specific growth rate (mmax) of this strain was very

low, i.e., around 0.013 h�1 (Figure 1B). In QL1, each molecule
of glucose utilized in the oxidative PP pathway generated two

molecules of NADPH. To maintain homeostasis of metabolism,

it is necessary to balance the production and consumption of

NADPH. If the entire amount of glucose consumed resulted in

the production of NADPH (in a ratio of two moles of NADPH

per mole of glucose), the normal yeast metabolism would be dis-

rupted. To overcome this imbalance, a bacterial transhydroge-

nase (TH) was expressed that could catalyze the transformation

of NADPH to NADH (Figure 1A). Expression of TH in strain QL1

resulting in strain QL4 enabled slow growth on glucose (Fig-

ure 1B), and an even larger effect was observed when TH was

introduced into the PK pathway QL3 strain. The resulting strain,

QL5, had a significantly higher specific growth rate of 0.082 h�1

(Figures 1B and 1E). To validate that the EMP pathway was dis-

rupted and grafted with the PK pathway through the oxidative PP

(oxPP) pathway in theQL5 strain (the hybrid-glycolysis yeast), we

used 100% 1-13C-labeled glucose to trace the rewired pathway

(Figure 1C). In the native EMP pathway, the proportion of M+1

(labeled) and M+0 (unlabeled) of pyruvate (and hence also

alanine) should both be 50%, as shown in Figure 1C (EMP

pathway). If the carbon flux went into the oxPP pathway and

the following PK pathway, 13C labeling in the first carbon atom

location of glucose would be released as CO2. The following

generated sugar phosphate intermediates would therefore only

be M+0, as shown in Figure 1C (oxPP and PK pathway). Indeed,

the labeling results confirmed that in wild type (WT) there was

�50% labeling of both M+0 and M+1 in phosphoenolpyruvate

(PEP), 2/3-phosphoglycerate (2PG/3PG), and alanine derived

from pyruvate generation, whereas there was almost no M+1 la-

beling in PEP, 2PG/3PG, and alanine in theQL5 strain (Figure 1C).

This result indicated that the carbon flux of the EMPpathwaywas

successfully disrupted and rewired in the hybrid-glycolysis yeast

QL5. This was further confirmed by the higher ratio of M+0 gluta-

mate, which was derived from acetyl-CoA. The labeling experi-

ments show that we successfully realized the pathway rewiring

from the EMP pathway to the oxPP pathway. To test how

much carbon flux went into the non-oxidative PP pathway via

fructose-6-phosphate (F6P) in the QL5 strain, the M+1 labeling

of R5P/X5P/RL5P was also tested. The results showed that

both in the WT or the QL5 strain, the R5P/X5P/RL5P were mainly

unlabeled (M+0) (Figure 1C), indicating that in both strains the flux

going into the PP pathway wasmainly via the oxPP pathway. The

decreased ratio of M+1 labeling of R5P/X5P/RL5P also proved

that the carbon flux into the oxPP in the QL5 strain was higher

than that in the WT. This result indicated that TH enables pulling

more flux through the oxPP pathway. Taken together, these re-

sults proved that we have successfully constructed a hybrid-

glycolysis yeast, grafting the EMP pathway with the PK pathway.

Compared with the growth of the reference strain (WT), which

had amaximum specific growth rate of 0.35 h�1, growth was still

slow in QL5, and this indicated an imbalance of the flux in the

central carbon metabolism (Figure 1E). We therefore exposed

QL5 to adaptive laboratory evolution using five parallel lines (Fig-

ure 1D). After approximately 400 generations, we analyzed the

growth of each flask (Figures 1F and 1G) and found that the

mmax of each flask was around 0.2 h�1. Specially, the final

OD600 of flask QL5-1 was around 7 which was much higher

than that in the other flasks (Figure 1G). The mmax of flask
Cell 186, 748–763, February 16, 2023 749
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Figure 1. Genetic engineering and adaptive laboratory evolution to obtain a hybrid-glycolysis yeast

(A) Remodeling of the yeast central carbonmetabolic network, from native glycolysis (yellow) to the hybrid-glycolysis (green) pathway. The dotted line represents

multiple steps, whereas the solid one represents a single step. All introduced genetic modifications are shown in red. Specifically, the red arrow represents the

introduction of heterologous genes, and the red cross represents gene deletion. The gray color indicates metabolites not produced during the fermentation of the

engineered strains.

(B) mmax of different strains evaluated using the indicated genotype.

(C) The pathway rewiring in the QL5 strain was validated by isotope tracing experiment. 100% 1-13C-labeled glucose was used as the carbon source in the

minimal medium. The circles indicated carbon atoms of glucose and the red dot was the 1-13C-labeled carbon atom. Numbers of the sugar phosphate in-

termediates and glucose refer to the ultimate source of the carbon atoms on the skeleton of glucose. The blue dashed line represents the breakdown of the

carbon-carbon bond. The black dashed line represents multistep pathways. The data for the components of isotope tracing experiment list in Table S2.

(D) Adaptive laboratory evolution of QL5 in five independent lines of consecutive shake flasks. At the end of the adaptive evolution experiment, three colonies from

each flask were selected for further analysis.

(E) Growth and metabolite profiles of QL5.

(F) mmax of the five parallel lines identified exhibiting improved growth after the evolution experiment.

(G) Growth profiles of the five parallel lines.

Abbreviations are defined in Table S1.

All data are presented as mean ± SD of biological triplicates.

See also Figure S1 and Tables S1 and S2.
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Figure 2. Identification and verification of key driver mutations for growth recovery of the parental strain

(A) Summary of the genome sequencing results of the open reading frame mutations across different lines obtained via adaptive laboratory evolution. The five

columns represent the five parallel lines of the evolution experiment. The rows represent mutated genes. The color key represents the number of colonies with

thesemutations isolated from each flask. The agglomeration method for hclust on the rows and columnswas performed using ‘‘complete’’ based on themutation

number of the five parallel lines.

(B) Venn diagrams of the genome sequencing results showing intersections of each evolutionary line. The intersection of each flask indicates dominant mutations

across all lines. A detailed description of the mutations can be found in Table S4.

(C) mmax test of reverse engineered strains compared with QL5.

(D) mmax test of introduced mutations in WT.

(E) The Mth1 signaling pathway. In the presence of glucose (left), Yck1/2 are activated by the glucose signal. The activated Yck1/2 then phosphorylates Mth1/

Stb1; finally, the phosphorylated Mth1/Stb1 is recognized and ubiquitinated by the SCF and Grr1 complex, subsequently resulting in its degradation by the

(legend continued on next page)
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QL5-1was 0.197 h�1, whichwas around 2.4-fold higher than that

of the parental strain QL5. We selected three colonies from each

flask for further analysis (Figure 1D).

Whole genome sequencing and reverse engineering
determined the causal relationship between MTH1,
HXK2, and OCA5 mutations and cell growth recovery
Following the genomic sequencing and analysis of the 15 iso-

lated clones, it was found that mutations could be roughly clus-

tered into three evolved branches (Figure 2A), including QL5-2,

QL5-3, and QL5-4 with the common mutation in MTH1, QL5-1

with common mutations in HXK2 and OCA5, and QL5-5 with

common mutations in ACS2 and ERG3 in two colonies isolated

from this flask (Figure 2B). The other colony in QL5-5 exhibited

whole genome duplication (Table S4), disturbing the genome

sequencing results such that it was not possible to determine

the potential driver mutations. Based on the analysis of common

mutations from different branches, MTH1D231, HXK2D211N, and

OCA5S383* (Table S4) were selected for reverse engineering in

the parent strain QL5. The reverse engineering results confirmed

that all threemutations recovered cell growth. Specially, the mmax

of the strain with the MTH1D231 mutation was 0.155 h�1 and

that of the strain with theOCA5mutation was 0.138 h�1, whereas

that of parental QL5 strain was 0.082 h�1. The strain with the

HXK2D211N mutation had a mmax of 0.125 h�1, and the mmax of

the strain with a combination of the OCA5 mutation and the

HXK2mutation was 0.156 h�1 (Figure 2C). On the contrary, intro-

duction of this mutation into the WT strain resulted in a

decreased cell growth rate (Figure 2D).

When we introduced the MTH1D231 mutation into the WT, the

specific glucose uptake rate of the MTH1 mutation strain was

reduced compared with that of the WT (Table S5). Mth1 plays

a critical role in the transcriptional regulation of glucose trans-

porters (HXT) in S. cerevisiae (Figure 2E), and the sequence anal-

ysis ofMTH1 showed that 231 base pairs (133–363) were deleted

(Table S4). This mutation omitted the phosphorylation sites 81Ser

and 85Ser, which ultimately confer resistance against proteaso-

mal degradation to Mth1.23 Thus, even in the presence of

glucose, the Mth1 mutant could relocate into the nucleus to

repress the expression of HXT genes, thereby reducing the

glucose uptake to balance the overall metabolism (Figure 2E).

Hxk2 is responsible for glucose phosphorylation right after its

transportation into the cell by Hxt. When we introduced this

HXK2D211N mutation into the WT strain, the specific glucose

uptake significantly decreased just like the deletion of

HXK2 (Table S5). These results indicated that the function of

HXK2D211N reduced the activity of hexokinase. The crystal struc-

ture of Hxk2 in S. cerevisiae (Figure 2F)22 illustrated that the iden-

tified 211Asp mutation was located in the catalysis pocket. The

side chain of 211Asp forms hydrogen bonds with sugars,24 and
proteasome. In the absence of glucose (right), Mth1/Stb1 relocate to the nucleus a

to block their transcription.

(F) The crystal structure of Hxk2 from S. cerevisiae (PDB: 1IG8).22 The overall struc

like structure. The dotted line indicates the hydrogen bond of the side chain of 211

a mutation from Asp (green) to Asn (gray), is presented using PyMOL. All data ar

(G) mmax comparison of the three clones from flask QL5-1 with that of oca5D and

See also Table S4.
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is indispensable for the Hxk2 activity. Simulation of the point mu-

tation in the local structure of Hxk2 illustrated that the original

Asp (green) was changed to Asn (gray), which eliminated the abil-

ity to form two hydrogen bonds with the substrate and resulted in

steric hindrance in the active pocket (Figure 2F). An activity

assay of Hxk2 also showed that mutations in 211 almost abol-

ished the activity of Hxk2.25 Therefore, HXK2 was also deleted

and as for the strain with the mutation HXK2D211N, mmax was

indeed improved to 1.7-fold compared with that of QL5, i.e.,

with a mmax of 0.138 h�1 (Figure 2G).

The MTH1D231 could reduce glucose uptake and the

HXK2D211N mutation restricted the activity of hexokinase. Both

mutations restricted the consumption of glucose in QL5 such

that it was balanced to the capacity of the downstream pathway,

i.e., the heterologous PK pathway. This ensures balancing the

levels of cofactors and sugar phosphate intermediates in the

central carbon metabolism.

OCA5 regulates glycolysis and respiration
There are only a few reports on Oca5, and its function is unclear.

The reverse engineering of OCA5S383* indicated that the trun-

cated version of Oca5 contributed to the growth recovery of

QL5 (Figure 2C). As there were still 397 amino acid residues

of Oca5 in the mutant strain, the whole open reading frame of

OCA5 was deleted to gain insights into the Oca5 function. Sur-

prisingly, the deletion strain had significantly improved growth

with a mmax of 0.187 h�1, which was even higher than that of

the evolved QL5-1-1 and QL5-1-3 strains (Figure 2G).

Compared to the WT, in the bioreactor, the mmax of QL5 was

around 0.14 and the deletion of OCA5 in QL5 resulted in an in-

crease to around 0.2 (Table S5). The specific glucose uptake

rate significantly decreased in the QL5 and the QL5 OCA5 dele-

tion strain, and there was no ethanol or glycerol produced

(Table S5). The respiratory quotient (RQ) value of QL5 was

around 1.4 whereas in the QL5 oca5D strain this decreased to

around 1 (Table S5). These results indicated that QL5 already

had active respiration, but OCA5 deletion further enhance

respiration.

To verify the important role of respiration, we used

minimal medium plates with 10 mM of carbonyl cyanide

3-chlorophenylhydrazone (CCCP) (Figure S1A). CCCP is a

potent mitochondrial oxidative phosphorylation uncoupler,26

which uncouples the proton gradient from ATP generation in

the electron transport chain. The WT strain could grow on plates

with and without CCCP as the EMP pathway could provide ATP

under aerobic conditions (Figure S1A). However, the QL5 strain

could barely grow on the plates containing CCCP because the

energy source was mainly from respiration and the blocked

EMP pathway could not generate ATP (Figure 1A). These results

demonstrated that the QL5 strain was a hybrid-glycolysis yeast.
nd, together with Rgt1, Cyc8, and Tup1, bind to the promoters of target genes

ture of Hxk2 is shown in gray in the animation. The 211Asp is depicted as stick-
Asp to other atoms. The amplification of the local structure of D211N, resulting in

e presented as mean ± SD of biological triplicates.

hxk2D strains.



Figure 3. Physiological characterization of oca5D

(A) Flux balance analysis of WT and oca5D during the log phase of the batch culture. Fluxes were normalized to 100 units of glucose uptake in central metabolic

pathways, and values are shown in the boxes next to the reaction arrows. Results from transcriptional analysis are shown as relative expression levels in oca5D

compared with WT. Gene expression is presented as the log2 fold change (P-adj <0.05). The log2 fold change (down/up) of the genes is indicated by blue (down)

and red (up) dots.

(B) Fluxes and gene expression for the electron transport chain and ATP synthase displayed similarly to the same fluxes and gene expression as in (A).

(C) Flow cytometric analysis of WT and oca5D yeast after staining with MitoTracker Green (MTG) during growth on glucose medium. Samples were used during

the log phase when the OD600 was approximately 1 in the biological triplicates. The bar plots represent the median values of MTG fluorescence intensity in flow

cytometric analysis labeling of WT (green bars) and oca5D (blue bars).

(D) Flow cytometric analysis of WT and oca5D during growth on ethanol; the sample was derived similarly to that on glucose.

(E) Spotting assay of the WT and the oca5D strain. The strain was incubated in the minimal medium with 20 g/L glucose or ethanol as a carbon source, and serial

dilution was spotted in a plate with a similar medium when the OD600 was approximately 1.

Abbreviations are defined in Table S1.

For the flow cytometric analysis, the mean ± SD are from biological quintuplicates. Statistical analysis was performed using two-tailed Student’s t test (*p < 0.05,

**p < 0.01, ***p < 0.001).

See also Figures S1, S2, S3, S4, and Table S5.

ll
OPEN ACCESS

Cell 186, 748–763, February 16, 2023 753

Article



ll
OPEN ACCESS Article
Interestingly, the OCA5 deletion decreased the ratio of NADPH/

NADP+ in the WT strain but had no effect on the QL5 strain (Fig-

ure S1B). We suggested this is due to a balancing of the cofactor

ratio of NADH/NAD+ and NADPH/NADP+ in the QL5 strain that

has TH activity (Figure S1B).

To enhance our understanding of Oca5 functions in central

carbon metabolism, we evaluated Oca5 mutations in the WT

strain, and here we found that the final dry cell weight (DCW) of

oca5D was even 20% higher than that of the WT strain (Table.

S5). This result is to some extent impressive, since strains are

naturally evolved to gain faster cell growth and higher cell weight.

Our result showed that the oca5D could improve the biomass

yield of theWT strain, indicating an improved energymetabolism

efficiency. The deletion of OCA5 in the QL5 and the WT strain

both resulted in a higher ATP/ADP ratio, which supports this hy-

pothesis (Figure S1C). On the other hand, either the whole dele-

tion or the mutant version only resulted in a small decrease of

5%–9% in mmax (Table S5). The specific glucose uptake rate

did, however, decrease to approximately 86% of the value for

the reference strain, which indicated the oca5D restricted

glucose consumption of the strain. Furthermore, ethanol pro-

duction decreased by 15% and glycerol production decreased

by 58%, which indicated that the oca5D restricted fermentation

of the strain. The RQ value decreased to approximately 56% of

the value for the reference strain. The specific oxygen uptake

rate of the oca5D strain was also higher than that of the WT

strain, which indicated that the oca5D improved respiration

and decreased fermentation at the same time. We also con-

structed a strain with two copies of OCA5, with both copies ex-

pressed by the native promoter. Opposed to the OCA5 deletion,

overexpression of OCA5 resulted in increased ethanol and glyc-

erol production, and RQ value (Table S5). These experiments

indicated that Oca5 may function in repressing respiration and

stimulating fermentation.

To further characterize the effect of Oca5 on central carbon

metabolism, flux balance analysis (FBA) and flux sampling were

performed. The absolute metabolic fluxes (Figure S2A) demon-

strated that fluxes through glycolysis and the pyruvate dehydro-

genase (PDH) bypass during growth on glucose decreased in

oca5D compared to those in the WT, respectively. This indicated

that the deletion of OCA5 resulted in a restriction of the glycolytic

flux. Fluxes through all the complexes in the oxidation respiratory

chain were increased by approximately 50% of that of the WT

strain (Figures S2 and S3). Normalized fluxes illustrated that the

carbon fluxes through glycolysis and the PDH bypass in oca5D

were slightly declined from those ofWT, whereas there was a sig-

nificant increase in fluxes through the respiratory chain (Figures 3A

and 3B). The electron transport chain (ETC) consists of complex I–

VI that togetherwith ATP synthase (complex V) transfers electrons

and generates ATP. The FBA and the flux sampling result showed

that in the ETC, the flux through Nde1 and Ndi1, which are equiv-

alents of complex I inmammals, and through complex III, complex

IV, and complex V significantly increased (p value shown in

Table S1) in oca5D (Figures 3B and S3B), indicating a strong

ATP generation by oxidative phosphorylation in oca5D. This

notable difference would lead to a higher overall ATP yield than

that of substrate phosphorylation in the WT strain (Figures 3A

and 3B), thus yielding a higher biomass yield in oca5D (Table. S5).
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To verify the higher respiratory capacity of oca5D, a dropping

assay with ethanol as the carbon source was performed, and the

result showed that oca5D grew faster than the WT strain (Fig-

ure 3E). As a non-fermentable carbon source, ethanol can only

be metabolized through mitochondrial respiration, and the drop-

ping assay therefore supports an increased mitochondrial activ-

ity in oca5D. This was also confirmed by flow cytometry analysis

of the strain stained by MitoTracker Green (MTG), which showed

that the mitochondria in oca5D accumulated more MTG during

growth on both glucose (Figure 3C) and on ethanol (Figure 3D).

This result suggested that oca5D had a higher mitochondrial

mass independent of the carbon source.

To reveal the mechanisms underlying how Oca5 regulates

glycolysis and respiration in yeast, we performed RNA-seq anal-

ysis. The transcriptome analysis identified 1,072 genes with

significantly changed expression in oca5D compared with WT

(Figures S4A and S4B). The pathway enrichment analysis (Fig-

ure S4C) results showed that the carbon metabolism, glycolysis,

ribosome, and biosynthesis of amino acids were downregulated.

Meanwhile, oxidative phosphorylation (Figure S4C) was signifi-

cantly upregulated. In metabolite enrichment analysis (Fig-

ure S4D), we identified genes related to ferricytochrome C in

the mitochondria that were upregulated, and those associated

with glycolytic metabolites were downregulated. These results

are consistent with those of the FBA analysis. When analyzing

specific genes, we found that genes involved in glycolysis

were significantly downregulated (Figure 3A), and genes in the

ETC, including ATP synthase, were significantly upregulated

(Figure 3B).

Using the hybrid-glycolysis yeast as a platform cell
factory
In addition to serving as a model organism, S. cerevisiae serves

as a cell factory for producing foods, chemicals, fuels, and phar-

maceuticals.27 When engineering yeast for the production of

various chemicals, it is generally challenging to prevent ethanol

production as a major by-product.10,28 The hybrid-glycolysis

yeast with OCA5 mutation obtained here exhibited a significant

remodeling of the entire central carbon metabolism (Figure 1A),

lacking ethanol production in the presence of abundant glucose.

This revealed the potential of this hybrid-glycolysis yeast as a

platform strain, in particular for the production of acetyl-CoA-

derived chemicals. FFAs are usedwidely in the chemical industry

and can also be used as biofuels, but the titer and yield need

further enhancement to realize an economically viable process

for industrial-scale production.29 We therefore investigated the

production of FFAs to explore the potential of our hybrid-glycol-

ysis yeast as a platform cell factory (Figure 4A).

First, we constructed the FFAs module in the WT strain

(Figure 4A), with common optimization targets of FFAs engi-

neered.30 The resulting FQL2 strain could produce 1,060 mg/L

FFAs (Figure 4B). Next, we introduced the FFAs module in the

QL5 oca5D strain, together with reduced expression of TH to bal-

ance the cofactor pool between cell growth and FFAs produc-

tion, as well as the mutation of MED2* to further reduce fermen-

tation.17 The resultant FQL26 strain could produce FFAs at a

much higher level, i.e., 2,188 mg/L, which was 2-fold of the pro-

duction by FQL2 (Figure S5). Following shifting from the use of



Figure 4. A free fatty acids (FFAs) production module was added to the hybrid-glycolysis strain

(A) The hybrid-glycolysis yeast central carbon metabolism module (blue) was coupled with a FFAs production module (green). Downregulated (or knockout)

genes are shown in blue, and upregulated (or mutated) ones are shown in red. The dotted line represents multiple steps, and the solid one represents a sin-

gle step.

(B) FFAs production of the hybrid-glycolysis yeast (blue). Coupled with the FFAs production module (green), the hybrid-glycolysis yeast could produce up to

2,678.3 mg/L FFAs, which is the highest shake flask production to date.

Abbreviations are defined in Table S1.

All data are mean ± SD of biological triplicates.

See also Figure S5 and Table S6.
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7.5 g/L (NH4)2SO4 to 2.27 g/L urea as the nitrogen source,31 FFAs

production reached 2,678 mg/L (Figure 4B). This is the highest

titer of FFAs that has been reported in S. cerevisiae for shake

flask fermentations. More importantly, the carbon yield reached

0.134 g FFAs/g glucose, which is the highest reported yield for

S. cerevisiae under various fermentation conditions (Table S6).

A particular advantage of our hybrid-glycolysis yeast for FFAs

production is that it does not require fed-batch fermentation;

however, simple batch fermentation can be applied, which offers

a significant advantage for large-scale production.

Oca5 was identified as an inositol pyrophosphatase in
S. cerevisiae

To identify the function of Oca5 and reveal the mechanism of the

global effect ofOCA5 deletion on central carbonmetabolism, we

first constructed a phylogenetic tree of Oca5 (Figure 5A). Oca5

was distant from other proteins in the Oca family (Figure 5A),

but transcriptional profiles of OCA1, OCA2, OCA3 (SIW14),

OCA5, and OCA6 deletion strains were highly similar, indicating

that these proteins belong to one protein complex,32 though

another study pointed that the OCA family should not include

OCA1.33 We therefore deleted OCA2, OCA3, OCA4, and OCA6

in QL5, and these deletions resulted in an increased growth

rate of QL5 by 1.5-fold, 1.8-fold, 1.6-fold, and 2-fold, respec-

tively (Figure 5B). Additionally, the spotting growth assays for

the OCA gene deletion strains demonstrated that growth on

ethanol was faster than that of the WT strain (Figure 5C), which

indicated that theseOCA deletion strains also have stronger res-

piratory capacity than WT. Similarly, with OCA5 deletion, OCA3

deletion, or OCA3 with OCA5 double deletion resulted in lower
specific glucose uptake rate; ethanol and glycerol production

rates; and RQ value (Table S5). These results indicated that

OCA3 and OCA5 both function in repressing respiration and

stimulating fermentation.

High-throughput data on protein interactions imply potential

physical interactions between the Oca proteins,34 but our yeast

two-hybrid (Y2H) analysis (Figure S6A) did not show interaction

of Oca5 with other Oca proteins, such as Oca3. Although the

phylogenetic analysis based on thewhole protein sequence indi-

cated that Oca5 is distant from other proteins in the Oca family

(Figure 5A), a structural comparison of Oca5 and Oca3 showed

that four peptide sections around the active site were very similar

(Figures S6B and S6C), indicating that Oca5 may have a similar

function as Oca3. Oca3 (Figure 5D) has been identified as an

inositol pyrophosphatase,35 which could specifically catalyze

the degradation of phosphoanhydride bonds on the fifth position

of 5-InsP7 to form InsP6
15.

To evaluate if Oca5 has a similar function as Oca3, we need

5-InsP7 as a substrate. In S. cerevisiae, 5-InsP7 is synthesized

from InsP6 in a reaction catalyzed by Kcs1 with the consump-

tion of ATP.36 The mammalian isoforms of Kcs1 are Ip6k1,

Ip6k2, and Ip6k3.36 Currently, there is no commercially avail-

able 5-InsP7, and based on one reported method,37 we used

Ip6k1 fromMusmusculus to synthesize 5-InsP7 from InsP6 (Fig-

ure 5E). Synthesized 5-InsP7 could be separated from InsP6 by

35% polyacrylamide-gel electrophoresis (PAGE) analysis.38

The generated band was identified by mass spectrometry

(MS) as 5-InsP7 (Figures S6D and S6E). Oca5 was then purified

and characterized using concentrated 5-InsP7 as the substrate

for Oca5. The results showed a change in the mobility of bands
Cell 186, 748–763, February 16, 2023 755
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Figure 5. Oca5 was identified as an inositol pyrophosphatase in S. cerevisiae

(A) Phylogenetic analysis of Oca5 and OCA family proteins.

(B) mmax of QL5 with deletion of different Oca family genes.

(C) Growth assay of the WT and OCA deletion strains. The strains were incubated in the minimal medium with 20 g/L ethanol and spotted by serial dilution in a

plate when the OD600 was approximately 1.

(D) InsP6 can be catalyzed by Ip6k1 to generate 5-InsP7; and 5-InsP7 can be degraded by Oca3 or Oca5 into InsP6.

(E) Oca5 dephosphorylated 5-InsP7 in vitro. Ip6k1 phosphorylated InsP6 into 5-InsP7 while both Oca3 and Oca5 dephosphorylated 5-InsP7 into InsP6, which were

then separated using polyacrylamide-gel (PAGE) gel. The reaction mixtures containing GST-Ip6k1 (+) or water (�) incubated with InsP6; GST-Oca3 (+) or water

(�); and GST-Oca5 (+) or water (�) were incubated with 5-InsP7. The marker was inorganic polyphosphate (PolyP).

(F) In vivo concentration of InsP6 (left), 5-InsP7 (middle), and the ratio of 5-InsP7 to InsP6 (right) in the WT, oca5D, QL5, and QL5 oca5D strains.

(G) Spotting assay of the kcs1D and the kcs1D oca5D strain. The serial dilution was spotted in a plate with a glucose or ethanol medium when the OD600 was

approximately 1.

(H) Growth curve of the Pdc� strain with the individual, double deletion ofOCA3 andOCA5, as well as hybrid-glycolysis yeast QL5. The growth test was performed

in a shake flask with a minimal medium consisting of 20 g/L glucose. The mean ± SD was based on biological triplicates.

Statistical analysis was performed using two-tailed Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).

See also Figures S6 and S7 and Tables S5 and S7.

ll
OPEN ACCESS

756 Cell 186, 748–763, February 16, 2023

Article



A B

Figure 6. The phylogenetic analysis and demonstration of Oca5 in P. pastoris

(A) The phylogenetic tree of Oca5.

(B) Flow cytometry analyses of P. pastoris X-33 and oca5D after staining with MitoTracker Green (MTG) during growth on yeast extract-peptone-dextrose (YPD)

medium. Samples were used during the log phase when the OD600 was approximately 1 in biological triplicates. The medians of MTG in flow cytometry analysis

labeling of P. pastoris X-33 (green bars) and P. pastoris X-33 oca5D (blue bars). The mean ± SD were biological quintuplicates.

Statistical analysis was performed using two-tailed Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).

See also Table S7.
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from 5-InsP7 to InsP6 on a PAGE gel, indicating that Oca5

could dephosphorylate 5-InsP7 to InsP6 in vitro, similarly to

Oca3 (Figure 5E). We have also measured the concentrations

of InsP6 and 5-InsP7 in vivo. After deleting OCA5, the concen-

tration of 5-InsP7 increased significantly both in the WT

oca5D and the QL5 oca5D strain (Figure 5F). The ratio of

5-InsP7 to InsP6 in the WT oca5D was around 4.2-fold higher

than in the WT strain and that in the QL5 oca5D it was around

2.3-fold higher than in the QL5 strain. Taken together, this

supports that Oca5 is an inositol pyrophosphatase and the

deletion of OCA5 could increase the ratio of 5-InsP7 to InsP6

in vivo. Thus, Oca5 was identified as an inositol pyrophospha-

tase in S. cerevisiae.

5-InsP7 is a signaling molecule that carries energy-rich

diphosphate bonds,14 and is the energy sensor that senses

cellular ATP levels15 to adjust the balance between glycolysis

and respiration.39 Deletion of KCS1 resulted in a decrease of

5-InsP7 concentration in yeast, thereby causing activation of

glycolysis and repression of respiration.16 The kcs1D could not

grow in the ethanol medium.16 Similarly, the kcs1D oca5D double

deletion strain cannot grow in the ethanol medium (Figure 5G)
indicating that the kcs1D abrogated the effects of oca5D (Fig-

ure 3E). To evaluate the hypothesis that Oca5 functions as

Oca3 (an inositol pyrophosphatase) and is capable of regulating

glycolysis and respiration, OCA5 and OCA3 were deleted in a

Pdc� yeast strain (with all three pyruvate decarboxylase genes

deleted). In such a strain, pyruvate generated by glycolysis

cannot be degraded in the cytoplasm, and mitochondrial func-

tion is repressed by glucose (meaning that the Pdc� strain

cannot grow on glucose17). The growth assays (Figure 5H)

showed that the deletion of either OCA5 or OCA3 recovered

growth of the Pdc� strain, which indicated that Oca5 and Oca3

both could release glucose repression of respiration. Further-

more, in the Pdc� yeast strain, the double deletion of OCA5 or

OCA3 could increase the growth further (Figure 5H) but not in

QL5 (Figure 5B). Meanwhile, we constructed the QL5 Pdc�

strain. This strain could still grow on the glucose medium (Fig-

ure 5H). This result further supported that the growth of QL5

did not rely on ethanol fermentation.

To check whether Oca5 orthologs in other lineages have the

same functions, we constructed the phylogenetic tree of Oca5

(Figure 6A) and selected Oca5 from the methylotrophic and
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Figure 7. 5-InsP7 phosphatase Oca5

affected the localization of Mig1 to cause

Hap4 overexpression and recover the

growth of QL5

(A) mmax test of QL5 (top) and WT (bottom) with

candidate TFs which were upregulated (up arrow)

or downregulated (down arrow) using promoters

with different activities. The used promoters for

each TF were listed in Table S3. All the TFs were

identified via the TF enrichment analysis results

shown in Figure S4.

(B) Re-localization of Mig1 to the cytoplasm

through the deletion of OCA5. The MIG1 deletion

strains with or without OCA5 deletion were trans-

formed with plasmids pUGG-Mig1-GFP.

(C) For analysis of the localization of Mig1S311A,

strains transformed with pUGG-Mig1S311A-GFP

were used for fluorescence microscopy imaging.

The nuclear localization of Mig1-GFP was deter-

mined via the acquisition of octuplicate, indepen-

dent images.

Statistical analysis was performed using a two-

tailed Student’s t test (*p < 0.05, **p < 0.01,

***p < 0.001).

See also Figure S4.
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canonical Crabtree-negative yeast Pichia pastoris. The deletion

of OCA5 in P. pastoris X-33 (a different yeast strain) also

increased the mitochondrial mass (Figure 6B). This result indi-

cated that the function of Oca5 and 5-InsP7 as an inositol pyro-

phosphatase and respiration activator, respectively, are not

restricted to the Crabtree-positive yeast S. cerevisiae.

MechanismunderlyingOca5 regulation of glycolysis and
respiration
The RNA-seq (Figure S4) and FBA (Figures 3A and 3B) results

showed that Oca5 regulated cellular energy production via

glycolysis and respiration. To understand the mechanism of

expression regulation of genes associated with these processes

in oca5D, we performed a TF enrichment analysis. Our results

showed that Gcr1, which can be pyrophosphorylated by

5-InsP7
16, was among the top five value significantly changed
758 Cell 186, 748–763, February 16, 2023
TFs in the down class (Figure S4E).

Together with the top five value signifi-

cantly changed TFs in the up class (Fig-

ure S4F), and TFs that in the up class

significantly changed with significant

regulated expressions themselves (Fig-

ure S4G), we selected TFs involved in

the respiration and the metabolism of

5-InsP7 for the further analyses, including

Msn2, Sin3, Hot1, Rox1, Hap1, Hap4,

and Gcr1. Msn4, which is regulated

closely with the selected Msn2,40 was

also evaluated. Our results showed that

the downregulation of GCR1 and the

upregulation of HAP4 (Figure 7A) signifi-

cantly increasedQL5 cell growth. Consis-

tently, the specific growth rate of a strain
with overexpression ofHAP4 increased to 0.197 h�1 (even higher

than oca5D and the evolved QL5-1 strains), and that of a strain

with downregulation of GCR1 increased to 0.150 h�1. These re-

sults confirmed that the decreased expression of genes involved

in glycolysis in oca5D (Figure 3A) was probably due to reduced

activation by Gcr1.16 Additionally, our results indicated that the

increased expression of mitochondrial genes (resulting in

enhanced respiration) (Figure 3B) might be mediated by the

increased Hap4 activity. It is possible that such gene expression

regulation was the primary cause of the dynamic regulation

observed between glycolysis and respiration, subsequently re-

sulting in the growth recovery of oca5D in QL5.

In this study, Oca5 is identified as an inositol pyrophospha-

tase. The link between Oca5 and Gcr1 is supported by findings

showing that Gcr1 can be pyrophosphorylated by 5-InsP7, re-

sulting in an inactivation of its TF role.16 Thus, OCA5 deletion
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increased the concentration of 5-InsP7, and the subsequent

Gcr1 pyrophosphorylation prevented Gcr1 from assembling

into a transcription complex that would inactivate the expression

of glycolytic genes. Overall, this resulted in a reduction of carbon

flux through glycolysis. A mutation of Gcr1(S515–8A) could prevent

the pyrophosphorylation of Gcrl by 5-InsP7. A growth test

(Table S5) showed that compared with WT, a Gcr1(S515–8A) strain

had a lower mmax and higher specific production of ethanol and

glycerol, indicative of an excessive glycolytic flux. The deletion

of OCA5 recovered the cell growth and decreased ethanol and

glycerol production to levels of the WT strain (Table S5). These

results further confirmed thatOCA5 deletion results in a downre-

gulated expression of glycolytic genes, owing to the 5-InsP7

based pyrophosphorylation of Gcr1.

The mechanism underlying the upregulation of HAP4 expres-

sion by 5-InsP7, resulting in increasedmitochondrial function, re-

mains unclear. In yeast, Hap4 functions as the active domain of

the HAP complex for the transcriptional regulation of genes

involved in respiration.41 The expression of HAP4 is downregu-

lated by glucose and controlled by the subcellular localization

of Mig1,42 a glucose repressor. Therefore, we characterized

the subcellular localization of Mig1 (Figure 7B) and found that

the deletion of OCA5 resulted in an increased cytoplasmic pres-

ence of Mig1 under high-glucose conditions, which caused the

downregulation of HAP4 expression.

The subcellular localization of Mig1 has been reported to be

determined via phosphorylation by Snf1.43 Snf1 is the yeast

AMP-activated kinase (AMPK), and the Snf1/Mig1/Hap4 glucose

repression signaling pathway has been intensively studied.44

High glucose concentrations inactivate Snf1, which when com-

bined with the Glc7-Reg1 phosphatase, does not phosphorylate

the transcription factorMig1. In this form, the TFMig1 is predom-

inantly located in the nucleus,43 where it can repress the expres-

sion of HAP4.42 On the other hand, active Snf1 phosphorylates

the serine 311 site of Mig1, causing it to translocate from the nu-

cleus to the cytoplasm. This translocation results in the inhibition

of Hap4 repression.45 To evaluate if the translocation of Mig1

regulated by 5-InsP7 was through Snf1, we introduced the

Mig1S311A mutation that would inhibit phosphorylation of Mig1

by Snf1. We found that despite the Mig1 mutation, OCA5 dele-

tion resulted in the translocation of Mig1 to the cytoplasm (Fig-

ure 7C). This result showed that the translocation of Mig1 to

the cytoplasm under OCA5 deletion was independent of Snf1,

which clearly shows that OCA5 directly regulates HAP4 expres-

sion and therefore largely determines the rates of respiratory

activities.

Mutations in Oca3 have been reported in multiple Crabtree-

negative yeast adaptive evolutions studies (Figure S7).17,23

These studies indicated that the convergent mutations in inositol

pyrophosphatases (in our case Oca5) occurred to compensate

for central carbon metabolism remodeling.17,23 Inositol pyro-

phosphate include versatile messenger molecules that mediate

a variety of cellular functions,46 with 5-InsP7 being regarded as

the energy sensor.47 In S. cerevisiae, it has been demonstrated

that 5-InsP7 regulated glycolysis through Gcr1.16 Our study re-

ports that 5-InsP7 also upregulates respiration, through the

translocation of Mig1 to the cytoplasm, which upregulates the

expression of HAP4. Such regulation of mitochondrial respira-
tion by 5-InsP7 was also observed in the Crabtree-negative yeast

P. pastoris (Figure 6), aswell as inmammalian cells. For instance,

the deletion of IP6K2, the homolog of KCS1, decreased the gene

expression of cytochrome c1 and repressed the activity of com-

plex III in brain cells.47 Elevated 5-InsP7 levels resulted in

increased ATP levels, by 35%, in cancer cell lines.48 However,

current 5-InsP7 studies are based on IP6Ks, and no inositol py-

rophosphatase has yet been identified in higher eukaryotes. In

this study, we demonstrated that although Oca5 is phylogeneti-

cally distant from other members of the Oca family, Oca5 is iden-

tified as an inositol pyrophosphatase that ensures the balancing

of flux between glycolysis and respiration.

In summary, the results of the present study demonstrate the

causality and impacts of hybrid-glycolysis yeast on basic and

applied research. Compiling studies related to 5-InsP7 were

restricted to Ip6ks, which catalyze the generation of 5-InsP7 in

mammalian cells. We identified Oca5 as an inositol pyrophos-

phatase that could regulate glycolysis through Gcrl, and respira-

tion through the Mig1/Hap4 signaling pathway independent

of the Snf1. This finding was a crucial complement to the

mechanism of inositol pyrophosphate as an energy sensor for

balancing the flux of glycolysis and respiration. Our study high-

lights the importance of inositol pyrophosphate as a signal mole-

cule in cellular metabolism and provides insights on how yeast

can survive under energy shortage pressure throughmetabolism

plasticity via the regulation of several different TFs.

Limitations of the study
The scope of this study did not include a comprehensive study of

the Oca5 and 5-InsP7 of a wide range of eukaryotic species, but

instead focused on their impacts on the model organism

S. cerevisiae (having the Crabtree effect) with an extended vision

of the methylotrophic yeast P. pastoris (without the Crabtree ef-

fect). Our study shows that InsPs mechanisms are crucial to the

cell’s energy metabolism and need to be strictly regulated. How-

ever, research related to inositol pyrophosphatase is currently

limited. Future efforts could be paid to study the response to

the disturbance of this candidate inositol pyrophosphatase in

higher eukaryotic organisms such asmammalian cells. Addition-

ally, the promising activities of other Oca proteins besides Oca3

and Oca5 could also be dissected, especially on their effects on

central carbon metabolism.
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Materials availability
This study did not generate new unique reagents. Details of strains and plasmids used in this study are available in Table S3.

Sequences of genes, promoters, terminators, and primers are available in Table S3. Genome sequencing results of open reading

fragment mutation are available in Table S4. The accession number of Oca5 homologs is available in Table S7.

Data and code availability
The accession number for the genome sequence data of evolved strains reported in this paper is [NCBI]: [PRJNA838063], https://

www.ncbi.nlm.nih.gov/sra/PRJNA838063; and the accession number for the RNA sequence data of oca5 strains reported in this pa-

per is [NCBI]: [PRJNA838077], https://www.ncbi.nlm.nih.gov/sra/PRJNA838077. The data is publicly available as of the date of pub-

lication. This study did not generate any code or additional information.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strains and medium
An S. cerevisiae strain CEN.PK 113-11C (MATa SUC2 MAL2-8c his3D1 ura3-52)57 was used as the experimental model in this study.

All the derivatives strains and their genotype used in this study are listed in Table S3. The defined minimal medium58 consisted of 7.5

g/L (NH4)2SO4, 14.4 g/L KH2PO4, and 0.5 g/L MgSO4$7H2O (the pH of the medium was adjusted to 6.5 with KOH). Trace metal and

vitamin solutions were supplemented after the medium was autoclaved at 121�C for 20 min. Histidine (40 mg/L) and uracil (40 mg/L)

were supplemented when necessary. For the production of FFAs, the concentration of histidine and uracil were changed to 80mg/L.

For the urea fermentation of FFAs production, the 7.5 g/L (NH4)2SO4 was changed to 2.27 g/L urea and 6.6 g/L K2SO4 as reported.
31

The synthetic complete dropout uracil (SC-ura) medium (Sinopharm, Beijing, China) consisted of 6.7 g/L yeast-nitrogen base (YNB)

with ammonium sulfate (5 g/L), and a 0.77 g/L mix of amino acids exclude uracil. The YPD medium consisted of 10 g/L yeast extract

(Oxoid, Waltham, USA) and 20 g/L peptone (Oxoid, Waltham, USA). The carbon source in all the media was 20 g/L glucose. The SC

with 0.8 g/L 5-fluoroorotic acid medium was used to select against and removed the plasmid with the URA3 maker. Details of all

engineered strains could be found in Table S3.

METHOD DETAILS

Genetic manipulation
The GTR-CRISPR system59 was used for genome modifications in S. cerevisiae. All plasmids were constructed by Golden Gate as-

sembly. The genome integrated sites used were previously reported.60 The sequence of the gene encoding transhydrogenase (TH;

EC 1.6.1.1) was obtained from Azotobacter vinelandii61; the sequence of phosphoketolase with substrate specificity to xylulose-5-

phosphate (xPK; EC 4.1.2.9) was from L. mesenteroides20; and the sequence of phosphotransacetylase (PTA; EC 2.3.1.8) was from

C. kluyveri.21 All three genes were codon-optimized to S. cerevisiae and synthesized by Sangon Biotech (Shanghai, China). The

genes encoding 6-phospho-D-gluconate dehydratase (edd; EC 4.2.1.12) and 2-dehydro-3-deoxyd-gluconate-6-phosphate

aldolase (eda; EC 4.1.2.14) were amplified from the genome of E. coli MG 1655. The truncated thioesterase TesA from E. coli and

the FAS (RtFAS1 and RtFAS2) from Rhodosporidium toruloides were amplified from the genome of YJC45.30 Details of

strains, DNA fragments, and primers are summarized in Table S3, respectively. For theOCA5 deletion in P. pastoris, DNA fragments

corresponding to the upstream and downstream (�800 bp) flanking regions of OCA5 were amplified from the genome of P. pastoris

X-33, together with the amplification of the kanMX cassette from the pUG6 plasmid.62 These fragmentswere then assembled into one

DNA fragment and transformed into P. pastoris competent cells according to a reported method.63 A YPD medium with 600 mg/L

G418 (Sinopharm, Beijing, China) was used for positive colony screening. All DNA fragment sequences and primers are listed in

Table S3.

Growth analyses and shake flask fermentation
Themedium used for growth tests in shake flasks was a definedminimal medium. At the exponential phase, the strain was inoculated

into a 100 mL shake flask containing 25 mL of the defined minimal medium with a final optical density at 600 nm (OD600) of 0.01. The

flaskwas then incubated at 30�Cat 200 rpm. Themaximumspecific growth rate (mmax) was calculated by the ln (OD600) range from 0.1

to 1 against time. FFAs were produced in a 100 mL shake flask with 25 mL minimal medium and 20 g/L glucose, and 80 mg/L of his-

tidine and uracil were added to themedium. The overnight pre-culture was inoculated to the initial OD600 0.25 and cultured at 200 rpm

and 30�C until the fermentation was completed. For the spotting analysis, the strain was pre-cultured in the shake flask with the cor-

responding liquidmedium until log phase and spotted on a plate after serial dilution. For the CCCP spotting analysis, after theminimal

medium was autoclaved and cooled to around 50�C the CCCP was added. The plate with 10 mM CCCP was stored at �4�C before

being used.

Adaptive laboratory evolution
The adaptive laboratory evolution of QL5 toward growth on glucosewas performed in five independent culture lines at 30�C in 100mL

shake flasks containing 20 mL defined minimal medium. The initial OD600 for the adaptive laboratory evolution was 0.1, and
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after 4–5 generations (OD600 around 2–2.5), the strains were transferred into the same volume of fresh medium to OD600 0.1 for the

next round of evolution. After around 400 generations, three independent colonies from each flask were selected for the growth eval-

uation and genome sequencing.

Bioreactor culture
The defined minimal medium was used for bioreactor culture. The strain was sequentially prepared in a 50 mL Bio-Reaction Tube

(BRT-010-050) and 100mL shake flask. The pre-culture conditions were similar to those in shake flask culture. DasGip Parallel Biore-

actor Systems for Microbiology (Eppendorf) was used for bioreactor culture. In the log phase, the pre-culture strain was inoculated

into 500mL definedminimal medium to OD600 of 0.01. The temperature was set to 30�C, and DasGipMX4/4module was used for the

aeration control; this aeration was initially provisioned at 30 L/h (1 V/V/M). Initial agitation was set to 400 rpm and was increased to a

maximum value of 800 rpm; this adjustment depended on the dissolved oxygen levels. Via controlled the stirrer speed and the gas

flow rate by using the DasGip control system to maintain the dissolved oxygen levels above 30%. The DasGip GA4 gas analyzer

(Eppendorf) was used to examine the composition of the outflowing gas. During the course of the culture, the solutions of 1 mol/L

HCl and 2 mol/L KOH was used to adjust the pH of the minimal medium to 5.0. The addition of the acid and base was performed

using DasGip MP8 multi-pump modules. The detection of mmax was similar to that in shake flask culture. One drop of antifoam

204 (Sigma) was added to each bioreactor. The dry cell weight (DCW) of the samples was measured gravimetrically on membrane

disk filters (PES, 0.45 mm, Pall, USA). Before measuring the increased weight, 5 mL of the broth was filtered through a 0.45 mm nitro-

cellulose filter and thenwashed oncewith 5mL deionizedwater and dried for 48 h at 70�C. The biomass composition of CH1.8O0.5N0.2

was assumed.64

Analytical methods
The concentration of glucose and extracellular metabolites was determined using high-performance liquid chromatography (HPLC),

which was performed as previously reported.17 The culture samples were analyzed using anHPLC system (Shimadzu, Japan) with an

Aminex HPX-87H column (Bio-Rad, Hercules, USA) at 45�C using 5 mM H2SO4 as the mobile phase at 0.5 mL/min flow rate

for 30 min.

FFAs were extracted and converted to methyl esters using a modified version of a previously described method.31 In the

modified protocol, 100 mL aliquots of the sample (cells with medium) were added in glass vials and diluted 20-folds with distilled

water, if the concentration of the titer was higher than 10 mg/L. Subsequently, 250 mL NaCl (10% w/v) and 250 mL acetic acid

(70 mg/L pentadecanoic acid as the internal standard) were added to the vials followed by 1 mL (v/v) of the chloroform-methanol

mixture. The mixture was vortexed at 1,800 rpm for 30 min and subsequently centrifuged at 1,892 g for 10 min to facilitate

biphasic separation. Approximately, 100 mL of the lower organic phase was transferred to a vial with 500 mL boron trifluoride-

methanol (14%, Sigma-Aldrich) and incubated at 25�C overnight for fatty acid methyl ester (FAME) catalysis. For the FAME

extraction, 600 mL hexane and 1 mL of water were sequentially added to the vial, and the mixture was vortexed and centrifuged

as previously described. From this biphasic sample, 200 mL of the upper hexane phase was used for gas chromatography (GC)

analysis.

For FAME quantification, GC-MS was performed on QP 2020 (Shimadzu) with a DB-5MS column (30 m 3 0.250 mm 3 0.25 mm,

Agilent). Sample injections of 1 mL were performed without split at 240�C. Helium was used as the carrier gas at a flow rate of

3.0 mL/min. The program was set as follows: initial temperature of the column was set to 40�C for 2 min; ramped by 5�C/min to

130�C; then 10�C/min to 280�C and held for 3 min. The temperatures of the inlet, mass transfer line, and ion source were set at

280�C, 280�C, and 230�C, respectively. The data were collected in the full scan mode over the m/z range of 50–650, and the quan-

tification was conducted using GC-MS solution 4.4 software. The FAMEs were quantified by calibrated curves of each individual

standard and normalized by internal standards to obtain the absolute concentration.

Determination of cofactor and ATP/ADP ratio
Cells were harvested from the batch fermentation with OD600 around 1. The sample preparation was performed as previously re-

ported with slight modifications.65,66 Briefly, 5 mL cultured media were transferred to 35 mL quenching solution (60% methanol

pre-chilled to �40�C) and mixed for 1 s. The mixture was centrifuged at 5,000 g, �20�C for 3 min. Pellets were snap-freeze in liquid

nitrogen and stored at �80�C for further experiments. The NADP+/NADPH Quantitation Kit (MAK038 (Sigma-Aldrich)) and NAD+/

NADHQuantitation Kit (MAK037 (Sigma-Aldrich)) were used for the cofactor determination. Before analysis, pellets were centrifuged

at 5,000 g,�20�C for 1 min to remove residual methanol. Pellets were then resuspended by 1 mL pre-chilled PBS buffer followed by

kit instructions. 0.4 OD600 and 0.04 OD600 cells were used for the determination of NADPH ratio andNADH ratio, respectively. The cell

lysis step followed the previously described method with slight modifications.67 Cells were lysed using FastPrep-24 5G for 20 s

(6.0 m/s) and the lysed cycle was repeated twice. In each interval, the sample was placed on ice for 2 min cooling. The deproteinized

step in this kit was adapted as follows. Pierce Protein Concentrators PES (10K MWCO 0.5 mL, Thermo Scientific) was used to filter

the supernatant which was centrifuged at 14,500 g for 10–15min to remove the proteins. All steps were carried out at 0�C. The filtrate
was used to measure cofactors.

ATP level was determined by ATP Determination Kit (A22066 (Thermo Fisher Scientific)) following a previously reported method

with some modifications listed below.16 Sampling preparation was similar to methods in determining cofactors. Pellets (containing
e3 Cell 186, 748–763.e1–e7, February 16, 2023
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around 5 OD600 bacteria) were centrifuged at 5,000 g, �20�C for 1 min to remove residual methanol. Cells were resuspended with

250 mL ice-cold phenol/chloroform (1:1) (Sigma-Aldrich) and with 250 mL pre-chilled LETS buffer (10 mM Tris, pH 8, 100 mM LiCl,

10 mM EDTA, 0.5% SDS) and transferred to 2 mL Eppendorf tube containing around 50 mL glass beads. The mixture was vortexed

for 5 min at 4�C and centrifuged at 15,000 g at 4�C to separate the water phase for 10 min. ATP and ADPmeasurements were deter-

mined by three parallels. 10 mL water phase (33) was added to the reaction mix to determine the ATP level. Meanwhile, 30 mL water

phasewas added to 23 ADP reaction buffer (8.4mMphosphoenolpyruvate, 40mMMgCl2, 16mMKCl, 2 mMEDTA, 20mMsucrose,

0.5 mM of cytidine triphosphate (CTP [Sigma-Aldrich C1506]), and 21 U/mL of pyruvate kinase (PK [Sigma-Aldrich P9136])) and incu-

bated for 15 min to transform ADP to ATP. Generated ATP from ADP was measured by the same method for ATP determination. All

samples should be placed at 0�C if not specified and all buffers should be pre-chilled.

Systems biology analysis
Genomic DNA sequencing was performed by GENEWIZ Co (Beijing, China). S. cerevisiae CEN.PK 7-D was used as the reference

genome for mapping reads using the bresEq. 0.30.2 method49 with Bowtie 2.2.866 as an aligner. Mutations in the yeast clones

were identified using the genome sequencing data of QL5. Further, chromosome duplication and deletion were identified by

analyzing the coverage map for each chromosome. The cells at OD600 of approximately 1 from the batch fermentation were used

for transcriptome analysis and sequenced by Annoroad Co (Beijing, China). The R package (PIANO) (v.2.0.2)67 was used for enrich-

ment analysis. The detailed information on terms was obtained from the Saccharomyces Genome Database (https://www.

yeastgenome.org/). Furthermore, TF analysis was performed to calculate the significance of the expression change of gene sets

regulated by the TFs.68

The flux balance analysis (FBA) was performed to estimate the flux distributions. An S. cerevisiae model, Yeast8,69 was used for

FBA, according to a published study of COBRA.52 The upper and lower limits of measured data constrained the related exchange

reaction rates (Table S5). The growth rate was maximized. The estimated growth rates were confirmed by the measured growth

rate values (Table S5). Flux balance analysis (FBA)70 was performed to estimate the unique flux distribution for each strain with growth

maximization as the objective function. Flux variability analysis (FVA)71 was performed to find the minimum and maximum flux for

each reaction. The sampling method72 was performed for each strain by sampling 10,000 points.

Phylogenetic analysis
Accession numbers of amino acid sequences used for the Oca5 phylogenetic tree and Oca family phylogenetic tree generation are

listed in Table S7. The sequenceswere aligned usingMUSCLE inMEGAX72 and trimmed usingNGPhylogeny.fr.73MEGAX (ML using

500 bootstraps) was used to construct maximum likelihood phylogenetic tree, and iTOL v674 was used for the modification of the

phylogenetic tree.

Structure alignment of Oca5 and Oca3 in yeast
The structure of Oca5 (P38738) in yeast was predicted using AlphaFold Monomer v2.0 pipeline.53 Furthermore, FATCAT 2.0 (flexible

mode)54 (https://fatcat.godziklab.org/) was used to compare the structures of Oca5 and Oca3 (6byf) in yeast.

Purification of recombinant proteins
IP6K1 from M. musculus and OCA3 and OCA5 from S. cerevisiae were codon-optimized for protein synthesis and purification in

E. coli. Codon-optimized genes were synthesized by Sangon Biotech (Shanghai, China). E. coli DH5a and pGEX-4T-1 strains

were used for plasmid construction, and E. coli BL21 (DE3) was used for protein expression. A GST tag was added at the N-terminal

of all proteins. Protein expression and purification were conducted following a previously described protocol with slight modifica-

tions.35 Single colonies were used to inoculate 4 mL of Luria–Bertani (LB) medium with ampicillin cultivated overnight at 37�C and

200 rpm. The overnight culture was inoculated in 800 mL LB medium with ampicillin and incubated at 200 rpm and 37�C until

OD600 of 0.6–0.8 was reached. Thereafter, isopropyl-b-d-thiogalactoside (IPTG; 0.1 mM final concentration) was added to the cell

cultures for IP6K1 andOCA5 expression and incubated at 16�C for 16 h. ForOCA3 expression, IPTGwas added to the corresponding

cell culture at 1 mM final concentration and incubated at 13�C for 30 h. Cells were harvested by centrifugation at 1,500 g at 4�C for

10 min and washed with PBS (PBS). Thereafter, the cells were resuspended in PBS buffer with 3% (v/v) glycerol and stored at�80�C
until further analyses.

For protein purification, glutathione Sepharose 4B (Merck) was washed with GST-lysis buffer (PBS with 2 mM fresh dithio-

threitol [DTT]). Cells were disrupted using a high-pressure homogenizer crusher (JNBIO) and centrifuged at 20,000 g for

50 min at 4�C. Subsequently, the supernatant was incubated overnight with glutathione Sepharose buffer at 4�C and sequen-

tially washed with the GST-lysis buffer and GST-elution buffer (50 mM Tris, 200 mM NaCl, 20 mM reduced glutathione, and

2 mM fresh DTT, pH 8.0 balanced using NaOH). The Amicon Ultra Centrifugal Filter (Millipore) was used for protein concentra-

tion and buffer exchange with dialysis buffer (100 mM NaCl, 1 mM MgSO4, 1 mM DTT, 0.05% (v/v) CHAPS, and 20 mM Tris–HCl

at pH 7.4). The buffers were pre-chilled to 4�C, and all steps were carried out at 4�C. Protein purification was conducted under

gravitational flow.
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Generation and isolation of 5-diphosphoinositol pentakisphosphate (5-InsP7)
The generation and isolation of 5-InsP7 were based on a previously described method.37 A 1 X reaction buffer containing 30 mM

HEPES at pH 7.2, 50 mM NaCl, 6 mM MgSO4, and 1 mM DTT was prepared. To this reaction buffer, 0.3 mM InsP6 (phytic acid

solution [Sigma-Aldrich 593,648]) and 5 mM ATP (Mg salt [Sigma-Aldrich A9187]) were added as substrates. For the generation of

5-InsP7, the auxiliary reaction for the ATP recycles is required. In the reaction mixture, 25 U/mL creatine phosphokinase (CPK

[Sigma-Aldrich C3755]) catalyzed the transfer of the phosphate group from phosphocreatine (6 mM) to the ADP generated by

Ip6k1 to regenerate ATP. As recommended, CPK was prepared in 0.25 M glycylglycine (pH 7.4). To trigger the reaction, 10 mg

GST-Ip6k1 was added to the reaction mixture. The reaction volume was adjusted to 50 mL with ddH2O, and after a brief spin,

the mixture was incubated at 37�C overnight with rotation. A large vertical protein electrophoresis system (24 cm long 3

12 cm wide 3 1.5 mm height) was used for the isolation of 5-InsP7. The 35.5% (w/v) gel was prepared using the following:

0.05% (w/v) ammonium persulfate, 0.05% (w/v) TEMED, 1X TBE buffer, andacrylamide:bis-acrylamide (19:1). The gel was pre-

run using 1X TBE at 4�C for 30 min at 200 V. The samples containing 1 X Orange G dye were loaded into individual wells, and

the gel was run using pre-chilled TBE for approximately 16–18 h at 7 mA/gel and 4�C. The gel was stained with toluidine blue

buffer (0.1% [w/v] toluidine blue, 20% [w/v] methanol, and 2% [w/v] glycerol) for 5 min and subsequently transferred to a destain-

ing solution containing 50% (w/v) methanol and 10% (v/v) glycerol. The 5-InsP7 gel band was eluted and placed in a tube and

washed with 10 mL ddH2O before the extraction. Dehydration-hydration cycles were used for the extraction of 5-InsP7. First,

the gel was transferred to a fresh tube with 5 mL of 50% (w/v) methanol and rotated at 40 rpm and 25�C for 2 h. The gel was

then transferred to a new tube with 5 mL of ddH2O and briefly spun for 2 h. This dehydration-hydration cycle was repeated twice.

Further, 5-InsP7 was concentrated by evaporating methanol and ddH2O from the sample by heating in SpeedVac at 55�C. The
sample was centrifuged for 2 min at 2,400 g and 25�C to separate acrylamide particles, and the supernatant was transferred

to a new tube. The 5-InsP7 was stored at 4�C until further analysis.

Identification and quantification of 5-InsP7 using LC-MS
5-InsP7 was identified and quantified using BRUKER Co. with LC (Bruker Elute) with a Waters Hillic (1.7 mm, 100 3 2.1 mm) column

using 10%mobile phase A (H2Owith 5mMammonium acetate) and 90%mobile phase B (CH3CNwith 5mMammonium acetate) at a

flow rate of 0.4 mL/min for 5 min. The electrospray ionization was set to the negative mode, and the scan mode was set to 50–1,300

m/z. Sodium formate cluster ions were used as the external standard for calibration. The capillary voltage was set to 3,000 V (-ESI).

The pressure of the nebulizer gas (nitrogen) was 1.80 bar, the flow rate of the dry gas was 8.0 mL/min, and the dry temperature was

set to 220�C. Finally, the acquisition mode of the fragment ions was set to the scan mode. InsP6 was diluted with 50% (v/v) methanol

to a concentration of 1.432 ppm for the standard.

Purification of inositol phosphates by titanium dioxide pull-down
The extraction of inositol phosphates was performed according to a previous method.74 The S. cerevisiae strain CEN.PK 113-11C

and QL5 strain with and without the OCA5 deletion were grown in synthetic complete medium (SCM) overnight with shaking at 30
�C to logarithmic phase with OD600 around 2. The medium was centrifuged at 10,000 g for 5 min at 4�C to harvest the cells. Pellets

were washed once by ddH2O and resuspended in 500 mL of 1 M perchloric acid solution (1 M perchloric acid, 5 mM EDTA). The

mixture was vigorously vortexed for 5 min at 4 �C with 300 mL of acid-washed glass beads (Sigma Aldrich), followed by centri-

fuging at 15,000 g for 5 min at 4�C to remove the fragment. All the buffers were pre-chilled to 4�C. The TiO2 beads (Titansphere

TiO2 5 mm; GL Sciences) were prepared as reported,75 pre-washed by perchloric acid solution, and resuspended in 50 mL of

perchloric acid solution. The supernatant was incubated with the TiO2 for 15–20 min with a brief spin at 4�C. Then, the mix

was centrifuged at 3,500 g for 1 min at 4�C to harvest the TiO2 beads which were washed with 500 mL of 1 M perchloric acid

solution once. After that, these beads were resuspended by 200 mL of 2.8% ammonium hydroxide and incubated for 5 min

with a brief spin twice. 400 mL aliquots were concentrated by using a SpeedVac evaporator for 1–3 h at 40 �C or 60 �C to remove

ammonia.

In vivo analysis of InsPs by CE-ESI-MS
Quantification of inositol polyphosphate was performed by CE-ESI-MS (QQQ) with sufficient sensitivity to profile 1,5-InsP8, 5-InsP7,

1-InsP7, InsP6 in yeast.76 CE-ESI-MS analysis was performed on an Agilent CE 7100 system interfaced with a triple-quadrupole tan-

demMS Agilent 6495c system, by an Agilent Jet Stream ESI source and sheath liquid coaxial interface. An Agilent 1200 isocratic LC

pump was employed to constantly deliver a slow sheath liquid flow via a splitter set with a ratio of 1:100. All experiments were per-

formed with a bare fused silica capillary with a length of 100 cm and 50 mm internal diameter. 35 mM ammonium acetate titrated by

ammonia solution to pH 9.7 was used as background electrolyte. The sheath liquid composed of a water–isopropanol (1:1) mixture

was introduced at a flow rate of 10 mL/min. Capillary was flushed with background electrolyte by 400 s between runs. Samples were

injected by applying 100 mbar pressure for 15 s (30 nL). CE separation voltage was +30 kV. The MS source parameters setting were

as follows: nebulizer pressure was 8 psi, gas temperature was 150�C and with a flow of 11 L/min, sheath gas temperature was 175�C
and with a flow at 8 L/min, the capillary voltage was�2,000 V with nozzle voltage 2,000 V. Negative high-pressure RF and low-pres-

sure RF (ion funnel parameters) were 70 V and 40 V, respectively. Mass spectrometer parameters for multiple reaction monitoring

(MRM) transitions are shown in Table S5.
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Inositol polyphosphates extracts were dissolved in 120 mL water. Internal standard (IS) stock solutions of 3.4 mM [13C6]1,5-InsP8,

10.0 mM [13C6]5-InsP7, 11.8 mM [13C6]1-InsP7, 176 mM [13C6]InsP6, and 1880 mM [13C10]ATP were used for the spiking experiments;

1 mL of IS stock solutionwasmixed into 20 mL samples. 0.17 mM [13C6]1,5-InsP8, 0.50 mM [13C6]5-InsP7, 0.59 mM [13C6]1-InsP7, 8.8 mM

[13C6]InsP6, and 94 mM [13C10]ATP were the final concentrations inside samples. Quantification of 1,5-InsP8, 5-InsP7, 1-InsP7, InsP6,

and ATP was performed with known amounts of corresponding heavy isotopic references spiked into the samples. 13C labeled

inositol references were kindly provided by Dorothea Fiedler (FMP, Berlin).77

Oca5 activity assay
The activity of Oca5 was assayed as previously mentioned in previous report35 with slight modifications. The reaction mixture con-

tained 30 mM HEPES (pH 7.3), 50 mM NaCl, 6 mMMgSO4, and 1 mM DTT. To this mixture, 30 mM generated 5-InsP7, quantified by

comparison with InsP6
37, was added as the substrate. The purified enzyme, 8 mg GST-Oca3 (+) or water (�), and 40 mg GST-Oca5 (+)

or water (�) was added to trigger the reaction. The concentration of the reaction product was analyzed using PAGE as

described above.

Flow cytometric analysis for MitoTracker green staining of mitochondria
For flow cytometric analysis, the strain was cultured in a flask with defined minimal medium using either 20 g/L glucose or

ethanol as the carbon source. The culture conditions were the same as previously described. Exponential-phase samples

were used for the analysis, which were obtained when the OD600 was approximately 0.6 for glucose-supplemented media

and 0.8 for ethanol-supplemented media. The culture was diluted to OD600 0.2 using PBS buffer supplemented with 25 mM

glucose or 20 g/L ethanol (as applicable) and was stained with MitoTracker Green (MTG) FM to a final concentration of

100 nM for 30 min at room temperature in the dark and with gentle rotation. Subsequently, the sample was directed for flow

cytometric analysis.

MTG staining of the mitochondria of P. pastoris X-33 and the P. pastoris oca5D strain was performed. Under nitrogen limitation,

P. pastoris mate and form diploid cells. Therefore, to maintain them in the haploid state, the medium was changed to YPD, and

the staining for MTG was performed as recommended.78 Similar to S. cerevisiae, the samples at exponential phase were used for

analysis, when the OD600 was approximately 0.6. The strain was diluted to OD600 0.2 by adding YPD medium and stained for

30 min with MTG to a final concentration of 100 nM at room temperature in the dark with gentle rotation. Thereafter, the samples

were washed with PBS buffer and resuspended in PBS buffer for flow cytometric analysis.

Isotope labeling
Theminimalmediumwith 20 g/L 100%D-Glucose-1-13 C (Sigma-Aldrich) in a shake flask was used for the sample preparation for the

isotope labeling experiment. Strains were inoculated with OD600 0.01 and harvested in the mid-to late-exponential phase (OD600

around 2).

The quench and extraction methods were followed as previously described79 with slight modifications. For quenching, 3 mL me-

dium was transferred immediately into the 50 mL tube with 30 mL pure methanol (precooling in�80�C fridge) and vortexed around 1

s. Cells were collected using a vacuum filtration systemwith a 0.8 mmpore size filter membrane. 10mL precooling puremethanol was

used to wash the cells to prevent the isotope labeling medium residue. The filter membrane with the cells was transferred into a new

50mL tubewith 15mL 75% (v/v) ethanol (preheated in awater bath at 75�C). Quickly vortex the tube tomake sure the filter membrane

submerges in the ethanol. The tube was incubated in a water bath at 95�C for 3 min for the extraction. Then the tube was placed on

the ice to cool. The vacuum filtration with a 0.8 mm pore size filter membrane was used to remove the major cell debris to collect the

supernatant. The supernatant was evaporated in SpeedVac at 4�C and the volume of the supernatant was concentrated to less than

1 mL. Before the MS analysis, the sample was filtrated with a 0.22 mm pore size filter membrane. 20 mL sample was used for the

UPLC-MS analysis. If not specifically mentioned, the tube was placed on the ice. The isotopic labels of metabolites were determined

with UPLC-MS/MS (SCIEX TRIPLETOF 6600). The metabolic samples were separated by a ZIC-HILIC column (100 mm 3 2.1 mm,

3.5 mm) (Merck, German). Solvents were composed of water/acetonitrile/ammonium acetate (A: 100%/0%/10mM, B: 0%/100%/

0mM). The LC method was 0–3 min (90% B), 3–25 min (90%–60% B), 25–30 min (60% B), 30–38 min (90%B). A flow rate of

0.3 mL/min was employed.

Microscopy imaging
Fluorescencemicroscopy images were captured as previously mentioned.45 SC-uramedium supplemented with 20 g/L glucosewas

used for the culture of yeast. The yeast strains expressing the corresponding plasmids were incubated in a shaker incubator at

200 rpm and 30�C until OD600 was approximately 0.6 (early log phase). The sample was pipetted onto poly-L-lysine-coated slides

with the remaining suspension immediately withdrawn through aspiration. Subsequently, 1 mL 40,6-diamidino-2-phenylindole

(DAPI) stain (2.5 g/mL DAPI in 80% glycerol) was pipetted onto the sample, and the slide was covered with a coverslip. Sequential

scans were performed for GFP and DAPI to avoid their spectral overlap. Octuplicate biological independent experiments were per-

formed for this assay.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The significant comparisons of two different groups are indicated in the graphs statistical analysis was performed using two-tailed

unpaired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001). The graphs represented means ± SD unless otherwise indicated, as

described in the figure legends. Data were processed in Excel. The adjusted p-values calculated using the Benjamini-Hochberg

method80 and log2 fold change of the differential gene expression analysis were used as the inputs for enrichment analysis. The Wil-

coxon rank-sum test was used to evaluate the p value for each reaction in the FVA analysis.
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Supplemental figures

Figure S1. The energy and cofactor measurements of the QL5 strain and OCA5 deletion strain, related to Figures 1 and 3

(A) CCCP could inhibit the growth of the QL5 strain. Strains were pre-cultured in the minimal medium consisting of 20 g/L glucose and then spotted on the plate

without and with CCCP. (B) Ratio of NADPH/NADP+ and NADH/NAD+ of oca5D in QL5 (first and second) andWT (third and fourth). (C) ATP/ADP ratio of oca5D in

the QL5 (left) and WT (right) strain. The mean ± SD was based on biological triplicates. Statistical analysis was performed using two-tailed Student’s t test

(*p < 0.05, **p < 0.01, ***p < 0.001).
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(legend on next page)
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Figure S2. The absolute flux and the flux sampling of WT and oca5D strains, related to Figure 3

(A) The absolute metabolic fluxes in FBA of the key nodes in central carbonmetabolism of WT (green bars) and oca5D (blue bars) were performed using the yeast

model Yeast849 as reported50. Samples for metabolite measurements were taken in minimal medium during the exponential phase of batch fermentation. (B)

The flux sampling median of the key nodes in central carbonmetabolism of WT (green bars) and oca5D (blue bars). The p value shown in Table S1. (C)Flux (x axis)

and number of samples (y axis) of representative reactions (Table S1) of WT (blue) and oca5D (red) in flux sampling. The error bars represent 95% confidence

intervals of flux estimates. Abbreviations of nodes and reactions were defined in Table S1.
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Figure S3. The flux sampling of WT and oca5D in the pathway, related to Figure 3

The number in the key step of glycolysis (A) and the respiratory chain (B) was the median in flux sampling.
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Figure S4. The transcription profiling of the oca5D strain, related to Figures 3 and 7

(A andB) The summary of significantly regulated genes (P-adj value <0.05) in oca5D comparedwithWT. Significantly upregulated (Log2 fold change >1) genes are

shown in yellow and significantly downregulated (Log2 fold change <�1) genes are shown in blue. (C and D) The pathway enrichment analysis and themetabolite

enrichment analysis ofmix-directional up class (red) andmix-directional down class (blue) genes (P-adj <0.05). (E and F) The top five value enriched TFs scored by

themodulation in expression level of genes that were controlled by TFs inmix-directional down class (blue) andmix-directional up class (red). The log(P-adj) value

was given to 16 (up) or �16 (down) if the absolute value of these P-adj less than10–16. (G) The intersection of the TFs which were scored by the modulation in

expression level of genes that controlled by TFs in distinct-directional up class (P-adj <0.05) with the expression significantly changed (Log2 fold change >1

or < �1 and P-adj <0.005).
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Figure S5. Hybrid-glycolysis yeast for FFAs production, related to Figure 4

The deletion of twomain fatty acyl-CoA synthetase encoding genes FAA1 and FAA4 and the deletion of the fatty acyl-CoA oxidasePOX1 prevent the degradation

of FFAs by b-oxidation could realize the basal production of FFAs in WT and hybrid-glycolysis yeast. Since the FFAs production requires NADPH as the reducing

factor, and the TH with the TDH3 promoter may be too strong thus transforming too much NADPH to NADH and may restrict FFAs production in QL5, the TDH3

promoter of THwas replaced toRPL3p,RPS4Ap, and KAR2p, respectively. Yeast promoter strength values in glucose lacking amino acids medium81 were 40%,

20%, and 10% to TDH3p, respectively. The sequence for each promoter is listed in Table S3. Meanwhile, to further decrease fermentation, MED2* with a stop

codon432Y in a tail module of RNA polymerase II mediator, which led to decreased fermentation in yeast,17 was introduced. Moreover, the two mutations,

namely, S659A and S1157A, were introduced into native ACC1.82 Another copy of ACC1** expressed under the TEF1 promoter activity was integrated into the

chromosome. The truncated E. coli thioesterase TesA and the Rhodosporidium toruloides FAS (RtFAS1 and RtFAS2) were overexpressed.30 The FFAs were

produced by the hybrid-glycolysis yeast in shake flasks at 200 rpm and 30�C until the fermentation was completed. The minimal medium contained 20 g/L

glucose as a carbon source and 7.5 g/L (NH4)2SO4 as a nitrogen source. For the optimization of the culture process, the nitrogen source, (NH4)2SO4, in theminimal

medium was changed to 2.27 g/L urea as reported.31 Statistical analysis was performed using two-tailed Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001). All

data are presented as mean ± SD of biological triplicates.
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Figure S6. The Oca5 was an inositol pyrophosphatase, related to Figure 5

(A) Interaction test of Oca5 and Oca3 by yeast two-hybrid analysis. The Matchmaker Gold Yeast Two-Hybrid System was used for the analysis. The result

presented the growth of yeast cells expressing binding domain (BD) and active domain (AD) fused with Oca3 and Oca5, respectively. (left): Yeast growth on the

DDO plate showing successful co-transformations. (middle): Yeast growth on the selective QDO plate. (right): Yeast growth on the selective QDO/X/A plate.

These results indicated that there was no significant protein-protein interaction between Oca3 and Oca5. (1) pGADT7-T together with pGBKT7-53 as the positive

control; (2) pGADT7-T together with pGBKT7-Lam as negative control; (3) pGBKT7-Oca3 together with pGADT7-Oca5; (4) pGBKT7-Oca5 together with pGADT7-

Oca3. The superimposed structure of Oca5 and Oca3 (B and C). The structure of Oca3 was from S. cerevisiae (PDB: 6E3B).83 The structure of Oca5 was from

AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/). FATCAT was used to compare the structure of these two proteins (https://fatcat.godziklab.

org). Chain 1 and chain 2 represented Oca3 and Oca5. Amino acid positions were from PDB and the numbers between alignments were block index. Five blocks

were found with RMSD score 1.81, 1.11, 0.91, 1.63 and 3.75, respectively. RMSD score 3 was recognized as a threshold for similar structures. (D) The peak atm/z

658.8462 was 5-InsP7 loss of H2PO4 fragment; the peak atm/z 578.8857 was the ion 658.8462 (m/z) loss of H2PO3 fragment; the peak atm/z 560.8706was the ion

578.8857 (m/z) loss of H2O fragment. (E) The peak atm/z 578.8858 was InsP6 loss of H2PO3 fragment; the peak atm/z 480.9093 was the ion 578.8858 (m/z) loss of

H2PO4 fragment.
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Figure S7. Inositol pyrophosphate mutations were reported in Crabtree-negative yeasts, related to Figure 5

The Venn diagram of the genome sequencing result from similar research (Dai et al.17 shown as A and Zhang et al.23 shown as B). The intersection of each flask

indicated the dominant mutations of each parallel line
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