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Abstract
Komagataella phaffii, formerly Pichia pastoris (P. pastoris), is a promising methylotrophic yeast used in industry to produce 
recombinant protein and valuable metabolites. In this study, a genome-scale metabolic model (GEMs) was reconstructed 
and used to assess P. pastoris’ metabolic capabilities for the production of S-adenosyl-l-methionine (AdoMet or SAM or 
SAMe) from individual carbon sources along with the addition of l-methionine. In a model-driven P. pastoris strain, the 
well-established genome-scale metabolic model iAUKM can be implemented to predict high valuable metabolite production. 
The model, iAUKM, was created by merging the previously published iMT1026 model and the draught model generated 
using Raven toolbox from the KEGG database which covered 2309 enzymatic reactions associated with 1033 metabolic 
genes and 1750 metabolites. The highly curated model was successful in capturing P. pastoris growth on various carbon 
sources, as well as AdoMet production under various growth conditions. Many overexpression gene targets for increasing 
AdoMet accumulation in the cell have been predicted for various carbon sources. Inorganic phosphatase (IPP) was one of the 
predicted overexpression targets as revealed from simulations using iAUKM. When IPP gene was integrated into P. pastoris, 
we found that AdoMet accumulation increased by 16% and 14% using glucose and glycerol as carbon sources, respectively. 
Our in silico results shed light on the factors limiting AdoMet production, as well as key pathways for rationalized engineer-
ing to increase AdoMet yield.
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Introduction

Over the last century, Pichia pastoris has emerged as the 
preferred model for metabolite and heterologous protein pro-
duction. P. pastoris can grow on a minimal medium at very 
high cell densities (over 100 g cell dry weight/L) to secrete 
the heterologous protein and exhibit post-translational pro-
cessing capabilities [1]. The presence of a tightly controlled 
promoter from the gene of alcohol oxidase (pAOX1) and a 
strong constitutive Glyceraldehyde 3 phosphate dehydroge-
nase promoter (pGAP) is the most notable feature of P. pas-
toris. Consequently, glucose, glycerol, and methanol can be 
used as a carbon source as well as an inducer of heterologous 
protein expression and metabolite production. Repression/

de-repression of AOX1 promoter in the presence of glu-
cose or glycerol results in decreased utilization of methanol 
as a substrate [2, 3], preventing simultaneous utilization of 
methanol in the presence of other carbon sources, such as 
glucose or glycerol. As a result, the analysis of these carbon 
sources for product formation in P. pastoris is typically done 
in an exclusive manner.

AdoMet is a key methyl group donor in a variety of bio-
chemical reactions. It has potential applications in the treat-
ment of diseases such as Alzheimer’s, osteoarthritis, and 
liver disease [4–6]. Chemical, enzymatic, and fermentation 
processes might all be used to make AdoMet. Chemical 
approaches need strict conditions for chiral separation of the 
molecule, whereas enzymatic methods are not economically 
viable due to the high cost of Adenosine triphosphate (ATP). 
Chu et al. examined the progress of AdoMet manufacture in 
great detail (2013). Microbial cells store AdoMet in vary-
ing amounts, with Saccharomyces cerevisiae being able to 
accumulate huge amounts [7]. Shiozaki et al. [8] discovered 
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that yeasts acquire huge amounts of AdoMet after screening 
diverse bacteria. In yeast, two AdoMet synthetase genes, 
sam1 and sam2, have been discovered of the two genes, 
sam2 is L-met concentration insensitive [9, 10]. The excess 
AdoMet generated in l-methionine (L-Met) supplemented 
media is sequestered into vacuoles, leading in hyper-accu-
mulation of this molecule in yeast [11]. Overexpression of 
methionine adenosyltransferase (MAT or SAM synthetase, 
EC2.5.1.6), which catalyzes the formation of AdoMet from 
ATP and L-Met, has been the mainstay of metabolic engi-
neering attempts to enhance AdoMet production [12–14]. 
The second strategy for promoting AdoMet synthesis is to 
restrict competing routes in order to increase precursor avail-
ability or impede AdoMet use. Synthetic siRNA was used 
to decrease the transcript levels of the gamma-glutamate 
kinase, glutamine synthetase, and acetylglutamate kinase 
genes, which increased ATP supply and AdoMet build-up in 
Escherichia coli [15]. Adenosine kinase or cytosolic malate 
synthase gene disruption has been shown to increase L-Met 
biosynthesis and, as a result, AdoMet production [16]. Fur-
thermore, knocking down the S-adenosylmethionine decar-
boxylase gene [17] and the cystathionine-synthase (CBS) 
gene CYS4 [18] made it easier to block the AdoMet decar-
boxylation pathway and the elimination of homocysteine 
from the methionine and AdoMet cycle. CBS malfunction, 
on the other hand, resulted in the production of cysteine aux-
otroph’s [11], requiring cysteine or glutathione (GSH) sup-
plementation for cell proliferation [18]. If the target genes in 
the competing pathways are required for cell development, 
downregulation will be preferable to deletion. For example, 
downregulation of the cystathionine-synthase gene (CYS4) 
using a weak promoter PG12 reduced homocysteine removal 
from the AdoMet cycle, resulting in a 48.8% increase in 
AdoMet titer (1.68 g/L) in the P. pastoris strain G12-CBS. 
Moreover, this strategy prevented cysteine auxotrophy 
caused by deletion of this essential gene [6]. Following 
that, employing the ideal l-methionine feeding method, the 
AdoMet titer of G12-CBS increased to 13.01 g/L. Moreover, 
in shake flask culture, further overexpression of glutamate 
dehydrogenase 2 (GDH2) resulted in a 52.3% rise in titer 
(2.71 g/L) [6].

Efforts to optimize the fermentation process have been 
done in tandem with strain creation. Since ATP is the pre-
cursor and driving force in AdoMet biosynthesis, a number 
of ATP-focused strategies were used, including metabolome-
based culture medium optimization [19], alternate methanol 
and glycerol feeding [20], two-stage amino acid addition, and 
sodium citrate feeding as an auxiliary energy source [21]. 
Optimization of L-Met feeding in an engineered P. pastoris 
strain [13] and employing DL-Met (a blend of D-Met and 
L-Met) as a substrate for AdoMet production in a mutant Sac-
charomyces cerevisiae were two additional strategies used 
[22]. In reality, because physiological properties are strain/

clone specific and not foreseeable a priori, optimizing culture 
conditions for a freshly generated strain is critical. Because of 
the increasing commercial demand for AdoMet, the low yield 
of AdoMet production should be addressed. Previous work in 
our lab improved AdoMet precursor accessibility by combin-
ing methionine permease (mup1) and adenylate kinase (adk1) 
gene overexpression strategies along with sam2, as well as 
improving L-met process conversion efficiency in P. pastoris. 
The expression of mup1 and sam2 did not improve AdoMet 
production when l-methionine and methanol were combined. 
On the other hand, co-expression of adk1 and sam2 increased 
AdoMet production (276.10 mg/L), indicating that ATP is 
the main limiting factor in AdoMet production. Furthermore, 
overexpression of all three genes together resulted in a syn-
ergistic 77% improvement in AdoMet (423.31 mg/L), when 
compared to overexpressing sam2 alone [23]. These findings 
support the idea of using metabolic engineering as a tool to 
improve bioprocesses.

Flux balance analysis (FBA) is a mathematical method 
for analyzing metabolite flow through a metabolic network. 
Genome-scale metabolic models (GEMs) are in silico repre-
sentations of the entire set of metabolic reactions that occur in 
a cell [24]. GEMs can be used to understand and predict how 
organisms respond to genetic and environmental changes via 
FBA. Recent research has shown that FBA can be used to dis-
cover novel metabolic engineering strategies for protein and 
metabolite production [24–27]. The RAVEN (Reconstruction, 
Analysis, and Visualization of Metabolic Networks) toolbox 
was created to help with GEM reconstruction, curation, and 
simulation in order to meet the growing demand for meta-
bolic network modeling [27]. The use of the KEGG and Meta-
Cyc databases in assisting draught model reconstruction is a 
notable enhancement of RAVEN 2.0. MetaCyc is a pathway 
database that only includes experimentally validated pathways 
with curated reversibility information and mass-balanced reac-
tions [26]. The updated P. pastoris GEMs has been named as 
iAUKM, which can be used as an upgraded platform for future 
P. pastoris systems biology research.

In this paper, we extend the iAUKM model’s capabili-
ties by accurately describing P. pastoris growth phenotype 
and AdoMet accumulation when using glucose, glycerol, or 
methanol as sole carbon sources, along with l-methionine 
supplementation. These carbon substrates have also been 
used to identify in silico gene overexpression targets for 
improving AdoMet production.

Materials and methods

In silico analysis of P. pastoris model

Flux balance analysis (FBA) analysis and Flux scanning 
based on enforced objective flux (FSEOF) analysis was 
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performed using the genome-scale model constructed 
iAUKM with the help of (Reconstruction, Analysis and Vis-
ualization of Metabolic Networks) RAVEN toolbox in Mat-
lab. The simulations were done for the prediction of pref-
erable carbon source for biomass production and AdoMet 
production as a constraint with and without the supplement 
of l-methionine. FSEOF simulation were done to predict the 
overexpression target for enhance production of AdoMet.

Materials

P. pastoris X33 the vectors pPICZB and Zeocin were pur-
chased from the Invitrogen Co. Ltd, USA. pGAP(modified) 
vector was designed and developed inhouse with 3’AOX site 
for insertion. PCR reagents, restriction endonucleases were 
purchased from the TaKaRa Biotech Co. Ltd, Japan. AdoMet 
standard samples were purchased from the Sigma, Co. Ltd. 
Multi-Copy Pichia Expression Kit was purchased from the 
Invitrogen Co. Ltd. Yeast nitrogen base was purchased from 
the Himedia, India. All other reagents and chemicals were 
purchased from Qualigens, Thermofisher. Primers used for 
the amplification of genes are listed in Table 1.

Construction of the plasmid 
pGAP(modified)‑ADK‑Sam2‑MUP and integrated 
into P. pastoris X33

SAM 2, ADK1, MUP and IPP were amplified using the 
primer set listed in Table 1. PCR products were purified 
and digested by XhoI and XbaI for SAM2, ADK1 and MUP, 
and for IPP digested with EcoR1 and Xho1 and ligated into 
the XhoI-XbaI digested plasmid pGAP(modified) for SAM2, 
ADK1 and MUP, and ligated into EcoR1-XhoI digested plas-
mid pGAP(modified) for IPP. The plasmid constructs were 
named as pGAP(M)-Sam2, pGAP(M)-ADK, pGAP(M)-
MUP and pGAP(M)-IPP, respectively. As per the protocol 

mentioned in Multi-Copy Pichia Expression Kit, the cassette 
of pGAP(M)-Sam2-TT was extracted out by digesting with 
BglII and BamHI. The plasmid of PGAP(M)-ADK was lin-
earized with BamHI and the cassette of pGAP(M)-Sam2-TT 
was ligated as BglII and BamHI have compatible cohesive 
ends to form a plasmid of pGAP(M)-ADK-SAM2.

Similarly, the cassette of pGAP(M)-MUP-TT was 
extracted with amplifying the whole cassette with GAP 
forward and TT reverse primer and the plasmid pGAP(M)-
ADK-SAM2 linearized with BamHI and ligated to form 
pGAP(M)-ADK-SAM2-MUP plasmid. The plasmids 
pGAP(M)-SAM2, pGAP(M)-ADK1, pGAP(M)-MUP, 
pGAP(M)-IPP, pGAP(M)-ADK-SAM2, and pGAP(M)-
ADK-SAM2-MUP were linearized with EcoNI that was 
transformed into P. pastoris X33 by the electroporation 
method with parameters: 1.5 kV, 200 μF and 200 Ω. Trans-
formants were screened by Yeast Extract Peptone Dextrose 
(YPD) agar plates and Zeocin as antibiotic. The genomic 
DNA of selected transformants was isolated according to the 
easy select manual provided by the manufacturer. PCRs were 
carried out to confirm whether all the genes were integrated 
into the genomic DNA of P. pastoris X33.

P. pastoris culture for the AdoMet production 
in flasks

P. pastoris X33-pGAP(M)-SAM2, X33-pGAP(M)-ADK, 
X33-pGAP(M)-MUP, X33-pGAP(M)-IPP, X33-pGAP(M)-
ADK-SAM2 and X33-pGAP(M)-ADK-SAM2-MUP were 
inoculated, respectively, into a 3 mL of YPD medium and 
incubated at 28 °C for 24 h as seed cultures. A 1 mL ali-
quot of the seed culture was added to 100 mL BM(D/G)Y 
medium (yeast extract 1%, peptone 2%, 2% of glucose/1% of 
glycerol, 10 × YNB10%, 0.1 M potassium phosphate buffer, 
pH 6.0) supplemented with 1% L-Met in 500 mL flasks and 
cultured at 28 °C for 4 days. 2% (v/v) of glucose/glycerol 

Table 1   Primers used in this 
study

Primers Restriction site Primer sequence

SAM2 forward Xho1 CCG CTC GAG ATG TCC AAG AGC AAA ACT TTC​
SAM2 reverse Xba1 GC TCT AGA TTA AAA TTC CAA TTT CTT TGG​
ADK1 forward Apa1 CCG CTC GAG ATG TCT AGC TCA GAA TCC​
ADK1 reverse Xho1 GC TCT AGA TTA ATC CTT ACC TAG CTT G
MUP1 forward Xho1 CCG CTC GAG ATG TCG GAA GGA AGA ACG​
MUP1 reverse Xba1 GC TCT AGA TTA CAG CGA TTT TTC TTG TTC AC
AOX1 forward Xho1 GTC​TTG​GAA​CCT​AAT​ATG​AC
AOX1 reverse Xba1 CAC TCT GGA AGC AAA CAC GCC TAG GG
IPP forward EcoR1 CCG​GAA​TTC​ATG​TCT​TAT​TCC​ACT​CGC​CAG​ATCG​
IPP reverse Xho1 CCG​CTC​GAG​TTA​AGC​AGA​ACC​AGA​AAT​GTA​GAA​

CCA​CTT​GTC​
GAP forward BglII CCT​AGA​TCT​TCT​CTG​AAA​TAT​CTG​GC
TT reverse BglII CCT​AGA​TCT​CGC​ACA​AAC​GAA​GGT​CTC​
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used as an inducer and carbon source was added daily for 
three times after 1 day of growth. After 96 h of culture, 
1 mL of sample was taken out for determining the yield of 
AdoMet.

Bioreactor setup

The pGAP(M)-ADK-SAM2-MUP strain was grown in a 
YPD medium at 28 °C for 24 h, and 100 mL of cultures 
was inoculated in a 3.7 L KLF Bioengineering fermentor 
containing 2 L of FM22 fermentation medium consist-
ing of FM22, which was composed of KH2PO4 42.9 g/L, 
(NH4)2SO4 5 g/L, CaSO4·2H2O 1.0 g/L, K2SO4 14.3 g/L, 
MgSO4·7H2O 11.7  g/L and glycerol 40  g/L; Pichia 
trace minerals 4 (PTM4) salt solution was prepared with 
CuSO4·5H2O 2.0 g/L, NaI 0.08 g/L, MnSO4·H2O 3.0 g/L, 
Na2 MoO4·2H2O 0.2 g/L, H3BO3 0.02 g/L, CaSO4·2H2O 
0.5 g/L, CoCl2 0.5 g/L, ZnCl2 7 g/L, FeSO4·7H2O 22 g/L, 
biotin, 0.2 g/L and 1 ml of concentrated H2SO4. Initial 
fermentation conditions were as follows: dissolved oxygen 
(DO) was set to 100% and maintained above 20% by the 
automatic control of agitation, pH was 4.8 (adjusted with 
liquid ammonium), and temperature was set at 28 °C. Cells 
were grown until glycerol depleted completely. This was 
indicated by a dramatic increase in the DO to above 80%. 
Glycerol feeding was then initiated to increase the cell bio-
mass as well as to induce the GAP(M) Promoter under lim-
ited conditions: 1000 mL of 70% glycerol containing 12 mL 
of PTM4 trace salts was fed at 10 mL/L/h. 10 gm of L-Met 
was fed every 12 h. Samples were taken out at different times 
for determining the yield of AdoMet and biomass.

Determination of the yield of AdoMet

Biomass was calculated using both dry cell weight (DCW) 
and optical density at 600  nm (OD600). AdoMet was 
extracted from P. pastoris cultures using the perchloric acid 
method, but with 0.75 N perchloric acid instead of 0.4 N, 
as originally described by Wang et al. [28]. AdoMet was 
quantified using a reversed-phase YMCR ODS C-18 analyti-
cal column (4.6 mm 250 mm, 5 m particle size) equipped 
with a DAD detector in high-performance liquid chroma-
tography (UHPLC, Agilent) (254 nm). The mobile phase 
was made up of two buffers: buffer-1: 20 mM citric acid 
and 10 mM sodium dihydrogen orthophosphate in HPLC 
grade water, and buffer-2: 100% HPLC grade acetonitrile. 
The HPLC buffer was made by combining 56 volumes of 
buffer-1 and 44 volumes of buffer-2 along with adding 0.4% 
(w/v) sodium lauryl sulfate. Ultrasonication was used to 
degas the buffer, which was then filtered through 0.2 μM 
membrane filters. The sample was injected after the HPLC 
system had been equilibrated with buffer, and the separa-
tion was obtained using isocratic flow. The flow rate was 

kept constant at 1.2 ml per minute, and the detection was 
measured at 254 nm.

Results and discussion

Reconstruction of the P. pastoris GEM iAUKM

The P. pastoris GEM iAUKM was updated using previously 
available iMT1026 models [29, 30], as well as a draught 
model created with RAVEN Toolbox. Gap filling was also 
done, and gaps were filled by manually incorporating essen-
tial reactions from KEGG and other databases. A few more 
reactions are also added to improve the model’s ability to 
cover 2309 enzymatic reactions associated with 1033 meta-
bolic genes involving 1750 metabolites.

Model verification by growth capabilities 
on different carbon sources

P. pastoris iAUKM prediction capacity for growth was tested 
with 28 carbon sources and 18 nitrogen substrates from the 
data obtained from previous studies [29–31]. The growth 
potential of each carbon or nitrogen source was assessed 
using FBA. Only ammonia was employed as a nitrogen 
source for carbon utilization prediction, but other metabo-
lites required for growth, such as oxygen, biotin, phosphorus, 
and sulfur, were kept at adequate levels. The other carbon 
source which may contribute the growth were set to zero at 
the same time. Similarly, sole carbon sources glucose, glyc-
erol, and methanol were set individually to test the growth 
for nitrogen source. Except the specified nitrogen source 
other nitrogen sources were set to zero. If the expected spe-
cific growth rate was greater than zero, the target carbon or 
nitrogen source was considered growth supportive. iAUKM 
showed growth response to 28 carbon sources out of 31 and 
18 out of 21 nitrogen sources which were listed in supple-
ment 4.

Maximization of biomass in silico analysis

The FBA generated the exchange fluxes of the updated 
iAUKM model. Compounds that needed to be consumed in 
order to maximize biomass production have been indicated 
by exchange reactions with negative fluxes. It was crucial to 
include these components in the culture medium. The fluxes 
with positive value represent metabolites that are produced. 
The list of exchange reactions and their fluxes when equimo-
lar flux of glucose, glycerol and methanol were selected as 
carbon sources is summarized in Table 2. When 1 mmol of 
glucose, glycerol and methanol was given as a sole carbon 
source, glucose gives the maximum growth rate. Moreover, 
glucose has higher carbon moles compared to glycerol and 
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methanol. Consequently, simulation was done with matching 
the carbon moles. The simulation predicted to give higher 
yield in glycerol followed by glucose and greater than that 
of methanol.

The findings on biomass maximization suggest that glyc-
erol is a preferred choice of carbon source followed by glu-
cose and methanol for maximizing the yield of biomass. This 
could be attributed to the limitations associated with metha-
nol metabolism which produces hydrogen peroxide (H2O2) 
and formaldehyde formed as byproducts in the peroxisomes. 
Though these products are further metabolized into non-
toxic products, it sets a constrain on the content of peroxi-
somes for the survivability of P. pastoris. The findings in our 
simulation with growth in methanol produced 10.477 mmol/
gDW/h of H2O, a product of methanol detoxification sug-
gests the detoxification scenario as a potential limiting factor 
for biomass yield [32]. This is reinforced by the findings that 
peroxisomes may fill up to 90% of the cell volume during 
growth in the presence of methanol, while their existence is 
undetectable in the presence of other carbon sources such 
as glucose or glycerol [3]. Moreover, the elevated utiliza-
tion of sulfate in the presence of glycerol observed in our 
simulation (Table 2) appears to be both beneficial towards 
endogenous methionine synthesis and hence the increase in 
biomass and AdoMet.

Maximization of AdoMet formation in silico analysis

Balancing the carbon moles simulation was done with an 
objective function of maximizing AdoMet formation on 
glycerol, glucose and methanol as a sole carbon source. 
The simulation with glycerol showed higher flux for 
AdoMet accumulation followed by glucose and methanol. 

It is observed that l-methionine is a limiting precursor for 
AdoMet synthesis and most of the flux is higher towards 
NADP/NADPH dependent reaction on all carbon sources 
used. Moreover, when glucose and methanol were used as a 
sole carbon source, the oxidative phase of pentose phosphate 
pathway (PPP) was prominent but it is lower in case of glyc-
erol. The metabolic flux from all the three investigated car-
bon sources, viz., glucose, glycerol and methanol converge 
to generate fructose 1,6 bisphosphate (1,6FBP). 1,6FBP is 
then metabolized into fructose 6-phosphate which can have 
two fates, viz., (1) utilization towards biomass production or 
(2) pentose phosphate pathway. In this connection, the ear-
lier analysis on maximizing biomass production suggested 
that growth in glycerol had higher phosphate utilization sug-
gesting the prominence of PPP.

The major role of oxidative phase of PPP is to produce 
NADPH, which further helps in enhancing the l-methionine 
production in the cell via aspartate metabolism. Glucose 6 
phosphate dehydrogenase (G6PDH2) and phosphogluco-
nate dehydrogenase (GND) produces two moles of NADPH 
which is utilized in Aspartate-methionine pathway where 
it consumes two moles of NADPH. In a rate-limiting step, 
G6PDH2 catalyzes the irreversible oxidation of Glucose 6 
Phosphate to 6-phosphogluconolactone; the first molecule 
of NADPH is produced during this reaction. G6PDH2 
serves as the pathway’s “gatekeeper” and is therefore the 
rate-limiting enzyme in the PPP. Phosphogluconate dehy-
drogenase (GND), a NADP-dependent enzyme, catalyzes 
the formation of NADPH and Ribulose 5-phosphate from 
6-Phospho-d-gluconate. These two enzymes would be a bet-
ter gene candidate for overexpression which enhance the 
NADPH/NADP+ pool to improve the precursor l-methio-
nine. NADP-dependent glycerol dehydrogenase upregulation 

Table 2   Exchange fluxes under various carbon source

Bold denotes values or entries that are of particular importance to the study’s findings. It emphasizes data points that readers should give special 
attention to when interpreting results

Metabolites Fluxes for 
glucose (mmol/
gDW/h)

Fluxes for 
glycerol (mmol/
gDW/h)

Fluxes for glycerol (mCmol/
gDW/h) (Same carbon mole 
equal to glucose)

Fluxes for 
methanol (mmol/
gDW/h)

Fluxes for methanol (mCmol/
gDW/h) (same carbon mole 
equal to glucose)

H2O exchange 3.5942 2.7217 5.2427 1.862 10.477
Ammonium exchange − 0.58629 − 0.35625 − 0.76842 − 0.04656 − 0.51401
Phosphate exchange − 0.022935 − 0.01445 − 0.03116 − 0.0014 − 0.01544
H+ exchange 0.68675 0.37329 0.80518 0.047863 0.52841
Oxygen exchange − 2.1976 − 1.4616 − 2.6031 − 1.2706 − 6.4677
Sulfate exchange − 0.003081 − 0.00252 − 0.00543 − 0.0004 − 0.00443
Fe2+ exchange − 1.02E− 07 − 5.74E− 08 − 1.24E− 07 – − 7.06E− 08
CO2 exchange 2.3377 0.98942 1.6632 0.77413 3.5064
Biotin exchange − 1.02E− 07 − 5.74E− 08 − 1.24E− 07 – − 7.06E− 08
Growth (h−1) 0.10227 0.057428 0.12387 0.006397 0.070627
d-Glucose/glycerol/

methanol exchange
− 1 − 1 − 2 − 1 − 6
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was predicted when glycerol is used as the sole carbon 
source. On all carbon sources, genes correspond to L-serine 
and folate metabolism, i.e., formation of 5-methyltetrahydro-
folate from L-serine is involved in NADP/NADPH depend-
ent pathway. 5-Methyltetrahydrofolate is directly involved in 
the conversion of l-Homocysteine to l-Methionine and Tet-
rahydrofolate. All the above predictions show that methio-
nine was the limiting substrate compared to ATP for AdoMet 
production. Biomass formation was zero on maximizing 
AdoMet production and AdoMet production was zero on 
maximum biomass formation (Table 3). By comparing the 
other intracellular fluxes, it clearly shows that the precursor 
for AdoMet is completely utilized for biomass formation.

Identification of overexpression targets

For further optimization, flux scanning based on enforced 
objective flux (FSEOF) was used to identify the overexpres-
sion target to produce AdoMet. In addition, l-methionine 
was supplemented as it was the limiting substrate along with 
carbon source. Table 4 represents the overexpression tar-
gets for AdoMet production. Methionine adenosyltransferase 
(MAT or METAT or SAM2) and adenylate kinase (ADK1) 

are predicted by the simulation to be overexpressed. This 
was already proved in our lab by overexpressing these two 
enzymes [23]. Glutamate synthase and glutamine synthetase 
were also predicted as overexpression targets for AdoMet 
production. Considering methionine metabolic flux, active 
site for methionine synthase is known to have binding sites 
for zinc and the substrates, viz., l-homocysteine and 5-meth-
yltetrahydrofolate-glutamate [33]. Methionine synthase 
takes part in methionine cycle and folate cycle. The methio-
nine cycle utilizes the methionine produced by methionine 
synthase, while the folate cycle produces tetrahydrofolate. 
Since ATP is a direct substrate for AdoMet synthesis, the 
essentiality of methionine synthase and glutamate are nota-
ble. Glutamate can be formed from glutamine by the action 
of glutaminase and glutamate can be converted back into 
glutamine by the action of glutamine synthase [34]. How-
ever, Glutamine synthetase is an ATP dependent enzyme 
while glutaminase is not. In addition to the formation of 
glutamate via glutaminase, glutamate synthase catalyzes 
the formation of glutamate using TCA cycle intermediate 
2-oxoglutarate in the presence of NADPH [34]. This reac-
tion could drive the export of 2-oxoglutarate from the mito-
chondria through the Malate-2-oxoglutarate antiporter and 

Table 3   Exchange fluxes for 
maximizing AdoMet production 
under various carbon source 
with equal carbon moles

Bold denotes values or entries that are of particular importance to the study’s findings. It emphasizes data 
points that readers should give special attention to when interpreting results

Metabolites (mmol) Fluxes for glucose 
mmol/gDW/h

Fluxes for glycerol 
mmol/gDW/h

Fluxes for 
methanol mmol/
gDW/h

H2O exchange 5.7142 7.6708 11.7407
Ammonium exchange − 1.7145 − 1.9752 − 1.556
H+ exchange 0.57151 0.6584 0.51868
Oxygen exchange − 1.7137 − 2.062 − 5.1099
Sulfate exchange − 0.28576 − 0.3292 − 0.25934
CO2 exchange 1.7137 1.062 2.1099
S-Adenosyl-l-methionine exchange 0.28576 0.3292 0.25934
d-Glucose/glycerol/methanol exchange − 1 − 2 − 6

Table 4   List of predicted genes to be overexpressed glucose, glycerol and methanol as carbon source along with the addition of l-methionine

S. No. Enzyme name Subsystems Equations

1 Fumarase (cytoplasmic) Citric acid cycle H2O[c] + fumarate[c] <  =  > l-malate[c]
2 Glutamate synthase Glutamate metabolism H + [c] + 2-oxoglutarate[c] +  l-glutamine[c] + NAD(P)H[c] =  > 2  

l-glutamate[c] + NAD(P) + [c]
3 Glutamine synthetase Glutamine metabolism Ammonium[c] + l-glutamate[c] + ATP[c] =  > H + [c] + phosphate[c] +  

l-glutamine[c] + ADP[c]
4 Methionine adenosyltransferase Methionine metabolism H2O[c] + ATP[c] +  

l-methionine[c] =  > diphosphate[c] + phosphate[c] + S-adenosyl-
l-methionine[c]

5 Adenylate kinase Nucleotide metabolism ATP[c] + AMP[c] <  =  > 2 ADP[c]
6 Inorganic diphosphatase Oxidative phosphorylation H2O[c] + diphosphate[c] =  > H + [c] + 2 phosphate[c]
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sustain the TCA cycle flux utilizing the malate derived from 
fumarase, an additional overexpression target predicted in 
our analysis (Fig. 1).

In addition, considering the requirement of 2-oxoglutar-
ate towards glutamate synthase, which is prominently cyto-
solic [34], there arises a need for the export of 2-oxoglu-
tarate (α-ketoglutarate) formed via the TCA cycle within 
mitochondria into the cytosolic compartment. In this 
regard, the export of 2-oxoglutarate into cytosol is possible 
through malate-α-ketoglutarate antiporter which is usually 
involved in malate-aspartate shuttle [35]. However, in this 
scenario, for the export of α-ketoglutarate from the mito-
chondrial matrix, two essential criteria should be met, viz., 
(1) elevated synthesis of malate and (2) elevated presence 
of synthesized malate outside the mitochondrial matrix so 
that the antiporting could occur. This possibility can be 
achieved by increased activity of fumarase, a TCA cycle 
enzyme involved in the formation of malate and the pres-
ence of malate/phosphate exchanger which exports malate 
from the mitochondrial matrix by simultaneously import-
ing inorganic phosphate inside the matrix. Thus, through 
the action of fumarase and malate/phosphate exchanger a 
sufficient build-up of malate in the outside compartment of 
mitochondrial matrix can be achieved which can then export 
α-ketoglutarate outside of the matrix for further utilization 
towards synthesis of glutamate involved in methionine cycle 
and de novo purine synthesis. Interestingly, the predictions 
using FSEOF analysis showed that the enzymes involved in 
malate and inorganic phosphate synthesis, viz., fumarase 

and inorganic diphosphatase as potential targets for over-
expression. Thus, the predictions from FSEOF are also in 
agreement with the mechanistic pathway towards increased 
metabolic flux yield of AdoMet (Fig. 1).

Thus, out of the 30 genes predicted by FSEOF analy-
sis, the 5 genes, viz., (1) fumarase, (2) glutamate synthase, 
(3) glutamine synthetase, (4) inorganic diphosphatase and 
(5) methionine adenosyltransferase directly match with the 
mechanistic formation of AdoMet. The additional gene, 
adenylate kinase, predicted from the FSEOF analysis has 
been already experimentally confirmed by previous stud-
ies in our lab [23]. Moreover, considering the formation of 
glutamine from the metabolic pathway catalyzed by glu-
tamine synthetase, the prediction is also supported by our 
previous work [11]. Specifically, addition of l-glutamine in 
the presence of AOX promoter increased AdoMet produc-
tion [11]. The other overexpression gene candidates for all 
three different carbon sources with and without the supple-
ment of l-methionine are listed in Supplementary file 3. 
Considering the prediction from the model that glutamine 
and glutamate synthase overexpression would increase the 
AdoMet production, we questioned whether the availabil-
ity of the metabolic outcomes of these genes could have 
a positive effect over AdoMet production. In this regard, 
we supplemented the culture with monosodium glutamate 
(1 g/L) and malic acid (1 g/L). However, we found a down 
regulation of AdoMet production, possibly due to the regu-
latory effects of these metabolic products, when present in 
excess, on AdoMet yielding pathways. This also matches 

Fig. 1   Schematic representation of the possible mechanism for the genes predicted by FSEOF towards AdoMet synthesis
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with the earlier findings that glutamine synthase downregu-
lates AdoMet production even though it was identified as 
overexpression targets [6]. This adds to the sense of caution 
that all the overexpression targets predicted from FSEOF 
need not produce the anticipated outcomes.

From the predicted set of overexpression targets (Table 4), 
we were interested in looking into a specific gene that has 
not been much studied in relation to AdoMet production. In 
this regard, the roles of methionine adenosyltransferase are 
very obvious. Moreover, adenylate kinase has already been 
confirmed to promote AdoMet production experimentally 
in our earlier work [11]. In addition, the potential metabolic 
outcomes of glutamine synthetase and glutamate synthase 
were also tested by the supplementation with l-glutamine 
and monosodium glutamate, respectively, in our earlier work 
[11]. Interestingly, IPP has been shown to have central role 
in the energy metabolism of yeast [36]. Moreover, we antici-
pated manipulation of IPP could also impact the cycling of 
malate, a product of fumarase (also predicted by our FSEOF 
analysis), between Malate/phosphate exchanger and malate/
α-ketoglutarate antiporter. In this perspective, the increased 
availability of inorganic phosphate by the action of IPP may 
promote the export of α-ketoglutarate into the cytosol for its 
conversion into glutamate by glutamate synthase (Fig. 1), an 
additional overexpression target predicted by our FSEOF 
analysis. Adding to the scarcity of literature connecting IPP 
expression with AdoMet, we looked into the experimental 
outcomes of IPP overexpression on AdoMet yield.

Cloning of SAM2, ADK, MUP and IPP Gene 
in pGAP(M)

Multiple transformants appeared on YPD-Zeocin selection 
plate which were screened by PCR and positive clones were 
preserved for further analysis (expression of protein, activity 
and product yield). The pGAP(M)-SAM2, pGAP(M)-ADK, 
pGAP(M)-MUP, and pGAP(M)-IPP recombinant constructs 
were made. The P. pastoris AQ15X33 has been modified to 
overexpress single genes, resulting in the following vari-
ants: X33-pGAP(M)-SAM2, X33-pGAP(M)-ADK, X33-
pGAP(M)-MUP, and X33-pGAP(M)-IPP, respectively.

Cloning of double‑gene construct mutant 
pGAP(M)‑ADK‑SAM2

As the gene ADK contains BglII site, the pGAP(M)-ADK 
was linearized with BamH1 and the construct of pGAP(M)-
SAM2-TT was popped out by digesting the plasmid 
pGAP(M)-SAM2 with BglII and BamH1. As the BamH1 
and BglII have compatible cohesive ends, the linearized 
pGAP(M)-ADK and pGAP(M)-SAM2-TT gene construct 
was ligated and transformed into E. coli. The transformants 
were screened and this named as pGAP(M)-ADK-SAM2. 

The pGAP(M)-ADK-SAM2 was linearized with EcoN1 and 
integrated into P. pastoris X33 and the positive clones were 
named as X33-pGAP(M)-ADK-SAM2 [37].

Construction of triple‑gene plasmid 
pGAP(M)‑ADK‑SAM2‑MUP

MUP gene contains BamH1 site so it was not possible to 
get gene construct of pGAP(M)-MUP-TT by restriction 
digestion. Therefore, here, we amplified the whole cas-
sette of pGAP(M)-MUP-TT with GAP forward and TT 
Reverse. Both forward and reverse primer have BglII site 
which replace the BamH1 site at the end of TT. This cas-
sette was digested with BglII and the plasmid pGAP(M)-
ADK-SAM2 was linearized with BamH1 and ligated and 
transformed in E. coli. The transformed were screened and 
the plasmid extracted from the positive clones was named 
as pGAP(M)-ADK-SAM2-MUP. PCR conformation has 
been done with specific gene forward and gene reverse for 
ADK, SAM2, MUP genes (Fig. 2). The pGAP(M)-ADK-
SAM2-MUP was linearized with EcoN1 and integrated 
into P. pastoris X33 and the positive clones were named as 
X33-pGAP(M)-ADK-SAM2-MUP.

Shake flask expression studies on single‑, double‑ 
and triple‑gene constructs

The expression studies on various clones and Host X33, a 
renowned expression host, were carried out to assess their 
efficiency in producing S-adenosylmethionine (AdoMet). 
Five different clones, X33-pGAP(M)-SAM2, X33-
pGAP(M)-ADK, X33-pGAP(M)-MUP, X33-pGAP(M)-
ADK-SAM2 and X33-pGAP(M)-ADK-SAM2-MUP 
designated as C1, C2, C3, C4, and C5, respectively, were 
examined for their AdoMet production capabilities. The 
expression studies were carried out in buffered complex 

Lane 1: ADK Gene

Lane2: DNA Ladder 1 Kb Plus 
DNA Ladder (Invitrogen10787018) 

Lane 3: Negative Control

Lane 4: SAM2 Gene

Lane 5: MUP Gene

Fig. 2   PCR confirmation of triple cassette contains ADK, MUP and 
SAM2 gene
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glycerol medium (BMGY) with the addition of 2% glucose 
and 2% glycerol as sole carbon sources every 24 h for a 
duration of 96 h. Furthermore, l-methionine (L-Met) was 
supplemented at a concentration of 1% every 24 h.

The results demonstrate that the single-gene insertion 
clone C1 exhibited a higher production of 201 mg/L AdoMet 
compared to clones C2 and C3. The sole expression of the 
precursor-enhancing genes, ADK (adenylate kinase) and 
MUP (methionine uptake protein), did not yield a signifi-
cant increase in AdoMet levels when compared to the inser-
tion of the SAM2 gene alone. To further enhance AdoMet 
production, a new clone designated as C4 was constructed 
by cloning the ADK gene along with the SAM2 gene. Clone 
C4 showed higher productivity of 246 mg/L of AdoMet than 
C1, indicating the synergistic effect of these two genes on 
AdoMet biosynthesis. Finally, clone C5, which harbored all 
three genes (SAM2, MUP, and ADK), exhibited the high-
est AdoMet production of about 275 mg/L compared to the 
other clones studied.

These findings highlight the importance of gene com-
binations and their impact on AdoMet production in Host 
X33. The results suggest that the simultaneous expression 
of SAM2, MUP, and ADK genes results in a significant 
improvement in AdoMet biosynthesis which is also already 
proved by our team with AOX promoter (Fig. 3).

However, reactor scale experiments in fed batch mode 
yielded 4.4 g/l (Fig. 4) suggesting scope for yield optimiza-
tion. It is observed that after 72 h the AdoMet accumulation 
in the cell was reduced though the cell mass was increasing. 
This may be due to the depletion of ATP inside the cell 
which is used for its growth and metabolism.

Strain construction and confirmation of IPP

As the model predicts IPP as one of the overexpression tar-
gets. We amplified the IPP gene from the X33 genome and 
subcloned it into the pGAP(M) expression vectors from P. 
pastoris (modified vector). pGAP(M)-IPP recombinant plas-
mid constructs were transformed into P. pastoris host X33 to 
form X33-pGAP(M)-IPP. Antibiotic marker plates were used 
to screen colonies. We used PCR with GAP forward primer 
and gene-specific reverse primer to confirm the presence of 
genes. All the positive clones were expressed, and AdoMet 
production was tested in shake flasks using BM(D/G)Y 
medium with L-met supplementation. Expression studies 
revealed that AdoMet accumulation was increased by 16% 
and 14% when glucose and glycerol is used as sole carbon 
source, respectively (Table 5).

Considering the yield from IPP overexpression of 
24.27 mg/l and 25.0 mg/l in glucose and glycerol, respec-
tively, it is still low to those observed in studies focused 

Fig. 3   AdoMet accumulation on 
single-, double- and triple-gene 
construct on glucose and glyc-
erol as sole carbon source
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on the production of AdoMet towards industrial scale. For 
example, yeast strains have been engineered to produce 
around 10 g/l of AdoMet [14, 22]. The yields from our study 
are not comparable to these yields since our work is only 
focused on predicting and validating the potential gene tar-
gets for increasing AdoMet under shake flask conditions. For 
example, our work on pGAP(M)-ADK-SAM2-MUP overex-
pression in P. pastoris X33 host under yielded 275.20 mg/l 
of AdoMet under shake flask condition in the presence of 
glucose. However, reactor scale experiments in fed batch 
mode yielded 4.4 g/l suggesting scope for yield optimiza-
tion. Further, combination of IPP overexpression along 
ADK-SAM2-MUP overexpression can also be considered 
for future studies.

Conclusion

Pichia pastoris is a promising methylotrophic yeast that 
produces recombinant protein and other valuable products. 
Using the reconstructed model iAUKM, we investigated 

P. pastoris’ ability to produce S-Adenosyl-l-methionine 
(AdoMet) and predicted various gene targets that could 
increase AdoMet levels. One of the candidate enzymes 
that was predicted to be overexpressed was inorganic 
phosphatase. When compared to the X33 host, the IPP 
integrated P. pastoris accumulated 16% and 14% more 
AdoMet in glucose and glycerol containing medium, 
respectively. IPP plays a role in ATP synthesis by hydro-
lyzing inorganic pyrophosphate (PPi) into two molecules 
of inorganic phosphate (Pi). During certain biochemical 
reactions, such as DNA synthesis, RNA synthesis, or other 
reactions that involve the formation of high-energy phos-
phate bonds, PPi is released as a byproduct. However, PPi 
is not a stable molecule and has a tendency to hydrolyze 
into two molecules of Pi. This hydrolysis reaction is cata-
lyzed by inorganic pyrophosphatase. The hydrolysis of PPi 
into two Pi molecules is an energetically favorable pro-
cess and can be coupled to the synthesis of ATP. In ATP 
synthesis, the energy released by the hydrolysis of PPi is 
used to drive the formation of ATP from adenosine diphos-
phate (ADP) and Pi. This process is commonly referred to 

Fig. 4   AdoMet production in 
bioreactor on triple-clone X33-
pGAP(M)-ADK-SAM2-MUP

Table 5   Expression studies of 
P. pastoris strains for AdoMet 
production

S. No. Strains AdoMet yield mg/l Average 
AdoMet 
mg/l

SD Percentage increase

1 HOST X33 (dextrose) 19.97 21.05 21.50 20.84 0.64
2 Host X33 (glycerol) 21.43 21.59 22.57 21.86 0.50
3 Clone 1 (dextrose) 24.64 23.69 24.5 24.27 0.41 16.49%
4 Clone 2 (glycerol) 23.01 25.22 26.79 25.00 1.55 14.37%
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as substrate-level phosphorylation. Inorganic pyrophos-
phatase acts as a catalyst in this hydrolysis reaction, ensur-
ing the efficient conversion of PPi into Pi. By removing 
PPi from the reaction, inorganic pyrophosphatase helps 
maintain the thermodynamic driving force necessary for 
ATP synthesis. Therefore, inorganic pyrophosphatase 
plays a crucial role in ATP synthesis by facilitating the 
hydrolysis of inorganic pyrophosphate into inorganic phos-
phate, which is essential for the formation of ATP from 
ADP and Pi. In summary, in silico findings reveal key 
factors limiting AdoMet production as well as rationalized 
approaches to improve AdoMet production.

Supplementary Information  The online version contains supplemen-
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