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Abstract

Recombinant protein production in Komagataella phaffi (K. phaffi), a widely utilized host organism, can be
optimized by enhancing the metabolic flux in the central carbon metabolism pathways. The methanol utilization
pathway (MUT) during methanol-based growth plays a crucial role in providing precursors and energy for cell
growth and development. This study investigated the impact of boosting the methanol dissimilation pathway, a
branch of MUT that plays a vital role in detoxifying formaldehyde and providing energy in the form of NADH, in
K. phaffi. This was achieved by integrating two orthologous genes from Hansenula polymorpha into the K. phaffi
genome: formaldehyde dehydrogenase (HpFLD) and formate dehydrogenase (HpFMDH). The HpFLD and HpFMDH

production capacity of recombinant proteins in K. phaffi.

genes were isolated from the Hansenula polymorpha genome and inserted under the regulation of the pAOX1
promoter in the genome of recombinant K. phaffi that already contained a single copy of model protein genes
(eGFP or EGlI). The expression levels of these model proteins were assessed through protein activity assays and
gene expression analysis. The findings revealed that while both orthologous genes positively influenced model
protein production, HpFMDH exhibited a more pronounced upregulation in expression compared to HpFLD.
Co-expression of both orthologous genes demonstrated synergistic effects, resulting in approximately a twofold
increase in the levels of the model proteins detected. This study provides valuable insights into enhancing the

Introduction

Komagataella phaffi (K. phaffi), formerly known as
Pichia pastoris, is a widely used yeast expression system
that has gained significant attention for the production
of industrial enzymes. As an efficient host for heterolo-
gous protein expression, K. phaffi can achieve high-level
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production of enzymes with diverse applications in
industries such as chemical, food, pharmaceutical, textile,
and cosmetics. The advantages of this platform include
its capacity for post-translational modifications, high-
density growth, efficient secretion, GRAS status, and
scalable, cost-effective production compared to more
complex systems (Duman-Ozdamar and Binay 2021;
Offei et al. 2022). Despite its extensive industrial history,
there is still a significant need for improvement in this
yeast system as a host (Noseda et al. 2013). Recombinant
protein production in K. phaffi exerts a metabolic burden
on the host cell, affecting energy and redox state (Nocon
et al. 2014). For instance, during recombinant protein
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pathway

production, disulfide bond formation and protein folding
require ATP and NADPH intensively. Accumulation of
misfolded proteins triggers the unfolded protein response
and increases chaperone activity, which further con-
sumes energy (Zahrl et al. 2017). Consequently, higher
intracellular ATP levels may enhance the cell’s capac-
ity to produce recombinant proteins (Kim et al. 2012).
NADH is another crucial cofactor in the redox reactions
that occur during protein production, and its availability
can affect the efficiency of protein production. Therefore,
optimizing the distribution of metabolic flux in central
carbon metabolism is crucial for improving recombinant
protein production efficiency (Zahrl et al. 2017).

There are various methods to improve or change meta-
bolic flux in a cell to enhance recombinant protein pro-
duction, such as altering promoters, signal sequences,
mRNA stability, and growth conditions (Brown et al
2019; Xiao et al. 2023; Zahrl et al. 2017). Metabolic engi-
neering is a highly effective approach that involves modi-
fying specific biochemical reactions or introducing new
ones using recombinant DNA technology. This technique
can improve cell metabolic fluxes and enhance recom-
binant protein production in different hosts, including
K. phaffi (Guo et al. 2021; Zhang et al. 2023). Metabolic
engineering is a field of biotechnology that focuses on
the design and construction of novel metabolic path-
ways or the modification of existing pathways to improve
the production of specific compounds or to increase the

efficiency of specific metabolic processes (Helmy et al.
2020; Mao et al. 2020). Metabolic engineering has been
used in K. phaffi to improve recombinant protein pro-
duction and other metabolic processes (De et al. 2021;
Ergiin et al. 2022). Some examples of metabolic engineer-
ing in K. phaffi include humanizing protein glycosylation,
producing high yields of lycopene, producing myoinosi-
tol, and manipulating central metabolic fluxes to enhance
the production of heterologous proteins (Laukens et al.
2015; Zhang et al. 2022, 2023).

Unlike most yeasts which ferment sugars into ethanol,
K. phaffi is a methylotrophic yeast that can utilize metha-
nol as its sole carbon source (Feng et al. 2020; Heistinger
et al. 2020). The methanol utilization pathway (MUT) in
K. phaffi is different from canonical methylotrophic-like
bacteria. In bacteria, methanol is oxidized to formalde-
hyde by a methanol dehydrogenase enzyme. Formalde-
hyde is then assimilated into biomass (Miiller et al. 2015;
Takeya et al. 2020). In contrast, K. phaffi metabolizes
methanol to formaldehyde via an alcohol oxidase enzyme
that utilizes a flavin adenine dinucleotide (FAD) cofac-
tor. Formaldehyde can enter the metabolic pathway of
K. phaffi through two main routes: (I) Assimilation, in
which formaldehyde can be directly fixed with dihy-
droxyacetone (DHA) to form 1,3-bisphosphoglycerate
(1,3-BP@G), which is then incorporated into the central
carbon metabolism, leading to biomass production. (II)
Dissimilation, in which formaldehyde is oxidized to CO,
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by formaldehyde dehydrogenase (FLD), S-hydroxymethyl
glutathione hydrolase (FGH), and formate dehydrogenase
(FDH), producing NADH (Fig. 1) (Berrios et al. 2022; Yu
et al. 2022b). The production of recombinant proteins
or other metabolites in K. phaffi is directly linked to its
ability to utilize methanol as the sole carbon source, a
process governed by the MUT. Optimizing this path-
way through metabolic engineering strategies can lead
to improved yields of the desired recombinant products.
In methylotrophic yeasts like K. phaffi, the efficient utili-
zation of methanol is crucial for successful recombinant
protein production. This is facilitated by the MUT, which
encompasses the dissimilation pathway that provides
the necessary energy for cellular processes (Meng et al.
2023). By enhancing the MUT through genetic modifica-
tions or other approaches, the metabolic flux can be redi-
rected towards the synthesis of recombinant proteins or
other valuable metabolites coupled to methanol metabo-
lism (Guo et al. 2021).

Hansenula polymorpha, another methylotrophic yeast
that can grow on methanol as its sole source of carbon
and energy, is another important yeast cell factory for
the production of recombinant proteins (Manfrao-Netto
et al. 2019). Despite considerable similarities in their
MUT, Hansenula polymorpha has some advantages
over K. phaffi, such as the derepression of some of its
methanol-inducible promoters in the presence of glyc-
erol, which is less pronounced in K. phaffi. Addition-
ally, Hansenula polymorpha has several transcriptional
regulators involved in methanol metabolism, such as
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Mppl and Adrl, which are also involved in the regula-
tion of the response to both oleate and methanol in K.
phaffi (Mombeni et al. 2020b). Furthermore, Hansenula
polymorpha has been found to have a more active metha-
nol oxidase enzyme compared to K. phaffi, contributing
to its more efficient dissimilation pathway. Another sig-
nificant difference in the methanol dissimilation pathway
between these two yeasts is the presence of an enzyme
in Hansenula polymorpha, called formate dehydrogenase
(HpFMDH), which has the activity of both FDH and FGH
enzymes, resulting in a shorter dissimilation pathway in
this yeast (Bredell et al. 2016; Kurylenko et al. 2018; Van
Dijken et al. 1976). However, K. phaffi is more commonly
used for recombinant protein production due to specific
advantages such as a larger genetic engineering toolkit,
better secretion capacity, and more commercial adapta-
tion (Kang et al. 2017; Obst et al. 2017; Staudacher et al.
2022; VijayakumarVenkataraman 2023).

This study examined the effects of increasing the
expression of genes involved in the methanol dissimi-
lation pathway from the yeast Hansenula polymorpha
on the synthesis of recombinant proteins in K. phaffi.
The research involved integrating two important genes,
HpFLD and HpFMDH, into the genome of K. phaffi
using metabolic engineering techniques. The impact of
this integration was assessed using two model proteins,
enhanced green fluorescent protein (eGFP) and endoglu-
canase II (EGII), by measuring the fluorescent intensity
of eGFP and the activity of EGII. The results showed that
the co-overexpression of these two enzymes significantly
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Fig. 1 Methanol utilisation pathway in K. phaffi: The main pathways and the respective enzymes working in the methanol metabolism in methylotrophic
yeasts are shown. AOX: alcohol oxidase, CAT: catalase, FLD: formaldehyde dehydrogenase, FGH: S-formylglutathione hydrolase, FDH: formate dehydroge-
nase, DAS: dihydroxyacetone synthase, DHA: dihydroxyacetone, GAP: glyceraldehyde 3-phosphate, DHAP: dihydroxyacetone phosphate, Xu5P: xylulose

5-phosphate, GSH: glutathione
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Table 1 Primers used in this study

Primer name Sequence (5'-3') Am-
plicon
size
(bp)

HpFLD-F-EcoRl ACATTGAATTCGAAACGATGTCTACTGTCGG 1242

AAAAAC
HpFLD-R-Kpnl  ATCGGTACCTTACTCATCCATAGTAACCACAGC
FMDH-F-EcoRI CCTTCGAATTCGAAACGATGAAGGTTGTACT 1089
AGTTC

FMDH-R-Kpn! GTCGTACGGTGCCGACAAATGAGGTACCTTG

Kan-F-Smal ACCCCCGGGAAGCTGGCGCTAATTCATG 1357

Kan-R-Smal ACCCCCGGGAAGGAAGCCAGTATAGCG

FLD-F-RT TGCAGAGAGTGCAAGTTCTG 237

FLD-R-RT ACCACAACCCAACAGACA

FMDH-F-RT GAAGAACATCTCGGACGCAG 137

FMDH-R-RT CAAGGTCGATGTGGTCGG

Actin-F-RT CTCCAATGAACCCAAAGTCCAAC 100

Actin-R-RT GACAAAACGGCCTGAATAGAAAC

EGII-F-RT GGCAATCTGCTGGTGCTTTC 166

EGII-R-RT GCACCGTCGATGTTGTTTGT

eGFP-F-RT GCTGACCACTACCAACAGAACAC 143

eGFP-R-RT GCAGTAACAAACTCCAACAAGACC

influenced the specific methanol uptake and the specific
productivity of the recombinant K. phaffi strains, offering
valuable insights into enhancing the capacity for produc-
ing recombinant proteins in K. phaffi.

Materials and methods

Recombinant K. phaffi co-expressing model proteins and
heterologous HpFLD/HpFMDH

The recombinant clones expressing the eGFP and EGII
under the control of pAOX1 were obtained from previ-
ous work in our lab (the sequences provided in Suppl.
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1 and 2). Both genes were codon-optimized accord-
ing to the preference of K. phaffi, cloned in frame with
aMF signal sequence in pPINCa HC vector, transferred
to PichiaPink™ strain 1 (ade2), and verified as described
previously (Haghighi Poodeh et al. 2022; Mombeni et
al. 2020a). To avoid the effect of gene dosage, the single-
copy transformants were detected using a simple PCR-
based experiment, which has been described in detail in
our previous work (Mombeni et al. 2020b).

The genomic DNA of Hansenula polymorpha (strain
DL-1) was isolated, qualified, and quantified as described
previously (Arjmand et al. 2013). The nucleotide
sequences of the HpFLD and HpFMDH genes (Accession
No.; AF364077.1 and XM_018356471.1, respectively)
were isolated from the genomic DNA through PCR
amplification using specific primers (HpFLD-F-EcoRI,
HpFLD-R-Kpnl) and (HpFMDH-F-EcoRI, HpFMDH-R-
Kpnl), which included 5’ end restriction enzyme recogni-
tion sites as outlined in Table 1.

The HpFMDH amplicon, following digestion, was inte-
grated into EcoRI/Kpul double-digested pPICZA plas-
mids, resulting in the creation of pPICZA-HpFMDH
constructs as illustrated in Fig. 2a. Simultaneously, the
digested HpFLD amplicon was incorporated into newly
engineered pPICZA plasmids that had been altered
to include a Kanamycin/Genticin (G418) resistance
gene (km®) in place of zeocin resistance gene (bleo®),
as depicted in Fig. 2b, resulting in the formation of
pPICKA-HpFLD constructs. To achieve antibiotic-resis-
tant modification, the nucleotide sequence of the km®
gene under the TEF promoter/terminator was isolated
from the pNT1647 dCas9-Mxil TetR KanMX (pCfB2225)
vector through PCR amplification using specific primers
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Fig. 2 The map of constructed recombinant plasmids, pPICKA- HpFLD and pPICZA-HpFMDH, containing the HpFLD and HpFMDH genes, respectively.
Both metabolic genes are expressed under the control of pAOX1, integrated into the K. phaffi genome from AOX1 location on the chromosome
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(Kan-F-Smal, Kan-R-Smal) that contained restriction
enzyme recognition sites at their 5’ ends (Table 1).

To propagate these constructs, they were introduced
into Escherichia coli DH5a via a heat shock method
(42 °C for 45 s). Positive clones were then screened for
confirmation by employing Zeocin (at 25 pg/ml) or kana-
mycin (at 50 pug/ml) resistance, in conjunction with PCR
validation and subsequent sequencing.

Following linearization with Sacl and HindlIll, the
pPICKA-HpFLD and pPICZA-HpFMDH constructs
were electrotransformed into the aforementioned
recombinant K. phaffi strains expressing model proteins
(EGII and eGFP), as per the established protocol (Arj-
mand et al. 2013). Clones resistant to zeocin (100 pg/
ml) or Genticin (400 pug/ml) were screened for the pres-
ence of both the model protein and HpFLD or HpFMDH
sequences through PCR using specific primers, followed
by sequencing. To distinguish between the native K
phaffi FLD (PpFLD) gene and the newly introduced one,
PCR was conducted using the forward primer of pAOX1
in combination with a reverse FLD-specific primer (and
vice versa). Five clones from each of the following eight
groups were used for expression analysis: (1) Expressing
eGFP, (2) Expressing EGI], (3) Expressing eGFP + HpFLD,
(4)  Expressing EGII+HpFLD, (5) Expressing
eGFP+HpFMDH, (6) Expressing EGII+HpFMDH, (7)
Expressing eGFP+HpFLD/HpFMDH, (8) Expressing
EGII+HpFLD/HpFMDH. The clones were initially grown
at 30 °C in YPG medium (1% yeast extract, 2% peptone,
and 2% glycerol). After 48 h, equal concentrations of cells
from each clone were transferred to fresh inductive YPM
medium (1% yeast extract, 2% peptone, and 0.5% metha-
nol). 1% Methanol feeding was continued every 24 h for
up to 96 h to keep induction. Densities of the yeast cell
cultures were measured at ODgy,.

Spectrofluorimetery

Spectrofluorimetry was used to determine the inten-
sity of green fluorescence from secreted recombinant
eGFP, as well as the effect of HpFLD, HpFMDH, and
HpFLD/HpFMDH co-expression on fluorescent emis-
sion. The supernatants were isolated on day 4 of induc-
tion from clones expressing eGFP alone and those
co-expressing eGFP and the candidate genes. These
supernatants were tested using a spectrofluorimeter
(Shimadzu RF-5000, Japan) with 470 nm excitation
and 520 nm emission wavelengths. The supernatant
from non-recombinant K. phaffi was used as a negative
control.

Endoglucanase assay

Endoglucanase activity was measured using the method
of Ghose (Ghose 1987) which is based on the release of
reducing sugar from carboxymethyl cellulose (CMC)
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as the substrate and quantification with dinitrosalicy-
clic acid (DNS). The endoglucanase reaction involves
enzyme-substrate binding, catalysis of glycosidic bond
hydrolysis in CMC, and release of reducing sugars. Reac-
tion rate depends on enzyme/substrate concentration,
temperature, and pH, which were controlled in this study
to ensure consistent, reproducible activity measure-
ments. In this study, 250 pl of supernatant (containing
recombinant secreted enzymes) were added to 250 pl of
1% CMC-Na in sodium acetate buffer 50 mM (pH 4.8).
After incubating the mixture at 50 °C for 30 min, the
reaction was stopped by adding 500 ul of DNS reagent.
The resulting mixture was boiled for 5 min to allow color
development, and the reducing sugar content was mea-
sured by absorbance at 540 nm Citrate buffer replaced
the enzyme in negative controls. The absorbance values
were directly proportional to the amount of reducing
sugars released from the CMC substrate by the endoglu-
canase activity. One international unit (IU) of CMCase
activity was defined as the amount of enzyme releasing
1 mg of reducing sugar per minute per ml under the assay
conditions.

Total protein was determined by the Bradford method
(Bradford 1976) using bovine serum albumin (BSA) as
the standard. (Akbarzadeh et al. 2013).

Real-time PCR

Quantitative real-time PCR was utilized to evaluate the
effects of HpFLD and HpFMDH overexpression/co-
overexpression on recombinant eGFP and EGII model
protein production at the transcriptional level. Yeast
cells were harvested on the third day of the metha-
nol induction period from each of the eight aforemen-
tioned groups. Total RNA was extracted using QIAzol
lysis reagent (Qiagen, 79,306) as described previously
(Maceda-Lopez et al. 2021). Extracted RNA was treated
with DNase (Sukardi et al. 2019) and reverse transcribed
into cDNA using the RevertAid First Strand cDNA Syn-
thesis Kit (Thermo Scientific, K1622) per the manufac-
turer’s protocol. Real-time PCR was performed with the
RealQ Plus 2x Master Mix Green High ROXTM (Ampli-
qon, 4,309,155) on an ABI Stepone PCR System (Applied
Biosystems, US). Cycling conditions were 95 °C for
15 min followed by 40 cycles of 95 °C for 15 s and 60 °C
for 30 s with a final extension at 60 °C for 30 min. Relative
fold differences were calculated via the 2722T method
using actinl (ACT1) as an endogenous reference. Prim-
ers used for real-time PCR are listed in Table 1. Gene
sequences and primer locations are provided in Supple-
mentary Fig. 1.
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strains co-expressing the HpFLD orHpFMDH genes
along with the target genes eGFP or EGII (Fig. 2) was
confirmed by PCR and sequencing. Methanol induction
was initiated with equal cell masses for all groups, and
ODy, measurements at the end of the induction period
indicated that HpFLD or HpFMDH co-expression had no
effect on cell growth (Fig. 3).

Spectrofluorimetery

The spectrofluorimetric analysis demonstrated that co-
expression of HpFLD, HpFMDH, or both with eGFP
led to enhanced fluorescence intensity compared to
eGEFP alone (Fig. 4a). Specifically, eGFP- HpFLD, eGFP-
HpFMDH, and eGFP-HpFLD/HpFMDH co-expression
resulted in 1.4-fold, 1.9-fold, and 2.3-fold increases in
measured fluorescence, respectively.

Enzymatic assay

Enzymatic assays demonstrated that co-expression
of HpFLD, HpFMDH, or both with EGII resulted in
increased endoglucanase activity compared to EGII alone
(Fig. 4b). Specifically, EGII-HpFLD, EGII-HpFMDH, and
EGII-HpFLD/HpFMDH co-expression led to 1.2-fold,
1.6-fold, and 1.8-fold increases in measured endogluca-
nase activity, respectively. The activity was determined by
quantification of reducing sugars released from the CMC
substrate, as described in the methods.
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Fig. 4 Fluorescence intensity and Normalized endoglucanase activity. (a) Fluorescence intensity in the supernatant of K. phaffi clones expressing eGFP
alone (control) or co-expressing eGFP with HpFLD, HpFMDH, or both HpFLD and HpFMDH. Fluorescence was measured by spectrofluorimetry with
470 nm excitation and 520 nm emission wavelengths. Data represent the mean + standard deviation of five clones with three replicates each. (b) Normal-
ized endoglucanase activity in the supernatant of K. phaffi clones expressing EGll alone or co-expressing EGIl with HpFLD, HpFMDH, or both HpFLD and
HpFMDH. Enzymatic activity was determined by the CMC-DNS method as described in the text. Data represent the mean + standard deviation of 5 clones

with 3 replicates each
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Real-time PCR

Real-time PCR analysis verified overexpression of
HpFLD and HpFMDH in recombinant K. phaffi strains
containing heterologous genes from Hansenula polymor-
pha (Fig. 5a and b). Co-expression of HpFLD, HpFMDH,
or both under the control of the pAOX1 promoter
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resulted in enhanced transcription of the reporter genes
compared to expression alone. Specifically, eGFP co-
expressed with HpFLD, HpFMDH, or HpFLD/HpFMDH
showed 1.6-fold, 1.7-fold, and 2.2-fold increased mRNA
levels, respectively (Fig. 5¢). Similarly, EGII co-expressed
with HpFLD, HpFMDH, or HpFLD/HpFMDH exhibited
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Fig. 5 Real-time PCR analysis of gene expression. (@) HpFLD and (b) HoFMDH overexpression in recombinant K. phaffi strains. (c) eGFP and (d) EGIl mRNA
levels in clones expressing eGFP or EGII alone (control) versus co-expression with HpFLD, HpFMDH, or HpFLD/HpFMDH. Values were normalized to the
endogenous reference gene ACT1. Data represent the mean + standard deviation of 5 clones with 3 replicates each
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1.3-fold, 1.5-fold, and 1.8-fold increased transcript lev-
els, respectively (Fig. 5d). The augmentation of eGFP
and EGII transcripts with co-expression of the candidate
metabolic genes correlated with enhanced fluorescence
and enzymatic activity, confirming the positive effects at
the transcriptional level.

Discussion

K. phaffi has become an important host for heterologous
protein production, with thousands of proteins expressed
at high levels using this expression system (Zhu et al.
2019). A key factor underlying the high recombinant
protein yields in K. phaffi is the strongly induced AOX1
promoter. This promoter controls the expression of alco-
hol oxidase, which is tightly regulated and highly upreg-
ulated when K. phaffi is grown on methanol as the sole
carbon source (Kielkopf et al. 2021; Tiirkanoglu Ozge-
lik et al. 2019). The AOX1 promoter from K. phaffi has
been harnessed to drive the high-level production of
diverse heterologous proteins by placing this promoter
sequence upstream of genes encoding proteins of inter-
est. Upon methanol induction, the engineered genes are
strongly transcribed at levels comparable to the native
AOX1 gene, allowing recombinant protein overexpres-
sion (Camara et al. 2017; Haghighi Poodeh et al. 2022;
Kielkopf et al. 2021; Tiirkanoglu Ozcelik et al. 2019).

The heightened energy requirements resulting from
recombinant protein synthesis in K. phaffi underscore the
pivotal role of metabolism as the primary limiting fac-
tor influencing recombinant protein production in this
organism (Heyland et al. 2011). The essential functions of
central metabolic pathways in supplying energy, reduc-
ing equivalents, and precursor molecules for cellular
growth, maintenance, and recombinant protein synthe-
sis underscore the criticality of employing targeted strain
engineering approaches centered on central metabolism
to optimize cell growth and protein production require-
ments (FerrerAlbiol 2014).

In particular, the MUT is directly linked to heterolo-
gous protein production in K. phaffi, as methanol induces
the AOX1 promoter controlling expression of the recom-
binant genes. Thus, enhancing MUT pathway flux has
the potential to increase energy production and precur-
sor supply, alleviating bottlenecks in recombinant protein
synthesis.

The MUT pathway in methylotrophic yeasts stands
out due to its unique transcriptional regulation. Metha-
nol undergoes oxidation to formaldehyde by AOX within
peroxisomes. Subsequently, formaldehyde is detoxified
in the dissimilation pathway to CO, and H,O through
a series of three enzymes: FLD, FGH, and FDH. This
enzymatic process generates NADH, which is crucial for
energy production and the growth on methanol (Geier
et al. 2015; Yu et al. 2022a). In Hansenula polymorpha,
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the activities of FGH and FDH are consolidated into a
single enzyme known as HpFMDH. This fusion of FGH
and FDH into HpFMDH is highly significant as it opti-
mizes the metabolic pathway, streamlining the conver-
sion of formaldehyde to formate. By combining these
enzymes, Hansenula polymorpha enhances the efficiency
of the methanol dissimilation pathway while reducing the
energy consumption required for enzyme synthesis. This
consolidation results in a more efficient process by creat-
ing a single multifunctional enzyme unit instead of two
separate proteins. This metabolic enhancement not only
boosts protein production efficiency but also simplifies
the conversion of formaldehyde to formate, leading to
improved resource utilization and metabolic flow within
the organism (Hartner and Glieder 2006; Van Dijken et
al. 1976).

When the methanol-fed batch phase begins, enzymes
related to the methanol dissimilation pathway are
strongly dominant. On the other hand, enzymes asso-
ciated with methanol assimilation only increase to a
moderate extent during the production phase (Vanz et
al. 2012). For instance, in Hansenula polymorpha, the
addition of methanol led to a 350-fold upregulation of
the HpFMDH gene involved in the dissimilation path-
way. In contrast, the dihydroxyacetone synthase (DHAS)
gene in the assimilation pathway was only upregulated
around 19-fold under the same conditions (van Zutphen
et al. 2010). This is because the assimilation of methanol
requires more energy and resources than the dissimila-
tion pathway, and the cells need to balance their metab-
olism to optimize their growth and protein production
(Liu et al. 2023). Enhancing the dissimilation pathway in
recombinant protein production can indeed improve the
efficiency of methanol metabolism, leading to increased
ATP production and improved biotransformation capa-
bilities. This enhancement optimizes the energy distribu-
tions of methanol metabolism, ensuring more efficient
NADH/product coupling and the exploitation of both
NADH steps for cofactor regeneration in whole-cell sys-
tems (Yu et al. 2022a). By increasing fluxes through the
methanol dissimilation pathway, it has been observed
that recombinant protein yield can be enhanced, indicat-
ing a positive impact on the production of recombinant
proteins (Boojari et al. 2023).

In this research endeavor, we conducted an experi-
ment where we overexpressed and co-overexpressed
two orthologous genes of HpFLD and HpFMDH from
the MUT of Hansenula polymorpha dissimilation path-
way, under the regulation of AOX promoter in K. phaffi.
This investigation aimed to evaluate the impact of these
genetic manipulations on the production of our model
proteins in mRNA and protein expression levels.

The sequences of HpFLD and HpFMDH genes were
extracted from the Hansenula polymorpha genome and
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cloned under the control of pAOX1 in the genome of
recombinant K. phaffi containing one copy of model pro-
tein (eGFP or EGII) genes with the same promoter. The
model proteins (generated in our previous works) were
integrated into the TRP2 locus of the K. phaffi genome
and selected on the selective medium Pichia Adenine
Dropout (PAD). While the HpFLD and HpFMDH genes
were integrated at the AOX1 locus and selected based on
zeocin and genticin resistance.

Both orthologous genes, HpFLD and FMDH, were
validated for overexpression through real-time PCR.
Despite being expressed under the same AOX1 promoter,
HpFMDH demonstrates a more significant expression
upregulation compared to HpFLD. Expression stud-
ies demonstrated a 1.2, 1.6, and 2-fold increase in EGII
enzyme activity and a 1.4, 1.9, and 2.3-fold increase in
fluorescence intensity when HpFLD, HpFMDH, or both
were co-expressed with the model proteins, respectively.
The greater effect of HyFMDH could be due to its higher
expression level or increased effectiveness in enhancing
the dissimilation pathway. Further molecular studies of
methanol metabolic flux will be needed to fully elucidate
the underlying mechanism for HpFMDH’s more signifi-
cant impact. The fluorescence results were confirmed by
real-time PCR.

The synergistic effects of overexpressing both HpFLD
and HpFMDH, leading to an approximately 2-fold
increase, validate the efficacy of enhancing the dissimi-
lation pathway to improve recombinant protein produc-
tion. This concept underscores the potential benefits
of empowering specific pathways to enhance protein
expression levels. Leveraging orthologous genes from
other methylotrophic yeasts could offer new avenues for
optimizing protein expression in K. phaffi and improv-
ing its capabilities as a cell factory for producing natural
products. This strategy has been recently employed in
studies to improve the capabilities of K. phaffi and other
yeasts. For example, a heterologous lactate transporter
from Bos taurus successfully increased l-lactic acid pro-
duction from glycerol in recombinant strains of K. phaffi.
(de Lima et al. 2016). In addition to orthologous genes,
orthologous regulatory sequences have also been effec-
tively utilized for the expression of recombinant proteins
in different yeast cells. These regulatory sequences, which
include promoters, enhancers, and other cis-acting ele-
ments, can significantly impact the expression level and
regulation of the target gene (Naseri et al. 2017; Vogl et
al. 2020).

The findings of this study highlight the significant
potential of optimizing the dissimilation pathway of K.
phalffi to enhance recombinant protein production. Over-
all, in this study, Hansenula polymorpha was utilized
as a template for desired modifications to engineer the
methanol metabolism pathway in K. phaffi, ultimately
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boosting recombinant protein yield. While numerous
studies have employed orthologous genes or regulatory
sequences from other organisms for metabolic engineer-
ing, this finding highlights the potential of such cross-
species approaches for enhancing industrially strategic
recombinant protein production. Evidently, there are
many untapped opportunities and novel ideas yet to be
explored for further optimizing these pathways in the
near future.
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