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Abstract 

Background  Pichia pastoris (Komagataella phaffii) is a promising production host, but the usage of methanol limits 
its application in the medicine and food industries.

Results  To improve the constitutive expression of heterologous proteins in P. pastoris, four new potential transcrip-
tion regulators (Loc1p, Msn2p, Gsm1p, Hot1p) of the glyceraldehyde triphosphate dehydrogenase promoter (pGAP) 
were revealed in this study by using cellulase E4 as reporter gene. On this basis, a series of P. pastoris strains with knock-
out or overexpression of transcription factors were constructed and the deletion of transcription factor binding sites 
on pGAP was confirmed. The results showed that Loc1p and Msn2p can inhibit the activity of pGAP, while Gsm1p 
and Hot1p can enhance the activity of pGAP; Loc1p, Gsm1p and Hot1p can bind directly to pGAP, while Msn2p must 
be treated to expose the C-terminal domain to bind to pGAP. Moreover, manipulating a single transcription factor 
led to a 0.96-fold to 2.43-fold increase in xylanase expression. In another model protein, aflatoxin oxidase, knocking 
out Loc1 based on AFO-∆Msn2 strain resulted in a 0.63-fold to 1.4-fold increase in expression. It can be demonstrated 
that the combined use of transcription factors can further improve the expression of exogenous proteins in P. pastoris.

Conclusion  These findings will contribute to the construction of pGAP-based P. pastoris systems towards high 
expression of heterologous proteins, hence improving the application potential of yeast.
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Background
The Pichia pastoris expression system is among the most 
widely used eukaryotic recombinant protein expression 
systems. More than 5000 recombinant proteins have 
been successfully expressed in P. pastoris (http://​www.​
pichia.​com) [1]. Because it has the general properties of 
yeast and offers some advantages that other expression 
systems do not, the P. pastoris expression system could 
become an attractive platform for the expression of for-
eign proteins [2–6]. One of the most prominent features 
of this system is the presence of pAOX1 (alcohol oxidase 
I promoter), a strong and strictly regulated methanol-
inducible promoter that is commonly used to drive exog-
enous gene expression [2]. However, the pAOX1-based P. 
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pastoris expression system faces many challenges in het-
erologous protein expression and production. For exam-
ple, the presence of carbon source (such as glucose and 
glycerol) repression limits methanol-induced expression 
of pAOX1 [7–11]. Additionally, the toxic, flammable, and 
explosive properties of methanol pose potential safety 
hazards in storage, transportation, and fermentation pro-
cesses [2]. Finally, methanol as a carbon source requires 
a large amount of oxygen during fermentation, which 
can cause product degradation and make purification 
more difficult [12]. These factors limit the application of 
pAOX1-based P. pastoris expression systems in the medi-
cine, food, and feed industries.

In view of the drawbacks of using methanol for the 
induction of pAOX1, the optimization of the P. pastoris 
expression system has received considerable research 
attention in recent years. Most researches are dedicated 
to modifying pAOX1 based on its regulatory mechanism 
through deleting or inserting of cis-acting elements on 
pAOX1, as well as point mutation of the 5’UTR or core 
promoter region, etc. [13–20]. However, these modifica-
tions failed in eliminating the inhibition caused by high 
levels of alternative carbon sources such as glucose and 
glycerol, and were far from reaching the level of indus-
trial application. Another research direction is to develop 
higher-expression promoters to replace pAOX1 [2, 21–
26], including inducible promoters pDAS (Dihydroxyac-
etone synthase), pFLD1 (Formaldehyde dehydrogenase 
1), constitutive promoters pGAP, pTEF1 (Translation 
extension factor 1) and pGCW14 (Potential glycosyl 
phosphatidyl inositol (GPI)-anchored protein). None-
theless, they have not been widely promoted in applica-
tions due to unknown regulatory mechanisms, toxic and 
combustible inducers, or unstable expression. Compared 
with pAOX1, pGAP is a commonly used constitutive pro-
moter, but its transcriptional regulation has rarely been 
reported. Qin et al. constructed a GAP promoter library 
by random mutations (introduced using the error-prone 
PCR technique), which increased GAP promoter activ-
ity [27]. Ata et al. reported that rhGH-producing strains 
were developed using promoter variants constructed by 
the targeted deletion or replication of transcription fac-
tor-binding sites (TFBSs) [28]. These studies, however, 
did not reveal the underlying regulatory mechanism.

In this study, transcriptome analysis was performed on 
a highly expressed strain obtained by directed evolution 
to screen transcription factors with significant changes. 
Database prediction and molecular docking were used 
to further investigate the transcription factor binding 
sites of pGAP. The newly discovered transcription fac-
tors involved in the regulation of the pGAP promoter 
were confirmed through deletion and overexpression, as 
well as the modification of the pGAP promoter. During 

the experiment, it was discovered that the regulation of 
the four transcription factors is broadly applicable to 
the expression of heterologous proteins in P. pastoris. 
The combination of transcription factors can result in 
a higher level of heterologous protein expression. The 
results of this study provide an important theoretical 
basis for the construction of P. pastoris showing high lev-
els of heterologous protein expression.

Materials and methods
Strains, plasmids, enzymes, reagents, and primers
P. pastoris SMD1168 and Escherichia coli DH5α/
BL21(DE3), ppic3.5  k, and pET28a plasmids were pur-
chased from Invitrogen (USA). The pBAN plasmid (Gen-
Bank accession no. KF806603), cellulase E4(GenBank 
accession no. L20093.1), xylanase xynB (GenBank acces-
sion no. JX560731.1) and aflatoxin oxidase AFO (Gen-
Bank accession No. AY941095.1) were available in our 
laboratory. Q5™ High-Fidelity DNA Polymerase, T4 
DNA ligase, restriction endonucleases, and DNA puri-
fication kits were purchased from New England Bio-
labs (NEB, UK). Plasmid isolation kits were purchased 
from Tiangen Biotech Co. Ltd. (Beijing, China). Yeast 
genome extraction kits were purchased from Biotechnol-
ogy (China). Electrophoretic reagents were purchased 
from Bio-Rad (USA). The electrophoretic mobility shift 
assay (EMSA) kit was purchased from Biyuntian (Bei-
jing, China). All other chemicals were of analytical grade. 
The primers (Table S1) and genes used in this study were 
synthesized by Shanghai Jierui Bioengineering Company 
(China).

Construction and directed evolution of strains expressing 
E4 cellulase
The "BBPB Biobrick" used as the target gene expression 
vector was constructed in our laboratory (Figure S1). 
The expression vector was linearized by digestion using 
restriction enzymes and transformed into P. pastoris 
SMD1168 competent cells by electroporation. Recombi-
nant positive clones were screened on minimal dextrose 
medium (MD medium) at 28 °C for 72 h.

The screened E4 cellulase-expressing strain (EX6) was 
subjected to multiple rounds of UV mutagenesis and 
directed evolution. A strain with a high level of heterolo-
gous protein expression was finally obtained (labeled as 
EX6-34–16-15). See Supporting information 13 for specific 
steps. Glycerol was used as a carbon source for heter-
ologous protein constitutive production by pGAP pro-
moter, while methanol was used for inducible expression 
by pAOX1 promoter. The E4 cellulase and pGAP pro-
moter of strain EX6-34–16-15 were sequenced, and only the 
E4 gene was mutated. The E4 cellulase subjected to UV 
mutagenesis was cloned to reconstruct the E4 cellulase 



Page 3 of 12Lin et al. Microbial Cell Factories          (2024) 23:206 	

expression strain as shown in Figure S1 to verify whether 
the increase of E4 cellulase expression level was caused 
by the mutation of E4 gene (denoted as uvEX, including 
uvEX2, uvEX4, uvEX5).

The culture conditions for the production of several 
reporter proteins in yeast and the determination of rela-
tive amounts were displayed in Supporting information 
14.

Transcription factors screening
EX6 and EX6-34–16-15 strains (marked as EX6-15 in sequenc-
ing) were inoculated (1% inoculum concentration) in 
200 mL YPG (Yeast Peptone Glycerol) medium and incu-
bated at 28 °C and 200 rpm until the cell culture attained 
the logarithmic growth phase. Three samples were pre-
pared in parallel. RNA extraction and primary analysis 
of transcriptome sequence (sequencing conducted using 
RNA-Seq method) were performed by Suzhou Jinweizhi 
Biotechnology Co. Ltd. (China).

The TFBSs of the pGAP sequence from P. pasto-
ris SMD1168 were predicted using the YEASTRACT 
(http://​www.​yeast​ract.​com/) web server. For comparison 
of the identified transcription factors, S. cerevisiae was 
employed as the source species (Figure S2). The UniProt 
database was used to identify transcriptional regulatory 
genes in P. pastoris that were homologous to S. cerevi-
siae genes, and potential transcriptional regulatory genes 
with significant differences in expression levels were 
chosen for experimental verification (differential gene 
expression level more than two times and q value ≤ 0.05). 
Simultaneously, HDOCK (http://​hdock.​phys.​hust.​edu.​
cn/) was used to determine if the selected transcription 
factors could interact with pGAP (Table S2).

The protein model used in molecular docking was 
obtained by alphafold modeling as shown in Figure S3 
(Hot1p: C4QW90; Msn2p: C4R1J8; Gsm1p: C4R1K8; 
Loc1p: C4QX18). pGAP’s 3D model was simulated using 
the Discovery studio 4.5 software.

Effects of knockout or overexpression of transcription 
factors on the function of pGAP
Construction of transcription factor-overexpressing 
strains: Primers were constructed to amplify transcrip-
tion factor genes from the P. pastoris genome. The over-
expression vectors were constructed using pGAP as the 
promoter (Figure S4). Electroporation was used to trans-
form the linearized plasmid DNA into strain EX6.

Construction of transcription factor knockout strains: 
Using the mutant strain’s genome as a template, prim-
ers were built to amplify the upstream and downstream 
sequences of the transcription factor genes. The kanamy-
cin (Kan) gene was employed as a tag to build a knock-
out vector (Figure S5). Electroporation was employed to 
convert the homologous recombinant segments used for 
knockout into strain EX6.

OD600 was examined at regular intervals to obtain 
the growth curve of each strain in order to determine 
whether the knockout or overexpression of transcription 
factors affected the strains’ growth. Each experiment was 
carried out three times.

Real-time fluorescence quantitative PCR (qPCR) was 
used to examine the transcription level of E4. RNA was 
isolated from the logarithmic-growing fungus. As a tem-
plate, cDNA produced through reverse transcription was 
used. TaKaRa’s SYBR Primix Ex TaqII and primers 1-F 
and 1-R were used for qPCR amplification; the gapdh was 
used as the internal reference gene. Each experiment was 
carried out three times.

The same biomass strain’s culture supernatant was 
exposed to western blot verification, and protein expres-
sion levels were compared.

Interaction between GAP promoter and transcription 
factors
The plasmid pET-28a ( +) was used as the expression 
vector, and BL21 (DE3) was used as the host strain. E. 
coli harboring transcription factor expression vectors 
was used to obtain transcription factors (Figure S6). 
EMSA was used to investigate the relationships between 

Table 1  List of strains

Promoter of glyceraldehyde 
triphosphate dehydrogenase (pGAP) 
mutant strain

Transcription factor knockout strains Transcription factor knockout strains 
with mutant pGAP

Predicted binding sites

pGAP(∆Loc1)-rfp-ppic3.5 k-SMD1168 pGAP -rfp-ppic3.5 k-∆Loc1-SMD1168 pGAP(∆Loc1)-rfp-ppic3.5 k∆Loc1-
SMD1168

38–42 bp

pGAP(∆Msn2)-rfp-ppic3.5 k-SMD1168 pGAP -rfp-ppic3.5 k-∆Msn2-SMD1168 229–234 bp

pGAP(∆Gsm1)-rfp-ppic3.5 k-SMD1168 pGAP -rfp-ppic3.5 k-∆Gsm1-SMD1168 pGAP(∆Hot1)rfp-ppic3.5 k-∆Hot1-
SMD1168

70–82 bp

pGAP(∆Hot1)-rfp-ppic3.5 k-SMD1168 pGAP -rfp-ppic3.5 k-∆Hot1-SMD1168 158–162 bp, 168–172 bp, 
247–251 bp, 305–309 bp, 
452–459 bp

http://www.yeastract.com/
http://hdock.phys.hust.edu.cn/
http://hdock.phys.hust.edu.cn/
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transcription factors and pGAP. The experimental groups 
are shown in the Table S3. Each group was incubated for 
20 min before the proteins electrophoretically transferred 
to the membranes at low temperatures. A chemilumines-
cence imaging system was used for exposure imaging.

Determination of transcription factor‑binding regions 
on pGAP
To precisely pinpoint the transcription factor binding 
site on pGAP, it was split into three fragments (Figure 
S7), dubbed pGAP-AB, pGAP-BC, and pGAP-CD (about 
50  bp overlap between two fragments). Furthermore, 
pGAP (del) was assigned to the nucleic acid probe with 

Fig. 1  Expression levels of E4 proteins in different P. pastoris strains. A Levels of protein expression in different strains during directed evolution. 
B Comparison of expression levels of E4 cellulase in EX6-34–16-15 strain (using pGAP promoter and glycerol as carbon source) and EX6 strain (using 
pAOX1 promoter and methanol as carbon source). C Comparison of E4 expression levels in uvEX, EX6, and EX6-34–16-15 strains. EX6 was used 
as a control. The mean values of the results of three repeated experiments are depicted, and the relative standard deviations are shown using error 
bars (*p < 0.05, **p < 0.01, ***p < 0.001)
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two deleted overlapping areas. EMSA was used to exam-
ine transcription factor binding sites on pGAP.

Identification of DNA‑binding domains of transcription 
factors
The SMART software predicted each transcription fac-
tor’s DNA-binding domains, transcriptional activation 
domains, and special junction domains (Table S4). Loc1p, 
Gsm1p, and Hot1p were partitioned and expressed in E. 
coli based on the position of the domain in the transcrip-
tion factor sequence; the partial domains were called 
Loc1p-N and Loc1p-C, Gsm1p-N and Gsm1p-C, and 
Hot1p1-N and Hot1p-C, respectively. Msn2p’s C-termi-
nus was predicted to have a zinc finger structure, so 100 
amino acids at the C-terminus were produced and called 
Msn2p-C100 (Figure S6). EMSA tests were carried out 
using the various domains of the four transcription fac-
tors as well as the pGAP.

The nuclear localization signal (NLS) of Msn2p was 
predicted using the online servers, NLStradamus (http://​
www.​moses​lab.​csb.​utoro​nto.​ca/​NLStr​adamus/) [29], 
NLS Mapper (https://​nls-​mapper.​iab.​keio.​ac.​jp/​cgi-​bin/​
NLS_​Mapper_​form.​cgi) [30], and PSORTII (https://​www.​
gensc​ript.​com/​psort.​html) [31] as shown in Figure S8.

Analysis of pGAP after deletion of TFBSs
According to the software’s predictions, putative TFBSs 
on pGAP were removed to create a series of strains with 
mutant pGAP sequences (Table 1). Confocal microscopy 
was used to measure the intensity of the reporter gene’s 
expression (red fluorescent protein, RFP). The activity 

of the mutant and intact pGAP was compared. Msn2p-
C100 was expressed in the pGAP-rfp-ppic3.5  k-∆Msn2-
SMD1168 strain to confirm its inhibitory action. A laser 
confocal microscope was used for the observation.

Validation of applicability of transcription factors
To further validate the regulatory effect of these four 
transcription factors on the overexpression of heterolo-
gous proteins in P. pastoris using pGAP as the promoter, 
other heterologous protein expression strains were con-
structed. Firstly, the activating and inhibitory transcrip-
tion factors were overexpressed and knocked out in the 
P. pastoris strain expressing xyn B(xylanase), respec-
tively. Furthermore, a single transcription inhibitor was 
knocked out in the strain expressing AFO (aflatoxin oxi-
dase). On this basis, another transcription inhibitor was 
knocked out to form a double transcription factor knock-
out strain. The effects of single transcription inhibitor 
knockout and double knockout strains on protein expres-
sion were compared.

Results and discussion
Directed evolution of strains showing constitutive high 
level of expression
With E4 cellulase as reporter gene, P. pastoris strain EX6 
was treated to directed evolution, obtaining the geneti-
cally stable strain EX6-34–16-15, in which the expression 
of E4 cellulase increased by 444% over EX6. The results 
are shown in Fig.  1A. Figure  1B shows that the expres-
sion level of E4 cellulase in strain EX6-34–16-15 is 1.37 times 
higher than that in strain EX6.

Table 2  Prediction of transcription factors

P. pastoris transcription factor Predicted role Predicted transcription factor 
binding sites and frequency of 
occurrence

Homologous protein 
(Saccharomyces 
cerevisiae)

Regulatory effect (Saccharomyces 
cerevisiae)

Loc1p (PAS_chr1-1_0414) Inhibition YTGAT (2) Loc1p 1. Effective localization of ASH1 
mRNA is required [32]
2. Regulation of transcription 
of other genes [33]

Msn2p (PAS_chr2-1_0723) Inhibition AGGGG,CCCCT, RGGGG (2) Msn2p Improves cell sensitivity 
and response to environmental 
stresses [34]

Gsm1p (PAS_chr2-1_0732) Activation CGGNNNNNNNNCGG (1) Gsm1p 1. Expression of regulatory protein 
OXPHOS [35]
2. Transcriptional regulation 
of genes involved in gluconeogen-
esis pathway [36]

Hot1p (PAS_chr1-1_0149) Activation GGG​ACA​AA, CTTCC,CWTCC (5) Gcr1p 1. Involved in glycolysis to promote 
cell growth [37]
2. Involved in maintaining the sta-
bility of cellular inositol levels, 
maintaining the structure of vacu-
oles, and promoting cell autophagy 
and renewal [38]

http://www.moseslab.csb.utoronto.ca/NLStradamus/
http://www.moseslab.csb.utoronto.ca/NLStradamus/
https://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi
https://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi
https://www.genscript.com/psort.html
https://www.genscript.com/psort.html
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Sequencing of the E4 cellulase gene and pGAP pro-
moter of train EX6-34–16-15 showed no mutations in the 
pGAP promoter sequence, while mutations occurred in 
the E4 cellulase gene. Subsequently, the reporter gene 
(E4 cellulase) from EX6-34–16-15 was used to construct 
a recombinant expression of E4 cellulase in P. pastoris 
(uvEX2, uvEX4, uvEX5). The expression level of E4 cel-
lulase was not significantly different from that of EX6 
(Fig. 1C).

These results suggest that the high expression of E4 
cellulase in EX6-34–16-15 may be due to changes in pGAP 
regulation. This provides a basis for further studying the 
regulatory mechanism of pGAP through transcriptional 
differential analysis.

Analysis of TFBSs in the pGAP sequence
Putative TFBSs in the pGAP sequence were predicted 
using the YEASTRACT database. Transcription factors 
homologous to Saccharomyces cerevisiae were identified 
based on the degree of significance of differences in gene 
expression levels observed in the transcriptome sequence 
data.

The String database (https://​cn.​string-​db.​org/) discov-
ered that Loc1p, a transcription factor with significantly 
downregulated expression interacted with Ash1p dur-
ing the screening of potential transcriptional regulatory 
genes (Figure S9). Because Ash1p was anticipated to have 
binding sites on pGAP, the interaction sites of Loc1p and 
pGAP were discovered to overlap with the interaction 
sites of Ash1p predicted by YEASTRACT via molecular 
docking. As a result, Loc1p is among the prospective reg-
ulating genes for biological research. The results showed 

Fig. 2  Growth, gene transcription, and protein expression in different strains of P. pastoris. (A–B) Growth curves of different strains. Strains in (A) had 
increased expression levels; strains in (B) had decreased expression levels. C Quantitative real-time PCR (qPCR) results: Taking gapdh as the control, 
the average values of the results of three repeated experiments were depicted and the relative standard deviations are shown using error bars. 
D–E Western blotting (WB) results: Taking EX6 as the control, Strains in (D) had increased expression levels; strains in (E) had decreased expression 
levels. The numbers 1 to 5 indicate 5 different clones of the strain. The average values of the results of three repeated experiments were depicted, 
and the relative standard deviations are shown using error bars. Protein expression levels in each strain were measured under the same biomass 
conditions (*p < 0.05, **p < 0.01, ***p < 0.001)

https://cn.string-db.org/
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that four unreported transcription factors, Loc1p, 
Msn2p, Gsm1p and Hot1p, may regulate the activity of 
pGAP (Table 2).

Loc1p owned two relatively concentrated binding sites, 
one of which coincides with the binding site of its inter-
acting protein Ash1p, according to HDOCK. Therefore, 
Loc1p was regarded to have a binding site comparable 
to Ash1p (Table  S2). Thus, investigating the relation-
ship between these transcription factors and pGAP in P. 
pastoris would aid in understanding the mechanism of 
pGAP activity regulation.

Knockout and overexpression of transcription factors
The growth curve showed that the knockout of Hot1 and 
Gsm1 reduced the growth rates of the strains by about 
20%-30%, while the overexpression of Hot1 had a growth 
rate 1.1 times that of the EX6. The overexpression and 
knockout of Loc1 and Msn2 had no effect on the growth 
rates of the strains (Fig. 2A to B). Hot1p and Gsm1p are 
involved in the regulation of glycolysis and gluconeo-
genesis in S. cerevisiae, according to Ravi et al. [38]. The 
knockout of Hot1 and Gsm1 may inhibit cell growth by 
disrupting cellular metabolism.

The levels of E4 gene transcription and E4 expression 
in EX6 strains, in which the putative transcription factors 
were overexpressed and knocked out, are shown in Fig. 2 

C to 2E. Compared to the strain EX6, the levels of E4 
gene transcription and E4 expression in ∆Loc1, ∆Msn2, 
Gsm1, and Hot1 strains were significantly upregulated, 
but they were significantly downregulated in Loc1, Msn2, 
∆Gsm1, and ∆Hot1 strains. The results of WB and qPCR 
analyses corroborated these findings. Specifically, Hot1p 
and Gsm1p were identified to enhance the function of 
the GAP promoter, whereas Loc1p and Msn2p had the 
opposite effect. This suggested that these four transcrip-
tion factors play a role in regulating pGAP activity, as 
their inhibition or activation resulted in a corresponding 
change in pGAP activity levels.

Interaction between GAP promoter and transcription 
factors
The EMSA results showed that Loc1p, Gsm1p, and 
Hot1p could specifically bind to pGAP (Fig. 3A), indicat-
ing that these transcription factors could directly bind 
to pGAP and regulate its activity. The binding of Msn2p 
with pGAP was not detected in the in vitro experiments. 
However, the zinc finger domain of Msn2p, composed of 
100 amino acids at its C-terminus (Msn2p-C100), could 
bind to pGAP (Fig. 3A).

In this study, EMSA was performed to analyze the 
interaction of the four regulatory factors with three 
pGAP segments, and the results are shown in Fig.  3B. 

Fig. 3  EMSA results showing interactions between transcription factors and promoters of glyceraldehyde triphosphate dehydrogenase (pGAP) 
fragments. A EMSA results showing interactions between the four transcription factors and the full-length pGAP. B EMSA results showing 
interactions between the transcription factors and the partial fragments of pGAP. C EMSA results showing interactions between the transcription 
factors and the pGAP (del) fragments. The “ + ” (“ − ”) sign indicates that the corresponding components were added (not added)
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Hot1p, Gsm1p, and Msn2p-C100 interacted with all 
three segments of pGAP, while Loc1p interacted with 
the pGAP-AB and pGAP-BC. To determine whether the 
binding site was present in the overlapping regions of the 
segments, EMSA was conducted to analyze the binding 
of the transcriptional regulators with pGAP (del), from 
which the overlapping region of the promoter sequence 
was deleted. Loc1p, C100, Gsm1p and Hot1p were found 
to bind to pGAP (del) (Fig. 3C). These results suggested 
that there might be multiple TFBSs in pGAP.

However, the positions of these TFBSs were differ-
ent those of TFBSs in pGAP predicted by YEASTRACT. 
HDOCK was used to examine the docking of transcrip-
tion factors (Table S2). The sites where Loc1p interacted 
with pGAP were mainly concentrated in the pGAP-AB 
and pGAP-BC segments, and these sites were ranked 
among the top 10 positions where binding was predicted. 
The YTGAT site was included in the main binding site 
of pGAP-AB, indicating that the binding site of Loc1p 
did overlap with ’ YTGAT ’. However, ’ YTGAT ’ was 
only a portion of the Loc1p binding site, and therefore, 
there was no interaction on pGAP-CD. The sites where 
Hot1p, Gsm1p, and C100 interacted with pGAP were 

distributed in all three segments of pGAP. These docking 
results were consistent with the EMSA. The transcription 
factors were observed to have multiple putative binding 
sites on pGAP, and additional investigations are neces-
sary to ascertain the precise localization of these binding 
sites. This study demonstrates that molecular simulation 
docking enables an initial exploration of the interaction 
between transcription factors and promoters, potentially 
enhancing the efficiency of mining promoter regulatory 
mechanisms.

The EMSA experiments showed that the Loc1p-
C, Gsm1p-N, Gsm1p-C, Hot1p-N, and Msn2p-C100 
domains could interact with pGAP, as demonstrated by 
the presence of blocked bands (Fig.  4A). The Msn2p-
C100 replenishment experiment was carried out using 
the pGAP-rfp-ppic3.5  k-∆Msn2-SMD1168 strain. A 
laser confocal microscope was used to examine the 
reporter gene’s expression. The fluorescence intensity of 
the Msn2p-C100 replenishment strain was significantly 
lower than that of the Msn2 knockout strain (Fig.  4B). 
According to the experimental results, the binding 
domain of Loc1p is a randomly coiled structure com-
posed of 113 amino acids at the C-terminus, Gsm1p has 
multiple binding domains (the zinc finger-like structure 
at the N-terminus and the presumed active site at the 
N-terminus), and the binding domain of Hot1p is in a 
coiled helix composed of 200 amino acids at the N-ter-
minus. Msn2p’s binding domain may be a zinc finger 
domain with 100 amino acids at the C-terminus.

The online servers NLStradamus, NLS Mapper, and 
PSORT II predicted the nuclear localization signal (NLS) 
of Msn2p was located at amino acid positions 269 to 280 
(Figure S8). Msn2p’s regulation mechanism shows that the 
transcription factor’s NLS is concealed under normal cel-
lular circumstances. Under certain conditions, Msn2p is 
modified or cleaved by various enzymes, and the NLS at 
the N-terminal of the zinc finger domain (C100) is exposed 
so that C100 can enter the nucleus under the guidance of 
NLS and exercise the transcriptional inhibition function. 
In S. cerevisiae, Msn2p responds to various stress condi-
tions and can also be phosphorylated by protein kinase A 
(PKA) under sufficient carbon conditions, thereby inhib-
iting its nuclear localization. When the cells are in a state 
of starvation, Msn2p activates yeast Cip1 along with other 
transcription factors to inhibit the binding of the cyclin 
complex at the G1 stage (Cdk1-G1), delaying the cell cycle 
and preventing cell damage [39]. In this study, the deletion 
of the Msn2 enhanced the expression level of the reporter 
protein, whereas protein expression was inhibited after 
supplementation with Msn2p-C100. This indicates that 
Msn2p inhibits the activity of pGAP when sufficient nutri-
ents are available, and this inhibition is mediated by its 
C-terminal zinc finger domain.

Fig. 4  Identification of DNA-binding domains of transcription factors. 
A Determination of DNA-binding domains of the transcription factors. 
The “ + ” sign indicates that the corresponding components were 
added; the “ − ” sign indicates that the corresponding components 
were not added. LN:Loc1p-N; LC:Loc1p-C; GN:Gsm1p-N; GC:Gsm1p-C; 
HN:Hot1p-N; HC:Hot1p-C; C100:Msn2p-C100. B The transcription 
factor Msn2-knockout strain and the C100-complemented strain were 
analyzed using a laser scanning confocal microscope (20 ×)
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Analysis of TFBSs in the GAP promoter
The fluorescence intensity of the pGAP strain with a 
deletion of the Loc1p binding site was considerably 
higher than that of the strain with the entire pGAP 

sequence (Fig. 5A). This result showed that the deletion 
of the binding site alleviated the inhibition of pGAP 
activity by Loc1p.

Fig. 5  Fluorescence maps of strains harboring mutations in GAP promoter. A The results of analysis of pGAP mutant strains using a laser scanning 
confocal microscope (20 ×). B The results of analysis of transcription factor knockout strains harboring mutated pGAP using a laser scanning 
confocal microscope (40 ×)
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However, pGAP strains with deleted Msn2p and 
Gsm1p binding sites did not emit fluorescence signals, 
indicating that the deletion of these sites from the pGAP 
fragment resulted in pGAP inactivation. YEASTRACT 
analysis of the GAP promoter revealed that there were 

two Stb5p binding sites in the Gsm1p binding site, while 
the Msn2p binding site overlapped with the binding 
sites of multiple transcription factors (Skn7p, Stb5p, 
Mal63p, Msn4p, Nrg1p, Gis1p, Rph1p, Com2p, Usv1p). 
An NCBI database search showed that most of these 

Fig. 6  Levels of protein expression in different strains. A Comparison of xylanase expression levels in xynB, xynB-Hot1, xynB-Gsm1, xynB-∆Msn2 and 
xynB-∆Loc1 strains. xynB was used as a control. B Comparison of aflatoxin oxidase expression levels in AFO, AFO-∆Msn2 and AFO-∆Msn2-∆Loc1 strains. 
AFO was used as a control. The mean values of the results of three repeated experiments are depicted, and the relative standard deviations are 
shown using error bars (*p < 0.05, **p < 0.01, ***p < 0.001)

Fig. 7  Regulation of pGAP activity by the four transcription factors (Loc1p, Msn2p, Gsm1p, and Hot1p)
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genes promote the activity of DNA-binding transcrip-
tion factors and RNA polymerase II. Therefore, it is 
speculated that the loss of Msn2p and Gsm1p binding 
sites could lead to the loss of important components of 
pGAP, resulting in the loss of pGAP function.

The fluorescence intensity of pGAP(∆hot1)-rfp-
ppic3.5 k-SMD1168 was significantly weaker than that of 
pGAP-rfp-ppic3.5 k-SMD1168, indicating that deletion of 
the Hot1p binding site resulted in a decrease in the level 
of pGAP activation. This result was consistent with the 
prior finding (section of Knockout and overexpression of 
transcription factors) that Hot1p is a transcriptional acti-
vator of pGAP.

Figure  5B shows that no significant differences were 
observed in the fluorescence intensities of the Loc1-
knockout strain (pGAP-rfp-ppic3.5  k-∆Loc1-SMD1168) 
and the Loc1p binding site-knockout strain (pGAP 
(∆Loc1)-rfp-ppic3.5  k-∆Loc1-SMD1168). Likewise, no 
significant differences were observed in the fluorescence 
intensities between the Hot1p binding site-knockout 
strain (pGAP(∆Hot1)- rfp-ppic3.5  k-∆Hot1-SMD1168) 
and the Hot1-knockout strain (pGAP-rfp-
ppic3.5 k-∆Hot1-SMD1168). These results demonstrated 
that the changes in RFP expression intensities in pGAP 
mutant strains were caused by the inhibition of transcrip-
tion factor binding to pGAP rather than shortening of 
the GAP promoter length. These findings validated the 
hypothesis that Loc1p is a transcriptional inhibitor of 
pGAP and Hot1p is a transcriptional activator of pGAP.

Validation of applicability of transcription factors
As shown in Fig.  6A, compared to the xynB strain, the 
expression levels of xynB in the xynB-Hot1 and xynB-
Gsm1 strains increased by 2.43 and 1.92 times respec-
tively. Moreover, the expression levels of xynB in the 
xynB-∆Msn2 strain and the xynB- ∆Loc1 strain were 2.05 
and 1.96 times that of the xynB strain. The AFO expres-
sion level of the AFO-∆Msn2 strain increased by 1.63 
times. Based on this, further knockout of Loc1 (AFO-
∆Msn2-∆Loc1 strain) resulted in a 1.4-fold increase in 
AFO expression (Fig. 6B). The results show that the com-
bination of transcription factors can enhance heterolo-
gous protein production further.

Overall, these findings confirm that these transcrip-
tion factors participate in the regulation of pGAP activity 
(Fig. 7).

Conclusion
The study identified four novel transcription factors 
(Loc1p, Msn2p, Gsm1p, and Hot1p) that regulate the 
activity of the GAP promoter. Furthermore, it was dem-
onstrated that Loc1p and Msn2p are transcriptional 

inhibitors of pGAP, and Gsm1p and Hot1p are transcrip-
tional activators of pGAP. Regulating pGAP with the four 
transcription factors can lead to increased heterologous 
protein expression in P. pastoris.

The results of this study provide a theoretical basis 
for the construction of strains with constitutively high 
expression levels of heterologous proteins. This engi-
neering strategy can also be used for other constitutive 
promoters to improve the constitutive expression level of 
heterologous proteins in P. pastoris, making it more suit-
able for production applications in the field of medicine 
and food technology.
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