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 چکیده

های نووتورکویو   ای برتر برای تولید پروتئین عنوان گزینه طور گسترده به( به(Komagataella phaffiiکومگاتائلا فافی سابقه و هدف: 

آل نیست. یکی از عوامل محدودکننده، سوتوتوی یشوای  ها هنوز ایده حال، کارایی آن در ترشح این پروتئین شناخته شده است. بااین

مسئول کدگذاری آنزیم مهوموی در  ERG11تأثیر میزان ارگوسترول قرار دارد. ژن  است که تا حد زیادی تحت در این متمر سلولی

تواند باعث افزایش سیالیت یشاء و به طور بالقوه بهبود ترشح پوروتوئویون  می ERG11مسیر بیوسنتز ارگوسترول است. کاهش بیان 

در نواحویوه   ( TcRs(   با الحاق ریبوسوئیچ تتراسایکولویون  ERG11شود. در این مطالعه، هدف طراحی روشی برای کنترل پویای بیان

  است. آن بوده (UTR'5( ۵'ییرکدشونده 

های بهینه برای  استفاده شد تا محل مولکولیو داکینگ  RNAبینی ساختار ثانویه  های محاسباتی شامل پیش از تکنیکها: مواد و روش

طراحی شد تا الوحواق دقویو    ( CRISPR-Cas9( 9کس-کریسپرالحاق ریبوسوئیچ شناسایی شوند. علاوه بر این، راهبردی مبتنی بر 

TcRs  بالادستERG11   ممکن شود. ساخت نوترکیبی هماز طری 

با دو بوازوی  TcRsدهنده شامل  DNAشناسایی و یک سازه  TcRsمناس  برای الحاق های محاسباتی، چهار محل  با تحلیل  ها:یافته

های مجاور موحول الوحواق  صورت راهبردی طراحی شدند تا توالی به sgRNAهمسان برای ورود دقی  طراحی شد. همچنین، سه 

 شود. میساخت  نوترکیبی همریبوسوئیچ را هدف قرار دهند که این امر موج  افزایش کارایی و دقت الحاق از طری  

 ERG11جایگاه ژنی  های مؤثر برای الحاق را مشتص و روش معتبری برای وارد کردن ریبوسوئیچ در این مطالعه محل  گیری:نتیجه

های نووتورکویو  در  تواند به عنوان راهکاری برای تنظیم پویای سیالیت یشاء و افزایش ترشح پروتئین دهد. این روش می ارائه می

 مورد استفاده قرار گیرد. کومگاتائلا فافی
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Abstract  

Background & Objectives: Komagataella phaffii (K. phaffii) is widely recognized as a top choice 

for producing recombinant proteins. However, its efficiency in secreting these proteins remains 

less than ideal. One limiting factor is the rigidity of the yeast cell membrane, which is largely    

influenced by ergosterol levels. The ERG11 gene is responsible for coding a crucial enzyme in the 

ergosterol biosynthesis pathway. Reducing the expression of  ERG11 could increase membrane 

fluidity, potentially improving protein secretion. In this study, we aim to design a method to       

dynamically control the expression of ERG11 by integrating a tetracycline riboswitch (TcRs) into 

its 5′ untranslated region (5′UTR). 

Materials & methods: Computational techniques, including RNA secondary structure prediction 

and molecular docking, were utilized to identify optimal sites for riboswitch insertion.                

Additionally, a CRISPR/Cas9-based knock-in strategy was designed to enable precise integration 

of the TcRs upstream of  ERG11 through homologous recombination. 

Results: Based on computational analyses, four suitable insertion sites for TcRs were identified, 

and a DNA donor construct comprising TcRs with two homologous arms was designed for precise 

integration. Additionally, three single-guide RNAs (sgRNAs) were strategically designed to target 

sequences adjacent to the riboswitch insertion sites, thereby enhancing the efficiency and accuracy 

of knock-in via homologous recombination. 

Conclusion: This work highlights effective insertion sites and provides a validated approach for 

introducing a regulatory riboswitch into the ERG11 locus. This method offers a potential means to 

modulate membrane fluidity dynamically, enhancing the secretion of recombinant proteins in K. phaffii. 
 
Keywords: Recombinant Proteins, Komagataella phaffi, Ergosterol, Riboswitch, CRISPR-Cas9, 

Membrane Fluidity.  
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Introduction 

Komagataella phaffii (K. phaffii), formerly 

known as Pichia pastoris, is widely used as a 

host organism for recombinant protein production 

due to its rapid growth, scalability, and ability 

to perform post-translational modifications. 

However, protein secretion efficiency often 

remains suboptimal, mainly because of limitations 

in protein folding, intracellular trafficking, and 

membrane translocation (1–3). Recent studies 

have highlighted the important role of membrane 

composition in regulating protein secretion in 

K. phaffii. Ergosterol, the main sterol found in 

fungal cell membranes, is crucial for maintaining 

membrane integrity and fluidity. The ERG11 

gene encodes lanosterol 14α-demethylase, a 

key enzyme in the ergosterol biosynthesis   

pathway responsible for removing the 14α-methyl 

group from lanosterol. Prior research has 

shown that suppressing ergosterol synthesis 

can improve recombinant protein secretion in 

K. phaffii by modifying membrane composition 

and increasing membrane fluidity (4-8).  

Riboswitches are regulatory RNA elements 

that directly bind small molecules and control 

gene expression without requiring protein     

cofactors (9-13). The tetracycline riboswitch 

system has been successfully implemented in 

yeast for dose-dependent translational control, 

with insertion into the untranslated region 

5'UTR resulting in up to ninefold suppression 

of gene expression upon tetracycline addition 

(14). The positioning of the riboswitch within 

the 5'UTR significantly affects regulatory     

efficiency, with insertions near the start codon 

generally providing more effective repression 

than those near the cap (15-17).   

This study aims to employ in silico approaches 

to identify optimal insertion sites for the       

tetracycline riboswitch within the ERG11 

5’UTR of K. phaffii. A knock-in experiment 

was designed using the CRISPR-Cas9 system 

to insert the TcRs into the 5’UTR of ERG11. 

This strategy has the potential to enhance      

recombinant protein secretion by modulating 

membrane fluidity through controlled expression 

of ERG11. 

 

Materials and methods 

A) Sequence Retrieval and Analysis of the 

ERG11 Upstream Regulatory Region: The     

genomic sequence encompassing the ERG11 

coding region (NC-012965.1) and a non-coding 

504-nucleotide sequence immediately upstream 

of its annotated start codon (ATG) was           

retrieved from the NCBI Nucleotide database 

(Fig 1). In silico analysis of the upstream      

region (positions -504 to -1 relative to the 

ERG11 ATG) was performed using the NCBI 

ORF FINDER tool (default parameters: minimum 

ORF length = 30 nt, genetic code = standard). 

A 40-nucleotide segment, immediately before 

the start codon, was identified as the likely  5′ 

untranslated region (5′UTR)(18).  

B) Riboswitch Insertion Library Design: A      

15-nucleotide segment spanning positions -30 

to −15 relative to the start codon was selected 

as the target region for TcRs integration (Fig 1). 

Within this segment, fourteen unique insertion 

sites were identified at single-nucleotide        

intervals. The entire sequence, consisting of the 

40-nucleotide 5′ untranslated region (5′UTR) 

with the TcRs element inserted at each of the 

14 positions, was transcribed into RNA,       

generating a library of 14 distinct mRNA      

variants (19). 

C) Stability Assessment of 5′UTR Variants    

containing TcRs: RNAfold (ViennaRNA 

v2.6.0) applied to predict the secondary       

structures and folding energies (∆G) of all 14 

variants under default settings (temperature = 

28°C, no constraints) (14). From these, a single 
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structure was selected for further analysis 

based on its minimal deviation in ∆G from the 

native 5′UTR (∆G = 0 kcal/mol), thereby     

ensuring minimal structural perturbation (21).    

D) Molecular Docking: The three-dimensional 

structures of these variants were modeled using 

RNAComposer, which provided accurate     

predictions of their tertiary conformations (22). 

Molecular docking simulations were then     

performed between the tetracycline ligand and 

each of the 14 variants using HDOCK, a         

rigid-body docking tool that exhaustively      

samples ligand orientations to estimate binding 

affinities. The resulting docking scores allowed 

for a comparative assessment of tetracycline’s 

binding potential across all insertion sites, 

identifying those with the most favorable      

interactions. Among them, three structures 

were selected for further analysis based on 

their higher docking scores (23). 

E) Single-Guide RNA (sgRNA) Selection: The 

sgRNA sequences targeting ERG11 from K. 

phaffii were designed using the online tool 

CRISPOR (http://crispor.org/). CRISPOR was 

employed to select sgRNAs with high on-target 

efficiency and minimal off-target effects, based 

on the K. phaffii  genome sequence (24).  

CRISPi plasmids developed by Brigitte       

Gasser’s lab have been suggested for CRISPR/

Cas9-mediated genome editing in K. phaffii. 

These plasmid vectors, which express the    

Cas9 nuclease, are available at Addgene as  

(#1000000136). They contain a cloning site for 

the sgRNA. The protocol for cloning the      

sgRNA into these vectors should follow the 

associated publications (25). 

F) Design of the Donor DNA or Homologous 

DNA: For the knock-in experiment, a donor 

DNA template was designed to contain the 

TcRs flanked by homology arms, each ranging 

from 400 to 700 base pairs in length. These 

homology arms are homologous to the genomic 

sequences upstream and downstream of the 

Cas9 cleavage site in the ERG11 gene. 

 

Results 

A) Analysis of the ERG11 Upstream Regulatory 

Region to recognize the possible insertion sites 

for TcRs: The analysis of the ERG11 upstream 

sequence using NCBI ORF FINDER identified 

two upstream Open Reading Frames (uORFs) 

within the 5' leader sequence. As shown in Fig. 

2, uORF1 (highlighted in grey in the annotated 

sequence) initiates at position -346 and terminates 

at position -242, encoding a putative peptide of 

34 amino acids. uORF2 (highlighted in blue) is 

located closer to the main ERG11 ORF, initiating 

at position -220 and terminating at position -41, 

encoding a putative 59 amino acid peptide. 

The uORFs in the 5′ leader sequence, such as 

those identified upstream of ERG11, are         

important regulatory elements that modulate 

ERG11 protein expression by controlling the 

translation of its mRNA (26,27). Therefore,      

to avoid disrupting natural gene regulation        

mediated by these uORFs, riboswitch insertion 

sites should be selected outside of these         

regions. Ideally, insertion points should be     

located close to the start codon to allow better 

control of ERG11 expression without interfering 

with the native regulatory mechanisms. 

 Immediately downstream of uORF2 and        

directly upstream of the start codon, a              

40-nucleotide segment (positions -40 to -1     

relative to the ERG11 ATG) was defined as the 

core putative 5'UTR. The region showed no 

secondary structure (∆G = 0 kcal/mol), suggesting 

potential inclusion of the native 5′UTR, which 

indicates a predominantly linear, unstructured 

conformation under the modeled conditions. 

Within the 5′UTR, a 15-nucleotide region was 

targeted as the potential insertion site for TcRs.  

http://crispor.org/
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B) Stability Assessment of 5′UTR Variants   

containing TcRs: To evaluate the potential     

impact of TcRs insertions on the secondary 

structure of the ERG11 5′ untranslated region 

(5′UTR), we used RNAfold (ViennaRNA 

v2.6.0) to predict the minimum free energy 

(MFE) structures for all 14 insertions (Table 

1). The native 40-nucleotide 5′UTR had an 

MFE of 0 kcal/mol, which served as the baseline 

reference, while the isolated TcRs sequence 

alone had an MFE of -23.71 kcal/mol. Among 

the variants, MFE values ranged from -24.56    

to -26.48 kcal/mol, indicating varying degrees 

of structural perturbation relative to the native 

sequence. The differences in MFE values were 

not significant. However, variant 13 showed 

the smallest change in free energy (-24.56 kcal/

mol) compared to the other variants, suggesting 

that insertion at this position causes the least 

disruption to the native RNA secondary      

structure. This minimal perturbation is critical, 

as preserving the native 5′UTR folding is likely 

essential for the natural translational regulation 

of ERG11. Therefore, variant 13 represents a 

promising candidate for further functional   

analysis, as it balances effective riboswitch   

integration with preservation of the native 

mRNA’s structural integrity. 

C) Molecular Docking: The HDOCK scores 

revealed notable variation in binding affinity 

depending on the insertion position, indicating 

that the structural context within the 5′UTR   

significantly modulates tetracycline accessibility 

(Table 2). Several sites, particularly those at 

positions 6, 7, and 8, exhibited the most favorable 

(highest) docking scores, suggesting these     

regions may provide optimal environments for 

ligand interaction and are promising candidates 

for engineering functional riboswitches. In     

contrast, other sites, such as 1 and 4, showed 

Fig 1. The annotated sequence highlights two upstream open reading frames (uORFs) probably regulating ERG11 

translation. uORF1 (grey) initiates at position –346 and terminates at –242 relative to ERG11 ATG. uORF2 (blue), 

positioned closer to the main ERG11 ORF, starts at –220 and ends at -41. The canonical Kozak consensus sequence 

(CAAACATGAG) surrounding the ERG11 start codon (ATG, +1) is underlined, highlighting its role in translation 

initiation efficiency. The 40-nucleotide region from –40 to –1 relative to the ATG, presumed to be the 5' untranslated 

region (5' UTR) of ERG11, contains a 15-nucleotide segment highlighted in pink. This segment was selected as the 

target site for TcRs insertion. 



Journal of Microbial World, Volume 18, No. 2, September 2025  . Design of a Dynamic Control System for Membrane Fluidity Based on Tetracycline. Sajjad Yazdanpanah et al.  

119 

lower binding affinities. These findings       

highlight the importance of insertion site       

selection for effective riboswitch insertion and 

offer a rational basis for prioritizing candidates 

for experimental validation. It is important        

to note that while HDOCK scores provide       

comparative binding estimates, they do not fully 

capture the complexities of RNA-ligand         

dynamics or cellular context, underscoring the 

need for molecular dynamics and the subsequent 

experimental confirmation. Molecular docking 

analysis illustrating the interaction between 

tetracycline and TcRs is shown in Fig 2. 

D) sgRNA Selection: A sequence of 75 nt     

surrounding position 13 was analyzed using 

CRISPOR. Three sgRNAs were initially selected 

and are listed in Table 3. As shown in Fig. 3, 

they are located in the green region, indicating 

a GC% of 40-49.  Studies have found that GC 

content in the sgRNA sequence between 40% 

and 60% increases on-target activity because 

moderate GC content stabilizes the DNA-RNA 

duplex, thereby enhancing binding strength 

without causing excessive rigidity or misfolding 

(20). Among these, 54forw, with zero off-targets, 

was chosen as the primary candidate for the 

experiment. The selection was based on criteria 

to ensure high editing efficiency and minimal 

off-target effects. 

E) Constructing donor DNA for homologous 

recombination: Among four insertion sites that 

were screened based on the minimal deviation 

in ∆G from the native 5′UTR (∆G = 0 kcal/

mol) and the docking scores, position 13 was 

selected as the first candidate for integrating 

the riboswitch DNA sequence, due to its close 

distance to the start codon, its high docking 

score, and offering the minimal deviation in 

∆G from the native 5′UTR (-24.56 kcal/mol). 

A sketch of the donor DNA, or homologous 

DNA, is shown in Figure 4. The DNA            

Table 1. Predicted minimum free energy (MFE) values for 

TcRs and the various TcRs-inserted 5’UTR variants, as       

determined by RNAfold. More negative MFE values indicate 

increased RNA secondary structure stability, indicating more 

degrees of structural perturbation relative to the native         

sequence of TcRs.  

Positions 

Variants 
 RNAfold 

predicted MFE 
(kcal/mol) 

TcRs -23.71 

-40 to -1 0 

1 -40…-30/TcRs/-29…-1 -25.96 

2 -40…-29/TcRs/-28...-1 -24.84 

3 -40…-28/TcRs/-27...-1 -25.32 

4 -40…-27/TcRs/-26...-1 -25.43 

5 -40…-26/TcRs/-25…-1 -24.84 

6 -40…-25/TcRs/-24…-1 -25.32 

7 -40…-24/TcRs/-23…-1 -25.43 

8 -40…-23/TcRs/-22…-1 -26.48 

9 -40…-22/TcRs/-21…-1 -24.8 

10 -40…-21/TcRs/-20…-1 -25.32 

11 -40…-20/TcRs/-19…-1 -26.08 

12  -40…-19/TcRs/-18…-1 -25.12 

13 -40…-18/TcRs/-17…-1 -24.56 

14 -40…-17/TcRs/-16…-1 -25.22 

Positions Variants HDOCK scores 
(kcal/mol) 

1 -40…-30/TcRs/-29...-1 -212.94 

2 -40…-29/TcRs/-28...-1 -235.04 

3 -40…-28/TcRs/-27...-1 -231.34 

4 -40…-27/TcRs/-26...-1 -229.11 

5 -40…-26/TcRs/-25…-1 -232.43 

6 -40…-25/TcRs/-24…-1 -254.36 

7 -40…-24/TcRs/-23…-1 -245.76 

8 -40…-23/TcRs/-22…-1 -239.91 

9 -40…-22/TcRs/-21…-1 -226.9 

10 -40…-21/TcRs/-20…-1 -225.94 

11 -40…-20/TcRs/-19…-1 -221.27 

12  -40…-19/TcRs/-18…-1 -210.1 

13 -40…-18/TcRs/-17…-1   -227.91 

14 -40…-17/TcRs/-16…-1 -220.51 

Table 2. HDOCK-predicted binding scores (in kcal/mol) for 

TcRs inserted at various positions within the 5'UTR of the 

ERG11 gene. More negative HDOCK scores indicate stronger 

predicted binding affinities between tetracycline and the       

riboswitch. 
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sequence of  TcRs (69 bp) is located 17 bp     

upstream of the start codon (ATG). The Cas9 

cut site is also located a few nucleotides after it 

(recognized by CRISPOR.org).  

As shown in Figure 5, to synthesize the         

construct of the donor DNA (1103 bp), it was 

divided into three fragments: the upstream      

fragment (approximately equal to the right     

homology arm and 370 bp in length), a fragment 

containing the riboswitch sequence in the middle 

(201 bp), and the downstream fragment 

(approximately equal to the left homology arm 

and 597 bp in length). As illustrated in Figure 

6, the riboswitch-containing fragment, which 

overlaps with both the upstream and downstream 

fragments, is synthesized separately. The upstream 

and downstream fragments are amplified by 

PCR from K. phaffii genomic DNA. Finally, all 

three fragments are joined together through 

SOEing PCR reactions. 

Table 3. Selected sgRNAs targeting the 75 nt region surrounding position 13. 

guideId targetSeq mitSpecScore cfdSpecScore PAM offtargetCount 

48forw AGTCATATCAAACATGAGTCTGG 100 100 TGG 1 

52rev TTATCTTTTGAATCAACTCCTGG 100 100 TGG 1 

54forw ATCAAACATGAGTCTGGTCCAGG 100 100 AGG 0 

Fig 2. (A, B) Molecular docking analysis illustrating the interaction between tetracycline and a TcRs-inserted 5'UTR 

variant. (C) Predicted secondary structure of the tetracycline with TcRs, positioned within the 5' untranslated region 

(5'UTR) of the ERG11 gene, created by the AllSub web server. (D) Chemical structure of tetracycline obtained from 

PubChem. 

Fig 3. sgRNA locations on the 75-nt sequence, which 

includes 40 nt upstream and 35 nt downstream of the 

start codon. The image is the output from the CRISPOR 

server, visualized using Vectorbee. 
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Fig 4. The precise positioning of the right homology arm (432 bp), the tetracycline riboswitch insertion site, the start 

codon, the Cas9 cut site, the PAM site, and the left homology arm (602 bp) in donor DNA. The original PAM site was 

AGG  modified to AAG to prevent recutting by CAS9. 

Fig 5. Donor DNA containing three fragments for SOEing PCR: the upstream fragment (370bp), the riboswitch-containing 

fragment (201), and the downstream fragment (597). 

Fig 1. (1) The upstream and downstream fragments were obtained from the genomic DNA of K. phaffii via PCR. The 

riboswitch-containing fragment was also obtained by PCR from the PUC57-TcRs plasmid. (2) The riboswitch-containing 

fragment has a 28 bp overlap with the upstream fragment and a 37 bp overlap with the downstream fragment. (3) The 

three fragments were joined using SOEing PCR. 
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Discussion 

The efficient production of recombinant proteins 

in microbial hosts like K. phaffii is often      

hampered by bottlenecks in the secretion     

pathway. This study addresses one such bottleneck, 

membrane rigidity influenced by ergosterol 

content, by proposing a novel synthetic biology 

approach to dynamically control the expression 

of ERG11. Our computational design successfully 

identifies optimal sites for integrating a         

tetracycline-responsive riboswitch into the 

5'UTR of ERG11 and outlines a precise      

CRISPR/Cas9-based strategy for its genomic 

knock-in. 

A critical first step in our design was the           

in-depth analysis of the upstream regulatory 

region of the ERG11 gene. Here,  the identification 

of two uORFs (uORF1 and uORF2) is a significant 

finding, as uORFs are well-established           

cis-regulatory elements that can profoundly 

impact translation initiation and mRNA stability 

in eukaryotes (26,27). By strategically selecting 

the insertion site for the TcRs within the core 

40-nt 5'UTR, downstream of these uORFs, we 

aimed to avoid disrupting this native layer of 

translational control. Furthermore, we prioritized 

sites closer to the start codon. Besides the      

reasons of minimal structural perturbation and 

strong docking score, Variant 13 (inserted at 

position) -17 was chosen as the primary 

candidate due to its closer proximity to the start 

codon. Studies have demonstrated that          

riboswitches positioned nearer to the translation 

initiation site often exhibit more potent regulatory 

effects, likely because they exert more direct 

steric hindrance on the assembling ribosome

(14-16). This ensures that the primary regulatory 

mechanism governing ERG11 expression      

remains intact, and any observed phenotypic 

changes can be more confidently attributed to 

the function of the engineered riboswitch. 

Our integrated computational pipeline, combining 

RNA secondary structure prediction and       

molecular docking, proved highly effective in 

prioritizing candidate insertion sites. The use of 

RNAfold to calculate minimum free energy 

(MFE) provided a measure of the structural 

perturbation caused by riboswitch integration. 

Variant 13 emerged as a top candidate because 

it induced the smallest change in MFE           

(∆G =-24.56 kcal/mol) relative to the native, 

unstructured 5'UTR (∆G = 0 kcal/mol). This 

suggests that the insertion at this site preserves 

the natural structural context of the 5'UTR. 

Complementing this, molecular docking        

simulations using HDOCK revealed that several 

other positions, particularly 6, 7, and 8, also 

exhibited highly favorable docking scores,     

indicating they are potentially excellent candidates 

for insertion as well. This underscores a key 

principle in riboswitch engineering: the local 

structural context dictated by the insertion site 

can dramatically influence ligand accessibility 

and binding energy(14,15). To further discriminate 

between these top candidates (e.g., Variants 6, 

7, 8, and 13), performing molecular dynamics 

(MD) simulations would be a valuable next 

step. MD could provide deeper insights into the 

stability, flexibility, and conformational changes 

of the riboswitch-ligand complex over time, 

helping to select the variant with the most      

robust and reliable performance in vivo. 

To translate these computational predictions 

into a testable biological system, a robust 

CRISPR /Cas9-mediated homology-directed     

repair (HDR) strategy was developed. The     

selection of sgRNAs with high specificity and 

zero off-target predictions (e.g., 54forw) is     

paramount for ensuring precise editing and   

minimizing genotoxic effects (24,28). Furthermore, 

the design of the donor DNA construct, featuring 

long homology arms and a modified PAM site 
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to prevent Cas9 re-cleavage of the edited locus, 

follows established best practices for achieving 

high-efficiency knock-in in yeasts like             

K. phaffii (25). The use of SOEing PCR to     

assemble the final donor template is a practical 

and reliable method for generating the complex 

DNA constructs required for HDR. 

This study has some limitations. While our 

computational designs are powerful, they are 

predictive. The true test of functionality, the 

dose-dependent repression of ERG11 by tetracycline 

and its subsequent effect on the membrane     

fluidity and protein secretion, requires empirical 

validation in vivo. Future work should include 

the aforementioned molecular dynamics simulations 

to better understand the binding kinetics.     

Subsequently, the planned CRISPR/Cas9 

knock-in and physiological assays in K. phaffii  

will be essential to confirm that reduced 

ERG11 expression leads to altered ergosterol 

levels, increased membrane fluidity, and        

ultimately, enhanced secretion of target         

recombinant proteins, as suggested by previous 

research (4). 

 

Conclusion 

Collectively, this study delivers a comprehensive, 

in silico-informed blueprint for engineering 

dynamic gene regulation in K. phaffii,        

showcasing the power of riboswitches to        

optimize recombinant protein yields. The      

transition to in vivo experimentation is now 

essential to empirically verify the predicted 

control of ERG11 and its physiological impact 

on membrane properties and secretory capacity. 

Proven success here would demonstrate a 

transferable methodology, paving the way for 

its application to myriad targets across diverse 

fungal biotechnological platforms.  
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