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Abstract: Genetic engineering is a process that changes the structure of an organism by removing,
inserting, or modifying its genetic material. Currently, the most widely used method in genetic
engineering is CRISPR-Cas9, representing “Clustered Regularly Interspaced Short Palindromic
Repeat-Associated Protein 9”. As an intracellular enzyme, the production of Cas9 is complex and
costly due to the need for extraction and purification. In comparison, YebF is a protein that can be
localized extracellularly. By fusing YebF with Cas9 (YebF-Cas9), it is possible to express and localize
Cas9 extracellularly. This fusion potentially alters Cas9 ability to bind with sgRNA (single guide
RNA). Therefore, this study aimed to explore the interaction between sgRNA and Cas9 from
Geobacillus kaustophilus fused with YebF using in silico methods. In the in silico experiment, the
molecular docking method was used to determine biomolecular interactions with variations in
sgRNA, namely spacer 10, 20, 30 nt, repeat 16, 25, 36 nt, and tracrRNA 63, 98, 140 nt. The results
showed that changes in the length of the spacer, repeat, and tracrRNA could affect the level of binding
affinity formed in YebF-Cas9-sgRNA complex from Geobacillus kaustophilus. The optimal length of
the molecular docking results in terms of affinity and position was in the variation of 30 nt spacer
with 16 nt repeat and 98 nt tracrRNA, with the binding affinity of —419.24 kcal/mol.
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1. Introduction

Genetic engineering is a process that changes the structure of an organism by removing,
inserting, or modifying the genetic material contained in the target object. One of the genetic
engineering methods is gene editing, which enables specific modifications to an organism’s DNA
sequence and allows adaptation to its genetic makeup (Fridovich-Keil, 2023; Maeder and Gersbach,
2016). The foundation of gene editing method is the hypothesis that targeted double-stranded
breaks (DSBs) in DNA can stimulate endogenous cellular repair pathways, allowing exploitation
to introduce specific mutations or precise edits to the genome (Doudna, 2020; Kosicki et al., 2018).
The Clustered Regularly Interspaced Short Palindromic Repeat-Associated Protein 9 (CRISPR-
Cas9) method is considered the simplest and most efficient, providing several advantages
compared to previous methods. The advantages include simple design, high level of target
specificity, reduced off-target toxins, ability to target several genes, and ease of delivery to cells
(Ahmad et al., 2022; Doudna and Charpentier, 2014; Feng et al., 2013). The CRISPR-Cas9 method is
a combination of the Cas9 enzyme with a piece of RNA called sgRNA (single guide-Ribonucleid
Acid) (Barrangou and Doudna, 2016). Cas9 acts as a restriction enzyme or endonuclease that cuts
DNA at certain positions according to the combination of sgRNA (Doudna and Charpentier, 2014).
Several foreign DNA sequences can be integrated into the CRISPR locus and transcribed into
CRISPR RNA (crRNA) (Koonin and Makarova, 2019). Subsequently, the crRNA will combine with
the trans-activating crRNA (tracrRNA) to specifically cut the foreign DNA sequence (Koonin and
Makarova, 2019). This system has been simplified for genetic engineering applications, and now
includes only Cas9 nuclease and a single guide RNA (sgRNA) containing crRNA and tracrRNA
elements. (Gaj et al., 2016).

Production of the Cas9 enzyme is carried out intracellularly by inserting the Cas9 gene into a
plasmid which is generated by the host cell (Arumsari et al., 2024; Jinek et al., 2012). This method is
often used because of its ease in genetic manipulation and high stability of expression, although
there are several drawbacks. Production of intracellular Cas9 requires a more complicated process
and higher costs, including complex purification method (Doudna and Charpentier, 2014). This is
due to the need to separate the Cas9 enzyme from other cellular components, which increases the
cost and risk of contamination (Hsu et al., 2014). Therefore, obtaining a new production method is
important for commercial and clinical applications due to the efficiency and lower costs as well as
high adaptability, making it more suitable for industrial-scale production (Huang et al., 2023).

One promising method is the use of Geobacillus kaustophilus, a gram-positive thermophilic
bacterium that can be found in the Ring of Fire area (Ring of Fire) Pacific, including Indonesia. This
bacterium grows at higher temperatures from 48 to 74°C (optimal at 60°C) and is considered a
prospective chassis for establishing high-temperature resistant cell factories (Mori et al., 2022;
Lischer et al., 2020a). In previous studies, Geobacillus kaustophilus was found in the Cisolong hot
springs, Banten, containing Cas9 enzyme (Angela, 2022). It also was studied for the length of
sgRNA suitable for Cas9 by using the molecular docking method (Pramayuditya, 2023).

Cas9 protein is known as intracellular enzyme (Qiao et al. 2019). There is a significant drawback
regarding the production of intracellular enzyme such as Cas9, particularly economic aspect during
industrial processes (Rosazza et al., 2023; Ferrari et al.,, 2023). This is due to additional unit
operation for the extraction centrifugation process (Junker et al.,, 2001). In this context, several
methods are been used to express Cas9 extracellularly and eliminate unit operation which directly
affects lower capital expenditure (Ferrari et al., 2023; Junker et al., 2001). Therefore, recombinant
Cas9 enzyme was fused with YebF carrier in this study. YebF is known as protein that can be
localized into extracellular (Dai et al., 2021; Zhang et al., 2006). By fusing YebF with Cas9 (YebF-
Cas9), it can be expressed and localized to extracellular space, simplifying the production process.
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The fusion of YebF-Cas9 can affect its interaction with sgRNA, showing the need for further
investigation. Due to the lack of previous related reports, the molecular docking method was used
with variations of sgRNA. The results observed were analyzed in the form of the structure of YebF-
Cas9-sgRNA Geobacillus kautophilus complex. According to (Husnawati et al., 2023, Sahlan et al.,
2020, Lischer et al., 2020b), the majority of molecular docking studies were typically conducted to
observe the interactions between drugs and their biological targets such as allosteric modulators
and drug-binding affinities. However, this study applies a different method by focusing on the
interaction between sgRNA and the Cas9 as well as dCas9 enzyme in silico. The results provide
insights into the binding affinity and structural positioning of these molecular complexes. After
identifying the suitable sgRNA, it offers new genetic tools in genetic engineering for multiple
organisms.

2. Methods

The experiment is divided into three major tasks, where two are conducted in parallel, namely
preparation of YebF-Cas9 fusion enzyme sequence of Geobacillus kaustophilus and sgRNA
variation. This is followed by 3D visualization and molecular docking simulation for each variant
with respective variations (Figure 1).

2.1. Preparation of YebF-Cas9 Fusion Enzyme Sequence of Geobacillus kaustophilus and sgRNA
Variation

The Cas9 sequence from Geobacillus kaustophilus used in this study was obtained with a length

of 865 aa (amino acids) (Angela, 2022). Meanwhile, YebF enzyme sequence was obtained from ncbi

at https://www.ncbinlm.nih.gov/gene/946363. The sgRNA sequence variations, including

spacer, repeat, and tracrRNA, were sourced from previous studies (Pramayuditya, 2023). The data

obtained were used to examine the biomolecular interactions occurring with YebF-Cas9 enzyme
Geobacillus kaustophilus.

2.2. Visualization of 3D Structure of YebF-Cas9 Fusion Enzyme of Geobacillus kaustophilus
The 3D structure of YebF-Cas9 fusion enzyme from Geobacillus kaustophilus was generated
using the I-TASSER platform (accessed at: https://zhanggroup.org /I-TASSER/) (Zhou et al., 2022;
Zheng et al.,, 2021; Yang and Zhang, 2015). The FASTA format file containing YebF-Cas9 sequence
is uploaded by pressing the “choose file” button. After the data is successfully uploaded, the user
clicks “Run I-TASSER”. The data processing process continues until the site states that the 3D
structure can be downloaded.

2.3. Visualization of 2D and 3D Structure of sgRNA Variations

The visualization of sgRNA structure differs from YebF-Cas9, which includes generating the
secondary (2D) structure, followed by the tertiary (3D) structure. To create a sequential structure,
all sgRNA variations are inputted into the RNAfold website (accessed at
http:/ /www .unafold.org/mfold /applications/rna-folding-form.php) to form sgRNA fold
structure, namely in the repeat and tracrRNA sections (Zuker, 2023). The sequence file is entered
into the website, then press "proceed". After a few minutes, the website provides a sequential
structure image along with Vienna data in the form of a .b file. The contents of the Vienna data in
the form of a .b file are a collection of points of a number of nucleotides in the sequence.
Subsequently, these two outputs are saved to be used for the tertiary structure creation stage. To
create a tertiary structure, the RNAcomposser website is wused (accessed at
https:/ /rnacomposer.cs.put.poznan.pl/) and input the Vienna data (Sarzynska et al., 2023;
Popenda et al., 2012). The sequence is inputted manually then press "compose". The results are
obtained after waiting 1-5 minutes and the tertiary structure image data along with .pdb data will
be obtained.


http://www.ncbi.nlm.nih.gov/gene/946363
https://zhanggroup.org/I-TASSER/
http://www.unafold.org/mfold/applications/rna-folding-form.php)
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2.4. Molecular Docking Simulations

The molecular docking process was performed using HDOCK (Yan et al., 2020), following these
steps: The 3D structure pdb data of YebF-Cas9 from Geobacillus kaustophilus were submitted as
the receptor in “Input Receptor Molecule”. The 3D structure pdb data of sgRNA were also
submitted as the ligand in “Input Ligand Molecule”. The interaction site residues of sgRNA within
Cas9 were manually entered through “Advanced Options (Optional)”> Receptor Binding Site
Residue(s) section. The residues were entered in the format M:A, where “M” represented the
residue number of the protein interaction site and “A” was the protein chain. The interaction sites
followed the procedures by Sun et al., (2019). A name was given to the file, and a personal email
address was provided for docking results to be sent directly to the specified address after
completion. The process was initiated by clicking submit to start the molecular docking. The results
included the top 10 models in 3D, along with binding affinity values (docking score), confidence
score, ligand RMSD, and interface residues. These docking results could be downloaded by clicking
“All the results in a package”.

Generation Yebf-Cas9 Doc\l{(;r;is(.:g;helmo Generation variation
structure of sgRNA

Obtain Variety

Cas9 structure sgRNA sequence

At Protein Data Bank folded by RNAFold
Change the Docking with HDOCK
amino acid based on "
Geobacillus kaustophilus
Cas9 ‘ RNAComposser

¥

Protein prediction using I-Tasser

Visualization
‘, Using Pymol .'

Obtain
.pdb file of Obtain
Yebf-Cas9 .pdb file of sgRNA

Figure 1 Scheme of docking process Yebf-Cas9 with sgRNA

3. Results and Discussion

Docking simulations were conducted by treating enzyme as a rigid unit and allowing sgRNA to
remain flexible. Moreover, flexibility of sgRNA molecule is very important to achieve high binding
affinity at the appropriate position. This is explained by Sun et al., (2019) namely, the spacer must
enter the HNH and RuvC areas. Each docking result carried out on the HDOCK server produces
the 10 best options for interaction modeling. However, only the best of each variation will be
discussed. The position of sgRNA against YebF-Cas9 from Geobacillus kaustophilusand its binding
affinity from modeling will be the main indicators in selecting the best model. Visually, the 3D .pdb
file of YebF-Cas9-sgRNA complex from docking can be viewed using PyMOL or directly through
the web server. The coloring guide can be found in the legend of Table 1 below.
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Table 1 Colouring Guide of YebF-Cas9 Geobacillus kaustophilus complex structure

(Yellow) RuvC area
(Orange) HNH area
YebF-Cas9 (Light grey) REC area
| (Dark grey) PIC area
(Tosca) YebF area
| (Red) Spacer area
sgRNA (Green) Repeat area
[ | (Purple) TracrRNA area

3.1. Spacer Variations

Based on docking results, the best model was obtained for each spacer variation. For spacer
variations, model 3 was obtained for the 10 nt spacer, model 1 for the control (20 nt spacer), and
model 1 for the 30 nt spacer. Binding affinity values for the models are listed in Table 2.

Spacer variation 10 nt (Figure 2a) is considered superior both in position and binding affinity
because the tip tends to enter the HNH and RuvC areas. Meanwhile, the 20 and 30 nt (Figures 2b
and 2c) are not considered superior because of their distance from the HNH and RuvC areas.
However, the 30 nt spacer variation appears significantly close to the HNH and RuvC areas
compared to the 20 nt. The 30 nt spacer variation also has advantages in binding affinity and
confidence score values due to higher values than other spacer variations. The control variation
model has the lowest level of binding affinity compared to other spacer variations. This shows that
the 30 nt spacer variation is the most suitable length for sgRNA spacer in -Cas9-sgRNA complex of
Geobacillus kaustophilus.

Table 2 Binding Affinity of YebF-Cas9-sgRNA Geobacillus kautophilus Docking Models with
Spacer Variations

Spacer Model Binding Affinity (kcal/mol) Confidence Score
Variations (nt)
10 1 -337.80 0.9772
20 3 -203.73 0.7455
30 1 -419.24 0.9954

(b) (©

Figure 2 Complex Structure from Docking Models of YebF-Cas9-sgRNA Geobacillus kaustopilus
SpacerVariations (a) 10nt, (b) 20 nt, (c) 30 nt (blue arrow for Yebf-Cas9 and Green arrow for sgRNA)

3.2. Repeat Variations
The best model was achieved for each repeat variation, where model 3 was obtained for the 16
nt (control) and 25 nt repeat variation, as well as model 1 for the 36 nt spacer. Binding affinity values
for the models are listed in Table 3.
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Table 3 Binding Affinity of YebF-Cas9-sgRNA Geobacillus kautophilus Docking Models with
Repeat Variations

Repeat

Variation (nt) Model Binding Affinity Confidence Score
(kcal /mol)
16 3 -203.73 0.7455
25 3 -276.39 0.9261
36 1 -230.93 0.8346

Repeat variations 16 nt, 25 nt, and 36 nt (Figures 3a, 3b, and 3c) appear positionally superior
because their spacer ends tend to enter the area HNH and RuvC. However, when observed from
the aspect of binding affinity values, the 25 nt repeat variation has the most negative value
compared to others. This suggests that 25 nt repeat variation is the most suitable length for sgRNA
repeat in YebF-Cas9-sgRNA Geobacillus kautophilus complex.

3.3. TracRNA Variations

Based on docking results, the best model was obtained for each tracrRNA variation. Specifically,
model 1 was obtained for the 63 nt tracrRN A variation, model 3 for the control (98 nt tracrRNA), and
model 2 for the 140 nt tracrRNA. Binding affinity values for the models are listed in Table 4.

The 63 nt tracrRNA variation (Figure 4a) cannot be favored by position or by binding affinity.
This is because the end of the spacer only binds to the RuvC area. The 98 nt tracrRNA variation
(Figure 4b) has an advantage due to the presence of a fairly negative binding affinity value and
positionally the tip of the spacer can be observed entering the RuvC and HNH areas. Meanwhile,
the 140 nt tracrRNA variation (Figure 4c) appears superior because it has the most negative binding
affinity value compared to others. In terms of the spacer end position, 140 nt tracrRNA variation
tends to enter YebF-Cas9-sgRNA complex of Geobacillus kaustophilus. However, the inclusion of
the spacer end of the 140 nt tracrRNA variation did not appear to bind the HNH area. This can limit
the DNA-cutting process normally induced by double-strand cuts, leading to very low or non-
existent gene editing efficiency. Therefore, tracrRNA variations 98 nt is the most suitable length for
tracrRNA in sgRNAs in YebF-Cas9-sgRNA complex of Geobacillus kautophilus.

Figure 3 Complex Structure from Docking Models of YebF-Cas9-sgRNA Geobacillus kaustopilus
Repeat Variations (a) 16 nt, (b) 25 nt, (c) 36 nt (blue arrow for Yebf-Cas9 and Green arrow for sgRNA)

Table 4 Binding Affinity of YebF-Cas9-sgRNA Geobacillus kautophilus Docking Models with
TracrRNA Variations

T'ra.chNA Model Binding Affinity Confidence Score
variation (nt) (kcal/mol)
63 1 -203.73 0.8525
98 3 -203.73 0.7455

140 2 -381.60 0.9904
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(b)

Figure 4 Complex Structure from Docking Models of YebF-Cas9-sgRNA Geobacillus kaustopilus
TracrRNA Variations (a) 63 nt, (b) 98 nt, (c) 140 nt (blue arrow for Yebf-Cas9 and Green arrow for
sgRNA)

3.4. Discussion

The results from this study show that variations in spacer and tracrRNA lengths have a
significant influence on binding affinity and position in the complex structure. Figure 5 shows the
binding affinity results while Figure 6 presents the confidence score value of the molecular docking.
Based on the results, the best affinity and confidence score values are for the 30 nt spacer variation.
Similarly, Sun et al., (2019) stated that sgRNA flexibility is very important to achieve high binding
affinity in the HNH and RuvC regions. Harrington et al., (2017) also showed that crRNA sequences
formed one fold while tracrRNA could form more than one fold, affecting the stability and
efficiency of sgRNA-Cas9 complex.

M Spacer M Repeat M TracrRNA

10 nt 20nt 30 nt nt 25nt 36 nt 63 nt 98 nt 140 nt

276.39
230.93

BINDING AFFINITY (KCAL/MOL)

LENGTHS

Figure 5 Graph of Binding Affinity (unit: kcal/mol) Molecular Docking Results for Each Variation

M Spacer M Repeat M TracrRNA

o

).0904

©

Ont 20 nt 30nt 16 nt 25nt 36nt 63 nt 98 nt 140 nt

0.8346

CONFIDENCE SCORE

LENGTHS

Figure 6 Binding Confidence Score Graph from Molecular Docking Results for Each Variation
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Table 5 shows a comparison between the results of the optimal length of sgRNA in terms of
binding affinity. In this study, a spacer length of 30 nt was proven to be optimal both in terms of
binding affinity and position compared to others. Meanwhile, Pramayuditya (2023) showed that
sgRNA design with variations in spacer and tracrRNA lengths could influence the number of
hydrogen bonds formed in sgRNA-Cas9 complex, thereby affecting the binding affinity and
stability of the complex. These results showed that appropriate spacer and tracrRNA lengths are
critical for the efficiency and stability of sgRNA-Cas9 complex.

Table 5 Comparison of sgRNA Length and Affinity with Recent Studies

Author Object of study Optimal Length Great Affinity
(kcal/mol)
~ e 5 Geobacillus caustophilusCas9
(Pramayuditya, 2023) enzyme TracrRNA 63 nt —249.89
Geobacillus caustophilus
(This study) recombinant YebF- Cas9 fusion Spacers30 nt _419.04
enzyme

This study succeeded in identifying the optimal sgRNA length to increase the efficiency and
stability of YebF-Cas9-sgRNA complex. The use of molecular docking methods provides a
comprehensive understanding of the biomolecular interactions between sgRNA and Cas9,
enabling accurate predictions of binding affinity and optimal binding position. Additionally, the
comprehensive and detailed analysis provides practical guidance for the optimization of the
CRISPR-Cas9 system. For future investigations, it is essential to explore the production of
recombinant proteins from thermophilic bacteria. The exploration of thermophilic organisms,
known for their ability to thrive in extreme conditions, can yield proteins with unique properties
suitable for industrial processes. Investigating the optimization of expression systems and
purification methods for these proteins could further enhance functionality and efficiency in
various applications (Husnawati et al., 2023, Sahlan et al., 2023).

4. Conclusions

In conclusion, this study showed that modifications in the lengths of the spacer, repeat, and
tracrRNA significantly influenced the binding affinity in YebF-Cas9-sgRNA complex from
Geobacillus kaustophilus. The optimal length of the molecular docking results in terms of affinity
and position was in the variation of 30 nt spacer, 16 nt repeat, and 98 nt tracrRNA. The optimum
sgRNA of YebF-Cas9 was different compared to sgRNA for Cas9 only. This study served as the first
to unleash the potential of YebF-Cas9 from Geobacillus kaustophilus. Therefore, further
investigations should be conducted to confirm interactions between YebF-Cas9 and optimum
sgRNA by observing the ability for genetic engineering in vitro and in vivo.
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