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Abstract: In this study, we designed in-silico single guide RNA (sgRNA) as the initial step of the genome
editing process using the CRISPR-Cas9 system on the Salmonella SSE-121 phage. The target gene encodes
a tail fiber protein, which is essential for recognizing and attaching to host bacteria. Conducting in-silico
sgRNA design aims to identify optimal sgRNA candidates for the Salmonella phage while minimizing
potential failures. The genome sequence of the Salmonella phage was retrieved from NCBI, and Cas9 protein
data was obtained from the RCSB Protein Data Bank (PDB). Using CHOPCHOP, sgRNA predictions
resulted in 439 candidates. These candidates were evaluated based on efficiency scores, GC content, and
self-complementarity, leading to the selection of 58 sgRNA candidates. Further refinement of these
candidates involved docking score assessments through the HNADOCK website, narrowing the selection to
33 sgRNA candidates, which were subsequently re-docked with the Cas9 protein using the HDOCK website.
The five best sgRNA candidates were validated to determine the most optimal sgRNA.Plasmid construction
was performed by aligning the plasmid structure with the selected sgRNA for subsequent in-vivo studies.
The docking scores obtained were -553.09 for sgRNA and target DNA binding, and -399.18 for sgRNA and
Cas9 binding. Molecular dynamics simulations analyzing sgRNA and Cas9 protein interactions—including
hydrogen bonding, RMSD, RMSF, and RG—demonstrated structural stability throughout the simulation.
The plasmid construct pPCMV-T7-ABES exhibited effective binding with sgRNA candidate 15 when using
the SnaBl restriction enzyme. In conclusion, sgRNA candidate 15 emerged as the most optimal choice for
the CRISPR-Cas9 system, enabling precise modifications of the Salmonella phage genome.
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1. Introduction
Foodborne diseases, caused by microbial

[1]. Salmonella, particularly S. enterica, is a
pathogenic bacteria that plays a significant role in

contamination of food, are a major health issue
globally. According to data from the World Health
Organization (WHO), contaminated food is
responsible for more than 600 million cases
annually (nearly 1 in 10 people worldwide). The
most common causes of foodborne diseases are
pathogenic bacteria such as Salmonella, Vibrio
parahaemolyticus, Listeria ~ monocytogenes,
Staphylococcus aureus, and several other pathogens
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infecting humans and causing diseases linked to
contamination from poultry products, dairy,
seafood, and vegetables [2], [3]. This bacteria is
responsible for approximately 94 million cases of
Salmonellosis annually and has caused around
155,000 deaths worldwide [4].

Efforts to reduce food poisoning caused by
pathogenic bacteria such as Salmonella typically
involve therapy and treatment with antibiotics.
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However, this approach has the drawback of
fostering bacterial resistance to antibiotics. In
Salmonella, antibiotic resistance is mediated
through  various mechanisms, with  drug
inactivation being the most common. In this
process, the antibiotic agent is destroyed or
inactivated through chemical modifications
catalyzed by enzymes, including reactions such as
acetylation, phosphorylation, and adenylation [5].
Antibiotic resistance in Salmonella is a serious
health concern, responsible for 250,000 cases in
patients within the United States and posing a
global threat [6].

Another approach to reducing the infection rate of
Salmonella  bacteria involves the wuse of
bacteriophages. These viruses have the ability to
disrupt bacterial metabolism and induce cell lysis.
Moreover, bacteriophages bind to specific receptors
on bacterial cells, which helps minimize side effects
on host cells. This specificity offers a significant
advantage in the treatment of bacterial infections
[7]. Salmonella phage vB_SenM-PA13076 has
been demonstrated to be both effective and safe as
a bacteriophage therapy in mice [8]. In other
research, bacteriophage therapy has been developed
for the poultry industry to address various issues,
including the prevention of Salmonella infections in
eggs from different farming methods and
gastrointestinal diseases caused by Salmonella spp.,
Campylobacter spp., and E. coli [9], [10]. This is
supported by data on the application of
bacteriophages in China to combat bacterial
infections. Animals infected with bacteria at a
minimum lethal dose were able to survive when
injected with bacteriophages 15 minutes after
infection [11]. However, the use of bacteriophages
as a therapeutic agent has limitations due to the
presence of diverse serovars in both bacteria and
bacteriophages. Addressing these limitations
requires the application of advanced genome
editing technology to produce the desired
recombinant bacteriophage.

Genome editing technology is a versatile technique
used to modify the DNA sequence of a genome into
a desired recombinant gene. One of the frequently
used genome editing technologies is Clustered
Regular Interspaced Short Palindromic Repeats-
Associated Protein 9 (CRISPR-Cas9). This system
has been widely applied for genome editing and
gene modification in eukaryotic and prokaryotic

cells. This technology makes it possible to modify
gene sequences specifically using single guide
RNA (sgRNA). By using sgRNA, the CRISPR
system can be utilized to identify drug target genes
or disease resistance genes[12], [13]. The synthesis
of sgRNA is achieved by combining crRNA and
tracrRNA sequences. The resulting sgRNA plays a
crucial role in recognizing specific target sequence
pairs and signaling Cas9 to cleave the double-strand
DNA using the double-strand break (DSB)
mechanism, enabling gene editing through the
CRISPR-Cas9 system [14]. This study also
included an analysis of the molecular dynamics
between the designed sgRNA and the Cas9 protein.
Molecular dynamics is a computational method for
modeling molecular systems and studying their
dynamics and temporal evolution [15]. Based on
this framework, this research aims to construct
target sgRNA from the bacteriophage genome and
examine its interaction with the Cas9 protein in the
CRISPR-Cas9 system, as well as its interaction
with target DNA, using various applications and
supporting tools.

2.  Computational Method
2.1.  Whole genome sequence and target gene
retrieval

Salmonella phage whole genome sequences were
retrieved from the NCBI Genbank database. This
study used Salmonella phage SSE-121 with
accession number ID: NC_027351. This genome
sequence has a length of 144745 bp and was taken
in the form of a FASTA file. The target gene used
is the gene encoding the tail fiber protein of
Salmonella phage SSE121 with Gene ID:
24638794. This gene is located between sequences
13752 to 16508 bp with locus tag ACQ19 gp019.

2.2. Cas9 protein data collection

Cas9 protein was obtained from the RSCB PDB
protein bank (https://www.rcsb.org/). The Cas9
protein used was isolated from Streptococcus
pyogenes (SpyCas9) and is identified under the
PDB code 4ZT0 [16].

2.3.  Single guide RNA (sgRNA) design

The FASTA file of the Salmonella phage SSE-121
genome was uploaded to the CHOPCHOP website
(https://chopchop.cbu.uib.no/), where the target
gene with ID AQC19-gp019 was selected to
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identify available sgRNAs for CRISPR-Cas9
genome editing. This software allows filtering of
SsgRNA targets based on GC content (10-90%) and
self-complementarity. In this study, the mean
method in Microsoft Excel was used to classify the
optimal sgRNA candidates. The median efficiency
value of sgRNA was first selected, followed by
filtering for GC content >50% and a self-
complementarity score <0 [17], [18]. The final
selected candidates were then constructed into a 3D
structure.

2.4. Construction of single guide RNA 3D
structure

Construction of the 3D structure of single guide
RNA was carried out using the RNAcomposer
website  (https://rnacomposer.cs.put.poznan.pl/).
The 3D structure was predicted using RNA
sequences along with their secondary structure in
dot-bracket format. Before being input into the
software, the base sequence of the sgRNA was
manually converted into dot-bracket format using
Excel. The resulting translation was then uploaded
into the software to visualize the 3D structure. The
sgRNA candidates included consist of a
combination of crRNA (derived from CHOPCHOP
results) and tracrRNA (originating from 20nt Cas9
4ZTO0 protein)[19], [20]. The results of this stage
can be downloaded in PDB file format.

2.5.  Molecular docking of sgRNA candidates
with target crRNAs
We performed molecular docking analysis using
the HNADOCK software, which is accessible
online (http://huanglab.phys.hust.edu.cn/hnadock/)
to evaluate the binding efficiency of the sgRNA
candidate (crRNA + tracrRNA) with the crRNA
target AQC19 gp019 [21]. There were two
columns for nucleic acid molecules that needed to
be filled. The first column was provided with
SgRNA data in PDB file format, while the second
column contained the crRNA target as a DNA
sequence. In the modeling options, RNAfold was
selected for the RNA secondary structure prediction
method, 'None' was chosen for the RNA-RNA
interaction prediction method, and 'No' was
selected for refining the top 10 complex models.
Finally, the 'Submit' button was clicked to start the
molecular docking process. The results were
provided as docking scores, indicating the binding

of sgRNA candidates to crRNA targets, and
candidates with low docking scores were selected.
The docking image is visualized using the Biovia
Discovery Studio application (
https://discover.3ds.com/).

2.6. Molecular docking of sgRNA candidate
with Cas9 protein

Molecular docking between the Cas9 protein and
the sgRNA candidate was conducted using the
HDOCK webserver
(http://hdock.phys.hust.edu.cn/).  During  this
process, data was entered into two designated
columns. The first column, for the receptor
molecule, was populated with the Cas9 protein
sequence in FASTA format. The second column,
for the ligand molecule, was populated with the
sgRNA candidate structures obtained from the
molecular docking stage in PDB file format.
Advanced options were available but remained
unused in this study. To initiate the docking
process, an email address was provided to receive
the results, followed by clicking 'Submit." The
docking output included a score indicating the
binding site and affinity [22]. Docking images were
visualized using the Biovia Discovery Studio
application ( https://discover.3ds.com/).

2.7. Validation of optimal single guide RNA
(sgRNA)
The validation stage of the optimal single guide
RNA (sgRNA) candidate was performed using both
cross-docking and  modified cross-docking
approaches. Cross-docking is a validation method
that involves receptor docking with multiple native
ligand variants [23]. This stage was conducted
using the HDOCK webserver (
http://hdock.phys.hust.edu.cn/). For cross-docking,
the receptor used was the sgRNA from the complex
protein with PDB ID 4ZT0, docked with the Cas9
protein. In modified cross-docking, the receptor
consisted of the selected sgRNA candidate docked
with the native Cas9 protein (PDB ID: 6K4S). The
ligand molecules were constructed from sgRNA
candidates obtained in the molecular docking stage,
formatted as PDB files. Advanced options were left
blank, and results were received via email
following submission. The output included affinity
scores and binding site data [22], with visualization
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performed using the Biovia Discovery Studio
application ( https://discover.3ds.com/).

2.8.  Plasmid Construction

Plasmid construction was performed using the
SnapGene application, accessible at
(https:/iwww.snapgene.com/). The plasmid used
was pCMV-T7-ABE8.20m-nSpRY-P2A-EGFP
(KAC1335), obtained from Benjamin Kleinstiver
(Addgene plasmid #185917). The plasmid was
imported into the SnapGene project, and the
"Action" option was selected to choose the insertion
method. The "Restriction™ insertion method was

ACQ19_gp019 tail fiber protein [ Salmonella phage SSE121]

Gene ID: 24638794, updated on 31-May-2023

* Summary

Gene symbol
Gene description
Locus tag

Gene type
RefSeq status
Organism
Lineage

ACQ19_gp019

tail fiber protein

ACQ18_gp019

protein coding

PROVISIONAL

Salmonella phage SSE121 (strain: SSE-121)

Try the new Gene table
Try the new Transcript table

* Genomic context

then selected, followed by choosing the fragment
and inserting the sgRNA sequence. A restriction
enzyme compatible with the sgRNA sequence was
chosen to ensure proper fragment insertion. The
cloning result was displayed on the subsequent

page.

2.9. Dynamic Analysis

The molecular dynamics simulation was conducted
using the YASARA Dynamic application
(http://lwww.yasara.org/), developed by Bioscience
GmbH (https://www.biosciencegmbh.com/).

4 Download Datasets

Viruses; Duplodnaviria; Heunggongvirae; Uroviricota; Caudoviricetes; Vequintavirinae; Seunavirus

»
]

Sequence: NC_027351.1 (13752..16508)
NC_027351.1
[12063p [ 17456 p
ACQLA_gpl ] 7 ACQLA_ 9pt 20 sy
ACQLS_ 3501 5 sl RCGLY_pp0 21 =
ALGLY_pell >
“ Genomic regions, transcripts, and products all?
Genomic Sequence: NC_027351.1 Go to reference sequence details
Go to nucleotide: Graphics FASTA GenBank
&~ Find: v @l Qq @ % == I A Tools v | £¥ Tracks + ¥, Download > & 7 v
.1374(}0 . _1376(!07 .JB,EQO, _N,)H = .l-{iih) & }474(_!(! . _HA‘.-QO " ,HE‘?O, .ISIP & ‘157207{\ - ,15;409 2 .157507*3 . VXSVEQO L _IELP - ‘1E1>2ifl3 A 'lér-ﬂ)‘i‘ . _IE‘AF.«‘)’O " 'lEVEBA[
Genes L00
ACO19_gp019
YP_P09148815 P 9 Yl
2p018 ACO19_gpo20
jrm——1 Py 28 > ]
l 4(!(' 13 E‘OIO '13 800 » .H," . ‘lé 200 ‘l-‘ 4(_‘[‘ AN‘E»‘)O

NC_027351.1: 13K..17K (3,583 nt)

14,800 IS K

15,200 15400 |15600 [15800 |16 K 16200 [16400 16600 |16.80¢

4 Q Tracks shown: 2/3

Figure 1. Whole Genome Sequence Locations of Fiber Tail Protein Genes in Salmonella phage SSE-121

The samples used in this simulation included the
Cas9 protein, Cas9-sgRNA complex, and Cas9-
sgRNA-DNA  complex.  Simulations  were
performed under physiological temperature and pH
conditions—310K and 7.4—to mimic the in vivo

environment. The AMBER14 force field was
employed due to its well-established accuracy in
modeling protein-DNA interactions. Snapshots
were recorded every 25 ps during the simulation to
capture molecular dynamics in detail. The
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Molecular Mechanics Poisson-Boltzmann Surface
Area (MMPBSA) method was applied to estimate
the free energy of binding, providing insights into
the binding affinity and stability of the complex.

3. Results and discussion

3.1.  Sequence of sgRNA Candidate and Cas9
The complete genome, retrieved from NCBI with
access number ID NC_027351, corresponds to the
Salmonella Phage SSE121. This organism
possesses a variety of functional proteins, including
the tail fiber protein. Tail proteins in phages are
capable of recognizing bacterial host cells,
penetrating their membranes, and facilitating the
release of the phage genome into the host cytosol to
produce new virus particles. Among these, the tail
fiber protein is one of the most effective in infecting
host.

The tail fiber protein is located at the distal end of
the phage, making it effective in initiating binding

to specific receptors on the host surface, thereby
determining the infection process and host
specificity [19]. The tail fiber protein analyzed in
this study belongs to the Salmonella SSE-121
phage and has the locus tag ACQ19 gp019. The
sequence was retrieved from NCBI in FASTA
format, corresponding to Gene ID: 24638794, and
spans nucleotides 13,752 to 16,508 bp.

The Cas9 protein used in this study was obtained
from the RCSB Protein Data Bank (PDB) under
PDB ID 4ZTO0, also in FASTA format. This protein
represents the crystal structure of Streptococcus
pyogenes Cas9 in complex with a single guide
RNA. The FASTA file contains two distinct
sequences: the upper sequence encodes the Cas9
protein, while the lower sequence corresponds to
the single guide RNA. The Cas9 sequence from the
FASTA file is presented in Figure 2.

>4ZTO_1|Chains A,

PpPyYogenes {1314)

SMDEKYS IGLDIGTNSVGWAY LTTDDY KVEPSEKEEFEVLGNTDRAOASIKEKNLIGALLED

CICRISPR—associated endonuclease Cas9|Streptococon

ETAEATRLERITAR

RRYITRREKMNRICY LCEIFSHNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGHNIVDEVATYTHERKYPTIYHLR
KELVDSTDEADLRLIYLALAHMIKEFRGHFLIEGDLN PDNSDVDELEICLVOTYNOLFEENPIMNASGVDAR
AT LSARLESKSRRLEN LI AQOLPGEKEKNGLFGNLIALSLGLTPNFESNFDLAERDARIL.CLSKDTYDDDLDMNLT.
AOIGDCYADLFLAAKNLSDATILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLEATLVRCOOCLPERYKE
IFFDOSKNGYAGY IDGGASOEEFYKF IKFILEFKMDGTEELLVEKLNREDLLRKORTFDINGSITI PHOITHILGETL
HATILRRCEDEFY PFLEDNREKIEKILTFRIPY Y VGPLARGHNSREAWMIRKSEETITPWNEFEEY VDEGASAC
SFIERMTHNFDENLPNEKYVLPEHSLLYEYFTVYNELTEVREY VIEGMRRPAFLSGECREATVDLLEFETHNREKY
TVHEOLKEDY FKKEIECFDSVE I SGVEDRFHNASLGTYHDLLEKI IKDKDFLDNEENEDTI LEDIWVLTLTLEFEDR
EMIEERLEKITYAHLFDDEVMECQCLERRRY TGWGRLSRELINGIRDEQSGRETILDFLESDGEANRNFMOLTHD
DSLTFREDIOKRACVSGCOGDES LHEAIANLAGSPATKKGI LOTVE YV VDELVKVMGRHRPEN IVIEMARENCT
TOKGOHKNERERMERIEEGIKELGS I LKEAPVENTOQLONERLY LY Y LOMNGRDMY VDOELDIMNRLSDYDWD>
HIVPOSFLEDDSTIDNEVLTRSDEKMNRGESDNVEPSEEVVEEMENYWROLLNAKTLITCREFDNLTEAERGGLS
ELDFKAGF IKROLVETROITKHVAQI LDSRMN ITKYDENDEKLIREVKVITLEKSKLWVSDFREKDEFOQFYEYVRETDIT
NYyHHAHDAY I MNAV VG TALIKEY PELESEFVYGDYKVYDVRFEMIAKSECEIGKATARYFEFYSHNIMNEEFKTE
TTLANGETRERPLTITETHNGETGEITVWDEKGRDFATVREVLSMPOVNIVERTEVOTGGFSKESTLPRERINSDKEL
IARKFKDWDPEEYGGFDSPIVAY SVLVVARVEKGKSKELESVKELLGITIMERSSFERKNPIDFLEAKGYKE
WVEREDLITI THKLPREYSLFELENGRERMLASAGELCOHKGNELATLPSKYVNFLY LASHYERLEGSPEDNEQOEKCOLEW
EOHKHAYLDEITECTI SEFSKRV I LADANLDEVLSAYNKHRDKPIRECAENI THALFTLTNLGAPAAFEYFDT
TIDREFRY TSTEEVLDATI.THOSITGLYETRIDLSQLGGD
>4ZTO_2 | Chains B, D|single—guide RHNA|]|Streptococcus Vogenes (1314}
GECGECATAMAGAUTUGAGACGCGUUUULAGAGCUAGANAATAGCANRGUUARN N TAAGGC TS INCOCEUIAUC T C
TUGCALAAACUCUUCGS

Figure 2. Cas9 Protein Sequences from PDB ID 4ZTO file type FASTA

Single guide RNA (sgRNA) sequences were  RNAcomposer website

designed using the CHOPCHOP website, yielding
439 candidate sequences. The selection of sgRNA
candidates was based on GC content percentage,
self-complementarity, and efficiency values. Based
on efficiency values, 425 sgRNA candidates were
selected, each with a score above 53.65. Next, 289
sgRNA candidates were filtered, ensuring a GC
content percentage above 60%. For final selection,
candidates with a self-complementarity value of 0
were identified, resulting in 58 sgRNA sequences
for further analysis. Data on the selected sgRNA
candidates is presented in Table 1. At this stage, the
selected sgRNA candidates were submitted to the

(https://rnacomposer.cs.put.poznan.pl/) to generate
3D visualizations. The inputted sequences
consisted of a combination of crRNA (from
CHOPCHOP results) and tracrRNA (from the 20nt
Cas9 4ZTO0 protein). Below is an example of the 3D
visualization of an sgRNA candidate.

3.2. Molecular Docking sgRNA Candidate

The selection of sgRNA candidates was based on
the median docking score across all data, resulting
in 33 sgRNA candidates being chosen (Figure 3.).
The five sgRNA candidates with the highest
docking scores include: sgRNA40 (-642.88),
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sgRNA27  (-631.94), sgRNA34 (-608.38),
SgRNAZ26 (-606.7), and sgRNA52 (-604.21).

The binding results of sgRNA sequences with the
target crRNA are represented in the docking score
bar in Figure 4. The graph highlights the 10 sgRNA
candidates with the lowest docking scores. Among
the 33 sgRNA candidates that underwent docking
analysis, five were selected for further evaluation.
These selected candidates include sgRNA 15 (-
399.18), sgRNA 11 (-372.75), sgRNA 9 (-358.67),
SgRNA 57 (-352.87), and sgRNA 58 (-352.29). A
lower docking score indicates lower binding
energy, suggesting that the interaction is more
stable [24].

Molecular dynamics analysis was conducted on
several aspects, including the number of hydrogen
bonds, Root Mean Square Deviation (RMSD), and
Radius of Gyration (RG). The hydrogen bonds
quantified through YASARA evaluation were
categorized into two groups: hydrogen bonds
within the solute (Figure 5.a) and hydrogen bonds
between the solute and solvent (Figure 5.b).
According to the analysis, an average of
approximately 1,011; 1,100; and 1,125 hydrogen
bonds were formed in Cas9, Cas9-sgRNA, and
Cas9-sgRNA-DNA, respectively. Additionally,
under solvent conditions, the number of hydrogen
bonds observed was approximately 2,771 for Cas9;

3.3.  Molecular Dynamic 3,384 for Cas9-sgRNA; and 3,559 for Cas9-
SgRNA-DNA.
W sgRNA 15
msgRNA 11
M sgRNA9
W sgRNA 57
W sgRNA 58
B sgRNA 26
B sgRNA 4
B sgRNA 41
B sgRNA 33
39918 B sgRNA 22
-420 -400 -380 -360 -340 -320 -300
Figure 1. Graph of Cas9 Protein Docking Score of sgRNA candidate with Cas9
3750
1200
- W
w100 o
E g 3250
ﬂé')’ %3000
%1000 E‘
2750 WWNW‘\‘MWWWWWM
900 2500
0 1 2 3 4 5 [ 7 8 9 10 0 1 2 3 E 3 6 8 9
a Simulation time in nanoseconds b Simulation time in nanoseconcls

— Cas9 == Cas9-sgRNA — Cas9-sgRNA-DNA

— Cas9 == Cas9-sgRNA —— Cas9-sgRNA-DNA

Figure 2. Raph of the number of hydrogen bonds. (a.) Number of hyarogen bonds in the solute; (b)
Number of Hydrogen Bonds between Solute and Solvent.
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Table 1. Selected Single Guide RNA (sgRNA) Candidates

Kode Target DNA + PAM PAM SgRNA Sequences Kode Target DNA + PAM PAM SgRNA Sequences
SgRNA 1 GTACCCC?GG&GGAAGCCCA CGG GUACCC(C::QSéGAAGCC sgRNA 30 TGGCA,AACGCJAGJQGGGCA AGG UGGCA@XS\ELGJUAGGG
sgRNA 2 GAAACGC%%(_:I_AC\;TJGGACCC TGG GAAACGggSgUUGGAC SgRNA 31 CTTGTTG??‘SGT((;;ACCGAC TGG Cu UGULCJ;iéé(C:;UGACC
sgRNA 3 GTCACCC/?;(':%GGGTTCCCAT CGG GUCACCEQBEGGUUCC SGRNA 32 CTTGTGGéB_rCZT%GGACATCAC TGG CUUGUSESSSGACAU
sgRNA 4 TGAATACTC(I;'I:I_TC?C;I'GGACCC TGG UGAAUAgngGUGGAC SgRNA 33 CGCAA%CCTI_CGGC;AC;ACAAAT GGG CGCAA;E‘S[CJ;E?JAACAA
sgRNA 5 AAAGGC%TC?&GGGCGAC GGG AAAGGCiéXQAGGGCG SgRNA 34 ACAGGTF%CX:\GG%AGGCCC AGG ACAGGggSéﬁAAGGC
sgRNA 6 AAGGTG;;L%TGCCEEGCCCAC GGG AAGGUG::\E:JE;\JCGGCCC SgRNA 35 AGCTCG&AF%%%ATGCTG GGG AGCUCSéégﬁAAUGC
SgRNA 7 AGGCCC%%%%%GTCCTGC GGG AGGCCCégééGGUCCU SgRNA 36 ACTGGC%%'IEGTSGGTCCA AGG ACUGGggigiUCGGU
SgRNA 8 ATAGGC%%;A(\;%GATCTGA AGG AUAGGCéiééCGAUCU sgRNA 37 CAGCCT(?SASA"I' GCGCAGACGT AGG CAGCCUSC&XCCAGAC
SgRNA 9 CGTGGAG(;AA(;A(\BA(\;AGGTGAC AGG CGUGGAiégﬁAAGGUG sgRNA 38 CTTGGT((::AA((::%ETTCTCTC CGG CUUGG(L:Jl(jéggUUUCU
SgRNA 10 AAGGCCCC%%%%GGTCCTG GGG AAGGCCSg(ééAGGUCC sgRNA 39 CAAGGT‘I(':CC(S'I%A(;GGGTGA TGG CAAGGgiﬁ%éAGGGU
sgRNA 11 AAAGGC(.“aCAé'I:rAéAéAGGTGAC TGG AAAGGCiégéAAGGUG sgRNA 40 GTGGCA(;I_CGA{%EAGCCCCT TGG GUGGCé(C:SCgUAGCC
SgRNA 12 AAGCTCG(;AGA_I_CGAGAATGCTG TGG AAGCUCSéégAAAUGC sgRNA 41 CGATCA(%%(ZI;’C?GGACCT AGG CGAUCA(C:SLCJLCJ;UCGGAC
sgRNA 13 ACAACA;;%%%%GGCCTTC CGG ACAACAC((gﬁgCGGCCU SgRNA 42 AAAGGCCC,;A\A(\;%%A(\;GGGTGA CGG AAAGGgiéiéAGGGU
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sgRNA 14 TAACTCCAAC;I'GAGCTCCGCTG AGG UAACUC%G(GZXACUCCG SgRNA 43 TGTGGA(}I_CGC_II_'I'GGGTGGACCT TGG UGUGGéCC:lCJISgGUGGA
SgRNA 15 CTGTGGTC(ZEGTEAéTCTTCTGT TGG CUGUGGSgSgAUCUUC SgRNA 44 TCTCCAGGT,IS(?(-;FGCGCCG CGG UCUCCégggiCUGCG
SgRNA 16 GCTGAACG:CAL%TGCCTTCCG AGG GCUGAAgggﬁUCCUUC SgRNA 45 AAAGGC;_GGIAA'I:A‘CGAGGGGTGA AGG AAAGGgngiAGGGU
SgRNA 17 TACTCTGCGAGC,:A\GAGCTACCCG CGG UACUCUgggﬁACUACC SgRNA 46 GTTTCAC_IEI/%CGGGATCACCC CGG GUUUCéggG\SGAUCA
sgRNA 18 CGGTCCT_I/_AGAGAGGGGTGATAC GGG CGGUCCl’.AJ:éﬁéGGUGAU SgRNA 47 AAAGG'I:I_GGAA'I:I_AGéTGGGGC TGG AAAGGggCgﬁCUGGG
sgRNA 19 AGAGGG'_I'FCGAGGGAC\;TGGGTGC GGG AGAGGGggGgAUGGGU SgRNA 48 GTGACCAGGAACACGCC;I'GGTGA AGG GUGAC&S\QSS\CUGGU
sgRNA 20 AAGACCEI:F%T(;'(SACCAGG CGG AAGACCSESBUCACCA SGRNA 49 AAGGGCEFCEZ/:C'ZA\%%GGGTGA AGG AAGGGgiGgﬁAGGGU
sgRNA 21 CTACCGCQE%%GCTTCTCT GGG CUACCGS@BEGGCUUC SgRNA 50 ACAACT_EC?TC_EI_C(E;%TATGGA TGG ACAACgngSCUAUG
SgRNA 22 CAGCAGG:_\F%%AeAGTTGGG GGG CAGCAGgéiSAAGUUG SgRNA 51 TACTGGCTGGC_EFTGGGGAACCTT TGG UACUGSSSSgGGAAC
sgRNA 23 TCTACTGC?A,\AE;G&GCTTGGT GGG UCUACUgSéiAGCUUG SGRNA 52 CTTCCTTC(?'TF_/?\((BZ;'GGAGAG TGG CUUCCL(J;XC(:;L(J;GCUGGA
sgRNA 24 CAAGGT%CEA\AACC;AGGGGTCCA AGG CAAGGU((;(AZ\?:\;Z‘AGGGUC SgRNA 53 GGTGCTC(:BC(:STC_EFCCE;TC;AGAAAT TGG GGUGC%E%SSUAGAA
SgRNA 25 ACTGGT'I;'_I)_AC%CC;I'GGCCCT CGG ACUGGUgSéGCUGGCC SgRNA 54 TGGTTGXQ%?(?SGAGGA TGG UGGUUggﬁgSAGGAG
SgRNA 26 ACCGGGGGC_I_TCAéCéAGGGGAT CGG ACCGGGngﬁCAGGGG SgRNA 55 TCTCTGG(?GGA-\I-(?((;:ATGGGT AGG UCUCUEgSggACAUG
SgRNA 27 CCAAGGC_II%%AG%AAGGTCC CGG CCAAGG(égleéGAAGGU SgRNA 56 GACCA%;'I(':(?I:I(;%GGTTTG TGG GACCAﬁégigGGGUU
sgRNA 28 GCAGTCA,SJT%%AACGCCC TGG GCAGUCégXSAAACGC SgRNA 57 GTAGCA_\I_(:TI%'I:A(\BGC(SGGACC AGG GUAGCégSBgCGGGA
SgRNA 29 AAAAGGACC?A,:'IéAGAGGGCG AGG AAAAGGgiéXAAGGGC SgRNA 58 AGCGGC_I_%'I;I:I?SGGCGGAG TGG AGCGGﬁngngGCGG
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Table 2. 3D Visualization of Single Guide RNA (sgRNA 1)

Kode Visualization 3D sgRNA sgRNA sequences
GUACCCCAGAGAAGCCCAUGGUUUUAG
R AGCUAGAAAUAGCAAGUUAAAAUAAGG
/ CUAGUCCGUUAUCAACUUGAAAAAGUG
6 2 UUCG
\)
L i \(
& Y (P ((((G(G)) ) RA (YD) DRI
sgRNA 1 -%% {2 (W)
N\ 4
4\\. I\ §_ 3
y :
s

173



and
m CHEMISTRY

Turkish Computational and Theoretical Chemistry
Turkish Comp Theo Chem (TC&TC)
Volume(lssue): 10(1) - Year: 2026 - Pages: 165-182

e-ISSN: 2602-3237
https://doi.org/10.33435/tcandic.1628962

Received: 29.01.2025 Accepted: 04.05.2025 Research Article

323.98 =
-415.07
419.66

-440.87
-468.32

-460.1
-469.76

-600 -500 -400 -300 -200 -100 0

Figure 3. Graph of Docking Score sgRNA with crRNA Target



Turkish Comp Theo Chem (TC&TC), 10(1), (2026), 165-182

Erlia Narulita, Aisa Aulia Nur Aini, Hardian Susilo Addy, Riska Ayu Febrianti

RMSD in Angstroms
%
RMSD in Angstroms.

Simulation time in nanoseconds Simulatior time i nanoseconds

b ~— Cas9 —— Cas9-sgRNA —— Cas3-sgRNA-DNA

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 é 5 P 5 |
=~ Cas9 =— Cas9-sgRNA —— Cas9-sgRNA-DNA

Figure 6. Root mean square deviation (RMSD) in complex bonds shows the stability of the docked
complex. (a) Total RMSD on Cas9, Cas9-sgRNA, and Cas9-sgRNA-DNA, (b) Ca RMSD on Cas9, Cas9-

SgRNA, and Cas9-sgRNA-DNA

42

» &
o) -

Radius in Angstroms

(%}
©

38
o] 1 2 3 < 5 S 7 8 =] 10

Simulation time in hanoseconds

e Cas9 = Cas9-sgRNA -—— Cas9-sgRNA-DNA

Figure3. Comparison of RG patterns between single Cas9 protein and Cas9-sgRNA complexes

RMSF in Angstroms

RMSF in Angstroms

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 o 20 40 60 80
Residue sequence Nucleotide sequence
aJ Cas9 —— Cas9-sgRNA Cas9-sgRNA-DNA b —— Cas9-sgRNA — Cas9-sgRNA-DNA

9
"
£
e
Z6
&
g
<
£
u —

3
H \\ R -

.
0
5 10 15 20
Nucleotide sequence
Cc ~—— Cas9-sgRNA-DNA

Figure 8. Root Mean Square Fluctuation (RMSF) indicates the conformational flexibility of the complex.
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Based on the average RMSD values, the Cas9,
Cas9-sgRNA complex, and Cas9-sgRNA-DNA
complex exhibited deviations of 4.606 A, 5.512 A,
and 5.212 A, respectively (Figure 6.a). This
suggests a substantial conformational change from
the initial structure. Additionally, the lower RMSD
values of C-alpha for all three samples—averaging
4.305A,4.752 A, and 4.503 A, respectively (Figure
6.b)—indicate that the protein core remained
relatively stable despite extensive structural
changes.

Radius of gyration (Rg) is a parameter that
describes the equilibrium conformation and mass
distribution of a molecule during simulation. A
lower Rg value signifies a compact or folded

protein structure, while higher values indicate a
more open or unfolded state. The Rg graph (Figure
7) illustrates the structural changes of Cas9, Cas9-
SsgRNA, and Cas9-sgRNA-DNA over the course of
the 10-nanosecond simulation. Cas9 exhibits a
lower Rg value with a decreasing trend over time,
suggesting that its structure becomes more compact
as the simulation progresses. In contrast, the Cas9-
sgRNA and Cas9-sgRNA-DNA complexes,
represented by green and blue lines, display higher
Rg values than pure Cas9. This indicates that the
incorporation of sgRNA and DNA increases the
overall molecular size, potentially due to the more
open conformation required to accommodate the
additional components.
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Figure 9. Cloning results of pPCMV-T7-ABE8 and sgRNA 15

The RMSF graph in Figure 8 illustrates the
flexibility profile of Cas9 residues and their
complexes with sgRNA and DNA. Pure Cas9,
represented by the red line, exhibits greater
fluctuations compared to the Cas9-sgRNA and

Cas9-sgRNA-DNA complexes. The RMSF graphs
for sgRNA within the Cas9-sgRNA and Cas9-
sgRNA-DNA complexes (Figure 8.b) display
nearly identical patterns, suggesting that the
presence of DNA does not significantly alter the
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flexibility of the sgRNA backbone. Both graphs
exhibit consistent peaks and valleys, indicating that
specific nucleotides in the sgRNA maintain similar
mobility or rigidity, regardless of the presence of
target DNA. Meanwhile, the RMSF graph for the
Cas9-sgRNA-DNA complex (Figure 8c) presents a
relatively stable and low fluctuation profile along
the nucleotide sequence, indicating that the DNA
within this complex maintains consistent structural
rigidity.

3.4.  Plasmid Construct

In-silico plasmid construction aims to map
recognition sites for target sequences and
appropriate restriction enzymes before
implementation in in vitro studies. The plasmid
used in this study features a T7 promoter site and a
Cas9 protein site for DNA cleavage [25]. The
constructed single guide RNA (sgRNA 15) was
inserted into the pCMV-T7-ABES8 plasmid to direct
the Cas9 protein toward the specific target genome
region for cleavage. The pCMV-T7-ABES8 plasmid
and sgRNA 15 were digested using the restriction
enzyme SnaBl and subsequently ligated to form a
recombinant plasmid. The successful insertion of
the gene into the plasmid is confirmed by the
preservation of the reading frame, ensuring proper
protein expression [26]. The well-ligated sgRNA
15 sequences within the pCMV-T7-ABES8 plasmid
was visualized using SnapGene, as illustrated in
Figure 9.

4.  Conclusions

Salmonella enterica has been a significant public
health concern, primarily as a cause of foodborne
ilinesses, for more than a century. Due to its
abundance and high infection rates, researchers
have continuously sought effective treatment
options [27]. One of the most commonly used
treatments is antibiotics. However, this approach
has become less effective due to the ability of
bacteria to develop antibiotic resistance. Multiple
studies have demonstrated the high level of
resistance in multi-drug-resistant Salmonella spp.,
highlighting the consequences of uncontrolled
antibiotic use and its impact on the diminished
effectiveness of  combating Salmonella
infections[28], [29], [30]. As an alternative,
bacteriophage therapy has been explored for
Salmonella treatment. Unlike antibiotics, which
exhibit broad-spectrum activity, bacteriophages are
highly host-specific, reducing the risk of intestinal
dysbiosis and secondary infections following phage

therapy [31]. To expand the host range of
bacteriophages, genome editing presents a viable
strategy. Bacteriophages contain tail fiber proteins,
which play a crucial role in the infection process by
interacting with receptors on the bacterial host
surface. These tail fiber proteins contain receptor-
binding domains that determine host specificity.
Thus, editing these regions has the potential to
enhance the host range [32].The in-silico
construction of sgRNA as part of the CRISPR-Cas
system has previously been performed on the tail
fiber protein Gp0047 of Salmonella Phage SSE-121
[33]. In that study, candidate sgRNA 6 was
identified, = demonstrating  stable  binding
interactions with the Cas9 protein [33]. In contrast,
the present study focuses on the gpl9 tail fiber
protein of Salmonella Phage SSE-121 as the
primary target for enabling specific recognition of
bacterial host cells.

The construction of single guide RNA in
Salmonella phage in silico aims to obtain optimal
candidates that will later be used in in vitro studies.
The Salmonella phage SSE-121 genome was
inserted into the CHOPCHOP website, and 493
data were generated based on the off-target score.
CHOPCHOP helps simplify the design of sgRNA
used in CRISPR. The application of this website is
generally used to create knock-out genes through
the introduction of double-strand breaks followed
by repair through the NHEJ pathway [34]. The
results obtained were then selected based on the
efficiency score, GC content, and self-
complementary. The efficiency score in this study
was obtained based on the median results of all data
obtained from the CHOPCHOP website. The
median of the data obtained is 52.6. GC content is
the percentage of nucleotide bases containing
guanine and cytosine bases in a DNA sequence.
The data obtained has GC content between 50%-
70%. Self-complementary is the value of the ability
of a DNA fragment to bind to itself. This value is
important in a selection of sgRNA candidates
where the optimal candidate used has a self-
complementary value of 0, so 58 sgRNA candidates
were selected from all candidate data obtained.
Selected sgRNA candidates were docked with
target DNA to evaluate their binding ability. Each
sgRNA candidate consists of crRNA and
tracrRNA, which are essential for molecular
docking. The crRNA is responsible for recognizing
and targeting invading nucleic acids, while the
tracrRNA binds to the crRNA to facilitate its
maturation and enable subsequent interference by
Cas9. This combination allows the sgRNA to guide
the Cas9 protein in cleaving the desired DNA strand
[13], [35]. As a result, 33 sgRNA candidates with
low docking scores were identified. The next phase
involved docking these sgRNA candidates with
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Cas9 protein sequences. Molecular docking
between sgRNA and Cas9 protein was performed
using HNADock, a tool designed to model the
structural complexes formed between nucleic acids.
HNADock utilizes an FFT-based global docking
algorithm to evaluate binding interactions and
applies an intrinsic scoring function for
RNA/DNA-RNA/DNA interactions. This scoring
function incorporates distance-dependent
calculations, where the receptor lattice points and
surrounding lattices contribute to the overall
binding energy score [36]. Molecular docking for
single guide RNA (sgRNA) follows a distinct
approach compared to traditional docking methods
used in drug development, which involve complex
molecules such as carbohydrates, lipids, or
peptides. For complex molecules, the docking
process requires multiple preparation steps,
including protein modeling, ligand molecule
optimization, and molecular calculations. The
preparation steps and methodologies employed in
software such as AutoDock Vina differ from those
used in HNADock and HDOCK [32], [37].
Following the identification of 33 candidates, an
additional selection process was conducted,
narrowing the list to five sgRNA candidates with
the lowest docking scores. A lower docking score
indicates lower binding energy, suggesting
increased stability of the interaction. The receptor
and ligand molecules processed through the
HDOCK software were analyzed using a hybrid
algorithm that combines both template-based and
template-free docking approaches to predict
molecular interactions [22]. The final selected
candidate, sgRNA 15, exhibited a docking score of
-553.09 for target DNA binding and -399.18 for its
interaction with the Cas9 protein.

Molecular Dynamics (MD) simulations have been
an excellent complement to experimental studies
that investigate the CRISPR/Cas9 editing
mechanism in terms of structure, thermodynamics,
and kinetics [38]. The binding of sgRNA is one of
the important steps in CRISPR/Cas9 activity
because sgRNA guides the Cas9 nuclease to bind to
the target DNA. A study conducted by Palermo et
al. in 2017 using Gaussian Accelerated Molecular
Dynamics (GaMD) and targeted Molecular
Dynamics (tMD) to show the conformational
changes of Cas9 in response to sgRNA binding in
atomic detail [39]. The hydrogen bonds formed
between the ligand and the protein are responsible
for maintaining a compact and appropriately
oriented structure, where the flexibility of the
protein residues also comes into play, as it is these
compounds that form bonds with the ligand
molecules [40]. The number of hydrogen bonds
generated from the YASARA evaluation falls into
two categories, namely, the number of hydrogen

bonds within the solute (Fig5.a) and the number of
hydrogen bonds between the solute and solvent
(Fig5.b). The protein folding process is indicated by
the increasing trend of the number of hydrogen
bonds in the solute (Fig5.a) and the decreasing
number of hydrogen bonds between the solute and
solvent (Fig5.b). The patterns observed in both
graphs confirmed that Cas9 and Cas9-sgRNA
underwent protein folding optimization throughout
the simulation, while the Cas9-sgRNA-DNA
complex underwent conformational stability, with a
trend of a relatively constant number of hydrogen
bonds throughout the simulation.

RMSD is a key parameter in structural analysis that
measures the conformational changes of receptor
macromolecules in response to interactions with
ligands. The RMSD measures the extent to which
the receptor changes from its initial conformation,
providing an indicator of the structural stability
during the simulation. This dynamic stability is
important as sustained conformational changes may
reflect folding, unfolding, or bonding events [41].
The RMSD value considered standard for protein
stability during simulation is less than 3 A. If the
RMSD value of a protein exceeds this threshold, it
can be interpreted that the protein has undergone
significant conformational changes due to folding,
unfolding, or binding events. The average RMSD
values for Cas9, Cas9-sgRNA complex, and Cas9-
sgRNA-DNA complex in Figure 6 (a,b) show
substantial conformational changes from the initial
structure. In contrast to the lower RMSD values of
C-alpha for the three samples, as in Figure 7(a,b),
each graph indicates that the protein core remains
relatively stable despite extensive changes to the
overall structure. High RMSD graphs may also
imply major conformational transitions occurring
in the protein to obtain a stable conformation with
the ligand [40]. The changes that occur are
predicted to be significant and do not automatically
indicate protein malfunction. Instead, in many
cases, they may reflect structural adjustments
required for functional interaction with the ligand
or target DNA in the context of the genome editing
mechanism by the CRISPR-Cas9 system.

Another parameter is the radius of gyration (Rg),
which is considered a fundamental indicator of the
total size of the chain molecules. Rg is a parameter
that describes the equilibrium conformation and
mass distribution of a molecule in the simulation. A
low Rg indicates a compact or folded protein
conformation, while higher values indicate an open
or unfolded state [42]. The Rg graph (Figure 8)
shows records of the structural changes of Cas9,
Cas9-sgRNA, and Cas9-sgRNA-DNA throughout
the 10-nanosecond simulation. Cas9 shows a lower
Rg value and a decreasing trend over time,
indicating a structure that becomes more compact
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as the simulation progresses. This indicates a stable
and well-folded conformation, which is important
for protein function in its natural state. The Cas9-
SgRNA and Cas9-sgRNA-DNA complexes, shown
with green and blue lines, exhibit higher Rg values
than pure Cas9, indicating that the presence of
sgRNA and DNA increases the overall size of the
complex, possibly due to the more open structure
required to accommodate the additional molecules.
However, the relatively stable Rg values for both
complexes indicate that despite the structural
expansion, the complexes still achieve specific
conformational stability throughout the simulation.
This could imply that Cas9 in complex with sgRNA
and DNA retains a sufficiently defined structure to
perform its function of target DNA recognition and
cutting, with the stability required for efficient
genome editing activity [43].

RMSF measures the local flexibility of the protein
structure by assessing the deviation of specific
atoms or residues throughout the simulation.
Variations in flexibility in terms of RMSF
parameters can be used to investigate the binding of
inhibitors to the target. The RMSF plot will be a
typical representation of residues that undergo
significant changes during MD simulation
operation [42]. Low RMSF values indicate rigid
and stable regions of the protein, which are often
associated with core structural elements or
functionally important regions. On the other hand,
high RMSF values signify regions with more
flexibility, which may play a role in protein
interactions, conformational changes, or regions
exposed to solvents. The graph of Figure 8.
indicates that Cas9 in its pure form has higher
flexibility at some of its residues, which may reflect
the need for the protein's natural structure to adapt
or change conformation in its search and binding of
target DNA. Meanwhile, Cas9-sgRNA and Cas9-
sgRNA-DNA complexes appear to have lower
RMSF profiles overall, suggesting that binding to
sgRNA and DNA might stabilize the protein
structure and reduce its flexibility. This is
consistent with the suggestion that complexation
with sgRNA and DNA guides the protein into a
more ordered and specific conformation required
for effective gene editing activity.

The RMSF graphs for sgRNA in Cas9-sgRNA and
Cas9-sgRNA-DNA complexes in Figure 8.b show
consistency that reflects the innate structural
constraints of sgRNA when bound to Cas9, which
are retained after DNA binding, ensuring that
sgRNA remains in the correct conformation
required to direct Cas9 to the target DNA site.
Slight variations between the two complexes may
represent subtle adjustments to the sgRNA
conformation in response to DNA binding, which is
essential for the formation of the active Cas9-

SgRNA-DNA complex required for gene editing.
The RMSF graph for the Cas9-sgRNA-DNA
complex in Figure 8.c shows a relatively stable and
low profile along the nucleotide sequence,
indicating that the DNA in this complex has
consistent rigidity. The absence of significant peaks
indicates that not many DNA residues experience
high flexibility, which could indicate that the DNA
is stably bound by the Cas9-sgRNA complex and
does not undergo much conformational change
during the simulation. This stability is important for
maintaining the integrity of the interaction between
Cas9, sgRNA, and target DNA, which is crucial for
precision in the recognition and cutting of DNA
target sites by the CRISPR-Cas9 system.

The results of the sgRNA construction were then
used to reconstruct the plasmid. Plasmid
construction uses a T7 promoter to regulate gene
expression in recombinant bacteriophage proteins.
The plasmid used is the pCMV-T7-ABES, which is
equipped with a T7 promoter and Cas9 protein.
SgRNA 15 cuts the plasmid using the SnaBI
restriction enzyme located at sequence number 107.
The cutting region is recommended to be in the
direction before the T7 sequence and Cas9 protein
so that the expression process can work properly.
Plasmids inserted by sgRNA sequences will be
visualized in the Snapgene application as plasmid
cloning.

The in-silico construction of sgRNA enabled the
identification of an optimal candidate for genome
editing in Salmonella phage SSE-121 using various
computational tools. The selected sgRNA
candidate, which exhibited the lowest docking
score, was incorporated into plasmid construction.
Hydrogen bond formation was analyzed across
different molecular complexes, with averages of
approximately 1,011 in Cas9; 1,100 in Cas9-
sgRNA; and 1,125 in Cas9-sgRNA-DNA. Under
solvent conditions, the number of hydrogen bonds
increased to approximately 2,771 for Cas9; 3,384
for Cas9-sgRNA; and 3,559 for Cas9-sgRNA-
DNA. The average RMSD values for Cas9, Cas9-
SgRNA, and Cas9-sgRNA-DNA complexes
suggested substantial conformational changes from
the initial structure. However, the RMSD values of
C-alpha remained lower across all three samples,
indicating that the protein core retained relative
stability despite extensive structural modifications.
Cas9 exhibited lower Rg values with a decreasing
trend over time, reflecting an increasingly compact
structure throughout the simulation. Additionally,
the lower RMSF profiles of Cas9-sgRNA and
Cas9-sgRNA-DNA suggest that sgRNA and DNA
binding contributed to structural stabilization and
reduced flexibility. The pCMV-T7-ABES8 plasmid
was successfully modified by integrating the
sgRNA15 sequence using the SnaBl restriction
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enzyme for plasmid cloning. These recombinant
plasmids will be utilized in subsequent in vivo and
in vitro studies to advance genome editing
applications
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