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Bacteria-mediated biotherapy, also known as bacterial therapy or bac-
teriotherapy, is a treatment that utilizes live bacteria or bacterial prod-
ucts to treat various medical conditions. Despite their extensive explo-
ration for treating many cancer types, the limited therapeutic efficiency
of bacterial-mediated biotherapies, mainly because they do not accu-
mulate tumor-specifically after delivery, has hindered their widespread
application. However, this work brings hope by exploring the poten-
tial of aptamers in cancer-targeted therapy. Aptamers, nucleotides with
the ability to bind targets similarly to antibodies, were the focus of our
study. We used computational modeling to understand the interaction
mechanism between aptamers and the nucleolin protein, which is
overexpressed on the surface of cancer cells. We hypothesize that the
aptamers used in this research will show specific binding interactions
with the nucleolin protein. The aptamer PDB files were obtained using
Vfold2D and Vfold3D programs, and these structures were then
docked onto the nucleolin protein. Our studies revealed that the ULF
aptamer formed strong interactions with the nucleolin binding site, fur-
ther validating our results. This will enhance our understanding of the
binding mechanism of aptamer to the nucleolin protein. The predicted
aptamers can manipulate bacterial behaviors by changing the bacterial
surface and can be an effective tumor imaging tool or therapeutic agent
against the disease.

1. INTRODUCTION

Bacteria Biotherapy is where bacteria and their products are used to treat
variousdiseases, cancerbeingoneofthem(1,2).Utilizingthe natural properties
of certain bacteria, bacteria biotherapy aims to track and destroy cancer cells,
regulate the immune system, and supply tumors with therapeutic agents (1).
Certain bacteria can pick and choose what tumors they colonize due to the
unique microenvironment of cancer tissues, which often have hypoxic and
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necrotic regions (1). Clostridium and Bifidobacterium are good examples
of species (3). By activating immune cells like dendritic cells and T-cells,
bacteria can increase the body’s ability to detect and attack cancer cells, boosting
the immune system (4). Some bacteria can also produce toxins that harm
cancer cells, causing apoptosis (5). Bacteria can also be genetically modified to
give different genes to cancer cells, which can either kill the cells or enhance
treatment (6). Bacteriacanalsobeused fordetectionifthe tumorisinanearlier
stage (4).
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Fig. 1. Mechanism of aptamer interaction with bacteria. (a) Aptamer-
assisted bacterial tumor localization is needed for improved biotherapy and
(b) aptamer conjugation to the bacterial protein (PD1) on the surface.

Aptamers are small, single-stranded oligonucleotides or peptides that bind
with attentionto detailand coordinate with atarget molecule (7). The selection
of aptamers is a meticulous process using the SELEX method (8). Aptamers
are versatile in their ability to bind to various molecules, differing by structure,
function, and form (7). They can be preferable to antibodies for their excellent
composition, endurance, and lack of denaturing (7). Their small size allows
them to get inside tissue with greater efficiency. Aptamers are also produced
through chemical processes, making them easy to make, multiply, and change
(7).

Regarding bioinformatics, docking uses a computer to show the binding be-
tween a small binding molecule and a large protein to get a read on the binding
conditions at the active site. First, it finds the protein’s binding pocket, which it
then uses to compute the algorithms of different molecule orientations. The
computer then reads the various configurations and analyzes the probability
of each, ranking them in order of most likely to least likely. Nucleolin protein,
found in the nucleolus, is involved in many DNA and RNA functions (9). It
is also between the shuttle between the cytoplasm and the nucleus (9). The
protein is sent to the cell surface in many cancers as part of cell signaling. It
has been suggested as a viable biomarker in detecting and targeting cancer.

We hypothesize that the aptamers used in this research will show specific
binding interactions with the nucleolin protein, Figure 1. This innovative
approach, explored in the current work, involves first predicting the tertiary
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structures of DNA-based aptamers and then performing molecular docking
simulations. The nucleolin-aptamer interactions are explained based on the
surface electrostatics and shape complementary. These results were further
validated by experimental work performed in the previous study. Finally, we
have also performed aptamer mutations, out of which aptamer APT-M1 and
APT-M2 has stronger interactions from the wt aptamers. The current results
will help develop novel bacterial-based cancer-targeted therapy.

2. METHOD

The Protein Data Bank (PDB ID = 1FJE) was the source of the receptor’s three-
dimensional structures. The aptamer’s main nucleotide sequence underpinned
structural predictions. Vfold2D first determined this sequence’s secondary
structure (10). After obtaining the nucleotide sequence, it was converted to
a secondary structure, and the images are in Figure 3. After predicting the
secondary structure, the tertiary structure was modeled using Vfold3D (11).
ChimeraX visualized the 3D structures that were obtained (12). These 3D
structures were docked on nucleolin protein by the HDOCK software (13). The
complete singular structure of DNA-bound nucleolin protein was obtained
from AlphaFold 3, a deep-learning model that predicts the 3D models of the
protein and DNA (14).

3. RESULTS

In this study, we successfully demonstrated the enhanced tumorlocalization
of bacteria using aptamer-assisted targeting. We designed in silico aptamers
using computational tools and then docked these structures onto bacterial
proteins. Two sets of aptamers from the previous research have been taken
in this research: AS1411 and ULS11a. Later, mutant forms of these aptamers
AS1411_M1, AS1411_M2, and AS1411_M3 for AS1411 and ULS11a_M1 and
ULS11a_M2 for ULS11a were developed. The DNA-based aptamers and their
respective mutants () dot and bracket notations are shown in Table 1. Under-
standing the surface chemistry of the protein has dramatically increased the
understanding of protein aptamer binding functions. Firstly, GrASP utilized
binding site prediction using GNN analysis. Figure 2a shows the binding site.
The binding site is displayed in yellow and green. However, in this figure, the
aptamer cannot access it because the site is too small. Figures 2b and c show
the receptor’s ESP estimated with ChimeraX. It provides alook into the nature
of protein interactions with other molecules. Positives are blue, negatives red,
and neutrals white.

To understand the nucleolin-aptamer binding interactions, we had to per-
form molecular docking simulations, and to do that after 3d structure should
be obtained. Therefore, we have performed these two steps to get the aptamer
3D structure. First, Vfold2D predicted aptamers’ secondary structures, as seen
in Figure 3 and Table 1. The 3D shape of the aptamer depends on its base pair
interactions (hydrogen bonds) in its secondary structure. Nucleic acids, partic-
ularly aptamers, are often represented by dot-bracket notation. This notation
indicates paired and unpaired bases using dots, brackets, and other symbols.
Second, the 2D images also provide dot-bracket notations of the specific ap-
tamers, which helps determine their 3D structure. Many researchers use these
2D images to predict the similarity/difference between aptamers based on the
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Fig. 2. Binding site of the protein.(a) The binding site on the nucleolin is
shown in yellow-red color; (b) Nucleolin is both negative (red) and positive

(blue) in nature, according to the protein’s ESP. The central region is positive
and should be the RNA binding site.
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Fig. 3. Binding of aptamer toNucleolin . The aptamers were docked on the
nucleolin to get the interactions, and the negative aptamers bind to the posi-
tively charged region of the protein.

hypothesis that similar 2D aptamers should have similar binding patterns. In
this situation, all aptamer secondary structures have distinct binding patterns.
The obtained 3D aptamers were docked on nucleolin protein in the next step.
Figure 3 shows HADDOCK web server-predicted molecular docking structures.
This study used HADDOCK, which has been thoroughly validated for protein-
nucleic acid complexes. First, 10,000 rigid body dockings were performed with
rigid proteins and aptamers. Four hundred semi-flexible refinement dockings
added protein and aptamer flexibility in the second stage. Last, water was added
to the docking procedure. The docking simulations showed that all
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Fig. 4. Nucleolin -bound RNA. (a) Front view and (b) Back view. The nega-
tively (red) charged RNA binds to the four domains’ positive (blue) region.

aptamers bind to a distinct receptor area. To get the interactions of these
aptamers, we have also calculated the nucleolin-protein dining interactions.
Based on the PLIP web server, AS1411 formed ten hydrogen bonds with Asn49
(3.75),Gln91 (2.58 and 2.72), Asp92 (2.64), Thr98 (3.61 and 3.68), Asn102 (3.41),
His107 (3.05), and Ser109 (3.04 and 3.05) and a salt bridge with Arg96 at a
distance of4.75 A. AS1411 Mutation 1 formed five hydrogen bonds with Met31
(2.37),Met31(2.68),Asn33(3.13),Ser57 (2.69),and Asn58 (3.41).Italso forms
a hydrophobic interaction with Trp32 (3.48). In addition, it also formed a salt
bridge with Glu61 (4.70), Arg104 (5.30),and Arg104 (5.5). AS1411 Mutation 2
forms four hydrogen bonds with Asn49 (3.17), GIn99 (2.6), His107 (3.18), and
Ser109 (3.25). It formed two salt bridges with Arg96 (4.41) and Arg96 (4.56).
Finally, to understand the strength of the interaction, we have also computed
the nucleolin-aptamer binding energy, Table 1. This shows that the mutant
aptamers (APT-M3 and APT’-M2) generated by us have more interactions than
the native aptamers (APT and APT’).

Finally, we have computed the complete 3D RNA-bound nucleolin structure
using the AlphaFold 3 software, as shown in Figure 4. Due to nucleolin’s
complex and flexible nature, obtaining the entire 3D structure of nucleolin
using experimental techniques is very difficult. Only the rigid regions of
the protein have been elucidated and were used in this study. Based on this
structure, in the absence of RNA, the four domains of the protein are arranged
in a square shape; however, in the presence of RNA, the protein fluctuates,
and to accommodate RNA, the four domains rearrange themselves in a linear
shape. In addition, the negatively charged RNA is specifically attached to the
positive charged region of all four domains. The positive area of the protein
is blue, while the negative is red. The 3D structure of the protein will provide
new insights into the RNA binding mechanism of this protein
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Fig. 5. Flexibility of Nucleolin protein. In the absence of RNA, the four do-
mains are square, and in the presence of RNA, significant fluctuations were
observed to accommodate the protein.
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Fig. 6. Nucleolin-aptamer interactions. The graph shows that mutant ap-
tamers (APT-M3 and APT'M2) form more interactions than the wt aptamers
(APT and APT’).

4. DISCUSSION

Bacterial biotherapy has gained significant attention in the field of cancer
and challenges the traditional methods of diagnostic and therapeutic
interventions. Tumor tropism can selectively target them and accumulate
within the cancer cells (15). They can target tumors by modulating the
immune system or de- livering therapeutic payload. Bioconjugation is a
technique in which bacteria are used as a vehicle to transport drugs to a
specific region of the body (16). Bacteria have unique properties that make
them well-suited for drug transport, such as traversing various physiological
barriers and selectively targeting spe- cific diseased cells (tumor cells).
Nucleolin (NCL) is a multifunctional protein primarily located in the
nucleolus (9,17).
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However, it can also be present on the cell surface in various cancer
diseases. NCL on the plasma membrane acts as a coreceptor for attaching
multiple single-stranded RNA, bacteria, and toxins (18). The protein is
primarily present inside the cell and helps in ribosomal production, DNA
repair, DNA transcription, and RNA splicing (19). In cancer cells, these
proteins are also present on the cell’s surface and can be used as cell surface
markers for cancer detection and treatment.

Although NCL is a nuclear protein; however, it contains cancer cells that
move to the surface of cancer cells and can be used as a biomarker of these
cells (9). Using the alpha fold technique, we have elucidated the 3D structure
of nucleolin bound with RNA (20). Since, NCL shares a complex and flexible
nature getting the complete 3D structure is very difficult, and only a tiny
segment of the protein has yet been elucidated. Computational-based 3D
structure (elucidated by AlphaFold 2) has been reported in a review article by
Tonello et al. in 2022 (18). We have not identified any RNA structures bound
to the nucleolin protein to date. In this research work, we have elucidated, for
the first time, the complex structure of RNA-bound nucleolin protein, Figure
4 and 5. Significant structural changes were observed in the free nucleolin
protein vs RNA-bound nucleolin protein. In the free state, the domains are
close to each other, forming a square; however, in the presence of the RNA,
the four domains arrange themselfin a linear form to accommodate the RNA.
The protein’s electrostatic surface potential (ESP) plays a significant role in
RNA binding because only the protein’s positive portion interacts with the
negatively charged RNA. In nucleolin, all four domains bind to RNA, similar
to other RNA-binding proteins that also engage multiple domains in RNA
interaction.

This study shows how aptamer-assisted tumor localization can potentially
improve the precision of aptamer-assisted bacteriotherapy. By crafting tumor-
specific aptamers and by simulations of molecules, aptamer binding to the
bacterial protein’s process has been simulated. These findings show one of the
significant drawbacks to bacterial-based therapies—non-specific distribution—
can be overcome by aptamer targeting, thus providing a pathway for better
and more precise treatment approaches. Improving aptamer-bacteria interac-
tions and judging the therapeutic results in various tumor models to test this
potentially helpful approach further should be done in the future.
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Table 1. Aptamer used in this study and nucleolin-aptamer binding
energy. The most muscular binding energy computed was of APT'M1 and
APT’- M2. Dot and bracket notations are two common ways to represent the
secondary structure of nucleic acids, such as RNA and DNA aptamers. Dots
represent unpaired nucleotides (.). Matching parentheses represent paired
nucleotides: Opening parenthesis ( indicates the beginning of a base pair,

and Closing parenthesis )indicates the end of a base pair.
Aptamer | Sequence Dot and bracket Binding
Energy
(Kcal/mol)

APT GGTGGTGGTGGTTGTGGTGGTGGTGGTTTTTTTTT | -9.27
TTT
.............. (((em))) !

APT-M1 GGTGGTGGTGGTTGTGGTGGTGGTGGTTTCTTTTT | -9.26
TTT
........ (((())) e

APT-M2 GGTGGTGGTGGTGGTGGTGGTGGTGGTTTTTTTTT | -9.32
TTT
........... ()

APT-M3 GGTGGTGGTGGTTGGGGTGGTGGTGGTTTTTTTTT | -9.99
TTT
............ (((((Ee)))))E

APT’ ACAGCATCCCCATGTGAACAATCGCATTGTGATTG | -10.12
TTACGGTTTCCGCCTCATGGACGTGCTGTTT
)()()()((((-((((((-((((((((((---))))))))))((((----))))))))))-)))

APT’-M1 ACA"GCATCCCCATTTGAACAATCGCATTGTGATTG -10.97
TTACGGTTTCCGCCTCATGGACGTGCTGTTT
)()()()((((-((((((-((((((((((---))))))))))((((----))))))))))-)))

APT’-M2 ACA"GCATCCCCATGTGGACAATCGCATTGTGATTG -11.04
TTACGGTTTCCGCCTCATGGACGTGCTGTTT
)()()()((((-((((((-((((((((((---))))))))))((((----))))))))))-)))
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Table 2: Interactions between Nucleolin and aptamers. The Nucleolin-
aptamer binding was due to the bonds formed between the two complexes.

APT

Hydrogen Bonds Asn49 3.75
GIn91l 2.58, 2.72
Asp92 2.64
Thro8 3.61, 3.68
Asnl102 3.41
His107 3.05
Serl09 3.04, 3.05
Salt Bridge Arg96 4.75
APT-M1
Hydrogen Bonds MET 2.37
MET 2.68
ASN 3.13
SER 2.69
ASN 3.41
Salt Bridges GLU 4.7
ARG 5.3
ARG 55
Hydrophobic TRP 3.48
interactions
APT-M2
Hydrogen Bonds ASN 3.17
GLN 2.60
HIS 3.18
SER 3.25
Salt Bridges ARG 4.41
ARG 4.56
APT-M3
Hydrogen Bonds MET 2.7
ASN 3.14

ASN 2.59
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ASN 3.27
LYS 2.58
GLN 3.35
LYS 3.35
Salt Bridges ARG 4.48
LYS 4.82
LYS 4.02
LYS 3.89
APT’
Hydrogen Bonds Trp32 2.42
Thr36 2.69
Ala40 2.78
Val43 2.42
Asn49 2.77,3.04
His107 2.46
Argl47 2.60
Salt Bridge Asp48 4.45
APT’-M1
Hydrogen Bonds PRO 3.39
ARG 2.8
GLN 3.24
LEU 2.25
Salt Bridges ARG 453
LYS 4.79
LYS 4.89
APT’-M2
Hydrogen Bonds GLY 3.05
ASN 2.67
SER 3.13
THE 242
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LEU 2.27
Salt Bridges ARG 5.17
ARG 5.17
ARG 5.47
ARG 5.16
ARG 5.47
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