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Abstract

Staphylococcus aureus (S. aureus), a common foodborne pathogen, poses significant

public health challenges due to its association with various infectious diseases. A key

player in its pathogenicity, which is the IsdA protein, is an essential virulence factor in

S. aureus infections. In this work, we present an integrated in-silico and experimental

approach using MD simulations and surface plasmon resonance (SPR)-based aptasen-

sing measurements to investigate S. aureus biorecognition via IsdA surface protein

binding. SPR, a powerful real-time and label-free technique, was utilized to characterize

interaction dynamics between the aptamer and IsdA protein, and MD simulations was

used to characterize the stable and dynamic binding regions. By characterizing and

optimizing pivotal parameters such as aptamer concentration and buffer conditions,

we determined the aptamer's binding performance. Under optimal conditions of

pH 7.4 and 150 mM NaCl concentration, the kinetic parameters were determined;

ka = 3.789 � 104/Ms, kd = 1.798 � 103/s, and KD = 4.745 � 10�8 M. The simula-

tions revealed regions of interest in the IsdA-aptamer complex. Region I, which

includes interactions between amino acid residues H106 and R107 and nucleotide resi-

dues 9G, 10U, 11G and 12U of the aptamer, had the strongest interaction, based on

ΔG and B-factor values, and hence contributed the most to the stability of the interac-

tion. Region II, which covers residue 37A reflects the dynamic nature of the interaction

due to frequent contacts. The approach presents a rigorous characterization of

aptamer-IsdA binding behavior, supporting the potential application of the IsdA-

binding aptamer system for S. aureus biosensing.
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1 | INTRODUCTION

Staphylococcus aureus (S. aureus), a gram-positive bacterium is a com-

mon foodborne pathogen. It is known for releasing a range of heat-

resistant staphylococcal enterotoxins (SEs) into food, leading to the

occurrence of staphylococcal food poisoning (SFP) in humans.1,2 This

type of food poisoning is characterized by gastroenteritis resulting

from consuming contaminated food.3 It has received significant atten-

tion due to its role as a primary cause of foodborne illness outbreaks

around the world.4 S. aureus has the ability to produce an extensive

array of virulence factors, among them are surface proteins that are

covalently linked to peptidoglycan, referred to as cell wall-anchored
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(CWA) proteins.5 The IsdA surface protein of S. aureus, produced in

reaction to the host environment, aids colonization and decreases

bacterial cell hydrophobicity, reducing the cell's ability to form bio-

films. Reduction in hydrophobicity also boosts resistance to bacteri-

cidal fatty acids and peptides found in human skin. Thus, for S. aureus

to survive in the host, the presence of IsdA is essential,6 serving as a

biomarker for the presence of the bacteria.

Within the past decades, several detection methods have been

developed and used to analyze S. aureus in food. Prominent among

which are the culture-based methods, polymerase chain reaction

(PCR), immunoassays, nucleic acid-based methods and antibody-based

biosensors. However, each of these methods come with their own

limitations; some require lengthy procedures to generate results,

others are expensive or dependent on antibodies (which have various

challenges and ethical issues to produce), while others require a spe-

cific set of skills to operate, or complicated sample treatment steps.7–9

To overcome the disadvantages of conventional methods, a new class

of biosensors called aptasensors, which do not depend on antibodies

but rather, aptamers are been developed.

Aptamers are short, single-stranded oligonucleotides that have the

capacity to bind to or recognize their targets with high selectivity and

specificity.10,11 They can be generated for a variety of targets, through

an iterative SELEX (Systematic Evolution of Ligands by Exponential

Enrichment) process of selection and amplification. Aptamers are an

essential part of the future of pathogen detection because they have

significant advantages over the conventional antibodies. They are stable

in harsh conditions and can recover their conformations when the

favorable conditions are restored, they are relatively cheap and they

take a shorter time to produce or modify them, they are really small

which makes them easy to permeate through tissues, and they have

low-to-no or minimal toxicity when used in vitro.12–14 They also have

defined structures, due to their tendency to form base pairs. They can

fold into secondary structures, and then form unique three-dimensional

conformations capable of specific molecular recognition of their target

molecules.15–17 Their common structural motifs are stems, hairpins,

internal loops, tetraloops, purine-enriched bulges, pseudoknots, kissing

complexes and G-quadruplexes conformations. These conformations

are dependent on the length of the nucleic acid molecule, the primary

sequence and the environmental conditions.17,18 A nucleic acid strand

has a linear sequence of nucleotide bases, with certain segments having

complementary bases, that have the tendency to pair with each other,

according to the Watson-Crick base-pairing rule.19 This base pairing

along the sequence forms the stem, and as the pairing occurs further

along the chain, the strand loops back on itself, forming the loops and

knots.20 The G-quadruplex is one of the few structural arrangements of

DNA that involves complex tertiary folding.21 It is stabilized by the

interactions of G-quartets, in which four guanines are assembled in a

planar arrangement by Hoogsteen hydrogen bonding.22,23 Aptamers

have numerous applications ranging from diagnostics, therapeutics,

environmental monitoring and food safety.11,24

Surface plasmon resonance (SPR) is an optoelectronic phenomenon

that is used to monitor changes in refractive index occurring at a sensor

surface.25 This analysis serves as a powerful tool for the study of

molecular interactions in real-time, without necessitating any molecular

labels. At its core, SPR involves the excitation of surface plasmons, which

are free electron collective oscillations, at a junction between metal and

dielectric, typically gold, when it comes into contact with light at a spe-

cific angle. The plasmons are extremely sensitive to alterations in the

refractive index close to the metal surface, such as when biomolecules

bind or disengage from the surface. Any changes in this refractive index

disrupt the resonance condition, modifying the intensity of the reflected

light and thereby, enabling the tracking of molecular interactions.26 Dur-

ing a typical SPR experiment, a “ligand” (one component of the interac-

tion) is affixed to the metal surface, and the “analyte” (the other

component) is passed over the surface in a flow. As the analyte binds

and disengages from the ligand, the SPR signal (response unit) undergoes

real-time modifications, which can be monitored to determine various

kinetic properties of the interaction.27 The interaction between a protein

and an aptamer depends on the specific sequence and structure, as well

as the conditions under which binding occurs. The protein-aptamer

interactions involve various non-covalent interactions: hydrogen bonds

between aptamer bases and protein side chains or backbone; van der

Waals interaction between the aptamer and hydrophobic regions of the

protein; electrostatic interactions between charged groups on the apta-

mer and the protein; π π stacking between aromatic rings of the apta-

mer bases and aromatic side chains on the protein.28–30 In order to

achieve the design and proper functioning of advanced biosensors, such

as aptasensors, knowledge on the formation process and structural basis

of biomolecular complexes is necessary. The aptamer is usually pre-

folded to initiate target binding, providing a significant foundation for

determining the complete structure.31 Generally, the “induced-fit mech-

anism” is involved, which means, the structure cannot be solely inferred

using conventional tools like mfold.32,33 Moreover, most biosensing ana-

lytical tools, such as SPR, necessitate the anchoring of a biomolecule

onto a surface. This immobilization process results in surface-

biomolecule interactions that can lead to changes in the structure of the

anchored biomolecule. Despite their significant relevance, experimental

analysis of these structural alterations is often challenging to conduct,

making molecular simulations a viable option to comprehend the bio-

physical phenomena happening at the interface between the biomole-

cule and the surface.34,35 MD simulations represent a robust

computational strategy that delivers critical insights into biological ele-

ments.36,37 Through the replication of molecular interactions within a

biological system, MD simulations can offer precise data regarding bind-

ing sites, structural reconfigurations, and the dynamic states of folding

and unfolding of aptamers.38,39 Furthermore, MD simulations can be

employed to investigate the dynamics, architecture, and energy profiles

of biological systems across various experimental scenarios, encompass-

ing different pressures, pH levels, and temperatures.40

In this work, we implement SPR measurements to study the

binding characteristics of a novel aptamer and the IsdA surface pro-

tein of S. aureus and apply MD simulations to investigate the stable

and dynamic interactions of the aptamer-IsdA binding properties at

the molecular level. The work also covers a parametric study of the

effect of key biophysical conditions, such as pH and conductivity, on

the aptamer-IsdA binding behavior. The study is targeted towards
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developing a baseline binding performance to guide the implementa-

tion of the IsdA-binding aptamer, in the development of aptamers for

S. aureus detection. The novelty of this study lies in its multifaceted

approach to understanding the complexity of this specific aptamer-

IsdA protein biomolecular interaction. As a premier work in this

space, the study provides invaluable insights into the dynamics of this

interaction, offering a foundational understanding that could signifi-

cantly impact the development of theranostic tools targeting

S. aureus. In the pursuit of detecting S. aureus via its IsdA protein,

prior studies by Wijesinghe et al in 2023, employed a FRET-based

single-molecule technique that was reported capable of detecting the

foodborne pathogen protein IsdA with high sensitivity and specificity,

providing meaningful findings into the potential of aptasensing in

pathogen detection.41 However, this work introduces an SPR-based

aptasensing methodology, which represents a significant advance-

ment in real-time, label-free detection. Unlike FRET-based methods,

which rely on fluorescence resonance energy transfer, SPR allows for

the direct observation of binding events, offering enhanced sensitiv-

ity and specificity without the need for fluorescent labeling. This

eliminates potential interference from fluorescent probe photo-

bleaching or quenching. Moreover, our approach has successfully

identified two critical binding regions within the IsdA-aptamer com-

plex, providing unprecedented detail into the interaction dynamics.

These findings not only corroborate the utility of aptamers in detect-

ing S. aureus but also pave the way for the development of biosen-

sors with superior diagnostic capabilities. Further distinguishing this

work is its thorough investigation into the key binding conditions

(such as pH, ionic strength, and temperature) that influence the inter-

action between the aptamer and the IsdA protein. This comprehen-

sive analysis sheds light on the optimal conditions for binding and

contributes to a deeper understanding of the factors that govern the

stability and efficacy of the aptamer-protein interaction. Such

insights are crucial for the practical application of aptamers in bio-

medical settings, enhancing their reliability and effectiveness as bio-

sensing elements. In addition, the construction and investigation of a

molecular model to probe the binding interactions between the apta-

mer and the IsdA protein add a significant layer of innovation to the

study. This modeling approach enables a detailed visualization and

understanding of the molecular mechanisms at play, providing a

framework for evaluating how variations in aptamer structure affect

binding efficiency and specificity.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

Hepes Buffered Saline with Ethylenediaminetetraacetic Acid and

Tween 20(HBS-EP+) and Biotin CAPture kit, which is inclusive of Sen-

sor chip CAP, capture reagent, and regeneration solutions were pur-

chased from Cytiva, a subsidiary of GE Health (USA).

IsdA protein was purchased from Cusabio technology (USA) and

the aptamer sequence, 50-gcg cac gcg ugu gua gua cac acg auc gcg cgc

aca auau-30, selected against the IsdA protein in our lab via a

computational SELEX approach42 was synthesized by Integrated DNA

Technologies (USA).

2.2 | Surface plasmon resonance analysis of IsdA-

aptamer binding

The Biotin CAPture reagent, a blend of streptavidin and matching oli-

gonucleotide, was utilized and integrated into the sensor chip's sur-

face. Subsequently, the biotin-labeled aptamer (ligand) at a

concentration of 500 nM was immobilized onto the sensor's surface

using a running buffer (HBS-EP+) at a rate of 5 μL/min over a period

of 180 s. Five different concentrations of the IsdA-protein were cre-

ated in the running buffer: 5000, 1667, 556, 185, and 62 nM. To

begin the interaction analysis, protein samples were infused at a flow

rate of 30 μL/min, starting from the lowest to the highest over a span

of 180 s. Dissociation was initiated for 180 s, and the sensor surface

was revitalized at 10 μL/min for 2 min. To improve the results of

future cycles, an additional regeneration was introduced using 30%

acetonitrile in 0.25 M NaOH solution for 2 min at 10 μL/min. After

the final regeneration step, an additional rinse with the running buffer

was done to cleanse the needle and flow system. The Biacore X100

evaluation software was employed to analyze the results.

2.3 | Effect of pH on IsdA-aptamer binding

interaction

An acidic running buffer was prepared by adding drops of 1 M H2SO4

solution to the HBS-EP+ buffer solution, initially at pH 7.4. The new

running buffer was prepared at a pH of 4.27. 500 nM of the biotin-

labeled aptamer was immobilized onto the surface of the sensor using

the acidic running buffer at a rate of 5 μL/min over a period of 180 s.

Five different concentrations of the IsdA-protein were created in the

initially prepared HBS-EP+ (pH = 7.4) running buffer: 5000, 1667,

556, 185, and 62 nM. The binding analysis was carried out using the

same protocol as described earlier. A basic running buffer was pre-

pared by adding drops of 1 M NaOH solution to the HBS-EP+ buffer

solution prepared at pH 7.4, to obtain a new running buffer pH of

10.4. 500 nM of the biotin-labeled aptamer was immobilized onto the

surface of the sensor using the basic running buffer at a rate of 5 μL/

min over a period of 180 s. Five different concentrations of the IsdA

protein were prepared following the same method as the two preced-

ing concentration series. The binding analysis was carried out using

the same protocol as before.

2.4 | Effect of conductivity on IsdA-aptamer

binding interaction

A new batch of five different concentrations of the IsdA-protein was

prepared in the original HBS-EP+ buffer (150 mM NaCl
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concentration): 8000, 2667, 889, 296, and 33 nM. Binding analysis

was performed using this new concentration series using the SPR pro-

tocol described earlier. 100 mL of running buffer containing NaCl con-

centration of 100 mM was prepared by diluting 66.7 mL of the

original HBS-EP+ buffer (150 mM NaCl concentration) to 100 mL

with deionized water. Five different concentrations of the IsdA-

protein were created in the original HBS-EP+ buffer (150 mM NaCl

concentration): 8000, 2667, 889, 296, and 33 nM. Binding analysis

was carried out with this new low NaCl concentration-buffer using

the same protocol described for the 150 mM NaCl concentration.

100 mL of running buffer containing NaCl concentration of 200 mM

was prepared by dissolving 292 mg of NaCl crystals, in 100 mL of the

original HBS-EP+ buffer (150 mM NaCl concentration). Five different

concentrations of the IsdA-protein were created in the original HBS-

EP+ buffer (150 mM NaCl concentration): 8000, 2667, 889, 296, and

33 nM. Binding analysis was carried out using the new high NaCl

concentration-buffer using the same protocol described for the

150 mM NaCl concentration.

2.5 | Computational studies

MD simulations of the aptamer-IsdA protein interaction were per-

formed using the AMBER20 software suite. The initial coordinates of

the IsdA protein were obtained from the rcsb website (PDB 2O1A)

and the aptamer structure was modeled using ROSETTA. Haddock

was used to create the IsdA protein-aptamer complex structure and a

docking model was chosen, based on the scoring function. The initial

topology and coordinate files were generated using the program LEAP

from the AMBER20 tool suite. AMBER force fields were used, includ-

ing RNA.Shaw for the aptamer and protein.ff19SB for the protein.

Additionally, TIP3P water was used for solvating the system and

34 counter ions (Na+) were used to neutralize the system. NAMD was

utilized for minimization and heating to equilibrate the system, and to

conduct the simulations. Energy minimization was conducted in two

phases; first, the solvent and ions were minimized while restraining

the solute, followed by minimization of the entire system without

restraints. The system was heated gradually from 0 to 300 K over

100 ps using the Langevin thermostat with a collision frequency of

1.0/ps. Positional restraints were applied to the protein and aptamer

with a force constant of 2 kcal/mol/Å2, to maintain structural integrity

during heating. The equilibration phase was carried out under NPT

conditions (statistical ensemble in MD simulations where the Number

of particles (N), Pressure (P), and Temperature (T) of the system are

held constant43) for 1 ns to adjust the density and pressure of the sys-

tem, with the Berendsen barostat employed to maintain 1 atm pres-

sure. Production runs were performed under the NPT ensemble at

300 K and 1 atm for 100 ns. Data was collected every 500 time steps

(1 ps interval). In total, 100,000 frames of data were collected. At an

interval of 10 ps, root mean square deviation (RMSD) and b-factor

were calculated to characterize the fluctuation and flexibility of the

molecules. A lower frequency of per 100 ps was used for MM/GBSA

calculation, which was performed to reveal the molecular binding

interaction. Data visualization and further statistical analysis were per-

formed using VMD and xmgrace, respectively. All simulations were

conducted on the Stampede2 supercomputer at the Texas Advanced

Computing Center (TACC).

3 | RESULTS AND DISCUSSION

3.1 | Computational analysis of the aptamer-IsdA

protein interaction

After the analysis of the interaction, it was observed that the

complex had both stable and dynamic parts contributing to the

binding. The map in Figure 1 defines a contact as any part of a

residue coming within 4.2 Å with any part of another residue. This

is a typical cutoff for considering whether two residues are in

close proximity to suggest a significant interaction.44 This contact

map provides a visual representation of where and how the apta-

mer interacts with the protein, which is crucial for understanding

the molecular basis of their binding and function. The circled

regions are of particular interest for studying the structural

dynamics of the complex or modifying the protein or the aptamer

for improved interaction characteristics.

In Figure 1b, the interactions between the IsdA protein and

the aptamer are displayed. The clusters of points represent key

areas where the aptamer binds to the protein. There are two

regions that provide major contributions to the stability and

dynamic binding of the complex. Region I has the strongest inter-

action, which contains the residues with the most negative ΔG

values (such as those between protein H106/R107 and aptamer

9G, 10U, and 11G) and the lowest B-factor values for the apta-

mer (10U, 11G, 12U). These two factors create a high affinity and

highly stable interface. The close proximity of the points in this

region indicates a strong and potentially stable interaction

between specific aptamer and IsdA protein regions, possibly due

to a greater number of hydrogen bonds, van der Waals interac-

tions, or electrostatic attractions. Multiple interactions often lead

to increased binding strength. The specificity of the interaction

can be inferred from the particular residues that interact. A tight

cluster of interactions indicates that only specific parts of the

aptamer and protein are involved in binding.28 These specific parts

include protein H106/R107 and in the aptamer 9G, 10U,

and 11G.

Region II is smaller and has less dense contact points and a

weaker interaction. This Region II involves important amino acid resi-

dues K116, A117, P119 and T120 and nucleotide residues 36A, 37A,

38U at the 30 end of the aptamer. However, it still exhibits frequent

contact with relatively high stability. The sparser interactions in region

II may reflect the dynamic nature of the interaction, with the potential

for conformational changes in the protein or aptamer upon binding or

release.

A third interaction region, Region III, involving the portion of the

aptamer that is highly flexible and contributes to repulsive interaction
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(positive ∆G), which also contributes to fast association and dissocia-

tion rates.

The RMSD plot shows the changes in the conformation of the

IsdA protein-aptamer complex over the course of a 100 ns MD simu-

lation. RMSD is a commonly used measure to determine the stability

of protein-ligand complexes over time in a simulation. The RMSD

increases sharply at the beginning (first 10 ns), which is typical, as the

system departs from the initial structure and settles into a more ener-

getically favorable conformation. This period often includes the relax-

ation of any strained bonds or unfavorable interactions present in the

starting model. After the initial rise, the RMSD fluctuates, which indi-

cates that the complex is exploring conformational space. These fluc-

tuations are a normal part of the simulation as the complex

experience various intermolecular interactions and thermal motion.

The peak around 60 ns suggests a transient conformational change or

a period of increased flexibility within the complex. This could be due

to the protein or aptamer reaching a state of high energy before set-

tling into a more stable configuration. Following the peak, the RMSD

decreases and stabilizes, which implies that the complex has found a

more stable conformation compared to the state at 60 ns. The down-

ward trend suggests a relaxation from the peak conformation back to

a more stable state. Towards the end of the simulation, the RMSD

appears to plateau, suggesting that the complex has reached a rela-

tively stable conformation. This plateau indicates that most of the

major conformational changes have occurred and the system has

equilibrated. Figure 2 explains the RMSD of the IsdA protein-RNA

aptamer complex as a function of time. The overall translation and

rotation degrees of freedom were removed by fitting each frame to

the first frame of the simulation. The complex stabilized after the ini-

tial 10 ns of the simulation.

F IGURE 1 (a) 3D cartoon representation of protein-aptamer complex is color-coded by interaction (upper) and B-factor (lower). Three
important regions are labeled, where Regions I and II provide attractive interaction and major contributions to the stability of the complex,
whereas Region III is strongly repulsive and provides instability and contributes to the fast kinetic nature of this association. (b) The mean contact
interaction map between protein (1–122) and RNA (40 nt, internal index 123–162). Here each circle indicates a significant contact between an
amino acid residue and a nucleotide residue. A contact is considered significant if the corresponding instant contact is formed at least 10% during
the simulation. Near diagonal contacts (between residues N and N + 1/N + 2) have been removed. Three important regions are annotated with
ovals. (c) Scatter plot depicting per-residue ΔG versus B-factor. Labeled residues include selected residues with meaningful contributions to
contacts within region I, region II, and the flexible aptamer region.

F IGURE 2 The root mean square deviation (RMSD) of the IsdA
protein-RNA aptamer complex as a function of time. The overall
translation and rotation degrees of freedom were removed by fitting
each frame to the first frame of the simulation. The complex stabilized
after the initial 10 ns of the simulation.
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The degree of fluctuation in RMSD reflects the conformational

flexibility of the complex. Moderate fluctuations suggest that while

the complex is generally stable, there are dynamic regions that allow

for some movement, which may be important for biological function.

An RMSD which is stabilized at lower values demonstrates a tight

binding affinity and high specificity, because the complex does not

deviate much from its preferred structure. The plot does not show

excessively high RMSD values, which suggests the complex is reason-

ably stable, a desirable feature for strong and specific binding

interactions.

3.2 | SPR analysis of the aptamer-IsdA protein

interaction

The results of the SPR analysis are given in a sensorgram, which is a

graph of response in RU versus time in seconds. Different concentra-

tions were analyzed in different cycles and these are indicated in dif-

ferent colors on the graph.

During each of the analysis cycles, analyzed at pH 7.4, the

achieved level of aptamer immobilization was in a narrow range of

24,200–24,300 Response Units (RU), attributable to the constant

aptamer concentration on the same sensor chip used for the analysis.

Under physiological conditions (pH of 7.4), the ionizable groups

on both the IsdA and aptamer would have specific charges that will

influence the binding interaction. The aspartic acid (Asp, D) and gluta-

mic acid (Glu, E) residues in the IsdA would be deprotonated and carry

a negative charge while the lysine and arginine residues would be pro-

tonated depending on its local environment.45 Nucleic acid aptamers

are polyanionic due to their phosphate backbone. These phosphate

groups will be deprotonated and negatively charged.46 The aptamer

bases also participate in hydrogen bonding and π π stacking

interactions with the amino acid side chains and aromatic residues of

the IsdA, like phenylamine, tyrosine and tryptophan.28,29 The nega-

tively charged phosphate backbone of the aptamer interacts with the

positively charged regions on IsdA such as the Lys and Arg residues,

forming salt bridges.10 The b-factor and MM/GBSA analysis revealed

the section of the residues forming the salt bridges as region 1, which

consists of histidine and arginine. From the simulation, we can

observe that these salt bridges are the ones contributing mostly to

the stable interaction between the aptamer and IsdA protein, due

to the low b-factor values and strong attractive energy contributions

obtained in this region.

Figure 3, shows the SPR sensorgram curves corresponding to the

varying analyte concentrations. As anticipated, the least response unit

was observed with the lowest concentration sample and vice versa,

confirming a stable and tight binding behavior of the IsdA protein to

the immobilized aptamer. The immobilized aptamer on the chip sur-

face presents adequate binding sites that allowed for the binding of

protein molecules even at an increasing concentration below the max-

imum binding capacity. This finding also underscores the crucial role

of concentration in the binding analysis. Utilizing a straightforward 1:1

kinetic model, allowed us to fit the interaction data, resulting in the

evaluation of important kinetic parameters. The association, dissocia-

tion, and equilibrium dissociation constants were determined to be

ka = 3.789 � 104/Ms, kd = 1.798 � 10�3/s, and

KD = 4.745 � 10�8 M, respectively. The model used in this analysis is

similar to the one used by Sun et al. (2021), where they analyzed the

binding-induced SPR signals and obtained the sensitive detection of

NSE and ProGRP31-98. They were able to analyze the kinetic param-

eters associated with the interaction and obtained detection limits of

3.9 nM for NSE and 15.6 nM for ProGRP31-98.47 The results were

also quite similar in the context of the specific target molecules used

in each research. This result demonstrates good binding stability and

affinity to the IsdA protein. The KD value represents the molar con-

centration of the aptamer needed to bind to half of the active sites of

the IsdA protein. The fact that the KD value is low suggests a high

level of affinity of the aptamer to IsdA, implying that even minute

amounts of the aptamer demonstrate affinity to IsdA. It also shows

that the complex is quite stable. This outcome is consistent with the

simulation results. Stable RMSD at lower values is indicative of a tight

binding affinity and high specificity, as it suggests that the complex

does not deviate significantly from a preferred conformation. The plot

obtained from the simulation did not show high RMSD values and the

fluctuations were moderate, which signals that the complex is fairly

stable. However, the ka and kd values from the SPR reflect fast kinet-

ics, which indicates significant flexibility in the structure of the com-

plex. This observation can be supported by the flexible nature of the

third region, that is the region between regions 1 and 2, discovered

through the simulation. To attribute the SPR changes specifically to

the interaction between the aptamer and the IsdA protein, we con-

ducted control experiments using N-protein as non-specific analytes.

The controls were matched in refractive index to the solutions con-

taining the IsdA protein with no biomolecular interaction. We com-

pared the SPR changes in these control experiments to those

F IGURE 3 Surface plasmon resonance (SPR) sensorgram
generated from the interaction in a buffer of neutral pH conditions.
The analysis was carried out at 25�C and a pH of 7.4, for different
concentrations of IsdA protein between 0 and 5000 nM, indicated by
the different colored curves.
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observed in the presence of IsdA protein and were able to isolate the

effects of refractive index changes due to the specific binding events.

In addition, we utilized a kinetic analysis approach to directly assess

the impact of interaction dynamics on the SPR signal. We monitored

the SPR changes over time and captured the real-time binding kinetics

between the aptamer and the IsdA protein. This method allowed us to

distinguish between the initial refractive index changes, which occur

upon solution exchange at the sensor interface, and the subsequent

changes that are indicative of the specific binding events. Table 1

shows Kinetic Parameters evaluated at different pH conditions.

3.2.1 | Effects of pH on the interaction between
IsdA protein and aptamer

Figure 4a shows the binding results at pH 4.27. The sensorgram

shows an immobilization response of 26,600–26,670 Response Units

(RU), a significant increase from the immobilization level recorded in

the neutral buffer. At a pH of 4.27, the ionization states of several

amino acid side chains and the aptamer's phosphate backbone can be

affected, which in turn influences the binding interaction. A significant

portion of the acidic residues of IsdA; Asp (pKa = 4.0) and Glu

(pKa = 4.4) are protonated, becoming closer to electrical neutrality.

While, the basic residues; Lysine (Lys, K), Arginine (Arg, R) with pKa of

10.5 and 12.5, respectively, remain protonated and positively charged.

Histidine (His, H), with a pKa around 6.0 will be predominantly pro-

tonated and positively charged. The phosphate backbone of the apta-

mer will still be deprotonated and negative, but the degree of the

charge couple potentially reduces slightly, due to the proximity to pKa

values of the phosphodiester linkage. This may cause a change in the

stability of the conformation of the aptamer. The nature of electro-

static interactions shifts, due to the changes in the charge distribution

of the protein. Specifically, regions that were previously negatively

charged due to Asp and Glu, becoming closer to electrical neutrality.

However, the protonation of His enhances certain interactions with

the aptamer. Protonated histidine can participate in hydrogen bonding

more effectively and increase the positive charge on the protein,

which strengthens electrostatic interactions with negatively charged

regions on the aptamer. The shift in pH from 7.4 to 4.27 can reduce

the combination of hydrogen Bonding, electrostatic Interactions and

disrupt salt bridges, significantly altering the overall binding affinity.

Throughout the different cycles, the response recorded was quite

higher than that recorded in the neutral region. However, it yielded

far less interaction in comparison to what occurred in the neutral

region. In the kinetic analysis, the association rate constant, ka was

evaluated as 20.24/Ms, which shows a very low rate of complex for-

mation. Looking at the dissociation rate constant, kd of 3.465 � 10�2/

s, we notice that the dissociation occurred faster than it did in the

neutral region. This means a higher degree of complex dissociation

per unit second. The fact that the response units were relatively high,

but did not reflect in the kinetic parameters could be associated with

the fast dissociation rate, causing the reaction to proceed too quickly

to record stable values. This can even be seen in the fact that the time

frame for the reaction in this case was somewhat shorter than in the

neutral region. Also, the equilibrium dissociation constant obtained

was 1.712 � 10�3 M, equivalent to 1.712 mM. This value shows that

the binding affinity was very low, and could be associated with the

denaturing of the IsdA protein at the low pH, since proteins are typi-

cally sensitive and are easily denatured.

Figure 4b shows the interaction results in a basic buffer system,

at pH 10.4. From the sensorgram, an immobilization response of

26,230–26,250 Response Units (RU) was obtained, an increase from

the immobilization level recorded in the neutral buffer, but lower than

the immobilization level in the acidic environment.

At a pH of 10.4, the acidic residues of IsdA are deprotonated and

negatively charged. Some Lys residues will deprotonate leaving most

of the Lys residues still positively charged. Arg remains positively

charged and His is mostly deprotonated and neutral. The phosphate

backbone of the aptamer would remain as it was in the physiological

pH. Generally, at a pH of 10.4 the IsdA protein and aptamer structures

are similar to what they were at a pH of 7.4. Hence, there will be a

good π π stacking, hydrogen bonding and van der Waals interaction,

with a reduction in certain electrostatic interactions due to the

deprotonated Lys.

This is consistent with the results when the responses are com-

pared to that of the neutral and acidic buffer throughout the different

cycles. Overall, the interaction was better in the basic buffer than it

was in the acidic buffer, but not as good as in the neutral buffer. This

can be seen in the kinetic evaluation results; ka = 3224/Ms,

kd = 4.001 � 10�2/s and KD = 1.241 � 10�5. From the kinetic results

we notice that the complex formed at a significantly higher rate than

it did in the acidic buffer, so even though the dissociation rate was

higher, indicative of less favorable interaction kinetics at higher pH,

the affinity was better, due to the fact that the complex was formed a

lot faster than it separated, giving enough time for interaction to be

recorded. The KD recorded still indicates a relatively strong interac-

tion, indicating that the aptasensor could potentially be functional

across a range of pH values, although with decreased efficiency at

high pH levels.

3.3 | Effect of conductivity on the interaction

between IsdA protein and aptamer

Three different experiments were conducted, keeping all other param-

eters constant and varying salt concentration in the running buffer.

The first experiment was based on normal running buffer purchased

from the manufacturer, which contains 150 mM NaCl salt, and in the

TABLE 1 Kinetic Parameters evaluated at different pH conditions.

pH Ka /Ms Kd /s KD, M

4.27 20.24 3.465 � 10�2 1.712 � 10�3

7.4 3.789 � 104 1.798 � 10�3 4.745 � 10�8

10.4 3224 4.001 � 10�2 1.241 � 10�5
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other two experiments, the salt concentration was changed to

100 and 200 mM, respectively to study the effect of conductivity on

binding. The presence of NaCl in the buffer introduces additional ions

into the solution, which can influence the chemistry of binding

between the IsdA and aptamer. The structure of the protein and apta-

mer could be altered by the increased ironic strength. The ironic

strength of the solution has an effect on the Debye length, which is a

parameter that describes the effective range of electrostatic interac-

tions in the solution.48 When the magnitude of this length is small, it

implies that the species need to be closer together to have significant

electrostatic interactions and vice versa. In the buffer containing

150 mM NaCl, the Debye length would be shorter, leading to weaker

long-range electrostatic interactions compared to a buffer with lower

ironic strength. The Na+ and Cl� ions can shield the charges on the

charged residues of the IsdA and aptamer, reducing the significant

electrostatic interactions.49,50 Conversely, the presence of salts

decreases non-specific binding through the increase in “charge

screening.”

The results of the first experiment at 150 mM showed the kinetic

parameters; ka = 1.001 � 105/Ms, kd = 5.996 � 10�4/s and

KD = 5.991 � 10�9 M. From these results, we see that, 150 mM NaCl

concentration is enough to maintain a good binding interaction with-

out shielding the charges on the protein and aptamer to prevent elec-

trostatic binding. Table 2 shows Kinetic Parameters evaluated at

different ironic strengths.

The ka obtained from the binding in the running buffer containing

100 mM NaCl is significantly higher (3.045 � 105/Ms) than in the nor-

mal buffer (1.001 � 105/Ms). This suggests that the presence of a

lower salt concentration enhances the binding interactions between

the IsdA protein and its aptamer, leading to a faster formation of the

complex. This can be explained by an increase in Debye length caused

by a decrease in ironic strength. This leads to more significant long-

range electrostatic interactions, because charged particles do not have

to be very close to form bonds. There are only a few irons preventing

the negatively charged phosphate backbone from binding to the posi-

tively charged residues on the IsdA protein. Since the IsdA-aptamer

binding is largely driven by electrostatic interactions, a higher associa-

tion rate is recorded. The increase in non-specific binding with

decreased ironic strength explains why the second analysis recorded

kd (2.447 � 10�3/s) is relatively higher, compared to the 150 mM

NaCl buffer (5.996 � 10�4/s), indicating that the complex formed in

the low salt buffer is less stable and more prone to dissociation. Non-

specific bonds are weaker and easily disrupted hence, they dissociate

at a faster rate. KD in the running buffer containing 100 mM NaCl

(8.036 � 10�9) is higher than in the normal buffer (5.991 � 10�9). A

higher KD value suggests a weaker binding affinity in the lower salt

buffer, indicating that the interaction is weak and the complex is less

stable compared.

The decrease in binding affinity observed in the low salt buffer is

in line with the known effect of decreasing ionic strength on electro-

static interactions between molecules.

The ka value recorded based on the 200 mM salt buffer

(8.181 � 104/Ms) is notably lower than in the normal running

buffer (1.001 � 105/Ms), suggesting that the presence of a higher salt

concentration weakens the binding interactions between the IsdA

protein and its aptamer, which lead to a slower formation of the

F IGURE 4 Surface plasmon resonance (SPR) Sensorgram generated from the interaction in running buffer containing sulfuric acid. The
analysis was carried out at 25�C and varying pH, for different concentrations of IsdA protein between 0 and 5000 nM. (a) Interaction results at a
pH of 4.27, (b) interaction results at a pH of 10.4.

TABLE 2 Kinetic Parameters
evaluated at different ironic strengths.

NaCl concentration, mM Ka /Ms Kd /s KD, M

100 3.045 � 105 2.447 � 10�3 8.036 � 10�9

150 1.001 � 105 5.996 � 10�4 5.991 � 10�9

200 8.181 � 104 9.747 � 10�4 1.192 � 10�8
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complex. The kd (9.747 � 10�4/s) is also higher compared to the nor-

mal running buffer (5.996 � 10�4/s), showing how the complex

formed in the 200 mM salt buffer is less stable and more prone to dis-

sociation. KD (1.192 � 10�8 M) is substantially higher than in the nor-

mal buffer (5.991 � 10�9 M), indicating that the aptamer has a lower

binding affinity towards the IsdA in a high ironic environment. This

decrease in binding affinity seen in the high salt concentration buffer

is consistent with the literature, which reports the effect of increasing

ionic strength on electrostatic interactions. As the ionic strength

increases, the significance of electrostatic interactions in the binding

mechanism would generally diminish due to increased charge shield-

ing.49 The sensorgram also shows the low binding interaction at IsdA

protein concentrations below 800 nM. Figure 5 explains SPR Sensor-

gram generated from the interaction in various salt concentrations

(150 mM NaCl). The analysis was carried out at 25�C, for different

concentrations of IsdA protein between 0 and 8000 nM. (a) results for

running buffer containing 150 mM NaCl, (b) results for running buffer

containing 100 mM NaCl, (c) results for running buffer containing

200 mM NaCl.

4 | CONCLUSION

This work utilized both computational and experimental methods

to probe the nature of the interaction between an IsdA-binding

aptamer and IsdA protein. The findings from this work shows that

the aptamer sequence selected, forms a stable complex with the

IsdA protein, indicating that it has a good affinity towards the

IsdA protein and can be used as a biosensor probe for detecting

IsdA. The computational results revealed some insight into both

stable and dynamic binding regions in the complex and the experi-

mental results provided details into the kinetics of the interaction.

The work also shows that binding kinetics and stability of the

IsdA protein-aptamer interaction are significantly influenced by

changes in pH and ironic strength (conductivity). Analysis under

different pH conditions yielded KD values of 1.712 � 10�3,

4.745 � 10�8 and 1.241 � 10�5 M, for pH values of 4.27, 7.4 and

10.4, respectively. These results can be associated with the overall

interaction contribution from electrostatic, π π stacking, hydrogen

bonding and van der Waals interactions. The B-factor and energy

calculations showed that IsdA residues H106/R107 and aptamer

9G, 10U, and 11G contributed to stable binding in Region I; while

aptamer residues 36A, 37A, 38U and IsdA residues K116, A117,

P119 and T120 contributed to the binding in Region II. And

finally, interactions between residues 27C/28G and D14 of Region

III contributed to the flexibility of the complex. This flexibility

explains the fast kon and koff obtained from the SPR data. The low

RMSD values and the moderate fluctuations observed in the

RMSD plot indicates stability in the aptamer-IsdA complex. Com-

paring the experimental and computational results show how MD

F IGURE 5 Surface plasmon resonance (SPR) Sensorgram generated from the interaction in various salt concentrations (150 mM NaCl). The
analysis was carried out at 25�C, for different concentrations of IsdA protein between 0 and 8000 nM. (a) results for running buffer containing
150 mM NaCl, (b) results for running buffer containing 100 mM NaCl, (c) results for running buffer containing 200 mM NaCl.
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simulations can be used to validate the experimental results based

on conformational states and specific binding sites. This work also

demonstrates the importance of carefully controlling the buffer

conditions in SPR experiments. Different pH and salt concentra-

tions (ionic strength) can alter the binding behavior, and it is

essential to optimize the binding conditions to obtain the best sig-

nal output in biosensing applications. Understanding the structural

mechanism of the biomolecular complex formation and the effects

of pH and ionic strength on biomolecular interactions, can aid in

the design of more effective detection strategies and provide

insights into the regulation of molecular interactions in biological

systems.
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