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SUMMARY

Nucleic acids are ideal target molecule identification biomarkers for molecular tests. Over the
past decades, the detection of specific DNA sequences has become paramount for timely and
accurate diagnosis of diseases and genetic disorders, as well as for environmental and food
safety surveillance. Improving or maintaining the performance of these DNA bioassays and
biosensors while reducing their cost and complexity could facilitate their utilization in low-
resource settings in emerging and developing countries. Since DNA amplification, by thermal
polymerase chain reaction (PCR) or isothermal techniques, is essential to achieve the required
sensitivity and specificity, a broad repertoire of tools for facile, rapid and low-cost detection of
the generated double stranded DNA (dsDNA) is necessary. The ability of DNA binding proteins
(DBPs) to recognize and bind tightly to DNA in a sequence-specific or non-sequence specific
manner makes them ideal candidates as DNA biorecognition and reporter elements. This thesis
sought to explore different applications for these proteins in DNA detection bioassays and
highlight their great promise, especially as an alternative to the well-established strept(avidin)-

biotin-based strategies.

Two DBPs with different properties were evaluated. The first one was the sequence-specific
Cro DBP from bacteriophage lambda. This protein recognizes and binds as a highly flexible
homodimer to a specific 19 base pair (bp) dsDNA sequence with very high affinity (affinity
dissociation constant Kp in the low nanomolar range). The second DBP was the HU histone-
like protein from Escherichia coli. It is a nucleoid-associated protein participating in many
DNA-based cell processes and in DNA folding and topological organization. HU recognizes
DNA structures and not specific sequences, and its predominant heterodimeric form binds to
DNA fragments regardless of their sequence at a stoichiometry of one heterodimer per
approximately 9 bp. Its binding affinity varies depending on the specific conditions (low
nanomolar to low micromolar range Kp values) but exhibits overall higher binding affinity
under low salt conditions. For use in DNA bioassays, these two proteins were engineered into
single-chain dimeric forms and produced recombinantly in E. coli. The expression construct
for Cro was based on a previous work, but a new construct was prepared in the frame of this
thesis for improved protein production. A novel single-chain HU construct was also prepared,
similarly to Cro. Both proteins were purified to near homogeneity by a combination of affinity
chromatography and ion exchange chromatography. To develop the bioassays for DNA capture

and detection, synthetic and natural materials were used to immobilize the DBPs: carbon
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nanoparticles (CNPs), magnetic beads (MB), the horseradish peroxidase (HRP) enzyme,

microtiter plates, and nitrocellulose membrane (NC).

In Chapter 1, a general introduction was provided with regards to the general characteristics of
biosensors with special focus on DNA detection and their applications, biomolecule
immobilization strategies employed for their development, and the state-of-the-art in the use

of DBPs for DNA detection.

Lateral flow dipstick assays were developed in Chapter 2, using a Cro-carbon nanoparticles
conjugate (Cro-CNPs) for the simultaneous detection of multiple PCR products. Hybrid PCR
amplicons were generated using modified primers with ssDNA tails (barcodes) on one end for
target-specific capture via hybridization and the Cro-specific dsDNA sequence on the other one
for detection. The assay was used to detect toxin-producing harmful microalgae without
interference from other marine species, highlighting the utility of the sequence-specific DBP
as a universal reporter molecule compatible with lateral flow assays and different sample types
(genomic DNA and cells). The new construct for improved production of the engineered Cro

was described in this chapter.

In Chapter 3, Cro was immobilized on magnetic beads (MB) to capture, detect and purify
dsDNA PCR amplicons eliminating the need for PCR reaction purification with the commonly
used spin columns. The use of modified primers resulted in the generation of PCR amplicons
with the Cro-specific DNA binding sequence on one end and biotin on the other one. The Cro-
MB were used to specifically capture the amplicons whereas colorimetric detection was
provided by streptavidin-HRP (SA-HRP). The efficiency of Cro-MB was compared to the well-
established SA-MB used in biosensing and purification applications, and the Cro-MB exhibited
higher binding capacity and sensitivity compared to the SA-MB when synthetic or genomic
DNA were used as PCR target templates. Most importantly, it was demonstrated that the
presence of free ssDNA primers in the amplification reactions did not interfere with detection
when the Cro-MB were used, as opposed to the SA-MB whose performance was significantly
affected by free primers. A proof-of-concept for PCR amplicon purification using the Cro-MB

under mild elution conditions using salt was also provided.

In Chapter 4, the application of a novel single-chain heterodimeric DBP without sequence
specificity was reported for universal dsSDNA PCR amplicon capture and detection. The design
and preparation of the expression construct, as well as the purification of the HU DBP was

detailed in this chapter. A HU-HRP conjugate was designed as a reporter and its preparation

XV
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and purification process were described. A study on the DNA binding properties of HU on
microtiter plates was performed which revealed higher binding affinity for longer dsDNA
fragments (Kp values in the low nanomolar range), and considerably lower affinity for ssDNA.
A HU/HU-HRP sandwich system was then established for the detection of purified dsDNA
after PCR amplification on microtiter plates and magnetic beads, without interference from
ssDNA and with higher sensitivity under low salt conditions. A proof-of-concept for the use of
a HU/HU-CNPs sandwich system with lateral flow assays was also provided for the detection
of only the dsDNA fragment with no detectable signals for ssDNA. The compatibility of all
three assay formats (microtiter plates, magnetic beads and lateral flow strips) with unpurified
PCR reactions for the direct detection of the PCR amplicons was finally demonstrated. By
simply diluting the PCR reactions, it was possible to directly detect the PCR amplicons in
reactions performed even with low target template amounts with no background signals. The
lateral flow dipstick format is particularly useful for fast and simple analysis of any PCR
reaction since it can provide visual confirmation of the presence of amplicons in one step and
within less than 20 min. This work exemplifies the use of non-sequence specific dSDNA
binding proteins for universal DNA biosensing which has not been reported previously in the

literature, circumventing the need for labelling or use of expensive reagents and materials.

Final conclusions were provided in Chapter 5, regarding the versatility of DBP and their wide
variety of applications in DNA detection bioassays. The examples provided of a sequence-
specific and non-sequence specific DBPs for dsDNA recognition and binding, exploiting
different surfaces for DBP immobilization, demonstrate the potential of this type of proteins in
biosensing. Depending on the specific target, sample or system requirements, a sequence-
specific DBP like Cro could be used by incorporating its specific DNA binding sequence in
one of the primers used for amplification. On the other hand, a non-sequence specific DBP like
HU could be used to detect any amplified or non-amplified DNA fragment since it recognizes
DNA structures and not specific sequences. This DPB could be used as a universal DNA
bioreceptor and reporter as well. Overall, various DBP-based platforms were developed in this
thesis with different sensitivities and characteristics. Future work will focus on further
improvement of their performance by extensive optimization of operational conditions,
incorporating novel nanomaterials, exploiting different signal transduction methods or other

signal amplification techniques.
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ssDNA Single stranded DNA
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Tm Melting temperature
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1.1 Introduction

The development of biosensors has revolutionized the field of bioanalysis by enabling the
direct measurement of target analytes and converting biological responses into measurable
signals. In 1962, Clark and Lyons pioneered the field by inventing the first biosensor, where
they attached the glucose oxidase enzyme to an amperometric oxygen electrode surface,
leading to the measurement of glucose concentration (1). Since then, biosensors have gained
significant interest and have found applications in various areas such as medical diagnosis,
food analysis, bioterrorism detection, clinical research, and agriculture. Biosensors provide a
means for continuous monitoring of biological responses and offer advantages such as easy
handling and reduced sample preparation, making them highly suitable for point-of-care (POC)
testing. POC tests are simple and low-cost tests performed near or at the point of patient care
and can provide rapid results, thus facilitating early disease diagnosis, monitoring and
implementation of appropriate treatment. This is especially important for developing countries
with limited laboratory infrastructure and trained personnel and where early diagnosis can
greatly improve healthcare outcomes. The two types of POC biosensors holding the largest
market share globally are glucose monitoring and fertility/pregnancy testing devices (see

Figure 1.1) (2-4).
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Figure 1.1 Commonly used POC biosensors. (A) Amperometric biosensor for glucose detection
(5). (B) Lateral flow test for pregnancy (6).
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1.2 Basic components of biosensors

Biosensors consist of three major components: the biorecognition element, the transducer, and
the output units as illustrated in Figure 1.2 (7). These components collectively contribute to the
development of an ideal biosensor for bioanalytical detection. Combination of these
components can give important functionalities with enhanced properties or characteristics to a

biosensor.

Bioanalyte  Biorecognition Transducer

®
"o
A - —))) — signal
<<<7 ’@
X

A.
®

“BuBBL

Biorecognition
agent

Figure 1.2 Schematic diagram of a biosensor.

1.2.1 Biorecognition element

The biorecognition element is a molecule that recognizes the target of interest. Examples of
biorecognition elements include antibodies, enzymes, DNA, cells, and tissue probes (Figure
1.3). These biorecognition elements provide the interaction with the target, leading to a
biorecognition event (8). Thus, the efficiency of biosensors relies on the ability of the

biorecognition element to distinguish the target analyte from potentially interfering molecules.
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Figure 1.3 Common types of biorecognition elements in biosensors (9).
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1.2.2 Transducer

It converts the signals generated from the biorecognition event into measurable responses. This

conversion allows for signal generation and interpretation using output units (10).

1.2.3 Output units

They represent the measurement units for presenting results. These units are adaptable based
on data type and biosensor application. Output information may encompass numeric data,
graphical plots, tabulated data, or visual images, tailored to suit the preferences and

requirements of the user (7, 11).

1.3 Characteristics of biosensors

Biosensors possess several important characteristics that define their performance and
suitability for specific applications. The important characteristics of biosensors are briefly

described below.

1.3.1 Sensitivity

It is the most critical property of biosensors and it refers to their ability to detect minute
amounts or concentrations of the target analyte. Higher sensitivity allows for the detection of
lower analyte concentrations. For example, an electrochemical DNA biosensor developed for
hepatitis B virus (HBV) exploiting novel nanomaterial demonstrated high sensitivity with a
limit of detection (LOD of 5.2 fM), surpassing the sensitivity of other reported electrochemical
HBV DNA biosensors while also allowing direct detection in human serum and urine (12).
Another example is a paper-based colorimetric lateral flow immunosensor targeting the human
immunodeficiency virus (HIV) p24 biomarker. This biosensor facilitated naked-eye detection
of p24 in serum samples in the low femtomolar range which is within the clinically relevant
range for detection during the acute phase infection which greatly benefits from early

antiretroviral therapy (13).
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1.3.2 Selectivity

It concerns the capacity of the biosensor to specifically recognize the target analyte in complex
environments such as biological fluids (e.g. blood, saliva, urine), environmental samples and
food samples (14). This is critical for the generation of true positive responses as opposed to
false positives when the biosensor generates signal for non-target molecules. For example, a
colorimetric peptide probe biosensor developed for the detection of the pathogenic bacterium
Staphylococcus aureus in food and environmental samples exhibited no interference from
food-related or other kinds of pathogens (Listeria monocytogenesis, Escherichia coli,
Pseudomonas aeruginosa) (15). Another example is an electrochemical antibody-based
biosensor used to detect the carcinoembryonic antigen (CEA) tumor marker in clinical serum

samples consistent with reference values obtained with standard laboratory analysis (16).

1.3.3 Reproducibility

Reproducibility is essential for biosensors, as it ensures identical and consistent responses for
repeated experiments. Precision and accuracy play significant roles in achieving
reproducibility, contributing to the robustness and credibility of the biosensor (17).
Reproducibility is usually expressed with the coefficients of variation (CV) which are relative
statistical measures of variability around the mean value. According to the guidelines set by
the Clinical and Laboratory Standards Institute (CLSI; EP05-A3, EP24-A2, EP25-A), it is
necessary to achieve a CV value of less than 10 % for reproducibility purposes (18). For
example, the reproducibility of a DNA electrochemical biosensor for the detection of
genetically modified soybean was evaluated using five different electrodes and two distinct
DNA concentrations and no significant discrepancy was found in the measurements (3.6 %

CV), thus verifying the high reproducibility of the biosensor (19).

1.3.4 Stability

This feature refers to the effects of ambient changes on the different elements of a biosensor.
These effects can be with regards to the biorecognition elements or the transducer and they can
lead to erroneous measurements, thus affecting the precision and accuracy of the biosensor.
Some biomolecules for example may require specific stabilization techniques to maintain their

biological activity, improve their stability, and prolong the shelf-life of the biosensor (20).
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1.3.5 Characteristics of POC biosensors

Researchers are motivated to explore the development of POC biosensors due to the rising
demand for diagnostic tools with enhanced sensitivity, selectivity, and short response time.
POC diagnostic devices offer valuable capabilities for detecting, diagnosing, and monitoring
diseases at their early stages (21). The World Health Organization (WHO) has introduced a set
of criteria known as ASSURED, which outline the characteristics of an ideal biosensor which
are: affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free, and

deliverable to end users (22).

1.4 Immobilization strategies in biosensors

Immobilization methods are critical in biosensors due to their significant impact on the
incorporation of biorecognition elements into the biosensing system and their subsequent
functionality in recognizing the analyte accurately (23-25). Immobilization is defined as the
technique of tethering the target biomolecules on the sensing surface resulting in lower or
complete loss of mobility. Immobilization is not only important for the bioreceptor but also for
the reporter and for other elements of a biosensor. With regards to the immobilization of the
biorecognition element, this can be performed directly on a transducer or on a support system-
based transducer for signal generation. Immobilization can be achieved with a variety of
biomolecules, including DNA, aptamers, enzymes, and proteins (26), using various methods
such as physical adsorption (27), chemical immobilization (28) or affinity-based
immobilization (29). Reporting is performed with several types of methods like colorimetric
detection (30), fluorescent detection (31) or electrochemical detection (32, 33). The main
objective of immobilization in biosensors is to maintain the function of biorecognition
molecules without losing their bioactivity and stability. Denaturation of biorecognition
elements immobilized on support materials often leads to a significant loss of function. There
are several factors that are vital for maintaining stability and bioactivity of biosensors such as
shape, working area, polarity, presence of functional groups and storage conditions. Any

changes in the transducer features also affect the bioreceptor immobilization (34).

Sensitive biorecognition elements such as DNA probes, antibodies and proteins can be
immobilized onto support materials. These biomolecules have the capability of recognizing
specific target analytes, including enzyme substrates, complementary DNA (35). DNA

immobilization is simple, rapid, and inexpensive. The detection principle is based on the
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recognition and detection of a specific sequence of DNA through hybridization. In contrast to
enzyme and antibody elements, the biorecognition layers of nucleic acids can be generated and
renewed (36). Proteins also provide specific recognition for analytes, but immobilization is a
sensitive process as proteins can lose their biological activity during immobilization by
conformational changes and structural modification upon immobilization. To overcome these
challenges, the choice of a suitable immobilization strategy is important and should take into
account the physical and chemical properties of protein bioreceptors and reporters to make a
biosensor stable and specific. Significant differences in activity can arise due to different
immobilization scheme, e.g. a 60000-fold increase in stability has been reported for

chymotrypsin to aldehyde-agarose gels (37).

Various immobilization methods have been established to enable the attachment of
biorecognition elements on surfaces. Each method offers unique advantages and
considerations, making the selection of an appropriate immobilization strategy a crucial step in

the biosensor design.

1.4.1 Physical immobilization

Physical immobilization involves the adsorption of biorecognition molecules onto support
materials through weak non-specific forces such as van der Waals, hydrophobic interactions,
and hydrogen bonds. Physical adsorption provides a straightforward method for
immobilization; however, it may result in random orientation of the biomolecules (38).
Common support materials include magnetic beads (39), cellulose (40), silica gel (41),
cellulose (40), collagen (42), conducting polymers like polyaniline (43), polyethylenimine
(44), polypyrrole (45) and polystyrene (46) and some biopolymers like L-lysine (47) and

polyethylene glycol (48).

CCOUINE
-

Figure 1.4 Physical immobilization by adsorption.
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1.4.2 Chemical immobilization

It relies on the formation of strong covalent bonds between biomolecules and support materials.
This method, also known as covalent immobilization, ensures robust attachment (38, 49).
Covalent immobilization occurs due to the formation of chemical bonds between functional
groups of biomolecules and the support materials. Nucleophilic functional groups such as
amino (-NH2), carboxyl (-COOH), hydroxyl (-OH), and thiol (-SH) play a crucial role in the
binding of proteins, DNA and other biomolecules to support materials (50, 51).

Figure 1.5 Chemical/covalent immobilization

Chemical crosslinking reagents are utilized to establish covalent bridges between the target
molecule and the desired surface. They find extensive applications in nucleic acid
modifications, functionalization of nanoparticles, and immobilization of proteins or enzymes.
They do not exhibit site specificity, resulting in the random orientation of immobilized
biomolecules, depending on the localization of the functional groups on the solvent-exposed
regions of the biorecognition molecules. In contrast, site-specific immobilization methods offer
enhanced stability and sensitivity for biosensors. Several examples of site-specific binding
reported like immobilization by using sortase for site-specific protein immobilization involves
the conjugation of adhesion proteins to fluorescent microsphere beads (52), modification of
liposomes with green fluorescent protein (GFP) (53), immobilization of a bait protein to
agarose beads for application in affinity purification mass spectrometry (54) and antibodies
(55). One of the most common crosslinking reagents is glutaraldehyde because it is abundant
and inexpensive and readily available in higher quantity. Glutaraldehyde has been in use since
many years for crosslinking proteins (56). Immobilization using crosslinking is also possible
with other reagents also, which have bifunctional reactive groups like hexamethylenediamine
(57), glyoxal (58, 59) or other more expensive commercially available reagents with a wide

variety of functional groups and lengths. Crosslinking mediated by a functionally inert protein
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like bovine serum albumin is also possible. This method can form a very strong covalent

attachment and is simple to perform (60).

Figure 1.6 Immobilization by crosslinking.

1.4.3 Affinity-based immobilization

Affinity-based strategies can provide well-oriented, highly selective and homogenous
immobilization of biomolecules. However, the procedure often requires the covalent binding
of a costly affinity ligand (e.g., antibody or lectin) to the matrix (61). This strategy facilitates
the bonding between different activated supports such as biotin-binding proteins (avidin,
streptavidin or neutravidin), lectins, metal chelates with a specific affinity group incorporated
to proteins or DNA, such as biotin, carbohydrate residue, or histidine (62). Affinity-based
immobilization helps in controlling the orientation of the biomolecules and also prevents loss

of biomolecule activity.
n A n n A L

Figure 1.7 Affinity-based immobilization.

The strept(avidin)-biotin interaction is extensively used to mediate the immobilization of
biomolecules. It provides very high specificity and a very strong non-covalent binding with a
dissociation constant of Kp of 10" M (63). Strept(avidin) is stable at wide range of
temperatures and pH values and can bind up to 4 biotin molecules. The binding is fast and can
be maintained in harsh conditions without losing any biomolecule activity. Strept(avidin) is a

glycoprotein with a tetrameric structure with affinity towards biotin (64). Neutravidin is a

10
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deglycosylated form of avidin, which can lead to decreased non-specific interactions with
negatively charged components such as cell surface or DNA/RNA, while maintaining its high
binding activity for biotin (65). Different forms of biotinylation reagents are available which
do not affect the binding affinity of biotin with the biotin-binding proteins, since only its
bicyclic ring is necessary for binding while its carboxyl side chain can be used for attaching to
proteins, DNA or other biorecognition elements. Biotin is small in size and therefore does not
affect the biorecognition properties of the biomolecules after incorporation. Biotinylation can
be achieved by several approaches using diverse functional groups. Most commonly used
approach for biotinylation is through NHS ester to target amine reaction groups (66). Avidin
immobilization is possible by both physical and chemical immobilization. In literature,
chemical binding of neutravidin on a carboxyl-modified surface provided enhanced coating
density compared to the strept(avidin)-biotin method (67). Another approach reported used a
biotinylated aldo/keto reductase to immobilize on streptavidin-coated templates (68).
Biotinylated reductase provided oriented and site-specific immobilization with 60 to 300-fold
greater activity than randomly immobilized reductase enzymes and with improved stability
(69). DNA binding proteins on the other hand offer a viable and versatile solution for DNA
immobilization. This is due to their robust and specific affinity for DNA in general or for certain
DNA binding sites on double-stranded DNA (dsDNA). By incorporating these binding sites
directly into the target DNA molecule during synthesis or PCR, the requirement for post-

synthesis chemical modifications is eliminated, resulting in cost savings (70).

1.5 DNA biosensors

They are used to detect and quantify specific DNA sequences or mutations within them (71) or
employ DNA as biorecognition molecules (72). These biosensors rely on the immobilization
of sensitive biomolecules, such as enzymes, DNA probes, or antibodies on transducer or several
types of support materials (73). The most basic configuration of a DNA biosensor relies on the
hybridization of the target DNA sequence with a complementary one immobilized on an
electrode surface as shown in Figure 1.8. One of the notable features of DNA biosensors is
their high sensitivity in detecting DNA molecules, making them suitable for a wide range of

applications as summarized in the following section (74).

11
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Figure 1.8 A general schematic diagram of DNA biosensor (75).

1.5.1 Types of DNA biosensors

There are several types of DNA biosensors, each designed for different applications and
sensitivity levels. They can be classified according to the transducer element used. Some

common types are discussed below.

1.5.2 Optical DNA biosensors

They are used to detect specific DNA sequences or biomolecules by measuring changes in the
optical signals in the presence of the analyte, such as absorption, reflectance, emission, or
interferometric pattern, which can be recorded by a photodetector (76). These biosensors are
widely used in various fields, including medical diagnostics, environmental monitoring, and
food safety testing. The main principle behind optical DNA biosensors is the interaction
between the target DNA sequence and a complementary probe, which generates a detectable
optical signal. Signal generation in optical DNA biosensors can be based on colorimetry,

fluorescence or surface plasmon resonance (SPR) among others.

Colorimetric biosensors: They rely on color changes to indicate the presence of the target DNA

(77). For example, dsDNA fragments in amplification reactions can be detected visually by
naked eye using various dyes like the nucleic acid staining dye SYBR Green I, resulting in a
color change from orange to green (78), or hydroxynaphthol blue (HNB) with a violet-to-blue
color change in the presence of dsDNA (79). Another example is the use of HRP-mimicking

12
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G-quadruplex-hemin DNAzymes incorporated into DNA detection probes which catalyze the
oxidation of 2,2-azinobis(3-ethylbenzothiozoline)-6-sulfonic acid (ABTS) by hydrogen
peroxide (H202) upon hybridization with target DNA which is previously captured by a capture
DNA probe. The change from colorless to green can be monitored by the absorbance changes
at 418 nm (80). Another type of colorimetric biosensors are the gold or carbon nanoparticle-
based lateral flow assays which have gained increased interest in diagnostics due to their ability
to provide simple, fast and low-cost detection of target analytes (81). An example of gold

nanoparticle-based colorimetric biosensor is provided in Figure 1.9.
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Figure 1.9 Schematic representation of a nanoparticle-based colorimetric detection of
hepatitis C virus (HCV) RNA after amplification (82).

Fluorescence-based biosensors: These biosensors utilize the fluorescence emitted by a

fluorophore-labeled probe upon binding or other reporter elements which are associated with
the target DNA. The fluorescence signal intensity is proportional to the target DNA
concentration, enabling quantitative analysis (83). There exists a great variety of configurations
exploiting fluorescence signals in DNA biosensors, including directly labeled DNA probes (84)
complementary to target sequences, fluorescently labeled nucleic acids (85), or molecular

beacons (86). An example of a fluorescence DNA biosensor is provided in Figure 1.10.
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Figure 1.10 Optical DNA biosensor (87).

Surface Plasmon Resonance (SPR) biosensors: They detect changes in the refractive index at

the sensor surface when the target DNA binds to the immobilized probe. This change in
refractive index causes a shift in the resonance angle, which can be measured and correlated to
the target DNA concentration (88, 89). Guan et al. proposed a highly sensitive optical fiber
DNA sensor based on the micro-fiber Sagnac interferometer, with a detection range of 100 pM
to 1 uM and a detection limit of 75 pM. Zhang et al. presented an SPR biosensor in which DNA
hybridization is detected by altering a graphene/Au film on a D-shape plastic optical fiber (90).

1.5.3 Electrochemical DNA biosensors

Electrochemical DNA biosensors are designed to detect specific DNA sequences by measuring
changes in electrical properties. These biosensors are comprised of an electrode, a transducer,
and a bioreceptor that binds to the target DNA sequence. The underlying principle of
electrochemical DNA biosensors is the interaction between the target DNA and the bioreceptor,
leading to an electrical signal that can be measured as depicted in Figure 1.11 (91, 92). Different

types of electrochemical DNA biosensors are discussed briefly below.

14



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF DNA DETECTION BIOASSAYS BASED ON DNA BINDING PROTEINS
Ankur Ruhela

f\_/— Electrochemical
workstation

Transducer ¢ cv a1 DRV
LA 5
Biorecptor Q _/\‘7
AN -
— — 3
EV EV
zol EIS T swv
’_ Analytes ’_
1 iﬁ 777
EEEEEEE——— —————py
% 4 ' zo EV
N
. <
ssDNA/aptamer Target ( Target DNA
z

Figure 1.11 Basic configuration of electrochemical DNA biosensors (92).

Amperometric DNA biosensors: These biosensors measure the current produced by the

oxidation or reduction of an electrochemically active label associated with the target DNA at
the electrode surface. The current is directly proportional to the concentration of the target
DNA, allowing for quantitative analysis (93). For example, combination of novel nanomaterial
(flower-like carbon nanotubes-polyaniline hybrids) with furullene nanoparticles led to sensitive
amperometric detection of Mycobacterium tuberculosis DNA upon recognition and binding to
a capture DNA probe immobilized on a glassy carbon electrode, thus enabling detection in

clinical samples (94).

Potentiometric DNA biosensors: They measure the potential difference between two

electrodes, one of which is coated with the bioreceptor. The potential difference is directly
related to the concentration of the target DNA, enabling quantitative analysis (95). A nucleic
acid potentiometric biosensor relied on a sandwich DNA hybridization to capture a secondary
oligonucleotide with CdS-nanocrystal tags. The assay utilized a miniaturized solid contact Cd-
ISE and achieved a low LOD of 10! and 10® M Cd*" in 100 mL and 200 L samples,
respectively (96).

Impedimetric DNA biosensors: They measure the change in impedance when the target DNA

binds to the bioreceptor. The change in impedance is proportional to the concentration of the
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target DNA, allowing for quantitative analysis (97). An example is the use of aminated DNA
probes mounted on hollow silica  microspheres  functionalized  with  3-
aminopropyltriethoxysilane. These probes were placed onto a carbon paste screen-printed
electrode with supported gold nanoparticles. The biosensor exhibited enhanced specificity and

sensitivity and achieved an LOD of 1.95 x 107> uM in the absence of a redox mediator (41).

1.5.4 Piezoelectric DNA biosensors

Piezoelectric DNA biosensors exploit the piezoelectric effect to detect the presence of DNA.
They operate based on the principle of affinity interaction recording, utilizing a piezoelectric
platform or crystal as a sensor component that responds to changes in mechanical stress (98).
By evaluating variations induced in the mechanical properties of the piezoelectric material,
such as frequency, amplitude, and phase, these biosensors can detect biological interactions
(99). Piezoelectric DNA biosensors can be used for the detection of various genetic markers
(100), environmental pollutants (101), and for other applications. They employ various
biological recognition elements like enzymes, antibodies, DNA, and other biomolecules (102).
Piezoelectric DNA biosensors employ a variety of piezoelectric materials, including lead
zirconate-lead titanate glass, quartz crystal microbalance (103), and surface acoustic wave

devices (103).
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Figure 1.12 Piezoelectric DNA biosensors (97).
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1.6 Applications of DNA biosensors

Disease diagnosis: They can be used to identify specific DNA sequences associated with

diseases like cancer, viral infections, and genetic disorders, enabling early diagnosis and timely
treatment (104). An ion-channel electrochemical biosensor employing PPV single stranded
DNA (ssDNA) probes on a glassy carbon electrode surface was developed for the detection of
Plum Pox Virus (PPV) and it exhibited a detection limit of 12.8 pg of PPV ssDNA/mL (105).
A multiplex colorimetric paper-based analytical device was developed based on silver
nanoparticles (AgNPs) to simultaneously detect DNA from viral and bacterial infectious
diseases, including Middle East Respiratory Syndrome coronavirus (MERS-CoV),
Mycobacterium tuberculosis bacteria (MTB), and human papillomavirus (HPV). It achieved

limits of detection of 1 — 1.5 nM for each pathogen (106).

Genetic testing: DNA biosensors can be utilized for prenatal and paternity testing, and for

identifying genetic predispositions to certain diseases. This information can help individuals

and families to make informed decisions regarding their health and well-being (107).

Environmental monitoring: DNA biosensors play a vital role in detecting specific
contaminants/pollutants, microorganisms or genetic material in environmental samples like
water, soil, and air. This enables monitoring of pollution levels, identification of harmful
pathogens, and assessment of ecosystem health (108). For example, the water-borne microbe
Vibrio cholera can be detected by selectively binding its O1 OmpW gene with two DNA
probes, one of which contains a fluorescent label which generates the signal to indicate the
presence of the microbe (109). Xiang et al. developed an aptamer-based enzyme-linked
oligonucleotide assay biosensor to detect the organophosphorus pesticide isocarbophos with

the sensitivity required for environmental monitoring (110).

Food safety testing: DNA biosensors can detect foodborne pathogens, allergens, and

genetically modified organisms in food samples. This ensures the safety and quality of the food
supply (92). A report was conducted regarding the use of the isothermal rolling circle
amplification (RCA) method in a solution and implemented a cleavage reaction to generate

small fragments of ssDNA. These fragments readily hybridized with the capture probe
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immobilized on gold nanoparticles (AuNPs) assembled onto the SPR chip surface and this
approach enabled real-time monitoring of Mycobacterium tuberculosis and M. avium
complexes. M. tuberculosis is transmitted through the air, whereas M. avium is found in dust,
water, and soil, with infections occurring through inhalation or ingestion. The optical biosensor
achieved LODs of 5 pg/uL and 2 pg/uL of genomic DNA for M. tuberculosis and M. avium,
respectively (111, 112).

Forensic analysis: In forensic analysis, DNA biosensors are used to identify individuals based

on their unique DNA profiles (113), aiding in solving criminal cases. They can also use DNA
biorecognition elements for toxicological forensic analysis and detection chemical and

biological weapons (114).

1.7 Generation/sources of target DNA for biosensors

Target DNA contained in a sample can be detected using a DNA biosensor either directly or
after enzyme-mediated amplification for increased sensitivity, especially in the case of low-
abundance targets. The most common approach is the use of amplified DNA resulting from
either thermal cycling or isothermal methods as detailed below. However, non-amplified DNA

can also be detected, directly or after a signal amplification strategy to increase sensitivity.

Amplified target DNA: The gold standard in DNA amplification is polymerase chain reaction

(PCR) which was firstly reported in 1987 (115). It relies on the use of two short synthetic DNA
fragments (primers) which specifically recognize and bind (anneal) to the 3’ ends of the sense
and anti-sense strands of the target DNA, and a thermostable DNA polymerase. Under thermal
cycling conditions (50 — 95°C), the two strands of the target DNA are separated (denaturation),
then the primers hybridize to their complementary strands (annealing) and finally the
polymerase extends the primers using the deoxynucleotide triphosphates (ANTPs) present in
the reaction mixture (extension). After several rounds of thermal cycling, millions to billions
of copies of the target sequence are generated which can then be detected employing a DNA
biosensor. Over the last two decades, novel isothermal amplification techniques have been
developed to circumvent the need for thermal cycling and facilitate the integration of
amplification steps in devices, especially for POC diagnosis (116). Among them, Nucleic Acid

Sequence-based Amplification (NASBA), Loop-mediated Isothermal Amplification (LAMP),
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Strand Displacement Amplification (SDA), Recombinase Polymerase Amplification (RPA)
and Rolling Circle Amplification (RCA) are the most representative methods. NASBA is used
for amplification of short (< 150 bases) RNA targets by combining reverse transcription with
amplification employing a cocktail of enzymes, with operating temperature of 40 — 55°C and
resulting in dsDNA products (117). LAMP is the most commonly used isothermal amplification
method and it employs a strand displacing polymerase and four to six pairs of primers for
amplification of DNA targets (< 250 bases) at 65°C resulting in long, branched dsDNA
molecules which can be detected with high sensitivity (118). For SDA, two to four primers
pairs, an endonuclease and a polymerase are required to amplify short target DNA sequences
(50 —120 bases) at approximately 37°C after a brief initial denaturation step (119). On the other
hand, RPA operates at constant temperature of 37 — 42°C and it employes one pair of primers
which are bound by a recombinase enzyme to scan the target DNA template and facilitate
annealing at homologous sites by the formation of a D-loop, stabilized in turn by ssDNA
binding protein (SSB) (120). A strand displacing polymerase then extends the primers resulting
in long dsDNA amplicons (< 1000 bp). Finally, RCA is based on the use of a single primer and
a strand displacing polymerase for the amplification of circular DNA templates (or ligated

linear templates) at constant temperature (20 — 37°C) (121).

Non-enzyme amplified target DNA: Genomic DNA extracted from cells, tissues, biological

fluids, environmental or food samples can also be detected with biosensors. However, different
types of signal amplification strategies, usually by incorporating nanomaterials, are required to
improve sensitivity (122). Hybridization chain reaction (HCR) is an alternative method to
generate DNA without employing an enzyme-based amplification technique for subsequent
detection. It relies on a cascade reaction of hybridization events between two partially
complementary hairpin probes and the target DNA which acts as the initiator strand, yielding
a long and nicked dsDNA molecule. HCR has been employed to construct various simple,

sensitive and economic biosensors for detecting nucleic acids (123).

1.8 DNA binding proteins

DNA binding proteins are proteins which have specific or general affinity for ssDNA or dsDNA
molecules and these interactions are vital for cellular and molecular functions, such as gene

transcriptional regulation, DNA recombination, replication and repair, as well as DNA packing
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and modification (124-126). The discovery of the preference of lysine-containing polypeptides
for A-T rich DNA and arginine amino acid residues for G-C rich DNA provided a better
understanding into how a protein interacts with DNA (127). Based on these findings, it was
later suggested that these specific interactions were more likely to occur in the DNA major
groove (128), and this was experimentally proven with the first crystal structure of a DNA-
protein complex using the Escherichia coli catabolite gene activator protein (CAP) (129). Even
though there are indeed some preferred interactions between amino acids and DNA bases, DNA
binding protein families interact with DNA in different ways (130), and depending on their
binding motifs, they can be grouped into sequence-specific and non-sequence specific.
Sequence-specific DNA binding proteins recognize and bind to particular DNA sequences,
while non-specific DNA binding proteins can bind to any DNA sequence. Based on their DNA
binding properties, these proteins have potential applications in monitoring DNA-protein

interactions (131, 132), and in gene (133) and antiviral therapies (134).

1.8.1 Sequence-specific DNA binding proteins

These are proteins which recognize and bind to specific DNA sequences with great affinity and
specificity. They employ distinct structural motifs to achieve this, such as helix-turn-helix, zinc
fingers, and leucine zippers, through hydrogen bonds, electrostatic interactions and non-polar

interactions (135). Some types of sequence-specific DNA binding proteins are discussed below.

Transcription factors regulate the transcription of target genes by binding to specific DNA
sequences in gene promoter regions (136). By recruiting other proteins to the transcriptional
apparatus, they can activate or inhibit gene expression (137). The p53 tumor suppressor protein,
which binds to specific DNA sequences to regulate genes involved in cell cycle control and
apoptosis, is one example (138). Another is the estrogen receptor, which binds to specific DNA
sequences to regulate genes involved in estrogen signaling (139). Cro DNA binding protein is
a repressor protein from bacteriophage lambda and it plays a significant role in bacteriophage
gene control during lytic growth by inhibiting early gene transcription (140). Cro is a
homodimeric DNA binding protein with a high affinity and specificity for its operator DNA
(141) and the interaction between Cro protein and the nucleic acid occurs through the helix-
turn-helix (HTH) motif (Figure 1.13). Its three-dimensional structure reveals that upon Cro
binding, the DNA undergoes a bending of approximately 40° over 19 base pairs (142). The

recognition and binding of the Cro helix-turn-helix units and its operator involve hydrogen-
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bonding and van der Waals contacts within the major groove of the DNA (143). The wild-type
Cro repressor of bacteriophage lambda binds to a 17-bp operator dsDNA as a dimer composed
of two identical 66-residue subunits (144,145). However, a single-chain version, called scCro,
was developed by linking two Cro monomers through a flexible linker of either 8 or 16 residues
(146). These versions of the Cro homodimer exhibited increased affinity for the operator
dsDNA. Notably, the scCro with the 16-amino acid linker (single-chain Cro, scCrol6)
demonstrated a dissociation constant in the picomolar range (4 x 107! M) for the 5°-

TATCACCGCAAGTGATA-3’ dsDNA sequence (146).

Recognition helix

Figure 1.13 scCro DNA binding protein with helix-turn-helix motif (146).

Zinc finger proteins (ZFPs) are characterized by the presence of a zinc finger domain, a
common structural motif found in many proteins involved in DNA interactions. These are short
peptide sequences which adopt specific secondary structures, typically an alpha helix,
stabilized by the binding of a zinc ion (Figure 1.14). The zinc ion is coordinated by two cysteine
residues and two histidine residues within the zinc finger motif, forming coordination bonds
that contribute to the stability and structure of the zinc finger domain (147, 148). This binding
mode is simple and natural, allowing engineered ZFPs to be fused with various functional
domains, enabling diverse applications such as gene regulation (147) and DNA diagnostics

(149).
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Figure 1.14 Zinc finger protein (150).

Homeodomain proteins belong to a class of transcription factors characterized by a conserved
homeodomain DNA binding motif. This is a helix-turn-helix structure that detects and binds to
specific DNA sequences often involved in developmental and cell differentiation processes
(150). Hox genes for example encode transcription factors that control the development and

patterning of body parts in animals (151).

Forkhead box (FOX) proteins are transcription factors which possess a DNA binding domain
called a winged helix. This domain exhibits a globular structure composed of three alpha
helices and two or three beta strands. The winged helix/forkhead pattern enables FOX proteins
to regulate gene expression in various processes, including development, cell cycle control,

and metabolism, by interacting with specific DNA sequences (152).

1.8.2 Non-sequence specific DNA binding proteins

Non-sequence specific DNA binding proteins are a group of proteins that interact with DNA in
a non-sequence specific manner, lacking high specificity for particular DNA sequences. Unlike
sequence-specific DNA binding proteins that recognize and bind to specific DNA sequences,
non-sequence specific DNA binding proteins exhibit a more general or non-sequence specific
mode of interaction with DNA. Some examples of non-sequence specific DNA binding

proteins are discussed below.
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Histones are a class of proteins crucial for the organization and compaction of DNA into a
condensed structure called chromatin. They bind to DNA in a non-sequence specific manner,
contributing to the structural stability and packaging of DNA molecules. Histones are essential
for maintaining chromosome shape and function, even though they lack sequence-specific

DNA binding capabilities (153, 154).

Bacterial histone-like proteins (HLPs) are small (16 — 20 kDa) and basic proteins, present in
the cell in high amounts and they are responsible for maintaining DNA architecture by
performing certain topological modifications (twisting, bending and folding) (155). They are
critical for the regulation of cell metabolism, and they also participate in recombination and
DNA replication (156, 157). The best characterized HLPs are Fis (factor for inversion
stimulation), H-NS (histone-like nucleoid structuring), HU (heat unstable) and IHF (integration
host factor) (156). HU and IHF have similar amino acid sequences, while Fis and H-NS are
different. HU family proteins are found in almost all eubacteria as opposed to the other HLPs
and they are in general homodimers or in the case of Escherichia coli heterodimers composed
of two highly homologous subunits (155, 158). HU proteins exhibit non-sequence specific
binding to DNA, with a higher affinity for nicked, gapped, and cruciform DNA structures (159).
Despite lacking sequence specificity, bacterial HU proteins play roles in DNA compaction

through mechanisms such as DNA bending, DNA bridging, or DNA wrapping (160).

Single-stranded DNA binding proteins (SSBs) bind to ssDNA regions with high affinity.
They protect ssDNA from degradation, prevent the formation of secondary structures, and
serve as platforms for other proteins involved in DNA replication, recombination, and repair.

SSBs bind to ssDNA irrespective of the specific DNA sequence (161).

HMG (High Mobility Group) proteins are a protein family that binds to DNA in a non-
sequence specific manner. The HMG box, a DNA binding domain found in HMG proteins,
interacts with DNA, often through interactions with the minor groove. HMG proteins are
involved in chromatin structure, gene control, DNA repair, and transcriptional activation,

among other biological processes (162).
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1.8.3 Use of DNA binding proteins in biosensors

Despite their attractive properties and their great potential in bioanalysis, the use of DNA
binding proteins in DNA and DNA-based biosensors has been quite limited, attested by the
very few works reported in the literature until today. And even though there is a plethora of
DNA binding proteins with different properties, only a handful has been used in bioanalysis
and these are the non-sequence specific ssDNA binding protein from Escherichia coli (SSB),
the human sequence-specific dsDNA binding protein 53 (p53 tumor repressor protein), the
engineered single-chain Cro bacteriophage repressor protein (scCro), the engineered dimeric
headpiece domain of the Escherichia coli Lacl repressor protein (dHP) and the SpollID
transcription factor from Bacillus subtilis. The works described below highlight the great
potential these proteins hold in biosensing, for the detection of not only nucleic acids but also

other targets when incorporated into DNA and DNA-based biosensing platforms.

The first report was in 1989 when the SSB was covalently linked to a signal generating enzyme
(HRP or urease) and was used to detect with colorimetry as low as 10 pg of total ssDNA bound
on a nylon or nitrocellulose membrane (163). The idea was then exploited for the development
of an electrochemical biosensor for the detection of residual amounts of DNA in mammalian
cell culture products. This work was based on recognition of total DNA by SSB immobilized
on an electrode and detection with an anti-DNA monoclonal antibody-urease conjugate and it
achieved an LOD of 2 pg (164). SSB was also proposed as a general analytical tool and its use
for the detection of nucleic acids and proteins using DNA/RNA or aptamers as biorecognition
elements, respectively was demonstrated with capillary electrophoresis (165). Finally, a
fluorescent biosensor was reported for ssDNA detection based on SSB labeled with the
fluorophore diethylaminocoumarin and it was used to monitor the progress of helicase action

along dsDNA (166).

The tumor repressor p53 protein was also used for the development of an electrochemical
biosensor for miRNA detection. The target was sandwiched between a ssDNA probe
immobilized on magnetic beads and a ssDNA detection probe containing the specific DNA
binding sequence of p53. This was then filled in by a T4 DNA polymerase to produce the
required dsDNA binding site for the binding of a p53-HRP conjugate which generated the
signal after substrate addition. The reported LOD was 22 fM (167). A similar approach was
used to detect exosomal miRNA in lung cancer patient serum. By replacing the p53-HRP
conjugate with a p53-gold nanoparticle-hydrazine conjugate, the authors were able to improve
the sensitivity and reported an LOD of 92 aM (168).
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The use of scCro DNA binding protein in bioanalysis was first reported by our group for the
colorimetric detection of high-risk human papillomavirus DNA. The platform employed a
ssDNA capture probe to recognize the target ssDNA which was in turn bound by a hybrid
ssDNA-dsDNA detection probe containing one to three binding sites for Cro protein. An HRP-
Cro conjugate was finally added to generate signal after substrate addition with an LOD of 2 —
7 pM (169). A similar approach was later adopted with the hybrid ssDNA-dsDNA detection
probe containing the binding sites for both scCro and dHP DNA binding proteins. This probe
was used in combination with the glucose oxidase (GOX)-dHP and HRP-Cro conjugates. Their
specific binding to adjacent positions on the hybrid detection probe enabled the formation of
an enzyme cascade. This resulted in signal generation due to the catalytic activity of GOX
which generated one of the substrates required by HRP. The limits of detection were 21 — 46
pM ssDNA, depending on the stoichiometry of the binding sites of the DNA binding proteins
on the detection probe (170). A colorimetric sandwich aptasensor for the detection of a protein
(thrombin) was also developed exploiting the two DNA binding protein-enzyme conjugates
GOX-dHP and HRP-Cro. The binding sites for each of the DNA binding proteins were
incorporated in each of the aptamers during synthesis and signal was generated using the GOX-
HRP enzyme cascade. The reported LOD was 0.92 nM (171). A lateral flow assay based on
Cro-carbon nanoparticle (Cro/CNPs) conjugate was also demonstrated for the detection of
dsDNA PCR amplicons. A fluorophore-labeled forward primer and a reverse primer extended
with the binding sequence of Cro were used for amplification and the amplicon was capture on
the strip by the fluorophore-specific antibody and detected with the Cro/CNPs or Cro-
HRP/CNPs conjugate. The detection limits were 6.9 — 10.4 ng of PCR product depending on
the conjugate used and the number of Cro binding sites in the amplicons (172). Finally, scCro
and dHP were used for the development of microplate-based and lateral flow assays for the
detection of a PCR amplicon. Both primers used during amplification were extended with each
of the binding sites of scCro and dHP and the amplicon was detected with an HRP-Cro
conjugate on plate or a Cro/CNPs conjugate on the lateral flow strips. The limits of detection
achieved were 10.4 pM of target ssDNA, comparable with the one achieved with an equivalent
signal-generation system based on the streptavidin/biotin interaction. The lateral flow assay

was able to detect 33.5 ng of PCR amplicon (70).

Lastly, a recent report demonstrated the detection of PCR amplicons using Spolll. In this case,
the binding site for SpollID was incorporated in the primers by extension, while SpollID was

individually fused to each of two fragments of split trehalase enzyme. Once bound to the
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amplicon, the trehalase activity is restored and is used to generate signal in the presence of
trehalose which is converted to glucose, glucose oxidase which uses glucose and generates
hydrogen peroxide, and HRP which uses hydrogen peroxide to oxidize a substrate and produce
colorimetric signal. The assay was used to discriminate gram-positive (Staphylococcus
devriesei) from gram-negative (Escherichia coli) bacteria with potential use in pathogen

detection (173).
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1.9 Thesis objectives

The aim of this thesis is the development of DNA binding proteins and their application in
bioanalysis, focusing on DNA biosensors. Specifically, we demonstrate the use of both
sequence-specific and non-sequence specific DNA binding proteins as biorecognition elements
for the detection of dsDNA generated by amplification techniques. Different materials are
explored to immobilize these proteins and facilitate DNA capture and detection: nitrocellulose
membranes, carbon nanoparticles, microtiter plates and magnetic beads. With this work, we
seek to highlight the great potential of these proteins in DNA bioanalysis, especially as an
alternative to the established strept(avidin)-biotin-based strategies, exploiting their ability to

bind DNA in either a sequence specific or non-sequence specific manner.

To achieve this general goal, the following specific objectives were established:

Sequence-specific DNA binding proteins

¢ Enhance the recombinant production of scCro DNA binding protein.

e Develop a lateral flow dipstick assay based on scCro-carbon nanoparticle conjugate for
the detection of multiplex PCR products generated using synthetic or genomic DNA
targets.

e Immobilize scCro on magnetic beads and demonstrate its use as an attractive bioanalytic
tool for the colorimetric detection of PCR amplicons.

e Demonstrate the use of scCro-magnetic beads for PCR reaction cleanup and amplicon

purification.

Non-sequence-specific DNA binding proteins

e Engineer a single-chain heterodimeric scHupBA DNA binding protein and produce it
recombinantly.

e Characterize the DNA binding properties of scHupBA on microtiter plates using dsDNA
and ssDNA of varying length.

e Prepare and characterize a scHupBA-horseradish peroxidase (scHupBA-HRP)
conjugate.

e Immobilize scHupBA on magnetic beads and carbon nanoparticles.

e Develop colorimetric assays exploiting microtiter plates and magnetic beads as
immobilization supports for scHupBA and the scHupBA-HRP conjugate for label-free

universal detection of PCR amplicons.
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e Provide a proof-of-concept for the application of scHupBA to mediate universal capture

and detection of DNA in lateral flow assays.
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2.1 Abstract

The proliferation of harmful microalgae endangers aquatic ecosystems and can have serious
economic implications on a global level. Harmful microalgae and their associated toxins also
pose a threat to human health since they can cause seafood-borne diseases such as ciguatera.
Implementation of DNA-based molecular methods together with appropriate detection
strategies in monitoring programs can support the efforts for effective prevention of potential
outbreaks. A PCR-lateral flow assay (PCR-LFA) in dipstick format was developed in this work
for the detection of two Gambierdiscus species, G. australes and G. excentricus, which are
known to produce highly potent neurotoxins known as ciguatoxins and have been associated
with ciguatera outbreaks. Duplex PCR amplification of genomic DNA from strains of these
species utilizing species-specific ssDNA tailed primers and a common primer containing the
binding sequence of scCro DNA binding protein resulted in the generation of hybrid ssDNA-
dsDNA amplicons. These were captured on the dipsticks via hybridization with complementary
probes and detected with a scCro/carbon nanoparticle (scCro/CNPs) conjugate. The two
different test zones on the dipsticks allowed the discrimination of the two species and the assay
exhibited high sensitivity, 6.3 pg/uL of genomic DNA from both G. australes and G.
excentricus. The specificity of the approach was also demonstrated using genomic DNA from
non-target Gambierdiscus species and other microalgae genera which did not produce any
signals. The possibility to use cells directly for amplification instead of purified genomic DNA
suggested the compatibility of the approach with field sample testing. Future work is required
to further explore the potential use of the strategy for on-site analysis and its applicability to

other toxic species.

2.2 Introduction

Ciguatera fish poisoning (CFP) is a highly common seafood-borne disease (1) caused by the
potent marine microalgal neurotoxins named ciguatoxins (CTXs) (2). Ciguatera has become a
global health concern due to the severe symptoms elicited after intoxication, including
cardiovascular, gastrointestinal and neurological alterations which might last a few days but
can also persist for longer periods of time (3). Several species of the marine dinoflagellate
genus named Gambierdiscus have been confirmed to produce CTXs (4-6). Ingestion of CTX-
producing microalgae by herbivorous fish and subsequent bioaccumulation of CTXs facilitates

their introduction into the food chain, which ultimately may reach humans. This genus of
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microalgae is epibenthic and endemic of tropical and subtropical waters such as the Pacific and
Indian Ocean or the Caribbean Sea (1, 5, 7). However, their presence has expanded to non-
endemic areas. Recently, Tester et al. reviewed the global distribution of the genus during the
last decade or so (2009 — 2018), underlying zones in which the amount and diversity of
Gambierdiscus species is higher, such as the French Polynesia, Caribbean coasts and Canary
Islands (Spain) (8). In fact, several Gambierdiscus species have been reported during the last
years in the Canary Islands (9, 10), the Madeira archipelago (Portugal) (11) and the
Mediterranean Sea (12, 13). Gambierdiscus australes and G. excentricus strains exhibiting
high CTX-like toxicities have been recently found in the Canary Islands and are considered the

dominant species associated with ciguatera outbreaks in this area (14).

Monitoring the presence of these microalgae and the toxins they produce in the marine
environment is essential for implementing appropriate risk prevention strategies. A battery of
methods has been developed for the direct detection of CTXs in fish and have been extensively
reviewed elsewhere (15, 16). These include animal and cell-based toxicity assays, biochemical
assays employing receptors and antibodies, as well as liquid chromatography coupled with
mass spectrometry. However, the complex chemical structures and scarce availability of pure
CTXs, the low concentration at which they are encountered, and the complexity of fish matrices
make the development of highly sensitive and specific assays for CTXs detection very
challenging (15, 16). Biosensors on the other hand, extensively used for the detection of various
foodborne pathogens (17, 18), can offer the required specificity and sensitivity when combined
with highly specific biorecognition molecules. The recent generation of CTX-specific
monoclonal antibodies using synthetic CTX fragments (19) has indeed allowed the
development of sensitive sandwich-type immunoassays and biosensors for CTX detection in

fish (20) and microalgal samples (21, 22).

Detection of harmful microalgae like the CTX-producing Gambierdiscus species based on
molecular methods has also been introduced over the last years to implement the monitoring
and containment efforts of harmful algae blooms (23). These methods are considered as easier,
faster and more specific alternatives to the traditional light microscopy. They rely on the
amplification of genomic DNA from the target species using specific primers in combination
with colorimetric, fluorescent or electrochemical detection techniques. Even though the gold
standard for amplification is PCR, isothermal amplification has also been reported (23).
Nevertheless, few reports can be found in the literature exploiting molecular methods for the

identification of Gambierdiscus species (24-29).
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In this work, a nucleic acid lateral flow assay (LFA) in a dipstick format was developed for the
duplex detection of two toxin-producing Gambierdiscus species, G. australes and G.
excentricus. This is the first report of an LFA employed for the identification of Gambierdiscus
species. It relies on PCR amplification of genomic DNA using specifically modified primers
followed by detection with dipsticks. Two reverse primers were designed, each one modified
with a distinct single-stranded DNA (ssDNA) tail to allow discrimination of the two species.
The amplicons were captured on two separate test lines of the dipsticks via hybridization with
capture probes complementary to these ssDNA tails. On the other hand, the common forward
primer contained the binding sequence of scCro DNA binding protein to facilitate detection
with scCro/carbon nanoparticles (scCro/CNPs) conjugate. Enzyme Linked Oligonucleotide
Assay (ELONA) was used to demonstrate correct amplification of both targets before
transferring the assay to its final LFA format. The performance of the approach in terms of
sensitivity and specificity was evaluated. Genomic DNA of several microalgae genera,
different combinations of genomic DNA from five Gambierdiscus and one Fukuyoa species,
and DNA extracted and amplified directly from cells of the two target species, were used to

test the potential applicability of the strategy on field samples.

2.3 Materials and methods
2.3.1 Materials

Phosphate buffered saline (PBS; 10 mM phosphate, 137 mM NacCl, 2.7 mM KCI, pH 7.4),
DreamTaq DNA polymerase, neutravidin and neutravidin-coated microplate strip plates and
Tween-20 were obtained from Fisher Scientific (Spain). The BioFX TMB Super Sensitive One
Component HRP Microwell Substrate was from Surmodics (USA), the FF170HP nitrocellulose
membrane from Cytiva (Spain), the C083 cellulose fiber absorbent pad and Empigen BB from
Merck (Spain). HRP-scCro and scCro/CNPs conjugates were prepared as previously described
(30, 31). Primers and DNA probes were purchased from Biomers.net (Germany) and their

sequences are shown in Table 2.1.
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Table 2.1 Oligonucleotides used in this work. The scCro DNA binding site is in bold and the
DNA tails are in italics. The asterisk (*) denotes a biotin-TEG modification at the 3 end and
the (#) a biotin modification at the 5’ end.

Oligonucleotide Sequence (5' —3")

G. australes & G. TATCACTTGCGGTGATATGCTGCATGYGGAGATTCTTTYYTKG
excentricus forward

primer

G. australes reverse GTTTTCCCAGTCACGAC-C3-ATGCATAACTCTTCATTGCCAGTAG
primer

G. excentricus reverse | TCTACAGGCTCGTATATGTA-C3-GCTTGGGTCACAGTGCAACAGAG
primer

G. australes capture GTCGTGACTGGGAAAACTTTTTTTTTTTTTTT

probe *

G. excentricus capture | TACATATACGAGCCTGTAGATTTTTTTT TTTTTTT

probe *

NALFA control line AGTCCGTGGTAGGGCAGGTTGGGGTGACTTTTTTTTTATCACCG
probe * CAAGTGATATTTTTATCACTTGCGGTGATA

2.3.2 Expression and purification of scCro DNA binding protein

The scCro DNA binding protein was expressed using the aL.ICator LIC Cloning & Expression
System (Thermo Fisher Scientific). The gene of scCro was amplified by PCR from a pET-based
expression vector described previously (30) using forward (5’-AGA AGG AGA TAT AAC TAT
GTGTGAACAACG CATAACTTTAAAAGATT-3’) and reverse (5°-GTG GTG GTG ATG
GTG ATG GCC TGC TGT TGT TTT TTT GTT ACT CG-3’) primers designed for ligation
independent cloning in the pLATE31 vector according to the instructions of the manufacturer.
The new expression vector was verified by DNA sequencing. The protein was purified by
immobilized metal affinity chromatography (IMAC) followed by ion exchange
chromatography (IEC) as described previously (30).

2.3.3 Genomic DNA from microalgae

The microalgae strains used in this work are shown in Table 2.2. Maintenance of the cultures
and genomic DNA extraction from each strain were performed as in previous works (29).

Briefly, cultures were maintained under a photon flux of 100 pmol photons m2 s™! with a
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12:12-h light/dark regime and at 24 = 1°C. For DNA extraction, cell pellets were resuspended
in lysis buffer (1 M NaCl, 70 mM Tris, 30 mM EDTA, pH 8.6), 1:8 volumes of 10 % (w/v)
DTAB and 1 volume of chloroform. Subsequently, cellular disruption was achieved by adding
zirconium beads (0.5 mm diameter) to the mixture and using a Bead Beater-8 (BioSpec, USA).
Then, DNA was extracted from the aqueous phase using standard phenol/chloroform method.
Precipitation of the DNA was achieved by the addition of 2 volumes of absolute ethanol and
0.1 volumes of 3 M sodium acetate (pH 8.0). Finally, DNA was rinsed with 70% (v/v) ethanol
and then dissolved in 1:4 volumes of molecular DNAse/RNAse-free water. The concentration
and purity of the extracted DNA were evaluated using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Spain) and it was stored at -20°C until analysis. Each strain was

analyzed individually or in mixtures.

Table 2.2 Microalgae strains used in this work.

GenBank
Speci Strai Origi
pecies rain rigin Accession
IRTA-SMM-13-09 Hierro Island, Spain KY564322
Gambierdiscus australes| IR-TA-SMM-13-11 Selvagem Grande Island, Portugal | KY564324
IRTA-SMM-16-286 | Lanzarote Island, Spain MT119197
Gambierdiscus balechii | VG0920 Manado, Indonesia KX268469
Gambierdiscus IRTA-SMM-17-421 | Hierro Island, Spain MT379471
belizeanus
Gambierdiscus . .
. IRTA-SMM-17-03 Hierro Island, Spain MT119203
caribaeus
IRTA-SMM-17-407 | Gomera Island, Spain MT119200
Gambierdiscus IRTA-SMM-17-428 | Gomera Island, Spain MT119201
excentricus . i JF303066;
VGO791 Tenerife, Spain 1F303075
. VGO1185 Ubatuba, Brazil KMS886379
Fukuyoa paulensis -
IRTA-SMM-17-211 | Menorca Island, Spain MT119205
Coolia monotis IRTA-SMM-16-285 | Formentera Island, Spain MW328563
Ostreopsis c.f. ovata IRTA-SMM-16-133 | Catalonia, Spain MH790463
Prorocentrum lima IRTA-SMM-17-47 Lanzarote Island, Spain MW328564

2.3.4 PCR amplification of genomic DNA

The primers used for amplification of genomic DNA from G. australes and G. excentricus were
designed within the D1-D3 region of the 28 S large subunit (LSU) ribosomal DNA (29) and
are shown in Table 2.1. The strategy for duplex PCR amplification of the target Gambierdiscus
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species with the modified primers is illustrated in Figure 2.1A. Each reverse primer was
extended at its 5’ end with a distinct ssDNA tail to allow the discrimination of the two species.
The common forward primer for the two species was extended at its 5’ end with the DNA

binding site for the scCro DNA binding protein.

A | \_
G. australes " L5 ~
|\|:i-..| ” F
PCR ,
G. excentricus 3} g ~
\I: L L:
B C ]
| CL
__55”‘5552"'r
TL1
.z G. australes
Capture TL2
Ca ptur@ (»—
probe 1 probe 2 P_“‘~"‘~,\\\~
B\otm
Neutravidin
G. excentricus
Test line 1 Tesihnez L—————J
G. australes G. excentricus

Figure 2.1 Strategy for the detection of the target Gambierdiscus species with the PCR-LFA
dipstick. (A) PCR amplification of G. australes and G. excentricus genomic DNA using
modified primers. (B) PCR amplicon detection by LFA. Capture of the ssDNA-dsDNA hybrid
amplicons on the dipsticks by complementary probes and detection with scCro/CNPs
conjugate. (C) Design of the dipsticks. CL: control line; TL1: test line 1 for G. australes; TL2:
test line 2 for G. excentricus.

For simplex PCR, 200 nM of each primer were used whereas duplex PCR was performed using
200 nM of G. australes reverse primer, 300 nM of G. excentricus and 500 nM of the common
forward primer for both G. australes and G. excentricus. Purified genomic DNA from each
species was added to the PCR reactions at final concentrations of 400 pg/puL. down to 400 fg/uL.
PCR was performed using an initial denaturation step for 3 min at 95°C, 30 cycles of
denaturation for 10 sec at 95°C, annealing for 10 sec at 58°C and extension of 10 sec at 72°C,

and a final extension step for 5 min at 72°C. Strains G. australes IR-TA-SMM-13-11 and G.
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excentricus IRTA-SMM-17-407 were used in all experiments unless otherwise stated. The PCR
reactions were analyzed by agarose gel (2.6 % w/v agarose in Tris/borate/EDTA buffer)

electrophoresis.

2.3.5 Enzyme Linked Oligonucleotide Assay (ELONA) for colorimetric detection of PCR

amplicons

A colorimetric ELONA was designed to verify the correct incorporation of the ssDNA tails and
scCro DNA binding site to the G. australes and G. excentricus PCR amplicons. Several assay
parameters were optimized in advance to achieve high sensitivity and specificity, and these
included the concentrations of the biotinylated capture probes (50 — 200 nM) and the HRP-
scCro conjugate (2.5 — 15 nM), the dilution factor of the PCR reactions (1/25 — 1/100) as well
as the number of PCR cycles. The biotinylated capture probes (Table 2.1) specific for each
species [50 puL of 50 nM in PBS with 0.05 % (v/v) Tween-20 (PBST)] were immobilized on
separate wells of neutravidin-coated microplates for 15 min at room temperature. After
washing (3 x 300 pL of PBST), 1 uL of PCR reaction was mixed with 49 pL of PBS and added
to the wells for a 30-min incubation step. After washing, the HRP-scCro conjugate was added
(50 uL of 15 nM in PBS) and the plate was incubated for another 30 min. After a final washing
step, 50 uL of TMB ELISA substrate were added and signal generation was stopped after 10
min with the addition of equal volume of 1 M H2SO4. The absorbance was finally recorded at
450 nm. Target genomic DNA calibration curves were constructed using 1/50 diluted PCR
reactions performed with serially two-fold diluted genomic DNA from each species (final
concentrations of 8 pg/uL down to 8 fg/uL). The absorbance data was fitted to four-parameter
logistic model using the GraphPad Prism software and the limits of detection (LOD) were
interpolated from the curves as the blank signals (ntc) plus three times their standard deviation

(ntc + 3xSDnt). Four replicates were prepared for each concentration examined.

2.3.6 Preparation of the LFA dipsticks

Nitrocellulose FF170HP membrane (height 3 cm) was used to prepare the dipsticks. The
control line was constructed at 1.8 cm from the bottom of the membrane and separated from
the two test lines by 0.4 cm and 0.8 cm. To facilitate ssDNA immobilization, each biotinylated
probe was mixed with neutravidin in PBS at final concentrations of 35 uM and 8.3 uM,

respectively. The mixtures were incubated for 15 min at ambient temperature and then
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dispensed on the membrane using a Lateral Flow Reagent Dispenser (Gentaur, Belgium). G.
australes and G. excentricus capture probes were used for the construction of the two test lines,
whereas a hairpin probe forming the scCro dsDNA binding site was used for the control line
(see Table 2.1 for sequences). The membranes were dried at room temperature for at least 2 h
and then blocked for 30 min with 2% (w/v) skim milk and 0.1% (v/v) Empigen BB in 10 mM
carbonate-bicarbonate buffer pH 9.4. The strips were assembled on backing cards with a 2 cm
absorbent pad overlapping the nitrocellulose membrane by 2 mm to ensure correct wicking.
Finally, the dipsticks were cut at a width of 4 mm using an Autokun Cutter (Hangzhou Autokun

Technology, India), packaged in plastic pouches and stored at 4°C until use.

2.3.7 Detection of the PCR amplicons with the LFA dipsticks

The PCR amplicons were detected on the dipsticks using scCro/CNPs conjugate for carbon
black signal (Figure 2.2B and 2.2C). The scCro/CNPs conjugate was prepared as previously
described (31). The dipsticks were dipped vertically in the wells of a microtiter plate containing
10 pL of diluted PCR reaction, 1 pL of scCro/CNPs conjugate suspension (0.2% w/v) and 39
pL of PBS with 1% (w/v) skim milk and 0.1% (v/v) Tween-20. Black color signals were
observed within 15 min and the dipsticks were dried and finally imaged by flatbed scanning.
Each experiment was performed in triplicate for the construction of the calibration curves or at
least in duplicate for other experiments. The volume of the PCR reaction used for analysis with
the dipsticks was optimized. To this end, 0.5 — 10 pL of simplex PCR reaction was mixed with

PBS to a final volume of 10 pL and used for analysis as detailed above.

2.3.8 Direct PCR amplification and LFD detection using G. australes and G. excentricus

cells

The possibility of detecting the two Gambierdiscus species using directly cells instead of
purified genomic DNA was also evaluated. Cell suspensions containing 40 cells/puL from each
strain (G. australes IRTA-SMM-16-286 and G. excentricus VGO791) were prepared in milli-
Q water and heated for 5 min at 95°C to promote lysis and release of genomic DNA. Crude cell
extracts (2 pL) from each species were then added directly, individually or in a mixture, to PCR
reactions containing primers for both strains to a final volume of 20 pL. Purified genomic DNA

(100 pg/uL) was used for PCR in parallel as a control. PCR amplification was performed as
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detailed in section 2.3 but with an extended initial denaturation step of 10 min at 95°C instead

of 5 min. Amplicons were finally detected with the LFA dipsticks as described in section 2.6.

2.4 Results
2.4.1 Preparation of the recombinant scCro DNA binding protein

The scCro DNA binding protein with a C-terminal His-tag was expressed in E. coli BL21(DE3)
cells using the new construct detailed in section 2.3.2. A representative SDS-PAGE gel of the
two-step purification process (IMAC and then IEC) is shown in Figure 2.2. The use of the
pLATE31 vector, which minimizes basal expression of the recombinant protein, resulted in the
preparation of 12 mg purified protein per 1 L of bacterial culture, corresponding to a 6-fold
improvement of protein yield compared to the pET-based expression system we reported

previously.

kDa
250 o
150 1: Soluble lysate
100 == 2: IMAC wash
75 - 3: IMAC elution
50 - 4: IEC flowthrough
37 5: |[EC wash
gg 6: IEC elution

12"---

Figure 2.2 Expression of scCro from BL21(DE3)/pLATE31 and purification by IMAC and
IEC.

2.4.2 Specificity of the primers and PCR amplicon detection by ELONA

Initially, the use of the designed primers for the amplification of various strains of G. australes
and G. excentricus species was validated as shown in Figure 2.3. All the strains tested were

successfully amplified using the modified primers.
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Figure 2.3 Amplification of genomic DNA from various G. australes and G. excentricus strains
using the primers reported in this work.

Then, the specificity of the primers was evaluated with simplex PCR. DNA from each species
was added to a PCR reaction containing only its corresponding primers, and after amplification,
the reactions were analyzed by agarose gel electrophoresis. As shown in Figure 2.4A, only the
specific genomic DNA was amplified with its corresponding primers whereas no amplification

was observed for the other one.

Duplex PCR was then performed using a mixture of the two reverse primers and the common
forward primer. Again, successful amplification for each strain was observed when only one of
the targets was present (Figure 2.4B). Since the expected size of the two amplicons is very
similar (approximately 150 bp), it is not possible to differentiate the two amplicons in the
duplex PCR reaction solely by gel electrophoresis. Therefore, ELONA was performed using
capture probes specific to each target, which were complementary to the ssDNA tails at one
end of the generated PCR amplicons for each species. For colorimetric detection, the HRP-
scCro conjugate was used to bind the dsSDNA binding site of scCro formed at the other end of
the amplicons after incorporation of the specific sequence in the common forward primer of
the two species (Figure 2.4C). Correct amplification of each target genomic DNA in the duplex
PCR reaction was verified when added individually or simultaneously whereas no signal was

observed when the non-specific capture probe was used (Figure 2.4D).
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Figure 2.4 PCR amplification of G. australes (GA) and G. excentricus (GE) genomic DNA
(gDNA) and detection by ELONA. (A) Simplex PCR using primers for each species and (B)
duplex PCR using primers for both strains. (C) Format of the ELONA for the detection of the
two Gambierdiscus species. (D) Specificity of the duplex PCR-ELONA for the detection of the

amplicons.

Several parameters of the ELONA assay were then optimized before proceeding with the
construction of calibration curves. A concentration of 50 nM of the capture probes (Figure
2.5A), in combination with 15 nM of HRP-scCro conjugate (Figure 2.5B) and a 1/50 dilution
of the PCR reactions (Figure 2.5C) performed for 30 cycles (Figure 2.5D) were optimal for the

detection of the gDNA from the two Gambierdiscus species.
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Figure 2.5 Optimization of the ELONA conditions for the detection of amplicons after PCR
amplification of genomic DNA (gDNA) from G. australes and G. excentricus. (A) Capture
probe concentration varied from 50 — 200 nM, while the HRP-scCro conjugate was used at 5
nM. (B) The HRP-scCro conjugate was used in the range of 2.5 — 10 nM; the capture probes
for both species were used at 50 nM. (C) Dilution of the PCR reaction. (D) Number of PCR
cycles. For panels C and D, the capture probes were used at 50 nM and the HRP-scCro
conjugate at 15 nM. For panels A, B and D the PCR reactions were diluted 1/50. ntc: no
template control.

The sensitivity of the ELONA was finally assessed using optimized conditions for PCR
amplification and ELONA detection. Genomic DNA from each species was used for PCR
amplification in a master mix containing primers for both species and representative agarose
gels are shown in Figure 2.6A. The calibration curves are shown in Figure 2.6B and the LODs
were calculated to be 22.8 fg/ul and 52.3 fg/uL of genomic DNA for G. australes and G.
excentricus, respectively. These correspond to 1.1 pg of genomic DNA for G. australes and 2.6

pg for G. excentricus, considering the 50 pL sample volume used for analysis.
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Figure 2.6 Sensitivity of the PCR-ELONA for the detection of G. australes (GA) and G.
excentricus (GE) genomic DNA (gDNA). (A) Representative images after agarose gel
electrophoresis analysis of PCR reactions performed using serial two-fold dilutions of genomic
DNA (gDNA) (400 down to 16 pg/uL) from G. australes and G. excentricus. (B) Calibration
curves for the detection of genomic DNA from G. australes and G. excentricus by ELONA.

ntc: no template control.

2.4.3 Detection of G. australes and G. excentricus PCR amplicons by dipstick LFA

The approach used for the detection of the PCR amplicons by LFA and the design of the
dipsticks, based on two test lines, one for each of the Gambierdiscus species, are illustrated in
Figure 2.1B and 2.1C, respectively. Simplex PCR reactions were initially analyzed using 0.5 —
10 pL of PCR reaction diluted to a final volume of 10 pL in order to optimize the dilution factor
of the PCR reaction for LFA. As shown in Figure 2.7, the use of 10 pL of PCR reaction resulted
in the most intense signals in the respective test lines for each species, while control reactions

performed with non-target species did not produce any non-specific signal.
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Figure 2.7 Optimization of the volume of PCR reaction used for detection of the amplicons
with the LFA dipsticks. Simplex PCR reactions were performed separately using 100 pg/pL of
genomic DNA from each species. The desired volume of PCR reaction (0 — 10 pL) was mixed
with 1 pL of 0.2% (w/v) scCro/CNPs conjugate and diluted to 50 pL with PBS containing 1%
(w/v) skim milk and 0.1% (v/v) Tween-20. The asterisks (*) denote PCR reactions performed
with genomic DNA from the non-target species, G. excentricus for the left panel and G.
australes for the right panel.

Duplex PCR reactions were performed using 100 pg/pL of genomic DNA from each species,
separately or in a mixture, and the amplicons were detected with the dipsticks as described in
section 2.3.7 using 10 uL of PCR reaction. As it can be seen in Figure 2.8, successful detection
was observed when genomic DNA from each strain was added separately or simultaneously,

while no signal was observed in the absence of both targets.
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Figure 2.8 LFA dipsticks for the detection of genomic DNA (gDNA) from G. australes (GA)
and G. excentricus (GA) after duplex PCR amplification of genomic DNA (100 pg/uL) from
each species. CL: control line; TL1 GA: test line 1 for G. australes; TL2 GE: test line 2 for G.

excentricus.

2.4.4 Sensitivity of the dipsticks for G. australes and G. excentricus

To assess the sensitivity of the LFA dipsticks, PCR reactions were performed using a series of
genomic DNA concentrations from each species (1.6 —400 pg/uL) and a mixture of the primers
for the two species. After amplification, the PCR reactions were analyzed by agarose gel
electrophoresis as shown in Figure 2.8 and then by dipstick LFA. Each PCR reaction was mixed
with the scCro/CNPs conjugate and analyzed with the dipsticks. The visual LODs were
determined as the minimum amounts of genomic DNA used for PCR amplification which
resulted in visible test lines on the strips. As it can be seen in Figure 2.9, the visual LODs were
6.3 pg/uL of genomic DNA for both G. australes and G. excentricus, corresponding to 63 pg
of genomic DNA for each species considering that 10 uL of PCR reactions were analyzed with

the dipsticks.
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Figure 2.9 Sensitivity of the PCR-LFA for each Gambierdiscus species. Serially two-fold
diluted genomic DNA (gDNA) from each strain (400 to 1.6 pg/uL) was used in each PCR
reaction containing primers for both species and added to the dipsticks for visual detection. CL:
control line; TL1 GA: test line 1 for G. australes; TL2 GE: test line 2 for G. excentricus.

2.4.5 Specificity of the PCR-LFA

The dipsticks were tested with PCR reactions performed with genomic DNA from different
non-target microalgae species to evaluate the specificity of the developed approach. Each PCR
reaction contained the three primers for G. australes and G. excentricus and 100 pg/uL of
genomic DNA from each species. Only the PCR reactions containing genomic DNA from G.
australes and G. excentricus resulted in amplification as seen after agarose gel electrophoresis
(Figure 2.10A) and positive test lines signals on the dipsticks (Figure 2.10B). The genomic
DNA from the other microalgae did not cross-react with the primers, the capture probes or the
reporter scCro/CNPs conjugate used for detection, thus demonstrating the specificity of the

approach.
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Figure 2.10 Evaluation of the specificity of the PCR-LFA using G. australes and G. excentricus
primers. (A) Agarose gel electrophoresis and (B) dipstick LFA. PCR reactions were performed
using 100 pg/pL of genomic DNA (gDNA) from various microalgae species and genera. ntc:

no template control.

2.4.6 Detection of genomic DNA from G. australes and G. excentricus in the presence of

non-target Gambierdiscus or Fukuyoa species

The effect of various non-target Gambierdiscus and a Fukuyoa species on the detection of
genomic DNA from G. australes and G. excentricus was evaluated next. Mixtures containing
equal concentrations of genomic DNA from each of the Gambierdiscus and Fukuyoa species
were thus prepared and used for PCR amplification with the G. australes and G. excentricus
primers. Analysis of the PCR reactions by agarose gel electrophoresis (Figure 2.11A) revealed
successful amplification only in mixtures containing genomic DNA either from G. australes or
G. excentricus or both. Likewise, amplicons were detected as black lines on the dipsticks when
either one or both target Gambierdiscus species were present (Figure 2.11B). The presence of
the non-target Gambierdiscus or the Fukuyoa species included in this study did not interfere
with the detection of the two target species since the intensity of the test lines was similar in all

cases regardless of the composition of the DNA mixtures.
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Figure 2.11 Specificity of the (A) PCR and (B) dipstick LFA in the presence of non-target
Gambierdiscus and Fukuyoa species. Each combination used for PCR amplification contained
400 pg/pL genomic DNA from each strain. ntc: PCR no template control; CL: control line; TL1
GA: test line 1 for G. australes; TL2 GE: test line 2 for G. excentricus.

2.4.7 Detection of G. australes and G. excentricus cells

The possibility to detect the two target Gambierdiscus species with the PCR-LFA approach
developed in this work using directly cells was finally evaluated. To this end, cell suspensions
from each species were heated briefly and the crude cell lysates were used directly for PCR
amplification instead of purified genomic DNA. PCR amplicons were detected by agarose gel
electrophoresis for both species when used individually or in a mixture (Figure 2.12A). Similar
amplification efficiency of the duplex reaction was observed when using cells or 100 pg/uL of
purified genomic DNA from each species. The amplicons were finally detected with the LFA
dipsticks (Figure 2.12B). However, the intensity of the test lines of the duplex reactions using
crude cell extracts was slightly lower compared to when purified genomic DNA from each

strain was used for amplification.
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Figure 2.12 Detection of G. australes (GA) and G. excentricus (GE) cells. (A) PCR and (B)
dipstick LFA. Each PCR reaction contained 4 cells/uL while 100 pg/uL of purified gDNA
(gDNA) from each species was used in parallel as a control. ntc: no template control; CL:
control line; TL1 GA: test line 1 for G. australes; TL2 GE: test line 2 for G. excentricus.

2.5 Discussion

The main objective of this work was to detect two toxin-producing Gambierdiscus species, G.
australes and G. excentricus, associated with ciguatera outbreaks using PCR combined with
lateral flow dipsticks. The spread of ciguatoxin-producing microalgae of the Gambierdiscus
and Fukuyoa genera in non-endemic areas has increased the demand for fast and reliable
detection methods to monitor these microalgae and prevent future outbreaks. Hence, a lot of
effort has been invested over the last years into moving from laboratory-based techniques,
which are inherently slow and equipment-dependent, to decentralized, user-friendly platforms
such as biosensors which are suitable for on-site detection (32). The sensitivity and specificity
provided by nucleic acid amplification tests has allowed the implementation of molecular
methods as promising tools for the detection of microalgae (33, 34). There is a plethora of
reports on the detection of microalgae nucleic acids using both PCR and isothermal
amplification (23).

Studies on the detection of ciguatoxin-producing microalgae based on molecular methods are
scarce though. The first one reported the development of a qPCR assay for the simultaneous
detection of several Gambierdiscus species with an LOD of 10 cells (24). In another qPCR-
based study, identification and enumeration of four Gambierdiscus species was demonstrated

with LODs of 10 gene copies (25). Alternatively, restriction fragment length polymorphism
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(RFLP) was used to identify Gambierdiscus and Fukuyoa species in field samples (26, 27). In
addition to these methods, species-specific fluorescence in situ hybridization (FISH) probes
were also designed for the multiplex detection of several Gambierdiscus species in another
report (28). Finally, isothermal recombinase polymerase amplification in combination with a
sandwich hybridization assay was recently developed for the detection of single cells from
Gambierdiscus and Fukuyoa strains (29). Most of these studies targeted the detection of G.
australes strains (26-29), among other species, however only two of them focused also on G.
excentricus (26, 29). The combination of molecular methods for target DNA amplification with
a sensitive detection strategy that is also simple, cost-effective and compatible with field testing
would be ideal for monitoring the presence of toxic algae species in the marine environment.
LFAs can potentially serve this purpose. The low cost and easy operation of these simple
devices have encouraged their use for the detection of a wide variety of target analytes such as
proteins, nucleic acids, toxins, drugs and others even in complex samples, and are especially
suitable for on-site testing (35). For nucleic acid targets, detection of DNA amplicons generated
by PCR or isothermal amplification is generally achieved using different labels (35, 36). Gold
nanoparticles have been the mainstay in nucleic acid LFAs (37-38), mainly for qualitative or
semiquantitative detection. Other labels have also been reported, such as CNPs (31, 39, 40),
fluorescent nanoparticles (41), colored latex beads (42), enzymes (31) or enzymes combined
with nanoparticles (31, 43). Label materials such as quantum dots, upconversion nanoparticles,
NIR dye-doped beads, SERS tags and semiconductor polymer dots were further developed to
improve sensitivity and achieve quantitative analysis when combined with specific reader
devices (44, 45). Magnetic nanoparticles are also extremely useful as labels because of their
dual magnetic and optical properties (45, 46). On the other hand, CNPs are particularly
attractive because of their low cost, high stability, easy modification and high signal-to-noise
ratio (36, 47). CNPs were previously shown to provide enhanced sensitivity in LFAs when
compared to gold nanoparticles, silver-enhanced gold nanoparticles and blue latex beads (48).
Generic lateral flow immunoassay strips based on CNPs are in fact commercially available by
Abingdon Health (UK) for the detection of double-labeled (biotin/fluorophore) DNA
amplicons. CNPs were chosen as the colorimetric label for this work as well. Even though
CNPs are not typically used for quantitative analysis, the main advantage they provide
compared to the more sophisticated labels mentioned above is the simplicity of use and facile
interpretation of the visual results without the need of a specific reader when a yes/no response

is appropriate for the target analyte.
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The primers used for PCR amplification of DNA from the two target toxic microalgal
Gambierdiscus species were based on a previous work (29). They were designed within the
large subunit of ribosomal DNA (rDNA) which provides the necessary sequence variability to
allow specific amplification of the target strain and high copy number for increased sensitivity.
The same region of rDNA was also targeted in previous studies with regards to the detection
of several Gambierdiscus species including G. australes and G. excentricus (26-28). To
facilitate capture of the amplicons on the dipsticks, each reverse primer was modified at its 5’
end with a ssDNA sequence (tail) separated from the rest of the sequence with a carbon-based
spacer. For detection, the common forward primer for both species was extended with the
specific DNA sequence recognized by scCro DNA binding protein. In this way, the generated
hybrid ssDNA-dsDNA amplicons were tagged at one end with distinct ssDNA tails to allow
discrimination of the two species on the two individual test lines comprised of complementary
ssDNA probes. The other end of the amplicons contained the dsDNA binding site for scCro
DNA binding protein to facilitate detection with the scCro/CNPs conjugate. The performance
of HRP-scCro, scCro/CNPs and HRP-scCro/CNPs conjugates regarding the detection of
Escherichia coli bacterial DNA by PCR-LFA was compared in a previous report (31). Even
though all three approaches exhibited very similar sensitivity, the use of scCro/CNPs provided
the fastest (less than 20 min) and more reliable detection with no false positives, and this
conjugate was chosen for this work as well. The use of tailed primers for amplification
combined with LFAs for detection via hybridization with complementary probes has also been
reported previously (38, 49). Isothermal recombinase polymerase amplification (RPA) was
used in these reports for amplification of target DNA from the bacterial biowarfare agents
Yersinia pestis and Francisella tularensis, whereas gold nanoparticles served as the
colorimetric reporter achieving high sensitivity (< 1 pg of genomic DNA). However, purified
amplicons were used in these studies for detection, resulting in extended time-to-result and
requirement of additional material or infrastructure. In the current work, the assay was
simplified by solely diluting the PCR reactions prior to analysis. Since scCro specifically binds
only to dsDNA, no interference from unreacted primers was expected thus eliminating the need
for amplicon purification.

For the initial validation of the primer design and to ensure correct incorporation of the tags at
the two ends of the generated amplicons (ssDNA tail and dsDNA binding site for scCro), an
ELONA was developed. Since the expected length of the two amplicons was similar, it was not

possible to discriminate them by agarose gel electrophoresis. Therefore, the same capture
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probes later used for the preparation of the LFA dipsticks were employed for the ELONA which
allowed the validation of the specificity of the primers and of the overall strategy for
amplification and detection. Similar enzyme-based DNA hybridization assays have been
developed before for other toxic algae like Karlodinium (50) and Ostreopsis (51). In these
studies, ssDNA tails were used for capturing the amplicons with complementary ssDNA probes
whereas a ssDNA-HRP conjugate was utilized for detection. The LODs reported for example
for Ostreopsis (50 — 70 pg of gDNA) were more than 10-fold higher compared to the ones
achieved in this work for the two Gambierdiscus species (1.1 —2.6 pg). However, it is important
to note that these LODs are expressed in genomic DNA amount. In Gambierdiscus species, the
rDNA copy number per cell has been reported to be as high as 4,560-21,500 (24) or even up
to 3,197,000 (25), probably due to the large cell size and high amount of genomic DNA. This
means that the genomic DNA amount detected in this work for Gambierdiscus species may
have a higher number of copies that that of Ostreopsis species. Additionally, the rtDNA copy
number can vary between genus, species, strains, geographic origins, and even cell growth
phases and thus sample harvesting times (29). Also, in this work, detection of the amplicons
was achieved using an HRP-scCro conjugate. Because of the dimeric nature of scCro and the
imperfect dyad symmetry of'its specific DNA binding sequence, stoichiometries of scCro/DNA
binding sites can range from 1:1 to 2:1, potentially allowing more than one HRP-scCro
conjugate to associate with each amplicon and resulting in increased sensitivity. This target-
independent HRP-scCro conjugate can be very useful for colorimetric assays and it could be
potentially used in any assay provided that the dsDNA binding site for scCro is incorporated in

the target amplicon.

As mentioned earlier, there are very few reports in the literature on the detection of harmful
algae using DNA amplification combined with visual LFAs and they are summarized in Table
2.3. In these reports, amplification of the target microalgae species was performed with PCR,
loop-mediated isothermal amplification (LAMP), RPA and rolling circle amplification (RCA),
exploiting one or two labeled primers. Commercially available generic dipsticks were used for
detection of the generated amplicons via hybridization or by sandwich formation with
capture/reporter probes in almost all the reports. In the case of hybridization, only one labeled
(biotinylated) primer was required for amplification, and the biotinylated amplicon was
hybridized with a ssDNA probe labeled with a fluorophore, followed by capture on the test line
using a biotin-binding biomolecule and detection with an AuNPs/anti-fluorophore IgG

conjugate. On the other hand, for sandwich detection, two labeled primers were used and the
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biotin-fluorophore double-labeled amplicon was captured on the test line and detected again
with an AuNPs/anti-fluorophore IgG conjugate. The generic LFA dipsticks used were obtained
from two different companies (Ustar Biotech Ltd, China and Milenia Biotec GmbH, Germany)
and were used directly for the detection of the amplicons. The reported LODs were in the range
of 0.34 pg/uL — 10 ng/uL, with few exceptions reporting < 1 fg/uLL when variations of RCA
were employed for the amplification step. The sensitivity achieved in this work for the two
Gambierdiscus species with the PCR-LFA dipsticks (6.3 pg/uL) was in line with the previous
reports on the other microalgal species where an isothermal amplification method was used.
Two reports were found in the literature showing the combination of PCR with LFAs for the
detection of toxic microalgae. In these reports, sSDNA tagged primers were used for PCR
amplification and the detection of the ssDNA double-tagged DNA amplicons was performed
with LFA dipsticks via hybridization with complementary DNA probes (52, 53). In one of these
works, several Alexandrium species were detected using commercially available universal
dipsticks from Kaneka Co. (Japan) and detection limits of < 0.1 — 10 pg were achieved (52). In
the second work, home-made dipsticks were prepared for the detection of Karlodinium
veneficum exhibiting a sensitivity of 91.3 pg/uL (53) in comparison to the 63 pg (6.3 pg/uL) of
genomic DNA from the two Gambierdiscus species demonstrated in this work also exploiting

home-made LFA dipsticks.

The PCR-LFA strategy developed in this work was not only sensitive but also very specific.
DNA from other microalgae genera potentially present in the same habitat as the two target
Gambierdiscus species like Prorocentrum lima, Ostreopsis ovata and Coolia monotis as well
as non-target Gambierdiscus (G. balechii, G. belizeanus, G. caribaeus) or Fukuyoa (F.
paulensis) species did not produce positive signals on the dipsticks. This is not only due to the
high specificity of the primers but also the specific DNA binding properties of the scCro
reporter protein. The analysis of mixtures containing equal concentrations of genomic DNA
from non-target Gambierdiscus species further demonstrated the specificity of the approach
since positive signals on the dipsticks were obtained only when the target species were present.
These samples were analyzed in an effort to mimic field samples potentially containing more
than one microalgae species. These findings further highlight the importance of the strategy
shown herein which is highly specific and does not produce any false positive signals. Research
efforts should focus on the validation of the PCR-LFA system for the analysis of field samples
and compared to light microscopy. Nevertheless, the results obtained in this work demonstrate

that the strategy should be implementable in in situ monitoring and research activities, since
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portable PCR devices can be brought to the field, whereas LFA is easy and fast to perform, and

results are easy to interpret by simple visual inspection.

2.6 Conclusions

In this work, a PCR-LFA dipstick was developed for the simultaneous detection of the toxin-
producing G. australes and G. excentricus species. Duplex PCR amplification of genomic DNA
from these species with specifically modified primers allowed facile visual detection with the
dipsticks employing a scCro/CNPs conjugate generating black colored line signals. The
strategy was highly sensitive whereas the presence of non-target Gambierdiscus species or
other microalgae genera potentially co-habiting in the same waters did not interfere with the
assay. The approach combines the specificity and sensitivity provided by PCR amplification
with the simplicity, low cost and on-site testing compatibility of LFAs. Preliminary results
demonstrating DNA amplification directly from cells instead of purified genomic DNA and
subsequent detection with the LFA dipsticks suggests that the approach could be applied to
field sample testing, further highlighting its potential to be implemented in monitoring

programs.
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Table 2.3 Nucleic acid LFAs developed for the detection of harmful algae based on different

amplification methods.

Method | Target NALFA design Reporter probe LOD Ref.
Karlodinium Biotin-FITC double labeled AuNPs/anti-FITC
. 10 ng/ul 54)
veneficum amplicon 2 IgG
RPA Pr.or.ocentrum Blotm-FAM double labeled AuNPs/anti-FAM 8.1 pe/uL (55)
minimum amplicon 2 IgG
Heterosigma Biotin-FAM double labeled AuNPs/anti-FAM
akashiwo amplicon 2 IgG 0.34 pg/uL | (36)
Karlodinium Biotinylated amplicon/FAM- | AuNPs/anti-FAM
veneficum DNA probe hybridization ? IgG 80 ag/uL (7)
Chattonella Biotinylated amplicon/FAM- | AuNPs/anti-FAM
RCA marina DNA probe hybridization ? IgG 8.3 pg/ul (58)
Karenia Biotinylated amplicon/FAM- | AuNPs/anti-FAM 1 fo/uL (59)
mikimotoi DNA probe hybridization # IgG g
Karlodinium Biotin-FITC double labeled AuNPs/anti-FITC 7 4 po/u (60)
veneficum amplicon ® IgG “* PEH
Prymnesium BlOtlp-FI{C double labeled AuNPs/anti-FITC 30 pg/yL. 61)
parvum amplicon IgG
Alexandrium Biotinylated amplicon/FITC- | AuNPs/anti-FITC
catenella DNA probe hybridization # IgG 0.46 pg/ul | (62)
Chattonella Biotinylated amplicon/FAM- | AuNPs/anti-FAM
LAMP marina DNA probe hybridization ® IgG 0.34 pg/ul | (63)
Karenia Biotinylated amplicon/FITC- | AuNPs/anti-FITC
mikimotoi DNA probe hybridization ? IgG 72 pg/ul. (64)
Amphidinium Biotinylated amplicon/FITC- | AuNPs/anti-FITC
carterae DNA probe hybridization © IgG 0-83 pg/ul | (63)
Skeletonema BlOtll:l-FITC double labeled AuNPs/anti-FITC 0.94 pg/ul. | (66)
costatum amplicons © IgG
Aleandrzum ssDNA doible—tagged AuNPs/ssDNA probe 0.05-5 (52)
species amplicons pg/uL
Karlodinium SSDNA doeuble—tagged AUNPs/ssDNA probe | 91.3 pg/ul. | (53)
veneficum amplicon
PCR
Gambierdiscus
australes sSDNA-scCro dsDNA CNPs/scCro DNA This
binding site double tagged bindi tei 6.3 pg/uL K
Gambierdiscus amplicons ® 1nding protein wor
excentricus

RPA: recombinase polymerase amplification; RCA: rolling circle amplification; LAMP: loop-mediated
isothermal amplification; PCR: polymerase chain reaction; *: commercial strips by Ustar Biotech Ltd
(China); °: commercial strips by Milenia Biotec GmbH (Germany); °: commercial strips from
undisclosed source; % commercial strips by Kaneka Co. (Japan); ¢: home-made strips; AuNPs: gold
nanoparticles; CNPs: carbon nanoparticles.
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Chapter 3: Capture, detection and
purification of dsDNA amplicons using a

DNA binding protein on magnetic beads
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3.1 Abstract

Magnetic separation has been widely exploited for capture and detection of nucleic acids,
including amplicons. Streptavidin-magnetic beads (SA-MB) are typically employed for this
purpose, as well as in biosensing applications. However, remaining biotinylated primers in the
amplification reaction can compete with labeled amplicon for binding to the beads. Also, the
harsh conditions needed for elution of bound amplicons restrict their use for purification
purposes. Herein we show that a sequence-specific DNA binding protein immobilized on
magnetic beads can serve as an alternative to SA-MB for these applications. This is enabled by
the high binding affinity of scCro DNA binding protein for its specific sequence and its ability
to bind dsDNA but not ssDNA. This specific sequence is easily incorporated in the amplicon
during amplification with an extended primer. The scCro-MB exhibited higher amplicon
binding capacity and detection sensitivity compared to SA-MB when both synthetic and
genomic DNA were used as templates for PCR. This resulted not only from increased protein
load on the beads but also from minimized interference of excess labeled primer remaining in
the unpurified amplification reactions. Finally, a proof-of-concept was provided for the use of

the scCro-MB for PCR amplicon purification under mild elution conditions using salt.

3.2 Introduction

Molecular diagnostics assays are essential for fast, sensitive and specific detection of nucleic
acid sequences (1). These are typically based on amplification tests and they find applications
in numerous areas including genetics, infectious diseases, oncology, food safety and forensics
among others (2). Polymerase chain reaction (PCR) and real-time PCR have been the gold
standards in nucleic acid amplification. The technological advances achieved over the last few
decades though have led to the implementation of more effective alternatives like digital PCR
(3), whereas isothermal amplification techniques (4) have also been developed as non-PCR
alternatives more compatible with point-of-care applications (5). Generic, end-point detection
of the generated amplicons can be carried out using ultraviolet absorbance and fluorescence
staining (in solution or in a gel matrix) which generate bulk signals. For specific detection of a
particular sequence, hybridization assays employing oligonucleotides complementary to the
target sequence are performed producing optical or electrochemical readouts (6). Typically,
amplification reactions are analyzed by agarose gel electrophoresis, which does not only allow

visualization and semi-quantification, but also discrimination of dsSDNA amplicons according
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to their sizes (7). It is however instrument-dependent, relatively time-consuming especially

when purifying the amplicons and provides limited sensitivity.

Magnetic beads (MB) have been extensively used for the separation and detection of different
target molecules including nucleic acids (8, 9). Their applications have expanded further into
biosensor development, due to the several advantages they offer such as fast and easy magnetic
separation, high surface-to-volume ratio and availability of a plethora of functional groups for
conjugation of different molecules (10, 11). MB can be used to mediate the capture and
detection of nucleic acid targets (especially of low abundance ones) before or after
amplification. When the MB are used prior to amplification, complementary ssDNA probes are
tethered to the surface of beads with different surface functional groups to capture the target
sequence, followed by PCR amplification and detection (12, 13). When the beads are used post-
amplification, the generated amplicons can be detected after hybridization with complementary
ssDNA probes immobilized on the beads (14, 15) or via binding to streptavidin-coated MB
(SA-MB) when a biotinylated primer is used during amplification (16-19). SA-MB have been
extensively used for capturing biotinylated nucleic acids (20, 21), and they can also serve as a
solid surface for subsequent detection of bead-bound amplicons. When the amplification
reactions are directly incubated with the SA-MB without prior purification though, unreacted
biotinylated primers can compete with biotinylated amplicons for binding to the beads, thus
reducing the actual amplicon binding efficiency of the beads. On the other hand, harsh
conditions are required to elute captured amplicons for downstream applications due to the
extremely strong interaction between streptavidin and biotin (affinity dissociation constant Kp
of ~ 1 fM) (22). High temperature and alkaline treatment can be employed for the elution of
biotinylated molecules captured on the beads; however this can lead to detachment of

streptavidin monomers from the surface of the beads (23, 24).

In this work we sought to evaluate the use of a sequence-specific double stranded DNA binding
protein immobilized on MB as an alternative to the SA-MB for the specific capture and
detection of dsDNA amplicons. The specific binding of the DNA binding protein to dsDNA
was expected to eliminate any potential interference of unreacted ssDNA primers with dsDNA
amplicon detection. In addition, milder conditions could be used to elute bead-bound amplicons
compared to the harsh ones required for the SA-MB. To this end, a single-chain homodimeric
variant of the bacteriophage Cro DNA binding protein (scCro) was used, which binds to a
specific 20-bp long dsDNA sequence with high affinity (Kp = 4 pM) (25). We have previously

demonstrated the detection of PCR amplicons on microtiter plates and on lateral flow strips
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using scCro conjugated to horseradish peroxidase (HRP) or carbon nanoparticles (26-28).
Herein, the target sequence was amplified using a forward primer extended with the specific
Cro binding sequence and a biotinylated reverse primer (Figure 3.1A), followed by capture of
the double-tagged amplicon on the scCro-MB and detection with SA-HRP enzyme conjugate.
The performance of the scCro-MB and SA-MB was compared in terms of binding capacity,
effect of the presence of unreacted primers and sensitivity. A synthetic DNA target sequence
(high-risk human papillomavirus HPV type 16) was initially utilized, whereas the compatibility
of the strategy with other types of PCR templates was demonstrated with the use of genomic
DNA extracted from chicken meat and primers targeting its cytochrome b gene. Finally, the
scCro-MB were used for the binding and subsequent elution of PCR amplicon under mild

conditions to demonstrate their potential utility in PCR amplicon purification.

A B
SA-HRP
Q Fw primer
5'nmr ma3' "
3 b’
—®
biotin-Rv primer
PCR
.. T 1 —

*

Figure 3.1 Amplicon detection using scCro DNA binding protein-magnetic beads. (A) PCR
amplification of target DNA with modified primers. (B) Magnetic bead-based colorimetric
assay using scCro-MB and SA-HRP for detection. For comparison, SA-MB were used in
parallel as shown on the right.

3.3 Materials and methods
3.3.1 Materials

Dynabeads M-270 Epoxy and Dynabeads M-270 Streptavidin magnetic beads (SA-MB, 10
mg/mL), phosphate buffered saline (PBS; 10 mM phosphate, 137 mM NaCl, 2.7 mM KCI, pH
7.4), horseradish peroxidase (HRP), maleimide activated HRP, skim milk powder,
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TransformAid Bacterial Transformation Kit, HisPure Ni-NTA agarose, SP Sepharose Fast Flow
resin, DreamTaq DNA polymerase and dNTPs were purchased from Fisher Scientific (Spain).
Streptavidin-HRP conjugate (SA-HRP), 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) and hydrogen peroxide were obtained from Merck (Spain). The TMB substrate of HRP
(BioFX TMB Super Sensitive One Component HRP Microwell Substrate) was from Surmodics
(USA). The DNA oligonucleotides were purchased from Biomers.net (Germany) and their
sequences are shown in Table 3.1. The sequences of the synthetic DNA target (high-risk human
papillomavirus HPV16) and its corresponding primers were based on a previous work (29).
The design of the primers targeting the cytochrome b gene of chicken (Gallus gallus) were
reported elsewhere (30). For both targets, the binding site for the scCro DNA binding protein
was incorporated on the 5’-end of the forward primers and the biotin on the 5’-end of the
reverse primers. The scCro DNA binding protein was expressed and purified as described
previously (28) and the scCro-HRP conjugate was prepared as detailed before (31). All other
reagents and material were obtained from Fisher Scientific (Spain), Merck (Spain) and
Scharlau (Spain). Genomic DNA was extracted from chicken meat obtained from the local
market using the GeneJET Genomic DNA Purification kit (Fisher Scientific, Spain) according

to the manufacturer’s instructions.

Table 3.1 Oligonucleotides used in this work. The binding sites for the scCro DNA binding

protein are underlined.

Oligonucleotide | Sequence (5’ —3’) Length
(nt)

Hairpin probe Biotin-TTTTTTTTTT GGTTGGTGTG GTTGGTTTTTT

TTATCACCGC AAGTGATATT TTTATCACTT GCGGTGATA 70
Synthetic DNA target: high-risk human papillomavirus HPV16
Synthetic DNA | GCCCATTAAC AGGTCTTCCA AAGTACGAAT GTCTACGTGT
template GTGCTTTGTA CGCACAACCG AAGCGTAGAG TCACACTTGC 159

AACAAAAGGT TACAATATTG TAATGGGCTC TGTCCGGTTC
TGCTTGTCCA GCTGGACCAT CTATTTCATC CTCCTCCTC

Forward primer | TATCACCGCA AGTGATAGCC CATTAACAGG TCTTCCAA 38

Reverse primer | Biotin-GAGGAGGAGG ATGAAATAGA TGGT 24
Genomic DNA target: chicken cytochrome b gene
Forward primer | TATCACCGCA AGTGATAATT CCCTACATTG GACACA 36
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3.3.2 Preparation of scCro DNA binding protein-magnetic beads (scCro-MB)

The magnetic beads (MB) chosen for the immobilization of scCro were the Dynabeads M-270
Epoxy. They have a diameter of 2.8 um and a hydrophilic surface according to the manufacturer
exhibiting low non-specific binding. The epoxy functional group on the beads readily reacts
with thiol groups at physiological pH values (7.5 — 8.5), whereas amines require moderate
alkaline pH (> 9) (32). The native homodimeric Cro DNA binding protein contains 8§ lysine
residues per monomer but no cysteines. To facilitate its oriented conjugation on the beads and
avoid any possible negative impact to its DNA binding properties, a unique cysteine residue
was added to its N-terminal during the cloning step. This would result to the coupling of the
protein on the epoxy-functionalized beads via a single tethering point. To perform the
immobilization, the MB (100 pL of 30 mg/mL in dimethylformamide) were initially washed
three times with 100 pL of 0.1 M sodium phosphate buffer pH 7.4. Then, they were resuspended
in 60 pL of 1.25 mg/mL scCro in PBS and then 60 pL of each 0.1 M sodium phosphate buffer
pH 7.4 and 3 M ammonium sulfate were added. The mixture was left to incubate overnight at
18°C under mild rotation followed by the blocking of unreacted epoxy groups with 200 pL of
1 M of Tris-HCI pH 9 for 2 h at 22°C under rotation. The scCro-MB conjugate was finally
washed four times with 300 pL of PBS containing 0.05 % (v/v) Tween-20 (PBST), resuspended
in 100 pL of PBS (final concentration of 30 mg/mL) and stored at 4°C until use. The presence
of scCro on the magnetic beads was confirmed with a bead-ELISA using an anti-His-tag
antibody specifically recognizing the C-terminal His-tag added to the protein during cloning.
The scCro-magnetic beads (2 pL of 30 mg/mL) were blocked for 30 min with 100 puL of 5 %
(w/v) non-fat dry milk in PBST at 22°C under rotation, followed by incubation with a mouse
monoclonal anti-His tag antibody diluted 1/3000 in 1 % (w/v) milk in PBST for 30 min. After
washing three times with 100 pL of PBST, the beads were resuspended in 100 puL of rabbit anti-
mouse IgG-HRP (diluted 1/10,000 in PBST) followed by another 30 min incubation. Finally,
after washing three times with 100 pL of PBST, the beads were resuspended in 100 pL of TMB
substrate and color development was stopped after 5 min with the addition of an equal volume
of 1 M of sulfuric acid. The supernatant was transferred to the wells of a 96-well plate and the
absorbance was recorded at 450 nm. Control magnetic beads (control-MB, without scCro)

prepared simultaneously with scCro-MB were used as the negative control of the bead-ELISA.
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3.3.3 Determination of the binding capacity of the protein-magnetic beads

Two different assays were designed to evaluate the DNA binding capacity of the protein-
magnetic beads. For the first assay, 30 pg of magnetic beads (1 pL of 30 mg/mL for scCro-MB
or 3 uL of 10 mg/mL for SA-MB) were incubated with 50 pL of 20 nM (~ 22 ng/uL) of a
hairpin probe containing the binding site of scCro on one end and a biotin on the other
(sequence shown in Table 3.1). After incubation for 30 min at 22°C under rotation, the
supernatant was recovered, and the amount of DNA (unbound) was quantified with
SimpliNANO spectrophotometer. Three replicates were performed for each bead type. The
amount of DNA bound on each bead type was calculated from the difference between starting
solution and unbound fraction. For the second assay, the same biotinylated hairpin probe (50
uL of 20 nM in PBS) was incubated with 30 pg of each bead type (scCro-MB or SA-MB) for
30 min at 22°C under rotation. After washing three times with 100 pL of PBST, the beads were
resuspended in 50 pL of enzyme conjugate (SA-HRP for the scCro-beads and scCro-HRP for
the SA-beads) at varying concentrations (62 — 500 pM in PBS) and incubated further for 30
min. Finally, the beads were washed three times with 200 pL of PBST, resuspended in 50 uL
of TMB substrate and color development proceeded for 2 min. Sulfuric acid (50 pL of 1 M)
was then added to stop the enzymatic reaction, the supernatants were separated with a magnet
and transferred to the wells of a 96-well plate for measuring the absorbance at 450 nm. The
average signals were calculated from triplicate measurements and three independent

experiments.

3.3.4 Determination of the specific activity of the scCro-HRP and SA-HRP enzyme

conjugates

The enzymatic activity of the HRP enzyme conjugates was determined using ABTS as the
substrate. The substrate solution containing 0.4 mM of ABTS and 0.025 % (v/v) of hydrogen
peroxide in 10 mM potassium phosphate pH 6 was added to the wells of a microtiter plate (118
uL per well) and 2 pL of 500 nM each enzyme conjugate (scCro-HRP or SA-HRP) were added.
The absorbance at 415 nm was recorded every 15 sec for a total of 5 min. One Unit was defined
as the amount of enzyme required to oxidize 1 pumole of ABTS per min at pH 6 at 22°C. The
specific activities were thus calculated from the slopes of absorbance versus time for each

enzyme/enzyme conjugate using the extinction coefficient of the colored product of the
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enzymatic reaction (oxidized ABTS). Triplicate measurements were acquired to calculate the

specific activities of the conjugates.

3.3.5 PCR amplicon detection using protein-magnetic beads (scCro-MB or SA-MB)

The DNA target templates were amplified with specific forward and reverse primers (Table
3.1) to generate double-tagged dsDNA amplicons, with the double stranded DNA binding
sequence for scCro on one end and a biotin on the other end. Each PCR reaction (50 uL)
contained equal concentrations of the two primers ranging from 25 to 1600 nM, 200 uM of
dNTPs, 1x DreamTaq polymerase buffer, 1 U of DreamTaq DNA polymerase and up to 500
pg/uL of the synthetic or the genomic DNA templates. Amplification of the synthetic DNA
target was performed by heating initially for 3 min at 95°C, followed by 20 cycles of 10 sec at
95°C, 10 sec at 56°C and 10 sec at 72°C, and a final extension step for 5 min at 72°C. For the
amplification of genomic DNA, the annealing temperature was set at 60°C and a total of 25
cycles were performed for 15 sec each step. The expected size of the resulting amplicons was
176 bp and 144 bp for the synthetic and the genomic DNA templates, respectively. For
amplicon detection using the protein-magnetic beads, 30 pg of each type (1 pL of 30 mg/mL
for scCro-MB or 3 pL of 10 mg/mL for SA-MB) were blocked with 100 pL of 5 % (w/v) milk
in PBST for 30 min at 22°C under rotation, followed by washing (3 x 100 uL of PBST). The
beads were resuspended in 50 pL of 1/10 diluted PCR reaction in PBS and incubated for another
30 min. After washing (3 x 100 pL of PBST), the magnetic beads were resuspended in 50 pL
of 500 pM of either SA-HRP (for the scCro-MB) or scCro-HRP (for the SA-MB) and incubated
for 30 min. After a final washing step (3 x 100 pL of PBST), 50 uL of TMB substrate were
added and color development proceeded for 2 min. Then, 50 pL of 1 M sulfuric acid was added
to stop the reaction, the yellow-colored solution was recovered through magnetic separation,

transferred to the wells of a 96-well plate and the absorbance at 450 nm was measured.

3.3.6 Effect of PCR primers concentration on the efficiency of PCR amplicon detection

The potential interference of primers on the efficiency of direct detection of amplicons without
prior removal via purification of the PCR reactions was evaluated using two different
approaches. In the first one, the synthetic DNA target (500 pg/uL) was amplified as detailed in
section 3.3.5 but using 25 — 800 nM of each primer (instead of 200 nM). The detection of the

PCR amplicon using scCro-MB or SA-MB was performed as detailed in the same section. In

89



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF DNA DETECTION BIOASSAYS BASED ON DNA BINDING PROTEINS
Ankur Ruhela

the second approach, the same amount of synthetic DNA target was used for amplification (500
pg/uLl) and 200 nM of each primer, but after PCR, the reactions were diluted 1/10 and extra
primers were added (200, 600 or 1400 nM), followed by detection on the magnetic beads as

explained above.

3.3.7 Sensitivity and precision of the assay for different concentrations of target DNA

The magnetic bead-based assay was used for the detection of PCR amplicons when different
types and concentrations of target DNA templates were used for amplification. PCR was
performed using 200 nM of each primer whereas the concentration of the template varied from
2 — 500 pg/uL for the synthetic DNA and 10 — 500 pg/uL for genomic DNA. Each template
was amplified using its respective modified primers (Table 3.1). After amplification, the PCR
reactions were diluted 10-fold and detection was performed as described in section 3.3.5. Each
PCR reaction was analyzed in triplicate, whereas four independent experiments were
performed in the case of the synthetic DNA target. The concentration of template DNA used
for PCR was plotted against the absorbance recorded after colorimetric detection on the
magnetic beads. The data was fitted to logarithmic regression models to establish the sensitivity
and to calculate the limit of detection (LOD) after interpolation of the average blank signals
plus three times the standard deviation of the blanks (blank + 3xSDplank). The reproducibility
and repeatability of the assay were also assessed when high or low concentration of template
DNA was used for PCR amplification prior to amplicon detection. For the reproducibility, the
intra-assay coefficients of variation (% CV) were determined by analyzing triplicate samples.
For repeatability, the inter-assay % CV's were calculated for triplicate samples analyzed on four

independent experiments.

3.3.8 Capture and release of PCR amplicons using scCro-MB

PCR was performed as detailed in section 3.3.5 using 20 pg/uL of the synthetic DNA target.
Then, the PCR reaction was diluted in PBS to a final volume of 50 pL (dilution 1/25) and was
incubated with 5 pL of scCro-MB for 30 min at 22°C under rotation. The unbound fraction was
recovered and then 50 pL of 1 M NaCl were added to elute the bound PCR amplicon. After a
5 min incubation with the NaCl solution, the elution fraction was collected. All samples (diluted

PCR reaction, unbound and elution fractions) were analyzed by agarose gel electrophoresis,
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while the DNA concentration in each fraction was quantified with the SimpliNANO

spectrophotometer. The experiment was repeated three times.

3.4 Results and discussion
3.4.1 Principle of the assay

The strategy used for amplicon capture on magnetic beads was based on the use of specifically
modified primers for PCR amplification of the target DNA sequence and magnetic beads
functionalized with scCro DNA binding protein. During the amplification step, a forward
primer extended with the specific site of scCro was used in combination with a biotinylated
reverse primer. The resulting amplicon contained the dsDNA binding site for scCro on one end
and a biotin on the other one (Figure 3.1A). The unique cysteine residue added to the N-
terminal of the scCro protein during the cloning step (28) prevents any direct alteration of the
DNA binding site of the protein due to its immobilization on the epoxy-functionalized magnetic
beads, thus minimizing negative effects on PCR amplicon binding. After amplification, the
PCR reaction was added directly to the scCro-MB utilizing the biotin on the other end of the
amplicon and SA-HRP enzyme conjugate for detection (Figure 3.1B). No prior purification
was needed since remaining primers not consumed during PCR, especially in the case of low-
abundance targets, were not expected to interact with the scCro-MB. The scCro binds
specifically dsDNA and not ssDNA. On the other hand, in the case of SA-MB, if the PCR
reaction is added directly to the beads for detection, the biotinylated amplicon will be captured
but remaining biotinylated reverse primer can block SA binding sites on the beads (Figure
3.1B), therefore reducing the efficiency of amplicon detection. A purification step would thus

be necessary to remove excess primers and ensure high sensitivity of detection.

3.4.2 Preparation and characterization of scCro-magnetic beads

Oriented immobilization of the scCro DNA binding protein on magnetic beads was achieved
via a unique tethering point as detailed in section 3.3.2 and the presence of the protein on the
surface of the MB was evaluated with a bead-ELISA. As shown in Figure 3.2, scCro was
successfully detected on the surface of the magnetic beads using an anti-His tag antibody, thus

verifying the successful immobilization.
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Figure 3.2 Confirmation of the immobilization of scCro on magnetic beads by bead-ELISA.

The performance of protein-magnetic beads for any given application greatly depends on their
binding capacity for the intended target. And it is important to use the same method for
determining binding capacity of different types of magnetic beads for comparison purposes
(33). Herein, to facilitate a direct comparison of the scCro-MB and the SA-MB for PCR
amplicon detection, their nucleic acid binding capacity was evaluated in parallel using the same
methods. The Dynabeads M-270 Streptavidin SA-MB were thus used which have similar
characteristics as the ones used for the preparation of the scCro-MB: same diameter (2.8 um)
and surface properties (hydrophilic due to the carboxylic acid modification used to tether SA).
A common DNA probe was used for both types of beads, with a biotin modification on one end
and the dsDNA binding site for scCro in the form of a hairpin on the other one. The first assay
was based on the measurement of the amount of tagged DNA before and after incubation with
the magnetic beads. The difference between the measurements was considered as the amount
of bound DNA. As shown in Figure 3.3A, the scCro-MB exhibited a binding capacity of 181
+ 36 pmol per 1 mg beads, two-fold higher than the SA-MB ones which were able to bind
approximately 88 = 7 pmol per 1 mg beads. According to the manufacturer, the specific type
of SA-MB used in this work have a binding capacity of approximately 200 pmol of biotinylated
ssDNA per 1 mg of beads. Since no information is provided on the length of the ssDNA or the
type of method used for this determination and taking into consideration that oligonucleotides
with increased length can lead to reduced binding capacity, it is not unreasonable that this

difference was observed.

To further explore the binding properties of the two protein-bead types, a second assay was

performed exploiting the same biotinylated oligonucleotide with the dsDNA hairpin binding
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site for scCro. For this assay though, the amount bound on the beads was detected
colorimetrically using an enzyme conjugate. A SA-HRP conjugate was used for the scCro-MB,
and a scCro-HRP conjugate previously described (31) for the SA-MB ones. The enzymatic
activity of the two conjugates was determined as detailed section 3.2.4 and the SA-HRP
conjugate was found to exhibit approximately 90 % of the activity of the scCro-HRP one (Table
3.2).

Table 3.2 Specific activity of the scCro-HRP and SA-HRP enzyme conjugates using ABTS as
the substrate.

Enzyme conjugate | Specific activity (U/mL)
scCro-HRP 95+04
SA-HRP 85+£0.3

For the binding capacity determination, the oligonucleotide probe was used at a constant
concentration (20 nM), whereas different concentrations of the two HRP conjugates were used
(62.5 — 500 pM). As it can be observed in Figure 3.3B, higher signals were measured for the
scCro-MB, approximately 1.8-fold higher than the ones achieved with the SA-MB regardless
of the concentration of the enzyme conjugate used for detection. Overall, both assays suggest
that the scCro-MB have almost two-fold higher binding capacity than the SA-MB ones.
Considering that SA is almost four times bigger than scCro (60 kDa versus 17.5 kDa), and that
it can bind up to four biotins whereas scCro can bind one probe, it is reasonable to assume that
the higher binding capacity of the scCro-MB compared to the SA-MB ones might be due to
higher protein load on the beads.

93



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF DNA DETECTION BIOASSAYS BASED ON DNA BINDING PROTEINS
Ankur Ruhela

>
w

250 15
— mscCro-MB
=)
o 200 1 < DOSA-MB
3% E 1.0
Q i
c © c '
a2 150 - S
Om <
£ 100 8
5 © ] c
I3: + § 051
TR 5
50 + ]
el
<
0 . 0.0 -
scCro-MB SA-MB 500 250 125 625 0
Protein-magnetic beads HRP conjugate (pM)

Figure 3.3 Evaluation of the binding capacity of the protein-magnetic beads using a
biotinylated hairpin DNA probe containing the dsDNA binding site for scCro. (A)
Determination of the amount of the probe binding directly to the beads [input(ng DNA) -
unbound(ng DNA)]. (B) Detection of the probe binding to the beads using HRP conjugates
(SA-HRP for the scCro-MB and scCro-HRP for the SA-MB).

3.4.3 Effect of excess primers on the efficiency of PCR amplicon detection with the

protein-MB

The main advantage of the scCro-MB is their ability to bind dsSDNA PCR products and not free
ssDNA primers. Therefore, residual primers in the PCR reaction, especially in the case of the
amplification of low abundance targets (low amount of template DNA), are not expected to
affect the efficiency of PCR amplicon detection. This is not the case for the SA-MB. Free
biotinylated primers bind to the beads as efficiently at least as the biotinylated PCR amplicons.
Therefore, they can block binding sites on the beads and are thus expected to decrease the
sensitivity of PCR amplicon detection. To confirm this hypothesis, PCR was performed using
a constant concentration of the synthetic DNA target and different concentrations of primers
(25 — 800 nM each). The reactions were analyzed by agarose gel electrophoresis as shown in
Figure 3.4 and the intensity of the bands corresponding to the amplicons was semi-quantified
using the Imagel software. As expected, the amount of amplicon increased with increased

primer concentration.
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Figure 3.4 Amplification of target DNA (500 pg/uL) using 25 — 800 nM of each primer. The
bands corresponding to the PCR amplicons were semi-quantified with the ImageJ software and

the “Analyze gels” option.

Then, the PCR reactions were diluted 10-fold and the presence of the amplicon was verified
using the respective HRP conjugate as detailed earlier. As shown in Figure 3.5A, increasing the
concentration of the primers up to 200 nM resulted in elevated signal regardless of the type of
magnetic beads used for detection. The signals achieved with the scCro-MB though were
around 1.5-fold higher than the ones recorded for the SA-MB. On the other hand, when more
than 200 nM of primers were used, signals obtained with the scCro-MB were not affected,
while a significant decrease was observed in the case of the SA-MB. Although the increase of
primer concentration up to 800 nM improved the efficiency of PCR (Figure 3.4), this was not
reflected when the magnetic beads were used for detection. In the case of the scCro-MB, the
beads were apparently saturated with amplicon generated using 200 nM of primers since further
increase of primers concentration did not improve the detection signals. However, when the
SA-MB were used, up to 40 % signal decrease was observed in the case of using 800 nM
primers compared to 200 nM. Apparently, residual primers in the unpurified PCR reactions can
bind efficiently to the beads and limit the available binding sites for amplicon capture and

detection.
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Figure 3.5 Effect of residual primers on the efficiency of PCR amplicon detection using
protein-magnetic beads. (A) PCR was performed using 25 — 800 nM primers. (B) Post-PCR
addition of primers (200, 600 or 1400 nM) to the diluted PCR reaction prior to detection.

This is even more evident when additional primers were added to the diluted PCR reaction
(performed with 25 ng target DNA and 200 nM primers) prior to detection. As shown in Figure
3.5B, addition of even 200 nM primers resulted in 20 % signal decrease when using the SA-
MB but only 6 % in the case of the scCro-MB. Further increase of added primers had an even
more negative impact on amplicon detection using either type of beads: signals decreased by
35 —43 % for the SA-MB and 25 — 30 % for the scCro-MB ones. Biotinylated excess primers
appear to preferentially bind to the SA-MB as commented above. In the case of the scCro-MB,
residual amount of primer containing the scCro binding site (especially at such high
concentrations as > 600 nM) may encourage the formation of half-sites in secondary structures
like self-dimers and hairpins (Figure 3.6), to which scCro may bind but with lower affinity.
Nevertheless, such high concentrations of free primers are not typically present in normal PCR

conditions, so no interference is expected when using the scCro-MB for detection.
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Figure 3.6 Possible structures adopted by the primer containing the scCro binding site
contributing to undesirable binding to the scCro-MB.

3.4.4 Sensitivity and precision of the assay for target DNA detection

The analytical sensitivity of the assay for DNA capture and subsequent detection was
evaluated. PCR reactions were performed using different concentrations of synthetic or
genomic DNA for amplification (2 — 500 pg/uL, equivalent to 0.04 — 9.69 fmol/uL) as shown

in Figure 3.7 after agarose gel electrophoresis.
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Figure 3.7 Analysis of PCR reactions performed with (A) synthetic DNA and (B) genomic
DNA templates in combination with primers containing the scCro DNA binding protein and
biotin by agarose gel electrophoresis.

Colorimetric detection of the amplicons generated using the synthetic DNA target for PCR
amplification employing the protein-magnetic beads and reporter HRP enzyme conjugates was

then performed and the calibration curves constructed are shown in Figure 3.8A. Higher
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sensitivity was achieved with the scCro-MB, and the limit of detection calculated was 0.30

pg/uL (6.1 pM). This was 9-fold lower than the one achieved with the SA-MB (2.81 pg/uL;

57.2 pM).
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Figure 3.8 Detection of PCR amplicons by a magnetic bead-based colorimetric assay using
scCro DNA binding protein or SA. (A) Synthetic DNA and (B) genomic DNA were used as
templates for PCR amplification. The error bars correspond to the standard deviation of at least

triplicate samples.

The precision of the assays employing the two types of protein-magnetic beads was also
assessed. The intra-assay and inter-assay coefficients of variation (% CV) were calculated for
the analysis of a sample for which high concentration of target DNA template was used during
PCR amplification and one for low concentration. As shown in Table 3.3, the intra-assay CVs
were < 9 % for scCro-MB and < 6% for SA-MB, while the inter-assay CVs were < 13 % for
both types of protein magnetic beads. Considering that for the acceptable CV values for
bioanalytical assays are < 20 %, both the reproducibility and repeatability of the assays

employing either type of protein-magnetic beads were considered satisfactory.
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Table 3.3 Precision of the assay for DNA detection when high or low concentrations of
template DNA were used for PCR amplification prior to capture on the protein-magnetic beads.

Reproducibility
(intra-assay % CV, n=3)

Repeatability
(inter-assay % CV, n=4)

Sample scCro-MB SA-MB scCro-MB SA-MB
High [DNA] 7.7 5.8 10.1 12.4
Low [DNA] 8.9 1.1 11.7 8.6

To demonstrate the compatibility of the assay with different types of PCR templates, a second
target was amplified from genomic DNA, again using a forward primer extended with the Cro
DNA binding protein site and a biotinylated reverse primer. The PCR reactions were performed
using different concentrations of genomic DNA and analysis by agarose gel electrophoresis
(Figure 3.7B) revealed only one amplification product of the expected size (144 bp). This
finding suggested that the modification of the forward primer with the Cro binding site did not
interfere with PCR specificity. Furthermore, as it was the case with the synthetic DNA target,
higher signals were observed when the scCro-MB were used to detect the amplicons generated
from the amplification of eukaryotic genomic DNA compared to the SA-MB (Figure 3.8B).
The limit of detection of the assay, based on the average blank signals plus three times their
standard deviation, was calculated at 11.2 pg/uL genomic DNA when the scCro-MB were used
for detection and 14.6 pg/uL for the SA-MB. These correspond to 56.2 and 73.1 pg of genomic
DNA template respectively considering that only 5 pLL of PCR reaction were required for the
assay. The signals obtained for each genomic DNA template concentration with the scCro-MB
were consistently 1.3 — 1.5 fold higher than the ones observed with the SA-MB, similar to when
the synthetic DNA target was used (1.4 — 1.7 fold higher signals with the scCro-MB). The limits
of detection achieved with the two different protein bead types did not differ significantly
though in the case of the genomic DNA template. This could be potentially attributed to the
relatively low concentration of primers used for amplification, considering the length and
sequence complexity of genomic DNA. Nevertheless, the sensitivity of the scCro-MB-based
assay was overall superior compared to the one using SA-MB even when a complex template
was used for amplification, demonstrating the versatility of the proposed assay and its potential

use for amplicon detection regardless of the nature of the template.

99



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF DNA DETECTION BIOASSAYS BASED ON DNA BINDING PROTEINS
Ankur Ruhela

3.4.5 Purification of PCR amplicons using scCro-MB

Finally, the scCro-MB were used for the capture and subsequent elution of PCR amplicons
under mild conditions as a proof-of-concept for their potential use in PCR clean-up and
amplicon purification. The synthetic DNA target was amplified as detailed in section 2.7 and
the diluted PCR reaction was incubated with the scCro-MB and then eluted after a simple 5
min incubation with a salt solution. A representative agarose gel showing the analysis of the
diluted PCR reaction before and after incubation with the scCro-MB, as well as of the elution
fraction electrophoresis can be seen in Figure 3.9. By measuring the concentration of the eluted
DNA, it was calculated that 6.7 = 0.9 pug of PCR amplicon can be eluted per mg of scCro-MB,
while the recovery is 71.1 + 9.4 %. The simple process (bind-separate-elute), the mild elution
conditions as well as the sole requirement of a magnet are advantages these beads offer over
other PCR clean-up methods based on spin columns requiring multiple steps and a centrifuge
or on specifically modified magnetic beads with lower binding capacities also requiring
multiple steps. The mild elution conditions are specifically advantageous, since the harsh
conditions required to disrupt the extremely strong streptavidin-biotin interaction promote the
release of streptavidin monomers from the beads and prevent the use of SA-MB for elution of
captured amplicons. Additionally, the beads could be potentially reused since the mild elution

conditions are not expected to affect the binding properties of scCro.

Figure 3.9 Purification of PCR amplicon using scCro-MB. PCR: PCR reaction diluted with
PBS before addition to the beads; Unbound: unbound fraction after incubation with the beads;
Eluted: fraction eluted with 1 M NaCl after incubation with the beads.
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3.5 Conclusions

SA-MB are commonly employed for enrichment, capture and detection of biotinylated nucleic
acid amplicons resulting from different amplification techniques, thermal and isothermal.
However, residual biotinylated ssDNA primers in the amplification reaction can interfere with
the specific capture of the biotinylated dsDNA amplicons on the magnetic beads and their
subsequent detection. Prior purification of the amplification reactions could eliminate this
problem, but additional steps, materials and time would be needed. In this work we
demonstrated that magnetic beads modified with the scCro sequence-specific dsDNA binding
protein can serve as an alternative to the SA-MB for amplicon capture and detection. The
magnetic beads with scCro covalently immobilized on their surface exhibited almost two-fold
higher oligonucleotide binding capacity and approximately nine-fold higher sensitivity for
PCR amplicon detection than commercial SA-MB when synthetic DNA target was used as a
template. The detection assay on the surface of the scCro-MB beads also exhibited very good
reproducibility and repeatability. The presence of free ssSDNA primers in the amplification
reactions did not interfere with the detection of dSDNA amplicon when the scCro-MB were
used, as opposed to the SA-MB whose performance was significantly affected by free primers.
Genomic DNA was also evaluated as a PCR template in combination with modified primers
and amplification resulted in the generation of only one amplicon. The signals observed after
capture of the generated amplicons by the scCro-MB were consistently higher compared to
when the SA-MB were used as it was the case when synthetic DNA was used as a template. It
can be thus concluded that the assay is not restricted to simple targets like synthetic DNA but
is also compatible with more complex samples like eukaryotic genomic DNA. Moreover, it
was demonstrated that the scCro-MB could not only serve for dsSDNA amplicon capture and
detection but also for purification purposes using a simple process and mild elution conditions
which could potentially permit the reuse of the magnetic beads. Purification using the scCro-
MB would also eliminate the need for centrifuge spin column-based or other multiple step
magnetic bead-based PCR clean-up approaches. Finally, it is expected that the strategy
presented herein for PCR amplicon capture/detection and purification could be applied to
amplicons generated using different amplification techniques so long as one primer can be

extended with the specific binding sequence for scCro.
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Chapter 4: Universal and label-free
detection of dsDNA using the HU DNA

binding protein
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4.1 Abstract

A novel single-chain heterodimeric format of the HU DNA binding protein with no sequence
specificity is demonstrated for the universal capture and detection of double-stranded DNA
(dsDNA) PCR amplicons. A comprehensive account of the design and preparation of the
expression construct is provided, as well as the purification process. To enhance the detection
capabilities of scHupBA-based assays for dsSDNA detection, a horseradish peroxidase (HRP)
conjugate was developed as a reporter molecule and the design, preparation, and purification
of this conjugate is also provided. The binding properties of scHupBA were evaluated on
microtiter plates, which demonstrated the high binding affinity of this protein for dsDNA,
especially for longer dsDNA fragments (> 50 bp), with affinity dissociation constant values in
the low nanomolar range. Its affinity for ssDNA was considerably lower, suggesting its
suitability for dSDNA detection, without the potential interference from ssDNA. Based on these
observations, dsDNA sandwich detection assays were designed exploiting microtiter plates and
magnetic beads for immobilization of scHupBA to capture a purified dsDNA PCR amplicon,
while the scHupBA-HRP conjugate was used for colorimetric detection. Higher sensitivity was
observed under low salt conditions, consistent with the salt-dependent binding of this protein
to dsDNA, and with low interference from ssDNA. Furthermore, the compatibility of a
scHupBA/scHupBA sandwich system with lateral flow assays was demonstrated using a
scHupBA-carbon nanoparticles conjugate for detection. Finally, all three assays were validated
for the detection of dsDNA amplicons directly in PCR reactions without prior purification,
which validated the absence of interference from remaining ssDNA primers. Especially the
dipstick lateral flow assay was able to detect specifically dsSDNA amplicon in a PCR reaction
performed with as low as 25 fg/uL of target template in a simple (1-step) and fast (< 20 min)
way. To the best of our knowledge, this is the first report of utilization of non-sequence specific
dsDNA binding protein for universal DNA biosensing. This approach eliminates the need for
labeling or the use of expensive reagents and materials, making it a cost-effective and efficient

method for DNA detection.

4.2 Introduction

Molecular diagnostics have enabled rapid and accurate detection of diseases and genetic
disorders and also facilitate environmental and food safety surveillance. It is a rapidly evolving

field that involves the detection and quantification of biological molecules, such as DNA,
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RNA, and proteins (1-3). In particular, the detection of double-stranded DNA (dsDNA) has
found various applications in clinical diagnostics (4, 5), environmental monitoring (6), and
food safety (7, 8). These biosensors utilize the principles of molecular recognition and signal
transduction to provide sensitive and specific detection of target DNA molecules (9). They are

typically used to detect DNA after amplification (10) but also non-amplified DNA (11).

Initially, DNA biosensing of amplification products was based exclusively on the detection of
polymerase chain reaction (PCR) amplicons since PCR was the gold standard in DNA
amplification (12). This changed in the early 2000’s when alternative isothermal amplification
techniques emerged (13). While PCR requires a dedicated instrument (thermal cycler) equipped
with a Peltier module to rapidly heat and cool at different temperatures in a repetitive manner,
isothermal amplification can be performed at a constant temperature utilizing simple heating
elements. The most representative methods of isothermal amplification are nucleic acid
sequence-based amplification (NASBA) (14), loop-mediated isothermal amplification
(LAMP) (15), strand displacement amplification (SDA) (16), recombinase polymerase
amplification (RPA) (17) and rolling circle amplification (RCA) (18), each offering advantages
while exhibiting certain drawbacks as well. Direct detection of non-amplified DNA is also
attractive since it circumvents amplification and potentially labeling as well, thus lowering the
overall cost of detection. Indeed, detection of non-amplified genomic DNA has been
documented, even though to a lesser extent compared to amplified DNA, and novel
nanomaterial and signal amplification strategies are typically employed to achieve the required
sensitivity without amplification (19, 20). Hybridization chain reaction, an isothermal
amplification-free method, can be alternatively used for highly sensitive detection of DNA. It
employs two metastable hairpin DNA probes which hybridize between them only in the
presence of the target sequence which acts as the initiator of a hybridization cascade reaction
between the two probes. This results in the generation of nicked double stranded DNA molecule

with many repeating units (21).

DNA amplicons and genomic DNA can be detected using UV-Vis spectroscopy and DNA stains
(22) but neither approach can provide information on specific DNA sequences. This is achieved
using biosensors and bioanalytical assays which incorporate target-specific biorecognition
elements. Many types of DNA biosensors have been developed for this purpose, and the most
common ones are optical and electrochemical ones (23-26). Nucleic acid lateral flow tests (27,

28) are another type of biosensors used for colorimetric or fluorescence detection of DNA (29)
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and are considered especially suitable for point-of-care (POC) testing as they fulfil the
REASSURED criteria for ideal POC tests (30).

DNA binding proteins are proteins which recognize and bind single stranded (ssDNA) or
double stranded DNA (dsDNA) in a general (non-sequence specific) (31, 32) or sequence-
specific (33) manner, and they play crucial roles in various cellular processes, including
transcription, replication, repair, and recombination. Despite the existence of a variety of DNA
binding proteins with different properties, only a handful have been exploited in DNA
biosensors as biorecognition elements to detect DNA. Specifically, the Escherichia coli single
stranded DNA binding protein SSB has been used for total ssDNA detection (34-36), whereas
the sequence-specific dsDNA binding proteins p53, the SpollID transcription factor from
Bacillus subtilis, the Cro bacteriophage lambda repressor and the E. coli Lacl repressor protein
headpiece domain (dHP) have been utilized for specific DNA/RNA target detection (36-38).
The latter two sequence-specific DNA binding proteins have been used as engineered single
chain variants by our group for the colorimetric detection of ssDNA and dsDNA. For those
studies, it was necessary to incorporate the specific DNA binding sites for these proteins in
either detection probes or in primers for ssDNA or PCR amplicon detection, respectively.
Specifically, scCro and dHP were conjugated to the signal-generating enzymes horseradish
peroxidase (HRP) and glucose oxidase (GOX), respectively and were used to detect a target
ssDNA sequence through their binding to hybrid ssDNA-dsDNA detection probes containing
the target-specific ssDNA sequence and the dsDNA sites for the DNA binding proteins (39).
Alternatively, the binding sites of scCro and dHP were incorporated in PCR primers, allowing
the direct amplicon capture and detection using DNA binding protein enzyme or nanoparticle

conjugates (38, 40).

In this work, we aim to demonstrate the use of a non-sequence specific dSDNA binding protein
for universal and label-free detection of DNA, which is expected to be compatible with
amplicons generated with thermal or isothermal methods. Specifically, herein we report the
engineering of a single-chain heterodimeric variant of the histone-like (Hup) protein from
Escherichia coli by fusing its o and 3 monomers through a flexible amino acid linker. The
resulting scHupBA protein was prepared recombinantly in E. coli and its DNA binding
properties were characterized by an enzyme-linked oligonucleotide assay (ELONA). Finally,
scHupBA was immobilized to different surfaces (microtiter plates, magnetic beads,
nitrocellulose membrane, carbon nanoparticles) and an enzyme (HRP) and different assays

were developed for target DNA capture and detection as illustrated graphically in Figure 4.1.
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Overall, with this study we seek to highlight the great potential of non-sequence specific

dsDNA binding proteins as universal anchors and reporters for label-free detection of DNA

amplicons.
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Figure 4.1 Schematic representation of ELONA for dsDNA fragment detection using
scHupBA and scHupBA-HRP and (A) microtiter plates, (B) magnetic beads and (C) paper-
based lateral flow dipstick assay.

4.3 Materials and methods
4.3.1 Materials

Phosphate buffered saline (PBS; 10 mM phosphate, 137 mM NaCl, 2.7 mM KCI, pH 7.4), the
TransformAid Bacterial Transformation Kit, the GeneJET Plasmid Miniprep Kit, PD-10
desalting columns, PES protein concentrators 3 K MWCO (2 — 6 mL), Zeba Micro Spin
desalting column 7 K MWCQO, the Micro BCA Protein Assay Kit, HisPure Ni-NTA agarose,
SP Sepharose Fast Flow resin, Con A Sepharose 4B resin, horseradish peroxidase (HRP),
maleimide activated HRP, skim milk powder, the Dynabeads M-270 Epoxy and Dynabeads
MyOne Streptavidin T1 magnetic beads (SA-MB), DreamTaq DNA polymerase, dNTPs and
N-succinimidyl S-acetylthioacetate (SATA) were purchased from Fisher Scientific (Spain).
Streptavidin-polyHRP80 conjugate (SA-pHRP) was obtained from SDT (Germany), the Zymo
Research DNA Clean & Concentrator-5 kit from Ecogen (Spain), the BioFX TMB Super
Sensitive One Component HRP Microwell Substrate and BioFX TMB One Component HRP
Membrane Substrate from Surmodics (USA). The DNA oligonucleotides were purchased from
Biomers.net (Germany) and their sequences are shown in Table 4.1. All other reagents and

material were obtained from Fisher Scientific (Spain), Scharlab (Spain) and Merck (Spain).
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Table 4.1 Oligonucleotides used in this work. The asterisk (*) denotes oligonucleotides labeled
with a 5’ biotin.

Oligonucleotide | Sequence (5° - 3°) Length (nt)
aLicry | AGAAGGAGATATAACTATGTGTAATAAATCTCAATTG 45
pe.LI% ATCGACAAG

rpALICRy | CTGCTGGTGATGGTGATGGCCCTTAACTGCGTCTTTCA 12
GTGC

LIC.Fw TAATACGACTCACTATAGGG 20

LIC.Rv GAGCGGATAACAATTTCACACAGG 24

Probe 25 * CTCTCTCTCTCTCTCTCTCTCTCTC 25

Probe 25- GAGAGAGAGAGAGAGAGAGAGAGAG 25

complement

orobe 47 * GTATATTATCACCGCAAGTGATACGACATGAATTGTGA i
GCGCTCACAATT

Probe 47- AATTGTGAGCGCTCACAATTCATGTCGTATCACTTGCG i

complement GTGATAATA
TGACGAATATCAGGGCAAACTGACCGTTGCAAAACTG
Probe 100 * AACATCGATCAAAACCCTGGCACTGCGCCGAAATATG 100
GCATCCGTGGTATCCCGACTCTGCTG
CAGCAGAGTCGGGATACCACGGATGCCATATTTCGGC
GCAGTGCCAGGGTTTTGATCGATGTTCAGTTTTGCAAC 100
GGTCAGTTTGCCCTGATATTCGTCA
GCCCATTAACAGGTCTTCCAAAGTACGAATGTCTACGT
GTGTGCTTTGTACGCACAACCGAAGCGTAGAGTCACAC

Probe 100-
complement

Model target

DNA (HPV16) TTGCAACAAAAGGTTACAATATTGTAATGGGCTCTGTC 159
CGGTTCTGCTTGTCCAGCTGGACCATCTATTTCATCCTC
CTCCTC
HPV.Fw TATCACCGCAAGTGATAGCCCATTAACAGGTCTTCCAA 38
HPV.Rv-bt * GAGGAGGAGGATGAAATAGATGGT 24

4.3.2 Preparation of the scHupBA expression plasmid

The sequence of the scHupBA gene was based on the UniProt accession IDs POACFO (o
monomer) and POACF4 (B monomer). The two genes (270 base pairs each) were fused using a
48 base pair linker which will result in a 16 amino acid linker (AAGGTGGGSGGGTGGS)
linking the C-terminal of the B monomer with the N-terminal of the o monomer. The resulting
588 bp gene was synthesized by Eurofins Genomics (Germany). The gene was inserted into
the pLATE31 vector using the primers hupB.LIC.Fw and hupA.LIC.Rv for amplification and
the aLLICator ligation independent cloning and expression system according to the instructions
of the manufacturer. The resulting annealed mixture (pLATE31/schupBA) was transformed in
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E. coli DH5a cells using the TransformAid bacterial transformation kit. Clones grown on
LB/ampicillin agar plates were screened by colony PCR using the LIC.Fw/LIC.Rv primer pair
and agarose gel electrophoresis for the presence of the expected 800 bp amplicon. Selected
clones were grown in Luria-Bertani (LB) medium with ampicillin (100 pg/mL) and plasmids
were extracted using the GeneJET Plasmid Miniprep Kit to verify the sequence by Sanger
sequencing using primers LIC.Fw and LIC.Rv, which was performed by the Servei de

Genomica of the Universitat Autonoma de Barcelona.

4.3.3 Expression and purification of the scHupBA DNA binding protein

The pLATE31-schupBA expression vector was transformed in E. coli BL21(DE3) cells using
the TransformAid bacterial transformation kit. One-two colonies were inoculated in Terrific
broth (TB) medium with ampicillin (100 pg/mL), the culture was grown overnight a 37°C and
200 rpm and used to subculture 1 L of TB/ampicillin at an optical density (OD600) of 0.05 in
a 2 L baffled Erlenmeyer flask. The culture was grown at 37°C and 200 rpm until OD600 of 1,
at which point isopropyl B-D-1-thiogalactopyranoside (IPTG) was added at a final
concentration of 0.25 mM to induce protein expression. The culture was incubated post-
induction for 3 hours at 30°C and 200 rpm followed by cell harvesting using centrifugation for
10 min at 7000 rpm and 4°C. For lysis, the cell pellets were resuspended in ice-cold lysis buffer
composed of modified PBS with 0.3 M NaCl (PBS*), 1 % v/v Triton X-100, 5 % v/v glycerol
and 5 mM imidazole at 5 mL per gram of wet cell weight. The suspension was incubated for
30 min on ice with gentle agitation followed by sonication for 10 min on ice (60 % amplitude,
cycles of 5 sec ON and 5 sec OFF). The lysate was centrifuged at 10,000 rpm for 10 minutes
at 4°C, the soluble fraction (supernatant) was collected and finally filtered through a 0.45 pm
PES filter. Batch purification of scHupBA was performed with gravity columns by a
combination of immobilized metal affinity chromatography (IMAC) and ion exchange
chromatography (IEC). For IMAC, 0.5 mL of HisPur Ni-NTA agarose resin was used per 1 L
of bacterial culture. The resin was washed with 10 column volumes (CV) of milli-Q water and
then equilibrated with 10 CV of PBS*/5 mM imidazole. The filtered soluble fraction containing
scHupBA was added to the column and incubated for 30 min at 22°C with gentle rotation. The
unbound fraction (flowthrough) was collected, and the column was successively washed with
20 CV of PBS with 1 M NaCl (wash 1) and 2 x 5 CV of PBS*/25 mM imidazole (wash 2 &
wash 3). Finally, scHupBA was eluted with 2 x 5 CV of PBS*/500 mM imidazole. The IMAC

elution fractions were combined, and the buffer was exchanged to IEC equilibration buffer (50
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mM potassium phosphate pH 7, 1 mM EDTA, 5 mM DTT) using a PD-10 desalting column.
For IEC purification, 0.5 mL of SP Sepharose FF resin was used per 1 L of bacterial culture.
The column was initially washed with 10 CV of milli-Q water and then equilibrated with 10
CV of IEC equilibration buffer. The IMAC elution fraction in IEC equilibration buffer was
loaded to the column and incubated for 30 min at 22°C with gentle agitation. The unbound
fraction (flowthrough) was collected, the column was washed with 5 CV of IEC equilibration
buffer containing 0.2 M NaCl and then eluted with 2 x 5 CV of IEC equilibration buffer
containing 1 M NaCl. The IEC fractions containing highly pure scHupBA protein were
combined, the buffer was exchanged to PBS using a PD-10 column and finally concentrated
using a 3 K MWCO PES centrifuge filter. The purification process was monitored by SDS-
PAGE and Western blot. For SDS-PAGE, 4-15% Mini-PROTEAN TGX precast protein gels
were used and a PVDF membrane for Western blot. After SDS-PAGE, proteins were transferred
from the gel to the membrane using the TransBlot Turbo transfer system (Biorad, Spain), which
was then blocked with 5 % w/v skim milk in PBS with 0.05 % v/v Tween-20 (PBST), and
successively probed with a mouse anti-His tag monoclonal antibody and a rabbit anti-mouse-
HRP polyclonal antibody conjugate in 1 % w/v skim milk/PBST. The membrane was stained
with the TMB One Component HRP Membrane Substrate solution for 5 min to reveal dark
blue precipitates. For quantification of scHupBA, the Micro BCA Protein Assay Kit was used
following product instructions employing BSA to construct the protein calibration curve. The

expected size of scHupBA is approximately 21 kDa.

4.3.4 Preparation of the scHupBA-HRP conjugate

The conjugate was prepared using thiol-modified scHupBA and maleimide-activated HRP. To
add thiol groups to scHupBA, the protein was dissolved in PBS at 1.25 mg/mL, SATA was
added to a final concentration of 0.34 mg/mL (SATA/scHupBA molar ratio of 25:1) and the
mixture was incubated for 30 min at 22°C. For deacetylation and deprotection of the SATA-
modified (acetylated) scHupBA, hydroxylamine hydrochloride was added to a final
concentration of 4.5 mg/mL in 0.1 M sodium phosphate pH 7.2, 10 mM EDTA and the mixture
was incubated for 2 hours at 22°C. A PD MidiTrap G-25 desalting column was used to purify
and elute the SATA-modified (deprotected) scHupBA with PBS, which was then concentrated
with a 3K MWCO PES centrifuge filter. It was then mixed with maleimide-activated HRP
(prepared in PBS) at a 1:1 molar ratio and the mixture was incubated overnight at 4°C under

gentle rotation. The conjugate was purified by IMAC (removal of unconjugated HRP) and
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concanavalin A affinity chromatography (ConA; removal of unconjugated scHupBA). For
IMAC, 0.16 mL CV of HisPur Ni-NTA agarose resin was used for a conjugation reaction
containing 1 mg of SATA-modified scHupBA and 2 mg of maleimide-activated HRP. The resin
was initially washed with 10 CV of milli-Q water and 10 CV of IMAC equilibration buffer
(modified PBS with 0.3 M NaCl), the conjugation mixture was added and incubated with the
resin for 1 h at 22°C under rotation. The unbound fraction (flowthrough) was collected, and the
column was washed with 10 CV of IMAC equilibration buffer containing 25 mM imidazole.
Proteins were finally eluted with 15 CV of IMAC equilibration buffer containing 250 mM
imidazole. The buffer of the solution was exchanged to ConA equilibration/wash buffer (20
mM Tris-HCI pH 7, 0.5 M NaCl, 1 mM CaClz, | mM MgCl) using a Zeba Micro Spin desalting
column (7 K MWCO) and was applied to a gravity column containing 0.32 mL CV of Con A
Sepharose 4B resin washed with 10 CV of milli-Q water and 10 CV of ConA equilibration
buffer. After 1 h at 22°C under mild rotation, the unbound fraction (flowthrough) was collected,
the column was washed with 5 CV of ConA wash buffer (20 mM Tris-HCI pH 7, 0.5 M NaCl)
and the conjugate was eluted with 20 CV of ConA elution buffer (20 mM Tris-HCI pH 7, 0.5
M Nac(l, 0.38 M methyl-a-D-mannopyranoside). The entire process was monitored by SDS-
PAGE and the scHupBA-HRP conjugate was quantified using the molar extinction coefficient
of HRP at 403 nm (£***™=102000 M-'cm™). The expected size of a scHupBA-HRP conjugate
at a 1:1 stoichiometry is approximately 64 kDa.

4.3.5 Immobilization of scHupBA on magnetic beads

Dynabeads M-270 Epoxy magnetic beads were used to immobilize scHupBA. To this end, 100
pL of the beads (30 mg/mL in dimethylformamide) were washed with 100 mM sodium
phosphate buffer at pH 7.4 (3 x 100 uL) and were resuspended in 60 pL of 1.25 mg/mL protein
in PBS. Then, 60 uL of 100 mM sodium phosphate bufter pH 7.4 and 60 pL of 3 M ammonium
sulfate were added, followed by overnight incubation at 18°C under rotation. Afterwards, the
supernatant was removed using a magnetic separator, and the beads were resuspended in 200
pL of 1 M Tris-HCI at pH 9 for blocking any remaining epoxy groups. The beads were
incubated for 2 h at 18°C under rotation, washed with PBST (4 x 300 pL) and finally
resuspended in 100 puL of PBS. In parallel, control beads were prepared following the same
steps but by replacing the protein solution with PBS. The scHupBA-MB beads (30 mg/mL in
PBS) were stored at 4°C until use. A colorimetric bead-ELISA was performed to verify the

immobilization of scHupBA on the beads. Specifically, 2 pL of each bead type (with and
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without protein) were first blocked with 100 uL of 5 % w/v skim milk in PBST for 30 min
under rotation, followed by washing with PBST (3 x 100 pL). Then, the beads were incubated
with 100 pL of a mouse anti-His tag monoclonal antibody solution (1 pg/mL in 1 % w/v skim
milk/PBST) for 30 min under rotation, washed again with PBST (3 x 100 pL) and resuspended
with 100 pL of rabbit anti-mouse-HRP conjugate (1 pg/mL in 1 % w/v skim milk/PBST). After
an incubation of 30 min under rotation, the beads were washed with PBST (3 x 100 uL) and
resuspended with 100 pL of TMB microwell substrate. Color development was stopped after
5 min by adding 100 pL of 1 M sulfuric acid. Using the magnetic separator, the colored solution
was separated from the beads and transferred to the wells of a 96-well plate to measure the
absorbance at 450nm. The amount of scHupBA on the magnetic beads was estimated by
comparing the signal obtained from the binding of an anti-His tag antibody to different amounts

of the protein immobilized on microtiter plate wells to the signal on the magnetic beads.

4.3.6 Preparation of dsDNA and ssDNA probes for binding studies

The dsDNA probes used for the experiments were prepared by hybridization of two
complementary ssDNA probes with a length of 25, 47 and 100 nucleotides. Specifically, each
ssDNA probe was mixed with its complementary strand at a 1:1 molar ratio in PBS (e.g. Probe
25 with Probe 25-complement), incubated for 5 min at 95°C and then gradually cooled to room
temperature. Hybridization was verified by agarose gel electrophoresis. A model PCR
amplicon was used to evaluate the assays. For the amplicon preparation, the model target (high
risk human papillomavirus 16; HPV16) with a length of 159 nt was used at 25 pg/mL and
amplified by PCR using HPV.Fw/HPV.Rv-bt primers and the following program: 3 min at
95°C, followed by 30 cycles of 10 sec at 95°C, 10 sec at 58°C and 10 sec at 72°C and a final
step of 5 min at 72°C. The PCR amplicon was purified using the DNA Clean & Concentrator-
5 kit. To prepare ssDNA, the purified PCR amplicon was diluted with PBS to a final
concentration of 40 ng/uL and it was mixed with streptavidin-magnetic beads (20 pL of 10
mg/mL per 50 uL of diluted PCR amplicon) which were previously washed with PBS (3 x 100
pL). The mixture was incubated for 30 min at 22°C under rotation, the supernatant was
decanted, the beads were washed with PBS (3 x 100 puL) and the non-biotinylated ssDNA strand
was finally eluted with 20 pL of 30 mM NaOH after a 10 min incubation. When PCR reactions
were analyzed directly without prior amplicon purification, the dsDNA target template

(HPV16) was used at 2.5 fg/mL to 25 pg/mL.
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4.3.7 Characterization of the binding properties of scHupBA by ELONA

To evaluate the concentration of scHupBA required to coat the microtiter plate wells, an ELISA
assay was initially performed. Specifically, the protein was used at 0.6 — 40 pg/mL (50 uL in 5
mM carbonate-bicarbonate buffer pH 9.4) and it was incubated on Nunc MaxiSorp immuno
96-well plates for 1 h at 22°C. The wells were washed (3 x 200 uL of PBST), blocked with 200
pL of 5 % w/v skim milk/PBST for 30 min under mild agitation and the immobilized protein
was detected with a mouse anti-His tag antibody (1 pg/mL in 1 % w/v skim milk/PBST) in
combination with a rabbit anti-mouse-HRP conjugate (1 pg/mL in 1 % w/v skim milk/PBST)
as described in section 4.2.5 for the bead-ELISA. To assess the DNA binding properties of
scHupBA by ELONA, the protein was used at 10 pg/mL to coat the wells followed by washing
and blocking as described above. Then, biotinylated dsSDNA or ssDNA probes of different
lengths (25, 47 or 100 bases) were added to the wells (50 pL of 0 — 4000 nM in PBS) and
incubated for 30 min under mild agitation. After incubation, the wells were washed again with
PBST (3 x200 pL) and 50 uL of SA-pHRP (1 pg/mL in PBST) were added for another 30-min
incubation. Finally, the wells were washed (5 x 200 uL of PBST), 50 uL of TMB microwell
substrate were added and 5 min afterwards, the reaction was stopped with 50 uL of 1 M sulfuric
acid and the absorbance was recorded at 450 nm. Duplicate values from three independent
experiments were used for the calculation of the affinity dissociation constants (Kp values).
Background-subtracted absorbance values were plotted against DNA concentration and the
data was fitted to the “One site specific binding” model using GraphPad Prism for Kp

determination.

4.3.8 Detection of dsDNA on microtiter plates using scHupBA and scHupBA-HRP

scHupBA was immobilized on Nunc MaxiSorp immuno 96-well plates for 1 h at 22°C using
50 pL of 10 pg/mL of the protein in 5 mM carbonate-bicarbonate buffer pH 9.4. The wells
were blocked with 200 pL of 5 % w/v skim milk/PBST for 30 min and washed with PBST (3
x 200 pL). Then, dsDNA or ssDNA fragments of different lengths (47, 100 and 176 bases) was
added to the wells (50 pL in PBS) and incubated for 30 min. The plate was washed again with
PBST and 50 pL of 5 pg/mL scHupBA-HRP (in PBS) were added, followed by another 30 min
incubation. Finally, the plate was washed (5 x 200 pL of PBST), 50 uL. of TMB microwell
substrate were added and signal was stopped after 15 min by adding 50 uL of 1 M sulfuric acid.
Absorbance was recorded at 450 nm. When DNA fragments of different lengths and type
(dsDNA or ssDNA) were used, the concentration of DNA was constant at 500 nM (~ 57 ng/uL).
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The effects of buffer composition (water, 0.1xPBS and PBS) and scHupBA-HRP concentration
(0 — 20 pg/mL) on signal intensity were studied. To evaluate the sensitivity of the assay, the
176 bp model PCR amplicon was used at a concentration range of 0 — 1000 nM, equivalent to
0 — 115 ng/puL in phosphate buffer containing 30 — 240 mM of NaCl. The data were fitted to a
logarithmic model and the limit of detection (LOD) was interpolated as the blank plus three
times its standard deviation (blank + 3xSDyplank). All steps were performed at 22°C under mild
agitation. Duplicate values from at least two independent experiments were used for these
studies. In the case of direct analysis of unpurified PCR reactions, 10 pL of each PCR reaction
performed using different amounts of target template (2.5 fg/mL — 25 pg/mL) were diluted with
40 pL of water and then added to the microplate wells containing scHupBA as detailed above.

4.3.9 Detection of dsDNA on magnetic beads using scHupBA and scHupBA-HRP

scHupBA-MB (1 pL of 30 mg/mL in PBS) were blocked with 100 pL of 5 % w/v skim
milk/PBST for 30 min and then washed with PBST (3 x 100 pL). The beads were resuspended
with 50 pL of PCR amplicon (176 bp) at a concentration range of 0 — 1000 nM in PBS
(equivalent to 0 — 115 ng/uL) and incubated for 30 min. Subsequently, the beads were washed
with PBS (3 x 100 uL) and scHupBA-HRP was added (50 pL of 5 pg/mL in PBS) for another
30 min incubation. Finally, the beads were washed (5 x 100 pL of PBS) and 50 uL of TMB
microwell substrate were added. Signal generation was stopped after 5 min by the addition of
50 uL of 1 M sulfuric acid. The supernatants were separated from the magnetic beads and
transferred to the wells of a 96-well plate to measure the absorbance at 450 nm. The effects of
the type of blocking solution for the magnetic beads (5 % w/v skim milk or 1 % w/v BSA in
PBST) and the buffer used for the incubations on signal intensity were evaluated. All incubation
steps were performed at 22°C under mild rotation. Duplicate values from at least two
independent experiments were used for these studies. When PCR reactions were analyzed
directly without purification, these (5 pL) were diluted with 45 pL of water prior to incubation

with the magnetic beads.

4.3.10 scHupBA-based lateral flow dispstick assay for dsDNA detection

In-house lateral flow dipstick strips were prepared using nitrocellulose membrane FF170HP
(height 2.5 cm and width 0.4 cm). Initially, the control and test zones were constructed by
manual deposition of the reagents on the nitrocellulose membrane using micropipette tips.

scHupBA (0.5 pL of 0.5 mg/mL in PBS) were used to construct the test zone (height of 1 cm).
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Neutravidin (0.1 mg/mL) was incubated for 30 min at 22°C with the biotinylated 100 bp-long
dsDNA probe (35 uM) in PBS and 0.5 pL was spotted on the control zone (height 1.5 cm).
When the ALFRD lateral flow reagent dispenser (ClaremontBio) was used for automatic
dispensing, a flow rate of 0.25 mL/min was used at a speed of 50 mm/sec. For the control line,
0.76 mg/mL neutravidin was pre-incubated with 36 uM of biotinylated dsDNA fragment of
100 bp length in PBS for 30 min prior to dispensing. For the test line, four different
concentrations of HU protein solutions were used in the range of 0.61 - 1.1 mg/mL in PBS. All
the strips were dried for 1 h at 37°C after dispensing, blocked for 15 min with 2 % skim milk
and 0.1 % v/v Empigen BB in 10 mM carbonate buffer pH 9.4 and then dried again 1 h at 37°C.
Finally, the strips were assembled on a backing card with an absorbent pad for wicking and
stored at 4°C until use. The scHupBA-carbon nanoparticle conjugate employed for detection
was prepared as described previously with some modifications (40). Briefly, a 100 uL
suspension of 0.2 % w/v CNPs suspension in 5 mM sodium borate pH 8.8 was sonicated for 5
min and scHupBA was added to a final concentration of 0.5 — 1 mg/mL. The mixtures were
incubated overnight at 18°C under rotation and then BSA was added to a final 1 % w/v for
blocking. The suspensions were incubated for 30 min at 22°C under rotation and then
centrifuged for 30 min at 10,000 rpm at 6°C. The supernatants were decanted, the pellets were
resuspended with 100 pL of washing buffer (5 mM sodium borate pH 8.8, 1 % w/v BSA) and
then centrifuged again. The washing step was repeated for two more times, the conjugates were
finally resuspended in 100 pL of storage buffer (100 mM sodium borate pH 8.8, 1 % w/v BSA)
to 0.2 % w/v CNPs and stored at 4°C until use. For detection, the strips were first dipped in a
well of a microtiter plate with 25 uL of the DNA sample in running buffer. When all the solution
was wicked through the strips, they were transferred to another well containing 1 pL of
scHupBA-CNPs and 24 pL of running buffer. Alternatively, the DNA sample (25 pL) was pre-
incubated for 10 min at 22°C with the scHupBA-CNPs (1 puL) in running buffer (24 pL) before
dipping the strips for analysis. For direct analysis of PCR reactions without prior purification,
5 uL of the PCR reaction were pre-incubated for 10 min with 1 pL of scHupBA-CNPs and 44
pL of running buffer (0.1 % v/v Tween-20 and 0.5 % w/v skim milk in water) prior to dipping
the strips. Carbon black signals were observed within 20 min of CNPs application. Different
compositions of blocking and running buffers were evaluated, as well as concentrations of
scHupBA used for immobilization on CNPs (0.35, 0.5, 0.75 and 1 mg/mL). A 176 nt-long DNA
fragment (dsDNA or ssDNA) used for all experiments.
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4.4 Results and discussion
4.4.1 Recombinant expression of the scHupBA single-chain DNA binding protein

Histone-like proteins (HU) can be found in a variety of organisms, including bacteria (41) like
E. coli, archaea (42), and eukaryotes (32) and they a role in DNA compaction, gene regulation,
and other cellular processes (43). HU are basic, heat-stable and low molecular weight proteins
(approximately 16-20 kDa), well-preserved and highly abundant in prokaryotes (ca. 30,000
dimers per cell in enterobacteria like E. coli) (32). The E. coli HU is a heterodimer composed
of two highly homologous subunits a and B of ~ 9.5 kDa each with almost 70 % amino acid
sequence identity (44). Even though it can be naturally found in the HUa2 and HUf2
homodimeric forms, the HUaf heterodimer is the predominant native form in E. coli (45). HU
proteins bind to DNA fragments in a sequence-independent manner and exhibits higher affinity
in lower salt concentrations (46). Each dimer binds to a fragment of approximately 9 base pairs
(9 bp), causing slight bending to DNA once several HU dimers are bound (47). The universal
DNA binding properties of these proteins make them particularly attractive as biorecognition
molecules for universal DNA bioanalysis. In this work, we sought to engineer a recombinant
HUof heterodimer for universal detection of DNA. To facilitate recombinant expression in E.
coli and purification, a single-chain version of the protein was designed. Examining the three-
dimensional structure of the E. coli HU bound to a 9 bp DNA fragment (Figure 4.2A), it was
assumed that the most appropriate manner in joining the two monomers would be through the
C-terminal of the f monomer and the N-terminal of the o monomer since these are further away
from the protein-DNA interaction surface and are less likely to interfere with the DNA binding
properties of the protein. A flexible glycine-rich 16 amino acid linker
(AAGGTGGGSGGGTGGS) was chosen to link these monomers, based on a previous report
on the engineering of a single-chain Cro bacteriophage lambda DNA binding protein
homodimer (48). This peptide is mainly neutral, thus not expected to affect protein-DNA
binding, and its approximate length of 58 A (3.6 A inter-residue distance in fully extended
polypeptides) was considered appropriate to link the two HU monomers with a 28 A
approximate distance between their chosen ends. The fused gene was synthesized
commercially and was inserted in the pLATE31 expression vector as detailed in the
experimental part which will result in the expression of the protein with a C-terminal
polyhistidine tag (6xHis) to facilitate purification and detection (Figure 4.2B). The pLATE
bacterial expression vectors are based on the strong bacteriophage T7 promoter and additional

elements of these vectors ensure tight regulation of gene expression, leading to high levels of
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protein expression with minimized basal (uninduced) expression. The expressed scHupBA has
a predicted size of 21 kDa and a theoretical isoelectric point (pI) of 9.65 (calculated with the

Expasy ProtParam tool using its expected amino acid sequence).
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Figure 4.2 (A) Structure of E. coli HU heterodimeric DNA binding protein with bound dsDNA
(4yew.pdb) (49). Monomer a is in red and monomer f3 in blue. The N and C terminals of each
monomer and the 16 aa linker fusing the two genes are indicated. (B) pLATE31 expression
system and design of the fusion gene for single-chain scHupBA protein production.

The expression of scHupBA protein in E. coli BL21(DE3) cells was induced with IPTG for 3

h at 30°C to promote soluble protein production and avoid insoluble aggregates (50). As it can
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be seen in Figure 4.3A, no over-expressed protein was observed in uninduced cells whereas a
band corresponding to the scHupBA protein was visible in both whole cell lysate and more
importantly in the soluble cell lysate, confirming the production of soluble protein. The cells
were disrupted by a combination of chemical (detergent-based lysis buffer) and physical
(sonication) lysis methods to release the cytoplasmic protein. The whole lysate was cleared by
centrifugation and filtration (0.45 um) to finally obtain the lysate containing the scHupBA in a

soluble form. The protein was purified with a two-step process (Figure 4.3B).
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Figure 4.3 Recombinant expression and purification of scHupBA in E. coli monitored by SDS-
PAGE and Western blot. (A) Whole W and soluble S cell lysates from uninduced and IPTG-
induced cells. The expected scHupBA is indicated with an asterisk (*). (B) IMAC and IEC
purification steps. Fractions FT flowthrough (unbound); W1, W2, W3: wash; E1, E2: elution;
BX: buffer exchanged IMAC elution fractions EI+E2. (C) Final purified scHupBA. (D)
Western blot analysis of IEC fractions using an anti-His tag antibody.

First, Immobilized Metal Affinity Chromatography (IMAC) was performed exploiting the
affinity of the Ni-NTA resin for the C-terminal 6xHis tag of the protein. As expected, this step
led to protein with moderate purity (70 — 80 %) since some E. coli proteins bind non-
specifically to the IMAC resin. To remove these contaminants, a second purification step was
performed. Based on the positive charge of the scHupBA protein and the acidic/neutral nature
of most E. coli proteins, lon Exchange Chromatography (IEC) purification was employed using
the strong cation exchange chromatography resin SP Sepharose FF. Indeed, contaminants were
eliminated with IEC and the final purified scHupBA exhibited high purity of > 95 % (Figure
4.3C). Western blot analysis of IEC fractions verified the protein size with the C-terminal His-
tag detected by the anti-His tag antibody employed to probe the membrane. It was not possible
to use UV-Vis spectroscopy to quantify the purified scHupBA, since it does not contain any
tryptophan or tyrosine residues which absorb at 280 nm. A colorimetric assay for total protein
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quantification was employed alternatively, based on bicinchoninic acid (BCA) and BSA
standard solutions for the construction of a calibration curve. The final yield of scHupBA was

approximately 6 mg of purified protein per 1 L of bacterial culture.

4.4.2 Evaluation of the DNA binding properties of scHupBA

The DNA binding properties of the expressed scHupBA protein were assessed on microtiter
plates using an enzyme-linked oligonucleotide assay (ELONA) illustrated in Figure 4.4A. Prior
to that though, an ELISA was performed to determine the maximum amount of protein which
can be coated on the wells of the plate. Using a range of scHupBA concentrations of up to 40
pug/mL and an anti-His tag antibody to detect the immobilized protein, a linear increase of
colorimetric signal was observed when 1.25 — 10 pg/mL of the protein were used, whereas
further increase did not improve the signal significantly (Figure 4.4B). Therefore, the protein
was used at 10 pg/mL to coat the wells and study its DNA binding proteins. A range of
concentrations of biotinylated DNA probes of varying length (25, 47 or 100 bases, Table 4.1),
both dsDNA and ssDNA, were prepared as detailed in section 4.2.6 and were used for binding
the protein. Bound DNA was detected with a streptavidin-HRP conjugate and a colorimetric
substrate. The DNA binding properties of the protein were indeed verified, as demonstrated by
the concentration-dependent binding curves obtained for all three fragments as shown in Figure
4.4C. The affinity dissociation constants (Kp values) decreased with the increase of dsDNA
fragment length, confirming the higher binding affinity of scHupBA for longer DNA fragments
since it can accommodate more protein molecules, considering that four HU dimers can bind
to each 42 bp segment (46). The Kp values calculated were 1937 nM, 55 nM and 13 nM for
the dsDNA fragments of 25, 47 and 100 bp length, respectively. The protein was also able to
bind ssDNA but with markedly lower affinity compared to dsDNA. The Kp values were 4160
nM, 2008 nM and 67 nM for ssDNA of 25, 47 and 100 bases, respectively. The strong binding
affinity of scHupBA for dsDNA fragments of > 50 bp in combination with its evidently lower

affinity for ssDNA are very important characteristics for a potential biorecognition element to
be used in bioanalytical assays for the detection of dsDNA, with specific interest in

amplification products.
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Figure 4.4 (A) Schematic representation of the ELONA assay. (B) ELISA to evaluate the
concentration of scHupBA required for coating the microtiter plate wells. An anti-His tag
antibody was used for protein detection. (C) Binding curves for dSDNA and ssDNA fragments
of varying length (25, 47 and 100 nucleotides).

4.4.3 Preparation of the scHupBA-HRP conjugate for use in DNA detection assays

Several approaches were evaluated to conjugate scHupBA to HRP. Initially, the protein with
an engineered N-terminal cysteine residue, was incubated directly with maleimide-activated
HRP, to react the thiol group of the protein with the maleimide groups of HRP. Even though
this strategy was successfully used in the past to prepare another DNA binding protein-HRP
conjugate (51), in this case the conjugation efficiency was very low, presumably due to
insufficient solvent exposure of the cysteine residue (data not shown). Other strategies assessed
were glutaraldehyde- and carbodiimide (EDC/NHS)-mediated conjugation of scHupBA with
HRP, but they also proved unsuccessful (data not shown). Finally, sulthydryl groups (-SH) were
added to the solvent-exposed lysine residues of scHupBA using SATA and this SATA-activated
scHupBA was successfully conjugated to maleimide-activated HRP (Figure 4.5A and 4.5B).
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Figure 4.5 Preparation of the scHupBA-HRP conjugate. (A) Conjugation strategy. (B) Lane 1:
SATA-modified scHupBA; lane 2: maleimide-activated HRP; lane 3: conjugation reaction. (C)
IMAC purification. Lane 4: conjugation reaction; lane 5: flowthrough (unbound); lanes 6-8:
wash fractions; lanes 9-10: elution fractions. (D) ConA purification. Lane 11: flowthrough
(unbound); lane 12: wash fraction; lane 13: elution fraction. (E) Final purified scHupBA-HRP

conjugate.

The main conjugation product had an apparent size of 72 kDa (Figure 4.5B, lane 3). This is
consistent with a conjugate at a 1:1 stoichiometry, considering the apparent sizes of ~ 26 kDa
for scHupBA and 45-50 kDa for HRP according to SDS-PAGE analysis (Figure 4.5B, lanes 1

and 2, respectively). The conjugation reaction was not complete since it contained unreacted
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proteins, which could have negative effects during its application for DNA detection. Unreacted
scHupBA could bind DNA but it will not generate signal, while unreacted HRP could bind non-
specifically to surfaces and biomolecules and lead to signal generation in the presence of its
chromogenic substrate. A two-step purification process was designed to remove these
unconjugated proteins. The first was based on IMAC to eliminate unreacted HRP which does
not bind to the IMAC. Indeed, remaining HRP was observed mainly in the IMAC unbound
fraction and partially in the wash fraction (Figure 4.5C lane 6) while it was not in the IMAC
elution fractions (Figure 4.5C lanes 9-10). After eliminating the unreacted HRP, a second
purification step was performed to remove the unreacted scHupBA. This involved the use of
Concanavalin A affinity resin. ConA is a tetrameric metalloprotein lectin binding to
polysaccharides and glycolipids and for this reason it is widely exploited for the affinity
purification of glycosylated proteins such as HRP. As expected, unconjugated scHupBA did
not bind to the ConA resin (Figure 4.5D lane 11) and the final purified and concentrated
conjugate did not contain any unconjugated proteins (Figure 4.5E). Overall, the described
method demonstrates the successful preparation and purification of the scHupBA-HRP

conjugate which can be used for as a reporter for DNA detection.

4.4.4 Microplate-based colorimetric detection of dsDNA using scHupBA and scHupBA -
HRP

To develop a scHupBA-based bioanalytical assay for dsDNA detection, the protein was
physically absorbed on microtiter plates at saturating concentration (Figure 4.4B) as the
biorecognition molecule for capture, whereas the scHupBA-HRP conjugate (5 pg/mL) was
used for detection (reporter), as illustrated in Figure 4.1A. By using these two proteins in a
sandwich format, dsSDNA molecules can be detected regardless of their specific sequence. And
if these DNA molecules are amplification products from PCR or an isothermal amplification
method, unmodified primers can be used. Initially, the detection of three DNA fragments with
varying length was evaluated, using both dsDNA and ssDNA prepared in PBS under
physiological salt conditions (137 mM NaCl and 2.7 mM KCl). As can be observed in Figure
4.6A, only the 176 bp fragment was detected whereas the dsSDNA fragments of < 100 bp were
not. These results suggest that since capture and detection molecules share the same binding
sites, a minimum DNA length is required to allow for both to simultaneously bind and produce

signal. On the other hand, ssDNA did not produce any signal thus demonstrating the specificity
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of the detection strategy for dSDNA fragments with a length of > 100 bp, consistent with the

typical size of amplification products.
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Figure 4.6 (A) Detection of dsDNA and ssDNA of varying length (47, 100, 176 bases) using
scHupBA for capture and scHupBA-HRP (5 pg/mL) for detection. (B) Effect of the
concentration of scHupBA-HRP and (C) of the composition of buffer used for DNA binding
on signal intensity for the detection of the 176 bp PCR amplicon.

To evaluate the effect of the scHupBA-HRP conjugate concentration on signal intensity, the
176 bp PCR amplicon (used at a constant concentration of ~ 57 ng/uL in PBS) was captured
on the plate by scHupBA and different concentrations of the conjugate were employed for
detection, ranging from 0.3 — 20 pg/mL. A linear increase of colorimetric signal was observed
for scHupBA-HRP concentrations up to 10 pg/mL, achieving twice as much signal when using
double amount of conjugate. Further increase of the conjugate concentration did not
significantly improve detection (Figure 4.6B). These results suggest that since capture and
detection molecules compete for binding sites on the target dsDNA, increased concentration of
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the detection conjugate might be needed to improve colorimetric signals. Nevertheless, for
more cost-effective assays considering that the conjugate is the costliest component of the
bioassay, a constant concentration of 5 pg/mL scHupBA-HRP was used for following

experiments.

As it was commented earlier, binding of native HupBA heterodimer to DNA is salt-dependent,
with increased affinity at sub-physiological conditions (< 100 mM NaCl) and complete
dissociation from DNA for > 300 mM NacCl (52). To evaluate the properties of the engineered
scHupBA protein, DNA capture and detection were performed at different buffer conditions
using the model target PCR amplicon of 176 bp. The studies were performed in water, 0.1x
PBS (13.7 mM NaCl and 0.27 mM KCl) and 1x PBS (137 mM NaCl and 2.7 mM KCI) and as
it can be observed in Figure 4.6C, higher signals were achieved in water, followed by 0.1x PBS
while considerably lower ones were recorded in 1x PBS. However, when the assay was
performed in water, higher background non-specific signals were observed, which were
eliminated when salt was present, even at low concentrations (14 mM). Based on these
observations, we sought to evaluate the sensitivity for DNA detection under different NaCl

concentrations, ranging from 30 — 240 mM in a phosphate buffer.
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Figure 4.7 Detection of a 176 bp PCR amplicon using scHupBA (10 pg/mL) for capture and
scHupBA-HRP (5 pg/mL) for detection by ELONA. The calibration curves were constructed
using the target DNA in phosphate buffer with varying salt (NaCl) concentrations. The span
corresponds to signal range of the fitted curves designated as the absorbance at highest
concentration minus the absorbance at the lowest concentration.

As shown in Figure 4.7, the limit of detection (LOD) was calculated at 2.2 — 3.5 ng/uLL PCR

amplicon and it was not affected by the NaCl concentration. The sensitivity though was
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increased at lower NaCl concentrations since the signal span was approximately 1.5 times
higher at 30 mM NaCl compared to 240 mM (1.7176 AU vs 1.1790 AU). These findings
confirm that the binding of the engineered scHupBA is salt-dependent and lower concentrations

favor binding for DNA detection.

4.4.5 Colorimetric detection of dsDNA using scHupBA-magnetic beads and scHupBA-
HRP

After establishing the use of microtiter plates as a platform for DNA detection using scHupBA,
magnetic beads were evaluated. Magnetic beads are an extremely useful tool for bioanalysis
because of their attractive properties, such as high binding capacity for different biomolecules,
facile and quick magnetic separation as well as the possibility of pre-concentration of dilute
samples for improved sensitivity especially for nucleic acid detection (53). scHupBA was
immobilized on epoxy-activated magnetic beads via its amine groups since when the same
functional groups were targeted to prepare the scHupBA-HRP conjugate, the protein
maintained its DNA binding properties. The presence of the protein on the magnetic beads was
confirmed with a bead-ELISA using an anti-His tag antibody targeting the C-terminal His-tag
of the engineered protein (Figure 4.8A). Next, the composition of the blocking solution was
evaluated. Skim milk and BSA in a detergent-supplemented physiological buffer (PBST) are
typically using for blocking the plastic surface of polystyrene microtiter plates and these were
also used for blocking the scHupBA-MB before capturing the 176 bp model target PCR
amplicon and detection with the scHupBA-HRP conjugate. As can be seen in Figure 4.8B, skim
milk in PBST was appropriate to block the beads and obtain specific signal in the presence of
DNA, whereas BSA was not. Therefore, 5 % w/v skim milk in PBST was used as the blocking

solution for following experiments.
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Figure 4.8 (A) Bead-ELISA to verify the immobilization of scHupBA on the magnetic beads.
(B) Effect of the composition of the magnetic beads blocking solution on signal intensity for
detection of the 176 bp PCR amplicon using scHupBA-MB and scHupBA-HRP.

With the microtiter plate assay, it was observed that lower salt concentrations were beneficial
for specific detection of dsDNA. Therefore, a study was conducted to evaluate the sensitivity
of the magnetic beads-based platform for the detection of the model PCR amplicon using
different buffer conditions which were 0.1xPBS and 1xPBS. Water was not used since previous
results suggested that it promoted non-specific signals (Figure 4.6C). Surprisingly, the
sensitivity on the magnetic beads was slightly lower compared to the microtiter plate-based
assay. The LOD values were 16.5 ng/uL and 8.9 ng/uL in 0.1xPBS and 1xPBS, respectively
(Figure 4.9) as compared to 2.2 — 3.5 ng/uL achieved on microtiter plates (Figure 4.7). And
even though the buffer strength, therefore salt concentration, did not have significant effect on
the LOD, it did affect the sensitivity of the assay since almost two-fold higher signal span was

observed in 0.1xPBS with lower NaCl concentration compared to 1xPBS.
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Figure 4.9 Detection of a 176 bp PCR amplicon using scHupBA-MB for capture and
scHupBA-HRP (5 pg/mL) for detection by bead-ELONA. The calibration curves were
constructed using the target DNA under different buffer conditions.

The lower sensitivity of the magnetic beads-based assay could be due to lower DNA binding
capacity of the beads compared to the microtiter plates. A simple experiment was designed to
assess this hypothesis. A dsDNA probe (47 bp) was prepared at a constant concentration and
was incubated in parallel in a microtiter plate well and with magnetic beads with immobilized
scHupBA. The supernatant was recovered, and the DNA concentration was determined by UV-
Vis spectroscopy (absorbance at 260 nm). The amount of bound DNA to these surfaces (binding
capacity) was calculated as the difference of starting concentration from supernatant (unbound
fraction) concentration. This experiment showed that the binding capacity of these two surfaces
was almost identical, being able to bind 330 — 388 ng of the 47 bp dsDNA, corresponding to
11 — 13 pmol. Therefore, the lower sensitivity observed with the magnetic beads does not seem
to be a direct result of lower binding capacity. So even though the binding capacity is the same,
the spatial distribution of scHupBA on the magnetic beads is expected to be different compared
to the flat microtiter plate well. This could potentially increase the availability of binding sites
on the DNA molecule. However, since the scHupBA-HRP conjugate will compete with the
scHupBA on the magnetic beads for these sites, it is plausible that fewer conjugate molecules
can bind to the captured DNA for detection and result in lower sensitivity. Further work is
required to fully understand the distribution of scHupBA on the magnetic beads in conjunction
with its DNA binding properties to improve the performance of the assay. Nevertheless, the
sensitivity could be potentially improved by using higher sample volumes and perform sample

pre-concentration which is one of the most attractive properties of magnetic beads.
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4.4.6 Detection of dsDNA with lateral flow dipstick assay

A nucleic acid dipstick assay was also evaluated as a potential platform for easy and fast
detection of dsDNA, employing scHupBA on the membrane to capture the target DNA and
scHupBA immobilized on carbon nanoparticles to provide the colorimetric signal. Gold and
carbon nanoparticles are widely exploited in lateral flow assays for the detection of proteins
and nucleic acids. However, the black color of carbon nanoparticles offers better contrast on
the white nitrocellulose membrane and can achieve higher sensitivities compared to gold
nanoparticles as demonstrated previously (54). Moreover, our previous works on nucleic acid
dipstick assays exploiting sequence-specific DNA binding proteins and carbon nanoparticles
have demonstrated the compatibility of this nanomaterial for immobilization of DNA binding

proteins and use for DNA capture and detection (38, 40).

The strips were prepared using scHupBA to immobilize on the test zone whereas a biotinylated
dsDNA probe (100 bp) was immobilized on the control zone using neutravidin as a carrier.
Initially, different combinations of membrane blocking solutions and running buffers were
evaluated in the absence of DNA target to establish the conditions assuring good wicking of
the scHupBA-CNPs conjugate on the membrane and absence of non-specific signals. The
membranes were blocked with skim milk in carbonate buffer and were supplemented with
either Tween-20 or Empigen BB detergents. The scHupBA-CNPs conjugate was added to
different running buffers: 2 % w/v skim milk in 10 mM Tris-HCI pH 7.5 or PBST (with 0.05
% v/v Tween-20) when Tween-20 was included in the blocking buffer or 0.5 — 2 % w/v skim
milk and 0.1 % Tween-20 in water when Empigen BB was in the blocking buffer. High non-
specific signals were observed on the test zones when the blocking buffer was supplemented
with Tween-20 regardless of the running buffer composition. At the same time, the wicking of
the nanoparticles was not optimal, since aggregation was observed at the bottom of the strips.
These results suggest that Tween-20 is not appropriate to use in the blocking buffer (Figure
4.10A, left). On the other hand, when Empigen BB was added to the blocking buffer and the
water-based running buffer was used with 0.1 % v/v Tween-20 and < 1 % w/v skim milk, these
background signals were decreased, while minimum nanoparticle aggregation was observed at

the bottom of the strips (Figure 4.10A, right).
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Figure 4. 10 Lateral flow dipstick assays in the absence and presence of PCR amplicon. (A)

- -

Screening of membrane blocking (2 % w/v skim milk in 10 mM carbonate-bicarbonate pH 9.4
with 0.1 % v/v Tween-20 or Empigen BB) and running (10 mM Tris-HCI pH 7.5, PBS pH 7.4
or water with 0.05 % Tween-20 and 0.5 — 2 % w/v skim milk) buffers. (B) Detection of DNA
(176 bp) using optimal blocking (2 % w/v skim milk and 0.1 % v/v Empigen BB in 10 mM
carbonate-bicarbonate pH 9.4) and running (0.5 % w/v skim milk and 0.1 % Tween-20 in water)
buffers. (C) Screening of scHupBA concentrations used for conjugation to 0.2 % w/v CNPs in
the absence of DNA using optimal blocking and running buffers. DNA and scHupBA-CNPs
were pre-incubated in running buffer prior to analysis. The CNPs conjugate was prepared with
0.35 mg/mL scHupBA for (A) and (B).

The next step was to assess the detection of the model target PCR amplicon with the dipstick
assay using 0.5 % w/v skim milk and 0.1 % v/v Tween-20 in water as the optimum running
buffer. Indeed, black precipitates appeared at the test zone with an increasing intensity when
using increased DNA concentration, while no background signal could be seen in the absence
of DNA. These results demonstrate that the scHupBA/scHupBA-CNPs system can be used for
DNA detection by a dipstick assay. The signals observed were faint though, and for this reason
we explored the use of CNPs conjugates prepared with higher concentration of scHupBA. So
far, 0.35 mg/mL of scHupBA were used to immobilize on 0.2 % w/v CNPs. Additional
conjugates were prepared using 0.5 - 1 mg/mL and when they were applied to the strips in the

absence of DNA, non-specific signals were observed on the test zones for > 0.75 mg/mL

scHupBA (Figure 4.10C), therefore following experiments were performed with 0.5 mg/mL
scHupBA for CNPs conjugation.

The previous experiments were performed in one step by applying the DNA sample/scHupBA -

CNPs mixture in running buffer which was briefly pre-incubated to make the assay faster and
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simpler. However, since faint signals were obtained (Figure 4.10B), we considered performing
the assay in two steps to increase the signals. Therefore, the strips were dipped first in the DNA
sample and when these were completely wicked through the membrane, the scHupBA-CNPs
were applied to provide the signal. It was hypothesized that longer contact time of DNA with
the scHupBA on the membrane could potentially improve DNA capture capacity and
potentially lead to increased signal. This however was not the case, since even lower signals
were observed (Figure 4.11). It should be noted that higher scHupB concentration was used to
prepare to CNPs conjugate (0.5 mg/mL). These results suggest that perhaps the extended
contact time of DNA with scHupBA on the membrane leads to saturation of the available

binding sites on the DNA, preventing the scHupBA-CNPs from binding to provide the signal.

Purified PCR amplicon (ng/pL)
115 57 29 0

i
R
L

Figure 4.11 Detection of the PCR amplicon in two steps, first the DNA sample and then the
scHupBA-CNPs. The scHupBA-CNPs conjugate was prepared using 0.5 mg/mL scHupBA and
optimal blocking and running buffer compositions were used.

The sensitivity and specificity of the assay was then evaluated using different concentrations
of dsDNA amplicon as well as a ssDNA fragment of the same length. Conditions optimized
thus far were applied and it can be seen in Figure 4.12, dsDNA in all the solutions analyzed
could be detected with higher signal intensities compared to previous experiments performed
under sub-optimal conditions. The lowest detectable concentration was of dsDNA was 15

ng/uL. A very faint signal was observed when ssDNA was analyzed and only for the highest
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concentration (115 ng/uL), suggesting that the presence of ssDNA in the solution is not
expected to interfere with dsDNA detection.

dsDNA PCR amplicon (ng/ulL) ssDNA fragment (ng/plL)
115 57 29 15 0 115 57 29 15 0

f— Jr-j L__ H::: ;—’ s | i L~;
¢ J‘DM_-] c o] -4
T i T !

{—E_,_; ‘

Figure 4.12 Evaluation of the sensitivity and specificity of the lateral flow dipstick assay using
dsDNA PCR amplicon and ssDNA PCR fragment. The membranes were blocked with 2 % w/v
skim milk and 0.1 % v/v Empigen BB in 10 mM carbonate-bicarbonate pH 9.4 and the running
buffer was 0.5 % w/v skim milk with 0.1 % Tween-20 in water. DNA and scHupBA-CNPs
(prepared using 0.5 mg/mL scHupBA) were pre-incubated in running buffer prior to analysis.

4.4.7 Direct analysis of PCR reactions by ELONA using microplates, magnetic beads and

dipstick lateral flow assays

Having established the use of scHupBA for detection of purified dsDNA on microtiter plates,
magnetic beads and dipstick lateral flow assays, the compatibility of the assays with direct
analysis of PCR reactions without prior amplicon purification was finally tested. To this end,
PCR reactions were performed using different concentrations of the target and analyzed by
agarose gel electrophoresis as shown in Figure 13A. For analysis using the scHupBA-based
assays, the reactions were only diluted five-fold and the amplicons were detected as detailed in
the respective sections. The results obtained with the purified dsSDNA amplicon suggested
better performance in the presence of low salt concentrations, therefore water was chosen for
this part as the diluent. All other conditions were identical to the ones summarized in sections

4.3.8 (microplate), 4.3.9 (magnetic beads) and 4.3.10 (dipstick lateral flow).
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Figure 4.13 Detection of PCR amplicons directly in the PCR reactions without prior
purification by colorimetric ELONA. Analysis of PCR reactions performed using 0 — 25 pg/uL
of target DNA by (A) agarose gel electrophoresis, (B) Plate-ELONA and (C) magnetic bead-
based ELONA. The insets show the calibration curves constructed using logarithmic models.

As can be seen in Figure 4.13B and 4.13C, the dsDNA amplicon was successfully detected by
microplate and magnetic beads ELONA directly in the PCR reactions without prior purification
when 0.025 — 25 pg/uL of target DNA was used for amplification. Background-level signals
were obtained when 0.0025 ng/pL were used. The LODs were calculated using a logarithmic
model and they were almost identical at 3.3 fg/uL and 3.5 fg/uL for the microplate and magnetic
beads-based assays, respectively. These results confirm the suitability of the scHupBA-based
assays for detecting amplicons in amplification reactions without the requirement of
purification. The absence of signals from the control PCR reactions with no target but which

contain the starting concentration of primers further confirm the very low binding affinity of
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scHupBA for small ssDNA fragments. This is very important since they do not interfere with
the detection of the dsSDNA amplicons, especially the ones with a length of more than 100 bp,
and their removal by purification is not required. Further optimization of assay conditions could

potentially improve their sensitivity.

Finally, the same PCR reactions were analyzed by dipstick lateral flow dipsticks which is a
much simpler and faster assay format compared to the microplates and magnetic beads. For
these tests, the PCR reactions were diluted ten-fold using 0.5 % (w/v) skim milk and 0.1 %
(v/v) Tween 20 in water as the diluent. Then they were mixed with 1 pL of scHupBA-CNPs
briefly for 10 min before dipping the strips. Three different concentrations of scHupBA were
initially evaluated for the preparation of the carbon nanoparticle conjugate, 0.5, 0.75 and 1
mg/mL. As can be seen in Figure 4.14, clear carbon-black signal was obtained at the test line
only when 1 mg/mL of the DNA binding protein was used for preparation of the reporter

conjugate. Therefore, this concentration was chosen for further experiments.

scHupBA on CNPs

0.5mg/mL 0.75mg/mL 1mg/mL
-ve +ve -ve +ve -ve +ve

1 Ll .
_111: CL b CL .

Figure 4.14 Analysis of PCR reactions with (+ve) and without (-ve) target DNA template with
dipstick lateral flow assays. The reporter carbon nanoparticles were prepared using 0.5, 0.75
or 1 mg/mL of scHupBA. The +ve reaction was performed using 25 pg/uL of target dsDNA.
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Figure 4.15 Detection of PCR amplicons directly in PCR reactions without prior purification.
The scHupBA-CNPs conjugate was prepared using 1 mg/mL of the DNA binding protein. The
strips were prepared using (A) 200 ng, (B) 250 ng, (C) 300 ng or (D) 350 ng of scHupBA per
4 mm strip. Diluted PCR reactions and scHupBA-CNPs were pre-incubated in running buffer
prior to analysis. The running buffer contained 0.5 % w/v skim milk with 0.1 % Tween-20 in

water.

Using 1 mg/mL to prepare the scHupBA-CNPs conjugate, the PCR reactions were finally
analyzed with strips containing different amounts of scHupBA on the test line. To this end, the
protein was diluted to 0.61 — 1.1 mg/mL and using automatic dispensing, 200 — 350 ng of the

protein were dispensed per 4 mm strip. As can be observed in Figure 4.15A, the PCR amplicon
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could not be detected with the strips prepared with 200 ng of scHupBA on the test line, whereas

when 250 ng were used, black signals were observed at the test lines only for the PCR reactions

performed using high concentrations of the target dSDNA (= 2.5 pg/uL) (Figure 4.15B). When
> 300 ng of scHupBA were deposited on the test lines, the amplicons could be successfully

detected for target templates of > 2.5 fg/uL, even though signals with higher intensity were

observed when the highest amount of scHupBA tested was used (350 ng). Considering that
scHupBA binds non-specifically to all dSDNA fragments and that it was used for both capture
and detection of these fragments, the requirement of higher amounts of the protein is
reasonable. Further work will focus on the improvement of sensitivity of this assay, since it is
the preferable format for fast (< 20 min) and simple (1-step) detection of dSDNA amplicons in

amplification reactions.

4.5 Conclusions

This study sought to explore different applications for the histone-like E. coli protein HU DNA
binding protein in the field of DNA detection. A single-chain heterodimeric scHupBA protein
was engineered by fusing the two highly homologous monomers with a flexible amino acid
linker and the protein was expressed in E. coli. A two-step purification based on the C-terminal
His-tag of the protein and its high surface charge was designed. The protein was obtained at
high purity (> 95 %) and with satisfactory yields (6 mg per 1 L of bacterial culture). The DNA
binding properties of this recombinant protein were confirmed by an enzyme-linked
oligonucleotide assay (ELONA) on microtiter plates using biotinylated dsDNA and ssDNA
probes of varying length. The studies showed that the affinity of the protein increased with
increased length of dSDNA fragment (lower affinity dissociation constants), while it exhibited
considerably lower affinity for ssDNA. The protein was conjugated to HRP, aiming at using a
scHupBA/scHupBA-HRP sandwich system for universal capture and detection of dSDNA. The
scHupBA-HRP enzyme conjugate was prepared by crosslinking thiol-activated scHupBA with
maleimide-activated HRP. The conjugate was purified with a two-step process which
successfully removed unconjugated proteins. The scHupBA/scHupBA-HRP sandwich system
was then applied for the detection of a model target PCR amplicon using microtiter plates and
magnetic beads for the immobilization of scHupBA to capture the target DNA. Studies
performed under different buffer conditions suggested improved sensitivity at lower salt (NaCl)

concentrations, consisted with literature findings of higher DNA binding affinity of the native
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E. coli HU protein at moderate to low NaCl concentrations. Under current assay conditions,
approximately 2 — 16 ng/uLL dsDNA can be detected with these assays, whereas the presence
of ssDNA does not produce non-specific signals. A demonstration of the utility of this protein
for the development of POC tests was also provided by the detection of a PCR amplicon with
a lateral flow dipstick assay. The tests were constructed using scHupBA immobilized on the
strips and a scHupBA-carbon nanoparticle conjugate for colorimetric signal generation. The
effect of different parameters on signal intensity was studied and under optimized conditions
with low salt conditions it was possible to detect approximately 15 ng/uL of purified dsDNA
PCR amplicon, while it did not detect ssDNA. The compatibility of the three assays with direct
analysis of PCR reactions without prior purification was finally verified, where the amplicons
were detected when the target template used was as low as 3.3 - 25 fg/uL. Overall, this novel
engineered non-sequence specific DNA binding protein scHupBA appears to have a great
potential for the detection of DNA thus circumventing the need of labelling or use of expensive
reagents and materials. While in this work we provide some insights into the potential
applications of this protein in DNA bioanalysis, further work is required to fully understand its
functions and optimize assay parameters accordingly so that it can fully reach its potential as a

universal dsDNA bioreceptor and reporter.
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5.1 General conclusions

The overall objective of this thesis was to demonstrate the versatility of DNA binding proteins
(DBP) by incorporating them in various bioanalytical assays exploiting different surfaces for
the detection of double stranded DNA (dsDNA) in laboratory and field-compatible
applications. Considering the increasing use of molecular diagnostics for detecting specific
DNA sequences, sensitive, accurate and fast detection of dsDNA fragments resulting from
amplification reactions is of paramount importance. The natural properties of certain proteins
to recognize and selectively bind dsDNA in a sequence-specific or non-specific manner makes
them ideal candidates as biological recognition elements for bioanalysis. In this thesis, we show
the immobilization and conjugation of both sequence-specific and non-sequence specific DBPs
on microtiter plates, magnetic beads, nitrocellulose membranes, carbon nanoparticles (CNPs)
and horseradish peroxidase (HRP) enzyme for the development of microplate- and magnetic
bead-based enzyme-linked oligonucleotide assays (ELONA), as well as dipstick lateral flow
assays (LFA) for the detection of dSDNA amplicons in simple and multiplex PCR reactions.
DBP-based capture and detection of dsDNA can therefore be regarded as an alternative to the

well-established strept(avidin)-biotin-based strategies in bioanalytical applications.

The DBP utilized were the sequence-specific Cro from bacteriophage lambda and the non-
sequence specific HU histone-like protein from Escherichia coli. Both proteins were
engineered in single-chain (sc) dimeric formats to mimic their natural configurations and were
expressed recombinantly in E. coli bacteria. The preparation of scCro was based on previous
work but herein, a more robust and efficient expression system was demonstrated for increased
protein production. On the other hand, to the best of our knowledge, this is the first report of
the recombinant expression of HU as a single-chain heterodimer and its use as dsDNA

biorecognition element in bioanalytical assays.

Initially we demonstrated the use of scCro conjugated to CNPs in dipstick lateral flow assays
for the simultaneous detection of dSDNA amplicons generated in a multiplex PCR reaction.
For this assay, the reverse primers used for the amplification steps were extended with single
stranded DNA (ssDNA) tails, which were used as barcodes to facilitate differentiation of the
two target DNA amplicons via hybridization with complementary probes. On the other hand,
the common forward primer was extended with the specific dsDNA sequence recognized by
Cro for detection using the scCro-CNPs conjugate. The assay was used to detect toxin-

producing harmful microalgae without interference from other marine species, highlighting the
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utility of the sequence-specific DBP as a universal reporter molecule compatible with lateral

flow assays and different sample types (genomic DNA and cells).

We also demonstrated the compatibility of scCro with magnetic beads (MB) for dsDNA
detection in PCR reactions performed with modified primers. The forward primer was extended
with the scCro binding sequence for capture whereas the reverse primer was biotinylated for
detection using streptavidin-HRP (SA-HRP). MB have been extensively used for the separation
and detection of different target molecules including nucleic acids due to the several advantages
they offer in terms of separation, surface area and functionalization. By immobilizing scCro on
MB, we were able to specifically capture, detect and purify dsDNA amplicons directly in PCR
reactions, eliminating the need for prior purification to remove remaining primers. The
presence of residual biotinylated ssDNA primers in the amplification reactions did not interfere
with detection when using the Cro-MB since scCro binds specifically only to dsDNA, as
opposed to the well-established SA-MB, to which the Cro-MB system was compared, whose
performance was significantly affected by the residual primers. Moreover, the Cro-MB showed
higher dsDNA binding capacity and sensitivity compared to the SA-MB when synthetic or
eukaryotic genomic DNA were used as PCR target templates. Finally, the Cro-MB did not only
serve for dsDNA amplicon capture and detection but also demonstrated their potential for
purification purposes. We provided a proof-of-concept for the purification of dsDNA under
mild elution conditions, which could potentially allow for the reuse of the magnetic beads. This
purification approach using Cro-MB eliminates the need for centrifuge spin column-based or
other multiple-step magnetic bead-based PCR clean-up methods or harsh elution conditions as

in the case of SA-MB.

All the previous applications were based on the use of modified primers for amplification
required for incorporating the required binding sequence of the sequence-specific Cro DBP.
Aiming at simplifying the assays and rendering them compatible with any amplification
reaction, we envisioned the use of a non-sequence specific DBP for universal detection of
dsDNA. The HU histone-like DBP from E. coli was engineered for the first time as a single-
chain heterodimer (scHupBA), expressed recombinantly in E. coli and purified to near
homogeneity. Microtiter plates were used to immobilize the protein and evaluate its binding
properties using dsSDNA fragments with a biotin on one end for detection of bound DNA with
SA-HRP. It was demonstrated that scHupBA exhibited a length-dependent aftinity for DNA,
with preferential binding to longer and dsDNA fragments and significantly lower affinity for

ssDNA. The scHupBA DBP was also conjugated to HRP to enable universal and label-free
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capture and detection of a model PCR amplicon utilizing a scHupBA/scHupBA-HRP sandwich
system on both microtiter plates and magnetic beads. Our studies under different buffer
conditions indicated improved sensitivity at lower salt concentrations, aligning with previous
findings on the higher DNA binding affinity of the native E. coli HU protein. Furthermore, the
compatibility of a scHupBA/scHupBA sandwich system with lateral flow assays was
demonstrated using a scHupBA-CNPs conjugate for detection of a purified dsDNA amplicon.
Finally, all three assays based on microtiter plates, magnetic beads and lateral flow strips were
validated for the detection of dsDNA amplicons directly in PCR reactions without prior
purification, which validated the absence of interference from remaining ssDNA primers. The
use of the dipstick lateral flow assay for universal and label-free detection of dsDNA amplicons
directly in PCR reactions without prior purification is particularly important, considering the
extremely simple (one-step) and fast (< 20 min) nature of the assay. Overall, we demonstrated
that HU-based strategies for dsDNA detection eliminate the need for labeling or the use of
expensive reagents and materials, making them cost-effective and efficient methods for DNA

detection.
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