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ABSTRACT OF THE DISSERTATION

Development of Novel Diagnostic Tools and beyond for Targets of
Human Significance: Metabolites, Toxins & Viruses
by
Lakshminarasamamba Cella
Doctor of Philosophy,
Graduate Program in Cell, Molecular and Developmental Biology,
University of California, Riverside, December 2012

Dr. Ashok Mulchandani, Co-Chairperson
Dr. Wilfred Chen, Co-Chairperson

Tools for the rapid assessment of diseased condition and underlying causative agent,
disease progression and treatment outcome are prerequisites to meeting the goal of
providing best health care possible. These tools should be highly selective and sensitive,
show rapid response and of low cost for their wide spread use. Utilizing the growing
knowledge about the organisms/conditions causing the diseased state, identifying
suitable biomarkers and by incorporating newer technologies, novel diagnostics tools
with above mentioned qualities can be built. Utilizing Single walled carbon nanotubes
(SWNTSs) we have built biosensors for detection of Protective antigen (PA) toxin secreted
by anthrax causing bacteria and ultra-sensitive detection of glucose in unconventional
body fluids. These nano-biosensors display high sensitivity and selectivity for the target

can be easily adapted to develop point of care devices. Through these sensors we have



established a methodology for SWNT based sensor fabrication and shown different
modes of operation for detection of both charged and uncharged analytes. Utilizing
fluorescence based protein probe, we have developed an in vivo assay for HIV
detection. This probe is sensitive to HIV protease, which is synthesized during its
replication and plays an important role in formation of viable viral progeny. We are also
able to assess the HIV protease activity in vivo against several wild type and mutant
versions of its natural cleavage sites. These quantified kinetic parameters will help in
gaining better understanding of protease-substrate and protease-inhibitor interactions.
By mimicking the drug resistance causing protease and cleavage site mutations in our
assay we can capture the altered kinetics and gain understanding of their contribution
to resistance towards protease inhibitors. Our cell based assay is a better choice than
the in vitro assay for screening newer inhibitors as it mimics the natural environment
encountered by the enzyme and also provides the initial bioavailability and toxicity data

for the candidate drugs.
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Introduction



Introduction

In order to provide the best possible treatment to a patient ensuring survival, there is a
need for identifying the underlying condition early/sensitively, with specificity and
preferably in a non-invasive fashion. These technologies have to be affordable so that a
huge population can benefit from them. Numerous efforts have been made to address
these issues using newer technologies and develop novel diagnostic technologies. Some
of the major health concerns worldwide include diabetes, cancer, cardiovascular
diseases, pathogens used as bioweapons, viruses. The identification of biomarkers for
several of these conditions and understanding of the pathogenicity of the infectious
organism has led to development of efficient strategies for their detection and in some
cases to develop treatment strategies. We have used some current technologies to build
biosensor for detection of toxins released by pathogenic organisms, biosensor for highly
sensitive glucose detection and developed an assay for human immuno deficiency virus

(HIV) detection and for screening of anti-HIV drugs.

Among the different technologies employed, nanotechnology has been very popular for
building biosensors. In case of nano-biosensors, the traditional transducer element
(element converting biological event into measurable quantity) is replaced with a one
dimensional (1-D) nanomaterial. These nanomaterials provide advantage of high

sensitivity and selectivity, point of care devices of low-cost can be built for rapid



detection. Multiplexed devices can be built using nanomaterials for detection of a

number of analytes at the same time.

We have built nano-biosensors using single —walled carbon nanotubes (SWNT) capable
of detecting the anthrax toxin and glucose. SWNTs are a widely sought after 1-D
nanomaterial owing to their excellent electrical properties, high surface to volume ratio
and for having an active surface that is sensitive to any adsorption/electronic events [1],
[2]. Numerous SWNT based biosensors have been built for variety of targets [2—8] and
utilizing different bio-recognition elements. Anthrax is caused by bacteria Bacillus
anthracis through a toxin it makes. Infection by anthrax causing bacteria is hard to
detect early on due to nonspecific symptoms and results in high mortality. The toxin is a
three component system with protective antigen (PA) toxin being one central part. PA
toxin has been found earlier to be an effective target for controlling the infection [9].
We have selected a DNA aptamer against the PA toxin and immobilized it onto the
SWNTs to build a biosensor for anthrax detection. Aptamers are oligonucleotides
capable of binding a target molecule with high affinity and specificity. Upon
immobilization of PA toxin aptamer on SWNT surface and the binding of PA toxin to the
aptamer results in change in the conductance of the SWNT channel. This change is
recorded and can be correlated to PA toxin concentration in the sample. This aptamer
based sensor displays excellent selectivity and high sensitivity, both of which are very

crucial for early detection of this infection to ensure the survival of the infected. The



same SWNT platform was adapted with different bio-recognition element for detection
of very low levels of glucose, a major metabolite. Several applications involve detection
of glucose at extremely low levels, like in case of tears, saliva and urine [10-12]. Since
glucose is not charged, the detection mechanism similar to PA toxin sensor would not
be applicable as there would not be sufficient conduction variations in the SWNT
channel. Thus we chose to use a displacement mode of assay, wherein a more charged
molecule is immobilized onto the SWNT surface and presence of glucose in the sample
would displace it and change the conductance across the SWNT channel. We
immobilized concavalin A (Con A), a plant lectin through dextran onto SWNTs. Upon
introducing glucose, it would bind to ConA and displace it off the surface and the

resulting conductance changes are proportional to the glucose concentration.

HIV is the causative organism of acquired immune deficiency syndrome (AIDS), one of
the major epidemics worldwide. The nature of this virus to continuously evolve has
made it impossible to develop definitive treatment strategies or preventive vaccines.
However the increasing knowledge about its structure, life cycle and pathogenicity has
led to development of very efficient diagnostic technologies and effective drugs. HIV
protease inhibitors are a major class of drugs employed in anti-HIV therapy and shown
to be successful in blocking the infection. This enzyme plays a central role in the life
cycle of the virus and blocking its function would lead to production of non-infectious

viral particle. We have built a fluorescence based probe that is sensitive to HIV protease



and developed a cell based assay that can detect as well as capture the activity of the
protease. This enzyme, like the rest of virus evolves by accumulating mutations and over
a period of time becoming resistant to the drugs currently available. Thus there is a
need for better protease inhibitors that can provide a high barrier for resistance
development. Our assay forms an excellent choice for identifying new inhibitors against
the protease. This assay has several advantages over other drug screening
methodologies as it is a cell based providing more natural environment for the protease,
mutations within protease can be mimicked to identify better inhibitors and also they

provide the initial estimate of the toxicity of the potential candidates.

In the following chapters, a more comprehensive rational for our targets chosen and

technologies used is provided along with the experimental details and results.



Chapter 2:

Nano aptasensor for protective antigen toxin of anthrax



Abstract

We demonstrate a highly sensitive nano aptasensor for anthrax toxin through the
detection of its polypeptide entity, protective antigen (PA toxin) using a PA toxin ssDNA
aptamer functionalized single-walled carbon nanotubes (SWNTs) device. The aptamer
was developed in-house by capillary electrophoresis systematic evolution of ligands by
exponential enrichment (CE-SELEX) and had a dissociation constant (Kq) of 112 nM. The
aptasensor displayed a wide dynamic range spanning up to 800 nM with a detection
limit of 1nM. The sensitivity was 0.11 per nM and it was reusable six times. The
aptasensor was also highly selective for PA toxin with no interference from human and
bovine serum albumin, demonstrating it as a potential tool for rapid and point-of-care

diagnosis for anthrax.



Introduction

Anthrax is a disease caused by the anthrax toxin of the spore forming Gram
positive bacterium Bacillus anthracis. Many of the properties of Bacillus anthracis such
as high mortality and environmental stability make them a deadly bioterrorist agent that
can used by terrorist organizations to cause wide spread casualties. The early stage of
anthrax infection is often characterized by non-specific symptoms making its detection
difficult. Therefore, there is a great need for prompt administration of antibiotics before
a lethal infection is established. This is particularly relevant for the inhalational form of
the disease. In fact, of the five fatalities in the 2001 bioterrorist attacks in the United
States involving anthrax, infection was confirmed in only one individual before death

[13].

The pathogenecity of the anthrax bacteria is mainly due to the tripartite toxin it
makes. The three components of the toxin are cell-binding protective antigen (PA),
edema factor (EF) and lethal factor (LF). Assembly of the three toxin proteins is initiated
when PA binds to a cellular receptor[14] and is activated by cleaving PA into two
fragments: PA20 (20 kDa), PA63 (63 kDa). Receptor-bound PA63 then spontaneously
self-associates to form ring-shaped, heptameric oligomers [15]. EF and LF bind
competitively to PA63 subunits [16], and are translocated across the membrane to the
cytosol. Once within the cytosol, EF catalyzes the conversion of ATP to cAMP [17], and

LF proteolytically cleaves certain MAP kinases [18] thus disrupting the normal functions



of the cell and manifesting the disease. The protective antigen is thus an essential factor
and plays an important role in the immune response. It has been demonstrated that
antibodies against the PA toxin possess a neutralizing effect of the toxin as well as anti-
spore activities [9], making the PA toxin an ideal target for detection of the infection.
Current detection methods involving cell culture, immunological tools, electrophysical
measurements of ion channels [19] and nucleic acids while effective are not suitable for
early detection [20]. Therefore, a rapid, facile, sensitive and selective method of
detecting anthrax toxin in body fluids would provide an invaluable tool for establishing
whether anthrax is the causative agent of a biological attack leading to prompt diagnosis

and targeted treatment of infected individuals.

Single-walled carbon nanotubes (SWNTs) have been extensively studied as the
transducer elements of biosensors as they meet the important requirements of an
efficient biosensor: excellent electrical properties and a large surface to volume ratio
results in surface phenomena predominating over the chemistry and physics that
happen in the bulk [1], [2]. These along with suitable bioreceptors have shown to make
sensors that display high selectivity, sensitivity and real-time label-free detection
capabilities. SWNTs have been successfully used to detect a variety of targets [21-28].
Proteins (enzymes, antibodies) and more recently aptamers [3-7] are the commonly
used probes to detect the target analytes. Detection of anthrax infection at high
sensitivity using other nanomaterials: europium nano materials has been reported

earlier and it further proves their efficiency as transducers in biosensors [29], [30].
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Aptamers are short, synthetic oligonucleotides capable of binding to wide variety of
molecules with high affinity and specificity. Aptamers as probes are more advantageous
compared to antibodies as 1) their synthesis does not require animal host or expensive
hybridoma culture, 2) can be selected using modern combinatorial chemistry tools and
3) are more stable. For example, systematic evolution of ligands by exponential
enrichment (SELEX) is the technique used to identify DNA or RNA aptamers with high
affinity and specificity for different targets [31], [32]. SELEX employs a random library of
oligonucleotides from which sequences with desired characteristics of affinity and
specificity are selected. A number of different SELEX processes have been proposed
since its inception based on the differences in the techniques used to separate the
bound and unbound random library. Capillary electrophoresis-SELEX (CE-SELEX), a
variant of the conventional SELEX, uses a solution based binding and separation
technique to alleviate the drawbacks of selection bias encountered in the conventional
SELEX. The technique has been applied to different targets - Human Igg, HIV-1 Reverse

Transcriptase, neuropeptide Y [33], [34].

Here we report the development, characterization and evaluation of a highly sensitive
and selective aptasensor for the detection polypeptide entity PA of anthrax toxin in
plasma. The aptasensor consisted of ssDNA aptamers for the PA63 selected in-house
using CE-SELEX from a DNA library integrated to a SWNTs-based chemiresistive

transducer.

10



Material and Methods

Materials

The DNA library and Primers for PCR were acquired from Integrated DNA Technologies
Inc. (Coraville, 1A, USA). Streptavidin Agarose beads for single strand regeneration were
obtained from Pierce (Rockford, IL, USA). Bare fused silica capillary (40 cm long by 50
pum I.D. and 360 um 0.D.) coated with polyvinyl alcohol was obtained from Polymicro
Technologies (Phoenix, AZ, USA). PA toxin was purchased from List Biological
Laboratories, Inc. (Campbell, CA, USA). Taqg Polymerase and pGEM vector were
purchased from Promega Corp. (Madison, WI, USA). CE — SELEX was performed in P/ACE
MDQ Capillary Electrophoresis system (Beckman Coulter, Inc., Fullerton, CA, USA).
Selection Buffer consisted of 25mM Tris, 10 mM NaCl and 1 mM MgCl,, bead
binding/washing buffer was 100 mM phosphate buffer and 50 mM NaCl. Single-walled
carbon nanotubes with high carboxylated functionality, sold under the trade name of
P3-SWNT, were purchased from Carbon Solutions, Inc. (Riverside, CA, USA). Human
serum albumin and bovine serum albumin were purchased from Sigma-Aldrich
(Milwaukee, WI, USA). 1-pyrenebutanoic acid succinimidyl ester (PASE) was purchased

from Invitrogen (Carlsbad, CA, USA).
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Methods

Aptamer Generation:

Capillary electrophoresis selection: The synthetic DNA library of 40 random nucleotides
flanked by 20 bases priming sites for PCR amplification in selection buffer was heated to
94°C and cooled to room temperature followed by incubation with 20 nM of PA toxin
for 20 min at room temperature. Approximately 150 nL of the above mixture was
injected into the conditioned (washing/rinsing with 150 nL each of 100 mM HCI, 100
mM NaOH, double distilled H,O and selection buffer) bare fused silica capillary of a
P/ACE MDQ Capillary Electrophoresis system using 2.5 psi pressure for 13 s. An electric
field of 30 kV was applied to enable the migration using normal polarity at a
temperature of 25 °C and the separation of PA toxin-DNA complex and unbound DNA
was monitored using a UV detector at 254 nm. All sequences migrating more than 30 s
earlier than the leading edge of the peak corresponding to the unbound sequences were
collected into 20 pl of separation buffer at the capillary outlet. The exact time that the
unbound sequences would reach the outlet of the capillary was calculated from the
knowledge of the distance from the end of the capillary to the detector and

experimentally determined migration time for the naive library.

PCR amplification: The 20 ul of the collected fraction containing the bound sequences
were divided into four aliquots. PCR buffer was added to these fractions so that the final
reaction mixture contained 1 mM of each deoxyribonucleotide triphosphate (dNTP), 1

UM of primer 1 (5’-AGC AGC GAG GTC AGA TG-3’), 1 uM of primer 2 (biotin/5’-TTC ACG

12



GTA GCA CGC ATA-3’), 0.15 U/ul of Tag polymerase, 7.5 mM MgCl,, 1 mM PCR buffer
and 5ul of the collected fraction as template. PCR was carried out by heating the
mixture to 95 °C for 5 min followed by 11 cycles of denaturation, annealing and
extension for 30 s at 95 °C, 53 °C for 30 s and 72 °C for 20 s, respectively. Control PCR
without any added DNA was also performed. The presence of DNA following PCR was
confirmed by electrophoresis on a 2% agarose gel followed by staining with ethidium

bromide.

The PCR amplified product was conjugated to streptavidin coated agarose beads,
washed with binding buffer and then melted by treatment with 200pl 0.15M NaOH. The
single stranded DNA was then concentrated using QIAEX Il DNA Extraction Kit Qiagen

(German Town MA).

Cloning: A PCR amplified product was ligated to pGEM vector transformed into DHal5 E.
coli using electroporation. Colonies were grown on LB-agar medium supplemented with
ampicilin and X-Gal and IPTG. Transformed colonies were selected and sequenced at the
University of California, Riverside Genomics Institute, Riverside, CA. The dissociation
constants (Kd) for selected clones was determined by Affinity Capillary Electrophoresis
(ACE) performed under the same conditions as CE-SELEX. In the ACE process the
aptamers were initially labeled with a 6-carboxyfluorescein and incubated with

increasing concentration of PA Toxin. The peak heights of the unbound DNA was used to

13



calculate the Kd values. Nonlinear least-squares regression analysis was performed to

determine the Kd using GraphPad Prism 4 (GraphPad Software, San Diego, CA USA).

Biosensor Fabrication:

Solubilizing SWNTs and alignment:

Carboxylated-SWNTs (SWNT-COOH 80-90% purity) (Carbon Solution, Inc. Riverside, CA,
USA) were dispersed (1 pg/mL) in dimethyl formamide (DMF, Sigma Aldrich, MO, USA)
using ultrasonic force for 60 min followed by centrifugation (10,000 RPM) to remove
unsolublized SWNTs. These processes were repeated three times with decreasing time
90, 60, and 30 min to prepare soluble SWNTs. The suspended SWNTs were aligned in
the 3 micron spaced microfabricated gold electrodes by AC dielectrophoresis (DEP). In
brief the procedure involves addition of 0.1 pl drop of SWNTs and applying AC voltage at
a frequency of 4MHz (amplitude 0.366 V p-p) across the electrodes. The aligned SWNTs
are then annealed at 300 °C for 60 minutes under reducing atmosphere (5% H, + 95%
N,) to minimize the contact resistance between the CNT network and the gold
electrodes and to remove any DMF residues. The number of SWNTs bridging the
electrode gap was controlled by adjusting the concentration of the SWNTs in the DMF

solution and the droplet size.

Aptamer functionalization of SWNTs: The SWNTs are noncovalently modified using 6

mM 1-pyrenebutanoic acid, succinimidyl ester by technique developed by Chen et

14



al.[22] In brief, the process involved incubating the sensor (with annealed SWNTSs) with
6 mM 1-pyrenebutanoic acid, succinimidyl ester in DMF for one hour followed by
thorough washing with DMF to remove excess chemical. The sensor was then rinsed
with phosphate buffer (10 mM) and nanopure water. The apt 11(PA toxin aptamer) was
attached onto the SWNTs by incubating with 5uM aptamer solution in 10 mM
phosphate buffer overnight at 25°C, followed by treatment with 0.1 mM ethanolamine
to block excessive reactive groups for 30 min [35], and finally by incubation with 0.1 %

Tween 20 to prevent non-specific binding.

Sensing measurement: The devices were incubated with 5 ul of the sample for 1 min,
washing the device 3 times with 10 mM phosphate buffer, 1 times with nanopure water
followed by aspirating the water and measuring the |-V response in ambient air using a

Keithley Source Meter (Model 236).
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Results and Discussion

PA toxin aptamer selection: Because of the well documented central role of PA toxin,
the B component of the A-B type anthrax toxin [36], in manifestation of the disease, a
number of immunoassays/sensors utilizing the high affinity antibodies single chain
antibody fragments and affinity peptide against PA toxin have been developed [19],
[37-39]. However, due to antibodies potential instability from proteolysis and the need
of animal host or expensive hybridoma culture to produce, we chose to work with
aptamers that are characterized by their higher stability, easy regeneration upon
binding to an analyte, inexpensive in vitro synthesis and similar high affinity as
antibodies. Previously, an RNA aptamer against PA toxin was generated by Archemix
Corporation, Cambridge, MA, USA, under an U.S. Army Research Office contract [40].
Since DNA sequences, with and without terminal modifications, are more resistant to
nucleases than RNA sequences [41], we chose to work with DNA aptamers. Aptamer for
PA toxin was selected from a synthetic library of single stranded DNA (ssDNA) using CE-
SELEX. Based on the initially established migration pattern of the library with or without
PA toxin (data not shown), PA toxin-library complex was collected separately from the
unbound library and PCR amplified (eleven cycles). The purified ssDNA from the PCR
products was incubated with the PA toxin for the next round of SELEX. After 6 rounds of
selection, the selected library was cloned and 9 clones were selected for further analysis

and sequencing. As shown in Table 1, sequenced clones resulted in no consistent

16



homology when analyzed with ClustalW, which was consistent with published results
[42]. The dissociation constant (Kq), determined by affinity capillary electrophoresis
(ACE), ranged from 112 - 1140 nM. The K4 of 112 nM for the best aptamer (Apt1l) was
~4-fold better compared to the PA toxin RNA aptamer (400 nM) [40] and in line with

the Ky of other reported high affinity DNA aptamers.

SWNTs-based PA toxin aptasensor: The Aptll PA toxin specific aptamer generated
above was applied for development of the PA toxin nano aptasensor. Carboxylated
SWNTs were used in our experiments to get a uniform suspension of well-separated
SWNTs prior to AC dielectrophoretic alignment between microfabricated gold
electrodes. Since the first use of alternating current to position carbon nanotubes [43]
the process has been used extensively to align SWNTs across micro spaced electrodes.
The major advantage of this technique is that it provides better control in positioning
and contacting the SWNTs between metal electrodes for electronic circuits compared to
the techniques of drop-casting, spray-coating and catalytic growth at high temperatures
or self-assembly. Alignment of the SWNTs was performed at 0.3Vpp and 4 MHz
frequency for 5s as these parameters reproducibly gave a uniform distribution of well
contacted SWNTs across the electrodes as observed under SEM and an initial resistance
in the range of 20-100 KQ after annealing at 300 °C for 1 h under 5% H, and 95% N,
environment. Fig.2.1 shows the schematic of the steps involved in the functionalization
of SWNTs with aptamers. In order to preserve the aptamer activity, the immobilization

onto the SWNTs was accomplished using 1-pyrenebutanoic acid succinimidyl ester
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(PASE) [22]. PASE non-covalently attaches to the SWNTs through the highly aromatic
pyrenyl group by pi-pi bond interaction and provides a free succinimidyl ester group that
can interact with the amine group at the 5 end of the PA toxin aptamer by the
formation of an amide bond. The non-covalent modification of the SWNTs helps to
protect their electronic properties and also provides high degree of control and
specificity for immobilizing biological molecules. Immobilization of aptamers was
followed by incubation with 0.1 M ethanolamine for 30 min [35] to neutralize/passivate
excess free succinimidyl ester reactive groups and finally with 0.1% Tween20 for 30 min

to block non-specific protein adsorption (NSPA) on SWNTSs [22].

The high surface area to volume ratio and the surface carbon atoms make SWNTs
extremely sensitive to perturbations/adsorption events at the surface. This was also
evidenced in the present study as illustrated by the modulation of the current vs.
voltage (I-V) characteristics after each event (Fig. 2.2). In accordance with the literature
reports, aptamer immobilization onto the SWNTs decreased the device resistance (trace
3, Fig. 2.2) compared to the PASE-functionalized SWNTs (trace 2, Fig. 2.2) owing to the
accumulation of negative charges from the phosphate backbone of ssDNA aptamers [5],
[43]. The incubation of the aptamer-functionalized SWNTs device with 1 uM of target
analyte (PA toxin) for 1 min at room temperature dramatically increased the device
resistance (trace 4, Fig. 2.2), attributed to positive charge accumulation of the PA toxin
bound to the aptamer. The later demonstrated the potential for electrical detection of

PA toxin using a simple SWNTs-based chemiresistive aptasensor.
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Fig. 2.3 shows the relationship between the SWNTs based chemiresistive aptasensor
response [(R — Ro)/Ro, where R is the resistance after exposure to PA toxin and Rq is
resistance after exposure to buffer] and PA toxin concentration. The resistance is
calculated as the inverse of the slope of the I-V plot between -0.1 and +0.1 V (linear
range). The dissociation constant of the PA toxin aptamer calculated from the
aptasensor calibration was determined to be 225 nM. This is slightly higher than the 112
nM determined from ACE and can be explained by the fact that the aptamer is
immobilized in the case of aptasensor as opposed to in the solution phase in ACE study.
The aptasensor was highly sensitive, 0.11 per nM in the linear region, with a limit of
detection of 1 nM. Furthermore, it had a wide dynamic range spanning up to 800 nM
with a linear dynamic range up to 400 nM. The limit of detection of our aptasensor
while higher than the 16 pM reported for a sandwich ELISA, the sensing required only 1
min incubation and a single recognition molecule (aptamer) as opposed to two
recognition molecules, a capture single chain antibody and a secondary IgG, one hour
incubation each with the capture and secondary antibodies and signal amplification

through the biocatalyst horseradish peroxidase label [44].

Selectivity/specificity is a critical parameter in the acceptance/utility of a sensor. The
aptasensor had excellent selectivity as evidenced by an insignificant response to both
Human serum albumin (dominant protein in human blood) and Bovine serum albumin

(dominant protein in bovine blood) when compared to PA toxin (Fig. 2.4). Additionally,
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negative controls, i.e. SWNTs devices without PA toxin aptamer show a very small

response to PA toxin, HSA and BSA.

The potential of reusing a sensor several times either with or without a regeneration
step is highly desirable. We investigated regenerating the aptamer so that the sensor
can be used multiple times. Incubation of the aptasensor after use with 1 ul of 6 M
guanidium hydrochloride for 15 min followed by through washing with 10 mM
phosphate buffer restored its functionality for up to six repeated measurements (Fig.

2.5).

In conclusion, we synthesized ssDNA aptamers with good affinity (Kq = 112 nM) and
selectivity for PA toxin by six rounds of CE-SELEX. Combining the aptamers with SWNTs
transducer, an aptasensor for facile and rapid PA toxin detection was constructed. The 1
nM limit of detection, a wide dynamic linear range, high sensitivity and excellent
selectivity make the sensor useful for direct detection in biological samples. The
aptasensor also gives commercial advantage due to its simple fabrication scheme, small
size and reusability. The performance of the sensor can be further improved by
operating as a field-effect transistor, reducing the contamination of metallic nanotubes

in the SWNT suspension and using an aptamer with lower K.
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Legends to Table

Table 2. 1: Sequences of Clones obtained from ssDNA pool after six rounds of selection

and CLUSTAL W (1.83) multiple sequence alignment
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Legends to Figures

Figure 2. 1. Schematic illustration of aptasensor fabrication steps.

Figure 2. 2. Current versus voltage (I-V) curves of 1) unfunctionalized carboxylated
SWNTSs, 2) PASE modificated SWNTs, 3) aptamer immobilized SWNTs, and 4) after

incubation with PA toxin.

Figure 2. 3. Calibration plot of the PA toxin sensor. Data is average of 6 independent
sensors prepared at different times and error bars represent +1 standard deviation. The
inset is the magnification of sensors response at lower concentrations; r2 = 0.99 for the

line.

Figure 2. 4. Specificity of the sensor without PA toxin aptamer (dark bars) and sensors
with aptamers (striped bars) for different analytes. Analyte concentration is fixed at 100
nM and the incubation time was 1 minute. Data is the average of three independent

sensors prepared at different times and error bars represent +1 standard deviation.

Figure 2. 5. Regeneration of the aptasensor upon treatment with 6M Guanidium
chloride. Data is the average of 6 independent sensors prepared at different times and

error bars represent +1 standard deviation.
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Figure 2. 2
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Figure 2. 3
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Figure 2. 4
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Figure 2.5
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Chapter 3:

Single-Walled Carbon Nanotubes-Based Chemiresistive Affinity Biosensors for Small
Molecules: Ultrasensitive Glucose Detection
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Abstract

We report for the first time single wall carbon nanotubes (SWNTs)-based chemiresistive
affinity sensors for highly sensitive and selective detection of small and/or weak-/un-
charged molecules using displacement format. The detection of glucose, a small weakly
charged molecule, by displacement of plant lectin, Concavalin A, bound to
polysaccharide, dextran, immobilized on SWNTs, with picomolar sensitivity and
selectivity over other sugars and human serum proteins is demonstrated as a proof-of-

concept.
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Introduction

In recent years, there has been an increasing interest on use of one-dimensional (1-D)
nanostructures, such as nanowires, nanobelts and nanotubes, as transducer elements in
affinity (bio)sensors. Use of nanomaterials provide high sensitivity with low limit of
detection and in conjunction with molecular recognition element, high selectivity, for
label-free, rapid and low-cost, multiplexed and point-of-care/field detection of various
analytes. Single-walled carbon nanotubes (SWNTs) are one such class of nanomaterials
that have been used extensively as sensing elements due to their excellent electrical
properties, ultra-high surface area to volume ratio and surface atoms which are
extremely sensitive to any surface adsorption/reaction events. SWNTs modified with
biorecognition molecules such as antibodies, aptamers or DNA have been successfully
used to detect various targets ranging from proteins [7], [22], [27], [45-47], viruses
[48], bacteria [49], yeast [50], DNA/RNA [51-53] and even mammalian cancer cells
[54]. Majority of these SWNT-based biosensors are affinity sensors wherein the binding
of the analyte, generally a large charged antigen, to the bioreceptor immobilized on the

surface of SWNTSs leads to change in conductance of SWNTs channel.

Small, charged or uncharged, molecules constitute a large group of analytes of interest
in the fields of environmental monitoring and health care. The detection of these
analytes using SWNTs-based chemiresistive/field-effect transistor sensors using the

traditional modes of affinity-based sensing might be ineffective as their binding to the
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recognition molecule might not generate measurable change in conductance/resistance.
Nanobiosensors that can detect and quantify such small molecules with high sensitivity
and selectivity are therefore in urgent need. In an effort to achieve these objectives, we
have for the first time employed the displacement immuno-assay/sensor format [55-60]
on a SWNTs-based chemiresistive platform and demonstrated its effectiveness. In the
displacement mode of operation, the SWNTs are initially functionalized with an analog
of the target analyte having lower binding affinity to the biological recognition molecule
than the actual analyte followed by binding to the biological recognition element such
as antibody. Upon addition of the sample analyte to the device it competes with the
analog for the bioreceptor and displaces it off the SWNTs channel leading to a change in

the sensor conductance.
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Materials and Methods

Materials:

Single wall carbon nanotubes (P3-SWNTs) were purchased from Carbon Solutions Inc
(Riverside,

CA, USA). Dimethyl formamide (DMF), Tween 20, dextran (MW 70,000), 1,2—epoxy-3-
phenoxypropane, Concanavalin A (ConA), glucose and human plasma were obtained
from Sigma Aldrich (St. Loius, MO, USA). Phenoxy dextran (DexP) was synthesized using
previously reported protocol [23]. In brief, 4 g of dextran was dissolved in 32 mL 1 N
NaOH at 400C under constant stirring. After 24 h the product was flocculated with
ethanol and collected by vacuum filtration. The flocculated product is then dissolved in
nanopure water and dialyzed against the same for 24 h to remove any impurities. The
purified product after measuring the absorbance at 269 nm to determine phenoxy

content is then lyophilized.

SWNT suspension

A uniform suspension of SWNTs in DMF (10 pg/ml) was prepared by subjecting the
mixture to

repeated cycles of sonication (power level 9) and centrifugation (10,000) with
decreasing time

for each cycle (90, 60, 30 min).
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Instrumentation:

The conductivity/resistance was measured at room temperature and in ambient air
from the |-V

plots obtained using a semiconductor parameter analyzer (HP 4155A Hewlett Packard).
The VWR sonicator at the highest power level and Beckman centrifuge were used for
SWNTs suspension preparation. Wavetek function generator was the AC voltage source

for SWNT alignment.
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Results and Discussion

Figure 3.1 shows the schematic of the displacement-based chemiresistive affinity
(bio)sensor. The principle behind the displacement mode based sensors is similar to the
competitive mode of immunoassay. The well-characterized glucose-Concavalin A-
dextran system [61-63] was evaluated as a model system to demonstrate displacement
based chemiresistive mode of sensing. Concanvalin A (ConA), a plant lectin that binds
non-covalently to some carbohydrates, is a metalloprotein with four carbohydrate
binding pockets and can exist as a dimeric form at low pH or tetrameric form at neutral
pH9. Polysaccharide dextran and monosaccharide glucose are among the carbohydrates
that reversibly bind to ConA, with glucose displaying higher binding affinity which means
that upon introduction of glucose to ConA-dextran complex, glucose displaces dextran
from ConA (Figure 3.1). The binding of the ConA to carbohydrates results in changes to
its conformation and alters its isoelectric point to far from neutral pH leading to
accumulation of positive charge [64]. On the other hand, both glucose and dextran are
electrically neutral over a wide pH range in free form as well as in the bound state to
ConA. Thus, using this system in the chemiresistive configuration it’s the binding and
removal of ConA from the SWNTs that will result in conductance change due to its
positive charge.

The process starts with preparation of AC dielectrophoretically aligned SWNT across a

pair of 3 um spaced microfabricated gold electrodes. In brief, the procedure involved
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addition of 0.1 ul drop of SWNTs suspended in dimethyl formamide and applying AC
voltage at a frequency of 4 MHz (amplitude 0.3 V peak to peak) across the electrodes.
The aligned SWNTs were then annealed in place by heating at 3000C for an hour under
inert environment maintained by continuously flowing nitrogen gas containing 5%
hydrogen. This was followed by modification with dextran by overnight incubation at
room temperature with 1 wt % phenoxy dextran (DexP) in water, incubation with 0.1%
Tween20 to block any naked/bare sites on SWNTs to prevent any non-specific
adsorption and finally with 14 uM ConA solution prepared in 10 mM phosphate buffer
supplemented with 0.5 mM CaCl2 and 0.1 mM MnCI2 (PB) for 2 h at room temperature.
ConA being a metaloprotein requires transition metal ions, manganese and calcium, for
its binding [65]. Because dextran cannot bind to the SWNTs by itself, hydrophobic
dextran derivative, phenoxy dextran (DexP), was synthesized to noncovalently modify
the SWNTSs [23]. The fabrication and sensing processes were monitored by recording the
current-voltage (I-V) characteristics between +1V to -1V of the device after each step
using a semiconductor parameter analyzer. As shown in Figure 3.2, the current at the
same corresponding voltage of the SWNT device decreased upon incubation with both
dextran and ConA. The first decrease is a consequence of the modification of SWNTs
with the DexP molecules by means of pi-pi stacking interactions between SWNTs and
phenoxy groups and the latter is attributed to accumulation of the positive charge on
the ConA molecules and/or a scattering potential effect resulting from its binding to

dextran [66—-68].
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To examine the displacement principle of detection and functionality of the biosensor
for glucose, the biosensor was incubated with 1 nM glucose in PB for 1 min, washed
three times with PB followed by once with deionized water and the |-V was recorded.
As shown in Figure 3.2, the conductance of the device reverted to the original value of
dextran-modified SWNTs, confirming the displacement sensing modality for the weakly
charged and small size glucose. Specificity of the biosensor was also evaluated by
measuring the response of DexP and Tween20 blocked SWNTs without conjugated ConA
for glucose, Mg2+, and Ca2+. As shown in Figure 3.3 the sensors conductance remained
unaffected when incubated with 1 nM of glucose, 0.1 mM MnCI2 and 0.5 mM CacCl2 in
10 mM phosphate buffer, confirming the sensor response a result of highly specific
competition between dextran and glucose for ConA binding sites. Figure 3.4 A shows
normalized response [(R — R0)/R0O, where R is the resistance after exposure to glucose
and RO is resistance after exposure to buffer determined from the inverse of the slope
of the |-V curve from +0.1 V to -0.1 V] of the biosensor as a function of analyte
concentration in buffer. The response was linear in the range of 1 pM to 1 nM and
0.039 per pM glucose (slope of the calibration plot) sensitivity. This lower detection
limit is superior than the 50 nM and 3.7 mM reported for ConA-cyclodextrin/dextran
solution based assays using fluorescence resonance energy transfer between CdTe
guantum dot and gold nanoparticle [69] and infrared absorbance of carbon nanotubes
deaggregation [23], respectively, and is attributed to the high sensitivity of

chemiresistive/FET mode of transduction.
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The biosensor selectivity was evaluated against sugars, sucrose and galactose. As
illustrated in Figure 3.5, a two-fold higher concentration (2 nM) of sucrose, a
disaccharide of glucose and fructose, was required to return the device resistance to the
original value. On the other hand, there was no decrease in the device resistance when
incubated with 1 nM monosaccharide galactose. However, when the same sensor was
treated with 1 nM glucose, ConA was completely displaced from the sensor surface,
confirming the sensor functionality. These selectivity results are in agreement with the
literature [61] that ConA has lower affinity to sucrose in comparison with glucose and no
affinity for galactose. Mechanism of operation of sensor although well proven, these
sugar specificity tests further augment this fact. Furthermore, a nearly identical
sensitivity when analyzing glucose spiked in human plasma (Figure 3.4B) demonstrated
no interference from plasma components, i.e. no matrix effect, and potential
application of the sensor for blood glucose measurement.

To conclude, we have built a SWNTs-based sensor displaying novelty in two aspects:
first, the adaptation of the displacement mode of biosensing with chemiresistive sensor
for detection of small molecules which otherwise are difficult to detect by
chemiresistive/FET transduction principle and second, an enzyme-free chemiresistive
glucose sensor with sensitivity in the picomolar range and exquisite selectivity. The
ability to detect such low glucose concentration the reported sensor would find
potential applications in monitoring glucose in unconventional body fluids such as

interstitial fluid extracted by iontophoresis, tears, saliva and urine and intracellular
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concentration at single cell level in metabolomic studies [10], [11], [70-73] While the
displacement detection principle was demonstrated for glucose, it can also be applied to
large weakly or uncharged molecules. Furthermore, the biosensor sensitivity can be

amplified by augmenting the charge of the displacing moiety.
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Legends to Figures

Figure 3. 1. Schematic of displacement-based chemiresistive biosensor.

Figure 3. 2. I-V characteristics of the biosensor at various stages of fabrication and upon

addition of glucose.

Figure 3. 3. Response of SWNTs modified with DexP and Tween20 minus the ConAto 1

nM glucose, 0.1 mM MnCI2 and 0.5 mM CaCl2 prepared in 10 mM phosphate buffer.

Figure 3. 4. Biosensor calibration for glucose in 10mM phosphate buffer (A) and in
human plasma (B). Data points are average of four independent sensors (for each
investigation) prepared at different times and error bars represent +1 standard
deviation. Regression coefficient for the buffer sample is 0.97 and for spiked plasma

sample is 0.98.

Figure 3. 5. Biosensor selectivity for various sugars (1 nM in 10mM phosphate buffer).
Data points are average of 3 independent sensors prepared at different times and error

bars represent +1 standard deviation.
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Figure 3.1
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Figure 3. 2
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Figure 3.3
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Figure 3. 4
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Figure 3.5
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Chapter 4:

Quantitative Assessment of in Vivo HIV Protease Activity Using Genetically
Engineered QD-Based FRET Probes
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Abstract

HIV protease plays a central role in its life cycle leading to release of functional viral
particles. It has been successfully used as a therapeutic target to block HIV infection.
Several protease inhibitors (Pls) are currently being employed as a part of anti-HIV
therapy. However genetic drift in the virus due to constantly accumulating mutations
including the protease leads to resistance and failure of therapy. We have developed
guantum dot (Qdot)-based fluorescence resonance energy transfer (FRET) probes
sensitive to HIV protease. These FRET probes consist of known HIV protease cleavage
site sequences, Qdot as the fluorescence donor and alexa as the acceptor moiety. We
have built in vivo assays by delivering this probe inside the cells for detecting HIV
protease activity. Quantitative assessment of the HIV protease activity toward different
cleavage sites in vivo has been recorded and can be used to gain insight into the
protease, substrate and inhibitor interactions. Apart from assessing the wild type HIV
protease activity against the wild type cleavage sites, we have been able to mimic the
drug resistance causing mutations in protease as well as the cleavage sites. The changed
IC50 values for the Pls recorded from this assay are similar to that observed in patients,
validating our assay to be a better system for Pl screening in future than the in vitro

assays.
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Introduction

Human Immunodeficiency Virus (HIV) is the causative agent of acquired immuno
deficiency syndrome (AIDS). It belongs to the retroviridae family containing two identical
copies of positive sense RNA genome enclosed in a protein cage. The HIV virology has
been a topic of great interest for a long time and significant information regarding the
various aspects of its life cycle through host cells has been acquired. This crucial
information helps in developing targeted therapies to block the infection and also in

development of sensitive and reliable diagnostic tools.

HIV life cycle is illustrated in figure 4.1. It starts with binding of the virus protein (gp120
and gp41 complex) to the CD4 receptor found on host T-cells, responsible for immune
response in the body. Upon binding and interaction with specific co-receptor, the viral
membrane and the host cell membrane fuse, releasing the capsid into the host
cytoplasm (A). The viral capsid uncoats releasing the RNA (B). A double stranded DNA
copy of the viral RNA(proviral DNA) is made with the help of viral reverse transcriptase
and is transported into the nucleus to be integrated into the host genome by viral
integrase enzyme (C and D). Upon cell activation messenger RNA (mRNA) of the proviral
DNA occurs and is transported out into the cytoplasm for translation (E). The mRNA is
translated into two long polyprotein fragments called the gag and gag-pol polyproteins

(F). A protease enzyme, part of the gag-pol polyprotein auto-catalytically releases itself
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and further processes the rest of the polyprotein in an ordered fashion releasing all the
individual viral proteins (G). These proteins assemble along with the two copies of RNA
into a mature HIV virion and released out of the cells (H) through budding. The HIV life
cycle provides it with a significant advantage for survival at several stages: Firstly it
attacks the T-cells central to the host immune response[74], secondly the HIV reverse
transcriptase enzyme lacks proof reading activity and incorporates several mutations
leading to development of resistance in the virus against the current drug
therapy[75][76] and lastly by integrating the proviral DNA into host they become a part
of host and can remain latent for several years before being activated by yet to be

determined stimulus[77].

HIV protease plays a central role in formation infectious viral particles. It belongs to the
family of aspartic proteases and is a homodimer of subunit made of 99 amino acids[78].
Due to the important role of HIV protease in its life cycle and its structural
understanding has made it a great target for anti-HIV therapy. Currently there are nine
different protease inhibitors(Pls) currently approved for patient treatment: saquinavir
(SQV), ritonavir (RTV), indinavir (IDV), nelfinavir (NFV), amprenavir (APV), lopinavir
(LPV), atazanavir (ATV), tripranavir (TPV) and darunavir (DRV). These inhibitors mimic
the natural substrate for the HIV protease and have shown to be very effective in
blocking its function mostly by binding to the active site [79-85] and in certain cases

preventing the dimerization[80].
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However owing the Pl pressure, drug resistance HIV variants emerge due to the multiple
mutations in the protease, leading to treatment failure. These mutations also cause
severe cross resistance to other Pls which may not be a part of the anti-HIV therapy of a
patient. Development of PI resistance starts with specific mutations at residues involved
in inhibitor binding, called the primary mutations[81]. These mutations affect the HIV
replication ability as well due to change in the substrate binding environment. In order
to compensate for the reduced viral fitness secondary mutations develop both in the
protease as well as protease substrate sequences of gag and gag-pol
polyproteins[82][83]. There have been reports claiming certain mutations in gag
polyprotein at the site NC-p1 can lead to resistance even in absence of corresponding
protease mutations. NC-p1 is a gag cleavage site, hydrolyzed the slowest by HIV
protease making it a rate limiting step and making it an attractive target for

accumulations of mutations to compensate for loss in viral fitness[84].

Several assays have been developed for identification of new inhibitors against HIV
protease and majority of these are in vitro assays based on purified enzyme and
generalized peptidic substrates. Cell based assays or in vivo assays are an alternative to
in vitro assays and confer several advantages. They utilize cell based environment with
enzyme in natural confirmation and also the substrate mimicking specifically the natural
cleavage sites for the protease. These Pl screening assays apart can be very well applied
for diagnostic applications. They also will provide preliminary information with regard to

toxicity of the compounds identified [85].
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Our lab has constructed a protein module for in vivo monitoring of HIV protease activity
based on fluorescence resonance energy transfer (FRET)[86]. The probe design is
illustrated in Figure 4.2. The N terminus contains a HIS-tag that can be used to conjugate
to a quantum dot (Qdot) surface through metal affinity interactions. Qdots are
luminescent and act as a FRET donor. The HIV protease substrate sequence is derived
from the original cleavage site sequence of gag and gag-pol polyproteins. Elastin like
polypeptide (ELP) module helps in temperature based purification of the probe. ELP
displays temperature phase transition properties. It is completely soluble at a
temperature lower than the transition temperature and aggregated at the temperature
above it. The transition temperature of ELP can be modulated by addition of salt into
the ELP solution. It has also been shown that the higher ELP concentration leads to
better purification. By fusing the protein of our interest to the ELP, temperature can be
altered to above the transition temperature [87]. This leads to aggregation and falling
out of ELP fusion protein alone and can be collected by centrifugation. The tat module
helps in delivering the probe in vivo [88][89]. A unique cysteine residue is incorporated
between the cleavage sequence and the ELP domain for unique conjugation of alexa
fluorescent dye through thiol malemide reaction. This alexa dye acts as fluorescence
acceptor. Upon excitation of Qdot, due to the spectral overlap and close proximity to
alexa dye, energy is transferred and alexa dye is excited. The fluorescence emission
collected would be from Alexa rather than Qdot. In the presence of protease the probe

is cleaved and the Qdot and Alexa are separated to distance wherein energy transfer
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cannot happen and thus the emission collected would be from Qdot. Successful
detection of HIV protease activity in vivo has been demonstrated and quantitative

assessment of inhibitor activity has been shown.

Numerous studies report the kinetic parameters for HIV protease in vitro using a
random hydrolysable substrate [90] or MACA substrate sequence. These kinetic
parameters along with the structural information have led to a better understanding of
substrate hydrolysis and Pl mode of action. A number of these in vitro assays have been
utilized for screening of new inhibitors, however most of the candidate molecules failed
in early clinical trials indicating the lack of discretion in these assays. Thus in vivo/cell
based assays which are a closer mimic of the natural environment encountered by HIV
protease make a better system for identifying new Pls. These assays can provide
preliminary information regarding permeability and toxicity of the Pl candidates. A
number of cell based assay systems are reported but our assay system with the FRET
probe provides a number of advantages over them [91-94]. Our assay does not require
any transgenic lines expressing reporter protein sensitive to HIV protease, HIV substrate
sequence employed in our probe mimics the natural polyprotein cleavage sequence and
can be easily replaced with a new cleavage site. Our assay can provide assessment of
HIV protease activity in vivo for multiple substrates including mutant cleavage sites,
information regarding which is lacking. We can further introduce drug resistance
mutations identified in patients into the protease and gain a better understanding of the

Pl therapy failure and cross resistance pattern. The flexibility of our assay can be utilized
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to establish a high throughput screen (HTS) for identifying newer Pls for the wild type as

well as mutated forms of the virus.
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Materials and Methods

Materials:

TOPO capped Qdot® 545 ITK™ Organic Quantum Dots (Qdot 545), Alexa Fluor® 568 C5
maleimide (Alexa 568) and Tris-(2-carboxyethyl) phosphine (TCEP) were purchased from
Life technologies. Di hydro Lipoic acid (DHLA) was purchased from Sigma Aldrich. Hela
cells were obtained from American Type Culture Collection. Autoclavable minimum
essential medium was from Irvine Scientific. Cell culture grade NaHCO3, Hepes,
nonessential amino acids, penicillin and streptomycin L-glutamine was purchased from
HyClone, Thermo Scientific. Fetal Bovine serum (FBS) was purchased from Sigma Aldrich.
Restriction enzyme, Ligase and Polymerase enzymes were obtained from New England

Biolabs (NEB).

Design of Constructs:

The pET14b expression vector for His6-MA/CA-Cys-ELP105K-TAT (H-MA/CA- ET) was
obtained from Payal Biswas et.al., [86]. To make the other cleavage site variants an
artificial gene carrying hexa-histidines and the NC-p1 wild type peptide with cysteine
was ordered from Integrated DNA Technologies (IDT) with sequences CAT GGG CCA TCA
CCA TCA CCA TCA CAC CGA ACG CCA GGC GAA CTT TCT GGG CAA AAT TTG GCC GTG CCA
and TAT GGC ACG GCC AAATTT TGC CCA GAA AGT TCG CCT GGC GTT CGG TGT GAT GGT

GAT GGT GAT GGC C . The two oligos are mixed at equimolar concentrations and
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annealed together by heating to 95° C for 5 min and cooling gradually. The MA-CA
fragment is removed by digesting pET-H-MA/CA-ET with Ndel and Ncol and the new
oligo also digested by Ndel and Nco1l is ligated overnight to get pET-H-NC/p1 WT-ET.
Similar procedure was followed to obtain the mutant cleavage site variant using oligos
CAT GGG CCA TCA CCATCA CCA TCA CAC CGA ACG CCA GGT GAA CTT TCT GGG CAA AAT
TTG GCC GTG CCA and TAT GGC ACG GCC AAATTT TGC CCA GAA AGT TCA CCT GGC GTT

CGG TGT GAT GGT GAT GGT GAT GGC C. The plasmid is called pET-H-NC/p1 M2-ET.

Expression and purification of peptides

The expression cell line, E.coli BL-21(DE3) (Novagen, Madison, WI) were transformed
with plasmids pET-H-MA/CA-ET, pET-H-NC/p1 WT-ET and pET-H-NC/p1 M2-ET. All the
three cell lines were grown in terrific broth media containing 100 pg/ml ampicillin at
37°C until an optical density (0.D) of 0.5 was reached and then they were transferred to
30° C shaker incubator at 280 RPM. The cells were harvested at the end of 12 hrs by
centrifugation and the pellet resuspended in 50mM Tris/HCl (pH 8.0) with 0.1M NaCl
and 1 mg/ml of lysozyme. The cells were lysed by sonication (Thermo scientific) and the
cell debris was removed by centrifugation at 16,000 g for 30 min. The purification of
proteins from the clarified supernatant involves addition of NaCl to a final concentration
of 2N and warming up the solution in 37° C water bath. The solution becomes cloudy
due to ELP aggregation and was collected by centrifugation at 30° C and 16000 g. The

ELP protein containing pellet was resolubilized in the sonication buffer and centrifuged
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at 4° C for 30 min at 16000g to remove any contaminating proteins. The peptides in the
supernatant are again precipitated by adding NaCl to a final concentration of 2N and
centrifugation. The peptide pellets were stored at -20° C and resuspended in 50mM
Tris/HCI (pH 8.0) with 0.1M NaCl [95]. The purity of the protein was confirmed through
SDS-PAGE gel electrophoresis and concentration determined through absorption at 215

nm (Inverse extinction coefficient 280).
Fluorescent dye conjugation:

The labeling of the proteins was carried out as per the vendor instructions. Purified
proteins were resuspended in 50mM potassium phosphate buffer (pH 7) at a final
concentration of 200 uM along with 10-fold excess TCEP in a final volume of 1000 ul.
The solution was incubated at room temperature on a rotator for 6 h and 10- fold excess
Alexa 568 maleimide was added followed by incubation at room temperature for two
hours on a rotator. The solution was then transferred to a 4° C refrigerated rotator and
incubated for 16 h. At the end of incubation period the unreacted dyes were removed
by two or three thermal precipitation cycles similar as described above. The degree of

labeling was estimated by

A, y Mol Wt of the protein  Moles of dye

E mg protein/mlL "~ Moles of protein

Where A, is the absorbance value of the dye at 568 nm and E is the molar extinction

coefficient of 92000 cm™ M.
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Qdot conjugation of Alexa labeled peptide:

The conjugation of QDs to fluorophore-labeled protein module to complete the FRET
pair was adapted from Clapp et al., 2006 [96]. The TOPO-capped CdSe/ZnS QD 545
obtained in decane are initially flocculated and resuspended in toluene as per
manufacturer’s instructions followed by water solubilization by exchanging the TOPO
cap with DHLA. 300 nM of DHLA-capped QDs were mixed with required molar ration of
Alexa labeled proteins, resuspended in 10mM HEPES buffer (pH 8.2) and incubated at
room temperature on a rotator for 12 h. The conjugation confirmation is obtained by
measuring the FRET efficiency using a fluorometer by exciting at 430 nm and recording

the spectrum from 500 nm to 700 nm.

Cell culture:

Hela cells were cultured in T-50 flasks. 1X minimum essential medium containing 1% of
7.5% NaHCO3, 2% of 1 M Hepes, 1% of nonessential amino acids, 100 ug/mL of penicillin
and 100 U/mL of streptomycin, 1% of 200 mM L-glutamine in 0.85% NaCl, and 10% of

FBS was used as the growth medium and cells were cultured at 37°C and 5% CO2.

Intracellular probe delivery, transfection and Pl application

HIV infection and production of the HIV protease is achieved through a plasmid system
(pNL4-3.HSA.R-E-) with sequence of wild type HIV-1 strain (HXB2). Upon transfection of

mammalian cells with this plasmid all functional components of the virus are expressed.
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However due to two mutations in the env and vpr gene, they do assemble to complete
viral particles and are not released into the medium [97][98]. Hela cells were seeded
into 96 well clear bottom black wall side plates and grown to 80 % confluency at 37°C
and 5% CO2. The spent media was aspirated and Qdot conjugated protein diluted to 150
nM Qdot concentration in 1x Leibovitz L-15 medium was added to the wells. The plate
was incubated for 2 hr at 37° C in dark. The probe solution was aspirated and cells were
washed twice with PBS. At the same time the proviral plasmid pNL4-3.HSA.R-E- was
diluted to opti-MEM media. Similarly Lipofectmine™ 2000 was diluted in opti-MEM to
concentrations reported by the manufacturer. The lipofectamine and plasmid were
mixed together and added to each well to a final concentration of 100 ng plasmid. The
cells were incubated at 37° C for 6 h following which the transfection media was
replaced by growth media. In case of inhibitor experiments, the cells after Qdot
conjugated probe delivery were incubated with growth media containing respective
concentrations of Pls for four hours following which transfection was carried out. After
transfection the replaced growth media also contained Pls are required concentration.
The percentage inhibition efficiency was calculated from the quantified FRET/Qdot

values for three random regions according to the formula

(FRETleOt)inhibitor - (FRETleOt)No inhibitor
(FRETleOt)control - (FRETlodOt)No inhibitor

% Inhibition ef ficiency =
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Site directed mutagenesis

The protease region (PR) of the pNL4-3.HSA.R-E- was amplified by using primers: PR-
EcoRI/Sphl Forward: 5" AGTGAATTCGCATGCAGGGCCTATTGCACC 3’ and PR-Xba1/Agel

Reverse:

5" TCTAGACCGGTTCTTTTAGAATCTCCC 3’. The amplified product was digested with
EcoR1 and Xbal and cloned into corresponding restriction sites of pBlueScript —SK+
(Stratagene, La Jolla, CA) and the plasmid called pBSk-PR. The protease mutations
identified were introduced into pBSK-PR using the Quickchange Site-Directed
Mutagenesis Kit (Stratagene) using the manufacturer’s instructions. Primers for
mutagenesis were ordered from Integrated DNA Technologies (IDT). The primers for
introducing mutation at 82" location of the PR (V82A) are: V82A Forward: 5'-
tattagtaggacctacacctgccaacataattggaagaaatctg-3' and V82A Reverse 5'-
cagtattagtaggacctacacctgtcaacataattggaagaaatctgttg -3'. The primers for introducing
mutation at the 90" location of PR (L90OM) are: L9OM Forward 5'-
cataattggaagaaatctgatgactcagattggctgcac-3' and L9OM Reverse 5’-
caacataattggaagaaatctgttgactcagattggctgeacttt-3’. After the PCR based mutation
introduction and cloning the palsmids containing mutated protease — pBSK-PR-V82A and
pBSK-PR-L90M are isolated and digested with Sph 1 and Age 1 and ligated back into the

pNL4-3.HSA.R-E- digested with the same enzymes. The mutations were confirmed by
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sequencing and large scale DNA preparation of the mutants: pNL4-3 —V82A and pNL4-3

—L90M was performed using Qiagen maxi prep kit.

Fluorescence Microscopy and image processing

Cell imaging was performed on a Axio observer z1 motorized inverted research
microscope. The objective used was LD Plan-Neofluar 20x/0.4Ph2CorrWD=8.4M27 from
Ziess. Fluorescent probes were detected by using two different filter sets; QD filter
consisting of a D436-nm exciter, a D535/50-nm emitter, and a 475 nm-dichroic long pass
beam splitter (Chroma Technology) and FRET filter consisting of ET450/50x, ET595/40m
and T495LPXR, 25mm diameter excitation and emission filters, 25.5x36mm dichroic.
Images were acquired by using Axio —vision software from Ziess and fluorescence
images were analyzed by using Image-Pro PLUS analysis software (Media Cybernetics).
Quantification was done by estimating the mean intensity of Qdot image and FRET

image, for three random fields in each well using Image-Pro PLUS analysis software.

In vivo probe concentration estimation

The Hela cells were delivered with Qdot conjugated probes at varying peptide to Qdot
ratios and the quantification of the images performed as described above. Based on the
amount of protein delivered in the form of conjugate per well, the approximate number
of cells per well and the average volume of Hela cells at their confluency stage, the in
vivo probe concentration was calculated and correlated to the quantified FRET image

intensity to Qdot image intensity(FRET/Qdot). Thus obtained calibration was used for
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further experiments to calculate the in vivo concentration of intact probe from the
FRET/Qdot numbers. The exposure time for the fluorescence images was maintained

constant for a particular probe and between calibration and actual experiments.
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Results and Discussion

FRET characterization

The MACA-Alexa labeled protein was incubated at different molar concentrations was
conjugated with fixed concentration of Qdot 545. The ratio of MACA-Alexa to Qdot is
represented by n. Figure 4.3. shows the fluorescent spectra at different values of n and
clearly demonstrates the FRET occurrence with increasing n. The saturation of the Qdot
surface was confirmed by running the conjugate samples on a SDS-PAGE and the

saturation ratio was determined to be 40.

Fluorescence resonance energy transfer is a result of nonradioactive energy transfer
between the donor and acceptor in close proximity. The efficiency of the energy
transfer(E) is dependent on the center to center distance between the donor and the
acceptor (r)and requires a nonzero integral value(l) for donor emission and acceptor
absorption spectral overlap [99]. The Forster distance, which is the center to center
distance where in the energy transfer efficiency is 50%, was calculated based on

previously published theory according to equation 1 [100].

9000(In(10)k,Qp
0™ Ny128 w4t

Where k, depends on orientation of donor and acceptor dipoles and kp2 is 2/3 for
randomly oriented dipoles, N, is the Avogadro’s number, npis the refractive index of the

medium and Qp stands for quantum yield. The overlap integral, | depends on the
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normalized donor emission spectra (PLp) over wavelength A and acceptor absorption
spectrum (Ea) (Equation 2)

I = f0°° PLy(A) X A* XE4 (A) v 2
The FRET efficiency E, is determined based on equation 3 from experimental data

Where Fpp is the integrated fluorescence intensity of the donor in presence of
acceptors and Fp is of the donor alone. The actual separation distance, r between Qdot

545 and Alexa 568 was calculated according to equation 4,

The calculated Forster distance for our system is 52.4 A and the separation distance is

57.9+8.7 A (Figure 4.4).
In vivo probing of HIV protease activity

The Qdot-MACA Alexa conjugate at Alexa to Qdot ratio of 40 was delivered into the cells
by incubating for 2h. The cells were then washed and transfected with the HIV proviral
plasmid pNL4-3.HSA.R-E- for 6h. The fluorescence changes in the control wells (no
transfection) and the transfected wells were captured temporally under the microscope
(Figure 4.5). The fluorescence captured from control wells was at the alexa emission

(red) and indicated the integrity of the probe delivered. However the fluorescence in the
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transfected wells gradually shifts from the Alexa emission (red) to Qdot emission (green)
indicating the probe hydrolysis by HIV protease. The fluorescence images were merged
with bright filed images and the site of probe hydrolysis was confirmed to be inside the
cells. In order to verify the specificity of this system, a nonspecific probe (West Nile
Virus protease cleavage substrate — Qdot-WNV-Alexa) synthesized, labeled and
conjugated in the similar fashion of MACA probe, was delivered and the fluorescence
changes monitored. As shown in figure 4.6, the Qdot-WNV-Alexa control and
transfected wells did not show any fluorescent changes even at 18h post transfection as

opposed to Qdot-MACA-Alexa delivered wells.

Since the fluorescence (FRET/Qdot) changes over time indicate HIV protease activity, by
expressing the FRET/Qdot changes in terms of intact probe concentration inside the
cells, probe hydrolysis rate can be estimated. In order to do so we delivered conjugates
with varying number of MACA-Alexa per Qdot (n) and quantified FRET/Qdot for each n
(Figure 4.7 A). Using the probe concentration delivered, the number of cells per well and
the average volume of Hela cell at confluency, we converted the FRET/Qdot ratios to
intact probe concentration in vivo (Figure 4.7 B). Figure 4.8 A is the quantified
FRET/Qdot changes over time for MACA probe and figure 4.8 B is the intact MACA probe
concentration at different time post transfection, the slope of which is the rate of MACA
probe hydrolysis by HIV protease. The estimated initial probe concentration in vivo (38

mM) is in excess of reported affinity constant (K.,) for any of the natural substrates of
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HIV protease [101][102][103]. Hence the rate we captured in our assay would be
indicative of the maximum hydrolysis rate for MACA probe (Vmax 284 nM s) according
to Michaels- Menten kinetics [104]. Also Vmax is a product of total enzyme concentration
(Et) and turn over number (K.t). In accordance to our theory of capturing Vyax Which is
directly proportional to K¢, our assay should be discriminatory of differences in Kt
values for different HIV protease substrate, if the assays performed under identical
conditions (same Et). We built a probe mimicking the NC-p1 cleavage site of the gag
polyprotein as substrate sequence, labeled it with alexa and conjugated to Qdot (Qdot-
NCp1l-alexa). The NC-p1 substrate has a significantly lower K.;; compared to the MA-CA
substrate [105][106]. A correlation plot of FRET/Qdot numbers with intact probe
concentration for the new probe was estimated similar to the Qdot-MACA-Alexa probe.
The Qdot-NCpl —Alexa probe was delivered into Hela cells and the fluorescence
changes captured over time (Figure 4.9 A). The corresponding plot of changing intact
probe concentration with time is shown in Figure 4.9 B. The slope, Vi for Qdot-NCp1l
WT-Alexa hydrolysis as estimated from the curve was 22 nM s, =13 fold lower than the
Qdot-MACA-Alexa substrate. This difference estimated is comparable to the reported
differences and the slightly faster processing of NCp1 substrate might be a result of our

probe design and assay format.

The cleavage of NC-p1l site by the HIV protease has appeared to be rate limiting step

[107] with the lowest specificity constants(K..t/Km) among all the cleavage sites [105].
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This site has been identified in both in vivo and in vitro system to be one of the favored
sites to mutate, along with protease mutations [108][39][40]. These mutations have
been associated with Pl resistance, alone and along with the protease mutations[84].
It’s shown that the mutation at this site act as compensate for loss of viral fitness by
increased catalytic efficiencies [105]. We identified a mutation in NC-p1 site (A431V)
that resulted in K¢ values in comparison with the wild type site (figure 4.10 A). The
probe Qdot-NCp1M2-Alexa was delivered into the Hela cells in similar fashion to the
wild type Qdot-NCpl-Alexa probe and fluorescence changes captured (figure 4.10 B).
The quantified hydrolysis rate, Vmax (22 nM s?) for this probe differed by 3.9 fold

compared to the wild type (Figure 4.10 C).

To further prove the versatility of our system we incorporated point mutations into the
protease region of the proviral vector, pNL4-3.HSA.R-E- with sequence of wild-type HIV-
1 reference stain HXB2. These mutations are known to be associated with the NC-p1
cleavage site mutation as present in Qdot-NCplM2-Alexa probe. Mutation V82A —
replacement of Valine(V) at location 82 of the protease with Alanine(A), is known to be
associated with the A431V cleavage site mutations [111]. Viruses with this combination
of mutations are known to be resistant to Pl indinavir with an average of 20 fold change
in IC50 (concentration of the Pl where virus in 50% of the population is inhibited) [112] .
Mutation L90OM - replacement of Leucine (L) at location 90 of the protease with

Methionine (M), is another commonly found mutation in drug resistant viruses. This
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mutation in combination with A431V results in increased resistance to all Pls,
remarkably so with saquinavir (average IC50 change of about 10 fold)[112]. We
introduced mutations V82A and L90M into the proviral protease region using site
directed mutagenesis (figure 4.11 A). We ensured that the plasmid with mutations is still
functional upon transfection using the Qdot-MACA-Alexa probe. The wild type (pNL4-
3.HSA.R-E-/ HXB2) and mutants (V82A and L90M) hydrolyzed the MACA substrate with
similar rates (figure 4.11 B) as this cleavage site is one of most efficiently processed
cleavage sites [105]. Upon testing the wild type and mutant versions of the protease
with the Qdot-NCp1M2 — Alexa probe, a marked difference in IC50 concentration of Pl
was identified (Figure 4.12 A and B). The IC50 values of inhibitors against the wild type

and mutants we estimated are in accordance with the literature reports [112].
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Conclusion

We have designed a modular FRET probe detecting HIV protease in vivo and
demonstrated its flexibility as a cell based screen for identifying potential inhibitors. We
have further extended this assay and report the ability to capture protease activity
against different cleavage site in vivo, knowledge of which is very limiting. By working
with combination of cleavage site mutation and corresponding protease mutation in our
assay system we captured the increased resistance to Pls. The fold change in IC50 of the
inhibitors is in accordance with the patient data. This validates the use of our assay for
future screening of inhibitors and also for resistance testing purposes for newly infected
patients. This assay can be used to isolate commonly found protease and cleavage site
mutations and affirmatively confirm their contribution to the patient resistance pattern
to a particular Pl or a combination. Although we have shown single protease mutations
and their effect, we can easily introduce multiple mutations and increase the scope of

study.
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Legends to Table

Table 4. 1: Tabulated values of reported and estimated IC50, for mentioned mutation

and inhibitor combination.
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Legends to Figures

Figure 4. 1. HIV life cycle. (A) Binding and entry, (B) uncoating, (C) Proviral DNA synthesis
and transport into nucleus, (D) integration of the HIV proviral DNA into the host
genome, (E) activation and synthesis of mRNA from proviral DNA and its transport into
cytoplasm, (F) translation of the mRNA into gag and gag-pol polyproteins and release of
protease from the gag polyprotein, (G) release of other viral proteins by action of the

protease and their assembly into new virions and release (H).

Figure 4. 2. HIV protease sensitive protein FRET module.

Figure 4. 3. Fluorescence spectra obtained by conjugating varied protein (MACA-Alexa)

molar concentrations with fixed Qdot concentration depicting the FRET.

Figure 4. 4. FRET characterization. E — FRET Efficiency, r — actual separation distance, RO

— Forster distance.

Figure 4. 5. Temporal capture of the Qdot-MACA-alexa protein probe in vivo

Figure 4. 6. Capture of fluorescent changes with Qdot-MACA-alexa probe and

nonspecific Qdot-WNV-alexa protein in both control and transfected wells.

Figure 4. 7. A. The fluorescence images corresponding to the delivery of varying MACA-
alexa protein to Qdot conjugated samples and B. the calibration plot correlating the

fluorescence changes (FRET/Qdot) with in vivo probe concentration.
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Figure 4. 8. A. Quantified fluorescence changes of Qdot-MACA-alexa probe processing
over time, B. Corresponding plot of quantified changes in intact probe concentration vs

time, the slope of which gives the Vmax

Figure 4. 9. A. Temporal capture of fluorescence changes of Qdot-NCp1l WT- alexa probe
in control and transfected samples, B. Plot of quantified changes in intact probe

concentration vs time, the slope of which gives the Vmax

Figure 4. 10. A. The sequence of the mutant NC-p1 site as opposed to the wild type, B.
Temporal capture of the fluorescent changes of Qdot- NCP1 M2-alexa protein in control
and transfected samples, C. Plot of quantified changes in intact probe concentration vs

time, the slope of which gives the Vmax

Figure 4. 11. A. Amino acid residues of Wild type HIV-1 (HXB2) protease (above the bar)
with their location (numbers within the bar) and the mutated residue (below the bar).
The highlighted amino acid at where mutated by site-directed mutagenesis, B. The
combined plot of changes in Qdot-MACA-alexa probe concentration in vivo with time in

case of wild type protease (HXB2) and mutant HIV protease (V82A and L90M).

Figure 4. 12. A. Inhibition efficiency of indinavir in case of wild type (HXB2) protease and
mutant (V82A) protease, B. Inhibition efficiency of saquinavir in case of wild type (HXB2)
protease and mutant (L90M) protease, C. Tabulated values of reported and estimated

IC50 values for mutation and inhibitor combinations.
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CD+ Cell
Membrane

Cytoplasm

Nucleus —————

72



Figure 4. 2
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Figure 4.3
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Figure 4.4
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Figure 4.5

VO Z=0O N

~HEdZ

VOZ=O N

e Z o

76



Figure 4. 6
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Figure 4.7
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Figure 4. 8
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Figure 4.9
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Figure 4. 10
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Figure 4. 11
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Figure 4. 12
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Table 4.1

Reported Our Assay Reported Our Assay
HXB2 20 nM 10 nM HXB2 5nM 5nM
(Wild type) (Wild type)
V82A(Mutant) | 20 fold >10 fold L90M(Mutant) | 4-10 fold 10 fold
+ Indinavir increase increase | + Saquinavir increase increase
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Conclusion

We have built novel diagnostic tools for detection of important targets affecting human
health. Anthrax is a preferred bioweapon for antisocial elements to cause widespread
damage to the society. The reason for this lies in the fact that it is hard to make an early
detection of infection and failing to do so can lead to death. We have built a nano-
biosensor that is highly sensitive and selective for detecting anthrax toxin. This sensor
provides the advantage of simpler fabrication methodology, smaller size and can be
reused, hence it can be mass produced at an affordable price for wide spread use. Using
the same fabrication scheme but with a displacement mode of detection we were able
to detect uncharged target molecule, glucose at picomolar levels. We have convincingly
demonstrated that our biosensor platform is very versatile and can be adapted with
little or no modification for detection of a variety of target molecules. We have
developed an in vivo FRET based assay using a protein probe sensitive to HIV protease.

HIV protease is shown to be an effective therapeutic target for blocking the infection.
We can quantitatively assess the HIV protease activity against different cleavage sites
using this cell based assay. This information can be used understand the protease
interactions with different substrates and inhibitors. The flexibility of the design allows
us to incorporate the drug resistance causing mutations in protease and capture the
altered kinetics toward different substrates; thus gaining more understanding of the

mechanism underlying the reduced sensitivity towards protease inhibitors. Our assay
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can be a good choice for highly sought after cell based assay for screening new protease
inhibitors. To screen for inhibitors that provide a high genetic barrier for the virus to
delay drug resistance, we can mimic natural polymorphisms/mutations in the substrate

and also protease mutations.
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