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ABSTRACT OF THE DISSERTATION

Development of High-Throughput and Real-Time Methods
for the Detection of Infectious Enteric Viruses

by
Hsiao-Yun Yeh
Doctor of Philosophy
Chemical and Environmental Engineering
University of California, Riverside, June 2010
Dr. Wilfred Chen, Chairperson
Waterborne transmitted viruses pose a public health threat duertst#ingity in
aquatic environments and their ease of transmission with high mygrbadés at low
infectious doses. The ability to detect infectious viruses isriatal importance for
environmental health and safety. Current methods to assess semqaeof infectious
viruses are based on detecting the production of cytopathic effectariammalian cell
culture and can take up to weeks before positive identification. Impnoetidods for
rapid and reliable detection and population quantification of infectimuses are needed
for public health assessments. Molecular beacons (MBs), whattuge fluorescence
upon target binding, provide a simple and separation-free schemapidrand sensitive
detection of infectious viruses. However, for real-time studiediving cells, the
durability of MBs is affected by the intracellular nucledsgradation. Additionally, cell
fixation and permeabilization are required to maintain the cellstarcture before
introducing MBs. In this study, we developed several FRET (fluorescezgonance

energy transfer)-based MBs combined with fluorescence microscapsectly visualize

the fluorescent hybrids with newly synthesized viral RNA asimahication of viral



infection and to subsequently follow virus spread among welgu/in vivo. To prevent
nucleolytic degradation, we designed MBs containingD-2nethyl RNA bases with
phosphorothioate internucleotide linkages, which specifically targeto'thmencoding
region of the viral genome. A cell-penetrating Tat peptide wasnajggeto the FRET
probes to facilitate non-invasive entry into host cells. To furthgrove the probe
sensitivity in providing real-time and long-term detection of vir@plication, MBs
composed of quantum dot and gold nanoparticles were generated. Confluent cell
monolayers were incubated with the probes followed by infection with virusosis and
the fluorescence intensity was monitored in real time. Sengiiperiments showed
that 1 PFU detection limit could be achieved within one replicatyele. The
illumination of fluorescent cells increased in a dose-responsivemenand enabled the
direct quantification of infectious viral doses. By introducing the mediVBs into the
host cell population prior to viral infection and tracking the chaofdluorescence
signals, we observed cell-to-cell spread when progeny virionstétfanew host cells in
which the infectious cycle could be repeated. The specific natulesd probes enable
their utility for rapid diagnostics of viral infections and r&ale viral detectiorin vivo
provides sufficient information regarding multiple steps in infecfioocesses at the
subcellular level, which will be valuable for the prevention, contmotl understanding of

viral infection.
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Chapter 1:

Introduction



Introduction

Environmental virology initiated with scientists attempting to depliovirus
more than half a century ago (1). In the United States, waterdm®@se outbreaks were
associated with treatment deficiencies in water supply antribdigson system
contamination (2). Close to 50% of all waterborne disease outbreakduarto acute
gastrointestinal illness (AGI) caused by agents of undeternghelbgy (3). Given the
specimen collection limitations and disease patterns, it iomabke to speculate that
most of the unknown agents may be of viral origin. Among the identédterogic
agents, the presence of human enteric viruses in water sucteas/guses, astroviruses,
hepatoviruses, rotaviruses, Norwalk and related caliciviruses, d@ainted for more
than half of the outbreaks and worldwide epidemics (2, 4-7).

According to US centers for disease control and prevention, human enteric viruses
are mainly transmitted by the fecal-oral route, such as thronggstion of contaminated
food or water. Poliovirus is the causative agent of poliomyeliti®rfoftalled polio or
infantile paralysis). The non-polio enteroviruses (e.g. coxsackiB Airuses,
echoviruses) cause a variety of clinical syndromes, includingrogaséritis, viral
meningitis, myocarditis, encephalitis, and diabetes mellitupatégiruses cause acute
liver infection. Four of the human enteric virus, coxsackievirus, echgvaalicivirus,
and adenovirus, have been included among the microorganisms of concene on t
Environmental Protection Agency’s (EPA) Drinking Water Contamirzemdidate List

(CCL) (8). The importance of water as a vehicle for viraagmission, coupled with low



infectious doses prompt the urgent need for rapid and reliable methdésetd small
numbers of infectious virus particles in environmental samples.

Conventionally, immunological, nucleic acid-based, and infectivity<bgsell
culture) methods, have been applied as molecular techniques for nvalysisa (1, 7, 9—
13). Immunological and nucleic acid-based methods determine onlyothle virus
particle number and do not stress the discrepancy between teagares physical virus
particles (irrespective of its ability to infect cellsdareproduce) and viable virus (1, 7).
The only reliable method to detect infectious viruses is based ommailgan cell culture,
which detects the production of visible cytopathic effects (CPlys method is difficult
to perform and may take weeks before the viruses reach miglasamounts to allow
detection. Epidemiologically important viruses that cannot be growell culture or
grown with difficulty, e.g. adenovirus type 40 and 41, astrovirus, andwalses, have
prompted the need for new detection approaches that are rapidiveeasd specific.
These approaches must be quantitative and can preclude the dedéctominfectious
viruses.

This thesis presents the research for development of high-throughguteal-
time methods for the detection of infectious enteric viruses. i&Wenéerested in using
nuclease-resistant and photodegradation-resistant molecular beaednfdA-probes
to target infectious viruses, especially highlighting the kegues pertaining to
overcoming the main difficulties such as occurrence of low fmfes viral particle
numbers (particularly in the water environment), and the techniadleages of virus

assays. Our proposal includes: (i) probe backbone modification tpicmg 2’-O-



methyl RNA bases with phosphorothioate internucleotide linkagee$isting nuclease
degradation, (ii) an attachment of the Tat peptide to the probe,jlitataentry into host
cells without permeabilization, and (iii) design molecular beacongosed of quantum
dots and gold nanoparticles as FRET (fluorescence resonancg @aesier) pairs for
improved sensitivity and possibly multiplexing capability. The olbjects to develop
high-throughput real-time detection and quantification for infectiousses in the cell
population and to investigate the durability of the probes for providingtinealand
long-term in vivo monitoring of viral infection, viral replication, and for viral

guantification.



Current Methods of Viral Detection

Scientists have been making progress in viral detection methodsheveadt 60
years. The advent of molecular biology further leads to thelaawent of new
approaches for meeting current challenges and has expanded ourdg®wfeviral
structures and functions at the molecular level. A variety ofrerpatal techniques, e.g.
immuno-affinity, nucleic acid-based or cell culture-based dietechave already been
employed to measure the presence of virus or viral infection. Immunologicab(geal)
methods such as radioimmunoassay, immunofluorescence, immune eteiciroscopy
or enzyme-linked immune-sorbent assay (ELISA) are based ontdradtion between a
viral antigen and an antibody; the capture antibody directs adhawiral antigen and
the bound complex are detected via chromogenic or fluorogenic maethle detection
limit varies by the variability of the viral genome and the affinitymflaody interaction.
Immunological methods require sophisticated apparatus and spetiatzeing, and
they generally lack the degree of sensitivity required to debectidw quantities of
viruses expected in environmental samples (1, 7).

Substantial improvements in sensitivity over conventional molecuthnigues
have been achieved by nucleic acid-based amplification methods syoblyanerase
chain reaction (PCR), reverse transcription-PCR (RT-PCR), ontitpteve real-time
PCR (qRT-PCR) (9-12). The employment of PCR-based methods fodeteaition and
guantification provides the benefit of rapid analysis with high gegitand
reproducibility at relatively low cost. However, the major obstcinclude: (i)

environmental inhibitors (e.g. humic compounds) concentrated along witlevidusing



water sample processing, (ii) the small volume assayedeadyto false-negative results
because of the low virus titers; and (iii) PCR or RT-PCR mielg false-positive results

by detecting noninfectious or inactivated viruses, suggesting thasiive result may

not necessarily pose a public health threat.

PCR amplification can be combined with other molecular technologigsin
situ hybridization (ISH) (14, 15), microarray (16), or cell culturemaximize sensitivity
and specificity in the detection of known waterborne pathogenic virkfeesexample,
ISH can localize and determine the relative abundance of spé&uNis or RNA
sequences in infected cells that are fixed on a glass sliderebcencein situ
hybridization (FISH) can be used in viral diagnostics to asgessnosomal integrity and
to help the identification of viruses. To detect the low viralycepquences, the assay
sensitivity maybe improved by situ RT-PCR or PCR (14, 15, 17, 18). Studies have
shown thatin situ RT-PCR (n situ PCR) allows for the detection of RNA sequences of
infectious bursal disease virus and human papillomavirus DNA with copy numbans bel
the detection threshold of conventional ISH analysis (19, 20).

DNA microarray has become an alternate hybridization methatidéoanalysis of
cellular gene expression in response to viral infection. In genenalparrays are
miniaturized arrays of locations on a solid surface such aasa gticroscope slide or a
silicon chip in aligned rows. The DNA sequences attached tccenanray are used as
probes to capture their corresponding fluorophore-labeled DNA targetse-Rarget
hybridization can be quantified by fluorescence-based detectioneiomiie¢ the relative

abundance of the targets. Recently, a foot and mouth disease viru§/JFM&oarray



was described to simultaneously detect seven FMDV serotypesie$hks encourage
the development of new oligonucleotide microarrays to probe the afiffes in the
genetic and antigenic composition of FMDV, and to gain insight into tbkeaular
epidemiology of this pathogen (21). Using the fully sequenced viral gendata, a
highly conserved oligonucleotide DNA microarray is capable of sanabusly detecting
and identifying diverse viruses by the unique pattern of hylatidiza generated by each
virus. Perhaps equally important to the detection of viral pathodgeassital genomic
and microarray-based strategy has the potential to faeilitee determination of viral
subtypes and to identify diseases of unknown etiology (16, 22). A subtypiag fass
both the hemagglutinin and neuraminidase surface antigens of the aluenzafviruses
has been developed using padlock probes to form circular molecudespaired to the
appropriate target (22). The circular probes are amplified biliag-circle amplification
and PCR, and when combined with a microarray output for detection, dbay &
capable of differentiating among all known surface antigen subtypgés 4 h. Viral
microarray design can further use the Protein Families daapeotein-motif (subjected
to coding sequences) and nucleic acid motif (subjected to non-ceetjognces) finding
algorithms to ensure a nearly complete coverage of thedelatd sequence database
(23).

The major drawback to most current methods is that they are usisaty to
approximate the quantity of viruses present in a sample but do not pnofadeation
whether a pathogen has the ability to establish an infection ofTaobvercome this

problem, the infectious assays may be achieved by cell cukghniques with the



appropriate cell line in conjunction with other developed methods fort dissessment
of infectious virus. For example, cell culture followed by RT-P@RBbe the specific
viral mMRNA present in the cell during viral replication. Propawatf cultivable virus in
host cells generates enough progeny viruses to enable ready detge¢hiembcleic acid-
based test (13). However, this method requires additional mRNAc#ri, RT-PCR
reactions, and gel analysis, leading to added analysis time hendoatential for
contamination. Cell culture method remains the gold standard fordimgaosis because
it is the only method available for detecting infectious viratiplas and can achieve a
detection limit of 1 plaque forming unit (PFU) per volume (7). ldegr, some health-
significant viruses such as astrovirus or norovirus still cannotuliezated or grow
poorly in cell culture (17, 24). Certain viruses like hepatovirusaathovirus have been
reported that the viral replication is relatively slow and causabiguous CPEs in cell
culture (25, 26). New cell lines need to be investigated for tmogeculturable but
epidemiologically important viruses.

The study of norovirus, a major cause for foodborne gastroenteritis akgbreas
been complicated by recombination between strains and the lackiofvero culture
system with high yield. Recently, a complicated norovirus aétlice model has been
reported for an infectivity assay that infects and re@gEat a 3D human small intestinal
epithelium (17). This breakthrough may provide insights into the maletublogy of
norovirus, such as viral attachment and intracellular replication,dditien to the
genomic and proteomic profiling. Alternative steps that depend on functional camgpone

of the virus needed for infection may be employed as an additionadaagbpto detect



only infectious viruses. Methods include the specific capture of umuscellular
receptors for virusn vitro followed by molecular detection of viral nucleic acid in the

captured virus (27).



Emerging Tools for Real-Time Monitoring of Viral Replication

Real-time detection of the viral load in living cells provides infation on the
dynamics of proliferation of the infectious pathogen and has prognmestivance in a
number of clinical studies that can serve as a basis for guit#ngpeutic interventions.

In particular, the ability to monitor the real-time replicatmfrviruses in living cells are
vital for the rapid detection of viral infection and understandingi@ pathogenesis.
Among the technologies currently under development for gene ideteatliving cells,

the most promising one is perhaps molecular beacons (MBs). MBs peolatiel-based
and separation-free detection scheme and the specificityeasdiwty of MBs have led

to their use in numerous vitro hybridization assays (28—-31). They are single-stranded
oligonucleotide probes possessing a stem-loop structure and are thndbésel with a
fluorophore at one arm and a quencher at the other. In the abséheecomplementary
target sequence, the quencher will absorb any photons emitted by thehluarthrough
fluorescence resonance energy transfer. Fluorescence resenangg transfer (FRET)

is a process involving the radiation-less transfer of eneogy & donor fluorophore to an
appropriately positioned acceptor fluorophore. The illumination of the dammofdhore
results in increased fluorescence emission from the acceptage Triteria need to be
satisfied for FRET to occur: spectral, dipole orientation, and distdfiRET can occur
when the emission spectrum of a donor fluorophore significantly oveftaf6%) the
absorption spectrum of an acceptor, provided that the donor and acceptor fluesophor
dipoles are in favorable mutual orientation (approximately pdralRecause the

efficiency of energy transfer varies inversely with (thethsipower of) the distance
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separating the donor and acceptor fluorophores, the distance overRRtdhcan occur
is limited to between 1-10 nm. In the presence of a complemesgguence, the beacon
undergoes a conformational change; it unwinds and binds to the targéludrophore
moves away from the quencher, restoring fluorescence upon probe-targeizayion.

These probes are specific for a target nucleotide sequencepradidice
fluorescence upon target binding. The spontaneous hybridization betweeandBseir
target sequences is highly specific and can even distinguigigla aucleotide mismatch
(32-34). The reported MB-based reverse-transcription-PCR (RT-pGRyled sensitive
and specific detection of hepatitis A virus and as few as 1 RBE detected (35).
Recently, MBs have been used to detect the presence of viral RN#ected cells with
positive responses to even one single infectious viral particle {Flg (36, 37). By
labeling endogenous RNA with MBs, the dynamic behavior of poliovirust(and RNA
in living host cells have also been studied (38).

Although MBs have the potential to become a powerful real tooktd monitor
and quantify the level of infectious virus in living cells, thejonahallenge in using
conventional MBsin vivo is the relative short half-life~50 min) of MBs due to
cytoplasmic degradation. This could dramatically decreaseMBg’ sensitivity by
digesting the deoxyribonucleotide backbone and disrupting the stem-ingpuse,
resulting in false-positive fluorescence signals unrelated téaaviiet hybridization (39,
40). Moreover, upon target binding, the RNA-DNA duplex region is susceftble
cellular RNase H activity; the RNase H cleavage resulfalse-negative signals due to

the degradation of the bound RNA (41). To maintain the stability ®fsiiucture, many

11



attempts, such as 2’-O-methyl modifications and phosphorothioate intotidel
linkages, can be made to increase duplex stability and nuclesiseance, as well as to
have a higher affinity and coupling efficiency (42—45). The rat®f@al using nuclease-
resistant MBs to detect viral RNAs in living cells is tgpmove signal-to-noise ratios by
eliminating false-positive and false-negative fluorescence sigra@rived from
endogenous nuclease degradation.

In addition to the short half-life, real-time monitoring of Vir@plication is
hampered by the lack of an efficient and non-invasive method forefitrizec delivery of
fluorescent probes. Tha situ hybridization with MBs requires permeabilization for MB
molecules to enter the cell’s interior and cell fixation ptmmicroscopy observations;
the pre-treatments make tirevivo localization of mMRNA/RNA or real-time detection of
viral replication impossible. Endocytic approaches such as tréiosfere slow and the
probes are predominately trapped inside endosomes and lysosomes (46). Even
microinjection is not suitable for viral detection because it figcdlt to predict which
cells are infectedd priori”. Cellular uptake based on streptolysin O is fast&r §) but
can only be used iex vivo cellular assays uptake, and rapid nuclear localization was
observed (47). Recently, the peptide-based delivery systems of pn@esduction
domains and cell penetrating peptides, such as human immunodeficieneytyye 1
(HIV-1) Tat-derived protein, have been described (48, 49). It ieves that cell-
penetrating Tat peptides exhibit “non-classical import activitpt does not follow the
pathways of endocytosis or exocytosis (50); the penetration dheossll membrane and

localize in the cytoplasm and nucleus through an energy-independdmmsc and do

12



not lose their cargo delivery properties when covalently or nonleata attached to
other molecules (51, 52). The peptide-based delivery does not interitbresither

specific targeting or hybridization-induced fluorescence ofMigs (53). Tat peptides
have received attention as possible vectors for the delivery of hyltopiugs and

oligonucleotides for gene therapy or other biological applicatibhs novel delivery
method, when combined with nuclease-resistant MBs, could provide a powerdinis
for rapid detection and real-time monitoring of viral replmatin living cells with high

specificity and sensitivity.

Several researchers reported that the introduced oligonucleotides
microinjection or with the help of streptolysin O tend to migtatéhe nucleus and this
nucleus sequestration affects the cytoplasmic target binding (346pb4In contrast,
some studies suggest that the MBs delivered into the cellsheithelp of streptolysin O
and cell penetrating peptides reside within the cytoplasm (52, B&)pdthway that these
oligodeoxyribonucleotides probes follow for entry into the cell i$ wtitlear and there is
no fundamental biological reason why the probes accumulate in theuckdus. Ideally,
the intracellular delivery should result in a homogenous distribatitar probes being
introduced into the cells without interfering with either speciti&argeting or
hybridization-induced fluorescence of the probes. The homogenoubudistr of probes
within the nucleus and cytoplasm will facilitate the studyddferent viruses with
multiple replication and assembly strategies within differsgitular compartments in

their viral reproductive cycles.
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In addition to probing intracellular RNA synthesis during viral icgtion by the
use of MBs, other viral replication events inside a host cell caexpmited for non-
invasive detection. In particular, different genetically ergred cell lines have been
established to probe this process in a non-invasive manner. Sewrafainducible
reporter systems have been engineered in the host cell fordetettion based on
transcription from viral promoters that are specific for vimfegted cells (58, 59). These
transgenic cell lines provide a high level of sensitivity and ipig to facilitate the
detection process. Unfortunately, this strategy is not applicablenteroviruses, which
exhibit no defined viral promoter region. Many viruses, such as picousasiy
retroviruses, and caliciviruses, however, produce a polyprotein theleased into
individual proteins by virus-specific proteases (60). Viral pra&eas logical target for
the detection of infectious viruses because the cleavage everegsoin a defined
manner and is ubiquitous within various viral families. For these asiuthe RNA
genome is translated immediately into a single polypeptide upontiorfeavhich is
subsequently cleaved by viral proteases to generate mature prdteissproteolytic
process occurs with 100% efficiency and high specificity (61). Fumihier, proteases are
diffusible proteins and can act in thies as well as in thé&rans form in the infected cells.
This proteolytic step serves as a good candidate for viral dmetebicause these
proteases are highly expressed at an early stage of infeatidrthe proteolysis is
extremely efficient and selective.

A simple way to monitor this proteolytic event inside a hodtisdb engineer a

fluorescent protein pair linked by the target peptide sequentte girotease; proteolysis

14



can be detected based on changes in the fluorescence resarexggetransfer (FRET).
FRET is a phenomenon in which energy is transferred from areextitorophore, the
donor, to a light-absorbing molecule, the acceptor, located within clasemity
(typically within 10 nm) (Fig. 1.2) (62). Because of the extreseasitivity of the
efficiency of energy transfer from the donor to the acceptoecnt#, high resolution
FRET imaging has proven to be a valuable means for studying protein—proteintiote
as well as the proteolysis of viral replication in living s€b3, 64). Recently, a FRET
reporter cell line expressing a hybrid fluorescent indicator coetpotsa linker peptide,
which is exclusively cleaved by the 2A proteasef(9Aflanked with a cyan fluorescent
protein (CFP) and a yellow fluorescent protein (YFP) alloweddpe&lrdetection (within
7.5 h) of low numbers of infectious enteroviruses (10 PFU or fewer)l(64djidition, the
fluorescence protein pair can be used to probe the dynamiduligtn of enterovirus
protease in living cells (63). Although most of these analyses ltee@ performed using
fluorescence microscopy to evaluate FRET in the areas oésttdélow cytometry has
recently been used to provide automated analysis of fluorescentarethpid detection
of viral infection (65, 66). The success of the above methods is dependehe on t
development of stable clone expressing the fluorescent substrat@cfopetease. An
alternative is to deliver a synthetic FRET substrate witHittker peptide with specific
proteolytic site for each protease into living cell. Succesafpglication of such an
approach was reported recently fiovivo measurement of cysteine protease calpain (67).
FRET substrate for the protease was modified with cell penetratingl@epéptaarginine

at the C-terminal.

15



While the abovein vivo techniques demonstrate the real-time monitoring of
infectious viruses, the success of these methods requires g delinsystem. However,
many viruses that cause human gastroenteritis, such as Nonwuak adenovirus, and
astrovirus, cannot be grown in cell culture or grown poorly. The ima&in and
development of new cell lines for these epidemiologically impowtaterborne is a clear
first challenge but the urgency cannot be overemphasized ascttess in adapting non-
culturable viruses to grow in cell culture will allow assessned the viral replication
cycle and the consequent understanding of the biology and epidemidlbgge viruses
(17). Such knowledge could lead to new strategies for designing aeehsay drugs
against viral infection. Furthermore, real-time molecular detectnethods can be
combined with the cell culture for rapid detection of infectious esumnd to monitor the
progress of viral infection. More sophisticated probesifiovivo applications must be
able to reduce background in visualizing probe-target hybridizatient® to convert
target recognition directly into a measurable signal, and tk ttae multiple steps
concerning the production, localization, and transport of specific ggrabme during the

course of infection.

16



Recent Development in the Field of Nanotechnologwif Viral Detection

MBs and fluorescence protein substrates described above could by apatieéd
to real-time imaging of gene expression and to study the coityptéwiral infection in
living cells. A limitation of these molecular probes is the usergénic fluorophore and
guencher combinations. The organic fluorophores exhibit low quantum yield @ndtar
suitable for time-lapse microscopy or long-term analysis dae their rapid
photobleaching (63, 64). Furthermore, the narrow excitation bands and lonczasioa
bands of the organic dyes cause the spectral overlap and simultdagbbaemission of
different probes limit their applications to multiplexing.

Nanotechnology, a field of science that manipulates and utilizésriala on an
atomic and molecular scale, generally those less than 100 nm jnhagedrawn a
growing interest in biological applications for early and speacifial detection (68).
Research on inorganic semiconductor nanocrystals, quantum dot (QDgvblaed
rapidly on biotechnological and cell-imaging applications. QDscatkidal particles
consisting of a semiconductor core, a high band gap materialametypically an outer
coating layer. The core-size-dependent photoluminescence (PL) wrthwnamission
bandwidths that span the visible spectrum and the broad adsorptionaspkaty
simultaneous excitation of mixed QD populations at a single wagtl. QDs also
exhibit several unique features: high quantum yield, high resistarqu®otodegradation,
and better near-infrared (NIR) emission. Research has showrhthdtrightness and
photostability of QDs make single-molecule observation over long cales possible

(69). The simultaneous multicolor approach to single-laser excitatiddimited spectral

17



overlap, which improves sensitivity, makes QD an attractivenaltere to conventional
methods in biological detection. Simultaneous excitation of severasiEmitunable QD
populations can be combined with a pool of differentially labeled pridyesultiplex
target analyses (70-73). The large absorption window of QDs pairadthveitnarrow
excitation spectra of acceptor dyes significantly reduces niegdalirect excitation of the
acceptor and permits only minimal spectral crosstalk betweewnldher and acceptor
emissions, giving near-zero background (74). These characteristicQDs in
combination with a multicolor flow cytometer were used by Chattbpay et al. for
studying the phenotype of multiple antigen specific T-cells (75).

Conjugation of QDs with organic guenchers like 4-((4-
(dimethylamino)phenyl)azo)benzoic acid (DABCYL) or lowa Black, briagether issue
due to their lower quenching efficiency; especially for dyawitting at longer
wavelengths (76). This may cause problems when different Q®=raployed for
simultaneous detection of multiple targets. These non-fluorescentlggrenmay not
absorb energy properly from the excited state of QD thus resuitimgher fluorescence
background. Research has shown that the emission of QDs isvefiecfuenched by
contact with gold nanoparticles as a result of DNA hybritdbnaf77). One can envision
the potential use of QDs and gold nanoparticles as FRET pairsnpiibve the detection

limits and expand the potential applications of FRET-based molecular probes (78).
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Legends to Figures

Fig. 1.1.MBs report the presence of picornavirus by visualizing the dsment hybrids
with viral RNAs under the fluorescence microscope during the coafseiral
reproduction, such as: (A) uncoating of viral genome, (B) RNA traoslassociated
with ribosomes (gray) and (C) RNA synthesis on the surface etted-cell-specific

membrane vesicles.

Fig. 1.2. Schematic representation of fluorescent indicator for monitorimgl vi

proteolytic processing in the infected cells. Detection of infectionsses will be

indicated by changes in FRET (modified from Ref. 64).
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Fig. 1.1.
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Fig. 1.2.
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Chapter 2:
Detection of hepatitis A virus by using a combinedell-culture —

molecular beacon assay
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Abstract

Rapid and efficient methods for the detection and quantification eftinlis viruses are
required for public health risk assessment. Current methods to ddéestious viruses
are based on mammalian cell culture and rely on the productionibleveytopathic
effects (CPE). For hepatitis A virus (HAV), viral replicati in cell culture has been
reported to be nonlytic and relatively slow. It may take more thareek to reach the
maximum production and subsequent visualization of CPE. A molecular b@48)n
H1, specifically targeting a 20-bp 5 noncoding region of HAV,swgesigned and
synthesized. MB H1 was introduced into fixed and permeabilizet rfe¢aus monkey
kidney (FRhK-4) cells infected with HAV strain HM-175. Upon hybridgiwith the
viral mMRNA, fluorescent cells were visualized easily under a fluoresaarmroscope.
Discernible fluorescence was detected only in infected cgllsimg the specific MB H1.
A nonspecific MB, which was not complementary to the viral RNdusace, produced
no visible fluorescence signal. This MB-based fluorescence assayed the direct
counting of fluorescent cells and could achieve a detection limit &FU at 6 h
postinfection (p.i.), demonstrating a significant improvement in guantification over

current infectivity assays.
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Introduction

Hepatitis A virus (HAV), a positive single-stranded RNA virugs previously
classified as enterovirus type 72 (1) and has now been classifiedHegdatevirus genus
of the Picornaviridae family (2). These single-plus-stranded RNA viruses can djrect
translate plus-strand RNA genomes into protein using the host ribosomesud k&ahd
is transported to the infected cell via specific membrane essialhere it is copied into
full-length minus strands. These minus strands then serve as tesnjolathe synthesis
of plus-strand genomic RNA molecules (3, 4).

HAV is known to cause acute liver infection with a discrete oaokstymptoms
(e.q., fever, malaise, and nausea), followed in several daysigi¢ga. Person-to-person
transmission through the fecal-oral route is the primary mean$Adf transmission.
Outbreaks and periodic cases also occur from exposure to fecathmunated food or
water (Centers for Disease Control and Prevention). Most picornesirage Iytic,
causing distinctive cytopathic effects and replicating in an &dlecunder one-step
growth conditions. The growth of HAV in cell culture systems, howasanuch slower
and nonlytic and does not produce a detectable cytopathic effatteated cells (5).
Cromeans et al. reported the isolation of a cytopathic HAV vafram the rapidly
replicating isolate HM-175 that is Iytic for fetal rhesus mgnkaney (FRhK-4) cells
(6). However, complete lysis still did not occur until 5 to 6 days postinfection (p.i.).

Conventional methods for detecting infectious HAV rely on viral propagati
cell culture, radioimmunoassay, immunofluorescenceor, plaque asssg;ntie¢hods are

difficult to perform, and it may take weeks before the viruseshreafficiently high
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amounts in the cell-culture medium to allow detection (6-9). For pubéalth
assessments, this long delay in obtaining infectivity informatioy affect the process of
epidemic control strategies. Improved methods need to be develmp#tefrapid and
reliable detection and quantification of infectious viruses.

Molecular beacons (MBs) were first developed in 1996 (10) and have been
applied in numerous in vitro hybridization assays (11-13). MBs ardesstgnded
oligonucleotide probes possessing stem-loop structures and are douldy lafte a
fluorophore and a quencher at the 5’ and 3’ ends, respectively.

In the presence of a complementary sequence, the MB undergoes a
conformational change and the MB fluoresces via fluorescencenams® energy
transfer. Because of this property, MBs provide a separatiordé®etion scheme that
produces fluorescence upon binding to the targets. MBs have been usddlyn many
areas, such as in real-time monitoring of DNA/RNA amplifmatduring PCR, gene
typing, mutation detection, real-time enzymatic cleavageyagk?, 14), and RNA
detection in living cells (15, 16). By probing the endogenous RNA witBs,Mhe
dynamic behavior of poliovirus plus-strand RNA in living host celis been studied
(16). The use of MBs as a rapid and sensitive tool to detect antfguhe presence of
newly synthesized coxsackievirus RNA has also been demonstrated (17).

This report demonstrates a combined cell culture-MB assay fateteetion of
infectious HAV with a detection limit of 1 PFU within 6 h p.i. \édtion of this MB-

based fluorescence assay for viral quantification was demonstratdd, results
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compatible with those of the conventional plaque assay. Finally, ithig ot the assay

for the detection of HAV in surface water samples was also demonstrated.
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Materials and Methods

FRhK-4 cell culture.

FRhK-4 cells (ATCC CRL-1688; passage level of < 40) were grawd00 mL 1X
autoclavable minimal essential medium (Irvine Scientific, S&mta, CA) with 4 mL

7.5% sodium bicarbonate, 8 mL 1 M Hepes, 4 mL nonessential aminq Gdids BRL,

Grand Island, NY), 10 mL A/B-L (1,000 U/mL penicillin, 1,000 U/mL streptomy 2
mg/mL kanamycin, 2,000 U/mL nystatin, and 80 mM L-glutamine), and BOfetal
bovine serum (Sigma-Aldrich, St. Louise, MO) at 37°C in a 5%, @@®nosphere.
Phosphate-buffered saline (PBS; 0.01 M phosphate, pH 7.4, 0.138 M NaCl, and 2.7 mM
KCI) and Trisbuffered saline solution (TBSS; 0.05 M Tris, pH 7.4, 28aCl, 10 mM

KCI, and 0.82 mM NgHPQ,) were used for washing steps in the plague assay and MB

analysis, respectively.

Virus preparation.

The cytopathic HM-175 strain of HAV (ATCC VR-2089) was inoculated untinfected
FRhK-4 cells (passage numbers 34 to 36) for 7 days at 37°C in a®%t@osphere.
The cell lysate was purified (-20°C freezing and 37°C thawinguogs) and then

extracted with chloroform. The HM-175 virus stock was stored at -80°C.
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Plague assay.

The HM-175 virus stock was thawed, and then a 10-fold serial dilutidPBi& was
performed. Confluent, 7-day-old FRhK-4 monolayers in 24-well, 15-mm d{€esar;
Corning Inc., Corning, NY) were infected with 0.5 mL of virus dilutiongeABO min of
adsorption at 37°C in 5% GQthe solutions were aspirated and the monolayers were
washed once with PBS. One milliliter of 100-mL 2% carboxyme#iiylose sodium salt
(Sigma-Aldrich, St. Louis, MO) in 100 mL 2X autoclavable minimsgential medium
(Irvine Scientific, Santa Ana, CA) with 2 mL 7.5% sodium bicarbonatejl41 M
Hepes, 2 mL nonessential amino acids, 5 mL A/B-L (1,000 U/mL penjcllj000 U/mL
streptomycin, 2 mg/mL kanamycin, 2,000 U/mL nystatin, and 80 mM L-giagmand

30 mL fetal bovine serum (Sigma-Aldrich, St. Louis, MO) was adddkr 8 days of
incubation at 37°C in 5% CQthe carboxymethylcellulose overlay was removed and the
cells were washed once with PBS. One milliliter 0.8% cryatadet/3.7% formaldehyde
solution was added, and the plate was returned to the 37°C incubator foigbter
incubation before counting. Excess stain was removed by washingemtimized water,

and plaques were enumerated.

MB design.

The design of MB H1 was based on an alignment of the sequences fie2entiHAV
strains obtained from GenBank. The DNA folding program mfold
(www.bioinfo.rpi.edu/applications/mfold/dna/) and IDT SciTools
(www.idtdna.com/SciTools/SciTools.aspx) were used to predict hieembdynamic
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properties and the secondary structures of MBs. MB H1 (5Héesgfluorescein-
CTTGGCCCGCCGCTGTTACCCTATCCCCCAAMDABCYL-3' [the stem sequence is
underlined]) was designed to be specifically hybridized to a 2@dpn (421 to 480 bp
of the genome) of the 5 untranslated region of HAV genomic RNA. fhieemal
denaturation profile was determined on an iCycler iQ multicollrtisme PCR detection
system (Bio-Rad, Hercules, CA) by monitoring the fluoreseasfa 50-pL volume of a
solution containing 5 uM MB H1 dissolved in 100 mM Tris-HCI (pH 8.0) comai 1
mM MgCI, as the temperature was decreased from 90°C to 10°C at a Ei€/ofin.
The fluorescence of 50 pL of a solution of 5 uM MB H1/oligonucleotiglerids was
also monitored  for  comparison. The probe 5’-6-carboxyfluorescein-
CGCTATGCATCCGGTCAGTGGCAGTATAGCEDABCYL-3' was used for the

nonspecific MB study.

Fixation, permeabilization, and incubation.

FRhK-4 cells were cultured to confluence in eight-well LakT CC2 chamber slides
(Fisher Scientific, NJ) at 37°C in 5% GOAfter incubation for predetermined time
periods, the slides were removed from the 37°C incubator. The mediuraspiasted,
and the cells were washed twice with TBSS. The cells weresl fwith 2% (wt/vol)
paraformaldehyde in TBSS for 20 min at room temperature, washeel times with
TBSS, and then permeabilized with 0.1% Triton X-100 in TBSS for 5 miA°@.

Following three washes with TBSS, the cells were incubated with 5 uM MBrH1h at
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room temperature in the dark. Later, the slides were washed wibeTBSS and

observed under a fluorescence microscope with the chambers containing TBSS.

Fluorescence microscopy and image processing.

The optical setup for fluorescence imaging consisted of a BXibieffcence microscope,
a 100W Osram mercury burner, filter wheels for excitatidterf, emission filters,
dichroic mirrors, a 10X/0.30 objective lens and a Qlmaging Retilanikonochrome
camera (Olympus America, Inc., San Diego, CA). Both phase-comindsfluorescent
images were taken and analyzed using Image-Pro Plus (Mediarn€gbg Inc.,

Bethesda, MD).

Enumeration of fluorescent cells.

A magnification of 100X (10X objective and 10X eyepiece) wagl Uuse observing
fluorescent cells. For each 0.7-tglass chamber well, approximately 117 fields could be
visualized at a magnification of 100X. To calculate the valuanf@cted cells in each
chamber well, both phase-contrast (to count the total number of amtiifjuorescent (to
count the number of infected cells) images of 30 randomly choses \aeza taken at a
magnification of 100X. The number of fluorescent cells within thesen area was

recorded by Image-Pro Plus software.
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Results and Discussion

Visualization of infected FRhK-4 cells using MBs.

MB H1 was designed to target a 20-bp common sequence of the Bislated region of

26 different HAV strains. In our previous study (17), fixation and pabtligation were
used to introduce MBs into BGMK cells. To test whether the sameegure would
work with FRhK-4 cells, MB H1/oligonucleotide hybrids were firatroduced into
uninfected cells. After 1 h of incubation, 100% of cells were brgHftiorescent,
indicating that the same procedure works well even with FRh&H4 @~ig. 2.1, panels
[l). Next, the ability to detect HAV viral RNA was testég introducing MB H1 into
highly infected cells (1DPFU for 24 h) and uninfected cells. As expected, 100% of the
highly infected cells were brightly fluorescent (Fig. 2.1, pan&fy while only
background fluorescence was observed for the uninfected cells (EigaRels ). These
results confirm that the MBs specifically recognize the HRWA. In addition, the
introduction of a nonspecific MB that is not complementary to the HAV RNA produced a
negligible amount of fluorescence (Fig. 2.1, panels Il), demomgjrtie specificity of

the reported method.

Visualization of HAV replication.

To investigate whether this approach can be used to rapidly detect low dosestioiusfe
HAV, cultures infected with 1 PFU of HAV were analyzed frérto 48 h p.i. in order to
investigate the minimum time required to consistently detectitiygoBuorescent signal.

As shown in Fig. 2.2, fluorescent cells can be visualized within 6 Bradithe number of
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fluorescent cells increased with increasing infection timide average number of
fluorescent cells at different p.i. time points was calculatedlitect counting using a
fluorescence microscope at 100X magnification to provide a bettentiize

assessment. A significantly higher number of fluorescent ¢e38) was detected for the
infected cultures at 6 h p.i. than for the uninfected cultures (0,R#uere roughly 20
fluorescent cells were detected independently of infection thige 2.3). The number of
fluorescent cells increased rapidly from 50 to 90 from 6 to 12 h p.i.reameined

relatively constant thereafter. This result is indicative of fdudy slow replication

process for HAV, suggesting that a complete lytic cycle takg more than 48 h,
consistent with previous reports (6-9). Unlike the long lytic cydss Ithan 6 h was
required to detect the synthesis of HAV RNA, enabling the rdetdction of infectious

HAV.

Quantification of infectious HAV dosages.

To investigate whether this 6-h infection window could be used to duamtectious

HAV, cells were infected with 1 to 200 PFU HAV and the averageber of fluorescent
cells was recorded. A linear correlation was obtained by plottireg number of
fluorescent cells versus the number of PFU (Fig. 2.4), indicaliag this MB-based
fluorescence assay can be used as a quantification tool fotidgtafectious HAV. The
number of PFU can be calculated easily by using the correlati@anebtafter direct

counting of fluorescent cells. More importantly, the method can be aseavide the
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rapid quantification of infectious HAV doses within 6 h p.i. comparethab with the 8-

day incubation period for the conventional plaque assay.

Detection of HAV in environmental water samples anccomparison with

plaque assay.

Using the 6-h infection window, the utility of the MB-based fluosrge assay for
environmental samples was tested by using runoff water samgilested from Davis,

CA, spiked with HAV. FRhK-4 cells were incubated with water gkas spiked with

different amounts of HAV, and the resulting infectious doses wetermined based on
the calibration curve shown in Fig. 2.4. In parallel, the conventional ldaye assay
was carried out to determine the infectious doses. The infectiougedoshtained from
the two assays were remarkably similar (Fig. 2.5, tabket)ingith a maximum of 25%

difference, validating the utility of the assay for viral quantificationeial water samples.

In conclusion, the reported fluorescence assay combines a 32-foldigeduac
detection time with a quantitative capability similar to that the 8-day conventional
plague assay. The reported MB-based fluorescence assay is pdytietiractive for
environmental viral quantification, which focuses particularly on twveet infectious

doses.
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Legends to Figures

Fig. 2.1.Visualization of uninfected or infected FRhK-4 cells by introdudviigs. Cells
were fixed and permeabilized before 1 h of incubation with 5 uM MBn€R 1)
Uninfected cells with MB H1. (Panels Il) Highly infected {FU) FRhK-4 cells at 24 h
p.i. with a nonspecific MB. (Panels Ill) Uninfected cells wittBNH1/oligonucleotide
hybrids. (Panels 1V) Highly infected (1®FU) FRhK-4 cells at 24 h p.i. with MB H1.

Scale bar, 20 pm.

Fig. 2.2. Visualization of FRhK-4 cells infected with 1 PFU at various fome points.
Cells infected with 1 PFU were fixed and permeabilized befdreofLincubation with 5

MM MB H1. Scale bar, 20 pm.

Fig. 2.3. The numbers of fluorescent cells at different p.i. time poin&hKF4 cells
infected with 0 or 1 PFU for 6, 12, 18, 24, and 48 h p.i. were fixed and pahre
before 1 h of incubation with 5 uM MB H1. The number of fluorescerns eeds counted
using a fluorescence microscope at 100X magnification. Error anesent the standard

deviations for three replicates.

Fig. 2.4.The correlation between the number of fluorescent cells and the nofriPet
at 6 h p.i. The fluorescent images from 30 different fields withth@sen chamber well
were captured under a fluorescence microscope at 100X magnificBiemumbers of

fluorescent cells were recorded and averaged. The 8-day plagyevwass performed to
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confirm the average infectious doses. Error bars representathéasi deviations for

three replicates.

Fig. 2.5. Comparison of infectious HAV doses determined by the conventionay 8-da
plaque assay and the MB-based fluorescence assay. FRhK-sffegted with unknown
viral doses for 6 h were fixed and permeabilized before 1 h of inoubaith 5 uM MB

H1. The number of fluorescent cells from 30 different fielddwita chosen chamber
well was recorded, and the PFU value was calculated basdw aaltbration equation
from Fig. 2.4. In parallel, the infectious viral doses were detehindependently by
using the 8-day plaque assay. Error bars represent the standattbds\iSD) for three

replicate experiments. The inset shows the infectivity data obtainedvirossays.
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Fig. 2.4.
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Fig. 2.5.

250 -
PFLU {mean + 513} from:
i h
Pl s-f;;:;“ Fluorescence
acqu ! -
== A 203 4 2008 213+ 129
b 200 163153 156+ 20,1
0 6341158 w29
o] EEES 0+ 116
@ 9106 12470
o 6415 44122
S 150 - 2506 1420
o
g
E
&= 100 A
5
w
r
a 504

0 50 100 150 200 250
PFU, 8-day plaque assay

57



Chapter 3:
Visualizing the dynamics of viral replication in living cells via Tat-

peptide delivery of nuclease-resistant molecular la&ons
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Abstract

This study describes the use of nuclease-resistant molecutame@1Bs) for the real-
time detection of coxsackievirus B6 replication in living Buffaleegr monkey kidney
(BGMK) cells via Tat peptide delivery. A nuclease-resistait ¢dntaining 20-methyl
RNA bases with phosphorothioate internucleotide linkages was dediyrspecifically
target an 18-bp’Soncoding region of the viral genome. For intracellular deliverglla c
penetrating Tat peptide was conjugated to the MB by using a-tiédéimide linkage.
Presence of the Tat peptide enabled nearly 100% intracellulgergeWwithin 15 min.
When the conjugate was introduced into BGMK cell monolayers infectgd w
coxsackievirus B6, a discernible fluorescence was observed at 3@enim&ection, and
as few as 1 infectious viral particle could be detected wizhim The stability and the
intracellular delivery properties of the modified MBs enabledtregge monitoring of the
cell-to-cell spreading of viral infection. These results suggiest the Tat-modified,
nuclease-resistant MBs may be powerful tools for improving our unddmtaof the

dynamic behavior of viral replication and for therapeutic studies of antikehtents.
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Introduction

Real-time detection of mMRNA in living cells is essertigprovide information on
the dynamics of RNA expression and localization and can be antanpdool for
advancement in disease pathophysiology, drug discovery, and medicabsties) In
particular, the ability to monitor the real-time replicatiornvwéises in living cells is vital
for the rapid detection of viral infection and an understanding of viral pathagenes

Among the technologies currently under development for gene detettioimg
cells, perhaps the most promising one is molecular beacons (MBs. au#Bsingle-
stranded oligonucleotide probes possessing a stem-loop structurareltdeyuble labeled
with a fluorophore at one end and a quencher at the other (1). Thess aretspecific
for a target nucleotide sequence and produce fluorescence upon tajag.birhe
spontaneous hybridization between MBs and their target sequencglslysspecific and
can even distinguish a single nucleotide mismatch (2—-4). Recently,Heé& been used
to detect the presence of viral RNA in infected cells, withtpesresponses to even a
single infectious viral particle (5). However, the long-term|-teé@ monitoring of viral
RNA in living cells has not been possible because of the rdiaghert half-life (~30
min) of MBs due to endogenous nuclease degradation, resulting irptagee signals
(6, 7). It has been shown that modifications of MBs witl©Oanethyl RNA bases and
phosphorothioate internucleotide linkages can be used to significamghpven duplex
stability and nuclease resistance (8—13). It is easy to envigbsuch an MB design can

be adapted for the real-time monitoring of viral infection.
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In addition, real-time monitoring of viral replication using MBs bagsn hindered
by the lack of an efficient and noninvasive method for intracelluldivedg.
Conventional approaches such as transfection are slow and ineffiogdinerip based on
streptolysin O is faster (~2 h) but can be used onlgxivivo cellular assays. Even
microinjection is not suitable for viral detection, because one camedicta priori
which cells are infected by viruses. Among the many noninvasiv&ceilular delivery
methods, the HIV-1-derived Tat peptide-based method is the maseeffand has been
shown to retain the ability to intracellularly deliver various ogated cargoes (14-16).
This Tat-based method, when combined with nuclease-resistant MBd, powide a
powerful means for rapid detection and real-time monitoring of ¥@@lication in living
cells with high specificity and sensitivity.

By delivering nuclease-resistant MBs into host cells beforal wfection and
subsequently tracking fluorescent hybrids with viral RNA, iemvisioned that a better
understanding of the dynamic behavior of viral replication could be gamedghin
vivo experiments and could extend to therapeutic studies of antikeathtents. This
study reports the utilization of a nuclease-resistant MB catgaigwith a Tat peptide to

examine the coxsackievirus B6 (CVB6) viral reproductive cycle in living hdist ce
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Materials and Methods

BGMK cell culture.

BGMK cells obtained from American Type Culture Collection (pgss 50-60) were
grown in 400 mL of 1X autoclavable minimum essential medium (AMHEMine
Scientific) containing 4 mL of 7.5% NaHGOB mL of 1 M Hepes, 4 mL of nonessential
amino acids (NEAA; Gibco-BRL), 10 mL of A/B-L (1,000 units/mL peltizj 1,000
units/mL streptomycin, 2 mg/mL kanamycin, 2,000 units/mL nystatin,n8a I-
glutamine), and 40 mL of FBS (Sigma—Aldrich) at 37°C in a 5% @&ithosphere. PBS
[1X PBS = 0.01 M phosphate (pH 7.4), 0.138 M NaCl, and 2.7 mM KCI] and Tris
buffered saline solution [1X TBSS = 0.05 M Tris (pH 7.4), 0.28 M NaClmh0 KCl,

and 0.82 mM NgHPQ,] were used for washing steps in the plaque assay and MB

analysis, respectively.

Virus preparation.

Virus stocks of CVB6 Schmitt strain (ATCC VR-155) were allowedproliferate on
BGMK cells for 2 days at 37°C in a 5% g@&mosphere and collected by freeze—thawing
(3 times) infected flasks demonstrating >80% lysis and extrattiagell lysate with

chloroform. The CVB6 virus stock was stored at —80°C.

62



Plague assay.

The CVB6 virus stock was thawed, and then a series of 10-falal gdutions in 1X
PBS were prepared. Confluent, 1-day-old BGMK cell monolayers iwelR 22.1-mm
dishes (Costar; Corning) were infected with 1 mL of virus dilutiofterA90 min of
adsorption at room temperature, the solutions were aspirated, anefl1®Q mL of 2%
carboxymethylcellulose (CMC) sodium salt (Sigma—Aldrich) comgri00 mL of 2X
AMEM (Irvine Scientific) with 2 mL of 7.5% NaHC{ 4 mL of 1M Hepes, 2 mL of
NEAA, 5 mL of A/B-L, and 4 mL of FBS (Sigma—Aldrich) was addetbieach well.
After 2 days of incubation at room temperature, the CMC overks/ne@moved, and the
cells were treated with 0.8% crystal violet/3.7% formaldehydigtion overnight. Excess

stain was removed by washing with de-ionized water and the virus plagquesowetedc

Design of nuclease-resistant MB.

MB CVB6 was designed on the basis of an alignment of the sesgi@icnterovirus
strains obtained from GenBank database. The DNA folding program mfold
(www.bioinfo.rpi.edu/) and IDT SciTools (www.idtdna.com/SciTools/SciToopsps
were used to predict the thermodynamic properties and the segatatures of MBs.

MB CVB6 5-6-FAM (fluorescein)-GCCGCTGCATTCAGGGGCCGGAGAGGhiIol-
dG/GC-DABCYL-3' [stem sequence is underlined; DABCYL is 4-(4-
dimethylaminophenylazo)benzoic acid] possessing &O-&ethylribonucleotide
backbone with phosphorothioate internucleotide linkages was synthesizeM¢Ii®I)

to be specifically hybridized to an 18-bp region of thHeubtranslated region of the
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enterovirus genome. The thiol group on the quencher end is for the readtoa
maleimide group attached to the N terminus of the Tat peptitertoa thiol-maleimide
bridge. MB CVB6 was suspended in 100 mM Tris-HCI (pH 8.0) buffer contaihimM

MgCl, to make the concentration 10M for the subsequent studies.

DNase sensitivity.

To test the nuclease sensitivity of MB CVB6, the fluorescen@5fiOuL solution of 1
uM MB CVB6 was recorded as a function of time at room temperakive units of
ribonuclease-free DNase | was added, and the fluorescent s(graitation 495 nm,
emission 521 nm) were measured for 30 min by using an RF-551 shextvofetric
detector (Shimadzu). As a comparison, the fluorescence of al5686tution of 1uM

MB possessing deoxyribonucleotide backbones '-6-BAM -

GCCGCTCGCATTCAGGGGCCGGAGAGCGGMABCYL-3" (MB CVB1, stem
sequence is underlined) was recorded after adding 5 units of ribaseiftee DNasel.
Without adding ribonuclease-free DNase |, the background fluoresgerisiof a 500-

uL solution containing 1M MB CVB6 or MB CVB1 were monitored for 30 min.

Peptide conjugation.

One hundred and fifty micromolar N-terminal maleimide-modified geptide H-Tyr-
Gly-Arg-Lys-Lys-Arg-Arg-GIn-Arg-Arg-Arg-N-CHCH,-N-maleimide (Global Peptide)
was mixed with 100uM thiolated MB in the dark for 2 h to form a stable thiol—

maleimide linkage. The peptide-linked MB complex was dialyzed ogetnn Slide-A-
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Lyzer Mini Dialysis Units, 10,000 molecular weight cutoff, to remtive unconjugated
peptide/MBs (Pierce). The peptide-conjugated MB CVB6-Tat waed at —20°C until

used for experiments.

Cellular delivery of peptide-conjugated MBs.

BGMK cells were seeded into the 8-well Lab-Tek Chambered iQtass (Fisher
Scientific) at 37°C in 5% Cgin air and cultured to >90% confluence. After removal of
the incubation medium, the cell monolayer was washed twice withTB®S. To
facilitate determining the efficiency of Tat peptide-mediatatracellular delivery,
nonconjugated MB CVB6 or MB CVB6-Tat was mixed with complementary
oligonucleotides (B5CTCCGGCCCCTGAATGCG-3 to the loop region at an
MB/oligonucleotide molar ratio of 1:1. BGMK cells were incubate@&C in the dark
with 1X Leibovitz L-15 medium (Invitrogen) containing either prefed nonconjugated
MB CVB6 hybrids or MB CVB6-Tat hybrids at MB concentrationsOds, 1, or 2uM.
The Leibovitz L-15 contains no phenol red to eliminate autofluorescenc® amcrease
optical transmission. To record the image, the chamber well placed on the Zeiss
Axiovert 40 CFL inverted fluorescence microscope stage and \masethto permit the
repeated observation of the chosen region in the cell monolayeocoAsas the positive
fluorescent signals were observed inside the cells, the chanddlewas kept on the
microscope stage instead of returning it to the 37°C incubator. All assaysameeel out

over a period of 12 h, and the fluorescence images were taken at intervals of 5 min.
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Progression of viral infection in living cells.

BGMK cells were cultured to >90% confluence in the 8-well La-TChambered
Coverglass (Fisher Scientific) at 37°C in 5% L£&mosphere. After incubation for
predetermined time periods, the slides were removed from the 37°C tmcudrad the
growth medium was aspirated. Following 2 washes with 1X TB8&,cells were
incubated with JuM MB CVB6-Tat in 1X Leibovitz L-15 medium (Invitrogen) at 37°C
in the dark for 30 min. Without washing away the incubation medium, thebsravells
were oriented on the microscope stage; the cells were infeatbd10-fold virus
dilutions in 1X Leibovitz L-15 medium and were observed under the 2Zeiswert 40
CFL inverted fluorescence microscope at room temperature for The fluorescence

images were recorded at intervals of 5 min.

Fluorescence microscopy and image processing.

Living cell imaging was performed on a Zeiss Axiovert 40 QRlerted microscope
equipped with a 12-V, 35-W halogen lamp (for the phase-contrast $inagéd an HBO
50 W/AC mercury lamp (for the fluorescence images). The obgsctused were a
5X/0.12 A-Plan, a 10X/0.25 A-Plan, a 20X/0.50 EC Plan-NEOFLUAR, and a048X/
LD A-Plan (Zeiss). 6-FAM-labeled fluorescent hybrids weredieid by using a filter set
consisting of a D480/30-nm exciter, a D535/40-nm emitter, and a 50®ididbng pass
beam splitter (Chroma Technology). Images were acquired by askrogRes MFscan
Monochrome CCD camera (Jenoptik). Both phase-contrast and fluorestemgss iwere
analyzed by using Image-Pro PLUS analysis software (Megdier@etics). All settings

66



for image processing were kept constant, and the exposuredinmadge capture was
adjusted, if necessary, to maintain output levels similar to tbbserved under the

fluorescence microscope.

Enumeration of fluorescent cells.

To calculate the infected cells (fluorescent cells) in ed@mber well, 30 fields within
the well were randomly chosen, and the fluorescence imagescaieeted at 100X
magnification. The number of fluorescent cells within the areaceasted by Image-Pro

PLUS analysis software.
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Results and Discussion

Design and characterization of nuclease-resistant Bl

An MB (MB CVB6-Tat) targeting an 18-bp region of theuitranslated region of CVB6
was designed. The DNA backbone was modified with sulfur-substitut€dniethyl
oligoribonucleotides for improved nuclease resistance (17-20). A Tat pefotide
intracellular delivery was conjugated to the thiol group at the quermsite by using a
maleimide group placed at the N terminus of the peptide (Fig. 3.28) 42). As
expected, the modified MBs were highly resistant to nucleaseage by DNase | (Fig.
3.1B). In contrast, an unmodified MB was susceptible to nuclease dégradesulting
in almost instantaneous increase in fluorescence. The dual madifechad no effect on
the hybridization kinetics of the MB, as a rapid increase in élsmence was observed in

the presence of a complementary target (Fig. 3.1C).

Intracellular delivery of Tat-modified MB CVB6.

The intracellular delivery efficiency was tested by incirgp0.5, 1, or 2iM MB—target

hybrids with a monolayer of Buffalo green monkey kidney (BGMK)scétluorescence
was detectable in 100% of the living cells as early as 15 nén @ftroduction of the
MB-target hybrids (Fig. 3.2A). The time-lapse images showedthieatellular uptake
increased after 15 min and reached saturation after 1 h of irmubdtie fluorescence
intensity was constant for up to 12 h, indicating that the MB—tasgetds were retained
inside the cells after delivery and remained resistant toirtttacellular RNase H.

Unhybridized MB was also introduced into BGMK cells, and no flueese was
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detected during the same 12-h period, again indicating the intracethsistance of the
modified MBs to nuclease attack (Fig. 3.2B). In contrast, in theraesof Tat, no
internalization of MBs was observed, and fluorescence was detecteoh dhé medium
(Fig. 3.2B), confirming the effectiveness of the Tat peptide répid intracellular

delivery.

Detection of CVB6 infection by Tat-modified MBs.

After validating the properties of Tat-modified MBs, their dpito detect viral RNA was
tested. A confluent monolayer of BGMK cells was first incubatéd 1 uM MB for 30
min before being infected with 10-fold serial dilutions of CVBG6, fokalwv by
fluorescence microscopy. Compared with uninfected cultures (0 ,P®wbg¢re no
fluorescent cells were present independent of time, a greatdrenurhfluorescent cells
were detected at 2 h post infection (p.i.) for the culture iateevith a viral dosage
corresponding to 1 PFU (Fig. 3.3A). The higher number of fluoresedist compared
with plaque-forming units is likely due to the fact that not alis#s that infect a cell are
necessarily able to complete the replication cycle (23). Thidtris also consistent with
the higher infectious virus titers observed by using the quassaly, which is based on
the direct microscopic viewing of cells for virus-induced cytopaéfiects, rather than
the plaque assay (24). This 2-h detection window is substantstgrfthan a similar
approach reported using cell fixation/permeabilization (16). It isilplesthat the rapid
and noninvasive intracellular delivery enables hybridization withl ®fdA to occur

shortly after virus uncoating without the possibility of degradati@used by
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fixation/permeabilization. To our knowledge, detection of 1 PFIC\¥B6, or any other
enterovirus, at 2 h p.i. has never been reported.

Using the 2-h infection window, the utility of Tat-modified MBs wasted to quantify
infectious CVB6 dosages. Cells were infected with 1-200 PFU of Qy6well, and

the average number of fluorescent cells was recorded. A lboegglation was obtained
by plotting the number of fluorescent cells versus plaque-forming (fig. 3.3B). The
number of plague-forming units can be determined easily by usingdirelation

obtained after direct counting of fluorescent cells. More impdytatite method can be
used to provide rapid quantification of infectious CVB6 dosages within 2 bopipared

with the minimum 48-h incubation period for the plaque assay.

Real-time monitoring of cell-to-cell spreading of /B6.

The ability to detect infected cells continuously should allow orellmwv the spreading
of infectious viruses on a real-time basis. To determine wh#tlsewas indeed possible,
BGMK cells were infected at a very low infection dosagel{iplicity of infection: 0.01
PFU/cell) and monitored continuously by using a fluorescenceosuiope in a fixed area
for 12 h. Fig. 3.4 shows the cell-to-cell progression of virus sprgaati 6 representative
time points. Several infected cells were observed at 15 min p.i., fugpe¢hat the
viruses entered the cells and started the uncoating process 1&thm. The number of
fluorescent cells slowly increased with time, suggesting continuous infection. By 6
h p.i., a further outward spread of fluorescent cells was observedatindicthe

secondary spreading of infection from progeny virions to cells surrourtdengnitial
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infected cells. The number of fluorescent cells continued to incnedketime, and
infection spread outward to the entire observation area by 12 h p.i. @jositynof
infected cells remained adherent and some fluorescence whke wsitside the cells,
indicating that the fluorescent hybrids with viral RNA enteltesl éxtracellular region as

a result of the release of progeny virions during cell lysis.

In summary, this study demonstrated the use of nuclease-ngsisig-modified
MB for real-time monitoring of viral replication and infection. Thigethod is simple
because it requires no cell pretreatment (e.g., fixation/perhzedioin) and can be used
to study cell-to-cell viral spreading. This method is partitylattractive when applied to
viruses with very slow growth, nonlytic viruses, and those that do not prabitectable
cytopathic effects in infected cells. Compared with conventional yilaque assays,
which detect infection based on cell lysis only and may take ay®eks to complete,
this real-time approach provides an opportunity to study the progrefise oéntire

infectious cycle.
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Legends to Figures

Fig. 3.1. MB backbone modification and nuclease sensitivity study. (A) Armsakie
representation of the Tat-modified, nuclease-resistant MB. The phosptesdiond was
modified by replacing a nonbridging oxygen with sulfur and theugar deoxy with 2
O-methyl group. At room temperature, the thiol group at the queeciereacted (~2 h)
with a maleimide group placed at the N terminus of the pepbideetd a chemically
stable thioether bond. (B) Nuclease sensitivity assays using dlease-free DNase |.
The fluorescence of the nuclease-resistant MB is shown innmédhe fluorescence of an
unmodified MB is shown in green. The background fluorescent sigstatsvn in black
and yellow) without DNase | addition are also shown. (C) Kinetickybfidization of

Tat-modified MB CVB6 with (black) or without (red) complementary oligdeatides.

Fig. 3.2.Intracellular delivery of MB CBV6-Tat—target hybrids (A) BB without Tat
modification or without targets. (B) BGMK cells were incubateth 1 uM MB for 12 h,

and images were captured by using a fluorescent microscope. Scalebar, 20

Fig. 3.3.In vivo detection of CVB6 in BGMK cells. (A) Visualization of BGMKelts
infected with 0, 1, or TOPFU at 2 h p.i. (B) The correlation between the number of
plaque-forming units and fluorescent cells at 2 h p.i. Error banresent the standard

deviation of 3 replicate experiments. Scale ba0
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Fig. 3.4.Real-time detection of viral spreading. BGMK cells werst incubated with 1
uM MB, infected with CVB6 at a multiplicity of infection of 0.01FB/cell, and

monitored by using a fluorescent microscope. Scale bami20
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Fig. 3.1C.
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Fig. 3.3A.
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Fig. 3.4.

PlasDI T=15min T=30min T=45min

T=12h

82



Chapter 4:
Molecular beacon-quantum dot-Au nanoparticle hybrid nanoprobes for

visualizing virus replication in living cells

83



Abstract

This study describes a new hybrid fluorescent nanoprobe composedcudlense-
resistant molecular beacon (MB) backbone, CdSe-ZnS core-shell quaotsif@Ds) as
donors, and gold nanoparticles (Au NPs) as quenchers, for thémealisualization of
virus replication in living cells. A thiol-reactive hexahistidilmgker was first conjugated
to thioated-MBs. The presence of mono-sulfo-NHS esters on tifi@cesuof Au NPs
enabled their facile attachment to the peptide-MB conjugate$@i& tamino group on
the MB. Finally, the Au NP-MB conjugates were self-assemblieid the QD via the
strong metal-affinity coordination between the polyhistidine and tif ghell. By using
a Au NP-MB to QD ratio of 6:1, a 7.3-fold increase in fluorescegrtas was achieved
upon target binding. For living cell experiments, a hexahistidine-apperategeptide
was self-assembled onto the QD surface to provide nearly 100% naivandalivery of
the QD-MB-Au NP probes within 2 h. By directly visualizing tlh&fescent complexes
formed with the newly synthesized viral RNA, this QD-MB-Au NPl provided
sensitive and real-time detection of infectious viruses. The nuofbiworescent cells
increased in a viral dose-responsive manner that enabled the qaaatifiaf infectious
virus particles as well as the real-time visualization diftoecell virus spreading. This
new nanoprobe can be easily adaptable for the real-time vei@inf gene expression
that are critical for understanding the infection processplermmga wide range of

biotechnology applications and medical diagnostics.
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Introduction

The ability to provide real-time intracellular monitoring of gexxpression for an
extended period of time is becoming increasingly important for negicalostudies, cell
differentiation, cancer diagnostics, drug discovery, and pathophysiglbg). In
particular, real-time detection of viral genomes in living callessential to gain insights
into the molecular mechanisms involved in the viral reproductiveecgelg., entry,
replication, and egress), the cell-to-cell spread of progengngiriand for rapid clinical
diagnostics. Among the various methods reported to date, molecular bélsis)sare
considered one of the most promising technologies currently under piessiofor real-
time gene detection. MBs are single-stranded oligonucleotidsannairpin structure
that fluoresce upon hybridizing to the target sequence via fluor@scesonance energy
transfer (FRET) (6-9). Although MBs have been used for intraeelligtection of gene
expression, their applications for viral detection in infected &@lie only been reported
recently (10). The major challenges in using the conventional MBnfoivo viral
detection are their modest half-life (~50 min) due to cytoplasmclease degradation
and a lack of non-invasive intracellular delivery (11-12). Recettily use of nuclease-
resistant MBs for the real-time detection of coxsackievigydigation in living cells via
Tat peptide delivery was reported elsewhere (13). The enthatability and the non-
invasive delivery also enabled real-time monitoring of cell-ib-spreading of viral
infection.

Despite the very exciting possibility of improving our understagdon viral

infection, one major limitation of conventional MBs is their use ofnrg fluorophores,
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which have low resistance to photodegradation, rendering them ineffémt long-term
monitoring (14). Semiconductor quantum dots (QDs) are inorganic fluoropthartesan
circumvent the limitations encountered with organic fluorophores. Trepreghter and
more resistant to photodegradation (up to 100 times) than organic fluorsghbyeand
these properties make them excellent probes for single-molecutevatisn over an
extended period of time (16). Their broad absorption spectra and namsgian peaks
also allow the simultaneous excitation of different QDs atnglsi wavelength for
multiplex detection (17). All of these advantages make QDs eactate alternative for
in vivo imaging in living cells and live animals (18-21).

QD-based MBs using organic quenchers such as the black hole quBhtD2r
or Cy5 have recently been reported (22-23). In both cases, lesa flt}%6 increase in
the QD fluorescence was observed upon hybridization with a targeersee. This
relatively modest increase is a result of inefficient quenching afford&HQ)2 and Cy5.
It has been shown that the emission of QDs can be more effedivehched using Au
nanoparticles (NPs) than most conventional organic quenchers (24-26)n \Whe
typical FRET separation distance, the quenching efficiency caavee an order of
magnitude better for Au NPs (26), and Qd-Au NP nano assembliesanquenching
efficiency close to 100% have been reported (27). One can envisicimehase of QD
and Au NP as the FRET pair for MBs will significantly imprawa only the prospect for
long-term monitoring of gene expression in living cells or animals, but alsetistivity

due to the improved signal-to-noise ratio.
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Materials and Methods

BGMK cell culture.

BGMK cells obtained from American Type Culture Collection (pgss 50-60) were
grown in 400 mL of 1X autoclavable minimum essential medium (AMHEMine
Scientific) containing 1% of 7.5% NaHG™®% of 1 M Hepes, 1% of nonessential amino
acids (NEAA; HyClone, Thermo Scientific), 100 pug/mL of petiiciand 100 U/mL of
streptomycin (HyClone, Thermo Scientific), 1% of 200 mM L-glutamm®.85% NaCl
(HyClone, Thermo Scientific), and 10% of FBS (Sigma—Aldrich) at 3ir°@ 5% CQ
atmosphere. PBS [1X PBS = 0.01 M phosphate (pH 7.4), 0.138 M NaCl, and 2.7 mM
KCI] and Tris-buffered saline solution [1X TBSS = 0.05 M Tris (pH), 0.28 M NacCl,

10 mM KCI, and 0.82 mM N#POy] were used for washing steps in the plague assay

and MB analysis, respectively.

Virus preparation.

Virus stocks of Coxsackie B6 (CVB6) Schmitt strain (ATCC-Y55) were allowed to
proliferate on BGMK cells for 2 days at 37°C in a 5% @@mosphere and collected by
freeze—thawing (3 times) infected flasks demonstrating >80 dy&l extracting the cell

lysate with chloroform. The CVB6 virus stock was stored at —80°C.

Plaque assay.

The CVB6 virus stock was thawed, and then a series of 10-fold serial dilutions in 1X
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PBS were prepared. Confluent, 1-day-old BGMK cell monolayers iwelR 22.1-mm
dishes (Costar; Corning) were infected with 1 mL of virus dilutiofterA90 min of
adsorption at room temperature, the solutions were aspirated, and 2%
carboxymethylcellulose (CMC) sodium salt (Sigma—Aldrich) contg 1 volume of 2X
AMEM (Irvine Scientific) with 2% of 7.5% NaHC{ 4% of 1 M Hepes, 2% of NEAA,

200 pg/mL of penicillin and 200 U/mL of streptomycin, 2% of 200 mM Wwayhine in
0.85% NaCl (HyClone, Thermo Scientific), and 4% of FBS (Sigma—Aljincas added

into each well. After 3 days of incubation at room temperatureCM€E overlay was
removed, and the cells were treated with 0.8% crystal violet/ordtafdehyde solution
overnight. Excess stain was removed by washing with de-ionized amtkethe virus

plaques were counted.

Design of nuclease-resistant MB CVB6.
MB CVB6 was designed on the basis of an alignment of the sesmi@ienterovirus
strains obtained from GenBank database. The DNA folding prograioid

(www.bioinfo.rpi.edu) and IDT SciTools (www.idtdna.com/SciTools/SciTools.agpx

were used to predict the thermodynamic properties and the segatdatures of MBs.

MB CVB6 5-SH-CGCACGSTAGTCCGCATTCAGGGGCCGGAGACTACCAATTA

-NH-3' (probe sequence is underlined and stem sequence is bold itale3gpogsa 20-
methylribonucleotide backbone with phosphorothioate internucleotide linkagss w
synthesized (TIB Molbiol) to be specifically hybridized to anbfB+egion of the 5

untranslated region of the enterovirus genome. The thiol group at #med5s for the
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reaction with a maleimide group attached to the N terminus eof(tdis) peptide (Pi
Proteomics, LLC) to form a thiol-maleimide bridge. The 3’ anlatmeled end forms
covalent amide linkage with the mono-sulfo-NHS ester on the surfdcé\u
nanoparticles (NPs). MB CVB6 was suspended in 100 mM Tris-HCI (pHbaitgr

containing 1 mM MgGlto make the concentration 100 for the subsequent studies.

Peptide.

One hundred and fifty micromolar N-terminal maleimide-modifiedHis)s- NH-CH,-
CH,-N-maleimide (Pi Proteomics, LLC) suspended in 10 mM Hepes bedfarining 1
mM MgCl, was mixed with 10uM thiolated MB CVB6 in the dark for 2 h to form a
stable thiol-maleimide linkage. The peptide-linked MB complex wadgzdid overnight
in Slide-A-Lyzer Mini Dialysis Units 10,000 molecular weight affit(MWCO) to

remove the unconjugated peptide/MBs (Pierce).

QD-MB CVB6-Au NP conjugation.

Several steps were taken to attach QD and Au NP to MB CWBB0i mM Hepes
containing 1 mM MgGCl buffer at pH 8.5 in the ambient environment. To make colloidal
QDs compatible with biological environments, the TOP/TOPO capped-ZuSe&)Ds
(Evident Technologies, Inc., NY) were cap-exchanged with dihydrolipoid (DHLA)
ligands to replace the hydrophobic shell. The basic procedure folloawve®HLA-
capping is described by Clapp et al. After the QD surface replacementithfe éapped

QDs were resuspended in 10 mM Hepes buffer. To form a thiol-medkeibnidge, the
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thiol group at the 5’ end of MB sequence reacted with a maleimag agttached to the
N terminus of the (Hig)peptide (Pi Proteomics, LLC) as described above. The Mono-
Sulfo-NHS-NANOGOLD (Nanoprobes, NY) reagent was dissolved aneéanmith MB
CVB6 at molar ratio of 2:1 in 200k 10 mM Hepes buffer. The 3' amino-labeled end on
the MB sequence formed covalent amide linkage with the mono-sulfod¢k® on the
surface of Au NPs. The mixture was incubated for 1 h to allowethetion of sulfo-NHS
ester with 3’ amino group on MB CVB6 and then quenched withull®f 10 mM
glycine to deactivate any remaining NHS on the NP surfaneeddted MB sequences
and NPs were removed by spin dialysis in Millipore Microcon 10,0000MMt 7000xg
for 5 min and the NP-labeled MB solution was resuspended inRA® mM Hepes
buffer. DHLA-capped QD solution was mixed with an increasing méo of NP-
labeled MB solution for 1 h in 200t 10 mM Hepes buffer. The (Hispeptide linker at
the 5 end of MB CVB6 facilitated the self-assembly of MBotite QD surface via
metal-affinity interactions. After conjugation, the QD enussspectra of a 100k QD-
MB-Au NP solution (QD concentration 0.1 pM) were measured on arb3RF
spectrofluorometric detector (Shimadzu, MD) from 450 to 650 nm wiltked £xcitation
wavelength of 400 nm. For AFM imaging and vivo experiments the desirable
concentrations are described below. All QD-based MBs were stort idark at 4 °C
and were used within 1 day. For intracellular delivery, the {Hispended Tat peptides
were self-assembled onto the QD surface via metallic affest described in section

“Cellular Delivery of QD-based MBs”.
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AFM (Atomic Force Microscopy) imaging.

The QD-MB-Au NP construct was diluted to 2.5 nM in 10 mM Hepes;-8dnd 1QuL
of sample was dropped on HOPG surface. After 20-min adsorption, HOP&e was
rinsed with 5-mL DI water and the sample was dried undeffuX. AFM images were
obtained with a Veeco dilnnova (Veeco, CA) in tapping mode using FHgRn
cantilever (resonance frequency: ~73 kHz; scan rate 0.2 Hz) argzexhausing

diSPMLab Vr.5.01 software (Veeco, CA).

Cellular delivery of QD-based MBs.

For intracellular delivery, the hexahistidine-appended Tat peptifte¢idk-Trp-Gly-Leu-
Ala-Aib-Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gin-Arg-Arg-Arg  -CONH, was synthesized
(Pi Proteomics, LLC), where Aib ig-aminoisobutyric acid. The peptide solution was
mixed with QD-MB-Au NP solution for 1 h at room temperature @94L 10 mM
Hepes buffer at molar ratio of 10:1. (HiEXxpressed peptides can be directly attached to
the QD-surface based on the strong interaction betwe€nafd histidine. BGMK cells
were seeded into the 8-well Lab-Tek Chambered Coverglass (Ssteantific) at 37°C

in 5% CQ in air and cultured to >90% confluence. After removing the incubation
medium, the cell monolayer was washed twice with 1X TBSS. Tibtd&e determining

the efficiency of Tat peptide-mediated intracellular delfyeronconjugated QD-based
MB CVB6 or QD-based MB CVB6-Tat was mixed with complemegntdigonucleotides
(5-CTCCGGCCCCTGAATGCG-3 to the loop region at an MB/oligonucleotide molar

ratio of 1:1. BGMK cells were incubated at 37°C in the dark withLE¥ovitz L-15
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medium (Invitrogen) containing either preformed nonconjugated QDdbsl&: CVB6

hybrids or QD-based MB CVB6-Tat hybrids at QD concentratafrisO nM. To record
the image, the chamber well was placed on the Zeiss Axiovert H0 idQverted

fluorescence microscope stage and was marked to permit théecepbaervation of the
chosen region in the cell monolayer. As soon as the positive fluotesigeals were
observed inside the cells, the chamber well was kept on the microstegeeinstead of
returning it to the 37°C incubator. All assays were carried out ayariod of 12 h, and

the fluorescence images were taken at intervals of 15 min.

Progression of viral infection in living cells.

BGMK cells were cultured to >90% confluence in the 8-well Lai-TChambered
Coverglass (Fisher Scientific) at 37°C in 5% L£&mosphere. After incubation for
predetermined time periods, the slides were removed from the 37°C tmcudoad the
growth medium was aspirated. Following 2 washes with 1X TB8&,cells were
incubated with 50 nM QD-based MB CVB6-Tat in 1X Leibovitz L-15 medium
(Invitrogen) at 37°C in the dark for 3 h. After 2 washes with 1X TBSS, the chambsr wel
were oriented on the microscope stage; the cells were infeatbd 10-fold virus
dilutions in 1X Leibovitz L-15 medium and were observed under the 2Zeisvert 40
CFL inverted fluorescence microscope at room temperature for The fluorescence
images were recorded at intervals of 15 min. For the real-8preading of viruses
experiment, snapshots were taken fr@@min p.i. to 12.5 h p.i.. From 30 min p.i. to 2.5

hours p.i., they were taken every 15 min; thereafter they were taken every 30 min.
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Fluorescence microscopy and image processing.

Living cell imaging was performed on a Zeiss Axiovert 40 QRterted microscope
equipped with a 12-V, 35-W halogen lamp (for the phase-contrast sinagd an HBO

50 W/AC mercury lamp (for the fluorescence images). The obgctused were a
5X/0.12 A-Plan, a 10X/0.25 A-Plan, a 20X/0.50 EC Plan-NEOFLUAR, and a04&X/
LD A-Plan (Zeiss). Fluorescent hybrids were detected bygusifilter set consisting of a
D436-nm exciter, a D535/50-nm emitter, and a 475 nm-dichroic longheass splitter

(Chroma Technology). Images were acquired by using a ProgR&S"MBnochrome

CCD camera (Jenoptik). Both phase-contrast and fluorescence imageanalyzed by
using Image-Pro PLUS analysis software (Media Cybernethd$)settings for image
processing were kept constant, and the exposure time for impiygecavas adjusted, if
necessary, to maintain output levels similar to those observed ureddiudrescence

microscope.

Enumeration of fluorescent cells.

To calculate the infected cells (fluorescent cells) in ed@mber well, 30 fields within
the well were randomly chosen, and the fluorescence imagescaieeted at 100X
magnification. The number of fluorescent cells within the areaceasted by Image-Pro

PLUS analysis software.
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Results and Discussion

This study reports the development of nuclease-resistant MBs Q&ingnd Au
NP as the FRET pair for real-tima vivo viral detection via Tat peptide delivery.
Coxsackievirus B6 (CVB6) was chosen as the virus model considesimgpbrtance in
waterborne diseases and outbreaks. A nuclease-resistant MBntarge 18-bp non-
coding region of the CVB6 genome was designed similar to that eeporéviously (13)
except for the inclusion of a thiol group at the 5’ end and an amiupa@t the 3’ end. A
12-bp linker sequence was inserted at the 3’end to act as a spasserbéhe MB and
the Au NP. To synthesize the QD-MB-Au NP probes (Fig. 4.1), aimiale-modified
hexahistidine (Hig peptide linker was first conjugated with the free 5’ thiol grouthef
MB to form a stable thioether. The presence of mono-sulfo-Ndt&on the surface of
Au NPs enabled their facile attachment to the peptide-MB comsgaa the 3’ amino
group on the MB. Finally, self assembly of the Au NP-MB conjugateto DHLA-
capped QDs was accomplished via the strong metal-affinity cotiahnbetween the
ZnS shell and the (His}ag.

The QD emission at 540 nm was measured to follow the QD-MB-Au NP
conjugation (Fig. 4.2A). The emission peak before DHLA-capping dedscted at 540
nm and was red shifted to 548 nm after DHLA replacement as edporéviously (28).
The effect of QD quenching was investigated by incubatingeal fconcentration of QD
(0.1 uM) with an increasing molar ratio of Au NP-labeled MB frbto 6. Nearly a 40%
loss in QD emission was achieved even with an Au NP/QD ratit. dFhis result

confirms the correct assembly of Au NP-MB conjugates onto Qd3ed on the (Hig)
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interaction, resulting in the efficient quenching of the QDdaeaor-quencher FRET. A
sequential increase in QD quenching was observed with an ingeédBirto QD molar
ratio up to 6:1 where over 85% loss in the QD photoluminescence wasedetSince
only a marginal increase in quenching was observed beyond theofa6d., this
particular Au NP-MB-QD preparation was chosen for subsequent ¢hidzation andn
vivo experiments. To ensure that the modifications with QD and Au Nirdadfect on
the hybridization kinetics, an excess amount of complementary oligesadded. Fig.
4.2B shows the time-course recovery of QD emission in the presémoenplementary
oligos. The QD fluorescence intensity upon target binding was enhanded’ Lltimes
within 50 min, which is significantly higher than the 2-3 fold increase reported prgvious
for other QD-based MB conjugates (25). This improvement in the sigrizckground
ratio is likely a combination of using Au NP as the quencher anohsleetion of a 12-bp
linker, which provides greater separation of Au NPs from the QDagirfupon
hybridization. This improved signal to background ratio should render thdy ne
designed QD-MB-Au NP probe highly useful for cellular imaging of gemeession.

The QD-MB-Au NP probes hybridized with complementary oligosewfarther
characterized by atomic force microscopy (AFM) imaginthwai dilute dispersion of the
hybridized MBs on a highly orientated pyrolytic graphite (HORGiface. The tapping
mode AFM image shows that the oblong shaped QDs were surrounded by a ntimbe
smaller Au NPs (Fig. 4.3A). The height profile confirmed thespnce of two
nanoparticles of approximately 7 nm and 1.4 nm, which are comparathlethe

respective sizes of a single QD and Au NP specified by the a@nouér. The spacing of
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14 nm between the two nanoparticles also corresponded to the opened 44rkd&s pa
confirming that the QD was separated from the Au NP by hyatidn. In contrast,
without the complementary oligos, no separation from the crossisa&cheight profile
was detected (Fig. 4.3B).

After confirming the expected properties of the QD-MB-Au NBbas, Tat
peptides were appended to the QD surface via coordination with theabliat a ratio of
10:1. To investigate the intracellular delivery efficiency, GIB-Au NP probes
appended with Tat peptides were first hybridized with an exaassunt of
complementary oligos before being added to a monolayer of Budfi@den monkey
kidney (BGMK) cells. As depicted in Fig. 4.4A, intracellular delivery ocedrwithin 1 h
and the level of delivery continued to increase with time urdithigng saturation at 6 h.
The fluorescent intensity was constant for up to 12 h, indicating lieatMiB-target
hybrids were retained inside the cells after delivery andiresdaesistant to intracellular
degradation. In the absence of Tat peptide conjugation, rapid aggregatienpbbes
occurred outside the cells (Fig. 4.4B). After washing away thdium, there was no
significant fluorescence detected inside the cells, confirnmagthe conjugates were not
taken up by the cells without the help of Tat peptides.

To demonstrate the ability of the Tat-modified QD-MB-Au NP psoteemonitor
the infection state of individual cells, a confluent monolayer GIMK cells was first
incubated with 50 nM probes for 3 h before being infected with 0 plague forming
unit (PFU) of CVB6. The number of fluorescent cells was followgdflborescence

microscopy after 4 h of infection. As shown in Fig. 4.5A, a sigaiitly higher number

96



of fluorescent cells was detected with increasing infection desadele the uninfected
cultures (0 PFU) showed a negligible amount of fluorescencedimaokd) independent
of infection time (Fig. 4.5A). Using the 4 h infection window, a d&nealibration curve
was obtained over the range of 1 to 200 PFU (Fig. 4.5B), indicatihghikeQD-based
MB assay can be used to provide rapid quantitative information onticufecviral
dosages without performing the tedious 72-h plaque assay.

By delivering the probe complex into cells prior to viral infeoti and
subsequently tracking the increase in fluorescent signals, thisodherovides the
feasibility for the real-time detection of newly synthesizedlMRNA and the cell-to-cell
spreading of viral infection. A cell monolayer was infecte@ atultiplicity of infection
(M.O.1.) of 0.1 PFU/cell and monitored under a fluorescence microscope for 12 h3Afte
h infection (Fig. 4.6A), several fluorescent cells were cjeatbservable under the
microscope. As time proceeded, the fluorescent intensity inbigse tinfected cells
became more intense, indicating that continual RNA synthesis aml assembly was
occurring. The further outward spread of fluorescent cells gb.8 ndicated secondary
infection caused by the progeny virions. In contrast, no noticeablesggcne fluorescent
cells was detected in a control culture without infection evemn a#é (Fig. 4.6B). This
control experiment showed that the probes are stable and nuclsiasaate These results
confirm the intracellular stability of the QD-MB-Au probes andirtlability to provide
real-time detection of viral infection.

In summary, this study demonstrated the utilization of nuclessstant QD-MB-

Au NP probes to examine the viral replication cycle in living lvedis via Tat peptide
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delivery. Our findings indicate that this new MB probe design canskee to explore
many real-time molecular mechanisms that are critical uioderstanding virus-host

interactions and viral pathogenesis.
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Legends to Figures

Fig. 4.1. A schematic representation of the QD-MB-Au NP probe with ohout

presence of the complimentary viral RNA.

Fig. 4.2.Characterization of the QD-MB-Au NP complexes. (A) Fluoreseapectra of
the QD-MB-Au NP complex at an increasing ratio of MB-Au NP agaje from 1 to 6.
Fluorescence spectra from 0.1 uM TOP/TOPO-capped CdSe-ZnS anA-Egped
QDs are also shown. (B) The time profile of QD emission inpitesence of 10-fold

molar excess of a complimentary oligo.

Fig. 4.3. Tapping mode AFM analysis of the QD-MB-Au NP complex. (A) Open
complex after hybridization with complimentary oligos (insertethges). The height
profile of the open complex was obtained from the right image.QB¥ed complex
without complimentary oligos (inserted images). The height profildhe open complex

was obtained from the right image.

Fig. 4.4. Intracellular delivery of QD-MB-Au NP probes. (A) BGMK celiwere
incubated with the QD-MB-Au NP conjugates (50 nM) for 12 h, and fluonésceages
were captured at different time points. (B) BGMK cells eviercubated with QD-MB-Au

NP conjugates without Tat modification.
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Fig. 4.5. Detection of infectious viruses by QD-MB-Au NP probes. (A) Flaceat
images of cells infected with 0, 1,%6r 10 PFU at 4 h post infection (p.i.). (B) The

correlation between the number of fluorescent cells and PFU at 4 h p.i.

Fig. 4.6. (A) Real-time detection of viral spreading. BGMK cells &dirst incubated
with 50 nM QD-MB-Au NP probes, infected with CVB6 at an M.Ofl.0al PFU/cell,
and monitored using a fluorescent microscope. (B) 12 h real-timetariagi by
introducing 50 nM QD-MB-Au NP probes into the cells and no obvious falséveos

fluorescent signals were observed (the merge images are shown).

105



Fig. 4.1.
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Fig. 4.2A.
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Fig. 4.3A.
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Fig. 4.4A.

Fig. 4.4B.
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Fig. 4.6A.

Fig. 4.6B.
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Conclusion
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Waterborne transmitted viruses pose a public health threat duertst#idity in
aquatic environment and their ease of transmission with high miyrbaties at low
infectious doses. Two major challenges of viral analysis includack of adequate
information regarding infectivity and the inability to cultivatertain epidemiologically
important virusesn vitro. The use of fluorescent probes in conjunction with fluorescence
microscopy allows us to reveal dynamic interactions of the esrusth different cellular
structures in living cells that are impossible to detectrynunological or PCR-based
experiments. Real-time viral detectiamvivo provides sufficient information regarding
multiple steps in the infection process at a sub cellular,lew@th will be valuable for
the prevention and control of viral infection.

In this study, we designed appropriate MB sequences that function dptimal
under the given assay conditions. The MBs (MB H1, MB CVB6-Tat eébdv® CVB6-
Au NP) demonstrated a high degree of specificity, which cariuldber applied to
comparative studies of different subtypes of human enterovirusesdathefrom our
measurement can be collapsed to provide data equivalent to a plagyewdtss a
detection limit of 1 PFU, achieved within one replicative cyclee Tluorescence assay
greatly reduces quantification time and produces infectivity indtion as a function of
p.i. time points, which will benefit researches where the quaafitvirus (production
yields) at various steps is an important factor, such as tdrgion of viral vaccines,
MOI optimization and adaptation of methods to cell culture.

The improved elements of the detection techniques presented iruthjsase: (i)

a nuclease-resistant backbone modification for prevention of nucledggi@dation, (ii)
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an attachment of the Tat peptide to the MB, to facilitate norsimeaentry into host
cells, and (i) a new FRET pair composed of QD and Au NP foroneat sensitivity.
The combination of nuclease-resistant constituents and the Tatlgegthieves an
improved efficiency, i.e., real-time and long-term monitoring @&lvinfection without
pretreatments (fixation and permeabilization). FRET microsoopy applied in this
study to simultaneously track the viral genomes within host.ckllsfficiently and
rapidly captured the fluorescent signals from the MB-viral RN&ractions in living or
fixed cells. By introducing the modified MBs (MB CVB6-Tat and ®MB CVB6-Au
NP) into the host cell population prior to viral infection and tracking ¢thange in
fluorescence intensity, we could observe cell-to-cell spread ewbesgeny virions
infected new host cells in which the infectious cycle could beatede The ability to
monitor the real-time replication of viruses in living cellsvigal for providing insights
into viral pathogenesis and fundamental cellular functions and can |le&avttherapies
for combating viral infection. In the future, these novel MB-based prodede utilized
to empirically measure the constants of mathematical modeks lbetter understanding
of host-virus dynamics. By providing a mathematical expressiordescribe the
biological process of host-virus interaction, fundamental viral ratifon studies can be
elucidated from a combination of potential experiments and sirongati For
epidemiologically important viruses that cannot be grown in cellue, such as
astrovirus or noroviruses, the Tat peptide can be used to introduce gxtthgenomes

into insusceptible cultured cells to permit one reproductive cycle.uSheof modified
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MB based probes could be used to demonstrate viral replicatioellsh proven to
cultivate the virus.

Viruses will always remain a major health threat, and theusimh of the
techniques described above call for the development of multiplex approaithethe
aim to detect and characterize several pathogens in a sasglg. &urthermore, we have
demonstrated the feasibility of turning the presented method®witto provide insight
into the molecular mechanisms underlying the virulence of the eiragmificant to
public health. Ultimately, we hope this work will provide a link in theure efforts of

developing antiviral treatments.
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