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Abstract

The lack of photobleaching, minimal sample heating, and high acquisition rates
associated with coherent anti-Stokes Raman scattering (CARS) microscopy rﬁake it an
attractive approach for the chemically specific in vivo imaging of dynamical processes.
However, imaging capabilities are currently confined to classes of macromolecules as
opposed to specific molecular targets. The use of cyano and deuterium functional group
labels, which possess Raman modes in a spectral region devoid of endogenous cellular
resonances, has the potential to surmount this limitation, enabling imaging with chemical
and molecular specificity using CARS microscopy. Herein, cyano and deuterium vibrational
modes have been incorporated into Raman and CARS contrast agents capable of mediating
biomolecular modification. Application of this approach will be demonstrated using
hepatitis C virus (HCV) RNA and two model protein systems with the end goal of
investigating dynamical aspects of HCV molecular virology in real-time in vivo using CARS
microscopy. The addition of exogenous CARS labels to a biomolecule can have serious
structural and functional consequences that may lead to the expression of a phenotype
dictated by the effects of the modification rather than the system under investigation.
Therefore, the structural and functional consequences of introducing CARS labels needed to
be investigated before applying cyano and deuterium modified HCV RNA and proteins to in

vivo analysis using CARS microscopy.
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Chapter 1 — Introduction

This thesis proposes to extend the utility of a new form of microscopy, known as
coherent anti-Stokes Raman scattering (CARS) microscopy, to enable the real-time
localization of specific molecular targets in live-cells. CARS microscopy is ideally suited to
this application because CARS image contrast originates from vibrational transitions, which
do not produce the phototoxic effects associated with fluorescence microscopy.

Fundamental contrast limitations due to the lack of unique vibrational signatures
amongst the major biopolymers necessitated the development of CARS contrast agents that
could introduce bioorthogonal vibrational modes. Designing these contrast agents and
establishing a means of chemically conjugating them to biomolecules would facilitate the
generation of CARS image contrast with molecular specificity. However, chemical
modification can introduce structural and/or functional perturbations that alter the wild-type
function of the biomolecule. This fact underscored the importance of quantifying the
structural and functional effects of conjugating CARS contrast agents to biomolecules so that
the contribution of the chemical modification to observed in vivo phenotypic changes can be
determined.

Chemical coupling of CARS contrast agents and subsequent structural and functional
validations will be applied to the study of hepatitis C virus (HCV), for which live-cell
dynamical information is currently lacking. In particular, chemically modified HCV
subgenomic RNA will be characterized using chromatographic and spectroscopic analyses,
as well as an in vitro translation/replication competency assay and several biophysical
techniques. Additionally, two model protein systems will be characterized to determine the
extent and functional effects of chemical modification, with the end goal of modifying

recombinant HCV proteins for in vivo tracking using CARS microscopy.
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To begin, the structural and functional components of the HCV genome and HCV
proteins will be discussed, which will serve two functions: 1) it will underscore the
importance of using new techniques like CARS microscopy to study HCV; and 2) it will
show that the complexity of the HCV genome make functional and structural validation of
chemically modified RNA a paramount concern. These discussions will be followed by a
comparison of electronic and vibronic approaches to imaging, which segues to an
explanation of the theory, current applications, advantages and limitations of CARS
microscopy. A discussion of biomolecular modification is followed by an outline of the
important features and design of ideal CARS contrast agents. Finally, an outline of the

remaining chapters in this thesis will be presented.

Hepatitis C Virus

First identified in 1989, HCV is a blood-borne pathogen that has developed into a
global health problem (Figure 1.1). The World Health Organization estimates that
approximately 3% of the world’s population is infected with HCV, which means there are
more than 170 million chronic carriers of the virus!'>.. Presently, there is no HCV vaccine
and current treatments are only 50% effective when properly administered, with cost and
significant side effects also limiting efficacy due to patient non-compliance. Owing to
these limitations, there has been a concerted effort within the academic community to
establish a comprehensive understanding of HCV molecular virology (>21000 Pubmed
citations pertaining to HCV from 1989 — 2006). This effort has generally focused on
elucidating structural and functional components of the HCV genome and the proteins for
which it codes, as well as identifying host-virus interactions fhat serve as molecular

keystones in the HCV life-cycle.
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Population Infected Percentage
Region (Millions) (Millions) (%)
Africa 602 31.9 5.3
Americas 785 13.1 1.7
Eastern Mediterranean 466 21.3 46
Europe 858 8.9 1.03
South-East Asia 1500 323 2.15
Western Pacific 1600 62.2 3.9
Totals 5811 169.7 3.1

Figure 1.1: Global distribution of HCV infection. While infection rates are higher in
Africa and Asia, HCV is clearly not confined to third-world nations (adapted from

1999 World Health Organization statistics)[l.



Chapter 1 - Introduction

While extensive, current knowledge of HCV is not comprehensive. The development
and application of new tools to probe processes related to the HCV life-cycle are needed to
expand our understanding of HCV. The following is a concise summary of current
knowledge on the organization and structure of the HCV genome and viral protein function
that will highlight areas of HCV molecular virology where CARS microscopy may provide

novel insights that conventional techniques are not able to resolve.

HCV Genomic Structure and Organization

HCV is a single-stranded RNA virus with a 9.6 kb genome that codes for a single
open-reading frame (ORF) of approximately 3000 amino acids (Figure 1.2). The large size
of the HCV genome is prohibitive to using standard computational and experimental
methods of elucidating RNA structural elements. As a result, researchers have been
generally limited to studying higher-order structures within the 5° and 3’ terminal
untranslated regions (UTR) of the HCV genome. The 5°-UTR, which is highly conserved
amongst all HCV genotypes, contains an internal ribosomal entry site (IRES) that is essential
for cap-independent translation of the RNA genome and plays a role in viral replicationt®®!,
As well, the 5°-UTR contains a stem-loop element 5’ of the IRES that is important for viral
replication and translation™ %), The 3°-UTR contains three distinct domains: a poly(U/UC)
tract, a highly conserved 3’-terminal 98-nt sequence and a variable region. It has been
shown that the 3’ terminal 125-nt sequence is essential for viral replication, with the
remaining 3’-UTR serving to increase replicative activity!' "', Finally, researchers have

demonstrated that the NS5B coding region contains a cis-acting RNA (stem-loop) element

that is essential for viral replication, likely via forming a kissing-loop interaction with the 3°-
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Important for

Translation and
Replication 7 RN

RNA-RNA Interaction

I 1
! |
! |
'l I NS5B stem-loop
8 Jiol
\ 1

AUG

Poly(U/UC), 98-nt
conserved and variable
regions

Figure 1.2: HCV genomic structure and organization. The HCV genome encodes a
single open-reading frame (orange and blue bars). The 5’-UTR contains the HCV
IRES (large green oval), which interacts with the 40S ribosomal subunit and
eukaryotic initiation factor 3 to initiate translation and plays a role in viral
replication. As well, there is a stem-loop element upstream of the IRES that is
important in viral replication and translation (green rectangle). The 3’-UTR contains
three distinct domains: a poly(U/UC) tract, a highly conserved 3’°-terminal 98-nt
sequence and a variable region that are integral to viral replication. The NS5B cis-
acting RNA element (small green oval) interacts with the 3’-UTR to modulate viral
replication. UTRs are not drawn to scale.
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| HCV ORF |

Structural Non-Structural

5’-UTR

Translation and
Polyprotein Cleavage
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Figure 1.3: The HCV polyprotein. Following translation of the single ORF the
polyprotein is cleaved via host (structural) and viral (non-structural) proteases into
10 unique viral proteins. Red arrows indicate host-cell signal peptidase cleavage
sites, the blue arrow is the NS2/NS3 cysteine protease cleavage site and the black
arrows indicate NS3/NS4A serine protease cleavage sites. The primary functions of
the mature proteins are indicated below each cleavage product. The relative size of
the proteins are approximated by the size of the bar representing the cleaved protein.
RdRp = RNA-dependant RNA polymerase.
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UTR!> 81 This is the only RNA structural element within the HCV ORF that has been
experimentally validated.

The presence of secondary, tertiary and quaternary structural elements are integral
features of proteins and RNA that can impose molecular architecture and mediate cellular

[17-20] ' Eor HCV, these functions include translation and replication, as well as viral

function
packing and assembly of mature virion particles. Energetically, the intramolecular
interactions involved in forming these higher-order structures range from the weaker, more
abundant Van der Waals, hydrogen- bonding and coulombic interactions to the much
stronger and less frequent disulfide bonds, which are covalent interactions. However, since
the majority of these interactions are inherently weak, moderate systemic perturbations (i.e.:
incorporating modified nucleotides, labeling specific residues, altering pH or ionic strength,
etc.) can produce serious structural and/or functional perturbations.

Given these considerations, it is of fundamental importance to identify structural and
functional perturbations resulting from the chemical modification of the HCV genome, as
functionally important structural domains may be altered in the presence of unnatural and/or
modified nucleobases. This thesis will examine the functional and structural changes
resulting from the chemical modification of HCV subgenomic RNA. Doing so will enable

the development of an optimal system (i.e.: one with minimal perturbations) for investigating

dynamical processes using CARS microscopy.

HCYV Viral Proteins
The polyprotein produced from the HCV ORF is co- and post-translationally cleaved
by host (structural proteins) and viral (non-structural proteins) proteases into 10 viral proteins

(Figure 1.3)?!]. These 10 proteins are subdivided into two broad categories: the structural
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proteins — Core, E1, E2 and p7 — whose primary functions are believed to be packing of
infectious viral particles, as well as entry and export from the host-cell following maturation
of the intact virion'*>%*; and the non-structural proteins — NS2, NS3, NS4A, NS4B, NS5A
and NS5B — whose varied functions will be discussed in more detail below.

NS2 is an integral membrane protein that has been implicated in host-cell gene
regulation, as an inhibitor of apoptosis and a possible cofactor in NS5a phosphorylation!®*].
However, the primary function of NS2 is the autocatalytic cleavage of the nascent
polypeptide at the NS2-NS3 junction. This protease activity is zinc-dependant and requires
the 189 N-terminal amino acids of NS3!1, NS3 also contains a serine protease domain that,
with NS4A as a stabilizer and activator, catalyzes the cleavage of the HCV polyprotein at the
NS4A-NS4B, NS4B-NS5A and NS5A-NS5B junctions®). Additionally, NS3 contains a
helicase domain in the 442 C-terminal amino acids and has been shown to be essential for
viral replication via unwinding of double-stranded RNAP®*?”. NS4B is an integral
membrane protein that has recently been shown to facilitate the augmentation of the
endoplasmic reticulum to form membranous webs, which are known sites of HCV
replication[28’ 21 The primary function of NS5A, a membrane-associated phosphoprotein, is
currently unknown. The present consensus, however, is that NS5A is involved, either
directly or indirectly, in viral replication, although the mechanism of involvement is yet to be
determined™”. Lastly, NS5B is an RNA-dependent RNA polymerase that fills two
fundamental roles during viral replication: 1) synthesis of the negative-sense RNA from the
positive-sense genomic RNA; and 2) subsequent synthesis of the subsequent positive-strand
progeny RNADPY,

The HCV core, NS3 (helicase) and NS5B proteins, as well as the 40S ribosomal

subunit and eukaryotic initiation factor 3 are known to directly interact with structural
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domains in the HCV genome to mediate translation, replication and viral assembly?"+3"32],

The fundamental role of these protein-RNA interactions to the viral life-cycle underscores
the importance of properly characterizing not only chemically modified HCV proteins, but
also chemically modified HCV RNA, as the modifications may perturb structural domains

that mediate integral components of the HCV life-cycle.

Models of HCV Replication and Infection

In order to study the function of normal and chemically modified HCV RNA and
HCYV proteins, cell culture models of HCV molecular virology were required. Historically,
the primary means of studying the virus in vivo was through infection of cell cultures and
primary cell lines with HCV-infected sera, or culturing primary cells isolated from
persistently infected patients®*!. Later attempts to develop chimpanzee and small animal
models of HCV infection met with modest success, but widespread use was limited due to
ethical and financial considerations!*>*\. In tandem with in vitro biochemical analysis these
methods were successful at delineating many aspects of HCV molecular virology. But the
lack of viral persistence and low infectivity of these systems necessitated the development of
a more efficient methodology for studying HCV.

The legacy of developing an efficient cell culture model of HCV infection began with
the discovery that HCV genomic RNA transcribed from a cDNA clone initiated infection and
viral hepatitis in chimpanzees!®®. Following from this, Lohmann and co-workers established
a human hepatoma cell line (Huh-7) that stably replicated a non-infectious subgenomic HCV
replicon (from herein this replicon will be referred to as HCV RNA; Figure 1.4)57. The
subgenomic replicon contains the NS3 — NS5B segment of the HCV ORF, which is under the

control of the Encenphalomyocarditis virus (EMCV) IRES, and the 5’- and 3°-UTRs of the
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HCV EMCV
IRES IRES

-UTR

HCV EMCV
IRES IRES

5’-UTR 3’-UTR

Figure 1.4: Schematic organization of the HCV subgenomic replicon. The 5°- and
3’UTRs and the NS3 — NS5B regions are requisite for viral replication in cell
culture. Expression of the HCV coding region is driven by the EMCV promoter.
Two variants contain either the firefly luciferase reporter gene (top) or the neomycin
resistance selection gene (bottom), both of which are controlled by the HCV IRES.

10
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HCV genome. These are the structural and functional components of the HCV genome that
are requisite for efficient viral replication in cell culture!®®. In addition, upstream of the
EMCYV IRES, the HCV IRES controls the translation of either a neomycin resistance gene or
a firefly luciferase reporter gene®® **!. Subsequent studies of the clone used to establish the
stably replicating Huh-7 cell line revealed that the efficiency of viral replication was due to a
series of cell culture-adaptive mutations®®.

Recent work has lead to the development of two cell-based models of HCV
infectivity, including the first fully replicating infectious cell culture models of HC V2 40-42)
Also, a clone that efficiently replicates in cultured Huh-7 cells in the absence of cell culture-
adaptive mutations has been identified*’). However, working with infectious models of
HCV requires Biosafety Level 3 containment procedures, which limits the accessibility of
this system. Therefore, despite these recent advances, the Huh-7 subgenomic replicon
system is still the work-horse technique for studying HCV molecular virology in cell culture.

The in vitro transcription (IVT) of HCV subgenomic replicon RNA to accommodate
transient transfection and expression of viral RNA and proteins is well established™”. This

thesis will exploit the IVT of HCV RNA to introduce co- and post-translational chemical

modifications that will enable the visualization of modified RNA via CARS microscopy.

Cellular Imaging of HCV

In combination with the subgenomic replicon system, researchers have used a
plethora of techniques to characterize the HCV life-cycle. However, studies incorporating
imaging of HCV specific effects and viral biomolecules in vivo are limited to electron and
confocal fluorescence microscopy. Electron microscopy (and derivatives thereof) has found

use as a tool for identifying and investigating the membranous web where HCV is known to

11
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28,441 Also, it has been used to characterize the intact virion (in vivo and ex vivo)

replicate
and HCV core particles' "), Perhaps the most widely used imaging technique to study
HCYV has been confocal fluorescence microscopy, which is used in indirect
immunofluorescence analysis (for representative examples see [37, 39, 44, 48)).

Noteworthy, is that there have been a limited number of attempts to directly localize
HCV RNA in vivol** #), Several groups have used 5-bromouridine-5’-triphosphate
metabolic labeling to indirectly localize positive-sense RNA by showing that negative-sense
RNA co-localizes with components of the viral replication complex?® >, Additionally, the
location of the HCV RNA can be deduced by assuming co-localization with proteins of the
replication complex. While undoubtedly accurate, these last two examples are still
localizations by inference, rather than direct visualization of HCV RNA.

Finally, there is an absence of research examining dynamical aspects of viral
protein/RNA localization and HCV-induced phenotypes. The fundamental reason for this is
inherent in the primary method used to study HCV in cell culture - indirect
immunofluorescence, which requires that cells be chemically fixed to a substrate prior to
staining[ﬂ]. Owing to this necessity, indirect immunofluorescence can only provide static
images of HCV processes.

The lack of suitable tools to study dynamical processes in real-time creates an
important information gap between viral entry and RNA processing, motility and
localization, as well as viral protein production and localization. Facilitating a synoptical
view of HCV molecular virology necessitates filling this gap by performing dynamic
analyses of HCV RNA and proteins in vivo. This thesis will attempt to expand the utility of
an existing imaging modality (CARS microscopy) to enable imaging with molecular

specificity. In particular, the chemical modification of HCV RNA and HCV proteins will be

12



Chapter 1 - Introduction

pursued to obtain dynamical information about HCV related processes. A comparison of
microscopies grounded in different methods of generating image contrast will be provided to
introduce CARS microscopy, as well as underscore its advantages and provide justification

for chemically modifying biomolecules to enable its use.

Vibronic Microscopy

The use of electronic (fluorescence) microscopy is ubiquitous in multiple areas of in

[52-56] " This prevalence has been driven in part by the application of confocal

vivo imaging
imaging techniques to fluorescence microscopy, as well as by the speed of image acquisition
(milliseconds to seconds) and the plethora of small-molecule and protein-derived
chromophores that have been developed™” >, A significant drawback of this technique,
however, is the time-intensive sample preparation (generating and optimizing expression of
fluorescent fusion proteins, staining cells, etc.). Seeing this as an unnecessary hurdle to in
vivo imaging, many recent studies have used vibronic (Raman and to a lesser extent IR)

microscopy as the primary means of microscopic characterization’®**?, The fundamental

reasons behind this resurgence are explained below.

Vibronic versus Electronic Microscopy

When juxtaposing the utility of vibronic and electronic microscopy for in vivo
analysis, there are three intrinsic differences that must be addressed. Firstly, the energy
required to excite a system from the vo—v, vibrational level is approximately 5% of that
required for a typical electronic transition 631, Owing to this, the effects of laser-induced,
localized sample heating in Raman and IR are minimized when compared to fluorescence. It

follows, that heat-sensitive biological samples will maintain their integrity during
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longitudinal vibronic analysis better than in analogous fluorescence-based studies. Thus, the
use of vibronic over electronic imaging would be advantageous for an i vivo time-course
analysis of dynamic cellular processes.

The second difference between vibronic and electronic microscopy pertains to the
propensity of fluorescent probes to photobleach upon prolonged or repeated excitation. Such
photobleaching often generates reactive species (free radicals) that have repeatedly been
shown to have a myriad of deleterious effects when present at elevated cellular levels!®*%),
The build-up of cellular damage from these reactive species has two fundamentally important
consequences pertaining to the study of HCV: 1) it can activate apoptotic pathways resulting
in cell death; or 2) it may facilitate the expression of an abnormal phenotype that is not
characteristic of HCV infection (which includes, but is not exclusive to, an apoptotic
phenotype). Since Raman and IR promote vibrational transitions, which do not cause
photobleaching, the effects of reactive-species-mediated cellular damage is effectively
removed as a confounding variable.

Finally, vibronic microscopy can provide chemically specific information by
examining the location and band shape of distinct functional group resonances (i.e.: amide,
phosphate, aliphatic, etc.). This approach has been successfully applied to investigate

aspects of cancer biology in unstained cells!é’ 11

. In contrast, electronic microscopy is
limited to obtaining spectral information about specific chromophores, which do not carry
the same information content found in vibrational resonances. Thus, the diversity of
chemical and biochemical information that can be obtained via‘ vibronic microscopy
increases the amount of information garnered per experiment.

It should be noted that multiphoton fluorescence microscopy can minimize

photobleaching because excitation is confined to a tightly focused, sub-micron sized
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volume'”?. Furthermore, since excitation is dependant on multiple low-energy photons
rather than one high-energy photon, the effects of localized sample heating can be
reduced’?). However, these effects are still present and could build over longitudinal
analyses to produce the deleterious effects outlined above and the information content is still

less than that attainable using vibronic microscopy.

Raman versus IR - Scattering or Stretching?

Given the above advantages of using vibronic over electronic approaches to in vivo
imaging, what then determines the efficacy of Raman versus IR microscopy for studying
HCV? While often used to obtain complementary molecular information, there are several
elementary differences between Raman scattering and IR absorbance. First, the visible
excitation wavelengths used for Raman offer better lateral resolution than the longer
excitation wavelengths used in IR microscopy!”>). Second, the selection rules between
Raman and IR are different. This is potentially relevant to the intense water absorption
flanking the aliphatic region of the Raman spectrum, which can be problematic when
imaging certain cellular constituents (i.e.: lipids) by IRV"¥.. Finally, it is important to consider
the requisite time necessary to acquire images by Raman. Raman scattering is an inherently
weak technique, with one Raman photon being produced for every 10'° incident photons!”.
Also, considering that Raman microscopy is a raster-scanning technique, it can take 10 — 20
hours to collect a single high-resolution (~500 nm lateral resolution) Raman image of a 10
pum cell. Clearly, Raman is an ineffective technique if utilized for the dynamical imaging of
live-cells. While the acquisition times for IR microscopy (1 — 2 hours) are markedly better
than Raman, they are still long enough to preclude using IR for dynamical real-time analysis

in vivo.
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With the outlined limitations of confocal fluorescence, as well as the above
limitations of Raman and IR microscopy it would seem that neither electronic nor vibronic
microscopy is ideally suited to studying in vivo processes in real-time. However, in 1999
researchers at Pacific Northwestern Laboratories revived a technique known as CARS
microscopy, which combines aspects of Raman and fluorescence microscopy that are

advantageous to studying such processes into one vibration-based imaging technique!’®.

Coherent Anti-Stokes Raman Scattering Microscopy

Theory and Advantages over Raman and IR Microscopy

CARS microscopy is effectively a non-linear optical version of conventional Raman
scattering that relies upon two spatially overlapped lasers to generate a coherent anti-Stokes
Raman signal (Figure 1.5, The four-wave-mixing process commences when a pump
photon (kpump) brings a system from the ground-state vibrational configuration (vo) to a
virtual excited state (vs;), which is followed by relaxation to the v, vibrational level upon
interaction with the Stokes beam (ksiokes). Following the absorbance of a second pump
photon the system spontaneously relaxes to the ground-state (via a second virtual state, vs;).
This relaxation is accompanied by the emission of an anti-Stokes photon, henceforth referred
to as the CARS signal. When the frequency difference between the pump and Stokes beams
is adjusted to correlate with a predetermined vy—v; transition, the CARS signal is resonantly
enhanced "), This gives CARS microscopy the capacity to generate image contrast specific
to intrinsic Raman modes (i.e.: amide I band, CH, lipid stretch, etc.), making it a label-free
approach to in vivo imaging. CARS microscopy also possesses all the advantages that

vibronic microscopy has when compared with electronic microscopy (as outlined above).
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vl /,

k \ : : / vol }Raman Mode
Pump

Figure 1.5: Coherent anti-Stokes Raman scattering (CARS). Following excitation
from v, to a virtual vibrational state (vs,) by a pump photon (k,,,,), a collinearly and
temporally aligned Stokes photon (k,.,.) relaxes the system to the v, vibrational
level. After this, a second pump photon interacts with the system, with the net result
being the spontaneous relaxation of the system (via vs,) to the ground state and
corresponding anti-Stokes photon (hv,, g.kes) €mission. The frequency difference
between pump and Stokes beams is tuned to correlate to a vy—v, transition that is
characteristic of a specific Raman mode (i.e.: amide I band, CH2 lipid stretch, etc.).
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However, when contrasted against IR and Raman microscopy (i.e.: other vibronic
techniques) the advantages of using CARS become apparent. Firstly, because the anti-Stokes
photon is blue-shifted relative to the incident beam, red-shifted phenomena are removed as
contaminating light sources. This is significant in that it eliminates one-photon fluorescence,
which is a common problem when working with other forms of vibrational microscopy,

especially Raman!™®

. Secondly, CARS is a coherent process, which means that molecular
vibrations within the focal volume interfere constructively and with directionality. This
results in the CARS signal being proportional to the squared modulus of the number of
vibrational modes within the focal volume, as opposed to being a linear function of
concentration as are Raman and IR microscopy!’®. Finally, following from the last point, the
coherent and directional CARS signal translates into very fast acquisition times, which have
recently been optimized to rates approaching 30 frames per second'””. This frame rate
enables the construction of videos illustrating cellular processes with chemical specificity.
Given these advantages and those outlined previously for vibronic microscopy in general, it
is clear that CARS microscopy incorporates the sensitivity of fluorescence with the non-

invasiveness and chemical selectivity of Raman. Thus, CARS is a promising technique for

studying cellular processes in real-time in vivo.

Current Applications
The most ubiquitous application of CARS microscopy to date pertains to imaging
changes in the lipid profile of live-cells by tuning the CARS microscope to the CH; lipid
‘stretch. Specifically, researchers have demonstrated that CARS microscopy can be used to
monitor apoptotic changes in lipogenesis, follow organelle transport and can be an important

tool in elucidating differentiation kinetics as they relate to lipogenesis®***. More recently,
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potential applications to real-time non-invasive optical histology have been demonstrated in
micel”, On top of these cellular studies, researchers have also examined model lipid
bilayers using CARS microscopy to determine lipid distribution profiles across the bilayer, to
understand the ordering of water molecules at the bilayer-water interface, as well as to study
the orientation and composition of myelin figures (in vitro models of myelin sheaths) [83-851

Following these innovative successes, work from our group (in collaboration with the
Xie group from Harvard University) has exploited CARS microscopy to investigate changes
in the lipid droplet profile of HCV infected Huh-7 cells following treatment with a small-
molecule that perturbs the HCV life-cycle!®®. As well, a novel study that combines CARS
with two-photon fluorescence to simultaneously examine the localization of HCV RNA and
the changes in lipid homeostasis associated with viral replication and translation was

conducted™®”,

Limitations of CARS Microscopy

There is a conspicuous absence of research that focuses on Raman modes other than
the CH, lipid resonance. In fact, to date there have only been five papers reporting on in vivo
imaging of biomolecules other than lipidst’7-81:84.86.87] " Of these five papers, only one deals
with visualizing a dynamic cellular process — namely, transient intracellular hydrodynamics
within the microorganism D. discoideum. However, it should be pointed out that this study
followed the migration of D,0, as opposed to a biomolecule other than lipids. Three of the
remaining four are proof-of-principle papers that use the amide I, O-P-O nucleotide
backbone and C-O DNA vibrational modes to demonstrate the application of different CARS
experiments to cellular imaging. The final paper examines lipid distribution in model

membranes through the use of deuterated and normal lipids (tuning the CARS microscope to
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the C-D resonance instead of the C-H resonance generates contrast that is specific to the
deuterated lipids).

There are two fundamental limitations to CARS microscopy that are responsible for
the lack of research using vibrational modes other than the CH; lipid resonance. First, the
CARS signal is proportional to the squared modulus of the number of vibrational modes
within the focal volume. This is an advantageous feature when studying a molecule that
presents a very high mode density within the focal volume; lipids are ideally suited to this, as
they possess a very high spatial density of CH; vibrational modes. However, when studying
proteins, nucleic acids, or other cellular constituents the relative focal volume density of, for
example, the amide I or O-P-O nucleotide backbone vibrational resonances are considerably
less than the CH, lipid resonance. Owing to the quadratic concentration dependence of the
CARS signal, this results in an exponential decrease in the CARS signal of these modes.
Therefore, the utility of CARS microscopy in the study of biomolecules other than lipids is
severely limited.

When the major cellular constituents — proteins, lipids, nucleic acids and
carbohydrates — and the different vibrational modes they contain are considered, the second
limitation of CARS becomes apparent. As an illustrative example, consider what
biomolecule-specific vibrational modes proteins contain in high abundance (low abundance
modes will likely not be visible by CARS because of the quadratic concentration dependence
outlined above). The only answer that satisfies both of these requirements is the amide I
vibrational resonance. What then happens if you want to look at one specific protein?
Because there are no vibrational modes unique to any one protein present in sufficient
abundance, CARS microscopy cannot generate contrast for a specific protein. Rather, CARS

will afford an image of the entire cellular protein complement. Analysis of the other major
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cellular constituents yields similar results — CARS is limited to imaging classes of

macromolecules as opposed to specific molecular targets.

CARS Contrast Agents

In order to track specific biomolecules in real-time in vivo using CARS microscopy
there must be a mechanism of generating image contrast that is unique to those particular
biomolecules. Having stated that there are no endogenous modes that facilitate this, it
becomes apparent that an exogenous Raman mode must be introduced to meet this
requirement. There are several desirable properties that such an exogenous Raman mode
should possess: 1) it should present a Raman signature that is orthogonal to all endogenous
Raman modes; 2) covalent attachment of the probe should be easy and reproducible; 3) it
should be chemically inert in a biological context; and 4) the structure of the Raman mode
should enable the lowest possible detection limit with current CARS instrumentation (i.e.: it
should have a high Raman scattering cross-section).

The necessity of adding additional chemical contrast to image biomolecules with
CARS microscopy meant that the ability to generate label-free image contrast was
compromised. But CARS still possesses all of the advantages of being a form of vibronic
microscopy, as well as those pertaining to advances in instrumentation (specifically, the
capacity for video-rate acquisition)!”” ¥*°!1. The loss of one advantage, therefore, does not
diminish the benefits of CARS microscopy for studying biological processes in real-time in
vivo. Rather, the acquired ability to generate image contrast with both chemical and
molecular specificity will significantly expand the utility of CARS microscopy, making it

more accessible for analyzing cellular processes outside of lipid homeostasis.
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With the goal of expanding the utility of CARS microscopy to enable the real-time
study of HCV in vivo, this thesis will examine the attributes of an ideal CARS contrast agent
and identify the Raman modes amenable to in vivo analysis following chemical conjugation

to a biomolecule.

Designing Optimal CARS Contrast Agents

Ideal Chemical Modification Agents

Tracking specific molecular targets using CARS microscopy required the chemical
manipulation of biomolecules to incorporate a bio-orthogonal Raman mode (i.e.: a CARS
contrast agent) that facilitates the generation of image contrast specific to the modified
biomolecule. There are several important features that a CARS contrast agent should
possess: 1) covalent attachment of the probe should be water-compatible, easy and
reproducible; 2) a Raman signature that is orthogonal to all endogenous Raman modes; 3) be
chemically inert in a biological context; and 4) a structure that maximizes the Raman
scattering cross-section of the orthogonal mode. Each of these attributes will now be

addressed in more detail.

Biocompatible Chemistry

A survey of the literature revealed a variety of strategies that satisfy the first
requirement. The site-specific incorporation of unnatural amino acids via amber suppressor
and chemical ligation methodologies were attractive options for incorporating CARS contrast
agents, but are limited to protein modifications®*®®). Taking advantage of water-compatible
organic transformations, Staudinger (and traceless Staudinger) ligations and click reactions

(Hiiisgen [3+2] cycloadditions) have recently been used for the biomolecular modification of
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carbohydrates, DNA, protein and lipids®®*®. Mechanistically, the Staudinger ligation
proceeds through an azaphosphine ylide to yield an amide and the corresponding phosphine
oxide. Click reactions require a Cu?* catalyst to conjugate an alkyne and an azide in a
concerted [3+2] cycloaddition reaction. The synthetic steps necessary to form suitable
phosphines in the Staudinger ligation and the fundamental necessity of an alkyne-azide pair
for click reactions would limit the ability to rapidly apply these bioconjugation reactions to a
variety of systems involving different classes of biomolecules. Therefore, they were not
pursued as reactions amenable to chemically coupling CARS contrast agents to
biomolecules.

Two methods that generate reproducible biomolecular modification with a minimum
of synthetic manipulations utilize N-hydroxysuccinimidyl- (NHS) and maleimide- (M)
functionalized compounds[gg'wl]. NHS-functionalized acids preferentially react with primary
amines in aqueous solution, forming a thermodynamically stable amide while consuming the
higher-energy ester. Mechanistically, the reaction proceeds via nucleophilic attack by the
amine onto the NHS-activated ester, which is followed by collapse of the tetrahedral
intermediate to form the thermodynamically favored amide with the release of N-
hydroxysuccinimide (Scheme 1.1A). M-functionalized probes target reactive thiols for
chemical conjugation; this reaction occurs via 1,4-addition of the thiol to the Michael
acceptor contained in the M group (Scheme 1.1B). The subsequent collapse of the enolate
intermediate yields the reduced M conjugated to the reactive thiol. By combining these two
strategies, it is possible to maximize the number of systems that can be studied with first
generation CARS contrast agents. In particular, the modification of HCV RNA and HCV

proteins would both be accessible using NHS- and M-activated CARS contrast agents.
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Quenched Michael
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Scheme 1.1: Strategies for biomolecular modification using NHS- and M-activated
probes. A) Nucleophilic attack of the primary amine results in a tetrahedral
intermediate that collapses to yield the thermodynamically favoured amide bond,
with concomitant consumption of the higher energy NHS-ester. B) 1,4-addition of a
reactive thiol proceeds via quenching of the Michael acceptor on the M group. R =
any biomolecule with primary amines (A) or reactive thiols (B).
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Features of Bio-Orthogonal Raman Modes

In order to meet the second requirement, the vibrational modes present in typical
eukaryotic cells were assessed by homogenizing and lyophilizing Huh-7 cells and analyzing
the resulting lysates by Raman spectroscopy (Figure 1.6). The spectrum displayed all of the
expected Raman modes that correlate to the primary cellular constituents: an aliphatic region,
primarily displaying lipid CH; and CH modes (2700 — 3100 cm™'); a carbon-heteroatom
region that contains the amide I band and many other nucleobase, carbohydrate and lipid
modes (1000 — 1750 cm™); and a fingerprint region that does not contain any diagnostically
useful resonances (400 — 1000 cm™). The most striking feature of this spectrum is the
Raman transparent region from 1800 to 2700 cm™'. Raman resonances in this region are
generally cumulene systems (CO,, ketene, etc.) or contain triple bonds (acetylenes,
molecular nitrogen, azides and cyano). It is also important to note the presence of a carbon-
deuterium (C-D) vibrational mode around 2200 cm™'. By synthesizing CARS contrast agents
containing a Raman resonance that falls in the transparent region, modified biomolecules can
be visualized to the exclusion of all others.

While their Raman signatures are desirable, conjugation to an NHS- or M-activated
carrier scaffold is not possible for CO; or N; because they are inert gases. When surveying
the remaining candidates the third requirement must be considered — the CARS contrast
agent scaffold should be chemically inert in a cellular context. This prohibited the use of
cumulenes, as they hydrolyze in aqueous medial'®. Additionally, the well known toxicity of
alkyl-azides precluded their use!'®®!. The known Raman spectra of unsymmetrical alkyl and
aryl acetylene derivatives display weak scattering cross-sections because of the limited
polarizability of the alkyne group. This limited the capacity of acetylene derivatives to meet

the forth requirement — that the structure of the contrast agent should maximize the Raman
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Figure 1.6: Designing CARS contrast agents. The Raman transparent region from
1800 to 2700 cm-1 contains a variety of Raman modes that could be used to develop
CARS contrast agents. When weighed against all other considerations, the C-D and
CN modes were chosen to be the best suited to creating CARS contrast agents.
Spectrum was integrated over 30 sec. R =R’ = contrast agent scaffold.
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scattering cross-section of the orthogonal mode. Therefore, acetylenic Raman modes were
not pursued as CARS contrast agent candidates. With the elimination of all other modes
present in the transparent region of the cell, the cyano (CN) and C-D groups were determined
to be the optimal candidates for generating vibrational image contrast to localize specific
biomolecules in real-time in vivo using CARS microscopy.

Initial investigations into the CN mode focused on acetonitrile as a model compound.
Following normalization to 10 mM (which is a conservative estimate of eventual in vivo
localized probe concentration), the Raman scattering cross-section of acetonitrile was
determined to be below current CARS detection limits (Figure 1.7). Therefore, if CN was to
be used as a CARS contrast agent, the scattering cross-section needed to be increased. This
was achieved by increasing the polarizability of the CN via conjugation with an aromatic
system. Comparing the acetonitrile data to a system in which the CN mode was conjugated
with a benzene ring proved the validity of this concept (Figure 1.7). Therefore, a CN group
conjugated to an aromatic system that is further activated with either an NHS ester or M
group should serve as an ideal scaffold on which to build a series of CARS contrast agents
(Figure 1.8A). Based on these findings, 3- and 4-cyanobenzyl-NHS (3-/4-CN-NHS) and 3-
and 4-cyanobenzyl-M (3-/4-CN-M) CARS contrast agents were generated with the goal of
chemically modifying biomolecules to pursue in vivo detection using CARS microscopy.

Based upon previous successes, the C-D mode was determined to be an excellent
candidate for generating CARS contrast agents'®* *%1. However, the intrinsically low
scattering cross-section of the C-D mode problematizes the visualization of deuterated
molecular targets in vivo. Rather than increase the Raman scattering cross-section, it was
believed that incorporating a multitude of C-D modes per biomolecule would overcome this

issue (Figure 1.8B). The C-D mode is ideally suited to such an approach, as a hydrogen-
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Figure 1.7: Aliphatic versus aromatic CN Raman cross-sections. When the cyano
peak of an aromatic CN benzene derivative (2224 cm!, orange) was contrasted to
that of acetonitrile (2244 cm™!, blue), the Raman scattering cross-section of the
aromatic CN was found to be 22-fold greater. Both spectra were integrated over 30
sec.
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Figure 1.8: Structures of CARS contrast agents. A) Structures of the cyanobenzyl
CARS contrast agents. The M series will be used to label reactive thiols and the NHS
series will be used to label reactive amines. B) Deuterium substitutions in the
nucleobase and ribose sugars that will be used as CARS contrast agents. R =
nucleotide backbone.
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deuterium substitution is not likely to have a significant structural or functional effect on the
modified biomolecule.

This thesis will exploit the location of the CN and C-D vibrational resonances to
extend the capabilities of CARS microscopy to include the in vivo imaging of specific
molecular targets — in this case, those biomolecules modified with CN and C-D modes. The
use of NHS- and M-functionalized CARS contrast agents will enable the same CN contrast

agents to be used for studying proteins and RNA.

Outline

While largely focused on structural and functional changes to biomolecules following
small-molecule modification, the underlying goal of this thesis is to develop a solid
framework from which CARS microscopy can expand and fundamental aspects of HCV
molecular virology can be investigated. Chapter one begins with a general discussion of the
rational design of CARS contrast agents, with emphasis on fulfilling the principles outlined.
Following this, the application of CARS contrast agents to studying HCV will be explored
through the labeling of HCV subgenomic replicon RNA. Chapter one will conclude with a
thorough analysis of labeled HCV RNA to: 1) confirm the success of the labeling reaction
and the extent of contrast agent incorporation; and 2) examine the functional and structural
effects of modifying HCV RNA with CARS contrast agents.

Chapter two departs from characterizing samples destined for in vivo analysis and
focuses on the modification of proteins with CARS contrast agents. Method development
and validation will be conducted on two model protein systems; bovine serum albumin
(BSA) and a single-domain antibody (sdAb) directed against bacterial protein A. However,

the end-goal of this research is to apply the methodologies established on the model systems
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to the chemical modification of HCV proteins to investigate dynamical processes in vivo
using CARS microscopy. This thesis will conclude with a summary of key findings and

discuss potential avenues for future research.
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Chapter 2 — Chemical Modification of HCV RNA

Introduction

The fundamental role of the HCV genome in negative-strand synthesis during viral
replication, translational regulation and the assembly of mature virions necessitated the
elucidation of the genomic structural and functional interactions that mediate these processes
(for a review see [1]). Many of the interactions involved in these key events of the HCV life-
cycle have been thoroughly investigated. However, a comprehensive understanding of the in
vivo kinetics of HCV genomic synthesis, processing and transport have yet to be delineated.
Thus, there is an important gap in our understanding of HCV molecular virology, which
masks potentially novel therapeutic targets.

Filling this information gap would require the dynamical analysis of HCV RNA in
vivo in real-time. Currently, live-cell RNA kinetics are investigated using a variety of
fluorescence based techniques, of which the most widely used are based on fluorescence in
situ hybridization (FISH). In this approach, fluorescently labelled RNA oligonucleotides
probes that are complementary to a specific RNA sequence are introduced to the cell, after
which they bind to their target RNA sequence and are subsequently imaged**!. While FISH
has been used to localize positive-sense HCV RNA in fixed cells, it has yet to applied to the
real-time analysis of HCV RNA kinetics'®). More recently, the microinjection of
fluorescently labelled tRNA for the real-time detection of cytosolic mRNA targets was
demonstrated'®. However, similar to the analysis of HCV replication using 5-bromouridine-
5’-triphosphate metabolic labeling, this method (and FISH) is an indirect analysis of HCV
localization. Therefore, it is not an ideal system to investigate the intricacies of RNA
kinetics because a variety of difficult to control variables could interfere with probe-target

interactions. Researchers have also discovered a library of styryl small-molecule dyes that
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could be used to profile the RNA content of a cell in real-time!”), However, this technique is
limited to imaging the entire cellular RNA complement, as opposed to RNA derived from a
specific origin. Recently, 5’-FITC labelled HCV RNA was visualized in live-cells using
two-photon fluorescence microscopy®. Unfortunately, the limitations of live-cell
fluorescence microscopy preclude the use of this approach to investigate dynamical cellular
processes in real-time. Finally, several researchers have used fluorescently tagged RNA
binding proteins to image specific RNA targets in vivo in real-time'™ ', However, the
cumbersome nature of constructing recombinant RNA binding proteins for different RNA
targets potentially limits the use of this strategy.

The limitations of these techniques and those generally associated with live-cell
fluorescence analysis precluded the use of these approaches for the longitudinal analysis of
cellular processes surrounding HCV RNA synthesis, processing and transport. Moreover,
the lack of a suitable method underscored the importance of developing tools capable of
achieving real-time in vivo analysis of RNA. The modification of HCV RNA with CARS
contrast agents will expand the imaging capabilities of CARS microscopy to include the
dynamical analysis of specific molecular targets in vivo. This will aid in our understanding
of the synthesis, processing and transport of HCV RNA, as well as provide a new tool to

investigate general aspects of RNA kinetics unrelated to HCV in real-time in vivo.

Results
Synthesis of Modified HCV RNA
Deuterated HCV RNA
Deuterated HCV RNA (D-RNA) was synthesized using the IVT reaction outlined in

the materials and methods. Despite the decreased concentration of nucleotides in the IVT
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reaction (50 mM D-rNTP versus 75 mM rNTP), yields of D-RNA ranged from 60 — 80 pg
per IVT reaction, which was reasonably consistent with the yields of HCV RNA (70 — 90 pg
per IVT reaction). Additionally, the electrophoretic migration and homogeneity of the D-

RNA was consistent with that of HCV RNA (Figure 2.1).

Aminoallylated HCV RNA

HCV RNA containing 5-aminoallyl uridine (aaU; Figure 2.2A) was synthesized as
outlined in the materials and methods. A titration to determine the optimal amount of aaU-
5’-triphosphate (aaUTP) for the IVT reaction showed that a 1:1 mole ratio with uridine-5’-
triphosphate (UTP) produced an intact, homogeneous transcript population (Figure 2.2B).
Analysis of the electrdpherograms of the other aaUTP:UTP ratios revealed heterogeneous
mixtures of transcripts, which suggested an increase in the frequency of early termination
products (Figure 2.2C). The electrophoretic migration of HCV RNA containing aaU (aaU-
RNA) suggested that either an early termination product was the primary transcript or that
the electrophoretic migration of aaU-RNA was altered relative to HCV RNA. A similar
trend in migration was observed for smaller 163 nt (163mer) and 270 nt (270mer) RNA
transcripts with and without aaU (Figure 2.2D). This demonstrated that the migration shift
was a general consequence of using aaUTP and supported the conclusion that the aberrant
electrophoretic migration of aaU-RNA was likely due to altered physicochemical properties
rather than a predefined early termination site. The typical yield for an aaU IVT reaction
was 40 - 60 ug of aaU-RNA, which was lower than yields of standard IVT reactions.

However, quantities were still sufficient for further functionalization and characterization.
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L

~ 10,000 nt ————» |

4000 nt

2000 Nt s

Time (min.)

Figure 2.1: Validation of D-RNA synthesis. Electrophoretic migration (left) of HCV
RNA (N) and D-RNA (D) were identical, indicating that the D-RNA reaction
produced a full-length (~10,000 nt) transcript population. The electropherograms
(right) illustrated the lack of early termination products for HCV RNA (blue) and D-
RNA (red). L = RNA ladder.
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Figure 2.2: Validation of aaU-RNA synthesis. A) Structure of aaU, B) Electrophoresis
of HCV RNA (N) and aaU-RNA, which was synthesized with increasing ratios of
aaUTP:UTP (indicated above the remaining lanes). C) As the amount of aaUTP in the
transcription reaction increased, the electropherograms showed a corresponding
Increase in the amount of early termination products. Comparing the amounts of
early termination products illustrated that the optimal ratio of aaUTP:UTP was 1:1.
All electropherograms were on the same time scale. D) A similar trend in migration
was observed for smaller transcripts. Lanes 2 and 4 are aaU-163mer/270mer,
respectively. Lanes 1 and 3 are unmodified control transcripts. R =ribose ; L = RNA

ladder.
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5’-End-Labeled HCV RNA

The conjugation of 4-cyanobenzyl-M (4-CN-M) was performed as outlined in the
materials and methods to yield 5°-4-CN HCV RNA (5°-CN; Figure 2.3A). The reaction
product was analyzed by electrophoretic comparison with HCV RNA and 5’-fluorescein
HCV RNA (5°-F; Figure 2.3B). The results implied that the labeling reaction was
successful, although the apparent mass-shift did not correlate with the mass of either
fluorescein or 4-CN-M. Also, the widths of the 5’-labeled RNA bands indicated the
possibility of a heterogeneous population of modified RNAs or that the 5’-labeled RNAs had
different chemical properties than HCV RNA, which lead to a change in their electrophoretic
migration.

Due to these ambiguous results, atomic force microscopy (AFM; discussed in
structural characterization section) was also used to examine these materials. Analysis of the
AFM images showed that the 5’-modified and HCV RNA samples had approximately
equivalent degrees of heterogeneity (data not shown). Therefore, similar to the conclusion
made for aaU-RNA, the abnormal migration data was likely caused by a change in the

physicochemical properties of HCV RNA following 5’-modification.

Characterization of Modified HCV RNA
Elution and Ionization Conditions

Initial attempts focused on using the four naturally occurring RNA nucleobases —
cytosine (C), guanosine (G), adenosine (A) and uridine (U) — as their respective
mononucleotides (phosphorylated) to avoid a dephosphorylation step when analyzing
modifications to HCV RNA. Even though the HPLC conditions were optimized, the

mononucleotides eluted within 1.5 min. of each other (data not shown). Thus, while each
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peak was spatially resolved, the intervening distances limited the capacity to resolve
additional eluents (aaU and modified aaU).

Following from these results, the focus shifted to optimizing the elution and
ionization of mononucleosides (dephosphorylated). Using the conditions outlined in the
materials and methods, the five mononucleosides present in aaU-RNA were successfully
resolved by HPLC, with sufficient peak-to-peak separation to accommodate the resolution of
aaU and its derivatives (Figure 2.4A). The HPLC elution order was: C, 3.8 min.; U, 5.6
min.; aaU, 10.4 min.; G, 12.5 min., A, 20.6 min. Liquid chromatography — mass
spectrometry (LC-MS) analysis confirmed this elution order (Figure 2.4B). However, a 10
mM solution of each nucleoside was needed to obtain a detectable electrospray ionization
mass spectrometry (ESI-MS) signal from the LC-MS. This problem was the most
pronounced for aaU.

To increase the ionization potential of the nucleosides, the buffer pH was adjusted to
3.2 and 1.4. Unfortunately, as the buffer pH decreased, so did the signal to noise, which off-
set any gains in ionizability (data not shown). An alternative was to force molecular
ionization by increasing the mass spectrometry (MS) cone voltage. Starting from the original
10 V, the cone voltage was increased to 30 V for all 5 nucleosides (data not shown). For the
four natural nucleosides, the increased voltage resulted in the homolytic fragmentation of the
nucleobase from the sugar and only yielded modest gains in signal intensity. For aaU, the
increased cone voltage clearly resulted in fragmentation but the precise fragments were
difficult to identify. The modest gains in signal intensity and difficulties identifying aalU
fragments precluded using an increased cone voltage to aid in ionization. Therefore, 0.1 M
NH,4OAc, pH 6.5 at a flow-rate of 0.2 mL/min. was determined to be optimal for the

HPLC/LC-MS resolution and ionization of the six nucleobases integral to this study.
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Figure 2.3: Synthesis and analysis of 5’-labeled HCV RNA products. A) The 5’-OH is
exchanged for a thiophosphate group through the action of T4 polynucleotide kinase
(only the thiol has been shown for simplicity). The 5’-thiol then reacts via 1,4-
addition with a M probe to yield 5’-labeled RNA. B) Relative to HCV RNA (N) the
electrophoretic migration of 5°-F and 5°-CN RNA displayed a large mass-shift
indicating a much higher molecular weight, which did not correlate with the mass of
fluorescein or 4-CN-M.
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Figure 2.4: Optimizing the elution conditions of 5 mononucleosides. A) C, U, A, G
and aaU were all resolved as shown by this overlay of their respective elution
profiles. Samples were detected at 254 nm. B) C, U, A and G were identified by LC-
MS as molecular ions (M+1) at a concentration of 10 mM. The modified uridine,
aaU, was identified from a weekly ionizing ammonium adduct (M+18) at a
concentration of 6 mM. Even after accounting for concentration differences the
ionization of aall was low.
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HPLC/LC-MS Analysis of Normal and Modified HCV RNA

Before the optimized HPLC/LC-MS conditions were applied to the analysis of
modified RNAs, digestion and dephosphorylation of HCV RNA and aaU-RNA were
performed to obtain the constituent mononucleosides. HPLC/LC-MS analysis clearly
showed that the mononucleoside components of HCV RNA and aaU-RNA were resolved
following digestion and dephosphorylation as described in the materials and methods (Figure
2.5).

To determine if the digestion conditions were achieving maximal sample
decomposition, the concentration and time dependence of the reaction was examined. The
results of the concentration dependence experiment showed that the HCV RNA and aaU-
RNA reactions appeared to saturate with 10 — 25U of S1 nuclease (Figure 2.6A).
Furthermore, the time dependence experiment showed that the digestion reaction saturated
after 1 hour (Figure 2.6B). It should be noted that aalU-RNA appeared to require more S1
nuclease to achieve an equivalent level of digestion to HCV RNA, but the reaction still
saturated at 25U. This was likely a result of the aaU nucleobase interfering with S1 nuclease
substrate recognition. Taken together, these findings demonstrated that the protocol
established for digestion of HCV RNA and aaU-RNA was saturating the amount of RNA
(normal and modified) that could be digested.

To determine if the digestion saturation point was a function of substrate
concentration, quantification of the digested mononucleosides was performed as described in
the materials and methods. Analysis of the results revealed that the current conditions
achieved 80 — 90% digestion of HCV RNA and aaU-RNA, which was consistent with the
requirements of this assay (developed herein). Owing to these results, the completion of the

calf intestinal phosphatase (CIP) dephosphorylation reaction was not investigated.
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Figure 2.5: HPLC resolution of digested and dephosphorylated RNA. HCV RNA
(top) clearly showed the presence of C, U, G and A. Analysis of aaU-RNA (bottom)
showed an additional eluent that corresponded to aaU. Slight differences in elution
profiles between HPLC and LC-MS were accounted for as negligible systematic
errors. Samples were detected at 254 nm.
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Figure 2.6: Validating the digestion of HCV RNA and aaU-RNA. A) The digestion
reaction saturated between 2 — 10U for HCV RNA (left) and 10 — 25U for aaU-RNA
(right). B) The digestion of HCV RNA (left) and aaU-RNA (right) saturated after 2
hours. Cand U 2U (A) and 1 Hr. (B) data points were not collected.
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Evaluating the Extent of aaU Incorporation

Given the structural complexity and size of the HCV genome, the 163mer model
RNA system previously used to characterize the electrophoretic migration of aaU-modified
transcripts (Figure 2.2D) was used to investigate the ability of T7 RNA polymerase (T7) to
incorporate aaU as described in the materials and methods. The results of the 163mer
digestion and dephosphorylation indicated that the aaU:U ratio in the transcribed RNA was
approximately 1:1. Application of this analysis to aalU-RNA showed an aaU:U ratio of 1.1:1
—1.3:1, which was consistent with the results of the 163mer. These results demonstrated that
T7 incorporated aaUTP with approximately the same frequency as UTP.

Further characterization of aaU-RNA was done to demonstrate that the amount of
aaU incorporated could be regulated. By decreasing the amount of aaUTP in the IVT
reaction, the apparent size of the primary transcript increased, with a 1:4 aaUTP:UTP ratio
producing a transcript population whose electrophoretic migration and sample heterogeneity
were closer to HCV RNA (Figure 2.7A). Additionally, HPLC analysis of these samples
showed an increase in the U:aaU ratio in favour of U as the concentration of aaUTP in the
IVT reaction decreased (Figure 2.7B). This data demonstrated that the extent of aaU
incorporation could be evaluated using HPLC and regulated by adjusting the amount of

aaUTP in the transcription reaction.

CN Modification of aaU-RNA

Repeated attempts at modifying aaU and aaU-RNA with 4-cyanobenzyl-NHS (4-CN-
NHS) were unsuccessful. Believing this to be a stereoelectronic effect, the labelling reaction
was attempted using NHS-activated benzoic acid (Bz-NHS) and aaU as outlined in the

materials and methods. HPLC analysis of Bz-NHS and buffer alone revealed a peak that was
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specific to Bz-NHS at 22.5 min. (Figure 2.8A). Direct identification of the 22.5 min. eluent
was not possible by LC-MS due to difficulties in detecting the molecular ion of Bz-NHS.
However, 'H-NMR confirmed that the Bz-NHS starting material was authentic and similar
difficulties were encountered when attempting to characterize Bz-NHS by ESI-MS. With
this information in hand, it was concluded that the 22.5 min. peak must be Bz-NHS. When
the reaction was conducted in the presence of a limiting quantity of aaU there was a new
eluent peak at 23.6 min., which LC-MS identified as the benzyl-modified aaU (m/z = 404
and 421; Figure 2.8A) and the aaU starting material peak at 10.6 min. disappeared. These
results were indicative of a successful coupling reaction between Bz-NHS and aaU.

The Bz-NHS reaction was next applied to an aaU-modified 163mer (aaU-163mer).
Examining the electrophoretic migrations indicated a successful reaction since the increased
apparent mass of the labelled RNA was consistent with the chemical conjugation of Bz-NHS
to the aaU-163mer (Figure 2.9A). In addition, when compared with the elution profile of a
control reaction, the clear appearance of a new peak at 23.6 min. was seen for the Bz-NHS
labeling reaction (Figure 2.9B). This peak corresponded to the benzyl-modified aalJ
previously identified from the aaU reaction. Bolstering this conclusion was the
disappearance of the aaU peak at 10.6 min, which also indicated that modification had
occurred. Taken together, these findings demonstrated that the conjugation of Bz-NHS to
aaU-163mer was successful.

These results also supported the assumption that the problem with the 4-CN-NHS
labeling reaction was related to stereoelectronic effects. To further corroborate this
assumption 3-cyanobenzyl-NHS (3-CN-NHS; Hammett 0., = 0.62), which was electronically
closer to benzoic acid (¢ = 0.0) than 4-CN-NHS (0, = 0.70), was used to label aaU-163mer.

Again, initial analysis of the electrophoretic migration showed an increase in the apparent

52



o Chemical Modification of HCV RNA

A)
4000 nt :
2000 nt seisenbn

Time (min.)

B)
1800+
1600+
1400
1200
1000+
800

400
200+

C 18) aal G A

Figure 2.7: Regulating the extent of aal incorporation. A) Electrophoretic migration
of HCV RNA compared to aaU-RNA synthesized with decreasing amounts of aaU.
As the amount of aaU is decreased the migration of aaU-RNA begins to approach
that of HCV RNA. B) HPLC analysis displayed a reciprocal relationship between
aaU and U as the concentration of aaU in the transcription reaction was decreased.
X:Y = aaU:UTP in transcription reaction
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Figure 2.8: Evaluating aaU modification with Bz-NHS. A) Bz-NHS eluted at 22.5
min. (blue). In the presence of aaU a new peak at 23.6 min. (pink) appeared, in
addition to the Bz-NHS peak. This coincided with the disappearance of the aaU
peak at 10.6 min. (green). B) Structures of aaU (i), aaU-Bz (ii) and Bz-NHS (iii).
LC-MS confirmed the identity of the peaks corresponding to these materials. R =
dephosphorylated ribose sugar.
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Figure 2.9: Labeling of a model RNA system with Bz-NHS and 3-CN-NHS. A)
Electrophoretic migration of 163mer modified with Bz-NHS (left) and 3-CN-NHS
(right). Labeled products showed an increase in apparent mass. B) HPLC showing the
disappearance of aaU (10.6 min.) and the appearance of Bz-modified aaU (23.6 min.)
when control (Ctrl, blue) and Bz-modified (Bz, pink) 163mer reactions were analyzed.
C) HPLC comparison of 163mer control (Ctrl, blue) and 3-CN-NHS (3CN, red)
labeling reactions showing the appearance of aaU-CN (23.6 min.) and corresponding

disappearance of aaU (10.6 min.).
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mass of labelled aaU-163mer, which was consistent with a successful reaction (Figure 2.9A).
HPLC comparison to control reactions clearly showed the appearance of a new product at
23.6 min., with a corresponding disappearance of the aaU peak at 10.5 min., both of which
were indicative of a successful reaction (Figure 2.9C). Based on the concentration of aaU
required for LC-MS detection the practicality of synthesizing quantities of the 23.6 min.
eluent sufficient for LC-MS precluded the direct identification of this material. However,
ESI-MS analysis of the digested nucleoside mixture showed a weak signal for the 3-CN-
modified aaU (aaU-CN; m/z = 429).

Having indirectly shown that 3-CN-NHS labelled aaU-163mer, the reaction was
applied to the modification of aaU-RNA. Electrophoretic analysis of 3-CN-NHS modified
aaU-RNA (CN-aaU-RNA) revealed a mass-shift that was consistent with those seen for Bz-
NHS and 3-CN-NHS modified aaU-163mer (Figure 2.10A). Furthermore, the presence of
the peak believed to be aalU-CN was immediately apparent at 23.6 min (Figure 2.10B).
Taken together, these findings offered compelling evidence supporting the conclusion that 3-

CN-NHS was successfully modifying aaU-RNA.

Regulating the Extent of 3-CN-NHS Modification

Using aaU-163mer, a titration was performed to demonstrate that the extent of
modification could be regulated by altering the concentration of 3-CN-NHS in the labeling
reaction (Figure 2.11A; reactions were otherwise performed as outlined in the materials and
methods). The results of this experiment showed that as the concentration of 3-CN-NHS
decreased, the electrophoretic mobility of the modified 163mer approached that of aaU-
163mer. Furthermore, HPLC analysis displayed an increase in aaU and a decrease in aaU-

CN as the concentration of 3-CN-NHS decreased. Both of these results were consistent with

56



Chapter 2 Chemical Modification of HCV RNA

a decrease in the extent of modification as the concentration of 3-CN-NHS in the labeling
reaction decreased.

A similar methodology was performed with aaU-RNA to demonstrate this approach
on a more complex RNA system (Figure 2.11B). HPLC analysis showed an increase in aaU
and a decrease in aalU-CN as the concentration of 3-CN-NHS in the labeling reaction
decreased. Also noteworthy from these experiments was the finding that using the labelling
conditions outlined in the materials and methods lead to >90% labelling efficiency. These
results demonstrated that 3-CN-NHS modification of aalJ-RNA was highly efficient and that
the extent of modification could be regulated by modulating the concentration of 3-CN-NHS

in the labelling reaction.

Raman Analysis of Modified RNAs

Standard borosilicate microscope slides, CaF, wafers and N-type silicon wafers were
evaluated to determine their degrees of Raman transparency (data not shown). The standard
microscope slides displayed a broad fluorescence that coincided with the Raman transparent
region identified from analysis of Huh-7 lysates. CaF, was transparent from 450 — 4000 cm™
— the entire range of interest for cellular analysis. However, at approximately $50 USD per
wafer, the cost of CaF, made their use unfeasible. Silicon had a substantial 1% order
resonance around 500 cm™', a smaller 2™ order band around 1000 cm™ and a nominal 3™
order band around 1400 cm™', but was otherwise transparent. Given these considerations,
silicon was the substrate of choice for Raman analysis.

The complete Raman spectrum of D-RNA indicated that all aliphatic modes were
shifted to the Raman transparent region of the cell, which was expected since all the non-

exchangeable aromatic and aliphatic protons were substituted with deuterium (Figure 2.12A).
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Figure 2.10: Analysis of CN-RNA. A) Electrophoretic analysis showed a mass-shift
upon modification of aaU-RNA that indicated a successful reaction. B) The clear
disappearance of aalU (10.6 min.) and appearance of aalU-CN (23.6 min.) was also
indicative of a successful labeling reaction. L. = RNA Ladder; N =HCV RNA; aaU =
aaU-RNA; CN = CN-RNA.
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Figure 2.11: Regulating the extent of 3-CN-modification. A) Electrophoretic
mobility (right) of aaU-163mer RNA exposed to decreasing amounts of 3-CN-NHS.
As the concentration of 3-CN-NHS decreases, the apparent mass-shift also decreases.
In addition, HPLC shows an increase in the amount of aaU and corresponding
decrease in 3-CN-aaU as the concentration of 3-CN-NHS decreases (left). B) A
similar trend is observed when decreasing amounts of 3-CN-NHS are applied to
labeling aaU-RNA. The inset shows the reciprocal relationship between aal and 3-
CN-aaU for aaU-RNA. 1x, 2x, 5x, 10x and 100x refer to the dilution factor applied
to 3-CN-NHS relative to a 25 mM solution.
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Raman imaging, which was performed as described in the materials and methods, showed
that contrast specific to the C-D mode could be generated by tuning into the C-D spectral
region (2050 — 2300 cm™'; Figure 2.12B).

To obtain definitive evidence that supported the conclusion drawn from HPLC/LC-
MS experiments, Raman imaging of CN-aaU-RNA was conducted. Analysis revealed a
spectrally well-resolved signal corresponding to the CN mode at 2238 cm™ (Figure 2.13A).
Additionally, image contrast specific to CN-aaU-RNA could be generated by integrating the
Raman image from 2200 — 2260 cm™ (Figure 2.13B). Thus, when coupled with the
HPLC/LC-MS data presented thus far, the Raman data clearly show that the modification of

aaU-RNA with 3-CN-NHS was successful.

Functional Validation of Modified RNAs

In the presence of Mg**, ATP and the beetle luciferin substrate luciferase catalyzes
the production of light and the amount of light produced can be correlated to the amount of
luciferase protein that was translated in vivol'" **. As outlined in the introduction, one of the
HCYV replicon systems contains the luciferase gene under the control of an HCV IRES.
Using this system, changes in luciferase expression could be directly correlated to translation
changes and indirectly correlated to replicative changes that resulted from the modifications
introduced to enable tracking via CARS microscopy. Therefore, to examine the functional
effects of modifying HCV RNA with deuterium and 3-CN-NHS CARS contrast agents a
luciferase reporter assay was performed as described in the materials and methods.

The expression of the luciferase reporter gene was investigated following RNA
modification at the transcriptional and post-transcriptional level (Figure 2.14). The results

showed that the luciferase activity was severely affected for aaU-RNA (5%), CN-aaU-RNA
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Figure 2.12: Raman microscopy analysis of D-RNA. A) Raman spectra of D-RNA
(pink) and HCV RNA (blue) illustrating the shift of the aliphatic resonances to the
C-D region of the spectrum. The O-P-O nucleotide backbone stretch (1090 cm’!;
black arrow) gave confirmation that it was RNA under examination. Spectra were
acquired with 5 sec. integrations from 10 pg/uL spots that were dried onto a silicon
substrate. B) A Raman image of the area outlined in green (inset; 40x40 um) was
obtained using a three second integration time and 0.5 pm steps. The Raman image
shown (center) is a summation of all Raman modes from 2050 — 2300 cm™'. The
Raman spectra shown are from an area of bright intensity in the Raman image (blue),
which is indicative of an abundance of C-D modes, and a low intensity region
(orange). This image clearly showed that image contrast specific to the C-D mode of
D-RNA could be generated.
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Figure 2.13: Raman microscopy analysis of CN-RNA. A) A clear peak at 2238 cm'!
(between red lines) was final evidence that the 3-CN-NHS modification of aaU-RNA
was successful. Also evident was the O-P-O nucleotide backbone resonance at 1090
cm! (black arrow), which gave confirmation that it was RNA under examination. B)
Raman image contrast was generated by integrating the CN band from 2230 — 2260
cm’l. While noisy, a clear intensity difference when compared to an image of an off
resonance band was observed.
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(15%), 5°-CN (20%) and 5°-F (50%) when compared to HCV RNA. In contrast to these
samples, D-RNA maintained approximately 60% of wild-type luciferase activity when
contrasted against HCV RNA. The fact that these trends continued through the 48 hour time-
point was indicative of a replicative and/or translational deficiency introduced by the
modification of HCV RNAs.

Interestingly, when the aaUTP:UTP ratio in the IVT reaction was increased from 1:1
to 1:3 the luciferase activity began to rebound, showing a two-fold increase (Figure 2.15A).
While still suffering a severe deficiency, this suggested that the functional deficit may be
related to perturbations introduced by the modified nucleobase. Similarly, when HCV RNA
transcripts containing one of the deuterated nucleosides per IVT reaction were analyzed, the
luciferase activity of G/C and A/U substitutions was observed to be markedly different
(Figure 2.15B). In fact, when the activities of the G/C and A/U substitutions were averaged,
they yielded an activity that was comparable to D-RNA. These results indicated that the
decrease in luciferase activity was causally linked to RNA modification and, more

specifically, to particular base substitutions.

Structural Validation of Modified RNAs

Structural modifications to HCV RNA were likely to induce changes in the
hydrodynamic radius of the folded RNA. To investigate this theory, dynamic light scattering
(DLS), which uses scattered light to approximate the hydrodynamic radii of nanoscale
particles, was used as a first-line means of characterizing the modified RNAs. While no
clear difference in the hydrodynamic radius was observed upon DLS analysis of HCV RNA,

D-RNA, aaU-RNA and CN-aaU-RNA, it was interesting to note that the size calculated by
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Figure 2.14: Luciferase activity of modified HCV RNAs. 24 (A) and 48 (B) hour
endpoints were examined. Data showed that aaU-RNA, CN-RNA and 5°-CN
suffered severe functional deficits as a result of modification. However, the
luciferase assay only reports on translation of the reporter gene, not on RNA
replication and expression of viral proteins. Mock treatment was with transfection
reagent only. All measurements were made in triplicate and are reported as mean
values £ one standard deviation.
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Figure 2.15: Decreases in luciferase activity were causally linked to the
incorporation of modified bases into HCV RNA. A) Incorporation of deuterated ATP
and UTP affected luciferase activity less than deuterated GTP and CTP. The reasons
for this remain unclear. B) A four-fold decrease in aaU during the IVT reaction lead
to a 2-fold increase in luciferase activity. All measurements were made in triplicate
and are reported as mean values + one standard deviation.
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DLS was consistent with the approximate size necessary to fit inside assembled HCV Core
protein microparticles (Figure 2.16)!"),

AFM analysis of HCV RNA, aaU-RNA and CN-aaU-RNA revealed critical
information about the stability of higher-order structural elements within the modified HCV
RNAs (Figure 2.17). All samples appeared to disperse onto the mica surface, as the effective
radius was nearly tripled (90 — 110 nm) when compared to the hydrodynamic radii
determined by DLS. This result was expected, as the Mg”*-coated surface provided
extensive coordination sites that could interact with the phosphate backbone. However,
when the morphology of the modified RNAs on the mica surface was examined, noticeable
differences were identified. Most apparent, was the probable dissolution of higher-order
structural elements in aaU-RNA and CN-aaU-RNA. This suggested that HCV RNA
structural elements were being weakened by the modifications such that it was energetically

more stable to coordinate with surface Mg?* than through intramolecular contacts.

Discussion

The non-invasive, chemically specific detection strategy used in CARS micrdscopy is
an attractive method to facilitate real-time in vivo analysis. Thus far, limitations in
generating CARS images with chemical and molecular specificity have hindered its
application in this area. The development of CARS contrast agents that confer a unique
Raman signature to labelled biomolecules was undertaken to overcome this limitation. In
particular, this thesis has identified two modifications at the nucleobase level that may
facilitate the tracking of HCV RNA in vivo using CARS microscopy. The use of deuterated
nucleotides and NHS/M-activated cyanobenzoic acid derivatives will mediate the

incorporation of the bioorthogonal Raman modes necessary to generate image contrast in
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Figure 2.16: DLS analysis of modified HCV RNAs. No clear difference between the
normal and modified HCV RNAs could be resolved using DLS. However, the size
of the collapsed state approximated that required to fit inside the mature HCV virion
(~30 nm). All values are reported as mean of 100 measurements. Diameter = mean
hydrodynamic diameter; Spread = size of population distribution.
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Figure 2.17: AFM analysis of modified HCV RNAs. Unmodified HCV RNA
appeared as tight clusters indicating that non-specific tertiary interactions in the
collapsed state remained intact. The presence of single-stranded segments and
generally more open appearance of aaU-RNA and CN-aaU-RNA implied that the
collapsed state tertiary interactions were dissociating in favour of coordinating with
surface Mg?*. This was concluded to be a direct result of aaU and aaU-CN
destabilizing these interactions such that coordinating with surface Mg?* was
energetically favoured. All scale bars are 100 nm.
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vivo with molecular specificity. However, before applying the modified RNAs to in vivo
experiments a thorough structural and functional characterization was carried out to provide
a comprehensive understanding of the effects that these modifications have on HCV RNA.
This, in turn, will enable the optimization of the modifications so that HCV RNA structure

and function can be balanced against the detection limits of CARS microscopy.

Synthesis of Deuterated HCV RNA

Unlike small-molecule labels, which possess intrinsic spatial requirements that can
elicit perturbations when incorporated into a biomolecule, deuterium does not have
additional steric requirements over that of hydrogen (the added neutron does not appreciably
increase the van der Waals radius of deuterium). Therefore, deuterium was an ideal
candidate for developing CARS contrast agents because incorporating it into structurally
sensitive molecules (i.e.:. HCV RNA) was not expected to elicit appreciable functional and
structural consequences. Also, the C-D Raman resonance falls within a spectral region that
is devoid of endogenous cellular resonances. Therefore, contrast specific to deuterated
biomolecules can potentially be generated using CARS microscopy by tuning the microscope
to excite the C-D mode. Finally, the substitution of deuterium for hydrogen does not
implicitly require the addition of exogenous functional groups to facilitate conjugation of a
deuterated probe to the biomolecule. Rather, deuterated building blocks can be fed to an
organism or used in vitro to enzymatically synthesize deuterium-modified biomolecules!'*%),
These properties make deuterium labeling an elegant and non-perturbative means of

incorporating unnatural functionality for the purpose of real-time in vivo detection using

CARS microscopy.
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A potential drawback of using deuterium was the intrinsically weak scattering cross-
section of the C-D mode. Moreover, this problem could be exacerbated in vivo due to the
focal volume mode density required to generate C-D image contrast with CARS microscopy.
To overcome this limitation, the number of C-D modes introduced needed to be maximized
so that the quadratic concentration dependence of CARS microscopy can be exploited.
Deuterium substitution is ideally suited to large scale incorporation because it is expected to
elicit nominal structural and functional deficits. This statement is supported by the fact that
deuterium does not alter the electronegativity or van der Waals radius at the site of
modification. With these considerations in mind, the synthesis of fully deuterated HCV
RNA was undertaken, using deuterated nucleotides as substrates for the IVT reaction (Figure
1.8B).

Whether or not the polymerase in question efficiently utilizes the modified substrate
is a fundamental consideration when exploiting enzymatic reactions to facilitate
biomolecular modifications. The IVT protocol used for synthesizing RNA (see materials and
methods) relied on T7, which has been used to incorporate ATP and UTP nucleobase
analogues, as well as heavily modified fluorescent 5’ cap analogues into RNA through IVT
reactions!' " '8, Given the relative severity of these modifications when contrasted with
deuterium substitution, it was expected that T7 would efficiently incorporate the deuterated
nucleotide analogues.

The yields of D-RNA were generally 80 — 90% when compared to those of normal
HCV RNA transcripts. This was an excellent yield when compared to the yields of other T7
IVT reactions using modified substrates, which ranged from 45 — 100%!'"%%!, Thus, T7
appeared to incorporate the deuterated nucleotides with nearly the same efficiency as wild-

type substrates, which supported the assumption that deuterium substitutions present nominal

70



Chapter 2+ Chemical Modification of HCV RNA

structural perturbations — if they did, then a lower yield due to the substitutions interfering
with chain elongation would have been observed. Further evidence in support of this was
found in the absence of early termination products, which was indicated by the tight band
corresponding to the full-length D-RNA transcript and the absence of lower weight
fragments in the D-RNA electropherogram (Figure 2.1). If T7 did not efficiently incorporate
the deuterated nucleotides then the frequency of smaller transcripts resulting from early
termination would be expected to increase, as in previous studies!'’ 2%, Since this was not
observed, these results clearly indicated that T7 efficiently incorporated the deuterated
nucleotides into the D-RNA transcript.

Having shown that the IVT reaction produced a full-length transcript in excellent
yield, it remained to be proven that the deuterium substitutions conferred exogenous Raman
modes to the D-RNA. Raman spectroscopic analysis of the D-RNA revealed that the entire
aliphatic region shifted into the Raman transparent window of the cell, which was conclusive
evidence that the deuterated nucleotides were incorporated during the IVT reaction (Figure
2.12A). Furthermore, the spectroscopic data illustrated that the bulk scattering cross-section
of the C-D mode can be quite prominent despite the weak cross-section of individual C-D
modes. In addition to the C-D modes from 2050 — 2300 cm', the presence of the O-P-O
nucleotide backbone resonance (1090 cm-1) was also apparent. This was an important
control resonance to identify as it gave confirmation that the material being analyzed was D-
RNA and not the substrate or other surface contaminants (i.e.: salt, dust, etc.).

Given that the length of HCV RNA is approximately 10,000 nucleotides and there
was an average of 7.5 deuterium substitutions per nucleobase, the number of C-D modes
present in a single D-RNA molecule was approximated to be 75,000. Previous calculations

established a conservative estimate for the detection limit of CARS microscopy to be 1x10°
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modes within the focal volume®!!. Therefore, it may be possible to detect 10 — 15 D-RNA
molecules provided that they are all present in the focal volume. As a proof-of-principle
experiment, the D-RNA was analyzed by Raman microscopy to show that contrast specific to
the D-RNA could be generated by isolating the C-D modes from 2050 — 2300 cm™.

It would be ideal to analyze the D-RNA in solution so that absolute cross-sections
could be determined based on known solution concentrations of RNA. However, due to
secondary scattering of Raman photons the sensitivity of solution Raman was not sufficient
to enable the visualization of D-RNA. Therefore, the data presented here was collected from
aliquots of D-RNA that were spotted onto a silicon substrate and allowed to dry in ambient
conditions. Although this methodology prevented quantitative comparison to determine
absolute scattering cross-sections, qualitative analysis was sufficient to demonstrate that
contrast specific to the C-D modes of D-RNA could be generated.

The D-RNA imaging experiment showed that contrast specific to the C-D mode was |
generated (Figure 2.12B). Obviously the concentrations used for this assay (1 and 10 pg/pL)
enabled a C-D mode density that was qualitatively higher than would be attainable in vivo.
However, owing to the coherence and directionality of the CARS signal, the collection
efficiency of CARS microscopy is approximately 10,000-fold greater than for conventional
Raman scattering when using a lens with the same numerical aperture®). Using these values
as a guidepost, a semi-quantitative detection limit for D-RNA by CARS microscopy is in the
range of 100 — 1000 pg/uL (25 — 250 nM). This is approximately 15 D-RNA molecules in
the CARS microscope focal volume of 1 fL., which was in good agreement with the detection
limit postulated based on the number of C-D modes per RNA (10 — 15 molecules).

These preliminary results implicitly showed that D-RNA has the potential to function

as an important tool in the in vivo study of HCV RNA using CARS microscopy.
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Elaborations on the functional and structural consequences of deuterium substitution are
discussed in subsequent sections.
Synthesis of aaU-Modified HCV RNA

Since Bergstrom and Ruth reported the synthesis of C-5 uridine derivatives using
organopalladium intermediates, a variety of uridine analogues have been developed®??),
Most notable among these modifications is aaU, which has been used extensively as a
reactive handle to which various tags were conjugated for downstream applications/?¢%%],
Herein, the synthesis of aaU-RNA and utility of the reactive aaU to incorporate cyanobenzyl
CARS contrast agents was demonstrated. Accordingly, it was relevant that T7 has been used
to incorporate aaU and other 5-modified uridine derivatives into short in vitro generated
transcripts”9’ 201 Literature yields of transcripts containing aaU were around 80% when
compared with unmodified control reactions. The present study reports a yield between 60 —
80% for aaU-RNA and upwards of 90 — 100% for shorter transcripts (163mer and 270mer).
These results gave preliminary evidence that aalJ was effectively incorporated into the aaU-
RNA transcript by T7, which was in agreement with previous studies!'> 2!,

A common problem when working with modified nucleobases is premature
termination of transcription that results when the modified substrate interferes with the
elongation process during the IVT reaction. A significant quantity of early termination
products were produced when small (10 — 50 nt) transcripts were synthesized by T7 using
modified nucleotides, including aaU!'’?%. Thus, it was expected that such products would
also be produced during the synthesis of aaU-RNA and aaU-163mer (and the 270mer with
aal)).

Early terminations were characterized by the presence of smaller fragments when the

IVT reaction products were analyzed by Agilent electrophoresis. For aaU-163mer (and the
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270mer with aaU), no early termination products were detected by electrophoresis (Figure
2.2D). Contrary to this, a small population of early termination products was produced in the
aaU-RNA IVT reaction (Figure 2.2C). However, the percentages of total RNA synthesized

were nominal, especially when compared to the amount produced from smaller transcripts!'”

20]

The most likely reason for this difference arose from the IVT reaction components.
The cited IVT reactions all used 100% of the modified substrates in place of wild-type
nucleotides. A titration to optimize the amount of aaUTP in the transcription reaction
revealed that 100% aaUTP produced a plethora of early termination products (Figure 2.2C).
When the amount of aaUTP was decreased from 100% to 1:1 aaUTP:UTP, the IVT reaction
yielded a homogenous transcript population. Thus, while advantageous for introducing more
reactive amines, the increase in early termination products precluded using 100% aaUTP in
the IVT reaction.

It is also important to note the general finding that modified transcripts (including
those with aaU) display electrophoretic migrations that were higher than unmodified
transcripts!'’?°!. This finding follows logically from the fact that most nucleotide analogues
are heavier than their wild-type counterparts. Therefore, transcripts containing the heavier
nucleotide analogues would migrate slower under an applied current than unmodified
controls. Opposing this, was the finding that aaU-RNA and aaU-163mer/270mer displayed
retarded migration velocities relative to the parent 163mer and 270mer transcripts (Figure
2.2B and 2.2D). Conversely, further modification of these transcripts resulted in a decreased
electrophoretic migration velocity, which was consistent with previous studies (Figure 2.9A

and 2.10A)!'72%,
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The discrepancy between modified and unmodified aaU transcripts and literature
values may stem from the following: 1) the cited literature used transcripts less than 100 nt —
electrophoretic effects on a 10,000 nt transcript (like HCV RNA) could be much different; 2)
a sequence in the 3’ region of the HCV RNA template DNA (such as the poly(U/UC) tract)
consistently mediated early termination in the presence of aaU; or 3) an undetermined
variable inherent to Agilent electrophoretic analysis influenced the migration of transcripts
containing aaU.

Since T7 was used for all the IVT reactions discussed (literature and experimental),
the probability of incorporating the modified substrate was presumed to constant. Therefore,
if different template sequences had the same percentage of thymidine they would be
expected to have the same aaU:U ratio in the resulting transcript. In fact, even if one
template contained a higher percentage of thymidine residues, the aaU:U ratio would still be
expected to remain constant. However, transcripts containing aal would be heavier than
unmodified controls and thus the electrophoretic migration should decrease. Additionally, at
pH 7 the aminoallyl group carries a positive charge that would effectively neutralize a
portion of the negative charge of the phosphate backbone. Since negative charge facilitates
cathode-directed migration, a decrease in the magnitude of that charge would retard the
migration velocity. The migration of aaU-RNA and the smaller transcripts containing aalU
deviated from these theoretically predicated results, which indicated that increased molecular
weight and charge neutralization effects did not contribute to the increased migration
velocity of aaU transcripts.

The frequency of abortive transcripts often increases when using modified substrates
with template sequences known to be difficult for T7 to transcribe!'®l. Given this, it was

postulated that the poly(U/UC) tract in the 3’-UTR of HCV RNA could account for the
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reproducible migration difference between aaU-RNA and HCV RNA. However, similar
migration results were obtained for aalU-163mer/270mer, which were produced from a
different template than HCV RNA (see materials and methods). Since the effect was not
specific to the HCV RNA template, the decreased migration velocity of transcripts
containing aaU was likely not sequence dependent.

Eliminating these explanations lead to the conclusion that the increase in migration
velocity for transcripts containing aall was caused by an undetermined variable associated
with Agilent electrophoretic analysis. Since literature migrations were determined using
conventional denaturing RNA gel analysis, the migratory behaviour of modified RNAs could
be quite different when compared to their migration using Agilent electrophoresis.

The results presented here gave excellent preliminary evidence that aaU was
incorporated into HCV RNA via an IVT reaction that utilized the promiscuity of T7 for
modified substrates. The electrophoretic migration of aaU-RNA left some ambiguity as to
the length of this transcript, but careful examination of the results indicated that full-length
aaU-RNA was likely produced. Chemical modification of aalUU-RNA to enable visualization
using CARS microscopy and examinations of the functional and structural modifications
introduced to HCV RNA will be presented in subsequent sections. However, before this

could be done a means of quantifying the extent of aalU modification needed to be developed.

HPLC and LC-MS Analysis of Modified RNAs

Establishing CARS detection limits for the C-D and CN modes required quantifying
the number of these exogenous vibrational modes present within the focal volume.
Furthermore, determining the labelling efficiency of the 3-CN-NHS reaction required

knowledge of the number of aaU residues incorporated during the IVT reaction. For D-RNA
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this was not an issue because the number of deuterium atoms and the length of HCV RNA
were known. From this known data, the number of C-D modes per RNA was calculated
(~75,000) and the CARS microscopy detection limit for the C-D mode could be determined.
The precise number of aaU residues was unknown because a 1:1 ratio of aaUTP:UTP was
used in the IVT reaction. Therefore, the number of aaU residues was dependant upon the
ability of T7 to incorporate wild-type versus modified substrates.

The necessity of performing Raman analysis on dry samples meant that Raman
spectroscopy could provide binary data on the presence or absence of CN modes, but could
not be used for quantitative analysis. Also, aaU does not possess Raman modes that
differentiate it from other RNA modes. Therefore, Raman spectroscopy could not be used to
characterize aaU-RNA and CN-aaU-RNA. IR spectroscopy could provide quantitative
analysis on the number of CN modes present. However, attempts to analyze samples by IR
were hindered due to the absorption of IR radiation by water, which severely decreased the
signal-to-noise ratio (data not shown). Furthermore, IR spectroscopy would also be unable
to resolve resonances that were unique to aall. Matrix-assisted laser desorption ionization
(MALDI) MS was another option that is frequently used to identify modified
ribonucleobases?®*%), However, there is a size restriction for MALDI-MS analysis of RNA
of around 1200 nt and it is difficult to obtain quantitative data®’]. Since HCV RNA is
10,000 nt transcript and required quantitative results, MALDI-MS was also unsuitable for
characterizing aaU-RNA and CN-aaU-RNA.

Another technique used to characterize modified ribonucleobases is HPLC, which is
capable of providing diagnostic and quantitative data®%. LC-MS can also be used as an

auxiliary means of confirming the identity of particular eluents. However, before transcripts
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as large as aaU-RNA and CN-aaU-RNA could be analyzed they needed to be enzymatically
degraded to their constituent monomers.

To streamline the analysis of modified RNA by HPLC and LC-MS, resolution was
first attempted using mononucleotides, which would eliminate the necessity of
dephosphorylating the digested RNA before analysis. While effective resolution of the four
naturally occurring nucleotides was achieved, the intervening distance between eluents was
minimal. This was a direct result of using a C18 column instead of an ion-exchange column,
which are frequently used to examine complex mixtures of mono- and oligonucleotides?®” %!,
Due to the hydrophobicity of the C18 column, the formal charge on the phosphate group was
the primary determinant of retention time. Decreasing the mobile phase pH to 1 neutralized
the formal charges on the phosphate oxygen atoms (pK, =2), and increased the peak-to-peak
retention times. However, when attempting to identify eluents by LC-MS at low pH, the
signal-to-noise of concentrated (10 mM) standard solutions was significantly decreased.

This indicated that it would be difficult to identify peaks from digested RNA reactions, as
they would be present in much lower concentrations and therefore, would likely be
unremarkable amongst the increased noise. Therefore, a dephosphorylation step was
included so that the primary determinant of chromatographic resolution would be nucleoside
structure and not the presence of phosphate formal charges.

Once the focus was shifted to mononucleosides, HPLC conditions were optimized to
maximize the peak-to-peak retention times and LC-MS analysis confirmed the identity of
each eluent (Figure 2.4A and 2.4B). While C, U, G and A were identified as their respective
molecular ions, aalJ was detected by MS as a weakly ionizing ammonium adduct. Given
that the concentration of the aaU standard solution was 6 mM, it was concluded that

detecting aaU by MS following digestion and dephosphorylation was unlikely. However,
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since the elution profile of aaU had already been established, this proved not to be a issue.

The problematic ionization observed for aaU was also observed for the ESI-MS
analysis of 3-CN-NHS. As these are the starting materials for forming aaU-CN, it was not
surprising that detection of aalU-CN was also hindered by poor ionization (discussed below).
The reason for the problematic ionization of these materials is still undetermined.

A paramount consideration when designing a protocol for the digestion and
dephosphorylation of modified RNAs was the specificity of the nuclease and phosphatase for
unnatural substrates. While several studies have used snake venom phosphodiesterase to
mediate RNA digestion for HPLC analysis, it was postulated that this enzyme cannot fully
degrade RNA containing uridine analogues, including aaUP®**3¢, As a result S1 nuclease
(S1) was chosen to develop this methodology, as it has been shown to efficiently digest
alkylated, depurinated and UV-irradiated substrates®. S1 is also known to catalyze the
digestion of double-stranded and single-stranded RNA segments, which was important due to
the highly complex secondary and tertiary structural elements present in HCV RNAP.,

In order to prove that HCV RNA was being digested to completion a series of control
experiments were conducted. First, it was necessary to show that 50U of S1 was a saturating
concentration of enzyme. This was done by comparing the absorbance of the constituent
nucleosides following digestion with varying concentration of S1. Results showed that the
digestion reaction saturated for HCV RNA and aaU-RNA with 10U of S1 (Figure 2.6A).
However, given the lag in aaU-RNA digestion from 2U to 10U when compared to HCV
RNA, it was decided that the reaction should still be done with 50U of S1 to ensure maximal
digestion. Next, the time dependence was tested as a second means of confirming that

digestion was maximized. The digestion reaction saturated after 2 hours and thus, an
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overnight digestion was determined sufficient to saturate the digestion of normal and
modified HCV RNA (Figure 2.6B).

The fact that the digestion reaction was saturating did not necessarily have any
correlation to the percentage of RNA that was converted to mononucleosides. This was an
important aspect of validating the HPLC/LC-MS analysis protocol and, therefore, warranted
investigation. Comparison of experimentally determined nuclposide concentrations with
those calculated from the mass of RNA digested indicated that the reaction was 80 — 90%
complete. The CIP reaction was not investigated because the absence of early eluents
indicating phosrphorylated nucleotides demonstrated that it was completely
dephosphorylating all substrates present. When taken as a whole, these findings showed that
HCV RNA and aaU-RNA where being digested to near completion, which was an integral
point of validation if HPLC was to be used to quantitatively to investigate modifications to
HCV RNA.

Once the validity of the HPLC/LC-MS analysis was proven, it was possible to
investigate the extent of aal incorporation with the surety that the results obtained were
representative of the entire modified transcript. Of note to this goal was a 2004 study that
specifically investigated the efficacy with which T7 incorporated various 5-modified uridine
analogues, two of which bear similarities to aaU!"®). The authors found that uridine
derivatives bearing a positively charged group (primary amine or histidine) at the S-position
produced full-length transcripts from a sequence designed to be difficult for T7 to transcribe
as well or better than reactions using wild-type substrates. This implied that uridine
analogues bearing a positive charge were potentially incorporated preferentially over wild-
type uridine. This finding fit very well with the experimentally determined aaU:U ratio in

aaU-RNA transcripts of 1:1.1 — 1:1.3, which implied that aaUTP was incorporated more
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efficiently than UTP. There are 2166 uridines in HCV RNA, which meant that there were
1100 — 1200 aaU residues incorporated into aaU-RNA. This also meant that there are 1100 —
1200 reactive primary amines amenable to modification with cyanobenzyl groups.

Being able to effectively characterize modifications to HCV RNA was a necessity if
the detection limit of CARS microscopy for CN modes is to be established. The results
presented here demonstrated that a combination of enzymatic reactions, HPLC and LC-MS
were able to characterize the extent of aaU incorporation. These techniques were also key
elements in determining the labelling efficiency following reaction of aaU with 3-CN-NHS

(discussed below).

Post-Transcriptional Modification of HCV RNA

Modification of HCV RNA was achieved using M linking chemistry, which is a well
established method for modifying oligonucleotides (Figure 2.3A). This approach to labeling
RNA with cyanobenzyl groups has the advantage of only incorporating one label per RNA,
which is a minimal perturbation that was expected to cause limited structural and functional
consequences. In the present study, 4-CN-M and fluorescein-M were used as modifying
agents. Electrophoretic analysis of the modified HCV RNAs showed that there was an
apparent mass increase that was not proportional to the mass of either 4-CN-M or
fluorescein-M (Figure 2.3B). Subsequent characterization by AFM showed that the
heterogeneity of 5’-modified and normal HCV RNA did not appreciably differ (data not
shown). Also, the absence of small fragments in the AFM images suggested that the
modified RNAs were intact. These findings gave preliminary evidence that the 5°-

modification of HCV RNA with 4-CN-M was successful. Further characterization of 5’-CN
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was not carried out, as the detection of one CN mode per HCV RNA was not possible with
Raman spectroscopy or HPLC due to inadequate detection limits.

In addition to 5’-labeling of HCV RNA, post-translation modification of aalU-RNA
with NHS-activated cyanobenzoic acid derivatives was investigated with the hope of
developing a CN-labelled HCV RNA that would facilitate in vivo detection using CARS
microscopy. The problematic ionization of aaU and 3- and 4-cyanobenzyl-NHS dictated that
CN-aaU would also likely be difficult to detect by LC-MS analysis of digested and
dephosphorylated CN-aaU-RNA. Therefore, to obtain quantities sufficient for identification
by ESI-MS and/or LC-MS the characterization needed to be done on the CN-aaU
mononucleoside.

Initial attempts at conjugating aall with 4CN-NHS met with repeated failure. This
was odd because the aaU peak disappeared by HPLC and the labeling of lysine residues with
4-CN-NHS was successful (see Chapter 2). Structural comparison of lysine with the
aminoallyl group of aaU revealed that electronic differences between the reactive pbrtion of
these two molecules was not the source of differential reactivity. Rather, it was postulated
that having the cyano in the para position made the NHS-ester so reactive that other
nucleophiles present on aaU (-OH, secondary amine) were being modified to yield of
mixture of differentially modified aaU derivatives.

To test this hypothesis Bz-NHS was used as the labeling reagent. It was believed that
the tempered reactivity of Bz-NHS (¢ = 0.0 versus o = 0.70 for 4-CN-NHS) would result in
selective labeling of the most reactive nucleophile, which in this case meant the primary
amine of the aminoallyl group. The ionization problem encountered with cyanobenzyl-NHS
compounds was not carried over to Bz-NHS, as it was clearly identified by LC-MS as an

ammonium adduct (m/z = 237) that eluted at 22.5 min (Figure 2.8A). Upon reaction with
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aaU a new eluent was observed at 23.6 min and the peak for aaU at 10.6 min. disappeared
(Figure 2.8A). LC-MS identified the 23.6 min. eluent as an ammonium adduct of Bz-aaU
(m/z = 421), which confirmed that the conjugation of Bz-NHS and aaU was successful. To
show that the reaction would work with oligonucleotides the Bz-NHS reaction was next
applied to labeling aaU-163mer. The short transcript was chosen because it represented a
simplified system that labeling reactions could be optimized on before applying them to the
much more complex HCV RNA.

Following the labeling reaction, aalJ-163mer showed a decrease in electrophoretic
migration velocity that was consistent with a successful labeling reaction (Figure 2.9A).
These findings also supported previous conclusions regarding the aberrant migration of aaU-
being linked to variables intrinsic to the Agilent electrophoretic analysis of aalU-modified
RNAs. HPLC analysis of the Bz-labelled aalU-163mer showed a clear disappearance of the
aaU peak at 10.6 min. that corresponded to the appearance of the Bz-aaU product peak at
23.6 min (Figure 2.9B). Comparison of aaU peak intensities before and after the conjugation
reaction gave a labeling efficiency >90%. The fact that there was no peak for Bz-NHS (22.5
min.) indicated that the removal of unreacted Bz-NHS was achieved. This was an important
point because the presence of unconjugated cyanobenzyl labels would produce false
positives when analyzing CN-aalU-RNA by Raman and CARS microscopy.

Having shown that the reaction proceeded with the less reactive Bz-NHS, conjugation
of aalU with 3-CN-NHS (0 = 0.62) was attempted. Since 3-CN-NHS was less reactive than
4-CN-NHS (as indicated by the lower Hammett 0 parameter), it was believed that 3-CN-
NHS would react in a manner analogous to Bz-NHS. Electrophoretic analysis of the
conjugation reaction again showed a decreased migration velocity for the labelled aaU-

163mer, which was indicative of a successful labeling reaction (Figure 2.9A). Further
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evidence was provided by HPLC analysis that showed the disappearance of aaU (10.6 min.)
corresponded to the appearance of CN-aaU at 23.6 min (Figure 2.9C). Subsequent analysis
by LC-MS was unable to confirm the identity of this new product that eluted at the same
time as Bz-aaU. However, ESI-MS revealed a weak signal at m/z = 429, which was the
molecular ion peak of aaU-CN. Again, a labeling efficiency >90% was obtained.

In the penultimate step of characterizing CN-modified HCV RNA, the reaction of 3-
CN-NHS with aaU-RNA was investigated. Electrophoretic and HPLC analysis were
identical to the results of CN-labelling the 163mer, which indicated that labeling of aaU-
RNA with 3CN-NHS was successful (Figure 2.10A and 2.10B). Not only was the reaction a
success, but the labeling efficiency was still >90%. This was an impressive result when
working with a system as structurally complex as the replicon RNA. Calculating from the
number of aaU residues determined by HPLC, the number of CN modes per HCV RNA was
around 1000. While significantly less than the approximately 75,000 C-D modes in D-RNA,
the scattering cross-section of the CN mode should effectively compensate for this
difference.

As the final step in characterizing CN-aaU-RNA, Raman spectroscopy and
microscopy were conducted to gain definitive proof that conjugation of 3-CN-NHS to aaU-
RNA had occurred. The Raman spectrum of CN-aalU-RNA clearly showed the presence of a
CN resonance (2238 cm™') in the Raman transparent window of the cell (Figure 2.13A).
When combined with the fact that no peak for 3-CN-NHS was detected by HPLC following
reaction purification, this result showed that the CN labeling reaction was successful. As
stated previously, the Raman data gathered for this thesis cannot be examined quantitatively

so the absolute scattering cross-section per CN mode could not be determined.
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As with D-RNA, Raman microscopy analysis of CN-aalU-RNA was conducted to
demonstrate that contrast specific to the CN mode could be generated (Figure 2.13B). The
results of this experiment clearly showed that the CN and O-P-O nucleotide backbone
vibrational modes co-localized, which gave definitive confirmation that the CN mode was
conjugated to aaU-RNA. They also showed that image contrast specific to the CN mode
could be generated.

The characterization of aaU-RNA and CN-aaU-RNA has demonstrated that effective
incorporation of aal and efficient modification of aaU with 3-CN-NHS enabled the
introduction of approximately one CN mode for every 10 nt into HCV RNA. Attaining such
a high density of CN modes per HCV RNA molecule facilitated the generation of excellent
image contrast specific to the CN mode using confocal Raman microscopy. These results
suggested that CN-aaU-RNA will be an excellent candidate for in vivo analysis using CARS
microscopy. However, before proceeding to live-cell imaging experiments it was important
to characterize these RNAs for any functional or structural changes resulting from

modification.

Functional Validation of Modified RNAs

The structural complexity of the HCV genome underscores the importance of
characterizing the functional and structural consequences of biomolecular modification.
Research shows that subtle changes to the primary sequence of HCV RNA can result in
drastic functional consequences!***’]. It is logical to conclude, therefore, that incorporating a
heavily modified nucleotide analogue throughout the length of the genome was likely to have

significant deleterious effects. Owing to this, functional validation of the modified HCV
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RNAs was carried out using the luciferase reporter assay described in the results section of
this chapter.

Following transfection of the modified RNAs into Huh-7 cells, a luciferase assay was
performed at 24 and 48 hour endpoints to examine the functional consequences of different
RNA modifications. The success of the transfection was apparent from the 2 — 3 fold
increase in luciferase activity when cells transfected with HCV RNA were contrasted to the
cells only and mock transfection controls at 24 and 48 hour endpoints (Figure 2.14). When
comparing the luciferase activity of HCV RNA with cells exposed to the modified RNAs,
clear differences in luciferase activity were observed. For aaU-RNA and CN-aaU-RNA the
luciferase activity had effectively been eliminated. 5’-F had limited activity when contrasted
against the control reactions and 5’-CN showed no activity that was statistically different
from control reactions. Finally, D-RNA maintained a substantial percentage of activity
relative to unmodified HCV RNA.

The luciferase activity of D-RNA was expected to be very close to that of the
unmodified HCV RNA because the substitution of deuterium for hydrogen was a minimal
structural change. A precise explanation for the observed decrease in luciferase activity is
unknown. However, a comparison of the luciferase activities of HCV RNA that was
synthesized with only one of the deuterated nucleotides incorporated revealed an interesting
comparison between the activities of RNA synthesized with deuterated ATP/UTP versus
GTP/CTP (Figure 2.15A). These results suggested that the decrease in activity was related to
the number of hydrogen bonds donated by the base. Definitive reasons for the observed
decrease in luciferase activity are still under investigation.

Initially, the luciferase activity of these modified HCV RNAs was very surprising —

especially considering the extent of activity lost for 5’-labeled samples that possess minimal
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modifications to the RNA. Upon closer inspection of the genomic structure of HCV RNA, a
potential explanation for these results became apparent. The 5°- and 3’-UTRs of the HCV
genome are highly structured and play important roles in the translation of viral proteins and
viral replication (for reviews see [1, 44]). As such, it was not surprising that modest
perturbations could severely affect the function of these structured domains.

Nucleotides 5 — 24 form domain I of the HCV 5’-UTR and are known to be important
in viral replication'*®. The proximity of domain I to the 5’-terminus of the HCV genome
suggested that perturbations introduced by 5’-modifications may be partly responsible for the
loss of luciferase activity displayed by 5°-F and 5°-CN. While this explanation fit well with
the 5°-F luciferase activity, it seemed unlikely that a decrease in replicative capacity was the
sole determinant of the abolished activity displayed by 5’-CN. It was also possible that the
5’-modifications were disrupting a long-range interaction within the 5’-UTR that was
important to the translation of the luciferase gene.

Currently, no evidence exists for long-range interactions localized to domain I, but
the HCV IRES is known to adopt a complex three-dimensional architecture that could bring
the modified 5’-terminus in proximity of the HCV IRES"?. In doing so, the 5’-modification
could directly interfere with other 5’-UTR structural elements or prevent key RNA-protein
interactions. While speculative, this theory effectively accounts for the decrease in luciferase
activity of the 5’-modified HCV RNA in the absence of evidence supporting alternative
theories.

The elimination of luciferase activity for aaU-RNA and CN-aaU-RNA required a
more complex analysis than the 5’-modified RNA because aalJ was incorporated randomly
throughout the entire length of the replicon RNA. The simplest explanation was that aalU

was integrated into the AUG start codon and was interfering directly with the recruitment of
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translational machinery. The random nature of aaU incorporation meant that aalJ would be
incorporated into the AUG start codon in 50% of transcripts. At best, such a situation could
only account for 50% of the observed decrease in luciferase signal. A second option was that
aaU was preventing secondary structures from melting to facilitate viral replication. This
was postulated because aall maintains Watson-Crick base-pairing and stabilizes RNA-RNA

duplexes?”

. Similar to the explanation for 5’-CN, a replicative deficiency alone is not likely
to account for the observed decrease in luciferase activity. A third explanation was that
RNA-RNA and protein-RNA interactions within the 3’-UTR poly(U/UC) domain were
disrupted due to the abundance of aaU residues in this region*”!. Finally, a more holistic
theory pointed to the replicon-wide distribution of aaU directly affecting translation of
luciferase and viral proteins and inhibiting viral replication. This theory takes structural
detriments and decreases in the efficacy of RNA-protein interactions resulting from aalU
incorporation into account. It was likely an amalgamation of all or some of these possible
reasons that combined to give the observed decreases in luciferase activity.

For the purposes of investigating processes directly related to HCV RNA, modified
RNAs needed to maintain as much wild-type function as possible. This was especially
important for live-cell tracking of HCV RNA, as an accurate picture of RNA dynamics and
processing would be impossible to obtain if the majority of the function of the RNA were
abolished due to the modifications introduced to enable tracking. However, the extent of
modification must also be balanced with the detection limits of CARS microscopy.
Therefore, it would be advantageous to be able to control the extent of aaU incorporation and

3-CN-NHS modification of aalU-RNA such that the detection limits of CARS microscopy

and the activity of the modified HCV RNA were mutually accommodated.
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The extent of 3-CN-NHS modification of RNA containing aalU was investigated by
performing a titration of 3-CN-NHS concentration in the labeling reaction. Again, to avoid
the complexities of optimizing this approach in a system as elaborate as HCV RNA, the
163mer model system was used to establish the validity of the experiment. HPLC analysis
demonstrated a correlation between the concentration of 3-CN-NHS in the labeling reaction
and the extent of aaU modification (Figure 2.11A). This was also evident when the
electrophoretic migrations of the labeling reactions were examined. There was a large shift
in mobility upon 10-fold dilution of 3-CN-NHS, which was indicative of the extent of
modification decreasing significantly. Interestingly, even with a 100-fold dilution in 3CN-
NHS concentration, 25% of aaU residues were still modified. Application of this approach
to aaU-RNA gave similar results, with a 10-fold dilution of 3-CN-NHS resulting in a 10%
decrease in the extent of aal modification (Figure 2.11B).

Demonstrating that the extent of aaU modification could be regulated was important,
but it was equally vital to show that the amount of aaU incorporated during the IVT reaction
could be controlled. This reaction was performed directly on the HCV RNA template as the
products would be used for subsequent functional characterization (see below). The results
of this experiment clearly showed the correlation between aalU concentration and the amount
of aaU used in the IVT reaction (Figure 2.7A). Furthermore, as the amount of aaU in the
IVT reaction decreased the electrophoretic migration of the transcript approached that of
HCV RNA. This offered clear evidence that the increased migration velocity of aaU-RNA
was causally linked to the presence of aaU. When the transcripts produced from these IVT
reactions were analyzed for functional activity, there was a two-fold increase in the luciferase

activity upon 4-fold dilution of the aaUTP concentration in the IVT reaction (Figure 15B).
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These results demonstrated that the functional consequences of modifying HCV RNA
could be modulated by decreasing the extent of aaU incorporation. Furthermore, despite the
modest increase in luciferase activity (still only 10% of HCV RNA activity), the fact that the
activity could be rescued supported the use of CN-aaU-RNA as a tool for investigating
dynamical processes in vivo using CARS microscopy. In addition to modulating the extent
of aaU incorporation during the IVT reaction, control over the degree of 3-CN-NHS
modification will also be an important avenue when fine-tuning CN-aaU-RNA for both in

vivo function and detection via CARS microscopy.

Structural Validation of Modified RNAs

Many of the plausible theories for the decreased luciferase activity of the modified
RNAs were centered on perturbations to secondary and tertiary structural elements. Working
with such a large RNA transcript limited the techniques available to investigate the validity
of these assumptions by examining the entire system.

Dynamic light scattering (DLS) is a spectroscopic technique used primarily to size
particle suspensions. In particular, due to the intense scattering of light from the metallic
surface, DLS has been widely used to characterize colloidal nanoparticle solutions to obtain a
measure of the degree of polydispersion!*®l. DLS has also been used to characterize the
hydrodynamic radius of biomolecules, including proteins, lipids and oligonucleotides!*’ 2,

As a first-line means of investigating the structural effects of modifying HCV RNA,
the hydrodynamic radii of modified HCV RNAs was measured. The results obtained were
unable to distinguish a significant difference between the different RNA samples (Figure

2.16). This was not interpreted to mean there were no structural differences between these

samples. On the contrary, the functional data clearly suggests that there was a difference.
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The nature of DLS analysis necessitated that the buffer contain a physiological concentration
of Mg”" to obtain reproducible resultsi® >, The reason for the sporadic data obtained in the
absence of Mg2+ was a result of electrostatic repulsion of the negatively charged phosphates.
Addition of Mg®* resulted in screening of the negative charges and lead to the RNA adopting
a compacted conformation often referred to as a collapsed state!>). The size of the collapsed
state (~30 nm) fit well with the expected size necessary to fit into the intact HCV virion!"?,
However, while collapsed states are well established intermediates in many RNA folding
pathways, there was no evidence supporting a role in the folding and packing of HCV RNA.

AFM has been used extensively in the study of DNA and, more recently, was
extended to include the investigation of RNA secondary structure and viral RNAs®> %), The
current study employed AFM to investigate the bulk structural effects of modification to
aaU-RNA and CN-aaU-RNA relative to HCV RNA. These samples are the most amenable
to study with AFM because the nature of their modifications imply that they Would
expérience the largest structural perturbations and were therefore likely to be within the
resolution limits of AFM.

To facilitate the adhesion of polyanionic RNA to the anionic mica surface a sufficient
concentration of Mg®" (millimolar) must be present in the AFM analysis buffer to overcome
the coulobmic repulsion between the like charges®> ®!!. Having established that millimolar
concentrations of Mg induced the electrostatic condensation of the modified RNAs to the
collapsed state, it seemed as though AFM may yield results similar to those obtained by
DLS. Indeed, the apparent radii of the modified RNAs following surface deposition
appeared similar, with the dispersion consistently ranging from 80 — 120 nm. It is well
established that during deposition long polymers often undergo a three-to-two dimensional

transition[®®. This is caused by partial dissolution of the condensed state due to interactions
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with surface Mg?" that become energetically favourable as the deposition buffer is removed.
The discrepancy between the AFM and DLS radii was likely the result of these transitions.

The morphology of the RNA following deposition provided valuable information
regarding the structural changes introduced in the presence of aal and aaU-CN. While the
condensed state was not representative of native tertiary structure, it contained nQn-speciﬁc
structural elements that could be used as a model for the effects of labeling on native HCV
RNA structure™!, Comparison of the AFM images acquired for aaU-RNA, CN-aaU-RNA
and HCV RNA revealed distinct differences in morphology that implied the modified RNAs
adopted a more open conformation on the mica surface (Figure 2.17). Also, single-stranded
RNA fragments were observed with a much higher frequency for the modified RNAs.

These results were best explained by considering the energetics of the condensed
state tertiary (and possible secondary) structural elements in the modified versus unmodified
RNAs. The morphology of HCV RNA suggested a tightly packed condensed state that had
spread slightly during the deposition process. The tight globules present on the molecule
suggested that non-specific tertiary interactions were largely maintained during the
deposition process. Energetically this meant that the Mg?*-induced non-specific tertiary
interactions were more favourable than RNA interactions with the Mg**-coated mica surface.
Application of identical reasoning to aaU-RNA and CN-aaU-RNA lead to the conclusion that
the non-specific tertiary interactions in the condensed states were weakened as result of the
modifications introduced to enable live-cell RNA tracking using CARS microscopy. Thus,
the more relaxed conformation of the modified RNAs showed that Mg**-induced
intramolecular interactions were energetically higher than interactions with mica-bound

Mg”*. This evidence supported the theory that the decrease in luciferase activities observed
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for the modified RNAs was largely a result of structural perturbations introduced through

RNA modification.

Summ

The incorporation of deuterium and CN Raman modes into HCV RNA was carried
out to establish a means of tracking dynamical processes related to RNA processing, motility
and localization in real-time in vivo using CARS microscopy. Characterizations of these
materials by HPLC/LC-MS demonstrated the validity of the methodologies used to
incorporate these endogenous Raman modes into HCV RNA. Raman microscopy and
spectroscopy provided preliminary evidence that contrast specific to the C-D and CN modes
could be generated, but sensitivity limits prevented the use of these techniques to analyze the
modified RNAs in vivo using Raman-based techniques. CARS microscopy analyses of these
materials have yet to be attempted.

Functional and structural characterization showed that, with the exception of D-RNA,
most of the modifications introduced had a severe effect on the activity of the luciferase
reporter assay. HCV genomic structure and subsequent characterizations by AFM revealed
that the decrease in luciferase activity was likely the result of perturbations to integral tertiary
(and possible secondary) structural elements. Modulation of the extent of aaU incorporation
and CN-modification of aaU-RNA has the potential to alleviate some of these deleterious
functional deficits, but the detection limits of CARS microscopy must be taken into
consideration when determining how many CN modes per RNA molecule are required.

The results presented here provide a solid framework for understanding the response

of HCV RNA to modifications and demonstrated that HCV RNA functionalized with C-D
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and CN modes can be specifically visualized by tuning to these modes using confocal Raman

microscopy.
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Chapter 3 — Chemical Modification of Model Protein Systems

Introduction

Driven it part by the development of a cell-based replicon model of HCV replication
the localization, cellular interactions and mechanism of action of the HCV proteins have
been extensively characterized (for reviews see [1-4]). However, similar to the analysis of
processes related to HCV RNA, studies investigating HCV proteins are almost exclusively
static analyses — snapshots of intracellular interactions and protein localization, i.e.:
immunofluorescence or fluorescent fusion proteins. This creates an information gap
surrounding dynamic processes involving HCV proteins. For example, the migration of
mature HCV core protein from the ER to lipid droplets and the subsequent development of
steatosis has yet to be investigated dynamically’ ®. In general, the delineation of this and
other dynamical processes involving HCV proteins would enhance our understanding of
HCV molecular virology, which could lead to new treatment options and expose previously
unknown therapeutic targets.

Recognizing the aforementioned information gap as a problem, two groups have
recently reported on the live-cell analysis of HCV proteins. Using a green fluorescent
protein (GFP) fused to the C-terminus of NS5A, McCormick and coworkers examined the
localization of the GFP-NSS5A fusion to try and establish kinetic aspects of HCV replication
complex formation in cell culture!”). Similarly, Kien and coworkers used an enhanced GFP-
E2 fusion to localize E2 in living cells. In addition, Kien and coworkers performed a
functional validation of the enhanced GFP-E2 fusion protein, which was an important
consideration when fusing a 27 kDa protein like GFP to another biomolecule®®’. Their results
showed that E2 retained wild-type function, which suggested that other HCV proteins could

be tracked in vivo via the rational design and engineering of GFP-fusions.
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While successful in the context of the study done by Kien and coworkers, the
application of GFP fusion proteins to the live-cell imaging of dynamical processes still
suffers from the limitations associated with all in vivo fluorescence-based techniques.
Expanding the utility of CARS microscopy to include the analysis of specific molecular
targets will surmount these problems and enable the dynamic visualization of HCV proteins
in real-time in vivo over time periods not accessible using fluorescence-based techniques.
Achieving these goals required the development of a method to introduce the bioorthogonal
C-D and CN Raman modes from Chapter 2, which were shown to generate Raman image
contrast when integrated into HCV RNA.

The nominal functional consequences of incorporating deuterated nucleotides into
HCV RNA suggested that using deuterated amino acids would be an excellent method of
tracking HCV proteins in vivo using CARS microscopy. However, due to the low Raman
scattering cross-section of the C-D mode, a very high mode density would be required to
generate CARS image contrast specific to the C-D resonance. Introduction of the C-D mode
in a method analogous to that used for RNA (all non-exchangeable protons substituted for
deuterium) could produce the required C-D mode density, but would necessitate the growth
of bacteria over-expressing the protein of interest in isotopically-enriched growth medium,
which is a time consuming and expensive method of incorporating additional functionality™
10}

Therefore, rather than attempt to biosynthesize isotopically labelled proteins, we
considered a variety of co- and post-translational methods that are currently used to
incorporate additional functionality into proteins. In Chapter 1, click reactions and the
Staudinger ligation were mentioned as examples of chemical approaches to site-specifically

incorporate exogenous functionality to biomolecules (Figure 3.1A and 3.1B)!'> 12],
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Additionally, the in vivo compatible condensation of hydrazides with aldehydes and ketones
has been used to chemically modify proteins (Figure 3.1C)!"* ', The common theme
amongst these chemical transformations is the need to synthesize and incorporate modified
amino acids into the protein before the reactions can be performed. To accomplish this,
genetically encoded (co-translational) protein modification and protein semi-synthetic
strategies are utilized.

The most frequently used genetically encoded strategy is the amber suppressor
methodology, which uses an evolved tRNA-tRNA synthetase pair that recognizes the amber
codon (CUA) and a modified amino acid, respectively (Figure 3.2A)!"**>). In contrast to the
genetically encoded amber suppressor approach, native chemical ligation involves the semi-
synthesis of proteins using two smaller peptides that contain a terminal amine and thiol. The
peptide fragments are usually made by solid-phase synthesis and either fragment can contain
modified amino acids provided that the terminal residues facilitate the ligation reaction (for a
review see [16]; Figure 3.2B). While both of these techniques facilitate the incorporation of
modified amino acids, they would not generate the mode density necessary to facilitate C-D
image contrast using CARS microscopy. Thus, the cost of synthesizing metabolically
labelled proteins and the inability of chemical, genetic and semi-synthetic modifications to
meet the C-D focal volume density requirements, precluded using deuterium substitution for
the dynamical in vivo analysis of HCV proteins using CARS microscopy.

In addition to not facilitating a high mode density (C-D or CN), genetic and semi-
synthetic approaches require the optimization of several variables to obtain the modified
protein. As such, the potential for high-throughput production of several modified proteins

(i.e.: HCV proteins) was limited. Ideally, the amount of optimization required by the
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Figure 3.1: Chemical methods of modifying proteins. A) Click reactions require a
suitable alkyne-azide pair, which means that a modified amino acid must be used. B)
The traceless Staudinger ligation requires the phosphine containing the cyanobenzyl
group for CARS contrast and ‘X’ to remove the phosphine oxide formed during the
reaction. The easiest approach has the azide on a modified amino acid. C) Hydrazine
formation is mediated by the condensation of a hydrazide with an aldehyde or
ketone. Ease of synthesis would likely place the aldehyde or ketone functional
groups onto the modified amino acid.
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A) Amber Suppressor Strategy
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Figure 3.2: Genetically encoded and semi-synthetic methods of protein modification.
A) The amber supporesor approach requires the generation of a tRNA-tRNA
synthetase pair that only recognize the modified amino acid for incorporation at the
amber codon (CUA). B) Native chemical ligation utilizes a transthioesterification
reaction followed by formation of the more stable amide bond to semi-synthesize
proteins. Either Protein 1 or Protein 2 can contain modified amino acids.
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modification protocol should be minimized to allow for rapid application to an entire family
of HCV proteins. Therefore, the NHS bioconjugation reaction was employed to incorporate
CN modes onto extant proteins for the purpose of in vivo tracking using CARS microscopy.
The widespread and well optimized use of NHS-activated small molecules for protein
modification made this approach well suited to modifying proteins with different
physicochemical properties (i.e.: membrane-bound or soluble, with minimal trouble-
shooting).

Applying NHS bioconjugation strategies to RNA required that additional
functionality in the form of aaU be introduced. Contrary to this, the chemically diverse
nature of the wild-type amino acid sidechains affords residue-specific labeling without prior
manipulation of the protein — the ¢-amino group of lysine and the free N-terminus react with
NHS-functionalized probes (Figure 3.3A). Reaction with hydroxylated amino acids has also
been reported, but this occurs infrequently due to strict sequence requirements (His-Xaa-
Ser)!'").

Using 4-CN-NHS, this chapter will describe the incorporation of CN modes into
proteins for the purpose of expanding the utility of CARS microscopy to include the in vivo
analysis of specific proteins in real-time. Optimization of the protocol was demonstrated
using bovine serum albumin (BSA; Figure 3.3B) and functional validation of a 4-CN-NHS
modified single-domain antibody (sdAb) was carried out to determine the functional effects
of introducing the CN modes to a model system. Single-domain anti-bodies were chosen
because they are small, structurally simple proteins with a well defined function (antigen

recognition) that was easily assayed.
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Figure 3.3: Protein modification using NHS-activated acids. A) 4-CN-NHS will
selectively react with the e-amino group of lysine sidechains to yield CN-modified
proteins. B) Schematic representation of the approach used to modify the model
protein BSA. Lysine residues are highlighted in red. R=R’ = peptide backbone.
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Results
BSA Modification

Modification of BSA was performed as described in the materials and methods.
MALDI analysis of normal and 4-CN-NHS modified BSA (BSA-CN) revealed a mass
difference of 901 Da, which corresponded to the addition of seven 4-CN-NHS (130 Da/label)
groups onto the protein (Figure 3.4). SDS-PAGE analysis of modified and unmodified BSA
was also conducted, but no difference in migration was observed (data not shown).

Raman microscopy analysis of BSA-CN was carried out as described in the materials
and methods. Integrating the Raman images between 2220 — 2250 cm™' revealed the
presence of a distinct CN resonance in the BSA-CN spectrum that was absent in unmodified
samples (Figure 3.5). In addition, the CN resonance colocalized with the amide I band at
approximately 1650 cm™. This gave strong evidence that the labeling reaction was

successful.

Single-Domain Antibody Modification

Modification of sdAb directed against bacterial protein A (HVHP428) was performed
as described in the materials and methods. MALDI analysis of 4-CN-NHS modified
(HVHP428-CN) and unmodified HVHP428 revealed a mass difference of 248 Da (Figure
3.6). Given an error of + 10 Da on the experimentally determined molecular weight, the
MALDI data indicated that approximately two 4-CN-NHS groups were conjugated to the
antibody. Further confirmation of labeling success was obtained using Raman spectroscopy
(Figure 3.7). The limited number of CN modes per HVHP428 yielded an ambiguous signal-
to-noise ratio that was not suitable for generating image contrast using Raman microscopy

(data not shown).
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Figure 3.4: MALDI analysis of BSA modification. The mass difference of
approximately 900 Da corresponded to the incorporation of approximately 7 4-CN-
NHS CARS contrast agents per protein. The positions of the CN labels on BSA-CN
are not indicative of the actual residues modified, but were shown for illustrative
purposes.
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Figure 3.5: Raman microscopy analysis of BSA-CN. The intensity map of the CN
Raman band (top right) depicts the intense regions specific to the presence of CN
mode at approximately 2230 cm-1. Integration of the amide I band (top left;
approximately 1650 cm-1) yielded an intensity image that was spatially co-localized
with the CN intensity map. This strong spatial correlation between the CN and amide
I modes suggested that modification was successful and specific to the protein rather
than to residual 4-CN-NHS. The blue spectrum taken from an intense region (blue
circle) of the imaged area showed both amide I and CN vibrational modes. The red
spectrum taken from a dark region of the map (red circle) was devoid of any analyte-
specific vibrational bands. The blue rectangle in the optical image (top center) shows
the region that was imaged.
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To establish the functional effects of modifying HVHP428 with 4-CN-NHS, surface
plasmon resonance (SPR) analysis of the interaction between HVHP428-CN and its’ antigen
(protein A) was measured using Biacore analysis as described in the materials and methods.
Comparison of the dissociation constants (K4) for the unmodified (1.5 + 0.1 pM) and
modified (1.7 = 0.2 uM) HVHP428 revealed that 4-CN-NHS modification had no
statistically significant effect on the ability of the HVHP428 to recognize its antigenic target

(Figure 3.8).

Discussion

The labour-intensive production of large quantities of recombinant proteins from
bacterial and mammalian over-expression systems makes these materials a precious
commodity. Therefore, rather than use recombinant HCV proteins to optimize the
incorporation of CN modes, it would advantageous to use a cheap, soluble protein that is
available in gram quantities; BSA fit this profile. BSA is an approximately 64 kDa soluble
protein that has been used extensively as a model system in the development of protein
labeling strategies. In particular, due to the presence of 60 lysine residues (~10% of primary
sequence), BSA has been successfully applied to the development of amine-directed labeling
using NHS- and isothiocyanate-functionalized small molecules!'***!, BSA has also been
used to characterize a variety of M-based approaches to protein labeling®*??), However, the
M group reacts with cysteine residues, which are in low abundance (2.3% of mammalian
codons code for cysteine) and when present are frequently oxidized to form disulfide bonds
that are integral to protein structure and function. Owing to this a high CN mode density,

which is vital for detection via CARS microscopy, would be difficult to obtain using M-
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Figure 3.6: MALDI analysis of HVHP428-CN. The mass difference between
unmodified (top) and modified (bottom) HVHP428 correlated to approximately two
4-CN-modified lysine residues per protein. Crystals structures and sites of
modification are shown for illustrative purposes and do not represent HVHP428.
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Figure 3.7: Raman spectroscopy of HVHP428-CN. Spectroscopic analysis revealed
the presence of the amide I resonance (~1650 cm™) in both spectra, which confirmed
that is was protein being examined. Further analysis showed that HVHP428-CN

(pink) clearly displayed a CN resonance (~2230 cm™') that was absent for HVHP428
(blue).
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Figure 3.8: Functional validation of HVHP428-CN. A) Analysis of HVHP428
showed that it bound protein A with a K;=1.5+ 0.2 uM M. B) Similar analysis of
HVHP428-CN revealed little statistically significant difference in protein A binding,
with K;= 1.7+ 0.2 uM. Crystals structures and sites of modification are shown for
illustrative purposes and do not represent HVHP428.
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based labeling. Therefore, the use of 4-CN-M to modify proteins for in vivo analysis was not
pursued. MALDI analysis of BSA-CN showed an increased mass for the labelled protein
that corresponded to the modification of 7 residues with 4-CN-NHS (Figure 3.4). Assuming
that productive labeling occurred only on lysine residues, this correlated to a labeling
efficiency of approximately 10% as determined by primary sequence analysis. While
seemingly low, this value was likely skewed because all lysine residues were considered. In
reality, many lysine residues are buried in the protein’s tertiary structure or involved in salt-
bridge formation, both of which makes them less likely to react with 4-CN-NHS. Since the
modification of BSA was undertaken to show that proteins could be functionalized with CN
modes and subsequently imaged using Raman and CARS microscopy, the low labeling
efficiency was not investigated further. Supporting this decision was the data obtained from
the Raman analysis of BSA-CN that showed a clear CN resonance in the Raman transparent
region of the cell that localized with the protein amide I resonance at approximately 1650
cm’’ (Figure 3.5).

As with the analysis of modified RNAs, the study of HCV proteins in vivo in real-
time requires that the function(s) of modified proteins are near wild-type levels. Doing so
minimizes the chance of identifying phenotypic changes resulting from protein modification
and ensures that dynamical aspects of protein function are unperturbed. The prevalence of
chemically modified antibodies that have been successfully utilized for indirect
immunofluorescence demonstrates that modified proteins can maintain there efficacy
following functionalization. Conversely, the chemical modification of proteins has been
shown to affect the physicochemical properties of the modified proteins and alter their in

vivo function®*3%. These dichotomous findings were resolved when the functional and
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structural diversity of proteins (including co- and post-translation modifications) was
considered.

Given the above considerations it may seem that a labeling methodology that was
successful for BSA would not be predictive of successfully modifying other proteins.
However, the successful application of protocols established on BSA and subsequently used
on other proteins show that this approach has merit!'*?*. Therefore, a model system with a
well-defined and easily assayed function was needed to determine the functional
consequences of 4-CN-modification using the protocol established for BSA.

An obvious choice to fulfill these requirements would be to exploit antibody-antigen
recognition to assay for the effects of 4-CN-NHS modification because the primary function
of an antibody is closely linked to antibody structure. However, using normal mono- and
poly-clonal antibodies could complicate the analysis of the functional effects of labeling. In
particular, the size of these proteins (approximately 160 kDa) decreases the mass resolution
of MALDI, which can limit the quantification of the number of CN modes incorporated.
Additionally, the complex secondary and tertiary structural interactions that define antibody
function greatly increase the number of modifications that may contribute to changes in the
function of the modified protein. Using a smaller, simpler protein would give a much clearer
picture as to what effects the CN-modifications have on protein function. Single-domain
antibodies, which are structurally simplistic and smaller (~16 kDa) than mono- and poly-
clonal antibodies, fit these requirements precisely. Furthermore, despite being a much
simpler protein, the function of sdAbs is still the same — antigen recognition. Therefore, the
functional consequences of 4-CN-NHS modification of sdAbs could still be easily assayed.

For the current study, the sdAb used (HVHP428) was directed against bacterial protein A.
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MALDI analysis of HVHP428 following reaction with 4-CN-NHS revealed that two
4-CN-NHS groups were incorporated per protein (Figure 3.6). Raman spectral analysis of
revealed the clear presence of the CN mode (Figure 3.7). Subsequent attempts to confirm
this result using Raman microscopy were hindered due to the low number of modifications
per HVHP428 (data not shown). As such, it would be advantageous to investigate methods
of increasing the labeling efficiency of the 4-CN-NHS reaction. This is currently under
investigation. Despite the poor signal-to-noise for the CN mode by Raman microscopy, the
combination of MALDI and Raman spectral data gave definitive evidence that the
modification of HVHP428 with 4-CN-NHS was successful. Therefore, further
characterization of HVHP428-CN was carried out.

SPR analysis was performed to determine the functional effects of HVHP428
modification with 4-CN-NHS. Analysis revealed that the K4 of HVHP428 for protein A was
1.5+ 0.1 uM and 1.7 £ 0.2 uM for HVHP428-CN, indicating that there was little statistically
significant functional consequence of incorporating 4-CN-NHS (Figure 3.8). The structural
and functional variability inherent to proteins means that the effects of small molecule
modifications can vary depending on the system under investigation. This fact precluded the
direct application of the HVHP428 results to the study of HCV proteins. However, studies
that used BSA as a model labeling system were able to extend the same methodology to
unrelated proteins. Therefore, the HVHP428 results were interpreted to provide preliminary
information indicating that the incorporation of 4-CN-NHS did not cause significant
functional perturbations to a system with a known correlation between structure and
function. Moreover, that lack of functional effects showed that the modified lysine residues

are not likely to fill an integral role in the structure and/or function of HVHP428. The
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proven ability of mono- and poly-clonal antibodies to maintain their antigen recognition

capacity following various modifications further supported this conclusion®*?>.,

Summ.

The results outlined in this Chapter showed that larger proteins capable of
accommodating more modifications (BSA) are able to generate Raman image contrast that is
specific to the CN mode contained on labelled proteins. In addition, the modification of
HVHP428 with 4-CN-NHS appeared to have no effect on the wild-type function of the
antibody. Factoring in previous studies, these results demonstrated that the application of the
labeling methodology outlined in this Chapter should enable the analysis of specific proteins
in vivo using CARS microscopy. In particular, the study of HCV proteins in real-time in vivo
by tuning the CARS microscope to the CN resonance carried by the modified proteins will

enable the delineation of dynamical components surrounding the function of HCV proteins.
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Summary

This thesis focused on the structural and functional changes that accompany the
chemical modification of biomolecules, with the underlying goal of developing a solid
framework from which the utility of CARS microscopy can expand and fundamental aspects
of HCV molecular virology can be investigated. A discussion on the rational design of
CARS contrast agents identified the C-D and CN vibrational modes as ideal candidates to
meet these goals. These modes were chosen due to their biostability, ease of biomolecular
incorporation and the fact that there respective vibrational modes reside in a spectral region
that is devoid of endogenous Raman resonances. |

Incorporation of C-D modes into HCV RNA yielded D-RNA that contained
approximately 75,000 C-D modes per RNA. Raman microscopy showed that image contrast
specific to the C-D mode contained on the D-RNA could be generated and subsequent
functional analysis revealed minimal deleterious effects of deuterium substitution. These
results indicated that D-RNA was an excellent candidate for studying dynamical aspects of
HCYV RNA in real-time in vivo using CARS microscopy.

Generating CN-aaU-RNA first required the incorporation of aal, to which 3-CN-
NHS could be chemically coupled. Characterization of the aalU-RNA transcript before and
after reaction with 3-CN-NHS was done using a combination of HPLC and LC-MS. In
addition to facilitating the characterization of these materials for the degree of aal
incorporation and CN-modification, the development and validation of this quantitative
methodology makes it possible to modulate the deleterious consequences of modifying HCV
RNA. Thus, while CN-aaU-RNA had severe functional and structural deficits, optimization

of the labeling reactions using the quantitative methods developed herein will enable the
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minimization of these problems, while accommodating the detection limit of CARS
microscopy for the CN mode.

Further to the incorporation of CN modes, 5’-CN was successfully synthesized with
the hope that it could be used as an alternative to CN-aaU-RNA. This avenue was pursued
because it was postulated that a 5’-modification would have less of a functional effect on
HCV RNA than poly-labeling, i.e.: aaU incorporation followed by reaction with 3-CN-NHS.
Surprisingly, the activity of 5°-CN was severely inhibited, which limited the potential
application of this material to studying HCV with CARS microscopy. Precise reasons for
this result remain unclear.

The application of CN labeling to protein modification was also investigated, with the
end goal of modifying HCV proteins for in vivo tracking using CARS microscopy. Raman
image contrast specific to BSA-CN was shown, as was spectral data indicating the clear
presence of CN modes on HVHP428-CN. Additionally, functional analysis revealed little
difference between normal and CN-modified HVHP428. When taken together these results
gave conclusive evidence that reaction with 4-CN-NHS yielded CN-modified proteins.
Furthermore, they gave preliminary evidence that CN-modification may not result in
functional deficits to modified HCV RNA proteins.

Overall the work presented in this thesis has unambiguously demonstrated that C-D
and CN vibrational modes can provide excellent Raman image contrast when chemically
integrated into biomolecules. Moreover, they confirm that care must be taken when
introducing exogenous functionality to biomolecules, as minor perturbations can elicit severe
structural and/or functional consequences. Careful application of the labeling strategies

outlined herein to the in vivo real-time study of RNA and proteins using CARS microscopy
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has the potential to provide a plethora of information on previously unstudied dynamical

processes.

Future Work

Further characterization of the monosubstituted D-RNA transcripts to determine the
source of the functional difference between G/C and A/U substitutions would be beneficial,
as it may enable the activity of D-RNA to be increased. Provided that the CARS detection
limits for the C-D mode could still be met, the increased activity of mono- and/or
disubstituted D-RNA transcripts would enable the analysis of a system that was functionally
closer to HCV RNA, which is the desired situation when performing real-time in vivo
analyses.

The luciferase assay is a direct measure of the translational competency of the HCV
IRES and the luciferase gene and an indirect examination of replication competency.
However, no information on the translational competency of the EMCV IRES and HCV
coding region of HCV RNA is available from this assay. This was particularly relevant to
5’-modified HCV RNAs, as they were the most likely to show different expression levels of
luciferase and HCV proteins. Therefore, the expression of the HCV coding region should be
investigated. It was also difficult to quantify the extent of activity loss that was directly
related to replicative deficiencies, as opposed to a combination of replicative and
translational deficits. Thus, further characterization of modified HCV RNAs to determine
their relative replicative deficiencies is required.

Having shown that 4-CN-NHS modification of BSA enabled image contrast specific
to the CN mode of BSA-CN to be generated and that the activity of HVHP428-CN was on

par with that of unmodified HVHP428, the next step to take for the elaboration of proteins
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for in vivo tracking using CARS microscopy should be the application of these methods to
HCV proteins. Also, it would be beneficial to try and increase the number of CN modes that
are incorporated per protein. Provided that the functional effects were nominal, this would
improve the detection limits for the CN-modified proteins.

Finally, all of these samples require thorough investigation under CARS microscopy
conditions that have been optimized for detection of the C-D and CN vibrational modes.
Once positive identification of CN-aaU-RNA and D-RNA has been achieved, the
optimization of the modification conditions can be investigated such that the activity of the
modified RNAs are maximized, while still maintaining sufficient modifications to facilitate
detection using CARS microscopy. Fulfilling these experiments will facilitate the end-goal
of using CARS microscopy to investigate dynamical processes of HCV molecular virology

in vivo in real-time.
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All chemicals were purchased from Aldrich (Oakville, ON, Canada) and used as
received. Eighteen mQ H,O was obtained from a NANOpure® DIamond™ Life Science
Series 1370 water filtration system (Barnstead International, Dubuque, 10, USA) and was
used for all applications not requiring RNase-free conditions. The pFKjsgoluc/NS3-375.1
plasmid, which codes for the HCV subgenomic replicon, was obtained from Ralph
Bartenschlager (Institute of Hygiene, University of Heidelberg, Heidelberg, Germany). Huh-
7 cells were generously provided by Lubica Supekova (Scripps Research Institute, La Jolla,
CA, USA). RNA quantification was performed on a ND-1000 spectrophotometer
(NanoDrop Technologies, Rockland, DE, USA) and RNA integrity was verified by
electrophoresis using the Agilent 2100 bioanalyzer with the RNA LabChip® Nano and Pico
kits according to the manufacturer’s protocol (Agilent Technologies, Palo Alto, CA, USA).
RNA migration behavior and the heterogeneity of transcript populations were determined
using the gel and electropherogram functions of the 2100 Expert software, respectively
(v.B.01.02.S1136; Agilent Technologies). All cyanobenzyl compounds were kindly prepared
by Dr. Qingyan Hu (National Research Council of Canada, Steacie Institute for Molecular
Sciences, Ottawa, ON, Canada). The sdAb HVHP428 PSJF2 was provided by Dr. Roger
Mackenzie (National Research Council of Canada, Institute for Biological Sciences, Ottawa,

ON, Canada).

Cell Culture
Huh-7 cells were cultured at 37 °C and 5% CO; in complete cell culture medium that
consisted of Dulbecco’s modified Eagle medium (DMEM; Invitrogen, Burlington, Ontario,

Canada) supplemented with 10% (v/v) fetal bovine serum (FBS; Cansera International,
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Rexdale, Ontario, Canada), 100 nM minimal essential medium nonessential amino acids

(NEaa; Invitrogen), 50 U/mL penicillin and 50 pg/mL streptomycin (Invitrogen).

In Vitro Transcription

HCV RNA was generated using the MEGAscript™ IVT kit (Ambion Incorporated,
Austin, TX, USA). In brief, pFKj3g9luc/NS3-3°/5.1 template DNA was linearized with the
Sca I restriction enzyme (New England BioLabs, Pickering, ON, Canada). Following an
ethanol precipitation, the linearized vector was resuspended in RNase-free H,O (Ambion) to
a final concentration of 0.5 ug/uL. The transcription reaction was set up according to the
manufacturer’s protocol and incubated at 37 °C for 2 hours Additionally, the pTriEx-4 Neo
vector (EMD Biosciences Incorporated, San Diego, CA, USA) was digested with Nco I and
Sma I restriction enzymes to yield template DNA that produced 163mer and 270mer RNA
transcripts, respectively, following IVT as described above.

To generate transcripts incorporating aaU a 1:1 (v:v) mixture of 75 mM UTP and 75
mM aaUTP (Aldrich) was prepared and used in place of UTP in the IVT reaction — all other
steps were performed as above. To generate D-RNA, perdeuterated rNTPs (50 mM; Silantes
GmbH, Miinchen, Germany) were substituted for normal rNTPs in the transcription reaction
— all other steps were performed as above. For transcripts containing only one of the
deuterated rNTPs, the appropriate nucleotide was substituted with the deuterated analogue
and the IVT reaction was performed as above. All transcripts were cleaned using a
MEGAclear™ RNA purification kit (Ambion Incorporated) according to the manufacturer’s

protocol.
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RNA Labeling

HCV RNA transcripts were conjugated to either fluorescein (32 mM; Vector
Laboratories, Burlingame, CA, USA) or 4-CN-M (32 mM), which were dissolved in RNase-
free DMSO (Aldrich), with the 5’ EndTag™ Nucleic Acid Labeling System (Vector
Laboratories) according to the manufacturer’s protocol. Following purification by phenol
extraction, the labeled RNA was analyzed for quantity and integrity as outlined above.

To label the reactive amine presented by aal, 3-CN-NHS, 4-CN-NHS and Bz-NHS
were utilized. In a typical reaction 10 ug of RNA containing aal (or approximately 100
nmol of aall mononucleoside) was dissolved in labeling reaction buffer (30 mM NaHCO:3,
pH 9). Following this, an equal volume of 25 mM NHS-activated label (dissolved in RNase-
free DMSO) was added. After 1 hour at 37 °C the reaction was diluted 1:10 with RNase-free
H,O and purified by passage through a YM10 MWCO filter (Millipore, Billerica, MA, USA).
Following two RNase-free H,O washes the collected retentate was analyzed for quantity and

integrity as outlined above.

RNA Digestion and Dephosphorylation

RNA (modified and unmodified) was digested with S1 (Invitrogen, Burlington, ON,
Canada) to afford the constituent mononucleotides. In a typical reaction 5 ug of RNA was
incubated with 50 U of S1 in 30 mM sodium acetate, 1 mM zinc acetate and 5% (v/v)
glycerol, pH 4.6 at 37 °C. Digestions were stopped at 1, 2, 4, 8 and 24 hours by passage
through a YM10 MWCO filter to examine the time-dependence of the digestion reaction.
All other digestion reactions were incubated for 24 hours and subsequently used without
purification. Additionally, the concentration-dependence of RNA digestion was investigated

by conducting the digestion reaction with 2, 10 and 25 U of S1.
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The mononucleotide solution was dephosphorylated by adjusting the buffer
conditions to 100 mM NaCl, 50 mM Tris-HCI, 10 mM MgCl, and 1 mM dithiothreitol, after
which 50 U of CIP (New England Biolabs) was added. Following incubation at 37 °C for 24
hours, the constituent mononucleosides were analyzed by HPLC and LC-MS without

purification.

HPLC and LC-MS Analysis

HPLC was performed on an Agilent 1100 Series LC system (Agilent Technologies),
equipped with a Waters SunFire™ C18 reverse-phase column (3.5 pm, 2.1x100 mm; Waters
Corporation, Milford, MA, USA). The elution gradient used was adapted from previous
studies investigating RNA by HPLCI'l, Resolution was achieved by using a MeOH/0.1 M
NH4OAc, pH 6.5 mixed mobile phase running at 0.2 mL/min. as follows (the first number is
the percent MeOH and the second is the elapsed time in min.): 1, 0; 10, 15; 50, 16; 50, 20; 95,
30; 95, 35. The elution gradient was linear over all intervals (Figure 4.1). Typically, 15%
(by volume) of a 5 pg HCV-RNA digestion/dephosphorylation reaction was analyzed per
HPLC run.

LC-MS was carried out on a Waters 2795 Separations Module (Waters Corporation)
equipped with the above outlined Waters SunFire™ C18 reverse-phase column. In-line
monitoring of column eluate was achieved via detection with a Waters 996 Photodiode Array
Detector (Waters Corporation) set to 254 nm and a Waters Micromass ZQ 2000 MS (Waters
Corporation). The MS was set to positive ion electrospray detection, with the following
defined parameters: Capillary Voltage — 3.50 kV; Cone Voltage — 10 V; Source Temperature

- 80 °C; Desolvation Temperature — 200 °C; Desolvation Gas Flow — 347 L/hr.; Cone Gas
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Figure 4.1: HPLC elution gradient as a function of MeOH.
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Flow — 49 L/hr.; Scan Time — 0.5 sec.; Mass Range — 100 to 1000. Elution conditions were
the same as for HPLC.

Standard curves of absorbance as a function of concentration were constructed for C,
U, aaU, G and A (Aldrich) from 0.01 — 1 mM. The extent of aall incorporation and 3-CN-
NHS modification of RNA containing aaU was quantified using the U and aaU standard
curves. Concentrations of the constituent nucleotides following RNA digestion and
dephosphorylation were also determined using the standard curves. This data was then used

to establish the percentage of RNA that was digested.

Transfection of RNA

For transient expression of pFK3z0luc/NS3-3°/5.1 derived HCV-RNA, Huh-7 cells
were seeded at 5.0x10* cells per well in a 24-well plate in 500 uL of complete Huh-7
medium. Cells were transfected once they reached 90% confluency (usually around 24 hours
post-seeding). Prior to transfection cells were washed once with phosphate-buffered saline
(PBS; 137 mM NaCl, 2.7 mM KCl, 10.1 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4) and
placed in FBS- and antibiotic-free DMEM at 37 °C while preparing transfection complexes.

Transfection complexes were prepared by mixing 500 ng of RNA with 3.0 pL of
DMRIE-C transfection reagent (Invitrogen) in 500 pL per well of FBS- and antibiotic-free
DMEM in a 24-well plate as per the manufacturer’s protocol. After 4 hours of exposure to
the transfection complexes one equivalent (by volume) of antibiotic-free DMEM containing
20% (v/v) FBS and 100 nM NEaa was added. Transfected cells were then incubated at 37 °C
and 5% CO, until desired endpoint(s). All transfection conditions were performed in

triplicate.
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Cell Lysis, Luciferase Assay and Protein Quantification

All luciferase assays were performed on lysates from 24-well cell cultures. At the
desired time post-transfection cells were washed once with PBS and subsequently lysed via
the addition of 100 pL of 1x cell culture lysis buffer (Promega Corporation, Madison, W1,
USA) per well. After 20 min. at room temperature the cells were put at -20 °C for 24 hours
to aid lysis.

Luciferase assay substrate (25 mM glycylglycine, 15 mM KH,;PO,4, 4 mM EGTA, 2
mM ATP, 1 mM dithiothreitol, 15 mM MgSQO,, 0.1 mM acetyl CoA, and 75 uM beetle
luciferin, pH adjusted to 8.0) was prepared fresh prior to use *l. Forty microliters of each
cellular lysate was transferred to a Microlite white 96-well plate (VWR International,
Mississauga, ON, Canada) and the luciferase activity was measured on an Lmax
luminometer (Molecular Devices, Sunnyvale, CA, USA) equipped with SOFTmax Pro for
Lmax 1.1L software (Molecular Devices). The following parameters were used for data
acquisition: 50 pL of luciferase substrate was injected into each well, followed by a 2 sec
delay and finally a 10 sec. integration to quantify the relative light units (RLU) produced.

Total protein content of cellular lysates was quantified using the Bio-Rad DC Protein
Assay (Bio-Rad Laboratories, Mississauga, ON, Canada) as per the manufacturer’s
instructions, with BSA (Aldrich) as the protein standard. The absorbance was read using a
BioPhotometer (Eppendorf, Mississauga, ON, Canada) at 595 nm after 15 min. of incubation
at room temperature. All luciferase and protein data was collected in triplicate. The
luciferase signal was normalized against protein content and is presented as mean values *

one standard deviation.
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Raman Spectroscopy and Microscopy

All samples for Raman analysis were analyzed on a phosphorous-doped N-type
silicon substrate (single-side polished, 250 + 25 pm thickness; Virginia Semiconductor
Incorporated, Fredericksburg, VA, USA). Raman spectroscopy and microscopy were carried
out using a confocal Raman microscope (Horiba Jobin Yvon, Edison, NJ, USA) aligned in a
back scattering configuration, which was coupled to an Olympus BX51 microscope
(Olympus America Incorporated, Center Valley, PA, USA). Scattered light was collected
through a high numerical aperture (N, = 0.95) 100x objective (Olympus America
Incorporated) and was detected on a 1024x256 element thermo-electrical cooled CCD
detector (Andor Technology, South Windsor, CT, USA). Sample excitation was achieved
via a HeNe laser (A= 632.8 nm) sharply focused to a diffraction-limited spot, with a focal
power density of approximately 10° W/em? (10 mW focused to 1 um?). Typically, spectra
were acquired with three accumulations of 20 sec., with multiple accumulations serving to
improve the overall spectral signal to noise ratio, as well as allowing the spectral processing
software to efficiently remove cosmic spikes. All spectral processing was performed within
the manufacturer’s instrumental control software, LabSpec 5.04 (Horiba Jobin Yvon).
Spectral smoothing was achieved using the Savitsky-Golay smoothing routine. Baseline
removal was accomplished by subtracting the raw data to a polynomial fitted baseline

function — this correction is performed automatically by the LabSpec software.

Atomic Force Microscopy

For imaging, RNA was diluted in AFM imaging buffer (40 mM HEPES, 10 mM
MgCl,, pH 7) to 2 — 5 ng/uL. Five microliters of the diluted RNA solution was dropped onto

freshly cleaved mica (grade V2; Ted Pella Incorporated, Redding, CA, USA) and allowed to
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adsorb for five min. at room temperature. Non-absorbed RNA was removed by washing
three times with RNase-free H>O (500 puL per wash), after which the sample was dried under
a stream of nitrogen. Imaging was performed under ambient conditions in tapping mode on a
NanoScope IIla atomic force microscope (Digital Instruments, Woodbury, NY, USA)
equipped with an E-piezoscanner (Digital Instruments). Pointprobe® plus non-contact, high-
resonance frequency tips (Nanosensors, Neuchatel, Switzerland), with a force constant of 21
- 78 N/m and a resonance frequency of 260 — 410 KHz, were used for all measurements.
Fields of 0.5 — 3.0 um were scanned at 1 — 1.5 Hz. Images were flattened and approximate
cluster diameters were determined using NanoScope v5.12r4 software (Digital Instruments)
to account for Z offsets and sample tilt and exported as .TIF files. The same software was
used to manually determine cluster diameters. Following imaging all diluted RNA was

analyzed to verify integrity.

Dynamic Light Scattering

DLS measurements were recorded on a Zetasizer 3000 HSA (Malvern Instruments
Limited, Worcestershire, United Kingdom). Scattered light was produced by a 633 nm
incident beam and was detected at an angle of 90° and a temperature of 25 °C. All
measurements were taken in a Quartz SUPRASIL cuvette (Hellma GmbH & Co KG,
Miillheim, Germany) with a 3 mm path length and 45 pL sample volume. Samples were
prepared in AFM imaging buffer and allowed to incubate for 10 min. at room temperature
prior to measurement. The integrity of all RNA was verified following analysis. Data is
reported as the mean hydrodynamic radius (nm) + the polydispersion factor calculated by the

Zetasizer software.
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Expression and Purification of sdAbs

For a complete review the generation of sdAbs see [5, 6]. Expression and
purification of the recombinant sdAb was carried out as outlined in [7], except periplasmic
extraction was performed instead of cell lysis. Briefly, harvested E. coli containing the
expressed sdAbs were washed once with 10 mM Tris, pH 8.0 after which a 10 min.
incubation at room temperature in sucrose solution (25% sucrose, | mM EDTA, 10 mM Tris,
pH 8.0) was performed. Following centrifugation the resulting pellet was resuspended in ice
cold shock solution (10 mM Tris, pH 8.0, 0.5 mM MgCl,) for 5 — 10 min. at on ice. After

centrifugation the retentates were further purified as outlined in [7].

Protein Labeling

Labeling of BSA and HVHP428 was accomplished by mixing =1 mg/mL protein
(100 mM NaHCOs, pH 8.3) with an equal volume of 25 mM 4-cyanobenzyl-NHS, which
was dissolved in DMSO. The labeling reaction was allowed to proceed for 1 hour at 37 °C.
After a 1:10 dilution with H,O the labelled protein was purified by passage through a YM10
MWCO filter and further cleaned via two H,O washes. The retentate was collected and
characterized MALDI and SDS-PAGE (4% stacking, 12% resolving gel), as well as Raman

spectroscopy and microscopy.

MALDI

For MALDI analysis protein samples were desalted on a C4 ZipTip (Millipore) and
eluted with 70% (v/v) aqueous acetonitrile containing 0.1% (v/v) TFA. The desalted sample
(1 pL) was spotted on a target plate with an equal volume of sinapinic acid solution (12

mg/mL in aqueous solution with 0.1% (v/v) TFA and 33% (v/v) acetonitrile) and dried. The
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plate was analyzed on a Voyager DE-Pro MALDI-ToF (Applied Biosystem: Foster City, CA,
USA) mass spectrometer operated in the linear/positive-ion mode. Instrument configuration
was as follows: Accelerating voltage - 25000; Grid Voltage - 92%; Guide Wire Voltage -
0.010%; Delay Time - 380 nsec.; Low Mass Gate - 2000 Da; LaserPower - 2174;

Shots/spectrum - 200.

SPR Analysis of Modified sdAb

Dissociation constants for modified and unmodified sdAb were determined by SPR
using BIACORE 3000 biosensor system (Biacore, Incorporated, Piscataway, NJ, USA).
Four hundred RUs of Protein A (Amersham, Buckinghamshire, UK) and 780 RUs of
unrelated F,, as a reference protein were immobilized on research grade CMS5 sensorchip
(BIACORE). Immobilizations were carried out at protein concentrations of 25 — 50 ug/ml in
10 mM acetate buffer, pH 4.5 using the amine coupling kit supplied by the manufacturer.
All measurements were carried out at 25°C in 10 mM HEPES, pH7.4, containing 150 mM
NaCl, 3 mM EDTA and 0.005% P20 at a flow rate of 40 ul/min. No surface regeneration
was required. Data was evaluated using BlAevaluation 4.1 (Biacore, Incorporated) and

GraphPad Prism (v 4.01; GraphPad Software, San Diego, CA, USA) software.
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