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Preface

This year the RNA technologies are celebrating two very important anniversaries.
The first one is the 60th anniversary of the founding of the RNA Tie Club and the
other one is the 40th anniversary of the successful crystallization and structural
determination of the phenylalanine-specific tRNA from yeast.

The 60th anniversary of the RNA Tie Club is indeed a very important date to
remember! The 20 members of this club, among them Sydney Brenner, Erwin
Chargaff, Francis Crick, Max Delbriick, Paul Doty, George Gamow, Leslie Orgel,
Alexander Rich, Gunther Stent, and James Watson, had realized to the surprise of
everyone, only 1 year after Watson and Crick had determined the double helical
structure for DNA (Watson and Crick 1953), that there seems to be much more to
RNA molecules than anticipated.

Indeed, Watson and Crick had surprised everyone with the statement in their
DNA paper concerning RNA molecules: “It is impossible to build this structure
with a ribose sugar in place of the deoxyribose, as the extra oxygen atom would
make too close a van der Waals contact” (Watson and Crick 1953). It was therefore
not expected when 1 year later the RNA Tie Club was founded with the goal to “to
solve the riddle of the RNA structure and to understand how it built proteins”.

The members of the RNA Tie Club had selected the guide slogan “Do or die, or
don’t try”. Thus, very intensive RNA structural and functional studies were initi-
ated, in which Alexander Rich played a key role. Indeed, Rich could demonstrate in
the following years that RNA may form Watson and Crick base pairs, that an RNA
strand could base pair with a DNA strand and that even triple strand nucleic acid
structures were possible (Rich personal communication; Rich 2009). With the
determination of the three-dimensional tRNA structure 40 years ago by the research
groups from Alexander Rich (Kim et al. 1973) and Aaron Klug (Robertus
et al. 1974), the unforeseen diversity of RNA structural potentials became apparent
for the first time, and it can be safe to assume that we are still lacking the complete
knowledge of all structural possibilities of the RNA molecules.

Parallel to the structural activities, studies were initiated in which the chemistry
of nucleic acids was developed, so that oligonucleotides could be chemically
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synthesized. It was the knowledge of the chemical synthesis of nucleic acids which
turned out to be the key to unlock the secrets of the genetic code.

Clearly these early RNA studies required the significant involvement of nucleic
acid chemistry, which later on with the rapid developments of molecular biology
and molecular genetics seemed to be less and less important. But now in the last few
years there has been a unique revival of the employment of nucleic acid chemical
methods in the natural sciences, so that we are currently speaking of the new field of
chemical biology.

We, as the editors of this volume in the RNA Technologies Series, are very happy
to present to the reader 29 of the world leading research groups in the area of
chemical biology. You will see that the exiting research carried out by these groups
will introduce us to new ideas how chemistry can add new elements to the areas of
nucleic acids in biotechnologies, nanotechnologies, and, very importantly, in the
areas of diagnostics and therapy in the field of molecular medicine.

This new volume of RNA Technologies starts with a contribution devoted to the
newly defined field named pre-biology. The majority of papers address in a new
way the fundamental questions: how the early genetic code was developed, how
stable and prone to isomerisation RNAs are, and how stable nucleobases in RNAs
are. The search for alternative and modified nucleobase systems has both a sense of
basic questions and also applicational aspects in the fields of new approaches in
therapies and technologies. In a similar context one can view the questions
discussed in papers dealing with structural aspects of nucleic acids. The coped
knowledge is very rich, yet it seems that still many possible structural features of
nucleic acids are to be discovered. For example, the dynamic structures of nucleic
acids and their analogs, with their ingenious modifications in the sugar moiety,
which for example, determine their biological functions in processes such as DNA
replication. But also very interestingly, their extra- and intracellular transport are
the subject of several papers. This includes, for example, the important
G-quadruplex motifs as potential therapeutic targets and still double-stranded
nucleic acids as important molecular tools.

The development of technologies suitable to modify the level of gene expression
is remarkable as well. The possibility of exon skipping by chemically modified
RNAs brings again a new element to RNA functions. These technologies include
editing of therapeutic genes, using modified riboswitches and approaches that are
based on modification of Cap regions of the mRNAs. Not overlooked should be the
developments of new powerful approaches to detect nucleic acids and the applica-
tions of appropriately modified RNAs by electron paramagnetic resonance (EPR)
spectroscopy. One very interesting contribution, as a representative of these tech-
niques, is also presented in this book.

And finally, we would like to bring the readers’ attention to new approaches to
study structure and interactions of nucleic acids and other biomolecules in an
environment that is offered by ionic liquids. This field widens the range of obser-
vations of the most important biological molecules and might be considered as a
step towards studying their structure and interactions under the conditions of
molecular crowding, which is otherwise hardly accessible for detailed analysis.
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The order of the chapters in the book could perhaps also be a different one. But
this is more a personal opinion, because the areas covered in the field of chemical
biology are so diverse that it should tempt the reader to just go through the book and
read the chapters which interest him at that time the most.

In summary, we hope that this new volume of RNA Technologies will be of
interest for chemists, biochemists, and life scientists and that it will not only
stimulate their research but also our future research.

Berlin, Germany Volker A. Erdmann
Poznan, Poland Wojciech T. Markiewicz
January, 2014 Jan Barciszewski
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RNA as Major Components in Chemical
Evolvable Systems
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Abstract A milestone for the origin of life was the onset of a sustained functional
interplay between nucleic acids, peptides, lipids and sugars, to form chemical
dynamic off-equilibrium systems. The bilayer surface of lipidic vesicles served
for the anchoring and enrichment of macromolecules that could grow in size would
interact with one another one thousand fold more frequently than unbound in
solution and could sooner or later be internalised into the interior of the vesicles.
Within a flow of exogenous high-energy compounds, internalised, possibly surface-
bound, hereditary molecules like RNA could then grow in population size and
length more rapidly, safer and more reliably. When “fed” with activated and
activating monomers over a long enough time period, such systems would persist,
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2 P. Strazewski

acquire partial control over their environment and eventually produce replicating
protocells capable of autonomously producing high-energy compounds on
their own.

We are outlining here how hydrophobic interactions between peptides and lipids
can drive supramolecular multicomponent systems including RNA to assemble into
models of functionalised protocells that carry potentially inheritable genetic infor-
mation. Mixing chemically activated macromolecular libraries of synthetic bio-
molecules with an evolvable population of lipidic giant vesicles is an experimental
bottom-up approach being rooted in a growing community of the emergent research
area “Systems Chemistry”. The aim of such experimentation is to initiate lifelike
behaviour from inanimate chemical systems. The impact of having at one’s disposal
chemical protocols for the off-equilibrium search for synthetic peptides that trans-
port synthetic RNA into giant lipidic vesicles (or cells) is difficult to overestimate.
On a fundamental level, the impact of being able to prepare “living synthetic cells”
would be quite breathtaking.

Keywords Systems chemistry ¢ Evolvability « Off-equilibrium « Synthetic cells * Origin
of life « Synthetic biology

1 Introduction: Synthetic Living Cells from
an Experimental Bottom-Up Approach

1.1 What I Cannot Create, I Do Not Understand

To understand life is more than to define it, and to define life is presently a highly
questionable endeavour (Pross 2012; Ellington 2012). I should like to advocate here
my own fundamental conviction—and means of circumventing the definition
problem, or postponing it until we know better—which is best summarised by
Richard Feynman’s famous “What I cannot create, I do not understand” (Hawking
2001). We can ultimately only understand what life is, once we are able to (re)
create it ourselves—experimentally from clearly inanimate to clearly animate. It
may be that we would then witness a life form somewhat different from our own.
Possibly and quite likely, after repeating the experiments, we would perceive even
more divergence. And yet we could watch “synthetic lives” emerge and evolve in
complexity. We could deduce from these observations our comprehension of Life
that appeared on Earth some 3.5-3.9 thousand million years ago. Besides, we could
convince many more contemporaries that life emerges without any “external help”
(panspermia, God, etc.), any other help than our own at least. If we humans can do it
(create life from the inanimate), Nature—unlike building refrigerators, cars, and
aeroplanes—can do it without us.
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There is a caveat that is recurrently brought up during discussions on what
Nature can do and what humans cannot. Time is a crucial factor. Nature, many say,
disposed of “millions of years” to produce life, we scientists do not. My immediate,
somewhat agitated answer to this is: “How do we know that Nature needed such a
long time to produce the first animate matter? I don’t, I cannot remember, I am too
young to have witnessed the origin of life.” There can be no proof for the million-
years assumption, it must stay an unscientific statement, it is not falsifiable. We may
quite safely assume that the evolution of our ecosphere has taken millions of years,
not of life per se.

For the origin, we can reflect upon a reasonable minimal timeframe that must
have been at disposal at this particular place and time when, now and again,
chemical conditions on primordial Earth were such that, for limited periods of
time, populations of compartmented matter appeared, consumed exogenous mate-
rial and free energy, grew in population size, changed its immediate environment
by excreting “waste”, and so on. Would we be present and watch it happening,
many of us were to call it “alive, animate, behaving as if it had a purpose,
teleonomic”; until, for some lack or other (side reactions), the phenomenon
would have vanished, degraded, fallen into its thermodynamic pithole,
dematerialised, “died”. Such events might have taken place many times in many
places during the same or different stages of primordial Earth. They need neither
have been homogenous (similar from case to case), nor have they led to any
continuity (monotony) other than vanishing and reappearing for the same repeated
physico-chemical reasons, and in the absence of any “systemic memory” being
based on replication and inheritance. A single appear-and-vanish cycle could hardly
endure and evolve over millions of years. The chemical persistence of the organic
molecules—Iet us avoid here the term “lifetime”—needed for keeping the system
away from thermodynamic equilibrium is much shorter. We are not considering the
persistence of the possibly simple and thermodynamically quite stable building
blocks (purine bases, amino acids), but of supramolecular assemblies based on
hydrogen bonds and other chemically weak interactions.

A number of highly respectable colleagues would not quite describe the above
phenomenon as animate. One axiomatic requisite for matter to “behave alive” must
be a replication-based “systemic memory”, thus including a templating device that
would allow for heritage of much of the acquired “systemic knowledge”. Also
mandatory is the ability of the system to produce endogenously some of its needed
high-energy compounds, to replace the exogenous compounds and to become
efficient in energy gathering and thus more independent from the environment.



4 P. Strazewski

1.2 Hierarchical Reduction, Metaphors, Prudent
Compromises and Dogma 13

So how to experiment on the creation of synthetic cells? My methodological
conviction is in full agreement with what Addy Pross describes as “hierarchical
reduction”, the idea being that “phenomena at one hierarchical level can [only] be
explained using concepts taken from a lower hierarchical level” (Pross 2012, p. 53):
You can only explain biogenesis by using the concepts of the chemical and physical
sciences; staying at the biological level of complexity will make it impossible to
ultimately comprehend life’s emergence, and even more so, to re-initiate life from
the entirely inanimate. This means, for example, that we need to find chemical
conditions for replication to actually emerge and evolve, rather than to start off with
a designed replicating system right away.

My other methodological credo is the following. In our attempts to set up
experiments that are aiming at the observation of lifelike behaviour in initially
inanimate chemical systems, we should better avoid creating metaphors of life,
i.e. mere images, prone to be mistaken for a system that is truly alive for a period of
time. If a colleague constructed a chemical system that contained a compartmented
and truly exponential replicator, whose function depended on a designed model
metabolism, the system persisted unchanged unless it grew in population size as
long as sufficient energy was provided, my short answer would likely be: “Ceci
n’est pas une pipe” (Magritte 1929). My longer answer: An essential attribute of
any living chemical system, irrespective of composition, size, complexity or loca-
tion, must be the evolvability of its diversity in time. If the above chemical system
represented a certain stage and complexity of life and was kept far off its thermo-
dynamic equilibrium during that period of time, but without ever changing into any
other slightly different persistent off-equilibrium system (only into thermodynamic
degradation products), then it were not “living” after all. It would be just a
metaphor, an image, if you like; perhaps a beautiful metaphor or photographic
image of life. Metaphors can be cited, used for insightful descriptions, learning and
teaching. Images can be framed, be carried around, and be useful for remembering.
But, on their own, metaphors or images are never able to “walk out of the beaker”
(act autonomously, as if on purpose), let alone to learn how to play the violin
(evolve). In this sense, refrigerators, cars and aeroplanes are metaphors for, respec-
tively, warm-blooded animals that live in hot areas (desert hedgehogs, dingos,
humans), fast running animals (cheetahs, hares, horses, humans) and actively flying
animals (bats, birds, dragonflies, mosquitos). Briefly, we cannot aim at a certain
wanted and observed defined result that would well represent a living system,
instead of actually being one. Almost by definition, we cannot know precisely
what the experimental (successful!) outcome should be or look like, because the
successful outcome must inherently diverge in time and variety space (Pross 2012,
p. 171).

The construction of synthetic living cells has become a declared goal of a
growing community of chemists (von Kiedrowski et al. 2010; Lynn et al. 2012).
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Attempts to experimentally reconstruct presumably ancient macromolecular self-
organisations must be a valid approach to follow this goal. A deeper knowledge
about the spontaneous supramolecular organisation of macromolecules on primor-
dial Earth may eventually serve to comprehend the emergence of dynamic complex
chemical systems of any composition, natural, semi-natural or wholly synthetic.
What we can do initially in first experiments is to opt for a “prudent compromise”
and stay reasonably close to the molecular composition of the building blocks of
current biological systems. A new kind of in vitro selection experiment is required,
being held as far off thermodynamic equilibrium as experimentally feasible, and
facing a plethora of dynamic, ill-defined selection barriers (instead of only one or
two that appear to be chemically useful—ligand binding, for instance).

Let us follow Dogma 13 (von Trier et al. 1995): (1) No biologically evolved
information system, such as the universal genetic code, should be implicit in the
starting conditions. (2) The emergence of a de novo genetic code is ultimately
sought for. (3) The highest degree of information to embark on in the initial
chemical system can be (stereo)chemically specific catalysts, “specific catalysis”
being a form of chemical information (Pross 2012, pp. 150-153). (4) Prohibited is
the use of any biologically evolved products, such as known enzymes or biosyn-
thetic metabolites, i.e. secondary metabolites, cholesterol, sphingolipids, (5) except
for those that are likely to have formed abiotically: certain amino acids, hydroxy
acids, long-chain “fatty” acids, long-chain alcohols, carbohydrates, polyols, simple
amines, N-heterocycles, nucleosides, nucleotides—and the oligomers and conju-
gates of all listed. (6) If we start out homochiral, this already would be a prudent
compromise. Once the compromise experiments grow to be reasonably successful,
one should go back and restart heterochirally (Hein and Blackmond 2012).

2 First Steps: Preparations for the Real Thing

2.1 Translate to Replicate, Rather than an RNA World

The long-term goal is to find “feeding” conditions for an energy-consuming chem-
ical system to become dynamic, more precisely, dynamically sustained over a
prolonged period of time during which a more or less constant turnover of its
constituents is maintained. Its macromolecular constituents are synthetic nucleic
acids, synthetic peptides and carbohydrates, all compartmented at or into lipidic
vesicles that ultimately shall be replicating to give more vesicles. At least a part of
the contained nucleic acids should replicate as well, i.e. multiply their nucleotide
sequences and redistribute them into the daughter vesicles. In order to achieve this,
and in view of the methodological credos described in Sect. 1.2, the best way is to
provide conditions that seem favourable, if not compulsory, for the spontaneous
formation of some kind of translation system between the nucleic acids and the
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peptides. The highest imaginable success would be the discovery of a de novo
genetic code.

The decades-long research on enzyme-free autocatalytic or cross-catalytic
nucleic acid amplification, particularly the search for truly exponential replicators
(growing exponentially in population size), is pointing towards the nonexistence of
any primordial “RNA World”. The foremost argument in favour of RNA self-
replication in a primordial RNA World is Nature alleged to be “parsimonious”
(Cech 2012)—economical, sparing, cost-conscious. Therefore, one follows, Nature
first generated an animate system where function (catalysis) and replication were
combined in not more than one molecular class (RNA). This is not convincing
anymore. Nature is not necessarily parsimonious. Nature does “whatever works”
(Allen 2009) by letting evolvable “autonomous agents” explore the “adjacent
possible” (Kauffman 2000).

If we agree upon an inhomogeneous messiness of the spontaneously available
inanimate environment prevailing on primordial Earth, as opposed to the selected
conditions maintained in a clean scientific laboratory, then an animate “single-
molecular-class world” of any kind was hardly adjacent. Whatever was adjacently
possible, for becoming the Cradle of Life out of a mixture and flow of then available
prebiotic compounds, was very likely shouldered by several, if not many, quite
different molecular classes at a time; by those (lipidic amphiphiles) that get
spontaneously organised in functionalisable macromolecular assemblies bearing a
hollow interior, those (carbohydrates) that are modular and offer rigid polar three-
dimensional fragments that replace solvation water molecules at low entropic cost,
those (amino acids, peptides and proteins) that are highly modular and extremely
variety rich in their catalytic and structural properties and, last but of course not at
all least, those (nucleic acids) that are perfectly water soluble at virtually any
molecular length. Irrespective of the nucleic acid’s actual backbone conformation,
their two-dimensional (flat) hydrogen donor—acceptor patterns can be “read” as
templates at relatively low entropic cost. These features make them ideal for the
copying of any nucleotide sequence through twice loss-free doubling of the
amounts of the molecules, which eventually results in exponential population
growth. Nonetheless, the discovery of exponential self-replicators or cross-
replicators is stubbornly withstanding any general resolution, in spite of long and
intense research efforts on RNA and a number of related nucleic acids. The reason
for this is largely known in principle—both product inhibition and side reactions
cause over generations a steady loss in doubling efficiency.

However, any non-nucleotidic yet easily evolvable molecular device, being able
to perform loss-free nucleic acid doubling, may carry out (catalyse) exponential
nucleic acid replication. Modern Nature knows well how to loss-free double nucleic
acids through the use of protein enzymes (polymerases), activating compounds
(ATP) and chelating ions (Mg>"). It seems a much longer way to evolve, from a
mixture of different compound classes, an animate system that essentially relies on
a “single performer” (as in an RNA World). From a strictly evolutionary point of
view, where the initial condition is some mixture of abiotic molecules submerged in
a flow of various higher-energy prebiotic compounds (vide infra), we can
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reasonably and convincingly ask: “Why bother using uniquely RNA for all func-
tions including loss-free doubling, if a mixture of three to four available compound
classes can do a better job?”” Whatever works better at the moment will happen first!
Whatever happens first will persist until it is outcompeted.

This is where translation comes in. This is the ultimate reason for evolving a
reliable and recurrent production of proteins, for which a genetic code is prerequi-
site. Any genetic code will couple easily templating nucleic acids (RNA) with their
loss-free doubling (replication) through protein enzymes. The reproducible produc-
tion of useful proteins, as opposed to any peptides or proteins being available by
mere chance, must have emerged within the relatively short time of a single appear-
and-vanish cycle mentioned earlier. A chemical system unable to reliably replicate
all its macromolecular constituents, thus remaining heavily dependent on a steady
exogenous supply, but able to produce proteins that catalyse loss-free RNA repli-
cation, is the bottleneck where Nature was squeezing through. Whether to name
such a chemical system capable of evolving a genetic code “alive” or “not yet alive”
is academic. But, according to Pross’ principle of hierarchical reduction, the
emergence of a genetic code operating in an inanimate chemical system must
precede the upheaval in complexity to a fully replicating chemical system. Wise
experiments will aim at the emergence and evolution of a translation system
implying proteins, instead of the replication of nucleic acids without proteins. A
genetic code is based on actually two recognition principles, or else it will not work.
Today’s primary genetic code is the recognition and correct distinction of codons
by anticodons, a pure templating quality between messenger RNA and transfer
RNA. It is carried out by an ancient ribozyme, the ribosome. Today’s secondary
genetic code is the recognition and correct distinction of amino acids and “cognate”
transfer RNAs by proteins. Aminoacyl transfer RNA synthetases (ARS) are the
enzymes that guarantee for a correctly translated code. Both primordial functional
fragments of ribosomes and of ARS may have co-evolved.

Experiments to recreate translation are the key for a chemical system to become
animate. The questions now become: If we know where Nature was heading for
(“translate to replicate”), where did She begin with? What were the pathways that
allowed for stepping close to this adjacent possible? What physico-chemical fea-
ture—not yet a full-blown Darwinian advantage—would keep proteins and RNA in
close contact to one another ?

2.2 How to Compartment RNA?

What follows is a summary of several scientific mostly published collaborations
(Lamy et al. 2008; Le Chevalier Isaad et al. 2014). The making and description of
the research results concerning RNA (Sect. 2.3) stem from the coauthorship with
Pasquale Stano at the Universita degli Studi di Roma Tre in Italy.

Natural liposomes are compartments ideal for the growth and harbouring of
information carriers, useful metabolites and for their own reproduction. The bilayer
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surface of lipidic vesicles may have served since long for the anchoring and
enrichment of macromolecules which sooner or later have been internalised and
retained in the interior of the vesicles. Surface-bound internalised hereditary mol-
ecules could then grow in population size and length more rapidly, safer and more
reliably. An obvious challenge for the deliberate creation of dynamic
off-equilibrium systems that are expected to show “signs of life”—i.e. sustained
population growth of certain, not all initially present individuals—is the concen-
tration and compartmentation of nucleic acids at and into lipidic vesicles. This can
be achieved in two ways: initially premixed and dried lipids and nucleic acids, or
their precursors, may become trapped within vesicles as they form through hydra-
tion, or else the nucleic acids are compartmented through the use of helper
compounds such as artificial cationic lipids and/or lipidic anchors, including fatty
acid glycerol esters, terpenes, tocopherol and cholesterol (cf. Le Chevalier Isaad
et al. 2014).

Nucleotide trapping in nascent lipid vesicles may be effective when possible, but
is a quite crude and unselective process. Given the large differences between
nucleic acids and lipids in atomic composition, charge distribution and solubility,
the spontaneous concomitant and co-localised de novo enrichment of both com-
pound classes is a chemically disputable issue for the discussion of biogenesis and
appears somewhat forced when predisposed in designed experiments. Any acquired
further attraction between nucleic acids and lipids, viz. any mediator compound
bearing intermediate properties, will smoothen the mechanism of compartmenta-
tion of nucleic acids and thus may increase the selectivity for particularly useful
nucleic acids to be compartmented.

Moreover, for a complex chemical system to become dynamically sustained,
appropriate “feeding” conditions will not suffice (import of high-energy com-
pounds and precursors, export of low-energy compounds as waste); it is the
evolvability of a chemical system that is being primarily sought for. A priori
there seems nothing particularly evolvable when nucleotides are being trapped
within nascent lipid vesicles. Replicating primordial cells (natural protocells) are
therefore expected to have emerged from chemical systems that were exploring the
affinity between natural nucleic acids and natural lipidic vesicles by means of a
molecular anchoring device. Useful devices should be sufficiently abundant, com-
posed of prebiotically plausible precursors, and offer finely tunable properties
without being highly evolved, thus enhancing the potential for the system to
become self-evolvable (Iordache 2012). Lipidic anchoring compounds do bear
some potential of evolvability but, in the absence of enzymes that catalyse the
formation and breaking of carbon—carbon bonds, far less so than the evolvability of
the highly modular compound class of peptides, where the hydrolysis and formation
of carbon—nitrogen bonds seem more amenable to abiotic catalysis.

In prebiotic times, ‘“activated” (particularly energy-rich) compounds,
i.e. mineral or organic anhydrides of some sort, were likely available during
geologically active periods on Earth (vide infra). Ultimately, it is owing to such
anhydrides that the abiotic formation of organic macromolecules of the oligomer
type may be explained. Saccharides, peptides, nucleic acids, lipids and fats are all
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products that form upon dehydration of their monomeric precursors or fragments
thereof: aldehydes (or ketones), amino acids (or amines), phosphoric acids, fatty
acids and alcohols or polyols react to give, respectively, acetals, amides and esters.
However, the chemical selectivity of those abiotic condensing anhydrides is very
limited. Consequently, different chemical families of “mixed” (chimeric) conden-
sation products, such as peptidic nucleic acids or lipidic sugars, were being com-
binatorially produced and intermingled as well. The assembly and propagation of
protocells could only be driven by quite simple and straightforward physical forces
such as solubility, amphiphilicity, osmotic, pH or ionic strength gradients. Chimeric
amphiphilic macromolecules are therefore likely to have played a crucial role in the
assembly, organisation and development of such early protocellular structures.

Here we shall argue that lipophilic, hydrophobic peptides, composed of
prebiotically available a-amino acids, are likely to have functioned as natural and
readily evolvable anchoring devices for nucleic acids, for example RNA. Such
peptides can be reversibly linked to RNA by means of prebiotically plausible
condensing agents, without the requirement for specific catalysts such as
ribozymes. When amphiphilic peptidyl RNAs are attracted to lipidic vesicles,
barely soluble otherwise aggregated or precipitated hydrophobic peptides are
being mobilised and thus made more readily available for chemical systems,
while highly soluble RNAs are being immobilised and thus saved from rapid
dilution out of the system (Strazewski 2009). A fraction of those randomly gener-
ated amphiphilic peptidyl RNA conjugates are expected to possess sufficient
transmembrane properties to internalise into the interior volume of lipidic vesicles
by virtue of any feasible membrane-crossing mechanism (Briers et al. 2012a, b).
Once inside, the peptide anchors may hydrolyse and the RNA may grow in length
and population size in the presence of chemically activated nucleotides.

This utility should initiate a process that enhances the sustainability of the
functionalised vesicles, owing to a better import—export control across lipid mem-
branes—reminiscent of modern transmembrane proteins. A logical consequence on
a longer term could be the emergence, inside the vesicles, of a translation system
and genetic code as we know it from modern organisms. Once experimental
conditions are found that allow for an in vitro evolution of chemical systems that
start with amino acids, peptides, nucleotides, sugars and lipids, but no predisposed
genetically encoded enzymes, be they ribozymic or proteic, the de novo emergence
of synthetic living cells should be in close reach.
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2.3 A Hydrophobic Peptide Anchors RNA to Giant Lipidic
Vesicles

2.3.1 A Non-dynamic Model System

Our model system investigates the interaction between an amphiphilic informa-
tional chimeric molecule, obtained from firmly joining a simple hydrophobic
peptide with RNA, and giant vesicles (GVs) composed of natural phospholipids
and synthetic glycolipids. We used glycolipids in some of the GVs due to their
potential protective effect under desiccation conditions (Harland et al. 2009) and
also for their phase patterning properties in lipid membranes (Subramanian
et al. 2013). Spontaneous or glycan-induced demixing of fluid phases of lipid
membranes has an important bearing on the formation of lipid rafts which, in
evolved cellular systems, are involved in the spatial organisation of membrane-
anchored proteins. The separation of fluid membrane phases on GVs might there-
fore be equally important for their interaction with externally added synthetic
macromolecules, like peptidyl RNA, being anchored to the vesicle’s membranes.
One might expect anchored peptidyl RNA to enrich and concentrate even more at
phase-separated fluid vesicle surfaces. The main goal was to see whether an
amphiphilic peptide-RNA conjugate that might have been formed under
prebiotically plausible conditions, and bearing a polyanionic RNA “head” and a
hydrophobic peptide “tail” of comparable sizes, would stably interact with vesicles
of a variety of lipid compositions, to spontaneously enrich at the water—lipid
interface, to perhaps get across the membrane and to eventually become
encapsulated.

2.3.2 Lipid Vesicles as Hosts

GVs are micrometre-sized (like cells); thus, membrane interactions on GVs can be
directly and conveniently visualised by light microscopy. We considered the
“natural swelling” method, i.e. the slow and undisturbed “gentle” hydration of a
dry film of phospho- and glycolipid mixtures, to be most appropriate in mimicking
the formation conditions of lipidic GVs as potential protocells during early stages of
molecular evolution. The chemical composition of the GVs was varied (Fig. 1a), in
order to form disorderly liquid monophasic membranes at 25 °C using 1-palmitoyl-
2-oleoyl- or 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (POPC or, respec-
tively, DOPC) or biphasic membranes containing higher melting 1,2-dipalmitoyl-
sn-glycero-3-phosphatidylcholine (DPPC) or cholesterol (CHOL) or very fluid
oleate, viz. DOPC/DPPC 1:4, DOPC/DPPC/CHOL 1:3:1 or POPC/oleate 85:15,
where spontaneous lipid demixing into liquid—crystalline and gel phases would be
evidenced by fluorescent probes. To assemble glycolipidic vesicles,
1,2-dipalmitoyl-sn-glycero-3-glycosides in either o- or f-anomeric forms
(Fig. 1b), viz. o-p-mannopyranoside (DP-a-Man) or p-p-glucopyranoside
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Fig. 1 Phospholipids (a, ¢) and glycolipids (b) used for naturally swelled GVs

(DP-B-GlIc), were admixed with POPC. Their insertion and compatibility with
POPC bilayers were assessed by imaging giant POPC vesicles that contained
5 mol % turquoise-fluorescent 1,2-dipalmitoyl-sn-glycero-3-(6’-dansylamino-
6'-deoxy)-B-p-glucopyranoside, DP-B-(Dns)Glc (Fig. 1b, Y = dansyl). In many
experiments the lipid membranes were made visible by admixing 0.01-0.2 mol %
red-fluorescent 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine-N-lissamine
rhodamine B sulfonate (DOPE-Rh, Fig. 1c).

2.3.3 Peptidyl RNA: An Informational Amphiphile

The peptide sequence of the amphiphilic peptidyl RNA that we chose to begin with
was a lipophilic 20-mer containing 6 leucines (L) and 14 alanines (A), cf. Fig. 2a.
The predicted properties of the model icosapeptide amide H3;N"—
LASLA,LA;LA;LA;LA-CONH, at pH 7.0, T =298 K and [/ = 0.15 M (salt)
were propensities of 62.5 % o-helix, <66.9 % coiled-coil, <85.7 % p-sheet
aggregations, and a lipid—water interfacial total hydrophobic moment 3.81 was
calculated for the a-helix (central vector in Fig. 2e). Our icosamer “peptidyl-
NHAA” (HsN*-LA;LA,LA;LA,LA;LA-3"-amino-3'-deoxyadenosine), bearing a
cationic N-terminus and being C-terminally linked through an amide bond to
adenosine, showed circular dichroism (CD) spectra at both 25 and 4 °C being
dominated by a single strong negative ellipticity below 200 nm wavelength. No
signature of an a-helix was found. The infrared (IR) analysis of the peptide’s amide
I region confirmed that the icosamer’s conformation was 84—88 % disordered and
12-16 % p-sheeted, rising to 22 (max. 33) % P in the presence of POPC at a molar
lipid-to-peptide (L/P) ratio 40:1. Peptidyl-NHdA was simply too short to persis-
tently favour any defined ordered conformation.
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The RNA part of the peptidyl RNA was a 22-meric hairpin stem-loop molecule
that was mimicking the aminoacyl stem of transfer RNA (Fig. 2a). In the present
work the connection between peptide and RNA was a hydrolytically stable amide
bond being isosteric with the natural but hydrolytically labile ester function usually
found in peptidyl transfer RNA. This replacement of oxygen with nitrogen at the
3’-terminal position (Fig. 2b) was needed to reliably observe the constructs in clear
fluorescence images over a long enough time period (a few hours, up to several
days). The stem-loop folding of the RNA hairpin, closed by UUCG, is fully stable at
least up to 60 °C (T, = 87.6 °C, cf. Biata and Strazewski 2002). Based on this
RNA hairpin’s NMR solution structure (model 4 of Protein Data Bank code 11KD),
where the unpaired cytosine of the tetraloop sequence UUCG appeared
unstacked—as opposed to UUCG tetraloop X-ray structure 1F7Y—from the uracil
of the neighbouring non-canonical Ggy,-U pair (Fig. 2d), the peptidyl RNA was
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made specifically visible through the replacement of the loop cytidine residue by a
thymidine residue lacking 2’-OH (shown in brackets in Fig. 2d) and labelled with
the green-fluorescent 6-fluoresceinyl carboxamido (FAM) fluorophore (Fig. 2c; the
vertical arrow in Fig. 2d depicts the point of attachment C5 of the FAM spacer to
the loop).

Highly amphiphilic peptidyl RNAs, composed of a large polar “head” (the RNA
hairpin) and a single lipophilic “tail” (the peptide), can be considered as particularly
large detergent molecules (Fig. 2f). The RNA head of this conjugate was about
5.0 nm long x 2.0-2.2 nm thick, which is typical for RNA in an A conformation.
Depending on the peptide’s conformation, the peptide tail could be 6.7-2.8 nm
long x 0.60-0.85 nm thick, resulting in a head-to-tail thickness ratio 3.3-3.6 for a
B-strand and 2.3-2.5 for an a-helix. The truncated cone dimension (as expressed by
the head/tail thickness ratio) of the peptidyl RNA bearing a disordered “random
coil” peptide is somewhere in between these extreme values (head/tail approxi-
mately 2.5-3.3). This peptidyl RNA is expected to form micelles in water at very
low concentrations. When deposited on a glass surface, it self-aggregates in
multilamellar spheroids and can spread into multilamellar supported bilayers
(Terenzi et al. 2003; Coleman et al. 2006; Strazewski 2014).

2.3.4 Anchoring, Partitioning and (Im)Permeability

We first asked whether amphiphilic peptidyl RNA (9.19 kDa) could stably interact
with a monophasic lipidic membrane. To this aim we incubated GVs with green-
fluorescent “peptidyl-RNA(FAM)” and observed directly its localisation by confo-
cal laser scanning fluorescence microscopy. When biphasic membranes were used,
an intriguing question was whether peptidyl RNA displayed preferential binding to
membranes of a specific physical state (liquid crystalline or gel phase) which, if
true, could lead to an even more enhanced local concentration of RNA at the lipid
surface. Upon binding, a possible outcome would be an alteration of membrane
permeability. To test this possibility, we have carried out calcein (0.62 kDa)
permeability tests across the lipid membrane. Conventional liposomes (140 nm
average diameter) served for proton permeability assays. For all lipid compositions,
control experiments were carried out by using (1) oligonucleotides “RNA(FAM)”
of the same sequence as in the peptidyl RNA, yet being in part slightly 5'-truncated
(5-7 kDa), all having FAM and all devoid of the 3'-peptide icosamer, and (2) the
unlabeled icosameric peptide “peptidyl-NHdA” (1.94 kDa).

2.3.5 Results
Confocal Fluorescence Microscopy on Naturally Swelled GVs

Natural swelling produced a large variety of GVs in the 5-30 pm diameter range
that were predominantly spherical or spheroidal, multilamellar and multivesicular,
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time and again of more complex topology and sometimes but rarely unilamellar
(GUVs). GVs composed of POPC presented their membranes as a homogeneous
phase. Heterogeneous zones on the membranes, as indicated by a differential
two-dimensional enrichment of rhodamine, were clearly visible in most fluores-
cence images of mixed-lipid GVs prepared from DOPC/DPPC/DOPE-Rh
1:4:0.01 % or DOPC/DPPC/CHOL/DOPE-Rh 1:3:1:0.2 %. Cohydrated glycolipids
were tolerated up to 20 mol % without being visibly detrimental to the shape and
stability of the vesicles. This was confirmed by dynamic light scattering experi-
ments on large unilamellar vesicles prepared from POPC (POPC LUVs); their
average hydrodynamic radius remained in the range of 50-80 nm between O and
25 mol % glycolipids.

Confocal Fluorescence Microscopy on GVs Incubated with Peptidyl RNA

When a solution of peptidyl-RNA(FAM) was added to a population of naturally
swelled POPC GVs, the green fluorescence immediately appeared enriched at their
outer lipid membranes. At an initial molar lipid-to-peptidyl RNA (L/P) ratio 150:1,
all unlabeled GVs in the sample—visible in confocal fluorescence images as black
holes surrounded by a slightly green background—showed green rings due to the
anchoring and enrichment of peptidyl-RNA(FAM) at their surface (Le Chevalier
Isaad et al. 2014). No evident differences could be discerned in the images of
anchoring experiments on pure POPC GVs when compared to those that contained
15 mol % glycolipids in their membranes. The green rings appeared within the
mixing time of a few seconds, persisted for at least 18 h and, when 1-pm thin
“confocal slices” were taken from the same objects at many different depths and
cumulated, green and hollow spheroidal surfaces could be visualised in pseudo-3D
images. At a molar L/P ratio 300:1 still a large majority of the vesicles showed
green rings whereas only exceptionally few green rings materialised at L/P 1,500:1,
yet those were very clearly visible. Typically, the GVs remained impermeable for
calcein at all tested L/P ratios, added calcein would not visibly displace anchored
peptidyl-RNA(FAM) from the vesicles, and peptidyl-RNA(FAM) was recurringly
found anchored to filaments that protruded from numerous GVs. Where green
filaments appeared in green-red labelled experiments, underlayed faintly red fila-
ments were often discernible as well.

Essentially the same observations were made after incubation experiments on
naturally swelled mixed-lipid DOPC/DPPC vesicles, with one more clearly visible
feature. Anchored peptidyl-RNA(FAM) did spontaneously demix in highly
enriched and rather depleted zones, but merely over the outermost membrane of
every mixed-lipid GV. Sometimes the green peptidyl-RNA(FAM) and red rhoda-
mine lipid (DOPE-Rh) labels co-localised over a large part of the vesicle’s surface,
but, more often than not, the green patterns were visibly distinct from those
demixed red lipid patterns spreading underneath the inner lipid membranes not
being accessed by peptidyl RNA. No green rings were found after incubating the
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vesicles with RNA(FAM) at L/RNA 300:1, nor with calcein, under otherwise
identical conditions.

Light Scattering, Turbidity and Permeability Assays on LUVs

The incubation of unilamellar POPC LUVs with pept-NHdA (L/P 200:1) gave no
measurable rise to changes in neither size distribution nor turbidity of the LUV
suspensions. The incubation of pyranine-encapsulated LUVs with RNA(FAM) had
no significant effect above the negative controls. In contrast, peptidyl RNA and
pept-NHdAA caused a prominent increase in proton permeation, comparable to the
one of pore-forming gramicidin A. The proton transport-enhancing effect of the
peptide was clearly dose dependent. Taken together, the permeability assays
showed that peptidyl RNA anchoring was not detrimental to membrane stability,
as evidenced by the failure of evident calcein permeation. The observation on
proton permeability suggested a locally specific lipid—peptide architecture that
could have functioned as a passive carrier of hydronium ions and, as matrix-
assisted laser desorption ionisation (MALDI) mass spectrometry (MS) on peptidyl
RNA suggested, probably also alkali metal ions. Our MALDI MS studies revealed
that, despite exhaustive desalting of the peptidyl RNA samples, multi-sodium
aggregates were much more abundant than in MALDI MS spectra of the RNA
without the peptide.

2.3.6 Data Analysis and Discussion

The free energy and mode of partitioning of peptidyl-RNA(FAM) between the
water and lipid phases were quantified by Pasquale Stano through a detailed
analysis of green ring versus green background intensities in many fluorescence
micrographs. The 21 negative charges on the RNA were revealed to be not
detrimental to the partitioning of the conjugate between water and the lipid mem-
branes; on the contrary, the value calculated for the peptide sequence was a good
estimate. According to the empirical Wimley and White (1996) peptide hydropho-
bicity scale, the icosapeptide amide HzN"—LA3;LA,LA;LA,LA;LA-CONH,
would partition from water with AG°(25 °C) = —3.15 kcal/mol in favour of the
lipid membranes, as calculated by Membrane Protein Explorer (MPEx). The
experimental free energy of partitioning of the peptidyl RNA was determined
from fluorescence micrographs to be AG® = —3.4 to —4.0 kcal/mol, being equiv-
alent to K = 300:1 to 780:1 for excess anchored over unanchored peptidyl-RNA
(FAM) in the presence of 0.1 mM lipids at 25 °C.

Quantitatively very similar CD and IR spectra of the icosapeptide pept-NHdA
have been measured irrespective of the absence or presence of a 40-fold molar
excess POPC. The main IR carbonyl stretching band at about 1,667 cm~! was, in
accord with the CD analysis, due to weakly or not hydrated/H-bonded disordered
peptide coils originating from intermolecular hydrophobic peptide—peptide
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aggregates that were prevailing in water as micelles or more complex aggregates. In
addition, a far from normal, highly discontinuous intensity distribution of the
anchoring density of peptidyl-RNA(FAM) on otherwise unlabeled GVs was
derived from a quantitative analysis of the green ring profile intensities of a number
of representative fluorescence micrographs. This is consistent with the presence of
aggregated sheets of peptidyl RNA being anchored at the outer water—lipid inter-
face of the vesicles and cooperatively stabilised by peptide—peptide interactions,
which appeared to remain intact upon anchoring. In conclusion, a favourable water-
to-lipid partitioning of amphiphilic peptidyl RNA piloted its anchoring from
peptidyl RNA micelles to the lipid vesicle membranes, but such lipid anchoring
did not disintegrate the peptide—peptide associations, and green fluorescence inten-
sities of mostly mono- but also bi- and tri-layered sheets of lipid-anchored peptidyl
RNA became visible on the GVs.

2.3.7 Quod Nulla Capra Abligurrit !"

We have demonstrated that an amphiphilic peptidyl RNA bearing a hydrophobic,
apart from the amino terminus charge-neutral LeugAla,, peptide, being devoid of
any particularly exceptional transmembrane association properties or pronounced
folding characteristics, anchored by virtue of its simple lipophilicity spontaneously,
rapidly and efficiently to the accessible bilayer membranes of naturally swelled
lipidic vesicles, being composed of zwitterionic phospholipids and charge-neutral
glycolipids, and stayed there. This designed peptide did not provoke any crossing of
the attached RNA, or of calcein, through the essentially intact bilayer membranes.

2.4 How to Generate Plausibly Prebiotic Lipophilic
“Random” Peptide Libraries?

2.4.1 Natural and Designed Cell Penetrating Peptides
and Pore-Forming Proteins

Cell penetrating peptides (CPP) are short, sometimes hydrophilic peptides that gain
access to the intracellular milieu. They have aroused great interest in both academic
and applied research. First, cellular internalisation of CPPs often involves the
crossing of a biological membrane, thus challenging the view of the
nonpermeability of these structures to large hydrophilic molecules. Secondly,
CPPs can drive the internalisation of hydrophilic cargoes into cells, a rate-limiting
step in the development of many therapeutic substances. Interestingly, the two
mostly used CPPs, TAT and Penetratin peptides, are derived from natural proteins,

1 0ld Swiss saying: Das schliggt kei Geiss ewdiigg, something like: no goat can lick this off !
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HIV Tat protein and Antennapedia homeoprotein, respectively. The identification
of the Penetratin peptide RQIKIWFQNRRMKWKK-NH, (Arg-Gln-Ile-Lys-Ile-
Trp-Phe-Gln-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys-NH,) is associated with the
study of its parental protein (Dupont et al. 2011; Lamaziere et al. 2008; Derossi
et al. 1998).

These CPPs, and a great many of other natural transmembrane, transfecting,
permeabilising or fusiogenic peptides, such as Melittin, Magainin or the transmem-
brane fragments of pore-forming proteins like Aquaporin or Acanthaporin, may
serve to study their lipid membrane-crossing mechanisms, which may be quite
varied (Nyholm et al. 2007). Such studies are inspiring the design of simpler
transmembrane, haemolytic or fusiogenic peptides, such as the GALA/KALA
peptide family (Plank et al. 1994; Midoux et al. 2003; Kol et al. 2003; Li
et al. 2004), short lipid-like self-assembling peptides (Zhang 2012) or de novo
designed His—Glu containing hexameric standalone pore-forming peptides (Zaccai
et al. 2011). The variety of preferred amino acids (basic, acidic, neutral polar),
primary sequences (hydrophobic—hydrophilic periodicities, amphipathic surface
areas) and their associated tertiary or quaternary structures is quite overwhelming
and a great deal of work has been sacrificed, based on known CPPs, for the design
of peptide—nucleic acid conjugates that are able to cross cellular membranes one
way or another (Jarver et al. 2011).

It must be noted right here, however, that our goal is not finding yet another,
better CPP being able to efficiently transport any desired RNA molecule into the
interior of lipidic GVs or natural cells, not by design, nor with the help of evolved
natural sequences (genetic information), cf. Sects. 1.2 and 3. Hence, all knowledge
gained from the above-described work on natural and designed CPPs is being used
with purposefully retentive naivety. So how to generate plausibly prebiotic lipo-
philic “random” peptide libraries that might bear the potential of offering
membrane-crossing properties ? We are deciding on combinations of a restricted
choice of amino acids for peptide libraries to be tested, for example, which and how
much of acidic, basic or neutral side chains will be combined in one batch.

2.4.2 Potentially Functional “Random” Co-oligopeptides

Prebiotic a-amino acids are thought to have evolved into today’s proteins because
copolymers derived from these residues offer catalytically competent side chains
within an evolvable dynamic scaffold. The manner in which peptides of main chain
lengths of 30 residues bearing different side chain functional groups might have
formed spontaneously from chemically activated monomeric precursors is an issue
that has attracted considerable attention (Luisi 2006). An effective enrichment of
stably folded peptides bearing a few catalytically competent side chains, such as
histidine or glutamate, could result from the low expected solubility of the vast
majority of peptides formed from simple, more or less lipophilic amino acids, such
as glycine, alanine, valine or leucine.
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The synthesis of libraries of de novo oligopeptides from a mixture of different
amino acids under chemically simple conditions has thus become an important
challenge. The central difficulty in making such “random” oligopeptides lies in the
fact that monomeric precursors of amino acids bearing potentially useful side-chain
functional groups may polymerise at very different rates. Based on the principles of
copolymerisation (Elias 1997), the amino acid distribution within a copolymer will
not necessarily reflect the composition of the initial solution of the monomeric
precursors. When rate differences between precursors reach several orders of
magnitude, batch copolymerisation of the mixture results in the exclusive formation
of homopolymers rather than the desired copolymer.

Whereas co-oligopeptides from non-aqueous solutions containing mixtures of
N-carboxyanhydrides (NCAs = Leuch anhydrides) that polymerise at similar rates
and homopolymers from simple amino acids such as oligoalanines sometimes
longer than 30-mers have been obtained, the longest homopolymers from aqueous
amino acid NCA solutions were often shorter than 10-mers. Aqueous in situ
homopolymerisations from anionic Glu, Asp and phospho-serine NCAs produced
9- to 18-mers (Hill and Orgel 1996), but the longest reported co-oligopeptides
synthesised from aqueous mixtures of different amino acid NCAs were pentamers
(Taillades et al. 1999; Pascal et al. 2005). In order to generate copolymers requisite
for the potential evolution of a protocellular function, it was thus necessary to
overcome the difficulties inherent in the large differences in polymerisation rates of
key amino acids under given aqueous conditions.

We elaborated, as a first important breakthrough (Lamy et al. 2008), the forma-
tion of “random” peptide libraries prepared from an aqueous mixture of pure amino
acids, glycine, L-glutamate, or L-histidine, and dry carbonyl diimidazole (CDI),
through the in situ formation of Leuch anhydrides (Fig. 3). Mass spectrometry
allowed us to safely attribute peptide compositions and lengths up to 30-mers.
Amino acids such as histidine, glutamate and serine are catalytically competent,
whereas glycine, alanine, valine, leucine and similar amino acids can be considered
as good spacers and folders. The synthetic protocol that we elaborated for the above
amino acids is easily transferable to a choice of other similar amino acids that
would produce peptide libraries of sufficient length (15-30 amino acid residues)
and compositional variety (2—4 different amino acids) expected to bear the potential
for transmembrane properties needed to transport RNA across membranes being
composed of a mixture of lipids.

3 Perspectives: Evolvable Systems Chemistry

We aim at exploring through “experimental evolutionary reconstruction”—based
on rules described in Dogma 13, Sect. 1.2—the process of how Nature learns to take
advantage of physico-chemical properties of any available peptide that might
spontaneously assemble from simple a-amino acids, that themselves might form
spontaneously, and be reversibly linked to RNA that may form spontaneously
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Fig. 3 The aqueous in situ formation of amino acid NCAs using a pulsed addition mode leads to
combinatorial libraries of His-Gly co-oligopeptides of up to 29 residue length and controllable
average His—Gly ratios

(Benner et al. 2012; Lehman 2013; Attwater et al. 2013), with the effect of
compartmenting RNA molecules into the interior of dynamic lipidic vesicles that
self-organise spontaneously, ideally, from spontaneously formed fatty acids and
glycerol (Rushdi and Simoneit 2006), which is only a final goal so far (we are first
using commercial lipids). We are planning to experimentally exploit the pathway
from a moderately complex chemical system towards organised complexity, adapt-
ability, eventually to evolvability, with the goal of giving a proof of concept that
such chemical systems might become self-evolvable.

3.1 Lipids and Glycans

We shall profit very much from published work on mixed-lipid vesicles with
separate (demixed) fluid phases, especially those composed of zwitterionic and
anionic lipid mixtures (Keller et al. 1992; van Klompenburg et al. 1997; Speelmans
et al. 1997; Kooijman et al. 2005, 2007; Raja et al. 2007), on the effect of glycans
that are attached to lipidic membranes (DeMarco 2012), as well as on the currently
described analytical methods for characterising the effects of macromolecules that
have been brought into contact with lipidic GV populations (e.g. Lamaziere
et al. 2008). This will inspire us for the choice of mixed lipids to be utilised for
the preparation of GVs, in order to enhance the chances of the import of, both, small
dehydrating compounds, such as CDI, carbodiimides or other, geologically plausi-
ble “anhydrides”, and charged macromolecules such as peptidyl RNA. Thereby, we
shall never lose out of focus the desire to grow and divide our GV populations, best
through the in situ formation of lipids or lipid-like ester compounds from added
glycerol, fatty acids and small dehydrating compounds. In other words, not only
prebiotically plausible amino acids and “anhydrides” shall be used, but also
prebiotically plausible lipids, albeit of naturally evolved homochirality to begin
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with, which means that choline esters are about as evolved as we initially get.
Compounds like sphingolipids or cholesterol are prohibitive, but fatty acid glyceryl
mono- and diesters are welcome (Apel and Deamer 2005; Mansy et al. 2008;
Maurer et al. 2009; Meierhenrich et al. 2010; Budin and Szostak 2011).

3.2 Peptidyl RNA Esters

The gathering, concentration and, ultimately, invagination of genetic material into
lipidic compartments are considered a prerequisite for the emergence of life as we
know it. Our anchoring experiments took a start on relatively low structural and
supramolecular raffinesse and exploited prebiotically plausible interactions
between a simple hydrophobic peptide, an unconspicuous RNA hairpin, and almost
any mixture of phospho- and glycolipids forming highly polydisperse and polytopic
lipid vesicles. The anchoring results offer a complement to any in situ entrapment
of nucleic acids while lipid vesicles are forming; they are giving good grounds for
the experimental in vitro reconstruction and evolution of synthetic model
protocells. Locally very high concentrations of peptide—nucleic acid conjugates
being anchored to fluid lipid membranes, in particular those phase-separated mem-
branes being composed of mixed lipids, are favouring otherwise improbable inter-
conjugate reactions that may be exploited by the harbouring vesicles and thus be apt
to Darwinian selection (Szathmary 2006).

Obviously useful properties of vesicles being decorated with conjugates would
be the eventual gain of import—export control of nucleic acids through increasingly
functional transmembrane peptides. It is also conceivable that nucleic acid-driven
peptide synthesis could emerge from such surface vicinity phenomena (Strazewski
2009). The peptidyl RNA conjugate used so far was designed, for technical reasons,
to remain reasonably stable toward the hydrolysis of the connection between
peptide and RNA. Much shorter lived conjugates are needed to assemble chemi-
cally reversible, thus, in vitro selectable dynamic protocell model systems. Such
peptide—nucleic acid esters are limited to estimated average half-lives in the order
of minutes to hours at ambient temperatures and close to neutral pH values.
Peptide—RNA ester libraries can be prepared from the addition of RNA, or RNA
libraries, to a mixture of freshly prepared co-oligopeptide libraries. A constant or
recurrent supply of fresh “anhydride” must compensate for the hydrolytic cleavage
back to peptides and RNA. A fraction of those randomly generated amphiphilic
peptide—RNA conjugates are expected to possess sufficient transmembrane prop-
erties to internalise into the interior volume of lipid vesicles should they be present
in the pool. Once inside, the RNA may grow in length and population size in the
presence of chemically activated nucleotides (Mansy et al. 2008; Luther et al. 1998;
Deck et al. 2011).
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3.3 Why RNA?

More than two decades of research on a plethora of different “nucleic acids”,
i.e. synthetic or semi-synthetic structural analogues of DNA and RNA, have
convincingly shown that an astonishing number of such oligomers or polymers
can be used for templating and thus be potentially exploitable for faithful nucleic
acid doubling, be it through polymerisation, ligation or a combination of both. This
is good news and bad. The base-pairing potential of such nucleic acids may be
promiscuously high. It makes us keep asking again and again: “Why was RNA
chosen for inheritable replication, why not one of the other nucleic acid candi-
dates?” “Because RNA replicates best !” is hardly a good answer anymore.
“Because RNA basepairs best” is even worse an answer. “Because natural proteins
can polymerise them best” is probably wrong as well (Yu et al. 2012). Proteins are
just too good in adapting to any kind of useful (exploitable) molecular recognition
and catalysis.

However, RNA molecules are expected to outclass other nucleic acids in
synthesising peptides from chemically activated amino acids by virtue of their
uniquely unhindered vicinal 2’,3'-cis-diol terminus, a feature that still is the basis
of modern ribosomal protein biosynthesis (Acosta-Silva et al. 2012). No other
furanosyl nucleotide offers two free cis-hydroxy groups at a terminus of the
oligomer. The 3’-terminus of RNA is catalytically highly competent; it carries out
conformationally defined internal movements by spontaneously switching between
(pseudo) equatorial-axial and axial-equatorial at low energetic costs—pyranosyls
are too rigid for this. As for lyxose, either one of its secondary hydroxyls is
sterically too hindered in a- or (-lyxofuranosyl nucleotides. So the working
hypothesis is: “Because RNA makes proteins best!” Which emphasises again the
importance of finding chemical systems that will kick-start translation off its yet
unknown grounds.

The vision: Suitably “nurtured” vesicle populations of appropriate lipidic com-
position are expected to evolve at the same time protoforms of (ribozymic) ribo-
somes, (proteic) aminoacyl transfer RNA synthetases, and nucleoside triphosphate
synthetases, thus develop simultaneously a persistent, if primitive, primary and
secondary genetic code. The components needed for a persistent “systemic mem-
ory”, i.e. a genetic replication machinery based on primordial nucleic acid poly-
merases, fatty acid synthetases and ribonucleotide deoxygenases, will follow rather
than precede translation. This means that the experimental testing of evolvable
chemical systems must be held under “full feeding conditions” for long enough a
time period. They will permanently or at least recurrently provide the system with
small to medium size molecular precursors and chemical energy to allow for the
emergence of the first compartmented and functional proteic enzymes. I guess
Dogma 13 should help to achieve this within a scientist’s lifetime.
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Abstract Mitochondria are intracellular organelles in eukaryotic cells that have
their own genome and translational apparatus. The vertebrate mitochondrial
decoding system is thought to be the simplest among all extant living systems
and to have originated by retrogression from the universal decoding system,
induced mainly by genome economisation and directional mutation pressure during
mitochondrial evolution. Thus, it is reasonable to speculate that the vertebrate
genetic code table is a typical model for the early genetic code table.

In some metazoan mitochondrial decoding systems, it was found that
unmodified anticodons of tRNA have the potential to base-pair with cognate codons
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and retain flexibility at the wobble pair, suggesting that the early decoding system
consisted of unmodified RNA prior to the emergence of RNA-modifying systems.
Competition would likely have occurred between G34-tRNA having GNN antico-
dons and U;4-tRNA having UNN anticodons (or C34-tRNA having CNN anticodons
for AUR codons) in their binding to the ribosomal A site, which would have
resulted in the discrimination between NNY codons and NNR codons in the
two-codon sets. Thus, the early genetic code table would have been established in
such a way that eight family box codons were deciphered by Us4-tRNA, and eight
NNY and six NNR codons in the two-codon sets were deciphered by G34-tRNA and
Usz4-tRNA (or C34-tRNA), respectively.

This review describes the characteristics of an early decoding system inferred
from the genetic code of present vertebrate mitochondria, and how the present
universal decoding system may have originated from the early decoding system
during evolutionary history.

Keywords Genetic code « Mitochondria * tRNA anticodon « Family box ¢ 2-Codon
set

1 Introduction

The genetic code is the critical principle underlying the cellular interpretation of
genetic information and is considered common to all living systems (the universal
genetic code; Osawa 1995). However, some non-universal codons are utilised by
animal mitochondria (Barrell et al. 1979; Anderson et al. 1981) and free-living
organisms such as Mycoplasma spp. (Yamao et al. 1985). It is thus hypothesised
that the genetic code is changeable and species dependent (Osawa et al. 1992).
Here, the early genetic code preceding the universal genetic code is deduced
through inspection of the decoding systems of numerous metazoan mitochondria
(Watanabe 2010).

Mitochondria are proposed to have originated from aerobic bacteria engulfed by
ancestral host bacteria (Margulis 1970). Molecular phylogenetic analysis of ribo-
somal RNA sequences and genes housed in the mitochondrial genome indicates
that the mitochondrial ancestor is a-proteobacterial (Andersson et al. 1998). The
ancestral host cell for mitochondria is thought to be a cell wall-less archaeon such
as thermoplasmas (Margulis 1993). The mitochondrial genome houses very many
fewer genes than bacterial genomes; for example, there are 37 human mitochon-
drial genes, while most bacteria have more than 1,000 genes. Correspondingly,
most of the proteins that function within the mitochondria are encoded by the
nuclear genome and are synthesised in the cytoplasm, indicating large-scale gene
transfer from the mitochondrial to the nuclear genome (Lang et al. 1977). The
mitochondrial genome size is thus diminished, varies depending on animal phylum,
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and is only 20,000 bases in metazoan mitochondria (NCBI DB for Organelle
genome). This diminution is called ‘“genome economisation”. Genome
economisation is often accompanied by AT pressure, in which the base composition
of DNA is biased towards AT richness by evolutionary mutation pressure. AT
pressure would have been in effect during the evolutionary transition from
a-proteobacteria, via proto-mitochondria, to the present metazoan mitochondrial
state.

On the basis of the simplest anticodon composition of vertebrate mitochondria
among various extant decoding systems, Jukes (1983) proposed that the mitochon-
drial genetic code was brought about by retrogression from the universal genetic
code to the early genetic code through genomic economisation and accompanying
AT pressure. Osawa (1995) proposed a simple early genetic code and its possible
development into the present universal code; the simple code consists of 23 tRNA
species for 61 sense codons and is based on the vertebrate mitochondrial
genetic code.

Here, the evolution of mitochondrial genetic codes is re-examined using the
most recent experimental results on mitochondrial tRNAs from various animal
phyla. An early genetic code table and concomitant decoding systems are inferred,
assuming retrogression from the present systems possessing the universal
genetic code.

2 Comparison of Genetic Apparatus in Mitochondrial
and Non-mitochondrial Decoding Systems

Table 1 shows the comparison of translation apparatus of vertebrate mitochondria
as a representative of mitochondria, of Mycoplasma capricolum as a representative
of free-living organisms possessing the simplest decoding system, and of
Escherichia coli as a representative of organisms possessing the universal genetic
code. Although the ribosomal components of M. capricolum and E. coli are almost
the same, those of vertebrate mitochondria differ, having rRNA about half the size
of E. coli IRNA and approximately 50 % more ribosomal proteins than E. coli. The
functional domains composing the peptidyltransferase centre in the large ribosomal
subunit (Suzuki et al. 2001a) and the decoding centre in the small ribosomal subunit
(Suzuki et al. 2001b) are well conserved between vertebrate mitochondria and
E. coli.

The number of tRNA species varies, with 22 in vertebrate mitochondria, 29 in
M. capricolum and 48 in E. coli. One tRNA species exists per family box and
two-codon set in vertebrate mitochondria, but multiple tRNA species exist in
M. capricolum and E. coli. M. capricolum and E. coli possess two different species
of tRNAMet, one for initiation and one for elongation; however, vertebrate mito-
chondria possess a single species of tRNAM®' that performs both functions
(Takemoto et al. 2009). E. coli uses the universal genetic code, but
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Table 1 Comparison of translation apparatus from vertebrate mitochondria and the free-living
organisms Mycoplasma capricolum and Escherichia coli

Mitochondria Free-living organisms
Mycoplasma
Vertebrate mitochondria capricolum Escherichia coli
Non-universal Universal
Genetic UGA = Trp, AUA = Met, UGA = Trp
code AGA/G = Stop
60 sense codons 62 sense codons 61 sense codons
4 stop codons 2 stop codons 3 stop codons
tRNA 22 species 29 species 42-48 species®
tRNAM! 1 species 2 species 2 species
Ribosome  55S (28S + 39S) 70S (30S + 50S) 708
(30S + 50S)
rRNA 2,513 nt. 4,527 nt. 4,566 nt.
128 + 16S 5S + 16S + 23S 5S + 16S + 23S
rProtein 78 species 51 species 54 species

“There are 42 different anticodons and a total of 48 tRNAs with different body sequences in E. coli
(Nisvall et al. 2007)

M. capricolum and vertebrate mitochondria use non-universal genetic codes. In
M. capricolum, the universal UGA stop codon becomes a Trp codon (Yamao
et al. 1985), and in vertebrate mitochondria the AGA/AGG Arg codons become
stop codons and the AUA Ile codon changes to a Met codon (Barrell et al. 1979;
Anderson et al. 1981). The vertebrate mitochondrial system is the simplest genetic
code system among all extant organisms so far examined (Suzuki et al. 2011a).

3 Characteristics of Mitochondrial Genetic Code Systems

The most prominent characteristic of animal mitochondrial genetic code systems is
that they use non-universal genetic codes: (1) UGA, Stop becomes Trp in all animal
mitochondria (Barrell et al. 1979); (2) AUA, Ile becomes Met in most metazoan
mitochondria, excepting Echinodermata, Hemichordata, Platyhelminthes, Cnidaria,
Ctenophora, Placozoa, and Porifera (Watanabe 2010); (3) AGR, Arg becomes Ser
in most invertebrate mitochondria (Himeno et al. 1987), Arg becomes Gly in
ascidian mitochondria (Yokobori et al. 1993), and Arg becomes Stop in vertebrate
mitochondria (Anderson et al. 1981); (4) AAA, Lys becomes Asn in Echinodermata
(Himeno et al. 1987) and Platyhelminth mitochondria (Telford et al. 2000); and
(5) UAA, Stop becomes Tyr in a nematode, Radopholus similis (Jacob et al. 2009)
and a planarian (Bessho et al. 1992) mitochondria. In the last case, no structural
study on the corresponding tRNA was performed, and no release factor
(RF) relevant to the UAA codon was identified, so discussion on the codon-—
anticodon relationship was not possible in this instance.
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Modified nucleosides in the tRNA anticodons are associated with mitochondrial
codon changes in all cases (Watanabe and Yokobori 2011): (1) The anticodon
wobble position (the 34th) of tRNA™ changes to 5-carboxymethyluridine
(cmnm®U) in nematode mitochondria (Sakurai et al. 2005) and to
5-taurinomethyluridine (tm°U) in ascidian (Suzuki et al. 2011b), molluscan
(Ohira et al. 2013), and vertebrate (Suzuki et al. 2002, 2011a) mitochondria;
(2) The anticodon wobble position of tRNAM®' changes to 5-formylcytidine (fC)
in vertebrate (Moriya et al. 1994), arthropod (Tomita et al. 1999a), and nematode
mitochondria (Watanabe et al. 1994) and to tm°U in ascidian mitochondria (Suzuki
et al. 2011b); (3) The anticodon wobble nucleoside of tRNACY for AGR codons
becomes tm>U in ascidian mitochondria (Suzuki et al. 2011b). The anticodon
wobble nucleoside of tRNAS" becomes m’G in most invertebrate mitochondria
(Matsuyama et al. 1998; Tomita et al. 1998) and unmodified U in nematode
mitochondria (Watanabe et al. 1994); (4) The starfish mitochondrial tRNA™" that
deciphers AAA as Asn possesses the anticodon GYU (¥, pseudouridine) (Tomita
et al. 1999b); this is unusual in that it is a change at the second anticodon position.
In vitro E. coli translation experiments indicate that tRNA**"Gyy has an approxi-
mately twofold higher translational efficiency than tRNA®"guy (Tomita
et al. 1999b). In other invertebrate mitochondria such as Drosophila melanogaster,
tRNA™"* interprets AAR as Lys and has the anticodon CUU (Tomita et al. 1999a).
Therefore, tRNAM*yy; should read AAR codons in a manner similar to the case of
squid mitochondrial tRNAM®' ., described subsequently.

The previously mentioned five nucleoside species (cmnm’U, tm’U, m’G, Q,
and f° C) or seven species including the 2-thiolated forms of cmnm’U (cmnm5 sZU)
and Tm°U (rmss2U) are all the modified nucleosides found in the anticodon wobble
position of metazoan mitochondrial tRNAs. As shown in Table 2, cmnms(s2)U,
wm’(s*)U and f°C permit base pairing only with purine nucleosides (R3) excluding
base pairing with pyrimidine nucleosides (Y3) of the cognate codons, probably
through fixing their conformations in the C3’-endo form (Yokoyama and Nishimura
1995; Takemoto et al. 2009). This was proved experimentally using E. coli and
bovine mitochondrial in vitro translation systems (Takai et al. 1994; Kurata
et al. 2008; Takemoto et al. 2009). Queosine (Q, a G derivative), which forms
base pairing only with pyrimidines, is sometimes found in the anticodon wobble
position of D. melanogaster mitochondrial tRNA”"Gyy, but not in the anticodon
wobble position of starfish mitochondrial tRNA®"gyy (Tomita et al. 1999a, b).
This indicates that D. melanogaster mitochondrial tRNAAS"G/QUU restricts codon
recognition to AAY codons, but starfish mitochondrial tRNA™" Gy can decode not
only AAY codons but also the AAA codon. It is likely that the m’G located at the
wobble position of tRNAS" of most invertebrate mitochondria allows decoding of
all four family box codons (Matsuyama et al. 1998; Tomita et al. 1998), although
this speculation has not been verified experimentally (Watanabe and Yokobori
2011).

Nucleoside modifications often provide mechanisms for variable codon recog-
nition; however, unmodified anticodon nucleosides have also been shown to decode
cognate codons in some metazoan mitochondria (Table 2). For example, Us4 was
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Table 2 Mitochondrial pairing possibilities between the anticodon first position (N34, wobble
nucleotide) of tRNA and the codon third position (N3)

Pairing rule
N34 of N'; of
tRNA codon Existence
Unmodified U ) U, C, A, AlltRNAs belonging to family box of almost all
G animals
A 4@m) U C A, Nematode tRNAME,
G
G 4@m) U C A Insect tRNAS G for AGY/A codons
C am) A G Squid tRNAM®' ., ;, Insect tRNA™ cy

Modified  cmnm’(s®) <4mmp A, G Nematode tRNAT™

U
m’(s>)U  <4mmp A, G Ascidian tRNAT™, vertebrate tRNAT™, squid
tRNATP
Ascidian tRNAM®, ascidian tRNAG'yU*CU, verte-
brate t(RNAjuqn
Vertebrate tRNAs for NNR codons in the third
column of codon table

m’G 4m) U, C, A, Most invertebrate tRNAS gy for AGN codons
G
Q am) U, C Vertebrate tRNAs for NNY codons in the third
column of codon table
°C am) A G Vertebrate tRNAM®, arthropod tRNAM®', nematode

tRNAMe!

shown experimentally to base-pair with all four nucleosides at the third codon
position (Suzuki et al. 2011a). Unmodified U4 can adopt flexible conformations of
either the C3’-endo or C2’-endo form, and this allows base pairing with pyrimidines
in addition to purines. Unmodified A3, has a similar role in nematode mitochondrial
tRNAE,  (Watanabe et al. 1997). Unmodified G is thought to be able to base-
pair with A as well as C and U, because the AGG codon is absent in some metazoan
mitochondria, such as those from D. melanogaster, and the anticodon wobble
position of the relevant tRNAserGCU is unmodified G (Tomita et al. 1999a). There-
fore, the unmodified GCU anticodon of tRNAS";¢y, should read the three codons
AGU, AGC, and AGA as Ser. Recently, it was found that squid (Loligo bleekeri)
mitochondrial tRNAM®' possesses unmodified C at the anticodon wobble position
(Ohira et al. 2013), suggesting that, in this case, the AUA codon is deciphered by
the CAU anticodon via noncanonical A3—Cs, pairing. The possibility of such base-
pair formation had previously been reported in the case of D. melanogaster
tRNA"*y deciphering AAR codons (Tomita et al. 1999a).

Two mitochondrial RFs, mtRFla and mtRF1, have been identified to date;
mtRF1a recognises UAG and UAA codons (Soleimanpour-Lichaei et al. 2007),
and mtRF1, which arose from a duplication of mtRFla, probably binds the
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ribosome when the A site is devoid of mRNA (Huynen et al. 2012). An RF that
recognised the UGA codon would have been lost in the transition process from
pre-mitochondrial ancestral bacteria (x-proteobacteria) to the present mitochondria
(Andersson et al. 1998). There has been no report identifying any RF able to
recognise AGA/AGG codons directly. Instead, mtRF1a recognising UAR codons
in vertebrate mitochondria (Soleimanpour-Lichaei et al. 2007) are thought to be
used for translation termination of the AGR codons, as these would be changed to
the UAG codon by -1 frame-shifting (Temperley et al. 2010). However, this
hypothesis may not be generally applicable as the necessary U may not always be
located prior to the AGR codons in the genome.

4 The Codon-Anticodon Relationship in Animal
Mitochondria

As shown in previous sections, six non-universal codons (the UAA case is not
discussed here) have been identified in animal mitochondria, and these vary over
the course of animal evolution. As already mentioned, we have elucidated that the
anticodons of tRNAs deciphering these non-universal codons (tRNA™™ for UGA,
tRNAM® for AUA, tRNA™ for AAA, and tRNAS" and tRNAY for AGR) are all
modified. However, besides these modified nucleosides involved in decoding
non-universal codons, it has been found that unmodified nucleosides also exist at
the wobble position of tRNA in the codon—anticodon interaction in some of the
mitochondrial translation systems; unmodified Us, exists in tRNAS" deciphering
AGR codons in nematode (Ascaris suum) mitochondria (Watanabe et al. 1994).
Apart from non-universal codon decoding, all tRNAs for the family box codons
possess unmodified Uzy. Unmodified Uz, is also known to be present in the
non-mitochondrial free-living organism systems such as M. capricolum (Inagaki
et al. 1995) and decodes all four codons in the family boxes. Using an in vitro
translation system of M. capricolum, it was experimentally verified that threonyl-
tRNAThrUGU and alanyl-tRNAAlaUGC, both possessing unmodified U in the antico-
don wobble position, could translate all four ACN and GCN codons, respectively
(Andachi et al. 1989; Osawa 1995; Inagaki et al. 1995). An in vivo experiment in a
plastid using knockout mutants for the tRNASY with Gs,4-containing anticodon in
the GGN family box showed that the remaining tRNA®Y with Us,-containing
anticodon was sufficient for survival of the plastid (Rogaiski et al. 2008), which
also indicates that U;4-tRNASY can decipher all the GGN codons. In addition,
unmodified A4 is present in the nematode (Ascaris suum) mitochondrial tRNAAE
deciphering GCN codons (Watanabe et al. 1997), in budding yeast (Saccharomyces
cerevisiae) mitochondrial tRNA®€,y deciphering CGN codons (Sibler
et al. 1986), and in Mycoplasma spp. tRNA™ .y deciphering ACN codons
(Andachi et al. 1987). The translation activity of threonyl-tRNAThrAGU of
M. capricolum toward all four ACN codons was experimentally verified (Inagaki
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et al. 1995). G3,4-tRNAS" (G3, unmodified) deciphers three codons (AGU/AGC/
AGA) in D. melanogaster mitochondria (Tomita et al. 1999a), C34—tRNAMe‘ (Css
unmodified) deciphers AUR codons in squid (Loligo bleekeri) (Ohira et al. 2013),
and Cs,-tRNAM™® (Cs, unmodified) deciphers AAR codons in D. melanogaster
(Tomita et al. 1999a). These data indicate that unmodified Us, (or, rarely, As,) at
the anticodon wobble position (N34) can potentially pair with all four nucleosides at
the codon third position (N3), unmodified G34 can potentially pair with U3, Cs, and
Aj, and unmodified C;4 can potentially pair with A; and G;. Taken together, this
strongly suggests that all codons were deciphered by unmodified tRNA in the early
genetic code system; this would be prior to the emergence of the universal genetic
code and RNA-modifying systems, the existence of which is difficult to imagine in
the beginning of the genetic code systems.

Table 2 summarises the pairing patterns between anticodon first nucleoside
(N34) and codon third nucleoside (N3) so far elucidated in animal mitochondrial
translation systems.

S How Was the Mitochondrial Decoding System
Generated?

The mitochondrial decoding system is putatively derived from retrogression of the
universal decoding system. This retrogression was mainly induced by genome
economisation and directional mutation pressure, accompanying various events
such as genetic code changes, reduction of tRNA species, and loss of modification
enzymes.

Two main hypotheses have been proposed to explain genetic code changes: the
“codon capture” hypothesis assuming an “unassigned codon” (Osawa and Jukes
1989) and the “ambiguous intermediate” hypothesis, which assumes two different
tRNAs recognising a single codon (Schultz and Yarus 1994). The codon capture
hypothesis successfully explains a codon change of the UGA Trp codon to a stop
codon in Mollicutes (Osawa et al. 1992), but there has been little experimental
evidence in support of the ambiguous intermediate hypothesis. Simulation studies
on codon reassignment (Sengupta et al. 2007) suggest that the pathway of codon
reassignment in favour of either “codon capture” or “ambiguous codon’ depends on
initial conditions such as genome size and number of codons involved. For exam-
ple, as mitochondria possess a small genome size and a limited number of involved
codons, the “codon capture” hypothesis can account for all the codon changes
concerning the non-universal codons found in animal mitochondria (Watanabe
and Yokobori 2011).

If codon change and the concomitant reduction of the number of tRNA antico-
don species are regarded as the first event in the retrogression process of the
mitochondrial decoding system, the second event is the removal of modification
enzymes. The following events are proposed during the process of altering the
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universal genetic code to the vertebrate mitochondrial code. After removal of Usy-
modification enzymes for U*NN anticodons of tRNA in family boxes during
evolution, the resultant UNN anticodons (U unmodified) would become translat-
able for all four codons; this is observed in the present genetic codes for vertebrate
mitochondria and in Mycoplasma spp. The GNN anticodons and CNN anticodons
that had translated NNY and NNG codons would thus become unnecessary and be
eliminated. In two-codon sets, U*NN anticodons for NNY codons and GNN or
QNN anticodons for NNR codons would be retained because NNY and NNR
codons code for different amino acids. In addition, tRNA™ for AGR codons
would be eliminated, probably by genome economisation. Once mtRFla (if it
recognised UAG codon generated by -1 frame-shifting of the AGR codons) or a
new RF (recognising AGR codons directly) emerged, it would result in the change
of AGR to a stop codon. This combination of events would finally result in
22 anticodon species and retention of modified nucleosides, as observed at present
in vertebrate mitochondria.

6 The Early Genetic Code System

Vertebrate mitochondria use 60 sense codons and four stop codons and have a total
of 22 tRNA species, including a single tRNA for eight family boxes and 14 -
two-codon sets. One single tRNAM® functions as both initiator and elongator. The
vertebrate mitochondrial genetic code system is the simplest genetic code system
observed to date among extant organisms and can be used as a model of the early
genetic code (Table 3). As noted previously, RNAs engaged in the early genetic
code system would likely have been unmodified. All the family box codons are
deciphered by Uz4-tRNA having UNN anticodons. The two-codon sets are divided
into two categories; the upper half (NNY codons) are read by GNN anticodons and
the lower half (NNR codons) are read by UNN anticodons or CNN anticodons for
AUR. How then would NNY codons have been distinguished from NNR codons in
the early translation system? As illustrated in Fig. 1, U34-tRNA has the potential to
decipher any of the four possible codons, G34-tRNA has a potential to decipher
NNY and NNA codons, and C34-tRNA has a potential to decipher NNY codons.
Competition would likely have occurred between Gs34-tRNA and Usy-tRNA
(or C34-tRNA for AUR codons) in their binding to the ribosomal A site. To separate
the upper half and lower half codons in the two-codon sets, the binding affinity of
G34-tRNA with NNY codons at the ribosomal A site must be stronger than that of
U34-tRNA with NNY codons in the upper half, whereas the binding affinity of Usy-
tRNA (or C54-tRNA) with NNR codons must be stronger than that of G34-tRNA
with NNA codons in the lower half. Specifically, the base pairing between G34 and
U; and between Gs4 and C; must be stronger than that between Ui, and Us and
between Uz, and C;. Likewise, the base pairing between Uz (or Cs34) and A3 must
be stronger than that between G34 and Aj. These speculations are reasonable as R—
Y pairing should be stronger than Y—Y or R-R pairing, and this is experimentally
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verifiable. In summary, it is proposed that the early genetic code table would have
consisted of eight family boxes, 14 two-codon sets, and four stop codons and would
have been translated by 22 tRNA species. It remains to be experimentally deter-
mined whether all 64 codons were used in the early genetic code. UUR/CUN
codons for Leu, CGN/AGR codons for Arg, and UCN/AGY codons for Ser are
redundant, so the removal of one or several redundant codons would not diminish
the number of different amino acids (20 species) available for protein synthesis.
One of these redundancies is exploited in vertebrate mitochondria, where AGR
codons become stop codons.

7 From the Early Decoding System to the Universal
Decoding System

It is conceivable that the early decoding system could have evolved to the present
universal decoding system by almost the reverse process of the evolution of the
mitochondrial decoding system (Osawa 1995; Osawa et al. 1992). The process
would, therefore, involve genome enlargement due to gene duplication, concomi-
tant GC pressure, emergence of new tRNA genes accompanied by nucleoside
modification, and the resulting reassignment of three kinds of codon: UGA from
Trp to stop codon, AUA from Met to Ile, and AGR from stop codon to Arg. The
progression of these reassignment processes is proposed as follows. For the UGA
codon, the anticodon wobble position of tRNA™™ may have changed from U to C
by GC pressure, so that the resultant CCA anticodon became readable only by the
UGG codon, and the UGA codon became unassigned. An RF recognising the UGA
codon (e.g. RF2 in E. coli) could then emerge and capture the UGA codon,
transforming it into a stop codon. Acetylation enzyme modification of Cz4 of
tRNAM®' 4y to ac*C54 would lead the resulting tRNAM®, #c 1(; to become readable
only for the AUG codon, and the AUA codon would become unassigned. In fact,
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E. coli tRNAM®, (elongator) possesses such an ac*CAU anticodon, which reads the
AUG codon as Met, but does not read the AUA codon (Stern and Schulman 1978).
Subsequently, the AUA codon could be captured by tRNA", .y (L (or K*C),
lysidine, 2-lysylcytidine present in E. coli and Mycoplasma tRNA"™) or
tRNAHeagmz(;AU (agm2C, 2-agmatinylcytidine present in Archaea), which origi-
nated from tRNAM®',; via the L-forming enzyme TilS (Soma et al. 2003) or the
agm”C-forming enzyme, TiaS (Ikeuchi et al. 2010). Thus, the AUA codon would be
deciphered as Ile (Muramatsu et al. 1988; Ikeuchi et al. 2010). Although TilS and
TiaS belong to quite different enzyme families, the chemical structures of L and
agm’C are quite similar, so that tRNA" oy and tRNA"eangCAU could have
acquired decoding ability for the AUA codon by convergent evolution. For AGR
codons, the RF recognising the codons could be eliminated from the genome, then
tRNAS"5 could became readable for the AGA codon in addition to AGY codons,
and the AGG codon would become unassigned. Genome enlargement would allow
emergence of tRNAArgUCU, which could capture the AGA codon as well as the
AGG codon as Arg, because tRNA*"2(;; would prevail over tRNASg¢y in the
binding of AGA codon, as discussed previously.

During this process, the number of tRNAs involved in the translation system
would increase, probably initially to the number used in the Mycoplasma system
(28 species), and finally to the number in the E. coli system (42—48 species). This
would occur in parallel with nucleoside modifications, particularly Gz4-tRNA
modification to Qz4-tRNA corresponding to NNY codons in the upper half of
two-codon sets, and modification of the wobble U of Usz4-tRNA to various U
derivatives, such as mnm’ U, mnm’ sZU, cmnm’ U, cmnm’ U,,, or cmnm’s?U in the
lower half of two-codon sets, as in Mycoplasma and E. coli systems. Modification
of G34 and Ujz4 would be necessary for strict discrimination of UUY and UUR
codon boxes by G34-tRNA and Ujz4-tRNA.

To summarise, Fig. 2 shows a phylogenetic tree of three domains of life,
mitochondrial origination from a-proteobacteria, and the emergence of universal
and non-universal genetic codes. It should be emphasised that early decoding was
performed by unmodified RNA, and the universal decoding system emerged after
the development of RNA modification.

8 Concluding Remarks and Perspective

In this review, the following concepts were newly deduced from the study of
metazoan mitochondrial decoding systems.

1. The change of AGR codons during the retrogression process was found to follow
a route from Arg (universal code) to stop codons (vertebrate mitochondria) via
Ser codons (most invertebrate mitochondria) (Gly codons in Cnidarian mito-
chondria seem to be a sub-route). This concept is useful for considering the
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Fig. 2 Three domains of life indicating the position of mitochondria in the evolutionary process.
The assignment of 20 amino acids to 64 codons would have been conserved from the early genetic
code system. The early genetic system utilised unmodified RNA and developed into the universal
code system after the emergence of RNA modification

evolutional processes by which AGR codon-use changed from the early code to
the present universal code.

2. Examples from mitochondria indicate that any of the unmodified nucleosides at
the anticodon wobble position of tRNA are available for the decoding of the
corresponding codon at the ribosomal A site. It is thus possible to infer that
unmodified tRNA had deciphered all codons in the early genetic code system,
prior to the emergence of the universal genetic code and RNA-modifying
systems.

3. The most plausible explanation for the discrimination of the NNY codon from
the NNR codon frame in the two-codon sets is that the discrimination is fulfilled
by competition between Gsz4-tRNA and Usz4-tRNA (or C34-tRNA for AUR
codons) in their binding to the ribosomal A site. Thus, the early genetic code
table would have been established in such a way that eight family box codons
were deciphered by Us4-tRNA, and eight NNY and six NNR codons in the
two-codon sets were deciphered by G34-tRNA and U34-tRNA (or C34-tRNA in
part), respectively. This genetic code table is the simplest among the extant
living organisms, consisting of eight family boxes and 14 two-codon sets,
decoded by 22 species of tRNA.

Studies of the mitochondrial genetic code and decoding apparatus from different
animal phyla, alongside data from organisms using the universal code, have
produced new insights into the evolution of non-universal genetic systems. Exam-
ination of such evolutionary traces from the mitochondrial genetic code systems of
additional animal phyla would be useful to allow further elucidation of the early
decoding system and the origins of the genetic code in the RNA world.
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Abstract RNA phosphodiester linkages undergo two transesterification reactions
catalyzed by Bronsted acids or bases, viz., cyclization to a 2',3'-cyclic phosphate
with concomitant release of the 5’-linked nucleoside and isomerization to a 2’,5'-
linkage. While these processes are approximately as fast under acidic conditions,
the cyclization gradually takes over on going to alkaline solutions. At physiological
pH, the isomerization still successfully competes with the chain cleavage. Never-
theless, protein enzymes, ribozymes, and metal ion complexes with some excep-
tions catalyze only the cleavage reaction. The mechanistic reasons for the dissimilar
pH dependence and susceptibility to catalysis are discussed.
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1 Introduction

The cleavage of RNA phosphodiester bonds by protein enzymes (Raines 1998) and
small ribozymes (Cochrane and Strobel 2008), as well as by small molecular
entities (Lonnberg 2011a) and Bronsted acids and bases (Perreault and Anslyn
1997; Oivanen et al. 1998), has been the subject of exceptionally extensive studies,
owing to the obvious biological importance of this reaction. The overall course of
the reaction is in all these cases the same: displacement of the 5’-linked nucleoside
by intramolecular attack of the neighboring 2’-OH. The cyclic diester obtained is
then rapidly hydrolyzed to 2’- and 3’-phosphomonoesters. Only large ribozymes
behave differently. They utilize an intermolecular nucleophile for displacement of
the 3'-linked nucleoside (Lénnberg 201 1b).

On using Bronsted acid as a catalyst, another intramolecular transesterification,
viz. conversion to a 2',5-diester, competes with formation of the 2',3’-cyclic
phosphate (Jarvinen et al. 1991). Both reactions in all likelihood proceed via a
common pentacoordinated oxyphosphorane intermediate, which may decompose
into two alternative manners, by departure of either the 5'- or 3’-oxygen (Fig. 1).
Interestingly, the pH-rate profiles of these two reactions are very different. At
pH < 3, both reactions are hydronium ion catalyzed and isomerization is slightly
faster than cleavage. Isomerization, however, turns pH independent at pH 4, while
the cleavage experiences a change from hydronium ion to hydroxide ion-catalyzed
reaction over a narrow pH range around pH 5. Consequently, isomerization is faster
than cleavage up to pH 7 (T’ = 90 °C), in particular at pH 4-6, but cleavage takes
over on passing pH 7. At high pH, cleavage then is the only reaction detected.

In contrast to Bronsted acids, protein enzymes, ribozymes, and most of catalyt-
ically active metal ion complexes promote only the cleavage reaction. In other
words, they somehow favor the exocyclic fission of the P-O5’ over the endocyclic
fission of the P-O3’ bond. The factors that influence the stability of the phosphorane
intermediate and its partition to the cleavage and isomerization products are
discussed in the following. Detailed understanding of these factors may help
mechanistic chemists to sharpen the picture on details of enzyme action and
synthetic chemists to avoid the harmful isomerization during the assembly of
oligoribonucleotides.

2 Isomerization Under Acidic Conditions via a Neutral
Oxyphosphorane Intermediate

As mentioned above, the cleavage and isomerization of RNA 3’,5'-phosphodiester
linkages are both susceptible to acid catalysis, the isomerization being slightly
faster than the cleavage (Jarvinen et al. 1991; Kuusela and Lonnberg 1994). Both
reactions in all likelihood proceed via a common oxyphosphorane intermediate
obtained by an attack of the neighboring 2’-hydroxy group on the phosphorus atom.
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Fig. 2 Protolytic equilibria of oxyphosphorane intermediates

Depending on pH, a neutral (monoprotic) or monocationic(diprotic) phosphodiester
linkage is attacked. The phosphorane intermediate is, hence, initially obtained as
either a neutral (diprotic) or monocationic (triprotic) species (Fig. 2). At pH > 0,
the monocationic species undergoes a rapid thermodynamically favored
deprotonation to the neutral phosphorane. This is the stable ionic form of
oxyphosphorane under acidic conditions. The accurate acidity constants of
oxyphosphoranes are unknown, but the estimates for its first and second pK,
value fall in the range 7-11 and 11-15, respectively (Kluger et al. 1969; Guthrie
1977; Perreault and Anslyn 1997; Davies et al. 2002; Lopez et al. 2002; Range
et al. 2004).

Oxyphosphorane intermediates have a structure of a trigonal bipyramid that
contains two apical oxygens with longer and three equatorial oxygens with shorter
bond lengths to phosphorus (Westheimer 1968; Range et al. 2004; Swamy and
Kumar 2006; van Bochove et al. 2006). According to the well-known Westheimer’s
rules, nucleophiles enter and leave the phosphorane only via apical positions.
Electron-rich oxygens prefer equatorial and electron-deficient apical positions. In
case two of the oxygen atoms are members of a five-membered ring, one of them
must be apical and the other equatorial. The attacking 2’-oxygen, hence, initially
takes an apical position and forces the 3’-oxygen to an equatorial position (1a and
2a in Fig. 3). To enable isomerization, the phosphorane must undergo a conforma-
tional rearrangement known as Berry pseudorotation (Stephen 1960): the apical
ligands take equatorial and two of the equatorial ligands apical positions, one of the
equatorial ligands remaining equatorial. This process brings the 3’-oxygen to apical
position (1b and 2b in Fig. 3), which is a prerequisite for the cleavage of the P-O3'
bond. The 5'-linked nucleoside may evidently take either an apical (in 1a) or
equatorial position (in 2a) upon formation of the phosphorane intermediate. The
apical position is probably favored, since theoretical calculations suggest a
methoxy ligand to be more apicophilic than a hydroxy ligand (Range et al. 2004;
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Lopez et al. 2005). The phosphodiester linkage may, hence, be cleaved regardless
of pseudorotation, while isomerization is realized only through pseudorotation of a
reasonable stable intermediate.

The fact that isomerization of RNA phosphodiester bonds successfully competes
with their cleavage at pH < 6 inevitably shows that neutral (dihydric)
phosphoranes (1a, b; 2a, b) are sufficiently stable to pseudorotate, as also suggested
by ab initio gas phase calculations (Uchimaru et al. 1996; Zhou and Taira 1998) and
DFT calculations with polarizable continuum models (Lopez et al. 2004) applied to
the hydrolysis of methyl ethylene phosphate. These calculations additionally show
that the pseudorotation barrier is at least 10 kcal mol ™' lower than the barrier for the
exo- or endo-cyclic fission of the neutral phosphorane. In other words, various
phosphorane structures are rapidly equilibrated before any of the rate-limiting PO
bond fissions yielding either a 2',5'-diester, 3’,5-diester, or 2’,3'-cyclic phosphate
takes place, and hence, according to Curtin—-Hammett principle, the product distri-
bution is not influenced by the pseudorotation process. Heavy atom kinetic isotope
effects lend additional support for this interpretation. The primary '*O effect for the
hydrolysis of uridine 3’-(3-nitrobenzyl phosphate) is 1.0019 £ 0.0007 at pH 2.5,
consistent with loss of bond order with the leaving benzyloxy group at the transition
state, while the secondary isotope effect resulting from 'O substitution of the
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non-bridging phosphodiesteroxygens is inverse (0.9885), probably owing to for-
mation of a neutral phosphorane having additional OH bond compared to the
starting material (Gerratana et al. 2000). Another piece of evidence for the crucial
role of pseudorotating phosphorane as an intermediate of the isomerization reaction
is offered by the pioneering studies of Buchwald et al. (1984). 2-[(R)-'°0,'70,'%0]
Phospho-(S)-propane-1,2-diol was shown to be isomerized by retention of config-
uration around phosphorus. Later, studies with Rp- and Sp-phosphorothioate ana-
logues of 3',5-UpU have verified that the isomerization of ribonucleoside
3'-phosphodiesters also proceeds by retention of configuration (Oivanen
et al. 1995).

The shape of the pH-rate profile reveals that the acid-catalyzed isomerization
proceeds, depending on pH, via a monocationic (dihydric) or neutral (monohydric)
phosphodiester (Jarvinen et al. 1991). The former reaction, giving a monocationic
(trihydric) oxyphosphorane, predominates at pH < 2 (Fig. 4). Thermodynamically
favored deprotonation to neutral (dihydric) phosphorane evidently takes place,
followed by rapid equilibration between various phosphorane structures. As
discussed above, the pseudorotation barriers are considerably lower than the bar-
riers for fission of the P—O bonds. Accordingly, any of the P-O bonds may adopt an
apical position and undergo hydronium ion-catalyzed cleavage. In other words,
three proton transfers take place, viz., protonation of the starting material,
deprotonation of the phosphorane obtained, and re-protonation of the phosphorane
after pseudorotation. Since formation and/or cleavage of a P-O bond is rate
limiting, the transition state is always monocationic, and hence, the reaction is
first order in [H*] at pH < pK, of the phosphodiester bond and second order in [H*]
at pH > pK,. With the phosphorane derived from 3',5’-UpU, the relative rate
constants for the formation of 2',5'-diester, 3',5'-diester, and 2',3'-cyclic diester
are 1.1, 1.0, and 1.3 (Jarvinen et al. 1991). Exo- and endocyclic PO bonds are,
hence, cleaved approximately as readily when the leaving group is alcohol, not
alkoxide ion.

At pH 24, neutral (dihydric) phosphorane is obtained by an uncatalyzed attack
of the 2’-OH on neutral (monohydric) phosphodiester linkage. This means that the
reaction proceeds by proton transfer from the attacking OH to phosphorane
non-bridging oxygen concerted with the P-O bond formation. On the basis of
microscopic reversibility, the breakdown of the phosphorane then proceeds by
proton transfer from an equatorial OH ligand to the departing oxygen. Now the
endocyclic fission is slightly more favored than the exocyclic one, the relative rate
constants for the formation of 2/,5’-diester, 3,5 -diester, and 2',3’ cyclic diester being
1.2, 1.0, and 0.4. Quantum chemical calculations in gas phase (Uchimaru et al. 1996)
have shown that within a neutral phosphorane, the endocyclic PO bonds are inher-
ently weaker than the exocyclic one. In fact the two- to three-fold difference
in the cleavage rate is much less than what one might expect on the basis of these
calculations.

The isomerization via neutral phosphorane is expectedly rather insensitive to the
polar nature of the esterified alcohol. The reactions via a monocationic and neutral
phosphodiester exhibit p values —0.23 £ 0.04 and —0.23 £ 0.11, respectively, on
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Fig. 4 Logarithmic first-order rate constants for the isomerization of the monocationic (continous
line), neutral (dotted line), and monoanionic (dashed line) 3',5'-phosphodiester bond to a
2'.5'-bond at 90 °C (Jirvinen et al. 1991)

using ethyl, 2-ethoxyethyl, 2,2-dichloroethyl, and 2,2,2-trichloroethyl phosphates
of uridine as model compounds (Kosonen et al. 1998b).

3 pH-Independent Isomerization via a Monoanionic
Phosphorane Intermediate

The isomerization turns pH independent at pH > 4 (Jarvinen et al. 1991). Evi-
dently, the attack of 2’-OH on monoanionic phosphodiester is accompanied by
concerted transfer of a proton from the attacking hydroxyl group to a non-bridging
oxygen ligand of the developing monoanionic (monohydric) phosphorane interme-
diate (Lopez et al. 2006). Whether or not the proton transfer is mediated by a water
molecule still appears to be an open question (Gerratana et al. 2000; Boero
et al. 2002; Yang and Cui 2009). Anyway, a monoanionic phosphorane intermedi-
ate is obtained. This species evidently has a finite lifetime and it may well be
sufficiently long-lived to undergo pseudorotation. DFT calculations with PMC,
COSMO, and SMS5 solvation models (Lopez et al. 2004, 2005) suggest that a
monoanionic phosphorane exists and the barrier for its pseudorotation is even
lower than that of the pseudorotation of neutral phosphorane. However, the barriers
for the PO bond cleavage are also lower than with neutral phosphorane, and hence,
the lifetime of monoanionic phosphorane is shorter than that of neutral
phosphorane. With methyl ethylene phosphate, the barriers for the exo- and
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endocyclic cleavage are 14.4 and 3.24 kcal mol™' (Lopez et al. 2004). In other
words, the endocyclic fission is approximately as fast as pseudorotation and much
faster than the exocyclic fission. Pseudorotation may at least partially limit the rate
of isomerization. As indicated in Fig. 2, monoanionic (monohydric) phosphorane
may undergo thermodynamically allowed protonation to a neutral diprotic form at
pH < 7 but, as discussed above, pseudorotation without kinetically invisible pro-
tonation/deprotonation process is also plausible. Pseudorotation as a monoanion
receives some support from kinetic isotope effects. The secondary effect resulting
from '®0 substitution of the non-bridging phosphate oxygens is at pH 5.5 close to
unity, in contrast to the inverse effect observed for the acid-catalyzed reactions
proceeding via a neutral phosphorane (Gerratana et al. 2000). This has been taken
as an indication of different ionic forms of the transition states.

It is worth noting that isomerization turns pH independent around pH 3.5, i.e.,
from one to two pH units earlier than the cleavage reaction (Jarvinen et al. 1991;
Kosonen et al. 1998b). Since both reactions proceed via a common phosphorane
intermediate, breakdown of the monoanionic phosphorane favors endocyclic fission
much more clearly than its neutral counterpart. Studies with uridine 3’-
phosphotriesters have shed light to the situation (Mikkola et al. 2002). Let us
consider the mixed isopropyl 2,2-difluoroethyl ester (3) as a model of UpU. The
hydroxide ion-catalyzed isomerization and cleavage of this compound proceed via
a monoanionic phosphorane, analogously to pH-independent isomerization and
cleavage of UpU (Fig. 5). The pK, values of 2,2-difluoroethanol and isopropanol
are 13 and 17, respectively (Ballinger and Long 1960). Accordingly,
2,2-difluoroethoxide ion is a much better leaving group than isopropoxide ion and
comparable to the 5'-oxyanion of nucleosides as a leaving group. Isopropyl group
may be envisaged to take the role of proton within the monoanionic phosphorane.
With 3, the isomerization turns hydroxide ion catalyzed on passing pH 3. Evidently
the 2/-OH is deprotonated in a rapid pre-equilibrium step, and the monoanionic
phosphorane obtained by the attack of the 2'-oxyanion undergoes pseudorotation
and subsequent endocyclic PO3’ fission that completes the isomerization. The
2,2-difluroethoxide group in all likelihood adopts apical position upon formation
of the monoanionic phosphorane and may, hence, depart without pseudorotation.
Still this reaction, the exocyclic cleavage of alkoxide ion, is two orders of magni-
tudes slower than the departure of 3’-oxyanion via pseudorotation and endocyclic
cleavage (Kosonen et al. 1999).

The migration of an anionic alkylphosphate group between the 2’- and 3'-
hydroxy functions is markedly insensitive to the polar nature of the group, the
value being —0.03 4 0.01 (Kosonen et al. 1998b). In striking contrast to 3'-
alkylphosphates, 3'-arylphosphates are isomerized only at pH < 2, and even then
the reaction is slow compared to the cleavage (Oivanen and Lonnberg 1991).
Evidently the 2'/3’-oxygens cannot compete as a leaving group with the aryloxy

group.
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Fig. 5 Reactions of ribonucleoside 3’-phosphodiester (A) and 3’-phosphotriester (B) via a
monoanionic phosphorane intermediate. Tetra-O-alkylphosphorane as a model of monohydric
tri-O-alkylphosphorane

4 Isomerization via Dianionic Phosphorane: Effect
of Intramolecular Hydrogen Bonding

Hydroxide ion-catalyzed cleavage of uridine 3’-phosphodiesters shows a nonlinear
Brgnsted graph, log & vs. pK,'¢, with a convex break around the pK, of the 2/-OH,
which may be taken as compelling evidence for a stepwise mechanism via an at
least marginally stable dianionic phosphorane intermediate (Lonnberg et al. 2004).
Nevertheless, hydroxide ion-catalyzed migration has never been reported. DFT
calculations lend support for the generally accepted assumption that dianionic
phosphorane, if exists, cannot pseudorotate, since the barrier for the transfer of a
negatively charged oxygen from an equatorial to apical position is too high, of the
order of 10 kcal mol ™" (Lopez et al. 2005). Evidently this species is even too short-
lived to pseudorotate via kinetically invisible temporary protonation of one of the
non-bridging oxygens. Studies with a 5'-C-linked phosphonate analogues of ApA
(4a, b in Fig. 6), however, suggest that stabilization of the dianionic phosphorane by
intramolecular hydrogen bonding may allow isomerization. Usually replacement of
the 5’-O with 5’-C has only a minor effect on the rate of isomerization. The
phosphonate analogue of GpU (5), for example, exhibits a pH-rate profile similar
to that of UpU, the phosphonate migration being twice as fast as the phosphate
migration with UpU (Oivanen et al. 1993). In striking contrast, the pH-independent
isomerization of 4a and 4b turns hydroxide ion catalyzed at pH 10 and levels again
off to pH independence at pH > 12 (T = 90 °C). The isomerization, hence, seems
to proceed via a dianionic intermediate at pH > 10 (Lonnberg et al. 2006).
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Fig. 6 Structures of some phosphonate analogues of dinucleoside-3',5’-monophosphates

The 5'-OH of the 5’-C-linked adenosine evidently is responsible for this abnormal
behavior of 4a, b, since their 5'-deoxy analogue (6) does not exhibit a similar
hydroxide ion-catalyzed reaction, but the isomerization rate remains pH indepen-
dent at high alkalinities. Intramolecular hydrogen bonding between the 5'-OH and
phosphorane oxyanion seems to stabilize the dianionic phosphorane to such an
extent that pseudorotation takes place (Fig. 7a). Studies on isomerization of
phosphorothioate triester 7 and its methylated analogue 8 (Fig. 8) lend some
additional evidence for the importance of stabilization of anionic phosphorane
intermediate (although in this case monoanionic one) by intramolecular hydrogen
bonding (Lonnberg et al. 2007). Triester 7 undergoes hydroxide ion-catalyzed
isomerization one order of magnitude faster than 8, most likely due to stabilization
of the intermediate (Fig. 7b).

On the basis of the foregoing conclusions, hydrogen-bond donors in the vicinity
of a phosphodiester linkage expectedly affect the rate and equilibrium of the
phosphate migration between the 2'- and 3’-OH. This subject has recently been
studied by using an analogue of uridylyl-3’,5'-thymidine bearing two aminomethyl
groups at C4’ of the uridine moiety (9 in Fig. 9) as a model (Lain et al. 2013). At, pH
3-5, i.e., when the amino groups are fully protonated, the isomerization is pH
independent, as with UpU. Interestingly, the migration from 3’-O to 2’-O is 50 times
as fast as with UpU, whereas the reverse reaction is not enhanced compared to
2/,5'-UpU, and, hence, the thermodynamic equilibrium is strongly biased on the
side of the 2',5'-isomer (Fig. 10). Owing to shorter distance, the protonated 4'-
aminomethyl substituents reduce the electron density at the 3’-phosphate induc-
tively, electrostatically, and possibly by hydrogen bonding more markedly than at
the 2'-phosphate. For the same reason, nucleophilicity of the 3’-OH is reduced
compared to 2’-OH. Migration from 3’-O to 2/-O through initial formation of
intermediate I is, hence, accelerated compared to UpU, while the influence on
the rate of the reverse reaction by initial formation of I* remains low. Equilibration
of I'and I? evidently is fast.

At pH 7-9, i.e., when the amino groups are largely deprotonated, the isomeri-
zation is approximately as fast as at pH 3-5, but the equilibrium is now biased on
the side of the 3',5'-isomer. The reactions most likely proceed via a minor zwitter-
ionic tautomer having the attacking sugar hydroxy group ionized and one of the
amino groups protonated. The attack of the 2’- or 3’-oxyanion on the monoanionic
phosphodiester linkage gives a dianionic phosphorane that should be too unstable to
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molecular hydrogen bonding
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Fig. 9 A model compound for studies aimed at elucidating the nonbonding and H-bonding effects
of amino groups on the isomerization of RNA phosphodiester linkages
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Fig. 10 Isomerization of bis(aminomethyl) analogue 9 of UpT at pH 3-5
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pseudorotate. Consistent with this expectation, the 3’,5'-isomer seems to undergo
only cleavage to a 2/,3'-cyclic phosphate. The 2',5'-isomer, however, is isomerized
approximately as fast as it is cleaved to cyclic phosphate, suggesting that stabili-
zation of the dianionic phosphorane by intramolecular hydrogen bonding plays
arole.

S Buffer-Catalyzed Isomerization

While the cleavage of RNA phosphodiester bonds is susceptible to general acid
catalysis, the situation is less clear with the isomerization reaction. A modest
general acid catalysis by imidazolium ion has been reported for the isomerization
of UpU (Breslow et al. 1996; Beckmann et al. 1998). For example, upon increasing
the concentration of an imidazole buffer ([B]/[BH'] = 3:7,/ = 1.0 M, T = 80.0
°C) from 0.1 to 0.7 M, the isomerization of UpU was accelerated by a factor of
3. By contrast, increasing the concentration of a somewhat more basic morpholine
buffer even retarded this reaction, although the influence was again rather modest:
on going from 0.2 to 0.8 M buffer ([B]/[BH"] = 9:1), a 40 % rate retardation took
place when the ionic strength was kept constant with NaCl (Breslow et al. 1996).

Studies with 3’-isopropyl and 2-ethoxyethyl phosphates of uridine have not
provided convincing evidence for buffer-catalyzed isomerization, either (Maki
et al. 1999). When the ionic strength was adjusted to 1.0 M with NaCl and the
concentration of imidazole buffer was varied from zero to 0.5 M, the rate constant
for the mutual isomerization of the 2’- and 3'-isopropyl esters was increased by only
44 % and 16 % at the buffer ratio [ImH"]/[Im] 4:1 and 1:4, respectively. With the
2-ethoxyethyl esters, the corresponding rate increments were even more modest,
23 and 0 %, and with uridine 2'/3’-methylphosphonates 25 and 9 %.

In summary, the buffer catalysis of the isomerization reaction is very modest at
pH > 5, the buffer acid being the catalytically active species. The most plausible
mechanism is sequential specific acid general base catalysis: a non-bridging phos-
phoryl oxygen is protonated in a rapid pre-equilibrium step and the buffer base then
deprotonates the attacking hydroxy function concerted with formation of the
pentacoordinated intermediate. Partially rate-limiting pseudorotation may explain
the observed inefficiency of the buffer catalysis.

Isomerization in more acidic carboxylic acid buffers has been studied with
uridine 2'/3’-methylphosphonates (Miki et al. 1999). The rate of isomerization is
proportional to [H*][HA], where HA stands for the buffer acid. The reaction most
likely is subject to sequential specific acid general acid catalysis. Consistent with
these findings, the isomerization of UpU has been reported to be in acetic acid
buffers second order in the concentration of AcOH without any contribution of
AcO™ (Breslow et al. 1996). Evidently rapid initial protonation of one of the
non-bridging phosphoryl oxygens is followed by proton transfer from the buffer
acid to the remaining non-bridging oxygen concerted with rate-limiting attack of
the 2'/3'-hydroxy function on phosphorus. The general acid catalysis is now
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Fig. 11 A dinuclear Zn** OH, OH, 3+
complex that efficiently NH, Zn /Zn\ NH,

cleaves RNA A e A
phosphodiester bonds and | N N |
additionally accelerates the ~ 2 JV ~ P

isomerization
10

indisputable. At [HA] = [A"] =04 M (I = 1.0 M with NaCl), the rate of the
buffer-catalyzed reaction is with acetic, formic, and chloroacetic acid 0.5-, 1.7-, and
5.3-fold, respectively, compared to the buffer-independent rate at the same pH
(Miki et al. 1999).

6 Metal Ion-Promoted Isomerization

Metal ions and their complexes do not usually catalyze the 2//3’-isomerization of
ribonucleoside 3'-phosphodiesters, only their cleavage. Dinuclear Zn** complex 10
(Fig. 11) that, apart from lanthanide complexes, evidently is the most efficient
metal-based cleaving agent of RNA so far reported catalyzes also the isomerization,
although less efficiently than the cleavage (Linjalahti et al. 2008).

A 500-fold rate acceleration has been observed at 1 mM concentration of 10
(Korhonen et al. 2012). It has been suggested that binding of 10 to both
non-bridging oxygens of the phosphodiester linkage sufficiently stabilizes the
dianionic phosphorane to allow it to pseudorotate. Migration of an alkylphosphate
group is only moderately sensitive to the polar nature of the alkyl group, the § value
being —0.5. The kinetic solvent deuterium isotope effect, ky/kp, is 1.5.

Another example of metal ion-catalyzed isomerization is offered by the
phosphoromonothioate analogue of UpU. Zn** has been reported to accelerate at
5 mM concentration the isomerization of this compound by a factor of 6.4 (Ora
et al. 1998). Evidently binding of thiophilic Zn** to the non-bridging sulfur
stabilizes the monoanionic phosphorane intermediate, and, hence, the isomerization
is enhanced, although much less than the cleavage which experiences a 400-fold
acceleration.

7 Effect of Thio Substitution and Alkylation of a
Non-bridging Oxygen on Isomerization

As mentioned above, mutual isomerization of 2’,5’- and 3',5'-phosphoro-
monothiates proceeds by retention of configuration around phosphorus (Oivanen
et al. 1995). According to DFT calculations with various solvation models, mono-
or di-thio substitution does not markedly alter the pseudorotation barriers of neutral
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or monoanionic phosphoranes (Lopez et al. 2004). Desulfurization, however, offers
an additional route for the breakdown of the phosphorane intermediate, and, hence,
the migration of phosphorothioate and phosphorodithioate groups is under neutral
and acidic conditions considerably slower than the phosphate migration, the thio
effects, ko/ks, ranging from 4 to 9 at pH 2—8 (Oivanen et al. 1995; Ora et al. 2000).
In more acidic solutions, the thio effect can be even much larger.

In contrast to thio substitution, alkylation of a non-bridging oxygen dramatically
accelerates the phosphate migration. The half-life is around 40 h at pH 2 at 25 °C,
but since the reaction is first order in hydroxide ion concentration at pH > 3, the
half-life is of the order of seconds under neutral conditions (Kosonen et al. 1994).
The reaction is not markedly susceptible to buffer catalysis (Kosonen et al. 1998a).
Even in cases where apparent buffer catalysis is observed, the buffer-dependent
proportion of the observed rate constant is always less than 50 %. Increasing
electronegativity of the alkyl group modestly accelerates the isomerization, the 3
value being —0.57 £ 0.06 (Kosonen et al. 1999). Under acidic conditions, hydro-
lysis to a diester competes with the migration. The f§ value for the polar influence of
the esterified alcohol is —0.44 £ 0.05.

8 Epilogue

In summary, a sufficiently stable phosphorane intermediate is a prerequisite for
mutual isomerization of ribonucleoside 2’- and 3’-phosphodiesters. Protonation is
the most straightforward way to stabilize the phosphorane, and hence, acidic
conditions favor isomerization compared to cleavage. Good hydrogen-bond donors
in the vicinity of non-bridging oxygens may also provide sufficient stabilization, or
even electrostatic stabilization may facilitate the isomerization. Metal ions, in spite
of their positive charge, are able to promote isomerization only when the binding is
exceptionally tight, a situation that may be best achieved by double Lewis acid
activation with dinuclear metal ion complexes. The fact that protein enzymes or
ribozymes do not enhance isomerization implies that upon formation of a
pentacoordinated intermediate or transition state, the cleavage of the exocyclic P—
05’ bond becomes much more favored than the cleavage of the endocyclic P-O3’
bond. Either interaction with the catalyst prevents pseudorotation by freezing the
02'- and O5’-oxygens to an apical position, or proton transfer to the departing O5' is
much more efficient than to departing O3’. Finally, it is interesting to note that even
most of small molecular catalysts studied so far enhance only the cleavage reaction
(Lonnberg 2011a), which may refer to the importance of the leaving group proton-
ation as a source of preferred exocyclic cleavage.
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Abstract The influences of homogenous molecular crowding on the structures and
thermodynamics of various nucleic acid sequences in aqueous solution have been
reported. Little is known, however, about the behaviors of nucleic acids in hetero-
geneous conditions such as in the presence of liposomes and ionic liquids (ILs). In
this chapter, I discuss the effects of liposome and ionic liquid on the structure,
stability, and function of nucleic acids. A novel DNA sequence sensor based on
unique interactions between the hydrated IL of choline dihydrogen phosphate
(choline dhp) and the groove of the DNA triplex is described. The instability of
Hoogsteen base pairs at neutral pH has been a bottleneck in the progress of DNA
nanobiotechnology, but the use of ILs will allow development of environment-
friendly DNA sensors. The system in this study provides a promising example of
large stabilization of Hoogsteen base pairs by choline dhp, allowing sensing of a
target duplex at neutral pH.
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1 Introduction

Nucleic acids play pivotal roles not only in genetic information storage but also in
various biological functions. Therefore, the structure, stability, and function of
DNA and RNA in living cells are of interest in the medical, pharmaceutical,
biological, chemical, biophysical, and material sciences fields. The stability of
nucleic acid structures depends on the balance of interactions, such as base pairing
and electrostatic interactions, that are sensitive to the environment. In particular,
hydration impacts the structure and function of nucleic acids (Miyoshi and
Sugimoto 2008; Nakano et al. 2009), and the so-called molecular crowding condi-
tions related to osmotic pressure in living cells influence nucleic acid structure and
stability (Zimmerman and Minton 1993). Cell experiences a variety of environ-
mental stresses that reduce or increase the amount of intracellular water. To
overcome water stresses, organisms accumulate low molecular weight compounds
called osmolytes or osmoprotectants that allow cellular processes to continue even
under stress conditions (Yancey 2005; Gilles 1997). We have shown systematically
and quantitatively that the neutral osmolyte polyethylene glycol (PEG) affects the
thermodynamic stability of nucleic acid structures (Nakano et al. 2004; Miyoshi
et al. 2006b, 2009). It is also known that Watson—Crick and Hoogsteen base pair
formations are associated with hydration and dehydration, respectively (Miyoshi
et al. 2009).

Both homogenous and heterogeneous conditions are found in environments
where biomolecules, such as nucleic acids and proteins. Biomembranes of organ-
elles separate certain biomolecules from the rest of the cellular environment
(Lodish et al. 2008). In eukaryotic cells, the nuclear membrane is a highly orga-
nized double lipid bilayer membrane that surrounds the nuclear genome. Nuclear
membranes serve not only as physical boundaries but also may be involved in
chromatin function and gene expression (Reddy et al. 2008). These membranes are
also physically linked with the endoplasmic reticulum and contain various proteins.
As demonstrated by the fact that membrane proteins are over half of recently
validated pharmaceutical targets (Katzen et al. 2009), regulation of their expression
is extremely important.

DNAs can undergo structural transitions in response to environmental stimuli
(Ohmichi et al. 2005; Miyoshi et al. 2006a, 2007; Liu and Lu 2007; Seeman 2003;
Venkatesan et al. 2008; Taton et al. 2000). Researchers have taken advantage of the
switching properties of DNA that depend on stimuli to develop DNA-based mate-
rials such as sensors (Ohmichi et al. 2005; Liu and Lu 2007), logic devices (Miyoshi
et al. 2006a), circuits (Seeman 2003), and drugs (Balasubramanian et al. 2011). We
have developed logic devices that respond to input molecules (e.g., pH and cations)
that monitor the change in DNA structure from G-quadruplexes to duplexes, and
these are of considerable interest in DNA computing (Miyoshi et al. 2006a, 2007).

In this chapter, I discuss the effect of liposomes on the structure and stability of
DNA and RNA G-quadruplexes and the effect of ionic liquid (IL) on the stabilities
of Watson—Crick and Hoogsteen base pairs. Quantitative thermodynamic analyses
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show that A-T base pairs are more stable than G-C base pairs in the hydrated IL
because of specific interactions between DNA bases and choline. Moreover, a novel
DNA sequence sensor based on unique interactions between a hydrated IL of
choline dihydrogen phosphate (choline dhp) and the groove of the DNA triplex is
described. The presence of ILs alters the relative stabilities of Hoogsteen and
Watson—Crick base pairs at neutral pH. The instability of triplex structures at
neutral pH has been a bottleneck in the progress of DNA nanobiotechnology. The
system in this study provides a promising example of large stabilization of
Hoogsteen base pairs by choline dhp, allowing sensing of a target duplex at neutral
pH, that will allow development of environmentally friendly DNA sensors.

2 Nucleic Acids with and on Liposomes

The G-quadruplex structures that can be formed by DNA and RNA are attracting
wide attention not only due to their biotechnological applications but also because
they are important structures in biological reactions such as telomere elongation,
transcription, and translation (Belotserkovskii et al. 2010; Bugaut and
Balasubramanian 2012; Lam et al. 2013). The structural diversity of the
G-quadruplexes is associated with the environmental conditions and sequence
(Gray et al. 2012; Heddi and Phan 2011; Phan et al. 2006; Trajkovski et al. 2012;
Mukundan and Phan 2013). In living cells, a variety of organelles, biomolecules,
and other soluble and insoluble components result in a heterogeneous and crowded
environment. To better predict the behavior of the noncanonical structures of
nucleic acids such as the G-quadruplexes in cells, the structure and stability of
the nucleic acids under conditions of molecular crowding induced by both
non-interacting (Nakano et al. 2004; Miyoshi et al. 2006b, 2009; Pramanik
et al. 2011a) and interacting cosolutes (Pramanik et al. 2011b) have been studied.
The intracellular environment is also associated with micro-phases and micro-
domains. We recently investigated the importance of heterogeneous confined
media in cell nucleus using reverse micelles and found that a significant fraction
of the telomeric region of genomic DNA adopts noncanonical tetraplex structures
under these conditions (Pramanik et al. 2012).

The biomembranes of organelles separate certain biomolecules from the rest of
the cellular environment (Lodish et al. 2008). The phospholipid bilayer is the basic
building block of biomembranes. Phospholipid molecules generally consist of
hydrophobic tails (two fatty acids) and a hydrophilic head group (Lodish
et al. 2008). Liposomes are simple artificial systems that mimic biomembranes.
Liposomes have been used to study the dynamics and structural features of many
cellular processes (Kunimoto et al. 2003). For example, it has been demonstrated
that a membrane surface can regulate transcriptional activity of genomic DNA by
inducing conformational transitions (Tsuji and Yoshikawa 2010). Moreover, the
efficiency of in vitro gene expression is enhanced in the presence of liposomes
(Noireaux and Libchaber 2004). We recently showed that the formation of a
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G-quadruplex in an open reading frame (ORF) suppresses translation of the mRNA
into protein (Endoh et al. 2013). Although most proteins are translated on free
ribosomes in the cytoplasm, translation of membrane proteins occurs on ribosomes
bound to the membrane surface (membrane-bound ribosome) (Lodish et al. 2008).
The structures of mRNAs that encode membrane proteins might be affected by this
proximity to the membrane, and this might affect the efficiency of translation.
Therefore, detailed studies of the G-quadruplex formation in the presence of a
biomembrane-mimicking surface are required to elucidate how biomembranes
affect the biological functions of these nucleic acids at the molecular level.

We investigated the effect of liposomes on the structure and stability of DNA
and RNA G-quadruplexes. The sequences of the oligonucleotides studied are those
of the human telomeric DNA sequence 5'-TAG,TTAG,TTAG,TTAG,-3" (G,:
n = 2,3, and 4) (Fig. 1a). We used zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) to form liposomes, because POPC is a component of
eukaryotic biomembranes (Fig. 1b). Since cholesterol-based anchoring molecules
are also found in eukaryotic membranes and these molecules can be incorporated
into lipid membranes without disrupting the bilayer structure, we modified the 5’
end of certain oligonucleotides with different numbers of the cholesteryl-
triethyleneglycol (TEG) spacers (mcG,: m = 1, 2, 3, and 4) to induce binding of
the DNAs to the liposome surface (Fig. 1c). We also used a cholesterol-modified
RNA  oligonucleotide ~ with a  TEG  spacer, 5'-cholesteryl-TEG-
UAG3UUAG3UUAG3UUAG3-3/ (1CfG3).

The structure of oligonucleotides was studied by circular dichroism
(CD) spectroscopy in both the absence and presence of liposome. We used a buffer
containing 10 mM sodium phosphate (pH 7.0), 10 mM NaCl, and 1 mM Na,EDTA
throughout this work. The CD spectra of 20 pM of all G, (n = 2, 3, and 4)
oligonucleotides in the absence of liposome had a positive peak around 295 nm
and a negative peak around 260 nm, indicating formation of a basket-type, anti-
parallel G-quadruplex structure. The cholesterol-tagged 1cG,, (n = 2, 3, and 4)
oligonucleotides also formed antiparallel G-quadruplex structures in the absence of
liposome. In the presence of 2 mM POPC, the CD signatures of G,;s and 1cG,;s were
unaltered compared to those in the absence of liposome, indicating that the lipo-
somes studied here induced no structural changes in the oligonucleotides.

We also evaluated the effect of liposomes on the G-quadruplex stability using
CD spectroscopy. For 1¢Gs, successive increase of temperature from 0 to 90 °C
resulted in decrements and increments of the positive and negative peak intensities,
respectively, with clear isodichroic points in the absence and presence of 2 mM
POPC. This finding indicates that 1cG3 undergoes a two-state transition under these
conditions. The CD peak intensities of oligonucleotides with different numbers of
guanines were recorded as a function of temperature to investigate the stability of
G-quadruplexes in different conditions. The thermal stability for G; was the same in
the absence of POPC and in the presence of 0.5, 1, and 2 mM POPC (the melting
temperature, T,,, was 43.5 °C). In contrast, the thermal stability of the cholesterol-
conjugated 1cG; decreased as the concentration of POPC increased (Table 1).
Structures formed by 1cG, and 1cG,4 were also destabilized in the presence of
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POPC. These data suggest that the thermal stability of these DNA G-quadruplexes
depends on location of the oligonucleotide with respect to the liposome surface.

To gain insight into how the lipid—water interface alters the stabilities of the
G-quadruplexes, we extracted thermodynamic parameters from melting curves as
described previously (Nakano et al. 2004; Miyoshi et al. 2006b, 2009; Pramanik
et al. 2011a). The calculated thermodynamic parameters for the formation of
G-quadruplexes in each POPC concentration are shown in Table 1. The value of
AG°,5 (free energy change at 25 °C) for 1cG; increased from —3.1 to
—1.2 kcal mol ™" as the POPC concentration increased from 0 to 2 mM. The values
of AH° and TAS® for formation of the G-quadruplex also increased as the POPC
concentration increased from 0 to 2 mM (Table 1). Thus, the 1cG3; G-quadruplex
was destabilized by the liposome due to an unfavorable enthalpic contribution. Like
the DNA G-quadruplex, the RNA G-quadruplex (1crG;) was also destabilized in
the presence of POPC liposome due to an unfavorable enthalpic contribution
(Table 1). Structures formed by 1cG, and 1cG4 were also destabilized in the
presence of liposome, again due to unfavorable enthalpic contributions. We
reported recently that choline ions bind to bases of single-stranded DNA, especially
unpaired guanines, and decrease duplex stability with an unfavorable enthalpic
contribution (Tateishi-Karimata and Sugimoto 2012). It is likely that the choline
group at the lipid interface bound to the guanine bases of 1cG,, resulting in the
decreased G-quadruplex stability.
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Table 1 Thermodynamic parameters for formations of the G-quadruplex structures of mcG,, and

N. Sugimoto

1erGs?

Lipid concentration (mM) AH° (kcal mol’l) TAS® (kcal molfl) AG® »5 (kecal mol’l) Tm (CO)
]CGZ

0.0 -30.7 —29.3 —14 38.5
2.0 —26.6 —-25.7 -0.9 33.0
]CG3

0.0 —40.0 -36.9 -3.1 50.0
0.5 -30.7 —28.4 23 48.5
1.0 —23.3 -21.9 —14 439
2.0 —-22.1 -20.9 —-1.2 40.5
1cGy

0.0 —62.1 —54.7 —-7.4 65.5
2.0 —38.1 —-339 —4.2 59.5
2c¢G;

0.0 —43.1 —40.2 -29 46.0
2.0 —-27.8 —-26.4 —14 40.5
3¢G;

0.0 —40.2 -37.9 2.3 42.0
2.0 -31.7 -30.3 —14 38.0
4CG3

0.0 —43.3 —41.1 2.2 40.0
2.0 —-33.1 -31.8 —-1.3 36.0
lcrGs

0.0 —45.8 —40.6 -52 62.5
2.0 —-23.5 —-22.0 —-1.5 54.5

#All experiments were carried out in a buffer containing 10 mM sodium phosphate (pH 7.0),
10 mM NaCl, and 1 mM Na,EDTA with or without POPC. Melting temperatures were measured at
a total strand concentration of 20 pM

To confirm the effect of the number of guanines on the G-quadruplex stabilities
in the presence of liposome, we evaluated the extent of change of thermodynamic
parameters (AX = (X of G-quadruplex formation in the presence of
liposome) — (X of G-quadruplex formation in the absence of the liposome); X:
AH°, TAS®, and AG®,5). In the presence of 2.0 mM liposome, the AAG®,5 values
were estimated to be +0.5, +1.9, and +3.2 kcal mol~! for 1cG,, 1¢Gs, and 1cGy,
respectively (Fig. 2). The destabilization was correlated with the number of gua-
nines in the oligonucleotide. Thus, we suggest that the G-quadruplexes were
destabilized at the liposome surface due to the binding of choline to the guanine
bases. To determine the importance of proximity to the liposome surface on the
G-quadruplex stability, we incorporated different numbers of TEG spacers between
the oligonucleotide and the cholesterol group. Oligonucleotides 2¢G;, 3c¢Gs, and
4cGj3 have the same G-quadruplex forming sequence but differ in the spacer length.
In the presence of liposome, all were destabilized compared to stability in the
absence of liposome. With increasing spacer length, however, the values of the net
free energy change (AAG®,s) decreased (Fig. 3). This is due to the fact that
additional spacer length moves the G-quadruplex structure away from the liposome
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Fig. 3 (a) Schematic representation of the location of G-quadruplex structures at the liposome
surface as a function of spacer (TEG) length. (b) AAG®;s in the presence of 2.0 mM POPC
liposome for 1¢G3, 2¢Gg3, 3¢G3, and 4cG3

surface and the membrane surface effects on the G-quadruplex stability become
less significant.

In order to mimic the crowding and the presence of biomembranes found inside
cells, we also performed experiments in the presence of a crowding reagent poly
(ethylene glycol) with a molecular weight of 200 (PEG 200). G-quadruplex forma-
tion by Gz and 1c¢G; was studied in buffers containing 1 M PEG 200 (20 wt%) in the
absence and presence of 2mM POPC. For G5, T},;s of the transitions were 51.5 °C in
both the absence and presence of 2 mM POPC. For 1cGs, T,,s were 52.5 and
49.0 °C in buffers containing PEG in the absence and presence of POPC, respec-
tively. These results demonstrate that even in the presence of PEG 200, the thermal
stabilities of G-quadruplexes are unaltered when they are in solution in the presence
of liposomes but are decreased when they were located at the liposome surface.
Consequently, the location of the nucleic acid with respect to membrane surface has
more effect on stability of G-quadruplex structure than does the crowded condition.

We showed previously that histone H3 tail and nuclear confinement can stabilize
G-quadruplex structures (Pramanik et al. 2011b, 2012). Based on our data, we
suggest that it is possible that G-quadruplexes unfold when they are located at the
membrane surface. Thus, chromatin function and levels of gene expression could
be regulated by altering the stability of DNA G-quadruplexes by varying their
proximity to nuclear membranes. Moreover, when the mRNAs encoding membrane
proteins are located in the cytosol, the G-quadruplex structure would prevent the
mRNA from binding to protein factors. In contrast, during the course of membrane
protein translation, the mRNAs proximity to the membrane surface may serve to
dissociate G-quadruplexes structures and increase the efficiency of protein
synthesis.
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3 Nucleic Acids in a Hydrated Ionic Liquid

Ionic liquids (ILs) are used as green solvents in the field of nanotechnology and
nanobiotechnology as they provide favorable environments for a wide range of
chemical reactions (Welton 1999; Seddon 2003; Fujita et al. 2007; Fujita and Ohno
2010). Biomolecules, especially nucleic acids, are not sufficiently stable in an
aqueous solution for practical use in nano-machines (Fujita and Ohno 2012).
Nucleic acids are susceptible to degradation by contaminating nucleases and to
unproductive aggregation (Sasaki et al. 2007). Furthermore, aqueous solutions are
useless in small-volume solution technologies, since water immediately vaporizes
when used in small volumes under open air conditions or at high temperature
(Armand et al. 2009). Consequently, atmospheric biosensing technology requires
nonaqueous solutions. Certain remarkable features of ILs make these liquids
attractive alternatives to water. For example, a representative IL, choline
dihydrogen phosphate (choline dhp), dissolved in a small amount of water
(~20 wt%) ensures long-term stability of biomolecules like DNA and has a negli-
gible vapor pressure (Vijayaraghavan et al. 2010). Thus, ILs should be suitable
reaction media in small-volume wet devices. Certain structural properties of bio-
molecules are drastically changed due to interactions with ILs, and it is possible to
take advantage of this effect of ILs. For example, we recently proved that A-T base
pairs are more stable than the G-C base pairs in choline dhp due to specific
stabilizing interactions between choline and bases in both grooves (Tateishi-
Karimata and Sugimoto 2012). This result suggests that one can take advantage
of the unique interactions between choline dhp and DNA to develop DNA devices.

One of the most convenient methods for controlling DNA stability is through
changes in cosolute and cosolvent conditions (Nakano et al. 2004; Miyoshi
et al. 2005, 2006b). The formation of Hoogsteen base pairs is stabilized by the
addition of cosolutes such as polyethylene glycol and glycerol, although these base
pairs are still less stable than Watson—Crick base pairs in these cosolutes (Goobes
and Minsky 2001; Miyoshi et al. 2006b, 2009). A triplex consisting of T-A*T base
triplets (the dash and asterisk indicate the Watson—Crick and Hoogsteen base pairs,
respectively) is stabilized in a deep-eutectic solvent containing a choline ion that is
similar to an IL (Mamajanov et al. 2010). It has been also suggested that molecules
that bind to grooves of A-T-rich duplexes will bind to the major and minor groove
in a triplex, stabilizing the triplex structure (Arya 2011; Willis and Arya 2010; Arya
et al. 2001; Xi et al. 2010). Therefore, we hypothesized that the presence of a
hydrated IL would stabilize Hoogsteen base pairs in a triplex.

Here, we investigated the formation of DNA triplexes in the hydrated IL of
choline dhp using the thermodynamic analysis. We designed and synthesized
oligonucleotides to form three intermolecular DNA triplexes (Ts1, Ts2, and Ts3)
with different G*C pairs formed by the third strand (Fig. 4). Three intermolecular
double-stranded DNAs (Dsl1, Ds2, and Ds3) of the same sequences of Watson—
Crick base pairs as in Ts1, Ts2, and Ts3 were also prepared (Fig. 4). We measured
normalized UV melting curves at 260 nm for 30 pM triplexes and also at 295 nm,
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because the dissociation of Hoogsteen base pairs can be specifically monitored at
this wavelength (Miyoshi et al. 2009). When a melting curve for triplexes has two
sigmoidal melting transitions, one corresponds to melting of the duplex and the
other to dissociation of the triplex strand. If two transitions occur at 260 nm, the one
with the same midpoint as that of the melting transition observed at 295 nm is
assumed to correspond to the dissociation of Hoogsteen base pairs (T, p). A
transition observed only at 260 nm corresponds to dissociation of Watson—Crick
base pairs (T, w). If UV melting curves at 260 nm and 295 nm have single
transitions with very similar 7,,;s, this indicates that the Hoogsteen and Watson—
Crick base pairs dissociate at the same temperature (T,.g&w).

The melting curves of Tsl in 4 M NaCl showed single sigmoidal melting
transitions with almost the same T,,s at 260 nm and 295 nm, suggesting that
Watson—Crick and Hoogsteen base pairs dissociated at the same time. The melting
curves for Ts2 in 4 M NaCl at 260 nm had two sigmoidal melting transitions. The
lower temperature transition corresponded to the dissociation of Hoogsteen base
pairs, because the T, value was similar to that of the transition at 295 nm, whereas
the higher temperature transition corresponded to the dissociation of Watson—Crick
base pairs. Ts3 in 4 M NaCl solution showed one sigmoidal melting transition at
260 nm but no transitions at 295 nm, indicating that under these conditions third
strand binding via Hoogsteen base pairing did not occur. Moreover, in the NaCl
solution, the Ty, values of Ds3 were almost identical to the T, values for Ts3 in4 M
NaCl solution at 260 nm (Table 2). This indicates that the transitions for Ts3 and
Ds3 correspond to dissociations of duplex. The T,,,_w values for Ds1, Ds2, and Ds3
increased with increasing G-C base pair content, because the G-C base pairs are
more stable than the A-T base pairs in this solution. In contrast, the T, i value of
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Table 2 Melting temperatures at 260 nm for DNA triplexes and duplexes in 4 M NaCl and in4 M
choline dhp*

Tn(°C)°
NaCl Choline dhp NaCl  Choline dhp
Sequence Ty Twmw  Tmu&w  Thu&w To-w Tom-w
Tsl [2]° 39.4 55.5 Dsl [2]* 438 514
Ts2 [4] 14.5 48.1 49.3 Ds2 [4] 47.5 43.2
Ts3 [6] nd® 516 37.3 Ds3 [6] 51.2 40.2

#All experiments were carried out in buffers containing 50 mM Tris (pH 7.0), 1 mM Na,EDTA,
and either 4 M NaCl or 4 M choline dhp

®Total DNA strand concentration of triplexes and duplexes were 30 and 20 pM, respectively
“The number of G*C Hoogsteen base pairs is shown in parentheses

9The number of G-C Watson—Crick base pairs is shown in parentheses

°n.d. indicates that the T,,, was too low to be determined

Ts3, which had the most G*C base pairs, was too low to be determined because
G*C base pairs are unstable at neutral pH in aqueous solution (Plum et al. 1990).

In contrast, UV melting curves for Tsl, Ts2, and Ts3 in 4 M (80 wt%) choline
dhp solution showed each clear sigmoidal melting transition with almost the same
T.ys at 260 nm and 295 nm (Table 2). In the hydrated IL, therefore, Ts1, Ts2, and
Ts3 formed the triplexes even at pH 7.0, and the stability of Hoogsteen base pairs
was comparable to that of the Watson—Crick base pairs. The extent of stability
differences in NaCl vs. choline dhp depended on G-C base pair content and likely
resulted from specific interactions between DNA bases and choline ions (Tateishi-
Karimata and Sugimoto 2012). The T,,.y&w values for Tsl, Ts2, and Ts3 in the
choline dhp solution were higher than the T,y values for Dsl, Ds2, and Ds3
(Table 2), respectively, although Ts3 did not form triplexes in the NaCl solution,
suggesting that the duplex structures were also stabilized by the binding of third
strand. These results show that choline dhp stabilized the formation of Hoogsteen
base pairs independently of sequence, although the stability of Watson—Crick base
pairs was destabilized or stabilized by choline dhp depending on G-C content
(Tateishi-Karimata and Sugimoto 2012). The stabilization of Hoogsteen base
pairs in choline dhp is very significant as compared to stabilization observed in
previous studies with triplex-forming oligonucleotides with DNA backbone mod-
ifications (Chen et al. 2008; Mergny et al. 1991; Sugimoto et al. 2001). Moreover,
we evaluated melting of Ts1, Ts2, and Ts3 in 4 M choline chloride at pH 7.0, which
is not a hydrated IL. The T, values of all the triplexes increased in the choline
chloride solution relative to those in the NaCl solution, although the choline dhp
stabilized the triplex structure more significantly than choline chloride. In both
cases, the stabilization is due to an interaction between choline ions and DNA
atoms.
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4 New Sensing System for DNA Sequences

Systems for sensing particular DNA sequences, including single nucleotide poly-
morphisms (SNPs), are important in the fields of medicine and nanobiotechnology
(Shen et al. 2013; Krieg et al. 2004; Erdogan et al. 2001; Gao et al. 2013; Gresham
et al. 2006; Kawai et al. 2010). Traditional methods for sensing DNA sequences,
like molecular beacons, DNA microarrays, and in situ hybridization, are based on
the formation of A-T and G-C Watson—Crick base pairs between target sequence
and probe DNA (Drummond et al. 2003; Lee et al. 2010; Schena et al. 1995;
Francois et al. 1988). In general, duplexes of fully matched A-T and G-C base
pairs are much more stable than those with mismatched base pairs; therefore, an
optimally designed probe DNA can discriminate completely complementary target
sequence from one that contains mismatches due to differences in thermodynamic
stability. Certain mismatches, such as the G-T mismatch (Ebel et al. 1992; Leonard
et al. 1990), are quite thermodynamically stable, and the stability depends on where
the mismatch is located within the duplex (Leonard et al. 1990). In fact, about 30 %
of SNPs result in G-T mismatches between target and probe (Gu et al. 1991; Mokry
et al. 2010), and these mismatches cannot be readily discriminated from perfectly
complementary strands using conventional probe technologies. The formation of
thermodynamically stable mismatched duplexes is thus a bottleneck to develop-
ment of sensing systems for DNA sequences.

In a triple helix, a third strand, also called the triplex-forming oligonucleotide,
binds with sequence specificity via A*T and G*C base pairs in the major groove of
a Watson—Crick base-paired DNA duplex (Chen et al. 2008; Mergny et al. 1991;
Sugimoto et al. 2001). If there is a mutation of an A-T to a G-C base pair in the
duplex, as is observed with an SNP, the Hoogsteen pair will be also mismatched.
Thus, the triplex is a promising recognition motif for sequence-specific sensing of
double-stranded DNA targets (Grossmann et al. 2007; Patterson et al. 2010). Use of
triplex sensors simplifies the detection protocol as traditional methods of DNA
sequence detection require the generation of single-stranded DNA prior to analysis.
However, in an aqueous buffer at neutral pH, triplex formation is stable only at
certain sequence motifs (Plum et al. 1990; Wu et al. 2001). In polypurine tracts, for
example, found in HIV-1 provirus and triplet repeat diseases, cytosines in the third
strand must be protonated at N3 (pK, = 4.5) to form C-G*C* base triplets
(Patterson et al. 2010). Therefore, formation of C-G*C" base triplets is pH depen-
dent and disfavored at neutral pH, although the formation of T-A*T base triplets is
not pH dependent (Sugimoto et al. 2001). Triplexes of mixed G and A sequences
are not stable at neutral pH (Sugimoto et al. 2001). Moreover, even under acidic
conditions, Hoogsteen base pairs are less stable than Watson—Crick pairs. Despite
considerable efforts over the past decade, the instability of triplexes continues to
limit their biological applications.

To take advantage of the large stabilization of triplex formation by choline dhp
to develop the new sensing systems of the double-stranded DNA, we designed a
29-mer DNA molecular beacon (Fig. 5a) (Bonnet et al. 1999). This molecular
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Fig. 5 (a) Schematic illustration of molecular beacon detection system. (b) Sequences of the
DNAs used in this study. Probe DNA and target duplexes Ds4, Ds5, Ds6, and Ds7 form DNA
triplexes. (¢) Emission spectra recorded at 25 °C for 2 pM probe DNA in NaCl (black) and in
choline dhp (yellow) and for 2 pM probe DNA and 2 pM Ds4 in NaCl (green) and in choline dhp
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beacon can form a hairpin to bring a 5" fluorophore (6-carboxylfluorescein, 6-FAM)
and a 3’ quencher (Black Hole Quencher 1, BHQ1) into close proximity (Bonnet
et al. 1999). The probe DNA is complementary to a conserved HIV-1 sequence
(Fig. 5b) (Patterson et al. 2010; Turner et al. 2008). Upon binding to the target
duplex (Ds4), the molecular beacon should fluoresce. Figure Sc shows the fluores-
cence spectra of 2 pM probe DNA in the absence and presence of 2 pM Ds4 at
25 °C. The fluorescence intensity of 6-FAM at 520 nm (excitation wavelength was
494 nm) in the absence of target duplex was very small in both NaCl and choline
dhp solutions. In the presence of Ds4, the fluorescence intensity of 6-FAM at
520 nm in 4 M NaCl and 4 M choline dhp solutions were 45.7 and 609, respectively.
Thus, the interaction of the probe DNA with Ds4 was significantly stabilized in
choline dhp solution relative to NaCl solution at pH 7.

To determine whether our sequence sensing system was able to discriminate the
fully complementary target sequence from a sequence with a single nucleotide
mutation in the Hoogsteen base pairs, we designed three DNA duplexes, Ds5, Ds6,
and Ds7 (Fig. 5b), with mismatches relative to Ds4. The thermal denaturation of
Ds4, Ds5, Ds6, and Ds7 in the presence of the DNA probe was examined (Fig. 5d).
The probe DNA and Ds5, Ds6, or Ds7 form the triplexes with the T*C, T*G, or T*T
mismatches in Hoogsteen base pairs, respectively. The values of AT, the differ-
ence between the melting temperature of perfectly matched probe with Ds4 and the
melting temperature of probe with the mismatched sequences, in the choline dhp
solution were 13.1, 18.3, and more than 25 °C (Fig. 5d), respectively. In general, the
detection of T-G mismatches in the duplex is difficult with molecular beacons
because these mismatches are more stable than other mismatches. Our sequence-
detection system employing the IL resulted in selective hybridization of molecular
beacon with target DNA that was fully complementary to the probe but not to the
mismatched sequences. Ricci and coworkers reported an electrochemical sensor for
the detection of the target duplex of HIV-1 PCR amplicons that employs triplex-
forming oligonucleotides that can detect their target at as low as 10 nM (Patterson
et al. 2010). Our simpler sensing system has a comparable sensitivity.

5 Perspectives

Our experimental findings revealed that thermal stability of DNA and RNA
G-quadruplex structures depends on the location of the molecules with respect to
a liposome surface. The stabilities of G-quadruplex structures decreased signifi-
cantly when they were located at the liposome surface compared to those in the
solution along with liposome. We observed no additional destabilization in the

Fig. 5 (continued) (red) solutions. (d) Normalized fluorescence melting curves for DNA triplexes
of probe DNA and Ds4 (red), Ds5 (blue), Ds6 (green), and Ds7 (orange) in solution containing
50 mM Tris (pH 7.0), 1 mM Na,EDTA, and 4 M choline dhp
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presence of PEG. Consequently, G-quadruplex stability appears to be regulated by
membrane surfaces but not by crowding. Such destabilization of G-quadruplex
structures originates from the unfavorable binding of the phospholipid head group
to the guanine bases of DNA and RNA.

We have also demonstrated a direct and sequence-specific sensing system for
double-stranded DNA enabled by a significant stabilization of Hoogsteen base pairs
in choline dhp solution. Our new sensing system can specifically detect target
duplex at concentrations as low as 30 nM. Hydrated ILs, such as choline dhp
used in our study, are nonvolatile, green solvents and good media for nanotechnol-
ogy. Although the sensitivity of our system must be improved in order for it to find
utility in diagnostic applications, our system surpasses previously reported sensing
systems in both sequence specificity and simplicity. The DNA duplex sensor
described based on the unique interactions between ILs and DNAs brings develop-
ment of environmentally friendly, low-volume DNA sensors closer to reality.
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Abstract Oxidatively damaged RNA has recently gathered more attention and has
been closely related to different neurodegenerative diseases. The principles of
oxidative stress and its influence on nucleic acids are reported. In contrast to
DNA oxidative lesions of RNA have been scarcely described in the literature so
far. These known stable RNA base modifications which arise under oxidative stress
are reviewed here with regard to their biophysical properties and their potential
mutagenicity. Furthermore the possible mechanisms of how cells deal with oxi-
dized RNA are discussed. Posttranscriptional RNA modifications and the oxidation
of RNA as an early event in several neurodegenerative diseases are not in the scope
of this review.
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1 Introduction

Oxidation of DNA has been known for over 40 years and considerable efforts have
been made to describe the generation, metabolism, and repair of such lesions. The
progress in this field is a recurrent topic in review articles (Cadet et al. 2010;
Barciszewski et al. 1999). Unlike in DNA, RNA oxidative damage has not been in
the focus of research until the past decade. This might be due to the assumed
transient nature of RNA. Nonetheless it has been shown that most mRNAs have an
average half-life of ~7 h in mouse cells and ~10 h in human cells, attributing the
small percentages of mRNA with considerable lower half-lives to transcription
factor mRNAs (Yang et al. 2003; Sharova et al. 2009). Moreover mRNA just
accounts for a few percent of total RNA in cells, whereas the majority of RNA
includes stable tRNA and rRNA which have considerably lower turnovers: the half-
lives in vitro are estimated to be in the range of several hours to days for tRNA and
several days for rRNA (Defoiche et al. 2009).

In the recent years the central dogma of RNA being “the messenger in the
middle” between DNA and proteins had to be expanded by the disclosure of the
activities of non-protein-coding RNAs (ncRNA): while over 85 % of our genome is
transcribed to RNA, the known protein-coding gene exons only account for less
than 3 % of the human genome (Hangauer et al. 2013). Such ncRNAs have been
linked to diverse regulatory mechanisms (Nelson and Keller 2007).

Overall these data imply that oxidative damage to RNA could in principle have a
strong and probably so far underestimated impact on different cell mechanisms.
Recently, oxidatively damaged RNA has been closely linked to aging, a still
growing number of neurodegenerative and other diseases (Poulsen et al. 2012).
The data suggest that RNA oxidation is an early event in disease rather than the
effect of cell decay (Shan et al. 2007; Chang et al. 2008). The progress in this field
has been thoroughly reviewed elsewhere (Nunomura et al. 2009; Poulsen
et al. 2012).

It is a long known fact that RNA is hydrolytically less stable than DNA due to
the fact that the 2’-hydroxyl group of the ribose undergoes cyclophosphate forma-
tion with the 3’-O-phosphate under basic conditions which leads to strand cleavage.
Compared to DNA, purified RNA is known to have a greater chemical oxidative
stability (Thorp 2000). Nevertheless RNA is considered to be more prone to
oxidation due to its higher abundance in cells, its extensive subcellular distribution
(vicinity to mitochondria), and lesser association with protective proteins
(Li et al. 2006). Indeed it has been found that in mitochondrial DNA there is a
16-fold higher abundance of 8-oxo-dG compared to nuclear DNA in rat liver. This
has been explained by the spatial vicinity of the oxygen metabolism, the absence of
histones in mitochondria, and the relatively inefficient DNA repair (Richter
et al. 1988). Moreover it was shown recently that in H,O,-treated E. coli cells,
levels of 8-oxo-rG in rRNA were the same or even higher than that for
non-ribosomal RNA (Liu et al. 2012). According to the authors the results are
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consistent with the observation of rRNA oxidation in vivo and suggest that complex
structures and association with proteins do not protect rRNA from oxidation.

It has been found that oxidative stress causes greater damage to RNA than DNA
in different mammalian cells: the basic levels of 8-oxo-rG in RNA increase up to
the fivefold after oxidative stress and are 10-25 times higher than for 8-oxo-dG in
DNA (Fiala et al. 1989; Shen et al. 2000; Hofer et al. 2005, 2006).

2 Definition of Reactive Oxygen and Nitrogen Species
and Their Properties

Reactive oxygen and nitrogen species are collective terms for either oxygen or
nitrogen containing molecules, radical or nonradical, that act as oxidizing agents or
that can be easily converted into radicals.

Reactive oxygen and nitrogen species (ROS, RNS) are either produced endog-
enously as natural by-products of the normal cellular metabolism of oxygen and
nitrogen or from exogenous sources like tobacco, drugs, xenobiotics, and ionizing
radiation. Under oxidative stress, which implies an imbalance between the gener-
ation of ROS and the system’s capability of neutralizing ROS or subsequent
damage, these reactive intermediates may damage a wide spectrum of vital cell
compounds like nucleic acids, amino acids, and unsaturated fatty acids.

With regard to nucleic acid damage the main reactive oxygen species include
hydrogen peroxide (H,0,), singlet oxygen ('0,), and the radical species superoxide
("O,7) and hydroxyl radical ('OH). Reactive nitrogen species include peroxynitrite
(ONOQ™), nitric oxide ("NO), and nitrogen dioxide (‘'NO,). Endogenous sources of
ROS mainly include the mitochondrial respiratory chain, NADPH oxidases (NOX),
and 5-lipoxygenases (LOX) among others which mainly form the primary ROS
‘0O, (Nathan and Cunningham-Bussel 2013). Mitochondria are among the most
reactive organelles in the cell and consume nearly 90 % of the total oxygen content
(Bolisetty and Jaimes 2013). Overall seven sites of superoxide production are
known (Brand 2010). In the mitochondrial respiratory chain up to 5 % of the
electrons flowing through the electron transport chain can be abstracted mainly at
the levels of complex I (NADH/CoQ reductase) and complex III (ubiquinol/cyto-
chrome c reductase) to form ‘O, (Novo and Parola 2008; Lenaz 2012). Superox-
ide, having a quite short half-life and low reactivity, is readily converted to
hydrogen peroxide by superoxide dismutase (SOD), as depicted in Fig. 1. The
further inactivation of H,O, is catalyzed by a series of enzymes including gluta-
thione peroxidase (GPX), peroxiredoxins (PRX), thioredoxin, or catalase in perox-
isomes. Compared to ‘O,~, hydrogen peroxide is electrophobic and can easily
diffuse across membranes. It was found that the concentration of H,O, in mito-
chondria is about 100 times higher compared to O, (Cadenas and Davies 2000).
In the presence of divalent metal ions H,O, can further react in Fenton-type
reactions to yield the highly reactive hydroxyl radical.
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Fig. 1 Main ROS (red) and RNS (blue) formed in cells. Superoxide is generated mainly in
mitochondria or by NOX and LOX (a) and is further dismuted by superoxide dismutase (SOD) to
form hydrogen peroxide (b). H,O; is then further metabolized to water by glutathione peroxidases
(GPX) or other enzymes (c). Reactive hydroxyl radicals are produced by Fenton-type reactions of
H,0; in the presence of Fe?* (d). Nitric oxide is formed in the conversion of L-arginine to citrulline
by nitric oxide synthases (NOS) (e) and readily forms peroxynitrite upon reaction with superoxide
(f). Reaction of peroxynitrite with carbon dioxide yields nitrite and carbonate radicals (g), while
peroxynitrous acid generates hydroxyl and nitrite radicals (h). Magnitudes of half-life times and
the respective mobilities of the different species are given in parentheses

Nitric oxide, which is formed through the conversion of L-arginine to citrulline
by nitric oxide synthases (NOS), is a highly diffusible and relatively stable RNS.
Upon reaction with ‘O, it forms the highly reactive peroxynitrite (ONOO™) at
diffusion-controlled rates (Beckman et al. 1990; Radi et al. 2001). Peroxynitrite is a
short-lived species and it can as well in its protonated form participate directly in
oxidation reactions. Peroxynitrous acid itself immediately undergoes homolytic
fission and forms a hydroxyl radical and nitrogen dioxide (Fig. 1, h) or a nitrate
anion. Upon reaction with carbon dioxide, peroxynitrite forms [ONOOCO, ] that
decays to give either a carbonate radical and nitrogen dioxide (Fig. 1, g) or nitrate
and carbon dioxide (Radi et al. 2001).

The magnitudes of half-life times and the respective mobilities of ROS (Pryor
1986; Karuppanapandian et al. 2011) and RNS (Pacher et al. 2007; Szabd
et al. 2007) are depicted in Fig. 1.
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3 Reactivity of ROS and RNS Versus Nucleic Acids

While H,O, and "O, "~ have been shown to be unreactive themselves with respect to
nucleic acids (Lesko et al. 1980; Brawn and Fridovich 1981), "OH efficiently reacts
at diffusion-controlled rates near the site of its formation with all four nucleobases
and the (deoxy-)ribose sugar. Hydroxyl radical footprinting has been used to cleave
nucleic acids to the nucleotide level and for revealing RNA folding pathways
(Tullius and Dombroski 1985; Tullius and Greenbaum 2005). Mechanisms for the
oxidation on the sugar have been widely explored for DNA (Pogozelski and Tullius
1998; Evans et al. 2004; Dedon 2007), whereas for RNA the existing data are
limited to a few examples. Hydroxyl radicals can in principle react with sugar units
by the abstraction of H-atoms of any of the five carbon atoms present. It was found
that oxidation at the Cl’-center of the ribose sugar is slower than for the
2’'-deoxyribose sugar, presumably due to the polar effect of the 2’-hydroxyl group
in RNA as the authors suggest (Neyhart et al. 1995). A similar behavior was found
for the generation of C4’ radicals in model nucleotides: fragmentation of the C3'—
03’ bond by formation of a C3’ radical was shown to be far slower in the presence
of a 2/-0 substituent on the sugar moiety (Crich and Mo 1997). It has been further
shown that iron-bleomycin (FeBLM), which efficiently cleaves DNA by the gen-
eration of C4’ radicals, is far less reactive but more sequence selective with RNA as
the substrate (Hecht 1994). The data suggest, although not entirely conclusive, that
the ribose unit seems to be more stable against hydroxyl radical attack compared to
deoxyribose.

Upon reaction with RNA, peroxynitrite was found to form 8-oxo-rG and §-nitro-
rG (Masuda et al. 2002). Peroxynitrite seems to react with RNA according to
different mechanisms: it was found that bicarbonate caused a dose-dependent
increase in the formation of 8-nitro-rG whereas it produced no apparent effect on
8-0x0-rG formation. While 8-nitro-dG in DNA was found to depurinate rapidly
(Yermilov et al. 1995), in RNA it was shown that 8-nitro-rG was far more stable
(Masuda et al. 2002). Data on reactions of peroxynitrite with DNA suggest two
different mechanisms: an increasing bicarbonate concentration seems to favor the
formation of "NO, (Fig. 1, g) and a low pH seems to induce the formation of
hydroxyl radicals which can lead to strand breaks (Fig. 1, h) (Yermilov et al. 1996).
Moreover it has been shown that peroxynitrite reacts mainly with dG nucleosides to
form 8-0x0-dG and 8-nitro-dG while dA, dC, and dT showed only minimal
reactivity (Burney et al. 1999).

Peroxynitrite has also been shown to induce strand cleavage in DNA (Salgo
et al. 1995; Kennedy et al. 1997; Szabé and Ohshima 1997; Niles et al. 2006).
According data for RNA cleavage is still missing, but it can be suggested that RNA
cleavage happens to a lower extent. Overall the data suggest that the main oxidative
damage seems to be coming from H,0,-generated "OH and peroxynitrite itself, as
well from ONOO™ -generated "OH because of the high diffusibility of H,O, and
peroxynitrite. Other forms of ROS hardly get into the vicinity of nucleic acids
because of their limited half-life and their lacking moving capability.
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Singlet oxygen, another strong oxidant generated by light (photooxidative
stress), has so far only been shown to be able to oxidize rG (Schneider
et al. 1993). Overall the data show that the reactivity of RNA under the influence
of ROS and RNS is comparable to DNA with respect to base modifications. On the
other hand, RNA might be less vulnerable against sugar backbone oxidation and
subsequent strand cleavage compared to DNA.

4 Oxidative Lesions in RNA

The four main RNA oxidative lesions (Fig. 2) have been isolated from Torula yeast
RNA (Yanagawa et al. 1990, 1992). Two other base lesions that are generated
indirectly by oxidative stress through lipid peroxidation products are 1,N°-
ethenoadenosine (e-rA) and 3,N4-ethenocytidine (e-rC) (El Ghissassi et al. 1995).
All of these lesions have subsequently been synthesized and chemically introduced
into RNA: 8-oxo-7,8-dihydroguanosine (Kim et al. 1998; Koga et al. 2013),
8-oxo0-7,8-dihydroadenosine (Kim et al. 2002), 5-hydroxyuridine (Cui
et al. 2009), 5-hydroxycytidine (Kiipfer and Leumann 2011), and e-rA and e-rC
(Srivastava et al. 1994; Calabretta and Leumann 2013).

These oxidative modifications described for RNA only represent a small fraction
of the lesions found in DNA (Cadet et al. 2010). For pyrimidines potentially
interesting oxidative lesions include 5,6-dihydroxy-5,6-dihydropyrimidines
(pyrimidine glycols) and 5-hydroxymethyl- and 5-formylpyrimidines (hm’C,
hm°U, £°C and f°U). While pyrimidine glycols are known precursors for 5-HO-rC
and 5-HO-rU, 5-hydroxymethyl- and 5-formylpyrimidines could be potential oxi-
dation products of 5-methylcytidine and 5-methyluridine, which are found in tRNA
and mRNA (for m°C) or rRNA and tmRNA (for m°U) (Cantara et al. 2011). For
8-oxo-purines, the low redox potentials make them especially vulnerable to
undergo further oxidation which leads to 4,6-diamino-5-formamidopyrimidine
(FapyA) and 2,6-diamino-4-hydroxy-5-formamidopyrimidine  nucleosides
(FapyQG) (Fig. 2) among a number of other derivatives for G including imidazolone,
oxazolone, and spiroiminodihydantoin derivatives (Cadet et al. 2010). For FapyG it
could be shown that the N-glycosidic bond of the isolated ribonucleoside is
remarkably stable against anomerization and cleavage (Burgdorf and Carell
2002). Furthermore FapyG and FapyA were just recently quantified among other
oxidative lesions in the analysis of RNA damage in Alzheimer’s disease patients
and it can therefore be assumed that they are also present in the pool of oxidatively
damaged RNA lesions (Bradley-Whitman and Lovell 2013). Also it is known from
DNA that lipid peroxidation products lead to a wide variety of substituted etheno-,
propano-, as well as malondialdehyde adducts. So far there is no data available on
the hybridization properties or possible mutagenicity of these lesions in RNA.
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Fig. 2 Main stable oxidative lesions found in RNA: 8-oxo-7,8-dihydroguanosine (8-oxo-rG),
8-0x0-7,8-dihydroadenosine  (8-oxo-rA), 5-hydroxycytidine (5-HO-rC), 5-hydroxyuridine
(5-HO-rU), 1,N®-ethenoadenosine (e-rA), and 3,N4-ethenocytidine (e-rC). Further oxidation prod-
ucts of 8-oxo-purines: 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) and 4,6-diamino-
5-formamidopyrimidine (FapyA)

4.1 Base-Pairing Properties of Lesion Containing Duplexes

The influence of the oxidized bases on duplex stability was elucidated by UV
melting experiments with RNA duplexes and RNA/DNA hybrids. The results of
these T}, measurements in the same sequence context are summarized in Table 1.

5-Hydroxypyrimidines lead to no notable destabilization in neither of the
duplexes compared to the natural cases and all formed base pairs are in accordance
with Watson and Crick. An important fact to note is that in the case of
5-hydroxycytidine a biphasic melting behavior was observed (Kiipfer and Leumann
2011).!

8-Substituted purine nucleosides have long been known to adopt the syn con-
formation (Uesugi and Ikehara 1977). For 8-oxo-rG it has been shown that it exists
mainly in the neutral 6,8-diketo form with a pK, of 8.5 for the 6-enolate-8-keto form
and a pK, of 11.2 for the 6,8-dienolate form (Cho et al. 1990). In contrast to
8-0xo-1G, the pK, of 8.7 for the 8-enolate form of 8-oxo-rA is quite low (Cho
and Evans 1991). The different tautomeric forms of the oxidized nucleosides with
their respective pK, values are depicted in Fig. 3.

"The melting curves for the matched case 5-HO-rC/G in RNA duplexes and RNA/DNA hetero-
duplexes show two distinct changes in hyperchromicity: the higher T, is close to the matched case
whereas the lower T, is close to the mismatched case. This phenomenon is not yet fully
understood and still under investigation.
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Table 1 T, data (°C, 260 nm) of duplexes of oligoribonucleotide 5'-AUGCUXAGUCGA-3’ with
5'-UCGACUYAGCAU-3’ (RNA) or 5-TCGACTYAGCAT-3' (DNA) as complement; values in
parentheses indicate the difference in T, compared to the corresponding natural duplex; duplex

concentration: 2 pM in 10 mM NaH,PO,, 150 mM NacCl, pH 7.0

RNA DNA
Y= rA C G U dA dC dG dT
X=
8-oxo-rA 41.8 37.8 46.5 50.5 25.8 20.8 25.8 35.2
(=3.1) (-8.8) (-0.2) (=7.1) (-3.8) (—13.8) (—4.1) (—10.1)
5-OHrC 474 44.0 65.2,47.7 44.6 27.2 254 48.6,25.9 254
(-04) (—1.6) (—0.5,—-17.5) (—14) (—-1.2) (—1.3) (—1.3,-24) (-1.2)
8-0x0-rG 54.9 55.6 52.0 43.7 37.6 40.0 31.3 29.0
(+9.9) (-8.4) (+5 (-9.3) (+#6.6) (—11) (0) (-9.6)
5-OH-1U 58.8 43.8 54.2 459 42.6 23.6 32.6 27.6
(=0.4) (=0.4) (=04 (-0.4) (+0.3) (0) (+0.6) (—0.6)
e-TA 43.9 40.6 44.9 42.0 28.6 23.6 29.3 25.4
(=) (=6) (—1.8) (=15.6) (=1) (=11) (=0.6) (—=19.9)
e-rC 43.9 39.3 46.6 41.9 25.2 20.8 253 24.3
(=3) (=37 (-18) (=2) (=2) (=37 (=233) (-2.9)
H 9 H o
NH pK, 8.5 N pPK,11.2 O_(/ IL
) N/)\NH /l\ /\
rib rlb rlb
6,8-diketo 6-enolate-8-keto 6,8-dienclate
H NH, H NH, NH,
_H pK. 2.9 N pK. 8.7 N
‘“‘“‘N a ~N a =N
o=< J. o= | Y o~ | i
Y NN NN
| |
rib rib rib
N1-(H")-8-keto 8-keto 8-enolate
0] 0] NH, NH,
H A . H .
OﬁNH pK,7.7 O | NH O\H/Q\_N pK, 7.4 Oﬁ“
o o N W
drib drib drib drib

Fig. 3 pK, values for the different tautomeric forms of 8-oxo-rG, 8-oxo-rA, 5-HO-rU, and
5-HO-rC. Values for the 8-oxo-purines are given for the ribonucleosides and values for the
5-hydroxypyrimidines are given for the deoxynucleosides
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For 8-oxoguanosine the duplexes are destabilized in the case where 8-oxo-rG
pairs to pyrimidine bases. When 8-oxo-rG is paired against purine bases the
duplexes gain in stability compared to the natural mismatch duplexes: for
8-0x0-rG/dG the duplex has the same stability as the mismatch duplex with
rG/dG; for 8-oxo-rG pairing against rG, rA, and dA the duplexes gain considerably
in stability. Especially in the case of 8-oxo-rG/rA the duplex stability equals almost
the stability of the 8-oxo-rG/rC duplex. These results have just recently been
confirmed showing that the T;,, of 8-oxorG/rA is even slightly higher than for the
natural case (Koga et al. 2013).? This remarkable stabilization for 8-oxo-rG pairing
rG and rA could be explained by data measured previously in DNA: it has been
found that the Hoogsteen face of 8-0x0-dG pairs with dA forming a syn-8-oxo-dG/
anti-dA base pair (Kouchakdjian et al. 1991; Gannett and Sura 1993). Such a syn-8-
oxo-rG/anti-rA base pair would be expected to add to the overall duplex stability
compared to an anti-rG/anti-rA mismatch. Furthermore it has been shown that rG
can pair with the Hoogsteen face of rA forming an anti-rG/syn-rA base pair (Pan
et al. 1999). It has been suggested that in a similar manner this could also give rise
to an anti-8-0xo-rG/syn-rG base pair (Koga et al. 2013). The data suggest that
8-0x0-rG easily switches between anti and syn conformations to comfort the
opposing base (Fig. 4).

For 8-oxoadenosine moderate to strong destabilization of the duplexes was
found with the strongest decrease for the pairing to pyrimidine bases in both
RNA/RNA and RNA/DNA duplexes. In DNA 8-oxo-dA was shown to pair dT
according to Watson and Crick (Guschlbauer et al. 1991). In analogy to 8-oxo-dG it
has also been found that 8-oxo-dA can pair to dG via its Hoogsteen face forming a
syn-8-oxo-dA/anti-dG base pair (Leonard et al. 1992). Later on base pairs of syn-8-
oxo-dA with dC and dA have been postulated (Kamiya et al. 1995). Nevertheless
8-oxoadenosine still discriminates the binding partners in favor of the
matched base.

These findings suggest that all oxidized bases are capable of forming stable base
pairs but with a lower discrimination of mismatches. This might subsequently lead
to the synthesis of modified proteins via the interaction of oxidatively damaged
mRNA with tRNA as was suggested earlier (Kong and Lin 2010).

Etheno-adenosine and -cytidine lesions show major destabilization in RNA
duplexes and RNA/DNA heteroduplexes because of the loss of their ability to
form standard Watson—Crick hydrogen bonds. Duplexes formed with a G opposite
the lesion are slightly more stable than the others, most likely because of stronger
base stacking interactions of the etheno bases (Calabretta and Leumann 2013).

>The published findings confirm our earlier observations that the previously used 60,7N-bis
(dimethylcarbamyl) protected phosphoramidite of 8-oxo-rG is not fully deprotectable once incor-
porated into RNA. The authors here used a 60,7N-bis(diphenylcarbamyl)-protected while we used
an 60,7N-unprotected phosphoramidite of 8-oxo-rG (unpublished results). Both phosphoramidites
were fully deprotectable as confirmed by mass spectrometry. The T, values measured by Koga
et al. correspond nicely to our findings (Table 1).
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H NH;
N—
H o o= N
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— T NH =
O:n.N___: o= | | ANy N
i .N \-\.N/ “NHJ
riby rib
anti-B-oxo-rGlanti-rC syn-8-oxo-rGlanti-rA anti-B-oxo-rGlsyn-rG

Fig. 4 Base-pairing modes for 8-oxo-rG: canonical 8-oxo-rG/rC base pair according to Watson
and Crick (/eft), 8-oxo-rG/A base pair where 8-oxo-rG pairs with its Hoogsteen side (middle) and
the 8-0x0-rG/G base pair where the Watson—Crick side of 8-oxo-rG pairs to the Hoogsteen side
of rtG

4.2 Mutagenicity of Oxidatively Damaged Nucleobases

The potential mutagenicity of oxidized RNA bases was elucidated by reverse
transcription assays. In these assays a DNA primer is elongated on a modified
RNA template using reverse transcriptases and the efficiency of the incorporation
of natural 2’-O-deoxynucleoside monophosphates (INMP) is determined.

4.2.1 S5-Hydroxypyrimidines

For a 5-HO-rU containing RNA template it was found that reverse transcriptases’
incorporated preferentially dAMP opposite the lesion. Notable misincorporation of
dGMP was dependent on the reverse transcriptase used: MMLV-RT incorporated
up to one-third, Superscript™II-RT up to one-fourth, and AMV only trace amounts
of dGMP compared to incorporated dAMP (Cui et al. 2009).

In the case of a 5-HO-rC containing template there was found substantial
misincorporation of dAMP besides the expected incorporation of dGMP: HIV1-
RT incorporated dAMP almost as efficiently as dGMP while for the AMV-RT and
MMLV-RT this process is two- to threefold less efficient. Interestingly, HIV1-RT
also incorporated dTMP with about half the efficiency of dGMP (Kiipfer and
Leumann 2011). In DNA 5-HO-dU and 5-HO-dC have also been tested for poten-
tial mutagenicity during DNA replication and it was found that 5-HO-dU and
5-HO-dC cause C/T transition mutations (Kreutzer and Essigmann 1998; Suen
et al. 1999). The mutagenicity has been associated with tautomeric variability of
the oxidized base: while the amino form of 5-hydroxycytidine pairs to guanosine,
the imino form would be able to pair to adenosine (Suen et al. 1999; La Francois
et al. 2000).

3 AMV-RT: avian myeloblastosis virus reverse transcriptase; MMLV-RT: moloney murine leu-
kemia virus reverse transcriptase; HIV1-RT: human immunodeficiency virus type 1 reverse
transcriptase; RAV2-RT: Rous-associated virus-2 reverse transcriptase.
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4.2.2 8-Oxo-7,8-Dihydropurines

Reverse transcription assays with 8-oxo-rG containing templates were performed
using MMLV-RT and AMV-RT (Kim et al. 1999) and HIV-RT and RAV2-RT
(Kim et al. 2004). While MMLV-RT seemed to incorporate preferentially dTMP
opposite 8-oxo-rG, AMV inserted the correct dCMP residue. Using HIV-1 RT and
RAV2-RT, almost no dAMP and dGMP were incorporated opposite 8-oxo-rG. -
HIV-1 RT incorporated almost exclusively dCMP opposite 8-oxo-rG. Using
RAV2-RT, dCMP was only incorporated 1.5-fold of dTMP opposite
8-0x0-rG. These results have to be looked at carefully since there is evidence that
the authors might have used the not fully deprotected 8-oxo-rG-DMC derivative
(see Footnote 2). It was recently shown that duplexes of 8-oxo-rG-DMC containing
RNA with DNA have considerably lower T, values compared to 8-oxo-rG
containing heteroduplexes and clearly discriminate in favor of dC opposite
8-0x0-rG-DMC (Koga et al. 2013).

Similar assays with 8-oxo-rA containing RNA were performed using AMV-RT,
MMLV-RT, and RAV2-RT (Kim et al. 2002). All reverse transcriptases incorpo-
rated preferentially dTMP opposite the lesion. AMV-RT incorporated also dGMP
and dAMP to a three- and fourfold lesser extent and MMLV- and RAV2-RT
incorporated dGMP to a fivefold lesser extent compared to dTMP.

In DNA 8-0x0-dG is known to lead to G/T transversions in vitro (Wood
et al. 1990) and in vivo (Moriya et al. 1991; Cheng et al. 1992). DNA polymerases
incorporate dAMP and dCMP differently opposite 8-oxo-dG: DNA pol «, pol §, and
pol III preferentially incorporate dAMP, whereas DNA pol § and pol I incorporate
dCMP (Wang et al. 1998). Replication of 8-oxo-dA containing DNA templates
revealed that exclusively dTMP is inserted opposite the lesion by bacterial DNA
polymerases pol I (Klenow fragment) and Taq DNA pol (Guschlbauer et al. 1991).
Nonetheless, 8-oxo-dA is found to be mutagenic in mammalian cells where DNA
pol a is found to misinsert dGMP and recombinant rat DNA pol  can misinsert
dAMP and dGMP (Shibutani et al. 1993; Kamiya et al. 1995).

4.2.3 e-Adenosine and e-Cytidine

For reverse transcription assays it was found that only the error-prone HIV-1 RT
was able to bypass the lesions. In case of e-rA containing RNA templates HIV-1 RT
incorporated deoxynucleoside triphosphates in the order dAMP > dGMP >
dCMP and dTMP. For e-rC containing templates the incorporation order observed
was dAMP > dTMP > dCMP > dGMP. In both cases full-length cDNA was
obtained in the presence of all deoxynucleoside triphosphates (Calabretta and
Leumann 2013).

The mutagenicity of e-dA and e-dC has been shown to be strongly mutagenic
when tested in mammalian cell lines, whereas in E. coli minor mutagenic properties
were observed. In mammalian cells predominantly A/G transitions and A/T
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transversions were found for e-dA and C/T transitions for e-dC (Pandya and Moriya
1996; Levine et al. 2000). In E. coli only minor mutagenic properties were found for
e-dA (Basu et al. 1993; Pandya and Moriya 1996) and only low frequent C/A
transversions for e-dC (Moriya et al. 1994).

4.2.4 Ocxidative Damage to the Nucleotide Pool

Oxidative damage to the nucleotide pool can be induced by direct oxidation of
ribonucleotides or by degradation of oxidatively damaged RNA. Leukocytes that
were put under oxidative stress revealed increased levels of 8-oxo-rG in the
nucleotide pool (Shen et al. 2000). Quality control of RNA synthesis is thus crucial
and mechanisms have evolved to reduce incorporation of oxidatively damaged
ribonucleotides. It was shown that 8-oxo-rGTP was incorporated into RNA by
E. coli polymerase at a rate of ~10 % of that of rGTP (Taddei et al. 1997). To
prevent the incorporation of 8-oxo-rGTP, MutT protein in E. coli degrades the di-
and triphosphates of 8-oxo-rG to the monophosphate 8-oxo-rGMP (Ito et al. 2005).
The reutilization of 8-oxo-rGMP is prevented since it was found that guanylate
kinase does not phosphorylate 8-oxo-rtGMP to 8-oxo-rGDP and therefore no
8-0x0-rGTP can be synthesized (Sekiguchi et al. 2013). A similar pathway has
been disclosed for human cells. Here 8-0xo-rGTP is incorporated by human RNA
polymerase II at a rate of 2 % of that of rGTP (Hayakawa et al. 1999). MTH1
protein has been shown to hydrolyze 8-0xo-rGTP to 8-oxo-rGMP. Additionally it
could be shown that MTHS and NUDTS5 hydrolyze 8-oxo-rGDP to 8-oxo-rGMP
(Ishibashi et al. 2005). Normally GTP is synthesized from GDP through phosphor-
ylation by nucleotide diphosphate kinase (ND kinase) and GDP is itself produced
through phosphorylation of GMP by guanylate kinase (GK). While ND kinase has
been found to phosphorylate 8-oxo-rGDP as well, GK is not able to phosphorylate
8-0x0-rGMP, thus preventing the synthesis and incorporation of 8-oxo-rGTP into
RNA (Hayakawa et al. 1999).

5 Consequences of Oxidatively Damaged RNA

During the last few years increasing evidence emerged that oxidatively damaged
RNA causes severe effects on cellular function. Messenger RNA oxidation in vitro
was shown to cause reduction in protein expression and ribosome stalling on the
transcripts (Shan et al. 2007). In another study the authors found that oxidized
mRNA induces translation errors (Tanaka et al. 2007). It was also shown that nitric
oxide and peroxynitrite accelerate mutation of RNA viruses in vitro and in vivo,
probably via the formation of 8-oxo-rG and 8-nitro-rG (Akaike et al. 2000).
Preliminary studies on oxidatively damaged ribosomes have shown that if the
catalytic adenine, A2451 in the peptidyl transferase center (PTC) of the 23S
ribosome subunit of E. coli, is replaced by an 8-oxo-adenine unit, peptide synthesis
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is abolished (Polacek, unpublished results). This is quite remarkable since it has
been shown earlier that several base modifications on A2451 only have a minor
influence on the activity of the PTC as long as the 2'-hydroxyl group of the ribose is
present (Erlacher and Polacek 2008).

Ongoing studies on the efficiency of translation on site specifically damaged
mRNA show that in rabbit reticulocyte lysate ribosome stalling as well as read-
through can be observed. Whether oxidized mRNA leads to mutations in the
synthesized proteins is yet unclear (Leumann, unpublished results).

6 Fate of Oxidized RNA

High levels of oxidized RNA are not tolerated by cells. Several studies have shown
that levels of oxidized RNA dropped after removal of oxidative stress inducing
conditions (Shen et al. 2000; Kajitani et al. 2006). Recently it could be shown that
H,0;-induced 8-oxo-rG levels in E. coli cells dropped rapidly after switching to a
H,O,-free medium (Liu et al. 2012). These results suggest that oxidatively dam-
aged RNA is actively removed from total RNA. In theory this might happen either
by repair of the oxidized lesions or by degradation. So far there is no strong
evidence supporting the existence of RNA repair mechanisms. The only repair
mechanism reported for RNA is the dealkylation of alkylated RNA by DNA
demethylases (Aas et al. 2003). Therefore it seems more likely that oxidatively
damaged RNA is removed by degradation.

Removal of damaged RNA can be achieved by ribonucleases. Polynucleotide
phosphorylase (PNPase) is a 3’5’ exoribonuclease that is important for the degra-
dation of RNA. In E. coli it has been shown that PNPase specifically binds 8-oxo-rG
containing RNA with a higher affinity than undamaged RNA (Hayakawa
et al. 2001). Undamaged RNA has been shown to be degraded efficiently while
8-0x0-rG containing RNA is tightly bound to PNPase and thus protected from
nuclease attack. Human PNPase is located mainly in mitochondria and also specif-
ically binds 8-oxo-rG containing RNA. Under induced oxidative stress, levels of
hPNPase decreased rapidly while the levels of other proteins were left unchanged
(Hayakawa and Sekiguchi 2006). The authors speculate that the PNP might thus
play an important role in maintaining the high fidelity of translation by sequestering
the oxidatively damaged RNA molecules and possibly direct them to degradation.
In a further study it has been shown that PNPase-deficient cells are hypersensitive to
H,0, and less viable than wild-type cells (Wu et al. 2009). Introduction of a
plasmid-borne PNP gene restores the viability against oxidative stress. Furthermore
overexpression of hPNPase in HeLa cells reduces 8-oxo-rG in RNA and improves
cell viability against H,O, treatment (Wu and Li 2008).

Another protein that shows a similar binding capacity for 8-oxo-rG containing
RNA is the mammalian Y box-binding protein 1 (YB-1 protein). YB-1 has multiple
regulatory activities and was originally identified as a transcription factor which
binds to the Y box. YB-1 is a major core protein of messenger ribonucleoprotein
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(mRNP) and has a weak RNA binding capacity. It was found that YB-1 selectively
binds 8-oxo-rG containing RNA to form stable complexes. Cells of E. coli
expressing YB-1 were found to acquire resistance against oxidative stress. These
data imply that YB-1 protein may be involved in sequestering oxidatively damaged
RNA from normal cellular processes (Hayakawa et al. 2002).

Oxidized nucleobases are known to have low one-electron redox potentials and
are therefore prone to undergo further oxidation processes (Yanagawa et al. 1992).
In DNA 8-0x0-dG and 8-nitro-dG showed a higher reactivity with ONOO™ than dG
itself (Burney et al. 1999).

That such ongoing oxidation induces abasic sites could be shown by the reaction
of RNA treated under Fenton conditions with the aldehyde reactive probe (ARP)
(Tanaka et al. 2011a, b). The ARP has been shown earlier to react specifically with
the aldehyde functions of abasic sites and formylcytidine but no other oxidative
lesion, e.g., 8-oxo-rA, 8-oxo-rG, or pyrimidine glycols (Ide et al. 1993). RNA
abasic sites have been shown to be remarkably more stable than DNA abasic sites
(Kiipfer and Leumann 2007). That such abasic sites can be substrates for enzymatic
degradation has been shown by the disclosure of a new class of enzymes: the
ribosomal RNA apurinic site-specific lyase (RALyase) (Ogasawara et al. 1999;
Ito et al. 2002). These enzymes exhibited a very high specificity for the cleavage of
the abasic site in the sarcin—ricin loop of intact ribosomes. On the contrary,
RALyase failed to cleave DNA abasic sites as well as protein-free abasic rRNA.
Thus, rigorous proof for broader RNA-specific lyase activity is still missing, as no
other members of this class of enzymes could be identified so far.

7 Redox Chemistry of Oxidized Nucleosides

The one-electron redox potentials of the four main oxidative lesions have been
reported to be far lower than for the standard nucleosides: 8-oxo-rG: 0.58 V (1.29 V
for rG), 8-oxo-rA: 0.92 V (1.42 V for rA), 5-HO-rC: 0.62 V (1.6 V for dC), and
5-HO-rU: 0.64 V (1.7 V for dT) versus NHE (Yanagawa et al. 1992; Steenken and
Jovanovic 1997); for 8-0x0-dG: 0.74 (Steenken et al. 2000). So far two examples of
exploiting the low redox potentials of hydroxynucleosides have been published.

For oxidized RNA nucleosides it could be shown that they catalyze the
oxidoreduction of NADH and K;Fe(CN)g (Yanagawa et al. 1992). In this system
5-HO-rC showed by far the highest activity followed by 5-HO-rU and 8-oxo-rG
which showed roughly half and a quarter of the reactivity compared to
5-HO-rC. The authors conclude that these hydroxyribonucleosides might also
serve as redox cofactors at active sites of ribozymes with redox activity. So far
this was not experimentally proven.

8-Ox0-dG, incorporated in proximity to a cyclobutane pyrimidine dimer (CPD),
can mimic the function of a flavin in photorepair. The study supports a photolyase-
type mechanism in which in a first step the excited state of 8-o0x0-dG transfers an
electron to the CPD effecting cleavage of the cyclobutane and in a second step the
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back electron transfer regenerates 8-oxo-dG and the repaired pyrimidines (Nguyen
and Burrows 2011, 2012b). The free tri-acetylated 8-oxo-rG and ribofuranosyluric
acid nucleosides also showed enhanced repair of T=T and U=U CPDs (Nguyen
and Burrows 2012a).

The possible role of oxidized RNA nucleosides as redox catalysts in a “RNA
world” is not known. Their use in ribozymes might be a future prospect.

8 Conclusions and Perspective

For DNA a large number of oxidative lesions, their metabolism, and distinct repair
mechanisms have been reported in the past. As reviewed here, only half a dozen
lesions that arise under oxidative stress have been described, along with their
biophysical properties for RNA. Nevertheless, in accordance with DNA it can be
assumed that more lesions exist which are still lacking a detailed description.

While 85 % of the genomic DNA is transcribed into RNA, the function of 97 %
of this RNA is still largely unknown. Thus, oxidatively damaged RNA cannot only
interfere with the translation machinery but possibly also with a large number of
mostly unknown regulation mechanisms of ncRNA. The number of such long
intergenic noncoding RNAs (lincRNA) is still growing and their functions are yet
elusive (Hangauer et al. 2013).

The data show that RNA is at least as prone to oxidation as DNA due to its
spatial vicinity to the sources of ROS and RNS and the (so far) absence of a distinct
repair machinery. Moreover the amount of RNA in a cell is considerably higher
than that of DNA. Within this context, RNA cannot be viewed only as a transient
messenger anymore: average lifetimes of RNA are probably long enough to have an
impact on different cell mechanisms.

Oxidatively damaged RNA has been linked over the past decade to a still
increasing number of neurodegenerative and other diseases (Poulsen et al. 2012).
The data show that the oxidative damage is rather an early event in the development
of such diseases than a consequence of cell decay. A deeper understanding of the
biophysical properties of oxidative lesions in RNA would undoubtedly help to
understand the more complex biological impact and mechanisms of such diseases.
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Abstract The DNA replisome is a large protein complex that accurately and
efficiently copies an entire genome in every cell cycle. Numerous dynamic inter-
actions must be regulated in order to control this process. Cellular integrity depends
on the correct incorporation of each nucleotide and incorrectly incorporated bases
must be removed by proofreading to prevent mutations. Lagging strand DNA
polymerases and processivity clamps must be continuously recycled. When DNA
replication forks encounter damaged DNA, translesion synthesis DNA polymerases
replace replicative polymerases to allow bypass of the DNA damage. Forster
resonance energy transfer (FRET) has provided key insights into the dynamics of
these processes, including how DNA polymerases translocate on DNA, how DNA
switches between polymerization and proofreading modes, and the numerous
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protein—protein and protein—nucleic acid interactions that regulate replication pro-
cesses. This chapter discusses advances that have been achieved through the
application of FRET, including the use of fluorescent nucleotide analogs, to a
number of DNA replication processes.

Keywords DNA polymerase * DNA damage ¢ Translesion synthesis ¢ Processivity
clamp * Replisome assembly

1 Introduction

DNA replication, the process by which organisms copy their DNA, is the basis for
biological heredity and is one of the most fundamental aspects of life. The enzymes
responsible for carrying out DNA replication, DNA polymerases, do so by selecting
a 2'-deoxyribonucleoside-5'-triphosphate (ANTP) that is complementary to the
templating base on a template DNA strand and adding it to the 3’ terminus of a
primer DNA strand. Normal chromosomal DNA replication involves several acces-
sory proteins: a DNA helicase unwinds the DNA double helix to create a single-
stranded DNA (ssDNA) substrate; ssDNA-binding proteins prevent ssDNA from
re-annealing or forming other secondary structures and protect the DNA from
chemical and enzymatic attack; and a sliding clamp, which is loaded onto DNA
by the clamp loader complex, binds both the polymerase and DNA and slides along
the DNA helix (O’Donnell et al. 2013).

In general, DNA polymerases are able to insert the correct nucleotide opposite
the complementary templating base with amazing specificity, making only one
error in every 10°-10® nucleotides incorporated (Kunkel 2004), far surpassing what
would be expected from only the energetics of base paring (Kunkel and Bebenek
2000). This accuracy is essential for maintaining the fidelity of the genome as errors
made by DNA polymerases may lead to mutations, genomic instability, and cell
death. The study of DNA replication mechanisms and how DNA polymerases
facilitate mutagenesis is of great interest since DNA replication defects are linked
to antibiotic resistance (Napolitano et al. 2000; Miller et al. 2004), cellular toler-
ance to cancer chemotherapy agents (Bassett et al. 2004; Albertella et al. 2005;
Chen et al. 2006; Ho et al. 2011), as well as cancer and other human diseases (Pages
and Fuchs 2002; Loeb and Monnat 2008; Lange et al. 2011).

Structural and kinetic data are available for many different types of DNA poly-
merases with different functions, rates of incorporation, and error frequencies. A
minimal model of nucleotide incorporation has been developed for several DNA
polymerases (Fig. 1) (Kuchta et al. 1987, 1988; Dahlberg and Benkovic 1991; Eger
etal. 1991; Patel et al. 1991; Wong et al. 1991; Capson et al. 1992; Kati et al. 1992;
Washington et al. 2001). In this model, the DNA polymerase (Pol) first binds the
primer—template DNA substrate (p/t), followed by binding of dNTP to give a
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[ Pol ) ==[ Polpt == Polp/t:dNTP ]

b

[ Polp,t ) == [ Polp,,/t:PP, | == (Polp/t:dNTP |

Fig. 1 A minimal model of nucleotide incorporation (Kuchta et al. 1987, 1988; Dahlberg and
Benkovic 1991; Eger et al. 1991; Patel et al. 1991; Wong et al. 1991; Capson et al. 1992; Kati et al.
1992; Washington et al. 2001; Rothwell et al. 2005): the DNA polymerase (Pol) first binds the
primer—template DNA substrate (p/t) (a), followed by binding of dNTP to give a ternary Pol:p/t:
dNTP complex (b). Next, a conformational change in the Pol takes place to form Pol’ (c), followed
by phosphodiester bond formation (d) and release of pyrophosphate (e). Finally, in the case of
processive DNA synthesis, which is the case for most replicative DNA polymerases, the extended
DNA is translocated (f) to allow for incorporation of the next nucleotide. In the case of distributive
synthesis, the extended DNA is instead released (g)

ternary Pol:p/t:dNTP complex. Structural studies of this ternary complex have
demonstrated the steric complementarity between Pol active sites and Watson—
Crick base pairs as well as hydrogen bonding between the minor groove side of the
nascent base pair and the enzyme as contributing to fidelity (Doublie et al. 1998;
Kiefer et al. 1998; Li et al. 1998; Pelletier et al. 1994; Franklin et al. 2001). The next
step in the minimal model is a conformational change in the Pol, followed by
phosphodiester bond formation and release of pyrophosphate. Finally, in the case of
processive DNA synthesis, which is the case for most replicative DNA polymer-
ases, the extended DNA is translocated to allow for incorporation of the next
nucleotide. In the case of distributive synthesis, the extended DNA is instead
released.

Although replicative DNA polymerases are highly accurate and processive, they
lack the ability to copy damaged DNA. DNA damage is ubiquitous and is normally
repaired by DNA repair pathways (Friedberg et al. 2006). However, lesions in the
DNA that escape repair can disrupt DNA replication and lead to mutagenesis,
chromosomal instability, and cell death. Specialized DNA polymerases, most
notably members of the Y family, can copy damaged DNA in a process termed
translesion synthesis (TLS) (Friedberg et al. 2006). Y-family DNA polymerases
have been found in all domains of life (Ohmori et al. 2001) and are characterized by
the ability to carry out TLS, low fidelity when copying undamaged DNA, low
processivity, and the lack of intrinsic proofreading (Yang 2005; Pata 2010). These
DNA polymerases are typically part of DNA damage tolerance pathways and
rescue disrupted replication forks by copying DNA damage that blocks replicative
DNA polymerases. Because Y-family DNA polymerases are error prone, they
rescue replication at a potentially mutagenic cost. Although Y-family DNA poly-
merases have relatively open active sites, recently it has become clear that there is a
degree of specificity in the lesion bypass properties of Y-family DNA polymerases
(Prakash et al. 2005; Walsh et al. 2011).
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2 Forster Resonance Energy Transfer

Described over 60 years ago, Forster resonance energy transfer (FRET) is a
physical phenomenon involving nonradiative energy transfer between two chromo-
phores (Forster 1948). A donor chromophore, initially in its electronic excited state,
may transfer energy to an acceptor chromophore via dipole—dipole interaction
without the emission of a photon. Consequently, the acceptor becomes excited
and the donor fluorescence is quenched. If the acceptor is a fluorophore it may
return to the ground state by fluorescence emission. The efficiency of the energy
transfer is proportional to the inverse sixth power of the distance between the donor
and acceptor (Stryer and Haugland 1967). The FRET efficiency also depends on the
overlap of the donor emission spectrum and the acceptor absorption spectrum and
the mutual orientation of their transition dipole moments. The Forster radius, the
distance at which FRET is 50 % efficient, is in the range of 10-100 A for most
donor—acceptor pairs. This limited range of distances over which FRET occurs is
the basis for utilizing FRET as a spectroscopic ruler to provide information about
the structure and dynamics of proteins or nucleic acids. FRET can be observed in a
number of ways, including a decrease in the fluorescence quantum yield of the
donor, a shortening of the donor fluorescence lifetime, and an increased fluores-
cence emission from the acceptor.

3 Conformational Changes in DNA Polymerases During
Substrate Binding and Nucleotide Incorporation

Crystallographic studies have captured DNA polymerases from the different fam-
ilies (A, B, C, D, X, Y, and RT), which share a right-hand fold with characteristic
thumb, palm, and fingers domains (Fig. 2) (Ollis et al. 1985), in various states
during the catalytic cycle. These structural snapshots have revealed conformational
changes as the DNA polymerase sequentially binds DNA and nucleotides. Gener-
ally, comparison of binary (Pol:p/t) and ternary (Pol:p/t:dNTP) complexes reveals
that nucleotide binding to the binary Pol:DNA complex induces a conformational
change involving an open-to-closed transition of the fingers domain (Fig. 2) in A-,
B-, and some RT- and X-family DNA polymerases (Li et al. 1998; Doublie
et al. 1998; Franklin et al. 2001; Johnson et al. 2003; Huang et al. 1998; Pelletier
et al. 1996). This conformational change is characterized by the inward rotation of
the fingers domain resulting in the positioning of key residues in the active site and
formation of the binding site for the nascent base pair. For many DNA polymerases,
it is believed that this fingers-closing step is rate limiting and contributes most to
dNTP discrimination (Kuchta et al. 1987, 1988; Patel et al. 1991; Wong et al. 1991).
However, the identity of the rate-limiting step has been under debate and for various
systems there is evidence that fingers-closing is not rate limiting (Vande Berg
etal. 2001; Zhong et al. 1997; Kim et al. 2003; Purohit et al. 2003; Shah et al. 2003).
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little finger

Klentaql (A family) Dpo4 (Y family)

Fig. 2 Comparison of crystal structures of ternary complexes of Klentaql (open, PDB: 3SZ2;
closed, PDB: 1QTM) and Dpo4 (PDB: 1JX4). The change in position of the fingers domain is
shown in cyan in the closed Klentaql complex. The polymerase core adopts the right-hand fold
characteristic of DNA polymerases with the palm (yellow), fingers (blue), and thumb (green)
domains. Klentaq1 also contains a catalytically inactive N-terminal domain (purple), while Dpo4
contains a little finger domain (orange). The p/t DNA is shown in red and the next correct
nucleotide is shown in pink

A FRET system was developed to determine the rate of the fingers-closing step
in Klentaql (Rothwell et al. 2005), an N-terminal truncated variant of Thermus
aquaticus DNA polymerase I and a well-characterized A-family DNA polymerase.
Klentaql consists of a catalytically inactive N-terminal domain, corresponding to
the 3'-5' exonuclease domain in full-length DNA polymerase I, and a C-terminal
polymerase domain, which adopts the characteristic right-hand fold with palm,
thumb, and fingers domains (Fig. 2). The active site is located within the palm
domain while the thumb domain binds DNA, and the fingers domain contains the
dNTP-binding site. Using Klentaql labeled with an acceptor fluorophore (Alexa
Fluor 594; AF594) attached to an engineered cysteine residue on the fingers domain
(V649C) and a primer labeled with a donor fluorophore (AF488) at the sixth base
from the 3’ terminus, FRET was observed due to formation of the binary Pol:p/t
complex and addition of the correct dNTP resulted in an increase in FRET effi-
ciency due to the closure of the fingers domain (Rothwell et al. 2005). In contrast,
addition of the incorrect dNTP had no effect on the FRET efficiency. Stopped-flow
measurements provided evidence that the fingers-closing step is relatively fast and
not rate limiting for Klentaq1.

Although this FRET system was able to report directly on the closure of the
fingers domain in Klentaq1, it requires fluorophore-labeled DNA to be bound to the
polymerase and therefore is unable to monitor structural changes in the apoenzyme
or the binary Pol:dNTP complex. To overcome these limitations, an intramolecular
FRET system was developed to probe the movements of the fingers domain of
Klentaql during nucleotide binding and after catalysis (Allen et al. 2008). Using the
structures of the open and closed forms of Klentaql (Li et al. 1998) two residues
were mutated to cysteine (V649C/E825C) and reacted sequentially with donor and
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acceptor fluorophores. Stopped-flow measurements of the binary Pol:p/t complex
mixed with the correct ANTP produced FRET signals representing an initial rapid
FRET increase phase, representing fingers-closing, followed by a relatively slow
FRET decrease phase, representing fingers-opening. Although a slow transition,
this rate of fingers-opening was determined to be limited by the rate of polymeri-
zation and thus was not rate limiting.

Ensemble FRET studies, such as those described above, are useful for probing
changes with a relatively stable end state, but they are limited in observing changes
in conformation in samples with a distribution of different states. Using another
Klentaql variant (V649C/A454C) labeled with a donor (AF488) at position 649 and
an acceptor (AF647) at position 454, conformational changes of the fingers domain
were monitored by single-molecule FRET (smFRET) (Rothwell et al. 2013). The
distribution of donor—acceptor distances revealed that Klentaql was in equilibrium
between three distinct conformational states, termed open (O), nucleotide-binding
(NB), and closed (C), whose level of occupancy was dependent on the nature of the
bound substrate. The apoenzyme and binary Pol:p/t complex favored the O con-
formation. Only binding of the correct ANTP resulted in a stable closed conforma-
tion. Monitoring of time-dependent changes in the FRET distributions showed that
for Klentaql molecules alone and binary Pol:p/t complexes, both the NB and C
states were able to transition to the O state reversibly. For both Pol:p/t:dTTP ¢oecr)
or Pol:p/t:dATP incorrecry ternary complexes, direct transitions from the NB to the C
state were observed. This direct transition between the NB and C states was not
observed in the apoenzyme, Pol:p/t, or Pol:dNTP complexes, suggesting that p/t
and dNTP are both required for transition to a closed ternary complex via the NB
conformation.

The rate of fingers-closing in E. coli DNA polymerase I (Klenow fragment; KF)
was probed by attaching an acceptor (AF555) to the fingers domain (S751C) and
using a p/t substrate containing the fluorescent base analog 1,3-diaza-2-
oxophenothiazine (tC) adjacent to the primer 3’ terminus as donor (Stengel
et al. 2007). The FRET efficiency increased following binding of the correct
dNTP to the KF:p/t complex due to closure of the fingers domain over the active
site. The rate of the nucleotide-induced fingers-closing, determined by stopped-flow
FRET measurements, was highly similar to the rate of correct nucleotide incorpo-
ration, measured in rapid quench-flow experiments, indicating that fingers-closing
was the rate-limiting step in nucleotide incorporation for the labeled KF-DNA
system, although the fingers-closing occurred faster in unlabeled KF.

In a similar study, the rate of fingers-closing was probed by attaching the donor
5-(((2-iodoacetyl)amino)ethyl)aminonaphthalene- 1-sulfonic acid (IAEDANS) to
the fingers domain of KF (L744C) and using a Dabcyl acceptor (quencher) attached
to a p/t substrate (Joyce et al. 2008). The rate of fingers-closing, measured by
stopped-flow FRET, was higher than the rate of nucleotide incorporation measured
in chemical quench experiments and was therefore not rate limiting. Moreover,
fingers-closing was blocked by rNTPs or mispaired dNTPs. To further probe the
conformational changes that precede phosphoryl transfer, smFRET studies were
performed using a KF variant with fluorophores attached to L744C in the fingers
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domain and K550C in the thumb domain (Santoso et al. 2010). Monitoring FRET in
the apoenzyme showed that KF samples the open and closed conformations in the
millisecond time scale in the absence of substrates. Moreover, unique FRET
efficiencies were observed in ternary complexes with incorrect ANTPs or comple-
mentary rNTPs, suggesting the existence of additional conformational states that
are relevant for discrimination against these incorrect substrates. Another smFRET
study using immobilized donor-labeled DNA and acceptor-labeled KF revealed that
the fingers domain of KF can adopt a third, intermediate conformation (ajar) in
addition to the open and closed conformations (Berezhna et al. 2012). As for
Klentaql, the binary KF:p/t complex usually adopted the open conformation and
only the correct ANTP shifted the equilibrium toward the closed conformation.
Furthermore, subpopulations of binary (KF:p/t) and ternary (KF:p/t:dANTP incorrect))
complexes were identified with DNA bound at the 3’-5" exonuclease (exo) site,
which is separated from the pol active site by 35 A (Freemont et al. 1988). A similar
smFRET study using an intramolecular FRET system also demonstrated a third,
partially closed conformation of KF (Hohlbein et al. 2013).

Several smFRET studies have used immobilized p/t DNA labeled with Cy3
(donor) and KF labeled with Cy5 (acceptor) at the palm domain residue C907 to
investigate polymerase interactions with DNA in real time (Christian et al. 2009;
Markiewicz et al. 2012; Vrtis et al. 2013). These experiments revealed that primer
binding to the exo site only takes place with mismatched primer termini
(Markiewicz et al. 2012) or with p/t substrates containing adducts
(2-aminofluorene (AF) or N-acetyl-2-aminofluorene (AAF)) at the templating
base (Vrtis et al. 2013). Moreover, an adduct- or mismatch-induced intermediate
FRET state was identified, which may be relevant for proofreading. In a similar
study using AF488-labeled (donor) p/t and KF labeled with AF594 (acceptor) at the
thumb domain (K550C), smFRET trajectories provided evidence that DNA can
switch between the pol and exo site in both directions without dissociating from KF
(Lamichhane et al. 2013). The rate for this intramolecular transfer, determined by
dwell-time analysis, was higher than the rate for intermolecular transfer, where
DNA dissociates from one site before rebinding the other site.

The transition of DNA between the pol and exo sites in the replicative DNA
polymerase from bacteriophage RB69, a model B-family DNA polymerase, was
investigated using a two-nucleobase FRET pair consisting of tC (donor) at the 3’
primer terminus (position N) and tC,;,, (acceptor) at the N-7 position of the primer
strand (Xia et al. 2013). The tC-tC,;,,, pair has a well-defined orientation in duplex
DNA, which provides the orientation factor in FRET efficiency calculations (Preus
et al. 2010). For p/t DNA containing an A/A mismatch at N-1, the FRET efficiency
was lower than for a fully complementary p/t DNA due to unwinding of DNA at the
p/t junction. Binding of RB69 Pol resulted in a FRET decrease for both matched
and mismatched p/t DNA substrates. However, the change was more dramatic for
the mismatched p/t, suggesting that the primer terminus was transferred from the
pol site to the exo site. When highly conserved L415 in the nucleotide-binding
pocket was replaced by Ala or Gly, binding of RB69 Pol to both p/t substrates
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resulted in similar FRET efficiencies, suggesting that no transfer to the exo site
occurred and that the ability of these RB69 Pol variants to differentiate fully
complementary p/t substrates from p/t substrates containing a mismatch at the p/t
junction is abolished. Partitioning between the pol and exo sites was not signifi-
cantly compromised with the L415M variant, which produced FRET efficiencies
similar to wild-type RB69 Pol with both p/t substrates (Xia et al. 2013).

FRET analyses have provided insights into initial ANTP selection, proofreading,
and other aspects of catalysis by these model DNA polymerases. However, it has
become apparent that the paradigms for these model DNA polymerases do not
universally apply to specialized DNA polymerases of the Y family. Y-family DNA
polymerases are characterized by small thumb and fingers domains relative to
replicative DNA polymerases (Fig. 2) (Ling et al. 2001; Zhou et al. 2001; Silvian
et al. 2001; Yang 2005; Pata 2010) and specifically lack the a-helix in the fingers
domain, known as the O-helix in KF, that interacts with dNTP and ensures the
fidelity of base pair formation (Kaushik et al. 1996; Ogawa et al. 2001; Beard and
Wilson 2003). Y-family DNA polymerases therefore have relatively open active
sites that allow them to accommodate lesions in the templating DNA strand that
would block replicative DNA polymerases (Ling et al. 2001; Pata 2010). In addition
to the characteristic palm, thumb, and finger domains, each Y-family DNA poly-
merase possesses a little finger (LF) domain, also referred to as the polymerase
associated domain (PAD) in eukaryotic polymerases, unique to the Y family (Ling
et al. 2001; Pata 2010), that plays an important role in defining the specific lesion
bypass properties of each Y-family DNA polymerase (Boudsocq et al. 2004; Wil-
son et al. 2013).

In contrast to many replicative DNA polymerases, no large-scale movements of
the fingers domain have been observed for Y-family DNA polymerases (Pata 2010).
Only subtle repositioning of certain active site residues are observed when com-
paring the binary and ternary complex crystal structures of the Y-family DNA
polymerases Dpo4 from Sulfolobus solfataricus (Wong et al. 2008) and Dbh from
Sulfolobus acidocaldarius (Wilson and Pata 2008). To probe the motions of specific
domains relative to the polymerase-bound DNA substrate, a FRET system
consisting of a primer with a covalently attached donor on the ninth base from
the primer 3’-terminus and an acceptor linked to an engineered cysteine residue in
Dpo4 was employed (Xu et al. 2009). Steady-state measurements revealed a
decrease in FRET upon addition of the correct dNTP to the binary Dpo4:p/t
complex for all labeled domain variants (fingers, N70C; palm, S112C and
N130C; thumb, K172C and 207C; LF, R267C and K329C). Similar decreases in
FRET were observed when dideoxy-terminated (non-extendable) primers were
used, suggesting that the change in FRET efficiency represents a pre-catalytic
conformational change in Dpo4. Interestingly, the opposite was observed for KF
(Stengel et al. 2007; Joyce et al. 2008) or Klentaql (Rothwell et al. 2005), where
binding of the correct ANTP resulted in an increase in FRET due to the fingers-
closing. For the labeled N70C fingers variant as well as the S112C and N130C palm
variants, stopped-flow measurements produced three phases in the FRET signals. A
rapid decrease in FRET was followed by a rapid increase in FRET, which was then
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followed by a final slow decrease in FRET. These three phases were proposed to
represent a rapid DNA translocation event during the first phase, closure of the
fingers and palm domains to “grip” DNA during the second phase, and “reopening”
of the fingers and palm domains during the third phase, respectively. The initial
DNA translocation probably occurred through the rotation of the DNA duplex that
can be inferred from comparison of binary and ternary crystal structures of Dpo4
(Wong et al. 2008). FRET experiments with the remaining Dpo4 variants (thumb,
K172C and S207C; LF, R267C and K329C; fingers, E49C) revealed only two
phases, although with varying directionality. The thumb domain variants exhibited
“gripping-reopening” transitions, while the labeled LF variants and the E49C
fingers variant exhibited the reverse motions. Using a non-extendable DNA sub-
strate, the “gripping” phase was absent for all Dpo4 variants, suggesting that this
phase represents either a post-catalytic transition or the chemistry step. Analysis of
the temperature dependence of the “gripping” and “reopening” phases demon-
strated that the activation energies for both conformational changes were lower
than the previously determined activation energy for the rate-limiting step preced-
ing phosphodiester bond formation (Fiala et al. 2008). Thus, neither of these phases
in the FRET signals (“gripping” or “reopening”) is related to the rate-limiting step.

The motions of the fingers domain relative to the LF domain in Dpo4 were probed
using a Dpo4 variant containing an intrinsic tryptophan donor in the LF domain
(Y274W) and a 7-diethylamino-3-(4’-maleimidylphenyl)-4-methyl-coumarin
(CPM) acceptor attached to an engineered residue in the fingers domain (K26C or
N70C) (Xu et al. 2009). For both variants, stopped-flow fluorescence showed an
initial rapid FRET decrease phase followed by a relatively slow FRET increase
phase. Determination of rate constants suggested that these phases correlated to the
“opening” and “gripping” phases observed in the experiments using acceptor-
labeled DNA discussed above. These observations showed that the LF and fingers
domains move away from each other before catalysis and move closer together after
phosphoryl transfer.

Evidence from crystallographic studies suggests that Dpo4 makes contacts with
a DNA substrate containing an 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-0x0G)
lesion, the major DNA lesion formed by oxidative damage in vivo (Cadet
et al. 2003), that are not possible with an undamaged DNA substrate (Rechkoblit
et al. 2006, 2009; Zang et al. 2006). Several Y-family DNA polymerases, including
yeast and human DNA polymerase 1 (Haracska et al. 2000) and Dpo4 (Rechkoblit
et al. 20006), are able to perform error-free bypass of 8-oxoG. The FRET system
described above, consisting of labeled Dpo4 domain variants and 3’-labeled primer,
was used to probe conformational changes that occur in Dpo4 during dCTP
incorporation opposite 8-oxoG (Maxwell et al. 2012). Labeled S112C (palm),
S207C (thumb), and K329C (LF) variants of Dpo4 exhibited FRET changes similar
to those observed during correct ANTP incorporation opposite undamaged DNA. In
contrast, the FRET signal for labeled N70C (fingers) contained an initial rapid
decrease in FRET followed by a slow increase in FRET, suggesting that the fingers
domain moves away from DNA prior to catalysis and reverses its motion after
8-0x0G bypass, which is quite different than what was observed with undamaged
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DNA. The conformational changes in Dpo4 during 8-oxoG bypass that were
inferred from these FRET studies are a “gripping-reopening” motion by the
thumb and palm domains and an “opening—closing” motion by the fingers and LF
domains. In comparison, the fingers domain undergoes a “closing—opening” tran-
sition during correct dNTP incorporation on undamaged DNA. Only the LF domain
undergoes similar conformational transitions during correct ANTP incorporation on
undamaged DNA, insertion of a nucleotide opposite 8-0xoG, and extension beyond
a base pair containing 8-0xoG. The LF domain is unique to Y-family DNA poly-
merases and its conformation may play a role in specificity of TLS (Boudsocq
et al. 2004; Wilson et al. 2013).

4 Replisome Assembly

A number of components of the replisome must be assembled in order for DNA
replication to occur. In particular, processive DNA replication relies on recruitment
of the processivity factor, which is usually a sliding clamp that encircles DNA, to
DNA at primer—template junctions. The ring-shaped clamps need to be opened and
loaded onto DNA in an ATP-dependent process carried out by clamp loader
complexes (Kelch et al. 2012). Several studies have utilized FRET to study
interactions or conformational changes during clamp loading and DNA polymerase
holoenzyme assembly in different systems, including bacteriophage T4 (Trakselis
et al. 2001; Xi et al. 2005a, b; Zhang et al. 2005; Smiley et al. 2006; Perumal
et al. 2013), E. coli (Goedken et al. 2004, 2005), yeast (Zhuang et al. 2006), and
humans (Hedglin et al. 2013).

Conformational changes in the yeast sliding clamp, proliferating cell nuclear
antigen (PCNA), were probed using a donor—acceptor pair consisting of an intrinsic
tryptophan donor (F185W) and IAEDANS (acceptor) attached to K107C in the
subunit interface of the trimeric PCNA ring (Zhuang et al. 2006). Steady-state
FRET measurements showed that both ATP and ATPyS, a non-hydrolyzable analog
of ATP, facilitated PCNA ring opening by the clamp loader replication factor C
(RFC). Only the presence of ATP produced a DNA-induced FRET decrease,
representing ATP hydrolysis-induced release of PCNA. Using a different FRET
system consisting of 5'-Cy3-labeled (donor) primer and Cy5-labeled (acceptor)
human PCNA at N107C, it was shown by stopped-flow measurements that
human RFC loads PCNA onto a p/t junction in an ATP-dependent manner and
remains transiently bound to DNA (Hedglin et al. 2013). Moreover, PCNA was
unloaded by RFC in the absence of DNA polymerase, while in the presence of DNA
polymerase 3, loaded PCNA was captured from DNA-bound RFC, which subse-
quently dissociated.

To monitor interactions between the E. coli y/t clamp loader complex and the
sliding clamp (P clamp), a donor was attached to D106C in the 8 subunit of the y/t
complex and an acceptor to D253C in the p clamp (Goedken et al. 2005). Steady-
state measurements produced ATP- and Mg**-dependent FRET increases,
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confirming the requirements for these cofactors for the association of the p clamp
and the clamp loader. Subsequent addition of p/t DNA resulted in a FRET decrease,
presumably due to DNA-stimulated ATP hydrolysis and clamp release. Addition of
excess ADP completely reversed the FRET signal, suggesting that the clamp loader
and the clamp are reversibly bound. Several mutations were made in the y subunit
of the clamp loader to investigate the function of conserved residues located within
the inner surface of the clamp loader. Examination of the DNA-dependent FRET
decrease showed that clamp loaders with mutations near the clamp-interacting and
central helices (R98E, K100E, R105E, S132A, R133A, and R133E) were unable to
carry out DNA-dependent clamp release, whereas mutations near the SRC helix
(K161A and K161E), which is important for ATP hydrolysis, had only modest
effects on this ability, even though all of the variants showed fairly modest defects
in binding to the B clamp. However, these variants all showed reduced binding to
DNA. The clamp loader variants with control mutations (S33A and R8OE) of
residues that are expected to be on the outer surface showed no change in
DNA-dependent clamp release. This FRET system was then used to show that
release of the B clamp by clamp loader was most efficient with DNA containing 5’
overhangs and recessed 3’ ends, which mimic primer termini.

The bacteriophage T4 DNA polymerase holoenzyme consists of gp43 (DNA
polymerase) and gp45 (sliding clamp), which is loaded onto DNA by gp44/62
(clamp loader). To probe opening and closing of gp45 during the formation of the
holoenzyme, a coumarin (CPM) acceptor was attached to a cysteine residue in the
interface of the trimeric gp45 ring (S158C, T168C, or V163C), across from an
intrinsic tryptophan donor (W92) in the adjacent subunit (Trakselis et al. 2001).
Stopped-flow measurements and interdomain distance calculations were consistent
with a conformation of gp45 that is initially partially open and opens further in the
presence of gp44/62 and ATP, closes slightly upon the addition of DNA, and then
closes further with the addition of gp43 polymerase. The final state featured a
partially open subunit interface that would allow the C-terminal tail of gp43 to be
accommodated in the subunit interface of the gp45 clamp, which is important for
processive replication.

Diffusion of the § clamp on DNA was studied by smFRET using donor-labeled
(AF488) p clamp at C180 loaded onto primed circular M13ssDNA (Laurence
et al. 2008). By using 5’-acceptor-labeled (AF647) primers of varying length and
restricting the motion of the B clamp to the double-stranded DNA region by using
E. coli ssDNA-binding protein (SSB) or its human homolog RPA, free diffusion of
the f clamp on DNA was observed. The diffusion constant for the f clamp on DNA
was ~107 1 mz/s, at least three orders of magnitude less than that for diffusion in
water. In the presence of SSB, but not RPA, the §§ clamp remained stationary at the
p/t junction (the primer 3’ terminus where the clamp was loaded). Detailed mea-
surements of the diffusion of human PCNA with a fluorescence system gave two
rates consistent with two different sliding modes on DNA, a slower one in which
PCNA tracks the DNA groove and a faster mode in which PCNA slides along DNA
but does not track the groove (Kochaniak et al. 2009).
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In addition to DNA polymerases, the  clamp binds other proteins acting on
DNA in replication or repair. Because the § clamp is a homodimer, it is possible that
it can bind two protein partners simultaneously. To test this hypothesis, E. coli
Y-family DNA polymerase DinB (Pol IV) was labeled with a donor (Oregon Green
488) and DNA polymerase III o was labeled with an acceptor (Alexa Red 555)
(Indiani et al. 2005). Steady-state FRET was observed only in the presence of the
dimeric p clamp, suggesting that both DinB and o were bound to the same f§ clamp
molecule.

The effect of the E. coli SOS response proteins UmuD and UmuD’ on the DNA
polymerase III a-p complex was probed using donor-labeled (AF488) § clamp and
acceptor-labeled (AF647) o subunit (Silva et al. 2012). Assembly of the o-f
complex resulted in FRET and steady-state measurements revealed a UmuD-
induced FRET decrease. In contrast, the cleaved form UmuD’ had no effect on
the FRET efficiency, indicating that the o-f complex is selectively disrupted by
UmuD after DNA damage.

The diffusion of SSB on ssDNA and its interaction with the RecA protein,
involved in the SOS response and recombinational DNA repair, was studied
using three-color smFRET (Roy et al. 2009). These experiments utilized
immobilized ssDNA of 130 nucleotides with a Cy5-acceptor and a Cy5.5-acceptor
attached to each end and a Cy3-donor placed in the middle of the DNA. Both dye
pairs displayed transient high FRET states as wrapping of the ssDNA by SSB brings
the middle closer to either end, indicating that SSB is able to migrate at least
65 nucleotides to either end on ssDNA. A similar setup was used to demonstrate
that SSB is displaced by formation of the RecA filament on ssDNA. Addition of
SSB to an ssDNA construct containing a Cy3-donor and a CyS5-acceptor on either
side of a hairpin structure partially converted a single high FRET state to several
lower FRET states, indicating that DNA hairpins were melted due to SSB diffusion.
Formation of the RecA filament on a similar hairpin construct occurred 40-fold
faster in the presence of SSB. Whereas RecA displaces SSB from ssDNA, SSB
facilitates RecA formation on ssDNA that contains secondary structure.

While analysis of individual components of replisomes is informative, FRET
experiments can also shed light on the assembly of replisome complexes. The order
of assembly of labeled T4 replication proteins on DNA substrates has been inves-
tigated in a number of FRET studies (Smiley et al. 2006; Perumal et al. 2013; Xi
et al. 2005a, b; Zhang et al. 2005). In one study, N terminally donor-labeled
(AF488) gp43 and acceptor-labeled (AF555) gp45-V163C were used together
with immobilized p/t substrates, clamp loader, and Mg®*-ATP to demonstrate, by
single-molecule fluorescence microscopy, that the T4 holoenzyme can be assem-
bled through four different pathways: with either clamp and clamp loader binding
first or both binding simultaneously, followed by the DNA polymerase; or DNA
polymerase binding to DNA first, followed by the clamp loader—clamp complex
(Smiley et al. 2006). In all cases, Mg?*-ATP was required for functional holoen-
zyme assembly.
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5 Conclusions

Stopped-flow, bulk, and single-molecule FRET techniques have proven to be
powerful tools for investigating conformational changes in DNA polymerases as
well as the dynamics of protein—protein interactions. These studies have provided
important insights into the mechanisms of DNA polymerases as well as the path-
ways of replisome assembly. Rational placement of donors and acceptors is crucial
and will be facilitated by high-resolution structures of the proteins of interest.
Further development of flexible labeling strategies will enable additional FRET
experiments with replisomes and lead to better understanding of the mechanisms of
DNA replication.
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Abstract Beginning with a simple question, i.e., how is a DNA duplex thermally
stabilized if the base pair has four hydrogen bonds, we designed a series of imidazo
[5',4":4,5]pyrido[2,3-d]pyrimidine (Im) nucleosides and evaluated their base-
pairing ability when incorporated into DNA duplexes. All possible Im:Im pairs
thermally destabilized the duplexes, although the pair formed four hydrogen bonds
between Im units. On the other hand, the resulting duplexes were highly stabilized
when three pairs were consecutively incorporated. To stabilize the duplexes inde-
pendent of the mode of incorporation of the pair(s), we designed a series of
1,8-naphthyridine (Na) C-nucleosides as complementary nucleobases of Im. The
newly designed Im:Na base-pairing motifs, especially ImN™:NaO®, thermally
stabilized the duplexes by nearly 10 °C more per pair than the A:T and 8 °C
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more than the G:C pair, independent of the mode of incorporation. We describe
herein the results concerning the properties of the base-pairing motifs, Im:Im and
Im:Na pairs, as well as potential therapeutic application toward a thermally stabi-
lized decoy molecule.

Keywords Four hydrogen bonds ¢ Imidazo[5',4’:4,5]pyrido[2,3-d]pyrimidine
nucleoside ¢ 1,8-naphthyridine C-nucleoside ¢ Base pair « Thermal stability « Decoy

1 Introduction

Hydrogen bonding (H-bonding) is one of the most typical nonbonded molecular
interactions. Therefore, it is important to understand the molecular recognition
process in biology and in design of functional organic supramolecules through
H-bonding. In the field of nucleic acid chemistry, for example, specific H-bonding
between adenine (A) and thymine (T), and guanine (G) and cytosine (C), the
so-called Watson—Crick base pairs (Watson and Crick 1953), plays a critical role
in not only conserving and transmitting genetic information but also in duplex
stability. Since the A:T and G:Cpairs were selected during the evolution of life
starting from prebiotic era, these two base pairs should be ideal as a genetic polymer
(Szathmary 2003). Since the early 1990s, chemists have expanded their efforts to
development of artificial extra base pairs beyond the ideal Watson—Crick base pairs
with the goal of developing biological, bioengineering, and therapeutic applica-
tions. If these alternative base pairs in the DNA duplex showed specificity in
formation of the helical structure and enzymatic replication, they could potentially
allow one to expand the genetic code, explore synthetic biology, and create new
genetic systems. Thus far, a number of alternative base pairs have been developed,
and successful applications have also been reported (Hirao and Kimoto 2012).

Figure 1 illustrated typical artificial base pairs that have been developed to date.
Benner and his coworkers proposed a new base pair, isoG:isoC (Switzer et al. 1989)
and investigated its enzymatic incorporation with the goal of extending “the genetic
alphabet”. Starting with this pioneering work, they also designed other artificial
base pairs with different H-bonding patterns, such as X:k(Piccirilli et al. 1990) and
P:Z (Yang et al. 2007). Different from Benner’s work, which was based on
H-bonding patterns, Kool and his coworkers developed a novel base pair between
Z and Fas a steric isostere of the A:T pair (Switzer et al. 1989; Kool 2002; Kool and
Sintim 2006). Although the Z:F pair has no typical H-bonding, replication studies
using this pair revealed that the Z and F were equally replaceable with A and T,
respectively. These results suggested the importance of the shape complementarity
of the base pair as well as the H-bonding interaction. Hirao’s group developed new
base pairs based on the aforementioned factors, that is, H-bonding interaction and
shape complementarity. Thus, they designed base pairs between s and y (Hirao
et al. 2002), and s and z (Hirao et al. 2004).
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Romesberg and his coworkers reported hydrophobic bases without H-bonding
interaction toward the development of an artificial extra base pair beyond the
Watson—Crick base pairs. They developed a self-pair between PICS bases and
showed that 5'-triphosphate of the PICS was effectively incorporated against PICS
in template DNA (McMinn et al. 1999). Unlike the Z:F pair developed by Kool
et al. (Switzer et al. 1989), the PICS:PICS pair does not seem to satisfy shape
complementarity with a natural purine:pyrimidine base pair. Thus, their results
indicated that an additional factor, that is, the hydrophobic interaction, may also
contribute to the development of an artificial extra base pair. Idea of hydrophobic
interaction as well as shape complementarity was well utilized by Hirao’s group to
develop base pairs consisting of Ds and Pa (Hirao et al. 2006) and Ds and Px
(Kimoto et al. 2009). The resulting Ds:Pa and Ds:Px pairs showed high efficiency
and selectivity even in PCR amplification and are currently utilized in efforts
toward the expansion of the genetic alphabet and in vitro selection.

As described above, four research groups have been intensively studying the
development of artificial extra base pairs beyond the Watson—Crick base pairs and
attempting to utilize the resulting new base pair to develop new technologies. In
contrast with the aforementioned investigations, we started our research project
with two simple questions: (1) why were A:T pair possessing two H-bonds and G:C
pair possessing three H-bonds chosen as a genetic alphabet in DNA during evolu-
tion and (2) how is a DNA duplex thermally stabilized if the base pair has more than
three H-bonds? To answer these questions, we envisioned the preparation of
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series of Im:Na pairs

nucleoside derivatives possessing noncanonical nucleobases with the ability to
form four H-bonds. As a first generation of the base pairs, we designed a series of
imidazo[5’,4":4,5]pyrido[2,3-d]pyrimidine (Im) nucleosides, ImN?, ImOYN, ImNY,
and ImO® (Minakawa et al. 2003). As depicted in Fig. 2a, these nucleoside
derivatives are expected to form the complementary base pairs, InN®:ImO" and
ImNY:ImO®, with four H-bonds when incorporated into oligodeoxynucleotides
(ODNs). Contrary to our expectation, neither ImN:ImO™ nor InNY:ImO? ther-
mally stabilized a duplex relative to the natural A:T pair when one pair was
incorporated into the duplex. On the other hand, when three pairs were consecu-
tively incorporated, the resulting duplexes were highly stabilized. Since this phe-
nomenon was thought to arise from the shape complementarity factor with a natural
purine:pyrimidine base pair, for the second generation we designed
1,8-naphthyridine (Na) C-nucleosides, NaNO, NaON, NaN™, and NaOO, as com-
plementary units towards a series of Im units in the duplexes (Hikishima
et al. 2005; Kuramoto et al. 2011). Since the resulting ImNO:NaON, ImO™:
NaN®, ImN™:ImO°, and ImO®:NaN™N pairs satisfy shape complementarity
(Fig. 2b), all pairs in the duplexes were thermally stabilized independent of the
mode of incorporation. These results suggested the importance of the shape com-
plementarity of the base pair as well as the H-bonding interaction in the thermal
stability of the duplex. In addition, we also noticed that the stability of base pair is
affected by the arrangement of H-bonds arising from a secondary interaction.

In this chapter, we would like to review our research project to develop new
base-pairing motifs consisting of four H-bonds, that is, a series of Im:Im and Im:
Na pairs and their behavior in the duplexes. In addition, a biological application to
develop decoy molecules will also be described.
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2 Design, Synthesis, and Evaluation of Novel Base-Pairing
Motifs Consisting of Four H-Bonds

2.1 Im:Im Base Pairs (First Generation)

To append four H-bonding sites on the nucleobases, we first designed a series of Im
nucleosides (Minakawa et al. 2003). These nucleosides have DADA (ImN©),
ADAD (ImOY), DAAD (ImNY), and ADDA (ImO®) H-bonding patterns (D =
donor, A = acceptor) in their structures, respectively, and complementary ImN®:
ImO"N and ImN™:ImO® pairs are expected to form with four H-bonds (Fig. 2a).
The desired nucleosides were prepared through the Stille coupling reaction of a
5-iodoimidazole nucleoside with an appropriate 5-stannylpyrimidine derivative,
followed by intramolecular cyclization. Prior to incorporation of the resulting
nucleosides into ODNs, characterization of the H-bonding motifs of the tricyclic
nucleosides was investigated with '"H NMR studies. The silylated Im derivatives
were used for 'H NMR measurements in the nonpolar solvent CDCl;, and the
H-bonds were monitored to identify downfield shifts of their amino and amide
proton signals. As an example, partial "H NMR spectra of ImN®, an equimolar
mixture of ImN© and ImOY, and ImO™ at —60 °C are shown in Fig. 3. As can be
seen, the amide proton signal of ImN® was observed at 13.85 ppm and shifted
downfield with decreasing temperatures (appeared at 13.62 ppm at 30 °C). In
addition, the amino protons were split into two sets of broad singlets, clearly
observed at 10.43 and 6.62 ppm (white arrows). Therefore, the proton signals at
13.85 and 10.43 ppm would be involved in H-bonding, while that at 6.62 ppm is not
involved in the H-bonding. Based on these results, ImN© is considered to form the
homodimer in an antiparallel direction with four H-bonds as illustrated in Fig. 3a. A
similar homodimer formation was also observed in ImO™ (Fig. 3c). The '"H NMR
spectrum of the mixture of ImN® and ImO™ was more complicated (Fig. 3b).
However, the proton signals, except for those of the homodimers, were easily
detected. The proton signals indicated by black arrows would correspond to a
new structure formed at the low temperature, and these are assigned to the aglycon
protons of the heterodimer, namely, ImNO:ImON, with four H-bonds. Thus, the
proton signals at 13.58 and 13.37 ppm are likely to be two sets of the amide protons.
The amino protons involved in H-bonding can be seen at 10.24 and 9.49 ppm, while
those at 6.78 and 5.68 ppm are assigned as non-H-bonded amino protons. In
addition, four aromatic protons were also detected between 9.3 and 8.0 ppm.
Since formation of base pair with four H-bonds was confirmed at a nucleoside
level, we next investigated base-pair formation based on thermal stability of DNA
duplexes. Thus, two sets of complementary 17mers (ODNs I and II, and ODNs II1
and IV) were prepared to investigate the H-bonding abilities of the tricyclic
nucleosides, where the ImNO, ImON, ImNN, or ImO® units were incorporated in
the X and Y positions. Thermal stability of duplexes formed by ODN I and
complementary ODN II, which contained one molecule of the ImNO, ImON,
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Fig. 3 Partial '"H NMR spectra of (a) ImN©, (b) a mixture of ImN© and ImON, and (¢) ImON at
—60 °C. The amide and amino protons were indicated by white and black arrows

ImNN, or ImO®? in their X or Y position, was first studied by thermal denaturation
in a buffer of 10 mM sodium cacodylate (pH 7.0) containing 0.1 M NaCl. The
resulting melting temperatures (T,,s) and AT ;s calculated based on the T, of the
duplex (X:Y = A:T, common to ODN I:ODN II and ODN III:ODN IV) are listed in
Table 1. Contrary to our expectation, the possible pairs including the complemen-
tary IMN?:ImO™ and ImN™:ImO® pairs were all less stable than natural A:T pair
consisting of two H-bonds in ODN I:ODN II. On the other hand, when three
molecules of the tricyclic nucleosides were consecutively incorporated into the
center of each ODN (ODN III:ODN IV), the thermal stabilization of the duplexes
due to the specific base pairings was observed. The best result was obtained in the
case of the duplex containing the InN®:ImO™ pair (T,,, = 84.0 °C). The value was
between 18.2 and 23.5 °C higher than those of the duplexes containing three
consecutive G:C (T, = 65.8 °C) and A:T pairs (T, = 60.5 °C), respectively.
Consequently, it was found that the ImN®:ImO™ pair stabilized the duplex by
about +6 and +8 °C per modification compared with those of the duplexes
containing the G:C and A:T pairs, respectively. Although the ImN™:ImO® pair is
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Table 1 Hybridization data of a series of Im:Im pairs

ODN I|;5'-GCACCGAAXAAACCACG-3' ODN lI;5'-GCACCGAXXXAACCACG-3'
ODN II;3-CGTGGCTTYTTTGGTGC-5' ODN IV;3'-CGTGGCTYYYTTGGTGC-5'

X Y T, (°C) AT,(°C) X Y T, °C) AT, (°C)
ImN®  ImN° 57.2 -33 ImN®  ImN° 70.0 +9.5
ImOY  59.6 —0.9 ImON  84.0 +23.5
ImNY 55.1 —54 ImNY 46.3 —142
ImO° 54.0 —6.6 ImO° 56.0 —45
ImOY  ImN® 584 -21 ImOY  ImN° 838 +23.3
ImON 56.9 -3.6 ImON 65.8 +5.3
ImNN 55.4 —-5.1 ImNY 41.5 -19.0
ImO° 53.3 -7.2 ImO° 57.5 -3.0
ImNN ImN©® 54.5 —6.0 ImNY ImN° 49.4 —11.1
ImON 56.1 —4.4 ImON 57.1 —8.8
ImNN 54.5 —6.0 ImNN 55.7 —48
ImO®  56.3 —4.2 ImO®  70.6 +10.1
ImO®  ImN° 54.0 —6.5 ImO®  ImN° 58.3 -22
ImON 54.3 —6.2 ImON 62.3 +1.8
ImNY  56.0 —4.5 ImNN 67.1 +6.6
ImO° 54.3 —6.2 ImO° 53.5 -7.0
G C 61.9 +1.4 G C 65.8 +5.3
A T 60.5 - A T 60.5 -
A G 53.8 —6.7 A G 472 —133
A A 52.4 -8.1 A A 43.1 —17.4

All measurements were carried out using 3 uM each of ODN in 10 mM sodium cacodylate
(pH 7.0) containing 0.1 M NaCl. The AT,, values were obtained by subtracting data for the T,
possessing X:Y = A:T from each duplex. The complementary pairs were represented in bold

also expected to form a base pair with four H-bonds (Fig. 2a), the stabilization
effect was much smaller than that of the ImN®:ImO™ pair. A reasonable explana-
tion for the above result would be that this base pair has fewer H-bonds than the
expected four. A tautomeric form of ImOO, represented as tImOO, can be consid-
ered, and this could form a base pair with ImN™ by three H-bonds. The validity of
this consideration will be verified in the next section (see Fig. 5).

As described above, it was shown that the H-bonding abilities of the Im bases
are essential for the stability of the duplexes. However, the stabilizing effect
seemed too high to conclude that it was due to the number of H-bonds since the
duplexes were thermally stabilized to 1.4-1.8 °C per pair when the H-bonds
increased to three (G:C pair) from two (A:T pair). Thus, this effect undoubtedly
implies that the stacking interaction arising from extended aromatic surfaces would
also be an important factor contributing to stability. For this reason, evaluation of
the stacking abilities was examined. According to the method reported by Guckian
et al. (1996), a series of duplexes, where Z was added at the end of each paired
duplex (dangling end), were prepared, and the T, values of the duplexes were
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Table 2 Stacking abilities of Im and Na bases

5'-Z-CGCGCG-3'
3'-GCGCGC-Z-5'

z T, (°C) AT./Z(°C) Z T (°C) AT/Z(C) Z Tn(°C) AT./Z(°C)
None 40.8

ImN® 588 +9.0 NaN®  61.0 +10.1 A 549 +7.1

ImOY  57.4 +8.3 NaON  56.7 +8.0 G 546 +6.9

ImNY  57.0 +8.1 NaNN  59.5 +94 C 491 +42

ImO° 525 +5.9 NaO®  56.9 +8.1 T 49.1 +4.2

All measurements were carried out using 2.5 pM each of ODN in 10 mM sodium cacodylate
(pH 7.0) containing 1 M NaCl. The AT,,/Z values were obtained by 1/2 of subtracting data for the
T (Z = none) from each duplex

determined (Table 2) (the stacking abilities of a series of Na, described in the next
section, are also presented in Table 2). As a comparison, the T;, data for
non-dangling and natural bases (A, G, C, or T) at the dangling end are also included.
The two unpaired Ts added +4.2 °C per base of T, relative to the self-
complementary duplex (Z = none), and the Cs also added a similar stability. The
unpaired purines (Z = A and G) showed higher stability relative to the pyrimidines
arising from expansion of the aromatic surface. These results agreed with those
reported by Guckian et al. Among the tested compounds, ImN® showed the highest
T, increase over the unsubstituted duplex of 9.0 °C per base. Other Im bases,
except for ImO©, also showed higher stacking ability than those of the natural
purines and pyrimidines. From these results, it was revealed that the stacking
abilities of the Im bases also contributed to increase duplex stability, and this
would be enhanced by three consecutive introductions of these bases in the
duplexes.

The question that has to be considered is why introduction of one molecule of the
Im:Im base pairs slightly destabilized the duplexes, while three consecutive intro-
ductions of these base pairs, especially the InN?:ImOY pair, markedly stabilized
the duplexes? To elucidate these results, we further examined the sequence depen-
dence of T,,s using the duplexes containing the G:ImN" pair, which was considered
as an alternative to the Im:Im pairs. Thus, setting the T, of the duplex between
ODNSs V and VI as a control (68.3 °C), the sequence-dependent variation was
compared by substituting the G:C pair with the G:ImN™ pair at various positions
(ODN V:ODNsVII-XII). The sequences of ODNs and resulting Ty,s are shown in
Table 3 (W = ImN™). It was found that the duplexes became thermally less stable
as the numbers of nonconsecutive isolated introductions of the G:ImN™ pairs
increased (ODNs VII, VIII, IX, and X). On the other hand, the duplexes containing
the consecutive G:ImN™ pairs (ODN V:ODNs XI and XII) were more stable than
the control duplex. Through comparison of the results of ODN V:ODN IX (T},
= 63.0 °C) and ODN V:ODN XI (T,, = 72.8 °C), it was revealed that consecutive
introduction of the preferable base pairs is essential to contribute to the thermal
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Table 3 Hybridization data of G:ImN™ pairs

ODNV ~ 3-CGTGGCTGGGTTGGTGC-5' o
ODN VI 5-GCACCGACCCAACCACG-3 68.3
ODNVI === == Wemm = — = = 67.2
ODNVII = = === == = WeW======- 64.3
ODN IX SR * SR R | - 63.0
ODN X -W--We-We===W-==-W- 55.7
ODNXI = = mmm == WWW===—-=- - 72.8
ODN XII - W-WW=--WWW=-=-WW-W - 75.7

All measurements were carried out using 3 pM each of ODN in 10 mM sodium cacodylate
(pH 7.0) containing 0.1 M NaCl. Sequences are same as ODN VI except for W = ImNN

stability of the duplex. The hypothetical duplex structures are illustrated in Fig. 4.
The ImN?:ImO™ (and G:ImNY) base pairs form stable H-bonds in the duplex.
However, the pairs would spread the width of the helix around the strand where they
were introduced. It is known that the average intra-strand C1’-C1’ distance in a
canonical Watson—Crick base pair is 10.5 (£0.2) A, while the distances in purine
(anti)—purine(anti) base pairs are typically much longer (Cote and Georgiadis
2001). For example, Privé et al. (1987) reported the C1’-C1’ distance in the G
(anti)—A(anti) mismatch to be 12.5 A in an X-ray structure. The intra-strand C1/—
Cl’ distance in ImN?:ImOY (and G:ImN") would be similar to the above-
mentioned distance. Therefore, we speculated that thermal destabilization of the
duplex occurs at both sides of these pairs. When one pair of the tricyclic nucleoside
was incorporated into the duplex, the destabilization factor arising from disruption
of the Watson—Crick base pairs next to the pair would be greater than the stabili-
zation arising from the stable H-bonds. Consequently, the duplex would become
less stable (Fig. 4a). This undesirable effect would be enhanced as the numbers of
the nonconsecutive tricyclic nucleosides increased (Fig. 4b). On the other hand,
when the tricyclic nucleosides were consecutively incorporated, the duplex would
be thermally stabilized to a great extent since the base pairs between the tricyclic
nucleosides have four H-bonds and a strong stacking ability with the adjacent Im
bases. These stabilization factors would be superior to the conformational destabi-
lization around the boundary of the base pairs (Fig. 4c).

2.2 Im:Na Base Pairs (Second Generation)

As described above, the InN?:ImO™ pair markedly stabilized the duplex arising
from noncanonical four H-bonds and strong stacking ability. However, this base
pair does not seem to satisfy the shape complementarity, since it behaves like a
purine:purine pair. To develop the ideal base pairs beyond the Watson—Crick base
pairs with four H-bonds, we next designed a series of Na C-nucleosides, NaON,
NaNO, NaOO, and NaNN, as the complementary units against a series of Im units



122 N. Minakawa and A. Matsuda

LUalUooggeacal
80208
0

CO O Watson-Crick base pair
D O weak interacting Watson-Crick base pair
@ @ sirong interacting base pair such as ImN®:ImON

Fig. 4 Hypothetical duplex structures based on our consideration

(Hikishima et al. 2005; Kuramoto et al. 2011). These nucleosides can be recognized
as expanded pyrimidine derivatives, and thus, the resulting Im:Na pairs (Fig. 2b),
ImNO:NaON, ImON:NaNO, ImNN:ImOO, and ImO®:NaNN are expected to sta-
bilize the duplexes not only with four H-bonds and strong stacking ability but also
to satisfy the shape complementarity. The desired nucleosides were prepared using
the Heck reaction between a glycal and 1,8-naphthyridine derivative. After being
converted into phosphoramidite units, three classes of complementary duplexes
were synthesized to investigate the base-pairing properties of Im:Na pairs. As
shown in Table 4, the first class consists of duplexes (a series of ODN [:ODN II)
containing one X:Y pair at the center of the duplexes (with the noncanonical and
natural bases in their X or Y positions). The second class is made up of duplexes
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Table 4 Hybridization data of a series of Im:Na pairs

ODN [;5'-GCACCGARXAAACCACG-3' ODN XIII;5'-GCXCCGAAXARACCXCG-3'"  ODN lII;5'-GCACCGAXXXAACCACG-3'
ODN II;3'-CGTGGCTTYTTTGGTGC-5' ODN XIV;3-CGXGGCTTYTTTGGYGC-5' ODN IV;3-CGTGGCTYYYTTGGTGC-5'

T, AT, T, AT, T, AT,
X Y C) (O X Y °C) (0 X Y (°C) (°C)
ImN® NaON 561 +7.5 ImN° NaON 79.6 +31.0 ImN® NaO™ 80.1 +31.5

ImOY 504 +1.8  ImOYN 658 +17.2  ImON 64.6 +16.0
ImNN 486 0 ImNN 583 +9.7  ImNN 555  +6.9
ImO° 493 +0.7 ImO° 575 +8.9  ImO° 56.5 +7.9
ImN® NaN® 533 +47 ImN° NaN® 66.7 +18.1 ImN° NaN® 672 +18.6
ImO~N 564 +7.8 ImON 814 +32.8 ImOY 79.0  +30.2
ImNY 51.5 429  ImNM 61.7 +13.1 ImNN 59.1  +10.5
ImO° 51.0 +24  ImO° 588 +10.2 ImO° 61.6 +13.0
ImN® NaO® 546 +6.0 ImN° NaO® 705 +21.9 ImN® NaO° 76.8 +28.2
ImON 531 +4.5  ImON 727  +24.1 ImOYN 707 +22.1
ImNN 60.0 +11.4 ImNN 88.0 +39.4 ImNN 889 +40.3
ImO° 51.8 +3.2  ImO° 658 +17.2  ImO° 69.7 +21.1
ImN® NaNY 504 +1.8 ImN° NaNYN 647 +16.1 ImN° NaNN 62.8 +14.2
ImOY 509 +23  ImOYN 68.0 +19.4 ImOYN 64.1 +15.5
ImNN 534 +4.8  ImNN 70.7 4221 ImNN 70.0 +21.4
ImO° 565 +7.9 ImO° 80.5 +31.9 ImO° 813 +32.7
G C 499 +13 G C 567 +8.1 G C 552  +6.6
A T 48.6 - A T 60.5 - A T 48.6 -

All measurements were carried out using 3 pM each of ODN in 10 mM sodium cacodylate
(pH 7.0) containing 1 mM NaCl. The AT, values were obtained by subtracting data for the T,
possessing X:Y = A:T from each duplex. The complementary pairs were represented in bold

(a series of ODN XIII:ODN XIV) having three nonconsecutive X:Y pairs, and the
third class (a series of ODN III:ODN IV) is made up of three consecutive X:Y pairs.
Measurement of the thermal stability was carried out in a buffer of 10 mM sodium
cacodylate (pH 7.0) containing 1 mM NaCl. The resulting melting temperature 7,,s
and the AT,s values calculated based on the T, of the duplex (X:Y = A:T,
common to all duplexes) are listed in Table 4. As expected, the complementary
base pairs, INN?:NaO~, ImON:NaN®, ImN™:ImO®, and ImO®:NaN", are all
thermally stabilized the duplexes. Thus, when these pairs were incorporated into
ODN I:ODN II in which the Im:Im base pairs destabilized the duplexes, the ImO™:
NaN®, InN?:NaO™, and ImO®:NaN™ pairs stabilized the duplexes by +7.8 °C,
+7.5 °C, and +7.9 °C respectively, relative to the duplex containing the A:T pair.
The ImNY:NaO® pair stabilized the duplex by +11.4 °C, which was the highest
among the four pairs. The preferable base-pairing motif by the ImN~:NaO® pair
was emphasized in the series of ODN XIII:ODN XIV and ODN III:ODN IV. Both
duplexes containing three ImN™~:NaO© pairs were stabilized by ca. +40 °C, which
was a dramatic improvement. From these results, it can be concluded that the newly
designed Im:Na base-pairing motifs, especially ImN~:NaO®, thermally stabilized
the duplexes by nearly 10 °C more per pair than the A:T pair and 8 °C more than the
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G:C pair independent of the mode of incorporation of the base pair(s). This effect is
presumably caused by the noncanonical four H-bonds and the enhanced stacking
abilities of not only Im bases but also Na bases (Table 2) as well as the shape
complementarity of the Im:Na pairs.

One may wonder why the ImN~:NaO® pair showed the highest T, value
relative to the other three pairs despite formation of base pairs with four H-bonds.
As one explanation of this phenomenon, Jorgensen and Pranata suggested the
importance of secondary interaction for the stability of the hydrogen-bonded
complexes (Jorgensen and Pranata 1990). They revealed that a pair of
9-methylguanine:1-methylcytosine is much more thermodynamically stable than
that of 1-methyluracil:2,6-diaminopyridine despite consisting of three H-bonds in
both pairs. They explained that this comes from the secondary interaction arising
from the arrangement of H-bonds, and the validity of their consideration is well
demonstrated and evaluated for many complexes possessing a variety of H-bonding
patterns (Murray and Zimmerman 1992; Beijer et al. 1998; Djurdjevic et al. 2007;
Leigh et al. 2013). Our results can also be understood in view of their hypothesis.
The ImN?:NaO™ pair has a DADA:ADAD H-bonding pattern (Fig. 5). In this pair,
six repulsive (—6) secondary interactions (represented by dotted lines) arising from
D-D and A-A repulsion have to be considered together with four primary H-bonds.
Accordingly, the overall strength of interaction of the ImN?:NaO™ pair can be
estimated as four primary H-bonds and six repulsive secondary interactions (—6)
represented as “index”. The ImO™:NaN© pair possessing an ADAD:DADA
H-bonding pattern is expected to have the same overall strength of interaction.
This estimation agrees well with the calculated T,, values of the InN°:NaO™ and
ImO™:NaN® pairs (+7.5 °C vs. +7.8 °C). Since the ImN~:NaO® pair has a DAAD:
ADDA H-bonding pattern, this pair is expected to have four repulsive (—4) and two
attractive (+2) secondary interactions (represented by bold lines) together with four
primary H-bonds. Accordingly, the overall strength of the interactions of the ImN™:
NaO? pair can be estimated as four primary H-bonds and —2 of secondary
interactions, which was, in fact, thermally more stable than the ImN©:NaON and
ImO™:NaN© pairs (+11.4 °C vs. +7.5 and +7.8 °C). For the ImO®:NaN™ pair, if
this pair has an ADDA:DAAD H-bonding pattern as illustrated in Fig. 2b, the
overall strength of interaction of this pair can be estimated as four H-bonds and —2
of secondary interactions, which should be same as those of the ImNN:NaO® pair.
However the thermal stability of this pair (+7.9 °C) was rather low compared with
the ImN™~:NaO® pair and almost the same as those of the InN®:NaO™ and ImO™:
NaN© pairs. As described in the previous section, we suggested that the ImO®
exists as a tautomeric form, represented as tImOO, possessing an ADAA
H-bonding pattern. This being the case, then the base pair between tImO® and
NaN™ should have four repulsive (—4) and two attractive (+2) secondary interac-
tions together with three primary H-bonds (Fig. 5). Therefore, the overall strength
of interaction of the tImO®:NaN™ pair can be estimated as three H-bonds and —2
of secondary interactions, which was thermally similar to those of four H-bonds and
—6 of secondary interactions. The attached —AG® data also support these



Design, Characterization, and Application of Imidazopyridopyrimidine. . . 125

ImNO:NaON ImON:NaN® ImNN:Na0® timOO:NaNN

H-bonds 4 4 4 3

index -6 -6 -2 -2

ATm +7.5°C +7.8°C +11.4°C +7.9°C
-AG? 17.64 kcal/mol 17.93 kcal/mol 21.64 kcal/mol 17.07 kcal/mol

Fig. 5 Consideration of thermal and thermodynamic stability of a series of Im:Na base pairs. The
dotted line represented repulsive secondary interaction and the bold line represented attractive
secondary interaction. The index represented the sum of secondary interactions

considerations. Thus, the ImNY:NaO® pair, through a favorable contribution to the
enthalpy of formation, was most thermodynamically stable, and the remaining pairs
showed similar thermodynamic parameters.

3 Application of InO™:NaN® Pair to Develop a Thermally
Stabilized Decoy Molecule

As described above, a series of Im:Na base pairs markedly stabilized duplexes
independent of the mode of incorporation of the pairs due to the noncanonical four
H-bonds, the stacking effect of the expanded aromatic surfaces, and shape comple-
mentarity with the Watson—Crick base pairs. These successful results prompted us
to utilize the Im:Na base pairs toward therapeutic applications. Since the Im:Na
base pairs markedly stabilized DNA duplexes, application toward a decoy strategy
seemed to be ideal. Because the decoy molecule can compete with a target sequence
in promoter and enhancer for binding with transcription regulatory proteins, this
molecule is expected to be a powerful tool for regulating gene expression
(Cho-Chung et al. 1999). However, appending not only nuclease resistance but
also thermal stability to the decoy molecule by chemical modification is required.
The most common strategy employed is the replacement of an oxygen atom in the
phosphodiester linkage with a sulfur atom to give phosphorothioate-modified decoy
molecules (Bielinska et al. 1990). Although these molecules are highly resistant to
nuclease digestion, thermal stability is reduced relative to the unmodified decoy
molecule due to the stereochemistry created at the phosphate center (Stec
et al. 1995). To append thermal stability, efforts have been dedicated to the
preparation of a circular decoy molecule and to investigations of its effectiveness
in vitro and in vivo (Ahn et al. 2002a, b; Nakane et al. 2008). As alternative
approaches, modifications of the sticky ends of decoy molecules, for example, by
peptide nucleic acids (PNAs) (Romanelli et al. 2001) and locked nucleic acids
(LNAs) (Crinelli et al. 2002) have also been examined. It would therefore be worth
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Table 5 Properties of decoy molecules containing ImO™:NaN® pairs

Duplex Tm (°C) AT, (°C) 1C5o (nM)
Natural-NF
5/-CGCTGGGGACTTTCCACGG-3' 55.5 - 225 +£4.7
3'-GCGACCCCTGAAAGGTGCC-5'
2-NF
5'-ImONGCTGGGGACTTTCCACGIMO™-3/ 60.6 +5.1 20.1 £+ 13.3
3/-NaN°CGACCCCTGAAAGGTGCNaN®-5’
4-NF
5/ -IMOImONCTGGGGACTTTCCACIMO N ImO™-3’ 76.1 +20.6 109 + 4.8

3/-NaN°NaN°GACCCCTGAAAGGTGNaN°NaN®-5’

The T, measurement was carried out using 3 pM each of ODN in 10 mM sodium cacodylate
(pH 7.0) containing 1 mM NaCl. The sequences of underlined are binding site of NF-xB

investigating whether duplexes possessing the Im:Na base pairs act as decoy
molecules (Hikishima et al. 2006).

The duplexes used in this experiment are shown in Table 5. All duplexes include
an NF-xB binding site (underlined), and 2-NF contains one each of an ImON:NaN®
pair and 4-NF contains two each of ImO™:NaN® pairs on its 3'- and 5'-ends.
Characterization of the duplexes and their application to decoy molecules were
examined by comparison with the duplex, natural-NF. The T,,s and the ATs
values were calculated based on the T, of natural-NF. The 2-NF showed a T,,
value of 60.6 °C which is +5.1 °C higher than that of natural-NF. This result
indicated that the ImO™:NaN© pair stabilized the duplex by +2.5 °C per pair, which
was much less than that of our previous case (ca +7.5 °C per pair). When the ImO™:
NaN® pairs were consecutively incorporated, the resulting duplex, 4-NF, was
stabilized by +20.6 °C relative to natural-NF. Although the average stabilizing
effect is calculated to be +5.1 °C per pair, one can see a drastic improvement of
thermal stability between 2-NF and 4-NF. This indicates that 4-NF was stabilized
by +15.5 °Crelative to 2-NF and that the additional stabilizing effect is estimated to
be +7.8 °C per pair, which is approximately the same as our previous data. These
results indicated that, as well as H-bonds and shape complementarity, stacking
ability with the adjacent nucleobases is an important stabilizing factor (Holmes
et al. 2003). Thus, incorporation of one pair each of ImO™:NaN©® on the sticky ends
of the duplex is insufficient for thermal stabilization, and at least two consecutive
incorporations of pairs are required.

Since the duplexes containing the ImO™:NaN© pairs on their sticky ends were
thermally stabilized, we next turned our attention to thermally stabilized decoy
molecules. To check the potency of each molecule, the binding affinity of the
molecule to NF-xB (p50) was examined in a competition assay. The experiments
were performed in a buffer solution with increasing concentrations of the unlabeled
duplex, i.e., 2-NF or 4-NF, together with a fixed amount of the radiolabeled
natural-NF. As a positive control, self-competition by unlabeled natural-NF
was also examined. The calculated ICsy values of 2-NF and 4-NF were
20.1 + 13.3 and 10.9 £ 4.8 nM, respectively. These values were equal to and
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Fig. 6 Possible base-pairing motifs and their indexes consisting of four H-bonds

greater than that of natural-NF (22.5 £+ 4.7 nM). These data indicate that the
duplexes possessing ImO™:NaN® pairs on their sticky ends do not distort the
helical structure and thus act as decoy molecules with high affinity to the NF-xB
(p50) protein.

4 Conclusion and Perspective

During the past a decade, we developed a series of noncanonical base pairs
consisting of four H-bonds. We designed two sets of base pairs, ImN°:ImO" and
ImN™:ImO®, and investigated their effect for thermal stabilization of the duplex.
Interestingly, incorporation of one base pair destabilized the duplexes, while three
consecutive incorporation of the base pair, especially ImN®:ImO™, markedly
stabilized the duplexes. This contradictory result can be explained as follows.
The ImN°:ImON pair stabilized the duplex due to four H-bonds and strong
stacking ability with the adjacent bases. However, this base pair does not satisfy
shape complementarity, since it behaves like a purine:purine pair. Accordingly, the
stabilization effect of the ImN?:ImO™ pair depends on the mode of incorporation.
To satisfy shape complementarity, we developed a series of Na C-nucleosides as
the complementary units against a series of Im units. As expected, the resulting Im:
Na base pairs markedly stabilized the duplexes independent of the mode of
incorporation of the pairs due to the noncanonical four H-bonds, the stacking effect
of the expanded aromatic surfaces, and shape complementarity with the Watson—
Crick base pairs. In addition, we also revealed the importance of secondary
interaction arising from the arrangement of H-bonds for the stability of the
duplexes. Among the possible H-bonding patterns consisting of four H-bonds
(Fig. 6), the ImN?:NaO~ and ImO™:NaN©® pairs show the most unfavorable
secondary interaction (index = —6). The ImN™:NaO® pair, which showed the
best result in our study, is also an unfavorable base pair for the secondary interac-
tion (index = —2). In our ongoing project, one objective we may pursue would be
the design, synthesis, and evaluation of base pairs possessing favorable secondary
interaction, such as DDDD:AAAA (index = +6) and AADD:DDAA (index = +2).

In addition to the fundamental characterization of the Im:Na base pairs, we
demonstrated the utility of the ImO™N:NaN® pair for developing a thermally
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stabilized decoy molecule. We also investigated enzymatic recognition of the
ImN?:NaO~ and ImO™:NaN® pairs, which were selectively incorporated by
DNA polymerases, respectively (Minakawa et al. 2009; Ogata et al. 2009). Fur-
thermore, we revealed that a thermally more stable ImN™:NaO® pair showed
higher selectivity for enzymatic incorporation (unpublished results). Given these
results, development of new Im:Na base pairs possessing DDDD:AAAA and
AADD:DDAA H-bonding patterns should be an attractive challenge in our con-
tinuing research project. Further investigations would appear as articles, and the
complete results would be summarized elsewhere as a review article.
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Abstract The formation of A-T (U) and G—C base pairs is the fundamental rule of
genetic information flow in the central dogma of living organisms on Earth. By the
same token, the present genetic recombinant biotechnology relies on this base pair
complementarity, but the use of only two types of base pairs restricts further
technological advancement. Thus, the expansion of the genetic alphabet of DNA,
using an artificial third base pair (unnatural base pair), has the potential to open the
door to new biotechnologies. Polymerase reactions mediated by an unnatural base
pair could site specifically incorporate extra functional components of interest
within nucleic acids. To pursue this possibility, researchers have sought to create
unnatural base pairs that function as a third base pair, along with the natural base
pairs, in polymerase reactions. Recently, several unnatural base pairs with high
efficiency and selectivity in in vitro replication and transcription have been created.
Here, we describe the recent advancements in unnatural base pair development,
focusing on our studies and applications to DNA aptamer selection.
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1 Introduction

Nucleic acids are unique molecules that are amplifiable by polymerase reactions.
They display a wide variety of functions, including ligands (aptamers) and catalysts
(ribozymes). Thus, an evolutionary engineering method involving repetitive cycles
of selection and amplification will provide the ability to artificially generate new
functional nucleic acids. In 1990, in vitro selection methods (SELEX) were first
reported for creating RNA aptamers that bind to target molecules, such as dyes and
proteins (Ellington and Szostak 1990; Tuerk and Gold 1990), and a ribozyme that
specifically cleaves single-stranded DNA (Robertson and Joyce 1990). Since then,
an enormous number of aptamers and ribozymes have been generated, and the
evolutionary engineering method has prompted the rapid advancement of
DNA/RNA biotechnologies, including diagnostic and therapeutic applications of
aptamers. However, only one aptamer, which binds to human vascular endothelial
growth factor-165 (VEGF165), has been approved as a treatment for age-related
macular degeneration (Ruckman et al. 1998; Lee et al. 2005). While there are
several reasons for this slow progress in aptamer therapeutics, one significant task is
to increase the selectivity and affinity of the aptamer to the target molecule, for the
first screening in drug development.

One of the attractive methods for increasing nucleic acid functionality is the
expansion of the genetic alphabet, by introducing artificial extra bases (unnatural
bases) into nucleic acids. As compared with proteins comprising 20 standard amino
acids, nucleic acids consist of nucleotides, bearing only four bases with similar
chemical and physical properties. Thus, introducing unnatural bases with different
properties into DNA and RNA might improve nucleic acid functionalities. The
DNA fragments containing unnatural bases must function in replication and tran-
scription, and thus the unnatural base pairs developed as a third base pair should be
recognized in nucleic acid polymers by polymerases (Fig. 1).

The idea of the creation of unnatural base pairs was mentioned first by Alexander
Rich (1962). He wrote “In general, the trend in macroscopic organic evolution is
toward increased complexity,” and proposed an unnatural base pair between
isoguanine (isoG) and isocytosine (isoC). The isoG—isoC pair has different hydro-
gen bonding geometry from those of the natural A-T and G—C pairs (Fig. 2a—c).
The nucleotide derivatives of isoG and isoC were chemically synthesized, and they
examined polymerase reactions involving the isoG-isoC pair (Switzer et al. 1989).
They also designed other variations of unnatural base pairs with different hydrogen
bonding patterns (Piccirilli et al. 1990; Horlacher et al. 1995). Although these
unnatural base pairs were less selective and efficient in replication and transcription
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relative to the natural base pairs, these initial experiments suggested the possibility
of genetic alphabet expansion.

Since the first trials, several researchers have tackled the creation of unnatural
base pairs that exhibit highly selective pairing complementarity in polymerase
reactions (Kool 2000; Henry and Romesberg 2003; Benner 2004; Hirao 2006b;
Bergstrom 2009; Kimoto et al. 2011; Hirao and Kimoto 2012). The triphosphate
substrates of unnatural bases must be site specifically incorporated by polymerases
into DNA or RNA, opposite their pairing partners in templates. In particular,
replication requires extremely high selectivity of each cognate pairing of the natural
and unnatural base pairs. This is because the replicated DNAs are subsequently
used as templates, and thus even slight misincorporation (<1 %) accumulates
through repetitive amplification. For example, if the selectivity of an unnatural
base pairing is 99.0 % in each cycle of PCR, only ~74 % of the unnatural base pair
(if the amplification efficiency = 100% per cycle) will theoretically exist in the
amplified DNA after 30 cycles of PCR (0.99°° = ~0.74). However, if the selectiv-
ity is 99.9 %, then ~97 % of the unnatural base pair will survive after 30 cycles of
PCR (0.999* = ~0.97).
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Fig. 2 Chemical structures of the natural and unnatural base pairs. (a) The natural A-T pair. (b)
The natural G—C pair. (¢) The unnatural isoG—isoC pair. (d) The unnatural Ds—Px pair developed
by Hirao’s group. (e) The unnatural P-Z pair developed by Benner’s group. (f) The unnatural
5SICS-MMO?2 pair developed by Romesberg’s group

For 15 years, our group has been developing unnatural base pairs by thoroughly
pursuing the shape complementarity between pairing bases (Hirao et al. 2002, 2006,
2012; Hirao and Kimoto 2012). As a consequence, we have developed several
unnatural base pairs that function in replication, transcription, and/or translation.
Among them, the hydrophobic base pair between 7-(2-thienyl)imidazo[4,5-b]pyr-
idine (Ds) and 4-propynyl-2-nitropyrrole (Px) exhibits high fidelity and efficiency
in replication (Fig. 2d) (Kimoto et al. 2009; Yamashige et al. 2012). The shape of
the Ds base only fits well with that of the Px base. The Ds base is larger than the
natural purine bases and the Px base is smaller than the natural pyrimidine bases,
and thus mispairing with the natural bases is prevented. Furthermore, several other
ideas were introduced into the design of these unnatural bases to increase the
pairing fidelity. For example, the oxygen of the nitro group in Px electrostatically
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repels the 1-nitrogen of A, preventing the A—Px mispairing. The fidelity of the Ds—
Px pair is around 99.9 % in PCR, using exonuclease-proficient Deep Vent DNA
polymerase. Importantly, for practical uses, the misincorporation rates of these
unnatural base substrates opposite the natural bases are very low (0.005 % per
base per replication). DNA fragments containing the Ds—Px pair can be amplified
5 x 10*’-fold by PCR with 100 cycles in total, and more than 97 % of the Ds—Px
pair survived in the amplified DNA (Yamashige et al. 2012).

Recently, other types of unnatural base pairs for PCR amplification have also
been developed. The initial base pairs, such as the isoG—isoC pair, have been
improved and an unnatural hydrogen-bonded base pair between 2-aminoimidazo
[1,2-a]-1,3,5-triazin-4(8H )-one (P) and 6-amino-5-nitro-2(1H )-pyridone (Z) has
been newly designed (Fig. 2e) (Yang et al. 2007, 2011). The P-Z pair exhibits
99.8 % of the unnatural base pair selectivity per replication and 0.2 % of the
misincorporation opposite the natural bases per replication in PCR using Taq
DNA polymerase. Meanwhile, many types of hydrophobic unnatural base pairs
have been examined, and among them, SSICS (2-((2R.4S,5R)-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-6-methylisoquinoline-1(2H )-thione) =~ and
MMO2 ((2R,3S,5R)-2-(hydroxymethyl)-5-(2-methoxy-4-methylphenyl)tetrahy-
drofuran-3-ol) pair reached 99.9 % selectivity in PCR using OneTaq (a mixture
of Taq and exonuclease-proficient Deep Vent DNA polymerases) (Fig. 2f)
(Malyshev et al. 2009, 2012). The misincorporation rate of the SSICS-MMO2
pairs is 0.01-0.1 % per replication per base.

Here, we describe the characterization and application of unnatural base pairs,
focusing on the replicable hydrophobic Ds-Px pair. Recently, we applied the Ds—
Px pair to SELEX. We successfully generated unnatural base-containing DNA
aptamers that specifically bind to target proteins with higher affinities, beyond
those of the existing nucleic acid aptamers.

2 Replication System by Genetic Alphabet Expansion
Using the Ds—Px Pair

2.1 Sequencing Involving the Ds—Px Pair

In the creation of unnatural base pairs, it is important to develop extremely precise
methods to determine the sequences containing the unnatural bases and to assess the
fidelity of the unnatural base pairings in replication. In this section, we describe our
methods to determine the unnatural base pair fidelity in PCR involving the Ds—
Px pair.

We developed an assessment method for the Ds—Px pairing fidelity in PCR
amplification, by employing DNA sequencing involving the unnatural base pair, as
summarized in Figs. 3 and 4 (Hirao et al. 2006, 2007; Kimoto et al. 2009;
Yamashige et al. 2012). The assessment should include the confirmation of the
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Fig. 3 Scheme of DNA sequencing methods for Ds-containing DNA fragments. (a) Chemical
structures of the Ds base and its pairing partner, Pa’, used in the DNA sequencing instead of Px.
(b) DNA sequencing supplemented with dPa’TP (Method I) and an estimated sequencing peak
pattern. (¢) DNA sequencing supplemented with ddPa’TP (Method II) and an estimated sequenc-
ing pattern. (d) Estimated DNA sequencing pattern for a DNA fragment, in which the Ds base was
replaced with the natural bases (N) after PCR amplification

sequence and the determination of some parameters: the amplification fold of DNA
fragments containing the unnatural bases, the selectivity of the unnatural base
pairing, and the misincorporation rates of the unnatural base substrates opposite
the natural bases in the template.

Our DNA sequencing method involving unnatural base pairs is based on the
Sanger method, dideoxy dye termination, and can identify not only the sequence but
also the content rate of the unnatural bases at a specific position in DNA fragments,
by quantifying the sequence peaks. The retention rate of the Ds—Px pairing in
PCR-amplified DNA fragments can be determined by comparing the unnatural base
contents between the initial and amplified DNAs. Amplification folds are deter-
mined by gel analysis or real-time quantitative PCR. Using the retention rate and
the amplification fold, the selectivity of the Ds—Px pair in PCR is determined.

We developed two sequencing methods for Ds-containing DNA fragments. The
first method to determine the unnatural base positions is the conventional dideoxy
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dye-terminator method, modified by adding the deoxyribonucleoside triphosphate
of an unnatural base, 4-propynylpyrrole-2-carbaldehyde (Pa’), which is another
pairing partner of Ds (Hirao et al. 2006). As compared to dPxTP, dPa’TP is
favorably incorporated into DNA opposite Ds in the template when using Taq
DNA polymerase. Since the dideoxy dye terminator of Pa’ is not added, the
sequencing peak patterns have a gap at the Ds base position. The second method
uses the dideoxyribonucleoside triphosphate of Pa’(ddPa’TP), instead of dPa’TP
(Kimoto et al. 2009; Yamashige et al. 2012). Upon the ddPa’ incorporation opposite
Ds, the sequencing reaction stops, and there are no peaks following the Ds position.
If natural bases contaminate the Ds position, then the following peaks are observed
and their heights linearly reflect the contamination level. This second method is
useful to assess the retention rate of the unnatural base pairs in the amplified DNAs
by PCR, followed by the determination of the unnatural base pair selectivity.
Practically, the retention rate of the unnatural base [F (%)] is calculated by
comparing the leaking peak heights with those of the standard reference sequencing
peak patterns. The selectivity[f (%)] of the Ds—Px pair in PCR is calculated by the
following formula: f = 100 x (F/100)"", where n is the actual replication times [=
log,(Amplification fold)].
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Table 1 Selectivities of the Ds—Px pairing in 40-cycle PCR amplification in different DNA
template sequence contexts by Deep Vent DNA polymerase (exo+)

DNA template Amplification fold* Retention rate® (F) [%] Selectivity (f) [%/replication]

3-TATDsCTA-5 6.7 x 10'° >97¢ 99.92
3-GTGDsCAT-5 4.8 x 10'° 9 99.91
3-CAADsGTA-5 8.4 x 10° 92¢ 99.75

#Amplification folds after 40-cycle PCR using 50 pM each of dDSTP and NH,-hx-dPxTP and
300 pM natural dNTPs

PRetention rates of the Ds base at the original position after PCR amplification, determined from
the DNA sequencing supplemented with ddPa’TP

“Sequence peak patterns used for determination of these values are shown in Fig. 5a

2.2 Replication Fidelity Involving the Ds—Px Pair

To determine the Ds—Px selectivity, we performed 40 cycles of PCR to increase the
accuracy (Yamashige et al. 2012). To maintain the linear amplification of DNA, the
process of 10-cycle PCR and dilution of the amplified DNA was repeated four
times, to perform 40 cycles of PCR. A DNA fragment containing the
3-TATDsCTA-5" sequence was amplified 6.7 x 10'°-fold by 40-cycle PCR,
using Deep Vent DNA polymerase (exo+), 50 pM dDsTP and dPxTP, and
300 pM natural base dNTPs, and the selectivity of the Ds—Px pairing was
99.92 % per replication. As shown in Table 1 and Fig. 5a, the selectivities of the
Ds—Px pairing ranged 99.75-99.92 % per replication, depending on the sequence
contexts around the unnatural base in the DNA. Although purine-Ds—purine
sequences, such as 3-CAADsGTA-5’, are unfavorable, these sequences can also
be amplified, and they survived during SELEX to generate Ds-containing DNA
aptamers, as described later.

We also performed 100 cycles (10 cycles x 10 times) of PCR, using the Deep
Vent and AccuPrime Pfx DNA polymerases (Yamashige et al. 2012). In the
amplified DNA fragments (5 x 10*’-fold by Deep Vent and 2 x 10*-fold by
AccuPrime Pfx), the retentions were more than 97 % for Deep Vent DNA poly-
merase and 88 % for AccuPrime Pfx DNA polymerase (Fig. 5b). Thus, the
selectivities of the Ds—Px pair, calculated from these retention rates and amplifi-
cation folds, were more than 99.97 % and 99.9 % per replication for the Deep Vent
and AccuPrime Pfx DNA polymerases, respectively.

Several functional groups can be attached to the Px base via the propyne moiety,
and these modified Px substrates are also incorporated into DNA, opposite Ds, by
PCR (Fig. 6). Within the favored sequence contexts, the selectivities of the unnat-
ural base pairs between Ds and each modified Px are as high as 99.9 % per
replication. In contrast, the selectivities in the unfavorable 3’-CAADsGTA-5'
sequence varied from 99.22 to 99.88 %, depending on the Px modification. Inter-
estingly, as described below, the misincorporation rates of these pairs also varied.

The misincorporation rate of the unnatural base substrates opposite the natural
bases is determined by using a DNA template consisting of only the natural bases
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Fig. 5 Sequencing analysis of the PCR products after 40 or 100 cycles of PCR by Deep Vent
DNA polymerase (exo+). Sequencing reactions were performed by using amplified products after
40 cycles (a) or 100 cycles (b) of PCR, in the presence of dPa’TP (Method 1) for the left panels in
(b) or ddPa’TP (Method II) for (a) and the right panels in (b). The gray arrows indicate the
original unnatural base position. The percentages indicated in the panels for Method II are the
retention rates of the Ds—Px pair. The sequence contexts around the unnatural base of the DNA
template and the substrate concentrations used in PCR amplification are shown above the panels
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(Fig. 7). First, the DNA template is amplified by 40 cycles (four repetitions of the
10-cycle PCR and dilution process) of PCR in the presence of dDsTP and dPxTP, as
well as the natural base substrates. Second, both the amplified DNA and the initial
DNA template are amplified by 7 cycles of PCR in the presence of dDsTP,
Cy5-linked dPxTP, and the natural base substrates. By the quantification of the
Cy5 fluorescence intensity, the misincorporation rate of the unnatural base sub-
strates opposite the natural bases during the first 40-cycle PCR can be estimated. In
the second 7-cycle PCR, the unnatural base substrates may be slightly
misincorporated opposite the natural bases, and thus the exact misincorporation
rate is obtained by subtracting the fluorescent intensity of the initial DNA template
from that of the 40-cycle amplified DNA fragment. Thus, to calculate the misincor-
poration rate per base pair per replication, m%, the ratios of the unnatural base
misincorporation in the total PCR products (M%) are quantified, at first, by com-
parison with the fluorescence intensity of dye-linked Px incorporation into the
second PCR-amplified products. Then, the misincorporation rate is calculated by
the following formula: m = [1 — (1 — M/lOOn)l/L] x 100, where n is the actual
replication times [= log,(Amplification fold)], and L is the base pair length
(bp) outside the primer hybridizing regions.

Table 2 shows the misincorporation rates of the unnatural base substrates
opposite the natural bases in DNA templates during PCR amplifications by Deep
Vent DNA polymerase (exo+), in the presence of 50 pM dDsTP and dPxTP and
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Fig. 7 Scheme for determining unnatural base misincorporation rates opposite natural bases in
PCR amplification. The unnatural base misincorporation ratios in the 1st PCR product can be
determined by comparing the fluorescence intensities of the 2nd PCR products for the 1st PCR
product and DNA comprising natural bases only (without the 1st PCR amplification)

300 pM natural base dNTPs (Yamashige et al. 2012). The misincorporation rates of
the Ds and modified Px pairs ranged from 0.003 to 0.019 % per base pair per
replication. In general, increasing the concentrations of the unnatural substrates
relative to those of the natural substrates (AINTPs) enhanced the Ds—Px selectivity
(f%), whereas the undesired misincorporation rates (%) might increase by com-
petition with natural substrate selective incorporation and misincorporation.
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Table 2 Fidelities of the Ds—Px pairing in 40-cycle PCR amplification in different DNA template
sequence contexts using several combinations of dDsTP and modified dPXxTP by Deep Vent DNA
polymerase (exo+)

Selectivity® Misincorporation
Modified Amplification D) rate® (m) [%/bp/
dPxTP DNA template fold* [%/replication] replication]
dPxTP 3-TATDsCTA-5' 43 x 10'° 99.91
3-CAADsGTA-5 43 % 10° 99.88
3-TTACCTA-5' 42 x 101° - 0.019
NH,- 3'-TATDsCTA-5' 3.4 x 10'° 99.91
dPxTP  3-CAADsGTA-5 2.9 x 10° 99.22
3-TTACCTA-5' 5.0 x 10'° - 0.006
NH,-hx- 3-TATDsCTA-5' 6.7 x 10'° 99.92
dPxTP  3-CAADsGTA-5 8.4 x 10° 99.75
3-TTACCTA-5' 7.2 x 101° - 0.012
Dioll- 3-TATDsCTA-5' 6.2 x 10'° 99.92
dPxTP  3-CAADsGTA-5 7.6 x 10° 99.77
3-TTACCTA-5' 6.1 x 10'° - 0.005
Diol303- 3-TATDsCTA-5' 9.0 x 10'° 99.92
dPxTP  3-CAADsGTA-5 53 x 10° 99.64
3-TTACCTA-5' 1.2 x 10'° - 0.003
DMP-hx- 3-TATDsCTA-5' 1.7 x 10'° 99.91
dPxTP  3-CAADsGTA-5 3.3 x 10° 99.77
3'-TTACCTA-5' 5.8 x 10'° - 0.011
NTP-hx- 3'-TATDsCTA-5' 6.9 x 10° 99.91
dPxTP  3-CAADsGTA-5 3.3 x 10° 99.87
3-TTACCTA-5' 4.4 x 10'° - 0.016

“Amplification folds after 40-cycle PCR using 50 uM each of dDsTP and modified dPxTP and
300 pM natural dNTPs

PSelectivity of the unnatural base pairing

“Misincorporation rate of the unnatural base substrates opposite the natural bases in templates

The best fidelity of an unnatural base pair is that exhibiting the highest Ds—Px
selectivity (f%) and the lowest misincorporation rates (m%). We found that
a dihydroxy derivative of Px (Diol-Px) reduced the misincorporation rates of the
Ds—Px pairing. The combination of the unnatural base substrates of Dioll-dPxTP
and dDsTP in PCR by Deep Vent DNA polymerase showed the best Ds—Px fidelity:
the Ds—Px pairing selectivity was 99.77-99.92 % per replication, and the misincor-
poration rate was as low as 0.005 % per base pair per replication. This misincor-
poration rate corresponds to an error rate of 5 x 107> error per base pair, which is
close to the intrinsic error rate of the natural base mispairings by Deep Vent DNA
polymerase (~2 x 107°).
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3 DNA Aptamer Generation

3.1 SELEX Method Involving the Ds—Px Pair

The high-fidelity Ds—Px pair using the Dioll-Px base was applied to SELEX for
DNA aptamer generation, to examine whether the genetic alphabet expansion could
increase nucleic acid functionality (Fig. 8) (Kimoto et al. 2013b). Nucleic acids are
highly hydrophilic, and even the natural bases with hydrogen-bonded residues are
soluble in water. In fact, nucleic acid aptamers do not bind well to hydrophobic
regions in target proteins. Therefore, we added the hydrophobic Ds base as a fifth
base into the randomized region of DNA libraries for SELEX. However, we did not
add the pairing partner Px into the libraries. The Ds base cannot pair with any bases,
and it increased the structural diversity of the DNA fragments in the libraries. By
SELEX using the Ds-containing library, we performed DNA aptamer generation
for target proteins and found that the genetic alphabet expansion significantly
augments the aptamer affinity.

The present limitation in the application of the genetic alphabet expansion to
SELEX is the sequence determination of each clone, in the unnatural-base-
containing DNA library that is ultimately isolated by several selection and ampli-
fication rounds. In the conventional SELEX methods, each sequence is determined
either by a cloning—sequencing process by the transformation of the library-
introduced plasmids into E. coli or by direct deep sequencing using a next-
generation DNA sequencer. However, we currently have no means of both cloning
into a cell and deep sequencing involving unnatural-base-containing DNA frag-
ments, although these techniques are being developed. Thus, we created a new
method using sublibraries containing unnatural bases at predetermined positions.
Eventually, we found that this predetermined method is suitable for deep sequenc-
ing of the genetic alphabet expansion SELEX method.

We developed a new SELEX method using 22 different sublibraries, in which
one to three Ds bases were embedded at different, specific positions in a random
natural base region (43 bases) (Kimoto et al. 2013b). Each sublibrary has a unique
recognition tag sequence of two or three natural bases between the forward primer
and the random region, to identify the Ds positions after sequencing. For SELEX,
these sublibraries are mixed and used as a library, in which one to three Ds bases are
located at a variety of positions. The DNA fragments that bind to the target proteins
are selected from the library and amplified by PCR using natural and unnatural (Ds
and Px) base substrates and AccuPrime Pfx DNA polymerase.

After several rounds of selection and amplification, each sequence is determined
by replacing the unnatural bases with the natural bases. For the replacement, the
isolated library is amplified by PCR using the natural base and Pa’ substrates, to
replace the Ds bases with the natural bases. The replacement without the unnatural
base substrates is inefficient due to the high fidelity of the Ds—Px pair, and thus we
add dPa’TP as an intermediate, instead of dDsTP and dPxTP, to the PCR. Since Pa’
efficiently pairs with Ds but slightly mispairs with A, the Pa’ substrate is useful for
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Fig. 8 Scheme of a SELEX procedure for DNA aptamer selection using libraries containing
hydrophobic Ds bases. In the first selection, a mixture of 22 different chemically synthesized DNA
sublibraries was used as the initial library. Each sublibrary contains oligonucleotides with a central
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the replacement of the unnatural bases with the natural bases in PCR. Then, each
sequence in the natural base library is determined by deep sequencing, using Ion
Torrent PGM. From the tag sequence in each clone, the original Ds positions and
the complete sequence of the aptamer can be determined.

3.2 Aptamer Generation Targeting Proteins

We demonstrated the genetic alphabet expansion SELEX for two target proteins,
VEGF165 and interferon-y (IFNy) (Kimoto et al. 2013b). After seven rounds of
selection and optimization of aptamer sequences, we obtained a 47-mer DNA
aptamer containing two Ds bases for VEGF165 and a 49-mer DNA aptamer
containing three Ds bases for IFNy. The binding affinities were determined by
surface plasmon resonance (SPR), and the Kp values of these anti-VEGF165 and
anti-IFNy aptamers were 0.65 and 38 pM, respectively. These affinities are more
than 100-fold improved over the existing DNA aptamers with only natural bases
(370 pM for VEGF165 and 3-28 nM for IFNy) and the modified RNA aptamer (49—
130 pM for VEGF165 as Macugen). The binding experiments using other proteins
revealed the high specificity of these aptamers.

We examined the Ds— A mutant aptamers and confirmed that the affinities of
these mutants were significantly reduced (347 pM for anti-VEGF165 aptamer and
7.21 nM for anti-IFNy aptamer). In the forced mutation by PCR without the
unnatural base substrates, the Ds—Px pair was mainly replaced with the A-T pair
(and slightly by T—A). The crucial point of the genetic alphabet expansion SELEX
using the Ds-predetermined library is the high fidelity of the unnatural base pairing
in PCR amplification. If the replacement of unnatural to natural or natural to
unnatural bases occurs in the library during SELEX with more than 150 cycles of
PCR in total, we could have not determined the Ds positions in the sequences from
each recognition tag. The high Ds dependency of the aptamer affinities also
confirmed high fidelity of the Ds—Px pair in PCR amplification.

Since only a few unnatural bases significantly augmented the affinity and
specificity of DNA aptamers, the Ds-predetermined library is more powerful for

<
«

Fig. 8 (continued) random region of 43 nucleotides with 1-3 Ds bases at predetermined positions,
flanked by constant regions for forward and reverse primers. In each selection round, the single-
stranded DNA library was mixed with a target protein, and the DNA fragments that bound to the
target proteins were extracted, followed by asymmetric PCR amplification involving the Ds—Px
pair for the next round of selection. After several rounds of selection, the enriched DNA library
was PCR amplified in the presence of the natural ANTPs and the unnatural dPa’TP as substrates, to
replace the Ds bases in the DNA fragments with the natural bases (mainly A or T) via the Ds—Pa’
pair. All amplified DNA fragments were sequenced with a next-generation DNA sequencer, Ion
PGM. After binding analyses of the obtained DNA aptamers, the most potent aptamers for the
target protein were optimized through doped in vitro selection and the “winning” aptamers were
finally obtained
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the genetic alphabet expansion SELEX than we first anticipated. By utilizing deep
sequencing, we obtained tens of thousands of aptamer candidate sequence data
from the selected library, after several rounds of selection. To find the winning
aptamer sequence from the enormous number of sequences, the alignment by the
tag sequences of each sublibrary is very useful as an initial screening. In addition,
the number of base sequence combinations in a completely randomized library with
five different bases is a lot larger than that with the four natural bases. All possible
combinations with five different bases in the 43-base randomized region are greatly
increased to 1.14 x 10°°, relative to those (7.74 x 10% ) with four natural bases.
This increased complexity is unfavorable for SELEX because of the scale limita-
tion, and thus the incorporation of up to three Ds bases into the natural base
randomized region addresses this downside of the genetic alphabet expansion.

This SELEX experiment proved that the genetic alphabet expansion greatly
increases the nucleic acid functionality. The high-affinity Ds-containing aptamers
could be applied to diagnostics and therapeutics. In addition, other functional
nucleic acids, such as catalysts, could be generated by the genetic alphabet expan-
sion SELEX.

4 Conclusion and Future Studies

We have described the high-fidelity Ds—Px pair, which functions as a third base pair
in PCR, and its application to DNA aptamer generation. Just 5 years ago, it was hard
to imagine such an unnatural base pair surviving in amplified DNAs through more
than 100 cycles of PCR. The high-fidelity unnatural base pair has enabled its
application to an evolutionary engineering method, SELEX, to generate high-
affinity DNA aptamers containing unnatural bases. Introducing only few unnatural
bases significantly improved the aptamer affinity and selectivity to target proteins,
indicating the high potential of the genetic alphabet expansion technology.

Several unnatural base pairs have been developed, not only for replication
(Malyshev et al. 2012; Yang et al. 2011; Yamashige et al. 2012), but also for
transcription and/or translation (Hirao et al. 2002; Hirao 2006a; Kimoto et al. 2004,
2007; Seo et al. 2009, 2011). For example, another hydrophobic base pair between
Ds and pyrrole-2-carbaldehyde (Pa) is useful for in vitro transcription (Hirao
et al. 2006; Morohashi et al. 2012; Kimoto et al. 2013a). The unnatural base
substrates are both complementarily incorporated into RNA by T7 RNA polymer-
ase. Functional groups, such as an amino group, biotin, and fluorescent dyes, can be
attached to the Pa base via the propynyl linker, and these functional substrates are
also incorporated into RNA opposite Ds in DNA templates. Since DNA templates
containing Ds are chemically synthesized and amplified by PCR involving the Ds—
Px pairing, large DNA templates can be prepared to introduce functional Pa bases
into large RNA molecules (Kimoto et al. 2012).

In the future, genetic alphabet expansion will be applied to in vivo systems. In
vivo studies might provide valuable information about life’s mechanisms, through
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analyses of gene replication, repair, expression, and regulation in cells or organisms
involving unnatural base pair systems. In addition, unnatural base pair recombinant
techniques might increase the safety level of the containment of genetic recombi-
nant products. Since the unnatural base substrates cannot be synthesized in cells and
organisms, the recombinant creatures cannot proliferate without unnatural base
nucleotide supplementation. The large-scale production of artificial proteins
containing unnatural amino acids could also become possible, by using recombi-
nant cells and organisms.
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Abstract Flexible nucleosides such as Holy’s sugar-modified acyclics have seen
great utility in antiviral therapeutics. Another area of modification to the nucleoside
scaffold that has only recently garnered attention involves imparting flexibility to
the nucleobase instead of the sugar moiety. This flexibility can be achieved by
splitting the purine base into its respective imidazole and pyrimidine components or
by increasing the number of aromatic rings. These modifications also allow instal-
lation of additional substituents to the nucleobase scaffold that can potentially
enhance biological activity and enzyme recognition. Nucleobase flexibility can
also provide other advantages such as enhancing fluorescence properties that can
be utilized for bioprobes as well as to assist in exploring the effects of the
nucleobase on RNA and DNA helix stability.
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1 Introduction

Nucleoside and nucleotide analogues have long served as the cornerstone in the
arsenal of currently available therapeutics exhibiting potent activity against a
number of cancers, viruses, and bacterial and parasitic infections. To date more
than 25 nucleoside/tide drugs have earned FDA approval (Jordheim et al. 2013). As
a result, strategic modifications to the nucleoside scaffold can be used to increase
their efficacy as therapeutics, but also to develop novel ways for investigating
nucleic acid structure and function. Although varying the substituents on the
sugar and the base has provided the majority of nucleoside analogues, other
successful modifications have focused on altering the natural scaffold of the
nucleoside. For example, as shown in Fig. 1, carbocyclic nucleosides such as
Abacavir and Entecavir (Bisacchi et al. 1997; Boyle et al. 2012) and the acyclics
such as Tenofovir are FDA-approved nucleosides with modified sugars (De Clercq
1988, 2004; Tuske et al. 2004; De Clercq and Holy 2005). Notably, the acyclic
nucleosides have exhibited a wide range of biological activity against many viruses.
Most significantly, Tenofovir currently serves as the primary component in a
number of different highly active antiretroviral combination therapies (HAART)
due to its ability to overcome resistance mechanisms in HIV reverse transcriptase
(HIV-RT), a key enzyme in the HIV replication pathway. This has been attributed
to its ability to “wiggle and jiggle” in the HIV RT binding site (Das et al. 2005;
Tuske et al. 2004).

Modifications to the heterocyclic bases offer forth another route for installing
advantageous properties. Base modifications have led to novel nucleosides that
have found use in areas such as medicinal, computational, and biophysical chem-
istries as well as to increase our toolbox of heterocyclic chemistry techniques.
Switching the positions of atoms such as those found in the pyrazolopyrimidines or
removing nitrogens, as is typical with the deaza purines, are two approaches that
have found success (Seley et al. 1997, 2003a; Yang et al. 2006). Another approach
has been to build onto or insert atoms into the nucleobase framework. Less
attention, however, has been paid to installing flexibility to the base, and it is that
aspect that has provided the primary focus for this review.

2 Nucleobase Modifications

An early pioneer in the area of nucleobase modifications, Nelson Leonard
constructed a series of “expanded” and “extended” purines and pyrimidines to
investigate enzyme recognition (Agasimundin et al. 1985). The linear (1), distal
(2), and proximal (3) benzoadenine analogues, shown in Fig. 2, exhibited increased
conjugation due to the insertion of a benzene ring between the imidazole and
pyrimidine rings of the purine scaffold (Leonard and Hiremath 1986). These
analogues were initially developed as dimensional probes for investigating enzyme
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Fig. 1 Carbocyclic and acyclic nucleosides

binding sites, but also exhibited fluorescent properties (Leonard and Hiremath
1986; Spencer et al. 1974; Secrist et al. 1972a, b; Barrio et al. 1972). The Seley-
Radtke and Tor groups have continued this work with their hetero-expanded
purines (4) and extended pyrimidines (5 and 6) (Wauchope et al. 2010, 2012a;
O’Daniel et al. 2008; Temburnikar et al. 2013, 2014; Tor et al. 2007). The use of
heterocyclic spacers serves to increase polarizability and aromatic character as well
as to provide a less drastic curvature to the expanded base, thereby decreasing the
base pair distance in DNA.

In contrast to the inherently rigid expanded and extended bases, several groups
have studied the effects of introducing flexibility to the nucleobase. Early reports
from Miller et al. have suggested that flexible bases such as C5-substituted uracils
(Fig. 3) may have been present in primordial times due to the ease of coupling
amino acid side chains to uracil in prebiotic conditions (Robertson and Miller
1995).

More recently, the Seley-Radtke group introduced a series of compounds called
“fleximers” whereby the purine ring has been split into its imidazole and pyrimidine
components. This allows for rotation, while still retaining the elements essential for
base pairing and molecular recognition (Seley et al. 2002, 2005). A number of
different possibilities for connectivity exist; however, the Seley-Radtke studies
have focused on A and B shown in Fig. 4, since these connectivities most closely
resemble the purine scaffold.

When this concept was first explored, the fleximers were investigated using
various computational methods. The potential energies for rotation about the
carbon—carbon bond were studied for the adenine, guanosine, and inosine fleximers
(Seley et al. 2002; Bardon and Wetmore 2005). A second study focused on the
connectivity of the carbon—carbon bond between the C4 or C5 of the imidazole and
the C5' or C6' of the pyrimidine, as shown in Fig. 4. Without the ribose moiety, a
planar configuration of the base was observed with calculated energy barriers less
than 40 kJ/mol. One exception was noted with the adenine fleximer possessing a
C5-C5' connectivity, where a nonplanar global minimum was observed due to the
interaction of the imidazole and the amino of the pyrimidine (Bardon and Wetmore
2005). With the addition of a ribose to the imidazole, a nonplanar orientation was
favored; however, this was dependent upon the connectivity of the fleximer base
and various interactions between the base and the sugar. In that regard, the proximal
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fleximer nucleosides (A) appeared to exhibit a planar orientation for their bases,
while the distal (B) analogues strongly preferred a biplanar mode.

Following the initial computational studies, Seley-Radtke et al. reported the
synthesis for a series of ribose and 2'-deoxyribose fleximers (Seley et al. 2002;
Wauchope et al. 2012b). Notably, the distal fleximers were initially synthesized
from their tricyclic “expanded purine” counterparts (9 shown in Fig. 5) by reducing
the sulfur of the thiophene spacer ring with Raney Nickel (Seley et al. 2001). In
contrast, the proximal fleximers were realized by various cross-coupling method-
ologies including Stille and Suzuki palladium-catalyzed coupling (Wauchope
et al. 2012b). Organometallic coupling techniques offer forth many advantages
since there are a wide variety of catalysts available that can be utilized for different
conditions. For example, as shown in Fig. 6, Len et al. have developed a system of
coupling 6-iodouridine (10) with various boronic acids using Na,PdCl, at room
temperature. These gave moderate to good yields depending on the nature of the
boronic acid (Enderlin et al. 2013). Berteina-Raboin et al. have developed a
microwave-assisted Suzuki-Miyaura cross-coupling reaction of unprotected
2'-deoxyuridine (11) that can be performed in water with standard palladium
catalysis using Pd(OAc), and triphenylphosphine (Fresneau et al. 2012).
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More recent versions of the fleximer approach have been reported. For example,
Hudson’s triazole fleximer (12, Fig. 7), where the imidazole is replaced with a
triazole, was achieved using click chemistry (St. Amant et al. 2012). These triazole
analogues led to further modifications by Koszytkowska-Stawiniska using a Banert
cascade reaction (Loren and Sharpless 2005) to form analogues with a 4,5-disub-
stituted-NH-1,2,3-triazoles (13) (Koszytkowska-Stawiniska and Sas 2013). Impor-
tantly, the use of the Barnet cascade reaction allowed for a solvent-free “green
chemistry” approach.
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3 Flexibility and Medicinal Chemistry

Seley-Radtke’s fleximers and other related flexible analogues have been studied for
their potential therapeutic properties. In that regard, the distal guanosine fleximer
was observed to inhibit an adenosine-metabolizing enzyme,
S-adenosylhomocysteine hydrolase (SAHase) (Seley et al. 2003b). It has been
speculated that this unexpected inhibition of SAHase is likely due to the existence
of an intramolecular H-bond between the 5’-hydroxyl and the C2 carbonyl of the
base (Fig. 8), thereby leading to an atypical syn conformation. This essentially
results in an adenosine mimic since this syn conformation then places the amino
group of the guanosine in the appropriate position in the enzyme binding site where
the adenosine NH, would normally reside. The influence of the enzyme on the
molecule was further investigated by NMR; in solution, an anti-confirmation was
more energetically favorable (Polak et al. 2004), whereas in SAHase, the syn
conformation was preferred.

Further studies with the triphosphate of the guanosine fleximer (Flex-GTP)
revealed additional advantages for the fleximer approach. Notably, Flex-GTP was
preferred as a substrate over the natural substrate guanosine triphosphate (GTP) by
GTP-fucosepyrophosphorylase (GFPP). In addition, Flex-GTP was able to retain all
activity when confronted with active site mutations. Both observations appear to be
due to the ability of Flex-GTP to interact with secondary binding site amino acids
not previously involved in the mechanism of action for GFPP (Quirk and Seley
2005a, b).

Gundersen et al. studied a series of 6,9-disubstituted purines (14, Fig. 9) which
were found to be inhibitors of Mycobacterium tuberculosis (Braendvang
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Fig. 8 Seley-Radtke’s distal guanosine fleximer in SAHase

et al. 2009). To expand the structure activity relationship of these compounds a
second series of fleximers was synthesized. The flexible purine-like bases were
found to exhibit antimycobacterial activity with low mammalian toxicity (Read
et al. 2010). This series included fleximers where the C4 of the imidazole was
connected to the C5’ of the pyrimidine (15), and conversely the C5 of the imidazole
connected to the C6' of the pyrimidine (16), with better activity being noted for
fleximer 16 (Read et al. 2010).

“Reverse” fleximers, whereby the connectivity of the base has been switched,
feature an aryl substitution on the C5 of the pyrimidine (Fig. 10). These uridine
nucleoside analogues have provided important leads such as 5-iodo-2'-
deoxyuridine (IdUrd) and have been used clinically for the treatment of herpes.
In addition, 5-(2-halogenovinyl)-2’-deoxyuridines have displayed strong activity
against herpes simplex virus type 1 (HSV-1) and varicella-zoster virus (VZV).
Using Stille coupling techniques, Herdewijn and colleagues constructed a series of
5-thien-2-yl (17, Fig. 10) and related 5-furan-2-yl substituted 2’-deoxyuridines
(Wigerinck et al. 1991). The 5-bromothien-2-yl and 5-chlorothien-2-yl derivatives
of deoxyuridine displayed the strongest activity against HSV-1 and VZV with
potencies similar to Brivudine, likely due to phosphorylation by the viral thymidine
kinase (TK) (Wigerinck et al. 1991). These compounds have a high affinity for TK
as they exhibit similar binding energetics to thymidine, but the differences in
affinity are likely due to the hydrophobicity of the C5 substitution or the differences
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14 15 16 =

Fig. 9 Gunderson’s antimycobacterial compounds

in their interaction with TK (De Winter and Herdewijn 1996). Surprisingly, when
Delarue investigated the analogous monophosphates of 17 and the related aryl
C5-substituted thymidines for activity with Mycobacterium tuberculosis
thymidylate kinase, none of the compounds served as a substrate, but rather as
moderate inhibitors (Haouz et al. 2003).

Carbocyclic reverse fleximers, where the furanose oxygen has been replaced
with a methylene group, have also been evaluated (Fig. 10). Modest HSV-1 activity
was observed for the Aristeromycin analogue (18) (Popescu et al. 1995); however,
the truncated analogue (19), lacking the 5’-hydroxyl, failed to display any mean-
ingful antiviral activity. They did, however, exhibit modest adenosine deaminase
activity despite their pyrimidine character (Zimmermann et al. 2013). Similarly,
Holy et al. studied C5-substituted pyrimidines such as 20 and found that the acyclic
5-phenyl uracils exhibited HSV-1 and HSV-2 activity, whereas the cytosine ana-
logues were active against HCMV and VZV (Krecmerova et al. 2007). Another
series of acyclics with interesting activity are Orr’s C5-aryl analogues (21, Fig. 10)
of 5-benzylacyclouridine (BAU). These compounds were screened against uridine
phosphorylase (UrdPase), since inhibition of this enzyme is thought to enhance the
therapeutic effect of nucleoside drugs such as 5-fluorouracil (Orr et al. 1995). Later
analogues exhibited increased inhibition of UrdPase, with enhanced pharmacody-
namic effects compared to those noted for BAU (Orr et al. 1997).

Interestingly, when the imidazole of a flexible nucleoside analogue was replaced
with a triazole and the pyrimidine replaced with a benzene ring (22, Fig. 11)
significant anticancer activity against HepG, cells was observed, possibly due to
the conjugation between the aromatic ring systems (Yu et al. 2010). Related to this,
Kim et al. studied a series of isoxazole and triazole analogues (23) that were
synthesized from C5-ethynyl-2’-deoxyuridines using Sonogashira coupling and
click chemistry. These compounds were evaluated against six types of cancer cell
lines. The isoxazole compounds exhibited superior anticancer activity, although the
triazoles displayed lower cytotoxicity (Lee et al. 2009).

Similarly, Agrofoglio’s group synthesized a series of C5-disubstituted 1,2,3-
triazolo deoxyuridines (24, Fig. 11) as potential antivirals. These compounds were
realized using copper- or ruthenium-catalyzed azide—alkyne cycloaddition
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conditions. The 1,4-disubstituted compounds displayed activity against VZV,
whereas the 1,5-disubstituted compounds showed no antiviral activity (Montagu
et al. 2011).

4 Flexible Nucleobases and Helix Stability

Modified nucleosides have also been utilized to study the structure and function of
nucleic acids. Since DNA carries the genetic code, investigating DNA helix
stability has been important due to its critical role in replication and gene expression
(Kool 2001). Weisz et al. constructed a series of nonnatural imidazole/phenyl
fleximers with different substituents on the phenyl ring in an effort to study their
ability to bind to CG Watson—Crick base pairs (Fig. 12) (Wang et al. 2004). Triplex
formation studies are of interest due to the ability of a single-stranded oligomer to
bind to a double-stranded helix, which can be useful for gene regulation and
repression of protein production. The binding to duplex DNA was studied using
melting experiments (Wachowius et al. 2008). The 4-(3-n-butylureidophenyl)imid-
azole-2'-deoxy-nucleoside (25, Fig. 12) showed moderate binding affinity for all
possible base pairings with little discrimination between bases (Wachowius
et al. 2008).

Interestingly, the unsubstituted (27) and benzoylated aminophenyl (26) ana-
logues (Fig. 12) did not exhibit the high-affinity binding observed with the
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ureidophenyl analogues, possibly due to the amino group being a weak hydrogen
bond donor, or a steric clash with the benzamido group.

A series of similar analogues (Fig. 13) were synthesized by Obika et al. where
the imidazole component was substituted with a triazole. These analogues were
synthesized by the use of copper(I)-catalyzed alkyne—azide cycloaddition reactions.
As shown in Fig. 13, triplex formation was evaluated, with the 1-(4-ureidophenyl)
triazole exhibiting the best affinity and selectivity for the CG base pairs (Hari
et al. 2011). As a result, use of a triazole instead of imidazole ring may lead to
better binding for triplex formation in select sequences.

Although not used to study triplex formation, Seela et al. investigated various
alkynyl nucleobases of pyrimidines and purines (Fig. 14) where click chemistry
was used to construct 1,2,3-triazole nucleosides with the pyrimidine and purine
bases tethered to the C4 of the triazole with a methylene linker. These compounds
were found to display antiviral activity against HCV and ssRNA viruses (YFV,
DENV, and WNV), but unfortunately all compounds exhibited cellular toxicity
within the same concentration range as the antiviral activity. Interestingly, when the
adenine (28c¢) and uridine (28b) analogues were incorporated into DNA, they
displayed abasic-like properties, with a destabilizing effect on DNA duplexes
(Chittepu et al. 2008).

As shown in Fig. 15, a series of reverse fleximer uridine analogues were
synthesized by Froehler using palladium-catalyzed Stille coupling with 2-pyridyl
(29), 2-thienyl (30), 2-thiazoyl (31), or 2-imidazoyl (32) moieties. The nucleosides
were then incorporated into short oligodeoxynucleotides (ODNs) and studied for
their ability to form stable duplexes with complementary RNA strands (Gutierrez
et al. 1994). The modified ODNs exhibited increased melting temperature (7},)
compared to the natural thymidine-containing ODN:s, likely due to increased base
stacking (Gutierrez et al. 1994). Moreover, the favorable interactions observed for
the ODNs and RNA may lead to the development of new ODNs capable of
sequence-specific inhibition of gene expression.

Rozners et al. studied the C5 substitution of an imidazole ring to uridine, as
shown in Fig. 16, which resulted in a non-canonical base pair, known as a G-U
wobble. This pairing resulted in a slight reduction in thermal stability and also
altered the spine of hydration of RNA helices. This observation suggests the
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Fig. 16 Rozners’ G-U wobble base pairing

importance of considering hydration effects when studying modified ODNs. These
findings may lead to the improved design of aptamers and ribozymes (Rozners
et al. 2005).

5 Flexible Nucleobases as Fluorescent Bioprobes

Modified nucleosides have also been utilized as bioprobes due to their inherent
fluorescence. Using a fluorescent nucleoside analogue instead of a fluorescent tag
can have multiple advantages, since the nucleoside analogues are generally smaller.
As such, they may result in less steric disruption to the local environment. They can
also be anchored closer to the site of action which is advantageous for techniques
such as Forster resonance energy transfer (FRET) (Wilson and Kool 2006). Emis-
sive nucleosides have been created where the purine scaffold has been altered by
the addition of a rotatable bond separating the two aromatic components, similar to
the imidazole and pyrimidine rings of the fleximers. This approach enhances the
conjugation of the nucleobase and can potentially increase the fluorescence, leading
to utility as molecular rotors.

The conformational properties of the flexible nucleoside may also provide
insight into the effects of neighboring groups which often lead to changes in
photophysical properties. These phenomena have been observed by Tor
et al. while studying emissive properties. Since solvent polarity and viscosity play
key roles, changes in Stokes shifts were observed for flexible analogues, while
increasing rigidity was found to increase quantum yields (Sinkeldam et al. 2011).
Uridine C5 substitutions (similar to 17 in Fig. 10), such as a furan, oxazole,
thiophene, or thiazole ring, were evaluated for their changes in emission due to
solvent effects; however, the furan-substituted analogue proved to be the most
sensitive to solvent polarity changes (Greco and Tor 2005).

Related to this, the 5-furanyl uridine has been proven as a successful bioprobe as
it can be used to detect abasic sites that are important in nucleic acid cleavage. It has
also been incorporated using T7 RNA polymerase as well as into the A-site to study
aminoglycoside antibiotics (Greco and Tor 2005; Srivatsan and Tor 2007). Increas-
ing conjugation with a furan at the C5-position of pyrimidine and C8-position of
purines yielded fluorescent nucleosides emitting in the visible spectrum. Notably,
the uridine moiety was still able to maintain normal base pairing as well as its
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absorption and emission properties and thus could prove useful in various biophys-
ical applications (Greco and Tor 2007).

As shown in Fig. 17, a series of N3 aryl-substituted triazolylnucleosides were
synthesized by Hudson. The N3 aryl substitutions (“R” on 33, Fig. 17) included a
thiophene, phenyl, bithiophene, or fluorenone ring. The fleximers were synthesized
by the derivatization of 5-ethynyl-2’-deoxycytidine using copper-catalyzed azide—
alkyne Huisgen cycloadditions (CuAAC). The addition of the aryl substitutions
resulted in blue fluorescent nucleosides that displayed strong solvatochromism
(Dodd et al. 2010).

Related to these, a second series of fluorescent 1,2,3-triazole fleximers (34,
Fig. 17) were then synthesized using the CuAAC reaction with a ribosyl azide
and various 5-ethynylpyrimidines including uracil, cytosine, 4-aminopyrimidine,
2,4-diaminopyrimidine (34), as well as aryls such as fluorene and pyrene (St. Amant
etal. 2012). These analogues displayed interesting conformational properties due to
a preferred coplanar arrangement; however, only the diaminopyrimidine analogue
34 exhibited luminescent properties that could be useful for further studies
employing it as a bioprobe (St. Amant et al. 2012).

Similarly, Engels et al. constructed a series of triazole analogues, such as 35,
with various aryl and alkyl substituents on the C4 of the triazole linked to the C5 by
a methylene group. Notably, these were synthesized in high yields (74-90 %) using
solvent-free microwave conditions (Krim et al. 2012). These compounds were later
evaluated for antibacterial and antiviral activity, which unfortunately proved to be
poor. They did, however, exhibit high spin labeling efficiency for EPR analytical
techniques (Krim et al. 2012) and thus proved to be useful despite their lack of
therapeutic activity.

6 Summary

As has been highlighted in this brief review, nucleosides can be strategically
modified in a number of ways to enhance their properties and uses. While typically
these modifications are made to the sugar and/or base, the spectrum of outcomes
varies widely. This review has focused primarily on flexible nucleobase



162 S.C. Zimmermann and K.L. Seley-Radtke

modifications. This flexibility can be imparted to the nucleobase scaffold by a
variety of synthetic pathways, such as the click chemistry approach used by
Hudson, the linear construction of the base as was employed for Seley-Radtke’s
distal fleximers, or the more widely used organometallic catalyzed couplings as was
seen with the Seley-Radtke proximal fleximers. Notably, flexible nucleobases have
seen use in medicinal chemistry and investigating biologically significant enzymes,
as well as in studying helix stability and fluorescence properties. Advantages have
also been observed with the “reverse” fleximers, where the C5 of the pyrimidine
ring has been substituted with various aryl groups. Given their wide use and
interesting properties, pursuit of additional nucleosides with innovative flexible
base modifications may yield many new chemotherapeutic agents as well as
provide new and valuable tools in the rapidly growing field of bioprobes.
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Abstract The important role that noncoding RNA plays in cell biology makes it an
attractive target for molecular recognition. However, the discovery of small mol-
ecules that bind such double-stranded RNA (dsRNA) selectively and may serve as
biochemical probes and potential drug leads has been relatively slow. The surface
of dsRNA is relatively uniform, dominated by negatively charged phosphates, and
presents little opportunity for the traditional shape-selective molecular recognition.
On the other hand, hydrogen-bonded base pairing is the key feature of nucleic acids
and, therefore, inherently the most effective way of sequence-selective recognition
of RNA. This chapter reviews recent progress in developing oligonucleotide ana-
logues for selective binding to dSRNA. The emphasis is on hydrogen bonding to
nucleobases, such as triple helix formation between RNA and peptide nucleic acids
(PNAs). PNA having cationic nucleobase modifications binds to dsRNA with low
nanomolar affinity and excellent sequence selectivity under physiologically rele-
vant conditions. PNA is uniquely selective ligand for dSRNA as binding to the same
sequences of dsDNA is at least an order of magnitude weaker. Conjugation of PNA
with short lysine peptides further enhances binding affinity and RNA over DNA
selectivity without compromising sequence selectivity of the triple helix formation.
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Preliminary results suggest that the modified PNAs can bind and recognize non-
coding dsRNAs through the triple helix formation. The cationic nucleobase and
backbone (Lys) modifications enhance the cellular uptake of PNA. Thus, modified
PNAs may be promising compounds for detecting and interfering with the function
of biologically relevant dsRNA in live cells.

Keywords Sequence-selective RNA recognition ¢ Peptide nucleic acid « PNA
Triple helix « Modified nucleobases

1 Introduction

Historically, molecular recognition of double-stranded RNA (dsRNA) has received
relatively little attention. For a long time, RNA was viewed merely as a middleman
in transfer of genetic information from DNA to proteins. While the importance of
some noncoding RNAs, such as ribosomal and transfer RNAs, was appreciated, the
molecular recognition of these species was not a high priority research. However,
since the discovery that RNA can catalyze chemical reactions, the number and
variety of noncoding RNAs and the important roles they play in biology have been
growing steadily. Most notable gene expression regulators are short interfering
RNAs, microRNAs, riboswitches, and the RNA motifs involved in splicing
machinery (Meister and Tuschl 2004; Mandal and Breaker 2004; Plasterk 2006).
While less than 2 % of DNA encodes for functional proteins, almost 70 % is
transcribed into RNA. The ability to selectively recognize, detect, and inhibit the
function of such RNAs will be highly useful for both fundamental biology and
practical applications in biotechnology and medicine. However, since most non-
coding RNAs form well-organized double helical structures, molecular recognition
of such species is a formidable challenge (Chow and Bogdan 1997; Sucheck and
Wong 2000; Thomas and Hergenrother 2008; Guan and Disney 2012).

RNA helix has a relatively uniform and polar surface that presents little oppor-
tunity for hydrophobic shape-selective recognition. On the other hand, binding to
RNA bulges and internal loops, which are the most common targets of small
molecules, is frustrated by conformational flexibility of non-helical RNA. Most
of the current RNA binding compounds rely on electrostatic interactions with the
negatively charged phosphate backbone to boost the affinity at the expense of
selectivity. For example, the cationic aminoglycoside antibiotics are very strong
RNA binders; however, their applications are limited by high toxicity due to
indiscriminate binding to a variety of RNA species. Thus, discovery of small
molecules that bind double helical RNA sequence selectively remains a highly
desirable yet challenging goal (Thomas and Hergenrother 2008; Guan and Disney
2012).
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Hydrogen bonding to nucleobases is an inherently effective means of selective
recognition of helical nucleic acids. This concept has been elegantly applied by
Dervan and coworkers (2003) in targeting of DNA by minor groove-binding poly-
amides. In contrast to DNA, the shallow minor groove of RNA is not a good fit for
Dervan’s compounds (Chenoweth et al. 2013). Recently, we proposed that triple
helical binding of neutral oligonucleotide analogs, such as peptide nucleic acids
(PNA), might provide straightforward recognition of double-stranded RNA
(dsRNA) in the major groove with substantially higher selectivity than that of
traditional RNA binders.

Triple helices have been extensively studied in the DNA context (Fox and
Brown 2005; Maher et al. 1989; Moser and Dervan 1987). However, compared to
DNA, the major groove of an RNA helix is deep and narrow, which hinders binding
of the third strand oligonucleotide. RNA triple helices are less well studied than the
DNA counterparts. Relatively stable RNA triple helices are formed via parallel
binding of a pyrimidine-rich third strand to a purine-rich strand of the double helix
at mildly acidic conditions (Roberts and Crothers 1992; Han and Dervan 1993;
Escude et al. 1993). The sequence selectivity derives from uridine recognition of
A-U base pairs (U*A-U triplet) and protonated cytidine recognition of G-C base
pairs (C™*G-C triplet) via the Hoogsteen hydrogen bonding (Fig. 1). In theory,
triple helix has great potential for sequence-selective recognition of dsRNA. In
practice, applications of triple helices are limited by three problems: (1) low affinity
of the third strand oligonucleotide for the double helix caused, at least in part, by
electrostatic repulsion between the negatively charged phosphate backbones of
duplex and the third strand; (2) the requirement for long homopurine tracts, as
only U*A-U and C**G-C triplets can be used in recognition; and (3) low stability of
triple helices at physiologic pH due to need for cytosine protonation (unfavorable
due to pK, of ~4.5) to form the C**G-C triplet. This chapter discusses recent
progress in using chemically modified PNA to overcome the problems of triple
helical recognition of dsSRNA. The key advances have been nucleobase modifica-
tions, especially, introduction of a cationic nucleobase (2-aminopyridine), and
backbone modifications by attachment of short lysine peptides that allowed
nanomolar recognition of biologically relevant RNAs at physiological conditions.
The cationic modifications enhanced cellular uptake of PNA, suggesting that PNA
may be promising compounds for applications that require dsSRNA recognition in
live cells.

2 Affinity and Selectivity of dsSRNA Recognition by PNA

PNA has the entire sugar-phosphate backbone replaced by a neutral N-
(2-aminoethyl)glycine moiety (Fig. 1) that does not cause electrostatic repulsion
when binding to negatively charged nucleic acids (Egholm et al. 1993; Nielsen
et al. 1991). PNA binds to double-stranded DNA (dsDNA) via two competing
binding modes, triple helix (PNA:DNA, 1:1) and strand invasion, where PNA
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displaces one of the DNA strands, typically followed by a triplex formation (PNA:
DNA, 2:1) (Hansen et al. 2009; Nielsen et al. 1991). The binding mode depends on
sequence of PNA, salt concentration, DNA duplex stability, and PNA concentration
(Wittung et al. 1997).

While PNA—-dsDNA triple helices have been well studied, at the outset of our
studies, we were surprised to discover that triple helix between PNA and dsRNA
was virtually unexplored. There was only one report by Toulme and coworkers
suggesting that PNA had low affinity for an RNA hairpin responsible for the
ribosome gag-pol frameshift in HIV-1 (Aupeix et al. 1999). However, this result
was not conclusive because the complex studied contained two adjacent
mismatched T*C-G triplets and the affinity of PNA for the dsSRNA was estimated
only qualitatively. Thus, the ability of PNA to bind dsRNA via triple helix forma-
tion was unknown.

To probe if PNA could form a stable triple helix with dsSRNA, we adopted the
model system of short RNA hairpins used by Roberts and Crothers (Roberts and
Crothers 1992) in one of the early studies on RNA triple helices. Using isothermal
titration calorimetry (ITC), we found that a PNA 12-mer (PNA1, Fig. 2) had low
nanomolar affinity (K, = 3.5 x 10 M~!, K4 = 2.9 nM) for the matched HRP1 at
pH 5.5 in 100 mM sodium acetate [conditions used by Roberts and Crothers (1992)]
(Lietal.2010). The PNA:RNA stoichiometry was 1:1, consistent with the expected
triple helix. The affinity of PNA1 for dsSRNA was 30 times higher than affinity of an
RNA third strand of the same sequence making the PNA-RNA complex more
thermally stable than the original RNA duplex (Li et al. 2010).

As additional bonus, the binding rate of the neutral PNA was at least three times
faster than that of the oligoribonucleotide third strand, as could be judged qualita-
tively from the inspection of ITC traces (Li et al. 2010). A sequence selectivity
study revealed that the binding mode was triple helix formation and that PNA as
short as hexamers (PNA2, Fig. 2) had high binding affinity and specificity (K,
> 10’ M !, K4 < 100 nM). When compared against the four hairpins (HRP1-
HRP4, Fig. 2) having a variable base pair in the middle (bold in Fig. 2), only the
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two matched combinations involving C and T as the variable base X in PNA2 had
high affinity for their target hairpins, HRP1 and HRP2, respectively
(Lietal. 2010). All other mismatched combinations were significantly destabilized.
Typically, the mismatches with HRP1 were the most stable, but even these had
K, < 10° M™', an order of magnitude lower than the matched complexes. Of
particular importance for potential in vivo applications, PNA had an order of
magnitude higher affinity for an RNA than for a DNA hairpin of the same sequence,
which inside cells should minimize side effects due to competing binding to DNA
targets. To the best of our knowledge, this was the first study to suggest a strong and
sequence-selective triple helical binding of PNA to dsRNA (Li et al. 2010).

Although UV thermal melting and CD spectroscopy confirmed the ITC results,
we found the spectroscopic methods less informative, mostly because of the high
melting temperatures of PNA-RNA complexes (frequently >90 °C) and generally
low resolution of UV and CD spectra. In our hands, ITC clearly emerged as the
method of choice for studying binding of PNA to dsRNA and was used as the main
tool in all of our follow-up studies discussed below.

3 Triple Helical Recognition of Pyrimidine Nucleobases

While the purine nucleosides are easily recognized by the standard Hoogsteen
triplets (Fig. 1), recognition of pyrimidine nucleosides is a formidable challenge
presumably because they present fewer hydrogen-bonding sites in the major
groove. Despite extensive research, the requirement for polypurine tracts, i.e.,
long stretches of purine nucleosides on one strand of dsDNA, remains a major
limitation for triple helix formation (Purwanto and Weisz 2003; Buchini and
Leumann 2003; Robles et al. 2002). Biologically relevant dsSRNAs typically do
not contain long polypurine tracts. However, it is common to find eight and more
contiguous purines interrupted by one or two pyrimidines in ribosomal RNAs
(http://www.rna.ccbb.utexas.edu/) and miRNAs (Griffiths-Jones et al. 2008). It is
conceivable that other noncoding RNAs contain similar sequences suitable for
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triple helix formation. Thus, if the triple helical recognition could be expanded to
target isolated pyrimidines in the purine-rich strand, the approach could become
useful for fundamental studies in RNA biology as well as practical applications.

Figure 3 shows a selection of modified base triplets designed to recognize
pyrimidine inversions in polypurine tracts of DNA. Dervan and coworkers (Griffin
et al. 1992) pioneered an innovative design, where a nucleobase analogue (D3)
spanned the major groove and recognized a C-G inversion by forming hydrogen
bonds with both pyrimidine and purine of the inverted base pair. A similar design
was later used in S*T-A (Guianvarc’h et al. 2001; Ranasinghe et al. 2005; Rusling
et al. 2006) and Ind*C-G (Mertz et al. 2004) triplets. For recognition of thymidine,
encouraging results have been obtained with heterocycle E (Fig. 3) incorporated in
PNA (Eldrup et al. 1997). For cytidine recognition, various derivatives of
pyrimidinone (e.g., MP and M¢P) (Ranasinghe et al. 2005; Buchini and Leumann
2004) and cytosines modified by cationic (Semenyuk et al. 2010) (C*Y and
intercalating (Gianolio and McLaughlin 1999) (C") N-substituents have given
promising results when incorporated in short DNA fragments. Although these
analogs form only one hydrogen bond, they may engage in stabilizing bonding
interactions with the C5-H of pyrimidine. Triple helix recognition of mixed
sequences has also been demonstrated by switching the polarity of oligonucleotides
to read the purine tracts on alternate DNA strands (Beal and Dervan 1992; Horne
and Dervan 1990). Overall, the recognition of T-A and C-G inversions has been
demonstrated in DNA with useful selectivity, but the stability of resulting triplets
(Fig. 3) is typically lower than that of the standard Hoogsteen triplets.

While various modified heterocycles have been studied for DNA triplexes
(Fig. 3), recognition of pyrimidine nucleosides in dSRNA had no precedent prior
to our studies. We discovered that PNA nonamers (PNA3, Fig. 2) modified with
2-pyrimidinone P and 3-oxo0-2,3-dihydropyridazine E (Fig. 4) recognized C-G and
U-A inversions in HRP3 and HRP4, respectively, with high affinity (K, = 0.4 and
2.8 x 10’ M ") and sequence selectivity when placed at the variable position X in
PNA3 (Gupta et al. 2011). The use of P base in PNA had no precedent before our
study, although derivatives of pyrimidinone had been used as oligonucleotide
modifications for recognition of C-G inversions in DNA (Ranasinghe et al. 2005;
Buchini and Leumann 2004). The E base was originally designed by Nielsen and
coworkers (Eldrup et al. 1997) as a PNA modification to recognize T-A and dU-A
inversions in DNA (Fig. 3).

The experiments described above were done in 100 mM sodium acetate buffer at
pH 6.25 because at pH 5.5 E-modified PNA3 had very strong but nonselective
binding to all four hairpins HRP1-HRP4. This was in contrast to earlier studies by
Nielsen and coworkers who reported that E was highly selective for T and dU in
DNA at pH 7 (Eldrup et al. 1997). It was conceivable that the lower pH may have
favored alternative tautomeric forms of E that formed triplets with other
nucleobases. While E-modified PNA3 did not bind to HRP4 at pH 7, good affinity
and selectivity were observed at pH 6.25.

In our design of pyrimidine recognition, extending the linker between P and
PNA backbone by an extra CH, group (Fig. 4) enhanced the affinity and selectivity
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Fig. 4 Structure of nucleobase-modified PNA and modified base triplets for recognition of
pyrimidines in RNA triple helices

of pyrimidine recognition (Gupta et al. 2011). The linker for E was originally
designed by Nielsen and coworkers to be two atoms longer than in regular PNA.
The thermodynamic stability of P*C-G and E*U-A triplets was similar to that of
the standard Hoogsteen triplets allowing PNA nanomers to recognize RNA hairpins
(Fig. 2) with mid-nanomolar affinity at pH 6.25 (Gupta et al. 2011).
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recognition of dsRNA at physiological conditions

4 Triple Helical Recognition of dsRNA at Physiological
Conditions

Formation of the Hoogsteen C**G-C triplet requires that cytosines of the third
strand are protonated (Fig. 1). Because of the pK, = 4.5, cytosine is hardly pro-
tonated at physiological conditions, which is a problem for potential in vivo
applications. Nielsen and coworkers (Hansen et al. 2009; Egholm et al. 1995)
used pseudoisocytosine (J, Fig. 5), originally designed by Kan and coworkers
(Ono et al. 1991), as a neutral mimic of protonated cytosine to solve the problem
in PNA. Povsic and Dervan pioneered an alternative approach, chemical modula-
tion of cytosine’s pK,, and showed that triple helices containing 5-methylcytosine
(more basic than C) were more stable at higher pH than those of unmodified DNA
(Povsic and Dervan 1989). More recently, derivatives of 2-aminopyridine
M, pK, = 6.7, Fig. 5) have been used to increase the stability of DNA triple
helices at high pH (Rusling et al. 2005; Hildbrand et al. 1997; Cassidy et al. 1997,
Chen and McLaughlin 2000). Before our studies, 2-aminopyridine or other more
basic cytosine analogues had not been used in PNA.

In a recent study, we compared the potential of J- and M-modified PNAs (e.g.,
Fig. 5, PNAS and PNAG, respectively) to bind to dSRNA (HRPS) at physiological
conditions (Zengeya et al. 2012). We found that M-modified PNAs were signifi-
cantly more efficient RNA binders than J-modified PNAs at physiological condi-
tions: 2 mM MgCl,, 90 mM KCI, 10 mM NaCl, and 50 mM potassium phosphate,
pH 7.4 and 37 °C.

While PNA4 had good affinity, K, = 7.6 x 10° M~ for HRPS in acetate buffer
at pH 5.5, we could not observe any binding at pH 7 under physiologically relevant
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conditions. While substitution of C with J restored some binding affinity for PNAS,
K, = 1.7 x 10° M, the M-modified PNA6 was clearly superior with K, = 1.8
x 10" M~! being even higher than the K, of PNA4 at pH 5.5 (Zengeya et al. 2012).
Thus, while the neutral J provided the correct hydrogen-bonding scheme, the
stability of the triplet was significantly higher when the positively charged M was
used. Most remarkably, binding of PNA6 to the matched DANN hairpin (having
the same sequence as HRPS) was about two orders of magnitude weaker (K, = 3
x 10°) than binding to the RNA hairpin HRP5. This result confirmed the unique
selectivity of PNA for the recognition of the deep and narrow major groove of RNA
over the wider major groove of DNA, as we had initially observed at pH 5.5.

Our results suggested that the positive charge on cytosine contributed signifi-
cantly to stability of the Hoogsteen triplet, presumably via electrostatic attraction to
the negatively charged nucleic acid. Thus, an ideal design for the recognition of
G-C pairs would include correct hydrogen-bonding scheme and a positive charge
on the heterocycle. To check that the cationic M had not reduced the sequence
selectivity, we studied binding of M-modified PNA7 and PNAS8 to the model
hairpins HRP1-HRP4 (Fig. 6) featuring a variable base pair (in bold) in the middle
of helix. As expected, PNA7 and PNAS8 formed stable 1:1 complexes with the
matched HRP1 and HRP2 (K, = 2.0 and 0.4 x 10’ M™"), respectively (Zengeya
et al. 2012). Confirming high sequence selectivity, we could observe only very
weak interactions (K, < 10*) of PNA7 and PNAS8 with other mismatched hairpins.
The lower affinity of PNAS for its matched target HRP2 confirmed that the charge
contributed significantly to triplex stability. In all experiments with M-modified
PNAs we observed the expected 1:1 PNA:RNA stoichiometry.

5 PNA-Lysine Conjugates: Improved RNA Binding
and Cellular Uptake

Unmodified PNA does not readily cross cellular membranes. A promising approach
to enhancing cellular uptake has been conjugation of PNA with cell penetrating
peptides (CPP) that deliver the conjugate through endocytosis (Torres et al. 2012;
Said Hassane et al. 2010; Shiraishi and Nielsen 2006). Recently, the groups of
Corey (Hu et al. 2009; Hu and Corey 2007) and Gait (Fabani and Gait 2008; Abes
et al. 2007; Turner et al. 2005) showed that conjugation of PNA with short lysine
peptides enabled efficient delivery in various cancer cell lines. Four lysine residues
achieved similar efficiency as R6-penetratin, a CPP optimized for cellular delivery
of PNA (Abes et al. 2007). Using short lysine peptide instead of longer CPP
significantly reduced the synthetic complexity required for PNA preparation and
use in cell culture and enabled PNA delivery in mice (Wancewicz et al. 2011;
Fabani et al. 2010). Addition of a terminal Cys residue further increased the cellular
uptake of Cys-Lys-PNA-Lys; conjugate (Torres et al. 2012).
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Our interest in testing short lysine peptides was further stimulated by the work of
Stromberg and coworkers (Murtola et al. 2010) who reported that addition of
cationic peptides to UV melting buffer enhanced the thermal stability of 2'-O-
MeRNA/RNA duplexes, but had no effect on the stability of dsDNA. We hypoth-
esized that the cationic peptides stabilized dsSRNA by binding selectively in its deep
and narrow major groove (but not in the wider major groove of dsDNA). Since the
triplex forming PNAs also bind in the major groove, we further hypothesized that
conjugation of short lysine peptides to PNA may increase the stability of PNA—
RNA triple helices. If these hypotheses were true the resulting conjugates should be
selective ligands for dSRNA while binding less strongly to dsDNA. Thus, conju-
gation of PNA with lysines would enhance the cellular uptake, affinity of PNA for
dsRNA, and the unique RNA over DNA selectivity observed in our previous
studies.

The above hypotheses were tested using PNA9 (Fig. 6), a variant of PNAS8
carrying four additional p-lysines at the amino end. While PNA8 had modest
affinity (K, = 0.4 x 10’ M™") for the matched HRP2, the affinity of PNA9 was
in the low nanomolar range (K, = 16.5 X 107 Mfl) (Muse et al. 2013). Consistent
with Stromberg’s results (Murtola et al. 2010) and our hypothesis, addition of four
lysine residues to PNA enhanced the binding affinity about 40 times. Despite the
highly cationic nature, PNA9 had excellent sequence selectivity (Muse et al. 2013).
Most importantly, we could not detect any binding of PNA9 to the matched DNA
hairpin having the same sequence as HRP2. These results strongly supported our
hypotheses and were very encouraging for using p-lysines as affinity and selectivity
enhancing agents for RNA recognition. Finally, the M- and Lys-modified PNA
showed encouraging cellular uptake (Muse et al. 2013). Interestingly, both modi-
fications were important for efficient uptake of modified PNAs, suggesting that the
cationic nucleobases may contribute to crossing the cellular membrane, endosomal
escape, or both.



Sequence-Selective Recognition of Double-Stranded RNA 177

Fig. 7 Sequences of RNA
hairpins modeling v 11 =
biologically important RNA (5 . . C-
and cationic nucleobase and ek A=
backbone-modified PNAs e

I
B -0
|
* 1111

OC‘.ZIU a0,
praappacca O

oM oM
.M .M -
I - HM oM .
I 5 “M oM
I E E =
I - DM DM *
HM T T
- M I
J=1 [ I - oM M -
3 ¥ 5 3 Plys § 3

HRP7 PNAl1O PNAll HRP8 PNAl2 PNAl3 PNAl4 HRPO

6 Conclusions and Outlook: Recognition of Biologically
Significant dsSRNA

M- and lysine-modified PNAs carrying multiple positive charges showed high
affinity and excellent sequence selectivity in triple helical recognition of dsRNA.
Conjugation with short lysine peptides strongly enhanced binding of PNA to
dsRNA while no binding could be observed to matched dsDNA, which should
eliminate nonspecific binding of PNA to nuclear dsDNA (Muse et al. 2013). The
unique RNA selectivity will be important for potential applications in cells and
other biological systems. The improved cellular uptake suggested that PNAs
carrying cationic M and Lys modifications may be promising compounds for
modulating the function of biologically important dsRNA in live cells.

To explore the potential of modified PNAs in recognition of biologically signif-
icant dsSRNA sequences we studied two hairpins: HRP7 modeling the sequence of
pri-microRNA-215 and HRP8 modeling the sequence of bacterial ribosomal A-site
(Fig. 7). Under physiological conditions binding of PNA10 to HRP7 was relatively
weak (K, ~ 1 x 10°M™Y), as expected because of the unfavorable C protonation.
In contrast, strong binding was restored by substitution of C with M in PNA11
(Ko = 1.2 x 10’ M™") (Zengeya et al. 2012).

Similar trend was observed for HRP8. While we could not observe any binding
for the C-rich PNA12 (K, < 10° M) at physiological conditions, the M-modified
PNA13 was binding strongly (K, = 3.7 x 10’ M~') to HPRS. Addition of three
lysines at the carboxyl end of PNA increased the binding affinity of PNA14 to low
nanomolar (K, = 1.3 x 10> M™!). The PNA:RNA stoichiometry was 1:1, as
expected for the proposed triple helical recognition. Interestingly, the presence of
several noncanonical base pairs in HRP7 and HRPS8 and a bulge in HRPS8 did not
prevent strong binding of PNAs to the RNA hairpins. When testing against HRP9
that models the human A-site sequence, we could not detect any binding of PNA13
(K, < 10> M™"); PNA14 had only very weak interaction (K, < 10* M™") with
HRP9. This result was not unexpected because HRP8 and HRP9 share only four
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common base pairs out of nine base pair recognition site; in other words, for PNA13
and PNA14 there are five mismatches in HRP9 indicated in bold (Fig. 7). While
preliminary, these results support the notion that cationic modified PNA may be
novel and efficient ligands for sequence-selective recognition of dsRNA in biological
systems.

In summary, we have demonstrated that PNA carrying appropriate modifications
can recognize dsRNA via sequence-selective triple helix formation. The method is
applicable to sequences featuring a short polypurine tract that may be interrupted by
isolated pyrimidines and may contain noncanonical secondary structure. PNA has
demonstrated unique and intriguing selectivity for dSSRNA over dsDNA. We spec-
ulate that PN A may fit better in the narrow and deep major groove of dsSRNA where
it may benefit from additional hydrophobic interactions that contribute to strong
binding. This notion is in line with the effect of cationic peptides on RNA duplexes
observed by Stromberg and coworkers (Murtola et al. 2010). It is conceivable that
the wider major groove of dsDNA does not provide optimal binding pocket for
PNA and peptides. Promising preliminary results that the cationic M and Lys
modifications enhance cellular uptake suggest that the modified PNA may be
promising probes to study biologically important dsSRNA species in live cells and
may even become novel drug leads.
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Abstract Current structure determination techniques for bio-macromolecules
including X-ray crystallography, nuclear magnetic resonance spectroscopy
(NMR) and cryo-electron microscopy, focus on obtaining snapshots of the most
stable conformer in the free-energy landscape. It is, however, imperative to fathom
the conformations of other occupants of energy landscape as well that are transient
in existence but are often the functionally active structures. NMR spectroscopy is a
versatile technique that, in addition to providing static snapshots, has ability to
measure various motional modes of a macromolecule. These motional modes
connect distinct local minima in the free-energy landscape and help decipher
additional conformational states that are accessible to a macromolecule. This
book chapter gives a glimpse of the concept of existence of excited states for
nucleic acids on free-energy landscape. Subsequently, this chapter focuses on
using R, relaxation dispersion NMR experiments to characterize the transient
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structures of nucleic acids that are otherwise not possible with standard structure
determination techniques. A step-by-step guide and basic principles—including
NMR data acquisition, data fitting and statistical analysis, model building and
mutational approaches to test the proposed models—will be discussed to first
hypothesize and then confirm the existence of such unique transient structures in
nucleic acids.

Keywords CPMG + Exchange broadening  Nucleic acid excited-state structures
* Relaxation dispersion NMR spectroscopy * Ry,

1 Introduction

Atomic-resolution structural snapshots of bio-macromolecules provided by routine
structure determination techniques including X-ray crystallography, NMR spec-
troscopy and cryo-electron microscopy are not sufficient enough to completely
understand the functional diversity exhibited by these molecules (Dethoff
et al. 2012a). The functional diversity of bio-macromolecules is embedded in
their ability to acquire distinct conformations. This ability, i.e. the process of
inter-conversion among several distinct conformations, is termed as ‘molecular
dynamics’ and is responsible for increasing the conformational space of a macro-
molecule. The conformational space is not degenerate and is shown (Dill and Chan
1997) to have rugged free-energy landscape where bio-macromolecules with dis-
tinct conformations occupy distinct energy levels (Fig. 1). Proteins that function as
enzymes have long been recognized as molecular machines that walk along this
conformational space to carry out a particular biological process (Heine et al. 2001;
Kuhlenkoetter et al. 2011; Granata et al. 2013; Schramm 2013). Similarly, DNA
and RNA are also being recognized as parts of various molecular machines
(Kuhlenkoetter et al. 2011; Nikolova et al. 2011; Dethoff et al. 2012a, b) that
carry out several biological processes by undergoing conformational exchange
due to molecular dynamics, either inherent or induced by a cellular cue.
Molecular dynamics in these nano-machines takes place at varying orders of
timescale including picoseconds to milliseconds to seconds and so on (Schwartz
and Schramm 2009; Wolfe and O’Brien 2009). A timescale in molecular
dynamics—ms-to-ps motions—that is responsible to carry out many important
biological processes has been explored in detail in proteins (Palmer 2009; Kay
2011) but is still poorly understood in nucleic acids. A very recent discovery of
transient Hoogsteen base pairs in canonical duplex DNA has generated a new
understanding for accessing functionally important but transient structures in
nucleic acids with greater details (Nikolova et al. 2011, 2012). Transient structures
occupy a slightly higher state in the free-energy landscape than that is occupied by
equilibrium (or ground-state) structures. These transient structures are, therefore,
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Fig.1 A rugged and dynamic free-energy landscape is shown in grey containing schematic RNA
conformations. Exchange process between a ground-state conformation (GS) and an excited-state
conformation (ES) is highlighted. Three shades of grey/black are used to highlight how the same
RNA sequence is inter-converting among distinct conformations

often referred to as excited-state structures or simply the excited states (ESs).
Similar ESs have also been discovered in case of RNAs that are essential to
perform various biological functions in a tightly regulated manner. For example,
in ribosomal A-site RNA ES conformation sequesters two functionally important
adenines A1492 and A1493 by flipping them inside the helix and makes them
unavailable for decoding messenger RNA (mRNA) during the process of
translation (Dethoff et al. 2012b).

Such transient conformations exist in too little abundance (typically with
populations <5 %) and for too small a duration (typical lifetime < milliseconds)
to carry out a detailed biophysical investigation. In such a situation, a low spin-lock
field R;, NMR experiment comes handy and can measure molecular dynamics
precisely within the window of above-described timescales (Massi et al. 2004;
Palmer and Massi 2006; Bothe et al. 2011). A strategy to visualize ES of nucleic
acids by NMR citing A-site ribosomal RNA as an example is described in the
sections below.
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Fig. 2 A representative precessional motion of magnetization vectors in transverse plane as time
is progressing in (a) a case of no exchange between the two spins, grey vector is rotated by —40° in
each step, and black vector is rotated by —30° and (b) when the two spins are exchanging; angle of
rotation of the two vectors is same as in ‘a’ and in addition there is swapping of vectors (grey to
black and black to grey) in every exchange step. Corresponding free induction decay (considering
no relaxation decay) is shown at the end

2 The Ry, NMR Experiment

Relaxation dispersion NMR spectroscopy is one of the few techniques that are used
to site-specifically characterize slow motions in ms-to-ps timescales (Palmer 2004;
Korzhnev et al. 2005). This technique manipulates NMR line broadening caused
due to chemical exchange processes and can obtain the structural, thermodynamic
and kinetic information of the exchange process. Exchange process may be under-
stood by considering a nucleus residing in two conformations on the free-energy
landscape—ground-state conformation (GS) and excited-state conformation
(ES) (Fig. 1). In a typical NMR experiment during free evolution, each nucleus
has a magnetization vector precessing around the z-axis (or the applied magnetic
field direction) at its Larmor frequency (the frequency that translates into chemical
shift). For a nucleus residing in two conformations, there will be two such
vectors precessing at two different chemical shifts (Fig. 2). Consider that a detector
is placed along the y-axis to capture intensity of the y-component of the
precessing vector (a precessing vector at any given time has an x-component and
a y-component) after a fixed time interval. In the absence of any exchange between
the two conformations (Fig. 2a), intensity map of the two vectors in one full cycle of
precession is shown at the far right end, called as free induction decay (fid). It is
important to note that transverse relaxation decay has been excluded from the fid to
keep the discussion simple. It is evident though, from the two non-overlapping fids,
that these two vectors have distinct precessional frequencies and hence distinct
chemical shifts (Fig. 2a). In Sect. 2.1, a hypothetical scenario of two racing tracks is
used to further explain the chemical exchange process and its suppression using two
different NMR techniques.

In the presence of exchange between the two conformations, GS and ES

k
(GS —_ ES), at a rate (kex = kgg + kgg) comparable to difference in their

kG
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NMR resonance frequencies (Aw = wg — wg), magnetization vectors of the two
conformations stochastically swap their Larmor frequencies with each other
(Fig. 2b). Since the process is stochastic and residence time of nucleus in a
particular conformation can vary, it results in de-synchronization of the magneti-
zation vectors’ precessional motion. This causes fanning out of the magnetization
vector resulting in broadening (R.) of the NMR line—in addition to that caused by
the transverse relaxation process, R,. In this particular example (Fig. 2b), the
exchange rate and Larmor frequency of the two conformations have been chosen
such that both the spins eventually have same chemical shift, as indicated by their
overlapping fids. The exchange broadening may also result in total disappearance of
the NMR signal if the intensity is low to start with—typically in the case of ES
conformations due to low populations. In such a situation, relaxation dispersion
experiments come to rescue by suppressing the exchange contribution to the line
broadening of the visible ground-state signal and quantifying the same. This
suppression of exchange process is carried out either by application of a series of
180° pulses in a Carl-Purcell-Meiboom—Gill (CPMG) relaxation dispersion exper-
iment or a constant radiofrequency (RF) field in a rotating frame R, relaxation
dispersion experiment (R, experiment).

The exchange contribution is measured as a function of 7., in a CPMG exper-
iment (Wang et al. 2001) and the power and frequency of radiofrequency field in
R, experiment (Massi et al. 2004). The resulting relaxation dispersion curve is
typically fit to a two-state model yielding a set of parameters depending on if the
exchange is slow (k.x < |Awl) to intermediate (kox = ~ |Awl) or fast (kex > |Awl)
on the chemical shift time scale. Information about population (pg), lifetime

(Tex = ‘/ kex) and chemical shift (wg) of the excited state can be obtained if the

exchange is slow to intermediate; and only 7., and @ = pepeAw?® can be deter-
mined in fast-exchanging systems and additional experiments are required to
resolve (Aw) and (pg), where Aw = wg — wg. The CPMG experiments have
another disadvantage when compared with R;, experiment as in they only yield
the absolute difference in chemical shift log — wgl and additional experiments are
needed to determine the sign of the Aw (Baldwin and Kay 2012). In the above
equations, k., is exchange rate constant; 7., is lifetime of the excited state; wg is
chemical shift of GS; wg is chemical shift of ES; Aw is chemical shift difference
between GS and ES; pg is population of GS; and pg is population of ES.

Slower millisecond motions can be accessed by CPMG relaxation dispersion
experiments and has been shown to work well for proteins (Vallurupalli
et al. 2012); however extensive '*C—">C scalar coupling networks in the base and
sugar moieties of nucleic acids severely complicate these experiments (Vallurupalli
et al. 2007). The problem due to scalar couplings can, in principle, be solved by
selectively labelling '*C at distinct carbon positions and measuring data on multiple
samples (Johnson and Hoogstraten 2008; Kloiber et al. 2011; Wunderlich
et al. 2012). This, however, increases the cost of the study by several folds. Further,
absence of sufficient number of '>N—'H probes in bases (especially in
non-canonical regions of RNA where chances of occurrence of such slow motions
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Fig. 3 (a) Protonated carbon and nitrogen atoms are numbered (N;—H;, N3—H3, C,—H,, Cs—Hs,
Cs—Hsg, Cs—Hg, C1—Hy) to highlight the probes available for relaxation dispersion measurement in
nucleic acids; figure also highlights the large number of C—C bonds (and hence scalar couplings)
present in bases and ribose sugars and the scarcity of N—H bonds in canonical base pairs and total
absence of them in ribose sugars, making CPMG measurement on nucleic acids challenging; (b)
different regions of 2D [*c, 'H] -HSQC and [N, 1H]-HSQC spectra of the A-site ribosomal RNA
oligonucleotide of the marked probes; resonance assignments are marked on each peak

are highest) and total absence of '>’N—"H probes in sugar moieties of DNA/RNA
(Fig. 3a) makes the use of CPMG experiment on nucleic acids even more
challenging.

R, experiments are widely used, when compared with CPMG experiments, for
the study of nucleic acids as spinlock fields can be used more selectively to
eliminate or diminish the effect of unwanted '*C—">C scalar coupling interactions
(Blad et al. 2005; Hansen et al. 2009). Additionally, R;, experiment can directly
yield the magnitude as well as the sign of Aw from the data measured on a single
magnetic field, unlike CPMG experiments, where measurement at a minimum of
two magnetic fields is required (Kovrigin et al. 2006). In an R, experiment, line
broadening is measured as a function of the spinlock power and frequency offset of
a constant radiofrequency spinlock field. Early variants of R, experiment
employed effective RF fields typically in the range of 1-6 kHz thus limiting the
sensitivity of exchange processes occurring on microsecond timescales (Blad
et al. 2005). Very recently, range of accessible time scales has been extended to
~10 ms using low spinlock power in R, experiment (Hansen et al. 2009). Appro-
priate use of 'H decoupling and magnetization alignment schemes permits the use
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of significantly weaker RF fields (typically ~100 Hz) thus increasing the sensitivity
to slower motions. Using these schemes, R, experiment can now be measured for
protonated carbons and protonated nitrogens in uniformly '*C, 'N-labelled and
unlabelled (only for protonated carbon measurements) nucleic acids (Nikolova
et al. 2011, 2012; Dethoff et al. 2012b).

2.1 Understanding Exchange Broadening and Suppression

To understand a no exchange situation, lets consider two concentric athletic tracks
(namely walk-track and run-track) in a stadium that are rotating at two different
speeds ‘w’ and ‘r’, where r > w (Fig. 4a). Now consider a set of people asked to
stand on walk-track for a certain length of time ‘#’. Also consider another set of
people asked to stand on run-track for the same amount of time, with the same
starting positions as walk-track people. Visualize that people do not have to walk or
run to cover a distance, but it’s the track itself that is rotating at two unique speeds.
If we now plot distance travelled on ‘y’ axis and time used to travel on ‘x’ axis, it is
very obvious to envisage that all the people on walk-track reach at a unique point
and all the runners reach at another unique point, both defined by the respective
track speeds (slope of the curve) (Fig. 4b). This situation is comparable to a nucleus
residing in two conformations without undergoing exchange, and the NMR spec-
trum of that sample displays two distinct peaks for that nucleus (Fig. 4c).

In the exchange situation, walkers and runners are travelling again for the same
duration, ‘¢’, but this time some of the people from walk-track decide to jump on the
run-track and some of the runners decide to jump on walk-track—multiple times
during the time ‘#’. Now walkers and runners would not be reaching at two unique
points after time ‘#’, but there will be a distribution of positions around pure walker
and pure runner positions (Fig. 4d). The width of this distribution is directly
correlated with the jump frequency. This distribution of position is what we know
as NMR peak broadening due to exchange. If the population of walkers and runners
is highly skewed, overall distribution of the two positions might merge and shift
towards the higher population set, resulting in a single broad distribution (Fig. 4e).

Let us now consider the suppression of exchange using CPMG relaxation
dispersion experiment (Fig. 4g). During time ‘¢’, if we blow a whistle and at that
point both the tracks reverse their direction of rotation, it is intuitive to think that the
overall effect of reversing the direction of rotation would be to decrease the width
of the distribution of positions around pure walker and pure runner positions. If the
whistle blowing frequency is increased comparable to exchange frequency of
walkers and runners, there will not be any effective distribution, and all walkers
and runners positions will match with either pure walker or pure runner position,
depending on the population of the two sets. This is precisely what is done during a
CPMG experiment where a series of 180° pulses are applied that results in reversing
the order of precession (fast precessing vector becomes slow and slow precessing
vector becomes fast) of the two magnetization vectors (corresponding to two



188 J. Chugh

a Exchange No Exchange

)
Y, ¢
&
& @
R
o
z distance
(7]

: : - slope=frequency ’\
""" ;: d  Exchange ” e rurfers wa]yk%ers
' 0 \“ C 2 g
(AN 5
Run Track, Frequency =r ©
Walk Track, Frequency = w TOEQ‘ slope=frequency A
f g time h ~7SZ
Exchange suppression Exchange suppression
by R, g | by CPMG }
©
Ground Level T'%’g A
< — time j{

Oscillating tracks
about diameter

—
j{ distance
? P
[

time &

distance

%

time j{

Fig. 4 Cartoon representation of exchange process and its suppression using R, and CPMG
relaxation dispersion experiments. Red and blue tracks are represented as run track and walk track,
respectively, rotating at respective frequencies. (a) In a no exchange case, the two tracks are
rotating at respective frequencies and people standing on the tracks reach at respective unique
points at the end of time ‘¢’. (b) These unique points are shown on the y-axis in the time—distance
plot. (¢) NMR spectrum of a nucleus populating two conformations without undergoing exchange.
(d) In the case of exchange, frequent change of speed of people standing on the two tracks by
jumping between the tracks results in a distribution of position at the end of time ‘#’. (e) Exchange
broadened NMR spectrum of a nucleus populating two conformations. (f) Exchange suppression
by R, experiment where the two tracks are made to oscillate about the diameter such that tracks no
longer can run parallel and jumping frequency of people from one track to the other is decreased.
(g) Exchange suppression by CPMG experiment where reversing the direction of rotation of the
tracks results in narrowing of the distribution of position in the time-distance plot. (h) Suppression
of exchange results in narrowing of NMR line of the GS peak

conformations of a nuclei) every time a pulse is applied at a constant interval of zp,.
When the pulse is applied at close enough intervals (shorter 7., delays), no
sufficient time is given to magnetization vector to evolve and exchange its speed
with the other vector and hence exchange contribution is suppressed.
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In suppression of exchange using R, relaxation dispersion experiment (Fig. 4f),
during time ‘#’, the two tracks are made to oscillate about their diameter at a certain
frequency in such a way that half of the track (divided by the diameter) moves out
of the plane of the earth and the other half goes below the earth. In the next cycle of
oscillation, the half that was below the earth moves above the ground and vice
versa. In this situation, the rotating tracks no longer run parallel for sufficient
amount of time and the chances of people to jump from one track to the other are
decreased. Jumping frequency further decreases as the oscillation frequency is
increased and thereby suppressing the exchange. This is what is done in a typical
R, experiment where a resonant RF field is applied (consider it similar to oscillat-
ing track) and rotating transverse magnetization vector is locked along this RF field,
suppressing the chemical exchange. A detailed mathematical treatment of the
experiment is presented elsewhere (Massi et al. 2004).

Suppression of exchange, either by CPMG or by R,, experiment, is typically
applied on a GS peak (or a peak corresponding to a conformation with more
population) that is broadened by exchange. A gradual narrowing of NMR peak is
seen as the parameters in the two experiments are varied (Fig. 4h).

3 Sample Preparation

The preparation and purification of '*C, "*N-labelled oligonucleotides (DNA and
RNA) samples required to carry out above studies have been described in detail
earlier (Zhang et al. 2006). Following sample requirements are to be met for these
kinds of NMR studies: (1) typical size of the DNA/RNA construct should be
between 12 and 60 nucleotides; and (2) typical concentration should be ~0.5 mM
fora 13C, >N-labelled DNA/RNA sample and ~4 mM for an unlabelled DNA/RNA
sample. Phosphate buffer with a slightly acidic pH (~6.4) and low salt concentration
(~25 mM) is a preferred buffer for such studies. Other buffers may also be explored.

4 Data Acquisition

Rotating frame R, relaxation dispersion profiles on nucleic acids may be acquired
using several pulse sequences available in the literature (Massi et al. 2004; Auer
et al. 2009). Here, as an example, measurements using selective carbon experiment
with a one-dimensional (1D) acquisition scheme is discussed (Hansen et al. 2009).
This scheme extends the sensitivity to chemical exchange into millisecond time-
scale relative to conventional two-dimensional (2D) relaxation dispersion methods.
Acquisition in 1D mode is particularly suited for nucleic acids, where chemical
exchange is very often limited to a small number of nucleotides in non-canonical
sites, e.g. loops and bulges, making it unnecessary to record full 2D experiments for
the canonical helical regions.
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Fig. 5 (a) An example on-resonance R, profile in the presence of exchange ( filled spheres) and
no-exchange (open circles), where points in shapes other than filled spheres are used for (b)
off-resonance R, measurement by varying the spinlock offset. Spinlock power corresponding to
the points used for off-resonance measurement is mentioned in the graph. Each point in (a) isa Ry,
value that comes as a result of (¢) mono-exponential fitting of the NMR peak intensities acquired
as a function of relaxation delays—with equation in the inset

4.1 Protocol

1. First of all, a 2D heteronuclear single quantum coherence (HSQC) non-TROSY
(Dethoff et al. 2012b) spectrum is acquired on the oligonucleotide sample
(Fig. 3b). Two heteronuclei in the experiment could be either 13C-'H and/or
"N-"H, depending on what nuclei is to be probed. Hereafter, the case of carbon
relaxation dispersion measurements is discussed and all the steps/principles can
be directly applied as is for nitrogen relaxation dispersion measurements. It is
assumed that the NMR peak assignments (knowledge of each correlation peak
in the HSQC spectrum belonging to corresponding bond vector, see Fig. 3b) for
the nucleic acid sample is already known. The NMR peak assignments for
CyHy, CoHy, CH,, C4Hy, CsHs, CHg and CgHg are minimally required.

2. A list of NMR peaks is prepared corresponding to nuclei in the nucleic acid
sample to be probed, e.g. C,H,-A93, CgHg-A92 and 13C and '"H chemical shifts
of these spins are carefully noted from the HSQC experiment acquired in step
1. These values are used in the R, experiment.
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3. Itis also useful to measure longitudinal (R;) and transverse (R,) relaxation rates
for the nuclei of interest (Hansen and Al-Hashimi 2007). These numbers help in
deciding an appropriate length of relaxation delays in the R;, experiment.
These measurements are, however, not mandatory.

4. The R, experiment is acquired in two steps; first an on-resonance profile is
measured where only the power of the spinlock field is varied (Fig. 5a).
Typically, 10-12 spinlock powers with 3—4 repeats are used for each peak.
Subsequently, an off-resonance profile is measured that is discussed later in this
protocol (Fig. 5b). Each R, data point (in both on-resonance and off-resonance
experiments) in turn is measured by acquiring a set of experiments as a function
of transverse relaxation delay (Fig. 5c).

5. '3C and 'H chemical shift values of the NMR peak under study are taken from
the step 2 in the R, pulse sequence parameter file and several other parameters
used in the R, pulse sequence including pulse lengths, water offset frequency,
pulse powers, etc. are optimized.

6. For deciding the length and number of transverse relaxation delays in the
experiment R, numbers from step 3 comes handy. As a rule of thumb, maxi-
mum delay is chosen so as to keep the decayed intensity as one-third of the
intensity with zero ms delay. Also, the number of scans is chosen so as to keep
the signal-to-noise (S/N) ratio of at least 20:1 for the longest delay peak
intensity. Now, between zero ms and maximum delay, 2—4 additional delays
are chosen that are spread apart in time as well as in NMR peak intensity. For
error calculation 1-2 repeat delays are chosen. All the relaxation delays are
input as a list and the experiment is recorded in an interleaved fashion. A
typical R;, experiment using above scheme at a single-spinlock power takes
anywhere from ~5 to ~20 min, depending upon S/N of the NMR peak chosen,
number of delays and length of delays. It is advisable to run this experiment at
this stage, process and check if one is getting a good exponential decay of peak
intensities at various relaxation delays.

7. Although this pulse sequence contains a robust heat compensation block that
ensures that same amount of heat is generated for all lengths and powers of
spinlock field, it is suggested to confirm the temperature of the sample after a
few runs of the experiments by measuring water line position or using a
d4-methanol sample (Findeisen et al. 2007) before and after the experiment.
A necessary correction in the sample temperature can be applied accordingly.

8. An additional parameter in the pulse sequence called as ‘zeta delay’ is required
to be added if a peak of interest has a nearby peak in carbon dimension
(i.e. having similar '"H chemical shift and nearby '*C chemical shift). Zeta
delay is used to suppress the nearby '°C signal. Typically, peaks in the
proximity of 50-100 Hz are taken into consideration. If there is a peak that is
closer than 50 Hz in carbon dimension, one cannot practically measure the peak
of interest, as it is difficult to suppress signal from a peak that close.

9. List of parameters that must be optimized in this pulse sequence (Bruker
scheme), in addition to regular essential parameters:
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(a) cnst30: "H chemical shift for the spin of interest (in ppm).

(b) 02: 13C chemical shift for the spin of interest (in Hz).

(¢) pl1: 1/J, where J is the one bond coupling constant between '*C and 'H
for the spin of interest.

(d) spl: power level for pl1 pulse; optimized for efficient Hartman—Hahn
matching condition between 'H and *C.

(e) cnstl2: spinlock power in Hz.

(f) p123: spinlock power in db.

(g) d31: average of all transverse relaxation delays.

(h) d30: maximum transverse relaxation delay + 2 ms.

(1) nbl: number of transverse relaxation delays.

(j) vdlist: list of transverse relaxation delays.

(k) zgoptns: if zeta delay is being used, write —D_ZETADELAY; for an
off-resonance R;, experiment, write —DCI13_OFFSET; for both the
above conditions, write both separated by a space.

(1) cnstl0: value of zeta delay in Hz.

(m) cnst28: desired value of offset in Hz.
(n) p13 and pl4 pulses for efficient water suppression.

Upon optimization of all the parameters and the required relaxation delays, the
experiment is copied over to several numbers of experiments and spinlock
power values are changed in each experiment ranging from ~100 to ~3,500 Hz
(caution—maximum value of spinlock power that can be applied is defined by
the NMR probe hardware parameters). One can prepare a list for convenience.
An example of on-resonance R, profile for a spin of interest is shown in Fig. 5a
(filled spheres). In a non-exchanging case, or if the exchange is out of the ms—1
s time scale, one gets a flat profile (Fig. 5a, open circles). Once we have an
estimate of whether a particular spin is undergoing chemical exchange or not,
off-resonance R, profile is measured on exchanging spins.

To measure off-resonance R, profile, a minimum of three spinlock powers are
chosen from the on-resonance R, plot that are spread apart in corresponding
R; o numbers (e.g. 200 Hz, 400 Hz, 1,000 Hz and 1,600 Hz in Fig. 5b). Now
on-resonance R, experiment with above identified spinlock powers is copied
over to several new experiments and offset where these spinlock powers are
applied is varied in each of these experiments to measure a complete
off-resonance R;, profile. As a rule of thumb, maximum offset = ~ &3 X
spinlock power. For example, for a 200 Hz spinlock power, offset can be varied
from —600 to +600 Hz in steps of 25-50 Hz. Few of the offsets are first
measured to check the quality of the data followed by increased number of
offsets to get better fitting of the data. In certain cases, where chemical shift
difference (Aw) is large, on-resonance R, profile may look flat, deceiving it for
a no exchange case. However, off-resonance R, experiment might be able to
measure the exchange in these cases. Therefore, it is useful to measure
off-resonance R, profile even for peaks having flat on-resonance R, profiles
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with less number of offsets. A detailed number of offsets can then be measured
on exchanging spins.

S Data Analysis

Each experiment acquired above at a given spinlock power and offset is a set of
interleaved experiments containing a given number of transverse relaxation delays.
Each of these interleaved experiments is processed in a similar fashion as 1D NMR
experiment to obtain the intensities of the peaks. In a typical R;, profile,
on-resonance experiment is acquired with a set of 17 spinlock powers (13 + 4
repeats) and off-resonance experiment is acquired with a set of 3 spinlock powers
each with ~20 offsets. This makes a total of 77 experiments each acquired with
6 relaxation delays making a grand total of 462 experiments for a single NMR peak.
One can write scripts in NMRPipe (or other NMR processing software) to automate
the processing, peak picking and peak-intensity tabulating process.

The intensities of the interleaved experiments (corresponding to a single
spinlock power and spinlock offset) are then plotted against transverse relaxation
delays and fit to mono-exponential decay to obtain the R, numbers (Fig. 5¢) using a
Mathematica notebook (Spyracopoulos 2006) that uses the Monte-Carlo approach
to fit the intensity data, outputs all the plots of intensity vs. relaxation delay in
addition to R;, numbers and corresponding error in a text file. Further, this
notebook also determines if the input experimental data is adequately fit for a
mono-exponential decay.

In uniformly labelled samples, remote carbons in aromatic bases and adjacent
carbons in ribose sugar rings may have sizeable homonuclear couplings (to the
carbon being measured) and care must be taken to avoid the spins (from analysis)
having efficient Hartman—Hahn matching condition. Computing the Hartman—
Hahn transfer efficiency (Apyapa) has been described elsewhere (Hansen
et al. 2009) and must be calculated for all the spins being measured at all the
spinlock powers and offsets. Data points with computed Agaga > 1 % for the C—C
couplings with a Jc_c of 1 Hz and >0.1 % for C—C couplings with a Jc_¢ of 10—
40 Hz are removed from further analysis.

Above R, numbers are then plotted against spinlock powers (in an on-resonance
R, experiment) and against spinlock offsets (in an off-resonance R, experiment)
and data is fitted using different models (e.g. two-state model/three-state model,
etc.) (Palmer and Massi 2006). Data for different spins is first fit individually and fit
parameters are analyzed to ascertain whether the data can be fitted using a global fit
or not. Model selection is then carried out using an F-test that uses chi-square,
applying the Levenberg—Marquardt minimization algorithm (Levenberg 1944;
Marquardt 1963; Lourakis 2005), to determine the feasibility of a model (for
example, individual fits versus a more complex model or shared-parameter/2-
state or 3-state fits). In a complete (on-resonance + off-resonance) R;, profile,
following parameters are obtained from the data fitting:
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Fig. 6 (a) CcHg/CgHg HSQC spectrum for A-site ribosomal RNA displaying the ground-state
chemical shifts and excited-state chemical shifts. Small arrows mark the magnitude and direction
of the excited-state chemical shift for the residues labelled in italics along with the Aw values. (b)
Sensitivity of C8 and C1’ chemical shift towards the base and sugar conformation. Ground-state
(GS) chemical shift of a resonance is shown at the reference line and any deviation of the excited
state (ES) from that line in ppm is shown to associate with conformational change as sensed by that
very resonance. Greater the deviation from ground-state NMR chemical shift in a particular
direction, greater is the change in corresponding conformation. For example, upfield chemical
shift deviation of C8 in nucleic acids is associated with a change towards syn conformation and
increased stacking. (¢) Comparison of GS and ES carbon chemical shift with three different
mutants; mutant 1 matches with ES, mutant 2 does not comply with ES and mutant 3 adopts
similar conformation as ES but does not match completely

1. Aw: chemical shift difference from the major state chemical shift (values are
mentioned for each spin measured in Fig. 6a)

2. Direction of the minor state chemical shift from the major state (shown as arrows
in Fig. 6a)

3. R;: longitudinal relaxation rate for the major/minor state (assuming the two
states have same R; value)

4. R,: transverse relaxation rate for the major/minor state (assuming the two states

have same R, value)
. kex: exchange rate constant for the reaction
6. pg: population of minor state

9]

Errors in these parameters are determined using standard Monte Carlo simula-
tions and verified using Boot strapping approach for error analysis. It is also useful
to convert the off-resonance R, data into R, + Rex (or Ry .s) and plot against
spinlock offsets (Fig. 5b).
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Ry R
sin20 tan26’

where

ower
tand = P

offset

This plot gives useful insights into the exchange process that is being observed.
For example, the R, + R., maxima is shifted from the on-resonance line by a value
equal to the Aw; left shift is for negative Aw and right shift for positive Aw—thus
giving a physical sense to the sign of chemical shift difference.

6 Model Building

Once all the parameters are obtained using data fitting, it is required to fit these
parameters into appropriate model. Chemical shifts of the excited-state conforma-
tion, obtained from above data analysis, are very sensitive reporters of the sugar
pucker, syn versus anti glycosidic angles and the base stacking (Fig. 6b). A few
thumb-rules include a downfield-shifted C1’ chemical shift of ES hints toward a
pure C3’-endo (and upfield-shifted C1’ ES hints toward C2’-endo) sugar pucker
characteristics of a helical conformation; a downfield-shifted base ES is assigned to
a syn base and decreased stacking whereas a upfield-shifted base ES is assigned to a
anti base and increased stacking conformation. Based on these carbon chemical
shift signatures, a secondary structure model is built. For example, in the case of
A-site ribosome, downfield-shifted base ES chemical shift of U95 and upfield-
shifted base ES chemical shifts of A92, A93, G94 and C96 indicated transition
towards a structural rearrangement leading to bulging out of U95 and formation of
three consecutive non-canonical base pairs (Dethoff et al. 2012b).

The model is then looked up in distinct secondary structures predicted by a
secondary structure prediction program, MC-Fold (Parisien and Major 2008), to
confirm the feasibility of the model within a certain energy difference. For example,
above A-site ES was found to be second most favorable structure (first structure is
GS conformation) in MC-Fold secondary structure predictions.

6.1 Proving the Model

Model building is no good unless the model is proven experimentally. Mutate-and-
chemical-shift-fingerprint (MCSF) strategy used recently (Dethoff et al. 2012b),
works effectively for nucleic acids as base and sugar carbon chemical shifts have
directional signatures, as described previously. In this strategy, a mutation or a
chemical modification is introduced in the wild-type sequence to stabilize the
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candidate ES conformation (based on the above model building). Mutant’s carbon
chemical shift signatures are recorded using 2D ['°C,'H]-HSQC experiments and
assignment is obtained using standard NOESY experiments. Although it is a change
of single atom (in case of chemical modifications) or a single residue (in case of
mutation), but the HSQC spectrum can be quite unique as the mutant maps a
completely different conformation. These carbon chemical shift signatures are
then compared with the wild type’s ES (or GS, depending upon if the mutant was
designed to stabilize ES or GS) chemical shift signatures and thus the ES confor-
mation is confirmed (Fig. 6¢). Typically, two to three mutations are designed in
distinct samples to confirm the ES conformation, to have multiple proofs of the
conformation.

7 Concluding Remarks

Above described strategy is useful to look into structural transitions between the
ground state and the excited state that are localized around the non-canonical base
pairs. These structural transitions occur at rates much faster than large structural
transitions that occur in RNA switches and are thus difficult to characterize
otherwise. The ability to visualize such structures that may be functionally relevant
has opened a spectrum of whole new possibilities to design new drugs using these
new conformations as potential drug targets. For example, a docking study to
design and capture such ES conformations for A-site ribosomal RNA may be an
innovative way of designing new antibiotics.
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Abstract Modified oligos (AON), with pure 2, 4’-locked 7'S- or 77R-Me-cLNA-A,
-G, -M°C, and -T (Upadhayaya et al., ] Org Chem 76:4408—4431, 2011; Srivastava
et al., J] Am Chem Soc 129:8362-8379, 2007), show higher RNA affinity and RNA
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selectivity, highly improved exonuclease (SVPDE), and blood serum stabilities in
comparison with native oligos as well as maintained or higher RNase H recruitment
capability depending upon the modification site. The AON with 7'S-Me-cLNA-MC
is found to be ~40 times more stable against SVPDE than 7’'S- and 7'R-Me-cLNA-
T-modified AONs, which are in turn much more stable than 7'S- and 7'R-Me-
cLNA-A- and G-modified counterparts. The T, increase of the duplexes is found to
be dependent on the AON-sequence context, -modification site, and the cLNA
diastereomer type used (7'S or 7'R). MD simulations of the AON/RNA duplexes
with 7'S- or 7’R-Me-cLNA have demonstrated that the modifications have only
small local effect on the duplex structures, stacking and Watson—Crick base pairing.

Keywords Nucleotides analogs » Antisense oligonucleotides » Thermal stability « Snake
venom phosphodiesterase exonuclease stability ¢« Blood serum stability ¢ Antisense
technology

Abbreviations

AONs Antisense oligonucleotides
Carba-ENA (cENA) 2'-C,4'-C-Ethylene-bridged carbocyclic

analogue of 2'-0,4’-C-ethylene-bridged nucleic acid (ENA)
Carba-LNA (cLNA) Carbocyclic locked nucleic acid

LNA Locked nucleic acid
SVPDE Snake venom phosphodiesterase
T Duplex melting temperature

1 Introduction

The potential of chemically modified oligonucleotides to act as efficient gene
silencing agents through knock-down of mRNA target has been in development
for decades. Generally, there are several main types of anti-mRNA strategies,
involving antisense approach (Crooke 2004), ribozymes, DNA enzymes (Schubert
and Kurreck 2004; Santoro and Joyce 1997), RNA interference (Novina and Sharp
2004), micro-RNAs (miRNA) (Bartel 2004), or triple helix-forming oligonucleo-
tides (TFOs) (Buchini and Leumann 2003). Chemical modifications of antisense
oligonucleotides (AONs) and siRNAs have been shown to increase their potency as
RNA-silencing agent due to their high efficiency and accuracy to target specific
mRNA (Peterson et al. 2002; Koshkin et al. 1998; Obika et al. 1997, 1998; Singh
etal. 1997, 1998; Altmann et al. 1994; Rodriguez et al. 1993; Tarkoy and Leumann
1993). One particular class of compound, so-called locked nucleic acid (LNA, also
known as BNA), has attracted extensive attention as potential RNA-silencing agent
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due to its ability to enhance unprecedentedly the affinity of LNA-modified DNA
strand toward complementary RNA (Koshkin et al. 1998; Obika et al. 1997, 1998;
Singh et al. 1997). LNA contains 2',4'-linkage which is known to be able to lock the
conformation of sugar moiety into a perfect North-type (N-type) conformation
(Obika et al. 1997). Thereby upon incorporation into oligo-DNA, LNA can induce
its neighboring natural nucleotides, up to 4-5 nt from the modification toward the
5’-end, to shift South—North sugar conformational equilibrium to the latter through
conformational transmission (Thibaudeau et al. 2005; Acharya et al. 2002). Such
conformational change is resulting in alteration of the local duplex structure from
DNA/RNA-type to RNA/RNA A-type helix which contributes positively to the
overall thermostability of the modified heteroduplexes. The thermal stability of
LNA-modified DNA/RNA duplexes was found to be 2-5 °C/modification higher
than that of the native counterpart (Peterson et al. 2002).

Excellent thermostability of LNA-modified oligos toward RNAs has stimulated
synthesis of a number of North-type conformationally constrained nucleoside
analogues (Zhou and Chattopadhyaya 2009) in which the 2',4’-bridge has been
altered to yield amino-LNA (Singh et al. 1998), 6'-substituted LNA (Seth
et al. 2010a; Enderlin and Nielsen 2008), 2',4'-BNAC°C (Hari et al. 2006, 2011),
2/ 4-BNANC (Prakash et al. 2010; Rahman et al. 2008), 2'-0,4'-C-ethylene-bridged
nucleic acid (ENA) (Morita et al. 2002, 2003), aza-ENA (Honcharenko et al. 2007,
2008; Varghese et al. 2006), and carba-ENA (Kumar et al. 2009; Albak et al. 2006).
In addition, a new class of 1’,2’-bridged nucleosides such as 1’,2’-oxetane
(Pradeepkumar et al. 2004) or 1’,2'-azetidine (Honcharenko et al. 2006) analogue
has also been developed. Introduction of 1’,2’-oxetane (Pradeepkumar et al. 2004)
or 1/,2'-azetidine (Honcharenko et al. 2006) modifications into oligonucleotides led
to similar or moderately lower target RNA affinity relative to the native and LNA
counterparts, whereas the exonuclease resistance and RNase H recruitment prop-
erties of AONs containing them were found to be relatively more favorable than
those of the native (Honcharenko et al. 2006; Pradeepkumar et al. 2004).

Recently, the intramolecular free-radical cyclization of the C2’ radical to the
C4'-tethered -CH=CH,, -CH=NOR, or —-C=CH group had been applied to syn-
thesize 2'-C,4'-C-bridged carba-LNA and carba-ENA, including C6', C7'-
substituted carba-LNAs, C6’, C8'-substituted carba-ENAs, and C6’, C7'-substituted
a-L-carba-LNAs analogues (Li et al. 2010; Liu et al. 2010; Seth et al. 2010b; Zhou
and Chattopadhyaya 2010; Xu et al. 2009; Zhou et al. 2008, 2009a, b; Srivastava
et al. 2007). It had been shown that carba-LNA and carba-ENA derivatives enhance
melting temperatures (7,,) of modified AON/RNA hybrids by 3-5 °C and 1-2 °C
per modification, respectively, depending upon different modification sites, while
a-L-carba-LNAs incorporation decreases T,,, values of modified AON/RNA hetero-
duplexes by 2-3 °C/modification. It is worth to note that AONs containing these
hydrophobic cLNAs, cENAs, and a-L-cLNAs had exhibited unprecedented
nucleolytic and human blood serum stability without impairing RNase H recruit-
ment capabilities of the hybrid AON/RNA duplexes compared to the native coun-
terpart (Li et al. 2010; Liu et al. 2010; Seth et al. 2010b; Zhou and Chattopadhyaya
2010; Xu et al. 2009; Zhou et al. 2008, 2009a, b; Srivastava et al. 2007).
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Remarkably prolonged lifetime of these carbocyclic nucleoside-modified AON
analogues in human blood serum is highly desired pharmacokinetic property
leading potentially to net reduction of the required dosage and, correspondingly,
the toxicity in possible therapeutic application.

We have previously reported an unambiguous synthesis of 7'-Me-carba-LNA
thymine (7’-Me-cLNA-T), which upon incorporation into AONs had modulated
physico-chemical and biochemical properties of AONs and their duplexes
with DNA and RNA (Srivastava et al. 2007). These molecules had demonstrated
excellent biological properties and thus prompted us to synthesize the related
7'-Me-cLNA-"M®C/A/G analogues and incorporate them into antisense oligos for
biological evaluations. In our earlier report (Srivastava et al. 2007) on cLNA-T-
modified AONs, we employed diastereomeric mixtures of 7'(S/R)-Me-cLNA-T,
which did not allow us to address how the stereochemistry of C7’ center actually
influences the biophysical and biochemical outcome. Recently (Upadhayaya
et al. 2011) we had also incorporated mixtures of 7’ (S/R)-Me-cLNA-"M°C djaste-
reoisomers as well as diastereomerically pure 7’R-Me-cLNA-A and -G isomers into
antisense oligos for their physico-chemical and biological evaluation, which, how-
ever, gave us only limited insight into diastereospecific properties of these com-
pounds (Upadhayaya et al. 2011).

To elucidate the stereospecific effects of S- and R-configured 7'-methyl group of
cLNA-A/G/"M°C/T on the thermostability, nuclease stability, and RNase H effi-
ciency, we have now synthesized and separated pure diastereomer at the C7’ center
(minor vs. major) (Fig. 1) of cLNA-A/G/°™°C/T nucleotides. The nucleotides were
derived from the key 5-exo free-radical cyclization step following the procedure
developed in our previous works (Upadhayaya et al. 2011; Srivastava et al. 2007)
and outlined in Figs. 6 and 7. Individual diastereomerically pure cLNA-type
nucleosides have been incorporated at different positions of 20mer AON sequence
and investigated for their diastereospecific RNA affinity and selectivity,
3/-exonucleolytic resistance, and human blood serum stability as well as for elic-
itation of E. coli RNase H1 activity against modified AON/RNA duplexes (not
reported here).

2 Synthesis of Diastereomerically Pure (7'S-Me or
7'R-Me)-cLNA-A, -G, -M¢C, and -T Nucleosides
and Their Phosphoramidites

In our previous work (Upadhayaya et al. 2011; Srivastava et al. 2007) diastereo-
merically pure 7'R-Me-cLNA-A and -G were prepared and used in oligo synthesis,
whereas diastereomeric mixtures of 7'(S/R)-Me-cLNA-MC and -T were employed
for this purpose. The 6-endo products, cENA-A, -G, Mec and -T, were also formed
and isolated from the products of the key free-radical reaction step in minute
amount (Upadhayaya et al. 2011; Srivastava et al. 2007). However, in the present
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I TCH, I CH,

O,
E®)

CH; CHy
7'R-Me-cLNA-T 7'R-Me-cLNA-YeC 7'R-Me-cLNA-A 7'R-Me-cLNA-G
major isomer major isomer major isomer major isomer

NH, o

S, L, <y, CLr

CH,

E®)

7'S-Me-cLNA-T 7'S-Me-cLNA-VeC 7'S-Me-cLNA-A 7'S-Me-cLNA-G
minor isomer minor isomer minor isomer minor isomer

Fig. 1 Molecular structures of carbocyclic LNA (cCLNA)-A/G/T/*™°C analogues

study, all diastereomerically pure 7'S- and 7'R-Me-cLNA-A, -G, -M°C, and -T
nucleosides have been synthesized in large scale, separated by preparative HPLC
(see Experimental Section and Figs. SII.11-24 in Supporting Information
(SI) (Li et al. 2013) Parts IV and II) and incorporated into 20mer oligo-DNA
sequence (AON) at different positions. Since bicyclic ring formation and stereo-
chemistry of the ring closure products of 7’R- and 7'S-Me-cLNA-A, -G, and -"°C as
well as of cENA-A, -G, and -°C nucleosides had been previously discussed by us
(Upadhayaya et al. 2011), the detailed 1D and 2D NMR characterization data are
provided only for the free-radical ring closure products 7'R- and 7'S-Me-cLNA-T
and 6-endo-cENA-T (cENA-T) nucleosides (Figs. SI.1-42 in SI (Li et al. 2013) Part
I). Synthesis of correct cLNA- and LNA-modified AONs has been confirmed using
MALDI-TOF mass spectrometry (Fig. 5).

2.1 Key Free-Radical Ring Closure to cLNA-A, -G, Mec,
and -T Nucleosides

Free-radical precursors, 4’-C-allyl-2'-O-phenoxythiocarbonyl-f-p-ribofuranoside
(compounds 1a—d), were synthesized according to previously described procedure
(Upadhayaya et al. 2011; Srivastava et al. 2007) to be used for 5-hexenyl free-
radical cyclization to afford the bicyclic 7'S- and 7’R-Me-cLNA-A, -G, -M°C, and
-T analogues (2a/b, 3a/b, 4a/b, and 5a/b), along with the trace amount of 6-endo-
cENA-A, -G, -M°C, and -T 2-5¢ (Fig. 6).
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Fig. 2 NMR characterizations (IH, COSY, HMBC) of (1R,3R4R,5R,7S)-7-hydroxyl-1-(4,4'-
dimethoxy-trityloxymethyl)-3-(thymin- 1-yl)-2-oxa-bicyclo[2.2.1]heptane (7a in Fig. 7) and (1R,3R,
4R,58,75)-7-hydroxyl-1-(4,4'-dimethoxytrityloxymethyl)-3-(thymin-1-yl)-2-oxa-bicyclo[2.2.1]
heptane (7b). Other 1D and 2D NMR spectra can be found in SI Part I (Li et al. 2013)

Since our present study required pure 7'R- and 7'S-Me-cLNAs diastereomer of
all carba-nucleosides (Upadhayaya et al. 2011) in a relatively large amount to
prepare the modified oligos for biochemical studies, we synthesized the free-radical
precursors la—d in corresponding amounts of 3.5-15.3 mmol (see Experimental
Section in SI (Li et al. 2013) Part IV for details). These precursors were treated then
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Fig. 3 NMR characterizations (lH, COSY, HMBC) of (1R3R4R,5R,7S )-3-(N4-Benzoyl-5-
methylcytosin-1-yl)-1-(4,4-dimethoxytrityloxymethyl)-7-hydroxyl-5-methyl-2-oxa-bicylco[2.2.1]
heptane (11a in Fig. 7) and (I1R,3R.4R,5S,7S)-3-(N*-Benzoyl-5-methylcytosin-1-yl)-1-(4,4'-
dimethoxytrityloxymethyl)-7-hydroxyl-5-methyl-2-oxa-bicylco[2.2.1] heptane (11b). Other 1D
and 2D NMR spectra can be found SI Part I (Li et al. 2013)

with n-tributyltinhydride (n-BuzSnH) and azobisisobutyronitrile (AIBN) in toluene
under reflux to yield three different isomers, i.e. 5-exo-cyclization products, 7'R-
Me-cLNAs 2-5a (38-50 %), 7'S-Me-cLNAs 2-5b (4-7 %), and 6-endo-cyclization
products cENAs 2-5¢ (4-5 %) (Fig. 6).

Our results show that the free-radical ring closure of the precursor 1la—d, with
various nucleobase moieties (A, G, Mec and T), can create both exo- and endo-
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Fig. 4 NMR characterizations (lH, COSY, HMBC) of (1R,3R,4R,5S8,7S )-3-(N6-benzoyladenin-9-
yD)-1-(4,4'-dimethoxytrityloxy)methyl-7-hydroxyl-5-methyl-2-oxa-bicyclo[2.2.1 ]heptane (16b in
Fig. 7) and (1R,3R4R,5S,7S )—3—(NZ—Acetylguanin—9—yl)—1—(4,4’—dimethoxytrityloxymethyl)—7—
hydroxyl-5-methyl-2-oxa-bicylco[2.2.1]heptane (19b). Other 1D and 2D NMR spectra can be
found in SI Part I (Li et al. 2013)

cyclization products, in an approximate exo-fo-endo ratio of 10:1 (‘"H NMR). This
is consistent with theoretical study of alkenyl radical ring closure by Beckwith
et al., (Beckwith and Schiesser 1985; Beckwith 1981) where it was pointed out that
cyclization of 5-hexenyl-1-radical is a kinetically controlled process and generally
prefers the exo-cyclization products (exo/endo > 98/2). What is important to note
here is that this classical 5-hexenyl type free-radical cyclization reaction has neither
been used earlier to understand the ring-closure stereochemistry at the chiral radical
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. %
Modified LNA _ AON-Sequence* . (M+H)"
Entry (Containing modifications in the minor
structures
groove) Cacl. Found
Native 5'-d (TCC CGC CTG TGA CAT GCA TT) -
A
AON1 o o 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6082.15
AON2 7R 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6082.05
O “CH,
AON3 % 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6082.10
Major isomer
A
AON4 o o 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6082.00
AON5 s 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6081.90
Q CHgy
AON6 : 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6082.01
Minor isomer
G
AON7 o o 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6082.00
AON8 7R 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6081.99
O “CHs
AON9 % 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6081.89
Major isomer
G
AONI10 o o 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6081.89
AONI11 s 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6082.05
Q CHg
AON12 R 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6081.99
Minor isomer
Mec
AONI13 o o 5'-d (TCC CGC CTG TGA CAT GCA TT) 6096.08 6096.06
AON14 5'-d (TCC CGC CTG TGA CAT GCA TT) 6096.08 6095.94
7'R
Q  CH,
AONI15 % 5'-d (TCC CGC CTG TGA CAT GCA TT) 6096.08 6095.95
Major isomer
MeC
AONI16 0 ° 5'-d (TCC CGC CTG TGA CAT GCA TT) 6096.08 6095.78
AON17 H 5'-d (TCC CGC CTG TGA CAT GCA TT) 6096.08 6095.90
7's
o
AON18 3 O 5'-d (TCC CGC CTG TGA CAT GCA TT) 6096.08 6095.89
Minor isomer

Fig. 5 (continued)

center, nor to control the stereochemistry of the fused sugar containing chiral
bicyclic systems, which we have developed and utilized (Li et al. 2010; Liu
et al. 2010; Seth et al. 2010b; Zhou and Chattopadhyaya 2010; Kumar
et al. 2009; Xu et al. 2009; Zhou et al. 2008, 2009a, b; Srivastava et al. 2007;
Albzk et al. 2006) as a convenient and reliable method for synthesis of conforma-
tionally locked 2',4'-carbocyclic cLNAs and cENAs building blocks.
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T
AON19 o o 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6081.88
AON20 R 5'-d (TCC CGC CTG IGA CAT GCA TT) 6082.06 6081.90
O "CHs
AON21 % 5'-d (TCC CGC CIG TGA CAT GCA TT) 6082.06 6082.15
Major isomer
T
AON22 o o 5'-d (TCC CGC CTG TGA CAT GCA TT) 6082.06 6081.94
AON23 s 5'-d (TCC CGC CTG IGA CAT GCA TT) 6082.06 6081.84
Q CH3
AON24 % 5'-d (TCC CGC CIG TGA CAT GCA TT) 6082.06 6082.02
Minor isomer
G
AON28 0 o 5'-d (TCC CGC CTG TGA CAT GCA TT) 6070.02 6069.25
AON29 5'-d (TCC CGC CTG TGA CAT GCA TT) 6070.02 6069.53
el
AON30 % 5'-d (TCC CGC CTG TGA CAT GCA TT) 6070.02 6069.57
AON31 5'-d (TCC CGC CTG TGA CAT GCATT) 6084.04 6083.63
AON32 5'-d (TCC CGC CTG TGA CAT GCA TT) 6084.04 6083.53
AON33 5'-d (TCC CGC CTG TGA CAT GCA TT) 6084.04 6083.67
AON34 00— o 5'-d (TCC CGC CTG TGA CAT GCA TT) 6070.02 6069.36
AON35 5'-d (TCC CGC CTG TGA CAT GCA TT) 6070.02 6069.70
e
AON36 Q{z 5'-d (TCC CGC CTIG TGA CAT GCA TT) 6070.02 6069.70
A
AON25 o o 5'-d (TCC CGC CTG TGA CAT GCA TT) 6070.02 6069.93
AON26 5'-d (TCC CGC CTG TGA CAT GCA TT) 6070.02 6069.94
e
AON27 QEz 5'-d (TCC CGC CTG TGA CAT GCA TT) 6070.02 6069.77

Fig. 5 MALDI-TOF mass spectrometry characterization of cLNA and LNA modified AONs
(AON1-36). Molecular weights of all antisense sequences are confirmed by MALDI-TOF mass
spectrum (see Figs. SII.13-48 SI (Li et al. 2013) Part II). *A = adeninyl, G = guaninyl, C =
cytosinyl, T = thyminyl. A = cLNA-A and LNA-A, G = cLNA-G and LNA-G, C = cLNA-MeC
and LNA-C, T = cLNA-T and LNA-T

2.2 Synthesis of Phosphoramidites of 7'S- and
7'R-Me-cLNA-A, -G, -M°C, and -T

All intermediates have been converted to the corresponding phosphoramidites
(Lietal. 2010; Liu et al. 2010; Xu et al. 2009; Zhou et al. 2008, 20094, b; Srivastava
et al. 2007) for solid-supported DNA synthesis, employing modified synthetic
strategy described below (Fig. 7). Further experimental details can be found in SI
(Li et al. 2013) Part IV (Fig. 8).
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BnO o B4-By
BuzSnH, AIBN
—_—
/ Toluene, reflux
BnO O\n/O\Ph
S 2a:B; (Major: 7'R, 38%)  2c: By, 4%
1a: By 2b: By (Minor : 7'S, 4%) 3c: By, 4%
1b: B, , 4c: By, 5%
1c: B; 3a: B, (Major : 7'R, 48%) 5¢: By, 5%
1d: B, 3b: B, (Minor : 7'S, 4%) '
4a: B3 (Major : 7'R, 47%)
4b: B3 (Minor : 7'S, 7%)
5a: B4 (Major : 7'R, 50%)
5b: B4 (Minor : 7'S, 6%)
NHCOPh 0CO-NPh, NHCOPh 0
N Me A Me NH
an SN [ L LA
/ ~ N
VN N N NHcome N I °
B, (ABZ) B, (GDPCIAC) B; (MeCBz) B4 (T)

Fig. 6 Key radical cyclization step of the cLNA and cENA synthesis

All isolated intermediates and final phosphoramidites have been characterized
by 'H, '°C, *'P, 1D differential NOE, 'H-'"H COSY, 'H-"*C HMQC, and long-
range 'H-">C correlation (HMBC) NMR experiments as well as by mass spectros-
copy (see Figs. 2, 3, and 4 as well as SI (Li et al. 2013) Parts I and II).

3 Binding Affinity of cLNA-A, -G, MeC, -T and LNA-A,
-G, -C, -T Single Modified AONs Toward
Complementary Native RNA and DNA and Thermal
of Stability of the Resulting Duplexes

Phosphoramidites of 7'S- and 7/R-Me-cLNA-T, 7’'S- and 7’R-Me-cLNA-MC®* 7's-
Me-cLNA-AP?, 7'S-Me-cLNA-GN*2¢ (viz. compound 20a/b, 21a/b, 22b and 23b),
7'R-Me-cLNA-AP* (Upadhayaya et al. 2011), 7/R-Me-cLNA-GN*¢ (Upadhayaya
et al. 2011), as well as LNA-A, -G, -C, -T (commercially available from Link
Technologies, UK) were incorporated into a 20 mer AON sequence as a single
modification in different sites by the solid-phase synthesis protocol (Beaucage and
Caruthers 2001) on an automated DNA/RNA synthesizer. The sequence of AONs
and T, value of duplexes formed by these AONs with complementary RNA and
DNA are listed in Fig. 9.
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11a (7'R), B = MecBz
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16a (7'R), B = AB?
16b (7'S), B = AB?
19b (7'R), B = GN>Ac
19b (7'S), B = GN2A¢

20a (7'R), B =T, 70%

20b (7'S),B =T, 77%

21a (7'R), B =MeCBz, 69%
21b (7'S), B =MeCBz g8y,
22b (7'S), B = A2, 81%
23b (7'S), B = GN>A°, 56%

Fig. 7 De-protection steps yielding carbocyclic nucleotides (7a) 7'S- and (7b) 7'R-Me-cLNA-T
(insert A), (11a) 7'S- and (11b) 7/R-Me-cLNA-M°C (insert B), (16b) 7/R-Me-cLNA-A (insert C),
and (19b) 7’R-Me-cLNA-G (insert D) nucleosides as well as their corresponding phosphor-
amidites (20a, b), (21a, b), (22b), and (23b) (insert E). Reagents and Conditions: (i) 20 % Pd
(OH),/C, ammonium formate, methanol, reflux, 8 h; (ii) DMTr-Cl, dry pyridine, rt, overnight; (iii)
methanolic ammonia, rt, 16 h; (iv) Bz,0, dry pyridine, rt, overnight; (v) a. TMS-CI, dry pyridine;
b. BzCl, c. aq NHs; (vi) 1 M TBAF, THF, rt, overnight; (vii) acetic acid, 55 °C; (viii) 20 % Pd
(OH),/C, formic acid, methanol, reflux, 2.5 h; (ix) 2-cyanoethyl-N, N-diisopropylphosphoramido-
chloridite, DIPEA, dry DCM, rt, 2 h
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Fig. 8 Melting temperature (Ty,, °C) variations of 7/R- and 7'S-Me-cLNA-A, -G, Mec T and the
corresponding LNA-modified AON/RNA duplexes from those of the native counterparts. Only
single-site modified oligos were used, one at a time. These AT,,s. have been obtained by
subtraction of T, of the native AON/RNA from T, of the modified AON/RNA. The melting
temperature measurements have been performed with 0.2° precision

3.1 RNA Affinity of AONs Containing cLNA-A, -G, -MC, -T
or LNA-A, -G, -C, -T Single Modification

3.1.1 Affinity Toward Native RNA

From the thermal denaturation study, we have found that AONs containing both
7'R- and 7'S-Me-cLNA-A, -G, -M°C, -T single modifications form AON/RNA
duplexes with complementary RNA that exhibit higher T,, values (enhanced by
+0.7-3.9 °C/mod, see Figs. 9 and 10) compared to that of the native DNA/RNA.
The observed T,, enhancement has been found to be systematically lower than that
of the corresponding LNA-A-, -G, -C, and -T-modified AON/RNA duplexes which
have AT, values of +1.4—4.6 °C/mod relative to T, of the native DNA/RNA duplex
(Figs. 9 and 10). We have also found that the substitution of native nucleotides by
7'R- and 7'S-Me-cLNA-A at position 3 (counting from 3’-end) leads to moderate
~0.7 °C T,, enhancement of AON/RNA duplex stability, while 7’R- and 7'S-Me-
cLNA-A, -G, -M°C, -T modifications at further positions toward 5'-end (positions
4,5, 6 and 7) lead to higher ~2 °C T, enhancement compared to T, of the native
counterpart (Figs. 9 and 10). Single cLNA modifications at positions even further in
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AONS = 5d (TCC CGC CTG TG*A CAT GCA TT) 768 15 701 05 6.7
o ‘CH3
AON9 Majer isomer 5~ (TCC CG*C CTG TGA CAT GCATT) 769 16 704 02 65
G
AONID “vO— 5-d (TCC CGC CTG TGA CAT G°CA TT) 752 19 70.9 03 43
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AON14 f e 5-d (TCC CGC CTG TGA Y C*AT GCA TT) 767 14 718 12 49
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Mec ) Ve
AONI6 ~o— 5d (TCC CGC CTG TGA CAT G"*C°A TT) 758 25 —_ 1 41
AON17 5'-d (TCC CGC CTG TGA “*C°AT GCA TT)
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AONI18 Q ©Hs 5'-d (TCC CG™C° CTG TGA CAT GCA TT)
Minor isomer i = 76.7 3.4 72.1 1.5 4.6
T
AONI9 “vOo— 5-d (TCC CGC CTG TGA CAT® GCA TT) 759 26 705 o1 5.4
AON20 7 5-d (TCC CGC CTG I*GA CAT GCA TT) 76.6 13 0.8 0.1 50
Q “CH.
] o TCC (G
AON21 Marsr isomey -0 (TCC CGC CT"G TGA CAT GCATT) 712 39 1.9 13 52
T
AON22 “o— o 5-d (TCC CGC CTG TGA CAT® GCA TT) 752 19 702 04 50
AON23 o S-(TCCCGC CTG I°GA CAT GCATT) 75.9 2.6 707 0.0 52
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Fig. 9 (continued)

the direction of 5'-end (positions 8-, 9-, 10-, 11-, 13-, 15-, and 16-positions) have
promoted even higher 3—4 °C T, increase compared to that of the native DNA/RNA
(Figs. 9 and 10). Position-dependent T}, variations have also been observed for the
corresponding LNA-modified AON/RNA duplexes (AONs 25-36, Figs. 9 and 10).
Thus, LNA modifications at 3-, 4-, 5-, 6-, 7-, and 9-positions led to somewhat lower
T, enhancement toward RNA (+1.4-3.3 °C/mod) than that of the similar modifi-
cations at positions toward 5’-end of AONs with LNA modifications at 8-, 10-, 11-,
13-, 15-, and 16-positions (+3.6—4.6 °C/mod) (Figs. 9 and 10). These observations
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AON25 o ° 0 5'-d (TCC CGC CTG TGA CAT GCA TT) 74.7 14 71.6 1.0 3.1
AON26 i ? 5-d (TCC CGC CTG TGA CAT GCA TT) 75.6 23 71.5 0.9 4.1
AON27 Q:O 5-d (TCC CGC CTG TGA CAT GCA TT) 75.9 2.6 72.5 1.9 34
AON28  *+o ° ¢ sa (TCC CGC CTG TGA CAT GCA TT) 75.9 2.6 72.1 1.5 38
AON29 i ; 5'-d (TCC CGC CTG TGA CAT GCA TT) 77.1 3.8 71.4 0.8 5.7
AON30 %\O 5'-d (TCC CGC CTG TGA CAT GCA TT) 71.2 3.9 71.4 0.8 5.8
AON31 ™o o T s (TCC CGC CTG TGA CAT GCA TT) 76.5 3.2 73.6 3.0 2.9
AON32 i ? 5'-d (TCC CGC CTG TGA CAT GCA TT) 71.7 44 74.1 35 3.6
AON33 %\o 5'-d (TCC CGC CTG TGA CAT GCA TT) 71.7 44 73.8 3.2 3.9
AON34 o ° T 54 (TCC CGC CTG TGA CAT GCA TT) 76.6 33 72.7 2.1 39
AON35 i ? 5'-d (TCC CGC CTG TGA CAT GCA TT) 76.9 3.6 72.6 2.0 43
o
AON36 Q 5'-d (TCC CGC CZIG TGA CAT GCA TT) 719 4.6 73.2 2.6 4.7

Fig.9 Melting temperatures (7,,) of the duplexes formed by modified AONs with complementary
RNA and DNA. *Molecular weights of all antisense sequences are confirmed by MALDI-TOF
mass spectrum [see Table 1 and Figs. SII.25-60 in SI (Li et al. 2013) Part II]. A = adeninyl,
G = guaninyl, C = cytosinyl, T = thyminyl. éR = 7'R-Me-cLNA-A, QR = 7'R-Me-cLNA-G,
MeCR = 7'R-Me-cLNA-MC, TR = 7R-Me-cLNA-T; A® = 7'S-Me-cLNA-A, G® = 7'S-Me-
cLNA-G, M"QS = 7'S-Me-cLNA-M<C, ZS = 7'S-Me-cLNA-T; A = LNA-A, G =LNAG, C =
LNA-C, T = LNA-T. T,,, Values measured at the maximum of the first derivative of the melting
curve (Azgo nm VS. temperature) in medium salt buffer (60 mM tris—HCI at pH 7.5, 60 mM KCl,
0.8 mM MgCl,) with temperature 60—90 °C using 1 mM concentrations of two complementary
strands. The values of T,, given are averages of three independent measurements (the error of the
three consecutive measurements is within + 0.2 °C). °T,, difference of RNA was obtained by
comparing the T, of AON/RNA with that of the native AON /RNA. ‘T, difference of AON/DNA
was obtained by comparing the T, of AON/DNA with that of the native . AON/DNA. “T,, based
RNA-selectivity: = (T, of AON/RNA)—(T,, of AON/DNA)

indicate that thermal stabilizations of the AON/RNA duplexes containing either
7'R- or 7'S-Me-cLNA or LNA single modification are significantly dependent on
positions of modification while less influenced by specific nucleobase moiety in the
modified nucleotide. Since each position of modification in the chosen 20mer AON
sequence has unique nearest neighbors, the observed position dependence can be
interpreted as the sequence context.

Additionally, we have found that the orientation of C7’-S- and C7’-R-configured
methyl group in the cLNAs used in this study has only minor impact on thermal
stability of the modified AON/RNA duplexes, comparable with errors of +0.2 °C in
T, measurements. AON/RNA duplexes containing AONs modified with 7'R-Me-
cLNAs (major isomer) at modification positions 3, 6, 7, 9, 10, 11, 13, and 15 have
been found to be thermally more stable (by 0.1-0.7 £+ 0.3 °C) than those containing
AONSs modified correspondingly with 7'S-Me-cLNAs (minor isomer), whereas 7'S-
Me-cLNAs modifications at position 4, 5, 8, and 16 of the AON strand resulted in
up to 0.7 £ 0.3 °C more stabilized modified AON/RNA duplexes compared with
those modified by 7’R-Me-cLNAs (Figs. 9 and 10).
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Fig. 10 Relative AT,,-based RNA selectivity defined as a difference between melting tempera-
tures of the corresponding cLNA- and LNA-modified AON/RNA and corresponding modified
AON/DNA duplexes (AONs 1-36) as well as between respective native counterparts [RNA
selectivity = (T}, of AON/RNA duplex) — T,,, of AON/DNA duplex)]. Yellow-color bar shows
RNA selectivity for the native, black-color bars denote RNA selectivity for the duplexes
containing AONs modified with 7'R-Me-cLNAs (major isomer), red-color bars show RNA
selectivity of the duplexes containing AONs modified with 7'S-Me-cLNAs (minor isomer), and
green-color bars show RNA selectivity of the duplexes containing AONs modified with LNA,
which show that cLNA-modified AONSs, irrespective of being 7'R- or 7'S-Me substituted, are
consistently more RNA selective than LNA or native counterparts. The T, measurements have
been performed with 0.2° precision. For details, see Fig. 9

It is, however, important to note that although the difference in T}, modulation
by spatial orientation of 7'S- and 7'R-methyl group in cLNAs has been found to be
small (within 0.7 °C), their respective exonuclease stabilities and RNAse H recruit-
ment properties have been however found in this work to be distinctly different (see
Sects. 4-6). These new findings fingerpoint for further in-depth investigations of
diastereomerically pure 7'S- and 7'R-methyl-cLNAs for pharmacological and
physico-chemical profiling which is likely to be important in therapeutic or diag-
nostic context.

3.1.2 Affinity Toward Native DNA

Influence of the cLNA modifications on T,, values of the cLNA-modified
AON/DNA duplexes has been found to be mixed depending on the position of
modification and ranging from slight relative thermal destabilization of —0.7 £ 0.3 °C
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to moderate relative stabilization of +1.5 & 0.3 °C compared to T, of the
corresponding native DNA/DNAs (Fig. 9), suggesting that those modifications in the
AON strand might not significantly change the global or local conformations of
duplexes which is reflected in T, values. On the contrary, the T, values of
LNA-modified AON/DNA duplexes have been found to be systematically higher
(ranging from 0.8 to 3.5 °C, Fig. 9) than that of native counterparts, which is in
agreement with our previous findings (Srivastava et al. 2007) which for the 15mer
AONs modified with LNA-T had shown relative 1-2 °C T,,, enhancement compared to
that of the corresponding native 15mer DNA/DNA (Srivastava et al. 2007).

3.2 Relative RNA Selectivity of c(LNA-A-, -G-, -M*C-, -T-
Modified AONs in Comparison with LNA-A-, -G-, -C-,
-T-Modified AONs

Differential pair-wise comparison of melting temperatures of AON/DNA and
AON/RNA duplexes gives a value of relative selectivity of the AON strand toward
the RNA vis-a-vis DNA, called ATy (RNA-selectiviyy OF RNA  selectivity
(Li et al. 2010; Nishida et al. 2010) (Fig. 9 and footnotes), and defined as the
difference between T,, of AON/RNA duplex and T,, of the corresponding
AON/DNA duplex (Figs. 9 and 10).

It is well known (Chatterjee et al. 2005; Acharya et al. 2004) that DNA/RNA
duplexes are generally more thermally stable than corresponding DNA/DNA
duplexes. Our UV monitored melting experiments have corroborated this conclu-
sion as the 20mer native DNA/RNA hybrid has been found to be 2.7 °C more stable
than the native DNA/DNA duplex (Fig. 9). The AONs modified by either 7'R- or
7'S-Me-cLNA nucleotides have been found to be even more RNA selective than the
native, with ATy, RNA-selectivity) Values being in the range of 3.1-6.7 °C (thus higher
in average by 2.2° &£ 0.7°), much higher than that of native type (Fig. 9). The RNA
selectivity of the cLNA-modified AONS, irrespective of 7R or 7'S configuration,
has also been found consistently higher on average by 0.8° 4 0.4° than those of
corresponding LNA-modified AONs (Figs. 9 and 10).

4 3'-Exonuclease Stability Studies of cLNA-A-, -G-, -MeC-,
-T-Modified AONs

The stability of cLNA-A-, -G-, -M°C-, and -T-modified AONs toward 3'-exonucle-
ase has been investigated using snake venom phosphodiesterase I from Crotalus
adamanteus venom (SVPDE). The selected native AON and AONs 1, 4, 7, 10, 13,
16, 19, 22 were labeled at the 5'-end with **P and then incubated with SVPDE
[SVPDE 6.7 ng/pL, 100 mM Tris—HCI (pH 8.0), 15 mM MgCl,, total volume
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Fig. 11 Denaturing PAGE analysis of the SVPDE degradation of AONs with cLNA modifica-
tions. The AON% left after 24 h incubation for each AON is shown below the corresponding band
(native—0 %, AON1—14 %, AON4—10 %, AON7—5 %, AON10—14 %, AON13—86 %,
AON16—93 %, AON19—19 %, AON22—26 %). Digestion conditions: AON 3 pM (5'-end **P
labeled with specific activity 80,000 cpm) in 100 mM Tris—HCI (pH 8.0) and 15 mM MgCl,,
21 °C, total reaction volume 30 pL, SVPDE concentration (6.7 ng/pL)

30 pL] over a period of 24 h at 21 °C. Aliquots were taken out at appropriate time
intervals and analyzed by 20 % denaturing PAGE.

Complete degradation of the native AON within several minutes (Figs. 11 and 12)
has demonstrated that the native AON is rather susceptible to SVPDE under the
present conditions, whereas cLNA-modified AONs exhibited highly improved
3’-exonuclease resistance to a variable extent. The cleavage bands corresponding to
the position of modifications can clearly be seen on PAGE as 19 mer for AON 1 and
4 SVPDE-assisted degradation, as 17mer for AONs 7 and 10, as 18mer and 19mer for
AONSs 13 and 16, and as 16 mer for AONs 19 and 22.

In order to compare the relative 3'-exonuclease stability of cLNA-A-, -G-, -M<C-,
-T-modified AONs in a straightforward manner, the relative band intensities have
been quantified after autoradiography to give SVPDE digestion curve for each
selected AON (Fig. 12). Pseudo-first-order reaction rates (decaying constants) have
been obtained by fitting the curves to single-exponential decay functions (Fig. 12).
Additionally, the half-life times (#,) of the selected modified AONs have also been
derived from the obtained pseudo-first-order decaying constants (Fig. 13). Compar-
ison of the SVPDE cleavage rates and lifetimes of the target AONs containing
different modification types is presented in Sects. 4.1-4.2 below.
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4.1 Relative 3'-Exonucleolytic Stabilities of cLNA-A-, -G-,
Mec., -T-Modified AONs

Comparison of the pseudo-first-order SVPDE cleavage rates and half-life times ()
of the target AONs has revealed that stability of the modified AONs under treatment
of SVPDE decreased in the following order: 7'S-Me-cLNA-*C-modified AON 16
(k = 0.0027 & 0.0002 h™"', #;, = 258 £ 19.0 h) > 7'R-Me-cLNA-MC-modified
AON 13 (k = 0.0059 4 0.0006 h™', #,, = 119 & 13.0 h) > 7'S-Me-cLNA-T-
modified AON 22 (k = 0.0985 & 0.0046 h™', 1, = 7.10 & 0.40 h) > 7'R-Me-
cLNA-T-modified AON 19 (k = 0.1107 + 0.0084 h™', #,, = 6.30 + 0.50 h)
> 7'S-Me-cLNA-A-modified AON 4 (k = 0.1650 = 0.0055 h™', t,, = 4.20
+ 0.10 h) > 7’R-Me-cLNA-A-modified AON 1 (k = 0.3954 £ 0.0448 h-., 11
= 1.80 &+ 0.20 h) > 7'S-Me-cLNA-G-modified AON 10 (k = 0.5246 + 0.0235
h™!, ;= 1354 0.05 h) > 7R-Me-cLNA-G-modified AON 7 (k = 0.7354
+ 0.0300 h™ !, tip = 0.95 £ 0.04 h). These values can be compared to our previ-
ously reported (Li et al. 2010) data for the LNA-T-modified 15mer AON (k = 0.5331
+ 0.1800 min~ ", t1, = 1.47 £ 0.49 min) which was found to be very labile toward
SVPDE in identical experimental conditions. The remarkable increase of SVPDE
exonuclease stability of the cLNA-modified AONs compared to the native as well
as to LNA-modified counterparts, which are shown to undergo a complete SVPDE-
promoted degradation within several minutes, is an important property for potential
application of the modified cLNA in therapeutics.

4.2 The Effect of Sequence Context of a Given AON
on 3'-Exonucleolytic Stability

4.2.1 The Effect of the Nucleobase in Carba-LNA on 3'-Exonucleolytic
Stability

Experimental SVPDE cleavage reaction rates (Fig. 12) and lifetimes of the selected
modified AONs (Fig. 13) clearly show strong dependence of these physico-
chemical properties on the type of nucleobase moiety in the modified cLNA.
Thus, for example, the most resistant in this series 7’ S-Me-cLNA-MeC-modified
AON 16 (¢,, = 258 + 19.0 h) has been found to be 41-fold more stable than 7'S-
Me-cLNA-T-modified AON 22 (#;, = 7.10 &= 0.40 h) which in turn has been
found to be 1.7-fold more stable than corresponding 7'S-Me-cLNA-A-modified
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Fig. 12 SVPDE digestion curves of native AON and selected 7'R- and 7'S-Me-cLNA-A-, -G-,
MeC., -T-modified AONs. The pseudo-first-order rates shown here were obtained by fitting the
curve to the single-exponential decay function. Digestion conditions: AON 3 pM (5'-end 2p
labeled with specific activity 80,000 cpm) in 100 mM Tris—HCI (pH 8.0) and 15 mM MgCl,,
21 °C, total reaction volume 30 pL, SVPDE concentration (6.7 ng/pL)

AON 4 (t;, = 4.20 & 0.10 h) and 5.3-fold more stable than 7'S-Me-cLNA-G-
modified AON 10 (7, = 1.35 & 0.05 h). The most stable in this series 7'S-Me-
cLNA-M°C-modified AON 16 has also been found to be unprecedented 272 times
more nucleolytically stable against SVPDE than the least stable in this series 7'R-
Me-cLNA-G-modified AON 7 (Fig. 13).

4.2.2 The Effect of Configuration of 7'-Me Substitution in Carba-LNA
on 3'-Exonucleolytic Stability

Pair-wise comparison of the kinetics of degradation of 7'R- and 7'S-Me-cLNA-
modified AONs by SVRDE has revealed only moderate dependence of the modified
AONSs’ nucleolytical stability on the stereochemical orientation of the 7'-Me group.
The results (Figs. 12 and 13) indicate that the 7’-methyl group, which is located
toward the vicinal 3’-phosphate (C7'-S), has significantly more pronounced effect
on the nucleolytic stability of cLNA-modified AONs than its diastereomeric C7'-R
counterpart. This observation is in agreement with our previously reported (Zhou
et al. 2009b) 3’-exonuclease stability comparison between (6/'R-OH, 7'R-Me)-
cLNA-T and (6'R-OH, 7'R-Me)-cLNA-T as well as between (6'S-OH, 7'S-Me)-
cLNA-T- and (6'S-OH, 7'R-Me)-cLNA-T-modified AONS. It should be noted that
although the relative effect of 7'S- versus 7'R-methyl substitution on the lifetime of
the cLNA-modified AONS in presence of SVPDE exonuclease has been found to be
substantial which is evident from the data showing that 7'S-Me diastereomer is
lasting 1.1-2.3 times longer than the corresponding 7'R-Me counterpart with the
same nucleobase, the effect of different nucleobase has however been found to be
much more pronounced with the most stable 7'S-Me-cLNA-°C-modified AON 16
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Fig. 13 Half-life (r,,) of SVPDE digestion of selected 7'R- and 7'S-Me-cLNA-A-, -G-, -M°C-, -T-

modified AONs. Note: the native strand and LNA-modified AONs are totally degraded within
several minutes

being 272 times more nucleolytically stable against SVPDE than 7'R-Me-cLNA-G-
modified AON 7 which has been found to be the least stable in this series of cLNAs
(Fig. 13). Thus, the nucleolytic resistance of cLNA-modified AONs derived from
the 3’-exonucleases degradation kinetics data (Figs. 12 and 13) has been demon-
strated to decrease in the following order: 7'S- and 7’R-Me-cLNA-MC > 7'S- and
7'R-Me-cLNA-T > 7'S- and 7R-Me-cLNA-A > 7'S- and 7'R-Me-cLNA-G.

5 Stability of cLNA-A-, -G-, -MeC-, -T-Modified AONs
in Human Blood Serum

The selected newly synthesized native AONs, AONs 1,4, 7, 10, 13, 16, 19, 22 with
cLNA-A, -G, -MC, and -T modifications at varying positions, have also been
investigated for stability in human blood serum. The AONs with 5'-end *?P-
labeling were incubated in human blood serum (male, type AB) for up to 48 h at
21 °C, and aliquots were taken out at proper time points and then analyzed by 20 %
denaturing PAGE.

The gel pictures obtained by autoradiography are shown in Fig SII.1 in SI
(Li et al. 2013) Part II. Due to the presence of alkaline phosphatase in blood
serum that gradually removes the 5'-end *°P labeling the determination of the
accurate degradation rates for each AON by quantifying the gel band intensities
is impossible. By visually comparing the gels, we have found that all cLNA-
modified AONs can sustain in human blood serum for more than 48 h, whereas
the native AON can only stand up to 12 h under identical condition. Amongst all the
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Fig. 14 Pseudorotational phase angle (P) of sugar moieties in the native (black circles) and 7'(R/
S)-Me-cLNA-modified AON/RNA duplexes [position 7 modification, AON 2 for R- (red squares)
and AON 5 for S- (green triangles) isomers, respectively], showing the changes of P upto 2 nt
toward the 3’-end of the AON strand from the modification site [A(mod) in the plot]. The average
values and absolute deviations have been obtained from the last 0.5 ns of the 5 ns MD simulations
utilizing Amber force (see Computational details in SI (Li et al. 2013) Part IV)

modified AONs, cLNA-M°C-modified AONs 13 and 16 have been found to be the
most stable oligonucleotides upon treatment of blood serum, which is consistent
with the SVPDE degradation stability. The relative stabilities of all modified AONs
in human blood serum are as follows: cLNA-°C-modified AONs 13 and 16 >
cLNA-T-modified AONs 19 and 22 > cLNA-A-modified AONs 1 and 4 > cLNA-
G-modified AON 7 and 10 > native AON.

6 Impact of cLNA Modifications on the Duplex Structure
and Properties: Theoretical Study

To elucidate structural impact of the introduction of the 7'R- and 7'S-Me-cLNA
modifications into AON/RNA duplexes, a set of Amber force field-based molecular
dynamics (MD) simulations of the native and 7'S- and 7/R-Me-cLNA-A, -G, -M°C,-
T-modified AON/RNA duplexes (AON 1, 2, §, 8, 11, 14, 17, 20, 23) have been
performed (see Computational details in SI (Li et al. 2013) Part IV). Here we
present a comparison of the structural features of the AON/RNA duplexes modified
at position 7 by the 7’R-Me-cLNA-A (AON 2) and 7'S-Me-cLNA-A (AON 5)
diastereoisomers with the native DNA/RNA counterpart (Fig. 14).

Total energy and RMSD. All MD simulations of the native and 7'S- and 7'R-Me-
cLNA-A, -G, -M°C,-T-modified AON/RNA duplexes (AONs 1, 2, 5, 8, 11, 14, 17,
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Fig. 15 Overlap bp — 1 and bp + 1 base pair steps with the base pair containing modified 7'R-
Me-cLNA-A and 7'R-Me-cLNA-A modifications at position 7 from the 3’-end of the AON strand
in the modified AON 2/RNA and AON 5/RNA duplexes compared to the same base-pair steps in
the native AON/RNA duplex

20, 23) duplexes have energetically stabilized rapidly within first 0.2 ns after
completion of the cooling cycle (see Fig. SIII.2 in SI (Li et al. 2013) Part III) and
all simulations remained energetically stable until the end of the 5 ns simulations
(RMSd variation 2.35 A). RMSd comparison with the average structure of the
native AON/RNA from the 2-2.5 ns stretch of its MD simulation shows however
that the native and the cLNA-modified AON/RNA structures remain fluctuating
around this structure with RMSd about 2 A and amplitude of fluctuation ~0.6 A
with the exception of 7'S- and 7’R-Me-cLNA-G, containing duplexes (AON 5, 14),
where it took about 3 ns to stabilize from an average ~3.8 A to 2.2 A RMSd. The
last 0.5 ns of the corresponding MD simulations (2,500 molecular structures) at two
stretches of the simulations (2-2.5 ns and 4.5-5 ns) have been analyzed
(Figs. SIIT.3-10 in ST (Li et al. 2013) Part III). The average values of the pseudoro-
tational phase angle versus corresponding average values of the amplitude of
pseudorotation as well as major endocyclic torsions (a, B, v, O, €, {, x) (IUPAC-
IUB 1983) and local base-pair (Shear, Stretch, Stagger, Buckle, Propeller, Open-
ing), local base-pair step (Shift, Slide, Rise, Tilt, Roll, Twist), and local base-pair
helical parameters (X-disp, Y-disp, h-Rise, Inclination, Tip, h-Twist) of the native
and 7'S- and 7'R-Me-cLNA-A, -G, -M°C,-T-modified AON/RNA duplexes have
been collected and analyzed (Figs. SIII.3-10 in SI (Li et al. 2013) Part III).

The hydrogen bonding pattern of all base pairs of the 7/R-Me and 7'S-Me-cLNA-
A modified at pos 7 AON/DNA has been found to be typical for the standard
Watson—Crick base pairs. All WC bonds between native as well as with modified
residues remained stable within 3.2 A during 98100 % of the MD simulation’s
time, similar to that observed in the MD simulation of the native DNA/RNA
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duplex. The stacking pattern in the native and modified AON/RNA duplexes has
also remained largely unchanged (see Fig. 15).

Pair-wise comparison of the single 7’R- and 7'S-modified duplexes with their
native counterpart has revealed that the overall duplex structure remains essentially
the same as that of the native DNA/RNA (see Fig. 14 for representative comparison
of the pseudorotational phase angles in the native and 7'R- and 7'S-Me-cLNA-A-
modified at position 7 AON/RNA duplexes, for the other angular and helical duplex
parameters for these and other AONs see Figs. SIII.1-8 in SI (Li et al. 2013) Part
I11) with RMSd remaining within 2.6 A for all heavy atoms of unmodified residues
and <3.5 A for the modified ones (Fig. SIIL.2 in SI (Li et al. 2013) Part III). The
structural perturbations introduced by the cLNA modifications have been found to
be quite local, originated at but not confined to the modification site and being
extending by 2—4 bp in the 3’ direction of the AON strand and 1-2 bp in 5’ direction.
Reverse tendency has been observed for the opposite strand where the structural
perturbations have been found extending longer distances (2—4 bp versus 1-2 bp) in
the 5" direction. Due to similarity of the AON/RNA duplexes containing both 7'R-
Me and 7'S-Me-cLNA diastereomers, it can be concluded that the main significant
structural difference between these modification is orientation of the 7'-methyl
group relative to minor grooves of the duplexes. The minor 7'S-diastereomer has
been found to be exposed toward the edge of the duplex backbone, while major 7'R-
Me-cLNA diastereomer is somewhat buried in the minor groove of the 7'R-Me-
cLNA-modified AON/RNA duplexes. This orientation has positioned 7'-methyl
group in such a way that the key distances from the carbon atom of the 7’-methyl
group to 02" atom of sugar moiety of cLNA found to be within 0.1 A of 4.1 A and
5.1 A for the C7'-R and -S diastereomers, respectively. This effectively fine-tunes
interaction of the 7’-methyl group with the nearest 3’-phosphate positioning its
carbon atom C (7’-Me) within 5.1 and 4.3 A of the phosphorus P (3’-PO, ") in
C7'-R- and -S-modified duplexes, respectively, with up to 0.6 A variations along the
trajectories.

7 Conclusions

In this investigation, eight diastereomerically pure 7'S- and 7’R-Me-cLNA-A, -G,
-MeC, and -T nucleosides have been synthesized through a key step of intramolec-
ular 5-exo free-radical cyclization, followed by preparative HPLC separation of
cyclization mixtures. Physico-chemical and enzymatic properties of AONs
containing these modifications have been evaluated and compared with that of
the native counterpart. The major conclusions are as follows:

The RNA selectivity values of the cLNA-modified AONs by 7'S- or7'R-Me-
cLNA-A, -G, -M°C, and -T, irrespective of 7R or 7'S configuration, are consistently
higher by 0.8° £ 0.4° than those of the LNA counterparts and higher by 2.2° + 0.7°
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than those of the native (Figs. 9 and 10). See also conclusions reflecting the stability
and RNase H recruitment capability advantages of cLNA modified oligos below.

The variations of T,,s modulated by 7'S- and 7'R-configured methyl group on
cLNAs are strongly influenced by position of the modification and sequence context
as well as to some but lesser extent by nucleobase of the cLNA.

Introduction of both 7'S- and 7'R-configured methyl substituted carba-LNAs
leads to similar structural perturbations, except for oppositely oriented 7'S- or 7'R-
methyl group in the respective cLNA-modified AON/RNA duplexes, culminating
in the small differences in thermal stabilities of the respective modified duplexes.
This relative orientation of the methyl groups toward minor groove and backbone of
the duplex has been found to have enzymological implications reflected in exper-
iments studying 3’-exonuclease stability of AONs and RNase H recruitment capa-
bility of AON/RNA heteroduplexes (see below).

All cLNA-modified AONs have been found to be much more stable toward the
3’-exonuclease (SVPDE) digestion than the native and LNA-modified counterparts.
It has been demonstrated that the 3’-exonucleolytic stability of cLNA-modified
AON:Ss varied greatly specially depending on the type of nucleobase moiety in the
modified cLNA. Thus, 7'S-Me-cLNA-M°C-modified AON 16 has been found to be
272 times more nucleolytically stable against SVPDE than the least stable in this
series 7'R-Me-cLNA-G-modified AON 7. The effect of 7'R- versus 7'S-methyl
modification has been found to be comparably less pronounced. The 7'S-Me-
cLNA-modified AONs have however been found lasting 1.1-2.3 times longer
than the corresponding 7'R-Me counterparts with the same nucleobase. General
trend for the nucleolytic resistance of cLNA-modified AONs derived from the
3’-exonucleases degradation kinetics data has been demonstrated to decrease
the AON lifetime in SVPDE in the following order: 'S-Me-cLNA-*C > 7'R-
Me-cLNA-MC > 7'S-Me-cLNA-T > 7'R-Me-cLNA-T > 7'S-Me-cLNA-A > 7'R-
Me-cLNA-A > 7'S-Me-cLNA-G > 7'R-Me-cLNA-G.

Stabilities of cLNA-modified AONs upon blood serum treatment have been
found to follow the trend similar to that observed upon treatment of SVPDE
3’-exonuclease.

cLNA-A-, -G-, -M°C-, and -T-modified AON/RNA hybrids as well as LNA-A-,
-G-, -C-, and -T-modified AON/RNA hybrids are found to be good substrates for
E. coli RNase H1 as the native AON/RNA counterpart. A strong dependence of the
RNase H digestion rates has been observed with modifications located from the
center toward 5’-end of the AON strand leading to 2-8-fold increase of the
digestion rates compared to that of modifications from the 3’-end to the center as
well as to that of the native AON/RNA counterpart. Thus, by appropriate choice of
the modification site in AON sequence of AON/RNA hybrids, the cleavage rates by
RNase H1 as well as digestion patterns can be engineered to significant extent.

The ability of 7'S- or 7'R-Me-cLNA-A, -G, -M°C, and -T nucleotides,
irrespective of 7’R or 7'S configuration, to increase thermal stability of the modified
AON/RNA duplexes, to prolong dramatically the lifetime of AONs in human blood
serum and in the presence of SVPDE 3'-exonuclease, as well as to recruit RNase H
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highly efficiently makes our cLNA-modified oligonucleotides potential candidates
for RNA targeting therapeutics.
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Abstract Oligonucleotide-based therapeutics may be one of the most promising
approaches for the treatment of diseases. Although significant progress has been
made in developing these agents as drugs, several hurdles remain to be overcome.
One of the most promising approaches to overcome these difficulties is the prep-
aration of modified oligonucleotides designed to increase cellular uptake and/or
increase stability to nucleases. Herein, we report the developments done by our
group in the synthesis of modified oligonucleotides directed to the generation of
active compounds for gene inhibition. Specifically we will report the synthesis of
novel nuclease-resistant oligonucleotides such as North bicyclo[3.1.0]hexane
pseudosugars or N-coupled dinucleotide units. Also, the design of several siRNA
conjugates carrying cell-penetrating peptides, lipids, intercalating agents, and
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carbohydrates will be described. Some of these novel derivatives show clear
improvements in their biological and inhibitory properties.

Keywords RNA interference ¢ Antisense oligonucleotides ¢ siRNA ¢ Oligonucle-
otide conjugates ¢ Nuclease-resistant oligonucleotides

1 Introduction

In the past decades new compounds comprising small synthetic nucleic acids have
shown promising results as potential drugs (Tiemann and Rossi 2009; Sanghvi
2011). In these cases, nucleic acids are used to inhibit a specific gene by blocking
translation or transcription or by stimulating the degradation of a particular mes-
senger RNA. Several strategies can be followed, antisense, short-interference RNA
(siRNA), and aptamers being the most important ones. In the antisense strategy,
synthetic oligonucleotides (ASOs) complementary to the messenger RNA of a
given gene are used to inhibit the translation of messenger RNA to protein
(Aboul-Fadl 2005; Chan et al. 2006). In the siRNA strategy, small RNA duplexes
(siRNAs) complementary to messenger RNA bind to a protein complex named
RNA-induced silencing complex (RISC). The complex formed by the antisense or
guide RNA strand and RISC catalyzes the efficient degradation of a specific
messenger RNA, thereby lowering the amount of target protein (Brumcot
et al. 2006; Tiemann and Rossi 2009). Aptamers are nucleic acid sequences
discovered by combinatorial methods that bind with high affinity and specificity
to a particular protein. Aptamers can be seen as similar to the antibodies, but they
are synthetically produced and made of nucleotides instead of amino acids (Brody
and Gold 2000). At the moment, there is one nucleic acid commercialized for the
treatment of macular degeneration (Gonzalez 2005). Macugen (Pegaptanib) is an
aptamer functionalized with polyethylene glycol that binds to VEGF. An antisense
oligonucleotide (Formivirsen, Vitravene) was approved by FDA for the treatment
of cytomegalovirus, but it is not produced anymore (Sanghvi 2011). Recently, a
new antisense oligonucleotide has been approved by FDA authorities for the
treatment of familial hypercholesterolemia (Jiang 2013). Although, at present,
there is no commercially available siRNA nearly 30 clinical trials have been started
(Burnett and Rossi 2012; Rettig and Behlke 2012) showing an interest of pharma-
ceutical companies on the siRNA technology as potential strategy for the treatment
of a disease caused by the overexpression of a particular protein. Importantly, the
first evidence to show that siRNA can be administered intravenously to cancer
patients with a significant tumor reduction has been recently published (Tabernero
et al. 2013).

The siRNA technology has several advantages compared with the classical drug
discovery process. The design of active siRNA is relatively simple. The siRNA is
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complementary to mRNA sequence and the sequence of the proteins (human
genome) is known. There are several bioinformatic tools that can predict with
success the optimal sequence for siRNA experiments. Generally the process of
designing an active compound is simpler than in the classical drug discovery
process. siRNA technology has an universality principle. Once an active compound
is developed, other genes can be targeted in a similar way. Finally, there is the
possibility of using similar approaches to the ones developed for siRNA to control
microRNAs.

However, the siRNA and other nucleic acids technologies have several disad-
vantages. First the siRNA technology can only be used for silencing upregulated
genes. Oligonucleotides are susceptible to degradation by exonucleases under
physiological conditions and have low cellular uptake. In addition, they have to
be directed to the right cells and some off-target effects have been detected. Finally,
nucleic acids have shown to stimulate the innate immunity and they are expensive
to produce.

Most of these disadvantages are similar to the ones described for the treatments
with proteins or monoclonal antibodies and they may be partially solved by using
modified nucleic acids. It has been demonstrated that it is possible to enhance
stability to nucleases by introducing small modifications in the structure (Deleavey
and Damha 2012; Shukla et al. 2010). In addition, several modifications that
improve cellular uptake have been described and may provide specific delivery to
target cells. In particular, the conjugation of lipids to oligonucleotides has been
shown to generate molecules with improved inhibitory properties (Soutschek
et al. 2004; Whitehead et al. 2009). A large development is being made to obtain
new formulations that may direct nucleic acids to the specific cells by receptor-
mediated uptake (Meares and Yokohama 2012). Finally, chemical modifications of
siRNA have been shown to reduce the stimulation of the innate immune response
(Sioud 2010; Eberle et al. 2008). However, still there is a need for further devel-
opment in order to demonstrate the potential use of nucleic acids as drugs in the
treatment of human diseases (Davidson and McCray 2011).

Herein, we report the developments done by our group in the synthesis of
modified nucleic acids to generate active compounds for gene inhibition. Specifi-
cally, we will report the synthesis of novel nuclease-resistant oligonucleotides such
as North bicyclo[3.1.0]hexane pseudosugars or N-coupled dinucleotide units. Also,
the design of several siRNA conjugates carrying cell-penetrating peptides, lipids,
intercalating agents, and carbohydrates will be described.

2 Synthesis of Nuclease-Resistant Oligonucleotides

The introduction of modifications at the sugar phosphodiester backbone of DNA
and RNA has been demonstrated to provide stability to nuclease degradation in
oligonucleotides. For example, the phosphodiester backbone of the FDA-approved
oligonucleotide aptamer Macugen is modified with phosphorothioate linkages.
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In the case of siRNA a large number of modifications are detrimental for the
recognition of the duplex RNA to the inhibitory complex RISC and for this reason
researchers are using small number of modifications (Deleavey and Damha 2012).
Endogenous siRNAs are 21-nt dsRNAs with a 19-nt central duplex and 2-nt 3’
overhangs on each strand. Most of the chemically synthesized siRNAs described in
the literature mimicked the natural RISC substrate where the 2-nt 3’-RNA over-
hangs are replaced with DNA typically via a TT dimer. Some authors have
confirmed that the single-stranded 3’-overhangs are highly susceptible to nuclease
attack. Protection of this particular site as well as the 5'-end is highly desirable for
long-term gene inhibition. In spite of the use of small number of modifications, it
has been shown that they have a strong impact not only in the stability to nucleases
but also to the reduction of innate immunostimulation.

2.1 A Singular Double Modification at the Sense Strand

In a recent study, we observed an extraordinary anti-inflammatory activity on
macrophages induced by one of our chemically modified siRNAs (Ocampo
et al. 2012). This compound contained 2'-O-methyl-RNA modifications at the 5’
and a propanediol molecule at the 3’-end, both modifications in the passenger
strand. This siRNA was selected for a preclinical study in a mouse model of
inflammatory bowel disease (IBD). Local administration of the modified siRNA
resulted in extraordinary anti-inflammatory activity. A gene array study on siRNA-
treated animals confirmed that anti-inflammatory activity is the result of a reduced
inflammatory process caused by the specific action of the siRNA targeting tumor
necrosis factor (TNF-a) The exceptional anti-inflammatory activity of this siRNA
can be explained by three main reasons: (a) Both of the ends of the passenger strand
of the siRNA are protected with exonuclease-resistant modifications, (b) both
modifications have very low stimulation of the innate response, and (c) the modi-
fication at the 5'-end of the passenger strand prevent the cellular phosphorylation of
this end while the unmodified 5’-end of the guide strand is phosphorylated. The
unphosphorylated 5'-end of the passenger strand prevents this strand to be bound to
RISC avoiding unproductive RNA-RISC complexes and off-target effects.

2.2 Modified Nucleic Acid Derivatives with North Bicyclo
[3.1.0]Hexane Pseudosugars

In a different approach, we explored new siRNA analogues with altered ribose rings.
It is well known that for efficient gene silencing to take place, the guide siRNA-—
mRNA duplex must adopt an A-type helical structure (Chiu and Rana 2003). This has
prompted several research groups to develop nucleotide analogues with the sugar
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Fig. 1 (a) North methanocarba 2'-deoxynucleoside used in our first series of studies. (b) Serum
stabilities of unmodified and TN-modified siRNAs. siRNAs containing no modifications (open
circles), six TN substitutions in the guide strand (asterisks), two TN substitutions in the
3'-dinucleotide overhangs ( filled squares), and one TN substitution at position 2 in the sense
strand ( filled triangles) were incubated in human serum (50 %) at 37 °C and withdrawn at the
indicated time points. Plots of the remaining intact siRNAs (%) against incubation time.
(c) Synthetic approach for the preparation of siRNAs containing ribo-like North MC nucleoside
units

puckering locked in the North conformation and to incorporate them into siRNAs.
Examples are Locked Nucleic Acids (LNA) (Singh et al. 1998), which have been
found to be accepted by the RNAi machinery and to increase the thermodynamic and
serum stability of RNA duplexes to a great extent (Elmén et al. 2005).

With the aim of introducing new features into siRNAs without disrupting the
A-type helical structure required for the inhibitory activity, we replaced the sugar
ring of natural ribonucleotides of RNA strands by a North locked bicyclo[3.1.0]
hexane pseudosugar (Marquez et al. 1996). In particular, we incorporated North
2'-deoxy-methanocarba (MC)-thymidine derivatives (T") (Fig. la) into different
positions of the guide and the sense strand of an siRNA targeting Renilla luciferase.
The results of our studies suggested that, in general, incorporation of one to three
modifications in the guide strand is well tolerated by the RNAi machinery, with
gene silencing activities comparable to those obtained with LNA-modified siRNAs
(Terrazas et al. 201 1b). Furthermore, two of the most promising siRNA designs that
emerged from these studies (one T™ substitution at position 20 in the guide strand
and one T" substitution at position 2 in the sense strand) could be successfully used
for targeting the murine tumor necrosis factor (TNF-a) in RAW cells. In this work
we also demonstrated that incorporation of T™ units into siRNA duplexes increased
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their thermal stabilities and decreased immunostimulation. Furthermore, the T™
modification conferred a significant stabilization of siRNAs in serum (Fig. 1b).

In view of the good results obtained with the North bicyclo[3.1.0]hexane
2'-deoxy-pseudosugars, we decided to study of the effect of a hydroxyl group at
the 2’ position of the pseudosugar on the RNAi process (Terrazas et al. 201 1a). The
synthesis of ribo-like North MC nucleosides was reported a few years ago (Kim
et al. 2002). However, these derivatives had never been incorporated into RNA. An
important challenge in the preparation of RNA strands containing North ribo-MC
units is the protection of the 2’-OH group. With the aim of incorporating these units
into siRNAs, we developed a synthetic strategy that involved (1) protection of the
2'-OH of North ribo-MC nucleosides with a cyanoethoxymethyl group (CEM),
(2) the combined use of 2'-O-CEM and 2'-O-t-butyldimethylsilyl (TBDMS) pro-
tection for RNA synthesis (TBDMS for commercial phosphoramidites of natural
nucleosides), and (3) the removal of these protecting groups in a single step
(Fig. 1c). The resulting North ribo-MC-modified siRNAs were compatible with
the siRNA machinery.

2.3 N-Coupled Dinucleotide Units at the 3'-Terminal
Positions of Oligonucleotides

On the other hand, our group has also been interested in modifying the 3’'-terminal
positions of therapeutic oligonucleotides. In particular, in a recent study, we created
and analyzed a new class of modification aimed at increasing the stability of
oligonucleotides against 3’-exonuclease degradation (the predominant nuclease
activity present in serum) without affecting biological action (Terrazas
et al. 2013). Rational design showed the possibility of blocking the hydrolytic
activity of 3’-exonucleases by creating a new nucleotide scaffold characterized by
its lack of phosphodiester bond linking the two 3’-terminal nucleotide building
blocks. Our approach was based on the replacement of the two 3’-terminal nucle-
otides of an oligonucleotide strand (linked through a 3’5’ phosphodiester bond) by
two nucleotide units linked together by an ethyl chain through the exocyclic amino
group of the nucleobase. The resulting dimeric nucleoside [N*-ethyl-N* 2/-deoxy-5-
methylcytidine derivative (BC)] (Fig. 2a) was connected to the oligonucleotide
through a normal phosphodiester bond. Molecular dynamics simulations of a
3’-BC-modified DNA: 3’-exonuclease (Klenow Fragment of E. coli DNA polymer-
ase I) complex suggested that this kind of modification had negative effects on the
correct positioning of the adjacent phosphodiester bond at the active site of the
enzyme, due to steric clashes between the alkyl linker and amino acid residues
(Leu361) (Fig. 2b).

We verified that functionalization of the 3’-ends of DNA and RNA strands with
BC modifications completely blocked the hydrolytic activity of 3’-exonucleases
(KF and snake venom phosphodiesterase). Interestingly, the N-ethyl-N modification
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Fig. 2 (a) N'-ethyl-N* dimeric pyrimidine nucleoside used in our studies. (b) Representative
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depicting the course of the snake venom phosphodiesterase-catalyzed hydrolysis of unmodified,
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confers higher 3’-exonuclease resistance than phosphorothioate bonds (Fig. 2c).
Furthermore, RNA interference experiments with BC-modified siRNAs targeting a
luciferase gene and an antiapoptotic gene demonstrated that this modification was
accepted by the RNAi machinery.

It has been reported that most of the residues at the 3'-5’-exonuclease active site
of DNA polymerase I (among them, Leu361) are conserved among the
3’-exonucleolytic domain of other enzymes that catalyze 3’-exonuclease reactions
(Bernad et al. 1989), thus suggesting that the KF can be used as a model to study the
effect of oligonucleotide modifications on 3’-exonuclease-catalyzed hydrolysis.
Indeed, recent studies have demonstrated that the structures of one of the most
abundant mammalian 3’-exonucleases (TREX-1) bound to DNA are closely related
to the structures of KF:DNA complexes (Brucet et al. 2007). Thus, the studies
performed in this work not only provide a deeper insight into the role of
nucleobase—protein interaction on 3’-exonuclease function, but can also help to
design new 3’-exonuclease-resistant potential therapeutic agents.
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3 Synthesis of Oligonucleotide Conjugates

Delivery of oligonucleotides inside of the right cells in the right tissues is still the
largest problem (Meares and Yokohama 2012). Most of the effort done in this
direction is centered in the development of formulations for intravenous adminis-
tration using cationic lipids, liposomes, nanoparticles, and cationic polymers
(Meares and Yokohama (2012). The use of oligonucleotide conjugates has been
also reported. Cholesterol-conjugated siRNAs have been successfully used together
with lipoproteins or lipid particles (SNALP) for the in vivo inhibition of Apo B
protein by systemic administration (Soutschek et al. 2004). In another report,
siRNA was delivered to neuronal cells by conjugation to a short peptide derived
from rabies virus glycoprotein peptide (Kumar et al. 2007). Also, the use of
exogenous ligands containing multivalent N-acetylgalactosamine clusters allows
the intravenous administration of nucleic acids directed to liver cells by specific
cellular uptake by the asialoglycoprotein receptors (Maier et al. 2003). These
excellent results described in the literature prompted us to study the introduction
of lipid and hydrophobic/aromatic compounds, cell-penetrating peptides, and car-
bohydrates on the 5’- or 3’-terminal positions of the oligonucleotides.

3.1 Synthesis of Oligonucleotide—Peptide Conjugates

Oligonucleotide—peptide conjugates are chimeric molecules composed of a nucleic
acid moiety covalently linked to a polypeptide moiety. Oligonucleotide—peptide
conjugates can exhibit different properties depending on the peptide sequence and
its nature. For instance, if oligonucleotides are covalently linked to neutral peptides,
conjugates are often more resistant to nucleases than unmodified oligonucleotides
(Robles et al. 1997), whereas in the case of using cationic peptides with oligonu-
cleotides, they can accelerate duplex formation (Corey 1995). From a therapeutic
point of view, the use of cationic peptides such as polylysine, arginine, basic, or
fusogenic peptides conjugated to oligonucleotides have shown an improved cellular
uptake (Said et al. 2010).

To date, several protocols for the chemical synthesis of oligonucleotide—peptide
conjugates have been described (Lu et al. 2010; Avifi6 et al. 2011a). Conjugation of
these large and functionalized molecules is a difficult task and often hindered by
several side reactions. There are two main approaches to prepare these conjugates.
The first approach is the post-synthetic coupling in solution that is accomplished by
a chemoselective ligation mediated by mutually reactive groups that are introduced
into the oligonucleotides and peptides. In the second approach, the stepwise solid-
phase method, the peptide and oligonucleotide fragments are usually assembled
sequentially on the same solid support. Unfortunately, the chemistries of peptide
and oligonucleotide synthesis are not compatible; thus modifications of standard
protecting groups or activating and deblocking agents are required. In general, the
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peptide moiety is synthesized first using tert-butoxycarbonyl (Boc)-amino acids
with side chains protected with base-labile groups such as trifluoroacetyl (TFA) or
9-fluorenylmethoxycarbonyl (Fmoc) groups. The oligonucleotide sequence is then
assembled using standard DNA synthesis protocols (Fig. 3). The use of stepwise
synthesis has allowed us to synthesize oligonucleotide—peptide conjugates which
were evaluated in both RNA interference and antisense therapies. In the first case,
siRNA duplexes directed against tumor necrosis factor (TNF-a) and carrying a
nuclear localization peptide were synthesized (Avifié et al. 2009). Experiments with
lipofectamine confirmed that siRNA duplexes of these conjugates were able to
trigger RNAIi pathway, thereby silencing gene expression with results similar to
those of 3'-cholesterol-modified siRNA duplexes.

Finally, in the case of antisense strategy, we were able to conjugate cell-
penetrating peptides [(Lys),; (Arg),; n = 2, 4, 8; and sweet arrow peptide, SAP
(VXLPPP);, where X = Lys, Orn, homoarginine (HArg), and Arg] with an anti-
sense oligonucleotide which knocked down the expression of Renilla luciferase
(Grijalvo and Eritja 2012; Grijalvo et al. 2010b). For oligonucleotide—peptide
conjugates containing guanidinium groups (X = HArg and Arg, respectively) a
post-synthetic approach was carried out by performing a guanidinylation reaction
with O-methylisourea. The linkage between the antisense oligonucleotide and cell-
penetrating peptides was accomplished by introducing alkyl chain spacers with
different lengths (4, 6, and 12 atoms of carbons). All antisense conjugates synthe-
sized did not disrupt the antisense mechanism, showing results similar to those of
the unmodified oligonucleotide. In order to impart cellular uptake, we observed
better transfection efficiencies without using a transfection agent when SAP peptide
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could form a complex with oligonucleotide—peptide conjugates containing orni-
thine and arginine residues (Grijalvo and Eritja 2012) (Fig. 3).

3.2 Synthesis of Oligonucleotide-Lipid Conjugates

The development of effective and efficient drug delivery systems continues being
the main challenge for the success of nucleic acids in clinical trials. Taking into
account that viral vectors can intrinsically have certain concerns about safety and
immunogenicity, nonviral vectors have emerged as an alternative to improve the
cellular uptake of both antisense oligonucleotides and siRNA molecules in anti-
sense therapy and RNA interference, respectively. Specifically, lipids in combina-
tion with nucleic acids are currently one of the strategies that have been used to
improve the delivery of nucleic acids (Raouane et al. 2012). Two approaches have
been described to obtain this kind of delivery system: i. by forming polyplexes or
ii. by covalently linking, thereby obtaining conjugates potentially more stable than
those formed electrostatically. Moreover, this kind of conjugation may also prolong
the half-life of these conjugates in plasma or even increasing the efficiency of
conjugates in some therapies, thereby improving their pharmacological and gene
silencing properties in vitro and in vivo. In light of the results, our group has
focused attention on introducing series of modified lipids with different length
and properties covalently linked with antisense oligonucleotides and siRNA mol-
ecules at the 5'- or 3’-termini instead of using lipolexes. Thus, for the synthesis of
lipid-3’-conjugates, controlled pore glass (CPG) solid supports were properly
functionalized using glycerol molecule as a building block. Lipid modifications
are depicted in Fig. 4 which consisted of a saturated hydrocarbonated chain
(3'-lipid-C,4), a double-unsaturated hydrocarbonated chain (3'-lipid-Cg), or sev-
eral aminoalkyl moieties that contained an amino group alone (3'-lipid-C;,NH>) or
with a combination of triazolyl and amino groups (3'-lipid-C;,NH,-triazolyl). For
the synthesis of lipid-5’-conjugates, a double-tailed lipid (5'-lipid-C,g) was intro-
duced covalently by using the well-known phosphoramidite approach (Grijalvo
et al. 2010a; Grijalvo et al. 2011).

RNA interference experiments of the aforementioned lipid—siRNA conjugates
were performed targeting the TNF-a gene. According to transfection experiments
in the presence of commercially available transfection agents, our proposed lipid
modifications were accepted by the RNAi machinery, thereby obtaining results
similar to those of siRNAs without any kind of modification. On the other hand, in
order to evaluate the effectiveness of our lipid—siRNA conjugates to impart cellular
uptake, transfection experiments were performed in the absence of a transfection
agent. Here, we observed promising gene silencing results when 5'-1ipid-C,g siRNA
conjugate was used with silencing activities close to 50 %. Thus, this result allowed
us to characterize further the biophysical aspects of the aforementioned conjugate
by introducing the 5’-lipid-C,g modification into a DNA sequence which served us
as a model. The interaction between 5'-lipid-C,g-DNA with the cell membrane was
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Fig. 4 siRNA conjugates containing a series of lipids at both 3’- and 5'-termini

studied in different cell lines by using three model membrane systems (e.g., mono-
layers; giant unilamellar vesicles, GUVs; and supported planar bilayers, SPBs). In
all cases, a better incorporation into both lipid model membranes and cell systems
was showed (Ugarte-Uribe et al. 2013).

3.3 Synthesis of Oligonucleotide Conjugates
with Intercalating Agents

Small molecules with affinity to nucleic acids by binding to the major or minor
groove or by intercalation between bases have received considerable interest to
increase the affinity of inhibitory nucleic acids to their targets (Lonnberg 2009;
Manoharan 2002). These conjugates are not directed to enhance cellular uptake or
to increase cell-type specific targeting, but they can stabilize nucleic acids interac-
tions with functional m-electron systems since their T—r interactions may provide
additional binding energy (Pérez-Rentero et al. 2012; Avifi6 et al. 2010). Conjuga-
tion at any terminus of oligoribonucleotides could also prevent degradation by
nucleases. In addition, these molecules are constituted of chromophores that
could be used to study intracellular distribution of nucleic acids.

Duplex siRNA is formed of two complementary strands (sense and antisense) so
there are four terminal ends for potential conjugation sites. Previous studies have
demonstrated that 3’ and 5’ ends of the sense strand and the 3’ end of the antisense
are considered the best sites for conjugation without decreasing RNAI activity. In
our group, threoninol was used as a linker to incorporate different modifications at
either 3’ or 5'-end of siRNA (Fig. 5).

The effect of aromatic derivatives of different size at the 3’-end of siRNA on
RNAI activity was studied. In general, the modifications in the sense strand were
well tolerated by the RNAi machinery, but in the antisense strand the inhibition
depends on the size of the introduced modification (Somoza et al. 2010).
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Oligonucleotide conjugates containing single or multiple acridine or quindoline
derivatives have been synthesized and evaluated for siRNA studies against TNF-a
protein, which is involved in apoptosis, inflammation, and immunity processes
(Avifi6 et al. 2012). Multiple acridine or quindoline moieties do not interfere in
the RNAi pathway to silence gene expression but have similar efficiency compared
to single modifications. No inhibition of siRNA conjugates was observed when
cells were transfected without oligofectamine. Fluorescent properties of intercalat-
ing agents could be used to study cell delivery. Conjugates of siRNA modified with
acridine showed good cellular uptake properties in HeLa cells.

Also the effect of a tetrathiafulvalene (TTF) unit at the 3’-ends of siRNAs was
studied by analyzing the inhibition of the luciferase gene in HeLa cells (Pérez-
Rentero et al. 2013). The introduction of TTF at the 3’-end can be tolerated by the
RNAIi machinery only if the passenger strand of an RNA duplex is modified.
Although the results were not very promising, the hydrophobicity of these deriva-
tives can provide some extra advantage in the preparation of lipid formulations.

3.4 Synthesis of Oligonucleotide Conjugates
with Carbohydrates

The idea of attaching carbohydrates to ODN, RNA, and PNA is to exploit the
potential of receptor-mediated endocytosis to improve cellular uptake. The use of
sugar units as vectors was first reported under conjugation to oligonucleotide
methyl phosphonates by Hangeland et al. (1995). In that case a trident presentation
of N-acetylgalactosamine (GalNAc) covalently linked to the ODN allowed efficient
delivery to human hepatocellular carcinoma cells (Hep G2). Moreover, the uptake
was cell-type specific when compared to human fibrosarcoma (HT 1080) and
human promyelocytic leukemia (HL-60) cells. The observed specificity is possible
due to the presence of asialoglycoprotein (ASGP) receptor in hepatocytes that
selectively bind GalNAc moieties. A similar strategy was described by Hamzavi



Challenges and Opportunities for Oligonucleotide-Based Therapeutics by. . . 239

et al. (2003) by attaching a dual presentation of GalNAc to an antisense PNA.
Efficient cell uptake and a significantly improved ability of the PNA to inhibit
mRNA levels were observed. In the case of siRNA, lactose was the first carbohy-
drate to be conjugated via an acid-labile spacer (Oishi et al. 2005). Lac-siRNA
conjugates were included into polyion complex micelles to improve delivery and
stability to serum incubation. They exhibited notable gene silencing for firefly
luciferase expression in HuH-7 cells possessing ASGP receptors, which recognize
compounds bearing terminal galactose moieties (lactose is B-p-galactopyranosyl-
(1—4)-p-glucose disaccharide).

Our group decided to examine glucose or glucose-containing saccharides at the
nonreducing end as possible vectors to facilitate oligonucleotide cell entrance. We
reasoned that oligonucleotide conjugates carrying glucose moieties could bind to
GLUT receptors and facilitate internalization via receptor-mediated endocytosis.
We prepared a series of 3'-fluorescently labeled DNA conjugates with carbohy-
drates attached at the 5’-end via two types of spacers and a dendron scaffold in order
to probe a diversity of sugar presentations (Ugarte-Uribe et al. 2010). The synthesis
was carried out using carbohydrate phosphoramidite derivatives and standard solid-
phase oligonucleotide synthetic procedures. Flow cytometry analysis showed a
more efficient uptake in both HeLa and U87.CD4.CXCR4 cells for oligonucleo-
tides containing a terminal glucose unit linked through a long tetraethylene glycol
spacer or just one doubler dendrimer than for other glycoconjugates or the
unconjugated control. In contrast, a conjugate containing four glucose units showed
lower cell uptake in both cell types.

Next, we studied carbohydrate—siRNA conjugates carrying one, two, or four
glucose and galactose residues at the 5'-end of the passenger strand of the siRNA
duplex (Avifid et al. 2011b). The tumor necrosis factor (TNF-a) gene was selected
as target and was introduced into HeLa and Huh7 cells. When carbohydrate—siRNA
conjugates were transfected with oligofectamine similar inhibitory properties to
those of unmodified RNA duplexes were observed. When no oligofectamine was
used, no inhibition was observed for glucose—siRNA conjugates. However, siRNA
carrying galactose residues have slight anti-TNF inhibitory properties (25 % in the
best case) when tested on HuH-7 cells without transfecting agent. This inhibition is
eliminated if the ASGP receptors are blocked using a competitor. These results
indicated a possible mediation of cellular ASGP receptors in the uptake of
galactose—siRNA conjugates.

Recently we tried a different approach by investigating apolar carbohydrates
linked to siRNA duplexes as new hydrophobic platforms that could improve the
oligoribonucleotide cell uptake without disrupting the RNAi machinery during
gene inhibition (Vengut-Climent et al. 2013). The design consisted of
permethylated glucose covalently linked to the 5'-end of the passenger strand of
the siRNA via two different spacers and a dendron scaffold. The synthesis
proceeded using the corresponding apolar carbohydrate phosphoramidites and
standard solid-phase oligonucleotide automatic synthesis. These modifications did
not alter the RNAi machinery on HeLa cells in the dual luciferase assay when
conjugates were transfected with oligofectamine. When no transfection agent was
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used, only some apolar carb—siRNAs showed gene inhibition, up to 26 % in the case
of the double-tailed permethylated glucose—siRNA. Most importantly,
permethylated glucose C2, permethylated glucose C12, and the corresponding
glucose C12 doubler siRNA conjugates presented substantial stability against
5’'-exonuclease degradation.
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