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RESUMEN

Los retrotransposones LINE-1 (Long Insterspersed Element class I) son los tnicos
elementos transponibles autéonomos activos en la actualidad. Suponen el 17% del
genoma humano, si bien la mayoria de las copias son inactivas debido a mutaciones
y reordenamientos. Sin embargo, el genoma humano contiene aproximadamente
80-100 copias activas de LINE-1 y su movilizaciéon produce un impacto sobre
nuestro genoma. Los LINE-1s se movilizan mediante un mecanismo de copia-pega
que implica la reversotranscripcion del RNA mensajero de LINE-1. En humanos, la
retrotransposicion de LINE-1 durante el desarrollo embrionario temprano genera
inserciones heredables que pueden resultar potencialmente mutagénicas y
producir un desorden genético. Por otro lado, los LINE-1 son también activos en
células cancerigenas y cerebro humano, produciendo un impacto sobre nuestro
genoma somatico. Los elementos LINE-1 son por lo general sobreexpresados en
tumores humanos y la acumulacion de nuevas inserciones tiene la capacidad de
aumentar la malignidad y potencial metastasico de las células cancerigenas. Por
ello, aunque el papel de la retrotransposicion en tejidos somaticos es aun
desconocido, tiene el potencial de influir en el origen y progresion del cancer, asi
como de la biologia del cerebro. Con el objetivo de descubrir mas sobre el papel de
la actividad de LINE-1 en células cancerigenas y cerebrales, una estrategia de
pérdida de funcion podria resultar muy informativa. En el presente trabajo y para
explorar si la inhibicion de la reversotranscriptasa de LINE-1 puede ser usada como
una eficaz estrategia de pérdida de funcion, hemos ensayado compuestos con
estructura nucleosidica sintetizados y adquiridos comercialmente como
inhibidores selectivos de la retrotransposicion de LINE-1. Tras analizar 33
nucledsidos mediante un ensayo de retrotransposicion, hemos identificado 3
inhibidores selectivos y no tdxicos de la retrotransposicion de LINE-1 que no
muestran actividad frente otros retroelementos (retrotransposones LTR). Ademas,
estos compuestos inhiben eficientemente LINE-Is humanos y de ratdn, y podrian

ser empleados para determinar el impacto de la actividad de LINE-1 en modelos de
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ratén a través de una estrategia de pérdida de funcién. Cabe destacar que estos
compuestos podrian potencialmente usarse como tratamiento coadyuvante de

tumores con una alta expresion de LINE-1.

ABSTRACT

Long interspersed element class 1 (LINE-1 or L1) is the only active autonomous
transposable element in humans. It comprises 17% of our genomic mass, although
most L1 copies are inactive due to mutations and rearrangements. However, an
average human genome contains 80-100 active Lls, and their mobilization
continue to impacts our genome. Lls move by a copy and paste mechanism that
involves the reverse transcription of an intermediate L1 RNA. In humans, L1
mobilization during early embryogenesis led to the accumulation of heritable
insertions that sporadically can be mutagenic and generate a genetic disorder.
Surprisingly, Lls are also active in cancer cells and the human brain, impacting our
somatic genome. LI elements are frequently overexpressed in human tumors, and
the accumulation of new insertions can potentially increase the malignancy and
metastasis potential of tumor cells. Thus, although the role of somatic
retrotransposition is currently unknown, it has the potential to influence cancer
origin and progression, as well as brain biology. To learn more on the role of L1
activity in cancer cells and the brain, Loss of Function (LOF) strategies will be very
informative. Here, and to explore whether inhibition of the Reverse Transcriptase
of LI can be used as an effective LOF strategy, we tested currently available and de
novo synthesized nucleoside related compounds as selective Ll inhibitors. After
analysing 33 nucleoside structures using an Ll retrotransposition assay, we
identified three non-toxic selective Ll inhibitors that exhibit no activity against
other retroelements (LTR-containing retrotransposons). Notably, these
compounds can efficiently inhibit human and mouse LINE-Is, and could be used
to determine the impact of Ll activity in mouse models, in a LOF approach.
Importantly, these compounds also have the potential to be effective in the

treatment of those cancers characterized by a high L1 expression.
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1 INTRODUCTION

1.1 HUMAN GENOME COMPOSITION, TRANSPOSABLE
ELEMENTS AND THEIR GENOMIC IMPACT

1.1.1 Human genome and repeated sequences

The sequencing of the human genome revealed new features that changed
our view on genomics. Although early on researchers had observed the presence
of repetitive sequences on the human genome [1], [2], it was not until the
finalization of the Human Genome Project when we realized about the astonishing
abundance of repeated DNA sequences in our genome. Indeed, while less than 5
% of the genome is made of coding sequences (i.e., exons), repeated sequences
account for more than 50% of the human genome [3] More recently, additional
studies revealed that up to two-thirds of our genome is made of repeated sequences
[4] (Figure 1). Among repeated sequences, transposable elements comprise for
45% of the human genome. Repetitive sequences are present in both prokaryotic

and eukaryotic organisms [5], [6], and these sequences can be classified as follows

[3]:
o Transposable Element-derived repeats or interspersed repeats.

. Processed pseudogenes: copies of genes generated by the genomic
insertion of their mRNA sequences through a retrotransposition

process.

. Simple sequence repeats: repetition of nucleotides (for instance (A)n,

(CA)n, (CGG)n).

. Segmental duplications: highly similar sequences of 10-300 kb in

size, duplicated from one region to a different one by recombination.

. Tandem repeats. Telomeres, centromeres, ribosomal gene clusters

and short arms of acrocentric chromosomes.
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Figure 1. Human genome composition. A. Global view of the main components of the human genome
(adapted from [7]). B. Content of the human genome in transposable elements (adapted from [8]).

In all living organisms, DNA has two vital roles: on one hand, it contains the
information needed for the synthesis of macromolecules, and on the other hand
DNA is responsible to transfer this information to descendants. Because repeated
sequences are not conventional genes, what are those repeat sequences doing in
our genome? The presence of such repeated sequences was and still is
disconcerting due to the lack of contribution to phenotype or regulatory function,
so it was firstly considered not only as “junk” DNA [9], but also as “selfish” or
“parasitic” DNA that use the cell enzymatic machinery in order to survive within
genomes [10], [11]. However, that point of view has been evolving over the years
with new evidences that prove the interaction of repeated DNA sequences with our
genome (reviewed in [12], [13]). For instance, the evolution of human glycophorin
gene family through several gene duplication events is related with the
recombination of Alu elements, a type of repeated DNA sequence [14]. In addition
to the possibility of contributing to the evolution of human genes, the expansion

of repetitive DNA sequences has been related with the origin of several human
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developmental and degenerative disorders (reviewed in [15]), neurological and
neuromuscular diseases, as well as with the progression and severity of them

(reviewed in [16]).

1.1.2 Transposable elements: the human mobilome

The largest group of repeated DNA sequences in the human genome are
transposable elements (TEs), which, as a whole, make up the 45% of our genome
[3]. TEs are a type of repeated DNA sequences that are able to move and/or
duplicate their sequences from one position within the genome to a new one,
either through a “cut-and-paste” or “copy-and-paste” mechanism. The

combination of all TEs present in a genome is called the mobilome.

The first evidence of the existence of such repeated DNA sequences was
provided by Barbara McClintock in 1950, when she discovered that variegation in
maize kernels and leaves was associated with the mobility of an
Activator/Dissociation TE in maize (reason why she was awarded with the Nobel
Prize in Physiology or Medicine in 1983) [17]. McClintock established that TEs
promote genetic variety and also suggested that TEs might be involved in the
regulation of gene expression if transposition took place at or near the locus of a
gene [18]. The latter view was not widely accepted and the discussion about the
role of TEs in genomes continues at present. Since these seminal findings by
McClintock, many others TEs have been identified in different species, and

virtually any genome sequenced contained TE-derived sequences.

In eukaryote genomes, and based on its mobilization mechanism, TEs are
classified into class I and class II elements. The former, also known as
retrotransposons, spread in genomes using a “copy-and-paste” mechanism, in
which a new copy of the TE is generated by reverse transcription of an intermediate
ARN. By contrast, class II (also known as DNA transposons), generally mobilize
using a “cut-and-paste” mechanism, excising the sequence of the TE from the
initial genomic position and inserting it into a new genomic loci. Both class I and
class II elements are further subclassified as autonomous or non-autonomous,

depending on whether they encode or not, respectively, for the enzymatic
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machinery required for its mobilization [19], [20]. Figure 2 and table 1 collect

some features of main TE types.

To illustrate the diversity of TEs in genomes, below I will use the human
genome as an example to describe the different types of TEs found in our DNA,

which are also present in most vertebrate genomes.

1.1.2.1 DNA transposons

DNA transposons comprise around 3% of the human genome and are active
in many organisms including bacteria (reviewed in [21]), maize (Ac/Dc
aforementioned) and others plant species (reviewed in [22]), the nematode
Caenorhabditis elegans [23] and Drosophila [24] among others. However DNA
transposons are no longer active in the human genome (due to the accumulation
of mutations [3]) and most mammals, with the exception of some bat species [25],
[26]. Although inactivated in human genome, DNA transposons have significantly
interacted with it in the past. For instance, RAGI and RAG2 proteins involved in
V(D)J recombination during lymphocyte development, have their origin in an

ancient DNA transposon [27], [28].

As the enzyme that mediates the transposition reaction, termed
Transposase, cannot recognize active from inactive copies, over time inactive
transposon copies are mostly transposed, making their accumulation in genomes
a less efficient process. Therefore, the mobilization of DNA transposons is
inactivated trough evolution, although DNA Transposons can survive in nature
using horizontal transfer [29]-[31]. Although the mechanism responsible for of
horizontal transfer DNA Transposons it is not completely known, some events may

involve external parasites [32] or viruses [33] as vehicules.

Structurally, DNA transposons are composed by a gene coding for the
enzyme transposase that is flanked by two terminal inverted repeat sequences
(TIRs). The 5'TIR harbour an RNA polymerase II promoter, generating the mRNA
of transposase. Upon translation, the transposase access the nucleus where
transposition take place through a “cut-and-paste” mechanism. During

transposition, the integrase and DNA binding activities of the transposase
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recognize TIRs sequences and excise the transposase gene from its original
genomic location, and subsequently inserts it into a new genomic loci. After a
transposition event, Target Site Duplications (TSDs) flaking the inserted sequence
are formed, because of the staggered cut of transposase at the target site. Thus,
transposition is generally a non-replicative process. Furthermore, those sequences
accidentally flanked by TIRs or containing a mutated transposase gene, would
behave as non-autonomous DNA transposons, which could use the transposase

from an active element to mobilize themselves.

Based on their sequence, enzymology and structural characteristics, DNA
transposons are further subclassified in subclass I and subclass II. The former is
composed of “cut-and-paste” DNA transposons in the strict sense and can be
further divided into a variety of families being the most representative in humans
the hAT (e.g. MERI-Charlie) and Tc-1/mariner groups (e.g. MER2-Tigger). Subclass
IT includes transposons with a replicative process via a rolling-circle mechanism in
the case of Helitron elements or via self-synthesizing DNA in the case of

Politons/Mavericks [3], [19]-[21], [34]-[38].

1.1.2.2 Retrotransposons

Retrotransposons are copy-and-paste elements, whose sequences are first
transcribed into mRNA, translated, and the encoded proteins have the capacity to
reverse-transcribe their mRNA into DNA, which is ultimately inserted elsewhere
in the genome. Their mobilization is known as retrotransposition, and is a
replicative process. As DNA transposons, new retrotransposon insertions are often

flanked by variable sized TSDs.

Retrotransposons can be subdivided into two main groups: Long Terminal
Repeat (LTR)-containing retrotransposons, also known as endogenous
retroviruses (ERVs), and non-LTR retrotransposons, which contain a poly(A) tail
at the end of their sequence. Furthermore, both LTR and non-LTR
retrotransposons could be subclassified in autonomous and non-autonomous
elements (which retrotranspose using the proteins encoded by active/autonomous

elements.
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Figure 2. Structure and classification of human transposable elements. TEs are subdivided into DNA
transposons (class II) and retrotransposons (class I). The latter are in turn subclassified into LTR
retrotransposons and non-LTR retrotransposons which can be further divided into autonomous and
non-autonomous elements. Black arrows represent promoter activity. Red rectangle tagged with Alu-
like represent antisense orientation of this domain. Abbreviations: TSD, target site duplication; TIR,
terminal inverted repeat; LTR, long terminal repeat; Gag, group-specific antigen gen; Prt, protease;
Pol, polymerase (reverse transcriptase); Env, envelope gene; UTR, untranslated region; ORF, open
reading frame; CC, coiled-coil; RRM, RNA recognition motif; CTD, carboxyl-terminal domain; EN,
endonuclease domain; RT, reverse transcriptase domain; C, cysteine-rich domain; An, A-rich domain
or poly A tail; A and B, domains with promoter activity; VNTR, variable number target repeats; CPFS,
cleavage polyadenylation specific factor; Ex, exon. Figures are not represented in scale (adapted from
references within text).



TRANSPOSABLE ELEMENT % OF GENOME LENGTH COPY NUMBER ACTIVE

DNA TRANSPOSONS ~3% 2-3kb ~450,000 No
RETROTRANSPOSONS ..........................................................................................................................................................................
"""" AvToNoMOUS

HERVs ~8% 6-10 kb ~450,000 Unknown
LINEs ~21% ~6 kb ~850,000 Yes
....... NONAUTONOMOUS
SINEs
Alu ~10% ~300 bp ~1,009,000 Yes
SVA 0,2% 700-4,000 bp ~2,700 Yes
;’ ;ZEZZ ;eies <1% Variable ~11,000 Yes

Table 1. Overview of some key features of human transposable elements. It should be noticed that a
slightly different classification, in relation to figure 2, is depicted here. Percentage of human genome,
length, copy number and current activity are listed for each human TE. LINE’s row includes the data
from the three LINE families (LI, L2 and L3). Data are collected from references within text.

1.1.2.2.1 LTR retrotransposons

In humans, endogenous retroviruses (known as HERVs, for human
endogenous retroviruses) are the most representative group of LTR
retrotransposons, comprising about 8% of our genome. Phylogenetic studies have
determined that ERVs colonized genomes before placental-mammalian radiation

(~70 million years ago) [39], [40].

It is not really known whether exogenous retrovirus was integrated by
eukaryotic genomes becoming ERVs; or the latter was released from cells,
acquiring an envelope gene, giving rise to exogenous retrovirus; or a combination
of both hypothesis. The first hypothesis is the stronger one, and is based on
experiments in mice where implantation of previously infected embryos with a
retrovirus (murine leukemia virus or MLV) led to the expansion of MLV-derived
ERVs [41]. The second hypothesis, which seems more speculative, comes from a
phylogenetic analysis of the gene Ribonuclease HI, which is encoded by LTR-

containing elements in Eubacteria and Eukarya [42].
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From a mechanistic point, HERVs are also similar to exogenous retrovirus,
and even reverse transcription takes place inside cytoplasmic virus-like particles
[43], [44]. It has been assumed that HERVs no longer retrotranspose in humans,
at least in the germline [3]. The presence of polymorphic HERV-K elements in the
human genome seems to indicate that they became inactive after the speciation of
humans and chimpanzees (~6 million years ago) [45], [46]. Indeed, an intact and
polymorphic HERV-K was recently identified, and this element had an intact
sequence and could potentially undergo retrotransposition [47]. Furthermore, the
infectious capacity of a reanimated HERV-K provirus has been demonstrated [48],
[49]. In rodents, ERVs are still active, and elements such as IAP and MusD
elements have been associated with the generation of several genetic disorders in
mice [50]; similarly, LTR-retrotransposons are also active in yeast (i.e., Tyl and

Ty3 LTR-retrotransposons [43], [44].

Structurally, HERVs resemble exogenous retroviruses: they possess ORFs
that encode capsid and matrix proteins that surround the retroviral RNA (gag), a
protease that cleaves the viral polyproteins encoded by gag into smaller functional
proteins and a protein with reverse transcriptase and integrase activity (pol).
However the sequence that encodes the viral envelope protein (env) is
non-functional or completely absent, thus making HERVs not allowed to exit the
cell. The flanking LTRs (300-1000 bp) encompass regulatory elements required for
the transcription and maturation of HERV RNAs, including a RNA polymerase 11
promoter [3], [51]-[54]. Based on their sequences, four groups of ERVs can be

distinguished:

-Complete ERVs that contain intact ORFs, including env, which are similar

to exogenous retrovirus and are virtually able to retrotranspose.

-Deficient ERVs that have one or more retrotransposition-required ORFs

mutated, generally the env gene.

-ERVs which coding sequences are substituted by non-coding DNA flanked
by LTRs.
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-“Solo LTR” ERVs, which are made of just one LTR, and that are likely
generated by homologous recombination between LTRs. This group is more

prominent.

Although considered as fossils, HERVs are not exempt from influencing our
genome. DNA hypomethylation during embryogenesis allows HERV-K to be
expressed, conferring an immunoprotective effect against reinfection of some endo
and exogenous retroviruses [55]. A domesticated env gene from a HERV-W is the
responsible for the formation of syncytin, required protein for placenta
morphogenesis [56], [57]. Additionally ERVs have generated multiple interferon-

inducible enhancers, thereby contributing to innate immunity [58].

1.1.2.2.2 Non-LTR retrotransposons

As ERVs, non-LTR retrotransposons mobilize through an RNA
intermediate, but in contrast to ERVs, retrotransposition occurs by a process
termed target-primed reverse transcription (TPRT), in which reverse transcription
occurs in the nucleus. AS other TEs, ther are autonomous and non-autonomous

non-LTR elements [59], [60].

1.1.2.2.2.1 LINE-1

Long interspersed element class 1, LINE-1 or L], is the only autonomous
active retrotransposon in the human genome. As an autonomous element, it is able
to encode the enzymes required for its own mobilization in cis, which are also
responsible for the mobilization of non-autonomous non-LTR elements and other
cellular mRNAs generating processed pseudogenes in trans. Beside LINE-Is, the
human genome also harbour LINE-2 and LINE-3 elements (accounting for around
4% of our genome), although they are completely inactive [3]. In this Thesis, [ have
researched mostly on human LINE-Is, and this the structure of LINE-1 elements,
their retrotransposition mechanism, their regulation and the consequences of its

mobilization will be discussed below in detail.

1.1.2.2.2.2 SINEs
Short interspersed elements are unable to retrotranspose by themselves so

all genome copies of these elements have been generated using the proteins
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encoded by L1, what is in agreement with the typical L1 hallmarks (i.e., TSDs, a
polyA tail and consensus insertion site mediated by L1 EN) [38]. We can distinguish
two types: Alu and SVA.

Alu

Alu elements are non-autonomous non-LTR elements with a recognition
site for Alul restriction enzyme as a common feature [61]. Their origin is placed
about 65 million years ago, coinciding with primate radiation [62]. Regarding the
copy number, Alu elements are the most abundant retroelement in human
genome, making up around 11% of it [3]. These elements are primate specific [63]
and their origin resides in the 7SL RNA, component of the signal recognition

particle [64], [65] through joining two free monomers together [66], [67].

Alu are non-coding sequences and as a non-autonomous elements, once
incorporated to the LINE-1 ribonucleoprotein particle (see below), Alu elements
retrotranspose by a TPRT mechanism taking advantage of LINE-1 ORF2 proteins
(ORF2p) [68], process known as trans-mobilization. Furthermore, although not
required for its mobilization, LINE-1 ORFl proteins (ORFlp) enhance Alu
retrotransposition [69]. Unlike LTR and LINE-I retrotransposons, Alu elements are
more prone to be inserted in the proximity of genes and also in intronic regions of

them [70].

A typical full-length Alu element consists in two 7SL derived monomers, left
and right, with similar sequences and an adenosine-rich sequence between them.
Left monomer contains A and B boxes, which exhibit promoter activity [71] for
RNA polymerase III [72], whereas the right monomer, lacking those boxes, ends in
a poly(A) signal. The terminator signal for RNA polymerase III (four or more
consecutive T residues) is located within the genomic region downstream of the
Alu element [72]. Most ancient subfamilies of Alu elements are Alu J and Alu S,
while Alu Y subfamily is the youngest one (reviewed in [73]), the main contributor
of Alu retrotransposition in humans and seemingly, the only active Alu subfamily
[74] although just a limited number of elements, known as “master” or “source”

elements [75], [76], are still retrocompetent. Furthermore, Alu insertions have
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been proved to be polymorphic with respect to insertion presence/absence in
genomes throughout human population, thus being useful as genetic marks in
phylogenetic studies [77], [78]. It is believed that somatic Alu activity happens in
human genomes although there is no definite evidence of that. Studies have
focused on germline and some cell-based assays, both showing the capacity of Alu
elements to retrotranspose, which indicate that somatic tissues may support Alu

retrotransposition [79], [80].
SVA

SINE-VINR-Alu  (SVA) are non-autonomous primate-specific
retrotransposons and the youngest TEs in humans. They have been present in
primate genomes for the last 25 million years [81], [82] and now comprise 0.2% of
the human genome. Like Alu, the non-autonomous nature of SVA elements
relegates them to be retrotranscribed in trans employing the enzymatic machinery
of LINE-I proteins upon integration on a LINE-1 ribonucleoprotein particle [83],

[84].

Its name is a reflection of their composite constitution (Figure 2): a
hexameric CCCTCT repeat; two antisense Alu-like element; a stretch of GC-rich
variable nucleotide tandem repeats (VNTRs); a SINE-R with certain homology with
the env and right LTR of a HERV-K; a binding site for cleavage polyadenylation
specific factor (CPSF); a polyadenylation signal (reviewed in [82]). Upon SVA

insertion, generation of TSDs flank the element.

The absence of an internal RNA polymerase III internal promoter, together
with the presence of a poly(A) signal, multiple RNA polymerase III terminators and
the fact that SVA elements are too long to be transcribed by the mentioned
enzyme, makes SVA likely to be transcribed by RNA polymerase II, although it
have not been proved yet. SVA transcription might start in an internal promoter
or in an upstream promoter and can ends in its own poly(A) signal or bypass it
until transcription reaches a downstream poly(A) signal [81], [82]. SVA remains
active based on polymorphic insertions throughout the human population [85]

and reported cases of insertion-created diseases (will be further discussed).
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1.1.2.2.2.3 Processed pseudogenes

LINE-1 enzymes are able to retrotranscribe and integrate cellular mRNAs
into the genome giving rise to processed pseudogenes (PPs) whose sequences lack
the introns present in their precursors [86]. From 8000 to 20000 copies of PPs
have been identified in human genomes [87], [88] being the most successful
sequences those coming from ribosomal protein mRNAs and housekeeping genes
[89]. New inserted sequences terminate with a poly(A) and are flanked by TSDs
and, along with introns, lack a promoter so they are, at least in principle, not

possible to be transcribed.

Detection of processed pseudogene polymorphism has been published,
demonstrating that PPs insertions are still happening at an important rate [90]-
[92]. Retrotranscription of processed mRNAs may result in an evolutionary
advantage, such as the TRIM5/CypA fusion protein stemmed from the insertion of
CypA mRNA into the TRIM5 gene in owl monkeys, conferring them HIV-1

resistance [93].

1.1.2.2.2.4 Group Il intron

The mitochondrial and chloroplast genomes of some eukaryotes, and also
bacterial DNA, harbour group II introns. Nevertheless, they are not present in
nuclear genomes. They are mobile elements with two main features that enable
the spread of group II introns: are autocatalytic RNA (ribozyme) able to carry out
self-splicing and also include an intron-encoded protein with various activities
being their reverse transcriptase activity the most remarkable one. Group II intron
mobilization occurs via TPRT. The relevance of these retroelements is the
possibility that they could be the ancestors of LINE-1, as well as telomerase and

other reverse transcriptases, as it has been suggested (reviewed in [94]-[98]).

1.1.3 Human LINE-1

Firstly identified just as a DNA repeated sequence [99], the long
interspersed element-1 (LINE-1 or L1), which belongs to non-LTR retrotransposons,
is the only active autonomous transposable element in humans. An average human

genome contains 500000 copies of Ll elements, accounting the 21% of our
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genomic mass [3]. Furthermore, its activity has led to the generation of another
11% of our genome by reversetranscription in trans of other cellular mRNAs, as
previously mentioned. However, most LINE-1 copies are “fossils” due to 5’
truncation or ORFs internal mutations and actually just 80-100 copies per cell are
still active. Interestingly, most of the new insertions have been caused by a limited
number of L1 elements which are named “hot LINE-1” that belongs to the LIHs (for
human specific) subfamily, also known as LIPAI, most of them included in the LI-
Ta (for transcribed-active) subgroup [100]. Those full-length LINE-1 elements that
retain the ability to retrotranspose autonomously are called retrocompetents (RC-

L1).

1.1.3.1 Structure of a retrocompetent LINE-1 element

Briefly, a full-length L1 element is about 6.0 kb in length and consists in a
5'UTR, three non-overlapping open reading frames (i.e. ORFO, ORFI and ORF2)
and a 3'UTR. Upon insertion, target-site duplications (TSDs) of variable size are

generated. Figure 3 shows most features of a RC-L1 element.

I_E’UTR ORF1 ORF2 3’'UTR

N < Tl B

sl

ORfﬂ

Figure 3. Structure of a full-length LINE-1 element. Main features are depicted. Black arrows
represent promoter activity. Abbreviations: TSD, target site duplication; UTR, untranslated region;
ORF, open reading frame; CC, coiled coil; RRM, RNA recognition motif; CTD, carboxyl-terminal
domain; EN, endonuclease domain; RT, reverse transcriptase domain; C, cysteine-rich domain; An,
poly A tail. Features are not represented in scale.

1.13.1.1 5-untranslated region

With 910 bp, the LINE-1 5’UTR harbours an internal RNA polymerase II
sense promoter that conducts transcription. The deletion of the first 100 bp leads
to a significant drop in Ll expression, highlighting the crucial role of that stretch
and concluding that L1 promoter activity resides within that sequence, probably
starting from the first base pair. Additionally, other experiments proved that the
first 668 bp also have an important role on L1 expression [101]. Moreover, chimeric
antisense transcripts of L1 and cellular genes have been detected, as a consequence

of an antisense promoter (ASP) activity, located within the L1 5’UTR (around
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nucleotides 399-467), which is only able to transcribe contiguous genes that are in
the same orientation [102]. Although the origin and role of the ASP is not known,
it has been stablished that the transcripts produced from both sense and antisense
promoters can form small interfering RNAs (siRNAs), a double-strand RNA that
inhibit L1 retrotransposition via RNA interference [103]. Despite that both sense
and antisense promoters are active, plasmid-based experiments on pluripotent
cells showed that the activity of the ASP is lower than the exhibited by the internal

promoter [104].

Relatively recent is the discovery of a previously unknown primate-specific
open reading frame, named ORFO. It is included within the 5’UTR region but in
the opposite strand to ORF1 and ORF2, concretely comprised between nucleotides
452-236 from the 5" end. Translated ORFO protein increases LI activity (but it is
not strictly required for Ll retrotransposition), possibly through its binding to

negatively charged nucleic acid due to the many positive charges it presents [105].

Different transcription factors are involved in the regulation of Ll
expression. The 5’UTR has binding sites for both activating and repressing
transcription factors. To the former group belong YY1 [106], [107], RUNX3 [108]
and SOXII [109] whereas SOX2 [110] and MeCP2 [111] belong to the latter group.

1.1.3.1.2 Open reading frame 1

ORFI protein (ORFlp) [112] is about 40 kDa and 338 amino acids and its
expression is considerably higher (from 27:1 to 47:1 ratios) than ORF2 protein
(ORF2p), based on in vitro experiments using L1 constructs [113]. It exhibits nucleic
acid chaperone activity [114] and RNA and single-stranded DNA binding
properties, both required for LI retrotransposition [115]-[117]. Its crystal structure
has been elucidated [118], appreciating its previously known trimeric structure and
the nucleic acid strand attached to the ORFIp surface rather than encompassed by
them. The N-terminus contains a coiled-coil (CC) motif that allows the
trimerization process through the interaction between them, stabilized by two
chloride ions [119]. Alongside the C-terminal domain (CTD) of ORFlp, the central
region acts as an RNA recognition motif (RRM) [117], binding RNA in a non-
sequence-specific manner in experiments carried out in mouse ORFlp [120].
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It has been stablished that ORFlp are responsible for the cytoplasmic
formation of L1 ribonucleoprotein particles (RNPs) in conjunction with ORF2p and
L1 RNA [121]-[124]. These RNPs are required for LI retrotransposition [125] and will

be further discussed.

1.1.3.1.3 Open reading frame 2

Spaced by a 63 bp sequence in length from the ORFI end, ORF2 encodes a
150 kDa protein that possesses endonuclease (EN) [126] and reverse transcriptase
(RT) [127] activities, both strictly required for a successful retrotransposition event

[116].

The role of the EN domain (which has been crystalized [128]) is to nick one
strand of the DNA at the new insertion site, characterized by the consensus
sequence 5-TTTT/A-3’ (the slash represents the cleavage site) and some
derivatives, leaving a 3’ OH group which will serve as a primer for the nascent

insertion [126], [129], [130].

The RT domain is in charge of producing cDNA at the insertion site using
an RNA template. The catalytic site, which is highly conserved through species
[131], requires the F(Y)ADD motif (700-704) to be active [126], [127]. It needs to
coordinate with two divalent cations, obtaining higher RT activity when Mg?* is
used instead of Mn?* [132], what is in agreement with viral RTs (reviewed in [133],
[134]) as well as group Il intron RT [135], LTR-retrotransposon RTs [136], [137] and
DNA polymerases (reviewed in [138]). Remarkably, L1 RT shows a cis-preference
for its own mRNA, it means that it preferentially associates to the mRNA of LI to

use it as the template for reverse transcription [139].

A cysteine-rich region with not fully understood function is found at the C-
terminus domain although it has been suggested that acts as a zin-knuckle [140]
and studies showed that this domain displays RNA binding properties [141].
Mutations within this domain lead to a decrease on LI retrotransposition since it

affects the ability to form the RNPs [124].

33



1.1.3.1.4 3’-untranslated region

The L1 3'UTR is approximately 206 bp in length and is made up of a
polypurine stretch that presumably adopt a guanosine quadruplex structure, based
on experiments made with rat L1 [142]. Experiments have proved that this region

is not required for an optimal LI retrotransposition [116].

A weak polyA signal is located within the 3'UTR and transcription often
does not stop at this point and RNA polymerase II continues until a canonical

polyA signal is found downstream, thus generating chimeric transcripts [143].

In a region overlapping the end of ORF2 and the beginning of 3'UTR has
been found a nuclear RNA export factor 1 (NXF1 or TAP) binding site that may tag

L1 mRNA to be transported from the nucleus to the cytoplasm [144].

1.1.3.2 LINE-1 retrotransposition cycle

Briefly, human Ll retrotransposition starts in the nucleus from a
retrocompetent element located somewhere within the genome, then a
cytoplasmic step take place before a final step in the nucleus where a new copy of

the element will be inserted elsewhere (Figure 4).

Upon full-length LI transcription from its sense promoter, the bicistronic
mRNA (i.e. it encodes for two proteins, ORFlp and ORF2p) is exported to the
cytoplasm where is translated into the aforementioned proteins by an
unconventional mechanism, according to which ORFI translation terminates and
then it reinitiates to translate ORF2 [145]. Then, several ORFlp molecules and just
one or a few ORF2p molecules bind to the L1 mRNA they were encoded by (cis-
preference), leading to the RNP assembly. It is in this step when other mRNAs,
such as SVA, Alu and other cellular RNAs can “hijack” the L1 enzymatic complex
to carry out its own retrotransposition (retrotransposition in trans) [68], [83], [84].
This complex accesses the nucleus in an unknown nuclear import way and in a
cell-division independent manner, although this cell state enhances
retrotransposition and has been proposed that it could be a post-translational

regulatory mechanism [146], [147].
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Figure 4. LINE-1 retrotransposition cycle. A retrocompetent LI element (coloured boxes) is

transcribed (A) and its mRNA (coloured wavy line) is exported to the cytoplasm (B) where it is
translated to its proteins, ORFIp (blue circles) and ORF2p (green ellipses) (C). These proteins have
cis preference for binding to the mRNA they were encoded by, forming a ribonucleoprotein particle
(D), although they are able to form RNPs with other mRNAs (E), mainly SVA and Alu elements. Once
the RNP assembly has taken place, it is imported to the nucleus (F) where the EN recognizes a
consensus sequence in the DNA and then cleaves one strand (G). From this point, the RT synthesizes
the complementary DNA according to the template strand (H). Finally, a second cleavage in the
opposite strand is produced and the cDNA synthesized (I), generating a new insertion with its
characteristic TSDs. Items are not depicted in scale. Adapted from references within text.

In contrast to retroviruses and LTR-retrotransposons, in which ¢cDNA
synthesis is hold within the cytoplasm to be introduced then into the nucleus and
finally inserted into the genome [134], LINE-1 insertion takes place via target-site
primed reverse transcription (TPRT). This means that reverse transcription and
insertion happen at the site of integration [59], [60]. According to this mechanism,
L1 EN produces a single-strand break (SSB) at the consensus, but not strict,
sequence 5-TTTT/A-3". As a result, a hydroxyl (OH) group from a thymidine is
released, what allows L1 mRNA polyA tail annealing to the T-rich genomic DNA at
the insertion site, thereby priming ORF2p-mediated reverse transcription. Once

reverse transcription ends, cellular RNase H2 degrades the cDNA:RNA hybrid
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[148]-[150]. Second-strand nick and second-strand cDNA synthesis still remains
unclear but it has been proposed that cellular DNA repair mechanism is involved
in those processes. The final step implies the completion and ligation of both ends
of the new insertion. Since second-strand nick is produced a few nucleotides
downs tream of the first-strand cleavage site, the final step creates the TSDs and

these serves as a characteristic feature of L1 insertion.

L1 retrotransposition can undergo an alternative pathway (termed
endonuclease-independent retrotransposition) in which reverse transcription
takes advantage of an already existing DNA lesions, starting from that point,

without participation of L1 EN [151], [152].

1.1.3.3 Regulatory mechanisms of LINE-1 retrotransposition

Despite the potential benefits derived from L1 and, by extension, other TEs
retrotransposition, the negative impact of such events might be devastating (both
positive and negative impact effects of Ll retrotransposition will be further
discussed). Regarding this, it is clear that cells had to adopt mechanisms to control
retrotransposition processes, what has been described as an arm race. In addition
to the previously mentioned transcription factors that affect L1 expression
interacting with the L1 5’UTR, there are many regulatory mechanisms at different
levels to control Ll retrotransposition in order to maintain genome integrity
(reviewed in [153]-[156]). It has to be noted that all the mechanism do not act
neither at the same time, nor in all cell types. Here, some of the most important

mechanisms are commented.

The first process that restricts L1 retrotransposition is the TPRT mechanism
by itself since it produces 5’ truncations, internal deletions or inversions so most
of the new LI copies are not full-length elements, therefore not able to undergo
retrotransposition. In addition, full-length copies are prone to mutations and DNA
recombination processes giving rise to even less RC-L1 elements [157]-[159]. The
presence of several splicing sites in L1 mRNA makes possible the elimination of a
portion from 5’"UTR or ORFs sequences [160]. Moreover, L1 A-rich stretch contains
numerous polyA signals what may cause premature polyadenylation reducing the
retrotransposition rate [161].
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1.1.3.3.1 Transcriptional control

Promoter DNA methylation constitutes a main regulatory mechanism of
gene repression through DNA methyltransferases that target cytosines (in
mammals) from CpG islands. First during gametogenesis and after in early
embryogenesis, methylation patterns are erased and then, during embryo
development, different waves of methylation take place, leading to each specific
somatic cell line (reviewed in [162], [163]). Many CpG islands are present within L1
5’'UTR sequence and are susceptible to be subjected to methylation during embryo
development. In consequence, LI expression in somatic tissues is inactivated but
active in the early embryo [164]-[166]. In fact, when somatic cells are
reprogrammed into induced pluripotent stem cells (iPSCs), L1 promoter CpG
islands methylation level decreases so that Ll expression rises. However, in the
same study using iPSCs, it was also detected that new insertions are rapidly
silenced by methylation [167]. DNMT3A and DNMT3B are in charge of de novo
methylation of CpG islands, with the assistance of DNMT3L whereas DNMTI has
a methylation maintenance role. In mice, L1 overexpression is detected if one of
these enzymes loss its function what causes sterility because of spermatogenesis

failure [168], [169].

An enrichment in histone H3 methylated at Lys9 (H3K9me3), a repressive
chromatin mark associated with heterochromatin formation, is detected close to
non-LTR elements in mouse ESCs, repressing the expression of such transposable

elements [170].

1.1.3.3.2 Post-transcriptional control

L1 transcripts are subjected to different RNA silencing mechanisms that
regulate L1 retrotransposition. This mechanism, termed RNA interference (RNAi),
acts degrading RNAs at a post-transcriptional level, in a sequence-dependent
manner, through three types of small silencing RNAs (ssRNAs): PIWI-interacting
RNAs (piRNAs), microRNAs (miRNAs) and small interfering RNAs (siRNAs)
(reviewed in [153], [171]).

The piRNAs are small non-coding single-stranded RNAs (24-32 nucleotides
in length) expressed in the germline from intergenic clusters throughout the
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genome. These type of ssRNAs are built with repetitive elements and recruit PIWI
proteins (members of AGO protein family). The resulting piRNA-induced silencing
complex (piRISC) is able to degrade L1 RNA (and mouse LTR retrotransposons)
due to two features of piRISC: piRNA is complementary to TEs transcripts and
AGO protein displays endonucleolytic enzyme activity, so the former guides the
latter towards its target. In male mice piRNA regulatory mechanism is crucial since
piRISC failure leads to sterility because of gametogenesis arrest. Another potential
role of PIWI proteins located within the nucleus is their involvement in DNA

methylation of TEs (reviewed in [172]).

The presence of a sense and antisense promoter in Ll elements may lead to
the formation of double-stranded RNA that, once processed in the cytoplasm by
Dicer (a ribonuclease from RNase III family), give rise to siRNAs. Upon its loading
onto AGO?2 as single-stranded RNA, the resulting siRISC targets the cleavage of LI
mRNA in a similar way that piRISC does [103]. In contrast to mouse male germline,

mouse female germline control mechanism of TEs goes through siRNA [173].

The small non-coding miRNAs (~21-24 nt in length) are produced by the
Drosha-DGCR8 complex (named the Microprocessor). Primary transcripts of
miRNAs (pri-miRNAs) are transcribed principally from intronic and intergenic
regions, in general by RNA polymerase II, as long RNAs that acquire a hairpin
structure. Still in the nucleus, pri-miRNAs are potentially bound to DGCRS8
because of its two double-stranded RNA-binding domains (that is, DGCR8
recognizes the hairpin), to be then cleaved by Drosha RNase III activity into
miRNA precursors (pre-miRNA). Once in the cytoplasm, Dicer mediates
maturation of pre-miRNAs to short double-stranded RNAs. Finally one strand, the
miRNA, is loaded onto AGO proteins (resulting in miRISC) degrading mRNAs as
previously explained [174], [175]. This is the case for mir-128, which directly binds
L1 RNA in the ORF2 region, thus repressing Ll retrotransposition in cancer cells
and iPSCs in which L1 promoter is hypomethylated, providing an alternative

regulatory mechanism when methylation fails [176].

DGCRS also binds mRNAs that contains hairpin structures such as the one

present in the 5’UTR region of Ll transcripts and other TEs. If this region is
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engineered removed, retrotransposition rate decreases and, consequently,
analogously happens when Drosha processes LI mRNA [177]. RNase L also restricts
L1 retrotransposition degrading Ll transcript either recognizing the 5’UTR stem
loop or the dsRNA originated from the sense and antisense promoter activity,

although it is not completely clear [178].

Moloney leukemia virus 10 (MOVIO) is also involved in controlling LI
retrotransposition mechanism. It exhibits RNA helicase activity and RNA binding
properties [179] and acts in the nucleus preventing complementary DNA synthesis
[180] and also colocalizes with ORFlp in the cytoplasm sequestering RNPs but its
precise mechanism has not been determined yet [181]. Experiments have shown
that MOVI0 overexpression produces a fall in LI transcripts while the opposite

effect is observed when MOVI10 is inhibited [182].

I[ts mechanism has not been determined yet but it is required a MOVIO-

RNase H2 association for a successful inhibition [183].

Zinc-finger Antiviral Protein (ZAP), known for its activity against RNA
retroviruses, also colocalizes with ORFlp and MOVIO in the cytoplasm and

decreases L1 mRNA preventing translation [184], [185].
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Figure 5. LINE-1 small silencing RNA regulatory mechanisms (post-transcriptional control).
A. PIWlI-interacting RNAs: piRNAs are transcribed from an intergenic cluster (red-orange box), then
are exported and processed into de cytoplasm (red and orange wavy lines) where they recruits PIWI
proteins (purple ellipse) leading to the piRISC. The piRNA within the piRISC is complementary to the
LINE-1 transcripts (green wavy lines), binding to them and degrading them by the endonucleose
activity of the PIWI proteins. B. Small interfering RNAs: sense and antisense promoters contained in
the retrotransposon could generate a double-stranded RNA (central discontinued arrow, green wavy
line represents LINE-I transcript sequence, blue wavy line represents genomic transcript sequence)
because of their complementarity, which is processed by Dicer (blue ellipse) in the cytoplasm and
loaded onto Ago proteins (brown ellipse). The resulting siRISC binds and cleaves LINE-I transcripts
in a similar way that piRISC does. LINE-1 RNA can form a hairpin (right discontinued arrow) which
is recognized by DROSHA-DGCRS (green ellipse) that degrades it. C. MicroRNAs: are transcribed
from intronic or intergenic regions (purple box) and present a hairpin (blue and purple wavy line)
recognizable by DROSHA-DGCRS8 and subsequently processed by it and Dicer leading to miRNAs
(blue wavy line) which are loaded into Ago. The resulting miRISC cleaves LINE-I transcripts. Items
are not depicted in scale. Adapted from references within text.
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1.1.3.3.3 Preintegrational control

At this point the cytidine deaminase apolipoprotein B mRNA editing
complex (APOBEC) family and activation-induced cytidine deaminase (AID)
proteins play an important inhibiting LI retrotransposition as well as
LTR-retrotransposons and retroviruses. In particular, APOBEC3 family (A-D, F, G
and H) together with APOBECI and AIDs catalyse deamination of cytidine residues
to deoxyuridines in the L1 cDNA that is being synthesized. As a corollary, the
second strand will contain deoxyadenosines instead of deoxyguanosines and these
mutations may inactivate new Ll copies [186]-[191]. Catalytically inactive
APOBEC3  mutants also  restrict Ll  retrotransposition in a
deamination-independent manner through a mechanism according to which in
the cytoplasm those enzymes bind ORFlp not only complicating the RNP import

into the nucleus, but also decreasing L1 RT activity [192]-[194].

SAMHD1 is an enzyme with deoxynucleoside triphosphate
triphosphohydrolase activity and inhibits reverse transcription of retroviruses in
non-dividing cells due to the depletion of the required dNTPs [195], [196].
Similarly, SAMHDI1 also restricts Ll retrotransposition. In Aicardi-Goutiéres
syndrome (AGS) SAMHDI is mutated and, in consequence, retrotransposition rate
increases in cell culture but surprisingly, AGS patients do not present more
insertions when compared with controls. On the other hand, in diving cells
SAMHDI L1 inhibition is also observed and, in addition, a mutated SAMHDI still
inhibits L1 retrotransposition [197]-[199] so a different mechanism, not based on
its deoxynucleoside triphosphate triphosphohydrolase activity, has to be involved.
To answer this question, it has been proposed that SAMHDI affects Ll
retrotransposition either through inhibition of L1 ORF2p [197] or driving L1 RNP

sequestration by stress granules [200].

The 3’-5" DNA exonuclease TREXI degrades cDNA and has been related to
downregulation of Ll retrotransposition since its overexpression inhibits LI
retrotransposition whereas in TREXl mouse knockout cells L1 c¢DNA

accumulates [201].
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within text.

1.1.3.4 LINE-1 cell-type and timing expression pattern

While it is true that LINE-1 elements are present in every human cell, its
expression does not take place in all cell types. In light of L1 elements constitute
around 17% of the human genome, its propagation have to be derived from the
accumulation over generations of new heritable insertions, what could only
happen if such insertions occur in the germline or embryonic cells. Indeed, there

are many evidences of retrotransposition events taking place in both situations.

The first reported case was two unrelated patients with haemophilia A
caused by an Ll insertion in exon 14 of the factor VIII gene. This mutation was
present in none of their parents so the only possible explanation is that Ll can
retrotranspose in germ cells or during embryo development [202]. Later
investigations have stablished that TEs are able to retrotranspose not all along
germline specification and embryo development but during some stages of them

and in some somatic tissues.

1.1.3.4.1 Retrotransposition in the germline
Endogenous L1 mRNA and its ORFl products are detected in mouse

embryonic oocytes [203] as well as human oocytes support engineered Ll
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retrotransposition [204] coinciding with a short-term hypomethylation state
[205]. On the other hand, primitive spermatogonia in mouse embryonic testis
[203], leptotene and zygotene spermatocytes of postnatal mouse testis, round
spermatids of the adult mouse testis [206] and human male germline [207] exhibit

L1 expression, also demonstrated in transgenic mouse experiments [208].

1.1.3.4.2 Retrotransposition in the early embryo

Many studies have evidenced that Ll retrotransposition occurs during early
development. Mouse blastocyst [209] and syncytiotrophoblast cells (placenta)
[203] express both L1 mRNA and ORFlp, as well as mouse embryonic stem cells
(mESCs) [210] and human embryonic stem cells (hESCs), which also support new
L1 insertions [104], [167], [211]. On this matter, an outstanding proof of
retrotransposition during early embryo was disclosed in a chroroidemia (a
recessive X-linked disease, so it only affects males) patient with the CHM gene
from one allele mutated by an L1 insertion and whose mother was a somatic and
germline mosaic for the LI insertion. Consequently, it was clearly demonstrated
that retrotransposition had to occur during mother embryo development [212]. In
view of the fact that human induced pluripotent stem cells (iPSCs) and mouse
induced pluripotent stem cells (miPSCs) [167], [213], [214] also express LI elements,
these results taken together suggest that there is a need of Ll and other TE
retrotransposition in maintaining pluripotency [55], [215], [216] and host cells
must correctly balance TEs mobilization to avoid its potential genome damage and

regulatory mechanisms that repress such process.

Keeping in mind the aforementioned findings, retrotransposition in the
germline is less frequent, although insertions are heritable, whereas L1

mobilization in embryo is consistently higher leading to a somatic mosaicism [217].

1.1.3.4.3 Retrotransposition in adult tissues

L1 retrotransposition is normally repressed in somatic cells. For that reason,
the relatively recent uncovered LI mobilization in mammalian brain has been
drawing an increasing attention. The first evidence was collected from rat neural

progenitor cells (NPCs), which are multipotent cells able to undergo
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differentiation into specific neuronal and glial cell types, using an engineered
human LI retrotransposon and also from the brain of transgenic mice in vivo,
concluding that L1 can retrotranspose during early stages of neuronal
differentiation, thus creating a somatic mosaicism within the brain [110]. A later
research revealed that engineered LI retrotransposition also occurs in vitro using
human NPCs and more important, it demonstrated that hippocampus and other
brain tissues accumulate endogenous LI insertions when compared with other
somatic tissues from the same patient [218]. Other studies corroborated human
brain LI retrotransposition employing single-neuron sequencing [199], [219], [220]
together with Alu and SVA retrotransposons. These insertions seem to tend to
accommodate within genes that are differentially expressed in the brain [221]. In
an attempt to give a biological explanation to somatic retrotransposition in the
brain, genomic mosaicism present in brain cells has been suggested to be the cause
of neural plasticity and interindividual brain diversity even between monozygotic
twins. Whether brain Ll retrotransposition is the cause of mental disorders

remains unclear.

Despite the tight regulation of L1 retrotransposition in somatic cells a recent
research showed that although normally inactive, somatic cells may express L1
elements in a higher level than previously thought depending on cell-type, locus
and individual among other factors for each Ll element. To explain this, it has been
hypothesized that L1 repression by host cell mechanisms might fail preventing L1
retrotransposition, hence a small subset of elements (or even one) could be
impacting the cell genome in a low-frequency manner but in the long-term it can
be catastrophic [222]-[224]. Supporting this idea, it has been stablished that two
independent colorectal cancers were initiated by an LI insertion in normal colon
tissues that had mutated one allele of the adenomatous polyposis coli (APC) gene,
a tumour suppressor, whereas the other allele is frequently altered by point
mutations [225], [226]. On the other hand, notably important is the high
expression observed in many tumour cells due to hypomethylation of a subset of
L1 elements [227], thereby intensifying genomic instability what, in turn, may

contribute to cancer progression and metastasis. The extent of the L1
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retrotransposition impact causing tumorigenesis and its high expression in cancer

will be discussed later.

1.1.3.5 The impact of LINE-1 retrotransposition

TEs-mediated retrotransposition events are impacting human genome,
changing its functioning and structure in a relatively high rate. In humans, the L1
retrotransposition rate has been estimated as 1 for every 20-200 births (depending
on the method used in the analysis) [228], [229] but more active seem to be Alu
elements with approximately 1 out of 20 births [230]. SVAs are the less active since
its retrotransposition rate has been established in 1 insertion for every 900
births [229]. Altogether, these de novo insertions mediated by L1, Alu and SVA
elements are responsible for about the 0.27% of total mutations in humans [231].
Despite that and given that exon-coding and regulatory sequences just suppose a
small proportion in human genomes, the chance of the new insertions to be
introduced within those regions would be in theory highly improbable but,
intriguingly, an important proportion of new insertions land in or close to genes.
However, an Ll insertion per se is not enough to cause a disease unless the other
allele exhibits a loss-of-function mutation (excepting sex chromosomes) and, even
more, thanks to the low efficiency of Ll retrotransposition, most times the new L1
insertion is 5’-truncated (99% for L1 but just 16% for Alu whereas most SVA are full
lenght) and just comprises a small fragment of the retroelement located in a region
full of repeated sequences. Nonetheless, the harmful effects of TEs transposition
have become patent throughout the last two decades either altering gene

expression, causing structural variation or disease-causing mutations (reviewed in

[8], [232]-[238]).

1.1.3.5.1 Structural effects on the host genome

Genomic DNA is subjected to target site deletions in the proximity of TEs
insertion sites, ranging from 1 bp to ~130 kb in cultured cells but less frequently in
whole organisms. EN independent retrotransposition is especially involved in this
process since the majority of such events are characterized by deletions. These kind
of deletions are known to cause disease like a case of pyruvate dehydrogenase

complex deficiency originated by a 46 kb L1 insertion-mediated deletion in the
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pyruvate dehydrogenase complex, component X (PDHX) gene [239] or a deletion
of the human leukocyte antigen A mediated by an SVA insertion that led to
leukemia [240].

TEs, as well as repetitive elements, are prone to undergo recombination
between non-allelic homologous elements. As a result, distinct genomic
rearrangements can be found such as deletions, inversions and duplications. Alu
elements are responsible for the most part of recombination-mediated deletions in
human genomes although those mediated by LI are larger but, in both cases, it has
been stablished the relationship between recombination-mediated deletions with
the development of diseases. In a similar manner, the majority of the chromosomal
inversions that have been detected in our genome have their origin in
recombination processes involving L1 and Alu. Segmental duplications comprise
around 5% of the human genome and share high similarity with Alu, reason why
it is thought that recombination events between Alu elements have led to the

accumulation of segmental duplications.

During LI and SVA transcription, it is possible that RNA polymerase keeps
working when it reaches polyA signal, therefore transcribing 3’ flanking sequence
until it finds another polyA downstream (3’ transduction), and it is also possible,
but less frequent, that transcription starts from a promoter upstream of the TE (5’
transduction). In both situations, once retrotranscribed the new insertion will

contain the 3’ or 5’ flanking sequence of the original location.

When retrotranscription is taking place, L1 enzymatic machinery can stop
to transcribe other cellular mRNAs (template switch), principally U6 RNA, arising

as U6/LI chimeras in the new insertion.
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Figure 7. Structural effects of LINE-1 retrotransposition. Green rectangles represent LINE-1
fragments or full copies; blue rectangles represent DNA sequences different from LI; red rectangle
represents a retrotranscribed mRNA different from L. Items are not depicted in scale. Adapted from
references within text.

The activity of ORF2p has been shown to generate DSBs [241], what suppose a
source of genomic instability since they are highly mutagenic and tend to
recombination. It is not completely known in what extent L1 EN-mediated DSBs
impact human genomes as the experiment was carried out with much higher levels
of ORF2p than in normal conditions although, in any case, their harmful effects

are not contemptible.

1.1.3.5.2 Functional effects on the host genome

Newly inserted TEs can alter gene function in diverse ways. Disruption of
coding exons by TE insertion usually leads to a loss-of-function as exemplified by
the colon cancer developed upon insertion of a Ll element in the tumour

suppressor gene APC [225], [226] or the haemophilia A case presented above
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[202]. Because of their phenotypic consequences these are the best studied

impacts of TEs mobilization and the easiest to be detected.

Either inserted in exonic or non-exonic regions, new transcripts of genes
positioned upstream or downstream the new insertion might be generated from
the sense and antisense promoters of L1 and produce the so called transcriptional
interference what means that such promoter activity of TEs supresses or activates
the transcription of nearby genes. Similarly, retrotranscribed elements can
introduce stop codons or polyA signals into genes, thus producing premature

termination of transcription.

In addition, splice acceptor and donor sites harboured by TEs can modify
the splicing of the host gene, avoiding the inclusion of an exon (exon skipping) or
including fragments of the TE in the mRNA what may conduct to exonization (i.e.
the inclusion of an intronic or intergenic sequence into a gene that becomes exonic
upon insertion) what might result in an evolutionary advantage. It can also alter

the frameshift with the consequent loss of function.

Since new inserted TE copies are epigenetically repressed, the condensed
heterochromatin formed with that purpose may also represses the transcription of

nearby genes.

Considering the abovementioned effects, negative repercussions derived
from TEs mobilization is clearly understood. However, in some cases it could be
evolutionary beneficial for organisms if retrotransposition events drive to new
proteins or isoforms of host genes. As an example, mouse Dicerl, whose role is to
produce strictly needed small regulatory RNAs in some cell types, presents an
intragenic insertion of an LTR-retrotransposon what cause the production of a
truncated protein. This protein is transcribed from the ERV promoter and exhibits
enhanced enzymatic activity when compared with the normal one due to the
absence of an autoinhibitory helicase domain [242]. The 3’ transduced exons or
regulatory sequences during TEs mobilization can also arise new genes by the
inclusion or duplication (exon shuffling) of them into or near to a gene so when it

is transcribed and translated, the new inserted exon will form part of the protein
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either inactivating it, increasing its activity or developing a new enzymatic role. It
is the case of the acyl-malonyl condensing enzyme 1 (AMACI) in humans, which
was formed through retrotransposition of SVA elements containing 3’ flanking

sequences [243].
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Figure 8. Functional effects of LINE-I retrotransposition. Green rectangles or wavy lines represent
LINE-1 elements; blue rectangles and wavy lines represent sequences different from L. Items are not
depicted in scale. Adapted from references within text.

1.1.3.6 LINE-1 and disease

The relationship between Ll retrotransposition and disease can be
considered from two standpoints: on the one hand, L1 as a cause of disease and
genome instability through insertional mutagenesis mainly during early embryo
but also important when it happens in the germ line and non-cancer somatic cells;
on the other hand, Ll as an overexpressed element in many types of cancer, thus
potentially increasing the progression and metastasis ability of the tumor.
However, it has not been elucidated the real extent of high LI retrotransposition
impact in cancer cells. Regarding the first issue, it is clearly difficult to
therapeutically address disease-producing L1 insertions, but with respect to the
second one it is more interesting since it is possible to face the problem of high L1
retrotransposition in human cancers. Disease-causing TEs mobilization within

human genomes has been extensively reviewed [232], [233], [237], [244], [245].
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1.1.3.6.1 LINE-1as a cause of disease

Depending on the cell type, the consequences of LI and non-LTR
retrotransposition have different significances. If a new insertion take place in the
germline, the offspring might inherit the new copy, carrying it in every cell of the
organism. New insertions produced during early embryogenesis will give rise to a
range of cell types derived from the one that had supported the retrotransposition
event owning the insertion in the adult organism (e.g. if it happens in an endoderm
cell, liver, stomach, pancreas, lungs among others will contain the insertion). In
non-cancer somatic cells a new insertion just affect one cell. In light of these
differences, it is obvious that most disease-causing Ll insertions have their origin
in the germline or the early embryo development stages where it can be spread to
a myriad of cells. It is also evident that retrotransposition in non-cancer somatic
cells “just” can result in tumorigenesis either affecting the expression of tumor

suppressor genes (TSGs) or proto-oncogenes.

To date, four tumors might be attributed to somatic LINE-1
retrotransposition. Two of them have been previously mentioned for being
responsible for causing colorectal cancer after mutating the APC gene (TSG) [225],
[226]. Suppression of tumorigenicity 18 (ST18) gene has been recently found
mutated by an intronic Ll insertion, hindering its expression, in a case of liver
cancer so it is thought to be the etiological cause [246]. Similarly recent is the
finding of the phosphatase and tensin homolog (PTEN) gene, a TSG, with an L1
exonic insertion in an endometrial carcinoma which is considered to have driven
the tumorigenesis [247]. Despite that, these studies are not extensively accepted
as a proof of tumorigenesis driven by Ll retrotransposition and more information
has to be sought in order to definitely determine whether Ll insertions can give
rise to cancer because of two considerations: the precise timing of
retrotransposition is practically impossible to define, since it could have happened
right after tumor development, and it is not easy to determine whether a particular

insertion in a certain TSG or proto-oncogene is enough to cause cancer.

On the other hand, it is possible that Ll-mediated tumorigenesis is being

underrated due to some factors. Firstly, there still are undiscovered pathways for
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tumor triggering, therefore a somatic TE insertion could impact unknown TSGs or
proto-oncogenes. In addition, a new insertion might change a host gene into a TSG
or a proto-oncogene. In both cases the association between TE insertions and

tumorigenesis could be overlooked.

Germline and early embryonic LI insertions mean a much higher source of
disease. A total of 123 cases of human diseases are attributed to TEs insertions, of
which 29 belong to L1 retrotransposition and 94 cases through Alu (76), SVA (13)
and other mRNAs (5) mobilization in trans (for a complete list see [233], [248]).
Compared with gene regulatory regions, most part of the new insertions in these
cases landed into coding exons what likely led to disease. The different TEs-
mediated pathologies range from hereditary cancer and other hereditary diseases,
leukaemia, X-linked diseases to haemophilia A and B, chronic pancreatitis, cystic

fibrosis, retinitis pigmentosa, mental disorders, among many others.

Last, but not least, new studies link the L1 derepression during aging, caused
by SIRT6 (a longevity regulating protein and a LI repression factor) failure in
senescent cells [249], with the activation of the type-I interferon (IFN-I) response
which lead to inflammation, a hallmark of aging. Thus, it is suggested that L1
retrotransposition in senescent cells contributes to the maintenance of this state

and, as a corollary, to age-related pathologies [250], [25]].

1.1.3.6.2 LINE-1in cancer

Much more relevance entails the high LI activity observed in genomes of
many human cancer cell types, what produces new insertions in an already
unstable genome, thereby increasing the aggressiveness of the tumor. Epithelial
cancers seem to be characterized by Ll retrotransposition, finding new insertions
(combining LI and non-autonomous non-LTR retrotransposons and other
mRNAs) when compared with matched normal tissues. The majority of these
insertions belong to 5’ truncated LI sequences and around 25% of them have 3’
transduced sequences. Remarkably, most, if not all, retrotransposition events in
tumors are due to a few source elements whose activity likely fluctuate during

tumor development [252].
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In 2010, a total of 9 insertions were found in 20 non-small lung cancer cell
lines [253]. Since then, a growing number of studies have been stablishing the high
L1 activity in human epithelial cancers: 72 insertions were found in 16 colorectal
cell lines [254] but brain cancer cells did not seem to exhibit L1 mobilization; in
another study 143 insertions were identified in 5 colorectal cell lines (one of them
accumulating 106 insertions), 28 insertions in 7 prostate cancer cell lines and 22
insertions in 8 ovarian cancer cell lines whereas no Ll activity was detected in blood
and brain cancer cells [255]; 12 insertions in 19 samples of liver cancer [246]; 83
insertions, all of them originated from the same L1 source, in 92 cases of colorectal
cancer [256]; 695 insertions in 200 cancer samples coming from 11 tumor types,
namely rectal adenocarcinoma (READ), colon adenocarcinoma (COAD), lung
squamous cell carcinoma (LUSC), lung adenocarcinoma (LUAD), ovarian
carcinoma (OV), kidney clear cell carcinoma (KIRC), uterine corpus endometrioid
carcinoma (UCEC), head and neck squamous cell carcinoma (HNSC), breast
carcinoma (BRCA), acute myeloid leukaemia (LAML) and glioblastoma
multiforme (GBM) of which lung, colon, head and neck and uterine gather the vast
majority of such insertions whereas little to no Ll activity was observed in the rest
cancer types [247]; 2756 insertions in 290 samples across 12 different tumors,
concretely lung, colon, breast, bladder, bone, head and neck, renal, prostate, brain
and pancreas cancers, mesothelioma and melanoma of which as previously, lung,
colon, head and neck cancers are more prone to Ll retrotransposition [252]; 5108
insertions in 43 samples of esophageal cancer [257]; 465 insertions in 20 pancreatic
ductal adenocarcinoma genomes [258]; 104 insertions in a total of 18 samples
(4 colorectal cancer, 7 pancreatic carcinomas and 7 gastric cancers) [259]; 62

insertions in 9 samples of esophageal carcinoma [260].

Lung and colorectal cancers exhibit a higher L1 retrotransposition level than
oesophageal, ovarian, uterine, head and neck, prostate, gastric and pancreatic
cancers although the number of somatic insertions can considerably vary across
samples. Lower L1 mobilization is detected in liver, kidney, bone, breast and
testicular cancers. Surprisingly, no LI insertions are found in brain cancers while

some normal brain tissues present Ll activity.
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L1 promoter hypomethylation is a hallmark of many cancer types as a
consequence of the genome-wide hypomethylation in cancer [227] what, in turn,
explains the raising of Ll activity in tumor cells as evidenced by many groups [225],
[246], [252]-[254], [261]. Whilst LI retrotransposition in human cancers (at least
in epithelial tissues) has become a fact, the precise role of such impact in human
tumors either driving tumorigenesis or destabilizing an already deregulated
genome, or both, is still uncertain. In any case, L1 hypomethylation has been linked
to cancer prognosis: genomic instability [262] and poor prognosis in lung [263],
[264], oesophageal [265], [266], colon [267]-[269], breast [270], [271],
hepatocellular [272]-[274], intrahepatic cholangiocarcinoma [275], oropharyngeal

[276] and ovarian [277] cancers.

Hypomethylation of Ll promoter has been related to other negatives
consequences in cancer such as lymph node metastasis in breast [278] and
oesophageal cancers [266] and enhancement of the tumor promoter progression
CDK6 (participates in the regulation of the cell cycle and promote proliferation)
expression in oesophageal cancer [279]; activation of MET, RAB3IP, CHRM3
proto-oncogenes in colorectal cancer metastasis [280]; stimulation of proliferation
and invasion in colorectal [281] and breast cancer [282] through activation of ETS-
1, a transcription factor involved in cancer cell proliferation, metastasis and

invasion.

Furthermore, it has been found that some tumor cell types are able to
release microvesicles containing L1 and Alu transcripts (together with other DNA

and RNA sequences), what may result in horizontal gene transfer to normal cells

[283].

Epigenetic changes produced by new LI insertions can activate oncogenes
or inactivate tumor suppressor genes which is the case of the metastasis suppressor
gene TFPI-2, whose expression is epigenetically silenced through the expression of

an LI chimeric transcript in breast and colon cancers [284].
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1.1.3.7 How can LINE-1 retrotransposition be measured?

Multiple techniques can be applied to the study of LINE-1 biology. Here, and
because of its relevance for this dissertation, the more important cell-based assay
will be commented. The experiment was developed in 1996 by the Kazazian’s group
[116] and provide a quantitative method that can be used to measure LI
retrotransposition with different purposes. The assay has been modified to be used
to elucidate the function of each L1 domain, to discover aspects of LI biology, to
study which genomic LI copies are active, to develop animal models among many
others.
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Figure 9. Representative scheme of the retrotransposition assay. Into a retrotransposon contained
in an expression vector has been previously cloned a reporter gene (in antisense orientation, orange
boxes labelled R and EP) that includes an intron (pink box) in the transcriptional sense of the
retrotransposon promoter (left black arrow). Upon transcription from this promoter, splicing and
reverse transcription and genomic integration processes, the intron has been removed and the
reporter gene (orange box) is allowed to be expressed from its own promoter (face down right black
arrow). Lollipops indicate transcriptional terminator, yellow boxes depict regulatory sequences (UTR
or LTR), and coloured wavy lines represent mRNA. Abbreviations: SD, splice donor; SA, splice
acceptor; TSD, target site duplication, Ay, polyA signal.

In brief, this assay consists in the transfection of a plasmid containing an
active L1 copy tagged with a reporter gene (REP) which can only be expressed after
a retrotransposition event (Figure 9). Originally, the transfected plasmid
contained a RC-LI copy and the neomycin resistance gene (mneol) [285] but it has
evolved to use different retrotransposons tagged with different reporter genes (e.g.

firefly luciferase [286], blasticidin resistance gene [151], [287], green fluorescent
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protein [288]). More detailed, mneol was cloned in the antisense orientation into
the 3’'UTR of an active L1 copy. The reporter gene has its own promoter and polyA
signal but it is interrupted by intron 2 of the human y-globin gene in the sense
orientation what avoids its translation into a functional protein. The
retrotransposon tagged with the REP was cloned into pCEP4 vector in which
transcription is controlled by CMV promoter to ensure an efficient and high-level
expression. Once the transcription from the CMV promoter ends, the mRNA is
spliced (removing the intron), reverse transcribed and integrated into the cell
genome. Now, since REP lacks the intron, upon transcription from REP promoter
its gene product can be generated. Importantly, despite of the high frequency of
5-truncation during LI retrotransposition, the REP is practically always
retrotranscribed since retrotransposition process starts from the 3’'UTR region, so

results are generally not compromised.

Summarizing, if retrotransposition takes place the REP gene product will be
properly synthesized and transfected cells will become resistant to neomycin
whereas in the absence of retrotransposition the cells will remain sensitive to

neomycin.

1.1.3.8 Inhibiting LINE-1 retrotransposition using small-molecules
inhibitors

Some biochemical and cell-based assays have been carried out using
small-molecules inhibitors, transcription factors, small silencing RNAs, among
others, attempting to repress Ll retrotransposition through inhibition of L1 reverse
transcriptase. Based on one of the therapeutic approaches used in the treatment of
HIV patients, nucleoside reverse-transcriptase inhibitors (NRTIs) and non-
nucleoside reverse-transcriptase inhibitors (NNRTIs) have also been used to
inhibit L1 RT. HIV replicates through reverse transcription and integration of its
single-stranded RNA. During HIV reverse transcription, previously
triphosphorilated NRTIs by cell enzymes can be incorporated into the nascent
strand, instead of the endogenous ligand and, due to the lack of a free 3’-OH, the

RT is not able to successively add nucleosides and, as a consequence, reverse
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transcription stops. In contrast, NNRTIs bind to an allosteric site of the HIV RT,

thus changing its conformation what prevent the RT enzymatic activity.

To the best of my knowledge, the NNRTI nevirapine was the first small-
molecule inhibitor found to repress LI retrotransposition. In 2003 researchers
reported that whole cell extracts from some human and murine cancer cell lines
were able to reverse transcribe an RNA template but in the presence of nevirapine
cDNA synthesis was inhibited, demonstrating the L1 RT activity inhibition by
nevirapine. In addition, in the presence of nevirapine a set of human and mouse
progenitor and tumorigenic cell lines exhibited a decrease in the proliferation rate
compared with untreated cells. This effect was discarded to be produced by
apoptosis or non-specific cell death but because of cell cycle arrest. Furthermore,
nevirapine seemed to promote differentiation in the two progenitor cell lines
assayed. Despite all these interesting results, researchers did not use a system that
clearly demonstrated that the observed effects in cells were derived from L1 RT
inhibition [289]. The same research group published in 2005 another research
article in which efavirenz (NNRTI) was assayed, in addition to nevirapine, showing
similar results regarding proliferation and differentiation using tumor cell lines
distinct from the previously employed. Moreover, they also showed that both
NNRTIs reduced the volume of human tumor xenografts in mice. The same results
were obtained when an siRNA system targeting L1 was performed what supports
the hypothesis that the effects on tumor cells are mediated by L1 RT inhibition
although a direct effect was again not completely demonstrated. In addition no
experiments were developed to prove the ability of efavirenz to inhibit L1 RT

activity [290].

The first report (2008) of L1 RT inhibition in cell culture was carried out
using a plasmid containing an L1 element tagged with GFP, as previously depicted,
to test the inhibitory abilities of lamivudine, zidovudine, stavudine, tenofovir
(NRTIs) and nevirapine. With this reporter system, GFP expression is inversely
proportional to the degree of inhibition. All compounds showed inhibitory activity

with the exception of nevirapine in contrast with previous data [291].
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In 2010 a research group evaluated abacavir (NRTI) in prostate cancer cell
lines exhibiting high expression levels of L1. The drug produced a reduction in cell
growth due to cell cycle arrest what led to senescence, inhibited migration and
invasion of tumor cells, altered gene expression patterns and upregulated LI mRNA
expression. However no experiments were developed to prove the ability of

abacavir to inhibit L1 RT activity [292].

The RT inhibitory effect of four triphosphate NRTIs (AZT, stavudine,
zalcitabine and lamivudine) and three NNRTIs (efavirenz, nevirapine and
delavirdine) was tested in 2011 in an enzymatic assay as well as in cell culture assay
transfecting cells with a plasmid containing an RC-L1 element tagged with the
mneol gene. Authors concluded that NRTIs are more efficient RT inhibitors than

NNRTIs (nevirapine had no effect on L1 reversetranscription inhibition) [293].

More recently, lamivudine and stavudine have been used to treat SIRT6
deficient mice and aged mice, which accumulate L1 cDNA within the cytoplasm
triggering the IFN-I response. Treatment resulted in a reduction of the sterile
inflammation and increase of the lifespan of those mice, suggesting L1 RT as a
target in aging-associated pathologies [250], [251]. Similarly, IFN-1 response is
triggered in Aicardi-Goutiéres syndrome (an autoimmune disease that recognizes
endogenous nucleic acids as nonself) because of the accumulation of L1 cDNA. A
clinical trial in human patients to whom NRTis were administrated showed an

amelioration of the symptoms of such disease [294].

Considering all the data aforementioned, it is clear that some NRTIs and
NNRTIs are good inhibitors of L1 RT activity, thereby repressing retrotransposition
either in enzymatic or in cell culture assays. These drugs seem to reduce the cell
growth of some cancer cell lines that manifest L1 expression among other effects
such as promoting cell differentiation. Whether these observed effects are owed to
inhibition of LI retrotransposition remains unknown. Some NNRTIs do not inhibit
L1 RT but possess anticancer activity what probably indicates the presence of an
underlying mechanism not related with L1. Likewise, the effects obtained by NRTIs
treatment of cancer cells might not be mediated by Ll inhibition but through the

other mechanisms in which nucleosides act as antimetabolites.
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Human genome was thought to be a static, an unchangeable genetic storage
system that allows organisms to preserve such important information. DNA
repeats were considered as “junk” or parasites as well as TEs when they were
discovered. Nowadays, however, we now know that genomes are subjected to the
random “bombardment” of transposable elements, which are a source of structural
variation, genomic instability and disease. It has also changed our notion that every
cell in an organism shares the same DNA sequence. The role of TEs in living
organisms is often overlooked, but it is widely clear their impact causing diseases
and worsening those cancer characterized by high Ll expression levels as well as
its deregulation (usually derepression) in some pathologies and aging.
Furthermore, some reports indicate that it could be stablished a relationship
between L1 promoter hypomethylation and patient prognosis in cancer.
Additionally, the Ll expression pattern is really intriguing, ;why does LINE-I
retrotranspose in selected tissues? ;has it any role in living organisms or it is a mere

parasite?

In light of all of this, it becomes necessary to develop a non-toxic
therapeutic tool to selectively target LINE-I reverse transcriptase (what represent
the general objective of the present dissertation) with the aim of seeking the role
of Ll retrotransposition and also a potential new therapeutic strategy for the
treatment of cancer and other pathologies that show high levels of LINE-1
expression. Given the similarities between HIV and LINE-1 reversetranscription
through a reverse transcriptase enzyme, nucleoside reverse transcriptase inhibitors
seem to be the best choice for a first approach, as previously demonstrated.
Because of that, the next sections are going to describe the nucleoside features,

their mechanisms of action and their synthesis.
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1.2 INHIBIDORES DE LA TRANSCRIPTASA INVERSA DE VIH.
CLASIFICACION, MECHANISM OF ACTION Y SINTESIS DE

NUCLEOSIDOS

1.2.1 VIH e inhibidores de la reverso transcriptasa

El virus de la inmunodeficiencia humana (VIH) parece haber surgido
alrededor de 1920 en lo que actualmente es la Repuiblica Democratica del Congo a
través de la infeccion y adaptacion a su nuevo hospedador del virus de
inmunodeficiencia de simios (VIS) [295]. Sin embargo, hasta mediados o finales de
la década de 1970, cuando se empezaron a observar un elevado nimero de casos
en EE.UU. de lo que posteriormente se llamaria sindrome de inmunodeficiencia
adquirida (SIDA), no empez6 a llamar la atencion internacional. Fruto de una
intensa investigacion se identificé en 1983 el retrovirus VIH como causa etiologica
de la epidemia de SIDA [296]-[301]. En 1987 la Food and Drug Administration
(FDA) aprob¢ el AZT, que habia sido desarrollado anteriormente con la intencién
de ser usado como anticancerigeno [302], como primer firmaco para el
tratamiento del SIDA, enfermedad que seguin los datos registrados se ha cobrado
unos 35 millones de vidas desde el inicio de la epidemia y que a dia de hoy
presentan unos 37 millones de personas [303]. Como consecuencia de una extensa
investigacion se han sintetizado una amplisima variedad de estructuras quimicas
con la intencion de impedir la replicaciéon del virus que tradicionalmente son

clasificados en (ampliamente revisado en [304]):

-Inhibidores de la proteasa (PIs): inhiben la enzima encargada de hidrolizar
las largas cadenas polipeptidicas codificadas por los genes del virus en
proteinas funcionales. Farmacos actualmente aprobados por la FDA:

atazanavir, duranavir, fosamprenavir, ritonavir, saquinavir y tipranavir.

-Inhibidores de la fusion (FIs): impiden la fusion de la envoltura virica con

la membrana celular de los linfocitos CD4, evitando de este modo la
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infeccion de dichas células. Farmacos actualmente aprobados por la FDA:

enfuvirtida.

-Inhibidores de la transcriptasa inversa no andlogos de nucleésidos

(NNRTISs).

-Inhibidores de la transcriptasa inversa andlogos de nucledsidos y

nucledtidos (NRTIs).

1.2.1.1 Inhibidores de la transcriptasa inversa no analogos de nucledsidos
(NNRTIs)

Son compuestos liposolubles que se comportan como inhibidores no
competitivos. Se unen al sitio alostérico (localizado a unos 10-15 A del sitio activo)
de la reversotranscriptasa de VIH-1 [305]-[307] provocando con esta unién un
cambio conformacional en la enzima y con ello una pérdida de la actividad
catalitica de su centro activo. A diferencia de los NRTIs, los NNRTIs no precisan de
otras enzimas para ser activos (no necesitan ser fosforilados) pero por otro lado no
son activos frente a RT de VIH-2 [308] al no estar conservada la region
correspondiente al sitio alostérico al comparar la estructura con la RT de VIH-1
[309]. Dado que los NNRTIs no guardan, en general, una relacion estructural con
ligandos endogenos, las reacciones adversas derivadas del uso de estos farmacos
son menores que las comparadas con los NRTIs. FArmacos actualmente aprobados

por la FDA: doravirina, efavirenz, etravirina, nevirapina y rilpivirina (Figura 10).
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Figura 10. Farmacos NNRTIs permitidos por la FDA.

1.2.1.2 Inhibidores de la transcriptasa inversa analogos de nucleosidos y
nucledtidos (NRTIs)

Todos los compuestos comercializados pertenecientes a este grupo tienen
en comun una estructura de 2’,3’-didesoxinucledsidos. Estas moléculas hidroéfilas
acceden a la célula mediante transportadores de membrana especificos de
nucledsidos (revisado en [310]) pero para ser activos, estos compuestos han de ser
fosforilados por enzimas celulares (nucledsido kinasas, nucleésido monofosfato
kinasa y nucledsido difosfato kinasa) para formar los correspondientes 2’,3’-
didesoxinucleotidos, motivo por el que todos han de ser considerados profarmacos
[311], [312]. Estos se unen al sitio activo de la reversotranscriptasa (RT) de forma
similar a como lo hacen los nucleétidos naturales, siendo los derivados de
pirimidina los mas estudiados. El dominio catalitico estd formado por los D110,
D185 y D186 (D185 y D186 forman parte del motivo YXDD, altamente conservado
en reversotranscriptasas de virus) coordinados con dos cationes Mg?* a través de
los grupos carboxilo de sus cadenas laterales y que a su vez se coordinan con los
oxigenos de los grupos fosfatos del nucleotido a afiadir. Los residuos V111, D113 y
All4 también se coordinan de igual manera, aunque no forman parte del dominio
catalitico y en funcién del nucledtido pueden no participar en esta union. A los
grupos fosfatos se unen también los grupos amino de las cadenas laterales de la
K65 y la R72 (B y y-fosfatos respectivamente). La Y115 forma un puente de
hidrégeno con el hidroxilo 3’ (en caso de los nucledtidos naturales) o con el grupo
azida en el AZT. Los grupos metileno de la QI51 provocan interacciones
hidrofébicas con el C2’ de la desoxi-D-ribosa. Estas interacciones pueden variar
ligeramente en funcion del nucledtido sintético empleado. La colocacion del
nucleotido esta ademads asistida por interacciones de apilamiento con la base
precedente en la nueva hebray con los puentes de hidrégeno que forma con la base

en la hebra opuesta [305], [313]-[317].

Dado que se unen al sitio activo de la enzima actdan inhibiéndola al
competir con los ligandos naturales endogenos. También producen una

acumulacion de mutaciones en la progenie viral, al introducir los nucleétidos no
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naturales, reduciéndose asi la capacidad de infeccion. Sin embargo, su principal
papel es el de actuar como terminadores de cadena ya que al carecer en su
estructura de un grupo 3’-OH la enzima RT es incapaz de afadir el siguiente
nucleotido (no puede formarse el enlace 3’-5" fosfodiester) durante el proceso de

integracion del material genético del virus en el genoma del hospedador [311], [318].

La similitud estructural de los NRTIs con ligandos naturales implica que en
funcion de la dosis pueden interaccionar con diversas enzimas celulares esenciales
tales como ADN y ARN polimerasas, kinasas, ADN metiltransferasas, reductasa de
ribonucledtido, nucleosidasas y timidilato sintasa. Producto en gran parte de estas
interacciones son las reacciones adversas padecidas durante el tratamiento con
NRTIs [311]. Farmacos actualmente aprobados por la FDA: abacavir, emtricitabina,

lamivudina, fumarato de disoproxilo de tenofovir, zidovudina (Figura 11).
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Figura 11. Farmacos NRTIs permitidos por la FDA.

Relaciones generales estructura-actividad de los NRTIs

La aparicion del VIH llevé a la comunidad cientifica a hacer un gran esfuerzo
en el desarrollo de nuevos farmacos para luchar contra la enfermedad, dentro de
los cuales los nucledsidos han recibido buena parte de la atencion. Por ello se ha
alcanzado una gran variabilidad estructural en este tipo de compuestos y muchas
estructuras diferentes poseen actividades similares frente a VIH, si bien varian
dependiendo de la linea celular utilizada para su evaluacion. Debido a lo anterior,
el establecimiento de unas relaciones estructura-actividad de forma general no es

posible y se han establecido para familias de compuestos como se comentara
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brevemente a continuacion. En general, los potenciales compuestos activos serian
aquellos con configuracién B (tanto serie D como L), si bien hay casos de -
nucledsidos que también presentan actividad anti-VIH incluso mayor que sus
correspondientes (-isomeros, siendo practicamente todos los casos nucleodsidos
derivados de oxatiolano o dioxolano. El efecto de algunos a-nucledsidos podria
deberse a que en el citoplasma de las células las bases nitrogenadas de estos
nucledsidos pueden ser escindidas de la fraccion derivada del anillo de furanosa y
actuar como base nitrogenada o bien ser unido, mediante el metabolismo celular,
a un monosacarido endogeno y actuar como un nucleodsido. Por otro lado, no es
descartable que los o-nucledsidos puedan interaccionar con diversas enzimas
relacionadas con el metabolismo de los acidos nucleicos, bloqueando de esta forma
dichas rutas enzimaticas. Dos aspectos comunes a todos los NRTIs es la necesidad
de carecer de un grupo 3’-OH (como se ha explicado anteriormente) y la de poseer
un grupo 5’-OH ya que han de ser fosforilados para poder ser activos, de modo que
las sustituciones de dicho grupo por grupos azido o amino conducen a una pérdida
total de la actividad antiretroviral [319]. Salvo las aqui comentadas, no se han
establecido relaciones estructura-actividad definitivas para este grupo de farmacos
y los datos al respecto solo son comparables dentro de un mismo grupo estructural.
Por este motivo, las relaciones estructura-actividad especificas de cada familia de

nucledsidos seran comentadas cuando dichas familias sean presentadas.

1.2.2 Otras aplicaciones terapéuticas de analogos de

nucleosidos y nucleotidos

Ademads de usarse los andlogos de bases nitrogenadas, nucledsidos y
nucleotidos en el tratamiento de distintas enfermedades viricas, a estos

compuestos se les han encontrado otras aplicaciones terapéuticas.

Pueden encontrarse fairmacos derivados de nucledsidos, nucledtidos y bases
nitrogenadas usados para un variado espectro de patologias (revisados en [311],
Figura 12). El alopurinol, derivado de la hipoxantina, actua inhibiendo la xantina
oxidasa y es utilizado para tratar la hiperuricemia. La azatioprina (profdrmaco

derivado de la 6-mercaptopurina) y la cladribina se usan como inmunsupresores.
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La teofilina, andlogo de la metilxantina, se usa por su actividad inhibidora de
fosfodiesterasas en el tratamiento de asma y enfermedad pulmonar obstructiva
cronica. La decitabina y azacitidina son empleadas en el tratamiento del sindrome
mielodisplasico al actuar como moduladores epigenéticos mediante la inhibicion
de metiltransferasas. Recientemente se ha demostrados que los NRTIs tienen
propiedades antiinflamatorias que podrian ser utilizadas clinicamente [320] o en

el tratamiento del sindrome de Aicardi-Goutiéres [321].
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Figura 12. Estructuras de farmacos derivados de nucledsidos y bases nitrogenadas.

1.2.2.1 Cancer

Nucledsidos con diversas estructuras han sido utilizados en el tratamiento
del cancer desde hace varias décadas. De hecho, como se ha mencionado
anteriormente, la sintesis del AZT buscaba encontrar un farmaco anticancerigeno.
La utilidad de los derivados de nucledsidos en el tratamiento de esta patologia
radica en su capacidad citotoxica al actuar como antimetabolitos en la sintesis de
los acidos nucleicos. Las células cancerigenas se caracterizan, entre otros aspectos,
por su alta tasa de division. Con cada divisidn, el material genético de la célula ha
de ser duplicado por lo que hay una alta actividad enzimatica relacionada con la
sintesis de acidos nucleicos fruto de una sobreexpresion, en células cancerigenas,

de los genes responsables de dicha ruta metabolica.

Los andlogos de nucledsidos son incorporados en estas reacciones
enzimaticas actuando como inhibidores competitivos y reduciendo asi la eficacia

de la sintesis de acidos nucleicos enddégenos. Por otro lado, los andlogos de
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nucleosidos trifosfato interfieren con ADN polimerasas, pudiendo incorporarse a
las nuevas hebras durante el proceso de replicacion gendmica, deteniendo el
procesoy activando los sistemas celulares de reparacion del ADN. También pueden
ser utilizados por las enzimas que reparan dafios en el ADN como nucledtidos
endogenos. Cuando cualquiera de las dos situaciones ocurre, el proceso de division
celular se bloquea mientras se intenta reparar el dafio. Si la maquinaria de
reparacion es incapaz de revertir la situacidn, la célula entra normalmente en

apoptosis.

Las células somaticas no cancerigenas presentan un metabolismo de acidos
nucleicos mucho menor comparadas con las cancerigenas por lo que estas terapias
implican cierto grado de selectividad aunque no por ello estan exentas de

reacciones secundarias al tratamiento (revisado en [311], [322], [323]).

1.2.3 Caracteristicas estructurales de los nucledsidos:

conformacion y configuracion

Dejando a un lado las modificaciones que pueden realizarse tanto en la base
nitrogenada como en el anillo de furanosa (seran comentadas mas adelante) de los
nucleosidos, tanto la conformacién como la configuracion de los centros quirales
presentes en la molécula tienen un impacto en su actividad bioldgica. Estas
caracteristicas se han estudiado principalmente para los nucledsidos [319], [324]-
[328] pero pueden extrapolarse a los nucleétidos dado que la fosforilacion, en
general, no afecta a la conformacidn de estos compuestos [327], [329]. Se utilizara
durante el presente trabajo la numeracién estandar para nucleosidos (Figura 13).
En el caso en el que la furanosa no estuviera unida a la base nitrogenada, la
numeracion correcta seria Cl, C2, etc., pero para evitar confusiones se utilizara CI’,

C2’, etc., aunque el derivado de furanosa no esté formando un nucledsido.
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Figura I3. Numeracién empleada para designar las posiciones en nucledsidos pirimidinicos (izquiera)
y puricos (derecha).
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1.2.3.1 Configuracion absoluta y relativa

La notacion D-L es un sistema anterior a las reglas de Cahn-Ingold-Prelog (R
y S, actualmente vigentes) para describir dos enantidmeros cuando aun no podia
determinarse la configuracion absoluta de los estereocentros. Sin embargo, su uso
se ha mantenido para el caso de los monosacdridos (y por extension a los

nucledsidos) y aminoacidos [330], [331] por dos motivos:

-Su brevedad sin pérdida de informacién: D-ribosa en lugar de

(2R,3R,4S,5R)-5-(hidroximetil)tetrahidrofuran-2,3,4-triol.

-Permite diferenciar claramente aquellos monosacaridos (D) y aminoacidos
(L) presentes en la naturaleza de sus enantiémeros (que no lo estan). El uso
de la notacién (R, S) complica claramente una identificacion rapida: en
todos los ribonucleodsidos de la serie D, el C4’ tiene la misma configuracidn,
pero si se usa el sistema (R, S) la notacion para la configuracion del C4’ es

(R) para los 2’-desoxinucledsidos y (S) para los 2’,3’-didesoxinucleosidos

R) O R P//(]?I/ S (0] R P//(]?I/

J(S)
HO o o

Figura 14. Configuraciones absolutas de los estereocentros de los nucledsidos presentes en la
naturaleza (izquierda) y de 2’,3’-didesoxinucledsidos (derecha).

Por otro lado, para denotar la configuracién del CI’, si bien puede usarse la
notacidén (R, S), se suele emplear a y B para describir la configuracion relativa de
dicho carbono con respecto al C4’. De esta forma se denominan o- y B-nucledsidos
a aquellos en los que la base nitrogenada queda en el plano contrario (trans) o en
el mismo (cis), respectivamente, con respecto al grupo hidroximetilo. De esta
forma, la configuraciéon del C4’ junto con la del C1’ da lugar a una amplia gama de
compuestos nucleosidicos (Figure 15). Los nucledsidos se encuentran en la
naturaleza como B-D-nucledsidos normalmente, aunque se han encontrado o-
D-nucledsidos como por ejemplo los que forman parte de las vitaminas del grupo

BI2 [332] y algunos poseen actividad biolégica [333], [334].
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Figura 15. Configuraciones relativas de los D- y L-2’,3-didesoxinucledsidos.

1.2.3.2 Conformacion de los nucleosidos

Angulos de los enlaces

La union entre el CI' de la furanosa y la base nitrogenada (N1, N3 o un
carbono) es un enlace simple y por tanto tiene libertad de giro, de igual forma que
ocurre con el enlace C4’-C5’. El 4ngulo del primero se denomina chi (x) y el del
segundo gamma (y). Aunque todas coexisten, debido a factores esteroelectronicos

algunas conformaciones son predominantes con respecto a otras.

En funcion del angulo de giro del enlace glicosidico puede hablarse de dos
conformaciones principales: anti cuando el H6 en las bases pirimidinicas o el H8
en las bases puricas queda sobre el anillo de furanosa, y syn si dichos atomos
quedan orientados en sentido contrario a la furanosa (Figure 16) Los a-
nucleodsidos adoptan predominantemente la conformacién anti. En el caso de los
B-nucleosidos, si bien la conformacion anti también es la que adquieren de forma
preferente, los derivados de purina presentan en un rango de giro sobre el enlace
X mas amplio que los de pirimidinas. En la naturaleza, Gnicamente se ha
encontrado la guanosina en conformacion syn formando parte de la estructura del

ADN-Z [334]-[338].
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Figura 16. Conformaciones syn y anti de los 2’,3™-didesoxinucleésidos en funcién del dngulo de enlace
CI-NI ().
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Con respecto al enlace C4’-C5’, de las distintas conformaciones posibles
permitidas por la libertad de giro de este enlace, la mas habitual en todo tipo de
nucleosidos es la denominada gauche-gauche, aquella en la que el grupo hidroxilo

queda sobre la base de furanosa (Figure 17) [334]-[338].

o}
H H
fJ\NH g OHy o? B o; B
N/go H H H OH HO H
H,, _OH

H (0] gauche-gauche > trans-gauche =~ gauche-trans

’

Figura 17. Conformaciones de los 2’,3-didesoxinucleésidos en funcién del dngulo de enlace C4’-C5

(¥):

La mayor abundancia de las conformaciones anti y gauche-gauche en
nucleosidos se ha atribuido a los distintos puentes de hidrégeno intramoleculares
que son capaces de formar cuando adquieren dichas conformaciones. Aunque el
grupo carbonilo (C2) de la base nitrogenada podria formar un enlace de hidrogeno
con el grupo hidroxilo (C5’) de la furanosa, parece que las fuerzas de repulsion son
predominantes dando lugar a una poblacion mayor de moléculas con la
conformacion antiy en los casos en los que el nucledsido tiene un grupo hidroxilo
en la posicion C3’, este forma un enlace de hidrégeno con el carbonilo en C2 [336].
Sin embargo, es el enlace de hidrogeno que se forma entre el H6 en bases
pirimidinicas o el H8 en bases puricasy el 05’ (C-H---O) el que determina la mayor
proporcion de conformaciones antiy gauche-gauche. Ademas, pueden establecerse
enlaces entre los hidrogenos de la base nitrogenada (H6 o H8) y el 04’ y de este a
su vez con el hidroxilo en C5’ (Figura 18). Este tipo de interacciones [339], aunque
débiles, se ha demostrado con estudios de rayos X [340]-[343] y estudios
computacionales [344]-[356].

»
){?“.x

o
¢ C

¢

Figura 18. Estructura 3D de la conformacién mds estable de 2’,3-didesoxiuridina. Las bolas rojas
representan oxigeno y las azules nitrégeno.
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Conformacion del anillo de furanosa

El anillo de furanosa, lejos de ser totalmente plano, suele presentar uno o
mas atomos fuera del plano, hecho que se debe a efectos estereoelectronicos. Si un
atomo se encuentra desplazado hacia donde se encuentran la base y el C5” (en (-
nucledsidos) la conformacion que posee es denominada endo mientras que en la
direccion contraria exo (Figura 19). El C2’ y el C3’ son los que, en general, se
encuentran desplazados con respecto al plano de la furanosa y normalmente lo
hacen en sentidos opuestos. En los B-nucledsidos, si la base estd en conformacion
anti, existe una preferencia por el C2’ a adquirir la conformacién endo y el C3’-exo.
Esta es por tanto la situacion mas habitual. Si la rotacion del enlace tiende a la
conformacion syn disminuye la abundancia de C2’-endo a la vez que aumenta la de
(C3’-endo y con ello la C2’-exo. En los a-nucleodsidos los efectos estereoelectronicos
son menores y por tanto las conformaciones son mas intercambiables [334], [336],
[357]. Como curiosidad, el ADN-A contiene nucledtidos con la conformacion C3'-

endo, mientras que en el ADN-B es la conformacién C2’-endo [358].

s Base '
HOH,C_ 3 HOH,C 2
\on/f \vod
4 4
2 3

C3'-endo, C2'-exo C2'-endo, C3'-exo

Base

Figura 19. Conformaciones mayoritarias del anillo de furanosa en 2’,3-didesoxinucleésidos.

Tautomerismo en nucledsidos

Las bases nitrogenadas, en solucidon acuosa, se encuentran en un equilibrio
entre sus diferentes tautomeros: amino-imino para citosina y adenina, ceto-enol
para timina y guanina (Figura 20). Los equilibrios estan desplazado hacia las
formas amino y ceto, respectivamente, y salvo en ciertos casos concretos (ver [359]

y referencias) tiene poca significancia a nivel bioldgico.
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Figura 20. Tautomerismo de las bases nitrogenadas.
1.2.4 Tipos de estructuras quimicas y sintesis de

nucledsidos

Distintas familias de nucledsidos han demostrado su gran versatilidad y
eficacia en el tratamiento de diversas enfermedades viricas y también de tumores.
Como consecuencia, a lo largo del siglo XX se llevo a cabo una intensa investigacion
que ha generado una ingente cantidad de estructuras derivadas de los nucledsidos
naturales y que a su vez han requerido el desarrollo de nuevas rutas sintéticas,
enriqueciendo asi el campo de la quimica organica. Las modificaciones pueden
realizarse sobre el anillo de furanosa o en los sustituyentes de la misma, sobre la

base nitrogenada o en la forma en que la furanosa y la base se unen.

1.2.4.1 Modificaciones sobre la furanosa

Las modificaciones sobre el anillo de furanosa se basan principalmente en
un cambio de heterociclo: cambiando el oxigeno por otro heteroatomo, cambiando
un carbono por otro heterodtomo o una combinacion de ambos. Menos
frecuentemente, también pueden encontrarse otros ciclos compuestos por un
numero diferente de dtomos (piranosa, biciclos, anillos aromaticos...) (revisado en
[360]-[363]). Los principales heterociclos empleados en la sintesis de nucledsidos
estan representados en la figura 21. Las rutas sintéticas que conducen a la
obtencion de los nucleodsidos suelen tener como primer paso la transformacién de
un producto natural, por lo general un monosacarido, lo que facilita y asegura
obtener la molécula final con la configuracion deseada, ademdas de ser

econémicamente accesibles. Sin embargo, cabe mencionar que algunas rutas
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implican la sintesis del anillo derivado de furanosa mediante ciclaciones. Por otra
parte, se ha ido desarrollando una amplia bateria de métodos biocataliticos,
basados en enzimas o en microorganismos, para transformar no solo el anillo de
furanosa y sus sustituyentes, sino también la base nitrogenada y la reaccion de
acoplamiento de esta con la furanosa. Al margen del coste econémico de algunas
enzimas, estos métodos son sencillos, eficientes y respetuosos con el medio
ambiente sin olvidar uno de los aspectos mds importantes como es su aplicacion
en sintesis enantioselectiva. Salvo ejemplos concretos estos procedimientos no

serdn comentados (revisado en [364], [365]).

O Base
Ho T

2',3'-didesoxiribonucledsidos

H
N Base S Base Base o Base
o T e T o Ho”
Azanucleésidos Tionucledésidos Carbanucleésidos 2' 3'-didehidrodidesoxinucledsidos

HO/\g(D/Base HO/\((DOJ/ Base HO/\gSj/Base

1',3'-oxatiolano nucledsidos  1',3'-dioxolano nucleésidos  1',3'-ditiolano nucledsidos

(o) S
Base Base
HO/\(j/ HO/\(J/ /\/O\/Base
HN HN HO

1',3'-oxazolidina nucledsidos 1',3'-tioazolidina nucledsidos Nucleésidos aciclicos

Figura 21. Seleccion de estructuras derivadas de furanosa mds utilizadas en la sintesis de nucleésidos.
Los ciclos con dos heterodtomos pueden encontrarse también con las posiciones de los mismos
intercambiadas.

Dada la cantidad de reacciones descritas hasta la fecha para la obtencién de
nucledsidos derivados de furanosa, esta seccién se centrard en la sintesis de
heterociclos derivados de la esta. Por el mismo motivo, en relacion con la sintesis de
estos compuestos, se describirdn aquellas reacciones que conlleven la obtencion de
nucledsidos con estructuras similares a los inhibidores de RT, dentro de las cuales se
dara preferencia a las que representan método mas general de sintesis. Afiadir que
se incluiran preferentemente rutas sintéticas que parten de compuestos quirales y
que por tanto pueden conducir con relativa facilidad a productos finales
enantioméricamente puros, aunque haya diversos métodos de resolucion de

enantidomeros. Esto es debido a que muchas veces dichos métodos de resoluciéon
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no son satisfactorios al no ser aplicables por restricciones economicas o
simplemente porque no son capaces de resolver la mezcla de enantiomeros o el
exceso enantiomérico resultante no es apto para su correcta evaluacion bioldgica.
No se comentaran sintesis especificas de farmacos NRTIs ya que no suelen ser
sintesis generales aplicables en la sintesis de otros nucledsidos al estar orientadas

a una produccion a nivel industrial.

1.2.4.1.1 Sintesis de derivados de pirrolidina

Los andlogos de nucledsidos derivados de pirrolidina o azanucledsidos
tienen un nitrégeno en el lugar del oxigeno de los nucledsidos naturales. Para su
obtencion suelen usarse monosacdridos, de cadena abierta [366] o ciclicos [367],
con un grupo amino protegido que en ultima instancia puede ser desprotegido

(revisado en [368]) (Esquema 1).

OH BnS OBn 1) HgCly Ac
o 9 pasos H CdCO, N ~OAc Base
HO™ ™ BnS OBn —’2) hoO B”Om
OH OH NHAc 2 BnO'
2-desoxi-D-glucosa
Ac
OH OH 14 pasos < O> N
: . " OA
HO \/WO —F2222 AcHN 'OMe  Ac0 AcO/\QM C Base
N H,SOy4 S
OH BzO OBz BzO OBz
L-arabinosa

Esquema 1. Sintesis de azanucledsidos.

1.2.4.1.2 Sintesis de derivados de tiolano

Los nucleosidos derivados de tiolano surgen del cambio del oxigeno de la
furanosa por azufre y pueden ser obtenidos a partir de diferentes aztcares como la
L-xilosa. Tras la metilacion del hidroxilo anomérico y la consecuente ciclacion de
la molécula, se hace reaccionar con 2,2-dimetoxipropano y el hidroxilo restante se
tosila obteniendo 1. La reaccidon Sn2 con tiobenzoato potasico y a continuaciéon
hidrolisis del grupo isopropiliden da lugar a 2. Este compuesto es tratado
seguidamente con anhidrido acético, acido acético y acido sulfarico concentrado
(obteniéndose asi el anillo de tiolano) para finalmente ser tratado con cloruro de
acetilo formandose 3 que sera acoplado a la base nitrogenada (Esquema 2) [369].
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OH OH Q
OH A Tso—Q B BzS--~<;>—OMe c

(@]
= = OMe
HO A A0 R
i > 0 N
OH X HO OH
L-xilosa 1 2
S
C AcO /\Q,VCI Base
AcO  OAc
3

Esquema 2. Sintesis de tionucleésidos a partir de L-xilosa. A: 1) HCl/ MeOH; 2) Ag>COs; 3) DMP,
HCl/ dioxano; 4) TsCl. B:1) PhCOSK/ DMF; 2) AcOH. C:1) Ac20/ AcOH, H,SOg4; 2) MeCOCI/ HCI.

De forma alternativa pueden obtenerse los tionucledsidos a partir de 2-
desoxi-D-ribosa. La metilacion de esta molécula genera la furanosa
correspondiente que es protegida con grupos bencilo para hacerlo reaccionar con
bencilmercaptano y acido clorhidrico, lo que abre el anillo de furanosa para dar
lugar a 4. Mediante la reacciéon de Mitsunobu se invierte la configuracién del
hidroxilo en posicion 4 que, previa desproteccion (en la que se forma 5), es
mesilado. Finalmente se hace reaccionar con yoduro sédico y carbonato de bario
para dar lugar al compuesto 6 que es susceptible de reaccionar con una base

nitrogenada para formar distintos nucledsidos (Esquema 3) [370].

OH A BnS  OBn B BnS OBn Cc
O < <
HO\/'\;/\? BnS OBn BnS < 0Bn
OH OH OH
4 5

2-desoxi-D-ribosa

Cc S _~SBn
BnO/\QW Base

BnO
6

Esquema 3. Sintesis de tionucleésidos a partir de 2-desoxi-D-ribosa. A: 1) HCl/ MeOH; 2) NaH, BuNI,
BrBn/ THF; 3) BnSH/ HCI. B: 1) PPhs, PhCO>H, DEAD/ THF; 2) MeONa/ MeOH. C: 1) MsCl/ Py; 2)
Nal, BaCO:s.

Empleando el 4cido L-glutdmico como sustrato de partida en la sintesis de
derivados de tiolano, el primer paso es la reaccion de diazotacién. El compuesto

resultante sufre una ciclacion interna de forma espontdnea, reteniendo la
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configuracion por la participacién del grupo a-carboxilo, formandose asi una

y-carboxi-y-butirolactona (Esquema 4) [371].

G
HaN,, COoH HNO, Nsz HOOCaO~_0
Hooc” \__/ HOOC v

Esquema 4. Mecanismo de reaccion por el cual se forma la y-carboxi-y-butirolactona.

El grupo carboxilo es reducido y el hidroxilo resultante convenientemente
protegido (7). El ciclo se abre en medio bésico, se esterifica el carboxilo libre y se
intercambia el hidroxilo por yodo con inversion de la configuracion (8). El yodo es
a su vez intercambiado por tioacetato, de nuevo con inversion de la configuracidn.
La reduccion con hidruro de diisobutilamonio (DIBAL-H), ademas de desproteger
el azufre reduce el metiléster a aldehido, produciéndose una ciclacion de forma
espontdnea. El lactol resultante es acetilado (9) y puede ser empleado en la

reaccion de acoplamiento con bases nitrogenadas para formar nucledsidos

(Esquema 5) [372].

NH; A 0_o B MeQ o C
HOOC—  COOH TBDPSO/\L/V/ TBDPSO/?\j
Acido L-glutamico 7 8
Base

C S _~OAc
TBDPSO/\Q”

9

Esquema 5. Sintesis de tionucleésidos a partir de dcido L-glutdmico. A: 1) NaNO,/ HCI; 2) BH3-SMe;
3) TBDPSCI, imidazol. B: 1) NaOH; 2) Me>SOy; 3) I, PhsP, imidazol. C: 1) BuyNOH, MeOH, AcSH; 2)
DIBAL-H; 3) AczO, TEA.

1.2.4.1.3 Sintesis de derivados de 1,3-dioxolano

Para la sintesis de derivados de dioxolano existen diversas rutas. Dos de
ellas, reportadas por el mismo grupo, parten del acido-L-ascorbico o del D-manitol
que presentan como gran ventaja la obtencion de D- y L-nucledsidos derivados de
dioxolano. Segtn las condiciones de la reaccion de acoplamiento con la base
nitrogenada, pueden formarse o- y B-nucledsidos de modo que por estas rutas se
pueden obtener una gama muy amplia de estructuras [373], [374]. La sintesis que

utiliza como producto de partida el acido L-ascorbico es mas efectiva seguin sus
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autores: este compuesto se hace reaccionar con el dimetilacetal de
benciloxiacetaldehido para dar lugar a los correspondientes benciloximetilacetales
derivados del acido L-ascorbico 10 y 11. La separacion de estos estereoisomeros se
lleva a cabo por cristalizacién y son tratados con peroxido de hidrégeno que
degrada el ciclo proveniente del acido L-ascorbico. Mediante la reaccion de Wolfe,
estos compuestos son oxidados y finalmente se obtienen los acetatos 12 y 13

mediante descarboxilaciéon oxidativa utilizando tetracetato de plomo (Esquema

6).

oM

©/\0/\( ° HO_  OH HO_  OH

Bno/\gj' 0”0 + Bno gj 0" O
11

10

H \—=
HO  OH B ‘ B ‘
Acido L-ascorbico
O «.OAc U O\ OAc
BnO/\gj BnO gj
13

12

Base ‘ \ Base

Esquema 6. Sintesis de derivados de dioxolano. A: TsOH. B: 1) H,O,, K>COs; 2) RuCl;, NaOCl,
BnEt;NCl; 3) Pb(OAc)..

Relaciones estructura-actividad de los nucledsidos derivados de

dioxolano

Se han sintetizado una amplia gama de nucledsidos con esta estructura,
tanto B-D, como B-Ly o-L con el objetivo de buscar caracteristicas estructurales que
mejoren la potencia de estos compuestos frente a VIH. De la evaluacion de estos
compuestos se extrae que gran parte de ellos poseen una importante capacidad
antiretroviral, entre los que la B-L-5-fluoro-1,3-dioxolanilcitidina muestra la mas
potente dentro de los derivados pirimidinicos y la [-L-2,6-diamino-1,3-
dioxolanilpurina entre los puricos (Figura 22). En general, sustituyentes pequefos
y electrdn atrayentes en la posicion 5 de bases pirimidinicas aumenta la actividad
mientras que un aumento del tamafno o de la capacidad electron donante del

sustituyente lo disminuyen. La sustitucion en bases puricas de la posicidon 6 por un
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grupo amino aumenta en general la actividad mientras que los grupos hidroxilo,
cloro, metoxi o metilamino producen el efecto contrario. Con algunas excepciones,
los L-nucleodsidos derivados de 1,3-dioxolano son mas activos frente a VIH que sus

correspondientes D-nucledsidos [375], [376].

=N
Y o .\\N/_ NH2
=\ ~NH; HO (_7 73
o} NYN
0 NH,
B-L-1',3'-dioxeclanil-5-fluorocitidina B-L-1',3"-dioxolanil-2,6-diaminopurina

Figura 22. Estructuras de nucleésidos derivados de 1,3-dioxolano.

1.2.4.1.4 Sintesis de derivados de ditiolano

Las rutas sintéticas que conducen a los nucledsidos derivados de ditiolano
implican pocas reacciones, pero no pueden realizarse partiendo de productos
quirales y requieren procesos de resolucion de enantiomeros. A modo de ejemplo,
haciendo reaccionar cloruro de cloroacetilo e hidrégeno sulfuro de sodio se obtiene
el ditiol 14 que reacciona con el aldehido 15 (donde R son diversos grupos
protectores) para formar el ciclo de ditiolano 16. La reduccion con DIBAL-H y
acetilacién del lactol da lugar a 17. Una vez obtenidas las mezclas racémicas de los
isomeros cisy trans, cada mezcla de enantidmeros es resuelta empleando un HPLC

provisto de una columna quiral (Esquema 7) [377].

C

cl A S B S0 S._0OAc Base
l — L —— Rro_ ¥ j —— ro” Y _7/ ¢ ===
cl” o HS” Yo R 15 S S

14 N0 16 17

Esquema 7. Sintesis de derivados de ditiolano. A: NaSH. B: ZnCl. C: 1) DIBAL-H; 2) AcCl.

La oxidacion de un azufre también puede ser empleado para resolver
mezclas racémicas. De este modo, el compuesto 18, obtenido mediante la reaccién
entre benzoiloxietanal y etanoditiol (en presencia de un complejo de yodo y
difenilfosfina soportado en poliestireno que actta tanto de acido de Lewis como
de agente deshidratante), es oxidado a sus correspondientes sulféxidos
(empleando los correspondientes auxiliares quirales) que pueden ser separados por

métodos convencionales y empleados en la sintesis de nucledsidos (Esquema 8)

[378].
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Esquema 8. Sintesis de derivados de ditiolano. A: dietil D-tartrato/Ti(OiPr)4/tBuOOH. B: dietil
L-tartrato/Ti(OiPr)4/tBuOOH.

1.2.4.1.5 Sintesis de derivados de 1,3-oxatiolano

La sintesis de los derivados de oxatiolano tiene un especial interés ya que
lamivudina y emtricitabina, dos farmacos con alta eficacia clinica empleados en el
tratamiento del VIH, tienen la mencionada estructura. Dado que ambos
pertenecen a la serie L-nucleosidos, la investigacion sobre la sintesis de nucledsidos
derivados de oxatiolano ha ido encaminada a obtener dicha serie. La sintesis quiral
de los derivados de oxatiolano implica un nimero de pasos elevado y en
consecuencia un rendimiento a menudo insatisfactorio. Por ello se han
desarrollado sintesis a partir de productos de partida aquirales y diversos métodos
de resolucién de enantiomeros para tal propdsito como, por ejemplo, mediante la
union de un intermedio a L-mentol o norefedrina y cristalizacion fraccionada [379].
Posteriormente se aplico también el L-mentol como auxiliar quiral, mejorando los
resultados anteriores, introduciéndolo en otro punto de la ruta sintética. Para ello,
el glioxilato de L-mentol [380] se hace reaccionar con ditianodiol formandose los
cuatro diastereoisdmeros posibles del compuesto 19, el cual es el tnico que
cristaliza en hexano conteniendo una pequefia cantidad de TEA como catalizador.
Ademas, el resto de diastereoisdmeros pueden interconvertirse en 19 dado que en
ciertos disolventes todos los estereoisomeros estan en equilibrio. El intercambio

del hidroxilo libre por cloro para obtener 20 permite el acoplamiento de la base
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(Esquema 9). Una vez acoplada la base nitrogenada, para eliminar la fraccion

perteneciente al L-mentol se reduce con borohidruro sédico [381].

('l JY d Ji ® (5\ J ==
OH I Y., O T o)
'(JAOH T 0 '(\)Au
OH /\ S PN S
L ) B

20

Esquema 9. Sintesis de derivados de oxatiolano usando un auxiliar quiral. A: I) tolueno calentado a
reflujo; 2) ditianodiol; 3) cristalizacién con hexano y TEA. B: SOCL.

También se han usado enzimas que son capaces de transformar uno solo de
los enantiomeros formados en una ruta sintética, como la lipasa de Pseudomonas
fluorescens. Esta enzima, en metil tert-butil éter como disolvente, transforma
mayoritariamente el enantiomero S-21 desacetilandolo mientras que presenta poca
o ninguna actividad sobre el enantiémero R-21 (compuesto 22) [382]. La mezcla
racémica 21 se puede obtener por dos vias: la primera comienza con la reaccion de
la sal sodica de metil 2-mercaptoacetato con dietilacetal de bromoacetaldehido,
oxidacion del azufre para obtener el sulfoxido correspondiente que en presencia
de anhidrido acético y acetato sodico sufre un reajuste de Pummerer dando lugar
a 21; la segunda via parte también de dietilacetal de bromoacetaldehido que es
transformado a éster xantato con etilxantato de potasio, este en tiol y finalmente
se obtiene 21 por tratamiento del tiol con glioxilato de metilo y a continuacién con
Ac20. El intermedio 22 en medio 4cido en etanol sufre una transesterificacién que
desencadena una ciclacion espontdnea (23). Para preparar el precursor de
nucleodsidos 24, basta con reducir el éster y finalmente proteger el hidroxilo con

benzoilo (Esquema 10) [383].
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Esquema 10. Sintesis de derivados de 1,3-oxatiolano con resolucién enzimdtica. A: 1) Na; 2)
BrCH>CH(OEt).. B: 1) m-CPBA; 2) Ac20, NaOAc. C: 1) KSC(S)OEt; 2) etilendiamina. D: 1) glioxilato
de metilo; 2) Ac2O, DMAP. E: lipasa de Pseudomonas fluorescens. F: HCI, EtOH. G: 1) LiBH,, iPrOH
(cat.); 2) BzCl, Py.

La sintesis de 1,3-oxatiolanos a partir de un producto de partida quiral
(L-gulosa) requiere 13 pasos para obtener la serie L [384], la cual es la que mayor
interés tiene ya que lamivudina y emtricitabina, pertenecientes a esta serie, son
compuestos mds potentes que sus enantiomeros, al igual que ocurre con la mayoria
de los nucledsidos derivados de 1,3-oxatiolano. Cabe mencionar que, si bien la
L-gulosa puede adquirirse de casas comerciales, su precio es muy elevado y suele
sintetizarse a partir de otros productos econdmicamente mas asequibles como
D-manosa (8 pasos) [385], o la L-gulono-1,4-lactona (3 pasos) [386]. Por otro lado,
utilizando la D-manosa es posible sintetizar D-nucledsidos derivados de 1,3-
oxatiolano [387]. Partiendo de la L-gulosa (Esquema 11), esta es selectivamente
tosilada en su hidroxilo primario para a continuacién proteger el resto de
hidroxilos libres mediante acetilacion (25). El intercambio del grupo acetilo por
bromo y reaccién con etilxantato de potasio y desacetilacion da como resultado la
formacion de 26. Sobre este se emplea NalO4 para producir la ruptura por
oxidacién del enlace entre los hidroxilos vecinales en cis y el aldehido resultante se
reduce. El diol resultante se protege como acetéonido para poder proteger en forma
de sililéter el hidroxilo primario restante. De nuevo el diol vecinal (27) se rompe
por oxidacidny el aldehido que se forma es oxidado a 4cido, el cual es transformado

en acetilo (28) para poder llevar a cabo la reaccion de acoplamiento.
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Esquema 11. Sintesis de derivados de 1,3-oxatiolano a partir de L-gulosa. A: 1) TsCl; 2) Ac;O. B: 1)
HBr/AcOH; 2) O-etilxantato potdsico; 3) NH;OH. C: 1) NalOy; 2) NaBHj; 3) p-TsOH, acetona; 4)
TBDPSCI, imidazol; 5) p-TsOH (cat.). D: 1) Pb(OAc)s; 2) PDC; 3) Pb(OAc)s.

Relaciones estructura-actividad de los nucleodsidos derivados de oxatiolano

Tras el hallazgo de la lamivudina y emtricitabina, ambos con estructura de
B-L-1,3-oxatiolano, como compuestos muy potentes y con poca toxicidad para el
tratamiento del VIH, han aparecido grandes familias de o- y B-nucledsidos tanto
de la serie D como L. Curiosamente, la lamivudina y la emtricitabina tienen mayor
actividad que sus correspondientes D-isomeros e igual pasa con otros derivados. La
mayoria de derivados de uracilo no poseen actividad, pero si los derivados en la
posicion 5 de la citosina, siendo la 5-bromocitidina la mas activa, a la vez que no
presentan toxicidad. Entre la serie D o la L, hay igualdad en cuanto nimero de
derivados activos. Los derivados de purina exhiben buenas actividades (« y B) sin
toxicidad entre los que destaca el derivado de inosina. Algunos sustituyentes
conducen a un aumento de la actividad como 6-cloropurina, 2-fluoroadenina o N°-
metiladenina (Figura 23). En estos derivados todos aquellos nucledsidos de la serie

D son mas potentes que los de la serie L [384], [388].
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Figura 23. Estructuras de nucleésidos derivados de 1,3-oxatiolano.

1.2.4.1.6 Sintesis de derivados de carbociclos

Los nucleodsidos derivados de carbociclos o carbanucledsidos son aquellos
en los que el oxigeno del anillo derivado de furanosa ha sido sustituido por un
grupo metileno (revisados en [389], [390]). Como en el resto de derivados, aunque
pueden encontrarse sintesis y actividades bioldgicas interesantes en otros tamafos
de ciclos, los mas comunes son aquellos con anillo de ciclopentano o ciclopenteno.
Los métodos sintéticos de estas estructuras son muy amplios e incluyen métodos
de resolucion de mezclas racémicas, sintesis a partir de productos de partida

quirales, cicloadiciones, entre otros.

La D-manosa, el dcido D-isoascorbico, la D-ribonolactona, la D-ribosa son
algunas de las fuentes quirales que se han utilizado en la sintesis de estos
nucledsidos. Partiendo de la ultima (Esquema 24) pueden obtenerse las dos
ciclopentenonas 32 y 36, precursores de nucledsidos carbociclicos de la serie D y L,
respectivamente. Una vez protegida la D-ribosa como diacetdnido 29, la reaccion
de este con bromuro de vinilmagnesio produce la alquilacion con apertura del ciclo
para dar lugar a 30. La ruptura oxidativa de los hidroxilos vecinales vuelve a formar
el anillo de furanosa, la cual es sometida a una reaccion de Wittig para formar el
dieno 31. El uso sobre dicho compuesto del catalizador de Grubbs permite que

tenga lugar una RCM (ring-closing metathesis), cerrdandose el ciclo y formando un
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ciclopentenol que es oxidado a la D-ciclopentenona 32. Para obtener su
enantiomero, precursor de la serie contraria de nucleodsidos, el compuesto 29 se
hace reaccionar con bromuro de metiltrifenilfosfonio para dar el intermedio 34
como producto de la reaccion de Wittig. La ruptura del diol con metaperyodato
sodico y subsiguiente reaccion con el magnesiano permite obtener el dieno 35.
Aplicando de nuevo el catalizador de Grubbs tiene lugar la RCM que seguida de
una oxidacion resulta en la formacién de la L-ciclopentenona 36 [391]. Los
compuestos 32 y 36 dan un solo isémero cuando son sometidos a una adicion
conjugada con di-tert-butoximetilcuprato de litio. A continuacidn, el carbonilo es
reducido estereoselectivamente y el hidroxilo protegido con triflato (33 y 37), lo
que activa esta posicion para el acoplamiento con la base nitrogenada. La
estereoselectividad de la adicion conjugada y la reduccion se explican por los

impedimentos estéricos y efectos electronicos del aceténido [392].

OH /~ o = o) OTf
HO ""OH C '/OH D - E t-BuO

5. T 6% R T 5.0
OXO 30 OXOM K 32 K 33
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o on D-nucleosidos
O ,.~OH HO
HO. OH >< 29 L-nucleosidos
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‘| l
OH \ Oﬁ Tfo,,.Q/\
HOA(_// i HO«&/& 4H> / i, Ot-Bu
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Esquema 12. Sintesis de carbanucleésidos. A: acetona, H:SOs. B: bromuro de vinilmagnesio. C: 1)
NalO,;, DCM, H>O; 2) NaH, DMSO, CHsPPhs;Br. D: 1) Catalizador de Grubbs; 2) MnO,. E: 1) (t-
BuOCH>)>Culi, t-BuOMe/THF; 2) DIBAL-H; 3) Tf>0. F: CH3PPhsBr, t-BuOK. G: 1) NalO4, DCM, H>0;
2) Bromuro de vinilmagnesio. H: 1) Catalizador de Grubbs; 2) MnO..

Al margen de las diferentes estructuras derivadas de furanosa mencionadas
anteriormente, sobre esta fraccion de los nucledsidos caben infinitas
modificaciones mediante introduccion de sustituyentes en practicamente todas las

posiciones y no se comentaran (ampliamente revisado en [360], [361]).
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1.2.4.1.7 Sintesis de derivados aciclicos

Estos compuestos constan de una base nitrogenada con una cadena lineal
funcionalizada que emula parte de la estructura de la furanosa (revisados en [393],
[394]). A este grupo pertenecen importantes farmacos como aciclovir (VHS),
cidofovir (CMV) y tenofovir (VIH). El esquema 13 muestra una de las posibles
sintesis del tenofovir que ademas puede aplicarse a cualquier base nitrogenada. La
ruta parte de la adenina, aunque puede intercambiarse por cualquier otra base
purica o pirimidinica. La reaccion de la base nitrogenada con el R-
propilencarbonato permite afadir la cadena lateral (39) con el metilo en la
configuracion deseada. Para formar el tenofovir a partir de este compuesto hay que
introducir el acido fosfonico mediante la reaccion con p-tosiloximetilfosfonato de
dietilo y posterior hidrdlisis de los ésteres con terbutéxido de magnesio.
Finalmente, y para obtener la forma administrable, se alquilan los hidroxilos libres
con clorometilisopropil carbonato y se hace reaccionar con el dcido fumarico para
formar la sal correspondiente (tenofovir disoproxil fumarato) que cristaliza

facilmente [395].
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Esquema 13. Sintesis de derivados aciclicos.
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1.2.4.1.8 Sintesis de derivados de (2’,3’-didehidro)-2’,3’-didesoxi-D-ribosa
Diferentes rutas sintéticas tanto quirales como aquirales se han desarrollado
para obtener nucledsidos con estructura de 2’,3’-didesoxi-D-ribosa y los
estrechamente relacionados derivados de 2’,3’-didehidro-2’,3’-didesoxi-D-ribosa.
Las rutas que permiten obtener nucledsidos opticamente puros de estas familias
parten del acido L-glutdmico (serd visto en Resultados y Discusion), D-manitol,

D-ribosa o 2-desoxi-D-ribosa (revisadas en [396]).

Empleando el D-manitol se pueden obtener ambas familias mencionadas
anteriormente [397]. Para ello se forma el diacetonido del manitol (40) con 2,2-
dimetoxipropano en presencia de cloruro de estafio (o acetona en presencia de
cloruro de zinc) y se fragmenta en dos aldehidos iguales (41) con tetraacetato de
plomo. Estos son sometidos a una reaccion de Wittig con
(etoxicarbonilmetilen)trifenilfosforano de la que resulta el compuesto 42, el cual
en presencia de cantidades cataliticas de acido sulfarico cicla para dar la lactona
o,B-insaturada 43. El hidroxilo primario es protegido con grupos sililo, acetilo o
tritilo. A partir de 43, para obtener el precursor de nucleésidos derivados de 2’,3’-
didesoxi-D-ribosa (44) hay que reducir el doble enlace por hidrogenacion, reducir
con DIBAL-H la lactona a lactol y finalmente acetilar el hidroxilo anomérico. Para
obtener el precursor de nucledsidos derivados de 2’,3’-didehidro-2’,3’-didesoxi-D-

ribosa (45) solo son necesarias las dos tltimas reacciones (Esquema 14).

OH OH A O—  OH B X c
“__OH >< : o Q" o
OH OH OH = —0
D-manitol 40 41
O><o D o E O B
-, o) OAc _Base_
COOEt RO/\g Ro/\f_?m

43 44

42
F O .0Ac _Base
gy o
45

Esquema 14. Sintesis de 2’,3’-didesoxi-D-ribosa y 2’,3’-didehidro-2’,3’-didesoxi-D-ribosa a partir de
D-manitol. A: 2,2-DMP, SnCL. B: Pb(OAc),. C: PhsPCHCO:Et. D: 1) H>SO, (cat.); 2) RCI (TBDPSCI,
AcCl, TrCl). E: 1) H»/Pd-C; 2) DIBAL-H; 3) Ac>0, TEA. F: 1) DIBAL-H, 2) Ac:O, TEA.
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Empleando la D-ribosa se requieren cinco pasos de reaccion para obtener el
precursor de nucledsidos derivados de 2’,3’-didesoxi-D-ribosa mientras que
partiendo de 2-desoxi-D-ribosa se reduce a cuatro [398]. Esta ultima se hace
reaccionar con metanol en presencia de cantidades cataliticas de cloruro de
hidrégeno para formar el correspondiente metilfurandsido, cuyo hidroxilo
primario es protegido con cloruro de 4-bifenilcarbonilo (46). El hidroxilo
secundario libre se hace reaccionar con clorotiocarbonato de fenilo y
dimetilaminopiridina (47) para a continuacién poder llevar a cabo una
desoxigenacion de Barton con hidruro de tributilestaiio y azobisisobutironitrilo

(AIBN), lo que permite obtener el precursor 48 (Esquema 15).

Q A O, ~OMe B
HO - OH ROAQ”

HO HO

2-desoxi-D-ribosa 46

o}

OMe
RO/\QW Cc O_.ome Base
o RO/\QN =
S%oph

47 48
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Esquema 15. Sintesis de 2’,3’-didesoxi-D-ribosa a partir de 2-desoxi-D-ribosa. A: 1) HCI, MeOH; 2)
RCl. B: PhOC(S)Cl, DMAP. C: (n-Bu)sSnH, AIBN.

Relaciones estructura-actividad de los 2’,3’-didesoxinucledsidos

Basdndose en la actividad de 2’ 3-didesoxiadenosina (ddA),
2’,3’-didesoxiguanosina  (ddG), 2’3’-didesoxicitidina (ddC, zalcitabina),
2’ 3-didesoxitimidina  (ddT), 2’,3’-didesoxiinosina  (ddI, didanosina),
2,6-diaminopurina-2’',3'-didesoxirribosido (ddAPR), 5-flour-2’,3’-didesoxicitidina
(5FddC) y 2',3’-didesoxiazacitidina (ddAC) (Figura 24) se pudo determinar que,
aunque todos los derivados eran activos, los derivados de citosina presentaban las
actividades mas potentes frente a VIH. Sin embargo, estos mismos compuestos
exhibian los mayores valores de toxicidad en las células ensayadas. Los 5-metil y 2-

bromo derivados de ddC no poseen actividad, de igual forma que ocurre con el 8-

bromo derivado de ddA [399].
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Figura 24. Estructuras de 2’,3™-didesoxinucleésidos.
Relaciones estructura-actividad de los 2’,3’-didehidro-2’,3’-

didesoxinucledsidos

Entre los derivados de este tipo, se han evaluado la 2’,3’-didehidro-2’,3’-
didesoxicitidina (d4C 6 ddddC) y la 2’,3’-didehidro-2’,3’-didesoxitimidina (d4T 6
ddddT) mostrando una potencia casi igual a sus derivados ddC y ddT (stavudina)
mientras que por otra parte los derivados de 2’,3’-didehidro-2’,3’-didesoxiuridina
(d4U), 2’,3-didehidro-2’,3’-didesoxiadenosina  (d4A), 2’,3’-didehidro-2’,3’-
didesoxiguanosina (d4G) y 2,6-diaminopurina-2’,3’-didehidro-2',3'"-
didesoxirribosido (d4APR) carecen de actividad [399] (Figura 25).

o] N N
d4T d4c d4A
/:N
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NH,
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Figura 25. Estructuras de 2°,3-didehidro-2’,3’-didesoxinucledsidos.
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Relaciones estructura-actividad de los 3’-azido-2’,3’-didesoxinucledsidos

La potente actividad del AZT (3’-azido-2’,3’-didesoxitimidina o AzddT)
frente a VIH abrio la puerta a la familia de los 3’-azido derivados. Aun siendo el
AZT el mas potente de esta familia, los derivados 3’-azido-2’,3’-didesoxiuridina
(AzddU) y 3’-azido-2’,3’-didesoximetilcitidina (AzddMeC) también muestran una
potencia elevada, asi como los derivados 3-(3-oxo-1-propenil) (Figura 26) de
AzddT, AzddU, AzddBrU, AzddFC, AzddIU, AzddC, AzddFU y algunos derivados
5-metil y 5-etil (cadenas alifiticas mas largas como 5-propil o 5-bromovinil
conducen a una pérdida de actividad). Los derivados de AzddA y Azddl pierden la
actividad que poseen sus derivados carentes del grupo azido. Algunos de estos
compuestos han sido sometidos a una reduccién de su grupo azido a amino lo que
ha provocado un importante descenso en su actividad al igual que ocurre cuando

es sustituido por yodo [319], [399].
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Figura 26. Estructuras de 3-azido-2’,3-didesoxinucleésidos.
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Relaciones estructura-actividad de los 3’-fluoro-2’,3’-didesoxinucledsidos

Estos compuestos presentan también una marcada actividad anti-VIH. De
hecho, el compuesto FAdT es mas potente que AzddT aunque también mas toxico.
De igual forma, la actividad de los derivados FddU, FddG, FddAPR y FddClU
(Figura 27) es similar a la de sus 3’-azido derivados, siendo la actividad del ultimo

la mas alta entre los miembros de esta familia de compuestos [399].
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Figura 27. Estructuras de 3-fluoro-2’,3"-didesoxinucledsidos.

1.2.4.2 Modificaciones sobre la base nitrogenada

Las modificaciones sobre la base nitrogenada pueden realizarse
previamente a la reaccion de acoplamiento con el derivado de furanosa o bien una
vez unido. En el primer caso se evita la formacion de productos secundarios en
caso de que los reactivos puedan interaccionar con otros grupos funcionales de la
molécula de nucledsido. Estas modificaciones estan bastante limitadas ya que las
bases nitrogenadas o sus analogos deben ser capaces de establecer puentes de
hidrégeno con las enzimas con las que interaccionan. Se mencionaran

resumidamente las modificaciones mas frecuentes (revisado en [400]).

Las principales modificaciones que se han hecho en bases pirimidinicas
incluyen la sustitucion de algiin hidrogeno de la base por un halégeno, un grupo
metoxi o una cadena alifdtica no mayor de tres dtomos de carbono y que puede
tener algun sustituyente. Por otra parte, los carbonos 5 y 6 de las bases pueden ser
reemplazados por nitrogeno dando lugar al azauracilo y a la azacitosina por
ejemplo. Un tipo de modificacion que ha llevado a la obtencion de un elevado

numero de nucledsidos es la alquilacion aromatica o alifatica, la acetilacion o la
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proteccion con otros grupos de un nitrogeno de la molécula. Algunas bases
nitrogenadas son susceptibles de ser transformadas en otras, como la citosina en
uracilo, aunque en la practica estas reacciones no suelen llevarse a cabo al ser las

bases asequibles comercialmente.

Las bases puricas suelen ser transformadas en la posiciéon 8 incluyendo un
halégeno o una cadena alifdtica. E1 C2 se puede funcionalizar, normalmente con
un halégeno o un grupo amino, al igual que ocurre con el C6 (grupo ceto en
guanina y amino en adenina) y muchas veces ambos. Los nitrogenos de la base

pueden ser modificados de forma similar a las bases pirimidinicas.

Lo anterior se aplica a derivados de bases naturales. Sin embargo, mucho se
ha investigado con el uso de ciclos heteroaromaticos como imidazol, pirazol,
oxazol, isoxazol, piridina, entre otros, en sustitucion de las bases puricas y

pirimidinicas naturales modificadas.

1.2.4.3 Union entre la base nitrogenada y el derivado de furanosa

El enlace entre el CI’ de la pentosa y la base nitrogenada puede formarse con
distintos atomos presentes en esta ultima. Por lo general, la posicién mas
favorecida para la formacién del enlace glicosidico es el N1 o el N9, segiin sean
bases pirimidinicas o puricas respectivamente. Dependiendo de las condiciones de
reaccion se formaran también isomeros N3 en bases pirimidinicas o N7 o NHz (en

el C6) de algunas bases puricas.

Si la union se produce por un C de la base nitrogenada se obtienen los
denominados C-nucledsidos o pseudonucledsidos (revisado en [363]). Estos
compuestos presentan como gran ventaja su mayor estabilidad ya que el enlace C-
C no es hidrolizable por las enzimas celulares como si ocurre el enlace N-
glicosidico. La pseudouridina (Figura 28) es un ejemplo de C-nucledsido que
ademads esta presente en la naturaleza, siendo el nucledsido modificado mas
habitual encontrado en el ARN. A este grupo pertenecen también muchos analogos
de nucledsidos con anillo heteroaromatico no analogo de bases naturales, como
los mencionados anteriormente, ya que frecuentemente se unen a través de un

carbono de este anillo.

89



Merecen una mencion los nucledsidos isoméricos o isonucledsidos,
nucleosidos en los que el enlace entre el azucar y la base nitrogenada se produce
7 L ) ) Ly ) .
por un atomo distinto al CI’, generalmente el C2’ aunque también el C3’ (revisados

en [401]). Estos compuestos han mostrado una elevada potencia antiviral.

Por ultimo, mencionar también los I'-homonucledsidos, aquellos en los que
la base estda unida a la furanosa a través de un grupo metileno que actda de
espaciador (revisado en [402]). Estos compuestos también presentan actividad

antiviral.
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Figura 28. Estructuras de C-nucleésidos, isonucleésidos y 1-homonucleésidos.
1.2.5 Acoplamiento entre la base nitrogenada y el

derivado de furanosa

La sintesis de nucledsidos puede realizarse, simplificando, de dos formas: la
base nitrogenada se forma a partir de la ciclacion de una cadena lineal que esta
unida al derivado de la furanosa (o viceversa) o mas comunmente se lleva a cabo
una reaccion de acoplamiento (sintesis convergente) entre la base nitrogenada
(adecuadamente activada) y la fraccion derivada de furanosa (convenientemente
funcionalizada). Este ultimo es el mas extendido y en general los métodos actuales
se basan en la sintesis de (silyl-)Hilbert-Johnson de N-glicésidos que data de 1930
[403]. Las modificaciones realizadas posteriormente hicieron que el nombre
cambiara a reaccion de Vorbriiggen en honor a sus aportaciones en la optimizacion
de dicho método [404]. Otros métodos actuales de sintesis convergente de
nucleosidos se basan en N-glicosilaciones a través de estrategias como la activacion
mediante electréfilos (distintos de acidos de Lewis) de sustituyentes en Cl' como

PhSH/NBS o S(O)Ph/Tf20. Un tercer método emplea haldgenos como
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sustituyentes en la posicion anomérica que son sustituidos por la base nitrogenada
mediante una Sn2 o a través de un idn oxonio formado por un dcido de Lewis

(revisado en [405], [406]).

Los métodos alternativos a la reaccion de Hilbert-Johnson se basan en lo
que se denomina método de sales metadlicas en las que se emplean sales de plata'y
mercurio de las bases nitrogenadas y se hacen reaccionar con monosacaridos
peracetilados salvo en su posicion CI’ en la que el sustituyente es un halégeno
(bajos rendimientos y dificil eliminacién de las sales, sobre todo en el caso del
mercurio que ademas resulta téxico al ser evaluado en sistemas biologicos) y la
reaccion de fusion en la que un monosacarido peracetilado y un heterociclo acido
son calentados hasta que se alcanza la temperatura de fusion y reaccionan entre si

(bajos rendimientos) (revisado en [405], [406]).

1.2.5.1 Reaccion de Vorbriiggen

Esta reaccion de glicosilacion se basa en el tratamiento de un monosacarido
peracetilado (ofrece mejores rendimientos que el analogo benzoilado [407]) con
una base nitrogenada sililada y un 4cido de Lewis (LA en adelante) (Esquema 16)
(revisado en [405], [408]). La reaccion también es aplicable cuando otros
sustituyentes estan presentes en el derivado de furanosa (sobre todo se aplica al
hidroxilo 5’). Ademas, el grupo saliente en Cl de la furanosa no necesariamente
tiene que ser un grupo acetilo, si bien es el grupo que mejores rendimientos ofrece,

y puede sustituirse por otros como metoxi, cloro o bromo.

Como LA se han empleado diversos tipos, asi como combinaciones de ellos.
Algunos de ellos son los siguientes, dentro de los cuales los tres primeros son los
mas comunmente empleados: SnCls, TMSOTT, EtAIClz, TMSCIO4, TiCly, Ti(OiPr)4,
TiCl2(OiPr)2, BF3-Et20, Zn(OTf)2, ZnCly, TMSCI, TMSI, AgClO4 [405], [409], [410].

o

OTMs =N\_0
ﬁLNH HMDS RO/\QWOR 1) LA 0 NK\N/ﬁ
S o™ 7y

~N
N
(NHgs0s 5 2) Hy0,
o N)\OTMS RO OR  NaHCO, RO  ©OR

R = MeCO, PhCO

(cat.)

Esquema 16. Esquema general de la reaccién de Vorbriiggen.
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El acoplamiento suele llevarse a cabo en acetonitrilo (ACN) o 1,2-
dicloroetano (1,2-DCE) anhidros y conduce a la formacion de N'-isomeros para
pirimidinas de forma preferente y mezcla de regioisomeros en el caso de purinas,
aunque los N°-isémeros son mayoritarios [409]. Los rendimientos de las
reacciones de acoplamiento con pirimidinas son mayores que los de las reacciones
con purinas. Por otro lado, los anillos derivados de furanosa reaccionan mas

rapidamente que los de piranosa.

Las bases silanizadas (Silyl-Hilbert-Johnson) no solo reaccionan mas rapido,
sino que ademas son lipdfilas y por tanto solubles en los disolventes organicos
habitualmente empleados en esta reaccion, permitiendo una reaccion homogénea
a diferencia de las hidrofilas bases sin silanizar (Hilbert-Johnson). Debido a las
propiedades electron donantes del silicio, las bases silanizadas son mas nucleéfilas

que las correspondientes alquiloxi que se empleaban anteriormente.

La configuracion del enlace glicosidico tras el acoplamiento viene
determina por la configuracién y tamario de los sustituyentes en C2’, hecho que se
explica por el mecanismo de reaccion. Brevemente, y como reglas generales, la
ausencia de grupo en C2’ conlleva la formacion de o y P-nucledsidos en

. - . . ,
proporciones similares, mientras que la presencia de grupos C2’ conduce el
acoplamiento en la orientacién contraria a este, con una mayor proporcion de un
isomero o incluso de forma exclusiva de manera mdas marcada cuanto mayor es el

grupo director en C2’ [411].

1.2.5.1.1 Condiciones de reaccion y mecanismo de acoplamiento.
La reaccion de Vorbriiggen implica 3 procesos reversibles (revisado en [405],

[406], [408], [412]-[414]):

1) Formacion del cation electréfilo derivado de la furanosa (50). El LA
es el responsable de la eliminaciéon del grupo acetilo (49), con la subsiguiente
formacion de una sal de 1,2-aciloxonio (50) en funcion del LA empleado (Esquema
17). Sobre esta estructura, la base silanizada con hexametildisilazano (HMDS)
unicamente puede llevar a cabo el ataque nucleofilico sobre la posicion CI’ de la

furanosa por la cara B o superior, obteniéndose de forma muy mayoritaria -
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nucleosidos. Los a-nucledsidos se forman en poca o ninguna proporcidon, aunque
hay ciertos factores que aumentan el ataque por la cara o: a) si la base tiene grupos
muy polarizados o cargados negativamente lo que permitiria la interaccion de la
base con el catién por la cara o; b) si el derivado de furanosa contiene grupos
polares en su cara «; c) si la furanosa no contiene sustituyentes en C2’ capaces de
formar el i6n aciloxonio (como 2’-desoxinucledsidos), caso en el que la base
reaccionaria con un analogo del compuesto 49 con el que tiene tedricamente las
mismas probabilidades de hacerlo por la cara « que por la 8; d) cuando el catién se
forma sobre el plano de la furanosa, lo que implica que el ataque puede realizarse

solo por la cara «, formandose asi de forma muy mayoritaria a-nucledsidos.

[EtAICL,0AC]
[SnCI,0AC]
[EtAICI,] -
0
/}f\ [SNCl4] To 9 o
o TMSOTF N 0
0 \
AO. DAc TMSOAc+TfO-  AcO O AcO o ot
[SnCI,0ACT] 49 /Qo 50
[EtAIC,0AC] [SnClsOAC]
[EtAICL,0AC]
Esquema 17. Formacion del catién electréfilo derivado de la furanosa.
2) Formacion de un complejo o entre la base silanizada y el LA. La

formacion de estos complejos tiene lugar con el N1 de las bases pirimidinicas y N6
de las ptricas, ya que aglomeran la mayor concentracion electronica (Figura 29).
Dicha formacion depende la basicidad y acidez de aquellos e implica una
disminucion de los moles de LA disponibles para formar el catién 1,2-aciloxonio.
Por ello, para llevar a cabo la reaccion los equivalentes del LA deben ser mayores
cuanto mas bdasica es la base nitrogenada (como citosina) y cuanto mayor sea la
acidez del LA (como el SnCls) de modo que siempre pueda haber LA libre. Ademads,
estos complejos son los responsables de la formacion de los N3-nucledsidos
derivados de pirimidinas y regioisémeros distintos de N9 derivados de purinas,
ambos no naturales (lo que no significa que carezcan de interés). Cabe mencionar
que los complejos ¢ son predominantes en disolventes no polares como 1,2-DCE
mientras que en disolventes polares (como ACN) se reduce su formacién al

competir este con el LA para formar tales complejos.
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Figura 29. Complejos o entre las bases silanizadas y los dcidos de Lewis.

3) Reaccioén entre la base silanizada y el cation 1,2-aciloxonio 50. La base
silanizada, sin formar complejo ¢ con el LA, es la que reacciona con 50 por ataque
nucleofilico para obtener los N'-nucledsidos (Esquema 18), mientras que la
formacion de N>-nucleosidos se debe a que los complejos o tienen bloqueado el N1
de la base y solo pueden reaccionar por el N3, que al estar mds impedido reacciona
mas lentamente. Durante el ataque nucleofilico el LA se regenera a través del TMS
saliente del oxigeno en C2 de la base. El sililéter restante es facilmente hidrolizado
en solucion acuosa de NaHCOs. Por otra parte, ambos nucledsidos pueden
reaccionar con 50 para formar un N,N>-bis-nucledsido. Todas estas reacciones
estan en equilibrio (Esquema 19). Por tanto, y dado que al inicio de la reaccion los
complejos ¢ son mayoritarios, los N*>-nucledsidos son los productos cinéticos de la
reaccion mientras que los Nl-nucledsidos son los productos termodindmicos.
Puesto que el LA es necesario para la transicion entre los regioisomeros, las
reacciones en disolventes apolares favorecen que haya mas acido libre necesario
para llevar a cabo la transformacion de los N>-nucledsidos a N'-nucledsidos.

S N\

N
[SnCI,0AC] TMS\/O\/K\N |

[EtAICI,0AC] (
o WOTMS K\fo
o)) O e e~

OTMS

AcO TMSOTf A0 Ao © AcO  ACO
50 [SnCl, + TMSOAc |
[EtAIC, + TMSOAC]

Esquema 18. Reaccién entre la base silanizada y el catién 1,2-aciloxonio.
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Esquema 19. Reacciones en equilibrio en la sintesis de nucleésidos por la reaccién de Vorbriiggen.

1.2.5.1.2 Mecanismos de acoplamiento con otros derivados de furanosa

La reaccion de Vorbriiggen no solo es aplicable a derivados peracetilados o
perbenzilados de la furanosa, sino que también puede realizarse con otras
estructuras. Los rendimientos suelen ser igualmente buenos pero existen otras
implicaciones derivadas del mecanismo de reaccién (revisado en [405], [406],
[415]).

Los acoplamientos entre bases silanizadas y 2’-desoxinucledsidos (y por
extension 2’,3’-didesoxinucledsidos) pueden llevarse a cabo al igual que en los
casos anteriores, si bien la ausencia de un grupo en C2’ que imponga restricciones
estéricas y/o electrénicas condiciona la reacciéon a una pérdida de Ila
estereoselectividad que se ha visto previamente con los derivados peracetilados y
perbenzoilados, entre otros. Los sustituyentes en C3’ y C4’ estdn a demasiada
distancia como para contribuir a la estereoselectividad. En general esta es la
situacion habitual para 2-desoxinucledsidos y aplicable a la gran mayoria de
sustituyentes en C3’ ya que al no ser posible la formacién del intermedio 50 ni de
ningun derivado 1,3-aciloxonio, la base nitrogenada reacciona con el oxonio 51
(Esquema 20) formandose mezclas de a/f isomeros independientemente del LA

utilizado (sin incluir LA quirales).
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X X 51 X
R = grupo protegtor X = varios grupos, incluido H,
R' = acetilo, metilo pero incapaces de formar

el cation 1,3-aciloxonio o similar

Esquema 20. Mecanismo de acoplamiento de derivados de 2’-desoxirribosa y 2’,3-didesoxirribosa

con las bases silanizadas.

Existen algunos casos concretos en los que el sustituyente en C3’ confiere

cierta estereoselectividad /o a la reaccion como el caso del flaor (5:1)

posiblemente debido a repulsiones causadas por la alta electronegatividad del flaor

o del 3’-O-etilmetil sulféxido (8:1) que estabiliza el oxonio 51 (Esquema 21). En

teoria todo grupo capaz de formar estructuras como esta aumentarian la
estereoselectividad de la reaccion.

+

RO/\@ o

5 — Ro/\Q"”o

\\\s

- v/
58

S5=0
Esquema 21. Formacién del intermedio que estabiliza el oxonio 51.

Los 1,3-heterociclos derivados de furanosa con mdas de un heteroidtomo
como oxatiolano y dioxolano presentan ciertas particularidades en cuanto a su
comportamiento con los LA. Tanto el oxatiolano 52 como el dioxolano 53 en
presencia de una base silanizada y TMSOTf da como resultado la formacién de
nucledsidos sin estereoselectividad. Sin embargo 52 y 53 en presencia de SnCly y
TiCl2(OiPr)2, respectivamente, y una base silanizada da lugar a la formacion casi
en exclusiva de B-isémeros. En ambos casos se debe a la formacion de un complejo
entre el heterodtomo y el metal del LA que se coordina también a través de uno de
sus ligandos con el CI' del derivado de furanosa por la cara «, impidiendo o

dificultando el acceso de la base por esta (Esquema 22).
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Esquema 22. Mecanismo de la reaccién de acoplamiento con 1,3-oxatiolano y I,3-dioxolano.
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2 OBIJETIVOS:

La movilidad en humanos del retroelemento LINE-1 tiene importantes
implicaciones en la etiologia y progresion de tumores. Por otra parte, la funcién de
la movilidad del LINE-1 en ciertos tejidos, si la hubiera, es desconocida, asi como
su papel, si lo tuviera, en ciertas enfermedades autoinmunes y células senescentes.
La inhibicion de la reversotranscriptasa de LINE-1, como enzima clave en el
proceso de retrotransposicion, puede ser ttil en el tratamiento del cancer, asi como
para estudiar el papel que tiene la retrotransposicion en ciertos tejidos o
situaciones patoldgicas a través de una estrategia de pérdida de funcién. Sin
embargo, los estudios previos sobre la materia no han sido suficientes para
determinar la selectividad de los inhibidores de RT evaluados ni su toxicidad y, en
algunos casos mencionados anteriormente, tampoco se ha demostrado

directamente que los efectos observados se deban a la inhibicion de la RT del L.

Por ello el objetivo global de la presente Tesis Doctoral es la sintesis de
compuestos nucleosidicos y su evaluaciéon como inhibidores potentes y selectivos
de la reversotranscriptasa del elemento LINE-1, para lo que se plantean los

siguientes objetivos especificos:

A. Sintesis de nucledsidos inhibidores de LINE-I1.
A.l. Sintesis de nucledsidos derivados de 2,3-desoxirribosa.
A.2. Sintesis de nucleodsidos derivados de 3-azido-2,3-didesoxi-D-ribosa.
A.3. Sintesis de nucledsidos derivados de 3-fluoro-2-desoxirribosa.
B. Evaluacidn de la inhibicién de la movilidad de retrotransposones.
B.1. Evaluacién de la inhibicién de la movilidad de LINE-1 humano.
B.2. Evaluacion de la inhibicion de la movilidad de LINE de pez cebra.

B.3. Evaluacion de la inhibicion de la movilidad de LINE de raton.

B.4. Evaluacidn de la inhibicién de la movilidad de retrotransposones LTR
de raton.

C. Evaluacion de la toxicidad de los compuestos ensayados.
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3. Resultados y

Discusion
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3 RESULTADOS Y DISCUSION

3.1 SINTESIS DE NUCLEOSIDOS INHIBIDORES DE LINE-1

3.1.1 Sintesis de nucleosidos derivados de 2,3-didesoxi-D-

ribosa

\NHZ (0]

o}
; _ OAc Base
HOOC=  cooH  —— TBDMSOW e HOW

Acido L-glutamico

Todos los farmacos pertenecientes al grupo de NRTIs son nucledsidos
derivados de 2,3-didesoxi-D-ribosa, la mayoria de ellos pirimidinicos. Debido a ello,
nuestro primero objetivo fue sintetizar andlogos nucleosidicos de dicha familia.
Entre las posibles rutas sintéticas reportadas se escogio la ruta que emplea el cido
L-glutdmico [416] como material quiral de partida por lo que, teniendo
conocimiento de las reacciones a las que es sometido, se pueden obtener los
productos acetilados precursores de nucledsidos con la configuracién deseada.
Ademads, esta sintesis implica pocos pasos y buenos rendimientos.
Alternativamente la ruta puede partir de otros compuestos quirales como D-
manitol o D-ribonolactona (como se ha mencionado anteriormente) aunque

requieren un mayor numero de reacciones.

3.1.1.1 Sintesis del precursor de nucledsidos derivados de 2,3-didesoxi-D-
ribosa

El acido L-glutdmico fue sometido a una desaminacién en solucién acuosa
con acido nitroso generado in situ mediante la reaccion entre el nitrito sodico y el
acido clorhidrico afiadido lentamente a la reaccion. En primer lugar, se produce la
diazotacién y consecuente formacién de la sal de diazonio correspondiente.
Debido a la inestabilidad de estos compuestos, se produce una desaminacion y
ciclacion de la molécula de forma espontdnea, como se mostro en el esquema 4,
manteniéndose la configuracidon. La purificacién consistid en una agitacion con

resina de intercambio catidnico (Dowex 50WX8, 200-400 mesh, H* form) que
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capta el 4cido L-glutamico sobrante para obtener y-carboxi-y-butirolactona 53
como un sdlido cristalino. Este fue reducido con un complejo de borano y sulfuro
de dimetilo en THF anhidro dando lugar al alcohol correspondiente (54) en forma
de sirupo amarillento. El crudo se hizo reaccionar con cloruro de tert-
butildimetilsilano en presencia de imidazol en diclorometano (DCM) para
proteger el hidroxilo libre. La lactona protegida 55 se obtuvo con un rendimiento

del 48% desde el acido L-glutamico, similar al reportado (51%).

NH; NaNO,  HooCaO~_0 BH3SMe, O._o TBDMSCI
HOOC=  COOH “herh,0 Al THF HOA(_/V/ Imidazol, DCM
Acido L-glutamico 53 54

O._o DIBAL-H O, 0H Ac0 O ..0Ac

55 -75°C 56 57

Esquema 23. Sintesis del precursor de nucleésidos derivados de 2’,3™-didesoxi-D-ribosa.

La reducciéon con hidruro de diisobutilaluminio (DIBAL-H) en tolueno de la
lactona a lactol (56) y su posterior acetilacién con anhidrido acético en trietilamina
permitio obtener el precursor de nucledsidos derivados de 2’,3’-didesoxi-D-ribosa
(57) (Esquema 23). La reduccion de lactonas a lactoles implica un equilibrio entre
su forma ciclica y abierta como hidroxialdehido, sobre el que un exceso de agente
reductor genera el diol correspondiente, el cual puede ciclar para dar lugar a un
2,3-dihidrofurano (Esquema 24). El uso del DIBAL-H frente a otros agentes
reductores (como LiAlH4) permite obtener el lactol con mayor rendimiento al
suponer unas condiciones de reaccion mas suaves, lo que impide la reduccion a
diol [417], [418]. Adicionalmente, la reaccién se lleva cabo a bajas temperaturas
para desplazar el equilibrio a la forma ciclica (lactol). De hecho, la reaccién de
reduccion de 55 se llevd a cabo a -78 °C ya que a esta temperatura el intermedio
tetrahédrico es estable (Esquema 25). Sin embargo, tras el procesado de la
reaccion y acetilacion se pudo comprobar mediante RMN que el compuesto
presente de forma mayoritaria correspondia con el diol diacetilado y el 2,3-
didehidrofurano. El uso de hidruro de tri-tert-butoxido de aluminio vy litio [419],

[420] manteniendo el resto de condiciones no produjo cambios en la lactona.
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Esquema 24. Mecanismo de apertura de lactoles y formacién del 2,3-didehidrofurano.

La apertura de lactonas cuando son reducidas a lactoles es un problema
recurrente en bibliografia por lo que se han reportado métodos para reducir la
formacion de productos no deseados en la reaccion. En nuestro caso, la adicidn de
dimetilamino piridina, trietilamina y anhidrido acético sobre la reaccion de
reduccion con DIBAL-H a -78 °C [421], manteniendo la agitacion y dejando que la
temperatura subiera lentamente, condujo a la formacion en exclusiva del
compuesto deseado 57 con un rendimiento del 67% desde 55 (33% desde el dcido
L-glutdmico) tras su purificacion por columna de silica flash, la cual se realiz6 con

un 1% de TEA para reducir la descomposicidon de 55 en contacto con la silica.

TN o Ck j/ o >/
O. A+ iBuAH Oy O H,0 o
0. RO N RO Al 2 OH

H
S/ S/ i-Bu,AIOH

Esquema 25. Mecanismo de reduccion de lactonas con DIBAL-H.

3.1.1.2 Acoplamiento entre el precursor 57 y las bases nitrogenadas

Base nitrogenada
(0) silanizada o)

U - O
TBDM TBDM
o EtAICI,, 1,2-DCE o

0°C —»ta,16h
57 Nucleésidos protegidos

Esquema 26. Reaccion de acoplamiento entre 57y las bases nitrogenadas silanizadas.

Para formar los nucledsidos protegidos, el compuesto 57 fue sometido a la
reaccion de Vorbriiggen (Esquema 26) con un total de 9 bases nitrogenadas, tanto
naturales como modificadas (Figura 30): uracilo, timina, 6-azauracilo, 5-
fluorouracilo, 5-clorouracilo, 5-bromouracilo, citosina, 5-fluorocitosina y 5-
azacitosina. Dichas bases deben previamente ser activadas mediante silanizacién
para poder llevar a cabo el acoplamiento con el precursor 57. Debido a las

propiedades electron donantes del silicio, la silanizacién de las bases provoca un
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aumento de la densidad electrénica en la base nitrogenada favoreciendo asi su
reactividad. Ademads, garantiza una buena solubilidad en el disolvente de la
reaccion, favoreciendo de nuevo la reaccion. Para silanizar las bases nitrogenadas,
estas se hicieron reaccionar con hexametildisilazano (HMDS) en presencia de
cantidades cataliticas de sulfato amoénico (Esquema 27) calentando la suspension
resultante a reflujo hasta que se obtuvo una solucién (1-2 horas), lo que indicaba
que la reaccion habia llegado a su fin, momento en el que se procedi6 a evaporar

el resto de HDMS y algunos subproductos del mismo mediante vacio.

NH,

F
| NH | NH ﬁN
N’go N’go N’go
H H H
Uracilo 5-fluorouracilo Citosina
o o} NH,
I
7 ONH c 7 ONH F\(KN
N’go N’go N/&o
H H H
Timina 5-clorouracilo 5-fluorocitosina
0 o} Hy
Br N
SR L
N‘N o} N~ 0 N~ 0o
H H H
6-azauracilo  5-bromouracilo 5-azacitosina

Figura 30. Bases nitrogenadas empleadas en la presente Tesis Doctoral.

Q DS OTMS H, DS NHTMS
7 X Y X BY D
X. (NH,);S0, X (NH);SO, !
N0 "ot N""o “Porms

Uracilo: R=H; X =CH

Timina: R = Me; X = CH
6-azauracilo: R=H; X =N
5-fluorouracilo: R =F; X=CH
5-clorouracilo: R =CIl; X =CH
5-bromouracilo: R =Br; X =CH

Citosina: R=H; X=CH
5-fluorocitosina: R =F; X =CH
5-azacitosina: X =N

Esquema 27. Silanizacién de las bases nitrogenadas.

Existen multiples condiciones para llevar cabo la reaccion de Vorbriiggen
entre el compuesto acetilado 57 y las bases silanizadas (Figura 26). Basicamente,
y como se ha mostrado anteriormente, estas condiciones se pueden resumir en la
eleccion del disolvente (ACN, 1,2-DCE o DCM) y del 4cido de Lewis (LA).
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A fin de determinar las condiciones mas favorables (en nuestro caso) de
entre las disponibles para realizar la reacciéon de Vorbriiggen, se llevaron a cabo
distintas reacciones de acoplamiento entre el uracilo silanizado y el compuesto 57
combinando, siempre en atmdsfera inerte, ACN y 1,2-DCE como disolventes
anhidros y SnCls, TMSOTfy EtAICl> como LAs. Ademads, aunque la adicion del LA
se hizo siempre a O °C, cada una de las condiciones de reaccion fue llevada
lentamente a tres temperaturas diferentes: -20 °C, temperatura ambiente, 60 °C.
Una muestra de cada condicion fue tomada a las 16-18 horas de reaccion, procesada
y analizada mediante cromatografia liquida acoplada a espectrometria de masas

(LC-MS) de baja resolucion para detectar la presencia de nucledsidos (Tabla 2).

Disolvente Acido de Lewis Formacion de nucledsidos
SnCls (2,5y10 eq) No
ACN TMSOTf (2 y 5 eq) No
EtAlCl: (2y 5 eq) Si
SnCls (2,5y10 eq) No
1,2-DCE TMSOTf (2 y 5 eq) No
EtAlCl: (2y 5 eq) Si

Tabla 2. Condiciones de acoplamiento evaluadas.

Independientemente del disolvente empleado, el uso de SnCls (tanto puro
como en disolucién) o TMSOTf (recién destilado) como LAs a distintas
concentraciones no permitié la deteccion de nucledsidos por LC-MS ni mediante
cromatografia en capa fina (TLC). Si bien el uso de SnCly y TMSOTf en la reaccion
de Vorbriiggen estd ampliamente reportado en bibliografia, en nuestro caso no solo
conllevo la ausencia de formacidon de nucledsidos, sino que ademas produjo la
desapariciéon de los productos de partida (por TLC). Sin embargo, todas las
condiciones de reaccién en las que se utilizo EtAICL; (1 M en tolueno) condujeron
a la formacion de nucledsidos. Los rendimientos obtenidos en ACN y 1,2-DCE
resultaron ser practicamente similares. Independientemente del disolvente y del
LA empleado, las distintas temperaturas a las cuales fueron sometidas las
reacciones de acoplamiento no parecieron tener ningun efecto significativo sobre

el rendimiento de la reaccion.
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En vista de los resultados, puesto que el EtAlCl: resultoé ser el tnico LA que
permitio la obtencidén de nucleédsidos se escogid este para realizar el resto de
reacciones de acoplamiento entre las bases nitrogenadas silanizadas y el
compuesto acetilado 57. Este LA ademads resulta mas facilmente manejable en
comparacién con los anteriores, no requiere ningan tipo de purificacidon previa a
su uso y segun Okabe et al., de entre los LAs empleados, el uso de EtAICl; lleva a
la formacion de B-nucledsidos en una mayor proporcion que los o-nucledsidos
[416]. En cuanto al disolvente de eleccion, dado que ninguno ofrecié mejores
resultados sobre el otro, se escogio el 1,2-DCE que facilita la posterior extraccion
con DCM. Tras la adicién de EtAICl; a la reaccion a O °C, se decidi6o dejar que
alcanzase lentamente temperatura ambiente al no haber variaciones en cuanto a

rendimiento se refiere con las distintas temperaturas ensayadas.

Una vez escogidas las condiciones que mejores resultados ofrecian, se
procedio a la formacién del resto de nucledsidos protegidos con las bases
pirimidinicas silanizadas arriba mencionadas. Las bases derivadas de citosina a
menudo se encuentran con su grupo amino primario protegido para reducir la
reactividad de dicho grupo en la reaccion de Vorbriiggen y obtener menor
proporcion de regioisomeros no deseados. Sin embargo, se opto en este caso por
no utilizar dichas bases para evitar un paso extra de desproteccion al estar
reportado que la mejora de rendimiento producida cuando se emplean derivados

de citosina protegidos no es muy significativa [422].

En la mayoria de ellas el producto de partida 57 desaparecié completamente
(TLC) dando lugar a los a- y B-nucledsidos protegidos correspondientes. Estos
estereoisomeros fueron detectados con LC-MS de baja de resolucion mientras que
el analisis por TLC no permitié dicha observacion. El desarrollo repetido (3-6
veces) de la TLC empleando una fase movil menos polar que la anterior permitié
la deteccion mediante TLC de los estereoisomeros de todas las reacciones de
acoplamiento. Inicialmente la purificacién mediante columna de silica flash (FCC)
resulto insatisfactoria al no ser capaz de resolver la mencionada mezcla de
estereoisomeros en la mayoria de los casos. Sin embargo, el uso de TLC

preparativas (Merck) permitio en todos los casos la separacion de las mezclas de
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estereoisomeros (50-150 mg dependiendo de la base nitrogenada) desarrollando
repetidas veces la TLC preparativa. Este sistema permitié obtener puros los

nucledsidos protegidos representados en la Figura 31.
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Figura 31. Nucledsidos protegidos obtenidos derivados de 2,3-didesoxi-D-ribosa.

En algunos casos (uracilo, timina, citosina y 5-fluorocitosina) se detecto la
formacion de otros regioisomeros mediante LC-MS de baja resolucidn,
presumiblemente N’-nucledsidos, aunque no pudieron aislarse en cantidades
suficientes para caracterizarlos y continuar con la desproteccion. Cabe mencionar
que se llevaron a cabo estas mismas reacciones con bases nitrogenadas puricas
previamente silanizadas como guanina, adenina y 2,6-dicloropurina, pero en todos
los casos se observo la formacion de multiples regiosiomeros (4-6) que resultaron

imposibles de purificar. Estas mezclas fueron sometidas a la desproteccion de
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grupo sililo en 5’ con la intencion de que fuera posible su separacion. Sin embargo,
la mezcla de regioisémeros de los nucledsidos desprotegidos resultd ser

igualmente inseparable.

La determinacion de la configuracion del enlace glicosidico se realizo
mediante espectros 1D-NOESY (generalmente sobre el nucledsido protegido)
irradiando los protones HI' y H4’" (Figura 32). En los casos en los que habia una
ausencia de sefal positiva en ambos estereoisomeros entre dichos protones (HI'’-
H4’), se tom¢ en cuenta la intensidad de otras sefiales como HI'-H5’ y H4’-H6 para
establecer la configuracién, ademas de otros datos disponibles en bibliografia en el

caso de los productos que habian sido previamente descritos.

H1'-H5'

H
0
H
NH RO\ © 0
RO\ O N i A
N NH
HN\\
N H4‘-H‘6\4 /S/go
H1"-H4' H

Figura 32. Interacciones a través del espacio (NOE) empleadas en la determinacién de la
configuracién del enlace glicosidico.

La Tabla 3 muestra los rendimientos de las reacciones de acoplamiento
realizadas con cada base y la proporcion de estereoisomeros obtenidos tras la
purificacion de los nucledsidos protegidos. Cabe mencionar que el método de
purificacion mediante TLC preparativa tiene como objetivo obtener en un alto
grado de pureza estos compuestos, pero a cambio el rendimiento disminuye
comparado con otros métodos como FCC. Algunos de estos nucledsidos protegidos

han sido previamente sintetizados (ver Materiales y Métodos).

nitr(]?;:ia da Configuracion Rendimiento Proporcion o/f
) o 18%

Uracilo 8 3% 1:13

.. o 13% _
Timina B 2% 1:1.7

. o 23% ]
6-azauracilo 8 30% 1:13

. o 15% )
5-fluorouracilo 8 8% 1:1.9
5-clorouracilo o 18% 1:1.8
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33%
16%
21%
21%
23%
29%
32%
22%
22%

Tabla 3. Rendimientos y proporciones de estereoisémeros protegidos obtenidos en las reacciones de

5-bromouracilo 1:13

Citosina 1:1.1

5-fluorocitosina 1:1.1

5-azacitosina 1:1

PR MPIR PR PR ™™

acoplamiento entre el compuesto 57 y las distintas bases nitrogenadas.

3.1.1.3 Desproteccion del hidroxilo en posicion 5 de los nucledsidos

protegidos derivados de 2,3-didesoxi-D-ribosa

0 Base 0 Base
TBDMSOAQ' HOAQ'
TBAF
—_—
THF
0 .wBase 0 ..Base
TBDMSO/\Q HO/\Q
Nucleésidos protegidos Nucleésidos

Esquema 28. Reaccién de desproteccion de los nucleésidos derivados de 2,3-didesoxi-D-ribosa.

Para obtener estructuras que puedan evaluarse en cultivo celular, los
nucledsidos protegidos que se habian sintetizado fueron sometido a la
desproteccién de su grupo hidroxilo en 5’ (Esquema 28). Uno de los métodos mas
eficientes de desproteccion de sililos es a través de iones fluoruro (revisado en
[423]), de modo que se procedio a la ruptura del enlace O-Si empleando fluoruro
de tratrabutilamonio (TBAF) solido en THF anhidro [424]. A pesar de lo extendido
que esta este método, en nuestro caso, tras el procesado de la reaccion, no solo no
generd los nucledsidos desprotegidos, sino que ademas produjo la descomposicion
del material de partida. Debido a ellos se exploraron alternativas para la
consecucion de la desproteccion como el uso de acido p-toluensulfonico [416],
fluoruro de cesio a reflujo [425], Dowex 50WX8 [426], fluoruro potdsico [427] o
un complejo HF-Py [428]-[431]. Unicamente las condiciones que empleaban 4cido
p-toluensulféonico y HF-Py condujeron a la obtencion de nucledsidos
desprotegidos, pero con bajos rendimientos y descomposicion de los compuestos
presentes en la reaccion. Teniendo en cuenta que la cantidad de agua presente en

el reactivo TBAF afecta a la reaccion [432], procedimos a afiadir tamiz molecular
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(3 A) a esta reaccién con similares resultados a los anteriores. Finalmente, el uso
de TBAF (1 M en THF) anhidro en THF permiti6 obtener los nucledsidos
desprotegidos en 15-20 minutos con rendimientos cuantitativos. El procesado
habitual de estas reacciones implica extraer con agua para eliminar los restos de
TBAF (altamente toxico) y subproductos, método no aplicable a nuestro caso
puesto que los nucledsidos son solubles en agua. La FCC no logré eliminar los
productos indeseados por lo que se recurrio al uso reportado en bibliografia de
Dowex 50WX8 y carbonato calcico, que captan el tetrabutilamonio y el fluoruro
respectivamente [433]. Este sistema no redujo el contenido en sales de
tetrabutilamonio incluso cuando el proceso fue repetido sucesivamente, por lo que
se recurrio al uso de columnas de extraccion en fase sélida C8 (SPE C8). De entre
las casas comerciales que fueron probadas, solo las SPE C8 de Supelco eliminaron
la totalidad de sales de tetrabutilamonio presentes en la reaccion. Por lo que
sabemos, es la primera vez que se hace uso de este sistema para eliminar
exitosamente sales de tetrabutilamonio. Para ello, el crudo de la reaccion fue
disuelto en agua e introducido en la SPE previamente equilibrada. Empleando agua
como fase movil se recogieron tubos que fueron analizados en LC-MS de baja
resolucion para confirmar la presencia de los nucledsidos deseados y descartar la
presencia de sales de tetrabutilamonio, obteniéndose puros y con un rendimiento
cuantitativo los nucleodsidos representados en la Figura 33. La Tabla 4 recoge los
rendimientos globales (desde acido L-glutamico) para cada nucledsido sintetizado.
Algunos de estos nucledsidos protegidos han sido previamente sintetizados (ver

Materiales y Métodos)
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Figura 33. Nucleésidos desprotegidos obtenidos derivados de 2,3-didesoxi-D-ribosa.

Base nitrogenada Configuracion Rendimiento
Uracilo « 6%
B 8%
Timina « 4%
B 7%
6-azauracilo « 8%
B 10%
. [0 5%
5-fluorouracilo B 9%
. [0 6%
5-clorouracilo B 1%
. (e 5%
5-bromouracilo B 70
Citosina « 7%
B 8%
5-fluorocitosina x 10%
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B 11%
o 7%
B 7%

Tabla 4. Rendimientos globales de los nucleésidos desprotegidos obtenidos.

5-azacitosina

3.1.2 Sintesis de nucledsidos derivados de 3-azido-2,3-

didesoxi-D-ribosa

(0] (0]
OMe

HO HO
2-desoxi-D-ribosa

o)

O OMe Base
- TBDPSOW How

N3 N3

Basdndonos en la alta actividad inhibitoria del AZT y otros derivados frente
a la actividad de la RT de VIH nos propusimos como segundo objetivo sintetizar
nucleosidos derivados de 3-azido-2,3-didesoxi-D-ribosa. De entre las diversas
formas de introducir el grupo azido en el anillo de 2,3-didesoxi-D-ribosa,
escogimos la mas corta disponible, aunque modificando las condiciones, que
ademas utiliza como material de partida un compuesto quiral y ofrece buenos

rendimientos [434].

3.1.2.1 Sintesis del precursor de nucleosidos derivados de 3-azido-
2,3-didesoxi-D-ribosa

La ruta (Figura 29) parte de la 2-desoxi-D-ribosa que fue tratada acido
clorhidrico en metanol y a continuacidén protegido su hidroxilo en posicion 5
empleando cloruro de terc-butildifenilsilano (TBDPSCI), trifenilfosfina e imidazol
en DMF. Debido a que el rendimiento que se obtuvo fue bajo (40%, desde 2-desoxi-
D-ribosa), se exploraron otras opciones. Entre estas, la sustitucion de acido
clorhidrico por cloruro de acetilo [435] y realizar la silanizacion en DCM y en
presencia de DMAP y TEA [436] supuso la obtencion de la mezcla de anomeros 58
con un rendimiento del 60%, que si bien produjo una mejora, seguia sin ser la
reportada (70%) [434]. Los andmeros fueron separados mediante FCC y obtenidos

en una ratio (o/f) 1.9:1. El anomero 58« fue el que se utilizo para continuar esta
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ruta sintética, mientras que el anémero 58 fue destinado a la sintesis de derivados
3-fluoro-2,3-didesoxi-D-ribosa por los motivos que se veran mas adelante. Para
obtener el compuesto con el grupo azida en la configuracién correcta, es necesario
llevar a cabo dos reacciones Sn2 consecutivas, la primera de intercambio de
hidroxilo por yodo y la segunda de este ultimo por azida. Para esto el compuesto
58c se trato con trifenilfosfina, yoduro de metilo y azocarboxilato de dietilo
(DEAD) en tolueno calentando la reaccién a 110 °C obteniéndose 59 con un
rendimiento del 42% (siendo el reportado 40%). Sin embargo, la combinacién de
yodo, trifenilfosfina e imidazol en tolueno [437] aument6 el rendimiento de la
reaccion hasta el 92%, lo que supuso una importante mejora de la ruta sintética.
Tras la inversion de la configuracidn en el C3 tras el intercambio de hidroxilo por
yodo, se procedio a la SN2 de 59 con azida s6dica en DMF para formar el precursor
de nucledsidos derivados de 3-azido-2,3-didesoxi-D-ribosa 60 (54%, similar al 52%
reportado. Rendimiento del 30% desde 2-desoxi-D-ribosa) que contiene el grupo

azida con la configuracion deseada.

0
«OMe
Ho---QOH 1) AcCl, MeOH TBDPSO/\QW _fee, TBDPSO/\Q —

- 2) TBDPSCI, DMAP o
HO TEA, DCM

2-desoxi-D-ribosa 58 58a

I, PPhg, o) (o)
imi WOMe .OMe
imidazol TBDPSO/\5_7 NaN3,DMF TBDPSO/\Q
tolueno, 75 °C 80 °C N
I N3
59 60

Esquema 29. Sintesis del precursor de nucleésidos derivados de 3-azido-2,3-didesoxi-D-ribosa.

3.1.2.2 Acoplamiento entre el precursor 60 y las bases nitrogenadas

Base nitrogenada

O{ ..OMe silanizada O ~Base
TBDPSO/\Q — TBDPSO/\Q
< SnCly, ACN, <
N3 0°C »ta.,16h N3
60 Nucleésidos protegidos

Esquema 30. Reaccién de acoplamiento entre 60y las bases nitrogenadas silanizadas.

Una vez obtenido el precursor de nucledsidos derivados de 3-azido-2,3-
didesoxi-D-ribosa 60, se procedio a la reaccion de acoplamiento (Esquema 30)

entre este y las 9 bases nitrogenadas previamente mostradas y silanizadas como se
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ha visto. Las condiciones empleadas en la sintesis de nucledsidos derivados de 2,3-
didesoxi-D-ribosa no condujeron a la obtencién de tales compuestos en este caso
o lo hicieron con muy bajo rendimiento, como tampoco lo hizo el empleo de
TMSOTT en acetonitrilo anhidro [438]. En cambio, el uso de SnCls (1 M en DCM)
en ACN anhidro [439] logré llevar a cabo la reacciéon de acoplamiento
obteniéndose mezclas de estereoisoémeros como pudo detectarse mediante LC-MS
de baja resolucidén. Aunque se obtuvieron los nucledsidos protegidos deseados, el
rendimiento (TLC) no resultd satisfactorio. La silanizacién de la base con
bis(trimetilsilil)acetamida (BSA) a reflujo en ACN anhidro y la adicion de 60 y
SnCls sobre la reaccion anterior, una vez enfriada a 0 °C [440], generd los
nucleosidos protegidos en un rendimiento aparentemente mayor (TLC) que con el
proceso anteriormente mencionado. Ninguna de las mezclas obtenidas (Figura 34)
fue posible separarla en sus estereoisomeros puros mediante TLC o FCC
independientemente de la fase movil empleada. Debido a ello se procedié a la
desproteccion de los nucledsidos obtenido a fin de que su separacion fuera factible

una vez hecho.

R R
o, JTOO o FX/ NH,
N N
TBDPso/\<_7M N TBDPsow N
S o} N o}
N3 N3
Uracilo: R =H; X=CH Citosina: R=H; X=CH
Timina: R = Me; X = CH 5-fluorocitosina: R = F; X = CH
6-azauracilo: R=H; X =N 5-azacitosina: X =N

5-fluorouracilo: R = F; X = CH
5-clorouracilo: R = Cl; X = CH
5-bromouracilo: R = Br; X =CH

Figura 34. Estructuras de las mezclas de estereoisémeros de los nucleésidos derivados de 3-azido-
2,3-didesoxi-D-ribosa obtenidos

3.1.2.3 Desproteccion del hidroxilo en posicion 5 de los nucledsidos

protegidos derivados de 3-azido-2,3-didesoxi-D-ribosa

/\G,\NBase — TBAF > /\G,\NBase
TBDPSO \ THE HO \

N\3 N\3
Nucleésidos protegidos Nucledsidos

Esquema 31. Reaccién de desproteccién de los nucleésidos derivados de 3-azido-2,3-didesoxi-D-
ribosa.
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La desproteccién de estos derivados transcurrié como se esperaba con las
condiciones empleadas en la anterior familia y se obtuvieron las mezclas de
estereoisdmeros desprotegidos con un rendimiento cuantitativo (Esquema 31).
Estas mezclas de nucledsidos desprotegidos si pudieron ser separadas en su
respectivos estereoisdmeros mediante TLC a través del uso de distintas fases

moviles, aunque ain no han podido ser caracterizados.

3.1.3 Sintesis de nucleodsidos derivados de 3-fluoro-2,3-

didesoxi-D-ribosa

O (o)
OMe

HO HO
2-desoxi-D-ribosa

. TBDPSO/\GM OMe HO/\GM Base

F F

Los nucleodsidos derivados de 3-fluoro-2,3-didesoxi-D-ribosa han mostrado
tener una alta actividad inhibidora de RT de VIH (revisado en [441]). De hecho, el
cambio de azida por fldor en la molécula de AZT conlleva un aumento de la
actividad pero también de la toxicidad [442], [443] y en general esta familia de
compuestos ha demostrado ser util como terminadores de cadena [444]. Ademas,
comparte con la ruta anterior los primeros pasos de reaccion. Por todo ello, nos

propusimos sintetizar nucleosidos derivados de 3-fluoro-2,3-didesoxi-D-ribosa.

3.13.1 Sintesis del precursor de nucledsidos derivados de 3-fluoro-
2,3-didesoxi-D-ribosa

Aprovechando la ruta sintética anterior, que permitia obtener nucledsidos
derivados de 3-azido-2,3-didesoxi-D-ribosa, se escogio para la sintesis del precursor
de nucleodsidos derivados de 3-fluoro-2,3-didesoxi-D-ribosa una ruta con la que
comparte los primeros pasos (Esquema 32) [445]. La metilacion y subsiguiente
proteccion del hidroxilo libre en C5 de manera andloga a la anterior condujo a la
obtencion de la mezcla de andmeros 58. Una vez separados, se tomo el andmero

58 para continuar la ruta. Aunque el grupo hidroxilo puede intercambiarse por
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flaor, este quedaria con una configuracidon indeseada, siendo el objetivo que dicho
grupo tenga la misma configuracion que el hidroxilo en C3’ de los nucledsidos
naturales. Para ello, el hidroxilo en C3 fue a continuacién oxidado con un complejo
de 6xido de cromo (VI)/piridina/anhidrido acético (1:2:1) recién preparado en DCM
(oxidacién de Collins con anhidrido acético) que resulta especialmente dtil en la
sintesis de nucleodsidos ya que implica unas condiciones de reaccion suaves, sobre
todo con la adicion de anhidrido acético que ademas acelera la reaccion al facilitar
la reduccién del cromo (VI) [446], [447]. Estas condiciones aportaron un
rendimiento significativamente mayor (TLC) que el obtenido mediante el uso de
clorocromato de piridinio (PCC). De esta forma se obtuvo el compuesto 61 que
debido a su reportada inestabilidad fue sometido sin purificar a una reduccion
estereoselectiva con borohidruro sodico en etanol. La adicion de hidruro al C3 se
produce por la cara o del derivado de 3-fluoro-2,3-didesoxi-D-ribosa al estar menos
impedida obteniéndose rdpidamente 62 de forma muy mayoritaria o casi en
exclusiva, con total desaparicion del producto de partida. Con el grupo hidroxilo
en C3 con la configuracion apropiada, se llevo a cabo el intercambio de dicho grupo
por flaor con inversion de la configuracidn. Esta reaccion se realiza con trifluoruro
de dietilaminoazufre (DAST) como donador de fluoruros y permite obtener el
precursor de nucleosidos derivados de 3-fluoro-2,3-didesoxi-D-ribosa 63 aunque
con un rendimiento del 25% (frente al 43% reportado) para esta ultima reaccion,
lo que hace deseable explorar otras opciones que permitan sintetizar 63 con
mejores rendimientos (como utilizar una disolucién comercial de DAST 1 M en

DCM).

< 2) TBDPSCI, DMAP,
HO TEA, DCM

2-desoxi-D-ribosa 58 588

0 o) o)
OMe FCC OMe
HO“‘QMOH 1) AcCl, MeOH TBDPSO/\QM - TBDPSO/\Q’ .
] HO HO

o o 0
OMe OMe OMe

DCM EtOH Tol R
d tO HO' olueno F

61 62 63

Esquema 32. Sintesis del precursor de nucleésidos derivados de 3-fluoro-2,3-didesoxi-D-ribosa.
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3.13.2 Acoplamiento entre el precursor 63 y las bases nitrogenadas

Base nitrogenada

O _.OMe silanizada O ,~Base
TBDPSO/\Q’ — = TEsDPso/\(_?M
< SnCly, ACN, s
F 0°C > ta., 16 h F
63 Nucleésidos protegidos

Esquema 33. Reaccion de acoplamiento entre 63y las bases nitrogenadas silanizadas.

Para formar los nucledsidos derivados de 3-fluoro-2,3-didesoxi-D-ribosa se
llevé a cabo la reaccidon de acoplamiento (Esquema 33) en las mismas condiciones
que para los derivados de 3-azido-2,3-didesoxi-D-ribosa, las cuales condujeron a la

obtencion de nucledsidos protegidos.

3.1.4 Sintesis de nucledsidos derivados de 1,3-oxatiolano

Habida cuenta de la potente actividad inhibidora de RT de VIH por parte de
los L-nucledsidos derivados de 1,3-oxatiolano, especialmente emtricitabina y
lamivudina, se planted su sintesis. La sintesis quiral fue abordada en nuestro
laboratorio pero requiere mas de 20 pasos de reaccién [384] con un rendimiento
global demasiado bajo para nuestros propositos, de modo que se intentd por otras
rutas. Todas las rutas quirales precisan un nimero muy alto de reacciones, de
modo que se escogidé una ruta que permitia obtener mezclas racémicas para

posteriormente resolverlas.

Esta sintesis (Esquema 34) comienz6 transformando 2-buten-1,4-diol en el
disililéter correspondiente con TBDPSCl para a continuacion fragmentar la
molécula por ozonolisis obteniéndose el aldehido 64. Sin embargo, este aldehido
se obtuvo con mejores rendimientos afladiendo un paso intermedio en el que el
alqueno se dihidroxil6 con tetréxido de osmio (65) y posteriormente fue sometido
a una fragmentacion con tetraacetato de plomo. El aldehido 64 se hace reaccionar
con acido tioglicdlico para dar lugar a la tiolactona 66, que en presencia de DIBAL-
H y posterior acetilacién permitié obtener el precursor de nucledsidos derivado de

1,3-oxatiolano 67 como una mezcla racémica.
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Esquema 34. Sintesis del precursor de nucleésidos derivados de 1,3-oxatiolano.

Obtenido el precursor de nucledsidos derivados de 1,3-oxatiolano como una
mezcla racémica, se procedid a la aplicacion de algunas técnicas de resolucion de
enantiomeros sobre esta mezcla racémica o sobre 67. Al haber sido infructuosos
estos esfuerzos, se comentaran someramente. En primer lugar, 67 fue desprotegido
con TBAF para dar el alcohol correspondiente con la intencion de acetilarlo
enzimdticamente con acetato de vinilo y Chirazyme L-2, c.f., C-2 [448]. Esta
reaccion se llevd a cabo en distintas mezclas de éteres como disolventes ya que
afectan a la enantioselectividad de la reaccion. Sin embargo, ninguna de las
condiciones llevo a la obtencion de un producto de reaccion enantioméricamente
puro cuando fue analizado por un cromatografo de gases provisto con una columna
quiral, como tampoco lo hizo la desacetilaciéon enzimatica. Por otro lado, el
compuesto 67 desprotegido se esterifico con anhidrido diacetil-L-tartarico y con
anhidrido dibenzoil-L-tartarico [449], [450]. Aunque la reaccion transcurrio sin
problemas, los distintos estereoisomeros generados no pudieron ser aislados
mediante FCC, al menos en las cantidades necesarias para que resultase un sistema
practico. A la vista de los resultados se hace patente la necesidad de encontrar otra
estrategia que permita obtener nucledsidos derivados de esta familia con la

configuracion del C2 fijada.
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3.2 EVALUACION DE LA INHIBICION DE LA MOVILIDAD DE
RETROTRANSPOSONES EMPLEANDO NUCLEOSIDOS Y
DETERMINACION DE LA TOXICIDAD DE LOS COMPUESTOS

ENSAYADQOS

Con el objetivo de encontrar compuestos nucleosidicos que inhiban
selectiva y eficientemente la movilidad del retroelemento LINE-1 mediante su
interaccion con la RT, se evalud la capacidad de distintas estructuras nucleosidicas
para inhibir la retrotransposicion empleando para ello un ensayo de
retrotransposicion previamente establecido [44], [116], [285], [45]]. Para dichos
ensayos se utilizaron células Hel.a, las cuales presentan poca o ninguna expresion
enddgena de LINE-1 [452] pero soportan la retrotransposicion de retroelementos
transfectados, ademas de haber sido utilizadas previamente en numerosos ensayos
de retrotransposicion. Para determinar la capacidad inhibidora de estos
compuestos se empleo el LINE-1 humano L1.3, clonado en el plasmido JM101/L1.3
(Human L1.3) [453]. Para determinar la selectividad de los compuestos ensayados
se emplearon retrotransposones LTR de raton: MusD, contenido en el plasmido
pCMV-MusD-6neo™F (Mouse MusD) [454] e IAP, contenido en el plasmido
pIAP-921.23neo™F (Mouse IAP) [455] (Figura 35A). Simultaneamente, se llevaron
a cabo ensayos de clonabilidad/toxicidad a largo plazo, empleando para ello el
plasmido pU6ineo [191] que contiene el gen de resistencia a neomicina (sin intrén)
por lo que el posible efecto téxico observado seria debido tinicamente al nucleésido
afiadido al medio de cultivo. Estos ensayos preliminares para evaluar la capacidad

inhibidora de los compuestos se llevaron a cabo a dos concentraciones, 5y 25 uM.

Para realizar los ensayos de retrotransposicidon y de clonabilidad/toxicidad
a largo plazo se sembraron células HelLa, las cuales fueron transfectadas con los
plasmidos indicados. A las 24 horas se les cambio el medio de cultivo afiadiendo
los RTis indicados a las concentraciones mencionadas y fueron mantenidos
durante el resto del ensayo. A las 72 horas post-transfeccion se comenzdé la

seleccion con G-418, la cual se aplico durante 14 dias, tras los cuales las colonias

123



fueron fijadas y tefidas para ser contabilizadas (Figura 35B). Todos los ensayos de
retrotransposicion realizados se basan en el mismo principio: cada retroelemento
tiene clonado en su region 3’'UTR el gen de resistencia a neomicina (neomicina
fosfotransferasa, mneol [285]) en orientacion antisentido con respecto al promotor
de LINE-1l, pero esta interrumpido por un intréon en el mismo sentido
transcripcional que el promotor de LINE-1. Esto significa que el gen de resistencia
a neomicina solo puede expresarse, desde su propio promotor, una vez eliminado
dicho intrén mediante splicing del transcrito generado desde el promotor de LINE-
1 y subsiguiente insercion en el genoma (Figura 35C). Resumidamente, si se
produce retrotransposicion desde el retroelemento presente en el plasmido, habra
un mayor namero de colonias ya que son resistentes a la neomicina (o G418)
adicionada al medio de cultivo al haber incorporado en su genoma el gen de
resistencia a dicho antibidtico, mientras que si se inhibe la retrotransposicion
habrd un menor numero de colonias resistentes a neomicina al no haberlo
incorporado. Los resultados son cuantitativos, de modo que el numero de colonias

resultantes es proporcional a la inhibiciéon de la retrotransposicion.

124



Human L1.3
Dial Siembra

CMV _5UTR ORF1 ORF2 O HN3UTR

Dia2 Transfeccion

Dia3 +RTi

Dia5 Seleccion G418

1
Dia19 . F11ac1(.)n, t1r.1'c10n y
cuantificacion
de las coloniasa

r
N e e

‘Transcription

Splicing

VVWWWWWWWWWWWWWWY

Reverse transcription
and integration|

———Tis

... _ - S
Genomic DNA — [ I eonposn N | > — — o
| Jdn L AN

!
@

Figura 35. Ensayo de retrotransposicion con el gen de resistencia a neomicina como gen
reportero de la movilidad. A. Representacion de los pldsmidos empleados en los ensayos de
retrotransposicion con el gen de resistencia a neomicina como gen reportero. Las principales
caracteristicas de cada elemento estdn representadas, pero no a escala. La expresién del
retroelemento IAP depende de su promotor interno, a diferencia de MusD que lo hace desde el
promotor CMV (flecha azul pdlido). Ver Figura 2 para mds informacién sobre la estructura de los
retrotransposones. Neo, gen de resistencia a neomicina; pUC ori, origen de replicacién bacteriano;
AmpR, gen de resistencia a ampicilina; EBNA-1 y OriP, antigeno nuclear y origen de replicacién
eucariota. B. Esquema del desarrollo temporal de los ensayos con el gen de resistencia a neomicina
como gen reportero. C. Esquema del proceso de retrotransposicién desde el retroelemento marcado
con el gen reportero presente en el plasmido. El gen de resistencia a neomicina se puede expresar
tras un evento de retrotransposicion. En presencia de RTis, la inhibicion de la movilidad impide su
expresion. Ver Figura 9 para mds informacion.

Ademas se evalu¢ la toxicidad aguda mediante el ensayo MTT [456]. Para

ello, se sembraron células HeLa en una placa de 96 pocillos y a las 24 horas se les
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cambio el medio conteniendo el RTi indicado a las mismas concentraciones que
los ensayos de retrotransposicion (5 y 25 uM). A las 72 horas (Figura 37 inferior
derecha) se afiade el reactivo MTT (una sal de tetrazolio) que es transformado por
enzimas oxidoreductasas dependientes de NADH a formazan, insoluble en el
medio de cultivo. Esta transformacion depende de la actividad metabdlica de las
células de modo que a mayor nimero de células mayor sera la formaciéon de
formazdn. Este compuesto es de color morado por lo que una vez disuelto en
dimetilsulfoxido puede medirse su absorbancia, que sera proporcional al numero

de células de cada pocillo.

En nuestra busqueda de inhibidores potentes y selectivos de LINE-], tres
grupos de compuestos nucleosidicos fueron ensayados: farmacos comercializados
frente a RT de VIH, compuestos con estructura nucleosidica obtenidos de fuentes

comerciales y 2’,3’-didesoxi-D-ribonucleésidos sintetizados.

3.2.1 Evaluacion de la inhibicion de la de la movilidad de

retrotransposones de farmacos comercializados

frente a RT de VIH (y toxicidad)

El primer grupo testado fue el de farmacos que se emplean en el tratamiento
del SIDA y que ejercen su efecto mediante la inhibicién de su RT, lo que en un
principio podria significar mayor facilidad de encontrar una molécula inhibidora
de RT de LINE-1 (ademas de los encontrados previamente que han sido
comentados mas arriba). De hecho, asi se confirmé en estudios preliminares
anteriores en nuestro laboratorio. Entre estos farmacos se utilizaron 6 NRTIs
(abacavir, AZT, emtricitabina, lamivudina, stavudina y tenofovir) y 3 NNRTIs
(efavirenz, etravirina y nevirapina) (Figura 36), estos tltimos como controles
negativos ya que al unirse a un sitio alostérico de la RT de VIH dificilmente podrian
inhibir la RT de LINE-1 (de hecho, no son activos o presentan muy baja actividad

frente VIH-2).

126



F

N = O
NS O o ™
" wo T Ho )y
~ O S
NH, N3 O
Abacavir AZT Emtricitabina
NH,
= NH,

f(]ﬁo
Oy ..N

o Oy
o}

o /
/l:., J,.\N N
HO g ZZ/

N— X
JRAS

Ho-P NT>N
o O

Stavudina Lamivudina Tenofovir
NH,
H
0w N NC NZ Br o
T BNy g
¢} N
i N N9 7\
N \\v AT
CN
Efavirenz Etravirina Nevirapina

Figura 36. Firmacos comercializados frente a RT de VIH empleados en este estudio.

El resultado de la evaluacidén de estos compuestos mostrd que todos los
NRTIs eran activos inhibiendo la retrotransposicién de Human L1.3. Sin embargo,
estos datos han de ser corregidos, para obtener los valores de inhibicion reales,
empleando los datos de cuantificacion del ensayo de clonabilidad/toxicidad a largo
plazo (en adelante se simplificara a clonabilidad) con el plasmido pU6ineo (Figura
37). De hecho, algunos compuestos revelaron ser toxicos para estas células en el
ensayo de clonabilidad de una forma dosis dependiente. AZT y efavirenz
produjeron una leve toxicidad a 5 pM y mds marcada a 25 pM mientras que la
etravirina resultd altamente téxica a ambas concentraciones. El ensayo de MTT
(Figura 38) para esta serie de compuestos arrojé unos resultados similares a los de

clonabilidad, revelando cierta toxicidad del tenofovir a 25 pM.
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Figura 38. Viabilidad celular de HeLa para los farmacos comercializados frente a RT de VIH mediante
el ensayo MTT.

Una vez corregidos los datos para Human L1.3 (Figura 39), seguia
observandose una importante inhibicién por parte del abacavir a 25 uM y de AZT,
emtricitabina, lamivudina, stavudina y tenofovir de forma dosis dependiente,
mientras que nevirapina produce una inhibicion moderada independiente de la
dosis. La emtricitabina y la lamivudina destacan entre los compuestos

inhibidores por su ausencia de toxicidad, tanto a corto como a largo plazo, asi como
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por su potencia ya que reducen la retrotransposicion un 65% y 60%
respectivamente a 5 pM y 85% y 70% respectivamente a 25 uM. El tenofovir
también mostro una potencia muy elevada con valores cercanos al 100% de
inhibicion, aunque también cierta toxicidad aguda. A excepcion de la nevirapina,
los NNRTIs no surtieron efecto alguno sobre la retrotransposicion de Human LL.3,
como por otra parte se esperaba. En general, y teniendo en cuenta las diferencias

experimentales, los datos obtenidos son coherentes con los anteriormente

publicados [291], [293].
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Figura 39. Resultado y cuantificacion del ensayo de retrotransposicién en células HeLa de los
fdrmacos comercializados frente a RT de VIH con Human LI.3.

Para determinar la selectividad de los compuestos anteriores para inhibir
Human L1.3, se ensayaron estos mismos empleando para ello los retrotransposones
LTR Mouse MusD y Mouse IAP (ERVs). Usando de nuevo los valores del ensayo de
clonabilidad, se cuantifico la inhibicidn de la retrotransposicion que se produjo
usando los retroelementos mencionados (Figura 40 y 41). Asi, se pudo determinar
que abacavir, nevirapina y stavudina son capaces de inhibir modestamente a 25
MM la retrotransposicion de Mouse MusD mientras que AZT y tenofovir

mostraron una potente inhibicion dosis dependiente de ambos LTRs.

129



E Pol .SID Si\ Abacavir
— I eI T R —
I

Mouse LTR retrotransposon MusD Efavirenz

120+ Emtricitabine
c _100-
2T |
=9 Etravirine
g Q g0
gf ‘
€8
E g 60- Lamivudine 0'
8%
® S 40
m o ] . 1 N
L = Nevirapine | ]
° 20+ L s O
1 Fa : ot
| . 7 s
0- Stavudine 4 o
& A __£4]

‘4\ SIS e
# 6"&0 ?' \? @db ,_,-0 « Tenofovir " w

Figura 40. Resultado y cuantificacién del ensayo de retrotransposicién en células HeLa de los
fdrmacos comercializados frente a RT de VIH con Mouse MusD.
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Figura 41. Resultado y cuantificacion del ensayo de retrotransposicion en células HeLa de los
fdrmacos comercializados frente a RT de VIH con Mouse IAP.

Analizado el grupo de farmacos inhibidores de RT comercializados para el

tratamiento del SIDA, AZT y tenofovir mostraron ser inhibidores potentes, pero
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no selectivos, de Human L1.3, ademas de ser toxicos en células HeLa (sobre todo
AZT). La stavudina también resulto ser relativamente selectiva al mostrar una
ligera actividad significativa sobre Mouse MusD a 25 pM, ademas de algo tdxica.
Sin embargo, emtricitabina y lamivudina destacaron de entre estos farmacos
como inhibidores potentes y selectivos de Human L1.3, lo que hizo que fueran

seleccionados para llevar a cabo futuros experimentos.

3.2.2 Evaluacion de la inhibicion de la de la movilidad de
retrotransposones de compuestos con estructura
nucleosidica obtenidos de fuentes comerciales (y

toxicidad)

Para ampliar la variabilidad estructural del presente estudio, se adquirieron
9 compuestos con estructura nucleosidica de distintas casas comerciales (Figura

42).

=N\ 0
%\fo A@AN//\/& fg?o

F

6_o v T
d ]

F

c1 c2 c,
C5 ce o7
[~y A =\ NHAc oL wh,
ONaNC N 0N Ao \%\(
HO/H\GQ; 2)7/ HO/;Q: ngH C /\O()_Z‘: Nw|N
c8 co c10

Figura 42. Compuestos con estructura nucleosidica obtenidos de fuentes comerciales empleados en
este estudio.

Estos compuestos fueron sometidos a los mismos ensayos de
retrotransposicion, clonabilidad y MTT que la anterior familia de compuestos. En

los ensayos de clonabilidad, C1 resultd ser toxico a 5 pM y C4 altamente tdxico a
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las dos concentraciones ensayadas de manera dosis no dependiente (Figura 43).
Por otra parte, ninguno estos compuestos mostraron toxicidad en el ensayo de
MTT (Figura 44), a la vez que si lo hicieron C2, C8 y C9, aunque de forma discreta.
Tras emplear estos datos para corregir la cuantificacion de los ensayos de
retrotransposicion, se pudo comprobar que C4 produjo una inhibicion dosis
dependiente en Human L1.3 (Figura 45) y LTRs de ratén (Figura 46 y 47), al igual

que C9 inhibié6 Human L1.3 aunque en un grado sumamente menor.
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Figura 43. Resultado y cuantificacién del ensayo de clonabilidad en células HeLa de compuestos con
estructura nucleosidica obtenidos de fuentes comerciales.
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Figura 44. Viabilidad celular de HeLa para los compuestos con estructura nucleosidica obtenidos de
fuentes comerciales mediante el ensayo MTT.
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Figura 45. Resultado y cuantificacién del ensayo de retrotransposicién en células HeLa de los
compuestos con estructura nucleosidica obtenidos de fuentes comerciales con Human LI.3.

El compuesto C4 (o alovudina) fue una molécula que alcanzo la fase II de
ensayos clinico para ser usado en el tratamiento del SIDA como NRTI, si bien
debido a su alta toxicidad fue descartado para tal proposito [457]. Esto es
consistente con la observacion de que inhibe Human L1.3 y LTRs de ratén, a la vez
que resulta altamente téxico. Las estructuras con 3-OH (C7, C8 y C9) no
mostraron ningun efecto sobre la retrotransposicion, probablemente debido a que
al tener presente y libre dicho grupo podrian incorporarse en teoria por la RT a la
hebra de DNA creciente en el punto de insercién gendémico y a continuacion afadir
el siguiente nucleotido uniéndolo al 3’-OH de estos compuestos. Los compuestos
con 2’ 3-isopropilidenen (C2, C6, C10) en principio pueden actuar como
terminadores de cadena al carecer del grupo 3’-OH. Sin embargo, su actividad
depende de ser fosforilados enzimaticamente y de su posterior interaccion con la
RT para ser adicionados a la nueva hebra, lo que puede estar impedido

estéricamente en estos casos por el grupo 2’,3’-isopropiliden.
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Figura 46. Resultado y cuantificacién del ensayo de retrotransposicién en células HeLa de los
compuestos con estructura nucleosidica obtenidos de fuentes comerciales con Mouse MusD.
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Figura 47. Resultado y cuantificacién del ensayo de retrotransposicién en células HeLa de los
compuestos con estructura nucleosidica obtenidos de fuentes comerciales con Mouse IAP.
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Entre las moléculas de este grupo, ninguna estructura resulté util puesto
que el anico inhibidor con potencia suficiente para ser interesante seria el C4, si
bien su falta de selectividad y su importante toxicidad a largo plazo lo descartaron

para futuros experimentos.

3.2.3 Evaluacion de la inhibicion de la de la movilidad de
retrotransposones de los nucleosidos derivados de

2’,3’-didesoxi-D-ribosa sintetizados (y toxicidad)

Con el objetivo de expandir atin mas los limites del cribado llevado a cabo
en este trabajo, se sintetizaron nucledsidos derivados de 2’,3’-didesoxi-D-ribosa
(como se ha descrito mads arriba) para su evaluacion como inhibidores de Human
L13. Un total de 18 nucledsidos, 9 parejas de estereoisomeros o y [, fueron
sintetizados y testados, todos conteniendo bases nitrogenadas derivadas de
pirimidina (Figura 48). Algunos de estos compuestos han sido previamente

sintetizados y han sido referenciados en Materiales y Métodos.
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Figura 48. Nucleésidos derivados de 2’,3™-didesoxi-D-ribosa sintetizados empleados en este estudio.

Los ensayos de MTT (Figura 49) mostraron que varios de los compuestos
de esta familia exhibian toxicidad aguda en células HeLa, la cual oscil6 entre leve-
moderada para B-ddU y B-ddT y moderada-alta para a-ddAU, 3-ddAU, a-ddFU,
B-ddFU, B-ddC y B-ddFC. Todos los compuestos que presentaban una toxicidad
aguda moderada-alta resultaron ser también toxicos en el ensayo de clonabilidad
de una forma dosis dependiente (Figura 50), de nuevo con valores de toxicidad
elevados. Algunos de estos efectos toxicos han sido descritos previamente. a-ddFU
y B-ddFU han demostrado ser toxicos en células HeLa [458] y por otra parte, como
se ha explicado anteriormente, los nucledsidos en el citoplasma de la célula pueden
hidrolizarse en el derivado de furanosa y la base nitrogenada, dando en este caso

5-fluorouracilo. Conocido desde hace décadas por su actividad anticancerigena, el
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5-fluorouracilo, a través de dos de sus metabolitos, actia inhibiendo la timidilato
sintasa por un lado, y compitiendo por el uracilo durante la sintesis de RNA [459].
En el caso de B-ddC (o zalcitabina), este fue el tercer farmaco aprobado para el
tratamiento del SIDA, pero fue retirado por los graves efectos adversos que
producia. De entre estos efectos adversos destaca la inhibicion de la DNA
polimerasa y (mitocondrial) la cual tiene una elevada actividad en células
tumorales por lo que tiene una accidn anticancerigena, lo que a su vez explica la
toxicidad en células HeLa [460]. La toxicidad de B-ddFC se puede explicar por un
mecanismo similar al de ddFU, ya que la enzima citidina deaminasa transforma la
citidina en uridina (y también la ddFC en ddFU), dando como resultado B-ddFU

[461] que ejerce su toxicidad como ya se ha visto.
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Figura 49. Viabilidad celular de Hela para nucledsidos derivados de 2’3’-didesoxi-D-ribosa
sintetizados mediante el ensayo MTT.

Mediante estos datos se corrigidé la evaluacion de la inhibiciéon de la
movilidad de Human L1.3 (Figura 51). Como resultado se puedo determinar que
varios nucledsidos sintetizados inhibian la retrotransposicion de dicho elemento.
B-ddT, «-ddFU y B-ddFC tuvieron un efecto medio sobre la retrotransposicion,
siendo el altimo el que mayor inhibicion produjo. El compuesto B-ddC parece

inhibir la retrotransposicion de Human L1.3 de forma moderada y con valores
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similares a B-ddFC, si bien la disminucién no es estadisticamente significativa. Sin
embargo, el compuesto B-ddAC mostré6 una potente inhibicion de Ia
retrotransposicion de Human L1.3 (60% a 5 pM y 95% a 25 pM) de una forma dosis
dependiente. Cuando se ensayo esta familia de nucledsidos para evaluar su
capacidad de inhibicion de retroelementos LTR de ratén, ninguno de ellos tuvo
efecto sobre la movilidad del retrotransposon LTR Mouse IAP (Figura 53).
Curiosamente utilizando el retroelemento Mouse MusD B-ddAU y B-ddFU
mostraron una leve inhibicion de su retrotransposicion mientras que el compuesto
B-ddAC no tuvo efecto alguno sobre la movilidad de los retrotransposones LTR de
raton (Figura 52). Esta selectividad y potencia frente a Human L1.3, junto con su
nula toxicidad (a las concentraciones ensayadas), hicieron que el compuesto

B-ddAC fuera seleccionado para llevar a cabo ensayos posteriores.

Con los resultados obtenidos hasta ahora, parece que la RT de LINE-1
humano muestra cierta selectividad por unirse a nucleésidos derivados de citosina.
Todos los nucledsidos activos y selectivos sobre LINE-1 humano frente a
retrotransposones LTR de ratén son derivados de esta base nitrogenada: B-ddAC,
emtricitabina y lamivudina. Ademas, B-ddFC y B-ddC también parecen ser
inhibidores selectivos, si bien de forma mucho menos potente y sobre todo con
una importante toxicidad que limita su uso en estudios posteriores. Por otra parte,
y como cabia esperar, solo los nucledsidos con la configuracién [ poseen actividad
inhibitoria sobre los retrotransposones en general de forma significativa, al menos
con los datos obtenidos en este estudio. La falta de una estructura cristalina del
dominio RT de LINE-I por las dificultades de su que parece implicar [60], [132], ya
sea humana o de otra especie, impide realizar estudios computacionales a fin de
encontrar una estructura quimica cuyas caracteristicas estructurales permitan
obtener andlogos nucleosidicos mas potentes y selectivos. A pesar de que enzimas
relativamente cercanas desde el punto de vista filogenético, como las del grupo II
de intrones, han sido cristalizadas [135], [462], asi como de retrotransposones LTR
de levaduras Ty3 [463], estas enzimas no son adecuadas para los estudios
anteriormente mencionados. Por ello, a dia de hoy la tinica manera consistiria en

desarrollar dichos andlogos quimicamente y evaluarlos en cultivo celular.
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En resumen, 3 familias de nucledsidos, un total de 33 compuestos (ademas de los
3 NNRTIs), fueron sometidos a una evaluacion para determinar su capacidad de
inhibir selectivamente el retroelemento transfectado Human L1.3 en células
HeLa, ademas de evaluar la toxicidad de los mismos mediante el ensayo MTT

(toxicidad aguda) y el plasmido pU6ineo (toxicidad a largo plazo/clonabilidad).

3.2.4Determinacion del alcance de la selectividad y

potencia de los nucleosidos selectivos y no toxicos.

Los compuestos B-ddAC, emtricitabina y lamivudina demostraron ser
inhibidores potentes, selectivos y no téxicos de la movilidad del retroelemento
Human L13. Ninguno de ellos mostréo actividad inhibitoria sobre
retrotransposones LTR de raton. Con el objetivo de completar la caracterizacion
de B-ddAC, emtricitabina y lamivudina como inhibidores selectivos, estos
fueron sometidos a una serie de ensayos en los que se incluyeron distintas

concentraciones de RTij, células y/o retrotransposones utilizados hasta ahora.

3.2.5 Ensayos de dosis-respuesta de los nucledsidos

selectivos y no toxicos

Una vez caracterizados los 3 RTis como inhibidores potentes, selectivos y
no toxicos de la movilidad del retroelemento LINE-1 humano, nos propusimos
evaluar un rango de concentraciones mas amplio que el anterior a la vez que
evaluamos la capacidad de B-ddAC, emtricitabina y lamivudina para inhibir la
retrotransposicion de LINE de ratéon. Para ello utilizamos un ensayo de
retrotransposicion previamente establecido [151], [287] que emplea el gen de
resistencia a blasticidina (blasticidina-S desaminasa) como gen reportero [464] de
la retrotransposicion (Figura 54). En este caso, se emple6 un LINE humano L1.3
[453] contenido en el plasmido JJ101/L1.3 [465] y un LINE de raton LIMd-Lloy [466]
contenido en el plasmido JJLISM [467]. El principio de este ensayo es idéntico al
de neomicina ya que el gen de resistencia a blasticidina esta interrumpido por un
intron. Resumidamente, mas retrotransposicion se traduce en mayor numero de

colonias resistentes a blasticidina. La duracion de este ensayo es menor a la del
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ensayo con el gen de resistencia a neomicina por la rdpida muerte celular que
provoca la blasticidina. Brevemente, al dia siguiente de la siembra se transfectaron
células HeLa con los plasmidos indicados y tras 24 horas se cambio6 el medio de
cultivo afiadiendo el RTi correspondiente a la concentracion indicada (0, 1, 2.5, 5,
10 y 20 pM), la cual fue mantenida hasta el final del ensayo. A los 5 dias post-
transfeccion se comenzd la seleccion con blasticidina, la cual durdé 9 dias
adicionales. Transcurrido este tiempo las colonias se fijaron y tifieron para ser

contabilizadas.
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Figura 54. Ensayo de retrotransposicién con el gen de resistencia a blasticidina como gen
reportero de la movilidad. A. Representacion de los pldsmidos empleados en los ensayos de
retrotransposicion con el gen de resistencia a blasticidina como gen reportero. Las principales
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caracteristicas de cada elemento estdn representadas, pero no a escala. Ver Figura 2 para mds
informacién sobre la estructura de los retrotransposones. Blast, gen de resistencia a blasticidina;
pUC ori, origen de replicacién bacteriano; AmpX, gen de resistencia a ampicilina; EBNA-1 y OriP,
antigeno nuclear y origen de replicacion eucariota. B. Esquema del desarrollo temporal de los
ensayos con el gen de resistencia a blasticidina como gen reportero. C. Esquema del proceso de
retrotransposicién desde el retroelemento marcado con el gen reportero presente en el pldsmido. El
gen de resistencia a blasticidina se puede expresar tras un evento de retrotransposicion. En
presencia de RTis, la inhibicion de la movilidad impide su expresién. Ver Figura 9 para mds
informacion.

Este ensayo evidencié la potente capacidad inhibitoria de B-ddAC,
emtricitabina y lamivudina frente a LINE humano (Figura 55) y también de
raton (Figura 56) incluso a concentraciones muy bajas en ambos casos, aunque la
inhibicion de LINE humano fue mas significativa. A diferencia del resto de los
ensayos, en este no se observaron diferencias importantes entre los 3 RTis en

cuanto a su comportamiento para inhibir la retrotransposicidn, ofreciendo valores

similares.
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Figura 55. Resultado y cuantificacion del ensayo de retrotransposicion en células HeLa de los
nucledsidos derivados de 2’,3’-didesoxi-D-ribosa sintetizados con Jji01/L1.3.
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Figura 56. Resultado y cuantificacién del ensayo de retrotransposicion en células HeLa de los
nucleédsidos derivados de 2,3 -didesoxi-D-ribosa sintetizados con JJLiSM.

A continuacion, medimos la actividad de B-ddAC, emtricitabina y
lamivudina para inhibir la retrotransposicion de LINE humano en células
HEK293T, pero utilizando sistema ligeramente distinto a los anteriores. En este
caso, ademas de utilizar otro tipo celular para comprobar que la efectividad de los
RTis se mantenia, se empleo el plasmido pYX014 [286] en el que se ha incluido el
LINE humano Llrp [468] (semejante al contenido en el plasmido JM101/L1.3). En
este retroelemento se ha clonado el gen de la luciferasa de luciérnaga en
antisentido en su regién 3’'UTR y, de la misma forma que anteriormente,
interrumpido por un intrén que impide la expresiéon del gen de la luciferasa salvo
que tenga lugar un evento de retrotransposicion (Figura 57). La luz generada por
esta enzima en presencia de su sustrato, la luciferina, es cuantificable y fue usada

para medir la inhibicion de la retrotransposiciéon por parte de B-ddAC,
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emtricitabina y lamivudina sobre un LINE humano. Para normalizar los
resultados con respecto a la transfeccion se emple6 la luminiscencia de la luciferasa
de renilla, contenida en el mismo plasmido pYX014, y como control negativo del
ensayo el plasmido pYXO015, el cual es idéntico al anterior salvo por dos mutaciones
con cambio de sentido en ORF1 que impiden la movilidad del retrotransposdn.
Estos ensayos se llevaron a cabo como se ha descrito previamente [I150].
Brevemente, las células HEK293T fueron sembradas y transfectadas al dia siguiente
con los plasmidos correspondientes. Transcurridas 6 horas desde la transfecciéon
se cambio el medio afiadiendo los RTis a distintas concentraciones (0, 2.5, 5, 10, 15
y 20 uM), las cuales fueron mantenidas hasta el final del ensayo. A las 24 horas
post-transfeccidon se comenzo la seleccion con puromicina, que se aplicé durante
3 dias adicionales tras los que se midid la actividad de la luciferasa de luciérnaga y

de renilla.
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Figura 57. Ensayo de retrotransposicion con el gen de la luciferasa como gen reportero de
la movilidad. A. Representacion de los pldsmidos empleados en los ensayos de retrotransposicién
con el gen de la luciferasa como gen reportero. Las principales caracteristicas de cada elemento
estdn representadas, pero no a escala. Ver Figura 2 para mds informacién sobre la estructura de los
retrotransposones. Fluc, luciferasa de luciérnaga; pUC ori, origen de replicacién bacteriano; Amp¥,
gen de resistencia a ampicilina; Puro®, gen de resistencia a puromicina; RLuc, luciferasa de renilla;
EBNA-1y OriP, antigeno nuclear y origen de replicacién eucariota. B. Esquema del desarrollo
temporal de los ensayos con el gen la luciferasa como gen reportero. C. Esquema del proceso de
retrotransposicion desde el retroelemento marcado con el gen reportero presente en el pldsmido. El
gen de la luciferasa se puede expresar tras un evento de retrotransposicién. En presencia de RTis, la
inhibicién de la movilidad impide su expresion. Ver Figura 9 para mds informacién.
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Los resultados confirmaron de nuevo que B-ddAC, emtricitabina y
lamivudina se comportaban como inhibidores de un LINE humano en otro tipo
celular, empleando un sistema reportero distinto (Figura 58). El compuesto
B-ddAC mostro significativamente ser el mas potente de los tres, seguido de una
potente inhibicion por la lamivudina y finalmente por emtricitabina que en este
caso inhibié la retrotransposicion de una forma mas moderada.
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Figura 58. Cuantificacién del ensayo de retrotransposicién en células HEK293T de los nucledsidos
selectivos con pYX0I4.

La menor actividad de los compuestos ensayados en células HEK293T
puede estar motivado por distintos factores como a una menor cantidad o
actividad de transportadores de membrana, una menor actividad metabdlica
(necesaria para transformar los nucledsidos en los nucledtidos activos) o una
capacidad disminuida de estas células para expresar el retrotransposon contenido
en el plasmido. Ademas, a diferencia de las células Hela, las HEK293T, aunque
bajos, presentan ciertos niveles de expresion enddgena de LINE-1 [186], por lo que
podria darse una competencia entre la reversotranscriptasa endogenay la generada

por el plasmido para unirse a los nucledsidos.
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3.2.6 Controles adicionales sobre la validez de los

resultados

Para descartar que los resultados observados anteriormente no se debian a
efectos indirectos no relacionados con la inhibicién de la retrotransposicién, se
realizaron ensayos para determinar la estabilidad del plasmido en presencia de los
RTis asi como para detectar posibles cambios en los niveles de RNA de LINE-I.
Ademas de B-ddAC, emtricitabina y lamivudina, se utilizaron como controles
tenofovir (inhibicion no selectiva, no toxico), AZT (inhibicion no selectiva, toxico),
C5 (no inhibicidn, no toxico). Para realizar estos controles se transfectaron células
HeLa con el plasmido JMI101/L13 (Figura 59) y se pusieron en contacto con los
distintos nucledsidos durante 48 horas a 25 pM, tras lo cual se extrajo DNA
gendémico y RNA. Para comprobar la integridad del plasmido se cuantificaron sus
niveles mediante qPCR (quantitative Polymerase Chain Reaction) empleando para
tal fin unos primers que amplifican una regién del gen EBNA-I (contenido en el
plasmido) y otros que lo hacen de una region del gen GAPDH para normalizar los
datos. Para cuantificar los niveles de RNA de LINE y descartar asi que los RTis
pudieran afectar a la expresion del retroelemento contenido en el plasmido se llevo
a cabo una RT-qPCR (Reverse Transcription-qPCR) empleando unos primers que
amplifican una region transcrita por el gen de resistencia a neomicina (una vez ha
sufrido el splicing) y otros que lo hacen del transcrito del EBNA-1 para normalizar
los datos. Ni los niveles de plasmido ni los de RNA del LINE humano contenido en
él sufrieron variaciones significativas en presencia de los RTis, confirmando que
los resultados obtenidos anteriormente no se habian debido a una disminucién de

los valores mencionados.
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Figura 59. Control de la estabilidad del pldsmido (qPCR) y de la expresién de RNA de LINE-I (RT-
qPCR).

A continuacidn, se llevaron a cabo ensayos de toxicidad con B-ddAC,
emtricitabina y lamivudina en células PA-1, las cuales sobreexpresan de forma
enddgena LINE-1 [469], mediante el ensayo de MTT. Esta evaluacion mostré que
los 3 RTis no mostraban toxicidad en PA-1 a bajas concentraciones (5 y 25 pM)
como tampoco lo hicieron a altas concentraciones (50 y 150 puM) (Figura 60).
Finalmente, se analizd la posibilidad de que estos compuestos (junto con tenofovir,
C5 y Cl) provocaran cambios en los niveles de ORFlp de LINE-1 en células PA-1
(empleando p53 como normalizador). Para ello, se sembraron células PA-1y se
pusieron en contacto con los distintos RTis a 25 uM durante 96 horas, tras las
cuales se midio la cantidad de proteina. E1 Western Blot mostré que ninguno de
los compuestos provocd cambios significativos en los niveles de expresion de
ORFlp. Resultados similares ofrecid la misma prueba cuando fue realizada con
células HeLa (Figura 61). De esta manera quedé demostrado que los RTis carecen
de toxicidad tanto en células con sobreexpresion endogena de LINE-1 (PA-1) como

en células con bajos o nulos niveles de expresién (HeLa) de LINE-1.
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Figura 60. Viabilidad celular de PA-I para los nucledsidos selectivos mediante el ensayo MTT.
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Figura 61. Andlisis de la expresién de ORFIp de LINE-1 mediante Western blot en células PA-1y HeLa
en presencia de compuestos nucleosidicos (25 uM).

3.2.7 Evaluacion de la selectividad de los nucleodsidos

activos y no toxicos

Para confirmar definitivamente la selectividad de B-ddAC, emtricitabina
y lamivudina, se repitieron los ensayos de retrotransposicion con el gen de
resistencia a neomicina como gen reportero, empleando Mouse MusD y Mouse
IAP, pero esta vez las concentraciones a las que se llevaron a cabo los experimentos
fueron 50 y 150 pM a fin de comprobar si se comportaban como inhibidores de
retrotransposones LTR a concentraciones superiores. Para corregir los datos se
determino la toxicidad utilizando esas mismas concentraciones en el ensayo MTT
y con pU6ineo. Bajo estas condiciones, ninguno de los compuestos produjo una
disminucidn de la retrotransposicion de Mouse MusD o Mouse IAP (Figura 62) ni
tampoco mostraron toxicidad (Figura 63) en los ensayos destinados a su
determinacion. La ausencia de actividad inhibitoria sobre la movilidad de los

retrotransposones LTR de ratén a 50 y 150 pM (muy superiores a las anteriores)
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demostro definitivamente que B-ddAC, emtricitabina y lamivudina eran
nucledsidos que inhibian selectivamente la movilidad de LINE-1 humano de

manera potente y sin exhibir toxicidad.
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Figura 62. Resultado y cuantificacion del ensayo de retrotransposicién en células HeLa de los
nucledsidos selectivos con Mouse MusD y Mouse IAP.
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Probada la selectividad de B-ddAC, emtricitabina y lamivudina frente a
LINE-1 humano, nos propusimos confirmar el alcance de dicha selectividad
midiendo su capacidad para inhibir la movilidad de LINEs de ratdn, similares a los
LINEs humanos. Para ello, llevamos a cabo un ensayo de retrotransposicion con el
gen de resistencia a neomicina en células HeLa como se ha relatado anteriormente.
En este caso se emplearon 3 LINEs de raton (igual o semejantes al contenido en el
plasmido JJLISM, Figura 56) de distintas familias, LIMd-A , LIMd-Tr y LIMd-Gr
[470]-[472], 1as cuales se diferencian basicamente en su region promotora: LIMd-
Llon [466], contenido en el plasmido pCEPLISM (Mouse LI1-Tr) [473]; LIMd-Gr21,
contenido en el plasmido pCEP-TGr21 (Mouse L1-GF) [471]; LIMd-Al10], contenido
en el plasmido pCEP-A101 (Mouse L1-A) [471]. Mediante este ensayo se pudo
confirmar que B-ddAC, emtricitabina y lamivudina eran capaces de inhibir
también los LINEs de raton, si bien esta inhibicion fue bastante menos acusada que
en el caso de Human L13 (Figura 64). En base a los datos obtenidos, B-ddAC
resulto ser el mas potente para inhibir Human L1.3 a la vez que en general fue el
menos potente para los LINEs de raton, la emtricitabina fue el segundo en
potencia frente a Human LL3 al igual que al inhibir LINEs de ratéon y la
lamivudina, aunque menos potente frente a Human L1.3 que los anteriores,
resulto ser la mas potente para inhibir LINEs de raton, aunque esta inhibicién no

fue excesivamente grande.
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Figura 64. Resultado y cuantificacién del ensayo de retrotransposicién en células HelLa de los
nucledsidos selectivos con LINE-1 humano (Human L1.3), LINE-1 de ratén (Mouse LI-A, Mouse LI-Gg
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Algunos estudios previos habian mostrado fehacientemente el potencial de
ciertos farmacos empleados en el tratamiento del SIDA para inhibir la
retrotransposicion de LINE-1 humano [291], [293]. Jones et al.[29]1] llevaron a cabo
el primer estudio al respecto en el que se empled un plasmido similar a los
utilizados en este estudio (contenia un LINE-1 humano con un gen reportero
interrumpido por un intréon que impedia la expresion del gen reportero salvo que
tuviera lugar un evento de retrotransposicionx) pero en este caso el gen reportero
de eleccidon fue el EGFP (Enhanced Green Fluorescent Protein) [288]. En estos
ensayos, realizados en células HelLa, se determin6 que AZT, lamivudine, stavudine
y tenofovir producian una inhibicion potente sobre el mencionado retroelemento,
mientras que la nevirapina no produjo inhibicion. En nuestro caso, los resultados
concuerdan de forma cualitativa con los del estudio de Jones et al. a excepcion de
la nevirapina que mostrd cierta actividad, aunque de manera dosis no dependiente.
La potencia mostrada en uno y otro estudio no son del todo comparables, a pesar
de usar la misma linea celular, ya que emplean un LINE-1 distinto (LRE3), sistemas
reporteros distintos y un disefio del experimento diferente. A pesar de la calidad
del estudio de Jones et al., este no tiene en cuenta la toxicidad producida por la
presencia de los RTis en el medio de cultivo de modo que los resultados de
inhibicion mostrados podrian presentar dicho sesgo. De hecho, con nuestro
estudio hemos demostrado que el AZT es un inhibidor (no selectivo) de la
retrotransposicion de LINE-1 humano y LTR de raton, pero también es un

compuesto con una alta toxicidad en las células HeLa.

Dai et al.[293] investigaron posteriormente el efecto de diversos NRTIs
(AZT, lamivudina, stavudine y zalcitabina) y NNRTIs (delavirdina, efavirenz y
nevirapina) sobre proteinas RT recombinantes purificadas de LINE-1 humano
(LIgp), VIH-1y LTR de levadura Tyl. En este estudio todos los NRTIs mostraron
actividad inhibitoria sobre las 3 proteinas, con algo mas de potencia frente a LINE-
1 comparado con Tyl. Por otro lado, los NNRTIs solo fueron efectivos en la
inhibicion de HIV-1, como por otra parte cabia esperar, al igual que en nuestro
estudio. Cabe mencionar que Dai et al. también observaron un leve grado de

inhibicién de la retrotransposicion de LINE-1 por parte de la nevirapina de una
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forma dosis no dependiente. Ademas, realizaron un ensayo celular transfectando
un LINE-1 humano (Llgp) y de ratén (LIMd-T), en el que obtuvieron resultados
similares a los anteriores, con los NRTIs produciendo una inhibicidn significativa
y con poco o nulo efecto de los NNRTIs. Por otro lado, aunque corrigen los
resultados obtenidos mediante un ensayo de toxicidad diferente al nuestro, estos

datos no estan disponibles para ser tenidos en cuenta ni se comentan en el estudio.

Nuestro trabajo confirma, refuerza y amplia considerablemente los
resultados de estos dos estudios mencionados. No solo hemos demostrado de una
forma inequivoca la inhibicion que distintos nucledsidos producen sobre la
retrotransposicion de LINE-1 humano en células HeLa, entre ellos algunos ya
ensayados en estos estudios, sino que hemos extendido esos ensayos a
retrotransposones LTR de raton, mostrando el efecto de hasta 33 nucledsidos en
retrotransposicion de esos dos tipos de retroelementos. De este modo se han
podido caracterizar tres de ellos como inhibidores potentes y selectivos de la
movilidad de un LINE-1 humano y tres de raton frente a dos retrotransposones LTR
de raton. Los ensayos llevados a cabo con estos compuestos han demostrado que
es posible inhibir la movilidad de LINE-1 humano y de ratén transfectados. En el
caso de LINE-1 humano se ha podido mostrado dicha inhibicién en al menos dos
lineas celulares, HeLa y HEK293T, y con distintos sistemas reporteros de la
retrotransposicion (neomicina, blasticidina y luciferasa). En el caso de los LINE-1
de raton, se produjo inhibicion, aunque con menor potencia que para LINE-1
humano, en células Hela con distintos sistemas reporteros (neomicina y
blasticidina). Ademas, para corregir los resultados de estos ensayos y evitar sesgos,
hemos determinado la toxicidad de todos los compuestos de este estudio en células
Hela a través de dos ensayos complementarios: toxicidad a largo plazo o
clonabilidad mediante el plasmido pU6ineo y toxicidad a corto plazo o aguda
mediante el ensayo de MTT, todos ellos a las mismas concentraciones a las que se
realizaron los ensayos de retrotransposicion (5 y 25 uM, y en algunos casos 50 y
150 pM). Con este dltimo método también se ha evaluado la toxicidad de los
compuestos mas potentes y selectivos en células PA-1, las cuales presentan altos

niveles de expresion de LINE-1 de forma enddgena a diferencia de Hela [452],
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[469], a las mismas concentraciones que las anteriormente mencionadas. Ninguno
de los tres RTis potentes y selectivos resultd toxico a las concentraciones ensayadas
en los ensayos de toxicidad (a corto y largo plazo), ni siquiera aquellas muy
superiores a las necesarias para inhibir la retrotransposicion, en células HeLa y PA-
1. Para completar los controles se comprobo que estos compuestos no afectaban a
la estabilidad de los plasmidos transfectados, como tampoco lo hacian de la
expresion del retroelemento presente en ellos. Puesto que las copias de LINE-1
activas en el genoma humano son iguales en un 99.99% y que el centro activo de
la RT esta muy conservado [100], podemos especular que los tres RTis selectivos

seran activos frente a cualquier LINE-1.

Desconocido es a dia de hoy el papel de los retrotransposones en los
organismos vivos y en concreto del tnico retrotransposén auténomo activo en
humanos, el LINE-1. De hecho, resulta desconcertante que la expresion de LINE-1
en humanos esté inhibida en células somaticas (no tumorales) y, sin embargo, sea
detectable la retrotransposiciéon en células germinales, embrionarias o neuronales.
Dada la importancia de estos tejidos por razones obvias, no parece logico a priori
que dichas células permitan la retrotransposicion, al producir ésta inserciones que
pueden resultar potencialmente letales para la célula. Esto puede ser motivo de
especulacion sobre si la retrotransposicion simplemente esta desregulada, por
motivos que aun no alcanzamos a comprender, o si la retrotransposicion es
necesaria en estos tejidos para poder desarrollar su funcion bioldgica. La inhibicion
de la retrotransposicion de LINE-1 mediante nucledsidos puede brindar una
oportunidad para indagar en el papel de este retroelemento mediante una
estrategia de pérdida de funcion. De hecho, haciendo uso de los datos de los
estudios mencionados, han surgido otros en los que se han empleado dichos
nucleosidos para estudiar como afecta la inhibicion de la retrotransposicion en los
tejidos que lo expresan de forma endogena como en oocitos [474] y neuronas del
hipocampo [475], pero también en procesos como el envejecimiento e inflamacion
[250], [251]. A menudo estos ensayos se realizan en ratones como modelos, los
cuales contienen aun activos en su genoma tanto retrotransposones LTR como

LINEs (no-LTR) [476], por lo que cuando se indaga en el papel de la
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retrotransposicion de LINE-1 mediante nucledsidos parece importante tener en
cuenta lo anterior y emplear en la medida de posible B-ddAC, emtricitabina y
lamivudina para inhibir selectivamente la retrotransposicion de LINE-1 para
poder diferenciar si un proceso bioldgico concreto se debe la inhibicion de uno u
otro tipo de retrotransposones. Ademads, estos compuestos carecen de toxicidad a
concentraciones muy superiores a las inhibitorias. Sin embargo, cuando se quiera
inhibir ambos procesos parece que el tenofovir resulta el mas adecuado, al mostrar

potente actividad frente a LINE-1y LTR.

Por otro lado, numerosas son las patologias que cursan con una
sobreexpresion de LINE-1, principalmente tumores de origen epitelial [232], [244]
pero también en procesos autoinmunes, entre ellos el sindrome de Aicardi-
Goutiéres [197], [477], [478]. En este ultimo caso se estd llevando a cabo un estudio
clinico con nucledsidos inhibidores de la RT para determinar la utilidad
terapéutica de estos compuestos en el tratamiento del sindrome de Aicardi-
Goutieres (NIH, ID: NCT02363452) [294]. En este estudio se estd empleando una
combinacion de AZT, lamivudina y abacavir. Basandose en los datos de nuestro
estudio, el uso de AZT podria evitarse por sus efectos téxicos ampliamente
reportados, asi como el abacavir que, si bien no es toxico, no esta carente de efectos
secundarios y su inhibicién de la retrotransposicion de LINE-1 es moderada a 25
HM (en cultivo celular). El uso de la lamivudina estd justificado teniendo en cuenta
nuestros ensayos, aunque si se quisiera combinar con otros RTis como en el estudio
clinico de Aicardi-Goutieéres, los nucledsidos de eleccion serian los presentados en
este estudio como inhibidores potentes y selectivos de la retrotransposicion de
LINE-1: B-ddAC, emtricitabina y lamivudina. La sobreexpresion de LINE-1 en
tumores ha ido quedando patente en la ultima década, de la misma manera que el
impacto que la retrotransposicion tiene sobre el genoma del hospedador, sobre
todo en un contexto de inestabilidad gendémica como es el caso de células
tumorales. La movilidad de retrotransposones durante el cdncer agrava la
malignidad del tumor, asi como su capacidad de metastasis. Parece haber ademas
una relacion entre el nivel de la hipometilacion del promotor de LINE-1 (causa de

la sobreexpresion) y una peor prognosis en los pacientes con cancer. Con nuestro
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trabajo esperamos abrir la puerta a estudios clinicos con pacientes con cancer que
presenten una alta expresion de LINE-], en los que se usen RTis que inhiban la
retrotransposicion de este retroelemento como tratamiento coadyuvante. Por otra
parte, algunos grupos de investigacidon han realizado ensayos con NRTIs y NNRTIs
para tratar tumores en células en cultivo y en ratones y/o el efecto de estos
compuestos sobre la diferenciacidn celular [289], [290], [479], [480], justificando
la actividad antitumoral y los efectos sobre la diferenciacion por la inhibicidn de la
retrotransposicion de LINE-1. Sin embargo, estos estudios carecen en general de
controles adecuados apoyar dichas afirmaciones, asi como de ensayos de toxicidad
para corregir los resultados obtenidos. Aunque estos compuestos bien pueden
haber ejercido su efecto mediante la inhibiciéon de la movilidad de LINE-], los
efectos antitumorales también podrian deberse a la actividad intrinseca de algunos
nucleosidos de comportarse como anticancerigenos (antimetabolitos). De forma
similar, los efectos en la diferenciacion pueden deberse a la interaccion de estas
moléculas con las enzimas celulares relacionadas con el metabolismo de acidos
nucleicos y no con la inhibicidn de la retrotransposicion. Ademads, cuando se han
usado ratones como modelo no se ha tenido en cuenta la falta de selectividad de
los nucledsidos ensayados frente a LINEs y LTRs por lo que los efectos observados

podrian deberse a la inhibicién de uno, otro o ambos.
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4 CONCLUSIONES:

Conclusiones

1. La evaluacion de un total de 33 andlogos de nucleodsidos en células Hela, a través
de un ensayo de retrotransposicion que emplea un gen reportero, ha permitido la
identificacion de 3 compuestos como inhibidores selectivos de la

retrotransposicion de LINE-1 de mamiferos: B-ddAC, emtricitabina y lamivudina.

2. El compuesto B-ddAC ha revelado por primera vez ser un inhibidor de la
retrotransposicion de LINE-1 y ligeramente mds potente que emtricitabina y

lamivudina.

3. Todos los compuestos que han mostrado selectividad frente a la inhibicién de
LINE-1 de mamiferos tienen estructuralmente en comun que poseen una base

nitrogenada derivada de citosina.

4. Los inhibidores selectivos de la retrotransposicion de LINE-1 B-ddAC,
emtricitabina y lamivudina mostraron nula toxicidad tanto a corto (MTT) como a
largo plazo (pU6ineo) en un amplio rango de concentraciones (5, 25, 50, 150 uM)
y en dos lineas celulares: HeL.A, con baja expresion enddégena de LINE-1y PA-1, con

alta expresion endogena de LINE-1.

5. Los inhibidores selectivos de la retrotransposicion de LINE-1 [-ddAC,
emtricitabina y lamivudina mantuvieron su efecto con leves variaciones en su
potencia al ser evaluados en distintas lineas celulares, Hela y HEK293T, y
empleando distintos sistemas reporteros de la retrotransposicion: resistencia a

neomicina, resistencia a blasticidina, luciferasa.
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Conclusions:

1. The in vitro evaluation of 33 nucleoside analogues on HelLa cells, by means of a
retrotransposition assay that uses a reporter gene, has allowed the characterization
of 3 nucleosides that selectively inhibited the retrotransposition of mammalian

LINE-1s: B-ddAC, emtricitabine y lamivudine.

2. The synthesized nucleoside analogue B-ddAC has revealed for the first time to
be a LINE-1 retrotransposition inhibitor and, in addition, it is slightly more potent

than emtricitabine y lamivudine.

3. Structurally, all compounds exhibiting selective inhibition of mammalian LINE-1

retrotransposition share that their nitrogenous base is derived from cytosine.

4. The selective inhibitors of LINE-I retrotransposition 3-ddAC, emtricitabine y
lamivudine showed neither acute toxicity (MTT) nor long-term toxicity (pU6ineo)
in a wide range of concentrations (5, 25, 50, 150 pM) and in two cell lines: HeLA,
which express low levels of endogenous LINE-1 and PA-1, which express high levels

of endogenous LINE-1.

5. The selective inhibitors of LINE-1 retrotransposition B-ddAC, emtricitabine y
lamivudine exhibited similar effects with minor changes in potency when they
were evaluated on different cell lines, HeLa and HEK293T, and using three reporter
to measure the retrotransposition: neomycin resistance, blasticidina resistance and

luciferase.
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5 MATERIALS & METHODS

5.1 CHEMISTRY

5.1.1 General

All solvents and chemicals were used as purchased without further
purification. Thin layer chromatography was performed on pre-coated silica gel 60
F2s4 plates (Merck), and silica gel 60 (230-400 mesh, Aldrich) was used for flash
column chromatography (FCC). Preparative TLC was developed on pre-coated
silica gel 60 Fas4, using 0.5 mm glass plates (Merck). Optical rotatory power was
determined employing a JASCO DIP-370 polarimeter. NMR spectra are provided
in Supplemental Document 1, and were recorded using the following
spectrometers: Varian Inova Unity 300 MHz, Varian Direct Drive 400 MHz, Varian
Direct Drive 500 MHz and Varian Direct Drive 600 MHz. Chemical shifts (8) are
reported in parts per million relative to the residual peak of the deuterated solvent.
High-resolution mass spectra were recorded on a Micromass LCT time-of-flight
instrument using electrospray ionization (ESI). Low-resolution mass spectra
(LRMS) were obtained operating in an electrospray ionization mode (ESI) coupled
to high resolution liquid chromatography in a simple Quadrupole Agilent 6110

instrument, provided with a Zorbax Eclipse XDB-CI8 4.6 x 150 mm column.

5.1.2 Synthesis of 2',3'-dideoxynucleosides

(S)-y-Butyrolactone-y-carboxylic acid (53). An aqueous solution of NaNO;
HOOC\&O (5.2 g, 75.4 mmol in 7.2 mL of water) and 12.5 mL of 5.6 N HCI

were simultaneously added dropwise with pressure-equalizing
dropping funnels to a suspension of L-glutamic acid (7.35 g, 50 mmol) in 25 mL of
water over 2 h. While adding solutions, reaction mixture was kept at O °C and then
allowed to reach room temperature and stirred overnight. The solvent was
coevaporated with toluene under vacuum below 40 °C. The residue was dissolved

in MeOH and stirred with 2 g of Dowex 50WX8 for 2 h in order to remove

unreacted L-glutamic acid. Solids were filtered out, washed with MeOH and
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concentrated under vacuum to afford 53 as a crystalline solid, which was used in

the next step without further purification.

(S)-y-(Hydroxymethyl)-y-butyrolactone (54). BH3-SMe: (9.2 mL, 92.24 mmol)

O__qo Was added, at 1 mL/10 min approximately, under Ar atmosphere
HO/\Qé to a solution of 53 (8 g, 61.49 mmol) in anhydrous THF (40 mL).
During the addition, reaction was cooled with an ice bath, then allowed to reach
room temperature and stirred overnight. MeOH was carefully added to quench the
reaction and the solvent was removed under vacuum. MeOH was added and
evaporated twice and the residue was finally dried by coevaporation with toluene
twice, obtaining 54 as a pale yellow syrup that was used without further

purification.

(S)-y-[[(tert-Butyldimethylsilyl)oxy]methyl]-y-butyrolactone (55). Alcohol 54

oo (9.7 g, 83.54 mmol) was dissolved in DCM (50 mL)
TEDMSO followed by the addition of imidazole (7.5 g, 110.16 mmol).
Reaction mixture was cooled with an ice bath and TBDMSCI (15.11 g, 100.24 mmol)
was then added. The mixture was stirred overnight, letting it to slowly reach room
temperature. The reaction was partitioned between water and DCM, and the
organic layer was dried over Mg>SO4 and concentrated. Through FCC using
hexane/diethyl ether (9:1) 55 was obtained (10.7 g, 48% from L-glutamic acid) as a
colourless syrup. [a]3® +11.8° (¢ 0.9, CHCL) (lit. [a], +11.11° (¢ 0.92, CHCLs) [481]);
'H NMR (400 MHz, CDCl3) 8 4.60 - 4.54 (m, 1H, H4), 3.85 (dd, Jsasb = 11.3, J5a,4 =
33 Hz, 1H, H5a), 3.68 (dd, Jsp4 = 3.2 Hz, 1H, H5b), 2.65 - 2.55 (m, 1H, H2a), 2.50 -
2.41 (m, 1H, H2b), 2.31 - 2.22 (m, 1H, H3a), 2.22 - 2.11 (m, 1H, H3b), 0.88 [s, 9H,
SiC(CHs)s], 0.06 [2s, 6H, Si(CH3)2] [481]. BC NMR (100 MHz, CDCls) § 177.7 (Cl),
80.2 (C4), 65.0 (C5), 28.7 (C2), 25.9 [Si(CHs)2], 23.7 (C3), 18.4 (SiC), -5.3 and -5.4
[SiC(CHs)3] [482].

1-O-Acetyl-5-(tert-butyldimethylsilyl)-2,3-D-dideoxy-ribofuranose (57). To a
0 solution of 55 (500 mg, 2.17 mmol) in anhydrous DCM

OA
TBDMSO/\QﬁN (10 mL) at -78 °C, 1 M solution of DIBAL-H in toluene
(3.26 mL, 3.26 mmol) was added dropwise (10 min approximately) under Ar
atmosphere. The reaction mixture was then stirred for an additional 45 min
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at -78 °C, after which a solution of DMAP (265 mg, 2.17 mmol) in 4 mL of DCM,
TEA (907 pL, 6.5 mmol) and Ac2O (1026 pL, 10.85 mmol) were added. The reaction
was stirred overnight allowing it to slowly reach room temperature and then a
saturated aqueous solution of sodium potassium tartaric acid (4 mL) and a
saturated aqueous solution of ammonium chloride (4 mL) were added and stirred
for 30 min. The mixture was extracted with DCM, dried over MgxSO4 and
evaporated under vacuum. Purification through FCC with hexane/diethyl ether
(95:5 + 1% TEA) led to the obtaining of the mixture of anomers 57 (400 mg, 67%)
as a colourless syrup. 'H NMR (300 MHz, CDCls) § 6.30 (d, ] = 4.3 Hz, 1H), 6.26 (s,
1H), 435 - 4.26 (m, 1H), 4.21 - 4.11 (m, 1H), 3.73 (dd, J = 10.5, 5.4 Hz, 1H), 3.63 -
3.58 (m, 3H), 2.04 - 1.82 (m, 14H), 0.89 (2s, 18H), 0.05 (2s, 12H) [481].

5.1.3 General procedure for sugar-base coupling to 57

Base nitrogenada
o) silanizada o)

WOAC /\QWBase
TBDMSO EXAICI,, 1.2-DCE TBDMSO

0°C>»>ta.,16h
57 Nucleésidos protegidos

Coupling reactions between sugar moiety 57 and nitrogenous base were carried out
as previously described [481]. A mixture of the nitrogenous base (0.73 mmol),
HMDS (1.5 mL, 7.30 mmol), and (NH4)>SO4 (cat.) was refluxed during 2 hours until
a clear solution was obtained. The reaction mixture was cooled and evaporated in
vacuum. The residue was dissolved in dry 1,2-dichloroethane (3 mL), under argon
atmosphere, and a solution of acetate 1 (100 mg, 036 mmol) in dry
1,2-dichloroethane (2 mL) was added. The reaction mixture was cooled in an ice-
bath, treated with EtAlCl; in toluene (1.8 M in toluene, 222 pL, 0.4 mmol) and
allowed to stir for 16 hours at room temperature. The reaction was then quenched
with saturated aqueous NaHCOs solution and partitioned between CH>Cl> and
water. The organic layer was dried over Mg>SOy, filtered and concentrated. The
residue was initially purified by FCC to obtain a mixture of isomeric nucleosides
that was next separated by preparative thin layer chromatography on a glass plate.
The silica was scraped off and percolated through a pad of silica gel using

DCM/MeOH (90:10).
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5.1.4 General procedure for the desilylation of protected

nucleosides

0 0
Base Base
TBDMSO/\Q’ - Ho/\g

0 0
.wBase .wBase
TBDMSO/\Q - HO/\Q

Each protected nucleoside (1.0 equiv) was dissolved in THF and treated with TBAF
(1M in THF, 1.5 equiv). After stirring during 15-30 minutes, the solvent evaporated
under reduced pressure. The residue was dissolved in water and passed through a
C8 SPE (Sulpelco, bed wt. 500 mg, volume 3 mL) eluting with water. Each tube
was analysed with an LC-MS instrument in order to collect those tubes containing

the unprotected nucleoside and lacking tetrabutylammonium salts.

1-[5-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-«-D-ribofuranosyl]-uracil (5-
O-silyl-protected a-ddU) has been previously synthesized [483]. TLC diethyl
o ether/hexane (9:1); preparative TLC diethyl
BDMSO /\ﬁ“\NTNH ether/hexane (l:1). White solid (22 mg, 18%).
o) mp:126-128°C; [a]y’ -42.6° (c 1, CHsCl);
TH NMR (500 MHz, CDCl5) § 9.15 (s, IH, NH), 7.35 (d, Js;5 = 8.1 Hz, 1H, H6), 6.05
(dd, Jv2a = 6.2, Jrab = 3.1 Hz, 1H, HI'), 5.72 (d, 1H, H5), 4.40 (m, 1H, H4’), 3.68 (dd,
Joasb=10.9, Jsax = 4.3 Hz, 1H, H5'a), 3.63 (dd, Jsba = 4.1 Hz, 1H, H5'b), 2.51 (m, 1H,
H2’a), 2.03 - 1.95 (m, 3H, H2’a, H3’a and H3’b), 0.90 [s, 9H, SiC(CHj3)s], 0.07 [s,
6H, Si(CHs)2] [483]; BC NMR (125 MHz, CDCl3) § 163.6 and 150.3 (C2 and C4),
139.4 (C6), 101.9 (C5), 88.1 (CT), 82.2 (C4), 65.4 (C5'), 32.9 (C2), 26.0 [SiC(CH3)s],
25.8 (C3),18.4 (SiC), -5.21 and -5.27 [Si(CH3)2]; HRMS (m/z): [M + Na]* caled. for
CisH26N204NaSi, 349.1560; found 349.1563.

1-[5’-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-p-D-ribofuranosyl]-uracil (5’-
O-silyl-protected B-ddU) has been previously synthesized [483]. TLC diethyl

O ether/hexane (9:1); preparative TLC diethyl

A@,N\H/NH ether/hexane (1:1). Colourless syrup (28 mg, 23%).
TBDMSO
o) [a]3® +23.9° (¢ 1.2, CHsCl); 'H NMR (500 MHz,
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CDCLs) 8 9.21 (s, 1H, NH), 8.08 (d, J.5 = 8.1 Hz, 1H, H6), 6.07 (dd, Jr.2 = 6.5, Jy 25 =
3.1Hz, 1H, HI’), 5.65 (d, 1H, H5), 4.18 - 4.13 (m, 1H, H4’), 4.05 (dd, J5a5b = 11.5, J5a 4
— 2.4 Hz, 1H, H5), 3.70 (dd, Jsp.4 = 2.4 Hz, 1H, H5'b), 2.43 - 2.34 (m, 1H, H2'a),
2.10 - 2.04 (m, 1H, H2'b), 2.03 - 1.96 (m, 1H, H3’a), 1.92 - 1.86 (m, 1H, H3’b), 0.90
[s, 9H, SiC(CHs)s], 0.09 [2s, 6H, Si(CH3)2] [483]; BC NMR (125 MHz, CDCl;) §163.8
and 150.5 (C2 and C4), 140.7 (C6), 101.5 (C5), 86.4 (CTI'), 82.2 (C4’), 63.7 (C5’), 33.6
(C2), 26.0 [SiC(CHs)3], 24.4 (C3’), 18.6 (SiC), -533 and -5.43 [Si(CH3)2];
HRMS (m/z): [M + H]* calcd. for CisH27N204Si, 327.1740; found, 327.1746.

2’ 3’-Dideoxy-a-D-uridine (a-ddU) has been previously synthesized [484].
O Obtained as a waxy solid (8 mg, quant.) from 5-O-silyl-
OL.N_ NH protected o-ddU (12 mg, 0.037 mmol). TLC
HO/\Q \[o]/ dichloromethane/methanol (9:1). mp: 96-98 °C (lit. waxy
solid [485]); [a]3® -28.9 (c 0.5, MeOH) (lit. [a]Z® -13.1 (c 0.5, MeOH) [486]);
'H NMR (500 MHz, CDCl3) 8§ 8.99 (s, 1H, NH), 7.37 (d, J65 = 8.1 Hz, 1H, H6), 6.10
(dd, Jraa = 6.2, Jran = 4.5 Hz, 1H, HI'), 5.74 (d, 1H, H5), 4.50 - 4.42 (m, 1H, H4"),
3.76 (dd, Jsasb = 119, Jsax = 3.2 Hz, 1H, H5a), 3.58 (dd, Jsb4 = 5.7 Hz, IH, H5'b),
2.60 - 2.47 (m, 1H, H2’a), 2.12 - 2.01 (m, 3H, H2'b, H3’a and OH), 1.99 - 1.88 (m,
1H, H3’b); BC NMR (125 MHz, CDCl3) § 163.4 and 150.4 (C2 and C4), 139.5 (C6),
102.3 (C5), 87.7 (CT’), 82.1 (C4’), 64.8 (C5’), 32.9 (C2’), 25.9 (C3’); HRMS (m/z):
[M + Na]* caled. for CoH12N204Na, 235.0695; found 235.0694.

2’ 3’-Dideoxy-B-D-uridine (B-ddU) has been previously synthesized [487].

_~_0 Obtained as a white solid (6 mg, quant.) from 5-O-silyl-

A@,N\H/NH protected B-ddU (9 mg, 0.027 mmol). TLC
HO
o} dichloromethane/methanol (9:1). mp: 122-124 °C (lit. 129-

131°C [486], lit. 121-122 °C [488]); [a] 28 +52.3 (¢ 0.5, MeOH) (lit. for its enantiomer
[a]3? -30.0 (€ 0.2, MeOH) [486]); 'TH NMR (500 MHz, CDCls) § 8.55 (s, IH, NH),
7.79 (d, Jos = 8.1 Hz, 1H, H6), 6.09 (dd, Jr2a = 6.9, Jr2b = 3.8 Hz, 1H, HT), 5.71 (d,
1H, H5), 4.23 - 4.16 (m, 1H, H4’), 4.01 (dd, J5a,5b = 11.8, Jsa4 = 2.7 Hz, 1H, H5'a), 3.74
(dd, Jsbe = 3.8 Hz, 1H, H5'b), 2.48 - 2.38 (m, 1H, H2’a), 2.20 - 2.07 (m, 2H, H2'b
and OH), 2.06 - 1.95 (m, 2H, H3’a and H3’b); BC NMR (125 MHz, CDCl5) § 163.3
and 150.3 (C2 and C4), 140.6 (C6), 102.1 (C5), 86.7 (CT), 81.7 (C4), 63.5 (C5), 32.7
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(C2’), 25.1(C3’); HRMS (m/z): [M + Na]* calcd. for CoH12N20O4Na, 235.0695; found
235.0683.

1-[5’-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-o-D-ribofuranosyl]-thymine
(5’-O-silyl-protected o-ddT). TLC diethyl ether/hexane (9:1); preparative TLC
diethyl ether/hexane (1:1). Colourless syrup (16 mg,
O .N. NH B%). [a]f’ -26.8 (0.7, CH5Cl); '"H NMR (500 MHz,
reomso” () I CDCls) § 8.70 (s, 1H, NH), 7.15 (s, 1H, H6), 6.07 (dd,
Jr2a=6.3, Jr2b =3.8 Hz, 1H, HI'), 4.41 (m, 1H, H4’), 3.68 (dd, J5a,5b =10.9, J5a4 = 4.3
Hz, 1H, H5'a), 3.63 (dd, Jsb4 = 4.1 Hz, 1H, H5'b), 2.53 - 2.45 (m, 1H, H2'a), 2.06 -
1.95 (m, 3H, H2'b, H3'a and H3'b), 1.93 (s, 3H, Me), 0.90 [s, 9H, SiC(CHs)3], 0.07
[s, 6H, Si(CHs)2]; BC NMR (125 MHz, CDCls) & 163.9 and 150.2 (C2 and C4), 135.3
(C6), 110.4 (C5), 87.5 (CT), 819 (C4), 65.4 (C5), 32.8 (C2), 26.0 (C3), 26.0
[SiC(CHs3)s], 18.4 (SiC), 12.8 (CH3), -5.20 and -5.26 [Si(CH3)2]; HRMS (m/z): [M +
Na]* caled. for Ci¢H28N204NaSi, 363.1716; found 363.1717.

_— (0]

1-[5-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-B-D-ribofuranosyl]-thymine
(5’-O-silyl-protected 3-ddT) has been previously synthesized [489]. TLC diethyl
%\’&O ether/hexane (9:1); preparative TLC diethyl
O _N. NH ether/hexane (Ll:1). White solid (28 mg, 22%).
reomso” () E mp: 117-119 °C (lit. 125-128 °C [489]); [a]%® +11.4 (1,
CHsC) (lit. [a]2? +7 (c 1, CHCls) [490]; '"H NMR (500 MHz, CDCl3) & 831 (s, 1H,
NH), 7.58 (d, Jome = 11 Hz, 1H, H6), 6.07 (dd, Ji2a = 6.4, Jr2b = 4.5 Hz, 1H, HI’), 4.19
— 411 (m, 1H, H4’), 3.99 (dd, Jsasb = 11.4, Jsa4 = 2.6 Hz, IH, H5'a), 3.71 (dd, Jsba =
2.9 Hz, 1H, H5'b), 2.43 - 2.29 (m, 1H, H2’a), 2.02 - 1.96 (m, 3H, H2'a, H3'a and
H3'b), 1.92 (d, 3H, Me), 0.93 [s, 9H, SiC(CHs)s], 0.1 [s, 6H, Si(CHs)2] [490];
BC NMR (125 MHz, CDCls) § 164.1 and 150.5 (C2 and C4), 135.8 (C6), 110.3 (C5),
85.9 (C1'), 81.1 (C4’), 64.6 (C5’), 32.7 (C2’), 26.0 [SiC(CH3)s], 25.5 (C3’), 18.6 (SiC),
12.7 (CH3), -5.17 and -5.20 [Si(CHz)2] [491]; HRMS (m/z): [M + Na]* calcd. for
CisH28N204NaSi, 363.1716; found 363.1724.
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2’,3’-Dideoxy-a-D-thymidine (o-ddT) has been previously synthesized [492].
Obtained as a white solid (6 mg, quant.) from 5’-O-silyl-

o ‘\\N/ NH protected o-ddT (9 mg, 0.026 mmol). TLC
HO/\Q \c[)]/ dichloromethane/methanol (9:1). mp:102-104 °C (lit. 105-
107 °C [486]); [a]%’ -17.3 (c 0.2, MeOH) (lit. [a]3? -17.2 (¢ 0.1, MeOH) [486]);
'H NMR (500 MHz, CDCLs) & 8.48 (s, 1H, NH), 7.15 (s, 1H, H6), 6.12 (t, Jr.2a = Jv2b
— 5.7 Hz, 1H, HI'), 4.48 (m, 1H, H4), 3.76 (dd, Jsas5b = 11.9, Jsas = 3.2 Hz, 1H, H5a),
3.58 (dd, Jsba = 5.7 Hz, 1H, H5'b), 2.55 - 2.47 (m, 1H, H2a), 2.14 - 1.99 (m, 2H,
H2’b and H3’a), 1.98 - 1.88 (m, 1H, H3’b), 1.94 (s, 3H, Me) 1.63 (s, 1H, OH);
BC NMR (125 MHz, CDClz) 8 163.7 and 150.3 (C2 and C4), 135.2 (C6), 110.9 (C5),
87.2 (CT'), 81.8 (C4’), 64.9 (C5), 32.7 (C2’), 26.1 (C3’), 12.8 (CH3); HRMS (m/z):
[M + Na]* calcd. for CioH1aN20O4Na, 249.0851; found 249.0837.

0]

2’ 3’-Dideoxy-B-D-thymidine (B-ddT) has been previously synthesized [493].
Obtained as a white solid (10 mg, quant.) from 5’-O-silyl-
0 N/ NH protected B-ddT (15 mg, 0.026 mmol). TLC
HO/\Q‘ \[O]/ dichloromethane/methanol (9:1). mp: 150-152 °C (lit. 154-
155 °C [486]); [a]38 +35.9 (c 0.6, MeOH) (lit. [@]4? -30.9 (c 0.4, MeOH) [486]);
'TH NMR (500 MHz, CDCls) & 8.88 (s, IH, NH), 7.52 (d, Jome = 1.1 Hz, 1H, H6), 6.10
(dd, Jr2a = 7.0, Jr2b = 4.0 Hz, TH, HT), 4.20 - 4.15 (m, 1H, H4’), 3.99 (dd, Jsasb =
12.0, Js2,4 = 2.7 Hz, 1H, H5'a), 3.73 (dd, Jsu,4 = 4.0 Hz, 1H, H5'b), 2.44 - 2.35 (m, 1H,
H2a), 2.26 (s, 1H, OH), 2.12 - 1.98 (m, 3H, H2’b, H3’a and H3’b), 1.90 (d, 3H, CH,)
[491]; BC NMR (125 MHz, CDCls) 8 164.0 and 150.5 (C2 and C4), 136.4 (C6), 110.7
(C5), 86.3 (C1'), 81.3 (C4’), 63.6 (C5), 32.2 (C2'), 253 (C3’), 12.7 (CH3) [491];
HRMS (m/z): [M + Na]* caled. for CioH14N204Na, 249.0851; found 249.0866.

1-[5’-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-a-D-ribofuranosyl]-6-
azauracil (5-O-silyl-protected «-ddAU). TLC diethyl ether/hexane (5:1);
o preparative TLC diethyl ether/hexane (1:2).

N/
O_.N. _NH Colourless syrup (28 mg, 23%). [a]2® +10.6 (c L1,
eomso” X )Y ?
o) CHCl3); 'TH NMR (500 MHz, CDCls) 8§ 9.35 (s, 1H,

NH), 7.43 (s, 1H, H5), 6.44 (dd, Jv.2a = 7.1, Jy2p = 2.7 Hz, 1H, HI’), 4.45 - 433 (m, 1H,
H4’), 3.65 (dd, Jsasb = 10.8, Jsas = 4.3 Hz, 1H, H5’a), 3.61 (dd, Jspe = 4.0 Hz, 1H,
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H5’b), 2.40 - 2.31 (m, 1H, H2’a), 2.30 - 2.18 (m, 2H, H2’a and H3’a), 1.97 - 1.86 (m,
1H, H3’b), 0.90 [s, 9H, SiC(CHs)3], 0.06 [s, 6H, Si(CHs).]; BC NMR (125 MHz,
CDCLs) § 155.9 and 147.8 (C2 and C4), 135.4 (C5), 87.7 (C1), 81.9 (C4’), 65.5 (C5),
30.3 (C2'), 26.8 (C3), 26.0 [SiC(CHs)5], 18.5 (SiC), -5.16 and -5.25 [Si(CHs)2];
HRMS (m/z): [M + Na]* calcd. for C14H25N304NaSi, 350.1512; found 350.1506.

1-[5’-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-B-D-ribofuranosyl]-6-
azauracil (5-O-silyl-protected B-ddAU). TLC diethyl ether/hexane (5:1);
e preparative TLC diethyl ether/hexane (1:2).
O_.N.__NH Colourless syrup (36 mg, 30%). [a]3° -69.6 (c 0.5
reomso )" yrup (36 mg, 30%). [a]p (c 0.5,
o] CHCl3); '"H NMR (500 MHz, CDClz) § 9.03 (s, 1H,

NH), 7.42 (s, 1H, H5), 6.38 (dd, Ji22 = 6.6, Jy2b = 3.5 Hz, 1H, HT), 4.17 - 4.1 (m, 1H,
H4’), 3.72 (dd, Jsa5b = 10.6, Jsaa = 5.3 Hz, 1H, H5'a), 3.65 (dd, Jsb4 = 5.5 Hz, 1H,
H5’b), 2.32 - 2.23 (m, 2H, H2’a and H2'b), 2.07 -1.99 (m, 2H, H3’a and H3’b), 0.88
[s, 9H, SiC(CHs)s], 0.04 [2s, 6H, Si(CHs)2]; BC NMR (125 MHz, CDCl3) § 155.7 and
147.8 (C2 and C4), 135.3 (C5), 86.8 (CI'), 82.3 (C4’), 65.6 (C5’),30.1(C2"), 27.4 (C3’),
26.0 [SiC(CHs3)s], 18.5 (SiC), -5.13 and -5.17 [Si(CH3)2]; HRMS (m/z): [M + Na]*
caled. for Ci4H25N304NaSi, 350.1512; found 350.1515.

2’ 3’-Dideoxy-a-D-6-azauridine (¢«-ddAU). Obtained as a colourless syrup (14
N 4\’//0 mg, quant.) from 5-O-silyl-protected a-ddAU (21 mg,
OL_.N_. _.NH 0.064 mmol). TLC dichloromethane/methanol (9:1).
HO/\Q \[or [a]3® +128.3 (c 1, MeOH); 'H NMR (500 MHz, CDCl)
89.95 (s, 1H, NH), 7.43 (s, 1H, H5), 6.46 (t, Jr2a = Jr2b = 5.4 Hz, 1H, HI'), 4.46 -
439 (m, 1H, H4), 3.74 (dd, Jsasb = 12.0, Jsax = 2.9 Hz, 1H, H5a), 3.53 (dd, Jsba =
5.4 Hz, 1H, H5'b), 2.58 (s, IH, OH), 2.39 - 2.32 (m, 2H, H2’a and H2'b), 2.29 - 2.20
(m, 1H, H¥a), 1.91 - 1.82 (m, 1H, H3'b); BC NMR (125 MHz, CDCls) § 156.2 and 148.3
(C2 and C4), 135.7 (C5), 87.3 (CT’), 81.9 (C4’), 64.7 (C5’), 30.0 (C2), 26.5 (C3’);
HRMS (m/z): [M + Na]* calcd. for CsHiN3O4Na, 236.0647; found 236.0658.

2’ 3’-Dideoxy-B-D-6-azauridine (B-ddAU) has been previously synthesized
e [494]. Obtained as a colourless syrup (5 mg, quant.) from
O._N. NH 5-O-silyl-protected B-ddAU (8 mg, 0.024 mmol). TLC
Ho ) :
O dichloromethane/methanol (9:1). [a]3® -1173 (c 0.2,
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MeOH); 'H NMR (600 MHz, CDCls) & 8.80 (s, 1H, NH), 7.46 (s, 1H, H5), 6.40 (dd,
Jr2a=6.9, Jrob = 3.8 Hz, 1H, HI'), 4.29 - 4.23 (m, 1H, H4’), 3.85 (dd, J5a,5b = 12.0,
Jsba = 2.9 Hz, 1H, H5'a), 3.61 (dd, Jspa = 4.9 Hz, 1H, H5'b), 2.38 - 2.27 (m, 2H, H2’a
and H2’b), 2.20 - 2.11 (m, 1H, H3’a), 2.06 - 2.00 (m, 1H, H3’b), 1.60 (s, IH, OH)
[494]; BC NMR (150 MHz, CDCls) § 155.4 and 147.6 (C2 and C4), 135.8 (C5), 87.2
(Cr), 82.4(C4’),64.8(C5’),31.0 (C2),26.1(C3’) [494]; HRMS (m/z): [M - H] calcd.
for CsHioN30y4, 212.0671; found 212.0666.

1-[5’-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-o-D-ribofuranosyl]-5-
fluorouracil (5-O-silyl-protected a-ddFU). TLC diethyl ether/hexane (5:1);

F o preparative TLC diethyl ether/hexane (1:1). White
o \\\N/,\Iﬁ-l solid (19 mg, 15%). mp: 106-108 °C (lit. 105-107 °C
TBD'V'SO/\Q \Iof [495]); [a]%? -43.3 (c1, CHCL3); '"H NMR (500 MHz,
CDCls) § 9.53 (s, IH, NH), 7.42 (d, Jsr = 6.1 Hz, 1H, H6), 6.04 - 6.01 (m, 1H, HT’),
4.48 - 436 (m, 1H, H4’), 3.69 (dd, J5a5b = 11.0, Jsas = 4.2 Hz, 1H, H5a), 3.63 (dd,
Jsba = 4.1 Hz, 1H, H5'b), 2.59 - 2.48 (m, 1H, H2'a), 2.04 - 1.93 (m, 3H, H2'a, H3’a
and H3’b), 0.90 [s, 9H, SiC(CH3s)3], 0.07 [s, 6H, Si(CH3)2] [495]; BC NMR (125 MHz,
CDCl3) §157.2 (d, J4,r = 26.6 Hz, C4),148.9 (C2),140.5 (d, J5,r = 236.9 Hz, C5),123.8
(d, Js,r =33.7 Hz, C6), 88.2 (CI'), 82.3 (C4’), 65.3 (C5’),32.9 (C2’), 26.0 [SiC(CH3)s3],
25.7 (C3), 18.4 (SiC), -5.23 and -5.29 [Si(CHs)2]; HRMS (m/z)=: [M + Na]* calcd.
for C;sH25N204NaFSi, 367.1465; found 367.1450.

1-[5-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-f-D-ribofuranosyl]-5-
fluorouracil (5-O-silyl-protected B-ddFU). TLC diethyl ether/hexane (5:1);
F o preparative TLC diethyl ether/hexane (1:1). White
0 m solid (35 mg, 28%). mp: 144-146 °C (lit. 133-135 °C
TBDMSO/\Q‘ \Iof [495]); [a]?? +21.2 (c 1.25, CHCL); 'H NMR (500
MHz, CDCl3) § 9.00 (s, 1H, NH), 8.26 (d, Jsr = 6.4 Hz, 1H, H6), 6.07 - 6.02 (m, 1H,
HT’), 4.20 - 4.14 (m, 1H, H4’), 4.10 (dd, J5a5b = 11.7, Jsa4 = 2.2 Hz, 1H, H5’a), 3.71
(dd, Jsb4 = 2.1 Hz, 1H, H5'b), 2.45 - 2.36 (m, 1H, H2’a), 2.11 - 2.01 (m, 2H, H2'b and
H3’a), 1.96 - 1.89 (m, 1H, H3’b), 0.93 [s, 9H, SiC(CHs)s], 0.12 [2s, 6H, Si(CHs)2]
[495]; BC NMR (125 MHz, CDCl3) 8§ 157.1 (d, Jar = 27.1 Hz, C4), 148.9 (C2),140.3 (d,
JsF = 235.5 Hz, C5), 125.0 (d, Jor = 34.3 Hz, C6), 86.7 (CT’), 82.3 (C4’), 63.9 (C5),
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33.6 (C2), 26.1 [SiC(CHs)s), 24.4 (C3), 187 (SiC), -5.4[Si(CHs)2]; HRMS (m/z):
[M + Na]* calcd. for CisH2sN204NaFSi, 367.1465; found 367.1450.
2’ ,3’-Dideoxy-a-D-5-fluorouridine (o-ddFU) has been previously synthesized
HFYO [496]. Obtained as a white solid (20 mg, quant.) from 5’
0 ‘\\N/ - O-silyl-protected o-ddFU (30 mg, 0.087 mmol). TLC
HO/\Q \g/ dichloromethane/methanol (9:1). mp: 132-134 °C (lit. 141-
143 °C [496]); [a]2® -41.7 (c 1.25, MeOH); 'TH NMR (500 MHz, CDs0OD) § 7.80 (d,
Jor = 6.6 Hz, 1H, H6), 6.06 - 6.02 (m, 1H, HI'), 4.51 - 4.45 (m, 1H, H4’), 3.64 (dd,
Jsasb = 119, Jsas = 3.8 Hz, 1H, H5a), 3.52 (dd, Jsb4 = 5.1 Hz, 1H, H5'b), 2.51 - 2.42
(m, 1H, H, H2’a), 2.13 - 2.03 (m, 2H, H2'b and H3’a), 1.93 - 1.84 (m, 1H, H3’b);
BC NMR (125 MHz, CDs0D) §159.6 (d, J4r = 26.0 Hz, C4), 150.7 (C2), 141.8 (d, J5r
= 232.7 Hz, C5), 126.0 (d, Jor = 34.3 Hz, C6), 89.1 (CT'), 83.4 (C4’), 65.1 (C5’), 33.2
(C2"),26.7 (C3"); HRMS (m/z): [M + Na]* caled. for CoHiN204FNa, 253.0601; found
253.0604.
2’,3’-Dideoxy-B-D-5-fluorouridine (B-ddFU) has been previously synthesized
b [458]. Obtained as a white solid (10 mg, quant.) from 5’-
O _N. NH O-silyl-protected B-ddFU (15 mg, 0.043 mmol). TLC
HO/\Q‘ \g/ dichloromethane/methanol (9:1). mp: 123-125 °C (lit. 108-
110 °C [495]); [a]3® +59.4 (¢ 0.62, MeOH) (lit. for its enantiomer [a]3° -53 (c 0.12,
MeOH) [495]); 'TH NMR (500 MHz, CDs0D) & 8.39 (d, Jer = 7.0 Hz, 1H, H6), 6.03
-5.99 (m, 1H, HI'), 4.17 - 4.11 (m, 1H, H4’), 3.91 (dd, Jsa5b = 12.3, J5a4 = 2.8 Hz, 1H,
H5a), 3.68 (dd, Jsb4 = 3.3 Hz, IH, H5'b), 2.44 - 2.34 (m, 1H, H2’a), 2.14 - 2.06 (m,
1H, H2’b), 2.03 - 1.92 (m, 2H, H3’a and H3’b); BC NMR (125 MHz, CDs0D) § 159.7
(d, Jar = 26.1 Hz, C4),150.8 (C2), 1415 (d, J5 = 231.3 Hz, C5), 126.6 (d, Jor = 35.0
Hz, C6), 87.9 (CT), 83.7 (C4’), 63.3 (C5), 33.7 (C2), 25.4 (C3’); HRMS (m/z):
[M + Na]* caled. for CoHuN204FNa, 253.0601; found 253.0625.
1-[5-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-a-D-ribofuranosyl]-5-
HCI\’//O chlorouracil (5-O-silyl-protected «-ddCIU). TLC
diethyl ether/hexane (5:1); preparative TLC diethyl

Z
O ..N__NH
TBDMSO/\Q \[(])/ ether/hexane (1:1). White solid (24 mg, 18%). mp =
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157-159 °C; [a]3® -39.0 (c 0.1, CHCls); 'H NMR (500 MHz, CDCls) § 9.01 (s, 1H,
NH), 7.56 (s, IH, H6), 6.02 (dd, Jr>a = 6.1, Jr2b = 3.1 Hz, 1H, HI'), 4.49 - 4.42 (m,
1H, H4’), 3.71 (dd, J5a5b = 10.9, Jsa4 = 4.1 Hz, 1H, H5a), 3.64 (dd, Jsb4 = 4.0 Hz, 1H,
H5'b), 2.60 - 2.50 (m, 1H, H2'a), 2.06 - 1.96 (m, 3H, H2'b, H3'a and H3'b), 0.90 [s,
9H, SiC(CHs3)s], 0.08 [s, 6H, Si(CH3)2]; BC NMR (125 MHz, CDCls) § 159.1 and 149.3
(C2 and C4), 136.5 (C6), 108.7 (C5), 88.6 (CT), 82.4(C4), 65.3 (C5"), 33.1 (C2)), 26.0
[SiC(CH3)s], 25.6 (C3’), 18.4 (SiC), -5.21 and -5.27 [Si(CH3)2]; HRMS (m/z): [M +
Na]* caled. for CisH25N204NaClSi, 383.1170; found 383.1154.

1-[5-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-f-D-ribofuranosyl]-5-
chlorouracil (5-O-silyl-protected B-ddClU). TLC diethyl ether/hexane (5:1);
% o preparative TLC diethyl ether/hexane (1:1). White
o m solid (44 mg, 33%). mp = 183-185 °C; [a]3® +2.45
eomse” X\ ) \Iof (C11, CHsCl); 'H NMR (500 MHz, CDCls) 8 8.93 (s,
1H, NH), 8.15 (s, IH, H6), 6.03 (dd, Jr2a = 6.3, Jr2b = 4.0 Hz, 1H, HY'), 422 - 416
(m, 1H, H4’), 4.06 (dd, Jsa5b = 11.6, Jsa 4 = 2.3 Hz, 1H, H5’a), 3.71 (dd, Jsb4 = 2.5 Hz,
1H, H5'b), 2.46 - 2.36 (m, 1H, H2’a), 2.09 - 1.93 (m, 3H, H2’b, H3a and H3'b), 0.94
[s, 9H, SiC(CHs)s], 0.14 [2s, 6H, Si(CHs3)2]; BC NMR (125 MHz, CDCl3) § 159.1 and
149.5 (C2 and C4), 137.4 (C6), 108.6 (C5), 87.0 (CI), 82.0 (C4’), 64.3 (C5), 33.4
(C27), 261 [SiC(CHs)3], 24.9 (C3), 18.7 (SiC), -5.15 and -5.16 [Si(CH3)2];
HRMS (m/z): [M + Na]* calcd. for C;sH25N204NaClSi, 383.1170; found 383.1159.

2’,3’-Dideoxy-a-D-5-chlorouridine («-ddClU). Obtained as a white solid (13 mg,

¢l o quantitative) from 5-O-silyl-protected a-ddCIU (19 mg,
o \\m 0.053 mmol). TLC (dichloromethane/methanol 9:1).
Ho ) \lof mp:165-167 °C; [a]3® -2650 (¢ 07, MeOH);
IH NMR (500 MHz, CDsOD) § 7.87 (s, 1H, H6), 6.03 (dd, Jr2a = 6.3, Jr.2 = 4.1 Hz,
1H, HTI'), 4.53 - 4.47 (m, 1H, H4’), 3.66 (dd, J5a5b = 11.9, Jsa4 = 3.7 Hz, 1H, H5'a),
3.54 (dd, Jsb4 = 5.2 Hz, 1H, H5’b), 2.54 - 2.43 (m, 1H, H2’a), 2.14 - 2.05 (m, 2H,
H2’b and H3’a), 1.95 - 1.86 (m, 1H, H3’b); BC NMR (125 MHz, CDsOD) 8 161.7 and
151.3 (C2 and C4), 138.9 (C6), 109.1 (C5), 89.6 (CT), 83.6 (C4), 65.1 (C5'), 33.4 (C2)),
26.7 (C3’); HRMS (m/z): [M + Na]* caled. for CoHuN20O4NaCl, 269.0305; found

269.0328.
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2’,3’-Dideoxy-B-D-5-chlorouridine (B-ddClU) has been previously synthesized
% [497]. Obtained as a white solid (13 mg, quantitative)

o N/ [ from 5-O-silyl-protected B-ddCIU (19 mg, 0.053
HO/\Q/ \[O]/ mmol). TLC (dichloromethane/methanol 9:1). mp: 159-
161 °C (lit. 154-155 °C [497]); [a]%® +40.87 (c 0.55, MeOH); 'H NMR (400 MHz,
CD30D) § 8 8.56 (s, IH, H6), 6.03 (dd, Ji2a = 6.7, Jr.za = 2.9 Hz, 1H, HI'), 4.23 - 4.14
(m, 1H, H4’), 3.95 (dd, Jsasb = 12.3, Jsaa = 2.8 Hz, 1H, H>a), 3.71 (dd, Jsbe = 3.2 Hz,
1H, H5'b), 2.49 - 236 (m, 1H, H2a), 2.20 ~ 2.10 (m, 1H, H2'b), 2.05 - 1.94
(m, 2H, H3’a and H3’b); BC NMR (100 MHz, CDs0D) § 161.8 and 151.3 (C2 and C4),
139.8 (C6), 108.6 (C5), 88.2 (CI’), 83.9 (C4), 63.0 (C5), 34.0 (C2), 252
(C3"); HRMS (m/z): [M + Na]* caled. for CoHuN204NaCl, 269.0305; found

269.0331.

1-[5’-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-o-D-ribofuranosyl]-5-
bromouracil (5-O-silyl-protected «-ddBrU). TLC diethyl ether/hexane (5:1);

Br o preparative TLC diethyl ether/hexane (1:1). White
0 m solid (24 mg, 16%). mp: 147-149 °C; [a]%® -20.9
reomso” () \Ior (¢ 0.7, CHCls); 'H NMR (500 MHz, CDCls) § 8.84 (s,
1H, NH), 7.67 (s, 1H, H6), 6.02 (dd, Jr2a = 6.1, Jr2b = 3.0 Hz, 1H, HI'), 4.50 - 4.41
(m, 1H, H4'), 3.71 (dd, Jsasb = 11.0, Jsas = 4.1 Hz, 1H, H5a), 3.64 (dd, Jsp4 = 4.0 Hz,
1H, H5’b), 2.61 - 2.49 (m, 1H, H2’a), 2.06 - 1.96 (m, 3H, H2’b, H3’a and H3’b), 0.91
[s, 9H, SiC(CHs)s], 0.08 [s, 6H, Si(CHs)2]; BC NMR (125 MHz, CDCls) 8 159.1 and
149.5 (C2 and C4), 139.1 (C6), 96.3 (C5), 88.7 (CT'), 82.4 (C4’), 65.3 (C5), 33.2 (C2)),
26.0 [SiC(CHs)s), 25.6 (C3), 18.4 (SiC), -5.21 and -5.26 [Si(CHs)2]; HRMS (m/z):
[M - H] caled. for CisH24N204SiBr, 403.0689; found 403.0679.

1-[5’-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-f-D-ribofuranosyl]-5-
bromouracil (5-O-silyl-protected B-ddBrU). TLC
iy o diethyl ether/hexane (5:1); preparative TLC diethyl
O._N. NH ether/hexane (Ll:I). White solid (32 mg, 21%).
TBDMSO/\U \Iof mp: 153-155°C; [a]?® -35 (¢ 18, CHCh);
'H NMR (500 MHz, CDCl3) § 9.44 (s, 1H, NH), 8.17 (s, 1H, H6), 6.02 (dd, Jr2a =

6.4, Jr>b =43 Hz, 1H, HI'), 4.21 - 4.15 (m, 1H, H4'), 4.03 (dd, J5a5b=11.6, J5a.4 = 2.3

178



Hz, 1H, H5'a), 3.70 (dd, Jsba = 2.7 Hz, 1H, H5'b), 2.44 — 2.36 (m, 1H, H2'a), 2.08 -
191 (m, 3H, H2'b, H3'a and H3'b), 0.93 [s, 9H, SiC(CHs)s], 0.13 [s, 6H, Si(CHs)2];
BC NMR (125 MHz, CDCls) 8 159.4 and 149.9 (C2 and C4), 139.8 (C6), 96.4 (C5),
87.0 (CT'), 81.9 (C4’), 64.4 (C5’), 33.3 (C2'), 26.2 [SiC(CH3)3], 25.0 (C3’), 18.7 (SiC),
-5.07 and -5.09 [Si(CHs)z]; HRMS (m/z): [M + Na]* calcd. for C;sH25N204NaSiBr,
427.0665; found 427.0671.

2’ 3’-Dideoxy-a-D-5-bromouridine (a-ddBrU). Obtained as a colourless syrup
Br o (3 mg, quant.) from 5-O-silyl-protected a-ddBrU (18
o ‘\\N/ . mg, 0.044 mmol). TLC dichloromethane/methanol (9:1).
HO/\Q \Ig []28 -15.8 (c1, MeOH); '"H NMR (500 MHz, CDCl3) § 9.07
(s,1H, NH), 7.67 (s, 1H, H6), 6.07 (dd, Jy.22 = 6.1, Jr 2 = 4.4 Hz, IH, HI'), 4.54 - 4.48
(m, 1H, H4), 3.79 (dd, Jsasb = 12.0, Jsas = 3.2 Hz, 1H, H5a), 3.60 (dd, Jsba = 5.6
Hz, 1H, H5'b), 2.62 - 2.51 (m, 1H, H2’a), 2.14 - 2.01 (m, 2H, H2’b and H3’a), 2.00 -
1.90 (m, 1H, H3’b), 1.70 (s, 1H, OH); BC NMR (125 MHz, CDCl3) § 159.2 and 149.6
(C2 and C4), 139.1 (C6), 96.7 (C5), 88.2 (CT'), 82.3 (C4’), 64.7 (C5’), 33.1(C2’), 25.7
(C3’); HRMS (m/z): [M + H]* calcd. for CoH,,N,O,Br, 312.9800; found 312.9785.
2’,3’-Dideoxy-B-D-5-bromouridine (3-ddBrU) has been previously synthesized
Br [498]. Obtained as a colourless solid (12 mg, quant.) from
0 N/ - 5’-O-silyl-protected B-ddBrU (17 mg, 0.044 mmol). TLC
HO/\Q’ \Ig dichloromethane/methanol (9:1). mp: 182-184 °C (lit. 178-
179 °C [498]); [a]%” +25.6 (¢ 0.7, MeOH); '"H NMR (600 MHz, CDsOD) § 8.64 (s,
1H, H6), 6.00 (dd, Jr2a = 6.7, Jr2b = 2.9 Hz, 1H, HTI'), 4.19 - 4.14 (m, 1H, H4’), 3.93
(dd, Jsasb =12.3, Jsaa 2.8 Hz, 1H, H5a), 3.68 (dd, Jsb4 = 3.2 Hz, 1H, H5'b), 2.44 -
2.36 (m, 1H, H2’a), 2.15 - 2.09 (m, 1H, H2’b), 2.02 - 1.92 (m, 2H, H3’a and H3'b);
BC NMR (150 MHz, CDs0D) § 161.8 and 151.6 (C2 and C4), 142.4 (C6), 96.2 (C5),
88.3(CT), 84.0 (C4’), 63.0 (C5),34.0 (C2’),25.2 (C3’); HRMS (m/z): [M - H]" calcd.
for CoH10N204Br, 288.9824; found 288.9823.

1-[5’-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-o-D-ribofuranosyl]-cytosine
NH, (5-O-silyl-protected a-ddC) has been previously

=
| .
O .N_ _N synthesized [481]. TLC
TBDMSO/\Q hig ' ,
0 dichloromethane/methanol (19:1); preparative TLC
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chloroform/isopropanol (90:10). White solid (25 mg, 21%). mp: 186-188 °C (lit.
199-203 [481]); [a]2® -50.0 (¢ 0.75, MeOH) (lit. []2® -53.9 (c 0.31, MeOH) [481]);
IH NMR (500 MHz, CDCls) § 7.43 (d, Jo5s = 7.4 Hz, 1H, H6), 6.04 (dd, Jr2 = 6.1,
Jv2b = 3.3 Hz, 1H, HY’), 5.74 (d, 1H, H5), 4.42 - 434 (m, 1H, H4’), 3.64 (d, J5a4 =
Jsba = 4.6 Hz, 2H, H5’a and H5'b), 2.56 - 2.47 (m, 1H, H2’a), 2.06 - 1.95 (m, 1H,
H2’b), 1.94 - 1.87 (m, 2H, H3’a and H3’b), 0.89 [s, 9H, SiC(CHs3)s3], 0.06 [s, 6H,
Si(CH3)2] [481]; BC NMR (125 MHz, CDCl3) 8 166.0 (C4), 156.1 (C2), 140.3 (C6),
93.8 (C5), 88.7 (CI'), 82.0 (C4’), 65.5 (C5’), 33.0 (C2’), 26.0 [SiC(CH3)3], 25.5 (C3’),
18.5 (SiC), -5.19 and -5.24 [Si(CH3)2]; HRMS (m/z): [M + H]* calcd. for
C1sH28N30sSi, 326.1900; found 326.1890.

1-[5’-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-f-D-ribofuranosyl]-cytosine
(5’-O-silyl-protected B-ddC) has been previously synthesized [481]. TLC
%\( NH, dichloromethane/methanol (19:1); preparative TLC
BDMSO /\Q,N\”/N chloroform/isopropanol (90:10). White solid (27
o] mg, 23%). mp: 198-200 °C (lit. 204-206 °C [481]);
[a] 38 +41.1 (c1, MeOH) (lit. [a]2® +45.8 (c 1.02, MeOH) [481]); 'H NMR (500 MHz,
CDCls) 6 8.10 (d, Je5s = 7.4 Hz, 1H, H6), 6.07 (dd, Jr2a = 6.6, Jr 2 = 2.8 Hz, 1H, HT'),
5.63 (d, 1H, H5), 4.15 - 4.09 (m, 1H, H4’), 4.04 (dd, J5asb = 11.5, Jsas = 2.6 Hz, 1H,
H5’a), 3.71 (dd, Js»4 = 2.6 Hz, 1H, H5’b), 2.46 - 2.35 (m, 1H, H2'a), 2.10 - 2.02 (m,
1H, H2’b), 1.95 - 1.88 (m, 1H, H3’a), 1.87 - 1.79 (m, 1H, H3’b), 0.91 [s, 9H, SiC(CH3)s3],
0.09 [2s, 6H, Si(CHs)2] [481]; BC NMR (125 MHz, CDCls) 8 165.9 (C4), 156.1 (C2),
141.8 (C6), 93.3 (C5), 87.1 (CI), 82.2 (C4’), 63.7 (C5’), 33.9 (C2), 26.0 (C3’), 243
[SiC(CH3)s3], 18.5 (SiC), -5.29 and -5.39 [Si(CH3)2]; HRMS (m/z): [M + H]* calcd. for
CisH2s8N30:sSi, 326.1900; found 326.1891.

2’ 3’-Dideoxy-a-D-cytidine (a-ddC) has been previously synthesized [48l].
(\(NHZ Obtained as a white solid (9 mg, quantitative) from

O .N |N 5-O-silyl-protected o-ddC (14 mg, 0.043 mmol).
HO/\Q \g/ TLC dichloromethane/methanol (9:1). mp: 168-170
°C (lit. 165-166 °C [486]); [a]%’ -74.5 (c 0.77, MeOH) (lit. [a]?° -83.4 (c 0.56,
MeOH) [481]); 'TH NMR (500 MHz, CDsOD) § 7.68 (d, Js;5 = 7.5 Hz, 1H, H6), 6.05
(dd, Jr2a = 6.2, Jrab = 3.7 Hz, 1H, HI'), 5.91 (d, 1H, H5), 4.49 — 4.44 (m, 1H, H4)),
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3.63 (dd, Jsasb = 11.8, Jsax = 4.0 Hz, 1H, H5a), 3.54 (dd, Jspe = 5.2 Hz, 1H, H5'b),
2.54 — 2.45 (m, 1H, H2’a), 2.07 - 1.96 (m, 2H, H2’b and H3’a), 1.93 - 1.84 (m, 1H,
H3'b); BC NMR (125 MHz, CDs0D) § 167.56 (C4), 158.05 (C2), 142.10 (C6), 95.57
(C5), 89.69 (CI), 83.38 (C4'), 65.22 (C5’), 33.83 (C2'), 26.51 (C3’); HRMS (m/z):
[M + H]* caled. for CoH14N30s, 212.1035; found 212.1028.

2’,3-Dideoxy-B-D-cytidine (B-ddC) has been previously synthesized [302].

(\(NHZ Obtained as a white solid (9 mg, quantitative) from 5-
l

O N_ N O-silyl-protected B-ddC (14 mg, 0.043 mmol). TLC
’ O/\Q» yl-p B (14 mg )

0 dichloromethane/methanol (9:1). mp: 223-225 °C (lit.
215-217 °C [486]); [a]%” +82.1 (¢ 0.77, MeOH) (lit. [a]Z® +102.5 (¢ 0.5, MeOH)
[486]); '"H NMR (500 MHz, CDs0D) § 8.12 (d, Jss = 7.5 Hz, 1H, H6), 6.02 (dd, Ji 2
= 6.7, Jrob = 3.2 Hz, 1H, HI'), 5.87 (d, 1H, H5), 4.18 - 4.11 (m, 1H, H4’), 3.87 (dd,
Jsasb = 12.2, Jsaa = 3.1 Hz, 1H, H5a), 3.69 (dd, Jsba = 4.0 Hz, 1H, H5'b), 2.46 - 2.37
(m, 1H, H2’a), 2.05 - 1.83 (m, 3H, H2'b, H3’a and H3’b) [499]; BC NMR (125 MHz,
CDs0D) § 167.6 (C4), 158.3 (C2), 142.8 (C6), 95.2 (C5), 88.4 (CI'), 83.6 (C4), 63.7
(C5),34.1(C2), 25.7 (C3’); HRMS (m/z): [M + H]* calcd. for CoH14N3O3, 212.1035;
found 212.1029.

1-[5’-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-o-D-ribofuranosyl]-5-
fluorocytosine (5’-O-silyl-protected a-ddFC). TLC dichloromethane/methanol

%F\(NHZ (19:1); preparative TLC acetone/dichloromethane
0L N |N (1:1). Colourless syrup (37 mg, 29%). [a]3’ -59.0
reomso” () \g/ (c1, MeOH); "H NMR (500 MHz, CDCl) & 8.05 (s,
1H, NHa), 7.45 (d, Jor = 6.2 Hz, 1H), 6.02 - 5.94 (m, 1H, HI’), 5.54 (s, 1H, NHb),
4.45 - 435 (m, 1H, H4’), 3.69 - 3.60 (m, 2H, H5a’ and H5’b), 2.59 - 2.48 (m, 1H,
H2a), 2.07 - 1.97 (m, 1H, H2’b), 1.97 - 1.87 (m, 2H, H3’a and H3’b), 0.89 [s, 9H,
SiC(CHs)s], 0.06 [s, 6H, Si(CHs)] [495]; BC NMR (125 MHz, CDCls) § 158.1 (d, Jar
— 13.5 Hz, C4), 154.0 (C2), 136.5 (d, Js.r = 240.9 Hz, C5), 124.7 (d, Jo.r = 31.8 Hz, C6),
88.8 (CT), 82.2 (C4’), 65.4 (C5), 33.0 (C2’), 26.0 [SiC(CHs)s], 25.5 (C3'), 18.4 (SiC),
-5.21 and -5.25 [Si(CH3)2]; HRMS (m/z): [M + H]* calcd. for CisH27N3OsSiF,
344.1806; found. 344.1823.
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1-[5-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-f-D-ribofuranosyl]-5-
fluorocytosine (5-O-silyl-protected B-ddFC). TLC dichloromethane/methanol
;\(NHz (19:1); preparative TLC acetone/dichloromethane
O_N |N (L:1). White solid (40 mg, 32%). mp: 180-182 °C
reowso” () \[Or [495]; [a]2° +51.6 (C 0.75, MeOH); 'H NMR (500
MHz, CDCL3) § 8.28 (d, Jo.r = 6.6 Hz, 1H, H6), 7.51 (s, 1H, NHa), 6.05 - 5.99 (m, 1H,
HT’), 5.41 (s, IH, NHDb), 4.17 - 4.13 (m, 1H, H4’), 4.11 (dd, J5a5b = 11.5, Jsa4 = 2.3 Hz,
1H, H5a), 3.72 (dd, Jspe = 2.2 Hz, 1H, H5'b), 2.48 - 2.38 (m, 1H, H2a), 2.15 - 2.06
(m, 1H, H2’b), 2.01 - 1.89 (m, 1H, H3’a), 1.88 - 1.78 (m, 1H, H3’b), 0.93 [s, 9H,
SiC(CHs)s), 0.12 [2s, 6H, Si(CHs)2] [495]; BC NMR (125 MHz, CDCl3) § 157.9 (d, Jar
— 13.7 Hz, C4), 154.1 (C2), 136.3 (d, Jsr = 239.0 Hz, C5), 126.3 (d, Je = 32.2 Hz, C6),
87.2 (CI), 82.5 (C4’), 63.6 (C5’), 33.8 (C2’), 26.1 [SiC(CH3)3], 24.0 (C3’), 18.7 (SiC),
-5.39 and -5.42 [Si(CH3)2]; HRMS (m/z): [M + H]* caled. for CisH27N3OsSiF,
344.1806; found 344.1824.

2’ 3’-Dideoxy-a-D-5-fluorocytidine («-ddFC). Obtained as a colourless syrup (12
%F\(NHz mg, quantitative) from 5’-O-silyl-protected a-ddFC
0L N IN (18 mg, 0.052 mmol). TLC dichloromethane/methanol
HO/\Q \g/ (9:1). [a]28 -86.1 (C 0.62, MeOH); 'H NMR (500 MHz,
CDs0D) 8 7.79 (d, Jer = 6.6 Hz, 1H, H6), 6.02 - 5.97 (m, 1H, HI'), 4.52 - 4.45 (m,
1H, H4’), 3.64 (dd, Jsasb = 11.8, J5a, 4 = 3.9 Hz, 1H, H5'a), 3.53 (dd, Jsb4 = 5.3 Hz, 1H,
H5'b), 2.55 - 2.46 (m, 1H, H2'a), 2.08 - 1.96 (m, 2H, H2’b and H3’a), 1.92 - 1.83 (m,
1H, H3’b); BC NMR (125 MHz, CDs0D) 8 159.6 (d, J4r = 13.9 Hz, C4), 156.5 (C2),
138.4 (d, Jsr = 242.0 Hz, C5),126.2 (d, Jor = 32.4 Hz, C6), 89.8 (CT'), 83.4 (C4’), 65.2
(C5), 33.8 (C2'), 26.5 (C3"); HRMS (m/z): [M + H]* caled. for CoHiN3OsF,
230.0941; found 230.0925.
2’,3’-Dideoxy-B-D-5-fluorocytidine (B-ddFC) has been previously synthesized
%F\(NHZ [500]. Obtained as a white foam (8 mg, quantitative)
O _N IN from 5-O-silyl-protected B-ddFC (12 mg, 0.035
HO/\Q‘ \g/ mmol). TLC dichloromethane/methanol (9:1). mp: 157-
159 °C (lit. 147-149 °C [495]); [a]Z® +96.4 (c 0.5, MeOH) (lit. for its enantiomer

[0]2° -108 (c 0.13, MeOH) [495]); 'TH NMR (500 MHz, CDs0OD) & 8.41 (d, Jor = 7.0
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Hz, 1H, H6), 5.99 — 5.94 (m, 1H, HI'), 4.18 - 4.12 (m, 1H, H4’), 3.93 (dd, J5asb = 12.2,
Jsa2 = 2.8 Hz, 1H, H5a), 3.70 (dd, Jsba = 3.3 Hz, 1H, H5'b), 2.47 - 2.36 (m, 1H,
H2’a), 2.09 - 2.01 (m, 1H, H2'b), 1.96 - 1.88 (m, 2H, H3’a and H3’b); BC NMR (125
MHz, CDsOD) & 159.5 (d, Jar = 14.1 Hz, C4), 156.5 (C2), 138.2 (d, Jsr = 240.7 Hz,
C5), 127.2 (d, Jer = 33.3 Hz, C6), 88.6 (CT’), 83.9 (C4’), 63.2 (C5), 34.3 (C2)), 25.1
(C3’); HRMS (m/z): [M + H]* calcd. for CoH;3N505F, 230.0941; found 230.0923.

1-[5’-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-o-D-ribofuranosyl]-5-
azacytosine (5-O-silyl-protected a-ddAC) has been previously synthesized
N._NH, [501]. TLC dichloromethane/methanol (19:1);
O .WN.__N preparative TLC  dichloromethane/methanol
TBDMSO/\Q o) (97:3). White solid (26 mg, 22%). mp = 197-199 °C
(lit. 191-193 °C [501]); [a]3® -50.7 (¢ 0.6, CH3Cl); '"H NMR (500 MHz, CDCl) § 8.10
(s, 1H, H6), 6.85 (s, IH, NHa), 6.01 (dd, Jr2a = 6.2, Jrop = 2.9 Hz, IH, HI), 5.74 (5,
1H, NHb), , 4.48 — 439 (m, 1H, H4’), 3.69 (dd, Jsasb = 10.9, Jsas = 4.3 Hz, 1H, H>a),
3.64 (dd, Jsbv4 = 4.2 Hz, IH, H5’b), 2.63 - 2.52 (m, 1H, H2’a), 2.14 - 2.04 (m, 1H,
H2’b), 2.00 - 1.92 (m, 2H, H3’a and H3’b), 0.90 [s, 9H, SiC(CHzs)s3], 0.07 [s, 6H,
Si(CHs)2] [501]; BC NMR (125 MHz, CDCL) & 166.6 (C4), 154.8 (C6), 154.0 (C2),
89.1(CT’), 82.5 (C4’), 65.3 (C5), 33.1 (C2’), 26.0 [SiC(CH3)3], 25.3 (C3’), 18.4 (SiC), -
5.20 and -5.26 [Si(CH3)2]; HRMS (m/z): [M + H]* calcd. for Ci14aH27N4OsSi, 327.1852;
found 327.1841.

1-[5-O-(tert-Butyldimethylsilyl)-2’,3’-dideoxy-f-D-ribofuranosyl]-5-
azacytosine (5-O-silyl-protected B-ddAC) has been previously synthesized
r/ N\erHz [501]. TLC dichloromethane/methanol (19:1);
O__N.__N preparative TLC  dichloromethane/methanol
TBDMSO/\Q/ O (97:3). White solid (26 mg, 22%). mp = 183-185 °C
(lit. 196-198 °C [501]); [a]3® +53.9 (c 0.25, CHsCl); 'H NMR (500 MHz, CDCl)
8 8.72 (s, IH, H6), 6.64 (s, 1H, NHa), 6.02 (dd, Jr2a = 6.6, Jr2b = 2.4 Hz, IH, HI'),
5.65 (s, 1H, NHb), 4.23 - 4.16 (m, 1H, H4’), 4.08 (dd, J5a5b = 11.6, Jsas = 2.5 Hz, 1H,
H5'a), 3.72 (dd, Jsa4 = 2.4 Hz, 1H, H5'Db), 2.54 - 2.42 (m, 1H, H2’a), 2.20 - 2.13 (m,
1H, H2’b), 2.01-1.92 (m, 1H, H3’a), 1.91-1.84 (m, 1H, H3’b), 0.92 [s, 9H, SiC(CH;)s],
0.11 [2s, 6H, Si(CHs)z] [501]; BC NMR (125 MHz, CDCls3) § 166.6 (C4), 156.2 (C6),
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1543 (C2), 87.5 (CI'), 82.9 (C4’), 63.4 (C5), 33.9 (C2’), 26.1 [SiC(CHs)3], 23.9 (C3),
18.6 (SiC), -5.28 and -5.39 [Si(CH3)z]; HRMS (m/z): [M + H]* caled. for
Ci14aH27N405Si, 327.1852; found 327.1862.

2',3'-Dideoxy-o-D-5-azacytidine (a-ddAC) has been previously synthesized
r/N\erHz [501]. Obtained as a white solid (8 mg, quantitative)

O .wN._N from 5-O-silyl-protected o-ddAC (12 mg, 0.037
HO/\Q \[C])/ mmol). TLC dichloromethane/methanol (9:1). mp: 145-
147 °C (lit. 132-134 °C [501]); [a]%’ -52.8 (c 0.2, MeOH) (lit. for its enantioner
[@]25 -59.7 (¢ 0.07, MeOH) [501]); '"H NMR (500 MHz, CDsOD) & 8.26 (s, 1H, H6),
5.99 (dd, Jr2a = 6.3, Jr2b = 3.5 Hz, 1H, HT), 4.53 — 4.48 (m, 1H, H4), 3.65 (dd, J5a5b
=11.9, Jsa4 = 3.9 Hz, 1H, H5a), 3.54 (dd, Jsb,4 = 5.2 Hz, 1H, H5'b), 2.57 - 2.49 (m,
1H, H2a), 216 - 2.03 (m, 2H, H2’b and H3a), 1.95 - 1.88 (m, 1H, H3’b);
BC NMR (125 MHz, CDs0D) § 168.2 (C4), 156.62 (C6), 156.59 (C2), 90.1 (C'), 83.7

(C4), 651 (C5), 33.7 (C2), 26.4 (C3); HRMS (m/z): [M + Na]* calcd. for
CsH12N4OsNa, 235.0807; found 235.08l1.

2',3'-Dideoxy-fB-D-5-azacytidine (B-ddAC) has been previously synthesized
r/N\erHz [501]. Obtained as a white solid (8 mg, quantitative)
O_ _N_ _N from 5-O-silyl-protected B-ddAC (12 mg, 0.037
HO/\Q/ \[C])/ mmol). TLC dichloromethane/methanol (9:1). mp: 240
°C (245 °C [501]); [a]3® +46.3 (¢ 0.1, MeOH) (lit. for its enantioner [a]3° -45 (c 0.1,
MeOH) [501]); 'H NMR (300 MHz, D;0) § 8.63 (s, 1H, H6), 6.02 (dd, Jr2a = 6.9,
Jvaw = 2.3 Hz, TH, HT'), 4.36 - 4.25 (m, 1H, H4’), 3.93 (dd, Jsas5b = 12.7, Jsa4 = 3.0 Hz,
1H, H5’a), 3.76 (dd, Jsb4 = 4.9, 1H, H5'b), 2.59 - 2.43 (m, 1H, H2a), 2.28 - 2.17 (m,
1H, H2’b), 2.11 - 1.99 (m, 1H, H3’a), 1.93 - 1.75 (m, 1H, H3’b); BC NMR (150 MHz,
CDs0D) § 168.0 (C4), 157.4 (C6), 156.6 (C2), 88.8 (CT’), 84.4 (C4’), 63.1 (C5’),34.3
(C2’),25.0 (C3’); HRMS (m/z): [M + Na]* calcd. for CsH2N4OsNa, 235.0807; found
235.0809.
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Synthesis of 3’-azido-2',3'-dideoxynucleosides

Methyl 5-0-tert-butyldiphenylsilyl-2-deoxy-«,-D-erythro-
pentofuranosides (58, 58). 2-deoxy-D-ribose (5 g, 37.2 mmol) was dissolved in
0 MeOH (70 mL) and AcCl was then added (173 pL 2.4
TBDPSO/\QWOMe mmol) and the reaction mixture was stirred for 1 h.
HO\C NaHCOs (2 g) was added and stirred for an additional 5
min. The precipitate was filtered out and the solvent removed under vacuum. The
resulting brown syrup was used without further purification. To a solution of the
crude product (5.8 g) in DCM (80 mL), DMAP (956 mg, 7 mmol), TEA (6 mL) and
TBDPSCI (11.16 mL, 43 mmol) were subsequently added in an ice bath. This mixture
was allowed to stir overnight and partitioned between water and DCM. The
aqueous layer was extracted twice with DCM and the combined organic layers were
dried over Mg>SO4 and evaporated. The residue was purified by FCC using hexane-
diethyl ether (9:1) to afford 58« (5.7 g) and 58 (3.0 g) as colourless syrups in a
combined yield of 60%.

Methyl 5-0-tert-butyldiphenylsilyl-2-deoxy-a-D-erythro-pentofuranoside
(58a). [a]3® +53.0° (C 1, CH3Cl). '"H NMR (500 MHz, CDCls) § 7.70 - 7.63 (m, 4H,
aryl), 7.46 - 734 (m, 6H, aryl), 5.11 (d, /] = 4.5 Hz, 1H, Hl), 4.30 (dd, ] =10.5, 6.1 Hz,
1H, H4), 4.19 - 4.14 (m, 1H, H3), 3.75 (dd, ] = 11.0, 3.6 Hz, 1H, H5a), 3.61 (dd, J =111,
4.9 Hz, 1H, H5b), 3.38 (s, 3H, OMe), 2.83 (d, J = 10.6 Hz, 1H, OH), 2.23 - 2.15 (m,
1H, H2), 2.02 (d, J = 13.7 Hz, 1H, H2), 1.05 [s, 9H, SiC(CHs)3]. BC NMR (125 MHz,
CDCl) & 135.8, 135.7, 133.4, 133.3, 129.9, 129.9, 127.9 (aryl), 105.8 (C1), 88.0 (C4),
73.4 (C3), 64.6 (C5), 54.9 (OMe), 41.3 (C2), 27.0 [SiC(CH3)3], 19.4 (SiC) [434].
HRMS (m/z): [M + Na]* caled. for C22H3004NaSi, 409.1811; found, 409.1793.

Methyl 5-0-tert-butyldiphenylsilyl-2-deoxy-f-D-erythro-pentofuranoside

(58PB). [a]%8 -41.8° (¢ 1, CH3Cl). 'TH NMR (500 MHz, CDCl3) § 7.71 - 7.65 (m, 4H,
aryl), 7.48 - 7.35 (m, 6H, aryl), 5.05 (dd, ] = 5.3, 2.1 Hz, 1H, H1), 4.55 - 4.47 (m, 1H,
H4), 3.98 - 3.91 (m, 1H, H3), 3.82 (dd, J = 10.3, 5.1 Hz, 1H, H5a), 3.66 (dd, J = 10.2,
7.7 Hz, 1H, H5b), 3.27 (s, 3H, OMe), 2.24 - 2.16 (m, 1H, H2), 2.11 - 2.02 (m, 1H, H2),
1.81 (d, J = 4.1 Hz, 1H, OH), 1.07 [s, 9H, SiC(CHs)3]. BC NMR (125 MHz, CDCls)
§135.7,133.4,129.97,129.95, 127.9 (aryl), 105.1 (C1), 85.8 (C4), 73.5 (C3), 65.6 (C5),
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55.2 (OMe), 41.2 (C2), 27.0 [SiC(CH3)3], 19.4 (SiC) [434]. HRMS (m/z): [M + Na]*
caled. for C22H3004NaSi, 409.1811; found, 409.1816.

Methyl 5-0-tert-butyldiphenylsilyl-3-iodo-2,3-dideoxy-o-D-threo-
pentofuranoside (59). Compound 58a (5.6 g, 14.5 mmol) was dissolved in
O oMo toluene (150 mL) and PhsP (7.9 g, 30.4 mmol),
TBDPSO/\Q imidazole (4.4 g, 60.84 mmol) and iodine (7.7 g, 30.4
| mmol) was then added. The mixture was stirred at 75
°C until the completion of the reaction. The suspension was filtered and the solvent
evaporated. FCC using hexane-diethyl ether (5:1) yielded pure 59 (6.6 g, 92%) as a
pale yellow syrup. [a]3® +41.9° (¢ 1, CH5Cl). 'TH NMR (400 MHz, CDCl3) § 7.79 -
732 (m, 10H, aryl), 5.21 (dd, Ji2. = 5.5, Jizb = 3.9 Hz, 1H, H1), 4.57 - 4.52 (m, 1H,
H4), 3.96 (dd, Jsasb = 10.5, Jsas = 5.0 Hz, 1H, H5a), 3.72 (dd, Jsb.4 = 6.0 Hz, 1H, H5b),
3.44 (q, ] = 5.1 Hz, 1H, H3), 3.39 (s, 3H, OCH3), 2.81 (ddd, J = 14.8, 5.5, 3.3 Hz, 1H,
H2a), 2.59 (ddd, J = 14.8, 6.5, 3.9 Hz, 1H, H2b), 1.07 [s, 9H, SiC(CHzs)3].
BC NMR (100 MHz, CDCls) § 135.86, 135.77, 133.51, 133.45, 129.87 and 127.83 (aryl),
105.1(C1), 80.1 (C4), 68.8 (C5), 55.8 (OCH3), 46.3 (C2), 27.2 (C3), 27.0 [SiC(CH3)3],
19.4 (SiC) [434]. HRMS (m/z): [M + Na]* caled. for C2H2903NaSil, 519.0828;
found, 519.0848.

Methyl 5-0-tert-butyldiphenylsilyl-3-azido-2,3-dideoxy-o-D-erythro-
pentofuranoside (60). NaNs (3.0 g, 46.5 mmol) was suspended in a solution of
O ome 59 (6.6 g, 13.3 mmol) in DMF (60 mL). After stirring
TBDPSO/\Q overnight at 80 °C, the solvent was evaporated in
N\3 vacuum and the residue purified by FCC using hexane-
diethyl ether (5:1) to afford pure 60 (3.0 g, 54%) as a pale yellow syrup. [a]3’ +89.4°
(c1, CHsCl) (lit. [a]3° +84° (c 0.68, CHsCl) [502]). 'TH NMR (400 MHz, CDCl;) §
7.75 - 730 (m, 10H, aryl), 5.08 (d, J = 5.1 Hz, 1H, H1), 4.13 - 4.00 (m, 2H, H3 and
H4), 3.82 - 3.68 (m, 2H, H5a and H5b), 3.38 (s, 3H, OCHj;), 2.41 - 2.29 (m, 1H,
H2a), 2.03 (ddd, J = 14.0, 2.6, 1.2 Hz, 1H, H2b), 1.07 [s, 9H, SiC(CHs)s].
BC NMR (100 MHz, CDCl3) § 135.79, 135.72,133.3, 133.2, 130.0, 129.9, 127.94, 127.89
(aryl), 104.9 (C1), 83.5 (C4), 64.1 (C5), 60.9 (C3), 55.1 (OCH3), 38.9 (C2), 27.0
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[SiC(CH3)3], 19.4 (SiC) [502]. HRMS (m/z): [M + Na]* calcd. for C22H20N30sNaSi,
434 .1876; found, 434.1861.

General procedure for sugar-base coupling to 60

Base nitrogenada 0

O ..OMe silanizada Base
TBDPSO/\Q —_— TBDPSO/\QM

R SnCly, ACN, R
N3 0°C > ta, 16h N3

60 Nucleésidos protegidos
Coupling reactions between sugar moiety 60 and nitrogenous base were carried
out as previously described [439], [440]. Nitrogenous base (1.94 mmol) was
dissolved, under Ar atmosphere, in anhydrous ACN (3 mL) and BSA (1.1 mL, 4.28
mmol) was added with a syringe. The mixture was refluxed for 1 h, after which the
reaction was cooled to room temperature and a solution of 60 (100 mg, 0.24
mmol) in anhydrous ACN (2 mL) was then added. The reaction was cooled with
an ice-bath, treated with SnCls (1 M in DCM, 2.4 mL, 2.43 mmol) and allowed to
stir overnight at room temperature. This mixture was diluted with DCM and
washed with NaHCOs saturated aqueous solution, the organic phase was dried and
evaporated. Nucleoside stereoisomers were purified by FCC and collected together

since their separation was not possible.

General procedure for the desilylation of protected nucleosides

/\@WBase ﬂ, /\@WBase
TBDPSO \ THE HO \

Ns Ns
Nucleésidos protegidos Nucledsidos

Nucleoside stereoisomer mixtures were deprotected as previously described for
2’,3’-dideoxynucleosides. The deprotected 3’-azido-2’,3’-dideoxynucleoside
estereoisomers mixtures were purified by preparative TLC using the following

solvent systems:

-For uracil and thymine: ethyl acetate-hexane (60:40).
-For azauracil: ethyl acetate-hexane (40:60).

-For 5-fluorouracil, 5-chlorouracil and 5-bromouracil: ethyl acetate-hexane
(30:70).
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-For cytosine, 5-fluorocytosine and 5-azacytosine: dichloromethane-methanol
(95:5).

Synthesis of 3’-fluoro-2',3'-dideoxynucleosides

Methyl 5-0-tert-butyldiphenylsilyl-2-deoxy-f-D-threo-pentofuranoside
O _oMe (62). Compound 58p (2.4 g, 6.21 mmol) was dissolved
TBDPSO/\SJ’ in DCM (15 mL) and was then treated with a freshly
HO prepared complex of CrOs/Py/Ac2O (1.9 g/3.1 mL/1.9
mL, in this order) in DCM (35 mL). After stirring for 20 min the reaction was
finished and the mixture was slowly added to stirred ethyl acetate. The resulting
suspension was passed through a path of silica gel washing with ethyl acetate and
the solvent evaporated under reduced pressure below 40 °C. The residue was
dissolved in EtOH (100 mL), cooled with an ice-bath previous addition of NaBH4
(960 mg, 24.83 mmol) and stirred for 10-15 min. The reaction was then quenched
by the dropwise addition of 80% acetic acid the solvent evaporated. Purification
by FCC with hexane-diethyl ether (3:1) allowed obtaining 62 (1.7 g, 71%) as a white
solid. [a]%? -54.6° (¢ 1, CH5CI) (lit. [a]3? -54° (¢ 0.31, CH5Cl) [502]). '"H NMR (400
MHz, CDClz) § 7.78 - 7.30 (m, 10H, aryl), 5.05 (dd, /i,2. = 3.7, Ji2» = 1.5 Hz, 1H, HI),
439 - 430 (m, 1H, H4), 4.15 - 4.02 (m, 2H, H3 and H5), 3.87 (dd, J5a5b = 10.3, J52.4
= 5.8 Hz, 1H, H5), 3.30 (s, 3H, OCH3s), 2.94 (d, ] = 9.7 Hz, 1H, OH), 2.18 - 2.07 (m,
2H, H2a and H2b), 1.07 [s, 9H, SiC(CHs)s]. ®C NMR (100 MHz, CDCl) & 1B5.8,
135.8, 133.6, 133.5, 129.8, 127.8 and 127.8 (aryl), 105.2 (C1), 84.7 (C3), 71.6 (C4), 63.8
(C5), 55.1 (OCH3), 41.5 (C2), 27.0 [SiC(CHs)5], 19.3 (SiC) [502]. HRMS (m/z): [M +
Na]* caled. for C23H3004NaSi, 409.1811; found, 409.1805.

Methyl 5-0-tert-butyldiphenylsilyl-3-fluoro-2,3-dideoxy-p-D-erythro-
pentofuranoside (63). To a solution of 62 (1.7 g, 4.4
O__-OMe ,
TBDPSO/\U mmol) in anhydrous toluene (20 mL) was added DAST
F (2.7 mL, 17.59 mmol). The reaction was stirred for 2 h,
after which the mixture was slowly and extremely carefully passed through a path
of silica gel washing with CHCls. After evaporation of the solvent, purification by

FCC using hexane-diethyl ether (95:5) afforded 63 (425 mg, 25%) as a colourless
syrup. [a]3® -42.8° (c 0.4, CHsCl) (lit. [a]3® -45° (¢ 0.25, CHsCl) [502]).
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IH NMR (500 MHz, CDCLs) § 7.70 - 7.35 (m, 10H, aryl), 534 - 5.31 (m, 1 %H, 1
14H3), 5.23 - 5.20 (m, 1H, 1 %4H, 14H3), 517 (dd, J = 5.6, 3.8 Hz, 1H, HI), 433 -
4.23 (m, 1H, H4), 3.73 (ddd, Jsasb = 10.6, 5.1, 2.1 Hz, 1H, H5a), 3.59 (dd, ] = 8.1 Hz,
1H, H5b), 330 (s, 3H, OCH3), 2.44 - 2.32 (m, 1H, H2a), 2.23 - 2.10 (m, 1H, H2b),
1.07 [s, 9H, SiC(CHs)s]. BC NMR (125 MHz, CDCls) § 135.7, 133.3, 129.97, 129.93,
127.9,127.9,105.8 (d, Jr.c1 = 1.9 Hz, C1), 94.75 (d, Jr,c3 = 177.8 Hz, C3), 84.76 (d, Jr,ca
= 22.9 Hz, C4), 63.91 (d, Jr.cs = 9.9 Hz, C5), 55.71 (OCH3), 39.57 (d, Jr,c2 = 21.5 Hz,
C2), 26.94 [SiC(CHs)3], 19.36 (SiC). HRMS (m/z): [M + Nal* calcd. for
C22H2005FNaSi, 411.1768; found, 411.1757.

5.2 MOLECULAR BIOLOGY

5.2.1 Chemicals Used in this Study

RTis used to treat HIV/AIDS (Abacavir, AZT, efavirenz, emtricitabine, etravirine,
lamivudine, nevirapine, stavudine, and tenofovir) were obtained from Hospital
Clinico San Cecilio, Granada, Spain. The name, provider and CAS number of
commercially available nucleoside analogues used in this study are indicated in
Table 5. All synthesized compounds were dissolved in water. Aliquots of all

chemicals were prepared to avoid repeated freeze-thaw cycles.

Name CAS Provider Solvent
Abacavir 136470-78-5 Hospital Water
AZT 30516-87-1 Hospital Water
Efavirenz 154598-52-4 Hospital DMSO
Emtricitabine 143491-57-0 Hospital Water
Etravirine 269055-15-4 Hospital DMSO
Lamivudine 134678-17-4 Hospital Water
Nevirapine 129618-40-2 Hospital DMSO
Stavudine 3056-17-5 Hospital Water
Tenofovir disoproxil 147127-20-6 Hospital Water
2',3'-Dideoxy-3'-fluorouridine (C1) 41107-56-6 Aldrich Water
2',3-Isopropylideneuridine (C2) 362-43-6 Aldrich Water
2’,3'-Dideoxy-3'-fluorothymidine (C4) 25526-93-6 Aldrich Water
2',3'-Dideoxy-5-iodouridine (Cs) 105784-83-6 Aldrich Water
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2',3-O-isopropylideneadenosine (C6) 362-75-4 Aldrich Water
2'-Azido-2'-deoxyuridine (C7) 26929-65-7 Aldrich Water
N4-Acetyl-2'-O-methylcytidine (C8) 113886-71-8  Carbosynth Water

N4-Acetyl-2'-deoxy-2'-fluorocytidine 159414-97-8  Carbosynth Water
(C9)

5'-0-Acetyl-2',3'-O- 15888-38-7  Carbosynth DMSO
isopropylideneadenosine (C10)

Table 5. HIV/AIDS RTis and commercially available nucleoside analogues used in this study.

5.2.2 Cell Line Authentication

The cell lines used in this study were originally obtained from ATCC. Their identity
was confirmed by STR analyses at least once a year at Lorgen, Granada, Spain.
Furthermore, the absence of Mycoplasma spp. was confirmed every month using a

PCR-based assay (Minerva).

5.2.3 Cell Line Conditions

All cell lines used in this study were grown at 37 °C, 5% COz and atmospheric O,
and passaged using Trypsin 0.05% (from Gibco, used for HeLa and PA-1 cells) or
by pipetting up/down (for HEK293T cells).

-HeLa cell [116] were grown on Dulbecco’s Modified Eagle Medium-High Glucose
(DMEM, Invitrogen) supplemented with Ix penicillin/streptomycin/glutamine

(Invitrogen) and 10% Fetal Bovine Serum (FBS, Hyclone).

-HEK293T cells were grown on DMEM-High Glucose (Invitrogen) supplemented

with 1x penicillin/streptomycin/glutamine (Invitrogen) and 10% FBS (Hyclone).

-PA-1 cells [503] were cultured as described [469], using Minimum Essential
Media (MEM, Invitrogen) supplemented with Ix
penicillin/streptomycin/glutamine (Invitrogen), 0.1 mM non-essential amino

acids (Invitrogen), and 10% heat-inactivated FBS (Hyclone).

5.2.4 Expression Plasmids

Plasmids used in this study were propagated in Escherichia coli strain DH5a
(ThermoFisher) and were purified using Plasmid Midi kits from Qiagen following

manufacturer instructions. Plasmid DNAs were analysed by electrophoresis (0.7%

190



agarose-ethidium bromide gels) and we only used highly supercoiled preparations

of plasmid DNA for transfections.

-JM101/L1.3 (Human L1.3) has been described previously [504]. It contains a full-
length copy of the human L1.3 element (L1.3, accession number #L19088) tagged
with the mneol indicator cassette [116], [285]; it is cloned in vector pCEP4 (Life

Technologies).

-pCEPLISM (Mouse L1-T) has been described previously [473]. It contains a full-
length mouse Tr LINE-1 element (LIMd-Lloy, [466]) where the coding sequence of
the LINE-1 ORFs (LI-ORF1 and L1-ORF2) has been codon optimized, and is tagged
with the mneol indicator cassette [285]. It is cloned in vector pCEP4 (Life

Technologies).

-pCEP-TGF21 (Mouse L1-Gr) has been described previously [471]. It contains a
full-length mouse Gr LINE-1 element (LIMd-Gg21, accession number #AC021631.6,
positions 62229-68991) tagged with the mneol indicator cassette [285]. It is cloned
in vector pCEP4 (Life Technologies).

-pCEP-A101 (Mouse L1-A) has been described previously [471]. It contains a full-
length mouse A LINE-1 element (LIMd-AlOl, accession number #AY053455)
tagged with the mneol indicator cassette [285]. It is cloned in vector pCEP4 (Life

Technologies).

-pCMV-MusD-6neo™F (Mouse MusD) has been described previously [454]. It
contains a nearly full-length copy of a mouse MusD element (lacks the U3
sequence from the 5'LTR, accession number #AC124426, positions 9078-16,569

TNF

(+)) tagged with the neo™F indicator cassette [505] and is cloned in vector

pCMVbeta (Clontech).

-pIAP-92L.23neo™F (Mouse IAP) has been described previously [455]. It contains
a full-length copy of a mouse IAP element (accession number #ACO012382,
positions 161,601-168,684, (+)) tagged with the neo™F indicator cassette [505] at

IAP nucleotide position 5744, and is cloned in vector pGL3basic (Promega).

191



-pUbineo has been described previously [191]. It contains the neomycin
phosphotransferase (NEO) expression cassette from pEGFP-NI (Clontech) cloned
into a modified pBSKS-II(+) (Stratagene) that contains a U6 promoter in the multi-

cloning site.

-JJ101/L1.3 (Human L1.3) has been described previously [465]. It contains a full-
length copy of the human L1.3 element (L1.3, accession number #L19088) tagged
with the mblastl indicator cassette [151], [287] and is cloned in pCEP4 (Life

Technologies).

-JJLISM (Mouse L1-Tf) has been described previously [467]. It contains a full-
length mouse Tr LINE-1 element (LIMd-Lloy, [466]) where the coding sequence of
the LINE-1 ORFs (L1-ORFI and L1-ORF2) has been codon optimized, and is tagged
with the mblastI indicator cassette [151], [287]. It is cloned in vector pCEP4 (Life

Technologies).

-pXYO014 (Human Llgp) has been described previously [286]. It contains a full-
length copy of the human Llgp element (accession number #AF148856.1, [468])
tagged with the mflucl indicator cassette [286] and is cloned in a modified pCEP4

(Life Technologies) that contains a Renilla firefly expression cassette.

-pXYOI5 has been described previously [286]. It is derived from plasmid pXY014
but the cloned Llgrp element contains two missense mutations in the RNA binding
domain of L1-ORFIp (RR261/62AA). This plasmid was used as a negative control of

the luciferase-based retrotransposition assays.

5.2.5 Retrotransposition Assays

All retrotransposition and clonability assays conducted in this study were
conducted at least in duplicate and several independent times (>3). Clonability and
retrotransposition assays using mneol or neo™F tagged retrotransposons on HeLa
cells were carried out as previously described [150], [177], [506]. HeLa cells were
plated in 6-well plates (Corning) at the indicated number (2x10* cells for plasmids
JMI01/L1.3, pCEP-TGg21, pCEP-A10]1, and pCMV-MusD-6neo™F; 1x10* cells for
plasmids pCEPLISM, pIAP-92L23neo™F, and pU6ineo). Eighteen hours after
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plating, DNA transfections were carried out using FuGene 6 transfection reagent
(Promega) and Opti-MEM (Life Technologies) following the protocol provided by
the manufacturer (for a well of a 6-well plate: 3 pL of FuGene, 97 pL of Opti-MEM
and 1 pg of plasmid DNA). The day after transfection, media was replaced with
fresh media containing the indicated amount of each RTi (0, 5, and 25 pM unless
otherwise indicated). Neomycin selection was started 72 h post-transfection using
400 pg/mL G418 (Life Technologies) and the indicated amount of each RTi.
Selection media containing the indicated RTi was replaced every other day and
selection was continued for 11 additional days. HeLa cells were then washed with
1x PBS (Gibco), fixed with 2% paraformaldehyde/0.4% glutaraldehyde, and stained
with 0.1% (w/v) crystal violet solution as described [116], [506], to visualize and

count foci representing successful retrotransposition events.

Retrotransposition assays using mblastl tagged LINE-1 vectors (JJ101/L1.3 and
JJLISM) on HelLa cells were carried out as previously described [150], [177], [507].
2x10* (JJ101/L1.3) or 1x10* (JJLISM) HeLa cells were plated per well of a 6-well tissue
culture plate and transfected 18h later using 1pg of each plasmid and 3 pL of
FuGene 6 as described above. The day after transfection, media was replaced with
fresh media containing the indicated amount of each RTi (0, 5, and 25 pM unless
otherwise indicated), and cells cultured for 5 additional days changing the media
every other day. Blasticidin S selection (5 pg/mL, Life Technologies) in the
presence of the indicated RTi was started 120 h post-transfection, and selection
was continued for 9 additional days. HeLa cells were then washed with 1x PBS
(Gibco), fixed with 2% paraformaldehyde/0.4% glutaraldehyde, and stained with
0.1% (w/v) crystal violet solution as described [116], [506], to visualize and count

foci representing successful retrotransposition events.

Retrotransposition assays using mflucl tagged LINE-1 constructs (pX014 and pX015
as a negative control) were carried out in HEK293T cells as previously described
[150]. 1x10° cells per well were plated on 24-well tissue culture plates (Corning),
and cells transfected 16-18 hours later using Lipofectamine 2000 (Invitrogen) and
Opti-MEM (Gibco), and following the protocol provided by the manufacturer.

Prior to transfection, the culture media was replaced with antibiotic-free culture
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media, and 200 ng of each LINE-1 construct and 1 pL of Lipofectamine 2000 were
used per well (of a 24-well tissue culture plate). 6 h after transfection, media was
replaced with fresh complete media containing the indicated amount of each RTi
(0, 2,5, 5,10, 15, and 20 uM unless otherwise indicated). Puromycin selection (1
pg/mL, Sigma) was started 24 h post-transfection, using culture media containing
the indicated amount of each RTi. Selection was continued for 3 additional days,
and then Firefly and Renilla luciferase activities were measured using the Dual-
Luciferase Reporter Assay System (Promega) following manufacturer’s
instructions and a GloMax-Multi Detection System (Promega). Luciferase values

for RTi untreated wells were designated as 1.

5.2.6 MTT Assays

Assays were conducted in triplicate using 1x10° cells/well (HeLa or PA-1 cells)
plated on 96-well tissue culture plates (Corning). 16-18 h after plating, culture
media was replaced with fresh media containing the indicated amount of each RTi
(0, 5, and 25 pM unless otherwise indicated), and cells cultured for 72 h. MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Life Technologies)
was dissolved in 1x PBS (5 mg/mL), and 10 puL/well were added to 96-well tissue
culture plates. Plates were incubated during 3 hours at 37 °C, media removed, and
100 pL DMSO were then added to each well, followed by an incubation at 37 °C
during 15 minutes. After the incubation, the absorbance was measured using a
GloMax-Multi Detection System (Promega) with a test wavelength of 560 nm and
a reference wavelength of 750 nm to obtain sample signal (ODs70-ODs30). Blank
wells for background containing only media were included as controls, as well as
blank wells containing each RTi and culture media (to discard the possible
contribution of RTis to absorbance values). Data is represented as the mean values
with standard deviation, where untreated cells were arbitrarily designated as 1 for

comparisons.

5.2.7 qPCR and RT-qPCR Control Assays

To determine whether RTi treatments affect the stability of LINE-1 constructs in

cultured cells, we transfected a human LI overexpression plasmid (JM101/L1.3) in
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HeLa cells, and we then quantified the amount of plasmid DNA after RTi
treatment. 8x10* HeLa cells were plated per well of a 6-well tissue culture plate in
triplicate; after 16-18 hours, cells were transfected with 1 pug of plasmid JM101/L1.3
using 3 pL of FuGene 6 (see above). After 24 h, cells were feed with fresh media
containing 25 pM of the indicated RTi (B-ddAC, Emtricitabine, Lamivudine,
Tenofovir, C5, and AZT) or vehicle, and cells cultured for 48h. After 48h, genomic
DNA from transfected cells was extracted using phenol:chloroform:isoamyl
alcohol (25:24:1) as described [150]. Next, 50 ng of each extracted DNA were used
in qPCR reactions, using a StepOnePlus Real-Time PCR System (Applied
Biosystems), GoTaq qPCR Master Mix Kit (Promega) and the following program:
Ix (95 °C, 10 min); 40x (95 °C, 15 s; 60 °C, 60 s). To quantify the relative amount of
L1 plasmids after RTi treatments, we amplified the unique EBNA-1 region included
in plasmid JM101/L1.3 and a portion of the human GAPDH gene to normalize for
copy number differences, and using pair of primers whose amplification
efficiencies do not differ more than 5%. To do that, we first generated a standard
curve by serially diluting genomic DNA or plasmid JM101/L1.3, starting with 1 pg
and making five five-fold dilutions. We then quantified copy numbers from three
technical replicates of each reaction using the StepOnePlus Software v2.3. We used
the EBNA-1/GAPDH ratio to calculate differences in copy number. Untransfected

controls were used to discard plasmid DNA contaminations.

Similarly, and to analyse if RTi treatments affect the expression of L1 RNAs from
transfected plasmids, we transfected a human LI overexpression plasmid
(JM101/L1.3) in HelLa cells, and we then quantified the amount of expressed Ll
RNAs after RTi treatment. To quantify expressed L1 RNAs, we used: i) a NEO
primer pair designed to only amplify spliced mneol-tagged Ll transcripts; ii) a
EBNA-1 primer pair designed to detect expressed EBNA-1 RNAs from transfected
plasmids; and iii) GAPDH to normalize for expression differences. Briefly, HeLa
cells were plated, transfected and treated with RTis as described above, and total
RNA was isolated using TRIzol (Invitrogen). Next, 1 pg of total RNA from each
treatment condition (B-ddAC, Emtricitabine, Lamivudine, Tenofovir, C5, AZT, or

vehicle) was treated twice with 10 units of RNase-free DNasel (Invitrogen), to
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completely remove the transfected plasmid DNA from extracted RNAs. cDNAs
were then synthesized using a High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems) following the instructions provided by the manufacturer.
Diluted cDNAs (1/5 and 1/10, and in triplicate) were then analyzed using a StepOne
Real-Time PCR System (Applied Biosystems), GoTaq qPCR MasterMix (Promega)
and 0.15 pM of each primer (Sigma). We included an internal control (no RT
added) in all subsequent qPCR reactions. The qPCR cycling conditions were: 1x (95
°C, 10 min); 40x (95 °C, 15 s; 60 °C, 60 s); a melting curve was recorded to confirm
the identity of amplified products. To calculate differences in L1 RNA expression
from transfected plasmids after RTi treatments, we used the NEO/EBNA-1 ratio

and the comparative Ct (AACt) method [508].

5.2.8 Western Blot Analyses

PA-1 cells were plated (2x10° cells/well of a 6-well tissue culture plate) and treated
with 25 pM of the indicated RTi during 96 h. After the treatment, cells were
harvested using a cell scrapper and duplicate Whole Cell Extracts (WCE) prepared
using RIPA buffer (Sigma) supplemented with 1x Complete Mini EDTA-free
Protease Inhibitor cocktail (Roche), 0.1% Phosphatase Inhibitor 1&2 (Sigma), 1 mM
(PMSF) (Sigma) and 0.25% B-mercaptoethanol (Sigma), by incubating cells during
10 min on ice. Cellular debris was removed by centrifugation (1,000 g for 5 min at
4 °C) and total protein concentration was determined using the Micro BCA Protein
Assay Kit (Thermo) following standard procedures. Equal amounts of protein
lysates were run on 10% SDS-PAGE gels and transferred to nitrocellulose
membranes (Bio-Rad). Membranes were blocked in 5% milk/1x TBST (TBS + 0.2%
Tween-20 (v/v)) and incubated with primary antibodies diluted in 5%
milk/IXTBST overnight at 4 °C. Membranes were then washed 3 times with IXTBST,
incubated with secondary antibodies for 1 h at RT, washed again and developed. A
chemiluminescent detection system (Clarity Western ECL Substrate, Bio-Rad;
ImageQuant LAS 4000, GE Healthcare) was used, following manufacturer’s
recommendations. The following antibodies were used for immunoblotting (at
indicated dilutions): mouse anti-L1IHs-ORFlp (1:1000, Merck Millipore); mouse
anti-p53 (1:300; Santa Cruz Biotechnology); mouse anti-B-actin (1:20,000; Sigma);
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horse anti-mouse HRP-linked secondary antibody (1:20,000, Cell Signaling
Technology).

5.2.9 Quantification and statistical analysis

We used GraphPad Prism (version 6; GraphPad Software, Inc.) for statistical
analyses. Data from multiple independent experiments is reported as
retrotransposition mean + SD, and we arbitrarily designed untreated cells as 100%
Retrotransposition. Student t-test was used to calculate statistical significance and

* indicates p< 0.05; **, p< 0.01, ***, p< 0.001, and ****, p< 0.0001.
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CHAPTER 2: GENERATING HUMAN

PLURIPOTENT CELL MODELS DEVOID OF
LINE-1 RETROTRANSPOSON ACTIVITY USING
CRISPR/CAS9 SYSTEM

The next part of this Dissertation was researched during a 3-
month stay at the MRC Human Genetics Unit (MRC Institute of
Genetics & Molecular Medicine, Western General Hospital, University
of Edinburgh, Edinburgh, Scotland, UK) under the supervision of Dr.

Thomas Widmann.
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ABSTRACT

The use of human embryonic stem cells (hESCs) and human induced
pluripotent stem cells (hiPSCs) is a promising strategy that will open the door to a
new era in regenerative medicine because of their capacity to be differentiated into
any cell type. However, some obstacles must be solved prior the use of such cells
in clinic, like the recently reported LINE-1 retrotransposition during hESCs and
hiPSCs culture. LINE-Is comprise 17% of the human genome, although most LI
copies are inactive. However, an average human genome contains 80-100 active
Lls, which move by a copy and paste mechanism that involves the reverse
transcription of an intermediate L1 RNA. In addition, during this process other
mRNAs are retrotranscribed (Alu, SVA and others) so hESCs and hiPSCs culture
involves the impact produced by transposable elements mobilization. In fact, 11 de
novo insertions have been described during hESCs and hiPSCs culture, one of them
impacting the CAPDS2 gene leading to protein synthesis failure. Similarly,
transposable element mobilization prevents the use of pig epithelial tissues in
xenotransplants, but recently, the use of a CRISPR/Cas9 system has been proved
to efficiently inactivate all copies of pig endogenous retroviruses (PERVs). In this
work, our aim is to design a CRISPR/Cas9 system that specifically targets currently
active LINE-1 copies in human genome. To do this, up to 6 sgRNAs were designed
to specifically target L1-Ta subfamily and were then tested on PA-1 cells, which
naturally express endogenous LINE-], to analyse their ability inactivating LINE-1
elements. Although our results are not conclusive, data seem to indicate that the
designed CRISPR/Cas9 systems may inactivate LINE-1 copies and could potentially
be used in the future on hESCs and hiPSCs, thus bringing closer the use of these

cells in regenerative medicine.
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1. INTRODUCTION

1.1. Human Embryonic Stem Cells and Human Induced Pluripotent

Stem Cells

Human embryonic stem cells (hESCs) and human induced pluripotent stem
cells (hiPSCs) have the capacity to be derived into virtually any cell type. This has
obviously opened the door to regenerative therapies that could be potentially used

to treat or completely remove a wide range of diseases.

The first ESCs line obtained was mouse embryonic stem cells (mESCs)
[509], [510] whereas hESC line were derived from the inner cell mass of
preimplantation blastocysts almost two decades later [511]. This cell types have
been very useful for research purposes for situations difficult or impossible to be
studied in vivo. This includes the study of cell differentiation, disease modelling,
treatment and prevention of birth defects, tissue transplantation and testing of
drugs on hESC-derived cell lines when obtaining them by other sources is not
achievable [512], [513]. The ethical issues around hESCs has limited the research
and applications of this cell types so that mESCs have been used for certain
experiments such as animal models. ESCs can be genetically modified to lead to a
specific disease in the adult animal after embryo reimplantation [514]. Other
techniques different from fertilization have been developed for obtaining hESCs
like ESCs derived from parthenogenetic embryos (pESCs) [515], [516] or the
transplantation of somatic cell nuclei into oocyte cytoplasm which reprograms that
nuclei to pluripotency leading to the so called nuclear transfer (NT)-ESCs [517]
(technique used to clone Dolly [518]). These two types of ESCs were principally
obtained in order to avoid autoimmune response when regenerative medicine
want to be applied. In this sense, hiPSCs share the same features and potential uses
than hESCs and represent a more feasible and efficient strategy to avoid immune
rejection and possess less ethical restrictions since they are not derived from the
fertilization process but from somatic tissues. hiPSCs were firstly obtained by
reprogramming fibroblasts through the introduction of specific transcription

factors using retroviruses [519] but other transcription factors have been described
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for the same purpose [520]-[522] among other strategies different from
transcription factor integration such as excision of reprogramming factors [523]-
[525], episomal vectors [526] or transfection of proteins [527] or mRNA [528]. The
culture of hiPSCs derived from patients with a genetic disease, allows the
generation of disease models to study the pathogenesis and also to test therapeutic

strategies [529]-[531].

Despite the promising future of hESCs and hiPSCs, some concerns have to
be solved previous the medical application of such therapeutic strategy, reason
why they are subjected to a wide battery of quality controls. When cultured, hESCs
and hiPSCs are prone to gain chromosomes [532], to accumulate point mutations
that frequently target oncogenic pathways [533] and copy number variants [534]
and are epigenetically variable [535] among others (reviewed in [529]).
Remarkably, LINE-I retrotransposition is activated during cell reprogramming
caused by the promoter hypomethylation profile changes, as well as hESCs [167].
In addition, engineered LINE-1 retrotransposed more efficiently in hiPSCs than
in their parental cell line. These experiments evidenced the impact that LINE-1
produces in the genome of hESCs and hiPSCs when cultured with the associated
structural and functional effects described in Chapter 1. In fact, later was
described 11 insertions of retroelements (L1, Alu and SVA) during pluripotent
stem cells (PSCs: hESCs and hiPSCs) culture, of which 6 had took place in
protein-coding genes expressed in PSCs and 7 LINE-1 insertions, being 4 of them
full length. Furthermore, a de novo LINE-I insertion was found in an intron of
the CAPDS2 gene causing protein synthesis failure [214]. Taking into account
that there are ~100 active copies of the LINE-1 element, the risk for PSCs of
suffering a deleterious insertion is importantly high. (For more information
about LINE-1 see Chapter 1). Similarly, porcine endogenous retroviruses (PERVs)
represent the main barrier for the use of pig epithelial tissues for
xenotransplantation because of the possibility to transmit these PERVs to the
human genome. Recently, CRISPR/Cas9 technology was applied for the
successful removal (in one clone) of the 62 copies of PERVs present in a porcine

kidney epithelial cell line (PKI15), targeting the pol sequence corresponding to
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the reverse transcriptase domain [536]. They demonstrated that no PERV
transmission from PERVs-inactivated pig PK15 cells to human HEK293T cells
was detected, but more importantly, they showed that targeting a high number
of genomic sites was possible with CRISPR/Cas9, since the previous reported
simultaneous edition had been 6 [537]. The same approach could be used to

inactivate LINE-1 copies.

Many are the invaluable possibilities offered by hESCs and hiPSCs, but even
greater are these if we combine the pluripotent capacity of hRESCs and hiPSCs with
the genome editing provided by the CRISPR/Cas9 technology to solve some
problematic issues around the use of these cell types (and others, like pig epithelial

tissues) in regenerative medicine.
1.2. Genome Editing: CRISPR/Cas9

First attempts to modify the genome were based on double-strand breaks
(DSBs) generated by means of site-specific nucleases (SSNs), after which the cell is
prone to repair it through homology directed repair (HDR) using an exogenously
provided repair template [538], [539]. The low efficiency of the previous method
led to the development of designed zinc-finger nucleases (ZFNs) that recognize a
unique genomic site where these proteins generate a DBS, which is repaired by cell
machinery through HDR [540]. Adding the specific template, researchers
successfully corrected an X-linked severe combined immune deficiency (SCID)
mutation in the IL2Ry gene in a yield of 18% [541]. This method was the first to
earned the name of “genome editing” and resulted in a clinical trial to disrupt CCR5
in T cells to treat persons infected with HIV [542]. Similar yields can be obtained
with the later discovered transcription activator-like effector nucleases (TALENS),
which are comprised of a non-specific Fokl nuclease domain fused to a DNA-
binding domain that is edited to recognize a specific DNA sequence [543], [544].
ZFNs and TALENSs have been used in PSCs with many purposes [523], [545]-[548].

However, the real revolution came with the discovery by the Spanish
researcher Francisco Mojica of clustered regularly interspaced short palindromic

repeats (CRISPR). Found in prokaryotes, CRISPR were originated from retrovirus
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infections or from the acquisition of exogenous plasmids that were integrated into
the genome. CRISPR loci structure includes direct repeats (23-47 bp) separated by
short sequences (21-72 bp) termed protospacers (sequences acquired from
exogenous DNA) and are frequently adjacent to Cas (CRISPR-associated) genes.
There are up to 45 families of Cas genes in prokaryotes with various functional
domains including polymerases, nucleases, helicases and polynucleotide-binding
proteins required for CRISPR functionality. Since prokaryotes are highly exposed
to foreign DNA (via transduction, conjugation and transformation), they have
developed different systems to protect their genome integrity. CRISPR acts as an
acquired immunity, targeting exogenous DNA in a sequence-specific manner
because of their complementarity since they target “the same sequences” they
come from [549]-[552]. Its mechanism has not been fully elucidated, but it is
thought that some Cas proteins mediate the acquisition of new spacers while
others are required for the interference against invasive DNA [553]-[555]. The Cas9
protein soon emerged as a special one. It was detected that in a subset of CRISPR
systems (CRISPR type-2), Cas9 was able to associate with an engineered single
guide RNA (sgRNA) complementary to a desired genomic location where Cas9
exhibited it nuclease activity producing a DSB. The system was highly specific,
property conferred by the 20 nucleotides engineered sgRNA [556]. Soon after this
discovery, full described methods for the application of CRISPR/Cas9 technology
in genome editing were published, together with the option to repair the DSB with
a desired template [537], [557]-[559]. The potential of this genome editing strategy
encouraged many research groups to its application on PSCs and, as a result, a large
number of publication regarding this matter have appeared, from human disease
modelling disrupting key genes to repairing point mutations that lead to a disease

(review in [560], [561]).

Many modifications have been made on CRISPR/Cas9 system aiming to
improve its versatility and efficiency (reviewed in [562]). Some of the variants allow
targeting of mRNA (CRISPR/C2c2) [563] or promoter methylation of desired gene
(CRISPRI) [564], [565] as well as Cas9 proteins that either cleave one strand or

both strands. Here, the mechanism of the method used in the present work will be
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briefly described [558], [559]. Prokaryotic CRISPR system can be applied to
mammalian cells through three basic elements: the CRISPR-associated nuclease
Cas9 (SpCas9), the CRISPR RNA (crRNA) that determines the target specificity and
an auxiliary trans-activating crRNA (tracrRNA) partially complementary to the
crRNA. Upon transcription of pre-crRNA and tracrRNA and hybridization, the
dsRNA form a complex with Cas9 protein. Host RNase III processes this complex
into discrete units that, guided by the complementary crRNA, specifically
recognize a 20-bp genomic target (contiguous to a protospacer adjacent motif or
PAM) and then, endonuclease activity of Cas9 cleaves the sequence for which the
crRNA has been designed, generating a DSB. In practice, tracrRNA and crRNA base
pairing is exogenously prepared to form a chimeric sgRNA. The DSBs generated by
CRISPR can be repaired by the host cell through two main pathways. When a
template is provided to the system, cells tend to repair DNA damage using the
HDR mechanism, what provides a way to edit the genome, like repairing a disease-
causing mutation or simulating a naturally occurred mutation to study the caused
disease. However, this pathway occurs almost exclusively in dividing cells and
shows a variable efficiency across cell type and state and depending on the genomic
target and the exogenous template. The other repair mechanism, nonhomologous
end joining (NHE]), simply religates the DSB leaving indel mutations. This strategy
is the preferred one when a gene want to be disrupted because it entails a simpler

protocol since an indel in an exon usually lead to a frameshift mutation.
1.3. LINE families

Three LINE-1 families can be found in human genomes, namely LI, L2 and
L3, that have successively replaced each other over the last 100 million years so the
only active family nowadays is LINE-1 family (or LIHS for human specific) [3], [36].
The analysis of the LINE-1 5’"UTR sequences led to the subclassification of this LINE
family into 17 classes (LIPAI - LIPA17) that resemble each other in their ORF
sequences but significantly differ in their 5’UTR. The younger LIPAI (LIHS), also
known as LI-Ta (for transcribed active) subfamily encompasses all active (full-
length) LINE-1 elements. Deeper studies led to the establishment of LI-Ta subsets

based on sequence differences: Ta-1 (Ta-1d and Ta-nld), Ta-O and non-Ta. These
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studies showed that ORF1 and ORF2 are conserved while 5UTRs are not [566],
[567].

When using CRISPR/Cas9 to target LINE-I, it should be kept in mind the
sequence variations between LINE-1 subfamilies in order to design sgRNAs capable
of discerning active from inactive elements to avoid off-target DSBs that could

triggers apoptosis.
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2. OBJECTIVES

The mutagenic effects of LINE-1 mobilization during hESCs and hiPSCs
culture will prevent their use in regenerative medicine. Since around 80-100 copies
of L1 elements are still active within the human genome, this risk must to be solved
prior therapeutic use of PSCs. According to the inactivation of PERVs
abovementioned, it is possible to target multiple genomic locus with CRISPR/Cas9
technology. Based on that, our aim is to inactivate active LINE-1 elements within

human genome.
1. Design of a highly specific CRISPR/Cas9 system to target active LINE-1 elements.
L1. Design of single guide RNAs that specifically target active LINE-1 copies.

1.2. Transfection of the CRISPR/Cas9 system designed and analysis of indels
on PA-1 cells.

2. Application of the validated system on hESCs and hiPSCs.
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3. RESULTS AND DISCUSSION

3.1. Design of a highly specific CRISPR/Cas9 system to target active LINE-1

elements
3.1.1. Design of single guide RNAs that specifically target active LINE-1 copies

For the design of the sgRNAs that target LINE-1 sequence, an online tool

provided by Zhang lab. (http://crispr.mit.edu:8079/, no longer available but others

have appeared). Given that ORF1 and ORF2 are more conserved, their consensus
sequences_(from L1.3, accession number #L19088) were input into the online tool
and a series of sgRNAs were returned. This tool only recognized sequences
adjacent to the required PAM sequences (NGG) so the initial list of sgRNAs must
be filtered taking into account the LIPAI-LIPAlI6 sequence alignment
simultaneously with the sequence alignment of currently active LINE-1 elements
(LIPALI) [100], [566] together with the score (quality) and potential number of off-
targets provided by the online tool. Despite the fact that CRISPR/Cas9 system is
highly specific, sgRNAs allow certain degree of mismatches with target DNA [558]
so filtration process was carried out carefully to select proper guides. Regarding
this, selected sgRNAs should be as complementary as possible to conserved ORF
regions within LIPAl subfamily but, at the same time, they should be as non-
complementary as possible to LINE-1 elements distinct from LIPAl, decreasing this

way possible off-targets thus, less DSBs and in consequence, less DNA damage.

After this process a total of 6 guides, containing the 20 nucleotide guide and

the PAM stretch (NGG), were selected for further research:

-3 targeted around position 150 of the ORF1 sequence (overlapped):

-1568: GATCAAATTACTCTGAGCTACGG
-1570: ATCAAATTACTCTGAGCTACGGG
-1588: AAATTACTCTGAGCTACGGGAGG

-1 targeted around position 280 of the ORFI sequence
-1593: TTCACGTAGTTCTCGAGCCTTGG
-1 targeted the endonuclease coding sequence

-2567: GGTCAATTTTGGAATAGGTGTGG
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-1 targeted the reverse transcriptase coding sequence.
2280: CAATCATGTCGTCTGCAAACAGG

As mentioned in Chapter 1, endonulease and reverse transcriptase are
strictly required for LINE-1 retrotransposition, therefore, potential indels
generated by sgRNAs 2567 and 2280 may inactivate LIPAl elements. On the other
hand, sgRNAs 1568, 1570 and 1588 could lead to frameshift mutations that also
inactivate LIPAI copies. To test the selected sgRNAs, they must be hybridized and
cloned into expression plasmid pX458 (pSpCas9(BB)-2A-GFP) [559], which mainly
contains the ampicillin resistance gene for bacteria selection, enhanced green
fluorescent protein for transfection selection, the Cas9 gene and a cloning site. The
plasmid was digested with BbsI and purified in an agarose gel to cut the band
corresponding to the digested plasmid, which was subsequently purified with
Qiagen gel extraction kit. sgRNA top and bottom oligonucleotides were annealed
and ligated into the digested pX458 plasmid and the product was propagated in
transformed bacteria. Colony PCR using U6 forward primer and bottom sgRNA
oligonucleotide, was used to check the presence of the desired plasmid within
colonies (Figure 65). Finally, plasmids were purified with Qiagen miniprep kit and

sequenced with U6-Fwd primer to definitely confirm the successful ligation.

1568 1570 1588
1A-1H 1A-1H 1A-1C

- - 1593
: e 1A-1H

2280 2567
1A-1H 1A-1H
Swwewwew wwwwwe e

»

Figure 65. Agarose gel electrophoresis of colony PCR products. Eight colonies per plasmid ligation
were picked (IA-1H).
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Prior transfection of CRISPR plasmids on PA-1 cells, a method to analyse
later the impact made on genomic LINE-1 elements was required. Blue-white
screening (in bacteria) provides a useful method to determine the no
mutations/indels ratio and is based on the frameshift mutation (or not) of the LacZ
gene, contained in the pBlueScript II SK (+) plasmid (pBSSKII(+)), upon PCR
product ligation. Thereby, if the PCR product, once ligated, does not alter the
frameshift of LacZ gene, colonies will be able to express (-galactosidase that
transform X-gal presents in the culture media into a blue compound, but if the
PCR product leads to a frameshift mutation, colonies will not be able to express
such enzyme and therefore will remain white. For this purpose, different set of
primers flanking the sgRNA targets that amplify 300 bp, were designed so that PCR
products lacking any mutation could be cloned into the LacZ gene without
producing a frameshift, while PCR products containing indels (excepting multiples
of 3 bp) would do. As controls, plasmid LM101/L1.3 DNA (see Chapter 1) and PA-1
genomic DNA were used to test that designed primer pairs were able to amplify a

consensus LINE-1, what was positively confirmed (Figure 66).

Plasmidic Genomic
15v. 1593. 2280. 2567 15v. 1593. 2280. 2567

Figure 66. Agarose gel electrophoresis of plasmid JMI101/L1.3 and PA-1 genomic DNA PCR products.
I5v includes the three overlapped targeted sequences. 100 and 300 indicate the size of the PCR
products. Ladder is included in the left lane.

PCR products were purified, digested and cloned into pBSSKII(+) digested
plasmid. Bacteria transformation and plating on X-gal-containing dishes showed
that all colonies were blue. To check if PCR products of plasmid DNA had been
correctly inserted, three colonies per dish were selected for plasmid purification,

which were then digested with the same restriction enzymes used for PCR product
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digestions to confirm PCR ligation (Figura 67). Positive samples were sent to

sequencing with M13 Fwd primer.
2280-300 2567-100 2567-300
ABC ABC ABC ABC
-~ Iy e "
- M eudww s oy

15-100 - 15-300 . 1593-100 . 1593-300
ABC ABC ABC ABC

Figure 67. Electrophoresis in agarose gel of digested pBSSKII(+) plasmids containing cloned PCR
products.

At the same time, and to analogously confirm the insertion of PCR products
from plasmid and genomic DNA, colony PCRs of two colonies per well were carried

out (Figure 68).

Figure 68. Agarose gel electrophoresis of colony PCRs of ligated plasmid (P) and genomic (G) PCR
products.

3.1.2. Transfection of the designed CRISPR/Cas9 system and analysis of
indels on PA-1 cells

Since PA-I1 cells naturally express LINE-1, we decided to use this cell line to
analyse the efficiency of the designed sgRNAs to inactivate LINE-1 elements. To do
this, PA-1 cells were seeded and transfected with the corresponding pX458
plasmids, each one containing the different sgRNAs, using FuGene6 as described

in Chapter 1. After 48-72 h, cells were sorted and transfected population was
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selected for further growing, after which samples for genomic DNA, mRNA and

protein analysis were taken.

Western Blot analysis were performed to determine if the sgRNAs were able
to produce any significant change in the levels of ORFlp (Figure 69B).
Quantification of the Western Blot showed a general reduction of the ORFlp levels
in PA-1 cells treated with CRISPR/Cas9 system when compared with untransfected
PA-1 cells (Figure 69A). Noteworthily, all sgRNAs whose target was different from
the RT domain led to a reduction of approximately the 50% of ORFlp. The only
sgRNA that targeted the RT domain just decreased this value in a 30%. However,
it must make clear that these results are based on just one sample so they have to
be validated with more biological replicates and using other tests. Unfortunately,
the analysis of genomic indels generated by the sgRNAs designed, as well as LINE-1

transcript quantification, were not possible due to the end of the short-term stay.
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Tubulin

ORF1p

Figure 69. Western Blot of PA-1 protein extract treated with CRISPR/Cas9 system. Quantification of
the LINE-1 ORFlp. Data were normalized with a-tubulin.

The mobilization of human retrotransposons during culture of hESCs and
hiPSCs supposes a great challenge that must be solved previously to the use of
these cells in regenerative medicine. The use of a CRISPR/Cas9 system has proved
its potential inactivating a total of 62 PERVs present in pig genome [536]. In a
similar approach, we took advantage of this strategy with the aim of inactivating
active LINE-1 elements in human genome. We designed 6 sgRNAs that specifically
target this subfamily of retrotransposons and tested them in PA-1 cells, which
endogenously express LINE-1. Although the study of such sgRNAs was not
completed and many controls remain to be done, Western Blot analysis of the
extracts of transfected PA-1 cells showed some promising potential in inactivating
LINE-1 elements. If this tendency would be confirmed, a second round of
transfection with CRISPR/Cas9 systems could lead to further inactivation. In
addition to the quantification of LINE-1 expression and the analysis of targeted
genomic sequences, the system have to be tested on hESCs and hiPSCs.
Furthermore, off-target effects and specificity of sgRNAs evaluation are still
required. With this research and future work, we hope to lay the foundation on

this matter.
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4. CONCLUSIONS

1. Six sgRNAs were designed to specifically target active LINE-1 elements

and were cloned into CRISPR/Cas9 expression vector.

2. The designed CRISPR/Cas9 systems seem to be effective decreasing
LINE-1 ORFlp levels.
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5. MATERIALS AND METHODS

5.1. Cell Line Authentication and Cell Line Conditions
It has been described in Chapter 1.
5.2. Expression Plasmids

Plasmids used in this study were gifted by Martin Reijns (MRC Human Genetics
Unit, Edinburgh, UK) and purified using Plasmid Midi kits from Qiagen following
manufacturer instructions. Plasmid DNAs were analysed by electrophoresis (0.7%
agarose-ethidium bromide gels) and we only used highly supercoiled preparations

of plasmid DNA for transfections.

-pBSSKII(+) (Stratagene, cat. number #212205) is a standard cloning vector and

was propagated in Escherichia coli strain DH5a (ThermoFisher).

-pX458 has been described previously [559] and contains the Cas9 gene. It was
propagated in Stbl3 strain (ThermoFisher).

5.3. sgRNAs hybridization and cloning into pX458 plasmid

It has been previously described [559]. Briefly, plasmid pX458 was digested with
Bbsl restriction enzyme following manufacturer’s protocol. Digested plasmid was
resolved in a 1% agarose-SYBR safe gel, excised and purified (Qiagen Gel Extraction

Kit).

For sgRNA oligonucleotides hybridization, 20 pL of top and 20 pL of bottom
sgRNA strands (100 pM, final concentracion 50 pM, Table 6) were mixed and
incubated at 95 °C for 5 minutes, after which reactions were slowly cooled down,
diluted 1:50 and ligated into the digested pX458 plasmid. Reactions without inserts

were used as controls.

sgRNA Sequences ordered
1568 Top strand: 5’-caccggGATCAAATTACTCTGAGCTA
Bottom strand: 5’-aaacTAGCTCAGAGTAATTTGATCcc
1570 Top strand: 5’-caccgg ATCAAATTACTCTGAGCTAC
Bottom strand: 5’-aaacGTAGCTCAGAGTAATTTGATcc
1588 Top strand: 5’-caccggAAATTACTCTGAGCTACGGG
Bottom strand: 5’-aaacCCCGTAGCTCAGAGTAATTTcc
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1593 Top strand: 5’-caccggTTCACGTAGTTCTCGAGCCT
Bottom strand: 5-aaacAGGCTCGAGAACTACGTGAAcc

280 Top strand: 5’-caccggCAATCATGTCGTCTGCAAAC
Bottom strand: 5-aaacGTTTGCAGACGACATGATTGcc

2567 Top strand: 5’-caccggGGTCAATTTTGGAATAGGTG
Bottom strand: 5’-aaacCACCTATTCCAAAATTGACCcc

Table 6. sgRNAs used in this study.

5.4. CRISPR/Cas9 systems evaluation on PA-1 cells

To determine the efficiency of the designed CRISPR/Cas9 systems, 1x10° PA-1 cells
were plated per well of a 6-well tissue culture plate in duplicate. After 16-18 hours,
cells were transfected using FuGene6 with pX458 plasmids containing the different
guides as described in Chapter 1. 48-72 h after transfection cells were trypsinized
and sorted. Selected population were seeded again in 10-cm dishes in order to
expand them. Cells were scrapped off to be analysed (genomic DNA, LINE-1 mRNA

and proteins).
5.5. PCR analysis

All PCRs were carried out using Phusion Flash High-Fidelity PCR Master Mix
(ThermoFisher) following provided protocol and 10 ng of plasmid DNA or 100 ng
of extracted genomic DNA (as described in Chapter 1) from transfected cells were
used as templates in PCRs. DNA-free water was included as a negative control. PCR
products were purified with Qiagen PCR purification kit and analysed in a 2%

agarose-ethidium bromide gel.

When analysis of targeted sequences, either genomic or plasmidic, were carried
out, primers pairs in Table 7 were used and PCR conditions for amplification were

as follows: 1x (98°C, 10 s); 35x (98 °C, 15; 58 °C, 5's; 72 °C, 5 s); 1x (72°C, 1 min).

Primer Sequences ordered
15V Fwd primer: 5-aGGATCCgatggggaaaaaacagaacagaaaaac

Rv primer: 5’-aGGTACCaggcttctgcattcttcacgtagttc

1593 Fwd primer: 5-aGGATCCaggcttcagacgatcaaattactc
Rv primer: 5’-aGGTACCacatagtcccatatttcttggagg

2280 Fwd primer: 5-aGGATCCagcattccctttgaaaactggeac
Rv primer: 5’-aCTCGAGcccatgatttggetctetgtttg

2567 Fwd primer: 5-aGGATCCagacagatcaacgagacagaaagtc
Rv primer: 5’-aCTCGAGagcaggttgttcagtttccatg

Table 7. Primers used in this study to analyse CRISPR/Cas9 systems designed effects.

218



When sgRNA ligation wanted to be confirmed, colony PCRs were carried out using
sgRNA bottom strands and U6-Fwd primer (GAGGGCCTATTTCCCATGATTCC)
to amplify desired regions as follows: 1x (95°C, 5 min); 40x (98 °C, 1's; 58 °C, 55 s;
72 °C, 58); Ix (72°C, 1 min).

When PCR products ligation wanted to be confirmed, colony PCRs were carried
out wusing Fwd primers from Table 2 and MI3-Fwd primer
(GTAAAACGACGGCCAG) as abovementioned.

5.6. Analysis of targeted sequences

PCR products from amplification of targeted sequences were digested as follows:
for products corresponding to sequences targeted with 1568, 1570, 1588 and 1593
CRISPR/Cas9 systems, BamHI/KpnlI restriction enzymes (from NEB) were used,
while for products corresponding to sequences targeted with 2280 and 2567
CRISPR/Cas9 systems, BamHI/Xhol restriction enzymes (from NEB) were used.
Digested PCR products were purified with Qiagen PCR Purification Kit. Plasmid
pBSSKII(+) was separately digested with both mixtures of enzymes, resolved in a
1% agarose-SYBR safe gel, excised and purified with Qiagen Gel Extraction Kit.
Inserts were ligated into purified digested pBSSKII(+). Bacteria of the E. coli DH5«
strain were transformed with these plasmids, seeded over agar plates in which 100
pL of X-Gal (stock solution 20 mg/mL) and 40 pL IPTG (stock solution 100 mM)
were spread. After incubating overnight at 37 °C, blue/white colonies were

counted.
5.7. Western Blot Analysis

Whole cell extract of transfected and sorted PA-1 cells were prepared as previously
described in Chapter 1. For immunoblotting, the following antibodies were used
(at indicated dilutions): rabbit polyclonal anti-LIHs-ORFlp (provided by Dr. Oliver
Weichenrieder, Max-Planck, Germany, 1:5000), mouse monoclonal anti-a-tubulin
(:1000, Santa Cruz); goat anti-rabbit and anti-mouse fluorescent secondary
antibodies (LI-COR) were used at a 1:20,000 dilution (goat anti-rabbit IRDye
800CW; goat anti-mouse IRDye 680LT; goat anti-mouse IRDye 800CW). Signals
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were quantified using the freely available software LI-COR Image Studio Lite (LI-
COR).
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7 ABREVIATURAS

(n-Bu)sSnH: tributyltin hydride

Ac>0: acetic anhydride

AcCl: acetyl chloride

ACN: acetonitrile

AcOH: acetic acid

AcSH: thioacetic acid

Ag>CO:s: silver carbonate

AGS: Aicardi-Goutiéres syndrome

AIBN: 2,2'-azobis(2-methylpropionitrile)
AID: activation-induced cytidine deaminase
APC: adenomatous polyposis coli

APOBEC: apolipoprotein B mRNA editing complex
ASP: antisense promoter

BaCOs: barium carbonate

BHs-SMes: borane dimethyl sulfide complex
BnEtsNCl: benzyltriethylammonium chloride
BnSH: benzyl mercaptan

BrBn: benzyl bromide

BrCH,CH(OEt),: bromoacetaldehyde diethyl acetal
BSA: bis(trimethylsilyl)acetamide

BusNI: tetrabutylammonium iodide
BusNOH: tetrabutylammonium hydroxide

BzCl: benzoil chloride
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CC: coiled-coil

CdCOs; cadmium carbonate

c¢DNA: complementary DNA
CHsPPh;Br: methyltriphenylphosphonium bromide
CMV: citomegalovirus

CPFS: cleavage polyadenylation specific factor
CrOs: chromium(VI) oxide

CTD: carboxyl-terminal domain

DAST: (diethylamino)sulfur trifluoride
DCE: 1,2-dichloroethane

DCM: dichloromethane

DEAD: diethyl azodicarboxylate
DIBAL-H: diisobutylaluminum hydride
DMAP: 4-(dimethylamino)pyridine
DMEF: dimethylformamide

DMP: 2,2-dimethoxipropane

DMSO: dimethylsulfoxide

DSB: double strand break

dsRNA: double-stranded RNA

EN: endonuclease

Env: envelope

ERV: endogenous retrovirus

ESC: embryonic stem cell

EtAlCly: ethylaluminum dichloride

EtOH: ethanol
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FBS: fetal bovine serum

FCC: flash column chromatography

Gag: group-specific antigen gen

GFP: green fluorescent protein

H>Os: hydrogen peroxide

H>SOy4: sulphuric acid

HBr: hydrogen bromide

HCI: hydrogen chloride

HERV: human endogenous retrovirus
HF: hydrogen fluoride

HgCl,: mercuric chloride

HMDS: hexamethyldisilazane

HR: homologous recombination

iPrOH: isopropanol

iPSC: induced pluripotent stem cell
K>COs: potassium carbonate

KSC(S)OEt: potassium ethyl xanthogenate
LA: lewis acid

LC-MS: liquid chromatography-mass spectra
LiAlH4: lithium aluminum hydride
LiBH4: lithium borohydride

LINE-1 or L1: long interspersed element-1
LTR: long terminal repeats

m-CPBA: 3-chloroperbenzoic acid

Me»SOy4: dimethyl sulfate
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MeCOCl: acetyl chloride

MeOH: methanol

MeONa: sodium methoxide

miRNA: microRNA

MOV10: moloney leukemia virus 10

MsCl: methanesulfonyl chloride

MTT: methylthiazolyldiphenyltetrazolium bromide
NaBH4: sodium borohydride

NaH: sodium hydride

Nal: sodium iodide

NalOg4: sodium periodate

NaNs: sodium azide

NaNOa: sodium nitrite

NaOAc: sodium acetate

NaOCl: sodium hypochlorite

NBS: N-bromosuccinimide

NH4OH: ammonium hydroxide

NHE]J: non-homologous end joining

NMR: nuclear magnetic resonance

NNRTI: non-nucleoside reverse-transcriptase inhibitor
NOMM: 4-methylmorpholine N-oxide

NPC: neural progenitor cell

NRTI: nucleoside reverse-transcriptase inhibitor
ORF: open reading frame

ORFlp: ORFI protein
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ORF2p: ORF2 protein

OsO4: osmium tetroxide

Pb(OAC)4: lead tetraacetate

PDC: pyridinium dichromate
PhsPCHCO,Et: triphenylcarbethoxymethylenephosphorane
PhCO,H: benzoic acid

PhCOSK: potassium thiobenzoate
PhOC(S)Cl: O-phenyl chlorothionoformate
PhSH: thiophenol

piRISC: piRNA-induced silencing complex
piRNA: PIWI-interacting RNA

Pol: polymerase

PP: processed pseudogene

PPhs: triphenylphosphine

Prt: protease

PTEN: phosphatase and tensin homolog
Py: pyridine

gPCR: quantitative polymerase chain reaction
RC-LI: retrocompetent LINE-1

REP: reporter gene

RNAi: RNA interference

RNP: ribonucleoprotein particle

RRM: RNA recognition motif

RT: reverse transcriptase

RTi: reverse-transcriptase inhibitor
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RT-qPCR: reverse transcription-quantitative polymerase chain reaction
RuCls: ruthenium(III) chloride

SA: splice acceptor

SD: splice dono

siRNA: small interfering RNA

SnCl,: tin(II) chloride

SnCl4: tin(IV) chloride

SOCl.: thionyl chloride

ssRNA: small silencing RNA

ST18: suppression of tumorigenicity 18
TBAF: tetrabutylammonium fluoride
TBDMSCI: tert-butyldimethylsilyl chloride
TBDPSCI: tert-butyldiphenylsilyl chloride
t-BuOK: potassium tert-butoxide
tBuOOH: tert-butyl hydroperoxide

TE: transposable element

TEA: trimethylamine

T£,0: trifluoromethanesulfonic anhydride
THEF: tetrahydrofuran

Ti(OiPr)4: titanium(IV) isopropoxide

TIR: terminal inverted repeat

TLC: thin layer chromatografy

TMSOTH: trimethylsilyl trifluoromethanesulfonate
TPRT: target-primed reverse transcription

TrCl: trityl chloride
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TsCl: p-toluenesulfonyl chloride

TSD: target site duplication

TSG: tumor suppressor gene

TsOH: p-toluenesulfonic acid

UTR: untranslated region

VHS: virus herpes simple

VIH: virus de inmunodeficiencia humana
VNTR: variable number target repeats
ZAP: zinc-finger antiviral protein

7ZnCls: zinc chloride
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8 ANEXO

Figure SI1. 'H spectrum of 5’-O-silyl-protected B-ddU (300 MHz, CDCl;).
Figure S2. BC spectrum of 5’-O-silyl-protected B-ddU (125 MHz, CDCL,).
Figure S3. COSY spectrum of 5’-O-silyl-protected 3-ddU.

Figure S4. HSQC spectrum of 5’-O-silyl-protected B-ddU.

Figure S5. 'H spectrum of 5’-O-silyl-protected «-ddU (s00 MHz, CDCL,).
Figure S6. °C spectrum of 5’-O-silyl-protected a-ddU (125 MHz, CDCL,).
Figure S7. 'H spectrum of B-ddU (500 MHz, CDCl;).

Figure S8. BC spectrum of B-ddU (125 MHz, CDCL,).

Figure S9. 'H spectrum of a-ddU (500 MHz, CDCl,).

Figure S10. BC spectrum of a-ddU (125 MHz, CDCl,).

Figure S11. HSQC spectrum of a-ddU.

Figure S12. 'H spectrum of 5’-O-silyl-protected o-ddT (500 MHz, CDCL,).
Figure SI13. BC spectrum of 5’-O-silyl-protected o-ddT (125 MHz, CDCL;).
Figure S14. COSY spectrum of 5-O-silyl-protected o-ddT.

Figure S15. HSQC spectrum of 5’-O-silyl-protected o-ddT.

Figure S16. 'H spectrum of 5’-O-silyl-protected B-ddT (300 MHz, CDCl,).
Figure S17. BC spectrum of 5’-O-silyl-protected B-ddT (125 MHz, CDCL,).
Figure S18. HSQC spectrum of 5-O-silyl-protected B-ddT.

Figure S19. 1D-NOESY spectra of 5-O-silyl-protected B-ddT.
Figure S20. 'H spectrum of a-ddT (500 MHz, CDCL,).

Figure S21. °C spectrum of o-ddT (125 MHz, CDCL,).

Figure S22. COSY spectrum of a-ddT.

Figure $23. HSQC spectrum of a-ddT.

Figure S24. 1D-NOESY spectra of o-ddT.

Figure S25. 'H spectrum of B-ddT (500 MHz, CDCL,).

Figure S26. °C spectrum of B-ddT (125 MHz, CDCl,).

Figure S27. HSQC spectrum of B-ddT.

Figure S28. 'H spectrum of 5’-O-silyl-protected a-ddAU (500 MHz, CDCL,).
Figure S29. PC spectrum of 5’-O-silyl-protected o«-ddAU (125 MHz, CDCL,).
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Figure S30. COSY spectrum of 5’-O-silyl-protected «-ddAU.

Figure S31. HSQC spectrum of 5’-O-silyl-protected «-ddAU.

Figure S32. 'H spectrum of 5’-O-silyl-protected B-ddAU (s00 MHz, CDCl,).
Figure $33. BC spectrum of 5’-O-silyl-protected B-ddAU (125 MHz, CDCL,).
Figure $34. HSQC spectrum of 5’-O-silyl-protected -ddAU.

Figure S35. ID-NOESY spectra of 5’-O-silyl-protected 3-ddAU.

Figure $36. 'H spectrum of a-ddAU (500 MHz, CDCL,).

Figure S37. BC spectrum of a-ddAU (125 MHz, CDCL).

Figure $38. HSQC spectrum of a-ddAU.

Figure S39. ID-NOESY spectra of a-ddAU.

Figure S$40. 'H spectrum of B-ddAU (600 MHz, CDCL,).

Figure S41. °C spectrum of B-ddAU (150 MHz, CDCL).

Figure S42. HSQC spectrum of B-ddAU.

Figure S43. 'H spectrum of 5’-O-silyl-protected a-ddBrU (500 MHz, CDCL,).
Figure S44. BC spectrum of 5’-O-silyl-protected a-ddBrU (125 MHz, CDCL).
Figure S45. COSY spectrum of 5-O-silyl-protected a-ddBrU.

Figure S46. HSQC spectrum of 5’-O-silyl-protected a-ddBrU.

Figure S47. 'H spectrum of 5’-O-silyl-protected B-ddBrU (500 MHz, CDCL,).
Figure S$48. PC spectrum of 5’-O-silyl-protected B-ddBrU (125 MHz, CDCL,).
Figure S49. HSQC spectrum of 5-O-silyl-protected 3-ddBrU.

Figure S50. 1ID-NOESY spectra of 5’-O-silyl-protected -ddBrU.

Figure S51. 'H spectrum of a-ddBrU (500 MHz, CDCL,).

Figure S52. BC spectrum of a-ddBrU (125 MHz, CDCL,).

Figure S53. HSQC spectrum of a-ddBrU.

Figure S54. ID-NOESY spectra of a-ddBrU.

Figure S55. 'H spectrum of B-ddBrU (600 MHz, CD,0D).

Figure S56. C spectrum of B-ddBrU (150 MHz, CD;0D).

Figure S57. HSQC spectrum of 3-ddBrU.

Figure S58. 'H spectrum of 5’-O-silyl-protected a-ddFU (500 MHz, CDCl,).
Figure S59. BC spectrum of 5’-O-silyl-protected o«-ddFU (125 MHz, CDCl,).
Figure S60. HSQC spectrum of 5’-O-silyl-protected a-ddFU.

Figure S61. ID-NOESY spectra of 5’-O-silyl-protected a-ddFU.

Figure S62. 'H spectrum of 5’-O-silyl-protected B-ddFU (500 MHz, CDCL,).
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Figure S63. BC spectrum of 5’-O-silyl-protected B-ddU (125 MHz, CDCL,).
Figure S64. HSQC spectrum of 5-O-silyl-protected 3-ddFU.

Figure S65. 1D-NOESY spectra of 5’-O-silyl-protected 3-ddFU.

Figure S66. 'H spectrum of a-ddFU (500 MHz, CD;0D).

Figure S67. BC spectrum of a-ddFU (125 MHz, CD,0D).

Figure S68. HSQC spectrum of a-ddFU.

Figure S69. 'H spectrum of B-ddFU (500 MHz, CD;0D).

Figure S70. PC spectrum of B-ddFU (125 MHz, CD;0D).

Figure S71. HSQC spectrum of 3-ddFU.

Figure S72. 'H spectrum of 5’-O-silyl-protected a-ddCIU (500 MHz, CDCL,).
Figure S73. PC spectrum of 5’-O-silyl-protected a-ddCIU (125 MHz, CDCL,).
Figure S74. COSY spectrum of 5’-O-silyl-protected a-ddCIU.

Figure S75. HSQC spectrum of 5’-O-silyl-protected a-ddCIU.

Figure S76. 1D-NOESY spectra of 5’-O-silyl-protected a-ddCIU.

Figure S77.'H spectrum of 5’-O-silyl-protected B-ddCIU (500 MHz, CDCL,).
Figure S78. C spectrum of 5’-O-silyl-protected B-ddCIU (125 MHz, CDCL;).
Figure S§79. HSQC spectrum of 5’-O-silyl-protected B-ddC1U.

Figure S80. ID-NOESY spectra of 5’-O-silyl-protected 3-ddC1U.

Figure S81. 'H spectrum of a-ddCIU (500 MHz, CD,0D).

Figure S82. BC spectrum of a-ddCIU (125 MHz, CD;0OD).

Figure S83. COSY spectrum of a-ddCIU.

Figure S84. HSQC spectrum of a-ddCIU.

Figure $85. 'H spectrum of B-ddClU (400 MHz, CD;0D).

Figure S$86. BC spectrum of B-ddCl1U (100 MHz, CD,0D).

Figure S87. COSY spectrum of B-ddCIU.

Figure S88. HSQC spectrum of B-ddCIU.

Figure S89. 'H spectrum of 5’-O-silyl-protected a-ddFC (500 MHz, CDCl,).
Figure $90. BC spectrum of 5’-O-silyl-protected «-ddFC (125 MHz, CDCL;).
Figure S91. HSQC spectrum of 5’-O-silyl-protected o-ddFC.

Figure $92. 'H spectrum of 5’-O-silyl-protected B-ddFC (500 MHz, CDCL,).
Figure $93. BC spectrum of 5’-O-silyl-protected B-ddFC (125 MHz, CDCl,).
Figure $94. HSQC spectrum of 5-O-silyl-protected B-ddFC.

Figure $95. 'H spectrum of a-ddFC (500 MHz, CD;0D).
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Figure $96. P°C spectrum of a-ddFC (125 MHz, CD;0D).

Figure $97. HSQC spectrum of a-ddFC.

Figure $98. 'H spectrum of B-ddFC (500 MHz, CD;0D).

Figure $99. BC spectrum of B-ddFC (125 MHz, CD;OD).

Figure S100. HSQC spectrum of B-ddFC.

Figure S101. 'H spectrum of 5’-O-silyl-protected B-ddAC (500 MHz, CDCl;).
Figure S102. BC spectrum of 5’-O-silyl-protected B-ddAC (125 MHz, CDCL).
Figure S103. COSY spectrum of 5’-O-silyl-protected -ddAC.

Figure S104. HSQC spectrum of 5’-O-silyl-protected 3-ddAC.

Figure S105. ID-NOESY spectra of 5’-O-silyl-protected B-ddAC.

Figure S106. 'H spectrum of 5’-O-silyl-protected a-ddAC (500 MHz, CDCl,).
Figure S107. BC spectrum of 5’-O-silyl-protected a-ddAC (125 MHz, CDCL;).
Figure S108. COSY spectrum of 5’-O-silyl-protected a-ddAC.

Figure S109. HSQC spectrum of 5-O-silyl-protected o-ddAC.

Figure S110. ID-NOESY spectra of 5’-O-silyl-protected o-ddAC.

Figure SI11. 'H spectrum of B-ddAC (300 MHz, D,0).

Figure S112. BC spectrum of B-ddAC (150 MHz, CD,0D).

Figure S113. HSQC spectrum of B-ddAC.

Figure S114. 'H spectrum of «a-ddAC (500 MHz, CD;0D).

Figure S115. BC spectrum of a-ddAC (125 MHz, CD;0D).

Figure S116. COSY spectrum of a-ddAC.

Figure S117. HSQC spectrum of a-ddAC.

Figure S118. 'H spectrum of 5’-O-silyl-protected B-ddC (500 MHz, CDCL).
Figure S119. BC spectrum of 5-O-silyl-protected B-ddC (125 MHz, CDCl,).
Figure S120. HSQC spectrum of 5’-O-silyl-protected B-ddC.

Figure S121. 'H spectrum of 5’-O-silyl-protected o-ddC (500 MHz, CDCL,).
Figure S122. BC spectrum of 5’-O-silyl-protected a-ddC (125 MHz, CDCl,).
Figure S123. HSQC spectrum of 5’-O-silyl-protected a-ddC.

Figure S124. 'H spectrum of B-ddC (500 MHz, CD,0D).

Figure S125. BC spectrum of B-ddC (125 MHz, CD;OD).

Figure S126. COSY spectrum of 3-ddC.

Figure S127. HSQC spectrum of B-ddC.

Figure S128. 'H spectrum of a-ddC (500 MHz, CD;0D).
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Figure S129. BC spectrum of a-ddC (125 MHz, CD,0D).
Figure S130. COSY spectrum of a-ddC.

Figure S131. HSQC spectrum of a-ddC.

Figure S132. 'H spectrum of 59 (400 MHz, CDCls).
Figure S133. BC spectrum of 59 (100 MHz, CDCls).
Figure S134. 'H spectrum of 60 (400 MHz, CDCl).
Figure S135. BC spectrum of 60 (400 MHz, CDCl).
Figure S136. 'H spectrum of 62 (400 MHz, CDCl).
Figure S137. BC spectrum of 62 (400 MHz, CDCl).
Figure S138. 'H spectrum of 63 (500 MHz, CDCls).
Figure S139. ®C spectrum of 63 (125 MHz, CDCl).
Figure S140. Membranas sin cortar de Western Blot de células PA-1.

Figure S141. Membranas sin cortar de Western Blot de células HelLa.
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Figure S49. HSQC spectrum of 5’-O-silyl-protected 3-ddBrU.
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Figure S50. 1D-NOESY spectra of 5’-O-silyl-protected B-ddBrU.
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Figure S51. 'H spectrum of a-ddBrU (500 MHz, CDCl5).
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Figure S52. "3C spectrum of a-ddBrU (125 MHz, CDCl).
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Figure S$53. HSQC spectrum of a-ddBrU.
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Figure S54. 1D-NOESY spectra of a-ddBrU.
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Figure S55. "H spectrum of B-ddBrU (600 MHz, CD;OD).
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Figure S56. '*C spectrum of B-ddBrU (150 MHz, CD3;0D).
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Figure S57. HSQC spectrum of B-ddBrU.
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Figure S59. '3C spectrum of 5’-O-silyl-protected a-ddFU (125 MHz, CDCl3).
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Figure S60. HSQC spectrum of 5’-O-silyl-protected a-ddFU.
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Figure S61. 1D-NOESY spectra of 5’-O-silyl-protected a-ddFU.
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Figure S63. '3C spectrum of 5’-O-silyl-protected B-ddFU (125 MHz, CDCl3).
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Figure S64.
HSQC spectrum of 5’-O-silyl-protected B-ddFU.
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Figure S66. 'H spectrum of a-ddFU (500 MHz, CD3;0OD).
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Figure S67. '3C spectrum of a-ddFU (125 MHz, CD;0D).
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Figure S68.
HSQC spectrum of a-ddFU.
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Figure S69. 'H spectrum of B-ddFU (500 MHz, CD3;0D).
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Figure S70. '3C spectrum of B-ddFU (125 MHz, CD;0D).
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Figure S81. 'H spectrum of a-ddCIU (500 MHz, CD;0D).
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Figure S85. 'H spectrum of B-ddCIU (400 MHz, CD;0D).
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Figure $130. COSY spectrum of a-ddC.
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Figure $131. HSQC spectrum of a-ddC.
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Figure S132. 'H spectrum of 59 (400 MHz, CDCl3).
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Figure S133. 3C spectrum of 59 (100 MHz, CDCls).
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Figure S134. "H spectrum of 60 (400 MHz, CDCl3).
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Figure S135. 3C spectrum of 60 (400 MHz, CDCls).
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Figure S136. "H spectrum of 62 (400 MHz, CDCl3).




70
65

60

55

50
Las
L-40
I35
L 30
|25
L 20
L15
L10

G8eE6lL —

6296'9C —

Y9SG° LY —

2901°GG —

GYeE8'E€9 —

8GV9 1L —

€ECL Y8 —

1902°G0L —

8618°LCL
mmmw.nw_‘/
S918'6C1 =
ceeseet v.
8v.Gect
onN.mm_‘u\
Sv./°G€EL

O _.OMe

TEDPSO

HO

-10

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

200

f1 (ppm)

Figure S137. 3C spectrum of 62 (400 MHz, CDCls).
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Figure S138. "H spectrum of 63 (500 MHz, CDCl3).
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Figure S139. 3C spectrum of 63 (125 MHz, CDCl5).






