Chapter 3
Unnatural Nucleic Acids for Aptamer
Selection

Liqin Zhang

Abstract Aptamer and SELEX technology have been proposed over 20 years.
Despite the huge success in developing aptamers against all kinds of targets, the
effort to cover the natural shortages of nucleic acids, including lack of binding
functional diversity and low information densities, has never been stopped. Strat-
egies proposed to improve the aptamer properties include post-selective modifica-
tions and introducing unnatural nucleic acids in SELEX process. As a perfect
binding ligand can hardly be designed and modified on purpose due to the poor
understanding of the intricate biological system, the best way to generate improved
aptamers would be through modified SELEX experiment, in which unnatural
nucleotides are incorporated into library and perform the in vitro evolution. Those
unnatural nucleotides include the modifications on almost every components of
nucleic acids, (deoxy) ribose, phosphate linkage, and nucleobases. To increase the
chemical diversity and the information density of nucleic acids, researchers
developed methods to append functional groups as well as to create replicable
expanded genetic systems. Some of these unnatural nucleic acids have now been
utilized in SELEX, and a panel of improved aptamers has been delivered. In this
book chapter, we mainly discuss the emerged unnatural bases which have been used
in SELEX or at least have the potential to be used in SELEX, and how these
unnatural nucleic acid help generate improved aptamers.
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3.1 General

It has been a quarter century since scientists proposed that binding ligands could be
generated toward any targets of interest in the forms of nucleic acids [1-3]. The
method proposed, termed systematic evolution of ligands by exponential enrich-
ment (SELEX) [1] has been inspiring innumerable efforts committing to deliver
aptamers against all kinds of target. Theoretically, with a simple recipe, the DNA or
RNA aptamers could be delivered quickly, reliably, and inexpensively, toward any
target researchers have in hand. It mimics the natural Darwinism (survival the
fittest) that the best fitted nucleic acids will survive and be enriched during the
evolution process in the exposure of the environment of targets.

Naturally, the emergence of this method aroused the comparison between
nucleic acid aptamers and antibodies, one of the nature’s solutions for the gener-
ation of biomolecule binders and by far the most useful binding tools in biomed-
icine. Generally speaking, nucleic acid aptamers share some advantages of
antibodies, including high specificity and binding affinity, generated by evolution
process, enzymatic pathways available for amplification and degradation, as well as
highly biocompatibility. Beyond that, nucleic acid aptamers possess some unique
merits. For instance, it could be reproduced simply by chemical synthesis method,
equipped with desired chemical modification, with little batch-to-batch variance.
They are more likely a product that combining the power of ‘chemistry’ and power
of ‘biology’ [4]. Indeed, considering the disadvantages of antibodies, including
tedious generation process and intrinsic property of instability and immunogenicity,
the nucleic acid aptamers and SELEX method were believed to be very competitive.

Despite the high enthusiasm at very beginning, the hope of aptamer rivaling
antibodies [5] has never been fully realized. Aptamers have been generated toward
a variety of targets ranging from small molecules [6], biomacromolecules [7, 8], to
various cancer cells [9-12]. However, very few of these aptamers are now entering
the clinical trial phases to be considered as drug leads, nor to be used as detection
methods for in vivo application [13]. This fact has always been cited by the sceptics
to question the practicability of aptamers.

Honestly, those queries are understandable. The capacity in combinatorial
assembly has determined how far natural nucleic acids can go as a therapeutic or
diagnostic component. Nucleic acids, after all, are built from merely four different
nucleotide building blocks, which render it have therefore, compared to antibodies,
much weaker power in terms of binding diversity [14-16]. To be specific, those
ligand-receptor co-structure studies revealed that nucleic acid aptamers mainly
employ hydrogen bonds, 7z—= stacking, and electrostatic interactions in the binding
process, however, carries little of other key functional groups commonly found in
protein, including hydrophobic groups (Leu and Ile), positively charged groups
(Lys and Arg), negatively charged groups (Asp and Glu), polarizable binding
groups (indole in Trp and thioether in Met), catalytic groups (His), and metal
coordinating groups (Cys and His). From this point of view, nucleic acids were
indeed far inferior to proteins as matrices for functional performance. Besides, the
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pharmacokinetic profile of aptamers is not satisfactory either. Particularly, it is
embodied in short plasma half-life due to the nature of small molecule and enzyme
vulnerability due to the self-maintaining mechanism of our bodies. Undoubtedly, all
above chemical characteristics determined that application of nucleic acid aptamers
would be largely limited.

Nevertheless, it would not be wise to throw away the apple because of the core.
On the contrary, our scientists are smart enough to overcome those drawbacks by
exploiting the chemical knowledge we have. The efforts of dealing with imper-
fection of aptamers started shortly after the discovery of aptamer, when people
realizing the necessity and urgency to do so.

The first strategy is straightforward and feasible, which is usually referred to as
‘post-selective’ modification. This strategy focuses mainly on improving properties
of the existing nucleic acid aptamer. For example, modifications on the ribose—
phosphate backbone by introducing phosphorothioates [17] or locked nucleic acids
(LNA) [18, 19], both of which are not accepted as substrates by the majority of
nucleases, will help maintain stability when applied in vivo. Some other functional
groups, those could help aptamers to carry ‘cargoes’ [20], to cross-linking with its
target [21], or to gain improved pharmacokinetic properties [22], have been
introduced into post-selective modification method in order to make ‘perfect’
aptamers. Nowadays, most of these modified phosphoramidites carrying amine,
thiol, or carboxyl groups are commercially available, along with a variety of
appendents which could be directly labeled on nucleic acid molecules.

The most famous example of successfully utilizing post-selective modification
strategies to improve aptamer properties is Pegaptanib (Macugen®, Fig. 3.1) [23]. Itis
the first and so far the only aptamer therapeutic approved by FDA for the treatment of
wet form of age-related macular degeneration (AMD). It was delivered through
SELEX against vascular endothelial growth factor (VEGF)-165 in the year of 1994
[24] and it was found that this aptamer can block the actions of its target VEGF.
However, it took another 4 years to modify this aptamer to make it resistant to enzyme
degradation and renal clearance [25]. Resulting from these modifications, the in vivo
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Fig. 3.1 Chemical structure and predicted secondary structure of Pegaptanib. a Chemical
structure of Pegaptanib. b Predicted secondary structure of Pegaptanib. High degree of
modification including 2'-fluoro-pyrimidines (in blue) and 2'-methoxy-purines (in red) replaced
nucleotides, capped 3’ end, additional two 20 kDa PEG groups via 5’-end coupling
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stability of nucleic acid aptamer has been largely improved, despite a certain degree
of reduction in binding affinity for VEGF. The success of Pegaptanib sheds light on
the whole aptamer research area and highlighted again the urgency and necessity of
chemical modification on natural nucleic acids in aptamer research.

However, those post-selective strategies could not cope with the essential
drawback that the building blocks of nucleic acids cannot provide enough chemical
diversity, therefore cannot guarantee to generate aptamers with desired affinity
when confronting any target. The factors attributed by experimental work as well as
theory to low performance of SELEX include the low level of functional groups in
nucleic acid molecules and the low information density due to merely four building
blocks [26]. Those issues have to be dealt with in the evolution process but not
after. Accordingly, another strategy to modify the nucleic acid library in the SELEX
experiment has been proposed to cover the shortages, which could be further
divided into two methods.

On one hand, various functional groups were introduced onto four standard
nucleotides in an attempt to obtain those functional nucleic acid molecules [27-31].
On the other hand, people attempted to increase the number of independently repli-
cating nucleotides in the nucleic acid library, with the purpose of increasing infor-
mation density carried by nucleic acid and the resultant folding possibility [32-34].

All these efforts of introducing new functionality or novel nucleotides into
SELEX process followed similar principles, that is, the biotechnologies developed
for SELEX. Three key technologies are involved which include the following:
(1) chemical synthesis of phosphoramidites for solid-phase synthesis of nucleic acid
and triphosphates for enzymatic amplification, (2) engineering and identifying
polymerases to efficiently amplify nucleic acids library using standard four nucle-
otides plus unnatural nucleotide triphosphates, and (3) sequencing techniques to
identify the survivor sequences containing unnatural nucleotides. It is well known
that these technologies were originally developed only to natural nucleic acids. To
apply those unnatural nucleic acids in SELEX procedure, these technologies need
to be adjusted or even compromised to accept unnatural nucleic acids, with satis-
factory efficiency and feasibility. From this angle, whether ideally designed
unnatural nucleotides can be utilized in SELEX or not largely depends on whether
corresponding key technologies could be well developed or not.

Synthesis of phosphoramidites and triphosphates is the first yet fundamental
step. It is different from post-selective strategy where only modified phosphorami-
dites (most of them are commercially available) are needed. To implement those
modified nucleic acid building blocks into SELEX process, not only unnatural
nucleic acid phosphoramidites, but also the triphosphates, as a key component of
recipe for enzymatic amplification, need to be prepared by organic synthetic method.

Maybe sounds a piece of cake for those masters in synthetic chemistry; however,
the enzymes for amplification that has been evolved for billion years to accept only
natural NTP are never easy to be satisfied. For those who is willing to add func-
tional groups onto natural DNA, the inevasible enzymatic polymerization reactions
for amplification involved in SELEX imposes the restriction that the modified NTP
has to be perfectly compatible with the usually over 200 rounds of amplification



3 Unnatural Nucleic Acids for Aptamer Selection 39

during SELEX process. By mentioning compatible here, it means these functional
groups added should not interfere with the recognition and binding sites of poly-
merase and should also match with the complementary nucleotides.

To prevent the classical base-pairing interface from disturbing, the modification
are usually restricted on those sites which will not be involved in the base paring and
polymerase binding process [4, 35] (Fig. 3.2). On nucleobases, the non-Watson-
Crick sites, more specifically C5 of pyrimidines are usually the positions where
modification proceeded on, which is in the major groove in duplex and will not
interfere with approaching by polymerase [35, 36]. Besides, some modifications on
ribose—phosphate backbone are also feasible, as long as it will not distort the whole
DNA/RNA structure to a large degree. For example, ribose 2'-replacement with

(o]
| - S-modified uracil
fl.'i | NH
0=—P—0 /J\
| N )
il T
0 s 4'-thio
NH;
1
F XN 2'-fluoro
0=P—o0 | )\
| N 0
BH; o 5'-a-P-borano
HN
“‘-___ N ; P
0O NH; N \ 2'-amino
O=p—0. < /
| N Yo
&
2'-dcoxy-L-ribose
| 'O NH
o] N )\
0=EI—'— 0. / \ Vi NH,
I N N
s o 5'-phosphorothio
T 0\ 2'-methoxy
O=—P—0
| i R additional nucleobases
0 o
O  HIOH

Fig. 3.2 Chemical structure of modified nucleotides reported for SELEX
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fluoro, amino, or methoxy group are commonly used generate enzyme resistent
nucleic acid library, similarly in the example of Pegaptanib. Another famous example
is displacing natural p-ribose with artificial L-ribose to generate the enantiomer of
natural DNA (termed Spiegelmer) and thus prevent its degradation by nucleases.
These examples will be detailed discussed in the later sections of this chapter.

For those who are dedicating to expand the armory of nucleotides, this concern
is even bigger. Artificial designed nucleobases need to be both stable in duplex
nucleic acid and replicable by natural existent polymerases. After the idea proposed
by Benner in the late 1980s [37, 38], many efforts have been devoted into this area
in light of the great potential of encoding additional information by expanded
genetic alphabets in both in vitro and in vivo applications, and considerable
achievements have been made since then. By adding additional base pair, the
drawbacks of nucleic acids mentioned above, that is, lack of functionality and low
information density, could be potentially solved at the same time. By far, two main
types of approaches to develop such type of unnatural bases have been reported.
The first, developed by Benner and coworkers [39], exploited unnatural hydrogen
bond patterns between two complementary nucleobases, while maintaining the
Watson—Crick geometry. Another one, proposed by Kool and colleagues [40, 41],
that interbase hydrogen bonding is not imperative for nucleotide replication has
broaden the way of thinking that focused more on van der Waals and hydrophobic
interactions. The followers include Hirao [32, 33] and Romesberg [42, 43] and their
coworkers have contributed tremendously in this field. The detailed story will also
be discussed in later sections.

Since this is a book focusing on cell-SELEX-related technologies, in this
chapter, we will mainly pay attention to introduce those unnatural nucleic acids
involved strategies which have been used or at least have the potential to be used
for SELEX. We will start with strategies that conducting modifications on ribose—
phosphate backbone and their application in SELEX will be discussed, including
the 2'-modified nucleotides [44], oxygen replacement on phosphate and Spiegel-
mers developed by Klussmann group [45]. Next, the strategies of adding functional
groups to natural nucleobases, including hydrophobic groups, positive charged
groups, and amino acid side chain mimicking groups, will be introduced. Following
that we will discuss currently emerged replicable artificial nucleobase pairs and one
application in SELEX done by Hirao and coworkers [33]. At the end, we will
introduce so far the only full SELEX utilizing artificially expanded genetic infor-
mation system (AEGIS) done by Benner, Tan, and their colleagues.

3.2 Evolution of Aptamers with Artificial Nucleic Acids

One key component of the recipe for success of SELEX technique is that this
process highly mimics the natural evolution process. Those binders enriched in the
selection process are exactly those survivors who can adjust oneself and adapt to the
target environment. Similar to the reason why human being must maintain species
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diversity on earth, addition of chemical diversities into nucleic acid library will
make this process even more lifelike.

Thanks to the solid fundamental established by organic chemists. Nowadays,
human being is processing a huge toolbox with which we design and synthesize
almost any chemical structure in need. Of course the ligands are not among these
accessible chemical structures, not because of the lack of chemistry knowledge, but
simply because the interaction of ligands with their receptors are too complicated
for human being to interpret. However, the matured organic chemistry knowledge
provides us with all kinds of strategies to modify natural biological molecules. With
all this chemical modifications, we can now fulfill our goal of obtaining binders on
demand, or even to the bigger picture we could ever imagined.

3.2.1 Modification on Nucleic Acid Backbone to Deliver
Improved Aptamers

When people realized that aptamers made of natural nucleic acids have all sorts of
drawbacks that severely hindered its wide application, the first solution emerged in
mind would be appending functional groups on nucleic acid molecules. These ideas
directly root in traditional chemical thought pattern that the function of chemicals
could be improved by further chemical modification. If one has a glimpse history of
drug discovery, you will find these patterns were applied to almost every type of
chemical drugs people ever developed.

It indeed works. To cope with a specific problem emerged, there is always a
genius method developed accordingly. That is exactly where the charm of chem-
istry lies on.

3.2.1.1 Modification on 2’ Site of Ribose

The earliest efforts to apply modified nuclei acids into SELEX were focusing on 2’
site on ribose. The purpose was to increase the nuclease resistance property of
aptamers. The functional groups added onto 2' site of ribose include amino [46],
fluoro [47], and methoxyl group [44, 48] (Fig. 3.2). Those techniques were origi-
nally proved in post-selective modification, such as in the example of Pegaptanib.
However, in order to acquire aptamers more rapidly and conveniently, meanwhile
to avoid the potential affinity decreasing resulting from post-selective modification,
researchers started to apply those modifications in the selection process. Y639F
mutant T7 RNA polymerase was usually used for these modified RNA transcription
[47]. 2'-amino pyrimidines, both cytidine (C) and uridine (U), have been used in
RNA libraries for SELEX. A variety of targets have now been selected toward
using these 2'-modified nucleic acid. These examples include basic fibroblast
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growth factor (bFGF) [49], L-selectin [50], human keratinocyte growth factor
(hKGF) [51], human neutrophil elastase (HNE) [46], human thyroid stimulating
hormone (hTSH) [52], immunoglobulin E (IgE) [53], and interferon-y (IFN-y) [54].
Usually the stability could be enhanced that lifetime could be prolonged by 1,000—
80,000 times [49, 51].

2'-fluoro replacement method generated a couple of aptamers which has been
entered clinical trial. Besides Pegaptanib, there are also anti-Factor IXa aptamer
RBO0O06 that binds to members of the coagulation cascade and act as anticoagulants
[55] and anti-C5 aptamer which inhibits the complement cascade [56]. Again, 2'-
fluoro U and 2'-fluoro C were exploited in library to select aptamers against KGF
[51], IFN-y [54], human thrombin [57], and cluster of differentiation 4 (CD4) [58].
However, someone may concern about its side effect as it was suggested that the
administration and degradation of 2'-F-pyrimidine could lead to incorporation into
cellular DNA [59, 60].

2'-methoxyl group might be a good alternative. The advantage of this method is
that the synthesis is less expensive, and more importantly, the methoxyl group is
naturally occurred in as a common moiety in posttranscriptional modification.
Methylation of the 2'-hydroxyl groups is a selective protection system used by
nature and thus introduced here to reduce the safety concerns. SELEXs using
library containing this modification were conducted recently on VEGF-165 [44]
and Interleukin 23 (IL-23) [48]. The affinities were high, with a Kd value within
nanomolar range.

3.2.1.2 Replacing Oxygen on Phosphate

Another site which could be replaced to functionalize the nucleic acid library is on
5'-a-P-site on phosphate. The functional groups used to replace phosphate linkage
this site include boranophosphate [61] and phosphorothioate [62] (Fig. 3.2). For
boranophosphate, wild-type T7 RNA polymerase is good enough for the tran-
scription. The initial purpose was to deliver aptamers for boron neutron capture
therapy (BNCT), where boron-10 was used as a non-radioactive isotope that has a
high propensity to capture slow neutrons to emit high-energy charge particles and
result in the cell death. And aptamer would be a perfect probe to deliver this boron-
10 to the cancer target. This concept was preliminarily demonstrated by performing
a SELEX against ATP [61], with 5’-a-P-borano G or U in the library.

Phosphorothioate internucleotide linkage was utilized to generate nuclease
resistance preferred to DNAse. Although the chiral property of phosphorothioate
linkage is usually neglected and both diastereomers are used in the phosphoramidite
chemistry synthesis, stereoregular phosphorothioate are usually prepared using o-
thio-dNTPs in Taq polymerase amplification or T7 RNA polymerase transcription
[35]. Examples include cytokine TGF-f1-targeted RNA aptamers [62] and Vene-
zuelan equine encephalitis virus capsid protein [63].
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3.2.1.3 Artificial Ribose

An alternative method is to use artificial ribose, to prevent aptamer from nuclease
degradation. One way is to replace 4’-oxygen by sulfur on ribose (Fig. 3.2). 4'-thio
UTP and CTP were used in library for SELEX to generate aptamers for thrombin
[64]. It was claimed that by adding the 4'-thio, besides enhancement of the nuclease
resistance by about 50 times, the base pair strength was found to be increased too.
Another heroic work was the generation of Spiegelmers done by Furste and his
coworkers [45, 65, 66] (Fig. 3.2). The basic design of the work was based on the fact
that all natural enzymes, no matter a polymerase or a nuclease, are all in L-amino acids
and born to fit p-nucleosides. In this case, theoretically, an L-oligonucleotide should
escape from enzymatic recognition and subsequent degradation. However, because
of the same reason those L-oligonucleotides will not be accepted by polymerase so
that it cannot be copied in the in vitro selection process. A compromised method was
carried out by these smart scientists (Fig. 3.3). Instead of select against natural target,
they used the mirror-image target and the natural oligonucleotides in the SELEX
process. As long as the natural oligonucleotides targeting, mirror-image target was
successfully obtained at the end of SELEX, an L-oligonucleotide would certainly
binds to the natural target. And an unnatural enantiomer of aptamer, named
Spiegelmer (from German word ‘Spiegel,” means mirror), will thus be generated.
Based on this technology, a number of spiegelmers have been selected [65-68].

3.2.2 Appending Functionality on Aptamers

On above, we discussed about modifications on (deoxy) ribose-sugar backbone and
their applications in SELEX. However, the motivations were more on to enhance the
in vivo stability, while contribute little on increasing diversity. The essential shortage
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of nucleic acid as a binding probe lies on its lack of diversified functional groups and
thus relatively weak binding capability after combinatorial assembly of them. While
the biding sites of aptamers are usually believed to be the unpaired nucleobases
(compared with side chains of peptides). Introducing functional groups direct on
nucleobases are, therefore, crucial to enlarge the diversity of library. However, as
mentioned before, adding functional groups onto nucleic acid has to follow the
principle, that is, this addition cannot interfere with the approach and functionalization
of polymerase. This limitation largely reduces the possibility of introducing more
functional groups. So far, the most permissive sites for modifications are 5-position on
U/T, and a variety of functional groups have been successfully appended (Fig. 3.4).

3.2.2.1 Hydrophobic Groups

The earliest attempt using this strategy was done by Latham and his colleagues [69]
(Fig. 3.4a). In their design, a 5-pentynyl-modified dU was used to displace dT in the
randomized region of DNA library and this library was used to successfully gen-
erate aptamers against thrombin. Vent DNA polymerase was used in their
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experiment. The survivors at the end of the selection were cloned and sequenced
using Sequenase to obtain the specific sequences of candidate aptamers. Because
functional group added on C5 cite of pyrimidine, which does not interfere the
function of polymerase, the PCR and sequencing were not influenced too much by
the modification. Despite that this example was the first attempt to prove the fea-
sibility of introducing a new group onto C5 site of pyrimidine, the affinity of their
selected aptamers is not superior of their previous selected aptamers using natural
DNA library [70].

3.2.2.2 Positively Charged Groups

Sooner after the success of introducing hydrophobic, another type of functional
groups which is lack in natural nucleic acid, cationic group, was also being
introduced into SELEX process [71]. In this work, Benner and his coworkers added
an aminopropynyl group onto 5 sites of deoxyuridine (dJ, Fig. 3.4b), and as an
example, the modified nucleotide were incorporated into library and performed a
SELEX against ATP molecules. Vent DNA polymerase was used for PCR in this
experiment. It was revealed that the selection yielded aptamer having sequences
differing from the one generated from standard selection using natural nucleotides.
However, convergence including both binding to two ATP molecules and very
similar affinity were discovered. This work confirmed the capability to introduce
functionality onto natural nucleic acid and use it for in vitro selection.

Another practice was carried out by Szostak and McLaughlin groups several
years later [72]. In this work, a 5-(3-aminopropyl)uridine analogue was incorpo-
rated into a degenerate RNA library by enzymatic polymerization (UNH,,
Fig. 3.4b). Again, this in vitro selection generated an aptamer binding to ATP
molecules. And it was observed that the modified RNA can interact with the
triphosphate group of ATP, which was not found in the case of natural RNA
aptamer. This could further prove the strength of positive charged group.

This line of research continues to develop, and new positive charged nucleobase
analogous kept emerging. Sawai and his colleagues successfully incorporated a
1,6-diaminohecyl-N-5-carbamoyl methyl deoxyuridine (dT™, Fig. 3.4b) into
DNA library to perform SELEX to generated aptamers against viral infection
related cell surface component sialyllactose [73] as well as (R)-thalidomide [74].
Recently, Perrin group has expanded introduction of cationic groups onto other
standard nucleobases, and those modified nucleotides are being applied in in vitro
selection of DNAzyme [27, 75] (dU**TP, dU**TP, Fig. 3.4b).

3.2.2.3 Mimic of Amino Acid Side Chains

The idea of adding functional groups was initially motivated by presented diversity of
amino acids. Recently, this strategy has been propelled one step further by endowing
nucleic acids with protein-like properties via functional groups mimicking amino
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acid side chains [29]. Eaton and coworkers introduced an amide linkage at the 5
position so that six different side chains could be armed on deoxyuridine, including
5-isobutylaminocarbonyl-dU  (iBudU), 5-benzylaminocarbonyl-dU (BndU),
5-histaminocarbonyl-dU (HisdU), 5-naphthylmethylaminocarbonyl-dU (NapdU),
5-tryptaminocarbonyl-dU (TrpdU), and 5-pyridylmethylaminocarbonyl-dU (PrdU)
(Fig. 3.4c). Besides mimicking amino acids, other advantages of introducing amide
linkage are to restrict rotation of the linkage bond and to provide with extra hydrogen
bond acceptors and donors. After screening, all these modified deoxyuridines con-
tained DNA were found to be fully replicated by D.Vent and KOD XL polymerase,
which set the foundation for their usage in in vitro selection. Several of these modified
deoxyuridines were incorporated into DNA library to perform in vitro selection
against tumor necrosis factor receptor superfamily member 9 (TNFRSF9), which
used to be considered as a challenging target. BndU and TrpdU incorporated selection
generated aptamers having affinity much higher than natural DNA library where
deoxythymidine replacing modified deoxyuridines [29].

This approach is now being commercially utilized in SomaLogic, Inc. to gen-
erate slow off-rate modified aptamers (SOMAmers), which could significantly
increase the number of addressable targets of human proteins as well as the binding
affinity [30]. Since the incorporation of four modified nucleotides, BndU, NapdU,
TrpdU, and iBudU, into SELEX experiments, out of over 1,000 different proteins,
the overall success rate rose from below 30 % to around 84 %, with aptamers
having satisfactory affinities (Kd < 30 nM) and specificity. Exploiting those SO-
MAmers, an aptamer-based multiplexed proteomic technology for biomarker dis-
covery, as well as for diagnostic and clinical applications, has been established in
their company [28, 31].

3.2.3 Expanded Genetic Alphabets in Aptamer Selection

The effort of adding functional groups has been proved to be successful and pro-
ductive. All those functional groups added into in vitro selection process indeed
help generate aptamers with improved properties and fulfilled the goal in each
initial design. However, there is another desire of human for nucleic acid which
cannot be covered simply by introducing functional groups, that is, to increase the
information density. It would be easier to understand if we transfer this description
to chemical terminology. The desired larger chemical diversity could be achieved
by introducing functional groups. However, the structural diversity, especially
reflected in folding patterns, will not be increased by grafting stuff on one of the
four basic building blocks. It is also highly possible that these nucleotides armed
with functional groups will be folded into duplex structure and thus losing function,
as stem region is usually believed not involved in the binding site. While adding
additional nucleotides, also called expanded genetic alphabets, beyond A/G/C/T(U)
will give much higher folding diversity and immediately minimize nonfunctioning
folds that compete with the folds that have the desired function. Besides, those
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expanded genetic systems were usually designed to possess modifiable sites, which
allow them to potentially carry functional groups if needed. Therefore, the two
strategies could be perfectly combined helped by chemical synthesis method.

However, to create those expanded genetic alphabets is not as easy as to picture
it. A successful design of additional nucleotide has to incorporate considerations
from broad areas. At first, the additional nucleotide must be stable. Considering the
nature of conjugated structures and multiple protonizable and oxidizable sites in
aromatic rings, to design a nucleotide stable under different circumstances is defi-
nitely not an easy thing to do. Actually most of the expanded genetic systems
developed so far have gone through repeating process of modify—test-modify to
optimize the most stable structures [76]. Secondly, the designed nucleotides have to
be able to be compatible with the enzyme system. Unlike simply adding functional
group to replicable uredines, the new designed nucleotides have to be capable of
being replicated by polymerase or being transcribed by transcriptase in the evolu-
tion process, which of course require not a single, but a pair of complementary
nucleotides to be added at the same time. No doubt it took even more effort of
scientists, again, to repeat the process of modify—test-modify to cater those
enzymes which have been evolved for billions of years to accept only natural
nucleotides [77, 78].

It is indeed the essence of synthetic biology, a discipline in which people use
tool of synthetic chemistry to modify biological molecules to manipulate the bio-
logical systems, more importantly, in which process to understand deeper about
biological systems [39].

3.2.3.1 Developed Artificial Genetic Systems

As mentioned above, it is extremely hard to build an artificial genetic system. It has
been almost a quarter century since this idea been proposed; however, only several
groups in the world have successfully developed artificial genetic systems [34, 77,
78]. Among them, only two examples of in vitro evolution have ever been reported
[33, 79].

In 1989, Benner’s lab designed a pair of isomers of guanine and cytidine, named
isoG and isoC (Fig. 3.5a), with nonstandard hydrogen-bonding patterns but similar
geometry with Watson—Crick pairs [80]. And very soon, another pair (X and K,
Fig. 3.5b) was reported too [37]. Although some shortcomings were found on these
pairs, for example, lack of electron pairs in minor groove which were believed to be
the polymerase recognition site and keto—enol tautomerization which could induce
mismatching isoG with T(U), these pioneering studies inspired the subsequent
studies to a great extent. And after 25 years of effort to keep improving, Benner’s
group have now developed a whole system containing up to 12 different nucleotide
‘letters’ pair via six distinguishable hydrogen-bonding patterns [39, 76]. We will
further introduce more details about this system in next section.
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In 1998, Kool’s group proposed their classic non-hydrogen-bonded base pairs.
Instead of hydrogen-bonding, they exploited shape analogues of the natural bases,
Z(Q) and F (Fig. 3.5¢, f), to be incorporated into the replicable nucleic acids [81,
82]. It was the first time researchers realized that the hydrogen bonding between
nucleobases is not an absolutely requirement for replication. The role of shape
complementarity and hydrophobicity in nucleic acid stability and replication has
been illustrated in these works. The absence of hydrogen bonding will inevitably
reduce the stability between DNA duplex; however, the pairing between artificial
bases is still more stable than mispairing with natural bases; thus, thermal selectivity
could be achieved. Similarly, this work inspired a lot of subsequent researches.
After all, the strategy of rearrangement of hydrogen bonds between nucleobases
could easily reach its limit, that is, maximum 12 bases could be conceived fol-
lowing this rule, and not all of them could be replicated efficiently by enzymes [39].

Hirao, Yokoyama, and their coworkers started from the nonstandard hydrogen-
bonding strategy at first, developing x and y (Fig. 3.5d) as a complementary and
replicable pair [83]. A serial of modifications and accommodations were conducted
in order to increase the duplex stability and incorporation efficiency, generating
base pair of s and z (Fig. 3.5e), however end up without satisfactory results [84, 85].
Then, they shifted attention to the strategy of exploiting hydrophobicity and
stacking interaction, by designing new base (Pa, Fig. 3.5f) to be paired with Q base
developed by Kool’s group [86]. And coincidently, they found Pa could be paired
with s also, which pair has higher efficiency compared to the precedent s-z pair [87,
88]. After another several years of unremitting efforts, the structures were optimized
to generate the pair of Ds and Px (Fig. 3.5g), which was reported that they could be
incorporated by Deep Vent DNA polymerase (exo") with selectivity of over 99.9 %
[89].

Romesburg and colleagues also developed their expanded genetic systems. In
1999, they reported the hydrophobic self-paired PICS base (Fig. 3.5h), which was
believed to be as stable as G:C pair in duplex DNA [90, 91]. Similarly, due to their
hydrophobic stacking ability, this self-paired base could be replicated by KF exo
polymerase with reasonable efficiency. Another four self-paired bases (3MN [91,
92], SNICS [93], 7AI [94], and 3FB [95], Fig. 3.5i-1) were also developed with
incorporation efficiency to a certain extent.

Then, they shifted the way of thinking, and a combinatorial chemistry method
was utilized to screen nucleobase pairs for efficient replication [96]. Consequently,
following the rule of hydrophobicity, more than 60 base analogues were synthe-
sized and screened for KF exo extension. A pair of nucleobases, SICS and
MMO2 (Fig. 3.5m), who exhibited the best efficiency and selectivity, was suc-
cessfully obtained. On basis of structure of MMO2, the 5SICS-NaM and 5SICS-
DMD (Fig. 3.5n, o) pairs were finally developed [97, 98]. In a newly published
work, they applied the SSICS-NaM pair into the E.coli, proving that the replication
could be efficiently achieved in biological system [42].
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3.2.3.2 First Example of In Vitro Selection Using Expanded Genetic
Alphabets

It was not until 2013 did researches first report utilizing expanded genetic systems
for in vitro selection [33]. Hirao and his colleagues have incorporated his dDs
deoxynucleoside into the DNA library and performed the SELEX experiment to
generated aptamers targeting VEGF-165 and IFN-y with better affinity than what
people developed using natural RNA.

Due to the lack of deep sequencing technology for their artificial nucleobase,
there were some modifications on most of these SELEX protocol (Fig. 3.6). At first,
for each randomized region, only 1-3 Ds could be introduced, and it has to be on
some predetermined position, and a short tag sequence will be appended. Secondly,
the Ds has to be allocated several nucleotides away instead of consecutively or
closely in consideration of polymerization efficiency. Thirdly, in the PCR ampli-
fication, besides natural dNTPs and dDsTP, triphosphate of Px pairing with Ds also
needs to be added into the reaction to amplify the Ds contained template. And
finally, after enrichment of those Ds contained DNA, a replacement PCR needed to
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Fig. 3.6 Schematic of in vitro selection using Ds as the fifth nucleotide. Adapted from Kimoto
et al. [33]
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be run to switch all Ds into either A or T, and after deep sequencing the Ds
contained sequences will be inferred based on the tag information.

In spite of its success as the first ever use expanded genetic alphabets to do
in vitro selection, this method still have lots of room to be improved. As mentioned
before, to successfully exploit an unnatural DNA into SELEX experiment, a deli-
cate deep sequencing method should have been established beforehand. To put the
artificial base on predetermined position will undoubtedly reduce the randomization
effect of the library and thus make the mimicking evolution process less powerful.
Besides, only adding one nucleobase into the library cannot help much about the
increase of the information density, it is more like an extension of those adding
functional group strategies.

However, this example still shows us a lot of potential and sheds light on the
future of applying expanded genetic alphabets. After all, the survivors after over
100 round of PCR can still maintain the expanded genetic alphabets. And the high
affinity brought by introducing the well-designed fifth ‘letter’ largely demonstrated
what expanded genetic systems can do and how to do it. This work proved the
power of synthetic biology and also contributed hugely on the development of
SELEX technique.

3.3 AEGIS System and Application in Cell-SELEX

Hirao and his colleagues’ work is exciting and it is definitely a milestone in the
development of expanded genetic systems. However, they can hardly be called as a
complete SELEX. The deep sequencing technology needs to be well developed; the
Ds and/or Px have to be proved to be sustained in closer distance in the evolution
process; and only if both complementary bases are added into library could it truly
improve SELEX, in terms of increasing information density and chemical diversity.

To date, there is only one pair of expanded nucleotides toward which a deep
sequencing method has been reported, along with the solid synthesis technology
and PCR amplification technology. This pair is two members of AEGIS developed
by Benner and his coworkers [39, 76]. And our collaborative team has been uti-
lizing this system in our cell-SELEX practice and generated a panel of DNA
aptamers binding to several kinds of cancer cells. In this section, we will specifi-
cally introduce AEGIS system and its application in cell-SELEX. One of our recent
work will be presented as an example.

3.3.1 Artificial Expanded Genetic Information Systems

The development of AEGIS was inspired by recognizing that two natural nucleo-
base pairs (G:C and A:T or U) have not fully exploited all possible hydrogen-
bonding patterns (Fig. 3.7). To rearrange hydrogen bond donors and acceptors
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Fig. 3.7 AEGIS system (py stands for pyrimidine, pu stands for purine, A stands for hydrogen
bond acceptors, and D stands for hydrogen bond donors)

between nucleotide bases with the help of synthetic chemistry can increase the
number of independently replicable nucleosides, from 4 to at most 12 [76]. The
hydrogen-bonding pattern assigned to each nucleobase pair is unique and distin-
guishable that allow the 12 bases to form a system to support the basic DNA
properties, that is, to be complemented, to be copied, and, more importantly, to be
evolved. At the same time by introducing those much of unnatural nucleotides, the
information density will be increased dramatically [39]. We mentioned in last
section that the isoG and isoC pair, as well as X and K pair developed by Benner
group are the prototypes of the current members of AEGIS system. And no
doubtfully this system will be kept improving to meet the potential different
requirements. As it developed, now the second generation of AEGIS system has
overcome these potential tautomerization problems and can carry additional func-
tional groups on those unnatural nucleotides (R group shown in Fig. 3.7). This is to
combine the strengths of strategy of adding functionality and the strategy of
introducing new nucleotides. AEGIS are now being applied as orthogonal binding
elements for human disease diagnosis, including FDA-approved assays for HIV,
hepatitis B, and hepatitis C viruses [99].

Among the AEGIS system members, a pair of nucleotides, (2-amino-8-(1'-B-D-
2-deoxyribofuranosyl)-imidazo[1,2-a]-1,3,5-triazin-4(8H)one, trivially known as P,
and 6-amino-5-nitro-3-(1'-B-D-2'-deoxyribofuranosyl)-2(1H)-pyridone, trivially
known as Z) [100, 101] (Fig. 3.7), were found to be highly suitable for being
incorporated into cell-SELEX experiment.
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3.3.2 AEGIS Cell-SELEX

The confidence of incorporating Z and P into cell-SELEX experiment attributes to
the successful development of a series of molecular biology technologies:
(1) synthesis of DNA libraries containing Z and P nucleotides together with four
natural nucleotides [100], (2) highly efficient PCR amplification of DNA sequences
containing Z and P [102], and (3) deep sequencing of DNA molecule survivors
after the evolution process [103]. As mentioned in previous sections, these three
key technologies determine whether a designed expanded genetic system can be
used for in vitro evolution or not. Based on those fundamental technologies, we
have tried multiple AEGIS cell-SELEX on different target cells. In this book, we
will cite one of these examples to illustrate the SELEX process [79].

3.3.2.1 Design and Synthesis of AEGIS DNA Primers and Library

The purpose of cell-AEGIS-SELEX is to screen six-letter DNA sequences capable
of recognizing and binding to the target cells in the natural state. To achieve this
goal, two 16-mer primers were designed with the following principles: unlikely to
form intramolecular hairpin structure, similar melting temperature (Tm) between
two primers, and unlikely to form neither self-dimer nor hetero-dimer. No artificial
bases were included in the primer part. The forward primer was labeled with
Fluorescein isothiocyanate (FITC) at the 5’ end, and the reverse primer was labeled
with biotin at the 5" end.

A GACTZP DNA library having a 20-nucleotide random region flanked by two
primer binding segments (each 16 nt) was prepared by solid-phase phosphoramidite
DNA synthesis. Each of the 20 randomized sites was synthesized to have all six
(GACTZP) phosphoramidites in equal amounts (Table 3.1). The presence of Z and
P in the random region was confirmed by digestion of the GACTZP library, with
the nucleotide fragments being quantitated by HPLC.

We could do some simple calculations to show the diversity increased by adding
new nucleotides. If only four natural nucleotides were involved in 20-nt-long
randomized region, the number of all possible sequence would be 42°
(1.099 x 10'?). If two more nucleotides added, this number will increases to 6°°

Table 3.1 GACTZP DNA library, 6-nucleotide PCR primers, and barcoded primers for deep
sequencing

Name Sequence

Initial GACTZP DNA library 5-TCCCGAGTGACGCAGC-(N)20-GGACACGGTGGCTGAC-3'
N =A, G, C, T, Z, and P nucleotides mixture

Forward primer 5'-FITC-TCCCGAGTGACGCAGC-3'

Reverse primer 3'-CCTGTGCCACCGACTG- biotin-5’
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(3.656 x 10'), which is 3,000 times more possibilities. When we use longer
randomized region, this ratio could be even larger.

3.3.2.2 AEGIS Cell-SELEX Generates GACTZP Aptamers

The procedure for AEGIS cell-SELEX is shown schematically in Fig. 3.8. As a
proof of concept, we did not add the counter-selection in this experiment. The
aptamers were expected to be generated faster but with less specificity. A breast
cancer cell line MDA-MB-231 (from ATCC) was used as the target cell for the
positive selection.

In the in vitro selection experiment, an aliquot of the six-letter ssDNA library
(20 nmol) was first denatured by heating at 85 °C (different from standard SELEX
using 95 °C, to prevent unnatural nucleotides from damage). It was then ‘snap
cooled’ to force the DNA sequences to form their kinetically most accessible
secondary structures, incubated with target cells and those binding sequences will
be extracted and amplified. These steps followed the protocol of standard cell-
SELEX [104].

The enriched GACTZP were amplified by six-nucleotide PCR using Taq
polymerase [102, 103] (Table 3.2). Note that we used much larger amount of
Taq polymerase and much longer elongation time compared to what were used
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Fig. 3.8 Schematic of AEGIS cell-SELEX process. Reprinted from Ref. [79] by permission of
PNAS
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Table 3.2 Typical six-nucleotide PCR amplification of GACTZP DNA library

55

Reagents Volume (pL) Final concentration
ddH,0 30.5

Forward and reverse primers mixture (each 10 pM) 2.5 0.5 uM
Six-Nucleotide Mix of 10x 5.0 0.1 mM of each
dA,T,G/TPs (1 mM of each) 0.2 mM

dCTP (2 mM) 0.1 mM

dZTP (1 mM) 0.6 mM

dPTP (6 mM)

10x TaKaRa PCR buffer (pH = 8.3) 5.0 1x

GACTZP DNA library (survivors) 5.0 (10 % of reaction volume)
Takara Taq HS DNA polymerase (5 U/uL) 2 0.10 (U/uL)

Total volume (uL) 50.0

Note 1x ThermoPol Reaction Buffer (20 mM Tris-HCI, 10 mM (NH4)2SO,4, 10 mM KCI, 2 mM MgSO,,
0.1 % Tritonx-100, pH 8.0 at 25 °C); PCR cycling conditions: one cycle of 94 °C for 1 min; 8 cycles—25
cycles of (94 °C for 20 s, 55 °C for 30 s, 72 °C for 5 min); 72 °C for 10 min; 4 °C for extended times
Reprinted with the permission from Ref. [79]. Copyright 2014 National Academy of Sciences, USA

in standard PCR protocol. The polymerase will amplify those standard DNA
nucleotides much faster than unnatural ones, larger concentration of polymerase,
and longer elongation time will allow polymerase to sufficiently amplify
unnatural DNA.

The rest of the selection process is similar to what we used in the standard
protocol. A total of 12 rounds of selection were performed. The stringency of the
selection was increased in later rounds by decreasing the number cells and the
incubation times. Starting from the 9th round, the progress of the selection was
monitored by monitoring the ability of the FITC labeled library to fluorescently
label individual cells (Fig. 3.9).

It is interesting to find out that the fluorescence intensity keep increasing from
rounds 9 to 11 rounds, however back shift in round 12. We assume the reason is
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dZ-and dP-contained DNA were kept losing in the PCR process, although they
were supposed to be enriched in the selection process. The selection was then
stopped at round 12, and the library from round 11 was prepared for deep
sequencing.

3.3.2.3 Deep Sequencing of GACTZP Survivors Using NextGen
Sequencing Technology

One of the most advantages that AEGIS has over other artificial genetic system is
the well-developed deep sequencing technology. The emerging next-generation
sequencing technology provided the chance to identify every single sequence in the
enriched pool, avoiding miss any potential aptamer candidate and also avoiding the
complicated cloning operation. It is indeed a huge improvement to develop cor-
responding deep sequencing technology for Z and P pair, which distinguishes it
from others to be used in the in vitro selection process.

We will introduce here briefly about this method. It wisely exploits the strategy
that the Z and P could be directionally controlled to be converted into corre-
sponding natural bases [103]. After conversion, the common deep sequencing
methods could be used for the sequencing. Then, the ancestral sequences will be
inferred based on the conversion information used. To assure the accuracy of the
sequencing, two of the conversion protocols were established and they are usually
conducted in parallel (Fig. 3.9). Specifically, in the first protocol, sites holding
Z and P nucleotides in the GACTZP survivors were converted predominantly into
sites holding C and G nucleotides, respectively; less than 15 % were other nucle-
otides. Under the second conversion protocol, sites holding Z were converted to
sites holding a mixture of C and T, with their ratio lying between 60:40 and 40:60,
depending on the sequence surrounding that site. Sites holding P is converted to a
mixture of G and A with roughly the same range of ratios, again depending on the
sequence context surrounding that site.

In this specific SELEX, survivors enriched after 12 rounds of AEGIS-SELEX
were divided into two equal portions. These were separately converted by barcoded
copying into standard DNA using two conversion protocols. Following conversion,
two barcoded samples were combined and submitted for Ion Torrent ‘next gener-
ation’ sequencing. A software was coded to cluster sequenced DNA and infer the
ancestral sequences contained Z and/or P based on the information of conversion
strategy. The clustered sequences obtained under the first conversion conditions
(Z—C and P-G) serve as reference for the clustered sequences obtained under the
second conversion conditions. Sites where C and T were found in approximately
equal amounts after conversion under the second conditions were assigned as Z in
their ‘parent.” Sites where G and A were found in approximately equal amounts
after conversion under the second conditions were assigned as P in their ‘parent.’
The inferred ancestral sequences were aligned to identify candidate aptamers.

Honestly, this is not a straightforward method as it took complicated steps to do
these conversions and even need the help of computer software to run the inference.
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However, using this deep sequencing method does help to truly apply expanded
genetic systems in the selection process. Compared to Hirao’s work mentioned in
previous section, now the artificial bases do not have to be put in predetermined
positions. This allowed the maximum chemical diversity to be achieved, as well as
the pairing of nucleotides to form more complex secondary structures.

3.3.2.4 Characterization of Selected Aptamer

In this specific work, according to the alignment result, the most enriched sequence
has around 30 % of populations in the whole pool (ZAP-2012: 5'-TCC CGA GTG
ACG CAG CCC CCG GZG GGA TTP ATC GGT GGA CAC GGT GGC TGA
C-3). And this very sequence has very strong binding signal on flow cytometry as
well as satisfactory affinity according to the low disassociation constant. As expected,
it does not have very good specificity as only positive selection was conducted.

In this aptamer we selected, only one Z and one P are contained. Given the six
nucleotides were synthesized equally in amount in the randomized region, it might
arouse the skepticism that Z and P play less important role in the binding process.
However, if think about over 200 rounds of PCR performed in the selection pro-
cess, using the polymerase which has been evolved for billions of years to accept
natural nucleobases, this results should be quite gratifying. Those DNA containing
only GCAT will be enriched much faster than DNA containing full six letters. And
Z and P tend to keep being lost in the amplification process, resulting in the rare
Z and P present in the winning aptamers.

To show that the AEGIS nucleotides were essential for binding in aptamers, we
tried to synthesize those analogs where Z and P are replaced by natural nucleotides.
It turned out that in all cases, the binding abilities were largely diminished
(Fig. 3.10). We still do not fully understand the role that Z and P are playing in the
aptamer binding process; however, at least we have the clue that they are indis-
pensable (Fig. 3.11).
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Fig. 3.10 Schematics to show the strategy of sequencing six-letter DNA sequence
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Fig. 3.11 Binding of analogs of aptamer ZAP-2012 with Z and P replaced by standard
nucleotides. Reprinted from Ref. [79] by permission of PNAS

3.3.2.5 Other SELEXs Using AEGIS Nucleotides

This work is the first example of AEGIS cell-SELEX. It is actually first experiment
ever to perform a complete in vitro selection using artificial bases exactly following
the principle of SELEX. Even though the aptamer we obtained from this work
might not have broad application due to its lack of specificity, it proved the concept.
We have used this strategy to successfully overcome some very challenging targets.
For example, we generated aptamers binding to liver cancer cells, lung cancer cells,
and several proteins (data not published). Unlike in this work, only one aptamer
carrying only one Z and one P is recovered; in other cases, we have obtained those
aptamers containing 14 Z and/or P, with some of them very close or even adjacent
to each other. This method is now becoming a routine method in aptamer gener-
ation and could be applied for a wider range of targets.

3.4 Perspective

Modified library and corresponding SELEX have been utilized effectively to gen-
erate aptamers with high affinity and specificity for almost two decades. The natural
shortages of natural DNA have been largely covered by chemical method. And
aptamers with endowed stability, functionality, and diversity are kept being gen-
erated using those modified libraries. With all these successful examples of mod-
ification achieved by our brilliant scientists, it seems researchers have sufficient
reasons to be proud of what we have done. However, our understanding of aptamers
and their interactions with their targets are far away from maturation.

Conversely, the studies of unnatural DNA and its application are still on the
stage of infant. One can imagine the final goal of researchers is to find a way to
generate the aptamers ‘on demand.” That means, whenever people need an aptamers
binding to whatever target, there is always a method to generate such aptamers in a
quick and efficient, maybe also economic way. Those targets could include tumor
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sample of individual patient, a mutant Ebola virus, or a new emerged water pol-
lutant. Of course, those aptamers on demand cannot be designed, at least not before
human fully understanding every single detail of biological systems. The in vitro
selection might be still the only method to generate those aptamers in a long period
in future.

The direction and requirements for the development of SELEX are clear.
Whether those requirements can be fully fulfilled by effort of chemists is still worth
exploring. On one hand, we keep trying to improve our unnatural DNA to
accommodate the practical requirement. On the other hand, which is perhaps more
important, in the process of improving and testing our modification, the under-
standing of biology is accumulating. This is the true genius of synthetic biology,
which is a subject that requires understanding of biology to synthetically improve or
even mimic it and at the same time using synthetic method to understand more
about biology [39, 105].

Particularly in the synthetic of unnatural DNA, what we need is larger diversity,
more efficient enzyme incorporation, and detail understanding of mechanism of
how these unnatural DNAs interact with targets. Obviously, these future goals have
to be achieved by involvement of not only organic chemist, but also collaboration
of molecular biologists, physical chemists, microbiologist, and a lot of specialist
from all other areas. Only if all of these happen, could the aptamers truly rival
antibodies and serve better for human community.
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