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SUMMARY

Biochemical pathways can be engineered to produce more desirable products, such as
ethanol, dyes, or antibiotics, or degrade various substances, including pollutants and
agricultural waste. In some cases, a patchwork of different pathways is generated that produces
a novel biochemical pathway. The biochemical pathway for ethanol production could be
altered for the production of ethanol from waste material as an additive to gasoline. Since
ethanol is produced from the fermentation of sugars, pathways could be engineered to
increase the range of fermentable sugars. Yeast and Zymomonas, a bacterium, are excellent
organisms to carry out fermentation, since they typically produce only ethanol. Escherichia
coli produces a mixture of fermentation end products. Ethanol would need to be purified in
separate processes that could add time and cost to the project. Zymomonas grows only on
glucose. One type of sugar, xylose, is readily available in plant cell walls of plant waste
materials. The xylose fermentation pathway has been engineered into Zymomonas with great
success. Recycling of plant-based products, such as paper, into ethanol could be
accomplished using similar pathways.

Multiple biochemical pathways exist for the degradation of starch, cellulose, and aromatic
compounds. Starch is a polymer of glucose that is formed in plants to store excess sugars.
More efficient degradation of starch into individual sugar molecules could be accomplished
by engineering the enzymes in the pathways to be more stable and effective. Cellulose is
another polymer of glucose present in plant cell walls. Even though cellulose and starch

are both polymers of glucose, the bonds formed between the glucose are different and thus
require different enzymes to break them apart. Pathways for cellulose degradation already
exist in microorganisms that degrade plant material, such as soil microbes and fungi.
However, the pathways are slow. Since a large amount of paper waste, which is derived from
plant material and contains cellulose, is making its way to landfills, engineering a more
efficient pathway for the degradation of cellulose is becoming increasingly important. The use
of “second-generation biofuels” would produce more fuels from material that is traditionally
wasted, such as the cellulose, hemicellulose, and lignin that make up plant cell walls. The use
of these waste products for fuel generation would keep sugarcane, corn, or vegetable oil in the
food production line instead of being converted into first-generation biofuels.”

Biodiesel is produced from plant oils and animal fats by treating them with methanol and
sodium hydroxide. This process converts the oils and fats to fatty acid methyl esters plus
glycerol and water; the latter two are waste products and removed prior to use. Currently,
biodiesel is largely produced from feedstock plant oils. However, it is possible to generate
second-generation biodiesel from nonedible plants or engineered algae or bacteria. The
engineered microbes would produce large quantities of fatty acids that would then be
converted to biodiesel.

In terms of agriculture, frost damage occurs to many crops each year. When water freezes,

it expands and causes tissue damage. Ice crystals do not form without having some sort of
nucleation seed. This seed is often provided by bacteria living on the surface of plants that have
nucleation factors, which promote the ice formation. The only way to prevent ice from forming
on the plant, and subsequent tissue damage, is to eliminate the nucleation factors. The
nucleation factors, such as the InaZ protein on the surface of E. coli, can be genetically
disrupted. The crops can then be sprayed with the mutant bacteria to help prevent ice

formation and crop destruction. Ice nucleation proteins are present on outer membranes of
bacteria and project one of their protein ends outward. These proteins could be used in surface
display applications where other proteins are displayed on the outside of bacterial cells and used
to detect and remove viruses or used in the display of enzymes on the external surface of the cells.



Fossil fuels, such as coal and oil, contain a large amount of sulfur, which is problematic
when these fossil fuels are burned. Acid rain is a direct result of sulfur entering the atmosphere
from the burning of these fuels. Organisms such as Thiobacillus and Sulfolobus convert
inorganic sulfur to a soluble form that can be more easily removed. The organic sulfur
found within the fossil fuels is present as a thiophene, which ironically is thought to

be of biological origin from archaebacterial metabolism. The pathway to completely
desulfurize thiophenes is called the 4S pathway. No known microbe has the capability
to perform all of the steps, but several microbes possess partial pathways. Engineering
these partial pathways into one microbe would generate the complete 4S pathway, which
would provide a means to eliminate the sulfur from the fossil fuel prior to combustion.

One area of focus in research is to engineer the biosynthetic pathway for penicillin in the
Penicillium mold to increase production of this antibiotic. Cephalosporin is a related
antibiotic to penicillin that is made by a similar biosynthetic pathway in a related fungus.
Additionally, antibiotics are modified to function as new antibiotics, which help prevent
antibiotic resistance in microorganisms, particularly resistance from those microbes of
medical importance. These derivatives are produced by modifying enzymes in biosynthetic
pathways for the production of antibiotics with new properties. Most of the new derivatives
are f3-lactams, many of which are further classified as carbapenems. For antibiotic resistance,
[-lactams are degraded by the enzyme p-lactamase. Most carbapenem antibiotics are resistant
or even inhibitory to f3-lactamases.

Some bacteria have the ability to manufacture plastics. These biosynthesized plastics are
biodegradeable. In the future, plants could be engineered to contain the enzymes needed
for the biosynthesis of these plastics, which would greatly decrease the cost and increase the
yield. In addition, pathways can be engineered as sensors of environmental conditions, such
as a pollutant, and respond by giving off some sort of signal (e.g., fluorescence).

Unnatural nucleic acids, such as XDNA and XNA, have been produced that still act as genetic
material, yet have a range of mild to radical changes in the bases or backbone. These
synthetic genetic materials are developed to be resistant to degradation by nucleases, and
some are even able to transmit genetic information. XDNA is a synthetic nucleic acid
containing the addition of benzene rings to the nitrogen-containing bases (A, T, G, C).
XDNA strands are able to pair with normal bases in vitro, but the DNA double helix is wider
than normal. Small segments of XDNA can even be replicated in vivo. XNA is another
synthetic nucleic acid that has alternative ring structures in place of the natural pentose
sugars. Examples include TNA, ANA, FANA, LNA, CeNA, and HNA. All of these examples
differ by the specific ring structure introduced into the nucleic acid backbone. XNAs are
complementary to RNA and DNA, resistant to nucleases, and able to transmit genetic
information in models containing engineered DNA polymerases.

Bacteria that have been designed and engineered to perform a specific function are called
designer bacteria. Designer bacteria include those microbes that are engineered to produce
biofuels or dispose of waste through bioremediation. Bacteria can even be designed to mend
cracks in concrete or kill pathogens resistant to antibiotics. In both cases, the bacteria
communicate via quorum sensing.

In the end, pathway engineering and synthetic biology produce novel activities for both the
biochemical pathways and the organisms to which the pathways belong. Pathway engineering
and synthetic biology are used in a wide range of applications, from biofuels to antibiotics to
designer bacteria with specific missions.
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Case Study A Synthetic Substrate of DNA Polymerase Deviating from the
Bases, Sugar, and Leaving Group of Canonical Deoxynucleoside

Triphosphates

Mi-Yeon Jang et al. (2013). Chemistry & Biology 20, 416-423.

The use of alternative chemical building blocks in the formation of
nucleic acid has advantages, including increased stability of the new
structure relative to existing natural DNA, better understanding of the
involvement of certain functional groups in synthesis of the nucleic
acid, and development of an artificial genetic memory system for
in vivo applications.

In this research article, the authors use 4-inverse nucleotides (XNA)
in which the 4-CH,OP is substituted with 4OCH,P. This process gen-
erates a nucleotide with two anomeric centers plus a phosphate group.
The electrostatic potential of the resulting nucleotides is changed, and
the molecules have increased stability and are resistant to degrada-
tion by enzymes. Additionally, previous research groups have identified
substitutions for both the pyrophosphate group on natural nucleoside
triphosphates and the nitrogenous bases. The pyrophosphate can
be substituted with nonphosphate groups such as L-aspartic acid,
L-phosphonoalanine, and iminodipropionic acid. The nitrogenous
base can be successfully substituted with 5-chlorouracil. Information
regarding substitutions to both the pyrophosphate and nitrogenous
base is based on previous research articles.

The long-term goal of this study is to create a completely artificial
genetic memory system that can be synthesized and maintained within
cells, using the cell’s own machinery, and to associate this system with
a specific life-maintaining function.

How are the XNA monomers synthesized in this research
article different from natural DNA monomers? What specific
changes were introduced to create the XNA monomers?

All genetic monomers, whether natural or synthetic, contain a
leaving group, backbone motif, and a nucleobase. In natural genetic
monomers, the leaving group is a diphosphate, the pentose plus
one phosphate constitutes the sugar-phosphate backbone, and the
nucleobases are the traditional nitrogen-containing bases (A, T, C, G).
In XNA monomers, all three components are unnatural. In this paper,
the XNA monomers contain two anomeric centers at positions C1’ and
C4’ on the leaving group. The backbone motif contains a 4OCH,P. The
nitrogenous base is a chlorinated-derivative of uracil. (Refer to Figure
1 of the article.) Several analogs were constructed, which differed in
various aspects of the three major parts of the monomer.

In the synthesized nucleosides, does having two anomeric
centers cause any major conformational changes?

Yes. The effect of the C4’ anomeric center is stronger than that
observed for the C1’ anomeric center, which causes some shifting in
orientation of the nucleobase.

Can the XNA monomers be used in vivo?

A primer-template assay using various DNA polymerases was
employed to determine if the XNA monomers could be used in vivo.
These polymerases included HIV-1 reverse transcriptase (HIV-1
RT), Tag DNA polymerase, Vent(exo-) DNA polymerase, DNA pol Il

polymerase, and Therminator polymerase. The many XNA analogs pro-
duced by this research group had varying degrees of success depend-
ing on the polymerase used. The different polymerases had varying
affinities for the XNA analogs. Several analogs were used by HIV-1 RT,
which might have some significance for therapeutic targets. DNA pol
Ill was able to incorporate only one analog out of all of the analogs
produced. The most indiscriminate polymerases were the heat-stable
Taqg and Vent enzymes and, in particular, the Therminator polymerase.
Only one analog was not recognized and incorporated by Therminator.

What is the significance of the polymerases used in the incor-
poration study?

HIV-1 RT is an error-prone polymerase involved in HIV virus repli-
cation. It also represents a potential target for HIV therapeutics. Taq
DNA polymerase, Vent DNA polymerase, and Therminator polymerase
are heat-stable polymerases. DNA polymerase Il is not homologous to
the other polymerases used. In addition, DNA pol Ill has proofreading
abilities. By using a wide range of polymerases, the investigators were
able to survey the effects of using XNA analogs to synthesize unnatural
genetic information in multiple systems encompassing a wide variety
of biotechnology applications.

Is it possible to form stable XNA:DNA duplexes? If so, what
differences occur in XNA:DNA hybrid duplexes relative to natural
double-stranded DNA?

Yes. XNA:DNA hybrids are produced and are stable structures
with only slight differences. The bases in XNA:DNA hybrids are only
slightly inclined, but not significantly. The hybrid helix does not become
wider, nor does it become longer than natural double-stranded DNA.
The major groove is wider and deeper, but the minor groove is slightly
wider and less deep. At the atomic level, in the XNA strand, some of
the oxygen atoms are more exposed to the solvent in the environment,
which might result in hydrogen bond formation. The most significant
difference is a puckering effect of the sugars in both strands of a hybrid
duplex that is not observed in a natural DNA duplex.

The overall goal of this study is to produce synthetic genetic
material that can be synthesized in vivo and used potentially for
some life function of the organism. Does this study move toward
attaining this goal?

Yes. This study moves the authors closer to their goal. The
authors were able to construct various XNA analogs containing
unnatural compounds in all three parts (leaving group, backbone,
nucleobase) of the monomers. These XNA monomers were recog-
nized by natural polymerases (as opposed to engineered polymer-
ases) and incorporated into growing chains of synthetic genetic
material.

The authors of this research article constructed completely novel
chemical compounds in order to mimic natural nucleoside triphosphates
found in genetic information. In their analogs, all three major parts of



CHAPTER13

Case Study A Synthetic Substrate of DNA Polymerase Deviating from the
Bases, Sugar, and Leaving Group of Canonical Deoxynucleoside

Triphosphates—cont’d

the genetic monomers were changed to unnatural compounds.
Structurally, some slight differences occur when comparing the syn-
thetic monomers to natural monomers. Additionally, DNA:DNA and
XNA:DNA hybrids were modeled to determine any significant changes
to the structure of the duplex. Only slight changes were observed. The
authors also determined that most of their analogs were recognized
by at least one natural polymerase. Of all the polymerases tested, the

heat-stable Therminator polymerase could utilize the widest variety of
synthetic analogs. Several other polymerases had varying degrees of
success with the analogs. The fact that these synthetic monomers
could be recognized and polymerized by natural enzymes advances
the overall goal of the study to produce an artificial genetic memory
system that can be synthesized in vivo and functions in some aspect
of life.
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SUMMARY

The selection of artificial nucleic acids to be used for
synthetic biology purposes is based on their struc-
tural and biochemical orthogonality to the natural
system. We describe the example of a nucleotide
mimic that functions as a substrate for polymerases
and in which the carbohydrate moiety as well as the
base moiety and the leaving group are different
from that of the natural building blocks. The nucleo-
tides themselves have two anomeric centers, and
different leaving group properties of substituents at
both anomeric centers need to be exploited to
perform selective glycosylation reactions for their
synthesis. In addition, the reversibility of the poly-
merase reaction at the level of the template has
been demonstrated when pyrophosphate functions
as leaving group and not with the alternative leaving
groups.

INTRODUCTION

To what extent could the structure of nucleic acids be distorted
while maintaining their function of hereditary information
carriers? Answering this question experimentally would be of
importance for understanding the etiology of nucleic acids as
pioneered by Eschenmoser (1999). It would also be of practical
importance for deploying a xenobiology, i.e., an artificial biodi-
versity not interfering with natural species and ecosystems
(Herdewijn and Marliere, 2009). In nature, only four different
RNA (U, C, A, and G) and DNA (T, C, A, and G) monomers
have been found. Nucleic acid polymerization in nature uses
pyrophosphate as a leaving group, a phosphorylated hydroxy-
methyltetrahydrofuran as a backbone motif, and no element
other than C, N, H, and O in nucleobases. Segregation between
the natural and artificial information systems can be reached
most efficiently when the composition of the building blocks
(consisting of a sugar base and leaving group) used for the
synthesis of the artificial information system are different from
the composition of the natural building blocks used for DNA
and RNA synthesis. Here, we present an example of the incorpo-
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ration of nucleotide analogs in which these three entities are
replaced by chemicals that have not been selected by nature
for this purpose (Figure 1).

Synthetic biology follows either the engineering approach (to
make an unnatural system using natural bricks) or the chemical
approach (to make natural-like systems using unnatural bricks).
We follow the second approach. In order not to interfere with the
natural system, the chemistry that is used should be orthogonal
to the chemistry that is used by nature. Our prime focus is on the
development of orthogonal nucleic acids and to implement them
in vivo. Here, we have evaluated 4'-inverse nucleic acids (XNA
in which the 4'-CH,OP group of the natural furanose sugar is
replaced by a 4'-OCH,P group, resulting in nucleotides with
two anomeric centers and a phosphonate group) for their
potential orthogonality. The conformational mobility of the sugar
moiety may be tuned by the presence of both anomeric centers.
This chemical modification should also lead to a change in the
electrostatic potential at the surface of these nucleic acids.
The replacement of a phosphate backbone by a phosphonate
will increase the stability of such nucleic acids against enzymatic
degradation. The long-term goal of this project is to synthesize
such nucleic acids within the cell, using its own biochemistry,
and to associate a function to the synthetic information system
indispensable for the survival of the organism (Herdewijn and
Marliere, 2009).

In recent studies, it was demonstrated that the pyrophosphate
group of nucleoside triphosphates can be substituted by
nonphosphate-based leaving groups such as L-aspartic acid
(Adelfinskaya and Herdewijn, 2007), L-phosphonoalanine
(Yang et al., 2011), and iminodipropionic acid (Song et al.,
2011a) (Figure S1 available online). The selection of the
5-chlorouracil base is based on its successful introduction as
a substitute for the thymine base in the genome of Escherichia
coli (Marliere et al., 2011). The “ribo” congener of the phospho-
nate nucleoside was synthesized earlier as a potential antiviral
agent (Kim et al.,, 1991) and as a mimic of a ribonucleoside
monophosphate.

An additional advantage of using such drastically modified
nucleotides for incorporation in studies using different polymer-
ases is that the function of pyrophosphate in the enzymatic
polymerization reaction can be better studied. As well, the
nucleotides with a pyrophosphate leaving group, as with an
alternative leaving group, have been synthesized and tested.
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Figure 1. Structure of the Monomers for DNA, RNA, and XNA
Synthesis

The monomer is composed of leaving group, backbone motif, and nucleo-
base. In XNA monomer, all three components are unnatural.

See also Figure S1.

Indeed, by using Therminator polymerase as catalyst, the
pyrophosphate that is released with the incorporation of a nucle-
otide in the primer was found to induce pyrophosphorolysis
in the template, followed by incorporation of nucleotide entities.
This template degradation reaction does not occur when nucle-
otide building blocks and other leaving groups are used for XNA
synthesis, which in some cases might be an advantage when
implementing such xenonucleotide building blocks in vivo.

RESULTS

Synthesis of Modified Nucleotides

The nucleotides 10a-c were synthesized from 1-O-methyl-2-
deoxy-D-ribofuranose (Hoffer, 1960) (Figure 2). The primary
hydroxyl group at C-5 of compound 1 was selectively protected
with a tert-butyldimethylsilyl (TBDMS) group, and the secondary
hydroxyl group was protected by benzoylation. When com-
pound 2 was treated with tetrabutylammonium fluoride (TBAF)
in tetrahydrofuran (THF) to deprotect the TBDMS group, the
3-0O-benzoyl group migrated to the 5-OH position. This side
reaction can be suppressed by the addition of a catalytic amount
of acetic acid. The 5-hydroxymethyl group of 3 was oxidized to
carboxylic acid by treatment with bis(acetoxy)iodobenzene in
the presence of a catalytic amount of 2,2,6,6-tetramethylpiper-
idyl-1-oxyl (TEMPO) (Epp and Widlanski, 1999). Oxidative decar-
boxylation via a modified Hunsdiecker reaction transformed acid

4 into the 4B-acetate 5 as a single isomer (Dhavale et al., 1988).
Reaction of acetate 5 with hydroxymethyl phosphonic acid
diisopropyl ester in the presence of trimethylsilyl trifluorometha-
nesulfonate (TMSOTf) at —20°C led to the exclusive formation
of the desired phosphonate 6. Demethylation of anomeric me-
thoxy group and acetylation of the hydroxyl group was carried
out with Ac,O/AcOH/H.SO, in dichloromethane (DCM) to yield
compound 7 (Foldesi et al., 2001). The nucleobases 5-chlorour-
acil, thymine, and Ne-benzoyladenine were introduced after
silylation with N,O-bis(trimethylsilyl) acetamide (BSA) and using
TMSOTT as a Lewis catalyst at 0°C to yield a mixture of the o/
diastereoisomers. Separation of individual isomers was accom-
plished by column chromatography. The 3'-O-benzoyl group
was removed with ammonia in methanol. Unfortunately, we
were not able to remove the N®-benzoyl group of compound
8c. At room temperature, no reaction took place, whereas at
an elevated temperature (60°C), the compound decomposed.
As an alternative synthetic route, 6-chloropurine was introduced
as a nucleobase, affording compound 8d. The crude product
was used in the next step, and compound 9d was purified by
high-performance liquid chromatography (HPLC). The overall
yield of this reaction was very poor (~10%), as 4-isomers were
formed (7a/7B/92/98 = 1/1/1/1). Hydrolysis of the phosphonate
esters 9a, 9b, and 9d was carried out with iodotrimethylsilane
(TMSI) in the presence of hexamethyldisilazane (HMDS) at 0°C
within 1 hr. Prolonged reaction time and elevated temperature
causes C1’-epimerization.

The diphosphono-phosphonates, 11a-c were prepared from
the phosphonate diacids 10a, 10b, and 10c, respectively,
following a literature procedure (Koh et al., 2005; Mackman
et al., 2007). To obtain the phosphonoamidate analogs 16a-c,
17a-c, and 18, the methyl esters of iminodipropionic acid
(Nakatani et al., 2001), L-aspartic acid, and methyl 2-amino-
3-(dimethoxyphosphoryl)propanoate (Schneider et al., 2006)
were coupled to the phosphonate diacids 10a-c following minor
modification of the method described by Abraham et al. (1996).
In this step, the dimerized compounds 15a-c were obtained as
side products. According to thin layer chromatography (TLC)
analysis, first dicyclohexylcarbodiimide (DCC)-mediated P-N
bond formation occurred. Prolonged reaction time caused the
cleavage of the P-N bond of compounds 12a-c, 13a-c, and
14, yielding compounds 15a-c. For example, if the reaction
mixture was heated for more than 5 hr, only dimerized
compounds were isolated. Deprotection of 12a-c and 13a-c
was easily accomplished using 0.4 M NaOH in methanol.
However, deprotection of compound 14 was cumbersome.
When the methyl ester was hydrolyzed in basic conditions and
followed by deprotection of the phosphonate diester functions
with TMSI, the compound was decomposed yielding 10b.
Fortunately, the reverse procedure (first deprotection of the
phosphonate diester function and then hydrolysis of methyl
ester) afforded a small amount of the desired compound 18.

Nucleotide Incorporation Experiments

To explore the substrates ability of the synthesized nucleotide
analogs (compound 11a-c, 15a-c, 16a-c, 17a-c, and 18) for
incorporation into a growing DNA chain, they were evaluated in
a primer-template assay using several polymerases: HIV-1
reverse transcriptase (HIV-1 RT), Tag DNA polymerase, Vent
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Figure 2. Synthesis of the Phosphonate Nucleoside Analogues

Reagents and conditions used for the synthetic scheme: (a) 1) TBDMSCI, pyridine, 0°C to room temperature (rt), 2) benzoyl chloride, DMAP; (b) TBAF, AcOH, THF,
0°C to rt; (c) Phl(OAc),, TEMPO, CH3CN/H,O (1/1, v/v), rt, overnight; (d) Pb(OAc),, pyridine, THF, rt, overnight; (€) TMSOTf, hydroxymethyl phosphonic acid
diisopropyl ester, CH,Cl,, —20°C, overnight; (f) AcoO, AcOH, H,SO4, CH.Cl,, 0°C, 15 min; (g) N,O-bis(trimethylsilyl)acetamide, base, TMSOTf, 0°C, overnight; (h)
N,O-bis(trimethylsilyl)acetamide, 6-chloropurine, TMSOTH, rt, 3 hr; (i) 7N NHz in MeOH, rt, overnight; (j) HMDS, TMSI, CH3;CN/CH,Cl, (1/1, v/v), 0°C, 1 hr; (k) BusN,
N,N-carbonyldiimidazole, tris(tetrabutylammonium)hydrogen pyrophosphate, DMF, rt, overnight; () amine, DCC, water/t-BuOH(1/3, v/v), 80°C, 1 hr; (m) 0.4 M
NaOH/MeOH (1/1, v/v), rt, 3 hr; (n) 1) HMDS, TMSI, CH3CN/CHxCl, (1/1, v/v), 0°C, 1 hr; 2) 0.4 M NaOH/MeOH (1/1, v/v), rt, 1 hr.

(exo-) DNA polymerase, DNA pol lll polymerase, and Thermina-
tor polymerase. Incorporation efficiency was analyzed by poly-
acrylamide-gel electrophoresis. The natural deoxyadenosine
triphosphate (dATP) and deoxythymidine triphosphate (dTTP)
were used as reference.

HIV-1 RT is an error-prone polymerase responsible for
viral replication. HIV-1 RT shows flexibility and high tolerance
toward modified nucleotides, and these properties make it

a primary target in the treatment of HIV infection (Bebenek
et al., 1993). Phosphoramidate analogs (Figure S1) are
efficient substrates of HIV-1 RT. However, no incorporation
occurred when, respectively, L-Asp-phosphonate analogs
(17a-c), iminodipropionic acid-phosphonate [(IDP)-phospho-
nate] analogs (16a-c), and 3-phosphono-L-Ala-phosphonate
analog (18) were used as substrates in the polymerization reac-
tion. Only efficient incorporation was observed when using
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Table 1. Single Nucleotide Incorporation of Modified Nucleotide
Analogues by Various Polymerases

Cmpd (500 uM) HIV-1 RT Pol 11l Taq Vent  Therminator
11a 76 0 73 100 100
11b 100 0 75 98 100
11c 93 47 & 100 100
15a 0 0 0 88
15b 0 0 0 0
15¢ 89 0 46 100 84
16a 0 0 0 51 100
16b 0 0 0 0 86
16¢c 0 0 40 49 100
17a 0 0 10 40 99
17b 0 0 10 0 87
17¢c 0 0 54 97 95
18 0 0 20 10 100

Enzyme concentrations used for single nucleotide incorporation: [HIV-1
RT] = 0.025 U/ul; [Pol Ill] = 1.6 U/ul; [Tag] = 0.15 U/pl; [Vent] = 0.1 U/ul;
[Therminator] = 0.05 U/ul, incubation time was 120 min, and the
incorporation was expressed as percentage of total radio-emitting oligo-
nucleotides. P1T1 and P1T2 are primer/template complexes used for
incorporation reaction [Primer (P1) 5-CAGGAAACAGCTATGAC-3;
Template (T1) 3'-GTCCTTTGTCGATACTGTCCC-5'; Template (T2) 3'-
GTCCTTTGTCGATACTGACTGC-5], P1T1 was used for compounds
11c, 15¢, 16¢, and 17c, P1T2 was used for compounds 11a, 11b, 15a,
15b, 16a, 16b, 17a, 17b, and 18. Cmpd, compound; HIV-1 RT, human
immunodeficiency virus-1 reverse transcriptase; Pol lll, polymerase lIl.
See also Figures S2 and S3.

the pyrophosphate-phosphonate [(PPi)-phosphonate] analogs
(11a-c) and the dimerized compound 15c (Table 1). Among
them, compound 11b showed the best result, and efficient
incorporation was observed when the substrate concentration
was decreased to 10 uM (Figure S2A).

The synthesized compounds were also tested for incorpora-
tion in DNA by using several thermostable polymerases, and
they demonstrated excellent recognition and incorporation of
a number of synthesized compounds as substrate. Among
them, Therminator polymerase showed the best results. All of
the synthesized analogs, except compound 15b, were recog-
nized by Therminator polymerase and efficiently incorporated
into a growing primer strand. At 100 uM, 11a-c and 18 led
to 100% primer extension within 10 min (Figures S2B-S2E).
Even when the other compounds were less efficient, they were
incorporated in over 84% yields at 500 uM in 120 min (Table
1). In some cases (Figure S2C), P+1 product increased by
increasing the substrate concentration. This might explain why
the modified nucleotide acts as an inhibitor at high concentra-
tions during enzymatic polymerization reaction, whereas they
are substrates at low concentration (Song et al., 2011a).

A nontemplated nucleotide incorporation at the 3'-end of
a DNA fragment catalyzed by some polymerases has been
described before (Hu, 1993). This may explain the large amount
of P+2 products obtained by using Therminator polymerase
(Figures S2B-S2E). Even at a very low enzyme concentration
([Therminator pol] = 0.00005 U/ul), P+2 is the main product
that is formed (Figure S3) by terminal transferase activity.

In contrast to compounds 11b, 11¢, and 18, compound 11a
showed double spots at the P+2 level (Figure S2B). As repeated
experiments showed the same patterns, further investigation of
the identity of the P+2 compound was performed by mass spec-
trometry analysis. The mass difference between the two oligonu-
cleotides is 20 Da and corresponds to the mass difference
between 10a and dTMP (Figure S4). This means that, in one
case, the primer (P) is extended with two chlorouracil nucleotides
(10a), and, in the other case, the primer (P) is extended with one
chlorouracil nucleotide (10a) and dTMP. Careful analysis of the
reaction mixture obtained after the incorporation study revealed
that the 3’ end of template was degraded by two nucleotides
(G and T) (Figure S4). dTMP, which is incorporated into the
primer DNA strand, finds its origin in the degradation of the
template by pyrophosphorolysis with the generation of deoxy-
guanosine triphosphate (dGTP) and dTTP (Figure S5). To further
investigate the pyrophosphorolysis reaction of the template, we
performed template degradation assays (Anderson et al., 1999).
Significant degradation of the template was observed with
compounds 11b and 11c¢, whereas in the presence of pyrophos-
phatase (PPase), the amount of degraded template is reduced
(Figure S6). The degradation of the template is clearly induced
by PPi. More degraded template is observed after 10 min rather
than after 24 hr, because the degraded template is used as
a primer for the incorporation of available nucleotides.

Compounds 11a-c were also well incorporated using
Vent(exo-) polymerase. However, the other compounds were
less well incorporated using the same conditions (Table 1). In
the case of Taq polymerase, the efficiency was significantly
less appealing compared with Therminator or Vent polymerase
(Table 1).

DNA Pol lll polymerase is a member of the C family that shares
no sequence homology with any of the other DNA polymerase
families. In addition, it has proofreading capabilities that correct
replication mistakes by means of exonuclease activity working in
the 3'-5’ direction. Only one compound, 11¢, was recognized by
the DNA Pol lll polymerase o subunit and incorporated (Table 1).

The incorporation of more than one nucleotide was evaluated
with Therminator polymerase. Full-length elongation was
observed for compounds 11a-c, 15¢, 16a, and 17a. The best
results were obtained with the PPi-phosphonate 11b (59.7%
P+5 product) and 11¢c (58% P+7 product) (Figure S7). The PPi-
phosphonate compound 11a, which contains the unnatural
nucleobase, 5-chlorouracil, showed P+4 product (84%) as
a major compound and a small amount of P+5 product (7%).
Other compounds showed less efficient chain elongation prop-
erties, whereas stalling occurred after primer extensions with
two or three nucleobases (Table S1).

The kinetic parameters for the incorporation of the fully modi-
fied nucleotide 16a were determined on the basis of the single
completed hit model (Creighton et al., 1995) (Table 2). Although
the k4t value of compound 16a is only 9-fold lower than for the
natural substrate dTTP, a large increase (190-fold) in the Ky, value
for the incorporation of 16a was observed. As a result, the
catalytic efficiency (kca/Kv) Was decreased by a factor of 1,730.

Conformational Analysis of Monomeric Nucleotides
The synthesized phosphonate nucleosides differ from natural
nucleosides by the presence of two anomeric centers i.e., C1’
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Table 2. Kinetic Parameters for the Incorporation of dTTP and
16a by Therminator DNA Polymerase

Substrate Ky (M) koat (MIN™Y)  keat/Kny (Min™" pM~")
dTTP 0.2768 + 0.03915  219.78 794.00
16a 52.64 + 4.86 24.14 0.4586

The incorporation experiments of dTTP and 16a are carried out with
primer-template complex P1T2 (P1: 5-CAGGAAACAGCTATGAC-3';
T2: 3-GTCCTTTGTCGATACTGACTGC-5') and Therminator DNA poly-
merase at 0.0005 U/ul (dTTP) or 0.00005 U/ul (16a).

and C4'. To analyze the impact of an additional anomeric center
on the conformation of the nucleoside, the solution conformation
of 10b was determined. Because the magnitude of the anomeric
effect is increased as the electron withdrawing character of
the anomeric substituent increases (Paulsen et al., 1979), the
anomeric effect of O4’-C4’-0O4” is stronger than that of
04'-C1’-N1. The anomeric effect at 04’-C4’-04" is driving 04"
into a pseudo-axial position (Mackman et al., 2007) (Figure 3A).
Steric hindrance of the nucleobase in N-type conformation
cooperates with the O4’-C4’-04" stereoelectronic effect to
drive the nucleobase in a pseudo-equatorial orientation
(Figure 3B). These predictions were confirmed by nuclear
magnetic resonance (NMR) analysis in D,O. From the observed
3JHH, the predominant conformation of the sugar ring is
described as P = 214° and ¢ = 60°. The 2’ endo conformation
of the sugar ring is confirmed by nuclear Overhauser effect
(NOE) interactions of thymine, H6 to H2' of the sugar, whereas
there was no observable interaction of the nucleobase with H3'
in the transverse rotating-frame Overhauser enhancement
spectroscopy (T-ROESY) experiment (mixing time 200 ms;
Figure S8).

Molecular Modeling of a XNA:DNA Duplex

It is difficult to obtain information on the stability of duplexes
between DNA and phosphonate oligonucleotides, because the
synthesis of phosphonate oligonucleotides with mixed bases
is a tedious process and the procedure does not fulfill the
requirements for routine oligomer synthesis (as is the case for
the synthesis of phosphodiester-linked oligomers) (Pav et al.,
2011). Therefore, we have performed a molecular modeling
experiment to investigate the potential structure of these hetero-
duplexes. The structures of the antiparallel dodecamer duplex of
phosphonate nucleoside analogs XNA:DNA as well as DNA
dodecamer duplex as reference were examined using Amber
software (Case et al., 2005). The root-mean-square (rms) devia-
tion from a standard B-DNA double helix is shown in Figure S9.
The hybrid XNA:DNA double helix ends in a stable conformation
slightly different from a B-DNA helix (Figure 4).

The curves 5.3 analysis parameters (Schlick, 2010) are
shown in Table S2 and highlight the major differences of the
XNA:DNA duplex from a DNA:DNA duplex. The inclination of
the bases seems not to be significantly different in the new helix.
The twist goes slightly down by a few degrees. The helix does
not, however, become wider (helix diameter) or longer (rise
parameter).

The major groove gets a little bit wider and deeper, and the
minor groove becomes a little wider but less deep. The most
striking change, however, is the puckering parameter (calculated
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Figure 3. Stereoelectronic Effects that Drive the Conformation of
the Sugar toward 3'exo/2'endo

(A) Anomeric effect of 04’-C4/-04".

(B) Steric hindrance of the nucleobase.

using PTRAJ in Amber10 software). The sugar puckering of
nucleotides in a DNA duplex fluctuates between C1’exo and
C2'-endo (Privé et al., 1991). In the XNA:DNA duplex, a different
pucker is observed in the XNA strand than in the DNA strand
(Table S3). In the DNA strand, puckering is quasi constant along
the chain (Southeast to South). The XNA:DNA duplex induces
a change in the pucker of the XNA units along the duplex:
a change from p = 132° (Southeast region) to 50° (Northeast
region) and back to 117° (East region) along the duplex.

The electrostatic potential around both duplexes was calcu-
lated using APBS (Baker et al., 2001) and then projected on
the molecular surface (Pettersen et al., 2004) (Figure 5). In the
normal dsDNA, a more negative potential is seen clearly in the
minor groove. The wider major groove has a less negative poten-
tial. In the XNA:DNA duplex, this difference between major and
minor grooves gets less well-defined, probably because the
minor groove widens.

The radial distribution function of the solvent molecules
around O5’ (normal DNA) and 04’ (XNA chain) is shown in Fig-
ure S10. In the XNA chain, the O4’ atom is more exposed to
the solvent-making formation of hydrogen bonds with solvent
water molecules. In the normal dsDNA and in the DNA strand
in the hybrid XNA:DNA duplex, this O5" atom is close to the
phosphate, making it less accessible to the solvent.

DISCUSSION

In the present study, we investigated the substrate properties of
tetrahydrofuranyloxy nucleotides with different leaving groups
and different base moieties. The phosphonate group has the
advantage that, in vivo, no dephosporylation by phosphatases
is possible and no phosphorylation by kinases is needed (as
would be the case when using nucleoside analogs instead of
nucleotide analogs). Once the oligonucleotide is synthesized,
its stability against enzymatic degradation by phosphodiester
cleavage would be increased when compared with natural
DNA. The synthetic challenge to prepare the monomers lies
in the selective glycosylation reaction of a compound with two
anomeric centers. This goal has been achieved based on
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Figure 4. Structures of the XNA:DNA and dsDNA 12-mer Duplexes
after 20 ns of Simulation Time

XNA:DNA duplex is very similar to the dsDNA duplex, except for the wider
major groove and a different sugar puckering (see text). Top (A) and side (C)
view of XNA:DNA. Top (B) and side (D) view of dsDNA. Figures are generated
using Chimera.

See also Tables S2 and S3.

different leaving group properties (in the presence of Lewis
acids) of the anomeric substituents and the presence of an
OBz group at the 3'-position of the sugar moiety to tune reac-
tivity. Three different bases have been evaluated: one natural
purine base (A), one natural pyrimidine base (T), and one
synthetic base (5-chlorouracil) (Marliere et al., 2011). The leaving
groups that have been investigated are the natural pyrophos-
phate (11a-c), the modified nucleotide itself (15a-c) (Song
et al., 2011b), iminodipropionate (16a-c), L-aspartic acid
(17a-c), and L-phosphonoalanine (18). It is clear that pyrophos-
phate remains the best leaving group, in particular when consid-
ering HIV-RT as a catalyst for the polymerization reaction.
However, several thermostable polymerases, and in particular
Therminator polymerase, also accept the amino acids as
a leaving group for the enzymatic synthesis of the artificial
nucleic acids with a phosphonate backbone. The efficient incor-
poration and chain elongation of 16a (and to a somewhat lesser
extent of 17a) is striking. Kinetic analysis for the incorporation of
compound 16a, in comparison with dTTP, revealed that the
decreased catalytic efficiency is mainly due to a higher Ky, value

Figure 5. Electrostatic Potential Projected on the Connolly Surface
of the XNA:DNA and dsDNA Duplexes

(A) Potential around the dsDNA duplex.

(B) Potential of the XNA:DNA duplex.

The electrostatic potential in the minor groove of XNA:DNA is more negative
than in the major groove. In XNA:DNA the difference is less pronounced.
Colors indicate potential values in dimensionless units of k,T/e, kp is the
Boltzmann constant, T is temperature in K, and e is the charge of an electron.
A red color means —16, yellow corresponds with —5.

(190-fold), whereas k.5 is only 9-fold lower. Although 16a was
incorporated rather efficiently into a growing DNA strand, the
affinity of the enzyme for 16a was substantially reduced
compared with the natural substrate.

These are examples of fully modified nucleotides (with
altered base, sugar, and leaving group) that are accepted as
substrates in a DNA template-based incorporation assay. This
is an important observation with respect to the selection of
orthogonal chemistry as a potential artificial information system
in vivo.

We have also studied the structure of an XNA:DNA duplex by
molecular modeling. A 2’-endo conformation of the sugar is
observed in the monomeric form. Structural differences between
B-form dsDNA and the XNA:DNA duplex are minor variations
in twist, roll, width, and depth of the grooves and a change in
the electrostatic potential of the grooves, further pointing to the
potential orthogonality of both structures. The highest variability
is observed in the sugar puckering that is Southeast to South in
the DNA strand of the XNA:DNA duplex and varies between
Northeast and Southeast in the XNA strand. The presence of
two anomeric centers may contribute to the conformational
flexibility of the tetrahydrofuranyloxy nucleotides.

When Therminator polymerase was used for the incorporation
study of 11a, the gel shift experiments showed double spots at
the P+2 level. The compounds that have been formed in the
reaction mixture were analyzed by mass spectrometry, which
led us to demonstrate the reversibility of the polymerization
reaction. In addition to polymerization, DNA polymerases may
catalyze several other reactions such as pyrophosphorolysis,
which lead to the degradation of DNA and the formation
of deoxynucleoside triphosphates (dNTPs). During the poly-
merization reaction, deoxynucleoside monophosphates are
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incorporated in the growing nucleic acid chain with release of
pyrophosphate. As the reactions are carried out in the absence
of pyrophosphatases, PPi generated in the reaction mixture
gives rise to pyrophosphorolysis. The PPi attacks the 3’ terminal
of the template, releasing dGTP and dTTP, and the template is
degraded by two nucleotides (Figure S5). The degraded
template becomes primer and vice versa, and compound 10a
is incorporated into the degraded template (which became
a sticky end) and followed by another 10a or dTMP. It should
be mentioned that incorporation and pyrophosphorolysis do
not take place in the absence of the primer, which is in agree-
ment with previous experiments showing that the presence of
a template or a primer alone is not sufficient to sustain pyrophos-
phorolysis (Deutscher and Kornberg, 1969). Obviously, this
phenomenon was not observed when using the substrates
with alternative leaving groups. All these data reconfirm
the importance of pyrophosphorolysis in the irreversibility of
the polymerase reaction. The sequence-selective chemical
cleavage approach (Maxam and Gilbert, 1977) might find its
enzymatic counterpart in a sequence-selective enzymatic
cleavage approach (sequencing by degradation with a base-
specific exonuclease activity based on using different PPi
mimics). In this context, the observation that a change of the
leaving group of dNTPs leads to a base selective incorporation
of nucleotides might be an interesting observation (Yang et al.,
2011), although, in the present case, we did not observe the
reversed reaction, i.e., a template degradation reaction using
the pyrophosphate mimics and the investigated polymerases.

SIGNIFICANCE

By inverting the ordering of the carbon and oxygen atom of
the 4'-CH,OP group in natural nucleotides to a 4-OCH,P
group, a phosphonate nucleoside is obtained with two
anomeric centers. This sugar moiety can be considered as
derived from tartaric dialdehyde, an unstable compound.
A synthetic scheme was developed to prepare these nucle-
otide analogs, making use of differences in reactivity of the
anomeric leaving groups. Based on the molecular modeling
experiments of a 4'-inverse DNA:DNA duplex, the sugar
moiety of these phosphono-nucleosides may take confor-
mations situated between the extreme North and South
forms, whereas the electrostatic potential of the grooves
is altered when compared with dsDNA. The diphospho-
phosphonate nucleosides with an adenine, thymine, and
5-chlorouracil base are excellent substrates for several
polymerases. When changing the leaving group to iminodi-
propionate, aspartate and phosphonoalanine, thermostable
polymerases [Therminator, Vent(exo™), and Taq polymerase]
still accepts the modified nucleotides as substrates. There-
fore, the first instance of a nucleoside triphosphate mimic in
which the base, backbone motif, and pyrophosphate leaving
group found in the natural compounds have been replaced
by unnatural chemical entities and that could still function
as substrates for polymerases has been elaborated. This is
an important step in view of developing artificial information
systems for in vivo applications. This result stands as
a significant milestone in the development of an artificial
genetic memory in living cells.
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EXPERIMENTAL PROCEDURES

DNA Polymerase Reactions

Oligonucleotides P1 and T1-T4 were purchased from Sigma Genosys. The
concentrations were determined with a Varian Cary-300-Bio UV Spectropho-
tometer. The primer was 5'-33P-labeled with 5'-[y*3*P]-ATP (Perkin Elmer) using
T4 polynucleotide kinase (New England BioLabs) according to the procedure
provided by the supplier. The labeled oligonucleotide was further purified
using lllustra Microspin G-25 columns (GE Healthcare).

End-labeled primer was annealed to its template by combining primer and
template in a molar ratio of 1:2 and heating the mixture to 75°C for 10 min
and followed by slow cooling to room temperature over a period of 1.5 hr.
For the incorporation of compounds 11a-c, 15a-c, 16a-c, 17a-c, and 18,
a series of 20 pl batch reactions were performed with the enzyme [HIV-1
RT, pol lll, Tag, Vent(exo™), and Therminator DNA polymerase]. The final
mixture contained 125 nM primer template complex, reaction buffer
(50 mM Tris HCI, 50 mM KCI, 10 mM MgCl,, 0.5 mM spermidine, 10 mM
dithiothreitol [DTT]; pH 8.3 for HIV-1 RT; 20 mM Tris HCI, 10 mM KClI,
2 mM MgSQy,, 0.1% Triton X-100, pH 8.8 for thermostable polymerase;
20 mM Tris HCI, 10 mM MgCl,, 10 mM DTT, 20 pg/ml bovine serum
albumin, 4% glycerol, pH 7.5 for polymerase lll), appropriate concentration
of enzyme, and different concentrations of modified nucleotide building
blocks (1 mM, 500 uM, 200 uM, and 100 uM). In the control reaction,
10 uM of dATP or dTTP were used as reference. The mixture was incubated
at 37°C or 75°C, respectively, and aliquots were quenched after 10, 20, 30,
60, and 120 min.
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