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Overview of the course

artificial ribozymes and aptamers for efficient catalysis and recognition
(SELEX, DNAzymes, foldamers);

unnatural base pairing — expansion of the genetic alphabet;
Artificial genetic polymers and oligonucleotide analogues (XNA);
biosynthetic incorporation of unnatural aminoacids (UAAs) into proteins;

enzyme engineering — production of enzymes with unknown or
unnatural properties, ab initio protein design, directed evolution,
theozymes;

Artificial lipid vesicles as models for protocell multiplication;

design of artificial organisms



CHAPTER 1

OLIGONUCLEOTIDES

Part 3 — noncanonical backbone



Artificial genetic polymers
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Native chemical ligation

Native chemical ligation or NCL is an important extension of the chemical ligation field, a concept for constructing a large
polypeptide formed by the assembling of two or more unprotected peptides segments. Especially, NCL is the most powerful
ligation method for synthesizing proteins (native or modified) of moderate size (i.e., small proteins< 200 AA).
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Spiegelmers: L-RNA

Aptamers (from the Latin aptus — fit, and Greek meros — part) are oligonucleotide
or peptide molecules that bind to a specific target molecule. Aptamers are
usually created by selecting them from a large random sequence pool, but
natural aptamers also exist in riboswitches.

An L-ribonucleic acid aptamer (L-RNA aptamer, trade name Spiegelmer — from German
Spiegel "mirror" — by Noxxon Pharma) is an RNA-like molecule built from L-ribose units.
It is an artificial oligonucleotide named for being a mirror image of natural oligonucleotides.

L-RNA aptamers are a form of aptamers. Due to their L-nucleotides, they are highly resistant
to degradation by nucleases. Spiegelmers are considered potential drugs and are currently
being tested in clinical trials.

CH,OH CH,OH

A. Vater, S. Klussmann, Drug Discovery Today 2015, 20, 147-155  D-Ribose L-Ribose



Spiegelmers: L-RNA
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Spiegelmers: L-RNA

Aptamer selection against RNA with natural D-chirality Spiegelmers with modified nucleotides
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Processing of the mirrored genetic information
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L-DNA polymerase

D-ASFV Pol X elongated an L-DNA primer with L-
dNTPs - a functional 56-mer L-DNAzyme was

made within 36 hours.

This poses an important proof of concept,
however, polymerase X is a thermo-labile
repair enzyme and its catalytic activity does
not meet the requirements for a standard PCR
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A thermostable L-DNA-polymerase

Assembly of a mirror-image gene

A (21-mer, 2 uM)
A B (67-mer, 200 nM) D (67-mer, 20 nM)
C (81-mer, 20 nM) E (67-mer, 200 nM)
F (23-mer, 2 uM)
B 1 2 3 (4) 5 6

Cell of Sulfolobus infected by virus
STSV1 observed under microscopy.
Two spindle-shaped viruses were
being released from the host cell.

A thermostable mirror-image polymerase D-Dpo4-3C (352 aa)
is able to amplify L-DNA in a classical PCR reaction and can be
used to assemble an L-DNA gene from L-DNA oligonucleotides.

Tyr12Ala or Tyr12Ser > DNA-dependent RNA polymerase

A. Pech, S. Klussmann et al. Nucl. Acid Res. 2017, 45, 3997-4005
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Mirror-image DNA ligase
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A functional DNA-ligase in the D-
enantiomeric conformation has been
synthesized. It exhibited DNA ligation

activity on chiraly inverted nucleic acids in
L-conformation, but not acting on natural
substrates and with natural co-factors. The
ligase was based on the known structure
of the Paramecium bursaria chlorella virus
DNA-ligase and the homologous but
shorter DNA-ligase of Haemophilus
influenza. The structure and the activity of
the mirror-image ligase were
characterized, documenting its
enantiospecific functionality.

J. Weidmann et al.
Cell Chemical Biology 2019 26(5), 645-651.e3



Mirror-image DNA ligase

PBCV-1 DNA ligase 2Q2T .
actual structure Model of Ligh (268 aa)

full structure DNA removed Phyre SWISS-MODEL

U 29974.5
v ey

Prediction of the LigA structure

60 W -

50 e -

40 w % e

30 [—q — ]

20 v

-
15— -
20,000 30,000 40,000 50,000
10 &
m/z

D-Protein LigA: (A) The product of the final chemical ligation after 12 h. The two
peptides 5 and 10 and the final, full-length protein of about 30 kDa can be seen. (B)
MALDI-TOF mass spectrum of LigA. Measured: 29,974.5 Da theoretical: 29,966.1 Da.
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Enzymatic Ligation of Gene Fragments
Made of Synthetic L-DNA

J. Weidmann et al.
Cell Chemical Biology 2019 26(5), 645-651.e3



Mirror-image transcription, reverse transcription and amplification
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Mirror-image transcription, reverse transcription and amplification
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A Mirror-image ribonucleoprotein complex
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Currently, the biggest challenge in establishing a mirror-image
version of the central dogma is to build a mirror-image
ribosome-based translation machine.

The natural and mirror-image versions of three ribosomal
proteins (L5, L18, and L25) in the large subunit of the
Escherichia coli ribosome have been chemically synthesized.
The synthetic mirror-image proteins can fold in vitro and
assemble with enzymatically transcribed mirror-image 5S
ribosomal RNA into ribonucleoprotein complexes.
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J.J. Ling et al., Angew. Chem. Int. Ed. 2020, 59 (9), 3724-3731



Mirror-image ribonucleoprotein complex
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In addition, the RNA—protein interactions are
chiral-specific in that the mirror-image ribosomal
proteins do not bind with natural 5S ribosomal RNA and
vice versa. The synthesis and assembly of mirror-image
5S ribonucleoprotein complexes are important steps

towards building a functional mirror-image ribosome.
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J.J. Ling et al., Angew. Chem. Int. Ed. 2020, 59 (9), 3724-3731



Phage display

Phage display is a laboratory technique for the study of
protein—protein, protein—peptide, and protein—DNA
interactions that uses bacteriophages (viruses that infect
bacteria) to connect proteins with the genetic
information that encodes them. A gene encoding a
protein of interest is inserted into a phage coat protein
gene, causing the phage to "display" the protein on its
outside while containing the gene for the protein on its
inside, resulting in a connection between genotype and
phenotype. These displaying phages can then be
screened against other proteins, peptides or DNA
sequences, in order to detect interaction between the
displayed protein and those other molecules. In this
way, large libraries of proteins can be screened and
amplified in a process called in vitro selection, which is
analogous to natural selection.

The most common bacteriophages used in phage display
are M13 and fd filamentous phage, T4, T7, and A phage.

G.P. Smith Science 1985, 228 (4705), 1315-1317
J. Scott, G.P. Smith Science 1990, 249 (4967), 386—390
J.W. Kehoe, B.K. Kay Chem. Rev. 2005, 105 (11), 4056—72

Nobel prize in chemistry 2018
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1) fusion proteins for a viral coat protein + the gene to be evolved
(typically an antibody fragment) are expressed in bacteriophage.
2) the library of phage are washed over an immobilised target.

3) the remaining high-affinity binders are used to infect bacteria.
4) the genes encoding the high-affinity binders are isolated.

5) those genes may have random mutations introduced and used
to perform another round of evolution. The selection and
amplification steps can be performed multiple times at greater
stringency to isolate higher-affinity binders.



D-proteins: almost ideal therapeutic agents

Polypeptides composed entirely of D-amino acids (D-proteins) inherently have in vivo properties that are proposed to be
near-optimal for a large molecule therapeutic agent. Specifically, D-proteins are resistant to degradation by proteases and are
anticipated to be nonimmunogenic. Furthermore, D-proteins are manufactured chemically and can be engineered to have
other desirable properties, such as improved stability, affinity, and pharmacokinetics.
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The 204-residue covalent-dimer vascular
endothelial growth factor (VEGF) with full
mitogenic activity was prepared from three
unprotected peptide segments by one-pot native
chemical ligations. The covalent structure of the
synthetic VEGF was confirmed by precise mass
measurement, and the three-dimensional

@ structure of the synthetic protein was determined

by high-resolution X-ray crystallography.

VEGEF is a signal protein produced by cells that
stimulates the formation of blood vessels Cancers
that can express VEGF are able to grow and
metastasize. Overexpression of VEGF can cause
vascular disease in the retina of the eye and other
parts of the body.

) L-VGEF: K. Mandal, S. Kent Angew. Chem., Int. Ed. 2011, 50(35), 8029-8033
’ D-VGEF:K. Mandal, S. Kent et al. PNAS 2012, 109 (37), 14779-14784



D-proteins: almost ideal therapeutic agents

RFX037.D is a D-protein antagonist of natural vascular endothelial growth factor A (VEGF-A) that inhibited binding to its
receptor, with extreme thermal stability (T, > 95 °C) and high affinity for VEGF-A (K, = 6 nM). It was identified using a
combination of total chemical protein synthesis and mirror image phage display of proteins.

Comparison of the two enantiomeric forms of RFX037 revealed that the D-protein is more stable in mouse, monkey, and
human plasma and has a longer half-life in vivo in mice. Significantly, RFX037.D was nonimmunogenic in mice, whereas the L-
enantiomer generated a strong immune response. These results confirm the potential utility of synthetic D-proteins as
alternatives to therapeutic antibodies.

T.N.M. Schumacher, P. Kim et al. Science 1996, 271 (5257), 1854-1857
M. Uppalapati, S. Kent et al., ACS Chem. Biol. 2016, 11, 1058-1065



D-proteins: almost ideal therapeutic agents
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A B

D-VEGF-A RFX037.D

RFX001.D

L-VEGF-A

D RFX037.D E
VEGFR1
Overlap

X-ray crystal structure of RFX037:VEGF-A heterochiral protein complex. (A) Two RFX037.L molecules (yellow) bound to one
d-VEGF-A homodimer (green) and two RFX037.D molecules (blue) bound to one |I-VEGF-A homodimer (cyan). (B)
Superposition of RFX037.D (blue) and RFX001.D (gray, rcsb accession 4GLS). (C) RFX037.D side chains (shown as sticks) that
contact I-VEGF-A. (D) The contact surfaces of I-VEGF-A to RFX037.D (blue), VEGFR1 (salmon), or both (red). (E) Hydrogen
bond networks formed by intramolecular polar contacts originated from additional N- and C-terminal residues in RFX037.D.

M. Uppalapati, S. Kent et al., ACS Chem. Biol. 2016, 11, 1058-1065



D-peptide for cancer immunotherap
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An immune checkpoint TIGIT is a
novel target in cancer

A immunotherapy of anti-PD-1

HZNRRRRRRRR resistant tumors. Here,
mirror-image phage display

bio-panning was performed using
the d-enantiomer of TIGIT

synthesized by hydrazide-based
native chemical ligation.
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D-peptide for cancer immunotherapy

Name Sequence Frti?]?;;cy Kp (M) :S:l:';:;
CTBP-1 LTPHKHHKHLHA 14 279+ 0.51 1
DTBP-3  GGYTFHWHRLNP 3 5.60 + 2.56 16.2
CTBP-6  AGMHVHYNWNHL 2 N/A N/A
DTBP-13  HGVALHIRLHAG 2 N/A N/A
OTBP-17  SAIHFHHPRWKP 2 483+ 11.2 4.8
ODTBP-5 GNLTLHMHRSPS 1 6.75 +1.07 36
OTBP-3S NRHPWGLYGHTF e NB 1.6

D
150+
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:_;: 1001 -@-coovee
% = ] A
% 50 ¥ L
9
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~e His8 [~ Asnii
" < (.;r-'\} <A
Tyrd Th“( L;‘,. Trp7 __\.16 \I‘ Proiz
Gly2_ b "---""H'Wk?‘ - s.m
GM“" -w]‘ os

\ AsnT0/ 33 r )

X.Zhou et al., Angew. Chem. Int. Ed. 2020, 59 (35), 15114-15118

The negative signaling pathway mediated by immune
checkpoints (such as PD-1/PD-L1) leads to the exhaustion of
immune cells and immune escape of cancer. However, the
therapeutic effects of PD-1/PD-L1 blockade are limited (<30 %
response rates), and adaptive resistance is often observed.
TIGIT is a novel immune checkpoint molecule expressed on Nk
and T cells, which competes with costimulatory receptor CD226
for the shared ligand PVR to deliver immunosuppressing signals
and a potential therapeutic target.

A biotin labeled D-enantiomer of the immunoglobulin variable
domain of TIGIT (PIgV™¢"-biotin) was synthesized by
hydrazide-based native chemical ligation (NCL) and removable
backbone modification (RBM) strategy.

Using the mirror-image phage display technique, a D-peptide
DTBP-3 was identified, which could occupy the binding interface
and effectively block the interaction of TIGIT with its ligand
PVR. PTBP-3 showed proteolytic resistance, tumor tissue
penetrating ability, and could inhibit tumor growth and
metastasis in anti-PD-1 resistant tumor model.



D-peptide for cancer immunotherapy

DTBP-3 is the first D-peptide targeting TIGIT, which could serve as a potential candidate for cancer immunotherapy.
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C) Near-infrared fluorescence imaging of CT26 tumor-bearing mice

injected (i.v.) with Cy5.5 and PTBP-3-Cy5.5. D) Representative imaging The effects of PTBP-3 on anti-PD-1 responsive and resistant

and E) average fluorescent intensity (n=3) of tissues 24 h post injection. ~ tumor models. Tumor growth curves of B16-OVA (A) or 4T1 (B).
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CHAPTER 1

OLIGONUCLEOTIDES

Part 3 — noncanonical backbone — Xeno Nucleic Acids



XNA — Xeno Nucleic Acids
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XNA — Xeno Nucleic Acids

XNA - synthetic alternative to DNA and RNA as information-storing biopolymers that differs in the sugar backbone.

at least 6 XNAs can store and retrieve genetic information
Ongoing research to create synthetic polymerases to transform XNA -

Xenobiology

(XNA) as information carriers, expanded genetic code and, incorporation of non-proteinogenic amino acids into
proteins

the origin of life: Primoridal soup = (XNA =) RNA = RNA(+DNA)+Proteins

development of industrial production systems with novel capabilities (pathogen resistance, biopolymer
engineering)

,genetic firewall” — excludes the risk of contaminating currently existing organisms (horizontal gene transfer)

The long-term goal - a cell that stores its genetic information on XNA, with different base pairs, using non-
canonical amino acids and an altered genetic code.
So far cells have been constructed that incorporate only one or two of these features



XNA — Xeno Nucleic Acids

XNA are not recognized by natural polymerases.

One of the major challenges is to find or create novel types of polymerases that will be able to replicate these new-to-
nature constructs. The method of polymerase evolution and design successfully led to the storage and recovery of
genetic information (of less than 100bp length) from six alternative genetic polymers based on simple nucleic acid

architectures not found in nature.

XNA aptamers, which bind their targets with high affinity and specificity, were also selected, demonstrating that beyond
heredity, specific XNAs have the capacity for Darwinian evolution and folding into defined structures.

Thus, heredity and evolution, two hallmarks of life, are not limited to DNA and RNA but are likely to be emergent
properties of polymers capable of information storage.

P. Herdewijn, P. Holliger, et al. Science 2012, 336, 341-344



Engineering XNA polymerases

TgoT, a variant of the replicative polymerase of Thermococcus gorgonarius

A 402 404 588 590 608 611 653 682 703 710 729 V31
TgoT YLD .. FVT .. LEIV .. YEVPPEKLVIYEQITRDLKDYKATGPHVAV .. VLKGSGRI .. AEY
Pol6G12 YLD .. FAT .. LKMV .. YEVPPEQLVIYQPITKQLHDYRARGPHVSV .. VPKGSGRI .. AGY
PolC7 YLD .. FVT .. LEIV .. YOVPPOQQLAIYQPITRALODYKAKGPHVAV .. VLKGSGKI .. AEY
PolD4K  YPD .. FVT .. LEIV .. YEVPTQHLVIHKQITRALNDYKAIGPHVAV .. VLKGSGRI .. AEY
B o

Thermococcus gorgonarius
(Angels Tapias)

Template Primer

(A) Sequence alignments showing mutations from wtTgo in polymerases Pol6G12 (red), PolC7 (green), and PolD4K (blue).
(B) Mutations are mapped on the structure of Pfu (PDB: 4AlL).
Yellow - template; dark blue - primer; orange - mutations present in the parent polymerase TgoT

P. Herdewijn, P. Holliger, et al. Science 2012, 336, 341-344



HNA synthesis
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Pol6G12 extends the primer (p) incorporating
72 hNTPs against template T1 to generate a
full-length hybrid molecule with a 37,215-
dalton expected molecular mass.

P. Herdewijn, P. Holliger, et al. Science 2012, 336,

HNA reverse transcription
(DNA synthesis from an HNA template).
Polymerase-synthesized HNA (from
template YtHNA4) is used as template by
RT521 for HNA-RT

341-344



Structures and PAGE of
synthesis (+72 xnt), and
reverse transcription (+93 nt)

XNA genetic polymers.

A RTs2ik B RT521 Cc RT521
PolC7 - + CeNA D4K + ANA D4K + FANA
B i - — 493 HOB - + = - 403 FB -+ - — 103
) - 0 .
7 ;__/ / e \w -2 W \w W72
-0,P f a P 0B ' N | "O,4P. B
]fojl % lFO}I &
CeNA « -p @8 _,_ ANA W -0 .i_p FANA - o ol
AAGE of XNA and DJA polymers of identical sequence
22 %25 332 32
D — E F 5650853 SSK& SES
140 nt -
RT521 -+ TNA 5 PolC7 RT521K 100 nt= -+72
B -+ = —+03 -+ g0 nt—
0 i o % -+ LNA -p (41 nt)
- =472 . - 72
i -0 - E - RT521
O,P B n O4P, B —-+93 G 2 = + - o+ Fr e + RT521K
0 0 =z - + + + + XNA
<| J k J 150bp- & - - -
—0 100 bp= : 4 : “:
. r gy
TNA . = p ‘ - = pHT LNA > o p -thTZ C,Qe @YQY‘GI ‘6\?-\,@?'
(E) PAGE of LNA synthesis [primer (41 nt) + XNART—polymerase chain reaction.

72 Int] and LNA-RT (red). LNA synthesis
(green) migrates at its expected size (113 nt)
and comigrates with reverse transcribed DNA
(red) synthesized from primer PRT2 (20 nt).

P. Herdewijn, P. Holliger, et al. Science 2012, 336, 341-344

Amplification products of expected
size (133 base pairs) are obtained only
with both XNA forward synthesis and
RT (RT521 or RT521K)



HNA aptamers
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Characterization of HNA aptamers. Anti-TAR aptamer T5-58-7 and anti-HEL aptamer LYS-58-19.

(A and B) Aptamer binding specificity against TAR variants (red, sequence randomized but with base-pairing patterns
maintained) and different protein antigens (human lysozyme, HulL; cytochrome C, CytC; streptavidin, sAV; biotinylated-HEL

bound to streptavidin, sAV-bHEL). OD, optical density.
(C) Affinity measurements of aptamer binding by SPR. RU, response units.
(D) FACS analysis of fluorescein isothiocyanate (FITC)-labeled aptamers binding to plasmacytoma line J558L with and

without expression of membrane-bound HEL (mHEL). wt, wild type.

P. Herdewijn, P. Holliger, et al. Science 2012, 336, 341-344
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XNA — Xeno Nucleic Acids

XNA — complementarity to DNA, also used as genetic catalysts.

FANA, HNA, CeNA and ANA - cleave RNA (XNAzymes).

FANA XNAzymes can also ligate DNA, RNA and XNA substrates.
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Chemical synthesis yields an active RNA endonuclease XNAzyme
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P. Herdewijn, P. Holliger, et al. Nature 2015, 518, 427-430



An RNA ligase XNAzyme (FANA)

FANA XNAzymes can also ligate DNA, RNA and XNA substrates.
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P. Herdewijn, P. Holliger, et al. Nature 2015, 518, 427-430



XNA-XNA ligase XNAzyme (FANA): catalysis without natural nucleic acids
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P. Herdewijn, P. Holliger, et al. Nature 2015, 518, 427-430



XNA-XNA ligase XNAzyme (FANA): catalysis without natural nucleic acids
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XNA-XNA ligase XNAzyme (FANA): catalysis without natural nucleic acids
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XNAzyme-catalysed assembly of an active XNAzyme.
A variant XNA ligase (FpImR4_2mut) catalyses
ligation (lane 2) of FANA substrates LigS1F NUC and
LigS2F NUC. The product (LigPF NUC) is a variant of
XNAzyme FR17_6 min (Fig. 2), which cleaves RNA
substrate NucSVR (lanes 5 and 6), but not scrambled
RNA (NucSR SCRAM2)(lanes 3 and 4).

P. Herdewijn, P. Holliger, et al. Nature 2015, 518, 427-430



Table 1 Polymerase-mediated synthesis of XNAs

Pol Family Polymerase Novel Activity
Pol A Taq 2F RNA Pol X
Tth 2'OME RNA
Pol B 2%azido RNA
Pol B Tgo CeNA
KOD LNA
ON phNA RNAP
Pfu HNA
phi29 FANA
CyDNA
2F RNA
ANA
TNA
2‘azido RNA
tPhoNA
Pol Y (D-aa) Dpod [-DNA AT

K. Duffy, S. Arangundy-Franklin, P. Holliger BMC Biology, 2020, 18, Art.# 112

(D-aa) ASFV pol

T7 RNAP
Syn5

HIV-RT

L-DNA
L-RNA

2F RNA
2'0OMe RNA
Ds-Pa UBP

pyDAD-puADA UBP



Table 2 FDA-approved nucleic acid therapeutics as of February 2020

Drug name Modifications Mechanism  Indication Approval
(trade name)
Fomivirsen mRNA of the CMV PS ASO Cytomegalovirus retinitis ~ FDA (1998) and EMA (1999) approved.
(Vitravene) immediate-early (IE)-2 (translation  (CMV) FDA (2001) and EMA (2002) withdrawn
protein blocking)
Pegaptanib  Vascular endothelial 2F, 20OMe, PEG  Aptamer Neovascular (wet) age- FDA approved (2004)
(Macugen) growth factor (VEGF165) conjugate related macular
degeneration

Mipomersen  Apolipoprotein B-100 2’MOE, PS, 5mC  ASO (RNase  Homozygous familial FDA approved (2013)
(Kynamro) H) hypercholesterolemia
Eteplirsen Exon 51 in dystrophin PMO ASO Duchenne muscular FDA approved (2016)
(Exondys 51) (splicing dystrophy

modulation)
Nusinersen Survival of motor 2’MOE, PS, 5mC  ASO Spinal muscular atrophy ~ FDA (2016) and EMA (2017) approved
(Spinraza) neuron 2 (SMN2) pre- (splicing

modulation)
Patisiran Transthyretin (TTR) 2’OMe SIRNA Hereditary transthyretin-  FDA and EMA approved (2018)
(Onpattro) mediated amyloidosis
Inotersen Transthyretin (TTR) 2'MOE, PS, 5SmC  ASO (RNase  Hereditary transthyretin-  FDA and EMA approved (2018)
(Tegsedi) H) mediated amyloidosis
Volanesorsen  Apolipoprotein C; (apo- 2'MOE, PS, 5mC  ASO (RNase  Familial chylomicronemia  EMA approved (2019)
(Waylivra) Clil) mRNA H) syndrome
Givosiran Aminolevulinate PS, 2F, 2OMe,  siRNA Acute hepatic porphyria  FDA approved (2019)
(Givlaari) synthase 1 (ALAST) GalNAc

conjugate

Golodirsen Exon 53 in dystrophin PMO ASO Duchenne muscular FDA approved (2019)
(Vyondys 53) (splicing dystrophy

modulation)

K. Duffy, S. Arangundy-Franklin, P. Holliger BMC Biology, 2020, 18, Art.# 112



Peptidonucleic acids — functional DNA analogues

N 0 monomers connected by
ﬁNH peptide bonds
N NH,

KN\H 2 excellent hybridization
Xo

with RNA and DNA

HN L
\( \ft,g no depurination
HN{N o

R ‘-, nochiral centers

RNA (R=OH) © / HN
DNA (R=H) 5 PNA ¥

PNA - stable ex vivo, the backbone detected in cyanobacteria
Applications: antigene, antisense agents; fluorescent DNA probes (FISH),
anticancer, antiviral, antibacterial, antiparasitic agents; diagnostics, mol. biology



Structural modifications of the PNA - aGPNA, yGPNA

X X X=A;C;G; T
o) NH
O |§ R= S™NN NH,
o _N N H
\/\NJJ" \/\N
ﬁ
aGPNA YGPNA

GPNA: Alkylguanidinium residues (Arg side chains)
enhanced water solubility

cell permeability (analogous to oligoarginine CPPs)
a position €< D-arginine

y position < L-arginine



Cell-penetrating aGPNA

Y

HelLa cells incubated with 1 yM GPNA ( FITC-
DCCPACPCTPCTPGCPCAPACPGGPGT-NH,) for 16 h,
Fixed, stained with DAPI. Nuclei (blue),
GPNA (green).

P. Zhou, A. Dragulescu-Andrasi, B. Bhattacharya, H. O’Keefe, P. Vatta,
J. J. Hyldig-Nielsen and D. H. Ly Bioorg. Med. Chem. Lett. 2006, 16, 4931
A. Dragulescu-Andrasi, S. Rapireddy, G. He, B. Bhattacharya, J. J. Hyldig-Nielsen,
B. G.Zon,and D. H. Ly J. Am. Chem. Soc. 2006, 128, 16104



Antisense activity of aGPNA in vivo

400+
=== \/ehicle control
-+- Scrambled GPNA
-~ Erlotinib
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Day

GPNA 16-mers targeting the epidermal growth factor receptor (EGFR) in preclinical models as therapeutic modality for
head and neck squamous cell carcinoma (HNSCC) and nonsmall cell lung cancer (NSCLC)

Elicited potent antisense effects in NSCLC and HNSCC preclinical models

When administered intraperitoneally in mice, EGFRAS-GPNA was taken-up by several tissues including the xenograft
tumor

Systemic administration of EGFRAS-GPNA induced antitumor effects in HNSCC xenografts, with similar efficacies as the
FDA-approved EGFR inhibitors: cetuximab and erlotinib.

D. Ly et. al. ACS Chem. Biol. 2013, 8, 345-352



Cell-penetrating aGPNA for in vivo catalytic oligonucleotide sensing

template

Z. Pianowski, N. Winssinger Chem. Comm. 2007, 37, 3820-3822
Z. Pianowski et al. J. Am. Chem. Soc. 2009, 131, 6492-6497



Cell-penetrating aGPNA for in vivo catalytic oligonucleotide sensing
Inside living ceIIs

A, B — controls (+/-) C — matching PNA D — mismatched PNA

Z.Pianowski, K. Gorska, L. Oswald, C. Merten, N.Winssinger J. Am. Chem. Soc. 2009, 131, 6492-6497



Abiotic self-replication

A. Darwinian/nucleic acid replicator

B. Peptide replicator

Cross-replication Cross-replication
disfavored allowed

(A) For nucleic acids replicators, templating is based on base pairing, so the formation of a mutant template is rare.
Once formed, the mutant replicator forms a competing replication cycle. (B) For a peptide replicator, templating is less
exact, so the formation of a mutant template is common. The mutant template can catalyze formation of mutant
progeny or parental progeny, and the two species form a mutualistic network.

Meyer AJ, Ellefson JW, Ellington AD. Acc Chem Res. 2012 45(12):2097-2105.



Nonenzymatic templated nucleic acid synthesis — monomer/short oligomer

A or £\

wMy — Q0P

r’ﬂm-g-c o B \H

N= G 5;:19'13' dnE
OH OH
) 66 . cG6
0 Geécaeec GECCCGCCC
e -\l“
r[;m-grn 0 SJLLLITI & SLLLLLEL]
OH OH /
Problems:

- very slow reactions
- limited range of templates (mostly C-rich)
- poor regiospecificity (2’-5’ linkages, predominant in some cases)

- 3’-aminonucleotides perform better, but undergo
intramolecular cyclizations as side reaction

Lohrmann, R.; Orgel, L. E. Tetrahedron 1978, 34, 853
A. Silverman, E. Kool Chem. Rev. 2006, 106, 3775



Templated nucleic acid synthesis — short oligomer coupling

HzN \../""*N

IS hﬁﬂf—----

&;_Cﬁ |/\|:f ( \\’, Rf‘f /g(\f‘ 5’-NHs-terminated DNA template

mm =5-AGTGT-3" (DNA)

1. Equilibrate mm = NH5-acact-CHO (PNA)

2.NaBH,CN

> N
DNA-templated PNA oligomer

'.
MM N N ™Mo Ny M " ,
My MMMy NN Mw - Lm- T
Translation
%mp% /W% (ter‘l‘lp|ated F\Lm N

polymerization)

Diversification Functi.onal
(mutation and/or selection
recombination)
T T T IVl T gl T TP
- Amplification 'S?k
T MMM MM My e g B
MMM MMM M

Limitations:
- slightly distorted backbone (amine instead of amide backbone every 5 bases)
- only carefully designed pentamers work — limiting the diversity for functional selection

Brudno Y, Birnbaum ME, Kleiner RE, Liu DR. Nature Chem. Biol. 2010, 6, 148-155.



Templated nucleic acid synthesis — base filling

00O ——~ 90

H H
WSS VR TS ¢
MN/\_,.N
Advantages: H 4 EDC, SNHS ’f“ﬂ"’““vu\)\f
-no cross-reactivity or DMTMM

- selectivity increased by proximity of the reaction to the hybridization site

Limitations:
-single or double abasic sites (most efficient inside of the chain)
- Aldehydes give better yields and accuracy, but worse hybridization of the product

Heemstrra JM, Liu DR. J. Am. Chem. Soc. 2009, 131, 11347-11349.



A polyamide responsive to selection pressure

~ \He ~. e %
N o "0-P-0
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Ura Y, Beierle J, Leman L, Orgel LE, Ghadiri MR. Science 2009, 325, 73-77.



A polyamide responsive to selection pressure

Papti’ds 9 dTa0
“w ~
R Jﬁtdﬂr'l Dﬁﬁ 100
[] Aden 88
H}V Peptide 9 g8 70

dA
T? 20 3 =] 50 51 49

[ E 30
£ E 25
S 12
St ﬂ: AI I No dTog 4 h post
20 DNA dC,q, dA 0
t

Dynamic polymer responsive to template changes with high fidelity

Ura Y, Beierle J, Leman L, Orgel LE, Ghadiri MR. Science 2009, 325, 73-77.



Templated Self-Assembly of Dynamic Peptide Nucleic Acids

NH NH,
N 2 N5
NHZ ﬂ ~ «
SN NZ° N N

SH SH o I 0
H § H © y H H ¢
o)

N - Y
Hor H o g H o r H R
b) Pn'}ner complement region _Template region
DNA
template rFrUU

The DNA primer region affords a high level of
control over the location and register of the tPNA
backbone in relation to the template strand.

DNA primer

tPNA backbone Nudsabase

monomers

szwﬂ@

Beierle J, Ura Y, Ghadiri MR., Leman L Biochemistry 2018, 57, 1, 160-172




Templated Self-Assembly of Dynamic Peptide Nucleic Acids

resin-bound DNA template HPLC analysis
template reglon 1) |nCUbate 3 h at 4 OC 7-dG
o_, ~ 7 2) wash resin 2
primer CCCCCCCCCC  3)cleave tPNA nucleobases 2
complement _ _using NaOH 2 A
0 A > =
tPNA backbone DNA primer y
P RS Retention time
Ac-[Glu-Cys], ,~-TCAGCACCTA-3 o + A
peptide-DNA chimera 4 R‘3’?’7-dG g >
, template region 1) incubate 3 h at 4 °C 2
O—/ _ 7 7 2) wash resin = 7-dG
primer TTTTTTTTTT  3)cleave tPNA nucleobases
complement using NaOH Retention time

Beierle J, Ura Y, Ghadiri MR., Leman L Biochemistry 2018, 57, 1, 160-172



Dynamic and Responsive DNA-like Polymers

A. Formation of te-DNA by ROP

base
org. soivent
room temp ._S )-

= 6-membered periodicity
= uncharged backbone
= possible anti-sense polymer
» dynamic and responsive

4
® teF-DNA ° polymers
60);H 5S}-H

DNA

C. Concept towards template directed synthesis (TDS)

@,

+ DNA
te;DNA IEHEEHEEHEEHEE-N _template - - mamw

DNA  BE-EE-77-BE-NE NN 7 e e

TDS of sequenced polymer dynamic library of te-DNA

C: use of a thiolate initiator to form a dynamic library of tel-DNA oligomers
in situ. Addition of a defined DNA template will equilibrate the dynamic

mixture to a thermodynamically favorable complementary sequence
defined polymer.

S. Mavila et al. J. Am. Chem. Soc. 2018, 140, 13594-13598
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34450 (05M
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C. capped polymer
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(can depolymerize) S



Sequence-Controlled Synthesis of Clickable Synthetic Oligonucleotides

8

X. Han et al. Macromol. Rapid Commun. 2020, 41, 2000327
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DCM = dichloromethane, TEA = triethylamine, DBU = 1,8-diazabicyclo(5,4,0)undec-7-ene, Boc = tert-butyloxycarbonyl, Ac = acetyl, DMF = dimethyl formaldehyde
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Sequence-Controlled Synthesis of Clickable Synthetic Oligonucleotides

CNA-2G Monomer Propagatron Mechanism:
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CNA-2G Dimer Propagation Mechanism:
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X. Han et al. Macromol. Rapid Commun. 2020, 41, 2000327



