Synthetic life

(continuation of ,The molecular origins of life” SoSe 2022)

W | S 2 O 2 2/2 3 NaturalNews.com

/bigniew Pianowski



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 2 — noncanonical nucleobases



Expansion of the genetic alphabet

Expansion of the genetic alphabet and code by creating an
unnatural base pair (UBP) as a third pair.

The creation of a UBP (i.e., X=Y) that functions
in replication, transcription, and translation as a third base pair
with the natural A-T(U) and G—C pairs allows the storage and
retrieval of the expanded genetic information in vitro and in
vivo, enabling a variety of applications using biopolymers with
increased functionalities

M. Kimoto, |. Hirao Chem. Soc. Rev. 2020, 49, 7602-7626
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Why are A, C, G and T the letters of genetic alphabet.

Prebiotic synthesis of purines Prebiotic synthesis of pyrimidines
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Biological consequences of nucleobase modifications
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AEGIS - Artificially Expanded Genetic Information System
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AEGIS - Artificially Expanded Genetic Information System
Electron density presented to the minor groove
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, minor groove scanning hypothesis” Applications:
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Steric exclusion and hydrophobic non-natural base pairs
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Steric exclusion and hydrophobic non-natural base pairs
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Hirao (2001): the steric hindrance concept to
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N;H*O N.—H*O hydrogen-bonded UBPs: x-y and s-y pairs
X y X T large residues at position 6 of x and s sterically

- and/or electrostatically clash with the 4-keto
group of T, but not with hydrogen of the y base.

x—y and s=y pairs function in transcription with T7 RNA
polymerase (T7 transcription), and the y substrate is
incorporated (>96% selectivity s—y) site-specifically into RNA
transcripts opposite x or s in DNA templates.

Problem: the y base cannot exclude the mispairing with A.
Therefore, these UBPs cannot be used in replication

M. Kimoto, |. Hirao Chem. Soc. Rev. 2020, 49, 7602-7626



Unnatural aminoacid incorporation using a noncanonical base pair
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Steric exclusion and hydrophobic non-natural base pairs

Hirao (2004): The s—z pair increased the s incorporation
selectivity opposite z in T7 transcription, as compared to that
opposite y in the s—y pair

Kool (1999): Q-F pair - shape-complementarity rather than the
hydrogen-bond interactions, =»a new strategy of UBP
development using hydrophobic UBs without any hydrogen-bond
interactions between the pairing bases.

Hirao (2003): the Q—Pa pair to avoid steric clashes.

Hirao (2007): Pa could be used as a pairing partner of the s
base, and the s substrate was incorporated specifically into RNA
opposite Pa in templates by T7 transcription.

M. Kimoto, |. Hirao Chem. Soc. Rev. 2020, 49, 7602-7626



Fluorescent probing for RNA molecules by an unnatural base-pair system
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Steric exclusion and hydrophobic non-natural base pairs

- Hirao (2006) the hydrophobic Ds base (improved s). The Ds—Pa

R pair exhibited high incorporation efficiency in replication.
Problems: the non-cognate Ds—Ds and A—Pa pairings (solved by
using y-amido-triphosphates of Ds and A, which significantly
reduced their mispairing with Ds and Pa - ~99.9% selectivity
per cycle in PCR).

Hirao (2007): the Ds—Px pair - electrostatic clash with the 1-
nitrogen of A (no A—Px pairing), The additional propynyl group
reduces the Ds—Ds self-pairing.

The Ds—Px pair exhibits high fidelity and high efficiency in PCR
(>99.9% per cycle).

M. Kimoto, |. Hirao Chem. Soc. Rev. 2020, 49, 7602-7626



Replication of the hydrophobic UBP
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M. Kimoto, |. Hirao Chem. Soc. Rev. 2020, 49, 7602-7626



Replication of the hydrophobic UBP
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Ds-Px noncanonical base pair — High-affinity DNA aptamers
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Ds-Pa — need for deep sequencing in the amplification process

XXX XXX XXXXXXXXXX: DNA containingDs, A, G,C,and T
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K. Hamashima, I. Hirao et al. ACS Synth. Biol. 2019, 8, 1401-1410
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Ds-Pa — deep sequencing A NDsN2-49
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Ds-Pa — deep sequencing
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Ds-Pa - deep Séquencing Referring to the encyclopedia data allows for simple

Ds-DNA
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K. Hamashima, I. Hirao et al. ACS Synth. Biol. 2019, 8, 1401-1410

from other natural-base positions.



Ds-Pa aptamer selection using deep sequencing
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M. Kimoto, |. Hirao Chem. Soc. Rev. 2020, 49, 7602-7626



Ds-Pa aptamer selection using deep sequencing

Secondary structures of the optimized Ds-DNA aptamers

targeting VEGF165, IFNy, and vWF.
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Generation of a molecular affinity ruler using anti-IFNy Ds-DNA
aptamer variants, replacing the Ds base with the natural A base.
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A semi-synthetic organism with an expanded genetic alphabet
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A semi-synthetic organism with an expanded genetic alphabet

Nucleoside phosphorylation: a biosynthetic pathway to provide unnatural substrates
(dX/dYTP) in a cell, using their unnatural nucleosides (dX/dY) as a source.

D: o X step1 " Step2 Step 3 Step4
;O: Transporter @) Kinase .0 kinase @@ kinase op i

ﬁ ﬁ ----- am ’ ﬁ
° H (Y] D op© ppdl)
: HO
k Oﬁ ‘4@ 5
s , DNA polymerase |

In Step 2, the nucleoside kinase from D. melanogaster (DmdNK) was explored for its ability to phosphorylate the unnatural
nucleosides by three teams in vitro. Benner’s team confirmed that the kinase in Step 4 was available for their Z and P bases

in vitro. All UB triphosphates are, at least, accepted by the Klenow fragment of E. coli Pol | in vitro

M. Kimoto, |. Hirao Chem. Soc. Rev. 2020, 49, 7602-7626



A semi-synthetic organism ®D.. henT

with an expanded genetic alphabet | \\ WS ovessor
. g J TK369
Homologous recombination strategy using the yeast DmdNK ’
strain TK369, to integrate dsDNA with the Ds—Px pair. ~ oo
s | P®.--> P"‘@ """ ppp chromosome
DmdNK — nucleoside kinase ,@ pp,@ — —
hENT - human equilibrium nucleoside transporter CiiG ..‘,1 $
A
The Ds and Px nucleosides supplied in the media. !
The long dsDNA with the Ds—Px pair was prepared by ’,a' . —
fusion/overlapping PCR, bar1::HIS3 * © TGPxCG _
5UTR _Promoter erminator 4, rp promoter terminator
Analysis: colony PCR with dDsTP and dPxTP, then i 5 E—— (1,628 bp)
modified Sanger sequencing. | terminator
Transformation DNA sequencing with dPa'TP
(Homologous Recombination) s or ata - TomeToTaAs A TaARG T

Colony PCR primer s=p- e AL
G418R : —
CYC1- Colony PCR primer g
terminator l

bar1::G418R

M. Kimoto, |. Hirao Chem. Soc. Rev. 2020, 49, 7602-7626




Hydrophobic unnatural base pairs

Yoo e el

"CH3 ‘—CHQ

PICS PICS MM02 5SICS 5SICS NaM TPT3

«//l
Bomgomdm

O—CH, 0—Me

PTMO TPT3 CNMO TRPT3 NaM TAT1

Romesberg (1999): PICS—PICS, but the polymerase reaction is paused at the PICS—PICS pairing position due to self-stacking.
Romesberg (2008): the MIMO2-5SICS pair - the methyl group of 5SICS prevented the disfavored 5SICS—5SICS self-pairing.
Further optimized into the NaM-5SICS pair (>99% fidelity in PCR and transcription).

Romesberg (2014) the NaM-TPT3 pair (systematic in vitro replication screening) = semi-synthetic organism (SSO) of E. coli
with six-letter DNA.

Optimizations: the CNMO-TPT3 pair to increase the UBP retention on a plasmid within the SSO,

the NaM-TAT1 pair for efficient transcription and translation in the SSO.

Using these UBP systems, they reported protein synthesis with the site-specific incorporation of unnatural amino acids into

proteins in the SSO.



A semi-synthetic organism with an expanded genetic alphabet

dsDNA T o
* :Na . dNaMTP
Y. P19 pppo )
PCR lgﬂi LLiptake B
PINTT2, \
Transformation / pppﬁ SSO
Plasmid > [ PeP j
in vitro in vivo SA " ., :
plasmid plasmid e, 1 .Plasn.“d
L L | “ta isolation
- PAGE PCR
E < »
+ Streptavidin -~ dNTPs
X: Biotin-MM02 | dXTP
< S— . 5S|CS dYTP

“Biotin-shift assay”

The first creation of an SSO, using the NaM-TPT3
and NaM-5S5CIS pairs and E. coli C41(DE3) as the
host strain.

The plasmid containing the NaM—-TPT3 pair was
prepared by PCR and transformed into E. coli
C41(DE3) with a PtNTT2 overexpression system.
The transformants were cultured in inorganic
phosphate-rich growth media in the presence of
the NaM and 55CIS triphosphates.

The propagated plasmids were isolated and
subjected to the analysis of the NaM—-5SCIS pair
retention by a biotin-shift assay

Malyshev, Denis A.; Romesberg, Floyd E. et al. Nature 2014, 509, 385—-388



A semi-synthetic organism with an expanded genetic alphabet

)
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100 Media m 3P
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a, Chemical structure of the d5SICS—dNaM UBP compared to the natural dG—dC base pair. b, Composition analysis of d5SICS
and dNaM in the media (top) and cytoplasmic (bottom) fractions of cells expressing PtNTT2 after 30 min incubation; dA
shown for comparison. 3P, 2P, 1P and OP correspond to triphosphate, diphosphate, monophosphate and nucleoside,
respectively; [3P] is the intracellular concentration of triphosphate.

Malyshev, Denis A.; Romesberg, Floyd E. et al. Nature 2014, 509, 385-388
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5'-CATGGTCATAGCTGITTCCTGTGTGAAATTGTTATCCGCTCACAXTTCCACACAACATACGAGCCGGAAGC
3'-GTACCAGTATCGACARAGGACACACTTTAACAATAGGCGAGTGT YAAGGTGTGTTGTATGCTCGGCCTTCG
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Malyshev, Denis A.; Romesberg, Floyd E. et al. Nature 2014, 509, 385-388
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A semi-synthetic organism with an expanded genetic alphabet

BAOBODOHIVI

e I
§ o The SSO replicates DNA containing the dNaM-
.,*:3[:— dTPT3 UBP (blue and red, respectively),

v O transcribes mRNA and tRNA with complementary
codons and anticodons containing NaM or TPT3,
uses an orthogonal synthetase to charge the tRNA
with an ncAA, and uses the charged tRNA to

G) _ translate the mRNA into proteins containing ncAAs
b::}
cad:,,'_....; I

_pmm——— .l_- sl . A\

Y. Zhang, F. Romesberg, Biochemistry 2018, 57, 15, 2177-2178



A semi-synthetic organism with an expanded genetic alphabet

Researchers added a synthetic base pair (nicknamed X and Y,
shown in blue) to DNA to encode new amino acids, which cells
then incorporated into the fluorescent protein GFP.

DNA mRNA tRNA Amino acids Green
fluorescent

Six nucleotides 216 possible Exploiting unnatural
Three base pairs codons could amino acids could allow
code for up to for the development of
172 amino acids proteins with new
enature characteristics.

Zhang, Y.; Romesberg, Floyd E. et al. Nature 2017, 551, 644-647



A semi-synthetic organism with an expanded genetic alphabet

151

Stropag 7., p,

YTP:ppdd @

Zhang, Y.; Romesberg, Floyd E. et al. Nature 2017, 551, 644-647
M. Kimoto, |. Hirao Chem. Soc. Rev. 2020, 49, 7602-7626



A semi-synthetic organism with an expanded genetic alphabet

The in vivo transcription of DNA containing dNaM and dTPT3 into mRNAs with two different unnatural codons and tRNAs
with cognate unnatural anticodons, and their efficient decoding at the ribosome to direct the site-specific incorporation of
natural or non-canonical amino acids into superfolder green fluorescent protein. The resulting semi-synthetic organism
both encodes and retrieves increased information and should serve as a platform for the creation of new life forms and
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Zhang, Y.; Romesberg, Floyd E. et al.

Nature 2017, 551, 644-647



A semi-synthetic organism with an expanded genetic alphabet
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A semi-synthetic organism with an expanded genetic alphabet

An unnatural base pair (UBP) would increase the information storage potential of DNA

and semisynthetic organisms (SSOs) that stably harbor this expanded alphabet would thereby have the potential to
store and retrieve increased information,

Escherichia coli grown in the presence of the unnatural nucleoside triphosphates dNaMTP and d5SICSTP, and
provided with the means to import them via expression of a plasmid-borne nucleoside triphosphate transporter,
replicates DNA containing a single dNaM-d5SICS UBP,

to fortify and vivify the nascent SSO, a more chemically optimized UBP dTPT3 was used, and the power of the
bacterial immune response was harnessed by using Cas9 to eliminate DNA that had lost the UBP.

The optimized SSO grows robustly, constitutively imports the unnatural triphosphates, and is able to indefinitely
retain multiple UBPs in virtually any sequence context. This SSO is thus a form of life that can stably store genetic
information using a six-letter, three-base-pair alphabet

Romesberg, Floyd E. et al. PNAS 2017, 114, 1317-1322



A semi-synthetic organism with an expanded genetic alphabet
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A semi-synthetic organism with an expanded genetic alphabet
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Reprograming the replisome of a semi-synthetic organism

i' ’g{i X Proposed mechanism of UBP replication.
—‘?-- . ' MMR UBP retention is mediated by the activities
- AN = - " Y of Pol Ill (tan), Pol Il (blue), and MMR. UBP
| &5 \ 4 : ' loss is mediated by polymerase replication
- - errors or RecA (pink)-mediated RER.

|

na

UBPs are not well retained in all sequences, limiting the information that can be encoded, and are invariably lost upon
extended growth. The contributions of the E. coli DNA replication and repair machinery to the propagation of DNA
containing dNaM-dTPT3 have been explored and showed that replication by DNA polymerase lll, supplemented with the
activity of polymerase Il and methyl-directed mismatch repair contribute to retention of the UBP and that recombinational
repair of stalled forks is responsible for the majority of its loss.

M. P. Ledbetter, R. J. Karadeema, and F. E. Romesberg J. Am. Chem. Soc. 2018, 140, 2, 758-765



Transcription and reverse transcription in vitro and in SSO
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A. X.-Z. Zhou, X. Dong, F. Romesberg,
J. Am. Chem. Soc., 2020, 142, 19029-19032



Transcription and reverse transcription in vitro and in SSO
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A. X.-Z. Zhou, X. Dong, F. Romesberg,
J. Am. Chem. Soc., 2020, 142, 19029-19032



Expanded genetic alphabet - 2019
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Romesberg, Floyd E. et al.
J. Am. Chem. Soc. 2019, 141, 27, 10644-10653
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Unnatural nucleobases - overview
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CHAPTER 1

OLIGONUCLEOTIDES

Part 3 — noncanonical backbone



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



Artificial genetic polymers
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Intein splicing
An intein is a segment of a protein that is able to excise itself and join the remaining portions (the exteins) with a peptide
bond in a process termed protein splicing. Inteins have also been called "protein introns".

Intein-mediated protein splicing occurs after the intein-containing mRNA has been translated into a protein. This precursor
protein contains three segments—an N-extein followed by the intein followed by a C-extein. After splicing has taken place,
the resulting protein contains the N-extein linked to the C-extein; this splicing product is also termed an extein.
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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.

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

CH,OH

D-Ribose

L-Ribose



Spiegelmers: L-RNA
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A. Vater, S. Klussmann, Drug Discovery Today 2015, 20, 147-155
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Mirror-image RNA that binds D-Adenosine

combinatorial D-RNA library

¥

selection by A R
bound L-adenosine <+ (seconds) (hours)
{L amplification L 0 1224 36 4860 0 12 24 36 48 60

enriched pool of D-RNA I:ﬁ

100
sequencing 80
l ﬂ .
synthesis of synthesis of 40
D-RNA ligand L-RNA ligand
binding to binding to
L-adenosine D-adenosine

NHg NH,

p N N Figure 5. Stability of the 58-mer RNA ligands in human serum. (A)
N | '> </ [ N Aptamer p-A42d and (B) spiegelmer L-A42d. Aliquots were taken at
ly 2 the indicated times. L marks the size standard (10 bp DNA ladder).

N N N N The results were reproduced in an independent experiment.
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S. Klussmann, J. Furste, et al. Nature Biotech. 1996, 14, 1112-1115



Spiegelmers: L-RNA

Selected pharmaceutically relevant targets of spiegelmers

Monocyte chemoattractant peptide MCP-1/CCL2 Placebo-controlled Phase |, SAD and four-week MAD completed,PD-

NOX-E36/ emapticap pegol effect:reduction of CCR2.monocytes in peripheral blood. Double-blind,
placebo-controlled Phase lla trial in diabetic patients with albuminuria
(three months treatment,three months follow-up): reductions in
albuminuria and improved glycemic control(HbA1c); renoprotective
effect maintained in absence of drug (three months)

Stromal-cell-derived factor-1 (SDF-1/CXCL12) Hematopoietic stem cell/WBC mobilization in mice and/or monkeys;
NOX-A12/ olaptesed pegol Phase |, SAD: hematopoietic stem cell and WBC mobilization Phase lla
for chemosensitization in MM (with VD) and CLL (with BR) ongoing

Hepcidin

NOX-H94/ lexaptepid pegol Phase l:dose-dependent increases in serum iron in healthy

Volunteers; PK/PD study: inhibition of LPS-induced serum iron decrease
Phase lla in anemia of cancer ongoing

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



Spiegelmers: L-RNA

Aptamer selection against RNA with natural D-chirality

3. .3 ~_ é{'oo An L-RNA aptamer was developed that binds the natural d-

8:8 \ DODDOODOP‘ODD form of the HIV-1 trans-activation responsive (TAR) RNA (K, =

2 o®os \%O 100 nM). The aptamer initially was obtained as a D-aptamer
cg | .Oc_'*:.cfgo @f against L-TAR RNA through in vitro selection.

3-3 Oﬁo—oﬁoo

O-O 0-0O It binds D-TAR exclusively at the six-nucleotide distal loop, but

D-TAR 0O-O O-O L-aptamer . . . .
O-0 0-0O does so through tertiary interactions rather than simple
S e Watson—Crick pairing.
This complex is the first example of two nucleic acids molecules
a of opposing chirality that interact through a mode of binding
L-6-4t(uM) 0 50 0 005 01 025 05 10 25 50 other than primary structure.
Tat — - + + - - + + + -

Tat-TAR —» — —— — e Binding of the L-aptamer to D-TAR RNA inhibits formation of
the Tat-TAR ribonucleoprotein complex that is essential for TAR
function = therapeutic interest

L-6-4t-TAR —» ' - --

J.T. Szczepanski, G.F. Joyce, J. Am. Chem. Soc. 2013, 135, 36, 13290-13293



Spiegelmers: L-RNA

Spiegelmers/”AptamiRs” - a new class of miR inhibitors.

a b c d . . .
£% o &% 2% MicroRNAs (miRs) are small, noncoding RNAs that act as
£ & £ &% s S post-transcriptional regulators of gene expression, involved
e 0 >00© P »0© 0°® . . . 4. . .
e Ly 8« &5 i = in development, differentiation, and apoptosis. Alterations
) . S 5 t BN : : : :
: 8- t S : A in their expression patterns can contribute to the
3 savaces 5 ey o & % ©o 5,200 i i
%55 e (% 1 y %@b p : "0& “iPoq00, pathogenesis of human disease.
a1 ee © v & ® & -+ s S o
: H ¢ iY 8B B DOHE ™ a b
E c 0.8+ 0.8
& b o
E 0.6 - § 06 -
. . . . § 0.4 § 0.4
In vitro selection was used to obtain L-RNA aptamers that bind ¢ s
the distal stem-loop of various precursor microRNAs (pre- "1 51 ]
miRs). These L-aptamers, termed “aptamiRs”, bind their 1 1t we 1w 1 1w W ww
. . . . . [ iF] i “155.2]
corresponding pre-miR target through highly specific tertiary R S
interactions rather than Watson—Crick pairing. Formation ofa ¢
. . . oy . . . . R=10 A-33a =154 Promift; n] ia L]
pre-miR—aptamiR complex inhibits Dicer-mediated processing | oo SR, SRR, ey r———
of the pre-miR, which is required to form the mature functional
. . . . i w—
microRNA. One of the aptamiRs, which was selected to bind Conpies { e - Complex { =

oncogenic pre-miR-155, inhibits Dicer processing under rent {0 W

simulated physiological conditions, with an IC;, of 87 nM
J.T. Szczepanski, G.F. Joyce, J. Am. Chem. Soc. 2015, 137, 51, 16032-16037

Pap-mif { - -- -- .



Spiegelmers: L-RNA

Spiegelmers with modified nucleotides

In vitro selection
(ATP, CTP, GTP, 5-aminoallyl-UTP)
By employing 5-aminoallyl-UTP during mirror image in vitro selection, a modified

I : . . . .
| (@ L-RNA aptamer was isolated with exceptional affinity (IC;,= 4nM) towards oncogenic
L-pre-miR-19a precursor microRNA-19a. These studies demonstrate that expanding the chemical
El'g':r‘: functionality of L-aptamers enables development of robust RNA-binding reagents.
I A) pre-miR-19a -
. AGUUUUGCAUAG—UUGCAC UACA“ AA
Mirror 3AGUCAAAACGUAUC AACGUGUUGAUGUAG A) MCZ GG GG
18
*
C) ay M3
G A G M
Mature i “ﬁG “ e ’ C%z & M4 C5
— ( I R||1|‘;1 g S A S e ) ©G A - f T
Modified PRI 2 ‘0: :;ja[lj ,I\P/; ‘cal'.l“"au G ;al‘Jql-j ‘;" ‘A c U aU -+ C M6
L-Aptamer G A A2UaU G GGBU G lA AllUaU| G G ayJ - C M7
G-C Ae-c®» A Go | | G
G-C G-C G-C CC|IGG
P11g SHA U= A 9183:3 G-C oo
G-C A-2U C-G ay - A G G|ICC
0 G S wnce%c-c“ Mo Me
G D-19a6t (D-RNA) G-C|] [A-3U
|G/ | C MLRA-19a (L-RNA) G-GC
o el B R
iai ic )
e A D)
N o 9 o B Bound > R W -
Vewt  Vakih S -
el jgy e J\J]/\A 3 oﬁ/\ﬁ 3 Uoound > W W SR G
a8 e o C WT MO M1 M2 M3 M4 M5 M6 M7 Ms M9
. g .': E\i | OH TBOMSO O
A.M. Kabza, J.T. Szczepanski, AL 18 RNA Moo e,
KTH G 5-aminoallyl-U 1

ChemBioChem. 2017, 18, 1824-1827 ¢ (@)



Processing of the mirrored genetic information

10 20 30 40 50

MLTLIQGKKI VNHLRSRLAF EYNGQLIKIL SKNIVAVGSL RREEKMLNDV

60 70 80 90 100

Synthesis of a mirrored 832-residue Taq polymerase or the 604-residue ~ PM"VFEIY HHEVEPRE HIKGLSFS TRV COERKCVLFL EWERKTYELD

Klenow Fragment from D-aminoacids is still beyond reach with the e A M e e b
current methods. However, progress in long peptide synthesis enabled  MWTTEKELL KELGFTYRIP KKRL

solid-support synthesis followed by fragment ligation (NCL) of the Acm
mirror image configuration of polymerase X from African swine fever Cys®- (Val*"-Leu™INHNH,  Cys'%{ Glu'"-Leu'™}OH
virus (ASFV), the shortest known polymerase (174 amino acids). T T
1. Activation
Acm 2. Ligation

____________________ |
i ; 3

: H 7! L
| S H l Desulfurization
l?cm
4

lAgOAcIHOAc
NHNH, Cys*- Ala’%- [ GIu'oT-Leu!™}OH
6 5

l |
l 1. Activation

2. Ligation

Showalter A.K. et al. Nat Struct Biol 2001, 8, 942-946

7
Z. Wang, W. Xu, L. Liu, T. F. Zhu Nature Chem. 2016, 8, 698-704 D-ASFV pol X

PDB: 1JQR



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.

_1-dNTP or .-NTP

L-polymerase p-polymerase

Natural system | Mirror-image system

o
n

This poses an important proof of concept, = 2008 ~ 15-
. o 9 e S ©
however, polymerase X is a thermo-labile = a5 PR g
. . . « . o s - oy 5 -
repair enzyme and its catalytic activity does £ 25- i ‘ 8 .
: 5 s <l S 4
not meet the requirements for a standard PCR : " e .
5 2
= x =10 -
14— . — = 45 L-ASFV pol X
- —— p-ASFV pol X
-20 -
s & o 5 200 210 220 230 240 250 260
S & &
@@9 o_;\(é\ %‘%(Ck‘-‘ Wavelength (nm)
Q_Qv

Z. Wang, W. Xu, L. Liu, T. F. Zhu Nature Chem. 2016, 8, 698-704



L-DNA polymerase

a ¥ TGAGTC
., JIIIOIIT

3 TGACTC b
e, JOOOTITT
. @ <« Polymerization
e Fully L E ‘ 4 Fully product
- exlended = 5 A & extended
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-
- - ‘ s »
atm ‘ ' -
<] Primer <] Primer -
“‘ <] Pri
0 05 1 2 3 4 Time(h 0 05 1 2 3 4 Time(h i
Matural system Mirror-image system Cycle 0 1 2 3
€3 ACTC 3 Teactc 4 3 ACTC 3 cre e ¥ TGACTC
&I & T i & T ™ & T JEA . JOIITT
- dA dT dC dG - dA dT dC dG - dA dT dC 4G - dA dT dC dG
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a"ses | Heat ofais | saati i 9
primer
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o T, £ o5 JIIIIIIT 5 27 < T o 8 -5 JLOTIT 425
- dA dT 4C 4G - 'dA dT dC dG - A dT dC dG - dA dT dCdG s <] Primer
X 2r .0 ‘.‘ ... LLLLDDTDD ASFVpol X
“'" m;— ‘ . & as » g D E|3 L g D |Ij L Primerftemplate
L L L L
Matural system Mirror-image system dNTPs

a, Template-directed primer extension by synthetic L-ASFV pol X (natural system) and D-ASFV pol X (mirror-image system)
with the corresponding D- and L-DNA primers, templates and dNTPs. b, Repeated cycles of polymerization by D-ASFV pol

X: ¢,d, The nucleotide substrate specificities of synthetic L- and D-ASFV pol X. e, Chiral specificity assay with different chiral
combinations of polymerases, primer/template pairs and dNTPs.

Z. Wang, W. Xu, L. Liu, T. F. Zhu Nature Chem. 2016, 8, 698-704



L-DNA polymerase

b

4 Fully extended 4 Fully extended

o-primer D-primer
4 p-primer 4 p-primer
4 Fully extended
4 Fully extended L-primer
L-primer
4 L-primer 4 L-primer
0 05 1 2 3 4 Tme(h 0051 2 3 4 Tme(h) 0 051 2 3 4 Time (h)
Matural system Mirror-image system Chirally mixed system

a,b, Primer extension by synthetic L- and D-ASFV pol X with the corresponding D-DNA primer (5'-Cy5 labelled) and L-DNA
primer (5'-FAM labelled), templates and dNTPs. ¢, The above two polymerization reactions were carried out in a racemic
mixture under the same conditions as described above, with the L- and D-ASFV pol X, D- and L-primers, D- and L-templates
and D- and L-dNTPs added, incubated for up to 4 h at 37 °C.

Z. Wang, W. Xu, L. Liu, T. F. Zhu Nature Chem. 2016, 8, 698-704



L-DNAzyme

4 Full-length
o-DNAzyme

-
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MNatural syslem
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Mirror-image system
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p-DNAzyme

@ <Ful-length
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- <] Cleavage

product
0 2 0
0 0 20
L-DMNAZzyme

a, Sequence and predicted secondary structure of the previously reported Zn?*-dependent self-cleaving DNAzyme:
b, Primer extension on a 66 nt template to produce the Zn?*-dependent self-cleaving DNAzyme. c, Self-cleavage of the
enzymatically polymerized Zn?*-dependent D- and L-DNAzymes.

Z. Wang, W. Xu, L. Liu, T. F. Zhu Nature Chem. 2016, 8, 698-704



A thermostable L-DNA-polymerase

A thermostable mirror-image polymerase D-Dpo4-3C has been produced, that is able to amplify L-DNA in a classical
PCR reaction and can even be used to assemble an L-DNA gene from L-DNA oligonucleotides. This artificial enzyme
is @ mutant of DNA polymerase IV from Sulfolobus solfataricus, a Y-family polymerase consisting of 352 amino acids,
the longest protein made by chemical synthesis thus far.

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

Furthermore, with an additional single point mutation (Tyr12Ala or Tyr12Ser), this DNA polymerase can be tuned to
accept also ribonucleotides as substrates with reasonable efficiency. Thus, this enzyme may be hijacked to act as a
DNA-dependent RNA polymerase to prepare longer stretches of L-RNA

A. Pech, S. Klussmann et al. Nucl. Acid Res. 2017, 45, 3997-4005



A thermostable L-DNA-polymerase

A Ac--SPh4AA + H-|p-Cys”-0-Ala "*|-NHNH, Boc--OH +  H-|o-Lys®2.0-Thr®2-NH,

[

31 CVFSGRFEDS GAVATANYEA RKFGVKAGIP

61 IVEAKKILPN CVYLPMRKEV YQQVSSRIMN \

91 'SERIE 1
Ac-|p-Met'-p-Ala "*/-NHNH, +  H-[p-Cys'®>-p-Thr®%?|-NH,

I |

181 ADVPGIGNIT AEKLKKLGIN KLCDTLSIEF

211 DKLKGMIGEA KAKYLISLAR DEYNEPIRTR i

241 VRKSIGRIVT MKRNSRNLEE IKPYLFRAIE

20| _.SPh4AA + H-[o-Cys?-0-Thr®2|-NH,
121
271 ESYYKLDKRI PKAIHVVAVT EDLDIVSRGR

1 MIVLFVDFDY FYAQVEEVLN PSLKGKPVVV l,“
1
151 AKIACDMAKP NGIKVIDDEE VKRLIRELDI
1 TFPHGISKET AYSE KLL KILEEDERKI v
=0 - g Ac-|p-Met'-o-Thré52|-NH
331 RRIGVRFSKF IEAIGLDKFF DT 2

Synthesis strategy for d-Dpo4-3C. (A) five fragments were synthesized and assembled as follows: (i) native chemical
ligation (NCL) of fragments 1 and 2. Isolated yield = 18%. (ii) Segment condensation of fully protected fragments 4 and 5
followed by deprotection. Isolated yield = 15%. (iii) NCL of fragments 3 and 45 followed by Z-deprotection. Isolated yield
= 25%. (iv) Thioester-conversion of fragment 1¢2 and NCL with fragment 3e4e5, |solated yield: 10%. (v) Folding. (B)
sequence of d-Dpo4-3C; coloring as in panel A. (C) folded d-Dpo4-3C (artist impression based on PDB 3PR4 (31)).

A. Pech, S. Klussmann et al. Nucl. Acid Res. 2017, 45, 3997-4005



A thermostable L-DNA-polymerase

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

Assembly of a mirror-image gene. (A) schematic of the oligonucleotide setup. (B) lane 1, 3 pl of 10 bp DNA ladder. Lane 2,
mirror-image no-enzyme control. Lane 3, mirror-image gene assembly. Lane 4, empty. Lane 5, natural handedness no enzyme
control. Lane 6, natural handedness gene assembly.

A. Pech, S. Klussmann et al. Nucl. Acid Res. 2017, 45, 3997-4005



Mirror-image DNA ligase

MANSDLMLLHTYNNQPIEGWVMSEKLDGVRGYWNGKQLLTRQGQRLSPPAYFIKDFPPFAIDGELFSERNHFEEISTITKCFKGDGW
EKLKLYVFDVPDAEGNLFERLAKLKAHLLEHPTCYIEIIEQIPVKDKTHLYQFLAQVENLQGEGVVVRNPNAPYERKRSSQILKLKT
ARGEQCTVIAHHKGKGQFENVMGALTCKNHRGEFKIGSGFNLNERENPPPIGSVITYKYRGITNSGKPRFATYWREKKGGGHHHHHH
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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
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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.

LA B MAEGDEIE FEEC G 0 EEh L

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

A
L-RNA primer (19 nt)
SAITITINITEN .
- L8 KRR ssLiRriamplate {120 ni The transcription of a mirror-image gene into L-RNA, as well as
transcription D-Dpod-5m-Y12S ‘L_NTP reverse transcription of L-RNA into L-DNA by synthetic D-
e eeser e . ———— " polymerases, based on designed mutants of Dpo4, have been
Lo et demonstrated. The efficient mirror-image transcription system
PAGE purfication may enable enzymatic preparation of L-RNA molecules to
_ 4 further enable clinical applications of nuclease-resistant
*5""""""'"""""";"|'|'|'|'|'|'|' 2 aptamer biosensors and drugs or studies on mirror-image or
L-DNA primer cross-chiral ribozymes and aptamers. The enzymatically
MERT LhDpod-Smig LANTP transcribed L-5S rRNA shown in this study could be used as one
T e component in a future effort to assemble a mirror-image
L3 o ribosome, a step toward the realization of mirror-image life
L-DNA primer ‘
ST .
3 ~———=15'
MI-PCR D_Dp04_5m‘L_dNT:DNA poimet Sulfolobus solfataricus P2 DNA polymerase IV (Dpo4)
i g:mmm||||||||||1||||||1|||||2'.

M.Wang et al. Chem. 2019, 5 (4), 848-857



Mirror-image transcription, reverse transcription and amplification
B { o4 D
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