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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
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Non-canonical fluorescent nucleobases
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Sanger sequencing
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CyDNA - synthesis and replication of highly fluorescently-labelled DNA
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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.

common cytosine thymine adenine guanine
o H. H H H. .H
base “N” *or “N” H O
H +‘N H
N 5 S s S IR S O
WM N"~0 N i N7 SNT T NH,
Et”+ Et R R R H R
pK, 10.8 4.2 0.5 4.2 3.3
relative basicity
of conj. base 4,000,000 1 0.0002 1 0.1
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Prebiotic synthesis of nucleotides
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Nucleotides - components

RNA — most likely evolutionarily older (,RNA World”) than DNA = prebiotic origin of ribose + A, C, G, and U nucleobases
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Prebiotic synthesis of nucleobases

Purines Pyrimidines
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Prebiotic synthesis of purines
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Prebiotic synthesis of adenine

N
NH; or |||

(NH;
NH NH N— N
N:—JH — Nr:l - (¢ |4 SN
']ll} 1 2 H \I]H
AV l
HCN
H,N !
‘\_/// N N N
=y
HN=/< <//‘\\“\ ¢ | N
W NHy N H NH,
N H,N
A 2 - //N
/ —N hV N
HN—"-=N — H,N — (|
W A\ ” NH,
N N
NH,
HN/) ‘l
NH, lN
~
1 & NH,* both weak (wa «Nf NH,
acids (HA): pK, ~ 9.2 . N/) ' N/)
H -

1960 - Ord’s synthesis of adenine 2 from hydrogen cyanide 1 and
ammonia (general acid—base catalysis, presumed to operate in
most steps, is only shown once).

Heating ammonium cyanide at 70°C for a few days

- 0.5% adenine

Heating HCN with liquid ammonia in a sealed tube = 20% adenine

The photochemical shortcut discovered by Ferris and Orgel is
shown by the red arrow.
Optimized yields — up to 20% for adenine, 3% for guanine

Eutectic freezing (-20°C) increases the yield of DAMN formation
by concentrating HCN between pure ice crystals
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Prebiotic synthesis of pyrimidines

Cyanoacetylene is a major product of electric discharges in the mixture of nitrogen and methane
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Cyanoacetylene incubated with saturated solution of urea yields up to 50% cytosine.
Other methods typically yield up to 5% cytosine.lt is further converted to uracil by hydrolysis.
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Formose reaction in presence of borates

(a) H._.0
HO~q~C~
HE HfOH -0
9 L _’_ (|:=O
HO~c-C~y H=(-OH H-C-OH
i H-C-OH I :
H  glycoaldehyde i H-C-OH without borate
" © H
! 3
lCB(OH)z (B “H /
Ca?* HoOH ‘
HO\C-C& »~ Ca without borate complex mixture
H| H e — = of sugars
H-C-OH
H...H H
& Hie0 H~C-OH //l
0 i 1 without
formaldehyde H=(=OH i borate
H-C-OH H-C-OH
(b) H H
D,L-glyceraldehyde

Pentose formation in
the presence of borate

with borate : A

ca®* [ “ 3
HO H\FO H\(O HYO
Hie® O H H:CZC:’) H-C-OH  HO-C-H H-C-OH  HO-C-H
H—(':-o ) O-é:ﬁ“"‘/ H-Q-OH H- cI: OH HO—(IZ—H HO-C.2—H
H—(':—O’B:o—c':—H H-C-OH H-C-OH H—(I:—oH H-C-OH
H H H-C-OH  H-C-OH  H-C-OH H-C-OH
1 1 ] H
H H H
igl I
d,',%?'acéfgfmegf:f D-ribose D-arabinose D-xylose D-lyxose
(open form)  (openform) (openform)  (open form)
/] N\
000
) )¢
HO~\(ON-0H | Ho—~_ O P70  HO—_ O HO—_GQ0D
OH
\5_10 H\O&_z\o U
1
O\%)I/O HO O’%‘O
o0 o
Nt

With borate (left)
Without borate (right)
Colemanite (background)

By NMR, the ribose borate complex 8 has the structure shown;
cyclic structures for other pentoses are speculative.
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Cyanosulfidic chemistry

The aldol chemistry of sugars and cyanide chemistry of nucleobases
can be combined at earlier stages than glycosylation.

Amino acid
precursors
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Nucleoside
precursors

precursors



Cyanosulfidic chemistry
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Cyanosulfidic chemistry
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HO HO
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Photochemistry of beta-ribocytidine-2’,3’-cyclic phosphate 1. Under conditions of irradiation that destroy most
other pyrimidine nucleosides and nucleotides, 1 undergoes partial hydrolysis and slight nucleobase loss.
Ura, N1-linked uracil; Cyt—H, cytosine; Ura—H, uracil.

M. W. Powner, B. Gerland, J. D. Sutherland, Nature 2009, 459, 239-242
J. D. Sutherland, Angew. Chem. Int. Ed. 2016, 55, 104-121.

B. H. Patel, C. Percivalle, D. J. Ritson, C. D. Duffy, J. D. Sutherland, Nat. Chem. 2015, 7, 301-307.
J. D. Sutherland, et al. Nat. Chem. 2013, 5, 383-389.



Biological consequences of nucleobase modifications
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Figure 3.20 Chromosome 1 from hamster
cells exposed to bromodeoxyuridine.

(A) Normal chromosome. (B-E) Aberrant
chromosomes. (From T.C. Hsu and

C.E. Somers, Proc. Natl. Acad. Sci. USA 47:
396-403, 1961. With permission from the
MD Anderson Cancer Center.)
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why not a
third type
of base pair?

Alternative base pairs — synthetic biology

Cyanophage S-2L uses diaminopurine
instead of adenine (3 H-bonds!)
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H non-aromatic

DAP — one tautomer forms a base pair with guanine

iso-C/iso-G

- specificity (the enol tautomer of iso-G, stabilized by aromatization, complementary to thymine)

- the 2-amino group of iso-C hydrolyses easily to uracil



Natural and non-natural base pairs that function in polymerase reactions
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Unnatural base pair (UBP) design rules:
Design

- Distance of 10.7-11.0 A between the
glycosidic bonds of the pair
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10.7-11.0A 10.7-11.0A _
- Recognition by DNA and RNA
<:|:Hydrogen bonding fromproton " % : Proton acceptor residues for the polymerases (fidelity, efficiency)
donor to acceptor residues ““" interaction with polymerases
Chemical synthesis Polymerase reaction tests
Phosphoramidite reagents Nucleoside triphosphates Single-nucleotide insertion Primer extension
for DNA chemical synthesis (R=H:d(UB)TP, R = OH: (UB)TP) dXTP dXTPs
UB o o _ 0 (X=A,G,CT,orUB) (X=A,G,C,T, and UB)
DMTrO _|I_ _II!\_II_ ) ’ r 5’ 3'/ bl Oy
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0 © 07 o y— — o E— E—
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M. Kimoto, |. Hirao Chem. Soc. Rev. 2020, 49, 7602-7626



Non-natural nucleobases compatible with polymerases
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Alexander Rich (1962): isoG—isoC pair

Steven Benner (1989-95): the artificially expanded genetic information system (AEGIS) including the isoG—isoC and X—k pairs
- in vitro replication, transcription, and translation systems.

Benner and Prudent (2004): new quantitative PCR (gPCR) methods, such as Plexor, using the isoG—isoC pair

Benner (2007): Z-P pair - the P base by removing the hydrogen at position 1 of G to exclude the keto—enol tautomerism, by
introducing the nitro group into Z, the chemical stability of the nucleoside was improved;

With the same strategy, they also developed the B—S and X—K pairs from isoG—isoC and X—« pairs, respectively



AEGIS - Artificially Expanded Genetic Information System

Watson—Crick pairing rules:

(a) size complementarity - large purines pair with small pyrimidines

(b) hydrogen-bonding complementarity (hydrogen bond acceptors,
hydrogen-bond donors, D). U 1 L N Po—
y ‘7
Acceptor N H-N \ Donor
N =N
Acceptor R H—N Donor
pyDAA Cc H G puADD
H
Acceptor R 0O H—-N N Donor
/ / N
Donor N-H :N \ N_  Acceptor
IN—< \:N R
Acceptor R 0 Donor
pyADA T A puDAD
H
Acceptor R O: N Donor
isOC | Acceptor (/ ;J H-N »—N,_ Donor
N >N R
Donor R N H :0 Acceptor
DYAAD s H B pUDDA

Rearranging donor and acceptor groups on the nucleobases, while not changing the geometry of the Watson—Crick pair, creates
an artificially expanded genetic information system (AEGIS). AEGIS components add information density to DNA strands built

from them.
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Artificial Gene Synthesis

Artificial gene synthesis (DNA printing) - method in synthetic biology to create artificial genes in the laboratory:

- currently based on solid-phase DNA synthesis,

- the user does not have to begin with preexisting DNA sequences.
- Therefore, it is possible to make a completely synthetic double-stranded DNA molecule with no apparent limits on

either nucleotide sequence or size.

Applications:

* recombinant DNA technology including heterologous
gene expression, vaccine development, gene therapy
and molecular engineering.

* The synthesis of nucleic acid sequences can be more
economical than classical cloning and mutagenesis
procedures

* the ability to safely obtain genes for vaccine research
without the need to grow the full pathogens.

* to optimize protein expression in a particular host, or
to remove non-functional DNA segments

* For DNA digital data storage and computing

* For synthetic biological circuits
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Self-assembly of whole genes and DNA nanostructures

Limitations of DNA puzzle assembly: unequal A:T vs. G:C strength, insufficient ACGT information density, higher-order structures
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S. Benner et al., Beilstein J. Org. Chem. 2014, 10, 2348-2360. doi:10.3762/bjoc.10.245



Self-assembly of whole genes and DNA nanostructures

Solution: an orthogonal pair from the AEGIS system, that can be removed from the product yielding native DNA structures

Donor  keto form of B N H Acceptor
Conversion occurs when polymerases are 5 Donor tawt?:jr?lrer ,( N H Nx\_é Acceptor ¢
forced to mismatch a standard nucleotide R
opposite an AEGIS nucleotide by Acceptor ‘ Donor
(a) not being provided the complementary complementary to S H
AEGIS triphosphate and T+ 90:10
(b) exploiting a chemical feature of the H
AEGIS nucleotide that directs a specific Donor  enol form of B N N-H O Acceptor
mismateh. Acceptor ~ Minor ,N\}_\<N H—N>_\§ Donor T

tautomer R N_{ }*N\
Donor O-H O R Acceptor

complementary to T
B in its major tautomeric form pairs with S; in its minor tautomeric form, B pairs with standard T. Asembly of the

target gene/DNA nanostructure is followed by conversion of the S:B pairs to T:A pairs after two cycles of PCR:
B = A via an intermediate B:T mispairing, S =2 T (intermediate S:B followed by a second B:T mispairing).

S. Benner et al., Beilstein J. Org. Chem. 2014, 10, 2348-2360. doi:10.3762/bjoc.10.245



Self-assembly of whole genes and DNA nanostructures
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5'N-N-N-N-N-N-N-N-N-N-N-N*B-T-5:G=T-B-N-N-N-N-N-N*A-5:G'5-T-CN-N-N-N-N-N-B-T-5-C-B-C-N-N-N-N-N-N-N-G-G'N-T-N 3'
3'N-N-N-N-N-N-N-N-N-N-N-N-5-A-B-C-A-5-N-N-N-N-N-N-T-B-C-B-A:GN-N-N-N-N-N=5-A-B-G-5-G'N-N-N-N-N-N-N-G-G'N-T-N &'
] PCR amplification with conversion
5'N-N-N-N-N-N-N-N-N-N-N-N-A-T--G-T-A-N-N-N-N-N-N=A- | -G- | -T-CN-N-N-N-N-N-A-T-T-C-A-C-N-N-N-N-N-N-N-G-G:N-T-N 3'
3'N-N-N-N-N-N-N-N-N-N-N-N-T-A-A-C-A-T-N-N-N-N-N-N-T-A-C-A-A-GN-N-N-N-N-N=T-A-A-G-T-G'N-N-N-N-N-N-N-G-G'N-T-N 5'

The technology tested by assembly of the kanamycin-resistance gene and growing the bacteria in the environment
containing kanamycin after assembly and conversion of that gene.

S. Benner et al., Beilstein J. Org. Chem. 2014, 10, 2348-2360. doi:10.3762/bjoc.10.245



AEGIS - Artificially Expanded Genetic Information System
First Generation AEGIS

pyDAA H pUADD pyADD epimerizes H pubDAA
‘ )
Donor HiC N-H O Nﬁ Acceptor Acceptor”3c 0 # H— N> NS Donor
/¥ YN, N/ N-H N N Acceptor
Acceptor N H_N>_N r Donor Donor >/ P
Acceptor R 0O H-N ¥ Donor Donor R N-H O 'i) Acceptor
Cca H v H J
PYADA .,  PUDAD pyDAD PUADA
3 = \
N-H O Acceptor
"R N H-N ‘R Donor
ek RN ) H—N>_h‘l§) Acceptor  pcceptor \— %N'H R
Acceptor T H amA Donor Donor RK HN_H . X Acceptor
too acidic,
PyAAD - o . puDDA pyDDA *P‘““‘:““ :’f’e;'l';‘; puAAD
3 : - -A
Acceptor 2/ H-N |~L7 Donor Donor HsCHN H 0» S Acceptor
N N N N-H N )N
Acceptor ( . N}_,; R Donor Donor \ \ ,3)/ g Acceptor
‘ =L, ° -
Donor s ) H 0 g  Acceptor Acceptor RZ 00 H-NH pY  Donor

Rapid loss of base undesired tautomer

E. Biondi, S. Benner Biomedicines 2018, 6, 53; doi:10.3390/biomedicines6020053



AEGIS - Artificially Expanded Genetic Information System

Second Generation AEGIS

pyDAA puADD
Donor HsG N-H O N\7 Acceptor
é/ N H-NW N._ Donor
Acceptor N _\( Y= N R
Acceptor R 0 H-N & Donor
Co H
uDAD
pyADA = H_N p
“ Donor
Acceptor 2 ZN_H N R
Donor 0 H—N N Acceptor
Acceptor T 7 H amA Donor
PVAAD puDDA
0
Acceptor N_<N H— >—C Donor
\ N
Acceptor s—/( o Donor
R N-H N
Donor H OB Acceptor

”b]e better tautomerism

PYADD stable Y puDAA
ON O H-N Donor
Acceptor >_N/~>,
P / N-H N )’ N Acceptor
Donor R N-H O 3 Acceptor
y H
pyDAD " puADA
Doiior T N-H 0 /=  Acceptor
[ N H-N 'j}'N‘ Donor
Acceptor \— N R o
R N—H O \9
- Acceptor
Donor K H X P
not acidic, has electrons
pyDDA stable puAAD
i
Donor OzN N-H 0»_ N/:‘}; Acceptor
s N N-H N ';)/N‘R Acceptor
R 0 HN 9  poner
Acceptor 7 0 %P

E. Biondi, S. Benner Biomedicines 2018, 6, 53; doi:10.3390/biomedicines6020053



AEGIS - Artificially Expanded Genetic Information System

.

H
Donor R N—H :0 7 Acceptor
Acceptor </ N: H-N \ N Donor
IN _N R
Acceptor R 0O: H—N Donor
pyDAA Cc H G puADD
H
Acceptor R O: H-N N Donor
%’
/ 7 N\
Donor N—-H :N N_  Acceptor
Acceptor R : Donor
pyADA T A puDAD
i H
Acceptor R 0: H-N N Donor
Acceptor </ ;\I H- N>_§' Donor
N N
Donor R —H o Acceptor
pyAAD S H B puDDA

H
Acceptor  O,N 0O: H-N /ﬁ Donor
»—N
/ NN
Donor N—H N />’ S Acceptor
Donor R N-H :O Acceptor
pyADD H J puDAA
H\
Donor N—-H :0 Acceptor
S
A = N N
Acceptor N: H-N />/ N Donor
— N
Donor R N-H 0 Acceptor
pyDAD K L X puADA
2 H )
Donor O,N  N-H : O}_ - Acceptor
— N
—b N
Donor \ N—-H .N\ N/>’ o Acceptor
Acceptor R O: H-N Donor
Z & P

kpyDDA

puAAD /

S. Benner et al., Beilstein J. Org. Chem. 2014, 10, 2348-2360. doi:10.3762/bjoc.10.245



major OO0 AEGIS - Artificially Expanded Genetic Information System
o~"H’N K
N
M. -H R
QA O
g N "N minor
p W pyDDA puAAD pyDAA puADD
H, H
N—H & 0 N—H& 0
major H Oz /ﬁ Nﬁ
N N
H’ s
0 m c N—HOS N N\ / \NGH—N \ N
N AR \ \ / R R
¢ AL A H O y A =N
N"N""N"" minor R O B H— o u?shared pair R N 0 ups?arsd pair
| _
R ¢ H 9 \ of electrons 0 \ of electrons
H H
malo'é CH, 7 p c G
Ho HOY ™S 7
~N__N.
N~ p--H R
¢ | p O
N N" minor
R A

S. Benner etal., J. Am. Chem. Soc., 2011, 133 (38), pp 15105-15112



AEGIS — Permanent orthogonal nucleobases surviving PCR

GACTZP DNA g Electron density presented to the minor groove
e Primer —> recognition site by polymerases
PCR cycle GNT"> ,, minor groove scanning hypothesis”
¥
P=22 N—H N
A — X 7 %Nﬁ
5 " N OD:D N\ ,)/N
EnaIne l complementary ,N_Q >_N ®
Primer o GACTZP DNA R O N R 0 l\g
Z = PP m—7 g H o H
C G Cc P
Six-Letter PCR l
P = ZZ e P n é
= O,N  N-H O,N  N-H 0 N
Z=pPP=——2 e }—Nﬁ - 3
ﬂ N NH >\_ />’N \ N—HD: H—N%\ .,
=N
ﬂ R O R O H-N
Sequence g H ag H
Z P Z G
Error rate 0,2% per a PCR cycle — both removal and
incorporation of Z and P = the artificial genetic system 3
O N H-C O OQD O
capable to evolve. HyC \ \Il\l g Z’j( TnS
. N
Pol: Deep Vent — 2 Z/P, Taq/Phu — 3-4 Z/P ?NJ(N H \;N R /N N—H N)\_h?’ R
dZTP (deprotonated) at higher pH pairs slightly with G £ 0 ° g O HN ®
- loss of some Z, but also gain of some new Z mutants. T( A TV i p

S. Benner et al., J. Am. Chem. Soc., 2011, 133 (38), pp 15105-15112



ACGTZP-DNA crystal structures A

57/ -CTTATPPPZZZATAAG-3’
3’ ~GAATAZZZPPPTATTC-5’

18-mers: 2+2 Z:P pairs - B-DNA
6 consecutive Z:P =2 A-DNA
0,1 nm wider, but otherwise alike G:C pairs

S. Benneretal., J. Am. Chem. Soc., 2015, 137, pp 6947—-6955
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Experimental AG°37 (kcal/mol)

Hachimoji DNA and RNA - a genetic system with elght (Jap.- Hachl) letters

-18

16 -14 12 10 -8 -6 -4

\

0N H \N—H O,N \N—H
?_< W . y"/\] /\> \< 7 o >_ N
Vs N—H /
e bR H ) %
\ dz O H—N\ dP R z (8]
H H
H H H
HsC 0 H— H3C H—N N O H—N N O H—N N
) 9 / — =
! Nes W N NH N N, N H—N N,
N [ “er N—~< .y R { %N/ R
/ _< %N /
&R © N—H 0 Ry?o© A »
dT dA dS H dB S H B
\_ S 8 ¥
In hachimoji DNA In hachimoji RNA
B 85
SR |
g _
. g Eas 4‘}5 Plots of experimental versus predicted (A) free energy
..,--:;"' g . . ""'- changes (AG®;,) and (B) melting temperatures T, for
£ ..'5- s 94 SBZP-containing hachimoji DNA duplexes.
y =0.9165x - 0.7532 = :Z " ,_s"‘l. ) y =0.9523x + 2.7189
R2=0.88516 ' R?=0.8724

30 35 40 45 50 55 60 65 70 75 80 85

Predicted AG°37 (kcal/mol) Predicted Tm (°C)

S. Hoshika et al., Science 2019, 363, 884-887



Hachimoji DNA and RNA

Crystal structures of hachimoji DNA.

(A) The host-guest complex with two N-terminal fragments from
Moloney murine leukemia virus reverse transcriptase bound to a 16-
mer PP hachimoji DNA; Z:P pairs are green and S:B pairs are magenta.

D o ”’5\}—— E .’iff_f;;r (B) Hachimoji DNA structures PB (green), PC (red), and PP (blue)
. )}Q are superimposed with GC DNA (gray).

b SO (C) Structure of hachimoji DNA with self-complementary duplex
5'-CTTATPBTASZATAAG (“PB”).

(D) Structure of hachimoji DNA with self-complementary duplex
5'-CTTAPCBTASGZTAAG (“PC”).

(E) Structure of hachimoji DNA with self-complementary duplex
with six consecutive nonstandard 5’-CTTATPPSBZZATAAG (PP)

components.
8l
23y (F to 1) Examples of largest differences in detailed structures. The Z:P
pair from the PB structure (F) is more buckled than the corresponding

G:C pair (G). The S:B pair from the PB structure (H) exhibits a propeller
angle similar to that in the corresponding G:C pair ().

% v
- 3
m S. Hoshika et al., Science 2019, 363, 884-887



Hachimoji RNA aptamer

T7 RNA polymerase incorporates ZTP, PTP, and BTP, but not STP opposite to dP, dZ, dS, and dB, respectively. A
mutant of T7 RNA Pol (Y639F H784A P266L, “FAL”) incorporated also STP — full DNA->RNA conversion possible

A P22 . P21 B C D E

cPcecacucUcacuAac A
oA 111111 |1

7]

AAGCGUGAC—;.;UGGG L12 gs“
U
the full hachimoji spinach variant aptamer; ~ “ce, s
additional nucleotide components of the mht e
hachimoji system are shown as black EI §
letters at positions 8, 10, 76, and 78 (B, Z, P, P12 U-Gn
and S, respectively). The fluor binds in loop ATA
112 1%
®) 0WZ—P
F E—s
X -
N= 3 P11 C_Gm
HO ~ e_¢
; . 8=t
5G 3

The hachimoji variant of the spinach fluorescent RNA aptamer. In its standard form, spinach folds and binds
3,5-difluoro-4-hydroxybenzylidene imidazolinone, which fluoresces green when bound.

(B) Control with fluor only, lacking RNA.

(C) Hachimoji spinach with the sequence shown in (A).

(D) Native spinach aptamer with fluor.

(E) Fluor and spinach aptamer containing Z at position 50, replacing the A:U pair at positions 53:29 with G:C
to restore the triple observed in the crystal structure. This places the quenching Z chromophore near the fluor;

S. Hoshika et al., Science 2019, 363, 884-887



AEGIS - Artificially Expanded
Genetic Information System

An xNA biopolymer having functionalized
AEGIS components may allow SELEX to yield "

protein-like aptamers better than the standard a ”*“’_ N\, B
DNA and RNA biopolymers. S L P
e o
H’ ‘
,H
oN o HN
RaTret W M
S R
R ,N—H o "
H
M a
K N_<N: H—}N;:j‘\ X
- Y
R /N—H :0

0, N-H :
Z "&_N R
K. Sefah et al., Proc. Natl. Acad. Sci. USA 2014, 111 (4), 1449-1454. o: H-N



ACGTZP-aptamers 8
MDA-MB-231 cell
Initial GACTZP DNA library Infial Ly
i nd o ivors
. th §
é::.is%?‘ —— enrichment of breast cancer cell (MDA- , Lo R e
Haete MB-231) binders with an optimum  § |
e (] obtained after 11th round &
he 2 GACTZP
o - : Libra creen an CEE R i ‘
Wash to remove s \Q v chidricterize " I sl
bound ; 10 0 102 10 10
SHYRat . R LY potential Fluorescence Intensity
sequences AR aptamers
AEGIS
el Cell-SELEX // ZAP-2012 (223-P30) K, = 30 nM
~

5’-biotin-TCCCGAGTGACGCAGC-

1 y /s
q\ "/‘{V . CCCCGGZGGGATTPATCGGT-

Deraiure '3 238, Deep Sequencing GGACACGGTGGCTGAC-3’
DNA-Cell : RS / . "~ MDA-MB-231 Cells only
complexes GACTZP N Z23-P30
Z23-G30

Six-Nucleotide T . .
— PCR amplify binding of chemically refynthes.lzed 223.A30

survivors ZAP-2012 aptamer obtained using C23-P30
Remove cell AEGIS Cell-SELEX to MDA-MB-231

debrisby (0 breast cancer cells
centrifugation

="

Events

Where the Z or P are separately replaced with
standard nucleotides, binding affinity is reduced.
Where the Z and P are both replaced with standard
nucleotides, binding affinity is lost (not shown).

K. Sefah et al., Proc. Natl. Acad. Sci. USA 2014, 111 (4), 1449-1454. 10 o sracehros MBS 10¢




ACGTZP-aptamers | ¥4~ 39@@

\d\‘.f:; AEGIS cell-LIVE with both
A &ég _positive and counter selections

moem, G B Sixletter
LZH3-6 (224_A35) - Vo ssDNA Ilbrary
1ZH33 (ci4_#§5) C \"? g

‘
shasgbs: Synthesize six-letter g}iﬁ }g@(ﬁiﬁ

R PS-“? ssDNA library | %D
e, S é ﬁﬁg\%} AEGIS
| Yo

Positive selection Remove
' unbound DNA

K, =24 nM

DNA-cell complex

.
LZH7-6 (A29_232) e
i b (i

f L

12473 (P29.C32) 5*end Six-letter PCR
LZH7-2 (A29 32)

Events

Random DNA

" APCTZGTCGZ... ? B X
FLuorescence Intensity ...TCGCZPATCG... SUrViVOI’S " p | 'y
K.=55nM ...CTGZGPTAGT... Cg-»’g % ,rp o d b
d TGCPAZZGTC %\ S
P —— ol Survivors after
Screen and characterize CrFarME-IETie {\Nb positive selection
potential aptamers deep sequencing s

Remove negatively

bound DNA Counter cells

Nucleotides Z and P were added to a library of oligonucleotides used in a laboratory in vitro evolution
(LIVE) experiment; the GACTZP library was challenged to deliver molecules that bind selectively to liver
cancer cells, but not to untransformed liver cells. Unlike in classical in vitro selection, low levels of
mutation allow this system to evolve to create binding molecules not necessarily present in the original
library. Over a dozen binding species were recovered. The best had multiple Z and/or P in their sequences.

S. Benner et al., J. Am. Chem. Soc., 2015, 137, pp 6734-6737



A) « " H B) OH

Aptamer-Nanotrain o gt VY :’H" et W g g ey o on (g
The aptamer-nanotrain assembly, charged with Lo - b ! "'”0“
doxorubicin, selectively kills liver cancer cells in 0 0 OH O NH,
culture, as the selectivity of the aptamer binding OOH

directs doxorubicin into the aptamer-targeted cells. z P

The assembly does not kill untransformed cells that 0 -  6N-M1 ,

the aptamer does not bind. 6N-Apt-trigger LLLALLEARARRLER L LA -
1 L
op — — mc
€ “ m“”‘w 6N-M2 =¥

€'II|IIIIIlIIIlIIIIIIIill - z

The previously selected N /N " Doxorubicin
6-letter aptamer which binds
liver cancer cells ’ Apt NTr
oo i .:.....a.........WMMW
RULLLLRRERRELRERRELLn
:::: 6N-Apt-NTr-Dox
€ ;r'l'ﬂnr |M1 mﬂwmﬂy \.“;"“” mmmm Ii I uu Tl I)mr-rrm-n-rrn‘
This architecture, built with an expanded genetic D)

alphabet, is reminiscent of antibodies conjugated to drugs,

-16C TPZTGC TPZ TGC TPZ P TTT GIG ACG CAG CAG CTA CPT GGG CCC TGG TPT CTG
LSCISCALAL

6N-Apt-trigger

which presumably act by this mechanism as well, but with the

antibody replaced by an apta mer. 6N-M1 5'-ZPT CGT PZA GCA PZA GCA PZA GCA AzP GCT TGC TPZ TGC TPZ TGC TPZ-3’

L. Zhang et al., Angew. Chem., Int.Ed., 2020, 59, 663-668 6N-M2 5'-TGC TPZ TGC TPZ TGC TPZ ACG AZP PZA GCA PZA GCA PZA GCA AGC ZPT-3'
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ACGTZP-aptamers against a specific protein "

B #af " .
#H ip six-nucleotide

o~y DNA aptamers  Laboratory in vitro evolution (LIVE)

Streptavidin
\ might deliver DNA aptamers that &tl:ﬁ;:d magnetic
ﬂ\ bind proteins expressed on the ' 1
Ak\ L“f-h'-:'#:"r elution
—

’() | ' r"\ surface of cells. i | :.
i ‘ SDS-PAGE a

=

Western blot

| 1MEA cell \;_.
' T2 | hGPe3 gene = B o e e
( ?mﬂ'g,, lmnmfﬂm AEGIS-LIVE s —
't\ﬁ Cagals Here, cell engineering was used to place glypican 3 ., ""‘ - '! ' w
N » (GPC3), a possible marker for liver cancer - R
W theranostics, on the surface of a liver cell line. - -
IMEA™S cell Libraries were then built from a . .
‘ij‘ six-letter genetic alphabet. With Ere) e '
. ; CounterseleCtion ag ainSt LG1 ~PGGETCGGCGGAGGTCTZGCTACAPGPTTTGGPGGC~ 11.37%
o ot <, EEATEI;;E;’E non-engineered cells, eight LG2 ~PGCCCGGGPTAPPGTGPTGGGTGTTCGCTATCCAG 7.98%
oﬁ&; AEGIS-containing aptamers were lG3  ~GGTAACTAGTAGTTGACCCTGPAGTGZIGTRTCTG~ 6.01%
recovered. Five bound selectively to 164  ~GGCGGGETZGPGTAAGGGGTCTAAGECATTGGGTC 4.48%
GPC3-overexpressing cells. LG5 ~GGAGGAAGTGGTCCTTGCTTTGCZTCGTATCTGGG~ 2.57%
LG5 Kd 6 nm (WlthoutZ no blnd’ng) LGB ~GETZGATTATTPGGTTCRAATAACACPTCCTGGTGG~ 1.96%
LG7 ~PGCACAGTGTGZ ZCCATAGCGTTGTAATGACPTZTG~ 1.04%
L. Zhang et al., Angew. Chem., Int.Ed., 2016, 55, 12372-12375 LG8  ~GGCAGCZCCTGPAGTPGAGTGTPATGGCTTATTCG~ 0.91%




Steric exclusion and hydrophobic non-natural base pairs
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Steric exclusion and hydrophobic non-natural base pairs

Hirao (2001): the steric hindrance concept to hydrogen-
N—CHs N’CHa‘ H bonded UBPs to exclude the mispairing with natural bases
- ( / \N#H“Q ( / \NA-H’ - a series of hydrogen-bonded UBPs: x-y and s-y pairs
N,—H*O N H‘O
p S H y 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



Unnatural aminoacid incorporation using a noncanonical base pair

A B
CHs
H 0
HSC\ Nx CHg Ef; HSC\ IC;S- YF\\I
N NN
N ¥ A ribose N X N.'-H \ﬂ/ ribose Non-template strand 5-d{ATAATACGACTCACTATAGGG)
<‘ | x .0 {, | x .0 Template strand 3-d(TATTATGCTGAGTGATATCCCTTGCGCTCNTCACGCC)
N N/J\N,.H' N N’AN’H' N=s, x A orG -I:'l +12 +19
f II-I / 1 l‘l‘? RNA polymerase
ribose ribese " Full-length product (19-mer) NSRS, ot PRy, DME
CHa pGpGpGp*Ap*ApCpGpCpGp ApGpN'p*ApGpTpGpCpGpG
D —
S Dﬁ/’% RNase Tz digestion
X T . , 2D-TLC
H’N N “P-labeled nucleotides
XN /N Sy TIIJ ribose Gp* x 2, Ap" x 1, N'p” x 1
€ AL n
/ ) MR
ribose H ribose H

|. Hirao et al. Nature Biotechnology 20, 177-182 (2002)



Unnatural aminoacid incorporation using a noncanonical base pair

P+ 32 Histag T

Transcription | NTPs, yTP

¥ 747-mer mRNA
SUC
Translation
CITVr-tRNA The coupled transcription—translation system using the
yr- nonstandard codon—anticodon interaction for the site-specific
, incorporation of 3-chlorotyrosine into the Ras protein.

Ras protein
/ (185a.a.)

l. Hirao et al. Nature Biotechnology 20, 177-182 (2002)
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y +Transcr|ptmn
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8=t
-G
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:
“=CITyr
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rrP T I ED 5 X

AUCAGUUGAUCCAGRRCCACTRICGURGR
I ¢ L T g W H F ¥V D E

COUAMGCASGUTGTUATC CACGGUGA GACCUSTNIDGC MGG ACAU CCUIGAVACOGEAGEE
R EQ Y ¥ I DG ETOECULLUDPTIULDTAG

CAAGAAGAAUACUCUGCUAVGLGUGAUC AGUATATGC GUAC CECCEAAGGCULCCUGUGE
2 EE ¥ &8 AWM RD O Y M RTOGETGTV FL C

GUUICGCUANCARCARC ACCAARIC IUFGARGACAUCCATCAAUACCGDGARCAGALC
¥ F AI N H TFEK S$ F EDTIHOUYUREODTI

WWWWGW&WWWWMUMWG
K R ¥ E D oD Y P H Y L ¥V G NIEGCTDL

GUAGCOOGUACUGUUGAAICUCGIICAGG CHE AGEATC UGEC TOGUICUUTACGGARITCCG
A A RTWVEEROQHAAZAOQDTILAMZMRTZSYOGTITP
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¥ I ET S AKETHROGOGYE D AT F ¥ T L V

COUGAARICOGUCAGCACARGC MECGTARGC UGG ACCC MGG CACGOGGUNGT AT
E E I EQ H K L B KL G &8 L vV PRGBS H

CACCACCACCACCACUAAUAL 561
H H H H R + + |p§s

20

1xp
40

180
L1

240
&0

300
100

360
120

420
140

480
160

540
lan

PCRl

T7 p_r_l:mc_\tur

Synthetic insert

pK7-Ras-His
5 ' ~GTTGATCCAGAACCACTTCGTAGATGAGTAGGACCCGACTATTGANGACTCT
3r- TAGGTCTTGETGARGCATC TACTC I CCTGEGCTEATAAC TTC TGAGAATGE
T7 promoter
P
PCR
v Primer 2
, StaNl site — T7 terminator
-  —
Ras gane E Ll Ras gana |
— i
primer SfaN| site I
l ; SfaMl digestion

SfaN| digestion l

. S

lLigatiun

% o 5 % Template
DNA
E TT transcription
:+ yTP
v y

- mRHNA

|. Hirao et al. Nature Biotechnology 20, 177-182 (2002)

Primer 1 5° -COGTGCGCATCTGGATCAACTGAATGGETCAGT
Primer 2 5 -COGTGCGCATCACTCTTACCGTAAGCAGGTTG

Phosphorylation

1000
BOO

300

200w

er



Unnatural aminoacid incorporation using a noncanonical base pair

tRNA, nazive IRMNA tRMNA

Aminopacid | —  Twyr = FTyr CiTyr ITyr DOPA -
2° Au.rg'y Kinase Ec;"’“ scewd  Annealing C%khg—_o DMEDTween20| — =  + = - + = + | = + +
®an #Gﬁﬁnm m pnu,““ms Kinase Yeast TyrRS

>
[AlAalel=ds] El‘h

Soonsn i:-q_n

+

-'! .Iu.
g s
§ §
CGp tp :
u LIQBSB - 2 AT R T Y
A EP ‘123455?891(}1‘112
& c
A : A
¢ Kinase o ' A ™
g NalD; 3 ,_._g
€ U4
g
cecoc!® CcccaclUcP E:E
-] e T+
06 e ct.tI:CEl:”cA
G66eG, C da  ASGH Ir'.""“":'“"Lr ¢
i & v
GuA l.ll.l ngase - bunﬂAGnqﬂg ahg
ﬂ ALl
U el
€ ﬁn—un
& A
o c
cud <]

(A) Construction of tRNA_ . (B) Acidic-gel electrophoresis of the products after aminoacylation of S. cerevisiae tRNA and
tRNA_ With tyrosine and the 3'-substituted analogs, in the absence or presence of 20% DMSO and 0.25% Tween-20. The upper
bands are the aminoacylated tRNAs, and the lower bands are the noncharged tRNAs.

|. Hirao et al. Nature Biotechnology 20, 177-182 (2002)
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Relative abundance (%)

M1 23 456

4G W[ -
31| =
211) o S et S e e <@ Ras (21 kDa)

wan A) Autoradiogram of in vitro transcription—translation
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