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Is there an alternative to DNA?

All of life on earth uses DNA as a 
data storage medium

What alternatives exist and 
what can we imagine?
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Is there an alternative to DNA?

Two conditions to replace DNA:

1) Stores arbitrary information

2) Can be copied
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How is information copied?

DNA replication is semiconservative

 -Complementary strands form a duplex

 -One strand can template the chemical   
  synthesis of its complement
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Alternative hereditary polymer
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Alternative hereditary polymer
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Why would we want to do this?

1) Unprecedented data storage 
capabilities
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Data storage

Church, G. M.; Gao, Y.; Kosuri, S. Science 2012, 337, 1628.

DNA

Oral tradition, 
books, etc.
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Why would we want to do this?

1) Unprecedented data storage 
capabilities

2) Explore the space of possible 
genetic polymers
  -How big is this space?
  -Are nucleic acids uniquely   
  suitable?
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Generalized genetic polymer

Hud, N. V.; Cafferty, B. J.; Krishnamurthy, R.; Williams, L. D. 
Chem Biol 2013.

Trifunctional connector (TC)

Recognition units (RU)

Ionized linkers (IL)

*Not the only way to store information in a
 molecule
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Previous attempts

Pinheiro, V. B.; Taylor, A. I.; Cozens, C.; Abramov, M.; Renders, M.; Zhang, S.; Chaput, J. C.; Wengel, J.; 
Peak-Chew, S.-Y.; McLaughlin, S. H.; Herdewijn, P.; Holliger, P. Science 2012, 336, 341–344.

-Mostly modified nucleic acids
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Previous attempts

Porphyrin-
metal bonding

Hydrogen
bonding Imines

Information Storage and Self-Replication in 
Diimine Duplexes 
Kyle R. Strom1,2, Jack W. Szostak1,2 and Noam Prywes3 
 
The ability of the biopolymers RNA and DNA to store and transfer information is essential to life. Herein, we 
demonstrate template-directed self-replication in a set of dimer duplexes that use reversible covalent bonds as base 
pairs. Binary information was encoded as a sequence of aniline and benzaldehyde subunits linked together by a 
diethynyl benzene backbone. These dimers formed sequence-specific, imine-linked duplexes, which could be 
separated and used as templates for the synthesis of daughter duplexes with identical sequences. 

 
enetic polymers store and copy information. All known 
life on Earth is based on functional information stored 
in the genetic polymers DNA and RNA. In cells, the 

replication of these polymers is aided by a multitude of 
enzymes. However, this machinery is not thought to be 
strictly necessary for replication; RNA and some RNA-like 
polymers can undergo non-enzymatic templated copying.1-3 
Evidently, molecular structure alone can allow for both 
information storage and copying. Modifications to the 
backbone and nucleobases of the natural biopolymers have 
been explored extensively and a range of alternative genetic 
polymers have been produced.4,5 These molecules are, to 
varying degrees, bio-inspired. They are structural analogs of 
natural biopolymers and employ base pairing interactions 
like the purine-pyrimidine base pairing found in DNA and 
RNA.6-11 

The chemical space of genetic polymers beyond 
nucleotides has only just begun to be explored. The structural 
constraints necessary for information storage and 
replication in a molecule or polymer are unknown. However, 
two features are sufficient: sequence-definition, and 
reversible base pairing.  

Sequence-definition allows for arbitrary information 
storage in any polymer with at least two different subunits.12 
Many synthetic, sequence-defined polymers which bear little 
resemblance to biopolymers have been constructed,13 
suggesting that the diversity of accessible informational 
polymers is likely to be vast. Notably, these polymers were 
constructed by the step-wise addition of monomer subunits, 
with no obvious mechanism for replication. 

In biopolymers, replication is enabled by the formation of 
duplexes. Base-pairing interactions allow parent sequences 
to function as templates for the synthesis of daughters. 
Potentially, any two monomers that recognize each other and 
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University, Cambridge, MA, USA. 3Department of Plant and Environmental Sciences, Weizmann Institute of Science, Rehovot, 7610001, Israel. e-
mail: szostak@molbio.mgh.harvard.edu 
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Figure 1 | Relevant previous work on templated coping and 
formation of synthetic duplexes. a, Template-directed synthesis of 
porphyrin oligomers. b, Sequence specific H-bonded duplexes formed 
from phenol and N-oxo pyridine trimers. c, Polyimine duplexes formed 
from polyaniline and polybenzaldehyde oligomers. 
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Alternative chemical reactions
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Alternative hereditary polymer
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Alternative hereditary polymer
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Alternative hereditary polymer
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Alternative hereditary polymer
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Differences with respect to NAs
In design:

-Binary rather than tetranary
-Symmetric

Chemically:

-Covalent base pairs
-Insoluble in water
-No enzymes
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Model dimers
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Model dimers

by X-ray crystallography (supplementary figure 5) in 
addition to 1H NMR and MALDI-MS (fig. 4b,c top spectra).  

The synthesis of heterodimer A•B was carried out via two 
sequential Sonogashira reactions. First, 3-ethynylaniline A 
and a 5-fold excess of diglymyl 3,5-diiodobenzoate 1, were 
coupled to produce aryl-iodide 2 (58%). A second 
Sonogashira cross coupling of 2 with 3-ethynylbenzaldehyde 
B, produced a mixture of amino aldehyde dimer A•B, and 
duplex B•A-A•B. Given the self-complementary nature of 
A•B the spontaneous formation of the B•A-A•B duplex is not 
surprising. Mild heating, followed by gentle removal of the 
solvent under vacuum afforded the desired duplex B•A-A•B, 
which was obtained as a pure white solid after precipitation 
from a mixture of chloroform and benzene. The structure of 
B•A-A•B was confirmed by 1H NMR and MALDI-MS (fig. 4e,f 
top spectra).  

In the absence of water, the duplexes where stable in CDCl3 
for months at 4 ⁰C, however they could be completely 
hydrolyzed back to the single stranded dimers by the 
addition of D2O and trace TFA. Using pyrrolidine as a 
catalyst,25 TEA as a base, and 4 Å molecular sieves to remove 
water, the duplexes were reformed nearly quantitatively 
(supplementary figure 3). Additionally, a CDCl3 solution 

containing both duplexes, B•B-A•A and B•A-A•B, gave all the 
three dimers, A•A, B•B, and A•B, on hydrolysis with D2O and 
trace acid. This mixture of dimers was then reannealed in the 
same NMR tube by the addition of TEA, 4 Å molecular sieves, 
and pyrrolidine, reforming the duplexes corresponding to 

the sequence complementary pairs (inset, supplementary 
figure 4). The diglyme ester moiety of these duplexes was 
necessary for solubility; an analogous synthesis using 1,3 
diiodobenzene produced materials with too limited 
solubility in standard organic solvents to be analytically 
tractable.  

Replication of both duplexes was carried out in four steps, 
a-d (Fig. 4). To monitor the progress of the reactions the first 
two steps were conducted in an NMR tube in CDCl3. In step a, 
the duplexes were treated with a 30-fold excess of 3-ethynyl 
aniline A. This prompted the transimination of the duplex 
imines; the large excess driving the separation of the duplex 
to completion and quantitatively attaching 3-ethynylaniline 
A to the template strands. For the B•B-A•A duplex, this 
produced a solution with the B•B half of the starting duplex 
templating two unlinked A monomers (B•B-AA), while the 
A•A half of the starting duplex was left free in solution (fig. 
4a, step a). The NMR spectrum of this solution showed an 
upfield shifted 2H imine proton consistent with B•B-AA and 
A•A in a 1:1 ratio (fig. 4b, step a). The MALDI-TOF spectrum 
showed two peaks, m/z 478.282 and 679.454, consistent 
with m+H/1 for A•A and B•B-AA, respectively (fig. 4c, step 
a). For the complex B•A-A•B, monomer A was attached to the 
B subunit of each half of the duplex giving two equivalents of 
imino-aniline B•A-A (fig. 4d, step a). The NMR spectrum of 
this solution showed an upfield shifted 1H imine proton 
consistent with B•A-A (fig. 4e, step a). The MALDI-TOF 
spectrum showed a single peak, m/z 567.270, consistent 
with m+H/1 for B•A-A (fig. 4f, step a). 

In step b, a 60-fold excess of 3-ethynyl benzaldehyde B was 
added along with 4 Å molecular sieves. Just as in step a, the 
excess of monomer drove the equilibrium of imine formation 
to fully associate the free A subunits of the template strands 
with the B monomer. For B•B-A•A, the A•A half of the 
starting duplex was templated with two B monomers (A•A-
BB), and B•B-AA produced in step a was left unchanged (fig. 
4a, step b). The NMR spectrum of this solution showed 
unchanged B•B-AA, the disappearance of A•A, and the 
appearance of a new 2H imine proton and set of aromatic 
resonances consistent with A•A-BB (fig. 4b, step b).  The 
MALDI-TOF spectrum showed a single peak, m/z 679.361, 
consistent with m+H/1 for both A•A-BB and B•B-AA, as they 
have the same mass (fig. 4c, step b). For B•A-A•B, the 
untemplated A subunit of B•A-A was templated to give B•A-
AB (fig. 4d, step b). The NMR spectrum of this solution 
showed two 1H imine protons and a set of aromatic 
resonances consistent with B•A-AB (fig. 4e, step b). The 
MALDI-TOF spectrum showed a single peak, m/z 679.269, 
consistent with m+H/1 for B•A-AB (fig. 4f, step b). 

The larger excess of B required in step b compared to step 
a, was necessary to fully condense the residual untemplated 
aniline monomer A from the 30-fold excess in step a, and the 
4 Å molecular sieves were necessary to remove the water 
generated by this condensation (inset). The order of 

 
 
Figure 3 | Synthesis of Duplexes AA-BB and AB-BA. a) 0.2 equiv 1, 
cat. Pd(PPh3)4 and CuI. b) 5 equiv 1, cat. Pd(PPh3)4 and CuI.  c) 1.1 equiv 
B, cat. Pd(PPh3)4 and CuI. d) 0.1 M  A•A and B•B in C6H6 with 0.5% TFA, 
e) Pure mixture of  residue was precipitated from hot 4:1, C6H6:CHCl3 
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Reversible duplex formation
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Reversible duplex formation
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S4. B•A-A•B and B•B-A•A Hydrolysis and Reformation 

 

B•A-A•B (1 mg, dissolved in 400 uL CDCl3) and B•B-A•A (1 mg, dissolved in 400 uL 

CDCl3) were combined in an NMR tube and the top spectra was acquired. D2O (2 ul) 

and TFA (1 uL) were added to the NMR tube, the solution was inverted several times 

and allowed to sit 5 min. TEA (2 uL) and pyrrolidine (2 uL) were then added and the 

middle spectra was acquired immediately, which shows completed hydrolysis to B•B, 

A•A, and B•A. One pellet of activated sieves was then added to the NMR tube and the 

solution was heated, in the NMR tube, in a heating block at 60 ⁰C. An NMR spectrum 

acquired after 2 days showed the reformation of B•B-A•A and B•A-A•B with less than 

<30% B•B, A•A, and B•A. 
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Model dimers
interact reversibly can function as a base-pair in a genetic 
polymer, and several duplexes have been described with 
non-nucleic acid base-pairing interactions. 14-17 

Recently, Kamonsutthipaijit and Anderson, reported the 
template directed synthesis of linear alkyne-terminated 
porphyrin oligomers using the coordination of pyridine to 
Zn-porphyrins as a base pair (fig. 1a).18 As homopolymers, 
these molecules do not store information in their sequence, 
however, they demonstrate the feasibility of template 
directed synthesis of linear oligomers which do not rely on 
nucleic acid base-pairing. Other synthetic systems have been 
shown to produce self-replicating molecules without 
sequence specificity. 19,20 

Information-containing heteropolymers have also been 
shown to form sequence-specific duplexes. For example, 
hydrogen-bonding interactions between phenol and N-oxo 
pyridine subunits have been shown by Hunter and colleagues 
to form duplexes between complementary, sequence-
defined trimers (fig 1b).17  Like DNA and RNA, these 
complexes utilize hydrogen bonds as recognition sites 
between base-pairs, but they are otherwise dramatically 
different in structure.  

Covalent bonds have also been shown to form duplexes 
reversibly. Work by Moore and coworkers has shown 
polyaniline and polyaldehyde homopolymers reversibly 
form polyimine duplexes (fig. 1c).21-23 While these 
homopolymers do not encode information in their sequence 
and were not shown to facilitate templated copying, they 
demonstrate the feasibility of imine bonds as a base pair. We 
expected that heteropolymeric materials with sequence-
defined aniline and benzaldehyde subunits would from 
duplexes between complementary sequences, and that these 
duplexes could function as templates for the copying of 
sequence information from parent duplexes to daughter 
duplexes.  

The simplest model system with which to demonstrate 
both information storage and replication in these polymers 
is a set of dimers (fig. 2). Binary information storage in these 
dimers can be readily visualized as a two-letter alphabet with 
benzaldehyde subunits as “Bs” (blue) and aniline subunits as 
“As” (red). There are three possible dimeric sequences, 
dianiline A•A, dibenzaldehyde B•B, and aniline-aldehyde 
A•B. Because the backbone of A•B is symmetric, there is no 
difference between A•B and B•A. Using this notation, A•A-
B•B is the duplex formed from the condensation of the 
complementary sequences A•A and B•B, and B•A-A•B is the 
duplex formed from the condensation of the self-
complementary sequence A•B (fig. 2, step a). 

Two steps are required for the replication of these 
duplexes. First, addition of excess monomers A and B 
separates the duplexes to form two strands with monomers 
templated in a sequence specific fashion (fig. 2, step b). 
Second, linking of these monomers produces two daughter 
complexes with the same A•A-B•B, or B•A-A•B, sequences 
as the corresponding parent sequences (fig. 2, step c).     

   To the best of our knowledge, artificial molecules, 
unrelated to biomolecules, that can both store information 
and undergo template directed replication have yet to be 

described. Herein, we report the synthesis of information-
containing synthetic duplexes A•A-B•B and B•A-A•B and 
demonstrate their template-directed self-replication. These 
duplexes feature reversible covalent imine bonds as base 
pairs, a fully conjugated ethynyl-benzene backbone, with a 
short PEG group for solubility, and undergo replication in 
organic solvent via imine formation followed by Pd(0)/Cu(I) 
catalyzed Sonogashira cross coupling.24 
Results and discussion 

Homodimers B•B and A•A, were synthesized in a single 
step via a double Sonogashira reaction of 3-
ethynylbenzaldehyde B or 3-ethynylaniline A with 0.2 
equivalents of diglymyl 3,5 diiodobenzaote 1 (fig. 3).  Adding 
a solution of dialdehyde B•B in benzene to a solution of its 
dianiline complement A•A in benzene and allowing the 
mixture to sit undisturbed at 0 ⁰C for 3 days afforded pure 
crystals of the double condensation product B•B-A•A in 
quantitative yield. The structure of B•B-A•A was confirmed 

 
 
Figure 2 | Formation and Replication of Dimeric Dimine Duplexes. 
a) Complementary sequences B•B and A•A, or A•B, form sequence-
specific duplexes, B•B-AA or B•A-A•B. b) Addition of monomers B and 
A separates the duplex and forms two dimers templated with 
monomers strands. c) Coupling of the templated monomers gives two 
daughter duplexes with the same B•B-A•A, or B•A-A•B, sequence as 
the parent.     
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left to right, imine protons, meta ester protons, meta imine (carbon side) singlet.

b,c

d

a

b,c

d

a

N

N

R1

R1

N

N

R1

NH2

NH2

R1

b,c

N

N

R1

N

N

R1

d

N

N

R2

R1

N

N

R1

R2

a

A1

C1

C1

D1

B1'

C1'

D1'

R1 = CO2(CH2CH2O)2CH3, R2 = CO2CH3

P
arent duplex

A
ldehyde C

om
plim

ent
D

aughter duplexes
A

niline C
om

plim
ent

Homodimer

Steps a and b were conducted in an NMR tube containing 0.5 mL 0.02% TFA/CDCl3 and 10 mg 4 Å mol. sieves, starting with 
0.01 M macrocycle. a) 30 equiv 3-ethnylaniline. b) 60 equiv 3-ethynylbenzaldehyde. c) 2x10-2 mbar, 120 °C, neat. d) 5 equiv 
methyl 3,5 diiodobenzoate, 1 equiv Pd(PPh3)4, 0.5 equiv CuI, 6 uM degassed DMF, 60° C.
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Heterodimer

A

C/B'

C/C'

D/D'

A

C/B'

C/C'

D/D'

MALDI TOF spectra for steps a-d.

NMR expansion of downfield aromatic and immine protons for steps a-d. From
left to right, imine protons, meta ester protons, meta imine (carbon side) singlet.
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Future work
Longer polymers - information storage
  
Alternative base pairs/backbones

Function - selections for binders or 
catalysts

Translation - from one synthetic 
polymer to another

Vesicles
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Without nucleic acids:

Electrostatic connections (Terfort 1992)



36

AFM “sequencing”

Riss, A. et al. Imaging single-molecule reaction intermediates stabilized by surface 
dissipation and entropy. Nature Chem 1–6 (2016). doi:10.1038/nchem.2506


