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ABSTRACT

Due to nucleic acid’s programmability, it is possible to realize DNA structures with
computing functions, and thus a new generation of molecular computers is evolving to solve
biological and medical problems. There is evidence that genetic heredity diseases and cancer can
be the result of genetic heterogeneity, thus there is a need for diagnostics and therapeutic tools with
multiplex and smart components to compute all the molecular drivers. DNA molecular computers
mimics electronic computers by programming synthetic nucleic acids to perform similarly to
central processing units. Considering how the evolution of integrated circuits made possible the
revolution of silicon-based computers, integrated DNA molecular circuits can be developed to
allow modular designing and scale to complex DNA nano-processors. This dissertation covers the
development of four-way junction (4J) DNA logic gates that can be wired to result in functionally
complete gates, and their immobilization on a modular DNA board that serves as a scaffold for
logic gate integration, fast signal processing, and cascading. Connecting 4] DNA logic gates YES
and NOT resulted in OR, NAND, and IMPLY logic circuits; the three circuits can operate under
the input of miRNAs, either oncogenic or/and tumor-suppressors, and give two possible diagnoses:
healthy or cancerous. The DNA board can expand as the DNA circuit grows in the number of
integrated 4J units. Signal propagation across a wired of 4] YES logic gates showed signal
completion in < 3 min, accounting for a signal propagation rate of 4.5 nm/min and that up to 6
units can be cascaded before the signal dissipates. Lastly, an approach to chemically ligate all
oligonucleotide components of the DNA molecular device is presented, in which we also found a

route for the bioconjugation of 5’ to 5’ and 3’ to 3’ oligonucleotides.
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Desde un salon de clase en San Francisco de los Valles, Santa Barbara, ante la carencia de
recursos institucionales, aquella pequefia estudiante repetia por tercera vez segundo grado
buscando con pasion el conocimiento. Sin un titulo en papel membretado o ceremonia
despampanante, ella educo a ingenieros y licenciados. Fue también la enfermera de médicos y
consejera de doctores. Esta disertacion que completa el titulo académico mas alto que un estudiante
puede obtener es dedicado a Vilma Aminta Martinez. Por su esmero y compasion al formar a quien
es hoy una candidata a doctorado. Tus ensefianzas han quedado impregnadas en esta, tu ultima
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Figure 1. General concepts of computation. A): Evolution pathway followed by electronic
computers; starting from representatives of Boolean logic units (symbols indicated), their
connectivity leading to circuits, and circuit integration in boards (silicon-based motherboards). B):
Truth tables of an OR, IMPLY, and NAND Boolean logic and the circuit made of NOT and OR
gates connected to an AND gate, as depicted in panel A. C) DNA molecular computing shows the
intake of different nucleic acid sequences (DNA and/or RNA) as inputs to yield a new nucleic acid
sequence as output after inputs are processed by DNA molecular circuits. Molecular readout
scheme shows a molecular beacon (MB) probe recognizing the output sequence via Watson-Crick
interactions and producing a fluorescence readout due to the concomitant conformational change
(unfolding of the MB native hairpin-like conformation). ...........cccecceevveeciienieeiiienieeeeree e 3
Figure 2. DNA IC in analogy to Si-based IC. Top graphs illustrate the typical CGP values
associated with the gate length for Si-based*’ and DNA-based 1Cs.*>*”*! Bottom schematics show
the number of transistors capable of being integrated on a 1mm? chip. ...........cocevevevuevevevereccnennnns 6
Figure 3. DNA logic gate motifs using fluorescence reporters. High fluorescence is correlated to
high output signal (1) and low fluorescence to low output signal (0). Purple dots represent
molecular quenchers, green dots-quenched fluorophore, and green stars- fluorescent fluorophores.
a) Cascade of 6 hairpin YES gates localized on DNA origami board; each YES unit remains as a
hairpin in the absence of input, upon input addition (pink ssDNA) the first YES unit opens its stem
and communicates with a toehold (red) from a YES unit neighbor, this triggers a chain reaction
until a quencher tagged ssDNA is displaced from its fluorophore tagged complement, redrawn
from ref. [47]. b) Deoxyribozyme NOT gate in bulk; in the absence of input the catalytic core
actively cleaves a substrate into two fragments, one tagged with a fluorophore and the second with
a quencher. Input (pink ssDNA) forms a duplex that inhibits the catalytic core from substrate
cleavage, redrawn from ref. [8]. ¢) SDR OR gate in bulk; No input scheme shows Gate holding
the Output (pink-blue ssDNA). Adding input 1 (orange-pink) or input 2 (magenta-pink) displaces
the bound Output out of the Gate, and Output displaces quencher-tagged ssDNA from its
fluorophore-tagged complement, redrawn from ref [69]. d) Multicomponent deoxyribozyme-
NAND gate localized on crossover tile board; No input scheme shows Bridge 2 holding the

deoxyribozyme ssDNA components (Dza and Dzb), which allows catalytic core integrity for
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substrate cleavage into two fragments. Input 1 binds to Bridge 1; however, Bridge 2 keeps the
catalytic core integrity, vice versa if input 2 is added. When Bridge 1 and Bridge 2 are bound to
Input 1 and Input 2, the catalytic core falls apart into Dza and Dzb fragments inhibiting substrate
cleavage (Two input scheme), redrawn from ref [66]..........ccceeviiiiiiiniiiiiiinieeeee e 7
Figure 4. Kinetics comparison of DNA logic gates diffusing in solution (in bulk) vs spatially
localized in DNA boards. Intercommunication of different types of DNA logic gate motif are
displayed. Left panels show in bulk: a) Seesaw, b) Hairpin, ¢c) SDR, d) 4] in bulk, reproduced with
permission from [69], [64], [45], [149] respectively. Copyright 2011, The American Association
for the Advancement of Science. Copyright 2017, IOP Publishing Ltd and Deutsche Physikalische
Gesellschaft. Copyright 2009, Royal Society of Chemistry. Copyright 2013, Elsevier. Right panels
show localized a) Seesaw, b) Hairpin (represented by coloured dots), ¢) SDR, d) 4] in DNA
substrates, reproduced with permission from [48], [47], [45], [94]. Copyright 2014, American
Chemical Society. Copyright 2017, Springer Nature. Copyright 2009, Royal Society of Chemistry.
Copyright 2016, WIlEY-VCH. ......cociiiiiiiiiiieieeeeee ettt 11
Figure 5. Possible layouts of DNA logic gates on DNA boards a) Distance between gates on
origami board, top: seesaw (SDR) middle: hairpins, bottom: G-quadruplex or using of diffusible
protector strands, redrawn with permission from [48], [47], [45], [46]. Copyright 2014, American
Chemical Society. Copyright 2017, Springer Nature. Copyright 2009, Royal Society of Chemistry.
Copyright 2016, American Chemical Society. b) DNA hairpin on origami board layout in a
communication crossover fashion for signal transmission under different Input combinations.
Reproduced with permission from [47]. Copyright 2017, Springer Nature. ¢) The mapping of
signal transmission on DNA-based switching circuits used in the design of bulk circuits in a grid
pattern. Reproduced with permission from [34]. Copyright 2020, Fei Wang et al....................... 16
Figure 6. Structure of DNA four-way junction (4J). A) Schemes shows the hybridization of four
strands of DNA into a 4J due to the crossover complementarity of strands 2 and 4 towards strands
1 and 3. B) Different conformations of 4J have been reported due to the twisting at their point of
convection or by strand shifted migration; redrawn from ref [113] and [114]. C) For DNA
molecular computing, a nucleic acid input binds to the complementary fragments (blue) of
crossover strands A and B by bringing the together purple fragments of A and B results the an

output sequence is made and it is recognized by a molecular beacon probe (MB); redrawn from
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ref [111]. Arrows represent single-stranded DNA which arrowheads indicate 3’ ends. Polyethylene
glycol linkers are represented by dashed lines F and Q correspond to fluorophore and quencher
tAES, TESPECLIVELY. ..eiiiiiiiiiie ettt et ettt e et e e be et e e b e e steeenbeenaaeenbeeneas 25
Figure 7. Molecular insight of the components of the DNA molecular circuits: A) Elemental DNA
4)J YES and NOT logic gates. In the 4] YES gate, the input strand bridges strands A and B by
binding to their green fragments, thus bringing the purple fragments in proximity to make an output
sequence that is sensed by the MB probe (MB)). In the 4] NOT gate, the output sequence (green
fragments) is formed in the absence of the input strand due to bridging of strands A’ and B’ via
complementarity of their blue fragments with the stabilizing bridge fragment (cyan). The input
strand sequesters the bridge fragment from the bridge-binding fragments of strands A’ and B’.
Thereby causing separation of A’ and B’ and decomposition of the output into two fragments
(green). B) The connectivity of 4] YES and NOT gates is achieved by relaying the output sequence
of the downstream NOT gate as an input for the upstream YES gate, which results in a DNA
molecular circuit. C) DNA board (left) is a four-stranded DNA nanostructure that allows spatial
localization for connectivity of the individual YES and NOT logic gates (right). Arrows represent
single DNA strands where arrowheads indicate the 3’ ends. Stacked lines represent base pairs and
dashed lines indicate an 0ligomeric lINKET. ........cccceoiiiiiriiiiiiiiiceee e 27
Figure 8. Functionally complete 4J gates integrated on DNA board. The 4] YES 1 A) and NOT 2
gates C) on the DNA board, both in the absence of input; ssDNA blocker strands (blck A1, A2, By
and B») fill the Rail fragments lacking the gates. Fluorescence response of 4] YES 1 B) and 4J
NOT 2 D), TESPECLIVELY. ettt sttt st e 33
Figure 9. YES 1 + NOT 2 = IMPLY. A) IMPLY truth table (left) Localization and connectivity of
YES 1 and NOT 2 on the DNA board (right). B) Fluorescence of IMPLY upon excitation at 555
nm. Red dashed line represents an experimental threshold, which was calculated as the average
fluorescence of YES 1°s output 0 plus three standard deviations. C) Visual fluorescence of IMPLY.
D) 8% native PAGE-50 mM MgCI2 results. Ladder: dsDNA markers with their length, in base
pairs, indicated to the left, YES 1: gate strands (A1 + B1), NOT 2 gate strands: (A2 + B2 + Bridge),
DNA board and IMPLY full assembly: (YES 1 + NOT 2 + DNA board). The blue arrow indicates
the fully assembled IMPLY gate nanostructure. E) Molecular structural changes in the IMPLY
nanostructure for the four Input 1/Input 2 combinations: digital inputs 0, 0; 1, 0; 0, 1; 1, 1........ 35
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Figure 10. dPAGE analysis of full IMPLY assembly and shelf-life. A) 12% dPAGE-8 M urea
results. Lane 1: ssDNA markers with their lengths, in nucleotides, indicated; 2—10: individual
ssDNA components of the IMPLY assembly; 11: DNA board; 12: IMPLY assembly before PAGE
extraction. 13: IMPLY assembly after PAGE extraction. Blue arrowheads indicate the mobility of
B>. B) Fluorescence readout for up to two months of storage at 25°C and native-PAGE assay
showing IMPLY assembly Stability.........ccccceciieiiiieiiieeiiie et e 36
Figure 11. NOT 2 + NOT 3 = NAND. A) The 4] NOT 3 gate on DNA board; left: in the absence
of input; ssDNA blocker strands blck A, and B> hybridized to ssDNA board area lacking gates.
B) The 4J NOT 3 fluorescence response after exciting at A: 555 nm. C) NAND truth table (left);
schematic representation of localization and connectivity of NOT 2 and NOT 3 (right). D)
Fluorescence response of NAND upon excitation at 555 nm. Red dashed line represents an
experimental threshold, which was calculated as the average fluorescence of NAND’s output 0
plus three standard deviations. E) Visual fluorescence of NAND. F) Molecular structural changes

in the NAND nanostructure for the four Input 3 / Input 2 combinations: digital inputs 0,0; 1,0; 0,1;

Figure 12. NAND Full assembly and shelf-life. A) 8% native PAGE-50 mM MgCl,.Lane L:
dsDNA markers with their length, in base pairs, indicated, 1: NOT 3 gate strands (A3 + B3), 2:
NOT 2 gate strands (A2 + B2+ Bridge), 3: DNA board only, 4: NAND full assembly (NOT 2 +
NOT 3 + DNA board). B) Fluorescence readout of NAND assembly stored at 25 °C for up to two
months and its native-PAGE assay showing NAND assembly stability .C) 12% dPAGE-8 M urea
after NAND assembly gel extraction. Lane 1: ssDNA markers with their lengths, in nucleotides,
specified; 2—10: individual ssDNA components of the NAND assembly; 11: DNA board; 12:
NAND assembly before PAGE extraction. 13: NAND assembly after PAGE extraction. Blue
arrowheads indicate the mobility 0f Bo.......cooiiieiiiiicee e 40
Figure 13. YES 4 + YES 5 = OR. A) OR truth table (left) Localization and connectivity of YES 4
and YES 5 on the DNA board (right). B) 8% native PAGE-50 mM MgCI2 results. Ladder: dsDNA
markers with their length, in base pairs, indicated to the left, YES 4: gate strands (A4 + B4), YES
5 gate strands: (As + Bs), DNA board and OR full assembly: (YES 4 + YES 5 + DNA board). The
blue arrow indicates the fully assembled OR logic circuit. C) Molecular structural changes in the

OR nanostructure for the four Input 1/Input 2 combinations: digital inputs 0, 0; 1, 0; 0, 1; 1, 1. D)
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Fluorescence of OR upon excitation at 485 nm. Red dashed line represents an experimental
threshold, which was calculated as the average fluorescence of YES 4’s output 0 plus three
standard deviations. E) Visual fluorescence of OR. F) Fluorescence readout of OR assembly stored
at 25 °C fOr UpP t0 tWO MONLNS. ...eoiiiiiiiiiiieiie ettt ettt et e bt eseeeebeesaeeenseessneenseens 42
Figure 14. DNA molecular circuits for microRNA-based diagnostics. microRNAs are recognized
as inputs by the DNA molecular circuits OR, NAND, and IMPLY where their analysis results in
two possible outputs: Digital 0 (miRNA(s) correspond to a healthy condition) or Digital 1
(microRNA(s) correspond to a cancerous condition). The output readout for all DNA circuits is
done through fluorescence intensities, where low fluorescence (Digital 0) and high fluorescence
(DIZITAL 1)1ttt ettt ettt et e et e bt e et e e bt e enb e e st e eateenneeenbeeeneeenbeen 43
Figure 15. Setting up the materials and reagents. A) Arrangement of 15 different microcentrifuge
tubes (represented by circles) filled with solutions needed for constructing and testing the three
DNA logic circuits: one tube with DNA grade water (black), one tube containing assembled DNA
board (brown), three tubes with different YES gates (orange), two tubes with different NOT gates
(blue), two tubes with the MB probe solutions to report the output of IMPLY/OR circuit and
NAND circuit (purple), and six tubes containing individual inputs (green). B) A tube-holder box
made of black cardstock paper for holding samples containing four different input combinations
of one DNA logic circuit. The samples are irradiated with a blue LED flashlight for output
visualization at a 90-degree angle. C) All necessary materials and reagents can be conveniently
packaged into a 19x16x8 cm box as a portable education kit for the DNA molecular computing
ACTIVIEY. ¢ttt ettt ettt s b et a e bttt e a e e h et eh e eh e et ae e e bttt e h b bt bt et nb e bt et eaeeaes 46
Figure 16. Students’ experimental and theoretical outcomes of the laboratory activity. The left
panel shows the number of DNA logic circuits correctly assembled and tested in the experiment
by a total of 5 students in the first session and a total of 4 students in the second session. The right
panel shows the pre- and post-test scores achieved by students in both sessions..........cc.cccuen.ee. 49
Figure 17. Scaling up of 4] DNA molecular circuits. Scheme in A) shows a desired “ideal”
structural assembly when cascading multiple 4] DNA gates each composed of two fragments: o
and B (left side) that are free in solution when input is 0. When input equals 1 the binding of each
complementary fragment is triggered resulting in a cascade of 4Js. However, the arrangement of

each 4J gate component into such ordered nanostructure faces limitations, and B) shows a more
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realistic scenario of incomplete cascading structures. C) Our proposed DNA board is composed of
rail 1 and rail 2 assembled with staples 1 and 2 by complementary binding of 10 -15 bp. The
ssDNA region located at the center of the DNA board is designed for the localization of computing
components and its length can be customized to the number of computing components. D).A 3D
representation of the DNA board localizing three 4J logic gates shows that a 4] component (o and
) anchored to the rails must perform one B-DNA helical turn for parallel alignment with the other
4] components. E) scheme shows how different DNA board modules can be integrated into a new
whole unit for scaling UP DINA LCS.......coouiieiiiiieiiieiieeieeeee ettt ebe e 53
Figure 18 Fluorescence readout of individual 4] YES logic gates. A) Five different 4J logic gates
were design with YES Boolean logic (left), the output sequence of each 4J YES gate requires the
appropriate complementary MB probe for fluorescence readout as shown in B) where the response
of free diffusion 4J YES gates were measured. C) shows a DNA board that has been expanded to
allocate five 4J gate. Individual localization of each 4J gate requires the use of blocker strands
(Blck 1A-5A and Blck 1B-5B) to cover the empty fragments meant for binding other gates. D)
Fluorescence readout of individual 4] YES gates localized on the 4] DNA Board. Measurements
were performed on LS55 Perkin Elmer inStrument. ...........c.cocveviieniienieenienieeiieeie e 60
Figure 19. DNA IC Module 1 cascading five 4] YES gates. A) Scheme demonstrates the gradual
localization of each 4] YES gate on the 4] DNA board to assess the strength of the signal relayed
from each unit. B) Fluorescence readout from a cascade of five 4] YES gates with free diffusion
in the solution. C) Fluorescence readout from a cascade of five 4] YES gates spatially localized on
the 4] DNA board. Measurements were performed on Agilent Cary Eclipse instrument ............ 62
Figure 20 Connecting two DNA IC modules. A) Each DNA IC module holds five 4] YES in
cascading. Module 1 holds YES 1 up to YES 5 and module 2 holds YES 6 up to YES 19. B) 4]
staples 2 and 3 are replaced by 4J connectors 1 and 2 which join both DNA IC modules and the
DNA IC cascade increases Up t0 teN UNILS. ..c.eevereerierienieniieienieenieete ettt see et eee s 65
Figure 21.S/B of ten 4] YES gates cascades. A) shows DNA IC modules 1 and 2, each cascading
five 4] YES gates; when integration occurs by joining each module via a pseudo 4J connection,
the cascade scales up to ten 4] YES gates (left). A long DNA board was constructed as control. B)
Fluorescence readout of the ten cascading 4] YES gates on a long DNA board control. C)
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Fluorescence readout of the ten cascading 4J YES gates on the pseudo 4J connected DNA board
module 1 and MOodUIE 2..........ooiiii e et 66
Figure 22. DNA IC module 1.2’s readout using different molecular probes. DNA IC module 1.2
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B tagged with a quencher. For MB1 and MB1b, binding to the output sequence triggers an increase
in fluorescence (right graphs). For the rA + rB reporter, binding to the output sequence leads to a
decrease in fluorescence due to the colocalization of the fluorophore near the quencher. read
collected. The average kinetic profile of three independent samples using each probe is shown to
the right of each panel. YES 1 outputs are represented by a green-colored line and the cascaded
YES 1 -YES 2 outputs are represented by a blue-colored line. The standard deviations are indicated
by the light-colored area around each line. Colored-dashed lines indicate the 90% fluorescence
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Figure 23. Kinetics of four cascaded 4J YES gates. A) DNA IC module 1.4 scheme using rA + rB
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gates using the rA + rB probe are shown in the table. .........cccccoovviiiiiiiiiniiie e 81
Figure 24. Kinetics of four cascaded 4J YES gates with rigidity added to DNA board by placing a
dsDNA bridge either at YES 1 (YES 1b) A) or at YES 2 (YES 2b) B) position. The dsDNA bridge
is formed from the association of a ssDNA bridge with complementary binding tails extending out
of the A and B strands. C) and D) show the kinetic profile of each DNA IC of the total time of
collection (left) and zoom in at the first 150 s (right), the colored-dashed lines indicate the 90%
fluorescence change after input addition. E) Thermodynamic parameters observed on the DNA
board where rigidity is localized at YES 1b and D) at YES 2b. wecovvieeiiiieiieeeee e, 84
Figure 25. The topology of DNA template-assisted and DX tile-assisted reactions. A) Conventional
template-assisted reaction: strands 1 and 2 hybridize with each other or to a DNA template to bring

the two reactive groups R1 and R2 in proximity, thus facilitating the reaction.!>!"!> B) Scheme of
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a DX tile developed by Fu and Seeman, reproduced with permission from ref 160. C) Scheme of
a DX tile designed in this study to catalyze the ligation of oligonucleotides at their 5°-
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Figure 26. DNA IC module 1 cascading five 4] YES gates where A) shows the original
nanostructure while B) indicates the positions of phosphorylated ends and 2’ hydroxyl groups on
each component of the DNA IC module. After chemical ligation, these reactive groups condensate
Nto @ PhoSPhOIEStEr DONA. ....c..eiiiiiiiiciieie ettt e eebeessaeesaens 91
Figure 27. Reaction mechanism for using 1-CNI and a divalent metal cation (M*") as condensing
agents. A) DNA IC fragment showing the localization of phosphorylated ends and 2’ hydroxyl
groups to serve as nucleophiles for the chemical ligation between two DNA IC components; a
closer look of the strands highlighted by the blue box is shown in B) to indicate the reaction product
after the chemical ligation. C) Reaction mechanism of the chemical ligation induced by 1-CNI and
M?" resulting in the formation of a phosphodiester bond. .............cccocoveveveeeruereveeeeeeeeeeeeeeeenans 92
Figure 28. Comparison of DX-tile (-) ‘uncatalyzed’ vs catalyzed DX-tile catalyzed chemical
ligation of XA 5p and XB 5p.A) Scheme of uncatalyzed chemical ligation and B) Schemes of DX-
tile catalyzed chemical ligation C) and D) PAGE analysis of the ligation products for uncatalyzed
and DX-tile catalyzed reactions. Lane 1: ssDNA ladder; lane 2: prior crosslinking of 5’ ends; lane
3-7 or 8: samples after ligation terminated at different incubation times (as indicated). Blue arrows
indicate the ligated product XAp-pXB with the expected length of 57 nt, orange and red arrows
indicate byproducts of the reaction. E) Comparison of the yields of the ligation reaction on DX tile

(blue bars) and in solution (grey bars). The yield quantification was done as described in Methods.

Figure 29. 12% dPAGE analysis of the synthesis and isolation steps for the A) 5°-5’ ligation
products or B) 3°-3’ ligation product. Lane 1: ssDNA ladder (the sizes of the ladder bands are
indicated to the left of the lane); lane 2: DX-tile prior to crosslinking; lane 3: DX-tile after the
reaction (the 5’-5” and 3’-3’ ligation yield is ~70% and 52%, respectively); lane 4: Ligation reaction
mixture prior to the digestion of the tile components by the exonuclease treatment; lane 5: same
as lane 4 after the exonuclease treatment. Blue arrows indicate the crosslinking product XAp-pXB

with the expected length of 57 Nt ....cocoiiiiiiiii e 106
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Figure 30. A) Scheme comparing the structural requirements for ‘the impossible DNA wheel’
structure, B) enforcement of the wXA 5p-p5 wXB assembly with the complementary strands to
form a triangle-shaped-impossible DNA wheel for AFM imaging, C) 8% dPAGE ran at 60°C; lane
1: 149 nt DNA marker; lane 2: 171 nt DNA marker; lane 3: impossible DNA wheel sample before
the ligation reaction; /ane 4: same as lane 3 after the reaction, yield 69 + 4 %; lane 5: ligation
product before Exo VIII treatment; lane 6: ligation product after Exo VIII digestion. D)
Representative AFM image of the triangle-shaped-impossible DNA wheel. E) Gaussian
distribution of the contour measurements, N: 521 .....cooviiiiiiiiieiiiiieieeeee e 108
Figure 31. Covalent crosslinking of DNA IC module 1. A) Rails were assembly with staple 1 and
2 with phosphorylated termini and 1A and 1B with one ribonucleotide at the beginning and a
phosphate at the end of the fragment binding its respective rail. The addition of YES 2 components
with the same characteristics is shown in B). C) 12% dPAGE — 8 M urea for the analysis of the
chemical ligation. Lane Marker: ssDNA ladder (the nt sizes of the ladder bands are indicated to
the left of the lane); lane 1: DNA IC with YES 1 prior to crosslinking; lane 2: DNA IC with YES
1 after the reaction; lane 3 DNA IC with YES 1 and YES 2 prior to the reaction, and lane 4: DNA
IC with YES 1 and YES 2 after the reaction. D) ribose C3’ and C2’ endo conformations.......... 111
Figure 32.Replacement of 2° hydroxyl for a primary amine as anucleophile for the ligation of two
DNA fragments. A) A fragment of the DNA IC shows the position of the primary amino linkers
for their close localization to the phosphorylated ends of the DNA IC components. B) the chemical
reaction for the ligation of the two DNA fragments (highlighted blue on A) by a phosphoramidate
bond using 1-CNI and M?* (e.g. Mn?") as condensing agents. ...............co.ooeveveuerevruererenenerennnns 112
Figure 33. Chemical ligation of DNA IC YES 1 gate by phosphoramidate linkage. A) DNA IC
structure showing the location of primary amino groups at YES 1 (1A and 1B) and the localization
of all phosphorylated DNA termini. B) 12% dPAGE- 8M urea. M: ssDNA ladder (the nt sizes of
the ladder bands are indicated to the left of the lane); lane 1: DNA IC with YES 1 before
crosslinking; lane 2: DNA IC with YES 1 after the reaction; lane 3: ligation product after gel
extraction step. C)Fluorescence readout at 515 nm A emission after excitation at 485 nm using
MBI as a reporter of the YES 1 after ligation and a YES 1 without any strand modifications both
4] YES gates were anchored on DNA board module 1 of Chapter Three. .........cccccceviineriennene 113
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Figure 34. DNA IC Module 2 cascading up to five 4] YES gates (YES 6 to YES 10) A). The DNA
board for this module is composed of 4J Rail 3, 4] Rail 4, 4] Staple 3 and 4J Staple 4. B)
Fluorescence readout of DNA IC Module 2, where output sequence of YES 6 is translated to
fluorescence by MB 6. Each set of bars correspond to the gradual addition of 4] YES gate into the
DNA board. Error bars indicate the standard deviation of two independent trials. Data was
collected on an RF6000 Shimadzu Fluorescence Spectrometer with a xenon lamp. ................. 140
Figure 35. Assembly of ten 4) YES gates on a long DNA board. Samples were loaded on a 4%
agarose gel with 20 mM MgCl, and run with IXTBE at 70V for 110 min.........c.ccccccvevuveenennne.. 141
Figure 36. Kinetics of four cascaded 4J Yes gates measured on Stopped-flow fluorescence
spectrometer. A) DNA IC module 1.4 scheme. B) kinetic profile of each cascaded 4] YES gate
added to the DNA IC; The colored area around each line represents the standard deviation and
colored-dashed lines correspond to the 90% fluorescence change achieved after the mixing of the
DNA IC and its corresponding input. C) Thermodynamic parameters and computation times
calculated fTOM B)....cooviiiiiicie e aaeeeaaeas 142
Figure 37. Fitted curves from Figure 33B kinetic profiles. The best fit achieved for each kinetic
profile is highlighted by ExpDec2 line in each panel. This best fit corresponds to the biphasic

exponential decay equation and the solution of each of the function parameters is shown in Figure

Figure 38. Biphasic exponential decay parameters calculated from Figure 34 fitted curves which
correspond to the stopped flow kinetic measurements of the four cascaded 4J YES gates on DNA
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Figure 39. Fitted curves from Figure 23A kinetic profiles. The best fit achieved for each kinetic
profile is highlighted by ExpDec2 line in each panel. This best fit corresponds to the biphasic

exponential decay equation and the solution of each of the function parameters is shown in Figure

Figure 40. Biphasic exponential decay parameters calculated from Figure 36 fitted curves which
correspond to Figure 23 kinetic measurements of the four cascaded 4J YES gates on DNA IC
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Figure 41. tso of four cascaded 4] YES gates with rigidity added to the DNA board by placing a
dsDNA bridge at YES 1 (YES 1b) A) or at YES 2 (YES 2b) B) position. C) kinetic profiles
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correspond to the DNA IC module shown in A), and the kinetic profiles in D) correspond to the
DNA IC module shown in B). The colored-dashed lines here indicate the 50% fluorescence change
achieved after INPut additiON. ........c.cooviiiiiiiiiiie e 147
Figure 42. Fitted curves from Figure 24C kinetic profiles. The best fit achieved for each kinetic
profile is highlighted by ExpDec2 line in each panel. This best fit corresponds to the biphasic

exponential decay equation and the solution of each of the function parameters is shown in Figure

Figure 43. Biphasic exponential decay parameters calculated from Figure 39 fitted curves which
correspond to Figure 24C kinetic measurements of the four cascaded 4J YES gates on DNA IC
module 1.4 with a dSDNA bridge at YES 1b gate. .......ccceoiiniiiiiiiiiiniececceecee 149
Figure 44. Fitted curves from Figure 24D kinetic profiles. The best fit achieved for each kinetic
profile is highlighted by ExpDec2 line in each panel. This best fit corresponds to the biphasic

exponential decay equation and the solution of each of the function parameters is shown in Figure

Figure 45. Biphasic exponential decay parameters calculated from Figure 41 fitted curves which
correspond to Figure 24D kinetic measurements of the four cascaded 4] YES gates on DNA IC
module 1.4 with a dSDNA bridge at YES 2b gate. .......ccccooiiniiiiiiiiiiccccccee 151
Figure 46. Assembly of DX-tile visualized by 8% Native PAGE in the presence of 70 mM MgCl2.
Lane M: GeneRuler Ultra Low Range Ladder (Thermofisher); Lanes 1-6: 12 pmol of each
individual strand as indicated on the right; lanes 7 and 8: 12 pmol complexes of the strands
annealed as detailed in Materials and Methods. A) DX-Tile assembled with oligonucleotides XA
5p and XB 5p for the 5°-5° chemical ligation (see upper panel). B) DX-tile assembled with
oligonucleotides XA 3p and XB 3p for the 3’-3’ chemical ligation (see upper panel)............... 152
Figure 47. Chemical ligation of the oligonucleotides XA and XB. The reaction can take place in
an aqueous environment with 1-cyanoimidazole in the imidazole buffer as a coupling agent and
requires the presence of a divalent transition metal.1,2 In the scheme, the 5’-phosphate group is
prepared for the nucleophilic attack via the formation of an intermediate phosphoimidazolide.154
Figure 48. Chemical ligation through phosphodiester or pyrophosphate linkage and selection of
crosslinking cation. A) The DX-tile-assisted chemical ligation through phosphodiester vs
pyrophosphate bond formation. 12% dPAGE, Lane 1: ssDNA ladder; Lane 2 and 3: before and
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after the DX-tile-assisted ligation reaction assisted by via a phosphodiester linkage; Lane 4 and 5:
before and after the DX-tile ligation of XA and XB via a pyrophosphate linkage; Reaction
conditions: 200 mM imidazole-HCI buffer (pH 6.5), 30 mM 1-cyanoimidazole, 100 mM MnCl2,
16 h at 37°C; B) The DX-tile-assisted chemical ligation with Zn2+ vs Mn2+. 12% dPAGE, Lane
1: ssDNA ladder; Lane 2: XA 5p and XB 5p in the DX-tile prior ligation; lane 3: after the ligation
of XA 5p and XB 5p in the presence of Zn2+; Lane 4: after the ligation of XA and XB in the
presence of Mn2+; Reaction conditions: 200 mM imidazole-HCI buffer (pH 6.5), 30 mM 1-
cyanoimidazole, 30 mM ZnCl2 or MnCI2, 16 h at 22°C. Blue or cyan arrowheads indicate the
expected ligation product, red arrowhead indicates byproducts of the reaction......................... 155
Figure 49. Selection of the ligation reaction conditions in the presence of Mn 2. The highest
product yield was achieved at 100 mM Mn?*, after 16-h incubation at 37°C. A) Concentration of
MnCI2 and temperature optimization. Reaction conditions: 200 mM imidazole-HCI buffer (pH
6.5), 30 mM 1-cyanoimidazole, 16 h incubation, temperature and MnCl2 as listed in the figure.
After the reaction, the samples were analyzed by 12% dPAGE, Lane 1: ssDNA ladder; lanes 2 and
8: the DX-tile containing sample before the ligation reaction; lanes 3 — 7 and 9-13: the DX-tile
containing sample after addition of 30 mM 1-cyanoimidazole, MnCl2, and incubation at a
temperature as listed. B) Product percent yield determined from the gel quantification data, as
described 1N SECHION 5.2.3. .. .iiiiiiie ettt ettt ettt ettt aeeebeeeneas 156
Figure 50. Effect of a single-stranded gap between the reacting strands on the ligation yield. A)
Localization of the gap (red) on the DX tile-like nanostructure. B) 12% dPAGE, Lane 1: ssDNA
ladder; lanes 2, 4, and 6: the DX-tile containing sample before the ligation; lanes 3,5, and 7: the
DX-tile containing sample after the ligation reaction. Reaction conditions: 200 mM imidazole-HCI
buffer (pH 6.5), 30 mM 1-cyanoimidazole, 100 mM MnCl2, 16 h at 37°C. C) Quantification of the
reaction yield (see section 5.2.3 for the quantification details). ........cccoeevveeiciieniieiniiecieeee, 157
Figure 51. Kinetics of the chemical ligation. The product yield reached a plateau at 100 mM Mn2+,
after 16-h incubation at 37°C. A) Optimization of MnCI2 concentration and reaction temperature.
Reaction conditions: 200 mM imidazole-HCI buffer (pH 6.5), 30 mM 1-cyanoimidazole, 100 mM
MnCI2 at 37°C and incubation time as listed in the figure. After the reaction, the samples were
analyzed by 12% dPAGE, Lane 1: ssDNA ladder; lanes 2: the DX-tile before reaction; lanes 3 — 7:
the DX-tile after addition of 30 mM 1-cyanoimidazole, 100 mM MnCl2, and incubation at 37°C
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at different incubation times. B) Product percent yield determined from the gel quantification data,
as described in 5.2.1 Materials and Methods. ..........coooiiiiiiiiiiiiie e 158
Figure 52. Effect of phosphate flexibility due to the presence of triethyleneglycol (iSp9) linkers.
A) Scheme showing the point of triethylene glycol linker insertion to connect the terminal
phosphates to the 5’ends of strands XA 5p and XB 5p. B) 12% dPAGE, Lane 1: ssDNA ladder;
lanes 2, 4, 6, and 8: the DX-tile before ligation; lanes 3,5, 7, and 9: the DX-tile after ligation.
Reaction conditions: 200 mM imidazole-HCl buffer (pH 6.5), 30 mM 1-cyanoimidazole, 100 mM
MnCl2, 16 h at 37°C. C) Quantification of the reaction yield was done as described in section 1.3
of the 5.2.1 Materials and Methods. .........cccoiiiiiiiiiiii e 159
Figure 53. A route to synthesize and isolate the 3°-3* DX-tile-assisted ligated oligonucleotide. The
reaction to obtain the 3’-3 linked oligonucleotides followed the same optimized conditions as for
the 5°-5° ligation. The reaction product can be purified by the exonuclease III treatment, requiring
a desalting step prior to the enzymatic digeStioN. ..........ceeuieiiieriieiiienieeieeeee e 160
Figure 54. 5°- 5> DNA chemical ligation using a dsDNA-tile. A) Scheme of ds DNA tile localizing
XA 5p and XB 5p in proximity to each other without additional staple strands. B) Analysis of the
dsDNA tile assembly using 10% Native PAGE in the presence of 70 mM MgCI2. Lane 1:
GeneRuler Ultra Low Range DNA Ladder (ThermoFisher Scientific); lanes 2-5: individual
components of the tile, as indicated above the lanes; lane 6: association of only strands ds Rail a
and ds Rail b; lane 7: full dsDNA-tile. C) Analysis of the products of dsDNA tile-assisted chemical
ligation using 12% dPAGE, Lane 1: IDT DNA oligo length standard 20/100 Ladder; lane 1-3
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Figure 55. Chemical stability of the 5°-5” ligation product stored at room temperature (~22 °C) for
up to 30 days. 12% dPAGE, Lane 1: ssDNA ladder (the marker sizes, in nts, are indicated next to
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cyanoimidazole, and 100 mM MnCIl2 for 0-30 days as indicated; lanes 7 to 11: The 5’-5’ ligated

oligonucleotide isolated after exonuclease treatment was stored at room temperature in a buffer
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containing 10 mM Tris-HCI (pH 7.4) and 2 mM MgCIl2 over a period of 30 days, as indicated. Day
point aliquots were stored at —20°C in a 2xdPAGE loading buffer until analysis. ..................... 162
Figure 56. Impossible DNA wheel AFM imaging. Each panel corresponds to the scanning of an
800 x 800 nm area. Numerical labels indicate the identity of each of the structure’s contour
measurements determined. The circumference values (nm) of 521 structures were analyzed by
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CHAPTER ONE: INTRODUCTION
Reproduced in part with permission from Bardales, A.C.; Smirnov, V.; Taylor, K.;
Kolpashchikov, D.M. DNA Logic Gates Integrated on DNA Substrates in Molecular Computing.
ChemBioChem 2024, 25, ¢202400080, copyright 2024 John Wiley & Sons, Inc., and from
Bardales, A.C.; Vo, Q.; Kolpashchikov, D.M. A Laboratory Class: Constructing DNA Molecular
Circuits for Cancer Diagnosis. J. Chem. Educ. 2024, 101, 10, 4360-4369. Copyright 2024

American Chemical Society and Division of Chemical Education, Inc.

1.1 DNA Molecular Computers for Smart Analysis of Biomarkers

Biotechnological tools oriented toward nucleic acid biomarkers have attracted attention of
the scientific community, thus leading to increasing efforts in their development.! On the path
toward personalized medicine, multiple nucleic acid sequences must be analyzed for precise
diagnosis and proper treatment. Such nucleic acid sequences become inputs in the decision-making
of molecular devices that produce a diagnostic and/or therapeutic output. These inputs can undergo
complex algorithms (similar to those executed by electronic computers) for their analysis.
Although electronic computers are made from semiconductors, other materials can be used to build
computers.*® Individual molecules and atoms have been proposed as building units for molecular
computers.’”’ Stojanovic and colleagues reported the first nucleic acid Boolean logic operators®
and a half adder using RNA-cleaving deoxyribozymes’ which marked the beginning of an era of
DNA computational devices mimicking semiconductor computers.'!%'* Thus, efforts have been

made to build molecular computers out of DNA since it is a compatible material for directly



computing nucleic acid biomarkers.!>! By using the principles of digital computing, DNA

molecular computers are capable of multiplex parallel recognition of biomarkers.!”

To develop DNA molecular computers, it is necessary to understand the foundation of
modern computers. Computers are arrays of logic gates (transistors in electronic computers)
connected in a particular order to complete specific logical tasks (Figure 1A). Therefore, a logic
gate is the most basic unit within any computer. The different arrangements and connectivity of
logic gates allow computers to execute various tasks of arbitrary complexity. In digital computing,
these logic gates follow Boolean algebra, a binary system where variables are defined with only
two possible values - 0 (False, Low, Off) or 1 (True, High, On). Boolean logic is the most

implemented in electronic and molecular computing because of its simplicity and robustness.???

Boolean logic gates (e.g. YES, NOT, OR, AND, IMPLY, and NAND Figure 1A) can accept
and process the digital values of multiple inputs but produce only a single output. Each Boolean
logic has a predetermined input(s) yielding a specific output set, defined by truth tables (Figure
1B). For example, the truth table of OR logic dictates output is digital 1 when either or both inputs
are digital 1; in NAND’s logic, output is digital 0 only when both inputs are digital 1, and for
IMPLY’s logic the output digital 0 is obtained only in a specific input value combination (Figure
1B). In Boolean algebra, OR, IMPLY and NAND logic are important to construct more complex
computational circuits. A circuit is a set of logic gates purposely connected to achieve a desired
output (Fig. 1A). For example, in electronic computers, the circuits are realized by connecting each
logic gate and integrating them on boards made out of semiconductor materials (Figure 1A); where
the circuits direct the flow of electrons based on the programmed Boolean logic. The digital value

of a circuit’s output is dictated by the combination of values of the multiple inputs (Figure 1B),



enabling output computing based on particular input combinations, a quality needed for

personalized medicine.
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Figure 1. General concepts of computation. A): Evolution pathway followed by electronic
computers; starting from representatives of Boolean logic units (symbols indicated), their
connectivity leading to circuits, and circuit integration in boards (silicon-based motherboards). B):
Truth tables of an OR, IMPLY, and NAND Boolean logic and the circuit made of NOT and OR
gates connected to an AND gate, as depicted in panel A. C) DNA molecular computing shows the
intake of different nucleic acid sequences (DNA and/or RNA) as inputs to yield a new nucleic acid
sequence as output after inputs are processed by DNA molecular circuits. Molecular readout
scheme shows a molecular beacon (MB) probe recognizing the output sequence via Watson-Crick
interactions and producing a fluorescence readout due to the concomitant conformational change
(unfolding of the MB native hairpin-like conformation).

Building DNA logic gates and circuits is possible due to predictability of Watson-Crick
base-pairing, where adenosine (A) pairs with thymidine (T), and guanosine (G) pairs with cytidine

C).?* This predictable base-pairing is used to program Boolean logic functions that operate
p
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through the association and dissociation of DNA fragments.!” The intrinsic coding feature of
nucleic acids and precise base pairing allows for the designing of nucleotide sequences that are

8-14,25,26

capable of completing logic operations and that respond to external inputs according to

Boolean functions (AND, OR, NOT, etc.).?”*® More complex logic gates like Feynman and

2 multipliers,* and

Fredkin, which involve reversible computation,?®>! adders,?® subtractors,’
square roots>* performing arithmetic logic operations (ALU), solving puzzles, and encrypting
information have been reported. Many of these computational building blocks have been designed
to work through interactions with enzymes and other proteins, nanoparticles, and quantum dots.*’
These developments suggest that DNA can be programmed to perform similarly to the central
processing units (CPU) of electronic computers and serve as building material of molecular

computer hardware, a function different from the natural role of DNA as a storage of genetic

information.

Approaches focusing in the development of DNA computer’s elementary components and
toolbox, computing mechanisms, Boolean operators, arithmetic functions and coupling with non-
DNA components have been compiled in reviews and books.?>*>*! This dissertation focuses on
yet another important trend in developing DNA computers—integrating DNA logic units in
communicating chains by tethering them to DNA scaffolds (DNA board), named as an all-DNA

integrated circuit (DNA IC).

1.2 Advantages of DNA Molecular Circuits.

Even though the industry of electronic computers pitches their semiconductor transistors

in nanometer scale, the distance between gates (also contacted gate pitch, CGP) limits
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miniaturization as it has reached physical limitations.*!** Thus, efforts in further miniaturization
inspired exploring new computing materials beyond semiconductor technology including

molecules like nucleic acids.

DNA computers might not be at the stage of ultra-fast data processing; however, it
circumvents the physical barriers of electronic computers.’®*' In perspective, a ssDNA gate
inherently possesses a gate width of ~1 nm and the lowest CGP currently reported is 5 nm,*>4
meanwhile the smallest Si-transistor has a 2-fold increase in both gate length and CGP (Figure 2,
top). The reduction of CGP is desired because it allows for an increase in gate density. For instance,
Intel’s 0.1 billion transistors can fit in 1 mm?* while 40 billion DNA gates could fit in the same
area. This is a potential 400 times improvement in transistor density, suggesting the vast room for
highly dense DNA nano-circuits. The manufacturing of DNA ICs depends on chemical synthesis
and assembly strategies. Although this could be considered expensive and work intensive, the cost
per unit should be by far more affordable since billions of DNA computational units can be
assembled at once in a small reaction volume.*' However, the material phase and the interface

between DNA ICs and user differs from electronic computers, making both technologies neither

competitive nor compatible with each other.
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Figure 2. DNA IC in analogy to Si-based IC. Top graphs illustrate the typical CGP values
associated with the gate length for Si-based*’ and DNA-based 1Cs.*>*”*® Bottom schematics show
the number of transistors capable of being integrated on a 1mm? chip.

DNA molecular computing holds the potential for being biocompatible. Thus, it has been
envisioned for biological and medical purposes.>>*’ Nonetheless, general purpose DNA molecular
computing for digital data storage has been developed showing robust data fidelity after
retrieval >*>! This feature is expected, considering that DNA is nature’s material for data
preservation and transmission. In cell-free media, DNA molecular computers have shown their
biosensing capabilities for multiplex diagnostics.”>>> In vitro, DNA logic gates have been

proposed for bioimaging, controlled drug delivery, and other theranostic approaches.>®8

1.3 Scaling up Integrated DNA Molecular Circuits (Mimicking a Si-chip).
Even though DNA logic gates can identify as inputs a myriad of biomolecules (ions,’” small
molecules,®® nucleic acids,?® and peptides®®) as well as non-molecular stimulus (temperature,®!
electromagnetic force,®? and pH®®), input and output homogeneity are necessary among each logic

gate for their intercommunication. DNA allows for homogeneity by using DNA sequences as



inputs and outputs, which interact with the DNA logic gates by formation and/or dissociation of
base pairs. As a result, multiple DNA logic gate motifs have been developed, which operate

through the association/dissociation of hairpins, four-way junctions (4J), strand displacement

reactions (SDR), RNA/DNA enzyme, and tweezers. (Figure 3).%12714.25.:46.64-68
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Figure 3. DNA logic gate motifs using fluorescence reporters. High fluorescence is correlated to
high output signal (1) and low fluorescence to low output signal (0). Purple dots represent
molecular quenchers, green dots-quenched fluorophore, and green stars- fluorescent fluorophores.
a) Cascade of 6 hairpin YES gates localized on DNA origami board; each YES unit remains as a
hairpin in the absence of input, upon input addition (pink ssDNA) the first YES unit opens its stem
and communicates with a toehold (red) from a YES unit neighbor, this triggers a chain reaction
until a quencher tagged ssDNA is displaced from its fluorophore tagged complement, redrawn
from ref. [47]. b) Deoxyribozyme NOT gate in bulk; in the absence of input the catalytic core
actively cleaves a substrate into two fragments, one tagged with a fluorophore and the second with
a quencher. Input (pink ssDNA) forms a duplex that inhibits the catalytic core from substrate
cleavage, redrawn from ref. [8]. ¢) SDR OR gate in bulk; No input scheme shows Gate holding
the Output (pink-blue ssDNA). Adding input 1 (orange-pink) or input 2 (magenta-pink) displaces
the bound Output out of the Gate, and Output displaces quencher-tagged ssDNA from its
fluorophore-tagged complement, redrawn from ref [69]. d) Multicomponent deoxyribozyme-
NAND gate localized on crossover tile board; No input scheme shows Bridge 2 holding the
deoxyribozyme ssDNA components (Dza and Dzb), which allows catalytic core integrity for
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substrate cleavage into two fragments. Input 1 binds to Bridge 1; however, Bridge 2 keeps the
catalytic core integrity, vice versa if input 2 is added. When Bridge 1 and Bridge 2 are bound to
Input 1 and Input 2, the catalytic core falls apart into Dza and Dzb fragments inhibiting substrate
cleavage (Two input scheme), redrawn from ref [66].

1.3.1 Free diffusion vs Spatial Localization of DNA Molecular Circuits.

The first DNA circuitries were realized with all gate components freely diffusing in
aqueous solutions (bulk circuits).® 14 Nonetheless, scaling up integrated gates in bulk circuits 1)
slows response down to hours, ii) requires unique gate sequences to avoid crosstalk, and iii)
increases signal leakage and unwanted interactions. Therefore, the design complexity of DNA
circuits operating in bulk increases proportionally to the number of communicating gates, since
the use of repeating elements must be excluded. This requirement leads to overpopulation of

computing components, which increases potential undesired crosstalk and inhibitory interactions.

Table 1 compares the performance of bulk circuits capable of processing ALU. To
overcome the mentioned obstacles, common approaches include fuel DNA components and
enzymes (to speed up the processes),’® inhibitory components (to avoid signal leakage),!3#7:6%71
and gate and input libraries (to reduce design complexity).”” Although, they are useful features,
another alternative for addressing the aforementioned problems is anchoring the DNA logic gates
to a scaffold.*’-7>7* Remarkably, at the cellular level, spatial localization accelerates the interaction
between components that are closer to each other and reduces nonspecific crosstalk between
them.”>’” This paradigm has been extrapolated to catalysis, electronic computers and now

molecular computing.



Table 1. High performance bulk DNA circuitry.

Gate motif Computation Outcome Ref
Max # Operator tr, min® t1,
gates? min®
SDR/canvas 2 YES <10 <3 Fast and scalable ~ 3*
switching circuits 3 3-bit input <12 ~3 computations by
voting routing DNA
3 Full added <10 <3 logic gates in grid
2 Square root ND <10
Polymerase 2 XOR ~ 10 ~4-6  DevelopedaALU 7
mediated SDR 4 Full adder ~20 ~ 10 using a
3 Multiplexer ~12 ~5 polymerase
7 1-bit ALU ~20 ~5-10  mediated strand
displacement

ND: Not determined. * Maximum number of cascaded gates.® Full processing time to reach
plateau. ¢ Half processing time.

1.3.2 DNA boards for DNA Molecular Circuits.

Although multiple materials have been proposed as scaffolds to spatially localized DNA

37 61,78

logic gates (e.g. beads,’” cell surfaces,’”® microarray chips,® droplets’, polymers,®® and Au

films®'), molecular structures made out of DNA (DNA boards) can be used. DNA is a molecule
that can construct scaffolds and structural templates aiding chemical reactions and bio-molecule

characterization, the last was demonstrated by Ned Seeman.?>%3



All-DNA computers allow 1) greater biocompatibility, (i1) simplicity in circuit layout since
DNA logic units can be precisely localized in DNA boards by hybridization and iii) customization
to increase computer performance. The advantages of incorporating DNA boards over bulk
circuitry are: 1) ability to closely hold multiple DNA logic processing units,*ii) flexibility in spatial
arrangement of the integrated units,*’ iii) reusability of functional sequences since localization

46,85

gives circuit orthogonality, iv) isolation of computing elements as one unit,*® v) facilitate cell

uptake and vi) relative stability to nuclease degradation.3¢

Paul Rothemund’s work lighted a pathway to construct large DNA scaffolds of different
shapes, a technique named DNA origami.®® At first glance DNA origami offers a large surface area
for the anchoring of molecules, thus becoming a widely used DNA board.?** The limitation of
DNA origami is the yield of the targeted DNA nanostructure, where the moderate (~83-90%) of
staple incorporation has been reported.***’:%3 Thus, incomplete incorporation of structural strands
can further compromise gate incorporation and circuit performance. Additionally, scaling up to
multi-origami, assembly although possible,”! might physically hinder intra and inter circuitry
processes due to the improper alignment, bending or breaks.”>*> One way to circumvent the
limitations carried from DNA-origami boards is the use of small 2D tiles. Our lab explored the use

66.94 and integrated up to 3 DNA logic gates (Table 2). However, when scaling up

of crossover tiles
in the integration of more logic units, such DNA boards were prone to bend and misplace the DNA

logic units from optimal intercommunication. This was possibly due to the torsional effects and

rigidity conferred from the multiple crossover points (Figure 3D and Figure 4D).5%%*
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Figure 4. Kinetics comparison of DNA logic gates diffusing in solution (in bulk) vs spatially
localized in DNA boards. Intercommunication of different types of DNA logic gate motif are
displayed. Left panels show in bulk: a) Seesaw, b) Hairpin, ¢c) SDR, d) 4] in bulk, reproduced with
permission from [69], [64], [45], [149] respectively. Copyright 2011, The American Association
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for the Advancement of Science. Copyright 2017, IOP Publishing Ltd and Deutsche Physikalische
Gesellschaft. Copyright 2009, Royal Society of Chemistry. Copyright 2013, Elsevier. Right panels
show localized a) Seesaw, b) Hairpin (represented by coloured dots), ¢) SDR, d) 4J in DNA
substrates, reproduced with permission from [48], [47], [45], [94]. Copyright 2014, American
Chemical Society. Copyright 2017, Springer Nature. Copyright 2009, Royal Society of Chemistry.
Copyright 2016, Wiley-VCH.

27,28,95,96

Another proposed alternative is using 3D DNA boards which are mostly used in

),>7%% also known as

vitro studies. These 3D DNA boards (e.g. tetrahedrons, pyramids and cubes
three-dimensional framework nucleic acids (FNA) exhibit unique biophysical properties. For
instance, after their injection into mice, ssDNA had a half-life of ~15 min, increasing to ~35 min

for a tetrahedral DNA.®” Thus, DNA tetrahedra has a longer half-life than ssDNA in an intracellular

environment. In addition, DNA tetrahedrons can be easily taken up by cells.?

The ability to produce an easily detectable output signal at low concentrations is important
in intracellular sensing of biological compounds. Yang et al. proposed an entropy-driven
aggregation of DNA tetrahedron circuits that led to amplification of the output fluorescence signal
and improved LOD from nM to fM range.’*Therefore, further exploration of in vitro DNA ICs can

be done using these 3D DNA substrates.

1.3.3 Integrated DNA Molecular Circuits (DNA ICs) and Their Performance.

Is it possible to integrate DNA logic gates in long communicating chains like Si-based
transistors are integrated on a Si chip? Two research groups theoretically explored the feasibility
).534:85

and performance of cascading DNA hairpin-gates tethered to an origami board (Table 2

Although gate motif and board were in essence similar, the two studies differed in the following
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aspects: 1) addition of untethered components for gate processing and readout; ii) different spatial
configurations of gate wiring; iii) probabilistic and kinetic simulations of circuit performance.
Dalchau et al. exemplified faster kinetics of DNA ICs predicting completion times of minutes
instead of hours as their equivalent bulk circuits. They evaluated 10 elemental YES gates
connected in series with a 50% completion time (t12) of approximately 3.5 min, while shorter times
were predicted for cascades with reduced number of gates®® (Table 2). This work emphasized the
need for models that comprehensively reflect the molecular behavior of localized gates to properly
evaluate the kinetic behavior of such circuits. In another approach, Stefanovic and coworkers
studied the cascading of molecular spider nanostructures to build DNA ICs.”” They simulated
kinetic behavior and developed an algorithm generating the spatial configuration of the integrated
gates on DNA boards. Their work shows the importance of DNA ICs layout to avoid signal

impedance and unwanted interactions.

Table 2. DNA circuits localized on DNA board.

DNA Gate Computation Outcome Ref

board motif Max # Operator tt, ti,

gates? min® min®

Theoretical works

Origami Hairpin 3 YES ~480 ~180 Spatial 84
2-YES AND ND ND localization of

2-AND Half adder ND ND DNA hairpin
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DNA Gate Computation Outcome Ref
board motif Max # Operator tt, ti2,
gates? min®  min®
4-AND Full adder ND ND for circuit
1-OR designing
Origami  Hairpin 10 10-YES ND ~3.5  Development %
2 OR-AND ~2 ~0.5- of a method for
0.8 the
2 AND-OR ~2 ~0.5- probabilistic
0.7 analysis of
3- Square root  ~1.5- ~0.7-1 localized
(AND - (4-bit 3 hybridization
OR) number) circuits
Experimental works
Origami SDR 2-YES 4" degree fan- ~4-8 ND Signal 4
90x60 nm out amplification
Origami  Hairpin 8 YES ~ 40 <10 Increased 47
2-AND 3-bit input ~20 <6 processing
AND speed of
3-AND  6-bit input ~40 ~12 hairpin chain
AND reactions
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DNA Gate Computation Outcome Ref
board motif Max # Operator tt, ti2,
gates? min®  min®
OR- Dual rail ~ 15- <8
AND XNOR 30
Origami SDR 2 YES ND ~17 Reduced 48
65x90 nm processing
time
DNA 4W] AND- NOR ~5 ~1 Reusable array %
crossover 2-NOT of
(X) tile AND- INHIBIT ~40 ~8 communicating
NOT gates

ND: Not determined. * Maximum number of cascaded gates.® Full processing time to reach
plateau. ¢ Half processing time.

Experimental works showed that DNA circuit performance can be influenced by the spatial

distancing of gates within the DNA board. Simmel and coworkers proposed 21.5 nm distance

between seesaw (strand displacement-based) gates to avoid signal leakage in the absence of

input.* Chatterjee et al. separated them by 10.88 nm; however, such 2-fold reduction was allowed

by a self-protected motif (hairpin) leading to minimal signal leakage.*’ Lastly, Elezgaray and

coworkers distanced each gate by 5 nm with the use of diffusible protector strands* or G-

quadruplex*® (Fig 5a), this being the smaller CGP reported. Therefore, far distanced gates have
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suboptimal communication, while closely distanced gates require additional components to

minimize leakage.
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Figure 5. Possible layouts of DNA logic gates on DNA boards a) Distance between gates on
origami board, top: seesaw (SDR) middle: hairpins, bottom: G-quadruplex or using of diffusible
protector strands, redrawn with permission from [48], [47], [45], [46]. Copyright 2014, American
Chemical Society. Copyright 2017, Springer Nature. Copyright 2009, Royal Society of Chemistry.
Copyright 2016, American Chemical Society. b) DNA hairpin on origami board layout in a
communication crossover fashion for signal transmission under different Input combinations.
Reproduced with permission from [47]. Copyright 2017, Springer Nature. ¢) The mapping of
signal transmission on DNA-based switching circuits used in the design of bulk circuits in a grid
pattern. Reproduced with permission from [34]. Copyright 2020, Fei Wang et al.
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The largest wire experimentally tested had 8 YES hairpin gates arranged in a linear cascade
with a CGP of 10.88 nm (Figure 4B, right) and produced an output with a ti» < 10 min (Table 2).
In comparison to its bulk counterpart (composed of 9 YES hairpin gates) with a ti2 ~42 min®,
localization on a DNA board showed a 4-fold improvement in signal transmission time.
Additionally, the result suggests that 50% of the DNA ICs had released their output in < 10 min,
accounting for the signal transmission rate of < 0.76 nm/min. However, an 8-layered YES wire is
a simple system. The increase in the number of connected units on the DNA board in such a fashion
expectedly increased the circuit processing time, a similar behavior observed in bulk

CiI'CLlitI’y.45’47’48’66’84’85’94

To speed up signal transmission, approaches such as dual rail input/output (different
molecules encode bit-0 and bit-1),°° and circuit parallelism (independent circuits in simultaneous
operation)*”8! have been suggested. Alternatively, signal can be relayed in different types of
arrangement. One example is DNA circuits arranged in a grid pattern, proposed by Wang et al.>*
which reduced the processing time of bulk circuitry (Figure 5C and Table 1). On a DNA board,

Chatterjee et al. demonstrated the communication of DNA hairpins in a crossover fashion (Figure

5B). However, using this arrangement for the wiring of more than 8 units was not explored.

In summary, current localized single to multi-layered DNA circuits propagate signal in the
range of 1-40 min. This operation time is an improvement on those circuits in bulk which operate
at a scale of hours when enzyme-free (Figure 4). DNA boards allow diverse gate localization and
arrangement.***” Additionally, localization enables reducing functional input concentration from
100 nM to 2 nM,*” allows modular combination of logic gates into various circuits, isolation and

storage of computing elements®® and gate reusability, which reduces the population of computing
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components. On the other hand, signal dissipation has been observed when connecting their logic
gates in series, which could be the result of improper assembly of the units and/or the physical

limits of the wiring.

1.4 Biological Applications of DNA ICs.

Due to its biocompatibility, DNA logic gates find the following bio-applications:

28,59,100,101

intracellular molecular sensing, gene regulation,”® triggering cell death,’® subcellular

100,102,103 P 28,59,100,102
5

imaging, and cell-surface recognition.!®* Various biological analytes (AT
protons,?®100192 metal cations,?®>*!%" miRNA,”® ssDNA and mRNA,?%51% membrane
proteins,*®!%%) have been used as inputs for DNA logic gates. Aptamers, i-motif, MSO sequence,
G-quadruplex, DNAzymes, toe hold domains and hairpins were used as sensitive modules of DNA
logic gates. However, integration of logic gates as circuits into a single DNA board have not been
used in an intracellular environment yet. Instead, our literature study has revealed two distinct
architectural approaches: 1) the integration of DNA logic gates within a single DNA board, where

28.38,59.100-105 41 ii) the interaction

gate-to-gate communication occurred, is absent in vitro studies;
and regulatory behavior of DNA logic gates localized on separate DNA boards has been

proposed.®®106

1.5 Perspective of Integrated DNA Molecular Circuits

Initial DNA circuits executed computational tasks with all the components in bulk. With
the scaling up in the chain of intercommunicating units, this approach faced the problems of slow

communication rates, non-specific crosstalk, signal dissipation, and overpopulation of computing
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components. To overcome the problems, the field is evolving to restraining the freedom of the
diffusing components. Among a variety of proposed platforms for logic gate localization are DNA
boards. DNA boards offer the advantage of higher biocompatibility, circuits performing as one
computing unit, increased nuclease resistance, increased space for high density circuitry, and ease
of DNA ICs isolation. Although, different 2D and 3D DNA board architectures have been
proposed, they require in silico modeling to minimize and avoid misassembling and
communication hindrance. The use of DNA boards introduces assembly efficiency, an important
parameter in the manufacturing of DNA ICs, where the incorporation of structural and logic gate
oligonucleotides into the target DNA nanostructure can compromise circuit performance.

107,108 is an

Alternatively, the covalent crosslinking of the DNA board during or after assembly
avenue that can be explored to reduce partially assembled structures and disassembly from aging.
Another relevant parameter is the distance between intercommunicating gates (CGP) which can

be precisely adjusted on DNA boards. Similarly, CGP is a deterministic factor to Si-based circuits

in achieving maximum logic gate density and efficient communication between gates.

DNA ICs are proven to speed up output response and have been able to detect lower
concentrations of inputs in comparison to the same ICs performing in bulk. However, the
integration of more than 8 DNA logic units on DNA boards has not been achieved yet, as increasing
the number of intercommunicating gates seem to face similar challenges as in bulk. As the number
of gates increases in the communicating chain, signal dissipation and slow signal processing rates
are unavoidable even within a DNA board. To mitigate these limitations, signal amplification or
transient storage of outputs for later relay to new circuit units are needed—the last showing the

relevance of compartmentalization of computing elements for their isolation as a DNA IC.
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Alternatively, integration of DNA circuits arranged in grid pattern could significantly speed
up DNA ICs as in DNA bulk circuit. Although Boolean logic is commonly pursued, non-Boolean
circuits/connections, like logic switches could potentially allow for flexibility in gate wiring and
increase density of the DNA ICs. The layout of logic units can affect not only speed but circuit
growth and length since localization strings could impede the ability to expand the number of
interconnected units. In this regard, the ability to design highly scalable DNA logic circuits is an
important aspect to evolve from performing a few numbers of computations to general-purpose

computing and automatization.

Circuit designing and analysis software has been used for the planning and wiring of DNA
logic circuits in silico, which helps to speed up experimental testing and performance
troubleshooting. However, such software packages are limited to specific types of DNA gate
motifs, limiting their use to less conventional computing nanostructures. Thus, developing a
universal software applicable for broader range of DNA gate motifs, substrates, and wiring is
needed. Although delivery of DNA logic units into cells has been reported, no intercommunication
of logic gates on DNA substrates as a DNA ICs has been applied in cells up to date. Therefore, we
find it important to fill this gap to show the relevance of the integrated DNA circuits to in vivo

applications.

1.6 Dissertation Scope

This chapter looks at the state of the art in developing DNA ICs and provides an outlook
on the advantages of spatial localization of DNA computing units on DNA boards as well as the

need for better design strategies and architectures to advance the technology. Due to the limitations
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of current DNA board architectures, a new 2D DNA board for the localization of DNA
computational units is proposed in this work. This DNA board is considered to provide the
following features: i) adjustable size based on the number of computing units anchored, ii) reduced
number of constituents to minimize misassembling, iii) connectivity with one or more DNA board
modules, and iv) spatial orientation of the computing units. None of these features have been

attributed to previously proposed DNA board systems.

The general goal of this dissertation is to establish modular units of DNA logic gates and
DNA boards to allow the scalable and versatile fabrication of DNA ICs, and it aims to provide the
fundamental principles for the construction of high-complexity DNA circuitry. To accomplish this,

we investigated the following research questions:

1) is it possible to construct functionally complete Boolean logic functions from non-
Boolean connectivity of elemental gates/switches with YES and NOT logic?

1) Can a DNA board expand as the number of computing units it anchors increases?
How many computing units can we cascade on the DNA board before the signal
dissipates? Will it be possible to achieve connectivity of multiple DNA board
modules?

1i1) Is it possible to reduce computation times down to seconds and minimize the
computation slow down when increasing the density of the DNA ICs?

1v) Can we provide an affordable chemical ligation method for the covalent
crosslinking of all the DNA ICs components to consolidate them as a whole unit

and minimize disassembly from aging?
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Our attempts to answer each of the research questions are highlighted in each chapter.
Chapter Two focuses on answering research question i) by investigating the use of elemental
Boolean YES and NOT logic to construct functionally complete “ universal” Boolean NAND and
IMPLY logic. This chapter introduces the novel DNA board for the spatial localization of a
combination of up to two DNA four-way (4J) YES and NOT logic gates. Furthermore, based on
the outcomes of this investigation, the development of a DNA computation education kit to teach

the fundamental principles of this technology is also included.

Chapter Three is oriented towards research question ii) where the designing principles of
the novel DNA board are highlighted to allow customizable size according to its anchored
computation units. This chapter also includes the results of cascading five 4J YES gates in two
different DNA board modules and the later integration of both modules into a cascade of up to ten

4J YES gates to explore the signal propagation and dissipation borderline of this computation units.

Chapter Four focuses on research question iii) where a new molecular readout reporter
system is proposed for the translation of the output sequence of a DNA IC into a fluorescence
readout. This reporter system aims to minimize its kinetic contribution to the computation time
response of a DNA IC cascading four 4] YES gates. Furthermore, we attempt to provide a

quantitative measurement of the response time and time delay between inter-gate cascading units.

Research question iv) is investigated in Chapter Five by firstly exploring the use of 1-
cyanoimidazole and a divalent metal cation for the chemical ligation of two DNA oligonucleotides
in aqueous solution. This chapter shows the use of a DX-tile template to achieve the 5’ to 5* and

3’ to 3’ non-conventional ligation of two oligonucleotides using the aforementioned chemical
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reaction. From the understanding and optimization of these condensation reagents, we investigated

the suitability of this reaction in the covalent crosslinking of DNA IC components.

Lastly, Chapter Six discusses and summarizes the major outcomes achieved from each
chapter and reviews the answers provided to each of the research questions investigated in this

dissertation.
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CHAPTER TWO: TWO LEVEL FUNCTIONALLY COMPLETE LOGIC
CIRCUITS FROM MODULAR INTEGRATION OF YES AND NOT LOGIC
GATES

Reproduced in part with permission from Bardales, A.C.; Vo, Q.; Kolpashchikov, D.M.
Singleton {NOT} and Doubleton {YES; NOT} Gates Act as Functionally Complete Sets in DNA-
Integrated Computational Circuits. Nanomaterials 2024, 14, 600, and from Bardales, A.C.; Vo, Q.;
Kolpashchikov, D.M. A Laboratory Class: Constructing DNA Molecular Circuits for Cancer
Diagnosis. J. Chem. Educ. 2024, 101, 10, 4360-4369. Copyright 2024 American Chemical Society

and Division of Chemical Education, Inc.

2.1 Introduction

In our DNA molecular computing designs, %11

inputs and outputs correspond to nucleic
acid sequences. We have been developing DNA logic gates connected to each other via DNA four-
way junction (4]) structures (Figure 6) .**!% These 4] gates recognize the nucleic acid sequences
as inputs and produce a new sequence by bringing two oligonucleotide fragments into proximity,
which is the output of the 4] gates (Figure 6C). The new output sequence can be conveniently
detected by a molecular beacon (MB) probe—a fluorophore—and a quencher-labelled DNA
hairpin.!'! In the absence of a complementary output, MB is in a hairpin conformation, which
keeps the fluorophore near the quencher, ensuring low fluorescence. Upon the binding of MB to
its complement, it stretches and distances the fluorophore from the quencher, enhancing the

fluorescence signal (Figure 6C). Therefore, MB helps in transducing the nucleic acid output to a

fluorescence signal, and easily monitoring the molecular computing readout. These change in
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fluorescence from the opening/closing of the MB probe can be correlated to the binary response

(0 and 1) as in digital computing.

A) Four way (4J) junction B) 4J Isoforms
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Figure 6. Structure of DNA four-way junction (4J). A) Schemes shows the hybridization of four
strands of DNA into a 4J due to the crossover complementarity of strands 2 and 4 towards strands
1 and 3. B) Different conformations of 4J have been reported due to the twisting at their point of
convection or by strand shifted migration; redrawn from ref [113] and [114]. C) For DNA
molecular computing, a nucleic acid input binds to the complementary fragments (blue) of
crossover strands A and B by bringing the together purple fragments of A and B results the an
output sequence is made and it is recognized by a molecular beacon probe (MB); redrawn from
ref [111]. Arrows represent single-stranded DNA which arrowheads indicate 3” ends. Polyethylene
glycol linkers are represented by dashed lines F and Q correspond to fluorophore and quencher
tags, respectively.

Due to the different conformations a DNA 4J can adopt'!'>!'3 we introduced covalent
polyethylene glycol linkers in between the input binding and output fragments of the crossover

strands A and B. The separation of the nucleic acid sequences by these linkers prevents strand
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migration into a conformation that could place MB’s fluorophore and quenchers back in proximity
(Figure 6B).

The simplest Boolean logic gates are YES and NOT. YES produces a high output in the
presence of the input and a low output in its absence (Figure 7A). NOT is the inverter of YES logic
(Figure 7A). Inspired by the 4J structure a 4] YES and 4] NOT Boolean logic gates were realized
and their functional mechanism is illustrated in Figure 7. The 4J YES gate is composed of two
DNA strands (A and B) that are bridged by a nucleic acid input to make the output sequence and
triggering the opening of MB1.!'*!15 In the 4] NOT gate, strands A’ and B’ are brought together by
a DNA “bridge” which forms the output sequence that hybridizes with the MB; probe in the
absence of input. In this setting, the 4] NOT gate follows the NOT logic truth table by giving a
functional output sequence (output 1) for input 0 (absence/low). The addition of the nucleic acid
input sequesters the bridge fragment from a 4J NOT gate leading to the separation of the two output
(green) fragments, which results in the dissociation of the MB, probe. This causes MB; to fold
itself as a hairpin and to exhibit low fluorescence (Output 0).

The connectivity of 4] YES and NOT logic gate can be achieved by rationally designing
the output sequence of the downstream gate as an alternative input of an upstream 4J YES or 4J
NOT gate as shown in Figure 7B. We reported that a connected 4J YES and 4J NOT and two
connected 4] NOT gates can lead to functionally complete IMPLY or NAND gates, respectively.'!*
To facilitate communication between these gates, we spatially localized them on a DNA scaffold,
named here DNA board, which is composed of four strands: Rail 1, Rail 2, Staple 1, and Staple 2
(Figure 7C). The DNA board is a molecular structure assembled in aqueous solution where it

provides spatial localization of two 4J Boolean logic gates for their integration into DNA circuits
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The DNA board contains a single-stranded (ss)DNA section that serves as a flexible hybridization

board for the integration of multiple DNA logic units, which allows for DNA circuits to be built.
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Figure 7. Molecular insight of the components of the DNA molecular circuits: A) Elemental DNA
4)J YES and NOT logic gates. In the 4] YES gate, the input strand bridges strands A and B by
binding to their green fragments, thus bringing the purple fragments in proximity to make an output
sequence that is sensed by the MB probe (MB)). In the 4] NOT gate, the output sequence (green
fragments) is formed in the absence of the input strand due to bridging of strands A’ and B’ via
complementarity of their blue fragments with the stabilizing bridge fragment (cyan). The input
strand sequesters the bridge fragment from the bridge-binding fragments of strands A’ and B’.
Thereby causing separation of A’ and B’ and decomposition of the output into two fragments
(green). B) The connectivity of 4] YES and NOT gates is achieved by relaying the output sequence
of the downstream NOT gate as an input for the upstream YES gate, which results in a DNA
molecular circuit. C) DNA board (left) is a four-stranded DNA nanostructure that allows spatial
localization for connectivity of the individual YES and NOT logic gates (right). Arrows represent
single DNA strands where arrowheads indicate the 3’ ends. Stacked lines represent base pairs and
dashed lines indicate an oligomeric linker.
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2.2 Materials and Methods
2.2.1 Materials

DNase/protease-free water was purchased from Fisher Scientific Inc. (Pittsburg, PA) and
used for all buffers and oligonucleotide stock solutions. MgCl2 (1 M solution) was purchased from
Thermo Scientific (Waltham, MA), 1M Tris-HCI pH 7.4 buffer from KD Medical (Columbia,
MD), and Triton X100 from Sigma-Aldrich (Burlington, MA). All oligonucleotides were custom-
made by Integrated DNA Technologies, Inc. (Coralville, 1A), and their stock solutions were
prepared by resuspension in water and stored at — 20°C until use. The concentrations of the
oligonucleotides’ stocks were determined from the Beer-Lambert equation, for which absorbance
at 260 nm was measured with a Thermo Scientific Nanodrop One UV-Vis Spectrophotometer,
while the corresponding extinction coefficients were determined using OligoAnalyzer 3.1 software
(Integrated DNA Technologies, Inc.). Fluorescence assays were performed with Perkin Elmer LS
55 Fluorescence Spectrometer, Deuterium Lamp. Gel electrophoresis experiments were performed
using BioRad electrophoresis equipment (Hercules, CA), and visualized using BioRad Gel Doc

XR+.

Table 3. Oligonucleotides used in Chapter Two studies.

Name Sequences
DNA Board
Rail 1* CCTATCGTGTTTTG TCG CTGACCATC GTATCG CTT CGT CTATG
Rail 2* CTGAG TGAAT GAG CT CTACACTGCAGTACCAC CGTTAG TCA
Staple 1* ATTCA CTCAG /iSp18//iSp18/ CATAG ACG AAG
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Name Sequences

Staple 2* GACA AA CAC GATAGG TTTTTT TTTTTT TGA CTA ACG GT CCAG

Staple 2-OR AA CAC GATAGG TTTTTT TTTTTT TGA CTA ACG GT

Blck A CGATAC GAT GG

Blck B TGT AGA GCTC

Blck Az TCAG CGA CAA

Blck A2 GGTACTGCAG
YES 1

Ar* TC TAT TG /iSp9/A GAC AAT GTA GC/iSp9/CGATAC GATGG

Bi* AGTAG AGCTC/iSp9/GAAAC CCA GC/iSp9/ TAT GTT AACG

Ay CTTTG TTC/iSp18/A GAC AAT GTA GC/iSp18/CGATAC GATGG

B AGTAG AGCTC/iSp18/GAAAC CCA GC/iSp9/ GAT G ATT CC
NOT 2

Ax* TA CAT TGTC T/iSp9/GGT GAAC C/iSp9/TCAG CGA CAA

By* TG TTG CTC/iSp9/GCT GGG

Bridge* AGGG GTT CAC CGA GCAACATTC/iSp9/GGT ACT GCA G
NOT 3

As* CT TTG TTC/iSp9/A GAC AAT G/iSp9/CGATAC GATGG/iSp9/ AAATC

TAC ATT GTCT GC TGG GTTTC

Bs* AGTAG AGCTC/iSp9/AAC CCA GC/iSp9/GAT G ATT CC
YES 4

Ag* TC TAT TG/iSp9/TCT GATAAGCTA/iSp9/CGATAC GATGG

29




Name

Sequences

By* AGTAG AGCTC/iSp9/TCAA CAT CAG/iSp9/TAT GTT AACG
YES 5
As* TTA TCA GA/iSp9/A GAC AAT GTA GC/iSp9/TCAG CGA CAA
Bs* GGT ACT GCA G/iSp9/GAAAC CCA GC/iSp9/CTG ATG TT
MB Probes
MB; /56-TAMN/ CCT GG AATCATC GAACAAAG CA CAG CC AGG
/3BHQ2/
MB» /56-FAM/ CCAGG CCCAGC AGACAATGTA CCT GG/3BHQ1/
MB NAND* FAM- CCTGG AATCATCGAACAAAG CA CAG CCAGG -BHQI
MB FAM-CGCG TTA ACA TA CAA TAG AT CGCG-BHQI
OR/IMPLY *

Inputs

hsa-miR-21-5p

(Input 4)*

/5Phos/rUrArGrCrUrUrArUrCrArGrArCrUrGrArUrGrUrUrGrA

hsa-miR-221-3p

(Input 1)*

/5Phos/rArGrCrUrArCrArUrUrGrUrCrUrGrCrUrGrGrGrUrUrUrC

hsa-miR-409-3p

(Input 2)*

/5Phos/rGrArArUrGrUrUrGrCrUrCrGrGrUrGrArArCrCrCrCrU

Input 3*

GAAAC CCAGCAGACAAT GTA GC

* Oligonucleotides were used specifically on J. Chem Educ. (2024) manuscript corresponding to
the development of the education kit. Each sequence is entered as 5’2 3”; iSp9 and iSp18 are
oligoethylene glycol spacers 9 and 18 from Integrated DNA Technologies (IDT); FAM and BHQ1
correspond to 6-carboxyfluorescein and 3’Black Hole Quencher-1 respectively; /5’-phos/
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represents a 5’ terminal phosphate group and r indicates ribonucleotide. Extinction coefficients
were obtained from OligoAnalizer online calculator OligoAnalyzer from IDT website.

2.2.2 Assembly of DNA logic gates with DNA board

All DNA oligonucleotides corresponding to the DNA logic gates and DNA board intended
for assembly into the target DNA logic circuit were mixed at 200 nM in equimolar ratios in a buffer
mix containing 100 mM Tris-HCI at pH 7.4, 100 mM MgCI2, 0.06 % Triton X100; followed by
vortex and centrifuged to make sure all the solution was dragged down. The samples were annealed

by placing them in a water bath at 95 °C for 2 min and slowly cooling down to 22 °C within 8 h.

2.2.3 Fluorescence assays and data analysis

After assembly, a master mix solution was prepared containing molecular beacon (MB)
probe solution and the DNA assembly. From this master mix, aliquots were dispensed in individual
microcentrifuge tubes for the addition of the different inputs, followed by incubation at room
temperature (22-25 °C) for 20 min. The fluorescence emission was read from those samples,
containing 100 nM DNA logic gate assembly, 50 nM MB probe (12.5 nM for YES 1 and IMPLY),

100-200 nM input, 50 mM Tris-HCl at pH 7.4, 50 mM MgCl2, 0.03 % Triton X100.

Average and standard deviations were calculated from three independent samples. To
normalize the fluorescence response of each output signal, we subtracted the average fluorescence
response of a MB only solution. Each graph plots the average fluorescence difference (4F):
fluorescence output signal — fluorescence MB signal; Error bars represent the standard deviation

from three independent samples.
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2.2.4 Gel electrophoresis

Native gels were prepared at 8 % acrylamide (19:1 acrylamide:bisacrylamide) and con-
tained 50 mM MgCIl2 . Gels were run at constant voltage (95V) for 75 min. Samples were prepared
using a 6 XCyan/Yellow loading dye (TrackItTM, Thermofisher). TBE buffer (89 mM Tris Base,
89 mM boric acid, and 2 mM EDTA) was used as the running buffer. Denaturing gels were
prepared to contain 8 M urea and 12 % acrylamide (19:1 acryla-mide: bisacrylamide). Samples
were prepared using a 2X denaturing loading buffer (85 % Formamide, TBE, and traces of
Bromophenol blue and Xylene Cyanol). Gels were run at constant voltage (150V) and 65 °C for 1

h and 30 min. Gel-Red was used as a staining dye for the visualization of DNA bands.

2.2.5 Gel extraction of DNA assemblies

150 pmol of the DNA assembly was loaded into a Native gel. For gel extraction, gels were
run at constant voltage (100 V) and 22 °C for 1 h 30 min. The target band was identified and cut
with a scalpel blade, followed by thinly crushed, soaked in 1 mL DNA grade water, and incubated
under shake (120 rpm) at 37°C for up to 24 h. Supernatant was filtered using a X-Spin Coastar
filter. From the collected supernatant, DNA was precipitated by adding a 2-fold volume 2 %
LiClO4 — acetone solution and separated from the supernatant by centrifugation at 10,000 RPM
for 3 min (step repeated with pure acetone). DNA pellet was dried under vacuum for 30-60 min

and then resuspended with DNA-grade water.
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2.3 Results and Discussion
2.3.1 4J YES and 4J NOT logic gate units

We optimized the performance of individual 4J YES 1 and 4J NOT 2 on the DNA board
structure to achieve the correct digital response. Input 1 and Input 2 are the DNA sequences
corresponding to hsa-miR-221-3p and hsa-miR-409-3p, respectively. Input 1 is recognized by YES
1, while Input 2 is recognized by NOT 2. Upon input recognition, YES 1 combines A1 and By,
giving an output sequence of a total of 18 nucleotides (nt) long. Conversely, NOT 2 dissociates its
output sequence (17 nt) upon input binding to the bridge strand. When only YES 1 was assembled
on the DNA board, blocker strands blck Az and blck B, were added to cover the empty ssDNA
regions on both Rail strands (Figure 8A). Similarly, when only NOT 2 was assembled on the DNA
board, blck A; and By were added (Figure 8C). We observed signal enhancement for YES 1 and

signal reduction for NOT 2, as expected, in the presence of the input strand (Figure 8B and D).
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Figure 8. Functionally complete 4J gates integrated on DNA board. The 4] YES 1 A) and NOT 2
gates C) on the DNA board, both in the absence of input; ssDNA blocker strands (blck A1, A2, Bi
and B») fill the Rail fragments lacking the gates. Fluorescence response of 4] YES 1 B) and 4J
NOT 2 D), respectively.
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In DNA molecular computing, the development of individual logic gates has been
thoroughly addressed. However, achieving complex molecular circuits is still in its infancy. A set
of AND, OR, and NOT gates is a well-known functionally complete set in digital computers.?
This set has attracted attention because of its universality—the ability to achieve any other logic
functions by integrating multiple units of this limited set.!'® This modular and scalable approach
enables the easy design and cost-efficient manufacturing of computational circuits. IMPLY and
NAND are ‘universal’ (or functionally complete) gates: each of them is sufficient to build

17 operations.!!®11? In digital computing, neither

semiconductor circuits of arbitrary complexity.
the combination of YES and NOT gates, nor NOT gates alone, have ever been reported to comprise

a functionally complete set of gates like IMPLY and NAND.

2.3.2 IMPLY Logic Circuit (4J YES + 4J NOT)

The IMPLY logic produces a low output only when the conditional set (Input 1: low, and
Input 2: high) is true (Figure 9A). Lately, IMPLY has attracted attention for its use in ‘memristive’
switches, memory resistors that perform logic. We integrated both YES 1 and NOT 2 gates on the
DNA board such that the output of NOT 2 served as an input for YES 1, as shown in Figure 9A.
In this arrangement, the system was expected to perform as a two-input IMPLY logic circuit
producing high output (measured as high fluorescence of MB1) in all input combinations except
when only Input 2 complementary to NOT 2 gate was present (Figure 9E). The fluorescence assays
show the correct digital response of the IMPLY logic circuit (Figure 9B-C). An experimental

threshold (red dashed line in Figure 9B) for the differentiation of digital 1 and digital 0 output
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signal of the IMPLY unit was established following the concept of the limit of detection and

corresponded to the average signal of YES 1-output 0 plus three times its standard deviation (SD).
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Figure 9. YES 1 + NOT 2 = IMPLY. A) IMPLY truth table (left) Localization and connectivity of
YES 1 and NOT 2 on the DNA board (right). B) Fluorescence of IMPLY upon excitation at 555
nm. Red dashed line represents an experimental threshold, which was calculated as the average
fluorescence of YES 1°s output 0 plus three standard deviations. C) Visual fluorescence of IMPLY.
D) 8% native PAGE-50 mM MgCIl2 results. Ladder: dsSDNA markers with their length, in base
pairs, indicated to the left, YES 1: gate strands (A1 + B1), NOT 2 gate strands: (A2 + B2 + Bridge),
DNA board and IMPLY full assembly: (YES 1 + NOT 2 + DNA board). The blue arrow indicates
the fully assembled IMPLY gate nanostructure. E) Molecular structural changes in the IMPLY
nanostructure for the four Input 1/Input 2 combinations: digital inputs 0, 0; 1, 0; 0, 1; 1, 1.

We also assessed the full assembly of the YES 1 and NOT 2 gates on the DNA board
through gel electrophoresis (Figure 9D). Lane 4 shows faster mobility of the IMPLY unit than that
of the DNA board alone. This can be explained by the higher overall negative charge of the ‘loaded’

DNA board nanostructure, which has a comparable electrodynamic volume with that of the
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unloaded DNA board. To prove that the major band in Lane 4 contained all the expected strands,
we cut this band out of the gel, eluted its content, and analyzed the content using denaturing gel
electrophoresis (Figure 10A). For mobility reference, individual ssDNA components were added
from Lane 2 to 10. Lane 11 shows the four DNA bands corresponding to the mobility of the DNA
board components: Rail 1, Rail 2, Staple 1, and Staple 2. The IMPLY full assembly was loaded to
Lane 12, which shows six DNA bands corresponding to the overlapping mobility of the
components of the DNA board, YES 1 (A; + B1) and NOT 2 (A2 + B2 + bridge). The IMPLY
assembly after gel extraction was loaded in Lane 13, which shows five DNA bands corresponding
to the components of the DNA board, YES 1 and NOT 2’s Az and bridge. Bz is not observed in
Lane 13 (Figure 10A, blue arrowhead), and since this strand is detached from the DNA board, we
consider that under non-equilibrium conditions like those of gel electrophoresis, B is prone to

dissociation from the major assembly and was lost from the IMPLY full assembly during gel

extraction.
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Figure 10. dPAGE analysis of full IMPLY assembly and shelf-life. A) 12% dPAGE-8 M urea
results. Lane 1: ssDNA markers with their lengths, in nucleotides, indicated; 2—10: individual
ssDNA components of the IMPLY assembly; 11: DNA board; 12: IMPLY assembly before PAGE
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extraction. 13: IMPLY assembly after PAGE extraction. Blue arrowheads indicate the mobility of
B>. B) Fluorescence readout for up to two months of storage at 25°C and native-PAGE assay
showing IMPLY assembly stability.

A shelf-life assay of the IMPLY assembly was performed by running fluorescence assays
at different time points for up to two months (Figure 10B). A master mix of the IMPLY assembly
was prepared as listed in Materials and Methods Section 2.2.2 and stored on the bench at room
temperature (~ 25 °C). Aliquots of this master mix were taken to prepare the different samples
containing any of the four possible input combinations and to perform a gel electrophoresis assay
(Figure 10B). Both fluorescence and electrophoresis results suggest that the assembly has a robust
performance for up to two months from its preparation without requiring freezing or special

storage conditions.

2.3.3 NAND Logic Circuit (4J NOT + 4J NOT)

NAND Boolean logic produces a low output only when both inputs (Input 2 and Input 3)
are high (Figure 11C). To create a universal NAND function, we loaded the DNA board with two
NOT gates (NOT 2 + NOT 3). NOT 3 recognizes Input 3 (a 22 nt long ssDNA). For later
connectivity with NOT 2, NOT 3 was designed to assemble in the same ssDNA region as YES 1
on the DNA board. Additionally, the NOT 3 output sequence is also recognized by MB1. To test
the individual response of NOT 3 on the DNA board, blck A> and blck B> were added as
replacements for NOT 2 strands (A2 and B») to maintain the rigidity of the DNA board. NOT 3
alone showed a 3-fold reduction when Input 3 was added (Figure 11B), demonstrating the digital

NOT behavior of this gate.
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Figure 11. NOT 2 + NOT 3 = NAND. A) The 4] NOT 3 gate on DNA board; left: in the absence
of input; ssDNA blocker strands blck A, and B2 hybridized to ssDNA board area lacking gates.
B) The 4J NOT 3 fluorescence response after exciting at A: 555 nm. C) NAND truth table (left);
schematic representation of localization and connectivity of NOT 2 and NOT 3 (right). D)
Fluorescence response of NAND upon excitation at 555 nm. Red dashed line represents an
experimental threshold, which was calculated as the average fluorescence of NAND’s output 0
plus three standard deviations. E) Visual fluorescence of NAND. F) Molecular structural changes
in the NAND nanostructure for the four Input 3 / Input 2 combinations: digital inputs 0,0; 1,0; 0,1;

1,1.
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By connecting NOT 3 with NOT 2, we obtained a two-input NAND Boolean function,
which is another functionally complete logic gate (Figure 11C). We performed similar fluorescence
and gel electrophoresis assays as for the IMPLY logic unit. NAND fluorescence assays show the
correct digital response as expected based on its truth table (Figure 11C-E). Gel electrophoresis
also revealed a faster mobility band corresponding to the full NAND assembly (Figure 12A, Lane
4) as compared to the unloaded DNA board (Figure 12A, Lane 3). To prove that the major band
(shown by a blue arrowhead) in Lane 4 contained all NAND expected strands, we performed a
similar procedure as for the IMPLY assembly, by cutting and eluting this band out of the gel and

analyzing its content via denaturing gel electrophoresis (Figure 12C).

Denaturing gel electrophoresis (dPAGE) allows for the imaging of the individual
constituents of DNA assemblies. After gel extraction, the NAND assembly was loaded into Lane
13, which shows seven DNA bands corresponding to the components of the DNA board, NOT 2’s
Az and bridge, and NOT 3. B; is not observed in Lane 13 (Figure 12C, blue arrowhead) since this
strand is detached from the DNA board. Therefore, in non-equilibrium conditions like those of gel
electrophoresis, B2 is prone to dissociation from the major assembly during gel extraction; a similar
result was observed for the extraction of the IMPLY assembly (Figure 10A). A master mix of the
NAND assembly was prepared as listed in Materials and Methods section 2.2.2 and stored on the
bench at room temperature (~ 25 °C) for shelf-life assays. Aliquots of this master mix were taken
to prepare the different samples containing any of the four possible input combinations and to get
assembly stability over time through gel electrophoresis (Figure 12B). Both fluorescence and gel
electrophoresis assays show a robust performance and stability of the NAND logic circuit, even
though the output when both inputs are digital 1 overpassed the experimental threshold (red dashed

line Figure 12B) twice, the response of the NAND logic circuit followed its Boolean truth table.
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From the Native-PAGE image (Figure 12B bottom), we observed that annealing is necessary to

avoid undesired associations and/or construct aggregates.
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Figure 12. NAND Full assembly and shelf-life. A) 8% native PAGE-50 mM MgCl,.Lane L:
dsDNA markers with their length, in base pairs, indicated, 1: NOT 3 gate strands (A3 + B3), 2:
NOT 2 gate strands (A2 + B2+ Bridge), 3: DNA board only, 4: NAND full assembly (NOT 2 +
NOT 3 + DNA board). B) Fluorescence readout of NAND assembly stored at 25 °C for up to two
months and its native-PAGE assay showing NAND assembly stability .C) 12% dPAGE—-8 M urea
after NAND assembly gel extraction. Lane 1: ssDNA markers with their lengths, in nucleotides,
specified; 2—10: individual ssDNA components of the NAND assembly; 11: DNA board; 12:
NAND assembly before PAGE extraction. 13: NAND assembly after PAGE extraction. Blue
arrowheads indicate the mobility of Ba.
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2.3.4 OR Logic circuit (4J YES + 4J YES)

We developed a OR logic circuit by exploiting the connectivity of two 4J YES logic gate
modules. In OR Boolean logic, digital output 0 is achieved when either one or both inputs are
digital 1 (Figure 13A, left). Integrating both 4J YES gates (YES 4 + YES 5) on the DNA board
allows their optimal connectivity through nucleic acid relayed binding where the output sequence
of YES 5 binds as input to YES 4 (Figure 13A, right). In this arrangement, the DNA nanostructure
is expected to perform as a two-bit OR logic circuit where the output sequence is produced due to
the direct binding of input 4 to YES 4 or due to the relayed output of YES 5 when input 1 is bound.
When both inputs are added to the solution, the output digital 1 value can be produced due to the
coexistence of any of two molecular-input binding events (Figure 13C middle and right). Gel
electrophoresis shows that full assembly of the OR logic circuit results in a slower mobility than

the DNA board alone due to the increased molecular weight (Figure 13B).

The fluorescence assays show the correct digital response of the OR logic circuit (Figure
13D-E). An experimental threshold (red dashed line in Figure 13D) for the differentiation of output
digital 1 and digital 0 was established based on the average signal of YES 4-output 0 plus three
times its standard deviation. Similarly to IMPLY and NAND logic circuits, we evaluated the
stability of the OR logic circuit assembly for up to two months. Figure 13F shows the robust

performance of the OR assembly under the different input combinations.
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Figure 13. YES 4 + YES 5 = OR. A) OR truth table (left) Localization and connectivity of YES 4
and YES 5 on the DNA board (right). B) 8% native PAGE-50 mM MgCI2 results. Ladder: dsDNA
markers with their length, in base pairs, indicated to the left, YES 4: gate strands (A4 + B4), YES
5 gate strands: (As + Bs), DNA board and OR full assembly: (YES 4 + YES 5 + DNA board). The
blue arrow indicates the fully assembled OR logic circuit. C) Molecular structural changes in the
OR nanostructure for the four Input 1/Input 2 combinations: digital inputs 0, 0; 1, 0; 0, 1; 1, 1. D)
Fluorescence of OR upon excitation at 485 nm. Red dashed line represents an experimental
threshold, which was calculated as the average fluorescence of YES 4’s output O plus three
standard deviations. E) Visual fluorescence of OR. F) Fluorescence readout of OR assembly stored

at 25 °C for up to two months.
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2.3.5 Developing an education kit to promote the technology

Pioneering research, such as DNA nanotechnology, recombinant DNA, and CRISPR, is
contributing to the transformation of biology-related disciplines.'?° Therefore, increased exposure
of students to vanguard science is becoming a part of academic curriculums in high school and
undergraduate programs.'2%!?! Following this effort, forefront scientific approaches are framed for
their introduction in teaching laboratory experiments allowing students to learn the competent
concepts and technical skills.'”>1?® For biochemistry and molecular biology students, early
engagement in understanding cutting-edge technologies can motivate and increase their
preparation for later graduate studies and research.'?”!?® Therefore, we developed and
implemented a laboratory experiment that introduces basic concepts for building DNA molecular

computers and their potential implications for cancer diagnostics.

[ Inputs | \ DNACircuits) f Output
K’\/\ j_
igi —>
NN Digital 0 Healthy
OR
LVAYAS NAND
Digital 1 —» Cancer
~
il
IMPLY

Figure 14. DNA molecular circuits for microRNA-based diagnostics. microRNAs are recognized
as inputs by the DNA molecular circuits OR, NAND, and IMPLY where their analysis results in
two possible outputs: Digital 0 (miRNA(s) correspond to a healthy condition) or Digital 1
(microRNAC(s) correspond to a cancerous condition). The output readout for all DNA circuits is
done through fluorescence intensities, where low fluorescence (Digital 0) and high fluorescence
(Digital 1).
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The laboratory experience consisted of four activities (1- Pre-test, 2- Lecture, 3-
Experimental work, and 4- Post-test), which aimed at constructing the OR, IMPLY, and NAND
Boolean logic circuits (sections 2.2-2.3) and using them to classify mixtures of microRNA
biomarkers as indicators of healthy or cancerous conditions (Figure 14). The laboratory activity
provides students with a learning experience on DNA molecular computing which is a

multidisciplinary technology. Table 4 lists the specific learning objectives and outcomes.

To emphasize the relevance of DNA molecular computing as a biomedical tool, the DNA
circuits were designed to recognize as inputs microRNAs (miRs) correlated with the diagnosis of
hepatocellular carcinoma (HCC), one of the most common types of liver cancer.!? This practical
relevance is an important component of the learning experience,'*? that provides students with an
outlook on the real-world application of the topic/skills learned.!3"!*? miRs are non-coding RNA
of a short length (18-25 nucleotides) lacking secondary structures in their mature form.!** miRs
have been found to regulate processes like RNA gene expression/silencing and as signaling
molecules of intercell communication. In their mature form, they can be found either in the cellular
matrix or circulating in plasma.!'3*!3* These features make them attractive candidates as biomarkers
in the diagnosis of diseases. In cancer, more than one miR can be abnormally overexpressed and/or
underexpressed. The precision of the diagnosis can be improved by considering as many miRs as
possible.!** However, analyzing multiple miRs (each with different aberrant expression levels) can
be a challenging task. We selected miRs whose over and underexpression have been correlated
with the development, tumor growth, and metastasis of HCC.!2%133136 The following synthetic miR
HCC markers were given to the students: hsa-miR-221-3p (Input 1), hsa-miR-409-3p (Input 2),

hsa-miR-21-5p (Input 4), and the DNA complement of hsa-miR-221-3p (Input 3).
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Table 4. Learning objectives and outcomes.

Objectives

-To learn the concepts of Boolean logic gates, molecular computing, DNA logic gates,
MB probe, miR, and molecular diagnosis of hepatocellular carcinoma.

-To predict the output of DNA logic circuits based on their Boolean truth table.

-To construct DNA logic circuits with OR, NAND, and IMPLY Boolean logic.

-To use DNA logic circuits to classify mixtures of miR markers as indicators of
cancerous or healthy conditions.

-To understand the principles of fluorescence-based MB probes.

Outcomes

-Students will be able to describe and apply the key concepts of Boolean logic gates,
molecular computing, DNA logic gates, MB probe, miR, and molecular diagnosis of
hepatocellular carcinoma.

-Students will be able to interpret Boolean truth tables and predict their output.
-Students will gain the technical skills to construct, test, and report the readout of DNA
logic circuits.

-Students will be able to discriminate between a cancerous or healthy condition based
on the response of DNA logic circuits to the mixtures of miR markers.

-Students will be able to explain fluorescence phenomena based on the states of MB

probes.

The OR logic circuit was designed to recognize the selected overexpressed miR, while

NAND logic circuit could identify an underexpressed miR. IMPLY logic circuit could bind to one

overexpressed and one underexpressed miR. During the lecture (SI, lecture slides), we introduced

miRs biological background and how digital values could be assigned to their under and over-
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expression during testing with each DNA logic circuit. To simplify interpretation of the DNA
circuits’ response, the sample was classified as “cancerous” state if the miR input(s) triggered a
high fluorescence signal. Conversely, low fluorescence indicated a “healthy” state. The fluorescent
readout was either visually observed by using a blue-LED flashlight and UV/Blue light blocking
goggles or measured with a spectrofluorometer. All the materials students needed were packed in
individual kits as shown in Figure 15A and C. To improve the visual detection experience, a
fluorometric box made out of black cardstock paper was provided to hold the different input

combination samples for simultaneous irradiation and visualization (Figure 15B).

A) Solutions to prepare DNA logic circuits B) Samples irradiation with flashlight
slel®
grade board
ate|
B Samples ::"J?:;
IMPLY @
& OR 90°
MB Light
NAND source
C) Setting as a portable kit Portable

Fluorometric
Solutions

paper box

Flashlight

L'l ls

g
ol |6 B

J®

e
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T
lg" 2" [t

T
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Microcentrifuge  Blue light protecting
tubes goggles

Figure 15. Setting up the materials and reagents. A) Arrangement of 15 different microcentrifuge
tubes (represented by circles) filled with solutions needed for constructing and testing the three
DNA logic circuits: one tube with DNA grade water (black), one tube containing assembled DNA
board (brown), three tubes with different YES gates (orange), two tubes with different NOT gates
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(blue), two tubes with the MB probe solutions to report the output of IMPLY/OR circuit and
NAND circuit (purple), and six tubes containing individual inputs (green). B) A tube-holder box
made of black cardstock paper for holding samples containing four different input combinations
of one DNA logic circuit. The samples are irradiated with a blue LED flashlight for output
visualization at a 90-degree angle. C) All necessary materials and reagents can be conveniently
packaged into a 19x16x8 cm box as a portable education kit for the DNA molecular computing
activity.

The student assessment in achieving the learning objectives was done under IRB-approved
protocol (IRB ID: 00006043). The laboratory experience was offered twice with a total of 9
volunteers (4-5 volunteers per session). The population of volunteers consisted of undergraduate
students from chemistry, biochemistry, biotechnology, and biomedical sciences programs in their
freshman to senior academic levels and current members of research laboratories from our
institution. The recruitment was done by extending a formal invitation directly to the students or
indirectly through the research laboratory advisors. Each session was scheduled based on the most
voted meeting time by students who accepted the invitation. The volunteers participated as active
learners and simultaneously shared their thoughts and recommendations for improving the learning

experience.

Due to the two methods for fluorescence detection, students in the first session used a
spectrofluorometer, and students in the second session used a hand-held lamp. We observed the
spectrofluorometer challenged the students to numerically discriminate digital output 0 from
digital output 1 since the fluorescence intensity values were variable. Therefore, we specified that
digital output 0 would be at least 3-fold lower than digital output 1 The group that used a hand-
held lamp had less struggle assigning the digital values to the fluorescence intensities. However,

to ensure the effectiveness of this method, we provided a fluorometric box made of black cardstock
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(Figure 15B). Students acknowledged that this tool was helpful during the data collection and

interpretation steps.

From the first session, 4 of 5 volunteers successfully constructed and tested all DNA logic
circuits (Figure 16, left). The pre and post-tests gave an average score of 69% and 82%,
respectively (Figure 16, right), showing a 13% increase. The pre-test high average score showed
that students from this session had a degree of familiarity with the concepts. From the post-test
scores, we observed that students’ knowledge level was normalized after the laboratory class. From
the second session, 2 of 4 students successfully constructed and tested all DNA logic circuits while
at least one of the DNA logic circuits failed for the other 2 students (Figure 16, left panel).
Nonetheless, the students with incorrectly responding DNA logic circuits readily identified or
suggested an explanation for the corrupted readout, which gave insights into students'
understanding of the taught concepts to discriminate erroneous data. The average scores for the
pre- and post-tests were 45% and 64%, respectively (Figure 16, right), showing a 19% increase.
The pre-test low average score showed that students were less familiar with the concepts than
students from the first session. Students achieved scores equal to or above the pre-test average
score and the highest score of 90% in the post-test. From this session, students mostly engaged in
asking questions about challenges in developing the technology and its usage with actual patients.
Overall, students determined which inputs would trigger a readout interpreted as “cancerous” or
“healthy”. However, students overlooked using the terms underexpression or overexpression when

asked about the miRs expression level based on the DNA logic circuit response.
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Figure 16. Students’ experimental and theoretical outcomes of the laboratory activity. The left
panel shows the number of DNA logic circuits correctly assembled and tested in the experiment
by a total of 5 students in the first session and a total of 4 students in the second session. The right
panel shows the pre- and post-test scores achieved by students in both sessions.

The achievement of the learning objectives and outcomes was assessed based on students'
communication with the instructor, ability to correctly assemble and test the DNA logic circuits,
the assessment of students’ conclusions, and students’ performance on the pre-test and post-test.
Most students gained knowledge of the concepts taught and predicted the expected outputs for the
DNA logic circuits based on their truth tables. Most students succeeded in experimentally
constructing and testing the DNA logic circuits and correctly correlated the fluorescence readout
with the diagnostic outcome. Regardless of the fluorescence detection method, students correctly
described the principles of MB probes, such as MB probe conformational states based on
fluorescence intensity and were exposed to spectrofluorometry concepts such as incident light,

wavelength selection, and light filters.

2.4 Conclusions

One common paradigm in developing a molecular computer follows the path established

by the semiconductor computer technology. This includes designing a functionally complete sets
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of Boolean logic gates, connecting them in circuits by integrating into a common platform,
powering using (bio)chemical reactions, and achieving an easily readable signal for convenient
communication with a human operator.*’** Applications of such computational systems in
controlling gene expression and in diagnosing infectious diseases and cancer have been
envisioned.*>!371%% Thus, computers made of molecules can be explored for the application of

well-developed computational living systems.

This study demonstrates that molecular (DNA) computational systems may offer
opportunities unrealized in electronics. Indeed, an electronic set of YES and NOT gates has never
been considered as a complete set of Boolean gates. In this work, we demonstrated for the first
time that YES and NOT gates, or two NOT gates made of DNA, can be connected in a circuit that
fulfills functionally complete gates, IMPLY and NAND. This was possible because the 4] YES 1
gate in IMPLY and 4J NOT 3 in the NAND gate recognized either the oligonucleotide input or the
outputs of the downstream gates; the coexistence of these two distinct modules is a feature that is

absent in the majority of other devices that fulfill the function of Boolean logic gates.

4J YES, and NOT gates preserved their Boolean truth table by binding to only one input at
a time either an input externally added to the DNA circuit, or an input relayed from the downstream
gate (Figure 9,11, and 13). Since both IMPLY and NAND functions are sufficient to make a circuit
of arbitrary complexity, we concluded that singleton {NOT} and doubleton {YES; NOT} gates

can act as functionally complete sets in DNA-integrated computational circuits.

Therefore, we can conclude that two DNA 4J gates with YES and NOT Boolean functions
can be connected to make IMPLY, while two NOT gates can make a NAND function.

Theoretically, a computational circuit of any complexity can be built only from this set of DNA
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logic gates. This opens a route to building computational circuits of arbitrary complexity from
simple YES and NOT DNA logic gates. This modular connectivity could ease the burden of
developing new architectures when realizing new Boolean circuitries. Therefore, while developing
molecular logic gates, we should look for opportunities that are unexpected from our experience

with electronic computers.

Furthermore, the educational kit allowed students to follow the progress of building DNA
molecular circuits from individual DNA logic gates and to be familiar with new non-conventional
avenues in constructing DNA molecular circuits as we discussed above. The experiment is versatile
and can be implemented in different classroom settings by offering visual observation or
quantitative measurement of the fluorescence readout. It uses non-toxic and inexpensive reagents.
Although the two-session pilot testing was performed with a few student volunteers, they yielded
positive feedback and proved it to be an engaging experiment driving students' curiosity to know

more about this novel technology.
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CHAPTER THREE: MODULAR DNA BOARD FOR MULTILEVEL LOGIC
CIRCUITS

3.1 Introduction

In the pathway of scaling up the complexity of integrated DNA circuits (DNA ICs), the
number of cascading 4] DNA logic units achieving effective communication is an important
parameter. In Chapter One section 1.3, we introduced the challenges of increasing the number of
cascading logic computing units and the limitations faced by currently available DNA scaffolding
systems reported in the literature. One of the challenges of cascading 4] DNA logic units is their
low stability (Figure 17A-B) which can be attributed to the high entropy penalty, weak binding
strength, and the multiple junctions across the cascading units. Therefore, their spatial localization
on a DNA board aids in increasing the local concentration of the 4J logic gate components and
stabilizing the cascading junctions of the multiple 4] units. In chapter two, we introduced the DNA
board as a nanostructure made from assembling four single strands of DNA (Rail 1, Rail 2, Staple
1, and Staple 2) with a ssDNA region to anchor two 4] DNA logic gates. This DNA board is a
novel nanostructure developed under the scope of this dissertation as an alternative scaffolding
system that is considered to provide the following features: 1) adjustable size based on the number
of computing units anchored, i1) reduced number of constituents to minimize misassembling, ii1)
connectivity with one or more DNA board modules, and iv) directed spatial orientation of the
computing units. Each of these features has not been attributed to previously proposed DNA board

systems.
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Figure 17. Scaling up of 4] DNA molecular circuits. Scheme in A) shows a desired “ideal”
structural assembly when cascading multiple 4] DNA gates each composed of two fragments: o
and B (left side) that are free in solution when input is 0. When input equals 1 the binding of each
complementary fragment is triggered resulting in a cascade of 4Js. However, the arrangement of
each 4J gate component into such ordered nanostructure faces limitations, and B) shows a more
realistic scenario of incomplete cascading structures. C) Our proposed DNA board is composed of
rail 1 and rail 2 assembled with staples 1 and 2 by complementary binding of 10 -15 bp. The
ssDNA region located at the center of the DNA board is designed for the localization of computing
components and its length can be customized to the number of computing components. D).A 3D
representation of the DNA board localizing three 4J logic gates shows that a 4] component (o and
) anchored to the rails must perform one B-DNA helical turn for parallel alignment with the other
4J components. E) scheme shows how different DNA board modules can be integrated into a new
whole unit for scaling up DNA ICs.
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Here we explore the expanding capacity of the DNA board for the localization of more than
two 4] DNA logic gates and determine the number of computing units that can be cascaded before
the signal dissipates. To allow efficient communication among 4J logic gates, the spatial

'- o2 and o? - o®) must

localization of each complementary fragment (e.g. B! - p? and B? - > or a
be aligned parallel to the z-axis in a 3D space (Figure 17D). To achieve this spatial alignment, the
length of the rail binding fragment for each 4J logic gate component was purposely set to perform
one B-DNA helical turn, which corresponds to 10-11 nt (Figure 17D). If the rail binding length of
the 4J units is lower or higher than 10-11 nt the alignment of each cascading unit is gradually
shifted to the east or west from the z-axis, thus leading to partial delocalization and their
communication can be limited by steric constrains. Therefore, the overall length of the DNA board

rails expands by 10 to 11 nt per 4J logic gate meant to be anchored to the rails. Here, we propose

and investigate this feature of adjustable befitting length to provide a customizable DNA board.

Furthermore, we propose a structural approach for the integration of two or more DNA
board modules that can facilitate the scaling up of DNA ICs from already available/constructed
DNA ICs units. Inspired by the manufacturing approaches of Si-based circuits in which scaling up
complexity is achieved by the integration of multiple motherboard units, here we propose the
assembly of two DNA ICs modules by triggering the formation of a pseudo 4J junction by a
connector ssDNA that binds the staple complementary fragments from the rails of two different

DNA ICs modules (Figure 17E).
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3.2 Materials and Methods
3.2.1 Materials

DNase/protease-free water was purchased from Fisher Scientific Inc. (Pittsburg, PA) and
used for all buffers and oligonucleotide stock solutions. MgCl2 (1 M solution) was purchased from
Thermo Scientific (Waltham, MA), 1M Tris-HCI pH 7.4 buffer from KD Medical (Columbia,
MD), and Triton X100 from Sigma-Aldrich (Burlington, MA). All oligonucleotides were custom-
made by Integrated DNA Technologies, Inc. (Coralville, 1A), and their stock solutions were
prepared by resuspension in water and stored at — 20°C until use. The concentrations of the
oligonucleotides’ stocks were determined from the Beer-Lambert equation, for which absorbance
at 260 nm was measured with a Thermo Scientific Nanodrop One UV-Vis Spectrophotometer,
while the corresponding extinction coefficients were determined using OligoAnalyzer 3.1 software
(Integrated DNA Technologies, Inc.). Fluorescence assays were performed with Perkin Elmer LS
55 Fluorescence Spectrometer, Deuterium Lamp, and with Agilent Cary Eclipse Fluorescence
Spectrometer, Xenon Lamp. Gel electrophoresis experiments were performed using BioRad

electrophoresis equipment (Hercules, CA), and visualized using BioRad Gel Doc XR+.

Table 5. List 1 of Oligonucleotides used in Chapter Three studies.

Name Sequences

DNA Board Module 1

4J Rail 1 CACTCTAGT TTA CAG/iSp9/ G ATC GTATCA CCTATC GTGTTTTG

TCG CTGA CAC CAC CT GAC CCATC GTATCG CTT CCT CTATG
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Name Sequences
4J Rail 2 CTGAC TGAAT GAG CT CTA CA GA CGA CTACAG CTGC AGT ACC
AC CGT TAG TCAACT CACT CTG /iSp9/ GT ACTT TCT ACT AAC
4] Staple 1 ATTCA GTCAG /iSp18//iSp18/ CATAG AGG AAG
4] Staple 2 CTG TAAACT AGA CTG /iSp18//iSp18/ GTT AGT ACA AAGT AC
Blck 1A CGA TAC GAT GG
Blck 1B TGT AGA GCTC
Blck 2A GTC AG GTG GTG
Blck 2B CTGTAGTCGTC
Blck 3A TCAG CGA CAA
Blck 3B GGTACT GCAG
Blck 4A GA CAC GAT AGG
Bick 4B TGA CTAACG GT
Blck 5A TGA TAC GAT C
Blck 5B CGG AGT GAG
YES 1
1A TCACCTGG /iSp9/ CATGCAAG /iSp9/ CGATAC GATGG
1B AGTAG AGCTC /iSp9/ GCCTAACA /iSp9/ ACGTACGA
YES 2
2A CTTGCATG /iSp9/ TCTCCATG /iSp9/ GTCAG GTGGTG
2B CTGTA GTCGTC /iSp9/ TACCCACT /iSp9/ TGTTAGGC

YES 3
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Name

Sequences

3A CAT GGAGA /iSp9/ AT GGT TGC /iSp9/ TCAG CGA CAA

3B GGTAC TGCAG /iSp9/ ACG TTG GA /iSp9/ AGT GGG TA
YES 4

4A GCA ACC AT /iSp9/ GTCTCAG G /iSp9/ GA CAC GAT AGG

4B TGACTA ACGGT /iSp9/ CAAGTTAGGG /iSp9/ TC CAA CGT

4vi TGA CTAACG GT /iSp18/ CAA GTT AGG /iSp18/ TC CAAC
YES 5

5A CCTGAGAC /iSp9/ TGTCAGTG /iSp9/ TGATA CGATC

5B CGGAG TGAGT /iSp9/ CTTGTGTTG /iSp9/ CCTAACTTG

5Avi T GAG AC /iSp9/ TG TCA GTG /iSp9/ TGA TAC GAT C

5Bvii CGGAG TGAGT /iSp9/ CTT GTG TTG /iSp9/ CCTAACT

MB probes

MB 1 /FAM/CCT CGT ACG TCC AGG TGA GG/BHQ1/

MB 2 /FAM/ CCGGCCTAACA CATGCAAG CCGG /BHQ1/

MB 3 /FAM/CTT GCT ACC CAC TTC TCC ATG CAA G/BHQ1/

MB 4 /FAM/ C ACG TTG GA AT GGT TGC GTG/BHQ1/

MB 5 /FAM/ CCGC A CAAGTTAGG GTCTCAGG G GCGG/BHQ1/
Inputs

I1 CTTGCATG TGTTAGGC

12 CAT GGA GAA G TGG GTA

I3 GCAACCATTC CAA CGT
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Name Sequences

14 CCTGAGACCCTAACTTG

I5 CACTGACACAACACAAG

Each sequence is entered as 5> 3’; iSp9 and iSp18 are oligoethylene glycol spacers 9 and 18
from Integrated DNA Technologies (IDT); FAM and BHQ1 correspond to 6-carboxyfluorescein
and 3’Black Hole Quencher-1 respectively; /5’-phos/ represents a 5’ terminal phosphate group and
r indicates ribonucleotide. Extinction coefficients were obtained from OligoAnalizer online
calculator OligoAnalyzer from IDT website. *List 2 for sequences corresponding to the second
module of 4] gates and DNA board can be found in Appendix B

3.2.1 Assembly of DNA logic gates with DNA board

All DNA oligonucleotides corresponding to the DNA logic gates and DNA board intended
for assembly into the target DNA logic circuit were mixed at 200 nM in equimolar ratios in a buffer
mix containing 100 mM Tris-HCI at pH 7.4, 100 mM MgCI2, 0.06 % Triton X100; followed by
vortex and centrifuged to make sure all the solution was dragged down. The samples were annealed

by placing them in a water bath at 95 °C for 2 min and slowly cooling down to 22 °C within 8 h.

3.2.3 Fluorescence assays and data analysis

After assembly, a master mix solution was prepared containing molecular beacon (MB)
probe solution and the DNA assembly. From this master mix, aliquots were dispensed in individual
microcentrifuge tubes for the addition of the different inputs, followed by incubation at room
temperature (22-25 °C) for 20 min. The fluorescence emission was read at 517 nm after excitation
at 485 nm. The final concentration of the reading samples was the following: 100 nM DNA logic
gate assembly, 50 nM MB probe, 200 nM input, 50 mM Tris-HCI at pH 7.4, 50 mM MgCl2, 0.03

% Triton X100.
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Average and standard deviations were calculated from three independent samples. To
normalize the fluorescence response of each output signal, we subtracted the average fluorescence
response of a MB only solution. Each graph plots the average fluorescence difference (4F):
fluorescence output signal — fluorescence MB signal; Error bars represent the standard deviation

from three independent samples.

3.3 Results and Discussion

3.3.1 Characterization of individual 4J gates in free diffusion vs spatially localized

To demonstrate the expanding capacity of our DNA board, we increase the length of the
ssDNA inner region to localized five different 4] YES gates. This DNA board, here called 4] DNA
board is also composed of four ssDNA (4] Rail 1, 4J Rail 2, 4] Staple 1, and 4J Staple 2), similar
to the DNA board from Chapter Two. For later assembly with another 4] DNA board module,
polyethylene glycol linkers (dashed line Figure 18C) were internally added between the binding
regions for 4J Staple 2 and YES 5. Each 4] YES gate was designed with unique input binding and
output-producing sequences and for inter-gate communication the output sequence of an upstream
gate is relayed as input for a downstream gate (e.g. YES 5’s output becomes YES 4’s input). For
this study, all inputs used are synthetic deoxyribo oligonucleotides whose sequences were
randomly generated. Each A and B 4J YES gate component is about 14 to 16 nt of length (8 nt for
input binding fragments and 6-8 nt as output producer). The fluorescence readout produced by
each 4] YES gate can be determined by adding a complementary MB probe to the target gate.
Figure 18 shows the fluorescence response of each 4] YES gate individually tested in free diffusion

(Figure 18B) or spatially localized on the 4] DNA board (Figure 18D). From the results, we
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observed a significant increase in the amplitude of fluorescence change (AAF) between Output: 0

and Output: 1 samples when 4J YES gate components are spatially localized in comparison to free

diffusion components.
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Figure 18 Fluorescence readout of individual 4J YES logic gates. A) Five different 4J logic gates
were design with YES Boolean logic (left), the output sequence of each 4] YES gate requires the
appropriate complementary MB probe for fluorescence readout as shown in B) where the response
of free diffusion 4] YES gates were measured. C) shows a DNA board that has been expanded to
allocate five 4J gate. Individual localization of each 4J gate requires the use of blocker strands
(Blck 1A-5A and Blck 1B-5B) to cover the empty fragments meant for binding other gates. D)
Fluorescence readout of individual 4] YES gates localized on the 4] DNA Board. Measurements
were performed on LS55 Perkin Elmer instrument.
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Although the same fluorophore and quencher tags were used for all MB probes, their
different sequences in the loop and stem confer slightly different thermodynamics. Due to this

diversity of MB probes, we observed that the AAF varies among each 4J gate.

3.3.2 Cascading 4J gates free diffusion vs spatial localization

In Chapter One, we discussed that one of the major challenges in cascading DNA molecular
logic gates is the signal dissipation. To determine the physical limits on wiring 4] DNA logic gates,
we use the simplest of our 4] Boolean logic gates (YES). 4] YES gate is the lowest in terms of
computing components and its input processing does not require any type of strand displacement
reaction (Figure 7A), for these reasons we consider the 4] YES gate as an ideal candidate to
determine the signal propagation borderline of 4] logic gates cascaded in series. Each upstream 4J
YES gate cascades its output sequence to its neighboring downstream 4J YES gate. For example,
if three 4] YES gates are localized, the external input to be added will be Input I3. When I3 binds
to YES 3, it triggers the localization of 3A and 3B blue fragments making the output sequence that
is relayed as input of YES 2. Once 2A and 2B green fragments approach near each other, they
make the second output sequence that is relayed as input of YES 1. Lastly, 1A and 2B purple
fragments are close nearby from all the cascading binding events, the strength and stability of this
localization lead to stretching of the MB probe and high fluorescence readout. Figure 19A shows
the gradual localization of 4] YES gates on the 4] DNA board and indicates the input to be
externally added accordingly to the upstream gate. In each cascading structure, YES 1 becomes
the downstream gate releasing the output sequence that will be translated into a fluorescence

readout due to its complementary binding with MBI1.
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We tested the cascading of five 4] YES gates where each 4] component was in free
diffusion and when all components were spatially localized on the 4] DNA board. Our results
indicate that cascading 4] YES gates with components in free diffusion is not possible (Figure
19B) since only YES 1 achieved a significant AF when output: 1. Initiating a cascaded between
YES 1 and YES 2 to YES 1 up to YES 5 show a AAF < 0.2 a.u. On the contrary, we observed a
significant fluorescence response of output: 1 from each of the cascading 4J YES gates localized

on the 4J DNA board (Figure 19C).
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Figure 19. DNA IC Module 1 cascading five 4] YES gates. A) Scheme demonstrates the gradual
localization of each 4] YES gate on the 4] DNA board to assess the strength of the signal relayed
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from each unit. B) Fluorescence readout from a cascade of five 4] YES gates with free diffusion
in the solution. C) Fluorescence readout from a cascade of five 4] YES gates spatially localized on
the 4] DNA board. Measurements were performed on Agilent Cary Eclipse instrument

The results indicate that the 4] DNA board plays an important role in achieving effective
inter-gate communication when cascading up to five 4] YES gates. In Figure 19C we observed
that AF of output: 0 increases proportionally to the number of 4] YES gates added to the cascade.
This increase in signal can be attributed to the short distance between gates (Contacted Gate Pitch,
CGP) and the binding accessibility of the neighboring complementary fragments, thus resulting in
signal leakage. On the other hand, AF of output: 1 increases disproportionally to the number of 4J
YES gates added to the cascade, thus indicating signal dissipation. Both signal leakage and signal
dissipation directly impact inter-gate communication and limit the scaling up of cascading units.

To determine the degree of effective inter-gate communication, we employed Equation (1).

(1) S/ __ AF of Output:1 _ Population of units with completed signal cascade
B ™ ar of Output:0 - Population of units with signal leakage

Therefore, S/B correlates the degree of effective signal-propagating units with the degree
of signal-leaking units and indicates the extent to which the population of signal-propagating units
outnumbers the population of signal-leaking units. S/B can also be considered as a parameter to
measure the degree of signal dissipation, e.g. if the number of signal-propagating units decreases
S/B reduces indicating the loss of signal cascading power. Thus, if a DNA IC has a S/B=1 then

100% of its signal dissipates.
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From the addition of each 4J YES gate to the cascade, we also determined the percentage
of non-leaking activated DNA ICs units (ADU) using equation (2). Table 6 shows the ADU values

obtained from cascading five 4] YES gates on DNA IC module 1.

AF of Output: 1-AF of Output:0
AF of Output:1

x100

(2) ADU =

Table 6. Percentage of non-leaking activated DNA IC units of Module 1

Cascading YES 1 YES 1-2 YES 1-3 YES 1-4 YES 1-5
gates
ADU 95.9 88.1 86.6 85.4 69.2

Figure 19C shows how S/B decreases as the number of cascading 4] YES gates increases.
After the addition of the first cascading gate (YES 2), S/B reduces by 66%, this is not only due to
the decrease in signal-propagating units but also due to the increase of signal-leaking units.
Cascading all five 4) YES gates shows a ~5-fold increase of signal-leaking units in comparison to
having only YES 1; However, for five cascading gates, the output:1’s AF can be attributed to 69%
of non-leaking DNA ICs fully completing the signal cascade up to YES 1 output:1 release. From
these results, we observed that after cascading five 4] YES gates, S/B#1 thus there is still room for

increasing the number of cascading 4J YES units.

3.3.3 Integration of DNA ICs modules

To determine the signal propagation borderline of a 4] YES gate cascade and investigate

the possibility of integrating two DNA IC modules, we designed a second DNA board anchoring
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another set of five cascading 4] YES gates (Figure 20A). The output sequence given by the DNA
IC module 2 is relayed as input of the upstream gate of module 1, resulting in a cascade of ten 4J

YES gates (Figure 21).
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Figure 20 Connecting two DNA IC modules. A) Each DNA IC module holds five 4] YES in
cascading. Module 1 holds YES 1 up to YES 5 and module 2 holds YES 6 up to YES 19. B) 4J
staples 2 and 3 are replaced by 4J connectors 1 and 2 which join both DNA IC modules and the
DNA IC cascade increases up to ten units.

The connectivity of the two DNA IC modules is achieved by removing the staple strands
next to YES 5 and YES 6 and forming a pseudo 4J by crossover binding of a 4J connector ssDNA
with the free staple binding fragments (Figure 20B). We experimentally tested the signal
propagation of DNA IC module 2 (Appendix C, Figure 34) and the one from integrating ten 4J

YES into a cascade (Figure 21).
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Figure 21.S/B of ten 4] YES gates cascades. A) shows DNA IC modules 1 and 2, each cascading
five 4] YES gates; when integration occurs by joining each module via a pseudo 4J connection,
the cascade scales up to ten 4] YES gates (left). A long DNA board was constructed as control. B)
Fluorescence readout of the ten cascading 4] YES gates on a long DNA board control. C)
Fluorescence readout of the ten cascading 4J YES gates on the pseudo 4J connected DNA board
module 1 and module 2.

First, we integrated all ten 4] YES gates on a long DNA board to serve as a positive control
when integration occurs from two different DNA board modules (Figure 21A). Figure 21B and C
show the S/B profile achieved from both DNA board systems in gradually cascading 4] YES gates
up to ten units. The results show that both systems have a similar S/B trace and after adding the
seventh unit S/B= 1.5 remains almost constant. Therefore, we considered that in both systems the

signal propagation and dissipation borderline meet after cascading seven 4J YES gates.
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Interestingly, the S/B of YES 1 localized on the long DNA board was lower than the S/B
achieved from the smaller DNA board holding five units (Figure 19C). However, after the addition
ofthe YES 2 up to YES 5 the S/B profiles on Figure 21B and C match with the observed in Figure
19C. Nonetheless, the result suggests that the length of the DNA board influences the output
response of the DNA IC, an influence not previously reported in the literature. From our literature
review, DNA boards have been documented to influence the output achieved only in terms of the

distance between gates (CGP) and not due to the size of the DNA board itself.

3.4 Conclusions

Integration of multiple 4] DNA logic gates without a DNA board is an unfavorable process
attributed to the high entropy penalty, the weak binding strength of each complementary unit, and
the instability of multiple junctions across the cascading units. Here, we showed that spatial
localization of 4J logic gates is necessary for inter-gate communication and integration in larger
circuits. Although the use of DNA boards to facilitate the integration of DNA logic units into
circuits has been reported in the literature,*#"48:6694 those nanostructures require a large number
of ssDNA structural components that increases the probability of dis-assembly and non-
incorporation, and there is no systematic region for anchoring the computing components thus
limiting circuit layout. To overcome those limitations, here we proposed a novel DNA board
composed of only four ssDNA components, the region for anchoring computing units is well-
defined and can be expanded as necessary.

Different spatial distances for gates within a DNA board have been reported**® reported

to avoid signal leakage and to improve signal transmission. From those works the shortest CGP
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reported corresponds to 5 nm (~ 1.5 B DNA helical turn), where diffusible protector strands and
G-quadruplex minimize signal leakage from the communicating DNA gates. Here, we report a
CGP of 3.4 nm (1 B-DNA helical turn), thus providing more room for increasing circuit density
within a DNA board. Due to the two-component nature of the 4] gates, we minimize the spurious
crosstalk of the computing units; however, in a cascade of only 4] YES gates signal leakage was
still observed. To overcome that limitation, we challenged the binding strength limits of each 4J

component and found that by reducing the binding affinity up to 50% (~ AG = -6.0 kcal/mol) signal

leakage is minimized under our experimental conditions.

In this chapter, we introduced S/B as a parameter to determine the degree of signal-
propagating units outnumbering the signal-leaking units. From this parameter, we observed that
signal-propagating units outnumber signal-leaking units in a DNA IC cascading 4J YES gates.
However, the population of signal-propagating units is dis-proportionally to the number of
cascaded 4] YES gates and vice versa for signal-leaking units. Although our ten 4] YES gates
wired did not reach S/B=1, it shows that after the seventh cascaded gate signal propagation and
signal dissipation reached a plateau, and adding more cascading units seems to not affect this

borderline.

Furthermore, we found that the output response of the 4] YES gates can be affected by the
length of the DNA board based on our results from systematically expanding the size of the DNA
board. We hypothesize that by increasing the length of the gate anchoring region the DNA board
flexibility and torsional effects can influence the circuit performance. However, due to the modular
features of this DNA board, it is possible to increase the rigidity of the nanostructure to mitigate

the fluctuations in circuit performance when increasing the DNA board size.
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Although cascading multiple units of 4] YES gates shown to be possible, we considered
this type of inter-gate wiring not ideal in the pathway of scaling up DNA ICs. Therefore, other
approaches like fan-out and signal amplification systems should be explored as alternatives for

long cascades of closely localized computing units.
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CHAPTER FOUR: KINETICS OF 4J DNA IC

4.1 Introduction

The spatial localization of DNA computing units on a DNA scaffold can improve circuit
response and facilitate orthogonality in circuit design; thus, its use can increase DNA ICs’ density.
However, we found that increasing the number of integrated computing units increases the
computing processing times. The slow-down in computation processes becomes a physical barrier
to DNA ICs achieving optimal performance.***"** Although DNA boards can speed up the
computation process of a DNA IC than its bulk counterpart, it still faces a slowdown as its circuit
density increases. To speed up signal propagation from cascading units using gate motifs such as
hairpins or strand displacement reactions, approaches such as dual rail input/output (different
molecules encode bit-0 and bit-1),°° and circuit parallelism (independent circuits in simultaneous
operation)*”8! have been suggested. The advantage of computing with 4] YES gates is that input
and output do not require overcoming a preexisting secondary structure on the gate motif like
hairpin or strand displacement reaction gates. Thus, the activation energy barrier for input binding
a 4) YES gate is smaller and can lead to faster processing times. In cascading 4J YES gates, this

feature can render faster kinetics than cascades built from DNA gates holding secondary structures.

The rate at which two nucleic acid (NA) fragments with Watson-crick complementary form a
duplex proceeds as a second-order reaction.'*!~!* This rate, also known as hybridization rate, is
influenced by factors such as temperature and nucleic acid concentration.'*> The mechanism of
NA hybridization has been proposed to consist of the two NA fragments: i) closing in proximity,

ii) nucleating, and iii) zippering.'*!~!** This mechanism applies when two NA strands are free in
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solution; however, if the two complementary fragments are spatially localized near each other only
the nucleation and zippering steps are involved.

DNA ICs and NA molecular devices commonly use molecular beacon (MB) probes to translate
the output sequence into a visible readout. Introduced by Tyagi and Kramer,'!! MB is a single NA
strand folded as a hairpin and tagged with a fluorophore and a quencher at opposite termini. MB
probes are thoroughly used due to their NA sequence specificity, low background signal,'# and
easy monitoring. Although MB probes are ubiquitously employed in steady-state and kinetic
experiments; they commonly face structural challenges such as multiple intramolecular secondary
structures distorting their hairpin form.!*’!*® Furthermore, these molecular readout systems are
typically diffusing free and solution, a delocalization that can contribute to the observed
computation times. Therefore, for kinetics of spatially localized NA the influence of diffusion and
secondary structure of the MB and similar probes must be accounted for in NA hybridization rates.

To eliminate the kinetic contribution of an MB probe, we designed a reporter system that bounds
to the DNA board, and it consists of two DNA strands: one tagged with a fluorophore (rA) and the
second one (rB) tagged with a quencher (Figure 22C). rA and rB lack of any secondary structures
under the experimental conditions. This reporter system was investigated on a two-cascading 4J
YES gates DNA IC (module 1.2) and later used on a four-cascading 4J YES gates DNA IC (module

1.4).

4.2 Materials and Methods
4.2.1 Materials

DNase/protease-free water was purchased from Fisher Scientific Inc. (Pittsburg, PA) and

used for all buffers and oligonucleotide stock solutions. MgCl2 (1 M solution) was purchased from
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Thermo Scientific (Waltham, MA), 1M Tris-HCI pH 7.4 buffer from KD Medical (Columbia,
MD), and Triton X100 from Sigma-Aldrich (Burlington, MA). All oligonucleotides were custom-
made by Integrated DNA Technologies, Inc. (Coralville, IA), and their stock solutions were
prepared by resuspension in water and stored at — 20°C until use. The concentrations of the
oligonucleotides’ stocks were determined from the Beer-Lambert equation, for which absorbance
at 260 nm was measured with a Thermo Scientific Nanodrop One UV-Vis Spectrophotometer,
while the corresponding extinction coefficients were determined using OligoAnalyzer 3.1 software
(Integrated DNA Technologies, Inc.). Fluorescence assays were performed with Agilent Cary
Eclipse Fluorescence Spectrometer, Xenon Lamp, and with a Applied Photophysics SX20
Stopped-Flow spectrometer incorporated with a Xenon Arc Lamp and a photodiode array for

fluorescence detection.

Table 7. List of Oligonucleotides used in Chapter four studies.

Name Sequences

DNA Board Module 1.2

4J Rail 1.2 CCT ATC GTG TT TTG TCG CTGA CAC CAC CT GAC CCA TC GTA
TCG CTT CGT CTATG

4J Rail 2.2 CTGAG TGAAT GAG CT CTA CA GA CGA CTA CAG CTGC AGT ACC
AC CGTTAG TCA

4] Staple 1.2 ATTCA CTCAG /i1Sp18//iSp18/ CATAG ACG AAG

4] Staple 2.2 AA CAC GAT AGG/iSp18//iSp18/ TGA CTA ACG GT

DNA board Module 1.4
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Name

Sequences

4J Rail 1.4 CACTCTAGT TTA CAG/iSp9/ G ATC GTATCA CCTATC GTGTTTTG
TCG CTGA CAC CAC CT GAC CCATC GTATCG CTT CCT CTATG

4J Rail 2.4 CTGAC TGAAT GAG CT CTA CA GA CGA CTA CAG CTGCAGT ACC
AC CGT TAG TCA ACT CACT CTG /1Sp9/ GTACTT TCT ACT AAC

4] Staple 1.4 ATTCA GTCAG /iSp18//iSp18/ CATAG AGG AAG

4] Staple 2.4 CTG TAAACT AGA CTG /iSp18//iSp18/ GTT AGT ACAAAGT AC

Blck 1A GTCAG GTG GTG

Blck 1B CTGTAGTCGTC

Blck 2A TCAG CGA CAA

Blck 2B GGTACT GCAG

Blck 3A GA CAC GAT AGG

Blck 3B TGA CTAACG GT

Blck 4A TGATAC GAT C

Blck 4B CGG AGT GAG

Bridge CCTAAAACTACGATTAGTAAGG

Blck 1Ab GTCAG GTG GTG CCTTA CTAATC

Blck 1Bb GTAGTTTTAG G CTGTAGTCG TC

Blck 2Ab TCAG CGA CAA CCTTA CTA ATC

Blck 2Bb GTA GTT TTAG G GGTAC TGCAG

YES 1 and YES 1b
1A CTTGCATG /iSp9/ TCTCCATG /iSp9/ GTCAG GTGGTG
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Name Sequences
1B CTGTA GTCGTC /iSp9/ TACCCACT /iSp9/ TGTTAGGC
1ADb CTTGCATG /iSp9/ TCTCCATG /iSp9/ GTC AG GTG GTG CCTTA CTA
ATC
1Bb GTA GTT TTAG G CTG TAG TCG TC /iSp9/ TAC CCA CT /iSp9/ TGT
TAG GC
YES 2 and YES 2b
2A CAT GGAGA /iSp9/ AT GGT TGC /iSp9/ TCAG CGA CAA
2B GGTAC TGCAG /iSp9/ ACG TTG GA /iSp9/ AGT GGG TA
2Ab CAT GGAGA /iSp9/ AT GGT TGC /iSp9/ TCAG CGA CAA CCTTA CTA
ATC
2Bb GTA GTT TTAG G GGTAC TGCAG /iSp9/ ACG TTG GA /iSp9/ AGT
GGG TA
YES 3
3A GCA ACC AT /iSp9/ GTCTCAG G /iSp9/ GA CAC GAT AGG
3vi TGA CTA ACG GT /iSp18/ CAA GTT AGG /iSp18/ TC CAAC
YES 4
4Avi T GAG AC /iSp9/ TG TCA GTG /iSp9/ TGA TAC GAT C
4Bvii CGGAG TGAGT /iSp9/ CTT GTG TTG /iSp9/ CCTAACT
MB probes
MB 1 /FAM/ CCGGCCTAACA CATGCAAG CCGG /BHQ1/
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Name Sequences
MB la TGT AGA GCTC /iSp9//FAM/T CCGGCCTAACA CATGCAAG CCGG
/BHQ1/
rA /FAM/CA TGC AAG /iSp9/ CG ATA CGA TGG
B AGT AGA GCT C/iSp9/G CCT AAC A/BHQ1/
Inputs
Il CAT GGA GAA G TGG GTA
12 GCAACCAT TC CAA CGT
I3 CCTGAGACCCTAACTTG
14 CACTGACACAACACAAG

Each sequence is entered as 5’2 3’; iSp9 is oligoethylene glycol spacers 9 from Integrated DNA
Technologies (IDT); FAM and BHQI1 correspond to 6-carboxyfluorescein and 3’Black Hole
Quencher-1 respectively; /5’-phos/ represents a 5’ terminal phosphate group and r indicates
ribonucleotide. Extinction coefficients were obtained from OligoAnalizer online calculator
OligoAnalyzer from IDT website.

4.2.2 Assembly of DNA logic gates with DNA board

All DNA oligonucleotides corresponding to the DNA logic gates and DNA board intended
for assembly into the target DNA logic circuit were mixed at 200 nM in equimolar ratios in a buffer
mix containing 100 mM Tris-HCI at pH 7.4, 100 mM MgCl12, 0.06 % Triton X100; followed by
vortex and centrifuged to make sure all the solution was dragged down. The samples were annealed

by placing them in a water bath at 95 °C for 2 min and slowly cooling down to 22 °C within 8 h.
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4.2.3 Fluorescence kinetic measurements and data analysis

After assembly, a master mix solution was prepared containing molecular beacon (MB)
probe solution and the DNA assembly. From this master mix, aliquots were dispensed in individual
microcentrifuge tubes for the addition of the different inputs, followed by incubation at room
temperature (22-25 °C) for 20 min. The fluorescence emission was read at 517 nm after excitation
at 485 nm. The final concentration of the reading samples was the following: 100 nM DNA logic
gate assembly, 50 nM MB probe and rA, 200 nM input, 50 mM Tris-HCl at pH 7.4, 50 mM MgCl2,

0.03 % Triton X100.

Average and standard deviations were calculated from three independent samples. Each
graph plots the average fluorescence. The standard deviation from three independent samples are
represented by a light-colored area around the line pathway. A biphasic exponential decay equation
(3), where x= time, y = F(x), y0= F(plateau), A1 = AF(fast rate), A2= AF (slow rate), t1= time constant of fast
rate, and t> = time constant of slow rate. From those parameters rate constants (k1 and k2) can be
calculated based on equation (4), and individual half-lives based on equation (5). Equation (3) was

selected based on ANOVA best fit to each of the kinetic graphs.

(3) y=vo+Ae [+ dze /o
(4) klzti andkzzti
(5 halflife = t;In2 and halflife, = t,In2
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4.3 Results and Discussion
4.3.1 A localized reporter system for spatially localized 4J logic gates
First, we explored the influence of the molecular probe when i) free in diffusion, ii)
attached to the DNA board, and iii) without any secondary structure to overcome. For the
comparison of each system, we used a small DNA board anchoring two cascading 4] YES gates.
YES 1 was designed to release the output sequence recognized by each of the probes (Figure 22).
The results show that the observed computation times depend on the type of molecular probe used.

The longer computation times were observed on the DNA IC using MB1 (Table 8).

The slow response of this system can be attributed to 1) a higher activation energy barrier
to dissociate the secondary structure of the MB’s stem and ii) the kinetic contribution of diffusion.
Due to these factors, YES 1 achieved a 90% increase in fluorescence signal at t ~1700 s (28 min)
after input addition, also referred to as too (Table 8 and Figure 22). This computation time is
comparable to the previously 4] YES gate operated in bulk.'*’ From this comparison, it is important
to consider that the differences in binding energies of the MB probe, input, and A and B strands
might not reflect the effect on the localization of a 4J YES gate on the DNA board. When cascading
two 4] gates, too is reduced by 7-fold; this speed-up can be attributed to the energy released from
YES 1- YES 2 binding which helps overcome the activation energy barrier of MB’s dissociation.
However, the instability of the inter-gate 4J junction led to a 62% reduction in the population of

signal propagating units completing the cascade, as shown in Figure 22A (right panel).
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Figure 22. DNA IC module 1.2’s readout using different molecular probes. DNA IC module 1.2
cascades two 4] gates, where the output sequence released by YES 1 is translated into a
fluorescence readout by A) MBI probe in free diffusion, B) MB1b probe that is attached to the
DNA board, and C) DNA board-attached binary probe where rA is tagged with a fluorophore and
B tagged with a quencher. For MB1 and MB1b, binding to the output sequence triggers an increase
in fluorescence (right graphs). For the rA + rB reporter, binding to the output sequence leads to a
decrease in fluorescence due to the colocalization of the fluorophore near the quencher. read
collected. The average kinetic profile of three independent samples using each probe is shown to
the right of each panel. YES 1 outputs are represented by a green-colored line and the cascaded
YES 1 -YES 2 outputs are represented by a blue-colored line. The standard deviations are indicated
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by the light-colored area around each line. Colored-dashed lines indicate the 90% fluorescence
change achieved after input addition.

The attachment of the MB1 probe to the DNA board (MB1a) improved to by 14-fold for
YES 1 and by 1.4-fold the two 4J cascade (Table 8). This result shows that the localization of the
molecular probe within the DNA IC can provide a faster readout of the molecular computing
processes. Furthermore, we observed an increase in the population of signal-propagating units
completing the cascade when using MB1a (Figure 22B right panel). However, an increase in the
population of signal-leaking units was observed due to the increased local concentration of the
probe close to YES 1. Differently from the MB 1 system, too of two cascaded 4J gates was higher
than too YES 1. We considered that by colocalizing the reporter and the 4] computing units, we can

observe the inter-gate binding time.

Table 8. Computation processing times using different molecular probes for readout.

Reporter Max # of 4] YES gates too, S
MB 1 1 1697 + 10
2 244 + 1
MB la 1 119+£2
2 177+ 8
rA+rB 1 50+4
2 46 + 10
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Lastly, by using a two-labeled ssDNA as a reporter (rA + 1B), too for YES 1 improved by
34-fold in comparison to using MB1 which corresponds to a reduction of the computation time
readout from 28 min to <1 min (Table 8). Due to the lack of any secondary structure in rA and rB,
the activation energy barrier for the binding of both strands to their output sequence complement
is significantly reduced (Figure 22). Interestingly, cascading the two 4J YES gates achieved a
similar too than only one 4J YES gate on the DNA board. Therefore, this reporter system shows
that the localization of the A and B YES computing components and the inter-gate binding time
between the two 4)J YES gates occur in a scale of seconds. Although, we observed an increase in
signal-leaking units (Figure 22C right panel) when cascading the two 4J units, the population of

signal propagation units outnumbered them by 1.5-fold.

4.3.2 Kinetics of a DNA IC cascading 4J YES gates

From the different molecular probes/reporters assessed, we decided to continue with the
rA + 1B reporter system to measure the kinetic profile of larger 4] YES gate cascades since this
system showed minimal additive effect on the computation readout times. From the results in
Figure 23, we observed that for YES 1 1) the initial fluorescence at t <0 s was lowered and i1) AF
and S/B was higher than on module 1.2. In cascading two 4J YES gates on module 1.4, we also
observed that S/B increased from 1.5 (module 1.2) to 3.2. This fluctuation is S/B and AF when

increasing the size of the DNA board was observed before in Chapter Three.
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Figure 23. Kinetics of four cascaded 4J YES gates. A) DNA IC module 1.4 scheme using rA + rB
probe (left) for fluorescence readout of the computation time after input addition (right). Zoom in
of the kinetic profile at the first 150 s is shown in B) and C). The colored-dashed lines in B) indicate
the 90% fluorescence change and C) indicate the 50% fluorescence change achieved after input
addition. D) The different thermodynamic parameters observed from cascading up to four 4] YES
gates using the rA + rB probe are shown in the table.

We also observed a difference in the performance of the DNA IC cascading 4] YES gates
when using an MB vs rA + rB reporter. When close to equilibrium, we observed that overall AF,
S/B, and ADU values slightly decreased when using the rA +rB. This reduction can be attributed
to the lack of the fixed localization that the output sequence (1A and 1B green fragments) has when
bound to an MB probe. Since rA and rB are two independent components and their readout results

from the proximity and strength of the stacking interactions holding 1A and 1B green fragments
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together, the population of signal-propagating units minimizes. In terms of the computation times,
we also observed fluctuation in the performance of YES 1 and YES1-2 between DNA IC module
1.2 and module 1.4. YES 1 too was lower on module 1.4, achieving 90% fluorescence change in
less than 30 s (Table 8 and Table 9). In this DNA IC module, too increased proportionally with the
number of cascaded 4J units. From Table 9, we can estimate the computation time of each inter-
gate binding event. For example, assuming that the diffusion and nucleation reaction rates of each
input are the same, the inter-gate binding time between YES 1 and YES 2 occurred in 34 s (YES

1-2 too — YES 1 too).

Table 9. Computation times for four cascading 4J YES gates on DNA IC Module 1.4

Max # of 4] YES to0, S Inter-gate binding too, S
gates
1 17+2 NA NA
2 514 YES 1-2 34+2
3 60 + 11 YES 2-3 9+7
4 81 +30 YES 3-4 21+19

Although the median too for each cascading 4J gate shows a non-predictable too for the inter-
gate binding time across the gates, the inter-gate communication time between YES 2 and 3, and
YES 3 and 4 correspond to exactly 2 s if we compared the difference from their minima too. These
results suggest that 4] YES gate holds the potential to cascade binding events at a higher speed

than other gate motif reported in the literature.***’*%%* The colored dashed lines in Figure 23C
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show that the tso after cascading up to four 4] YES gates occurred withint =0 and <10 s, a window
that is blind during data collection due to the pausing of the instrument for input mixing. This
suggests that the computation times might be even lower than what is reported in Table 9. For this
reason, we performed the same experiment on a stopped-flow instrument (Figure 36, Appendix C)

automated to inject and mix both DNA IC and input solution mechanically.

The results on stopped-flow showed that all too were achieved in <0.5 s and tso < 0.1 s
(Figure 36, Appendix C); however, these times did not show the same trends as seen on Table 9.
Furthermore, due to the difference in instrumental components (detectors, wavelength selectors,
etc.) AF, S/B, and ADU differed from the observed values on Figure 23. From the best fit of each
graph (Figure 37, Appendix C), we determined the kinetic rate constants observed from both
instruments (Figure 38, Appendix C). The kinetic rate constants observed from stopped-flow are
three orders of magnitude higher than the observed from a regular fluorometer (Figure 38 and
Figure 40). However, there was no trend associated with the number of cascading 4J units, which

could be due to artifacts during the data collection, thus further experimentation is needed.

4.3.3 DNA board influence in the kinetic response of 4J DNA IC

From the differences in the kinetic and thermodynamic results of 4] YES gates switching
their anchoring to DNA boards of different sizes, we decided to investigate the influence of the
DNA board on gate performance. Due to the flexibility of the polyethylene glycol linker on the
staple strands, the rail strands in the DNA board can come closer together and go back apart of
each other. We hypothesize that this oscillatory feature on the DNA board changes with its size.

Since 4J logic gates process their input and output by localizing the A and B ssDNA components
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in proximity, these changes in rails oscillation can be reflected in their gate and circuit
performance. To mitigate the dynamic mobility of the DNA board rails, we introduced a dsDNA
bridge in the inner region of the DNA board by adding a ssDNA bridge that binds to

complementary tails coming from A and B ssDNA components of a 4] YES gate (Figure 24A-B).
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Figure 24. Kinetics of four cascaded 4J YES gates with rigidity added to DNA board by placing a
dsDNA bridge either at YES 1 (YES 1b) A) or at YES 2 (YES 2b) B) position. The dsDNA bridge
is formed from the association of a ssDNA bridge with complementary binding tails extending out
of the A and B strands. C) and D) show the kinetic profile of each DNA IC of the total time of
collection (left) and zoom in at the first 150 s (right), the colored-dashed lines indicate the 90%
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fluorescence change after input addition. E) Thermodynamic parameters observed on the DNA
board where rigidity is localized at YES 1b and D) at YES 2b.

In Figure 24, we observed that the kinetic profiles of the four cascading 4] YES gates differ
with the location of the dsDNA bridge. Although AF, S/B, and ADU values are similar between the
two explored dsDNA bridge locations (Figure 24E-F), the initial fluorescence of each cascading
4] YES gate before input addition differs in both DNA IC modules (Figure 24C-D). In Figure 23,
we observed that the decrease in the initial fluorescence was proportional to the number of
cascaded 4J YES gates, a factor we attributed to the increase in the population of signal-leaking
units. This proportionality is not observed in Figure 24C-D which could implicate that the increase
in the number of signal-leaking units is affected by the dsSDNA bridge and its location on the DNA
board. This dependence on the dsDNA bridge position suggests that the location of the rigidity can

favor or disfavor the spurious communication between 4J gates.

The dsDNA bridge location also played a role in the computation times achieved by each
module (Table 10). The increase in t90 proportional to the increase in cascading 4J gates was
observed, which was a similar trend from the DNA board lacking the dSDNA bridge (Table 9). In
terms of inter-gate binding times, the dSDNA bridge reduced the binding time between YES1 and
YES 2, showing a higher binding speed when located at YES 2b. However, we observed higher
inter-gate binding times as the number of cascading 4J YES gates increased when the dsDNA
bridge was located at YES 1b rather than YES 2b (Table 10). YES 3-4 inter-gate binding had a
higher speed than the inter-gate binding of cascading YES 3-YES2-YES 1. This result could be
attributed to random errors introduced during the mixing of the input and further experimentation

is needed to confirm its reproducibility.
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Table 10. Computation times for four cascading 4 YES gates on DNA IC Module 1.4 with added
dsDNA bridge for DNA board rigidity.

Max # of 4] YES gates

Bridge at YES 1b too, s

Bridge at YES 2b too, s

1 20+ 1 39+3
2 415 45+ 11
3 104 £ 19 77+ 14
4 307 £ 143 63 + 20

Inter-gate binding

Bridge at YES 1b too, s

Bridge at YES 2b too, s

YES 1-2 21+4 8+ 6
YES 2-3 63+ 14 32+3
YES 34 203 + 162 -14 +6

The kinetic rate constants calculated from the best-fit of each graph on Figure 24C-D are
shown in Figure 43 and Figure 45. From the comparison of the rate constants k1 and k2 obtained,
we observed that the DNA IC module with dsDNA bridge at YES 1b had a proportional decrease
of both k1 and k2, as the number of cascading 4] YES gates increased. For the DNA IC without
the dsDNA bridge or with the dsDNA bridge at YES 2b, both k1, and k2 did not show a clear trend
related to the increase in cascading 4] YES gates. Furthermore, these results suggest that the
location of the dsDNA bridge on the output-releasing gate may provide additional support to keep
the localization of rA + rB in proximity since the highest YES 1’s rate constants k1 and k2 were

observed for this DNA IC module.
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4.4 Conclusions

In conclusion, we report that the computation times observed from a DNA IC can be
influenced by the type of reporter (molecular readout probe) used and dynamic structural changes
of the DNA board. Our results indicate that in translating the nucleic acid output to a readout signal,
the localization and lack of secondary structures from the molecular readout reporter are necessary
to minimize its additive contribution to the observed computation times. Furthermore, our results
demonstrate that the dynamic mobility and rigidity provided to the DNA board can influence the
computation times of the cascading 4J YES gates and further investigation is needed. Overall, the
computation time (teo) achieved by a cascade of four 4] YES gates was < 3 min and with tso <1 s
which are the shortest computation times reported. These suggest that 90% of the DNA ICs had
released their output in < 3 min, accounting for a signal propagation rate of 4.5 nm/min. Thus,
using 4J YES gates as computation units can overcome the limitations of slower computation

speeds when building DNA molecular computers with higher-density DNA ICs.
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CHAPTER FIVE: EXPLORING A CHEMICAL LIGATION FOR THE
COVALENT CROSSLINKING OF DNA IC COMPONENTS

Reproduced in part with permission from Bardales, A.C.; Mills, J.R.; Kolpashchikov, D.M.
DNA Nanostructures as Catalysts: Double Crossover Tile-Assisted 5’ to 5* and 3’ to 3° Chemical
Ligation of Oligonucleotides. Bioconjugate Chem. 2024, 35,1, 28-33. Copyright 2023 American

Chemical Society.

5.1 Introduction

Protein enzymes facilitate chemical reactions by using multiple functional groups brought
in proximity to specific substrates. Up to 10'“-fold enhancement of the reaction rates is possible
due to the simultaneous use of several catalytic strategies including proximity and orientation
effect, preferential binding to the transition state, general acid/base, electrophilic and nucleophilic
catalysis.!*® The proximity and orientation effect lowers the entropic barrier to form the transition
state. This simple strategy has been explored in nucleic acid-templated reactions, in which two
reactive groups are conjugated to the opposite ends of two oligonucleotides and then brought
together by hybridization. Nucleic acid-templated reactions have been used for the discovery of
new chemical reactions,!®’ DNA-triggered drug releases,'>> DNA templated ligation,'>® and
nucleic acids analysis'>* among other applications.!> The approaches use B-DNA helix formation
to bring in proximity the 3’-end of one to the 5’-end of another oligonucleotide in two major

topological arrangements shown in Figure 25A.

DNA nanotechnology has introduced non-natural 2D and 3D DNA nanostructures, such as
an immobile four-way junction,'>® paranemic crossover,'*” tensegrity triangle,'*® to name a few.'>
These blocks may allow building complex 3D arrangements of functional groups attached to the

ends of DNA strands. To illustrate the feasibility for DNA nanostructures to be used as catalysts,
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we explored the 5°-5° chemical ligation of two oligonucleotides.!®® Even though a 5°-5°
phosphodiester bond is known in nature (e. g. found in mRNA cap structure), no known catalyst

is capable of the 5’-5’ ligation of two DNA strands of arbitrary sequences.
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Figure 25. The topology of DNA template-assisted and DX tile-assisted reactions. A) Conventional
template-assisted reaction: strands 1 and 2 hybridize with each other or to a DNA template to bring
the two reactive groups R1 and R2 in proximity, thus facilitating the reaction.!>"!>°> B) Scheme of
a DX tile developed by Fu and Seeman, reproduced with permission from ref 160. C) Scheme of
a DX tile designed in this study to catalyze the ligation of oligonucleotides at their 5’-
phosphorylated termini.

To achieve the 5°-5° DNA ligation, we turned our attention to a DNA nanostructure called
double-crossover antiparallel even (DAE) tile (also known as a DX tile) introduced by Fu and
Seeman in 1993.'! DX tile consists of five DNA strands (Figure 25B), which form two DNA

helixes bound to each other via two DNA 4J crossovers. Figure 25C shows how a DX tile-like
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nanostructure can be used as a template for bringing the 5’-ends of two nucleic acid strands (XA
5p and XB 5p) in proximity. This approach may become a step toward exploring DNA
nanostructures for rational design of enzyme-like catalytic centers for drug discovery, energy
storage, and consolidation of sequence-independent higher-ordered DNA nanostructures as one

molecular device.

In DNA molecular computing, the ability to isolate and store DNA logic circuits is
necessary for later usage.>® Due to the multi-component nature of the developed 4] DNA ICs, they
can be prone to disassemble their components during harsh or non-equilibrium conditions (e.g.
temperature, pH, chaotropic agents, electric polarization). To consolidate a 4] DNA IC into one
molecular unit, the covalent crosslinking between each component is necessary. The use of click

® and photoinduced crosslinking!¢>!®* have been

chemistry such as azide-alkene ligation®
previously reported. However, in these approaches 1) the modification of each oligonucleotide is

necessary to tag the reactive groups, increasing their commercial price or synthesis steps, or ii) the

crosslinking occurs only at specific nucleotides, limiting the sequence directory of the DNA IC.

Here, we explored the used of the I-cyanoimidazole (1-CNI) condensation system
developed by Kanaya and Yanagawa,'®* which was shown to be effective for the 5°-3’ templated
ligation of oligoadenylates in aqueous solutions.!®* Mn?*, Zn?*, Cu**, Cd**, Co?’, Ni**, Mg?" has
been coupled with 1-CNI due to their influence in the ligation yield, with Mn?* and Zn** most
commonly used.'%167 The reaction involves the activation of the terminal phosphate with 1-CNI

164,165

to facilitate its attack by a nucleophile. The reaction mechanism for phosphate activation and

divalent cation assisting the nucleophilic attack has been proposed and characterized.'+165168
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In our, DNA IC module cascading five 4] YES gates, we consider the chemical ligation of
a terminal reactive group from one strand with an internal reactive group from another strand, such
as a terminal phosphate and a 2’hydroxyl group from a ribonucleotide (Figure 26). A similar
chemical ligation system was explored by Weizenmann and coworkers, where the chemical
ligation of the staple strands from a DNA origami was achieved using N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide as a condensation agent to form a phosphate-amine covalent bond.!® Here,
by using phosphate and hydroxyl as reactive groups, we aimed to conserve the integrity of the
DNA canonical backbone and avoid a covalent modification that could compromise assembly and

overall circuit performance.
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Figure 26. DNA IC module 1 cascading five 4] YES gates where A) shows the original
nanostructure while B) indicates the positions of phosphorylated ends and 2’ hydroxyl groups on
each component of the DNA IC module. After chemical ligation, these reactive groups condensate
into a phosphodiester bond.
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Figure 27 shows a closer look on the chemical ligation between a staple 3’ phosphorylated

end and the 2’ hydroxyl from 1A’s ribonucleotide to form a phosphodiester bond. Figure 27C

shows the reaction mechanism followed by these two DNA IC components based on the previously

proposed mechanisms of Kanaya and Yanagawa reaction.
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Figure 27. Reaction mechanism for using 1-CNI and a divalent metal cation (M>") as condensing
agents. A) DNA IC fragment showing the localization of phosphorylated ends and 2’ hydroxyl
groups to serve as nucleophiles for the chemical ligation between two DNA IC components; a
closer look of the strands highlighted by the blue box is shown in B) to indicate the reaction product
after the chemical ligation. C) Reaction mechanism of the chemical ligation induced by 1-CNI and
M?* resulting in the formation of a phosphodiester bond.

Due to the coordination of a divalent metal cation with the 3’ phosphate and 1-CNI, speeds

the nucleophilic attack of the phosphate group to directly bind to 1-CNI , forming an imidate

intermediate that leads to the activation of the phosphorus for the nucleophilic attack of the 2’
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hydroxyl group from another strand as shown in Figure 27C. In this process, the two DNA
fragments are ligated by a phosphodiester bond and the release of imidazole and carbylamine. The
reaction mechanism in Figure 27C can apply if other nucleophilic groups are used instead of a 2’

hydroxyl group.

5.2 Materials and Methods
5.2.1 Materials and Methods

DNase/protease-free water was purchased from Fisher Scientific Inc. (Pittsburg, PA) and
used for all buffers and the stock solutions of oligonucleotides. MgCl, (1 M solution) was
purchased from Teknova (Hollister,CA), 1-cyanoimidazole was purchased from Toronto Research
Chemicals Inc. (Toronto, Canada), imidazole, ZnCl., MnCl., and HCI were from ThermoFisher
Scientific (Waltham, MA). All oligonucleotides were custom-made by Integrated DNA
Technologies, Inc. (Coraville, IA), and their stock solutions were prepared by resuspension in
water and stored at — 20°C until use. The concentrations of the oligonucleotides’ stock solutions
were determined from the Beer-Lambert equation, for which absorbance at 260 nm was measured
with a Thermo Scientific Nanodrop One UV-Vis Spectrophotometer, while the corresponding
extinction coefficients were determined using OligoAnalyzer 3.1 software (Integrated DNA
Technologies, Inc.). Gel electrophoresis experiments were performed using BioRad
electrophoresis equipment (Hercules, CA), and visualized using BioRad Gel Doc XR+.
Exonucleases Exo VIII truncated and Exo III were purchased from New England Biolabs, Inc

(NEB).
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5.2.2 DX-Tile assembly and chemical ligation reactions

For the DX tile assembly, all DNA oligonucleotides comprising the DX-tile complex were
mixed at 20 pM in equimolar ratios in a buffer containing 200 mM imidazole-HCI buffer at pH
6.5, and 75 mM MgCl,. The DX-tile samples were annealed by denaturing at 95°C for 2 min and
cooling to 22°C within 8 h. For the crosslinking reaction, 1-cyanoimidazole and MnCl, were added
to the annealed samples to a final concentration of 30 mM and 100 mM, respectively, and the

reaction mixtures were incubated at 37°C for 16 h (or 1-24 h for the kinetics experiment).

5.2.3 Gel electrophoresis assays

Denaturing gels were prepared to contain 8 M urea and 12% acrylamide (19:1 acrylamide:

bisacrylamide). TBE buffer (89 mM Tris Base, 89 mM boric acid, and 2 mM EDTA) was used as
the running buffer. Electrophoretic samples were prepared using a 2x denaturing loading buffer
(85% Formamide, TBE, and traces of Bromophenol blue and Xylene Cyanol). Gels were run at
constant voltage (95 V) for up to 110 min.

Native gels were prepared at 8-10% acrylamide (19:1 acrylamide:bisacrylamide) and
contained 70 mM MgCl, . Gels were run at constant voltage (100 V) for up to 80 min. Samples
were prepared using a 6 x Cyan/Yellow loading dye (TrackIt™, Thermofisher). Gel-Red was used
as a staining dye for the visualization of DNA bands.

Quantification of product yield: Image analysis was performed using the Image Lab™

software supplied by Bio-Rad Laboratories Inc. Lanes and bands were automatically identified by
the software and manual resizing was done to ensure equal band area selection in all lanes. The
band of Rail 2g0/1 or 2 was chosen as reference to obtain the relative intensities of each band and

to normalize the relative intensities of the XA and XB bands. The product yield was determined
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by the equation (6), where [Ri]initial and [Ri]final is the normalized relative intensity before reaction

and after reaction, respectively.

(6) Product Yield % = Rilinitial-[Rilinal 4 1 9

[Rilinitial

5.2.4 Exonuclease treatment
Reaction mixtures were precipitated by adding 2% LiClOgs/acetone followed by
centrifugation at 10,000 RPM for 5 min; the supernatant was discarded, and the steps were repeated
one more time using pure acetone to wash the pellets. The pellets were let to dry completely and

then resuspended in DNA-grade water.

For 5°-5 crosslinked product: Oligonucleotide strands complementary to the DX-tile

components were added at the equimolar concentration to allow the formed duplexes to serve as
substrates for the exonuclease Exo VIII truncated. The samples were prepared by following the

NEB recommended protocol with Exo VIII truncated and the supplied NEB buffer™ 4.

For 3°-3 crosslinked product: Addition of complementary strands was unnecessary.

Samples were prepared according to the NEB recommended protocol with Exo III and the supplied

NEB buffer™.

Isolation from exonucleases: After the completion of exonuclease digestion, 1x volume of

phenol:chloroform:isoamyl alcohol (25:4:1) was added, and the mixtures were centrifuged at
10,000 RPM for 5 min. The aqueous phase was saved, and DNA was precipitated by overnight

incubation at -20°C with 0.3 M sodium acetate (pH 5.6) and 70% ethanol and separated by
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centrifugation at 4°C for 25 min at 10,000 RPM. DNA was resuspended in DNA-grade water or a

buffer containing 50 mM Tris-HCI (pH 7.4) and 2 mM MgCl..

5.2.5 Gel extraction of ligated DNA IC components.

3 nmol of the ligated DNA IC was loaded into a 12% dPAGE -8M urea gel. For gel
extraction, gels were run at constant voltage (165 V) and 65 °C for 1 h 40 min. The target band
was identified and cut with a scalpel blade, followed by thinly crushed, soaked in 1 mL DNA grade
water, and incubated under shake (120 rpm) at 37°C for up to 24 h. Supernatant was filtered using
a X-Spin Coastar filter. From the collected supernatant, DNA was precipitated by adding a 2-fold
volume 2 % LiClO4 — acetone solution and separated from the supernatant by centrifugation at
10,000 RPM for 3 min (step repeated with pure acetone). DNA pellet was dried under vacuum for

30-60 min and then resuspended with DNA-grade water.

5.2.6 Assembly of ligated DNA IC components for fluorescence assay

All DNA oligonucleotides intended for assembly into the target DNA logic circuit were
mixed at 200 nM in equimolar ratios in a buffer mix containing 100 mM Tris-HCI at pH 7.4, 100
mM MgCl2, 0.06 % Triton X100; followed by vortex and centrifuged to make sure all the solution
was dragged down. The samples were annealed by placing them in a water bath at 95 °C for 2 min
and slowly cooling down to 22 °C within 8 h. After assembly, a master mix solution was prepared
containing molecular beacon (MB) probe solution and the DNA assembly. From this master mix,
aliquots were dispensed in individual microcentrifuge tubes for the addition of the different inputs,
followed by incubation at room temperature (22-25 °C) for 20 min. The fluorescence emission was

read from those samples, containing 100 nM DNA logic gate assembly, 50 nM MB probe (12.5
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nM for YES 1 and IMPLY), 100-200 nM input, 50 mM Tris-HCI at pH 7.4, 50 mM MgCl12, 0.03

% Triton X100.

Average and standard deviations were calculated from three independent samples. To
normalize the fluorescence response of each output signal, we subtracted the average fluorescence
response of a MB only solution. Each graph plots the average fluorescence difference (4F):
fluorescence output signal — fluorescence MB signal; Error bars represent the standard deviation

from three independent samples.

5.2.7 AFM imaging

AFM sample preparation: wXA 5p- wXB 5p ligation product was associated with AFM
complement strands (Table 11) in an assembly buffer (10mM Tris-HCI pH 7.4 and 2mM MgCl2)
followed by gel isolation and resuspended in an assembly buffer. Samples were stored at 4 °C
before deposition on modified mica. Mica substrates are modified with 1-(3-aminopropyl)silatrane
(APS) to create a positively charged surface for deposition of DNA and RNA-DNA hybrid
structures via electrostatic attraction between negatively charged DNA backbone and positively
charged APS-mica28. SuL of each sample was deposited on APS-modified mica and waited for 2
min before rinsing excess DNA with di-water. Optimal sample concentration ranges from 10 — 100
nM to avoid overlapping of DNA structures. Mica samples were dried under a flow of ultra-high
purity argon gas and incubated overnight under vacuum before imaging. AFM imaging: Images
were obtained using a Multimode AFM Nanoscope IV system (Bruker Instruments, Santa

Barbara,CA) operating in tapping mode in air with a RTESPA-300 AFM probe.
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Table 11. List of Oligonucleotides used in Chapter five studies

Name comments Sequence
DX-tile

Rail 1g2 2 nt gap TG TCT CCC TC C CAT TGT ATC G TT GT GCG TTG CTT CCT CTA
IGTTTTITTITT

Rail 1g1 1 nt gap TGTCT CCCTC CCATTGTATCG T GT GCG TTG CTT CCT CTA TG
TITTTITTITT

Rail 1g0 no gap TGTCTCCCTCCCATTGTATCGAAGTGCGTTGCTT
CCTCTATGTTTTTTTITT

Rail 2g2 2 nt gap CTGAC TGAAT AAT ATG CTA G TT GTG TGT TA GT TCA TCTCTC
TITTTT

Rail 2g1 1 nt gap CTGAC TGAAT AATATGCTAGTGTG TGT TAGT TCATCTCTCTTT
TTT

Rail 2g0 no gap CTGACTGAATAATAT GCTAGAAGT GTGTTA GTT
CATCTCTCTTT

Staple 5 GAGAGATGAACGAGG GAGACA

Staple 6 CATAG AGG AAGATTCA GTCAG

dsDNA-tile

ds-Rail a TGTCT CCCTC CTT CCT CTATG C CAT TGT ATC G AT GT GCG
TTG GAGAGA TGAACATTCAGTCAG TTTTTTTTTT

ds-Rail b CTGAC TGAAT GTTCA TCTCTC AAT ATG CTA G AA GTG TGT

TA GT TCA TCTCTC CATAG AGGAAG GAGGG AGACATTT TTT
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Name

comments

Sequence

Reactive strands

XA CGATAC AAT GG TAACACACTTTITTT
XA 5p /5Phos/CGA TAC AAT GG TAACACACTTTTTTT
XA/isp9/5p | Phosphate group | /5Phos//iSp9/CGA TAC AAT GG TAACACACTTTTTTT
bound via a
linker
XB 5p /5Phos/C TAG CAT ATT CAACGCACTTTTTTTTTTTTT
XB/isp9/5p | Phosphate group | /5Phos//iSp9/C TAG CAT ATT CAA CGC AC TT TTT TTT
bound via a|TTTTT
linker
XA 3p TTTTTT CGATAC AAT GG TAA CAC ACT /3Phos/
XB 3p TTTTTTTTTTTTT C TAG CAT ATT CAA CGC AC /3Phos/
wXA 5p /5Phos/ CGA TAT AAT GG TAA CAC ACT TTA ACT AT
CTTACTTTCATTTTAATT CATGTTTA
TGT TAG
wXB 5p /5Phos/C TA G CATATT CAACGCACTTTTTTT CTT GTA
GAT TT AT CCT T TC A TAA CAACC TTT CAT TTA TTT
TAATGT ATACTT CGC TCTTTG
Complements of DX-tile strands
Cpl  Rail | Also complement | AAAAAAAAAAAAACATAGAGGAAG CAACGCAC AA
1g2 ofrail 1gl or 120 | CGATACAATGG GAGGGAGACA
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Name comments Sequence

Cpl  Rail | Also complement | AAAAAAAA  GAGAGATGAAC _AA

282 of rail 2gl or 2g0 | CTAGCATATT ATTCAGTCAG

Cpl Staple TGTCT CCCTC GTTC ATCTCTC

5

Cpl Staple CTGAC TGAAT CTT CCT CTATG

6

Cpl XA 5p AAAAAAA

Cpl XB 5p AAAAAAAAAAAAAGTGCGTTGAATATGCTAG

AFM Complements of DX-tile strands

W1-Tri-A- AAT TAA AAT GAA AGT AAG ATA GTT AAA GTG TGT

2 TAC CATTAT A

W1-Tri-B ATT AAA ATA AAT GAA AGG TTG TTA TGA AAG GAT
AAATCT ACAAGA AAAAAA GTG CGT TGA ATATGC

DNA IC reacting strands

Rail 1A CAC TCT AGT TTA CAG/iSp9/ G ATC GTA TCA CCT ATC
GTGTTTTG TCG CTGA CAC CAC CT GAC CCATC GTA
TCG CTT CCT CTATG

Rail 1B CTGAC TGAAT GAG CT CTA CA GA CGA CTA CAG C

TGC AGT ACC AC CGT TAG TCA ACT CACT CTG /iSp9/

GTACTT TCTACT AAC
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Name

comments

Sequence

Rail 1AT CCTATCGTGTTTTG TCG CTGA CCATC GTATCG CTT
CGT CTATG

Rail IBT CTGAG TGAAT GAG CT CTA CT C TGC AGT ACC AC
CGTTAG TCA

Staple 1pp /5Phos/ATTCA CTCAG /iSpl8//iSp18/ CATAG ACG
AAG/3Phos/

Staple 2pp /5Phos/AA CAC GAT AGG/iSpl8//iSp18/ TGA CTA ACG
GT/3Phos/

1A TCACCTGG /iSp9/ CATGCAAG /iSp9/ rC GATAC
GATGG /3Phos/

1B /5Phos/AGTAG AGCT rC /iSp9/ GCCTAACA /iSp9/
ACGTACGA

1ANH2 TCACCTGG /iSp9/ CATGCAAG /iSp9/ /iUniAmM/ C
GATAC GATGG /3Phos/

1BNH2 /5Phos/AGTAG AGCTC /iUniAmM//iSp9/ GCCTAACA
/iSp9/ ACGTACGA

2A CTTGCATG /iSp9/ TCTCCATG /iSp9/ 1G TCAG
GTGGTG/3Phos/

2B /SPhos/ CTGTA GTCGT rC /iSp9/ TACCCACT /iSp9/
TGTTAGGC

MBI /FAM/CCT CGT ACG TCC AGG TGA GG/BHQ1/
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Name comments Sequence

I'l CTTGCATG TGTTAGGC

Sequences of the same color in different strands are complementary to each other, the color code
correspond to that shown in Schemes 1, S1 and 2. The nucleotides introduced to form a gap are in
red; iSp9, internal spacer 9 (IDT); /5Phos/, 5° terminal phosphate group; /3Phos/, 3’ terminal
phosphate group. Each sequence is entered as 5’2 3’; iSp9 and iSp18 are oligoethylene glycol
spacers 9 and 18 from Integrated DNA Technologies (IDT); FAM and BHQI correspond to 6-
carboxyfluorescein and 3’Black Hole Quencher-1 respectively; r indicates ribonucleotide, and
iUniAmM indicates a free primary amine attached to the 5'-end of an oligo via a six carbon
aliphatic spacer arm.

5.3 Results and Discussion
5.3.15-5and 3°-3 chemical ligation catalyzed by DX tile

First, we designed a 5’-5” DNA ligation system by forming a DX tile containing strands
Rail 1, Rail 2 and four crossover strands —XA 5p, XB 5p, staples 5 and 6 (Figure 25C). The
sequence of the XA 5p and XB 5p oligonucleotides to be ligated were arbitrarily chosen with ~
50% G/C content and absence of stable intramolecular secondary structures (Table 11). Both XA
S5p and XB 5p were elongated with 3’-terminal oligo T tails to be 26 and 31 nucleotides (nt),
respectively, to have different electrophoretic mobilities and enable analysis of the tile formation
and ligation reaction using gel electrophoresis. The sequences of the Rail 1 and Rail 2 strands
included a 10-nt fragment complementary to both XA 5p and XB 5p. Similarly, they contained
oligo T tails of different lengths to be distinguished in polyacrylamide gel electrophoresis (PAGE).
Staples 5 and 6 were designed to bind Rail 1 and 2 strands at a distance of two DNA helical turns
(21 nt) apart from each other to accommodate XA 5p and XB 5p in the middle of the tile (Figure
25C). In the resulting 6-stranded complex, the 5’ends of XA 5p and XB 5p were positioned on the

inner sides of the DNA helixes (“inside” the tile) in proximity to each other, as shown in Figure
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28B. Therefore, their chemical ligation could take place right in the center of the nanostructure.
The correct association of the 6 strands into the expected complex was confirmed by native PAGE

analysis prior to crosslinking (Figure 46).

For the chemical ligation, we used the 1-cyanoimidazole (1-CNI) condensation system
developed by Kanaya and Yanagawa.!®* We ran a series of optimization experiments to increase
the yield of the DX tile-assisted 5’-5" ligation. The 5’-end of one strand was either phosphorylated
(XA 5p) or lacked the phosphate group (XA), while the 5’ end of another strand was always
phosphorylated (XB 5p). To study the effect of the gap between the strands to be ligated, we left

1- or 2-nt single-stranded gaps, as shown in Figure 25C.

The best 5°-5° ligation yields were obtained when (i) both strands were 5’-end
phosphorylated (XA 5p + XB 5p, Figure 48A); (ii) Mn?" rather than Zn?" was used as a metal
cofactor (Figure 48B), which aligns with previous reports;'®*1% (iii) at 37°C rather than at 22°C
(Figure 49); (iv) at the optimal Mn?" concentration of 100 mM (Figure 49); and (v) the strands
bound to both Rails 1 and 2 were separated by a 1-nt gap (Figure 50). Under the optimized
conditions, the reaction reached a plateau within 16 h with a yield of ~ 65% producing no ligation
side products (Figure 28D-E and Figure 51). Furthermore, to increase the flexibility of the two
reacting phosphate groups, we attached them to strands XA 5p and XB 5p via a flexible triethylene

glycol spacer (iSp9). However, this did not improve the reaction yield (Figure 52).
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Figure 28. Comparison of DX-tile (-) ‘uncatalyzed’ vs catalyzed DX-tile catalyzed chemical
ligation of XA 5p and XB 5p.A) Scheme of uncatalyzed chemical ligation and B) Schemes of DX-
tile catalyzed chemical ligation C) and D) PAGE analysis of the ligation products for uncatalyzed
and DX-tile catalyzed reactions. Lane 1: ssDNA ladder; lane 2: prior crosslinking of 5’ ends; lane
3-7 or 8: samples after ligation terminated at different incubation times (as indicated). Blue arrows
indicate the ligated product XAp-pXB with the expected length of 57 nt, orange and red arrows
indicate byproducts of the reaction. E) Comparison of the yields of the ligation reaction on DX tile
(blue bars) and in solution (grey bars). The yield quantification was done as described in Methods.

In contrast, the uncatalyzed (DX tile-free) ligation under similar conditions produced less
than 5% of the expected product after 16h incubation. We observed a 2- fold yield increase after
24h, however, after 36h the DX-tile free ligation seemed to plateau (Figure 28C-E). The reaction
rates for DX-tile and DX-tile free ligation were calculated to be 0.40 £ 0.096 umol L h  and 0.07

+0.019 umol L' h , respectively, indicating that DX-tile can also enhance the reaction rate. In
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addition, two side products: 52-nt XA-XA and 62-nt XB-XB — were formed in noticeable amounts
in the absence of DX-tile (Figure 28A and C indicated by red and orange arrows, respectively).
We, therefore, concluded that, as a catalyst, the DX tile-like association increases the ligation yield

by ~12-fold, the reaction rate by ~5.7-fold, and improves the reaction specificity.

We also tested the possibility of bringing the ends of the two DNA strands together using
a simpler arrangement than the DX tile, where Rail 1 and 2 strands were bound to each other
directly (without staple strands) and formed a ‘bubble’ with the sequences complementary to the
strands to be cross-linked (Figure 54). However, such a system produced only ~7 % of the ligation

product, thus confirming the advantage of the DX tile as a template for chemical ligation.

The identified optimal conditions were also applied for the ligation of XA 3p and XB 3p
strands to achieve the 3°-3’ ligation of two DNA strands (Figure 53). Under these conditions, the
reaction reached a plateau within 16 h with a yield of 52 % for the 3°-3’ ligation products (Figure
29B, Lane 3). This ligation yield was lower than for the 5’-5’ ligation product, most likely due to
the lower reactivity of the secondary phosphate group and unassembled reacting strands (Figure
46B). However, we do not exclude that further optimization may improve the yield of the 3°-3’

ligation.

5.3.2 Isolation of the ligation products
After the ligation reaction, the DNA strand with switched polarity remained in the mixture
with other DX tile-forming DNA strands. To isolate the ligation product, we added
oligonucleotides that were fully complementary to the strands Rail 1gl and 2g1, Staple 5 and 6.

This mixture was digested with Exo VIII, an exonuclease that degrades double-stranded DNA
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(dsDNA) in the 5’ to 3’ direction. We hypothesized that since the XA 5p-p5 XB ligation product

did not have free 5’ ends, it would remain resistant to the Exo VIII treatment.
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Figure 29. 12% dPAGE analysis of the synthesis and isolation steps for the A) 5’-5’ ligation
products or B) 3°-3’ ligation product. Lane 1: ssDNA ladder (the sizes of the ladder bands are
indicated to the left of the lane); lane 2: DX-tile prior to crosslinking; lane 3: DX-tile after the
reaction (the 5°-5” and 3°-3’ ligation yield is ~70% and 52%, respectively); lane 4: Ligation reaction
mixture prior to the digestion of the tile components by the exonuclease treatment; lane 5: same
as lane 4 after the exonuclease treatment. Blue arrows indicate the crosslinking product XAp-pXB
with the expected length of 57 nt.

Indeed, after treatment, we obtained a single DNA strand (Figure 29A, Lane 5), which
could be further purified from Exo VIII by routine phenol extraction and ethanol precipitation. The
size of the 5°-5’ ligation product corresponds to the expected length (indicated by blue arrows in
Figure 29A, Lanes 3-5). Similarly, we achieved isolation of the pure XA 3p-p3 XB product upon
treatment with Exo III, which degrades both dsSDNA and ssDNA in the 3’ to 5’ direction. In this
case, there was no need to add DNA strands complementary to Rail 1g1 and 2g1 or the staple
strands. Similar to the 5°-5’ ligation product, the length of the 3°-3” product did not change during

the enzymatic treatment, which indicates the absence of the free 3’-ends and confirms the structure
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of the ligation product (Figure 29B, Lane 5). Therefore, the switched polarity feature of the ligation
products makes them suitable for an easy isolation procedure affordable by even low-resource
laboratories. Furthermore, both the purified and unpurified 5’-5° ligation products are stable at

room temperature over 30 days (Figure 55).

5.3.3 Synthesis and characterization of ‘the impossible wheel .

DNA strands with switched polarity have been used for ligation of plasmid DNA via triplex
formation,!”® as probes for nucleic acid analysis,!’""!”? for the DNA-peptide library display
system,'®” and to improve hemin-dependent peroxidase activity of G-quandruplexes.!”> However,
to the best of our knowledge, such strands have not been explored by DNA nanotechnology,
possibly due to a limited accessibility of this material. To illustrate the potential of DNA strands
with switched polarity in DNA nanotechnology, we designed and synthesized a circular DNA
nanostructure that we named an ‘impossible DNA wheel’ (Figure 30A). This structure is
impossible to create by plain intramolecular self-hybridization of a regular DNA oligonucleotide
because of the parallel orientation of the DNA fragments in the double-stranded region (Figure
30A, left). However, it is possible to form the ‘impossible wheel” from a DNA strand with switched

polarity (Figure 30A, right).
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Figure 30. A) Scheme comparing the structural requirements for ‘the impossible DNA wheel’
structure, B) enforcement of the wXA 5p-p5S wXB assembly with the complementary strands to
form a triangle-shaped-impossible DNA wheel for AFM imaging, C) 8% dPAGE ran at 60°C; lane
1: 149 nt DNA marker; lane 2: 171 nt DNA marker; lane 3: impossible DNA wheel sample before
the ligation reaction; lane 4: same as lane 3 after the reaction, yield 69 = 4 %; lane 5: ligation
product before Exo VIII treatment; lane 6: ligation product after Exo VIII digestion. D)
Representative AFM 1image of the triangle-shaped-impossible DNA wheel. E) Gaussian
distribution of the contour measurements, N: 521
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In this work, we designed a DNA wheel to be 166 nt and formed by the 5’-5’ ligation of a
70-nt long wXA 5p and 96-nt long wXB 5p complementary to each other by 15 bp (60% GC). As
a scaffold, we used the same DX-tile system to hold the reacting strands wXA 5p and wXB 5p as
was used in our prior experiments. Thus, synthesis of DNA wheels shorter or longer than 166 nt
can be attempted by using the same DX-tile system if the DX-tile binding site of both reacting
strands is conserved. The reaction yield was 68 + 4 %, (Figure 30C, Lane 4), and isolation of the

pure product was achieved by Exo VIII treatment (Figure 30C, Lane 6), as explained above.

To detect the ‘impossible DNA wheel’ by atomic force microscopy (AFM), this structure
was re-shaped into a dsDNA triangle (Figure 30B) by adding two oligonucleotide strands — W1-
Tri-A and W1-Tri-B (Table 11), which were complementary to the ssDNA region of the ligation
product. This was needed to increase the rigidity and visibility of the structure in the AFM
image.!”* The triangle shape was visualized by AFM imaging (Figure 30D). Based on the pitch of
ds B-DNA (0.32-0.34 nm/bp), our impossible DNA wheel was estimated to have a circumference
0f 40 - 42 nm in its triangular shape. To confirm the presence of the expected DNA wheel, contour
measurements were performed on a population of 521 ring structures observed during AFM
imaging (Figure 56). From the Gauss distribution of the observed formations, 3 distinct
populations were observed, with 385 of the structures falling under population P1 (44.4 £ 5.9 nm),
which is closer to the expected circumference of 42 nm. We hypothesize that the observed broad
range of sizes (P2 and P3) can be explained by the polymerization of the DNA wheel due to its

self-complementarity (Figure 30B).
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5.3.4 Chemical Ligation of DNA IC cascading 4J YES gates

From the understanding of the chemical ligation that 1-CNI with Mn?* induces on DNA
oligonucleotides and optimal conditions achieved in section 5.3.1, we investigated this chemical
ligation for the covalent crosslinking of the DNA ICs components. We decided to explore the
chemical ligation of Staple 1 with 1A and 1B (Figure 31A) and additionally with 2A and 2B (Figure
31B). To maintain a DNA canonical backbone, we attempted to ligate each phosphorylated end
with a 2’ hydroxyl group from a ribonucleotide positioned at the beginning of the rail binding
fragments. Figure 31C, /lanes I and 2 show the results from before and after the reaction of the
DNA IC in Figure 31A, while /anes 3 and 4 show the results from before and after the reaction of
the DNA IC in Figure 31B. The ligation product from DNA IC Figure 31A was expected to be 74
nt long; however, we only observed the appearance of a new band at around 52 nt (/ane 2 yellow
arrow, Figure 31C). This new band could correspond to the ligation of staple 1 with either 1A or
1B since their ligation product would be 48-49 nt long. Although the rail strands ran around the 75
nt marker, we did not observe an increase of intensity from their bands to indicate a product formed
was matching their gel mobility. On the other hand, the ligation product from DNA IC B was
expected to be 128 nt long. In Figure 31C, lane 4, we observed traces of migrating oligonucleotides
near 100 nt mark, however, their yield was poor for later assays to confirm their identity. We also
observed the appearance of a new band at around 80 nt (blue arrow). This band could correspond
to the ligation of staple 1 along with two 4] YES components (e.g. staple 1-1B-2B, staple 1-1A-
1B, etc) since their ligation product would correspond to 76 nt. Moreover, the same product at the
52 nt mark appeared with a higher intensity than in lane 2 yellow arrows. In both ligation reactions,
we also observed the appearance of lower than 20 nt long, which we hypothesized it could be the
result of a cyclization product.

110



A) Staple 1pp B) Staple 1pp C) Marker 1 2 3 4

A_z’— T s - T~ (nt)

— — = -

= = = = 100 -

= 5o 4= = R 90— ;  Product

e ORE R R

=4 N = = IN= 3
RN A - R AR YA - Rals

= 5 p s S| e i= 60 - < Product

= il ) \E =68 HOY= bt -

= e S s I/~—\_ o gh

= i=| i 2= \\\ 2A | 12B 3 =|a - .

= i= = ] = ; y

= = =L PO} "OP =g 40- F 5

g" +§ E -:_!V ‘E o :

= = = = 2 '

= i= = = Gate strands

= i— —¥ =

= = = = Staples

= = = = 20- .

= = = = .- - Side product
< EV = <L Er =
| = 4= = |2 = D) o C3endo o ©C2endo
SE i= TI= = £ p I OH

= = x|z = o/l\;o . ’“io/[‘o

= = = —v_ Ot 258 o) 5 Base
‘,_ _/Poazr lroap i k’__ PO, 204F’\ s o

1= = = = 0 L

= = S = wf o T

:".. 5 ¥§tap|e 2pp’ . »!_—'V ::"_ . Staple 2pp’ - _:_\r "‘-{ \07

Figure 31. Covalent crosslinking of DNA IC module 1. A) Rails were assembly with staple 1 and
2 with phosphorylated termini and 1A and 1B with one ribonucleotide at the beginning and a
phosphate at the end of the fragment binding its respective rail. The addition of YES 2 components
with the same characteristics is shown in B). C) 12% dPAGE — 8 M urea for the analysis of the
chemical ligation. Lane Marker: ssDNA ladder (the nt sizes of the ladder bands are indicated to
the left of the lane); lane 1: DNA IC with YES 1 prior to crosslinking; lane 2: DNA IC with YES
1 after the reaction; lane 3 DNA IC with YES 1 and YES 2 prior to the reaction, and lane 4: DNA
IC with YES 1 and YES 2 after the reaction. D) ribose C3’ and C2’ endo conformations.

Due to the C3’ endo conformation that RNA’s ribose adopts (Figure 31D), we hypothesized
that the positioning of the 2’ hydroxyl group hinders its nucleophilic attack. This position would
specifically affect the crosslinking between 2A with 1A and 1A with staple 1, where the 3’
phosphate must be reached preferentially by a C2’ endo hydroxyl group. On the other hand, the
C3’ endo conformation would favor the crosslinking of staple 1 with 1B and 1B with 2B since the
5’ phosphate can be reached by the axial 2 hydroxyl group.

111



To overcome the limitations inherent in the ribose conformation and weak nucleophilic
strength from the oxygen in the 2’ hydroxyl, we explored the use of a primary amine linked to
the phosphate backbone of DNA through an aliphatic chain (Figure 32). This amino linker is a
commercially available modification that could be integrated internally into the DNA backbone;
thus, facilitating its position at either an A or B 4] YES component (Figure 32A) for their chemical
ligation with a 5° or 3’ terminal phosphate group. In Figure 32B, we show the chemical structure
of the modified DNA IC components highlighted with a blue box (Figure 32A) and product after

the chemical ligation using 1-CNI and M*" (e.g. Mn?").
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Figure 32.Replacement of 2” hydroxyl for a primary amine as anucleophile for the ligation of two
DNA fragments. A) A fragment of the DNA IC shows the position of the primary amino linkers
for their close localization to the phosphorylated ends of the DNA IC components. B) the chemical
reaction for the ligation of the two DNA fragments (highlighted blue on A) by a phosphoramidate
bond using 1-CNI and M?* (e.g. Mn?") as condensing agents.

We performed the chemical ligation of the DNA IC structure shown in Figure 33 A by using
the same condensing agents and conditions established in section 5.3.1. We opted to reduce the

length of the DNA board rails to avoid the possible overlapping migration of these strands with
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the target product. Lanes 1 and 2 of Figure 33B show the before and after chemical ligation, where
the appearance of two highly intense bands occurred with a PAGE mobility at 59 nt (yellow arrow)
and 90 nt (blue arrow) based on the ssDNA marker bands. The expected size of the ligation product
of structure A was 74 nt; however, due to the weight contribution of the polyethylene glycol linkers
(dashed lines) and aliphatic chain attaching the primary amine its PAGE mobility can slow down.
Thus, we hypothesize that the 90 nt band could be our target product. To isolate this product from
the reaction mixture, we performed a gel extraction of this specific band and confirmed its

successful gel elution on lane 3, Figure 33B.
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Figure 33. Chemical ligation of DNA IC YES 1 gate by phosphoramidate linkage. A) DNA IC
structure showing the location of primary amino groups at YES 1 (1A and 1B) and the localization
of all phosphorylated DNA termini. B) 12% dPAGE- 8M urea. M: ssDNA ladder (the nt sizes of
the ladder bands are indicated to the left of the lane); lane 1: DNA IC with YES 1 before
crosslinking; lane 2: DNA IC with YES 1 after the reaction; lane 3: ligation product after gel
extraction step. C)Fluorescence readout at 515 nm A emission after excitation at 485 nm using
MBI as a reporter of the YES 1 after ligation and a YES 1 without any strand modifications both
4] YES gates were anchored on DNA board module 1 of Chapter Three.

Lastly, we performed a fluorescence assay using the gel extracted ligation product

alongside its unmodified and non-ligated counterpart (Figure 33C). The results indicate no
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significant difference in the performance of the ligated 4] YES 1 gate in comparison to its non-
ligated and unmodified version. These results suggest that this reaction could be used to scale the
number of covalently crosslinked 4J computing units and that their computation performance can

remain intact after their ligation and isolation.

5.4 Conclusions

DNA nanotechnology has introduced several sophisticated structures, many of which are
being applied in biotechnology, gene therapy, and molecular computation.'*® For example, the DX
tile (Figure 25B), a more rigid building block than dsDNA, has been used for assembling two-
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dimensional DNA crystals,'” algorithmic self-assembly of DNA Sierpinski triangles,'’® barcode-

patterned lattices,'”” DNA scissors,!’® hexagonal RNA nanotubes,'”® among other applications.'>
Here, we used the DX tile in yet another role: as a catalyst of a chemical reaction. We hypothesized
that the 2D structure of the DX tile can broaden the capabilities of the DNA-templated reactions
explored earlier.!>"15 To illustrate the feasibility of using the DX tile as a catalyst, we synthesized
5°-5” and 3’-3’ linked oligonucleotides of random sequences because of the practical significance
of the reaction products, as well as the absence of catalysts of these reactions. Such
oligonucleotides can be prepared by the automated chemical nucleic acid synthesis using both
conventional ~ 3’-phosphoramidites = and  non-conventional and  expensive  5’-
phosphonamidites.'®”17172 In practice, however, synthesis of such strands requires a laboratory
equipped with a DNA synthesizer, which makes such synthetic products unaffordable by an

overwhelming majority of potential users. A DNA templated synthesis of 5’-5” and 3°-3” linked

oligonucleotides was reported by Chen et al.,'” who took advantage of the parallel duplex
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formation between poly A and poly T sequences. This method, however, puts a limitation on the
choice of the sequences of oligonucleotides to be ligated: at least one DNA strand must be poly T

or poly A oligonucleotide.

The DX tile-assisted ligation uses only the proximity and orientation effect to achieve >12-
fold yield enhancement, >5-fold reaction rate, and unlike the corresponding uncatalyzed reaction,
results in no byproducts. Both yield enhancement and high reaction specificity are attributes of
enzymatic catalysis. In this work, we did not explore multiple catalytic turnovers under the
conditions when reactants are used in excess over the DX tile structure. Such reactions have been
studied in the context of DNA and RNA templated synthesis and were reported to achieve up to
92 turnovers when optimized.'®® We also did not attempt to achieve the highest possible reaction
yields of 1-CNI chemistry, since this was performed earlier using 3’-5’ templated oligonucleotide

ligation 164,165,168

While developing this technique, we noticed that the ligation yield was significantly
improved when both reacting strands had phosphorylated ends, in comparison with the earlier used
systems having only one strand phosphorylated. This higher reactivity can be explained both by a
greater probability for the reactants to be activated by 1-cyanoimidazole, as well as greater
nucleophilicity of the phosphate group in comparison with hydroxyl group under the chosen
conditions. The ligation products in this case contained a phosphoanhydride instead of a regular
phosphodiester linkage, which raised a question regarding its chemical stability in aqueous
solutions. However, we did not observe degradation of the ligation product over 30 days at 22°C

at pH 7.4. (Figure 55).
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For downstream applications, oligonucleotides with switched polarity obtained via the DX
tile-assisted ligation may need to be isolated from the mixture of the DX tile-forming strands,
which would traditionally require HPLC or gel electrophoresis. To avoid a tedious purification
procedure, we took advantage of the absence of free 5’-ends in the 5°-5’ ligation product or free
3’-ends in the 3°-3’ ligation products and treated the reaction mixtures with either 5’- or 3’-
exonuclease that would degrade all DNA present except the ligation products and treated the
reaction mixtures with either 5°- or 3’-exonuclease that would degrade all DNA present except the
ligation products. This experiment highlights the improved nuclease resistance of the 5’-5” and 3’-
3’ oligonucleotides and inspires follow-up investigations. Furthermore, we demonstrated that the
ligation approach is applicable to form oligonucleotides with switched polarity of different lengths.
Indeed, we used the DX tile-assisted ligation to synthesize a 166-nt long ‘impossible DNA wheel’
structure. We hope that the high ligation yield, applicability to any nucleic acid sequences, and
simple purification procedure will make the reported synthetic scheme useful in laboratory

practice.

It is worth noting that the DX-like structure can accommodate up to four functional groups
in the middle if both 3” and 5° of XA and XB strands are functionalized. Some of the functional
groups can act as catalysts, while others as reagents. This would create a more sophisticated
arrangement of functional groups, which may enable exploration of several catalytic strategies to
mimic natural enzymes. Other structures that allow bringing together more than 4 groups, such as
5-, 8- and 12-way DNA junctions,'8!3? can be explored for building even more sophisticated
catalytic sites. We demonstrated that a DNA nanostructure can be used to facilitate reactions not
achievable by any known enzyme. DNA strands of arbitrary sequences can be joined together by

their 3°-3” or 5°-5’ ends with a rate and yield enhancement of more than 5 and 12-fold, respectively,
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and greater specificity than for the uncatalyzed reaction. This was achieved due to the proximity
and orientation catalytic strategy provided by the DX tile-like scaffold. Building catalytic centers
by attaching functional groups to specific positions of DNA nanostructures can become a new

strategy for the rational design of artificial catalysts.

Lastly, from the understanding and expertise of using 1-CNI and Mn2+ as condensing
agents for the chemical ligation of DNA oligonucleotides, we applied this chemical reaction to the
crosslinking of the DNA components in our DNA IC computation module from Chapter Three.
We successfully achieved the chemical ligation of a full YES 1 (1A + 1B) with its neighboring
staple 1pp. Their covalent crosslink occurred through the linkage of an internal amino group at 1A
and 1B with the terminal phosphates from Staple 1pp forming a phosphoramidate bond. After their
chemical ligation, YES 1 shows a similar computation performance as its non-modified and non-
ligated version, which demonstrates the suitability of this type of linkage for the consolidation of

a DNA IC into one molecular computation unit without compromising its function.
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CHAPTER SIX: CONCLUSIONS

The pathway to personalized medicine is sought to consider all genetic heterogeneity
driving a genetic disease. Thus, there is a need for diagnostics and therapeutic tools with multiplex
and smart components to compute all the molecular drivers. DNA molecular computers are sought
to fill this need due to their sequence programmability, multiplex and parallel processing ability,

and biocompatibility.

In this work, we provided fundamental principles and practical approaches to develop DNA
molecular computers built from the integration of DNA computing units into DNA boards which
results in DNA ICs. This dissertation investigated four research questions oriented to the rational
construction of high-complexity DNA circuitry. Chapter One provided an outlook on the
advantages of spatial localization of DNA computing units on DNA boards and the need for better
design strategies and architectures to advance the technology. To allow the scalable and versatile
fabrication of DNA ICs, we developed modular 4] DNA logic gate units, a novel DNA board, and

a new molecular readout system to improve DNA IC computing speed determination.

From Chapter Two, we demonstrated for the first time that DNA 4J gates with YES and
NOT Boolean functions can be connected to make IMPLY, while two NOT gates can make NAND
functionally complete logic functions by following non-Boolean connectivity pathways. This
approach opens a route to building computational circuits of arbitrary complexity from simple
YES and NOT 4J DNA logic gates. This modular connectivity could ease the burden of developing
new architectures when realizing new Boolean circuitries and demonstrated that DNA molecular

computing systems may offer opportunities unrealized in electronics.
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The results in Chapter Three demonstrated that our DNA board nanostructure provides
spatial localization support for inter-gate communication of DNA computation units. This DNA
board provided: 1) adjustable size based on circuit density, ii) a reduced number of constituents to
minimize misassembling, iii) connectivity with one or more DNA board modules, and iv) rational
spatial orientation of the computing units. None of these features have been attributed to previously
proposed DNA board systems. Furthermore, we reported a CGP of 3.4 nm corresponding to the
shortest spatial distancing among DNA logic gates anchored on a DNA board. From a DNA IC
module cascading up to ten 4J YES gates as a signal transmission wired, we observed that after
the seventh cascaded gate signal propagation and signal dissipation reached a plateau, and adding

more cascading units did not affect this borderline.

In Chapter Four, we reported that DNA IC computation times can be influenced by the type
of molecular readout reporter used and dynamic structural changes of the DNA board. Therefore,
a new reporter was developed to be localized in the DNA board and lack secondary structures,
minizing its additive contribution to the observed computation times. Using this reported we
observed a computation time (to0) < 3 min achieved by a cascade of four 4] YES gates and its tso
<1 s which are the shortest computation times reported. These suggest that 90% of the DNA ICs
had released their output in < 3 min, accounting for a signal propagation rate of 4.5 nm/min. Thus,
using 4] YES gates as computation units can overcome the limitations of slower computation

speeds when building DNA molecular computers with higher-density DNA ICs.

Lastly in Chapter Five, we demonstrated that using 1-CNI and Mn?" as condensing agents
for the chemical ligation of DNA IC components through a phosphoramidate linkage was possible

without compromising the computation performance of the ligated computing unit. The results
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suggest that this bioconjugation route could be implemented to consolidate a full DNA IC into one
molecular unit. Furthermore, we reported that a DNA nanostructure can be used to facilitate
reactions not achievable by any known enzyme. DNA strands of arbitrary sequences can be joined
together by their 3°-3 or 5°-5” ends with a rate and yield enhancement of more than 5 and 12-fold,
respectively, and greater specificity than for the uncatalyzed reaction. This was achieved due to
the proximity and orientation catalytic strategy provided by the developed DX tile-like scaffold.
Thus, building catalytic centers by attaching functional groups to specific positions of DNA

nanostructures can become a new strategy for the rational design of artificial catalysts.

In summary, the outcomes from the investigation of each research question covered in this
dissertation aim to provide designing and fabrication pathways to advance DNA molecular
computing technologies. The scalability and customization of these DNA molecular devices can
lead to their use as biotechnological and biomedical tools, as well as for general-purpose

computations.
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DNA computational circuit of arbitrary complexity based on singleton NOT or a combination of
NOT and YES gates, which is not possible in electronic computers. We, therefore, concluded that
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APPENDIX B: CHAPTER THREE SUPPORTING INFORMATION

Table 12. List 2 of Oligonucleotides used in Chapter Three studies

Name Sequences
DNA Board Module 2

4] Rail 3 TGTCT CCCTC ACT ATG CTA G TC C TGT ATG TC A TGC CGT TGT
GCT TGA GCA CC CTC AGT CCT TC /iSp9/ GAG AGA GAATAC ACA

4] Rail 4 CAA CTA AAG ACA TAG /iSp9/ C TAC TTC GGG GC AAC TAC GGA
CAC GTACTG T AT CGT ATC GGA CGC TACC TCG GT TCATCTCTC

4] Staple 3 CTATGT CTT TAG TTG /iSp18//iSp18/ TGT GTA TTC TCT CTC

4] Staple 4 GAG GGA GAC A/iSp18//iSp18/GA GAG ATG AAC

Blck 8-9A ACG GCATGA CAT ACA

Blck 8-9 G ATA CGATGC AGT AC

Long DNA Board Control

4] Rail 5 TGTCT CCCTC ACTATGCTAG TCCTGTATGTC ATGCCGTTGT
GCTTGAGCACC CTCAGTCCTTC GATC GTA TCA CCT ATC GTG TT
TTG TCG CTGA CAC CAC CT GAC CCA TC GTA TCG CTT CCT
CTATG

4] Rail 6 CTGAC TGAAT GAG CT CT ACA GA CGA CTA CAG CTGC AGT ACC

ACC GTTAG TCA ACT CACT CTG CTACTTCGGG GCAACTACGGA

CACGTACTGT ATCGTATCGGA CGCTACCTCG GTTCA TCTCTC

4] Connector 1

TGT GTATTC TCT CTC CTG TAAACT AGA CTG

4] Connector 2

GTTAGT ACAAAGT AC CTATGT CTT TAG TTG
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Name Sequences

YES 6

6A CACTGACA /1Sp9/ CAATAGATC /iSp9/ GAAGG ACTGAG

6B CCGA AGTAG /iSp9/ GTTAACATA /iSp9/ CAACACAAG
YES 7

TA GAT CTATTG /iSp9/ ATGG ACAC /iSp9/ GG TGC TCA GGC

7B TCC GTA GTT GC/iSp9/ TGAAGCAT /iSp9/ TAT GTT AAC
YES 8

8A GTGT CCA T /iSp9/ GC GCT AGA /iSp9/ ACAACG GCAT

8B G CAG TAC GTG /iSp9/ GA ACT CTC /iSp9/ ATGCTTCA
YES 9

9A TCT AGC GC /iSp9/ GAA GA CTC/iSp9/ GA CAT ACA G GA

9Bvi TCC GAT ACG AT /iSp9/ CT CAA GCC /iSp9/ GAG AG
YES 10

10Avi GTC TTC /iSp9/ TCA CCA CAC/iSp9/ CTA GCATAG T

10Bvi CGA GGTA GCG /i1Sp9/GAC AGA CGT /iSp9/ GGC TTG

MB probes

MB 6 /FAM/CGCTC TTG TGT TG T GTC AGT GAGCG/BHQ1/
Inputs

I6 GATCTATTGTATGTTAAC

17 GTGT CCATATGCTTCA

I8 TCT AGC GC GAG AGTTC
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Name

Sequences

19

GAGTCTTC GGCTTGAG

110

GTG TGG TGAACG TCT GT

Each sequence is entered as 5> 3’; iSp9 and iSp18 are oligoethylene glycol spacers 9 and 18
from Integrated DNA Technologies (IDT); FAM and BHQ1 correspond to 6-carboxyfluorescein
and 3’Black Hole Quencher-1 respectively; /5’-phos/ represents a 5’ terminal phosphate group and
r indicates ribonucleotide. Extinction coefficients were obtained from OligoAnalizer online

calculator OligoAnalyzer from IDT website.
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Figure 34. DNA IC Module 2 cascading up to five 4] YES gates (YES 6 to YES 10) A). The DNA
board for this module is composed of 4] Rail 3, 4] Rail 4, 4] Staple 3 and 4J Staple 4. B)
Fluorescence readout of DNA IC Module 2, where output sequence of YES 6 is translated to
fluorescence by MB 6. Each set of bars correspond to the gradual addition of 4] YES gate into the
DNA board. Error bars indicate the standard deviation of two independent trials. Data was
collected on an RF6000 Shimadzu Fluorescence Spectrometer with a xenon lamp.
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Scaffold control + layers
Marker 001 2 3 4 5 6 7 8 9 10

Figure 35. Assembly of ten 4J YES gates on a long DNA board. Samples were loaded on a 4%
agarose gel with 20 mM MgCl, and run with 1XxTBE at 70V for 110 min.
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APPENDIX C: CHAPTER FOUR SUPPORTING INFORMATION

Fluorescence kinetic measurements on Stopped-Flow

Stopped-flow fluorescence measurements were performed using a SX20 Stopped-flow
spectrometer (Applied Photophysics, Ltd.) incorporated with a Xenon Lamp and a photodiode
array (PDA) detector. Samples were irradiated at 490 nm within an optical path length of 1.0 mm.
Fluorescent emission was detected in volts by setting a long pass filter with a cutoff A = 515 nm

at the entrance slit of the PDA detector and setting the photomultiplier at 365 V.
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Figure 36. Kinetics of four cascaded 4J Yes gates measured on Stopped-flow fluorescence
spectrometer. A) DNA IC module 1.4 scheme. B) kinetic profile of each cascaded 4] YES gate
added to the DNA IC; The colored area around each line represents the standard deviation and
colored-dashed lines correspond to the 90% fluorescence change achieved after the mixing of the
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DNA IC and its corresponding input. C) Thermodynamic parameters and computation times
calculated from B).
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Figure 37. Fitted curves from Figure 36B kinetic profiles. The best fit achieved for each kinetic
profile is highlighted by ExpDec2 line in each panel. This best fit corresponds to the biphasic
exponential decay equation and the solution of each of the function parameters is shown in Figure
38.
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Value  Standard Error  t-Value Prob>|t| Dependenc
YES 1 y0 8.64159 0.00128 6761.1928 0 0.98347
A1 1.2989 0.00364 357.31792 0 0.8262
t1 0.08291 3.81818E-4 217.15714 0 0.93493
A2 0.26467 0.0028 94.38887 0 0.97901
t2 0.5409 0.012 45.0741 0 0.99085
k1 12.06062 0.05554
k2 1.84878 0.04102
thalf1 0.05747 2.64656E-4
thalf2 0.37492 0.00832
YES 12 0 8.79524 3.32563E-4 26446.869 0 0.61526
A1 0.67481 - -- - 1
t1 0.06425 3.76485 0.01707  0.98638 1
A2 0.79079 - -- - 1
t2 0.06425 3.21288 0.02 0.98405 1
k1 16.56319 911.89378
k2 15.56451 778.33231
thalf1 0.04454 2 60959
thalf2 0.04453 2.227
YES1-3 0 8.7933 2.40488E-4 36564.473 0 0.58083
A1 0.2641 0.04345 6.07877 1.25578E-9 0.99797
t1 0.05402 0.00488 11.07774 2.360E-28 0.9898
A2 0.60963 0.04477 13.61633 7.620E-42 0.99933
t2 0.1137 0.00276 41.144 0 0.99591
k1 18.51119 167103
k2 8.79473 0.21375
thalf1 0.03744 0.00338
thalf2 0.07881 0.00192
YES 1-4 y0 9.16015 1.69904E-4 53913.707 0 0.28188
A1 0.667 0.07084 9.41504 5.797E-21 0.99944
t1 0.08794 0.00283 31.09429 1.58E-202 0.99404
A2 0.38479 0.06553 5.8721 4.443E-9 0.99767
t2 0.04232 0.00437 9.67928 4.635E-22 0.99489
k1 11.37148 0.36571
k2 23.62756 2.44105
thalf1 0.06095 0.00196
thalf2 0.02934 0.00303

Figure 38. Biphasic exponential decay parameters calculated from Figure 37 fitted curves which
correspond to the stopped flow kinetic measurements of the four cascaded 4J YES gates on DNA
IC module 1.4
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Figure 39. Fitted curves from Figure 23A kinetic profiles. The best fit achieved for each kinetic
profile is highlighted by ExpDec2 line in each panel. This best fit corresponds to the biphasic
exponential decay equation and the solution of each of the function parameters is shown in Figure

40.
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Value  Standard Er  t-Value Prob>|t| Dependenc
YES 1 y0 27.899041 0.04187 668.51809 0 0.9976
A1 2.98919 0.05494 54.4077 0 0.77719
t 33.78622 1.19163 28.35285 1.08E-164 0.95428
A2 7.84071 0.01913 409.7883 0 0.94531
12 315.67926 4.89097 64.54335 0 0.99735
k1 0.0296 0.00104
k2 0.00317 4.90798E-5
thalf1 23.41882 0.82598
thalf2 218.81219 3.39016
YES1-2 y0 32.75969 0.01628 2012.0905 0 0.97311
A1 18.98916 0.14066 134.99768 0 0.89573
1 13.94936 0.11971 116.52218 0 0.94221
A2 8.05775 0.01963 410.44385 0 0.86929
{2 208.01183 1.56841 132.6261 0 0.97789
k1 0.07169 6.15229E-4
k2 0.00481 3.62479E-5
thalf1 9.66896 0.08298
thalf2 144.18281 1.08714
YES1-3 y0 46.04115 0.02914 1579.7712 0 0.99084
A1 9.65588 0.09545 101.16488 0 0.82696
1 19.98448 0.27343 73.08757 0 0.93362
A2 6.11526 0.01874 326.27635 0 0.89087
2 261.31483 3.82485 68.32024 0 0.99008
k1 0.05004 6.84642E-4
k2 0.00383 5.60127E-5
thalf1 13.85219 0.18953
thalf2 181.12964 2.65119
YES1-4  yO 5425546 0.05051 1074.2583 0 0.99761
A 5.80395 0.19999 29.02133 6.61E-172 0.93529
L4 19.45684 0.624 31.1809 5.16E-196 0.97751
A2 4.77593 0.02845 167.88839 0 0.98034
12 325.35135 8.30876 39.15764 1.45E-294 0.99492
k1 0.0514 0.00165
k2 0.00307 7.8493E-5
thalf1 13.48645 0.43252
thalf2 225.51637 5.75919

Figure 40. Biphasic exponential decay parameters calculated from Figure 39 fitted curves which
correspond to Figure 23 kinetic measurements of the four cascaded 4J YES gates on DNA IC
module 1.4.
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Figure 41. tso of four cascaded 4)J YES gates with rigidity added to the DNA board by placing a
dsDNA bridge at YES 1 (YES 1b) A) or at YES 2 (YES 2b) B) position. C) kinetic profiles
correspond to the DNA IC module shown in A), and the kinetic profiles in D) correspond to the
DNA IC module shown in B). The colored-dashed lines here indicate the 50% fluorescence change
achieved after input addition.
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Figure 42. Fitted curves from Figure 24C kinetic profiles. The best fit achieved for each kinetic
profile is highlighted by ExpDec2 line in each panel. This best fit corresponds to the biphasic

exponential decay equation and the solution of each of the function parameters is shown in Figure
43.
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Value  Standard Er  t-Value Prob>|t| Dependenc
YES 1b y0 4512452 0.01455 3101.5672 0 0.94904
A1 20.96944 0.21104  99.36357 0 0.88828
1 13.3916 0.13392  99.99775 0 0.94344
A2 5.15703 0.02834 181.98839 0 0.90242
t2 168.58239 2.11878 79.56573 0 0.96703
k1 0.07467 7.46753E-4
k2 0.00593 7.45524E-5
thalf1 9.28235 0.09283
thalf2 116.85241 1.46863
YES 1b-2 y0 60.23526 0.02616 2302.3130 0 0.97827
A1 12.81906 0.11512 111.35108 0 0.80869
1 22.34385 0.33164 67.37375 0 0.94484
A2 8.01716 0.04636 172.9155 0 0.95181
t2 200.87471 2.8024 71.67946 0 0.98622
k1 0.04476 6.6428E-4
k2 0.00498 6.94512E-5
thalf1 15.48758 0.22988
thalf2 139.23574 1.94248
YES 1b-3  y0 83.07161 0.06599 1258.9415 0 0.99374
A1 9.96174 0.27115 36.73907 2.52E-263 0.79174
1 25.04019 0.85108 29.42179 2.56E-176 0.92391
A2 10.12195 0.04445 227.73569 0 0.91411
t2 276.91091 568941 48.67131 0 0.99413
k1 0.03994 0.00136
k2 0.00361 7.41971E-5
thalf1 17.35654 0.58992
thalf2 191.94002 3.9436
YES 1b-4 y0 1109717.9 165695.58 6.69733 2.343E-11 1
A1 6.34065 0.20347 31.1622 7.67E-196 0.763
1 24.25387 0.844 28.73673 7.49E-169 0.82727
A2 -1109617 165695.58  -6.69672 2.353E-11 1
t2 -1.24916E8 1.86697E7  -6.69088 2.4482E-11 0.99983
k1 0.04123 0.00143
k2 -8.005E-9 1.19646E-9
thalf1 16.8115 0.58502
thalf2 -8.65855E7 1.29408E7

Figure 43. Biphasic exponential decay parameters calculated from Figure 42 fitted curves which
correspond to Figure 24C kinetic measurements of the four cascaded 4J YES gates on DNA IC
module 1.4 with a dsSDNA bridge at YES 1b gate.
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Figure 44. Fitted curves from Figure 24D kinetic profiles. The best fit achieved for each kinetic
profile is highlighted by ExpDec2 line in each panel. This best fit corresponds to the biphasic
exponential decay equation and the solution of each of the function parameters is shown in Figure

45.
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Value  Standard Er  t-Value Prob>|t| Dependenc
YES 1 y0 52.69935 0.01695 3109.4798 0 0.96491
A1 18.56653 0.68019 27.29602 6.63E-153 0.88687
1 27.35958 0.86121 31.76876 1.13E-201 0.96211
A2 7.87817 0.13699 57.50858 0 0.98424
t2 155.98259 2.79872 5573348 0 0.99109
k1 0.03655 0.00115
k2 0.00641 1.15029E-4
thalf1 18.96422 0.59695
thalf2 108.11889 1.93893
YES1-2b y0 59.13588 0.04377 1351.2004 0 0.99014
A1 7.52365 0.09388 80.14122 0 0.92138
1 29.29077 0.74426 39.3554 5.83E-297 0.98798
A2 7.64788 0.09205 83.08065 0 0.99379
t2 181.56842 4.73382 38.3556 7.35E-284 0.99357
k1 0.03414 8.67491E-4
k2 0.00551 1.43592E-4
thalf1 20.30281 0.51588
thalf2 125.85364 3.28123
YES1-3 y0 80.86756 0.04841 1670.6078 0 0.98628
A1 10.87258 0.17219 63.1427 0 0.79382
1 18.05798 0.4407 40.97536 0 0.93349
A2 9.57542 0.03888 246.25211 0 0.89604
t2 231.86218 3.95957 58.55741 0 0.98653
k1 0.05538 0.00135
k2 0.00431 7.36526E-5
thalf1 12.51684 0.30547
thalf2 160.71462 2.74457
YES 1-4 y0 9427855 0.0446 2113.8692 0 0.98402
A1 12.32661 0.12337 99.91673 0 0.85516
1 13.70838 0.23686 57.87667 0 0.95691
A2 7.91882 0.03512 225.48046 0 0.90945
t2 222.20757 3.99105 55.67648 0 0.97997
k1 0.07295 0.00126
k2 0.0045 8.08294E-5
thalf1 9.50193 0.16418
thalf2 154.02255 2.76638

Figure 45. Biphasic exponential decay parameters calculated from Figure 44 fitted curves which
correspond to Figure 24D kinetic measurements of the four cascaded 4J YES gates on DNA IC
module 1.4 with a dsDNA bridge at YES 2b gate.
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APPENDIX D: CHAPTER FIVE SUPPORTING INFORMATION

A) DX-tile assembly for 5’-5' ligation
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B) DX-tile assembly for 3'-3’ ligation
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Figure 46. Assembly of DX-tile visualized by 8% Native PAGE in the presence of 70 mM MgCIl2.
Lane M: GeneRuler Ultra Low Range Ladder (Thermofisher); Lanes 1-6: 12 pmol of each
individual strand as indicated on the right; lanes 7 and 8: 12 pmol complexes of the strands
annealed as detailed in Materials and Methods. A) DX-Tile assembled with oligonucleotides XA
S5p and XB 5p for the 5°-5’ chemical ligation (see upper panel). B) DX-tile assembled with
oligonucleotides XA 3p and XB 3p for the 3°-3” chemical ligation (see upper panel).

For the assembly of DX-tile, oligonucleotides were assembled as detailed in section 5.2.2.

The oligonucleotides were not purified by PAGE prior to assembly and ligation reactions. We

visualized the DX-tile assembly through native PAGE and determined that 8 to 13% of reacting

strands XA 5p, XB 5p, XA 3p, and XB 3p were not associated with the DX-tile. Additionally, side
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products were observed. Purification of the assembled DX prior ligation could, technically,
produce 8-13% greater yield. However, work associated with purification of such nanostructures
and the moderated yield (50-60%) of purification makes this procedure impractical. Moreover,
DX-tile catalyzed reaction did not show any side product of ligation in observed PAGE assay,

which shows that defects in DNA assembly do not impact reaction specificity.
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Figure 47. Chemical ligation of the oligonucleotides XA and XB. The reaction can take place in
an aqueous environment with 1-cyanoimidazole in the imidazole buffer as a coupling agent and
requires the presence of a divalent transition metal.1,2 In the scheme, the 5’-phosphate group is
prepared for the nucleophilic attack via the formation of an intermediate phosphoimidazolide.

154



A)

Phosphodiester Pyrophosphate
¥
60 - X X
—Rail 1g1 — e — Rail 191
50 - ; :
= z —Rail 29T s w— — Rail 2g1 Yiekd

Phosphodiester 3%
Pyrophosphate 70%

40 -

30- - . -

—XB 5p

e |
26 — - - i o R
20 - S e —Sicple 5 — Staple 5
and 6 and 6
Lane 7 2 2 4 5
B) Ow N
SN
«© 6‘\\‘\
oD P
60— X \
50— —Rail 191
S wm— s — Rail 201
40— Yield
Znt* 35%
30— | —— - —XB Sp Mn?* 50%
25— | — — —
20— —Staple 5
and 6
Lane 7 2 3 4

Figure 48. Chemical ligation through phosphodiester or pyrophosphate linkage and selection of
crosslinking cation. A) The DX-tile-assisted chemical ligation through phosphodiester vs
pyrophosphate bond formation. 12% dPAGE, Lane 1: ssDNA ladder; Lane 2 and 3: before and
after the DX-tile-assisted ligation reaction assisted by via a phosphodiester linkage; Lane 4 and 5:
before and after the DX-tile ligation of XA and XB via a pyrophosphate linkage; Reaction
conditions: 200 mM imidazole-HCI buffer (pH 6.5), 30 mM 1-cyanoimidazole, 100 mM MnCIl2,
16 h at 37°C; B) The DX-tile-assisted chemical ligation with Zn2+ vs Mn2+. 12% dPAGE, Lane
1: ssDNA ladder; Lane 2: XA 5p and XB 5p in the DX-tile prior ligation; lane 3: after the ligation
of XA 5p and XB 5p in the presence of Zn2+; Lane 4: after the ligation of XA and XB in the
presence of Mn2+; Reaction conditions: 200 mM imidazole-HCI buffer (pH 6.5), 30 mM 1-
cyanoimidazole, 30 mM ZnCI2 or MnCI2, 16 h at 22°C. Blue or cyan arrowheads indicate the
expected ligation product, red arrowhead indicates byproducts of the reaction.

155



T= Room ~ 22°C T=37°C

»
™

r
y

A) ¢
0 10 30 100 150 200 O 10 30 100 150 200 Mn* (mM)
. X NN
60— \-bb\_ \-v\-v\_o — e
50— e e e S b e St S S S S — i 11
e S e e e e S e e S S — Rl 21
40-
S -— - —XB 5p
25~ WD W e e e e - -
—Staple 5
20- and 6
Lane 1 2 3 4 5 6 7 8 9 70 11 12 13
B) Yield %
MnCl, (mM)| 22°c | 37<
0 0 0
10 14 28
30 33 52
100 43 60
150 45 61
200 44 60

Figure 49. Selection of the ligation reaction conditions in the presence of Mn 2. The highest
product yield was achieved at 100 mM Mn?*, after 16-h incubation at 37°C. A) Concentration of
MnCI2 and temperature optimization. Reaction conditions: 200 mM imidazole-HCI buffer (pH
6.5), 30 mM 1-cyanoimidazole, 16 h incubation, temperature and MnCI2 as listed in the figure.
After the reaction, the samples were analyzed by 12% dPAGE, Lane 1: ssDNA ladder; lanes 2 and
8: the DX-tile containing sample before the ligation reaction; lanes 3 — 7 and 9-13: the DX-tile
containing sample after addition of 30 mM 1-cyanoimidazole, MnCl2, and incubation at a
temperature as listed. B) Product percent yield determined from the gel quantification data, as
described in section 5.2.3.
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A) DX-tile for 5’-5’ ligation C) Yield determination from dPAGE
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Figure 50. Effect of a single-stranded gap between the reacting strands on the ligation yield. A)
Localization of the gap (red) on the DX tile-like nanostructure. B) 12% dPAGE, Lane 1: ssDNA
ladder; lanes 2, 4, and 6: the DX-tile containing sample before the ligation; lanes 3,5, and 7: the
DX-tile containing sample after the ligation reaction. Reaction conditions: 200 mM imidazole-HCI
buffer (pH 6.5), 30 mM 1-cyanoimidazole, 100 mM MnCl2, 16 h at 37°C. C) Quantification of the
reaction yield (see section 5.2.3 for the quantification details).
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Figure 51. Kinetics of the chemical ligation. The product yield reached a plateau at 100 mM Mn2+,
after 16-h incubation at 37°C. A) Optimization of MnCI2 concentration and reaction temperature.
Reaction conditions: 200 mM imidazole-HCI buffer (pH 6.5), 30 mM 1-cyanoimidazole, 100 mM
MnCI2 at 37°C and incubation time as listed in the figure. After the reaction, the samples were
analyzed by 12% dPAGE, Lane 1: ssDNA ladder; lanes 2: the DX-tile before reaction; lanes 3 — 7:
the DX-tile after addition of 30 mM 1-cyanoimidazole, 100 mM MnCl2, and incubation at 37°C
at different incubation times. B) Product percent yield determined from the gel quantification data,
as described in 5.2.1 Materials and Methods.
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Figure 52. Effect of phosphate flexibility due to the presence of triethyleneglycol (iSp9) linkers.
A) Scheme showing the point of triethylene glycol linker insertion to connect the terminal
phosphates to the 5’ends of strands XA 5p and XB 5p. B) 12% dPAGE, Lane 1: ssDNA ladder;
lanes 2, 4, 6, and 8: the DX-tile before ligation; lanes 3,5, 7, and 9: the DX-tile after ligation.
Reaction conditions: 200 mM imidazole-HCl buffer (pH 6.5), 30 mM 1-cyanoimidazole, 100 mM
MnCl2, 16 h at 37°C. C) Quantification of the reaction yield was done as described in section 1.3
of the 5.2.1 Materials and Methods.

Triethyleneglycol (iSp9) linkers covalently bind between the terminal phosphate and
oligonucleotide. We hypothesized that increasing the flexibility of the reactive phosphate could
potentially increase the ligation yield if the reacting phosphate have suboptimal orientation toward
each other in the DNA nanostructure. However, Figure 52 above shows no significant

improvement in the reaction yield when such iSp9 linkers were used. This indicates that the
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orientation of the linker-free phosphate groups in the DX-tile nanostructure is near optimal since
additional flexibility does not improve the reaction rate. A small reduction in the reaction rate of
the TEG -linker containing strand can be explained by the increased flexibility of the reacting

phosphate groups, which somewhat reduces the proximity and orientation effect.
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Figure 53. A route to synthesize and isolate the 3°-3’ DX-tile-assisted ligated oligonucleotide. The
reaction to obtain the 3’-3 linked oligonucleotides followed the same optimized conditions as for
the 5°-5” ligation. The reaction product can be purified by the exonuclease III treatment, requiring
a desalting step prior to the enzymatic digestion.
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A) Scheme of dsDNA-tile for 5’-5’ ligation
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Figure 54. 5°- 5 DNA chemical ligation using a dsDNA-tile. A) Scheme of ds DNA tile localizing
XA 5p and XB 5p in proximity to each other without additional staple strands. B) Analysis of the
dsDNA tile assembly using 10% Native PAGE in the presence of 70 mM MgCI2. Lane 1:
GeneRuler Ultra Low Range DNA Ladder (ThermoFisher Scientific); lanes 2-5: individual
components of the tile, as indicated above the lanes; lane 6: association of only strands ds Rail a
and ds Rail b; lane 7: full dsDNA-tile. C) Analysis of the products of dsDNA tile-assisted chemical
ligation using 12% dPAGE, Lane 1: IDT DNA oligo length standard 20/100 Ladder; lane 1-3
dsDNA-tile solutions before reaction; lane 2-4: dsDNA-tile solutions after reaction with 1-
cyanoimidazol/MnCI2. Reaction conditions: 200 mM imidazole-HCI buffer at pH 6.5, 30 mM 1-
cyanoimidazole, 100 mM MnCl2, 16 h incubation at 37°C. In each gel (native or denaturing), 12
pmol of each DNA strand or association was loaded per lane.

dsDNA-tile shows a 9-fold lower reaction yield than the DX-tile system. We hypothesized

that torsional effects within the “bubble” locating the reacting strands can reposition the reactive
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phosphates far apart for their ligation. These torsional effects are absent in a system such as the

DX-tile where the tension of its double-stranded rails is alleviated by the crossover staple 5 and 6

strands.
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Figure 55. Chemical stability of the 5°-5’ ligation product stored at room temperature (~22 °C) for
up to 30 days. 12% dPAGE, Lane 1: ssDNA ladder (the marker sizes, in nts, are indicated next to
the corresponding bands); lanes 2 to 6: the DX-tile containing sample after the ligation reaction
stored in the reaction mixture containing 200 mM imidazole-HCI buffer (pH 6.5), 30 mM 1-
cyanoimidazole, and 100 mM MnCI2 for 0-30 days as indicated; lanes 7 to 11: The 5°-5’ ligated
oligonucleotide isolated after exonuclease treatment was stored at room temperature in a buffer
containing 10 mM Tris-HCl (pH 7.4) and 2 mM MgCI2 over a period of 30 days, as indicated. Day
point aliquots were stored at —20°C in a 2xdPAGE loading buffer until analysis.
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Figure 56. Impossible DNA wheel AFM imaging. Each panel corresponds to the scanning of an
800 x 800 nm area. Numerical labels indicate the identity of each of the structure’s contour
measurements determined. The circumference values (nm) of 521 structures were analyzed by

Gaussian distribution.
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