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The Story LMU
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The Story LMU
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PCR Technigque LMU

BIIEIMEMEEE  used to amplify DNA

Y DMA strands will separate ‘l: Dengtwring S e q u e n C e S o
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Nutshell LMU
)

J Modular Biochemical Circuits

Specified output oligonucleotide

Strategic Design Principles

Hybridization based

/ systems (non-catalytic
gates)
TS
Specified input oligonucleotide T hle \ DNA catalyzed Entropy

Driven systems (catalytic
gates)

Watson-Crick base

pairing specificity. Signal cascading

between gates
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Existing Challenges LMU

 Distinct chemical species for distinct signals. :

* Robust and fast Catalytic Mechanism (Signal l
gain).

* Modular Gate Designs.

* Need for arbitrary complexity in biochemical
circuits.

e Undesired leaks and crosstalks.

Zhang et. al., Science (2007) Girnar Goyal, Achim Brinkop Systems Biophysics, Prof. Dr. Dieter Braun WiSe 2021/22



RNA World LMU

* Chicken-egg Problem (Protein-DNA).

* RNA enzymes (ribozymes) can catalyze chemical
reactions.

* Replication with specificity. (A-U, G-C)
* Ability to form stable duplexes.
* Complex structures of tRNA => RNAs as catalysts.

* Suggests that sophisticated biochemical organization
can be achieved with nucleic acids alone.

Doudna et. al., Nature, 1989
Narlikar and Hershlag, 1997 Girnar Goyal, Achim Brinkop Systems Biophysics, Prof. Dr. Dieter Braun Wise 2021/22




RNA World LMU

RNA Protein

What might have caused proteins to ultimately e
- N\
take over? &

* Favorable folding properties, relative to
RNA.

* Large number of more catalytically
effective and diverse side chains of
proteins.

* Speed: Rate constant of ligand binding for
RNA << Rate constant of ligand binding for
protein limit ~ diffusional limit.

Doudna et. al., Nature, 1989
Narlikar and Hershlag, 1997 Girnar Goyal, Achim Brinkop Systems Biophysics, Prof. Dr. Dieter Braun Wise 2021/22




Hybridization based systems (non-catalytic)

LMU

* Single stranded nucleic acids as 1/0.

* Mechanism relies on sequence recognition and

strand displacement.
* AND, OR, NOT gates.

» Signal amplification is a bottleneck.
* Indicates need for catalytic systems.

Seelig et. al., Science (2006)
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toe-hold
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EFG + Fin SAME AS REACT. downstream <— S S
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Entropy driven systems (catalytic) LMU

A F (Fuel Strand) 2 34
 Simpler. Faster. Modular. — o Cataystinpuy L2 >+ B
* Reaction driven by entropic gains. + _4 5. Waste Product W
» AND, OR, NOT gates. C e\ o 7 > ot
 Output of one gate can serve as input to 234\ SB (Signal)
another. TR 1 +2 \
 Cand OB can be entirely independent in Substrate S OB (Output)
sequence => Modularity. Net Reaction

* Doesn’t require unusual secondary
structures (pseudoknots, kissing loops
etc).

Zhang et. al., Science (2007) Girnar Goyal, Achim Brinkop Systems Biophysics, Prof. Dr. Dieter Braun Wise 2021/22
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* Proposed catalytic pathway
* Reaction principles
* Properties
* Stability

* Experimental analysis

* PAGE-analysis of products

* Fluorescent analysis of the
reaction time-course

* Examples of more advanced
networks

Achim Theo Brinkop 24.01.2022 14



Proposed catalytic pathway



Nomenclature

Domains:
 Specific sequence
. : 3,5

* Domains where strands
bind/unbind
e Specificity domains: 1, 2,4, 6
* Determine identities/function of
C, OB, SB
* Prevent wrong binding

Source: Zhang et al., Science (2007)

LMU

F: fuel strand SB: signal strand C: catalyst
OB: output strand  LB: linker strand

F (Fuel.Strand) 2 3 &
l\lllllllllllllllllllll_lilllllllllllllll
2 3) 4, 5 3353 O8N
C (Catalyst Input) | o
- 4 {5 Waste Product W
1 6 /—\ - =
082 \ 3%84 603 )4
l\lllllugllllulll\l."ﬁ“ﬁaﬁ‘l—lﬁl‘ﬁﬁ\l‘\ SB (Signal)
2 3534 .8 +
o | I B .
Substrate S OB (Output)

n: complementary strand ton

Achim Theo Brinkop 24.01.2022 16



Proposed catalytic pathway LMU

F: fuel strand SB: signal strand C: catalyst
OB: output strand  LB: linker strand

o 3,5
o PRI Start Here
A_ccelerate the |n|t|§t|on of strand ETY N
displacement reactions W (Waste) "7 3173 3 53 :
* Length determines kinetics: Cata'ySt = Fubelwe)
Short length (4-10nts)
9 k b d Intermedlate 15 4 " 4
weak binding i & N o \s 4G
cre . . ) . 2 5 45 "5 37 &
* Specificity domains: 1, 2,4, 6 termediate I1
 Ensure specific interactions OB Output
. . . . 2
Length: any length sgfﬂuent to \ 2\@474 " L,
ensure thermal stability 3 3 : - \5/ —
Intermediate 14 ; I diate [2
\ > 45 4 ntermeaiate
"% 31485
2 3 4 Intermediate I3 6 3 4
F (Fuel) SB (Signal)

Source: Zhang et al., Science (2007) Achim Theo Brinkop 24.01.2022 17



Catalytic activity LMU

F: fuel strand SB: signal strand C: catalyst
OB: output strand  LB: linker strand

Alternative interactions must not

i . Start Here
interfere: Tt N
. . . . Z,5 - _,
9DeSIgn prlnCIple' Wiviaste) P (Catalyst) S(SubstrSate)
4 5
P | diate |

—>Complements of specificity nemmedate™ 4.

domains never appear in their 2 2 3(CF

single-stranded form oB (Output)\(

%Expeptation: catalytic gate \ 2\2\_374
functions for most choices of >

. Intermediate 14
domaln sequences ! L S Intermediate 12
5 (302)5
2 3 4 Intermediate I3 6 3 4

F (Fuel) SB (Signal)

Source: Zhang et al., Science (2007) Achim Theo Brinkop 24.01.2022 18



Properties of catalytic gate

» Speedup of target reaction
- Detection of C possible

* Re-release of C to allow for
multiple turn-over

* Reaction mechanism:
* Based on branch migration
* Driven by entropy

e Different from catalysis in
biological organismes:

* No enzyme is required
 No covalent bonds are altered

Source: Zhang et al., Science (2007)

LMU

F: fuel strand SB: signal strand C: catalyst
OB: output strand  LB: linker strand
Start Here
E ETh \6_
W (Waste) 2 373 "2 333
% Catalyst S (Substrate)
Intermedlate 15 4
4 5 \3 4\ 5
. 3 45 3 34 5
Intermediate I1
OB (Output)
;N4
N\ 2\3/4 5 \ \j4 5
"2 F 418

3 45
Intermediate 14
1 Intermediate 12

d . X8
2 3 45
2 3 4 Intermediate I3 6 3 4
F (Fuel) SB (Signal)
Achim Theo Brinkop 24.01.2022 19



Stability LMU

F: fuel strand SB: signal strand C: catalyst
OB: output strand

e Each broken base pair is replaced
by similar one

- free energy change small
F (Fuel Strand) -
e Test: truncate length of F 2 3 4 I B
: | =]
> Products energetically less e et Produot W
favorable T . aste +ro uct
—> Still, W favored at equilibrium : o8 B 8, 6 3 4 .
9 ReaCtlon dr|Ven by entropy |\mmlgl||||m\||||§u||n|z|]rmm\l\—\ SB (-T_ignal)
5
 Robust to environmental | LB | 1 2
conditions that alter strength of Substrate S OB (Output)

DNA hybridization, e.g.
* Temperature
e Salt concentration

Source: Zhang et al., Science (2007) Achim Theo Brinkop 24.01.2022 20
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PAGE analysis
Goal: Test...

e ...if the proposed pathway is correct

LMU

* ..how fast the reactions take place

PAGE: Polyacrylamide gel

=l | o
v v
>
(
ll
electrophoresis
* Load sample into gel

Solidified
Masking tape

agarose gel
|
|
B. Pouring agarose solution
onto glass plate
* Appl It
y voltage

C. Comb is pushed down into
gel to form wells

DNA fragments move
through gel toward
positive electrode

— Separation by electrophoretic
mobility

Cathode

S

1l
i
1

D. DNA segments loaded into

[ '
wells with micropipette
Source: https://www.smacgigworld.com/blog/instru
mentation-and-methodology-of-electrophoresis.php

Power
supply

_gj@

j Anode
E. Gel plate immersed in charged
buffer solution

Achim Theo Brinkop
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PAGE analysis LMU

F: fuel strand SB: signal strand C: catalyst
OB: output strand  LB: linker strand

Start Here

C s %= 5% = E

s 5 §& EE§ 5§ 8 b_b_

£ - 8 — o X += + £ Int diate 15

c 6 b ur L == LLg tE ntermediate / . . \<

+ ik T+ * 4 * + + +@,+g \2 3/ 4 § \2\34\5\
w o L L& v L »v o O o e 2 3 45 "3 33 5
e T - - e substrate S Intermediate 11

. _ . OB (Output)
-— - intermediate 13
- e e - e |\asteW \1&4/ e
2 \3/4 5 N 2\2/4 "

. . . Intermediate 14 _
C*: substochiometric concentration of C (0.1x) Intermediate 12

Intermediate 13 63 4
SB (Signal)

Source: Zhang et al., Science (2007) Achim Theo Brinkop 24.01.2022 23



Rate equations (reduced reaction model)
F: fuel strand SB: signal strand

S + F B, Sp 0B +W
8§ 4+ .2 13 +SB

1
B F B B 0B
50k ca+w

k-3

OB + OR %, Flyorescence
where ky = 2.3 - 10'M™! s_l,
k=65 - 10°M s,
by =42 - 10°M s,
ky =4 - 107s ! (fitted), and

kROX = 4. 1051\/1_18_1

Model: acceleration of reaction by
over four orders of magnitude
(k,/ko = 1.8 - 10%) by addition of C

Source: Zhang et al., Science (2007)

LMU

Achim Theo Brinkop

C: catalyst
OB: output strand  LB: linker strand
Start Here
_2 34, U \1 2\ 3 4
— ‘_—--&
W (Waste) 2 373 = WS
C (Catalyst) S (Substrate)
4 5
Intermediate [5 i
2 3/4 8 \ \3 A
2 3 45 2 34 5

Intermediate 1

3 2
OB (Output)\(

\‘z\Z\J \\j45

4 5
' 2 3 45 3 45
Intermediate 14
1 Intermediate 12
2 . 4 %
"3 3 245
2 3 4 Intermediate I3 6 3 4
F (Fuel) SB (Signal)
24.01.2022 24



Time course of catalyzed reaction LMU

1 2

>kROX< RQ" 7 2ab
ROX 1 2a catalyst C
OR (Reporter) Roﬁ ROX1 2a Fluorescence | 51 (10 W)
0
g ....... s 0.2x
OB + OR = RQ + ROX e
OR: Indirect reporter complex = ¢epaes  0.1x
RQ: Quencher S 05
ROX: fluorophore-labeled strand § y 0.05x
3
. @0-25' e 0.02x
—> Close to model prediction 5 e
T | pERS | gock
° S e T L e JLQ" M r L A0k A A .
—20pM resolution O] my PR s OX
0 0.5 1 1.5 2
time (hr)

-
Source: Zhang et al., Science (2007) Achim Theo Brinkop 24.01.2022 25
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Two-layer feedforward network LMU

F: fuel strand SB: signal strand C: catalyst
OB: output strand  LB: linker strand

9 10, CO
FO 49 OBO  SBO
4b57 8 9 4 a4b57\89\ /> OBO
57 8 8 o ———A 0
LBO £ 2)x5(10nM)
C (Ca":alyst;nput) ‘ 0:2§
” , 0BT SBI ; o
234, 4 \\ _2\? f« & S 108; /c:u? o7 ‘ **® 0.05x
2 3 4 & e L, . .
LB1 . > e B P s
* Amplifier to detect small quantities 2 - sim o
of CO (quadratic increase) S
_ o . L, eay o 0.005x
* Reliable distinction between 1 pM e e s 002
and 0 pM of CO | gl e
- 900x amplification 0 05 % 15 >

time (hr)

Source: Zhang et al., Science (2007) Achim Theo Brinkop 24.01.2022 27



Autocatalyst system LMU

F: fuel strand SB: signal strand C: catalyst
OB: output strand  LB: linker strand

e OQutput OB contains catalyst C
as subsequence

1Xx (10nM)g 3x 0.1x  0.05x __ 0.02x

? : 0.7% 02X 007X 003x 0.01x
* Exponential increase of C 1\ 0.5
:i 0.75
4b2bc 3 4 8
W da e ©
4b2bc3 4 pp 4b 2bc] 3 4 =
Waste 4 _2bg =1 g 051
4 2bc AGT T 4b 2bc 3 4 b g
utocatalys 0
Autocatalyst Substrate g
4 H
Fuel Intermediate Signal 0 M -
p 6 3 4 E l , , ,
4b 2bc 3 4 a 2 0 0.25 0.5 0.75 1
s \4b 2bc 4 2b7 time (hr)

4b 2bc 3 4 2b

Source: Zhang et al., Science (2007) Achim Theo Brinkop 24.01.2022 28
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Entropy driven catalytic AND Gate LMU

A Gate O (@) O

Toehold |1# < 2 < ? < 2
e T X T :’7 ......... Toe.h°|d f. ......... ﬁ
» > - > Output strand
|12% 12*

Input strand 1 (I1) In* Input strand 2 (12) 12
- - - — PO, 22 3200 A KK 3

* Multiplicative ‘AND’ like behaviour.
* A two-input AND gate complex consisted
of the O, 11%*, and 12* oligonucleotides

Jung, C., & Ellington, A. D. (2014). Girnar Goyal, Achim Brinkop Systems Biophysics, Prof. Dr. Dieter Braun Wise 2021/22



More Robust systems — DNA Origami LMU

~ | cocame <
. tile L-D ‘ ‘ u\\
* Geometric Nanostructures Hv PNAzyme - "
. . origami frame-3 oop .' * &

* Operations of the “AND” logic

gate using a DNA origami pattern peg | ;:{oca.nimmame

* Time-dependent fluorescence 5 = qsfekyd :
intensity changes with different woar. 48%
inputs.

* unexpected fluorescence
leakages owing to the unspecific
tile filling.

ATP + cocaine

Yang et. a|_’ ACS AMI (2016) Girnar Goyal, Achim Brinkop Systems Biophysics, Prof. Dr. Dieter Braun 2V1Vi8e 2021/22



More Robust systems — DNA Origami LMU

3«45‘000? ATP _(3) ATP+ cocaine
240,000 cocaing >
35,000 P

« Geometric Nanostructures £ 30,000 P
» Operations of the “AND” logic £25,000 )y
P 5 820,000 (1) ATP

gate using a DNA origami pattern £ 15,000

ime- & 10,000 2) cocaine
* Time-dependent fluorescence - e 50%‘{ e
intensity changes with different Time (min)
inputs.
e unexpected fluorescence Inp 1] Inp2 | Out
leakages owing to the unspecific 3 . 3
. crpe 1
tile filling. To T ¢
HIEBE

Yang et. al., ACS AMI (2016) Girnar Goyal, Achim Brinkop Systems Biophysics, Prof. Dr. Dieter Braun 2i%/iSe 2021/22



More Robust systems — DNA Origami

LMU

 Geometric Nanostructures

* Operations of the “OR” logic gate
using a DNA origami pattern

* Time-dependent fluorescence
intensity changes with different
inputs.

e unexpected fluorescence
leakages owing to the unspecific
tile filling.

Yang et. al.,, ACS AMI (2016)

Girnar Goyal, Achim Brinkop

3‘50,000 (1) ATP and cocaine
‘7) ¢ - "
§40.000 (2) ATP
S .
< 30,000 3) cocaine
Q
2 20,000
g ; 4) no input
i 10,000

0 100 200 300 400 500

Time (min)

Systems Biophysics, Prof. Dr. Dieter Braun ?V?/iSe 2021/22



More Robust systems LMU

* A square-root circuit implemented with A VoY1 = [VXeXaXoX4
the seesaw DNA motif. X,
* A digital logic circuit that computes the

)
ja_\ }Y
floor of the square root of four-bit binary X3 3_—D—‘_ |
) D

numbers.

Yo

Qian et. a|., Science (2011) Girnar Goyal, Achim Brinkop Systems Biophysics, Prof. Dr. Dieter Braun %iSe 2021/22



More Robust systems LMU

B RV AT OR |
, . AL
A square-root CI.rCUIt 1 — DA M Dt :
implemented with the v - POE
seesaw DNA motif. x {1 .t‘ K}CJ\—‘—@T
* 74 initial DNA species. —TF W AT
* 130 different DNA strands T | —ID:C& (€1 XHD\__@’;"
while running in one test —TF J(batbo T
3 Y (-
tube. —Cf 1)_(& -
. P~ =
T e—— Y2
b

Qian et. al., Science (2011) Girnar Goyal, Achim Brinkop Systems Biophysics, Prof. Dr. Dieter Braun %I?/iSe 2021/22



More Robust systems LMU

C Al16inputs  —y9—ylyd—yl

* A square-root circuit

implemented with the seesaw
DNA motif.

* 74 initial DNA species.
e 130 different DNA strands while
running in one test tube.

Time (hours)

Qian et. a|_, Science (2011) Girnar Goyal, Achim Brinkop Systems Biophysics, Prof. Dr. Dieter Braun 2(R/iSe 2021/22



Key Takeaways LMU

e Reaction driven by configurational entropy.

* Robust Methodology (T, salt concentration etc).

* ~¥900 fold signal amplification. (1pM catalyst)

* High Modularity => larger and wide range of chemical circuits.

e Circuits interfaced to molecular sensors and actuators.

* DNA Origami or DNA ‘Software engineering’. New gen analytical
hardwares.

Zhang et. al., Science (2007)
Yang et. al.,, ACS AMI (2016) Girnar Goyal, Achim Brinkop Systems Biophysics, Prof. Dr. Dieter Braun Wise 2021/22
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