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Prüfer der Dissertation:

1. Prof. Dr. Hendrik Dietz

2. Prof. Dr. Matthias Rief

3. Prof. Dr. Jan Lipfert (nur schriftliche Beurteilung)

Die Dissertation wurde am 19.12.2017 bei der Technischen Universität München
eingereicht und durch die Fakultät für Physik am 05.03.2018 angenommen.





List of peer-reviewed publications

T. Eckert, S. Link, D. Tuong-Van Le, J.-P. J. Sobczak, A. Gieseke, K. Richter, and G.
Woehlke�

Subunit Interactions and Cooperativity in the Microtubule-severing AAA
ATPase Spastin
Journal of biological chemistry Vol. 287, No. 31, pp. 26278-26290 (2012).

J.-P. J. Sobczak, T. G. Martin, T. Gerling, H. Dietz�

Rapid Folding of DNA into Nanoscale Shapes at Constant Temperature
Science Vol. 338, Issue 6113, pp. 1458-1461 (2012).

J.-P. J. Sobczak and H. Dietz�

DNA-nanoparticle crystals: Exploiting shape complementarity
Nature materials Vol. 14, pp. 752-754 (2015).

(⇤= These authors contributed equally to this work. �= Corresponding author.)





Contents

1 Summary 1

2 Introduction 3
2.1 What is DNA origami . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 What is DNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.3 How does DNA origami work . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.4 The DNA origami folding process . . . . . . . . . . . . . . . . . . . . . . . . 9
2.5 Why do we care . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3 Experimental investigation of DNA origami folding 13
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2 Experimental assays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2.1 Gel electrophoresis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2.2 SYBR Green I fluorescence . . . . . . . . . . . . . . . . . . . . . . . 18

3.3 Folding behavior over temperature . . . . . . . . . . . . . . . . . . . . . . . 20
3.4 Extent of cooperativity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.5 Folding behavior over time . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.6 Influence of staple and sca↵old concentrations on folding . . . . . . . . . . . 33
3.7 Influence of the origami design on folding . . . . . . . . . . . . . . . . . . . 36
3.8 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4 A DNA origami folding model 39
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2 Required level of detail . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.3 Stochastic simulations: the Gillespie algorithm . . . . . . . . . . . . . . . . 42
4.4 Factors a↵ecting reaction rates . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.4.1 Fundamental binding and unbinding rates of a duplex . . . . . . . . 45
4.4.2 Dangling ends stabilize domains . . . . . . . . . . . . . . . . . . . . 49
4.4.3 Loop closures are entropically penalized . . . . . . . . . . . . . . . . 50
4.4.4 The sca↵old strand leads to small-world behavior . . . . . . . . . . . 59
4.4.5 Correct choice of on-rates for given initial loop lengths . . . . . . . . 63
4.4.6 Double crossover formation is cooperative . . . . . . . . . . . . . . . 68
4.4.7 Tertiary structure leads to cooperativity . . . . . . . . . . . . . . . . 69
4.4.8 Stacking interactions stabilize neighboring domains . . . . . . . . . . 71
4.4.9 Steric hindrance due to strand overhangs . . . . . . . . . . . . . . . 72
4.4.10 Steric hindrance due to knotting . . . . . . . . . . . . . . . . . . . . 73
4.4.11 Binding of multiple staple copies inhibits folding . . . . . . . . . . . 73



CONTENTS

4.4.12 Random complementary sequence matches inhibit folding . . . . . . 75
4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5 Synthesis of experimental and computational results 79

5.1 Exemplary simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.1.1 Folding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.1.2 Behavior far from the folding temperature . . . . . . . . . . . . . . . 81
5.1.3 Temperature jumps . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.1.4 Melting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.1.5 At the edge of folding . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.2 Quantitative folding rate predictions . . . . . . . . . . . . . . . . . . . . . . 88
5.2.1 2D and 3D structures . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.2.2 Sca↵old strand sequence permutations . . . . . . . . . . . . . . . . . 95
5.2.3 Long staple strands . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.2.4 Short staple strands, short domains . . . . . . . . . . . . . . . . . . 99
5.2.5 Short staple strands, long domains . . . . . . . . . . . . . . . . . . . 101

5.3 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6 Outlook 105

6.1 Simulation improvements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.1.1 Simulation runtime improvements . . . . . . . . . . . . . . . . . . . 105
6.1.2 Simulation accuracy improvements . . . . . . . . . . . . . . . . . . . 106

6.2 Further insights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.2.1 Modulate physical e↵ect strengths . . . . . . . . . . . . . . . . . . . 106
6.2.2 Sca↵old strand sequence optimization . . . . . . . . . . . . . . . . . 107

6.3 Applications in other self-assembly systems . . . . . . . . . . . . . . . . . . 107
6.4 Optimizing designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.4.1 Optimizing folding conditions for a design . . . . . . . . . . . . . . . 108
6.4.2 Optimizing a design for folding conditions . . . . . . . . . . . . . . . 109

7 Experimental Methods 111

7.1 Origami folding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
7.2 Gel electrophoresis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
7.3 Shockfreezing of reaction mixtures . . . . . . . . . . . . . . . . . . . . . . . 112
7.4 SYBR Green measurement and analysis . . . . . . . . . . . . . . . . . . . . 112
7.5 TEM measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

8 Mathematical and computational methods 115

8.1 Model implementation in code . . . . . . . . . . . . . . . . . . . . . . . . . 115
8.2 Calculation of the small-world universal scaling function . . . . . . . . . . . 118
8.3 Analysis code for experimental data . . . . . . . . . . . . . . . . . . . . . . 119
8.4 Analysis code for simulation data . . . . . . . . . . . . . . . . . . . . . . . . 119
8.5 Typhoon data formats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

9 Appendix 123

9.1 Energy paramters for the simulation . . . . . . . . . . . . . . . . . . . . . . 123
9.1.1 Nearest neighbor hybridization energies . . . . . . . . . . . . . . . . 123
9.1.2 Coaxial stacking interactions . . . . . . . . . . . . . . . . . . . . . . 123



CONTENTS

9.1.3 Dangling ends and terminal mismatches . . . . . . . . . . . . . . . . 124
9.1.4 Coaxial overhang penalties . . . . . . . . . . . . . . . . . . . . . . . 124
9.1.5 Salt corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

9.2 Origami designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
9.2.1 Rothemund rectangle . . . . . . . . . . . . . . . . . . . . . . . . . . 128
9.2.2 42 helix bundle variants . . . . . . . . . . . . . . . . . . . . . . . . . 131



Chapter 1

Summary

DNA origami is a novel technology that allows the creation of arbitrarily-shaped structures
and devices on the nanometer scale. It is the first and only such technology that allows
the fully rational in-silico design of these objects. This unique capability has quickly led to
a wide range of investigations and applications of the peculiar physics of nanometer-sized
systems. However, the understanding and control of the origami nanostructure assem-
bly process itself, called ’origami folding ’, has not kept up with this development. How
structure design choices a↵ect folding is not clear and is mostly based on a number of
heuristic, experimentally derived rules. In this work, we have developed new experimental
methods to study the folding process in greater detail, have surveyed the folding behav-
ior of a wide range of structures using these assays, and have developed a quantitative,
predictive model of DNA origami folding. Based on this model, we have identified the cru-
cial parameters that define folding behavior (both expected and unexpected), identified
improved design strategies, and discovered novel folding pathways that would not have
been found otherwise. We have focussed in this work on establishing the generality of our
model, thus hopefully ensuring that it will be useful for many subsequent investigations
and applications.



2 SUMMARY



Chapter 2

Introduction

2.1 What is DNA origami

DNA origami is a technology that allows the construction of nanometer-sized structures of
arbitrary shape. Fig. 2.1 shows exemplary DNA origami structures that have been created
previously, ranging from simple shapes to dynamic devices. DNA origami nanostructures
(origamis) are constructed from DNA strands that are connected to each other in a
rationally designed pattern to create the intended shape. The structures self-assemble in
suitable environmental conditions, meaning that it is su�cient to mix the individual com-
ponents of the origami, and the nanostructure will form by itself without further input by
the user. Origamis can be 2-dimensional or 3-dimensional, can be rigid or flexible, and can
include movable parts. Chemical modifications such as fluorescent dyes or chemical groups
for further reactions can be easily placed in the structures in a controlled manner. Using
this process, origami structures can be bound to specific targets, in controlled orientations
and stoichiometries. Special interfaces can be designed which facilitate the programmable
assembly of multiple origamis into superstructures [5]. Supramolecular assembly can be
triggered and controlled by a variety of external signals such as temperature, ion con-
centrations, or the addition of DNA signal strands. The combination of multi-origami
assembly, dynamic elements, and chemical modifications allows the construction of com-
plex machines such as a switchable rotary device [6] (Fig. 2.2).

Disk with three holes [1]

15

Fig. S8
Time-resolved folding and unfolding of templated 3D DNA objects at constant 
temperature. (A) Agarose gel mobility analysis of the products in reaction mixtures for
the brick-like DNA object, exposed to two-hour constant temperature incubation after 
previous denaturation at 65°C for 15 min. ‘F’ and ‘U’ mark the folded and unfolded 
species, respectively. (B) Average single-particle TEM micrograph obtained from excess-
staple free but not otherwise purified products from the reaction mixture exposed to 49°C 
for 2 hours. Scale bar = 20 nm. See Fig. S9-S19 for additional TEM data. (C) Time-
resolved folding trajectory of the brick-like DNA object at constant temperature (49°C)
as obtained by cryogenic reaction quenching followed by agarose gel electrophoresis. (D)

Brick nanostructure [2]

model parameters. We expect our method for
generating DNA shapes with tunable bending to
be generally applicable for a wide range of bun-
dle cross-sectional architectures, as long as ex-
treme deviations from canonical B-form DNA
twist density (less than 6 bp per turn or more than
15 bp per turn) are avoided.

To illustrate the diversity of curved shapes
now accessible, we designed a DNA bundle bear-
ing three “teeth” that is programmed to fold into a
half circle with a 25-nm radius (Fig. 4A; also see
fig. S19 for design details and fig. S5 for ad-
ditional zoom-out image data). Using hierar-
chical assembly, two of these bundles can be
combined into a circular object that resembles a
nanoscale gear with six teeth. The teeth exhibited
a greater frequency of folding defects than the
body, at a rate of about one defective tooth out
of three, perhaps related to their small size (only
42 bp long per double helix). About one-third of
multimeric complexes were observed to be the
target cyclic dimers, versus noncyclic dimers and
higher-ordermultimers. By adjusting the gradient
of insertions and deletions, the bundle can be
tuned to fold into a quarter circle with a 50-nm
radius (Fig. 4B; see also fig. S20 for design
details). By connecting four of these quarter cir-

cles, a gear with 12 teeth can be manufactured. In
this case, only about a tenth of the multimeric
complexes were observed to be the target cyclic
tetramers. In the future, target cyclization may be
improved for objects designed with taller inter-
faces that resist out-of-plane bending and that are
more tolerant of folding defects.

3D spherical shapes can be created as well
(Fig. 4C). We designed a 50-nm-wide spherical
wireframe object that resembles a beach ball by
programming six interconnected vertices, each
composed of two crossed six-helix bundles, to
bend so that a projection of the edges of an octa-
hedron onto a circumscribing sphere is com-
pleted (see fig. S21 for design details). We further
designed a concave and a convex triangle (Fig. 4,
D and E; see figs. S22 and S23 for design details)
and a spiral consisting of six segments of a six-
helix bundle that are each programmed to bend
into a half circle with increasing radii of curvature
(Fig. 4F; see fig. S24 for design details). The
convex triangle is designed as a hierarchically
assembling homotrimer. For this design, about
one-third of multimeric complexes were ob-
served to be the target cyclic trimers (additional
image data on all objects shown in Fig. 4 is
provided in fig. S6).

Precisely arranged bent DNA and associated
DNA-binding proteins play an important role in
transcriptional regulation and genomic packag-
ing (24–26). Programmable DNA bending might
prove useful as a probe to study the propensity of
such proteins to bind pre-bent DNA substrates
and also to probe the propensity of different DNA
sequences to adopt specifically bent conforma-
tions (27).
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Fig. 4. Bending enables the design of intricate nonlinear shapes. Red
segments indicate regions in which deletions and insertions are installed.
Scale bars, 20 nm. (A) Model of a 3-by-6–helix DNA-origami bundle
designed to bend into a half-circle with a 25-nm radius that bears three
non-bent teeth. Monomers were folded in separate chambers, purified,
and mixed with connector staple strands to form six-tooth gears. Typical
monomer and dimer particles visualized by negative-stain TEM. (B) 3-by-
6–helix bundle as in (A), modified to bend into a quarter circle with a 50-nm
radius. Hierarchical assembly of monomers yields 12-tooth gears. (C) A

single scaffold strand designed to fold into a 50-nm-wide spherical wireframe
capsule resembling a beach ball and four typical particles representing
different projections of the beach ball. The design folds as six bent crosses
(inset) connected on a single scaffold. (D) A concave triangle that is folded
from a single scaffold strand. The design can be conceptualized as three
3-by-6 bundles with internal segments designed to bend by 60°. (E) A convex
triangle assembled hierarchically from three 3-by-6 bundles designed
with a 120° bend (Fig. 3E). (F) A six-helix bundle programmed with varying
degrees of bending folds into a spiral-like object.

www.sciencemag.org SCIENCE VOL 325 7 AUGUST 2009 729
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Figure 2.1: Exemplary DNA origami nanostructures. Scale bars: 20 nm



4 INTRODUCTION

off-center position (step 3; Fig. 2F) that we acquired are all in agreement
with our expectations. With fixed brackets, the bearing is more resil-
ient against stain-induced flattening in TEM (see also fig. S4). TEM
projections obtained along the helical axis of rotor-clamp dimer parti-
cles verify the correct placement of the rotor into the docking site (Fig.
2G). TEM projections taken from the final trimer along the helical axis
(Fig. 2H) confirm that the diameter of the bearing cavity is sufficiently
large to permit rotation of the rotor. Field-of-view TEM data of un-
purified reaction mixtures obtained after completion of the assembly
protocol (as electrophoresed in lane 3 of Fig. 2A) reveal trimer particles
with the crank lever protruding in the designed orientation through the
bracket-reinforced opening in the bearing. The images also show the
designed 90° kink in the lever arm (Fig. 2I).

Previously, Noji et al. (19) and Yasuda et al. (20) revealed the rotary
mechanism of ATP synthase through a series of challenging single-
particle experiments. In these experiments, fluorescently labeled
micrometer-long actin filaments were rigidly attached to the shafts of
individual F1–ATP synthasemolecules. The labeled filaments produced
a pointer-shaped fluorescent signal that could be observed with
diffraction-limited optical microscopy and that directly reported on
the angular orientation of the F1–ATP synthase rotor. Inspired by these
experiments, we used analogous single-particle assays to explore the dy-
namics of our rotary apparatus, to study rotor and bearing design var-
iants, and to test the influence of solution conditions on rotor dynamics.

For one set of experiments aimed at demonstrating the rotarymech-
anism, we extended the crank lever of the rotor unit with a 430-nm
subpersistence-length DNA origami filament (Fig. 3A and fig. S5). By
design, the circle circumscribed by the extended crank lever has a diam-
eter of ~1mm(seemovie S3). TEM images confirm the correct assembly
into the desired shape (Fig. 3B and fig. S6). To enable readout of the
rotor orientation in single-particle fluorescence microscopy, we labeled
the extended crank lever at its tip with six cyanine-5 reporter dyes (Fig.
3A). To attach the apparatus to microscopy surfaces in a rotationally
constrained fashion,we placed 10 biotinmoieties across the lower helical
bearing interface (Fig. 3C) so that multiple bonds with a NeutrAvidin-
coated surface may be formed. We purified the biotinylated and fluo-
rescently labeled 20-MD heterotetrameric apparatus from agarose gels,
applied the extract to NeutrAvidin-coated and polyethylene glycol
(PEG)–passivated microscopy glass slides, and studied the samples in
a home-built single-particle fluorescence microscope (Supplementary
Methods).

In the video data thus obtained from single rotary apparatus parti-
cles, we observed frequently arc-like optical signatures in individual
frames (Fig. 3, D and E, left). One group of single-particle recordings
shows arc-like optical signatures in the majority of frames per video
(movie S4). Summing up all frames in such videos produces a donut-
like optical signature with a diameter of ~1 mm (Fig. 3D, right). We ob-
served particles producing such donut sum signatures independent of

Fig. 1. Designof aDNA-based rotary apparatus. (A) Schematic parts list. Blue, rotor unit; gray, clampunits; red, shape-complementary sockets on rotor and
clamps. The rotor body consists of 54 parallel 94-bp-longdouble-helical DNAdomains (see fig. S1 for design details) packedon ahoneycomb-type lattice. The
clamps consist of 62 parallel 115-bp-long double-helical DNA domains, also packed on a honeycomb-type lattice (see fig. S2 for design details). Cylinder
elements indicate double-helical DNA domains with one turn length. (B) Red, shape-complementary sockets for docking the remaining clamp to the rotor-
clampdimer; yellow, complementary single-strandedDNAsticky ends (15 bases each) for reinforcing thebondbetween the clampelements. (C) Bracket (red)
closure through hybridization of auxiliary oligonucleotides that bind to single-stranded DNA loops in the clamp elements to connect the brackets to the
respective opposite clamp element. (D) Fully assembled trimeric rotor apparatus with closed brackets and a docked rotor. (E) Fully assembled trimer with an
undocked, mobile rotor.
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Figure 2.2: A multi-origami rotor device with a fluorescently labelled rotor arm. Rotation
along a defined axis can be switched on and o↵ [6].

2.2 What is DNA

The DNA origami technology relies on the unique features of DNA for its realization.
While DNA is usually used in biological systems as an information carrier, mostly en-
coding the structure and use of protein structures, DNA origami relies on the physical
characteristics of DNA, ignoring its physiological function. We will shortly introduce the
features important for origami assembly.

DNA (Deoxyribonucleic acid) is an organic polymer composed of four di↵erent monomer
types, the DNA bases: cytosine (C ), guanine (G), adenine (A), and thymine (T ). DNA
polymers (strands) have a directionality due to the asymmetric molecular structure of the
individual bases (see Fig. 2.3a). The two ends of a strand are named 5’ and 3’ based on
their molecular structure, specifically the orientation of the sugar backbone. The sequence
of monomer types in a DNA strand is called the DNA sequence and is represented by
the first letters of the monomer names, in their order of occurrence from the 5’ end to
the 3’end unless stated otherwise [7] (e.g. ATCG represents a polymer consisting of 5’ -
adenine - thymine - cytosine - guanine - 3’). Two DNA sequences can bind non-covalently
to each other if they are complementary to each other, forming double-stranded DNA
(dsDNA). Complementarity is given when, by arranging the two strands in an antiparallel
orientation, each base of strand 1 is paired with its complementary base in strand 2.
The complementary base pairs are A-T and C-G. Each such pair is a called a base pair

and is stabilized by hydrogen bonds between the two bases and stacking interactions
with neighboring base pairs. While an unbound DNA strand is mostly unstructured,
two complementary DNA strands form a double helix structure upon binding [8]. This
structure is rigid, with a persistence length of ⇠50 nm [9] compared with only 0.75 nm for
single-stranded DNA [10]. The sequence specificity of DNA binding and the rigidity of
the resulting structure are the basic qualities that are used in most DNA nanotechnology
applications, including DNA origami.
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(a) Chemical structure of two complementary DNA strands [11].
Hydrogen bonds between strands are indicated by dashed lines.

5’--ACTG --3’
3’--TGAC --5’
(b) Simplified notation for
DNA strands in (a)

(c) 3D structure of a DNA
double helix [12–14, PDB
1D65]. Hydrogen bonds are
indicated in turquoise.

Figure 2.3: DNA structure

2.3 How does DNA origami work

A DNA origami nanostructure consists of many DNA double helices. In order to create
a rigid shape, these helices have to be connected to each other. We consider a simple
system of two DNA helices, consisting of the four strands Strand1, Strand2, Strand3,
Strand4 (Fig. 2.4a). The sequences of each strand are chosen such that Strand1 is fully
complementary to Strand2, and Strand3 is fully complementary to strand Strand4
(Fig. 2.4c).

In order to connect the two helices, we modify the sequence of Strand2 such that half of
it is now complementary to Strand3, and we modify the sequence of Strand4 such that
half of it is now complementary to Strand1. The modified strands will now bind in two
separate locations, connecting the two helices (Fig. 2.4b). Each strand part that binds
continuously to the same partner strand is called a domain . Each strand therefore now
consists of two domains. The resulting structure is called a holliday junction [16]. When
the sequences are designed in such a way that no other conformation allows the formation
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(a) Two separate double helices. By exchang-
ing sequences of the brown strand with the pink
strand, the helices can be linked.

(b) Two helices connected by strand exchange,
forming a holliday junction [12, 13, 15, PDB
1DCW]

AAAAAAAAAA
TTTTTTTTTT
CCCCCCCCCC
GGGGGGGGGG

(c) Example sequences of separate double he-
lices. Each color represents one DNA strand.

AAAAAAAAAA
TTTT  TTTT
CCCC  CCCC
GGGGGGGGGG

T
C
T
C

(d) Modified strand sequences leading to
strand exchange between the two helices.

Figure 2.4: DNA double helix linkage mediated through a holliday junction.
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CCCC  CCCC
GGGGGGGGGG

CCAAAAAAAAAA
TTTT  TTTT
CCCC  CCCC
 GGGGGGGGG

T
C
T
C AAAAAAAAAA

TTTTT TTTT
CCCCC CCCC
GGGGGGGGGG

T
C

T
C AAAAAAAAA

TTTT  TTTT
CCCC  CCCC
GGGGGGGGGG

T
C
T
C AAAAAAAAAA

TTTT  TTTTTT

AAAAAAAAAA
TTTT  TTTT
CCCC  CCCC
GGGGGGGGGG

T
C
T
C

AAAAAAAAAA
TTTT  TTTT
CCCC  CCCC
GGGGGGGGGG

T
C
T
C

Figure 2.5: A 4-helix structure spatially defined through multiple single and double
crossovers.

of all base pairs due to complementarity, as shown in Fig. 2.4d, the structure is called
an immobile holiday junction. In origami designs, such DNA strand connections between
two adjacent helices are called crossovers. Crossovers come in two flavors: A connection
consisting of a single strand is called a single crossover , while the connection of two
adjacent strands, as shown in Fig. 2.4b, is called a double crossover . Although they
both fulfill the same structural role in origami structures, we will see in Chapter 4 that
they di↵er significantly in their e↵ect on the assembly process.

A single crossover connects two helices, but does not fully restrict their relative orien-
tations, allowing rotation around the point of connection. These remaining degrees of
freedom can be removed by connecting a larger number of helices through the introduc-
tion of additional crossovers. By introducing a su�cient number of connections [17], all
helices can be fixated relative to each other without any remaining degrees of freedom.
Fig. 2.5 shows a simple exemplary structure containing 4 helices connected by multiple
crossovers. This is the basic principle of the ’single-stranded tile’ technique [18] used to
create arbitrary finite-sized shapes.

In theory, this approach as described so far should be su�cient to generate user-defined
shapes e�ciently, since the DNA strands designed in this way will form the maximum
number of base pairs when correctly assembled, and will thus form with high yields in
the limit of full equilibration (time

assembly

! 1). However, in practice, this approach
has a serious flaw. Because each strand binding reaction is an independent bi-molecular
reaction, there is an essentially infinite number of di↵erent assembly pathways towards the
fully assembled structure. Fig. 2.6 shows intermediate states on two exemplary folding
pathways. Even though each state is assembled without error so far, the two states
are incompatible and cannot combine to form a state closer to the final fully assembled
state. At the same time, the formation of these intermediates depletes the number of
available individual strands, preventing them from reaching completion through addition
of individual strands as well. Because the number of di↵erent intermediate states scales
approximately with 2Number of domains, the assembly of larger structures quickly becomes
inhibited. Through smart design choices and appropriate assembly protocols, this e↵ect
can be reduced [18], but not fully eluded.
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Figure 2.6: Two incompatible intermediate structures. Because of overlapping strands,
the two structures cannot bind together and become trapped in an incomplete assembly
state.
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Figure 2.7: An exemplary 4-helix structure with a guiding sca↵old strand (blue).

The pioneering idea in DNA origami is to guide the folding pathway by using a long,
continuous DNA strand in combination with many short connecting strands. The long
strand, called the sca↵old strand, is routed through the entire structure design in such
a way that it forms one of the two strands in every duplex domain in the structure. The
short strands, called the staple strands, provide the connections between all domains, thus
defining the final structure shape. Fig. 2.7 shows a simple exemplary structure with a long
blue sca↵old strand traveling through all helices. The introduction of the sca↵old strand
has two main consequences that contribute to the high yields of origami assembly. First,
the assembly process is separated into two di↵erent types of reactions. As before, staple
strands bind to the sca↵old strand through an independent bi-molecular process. However,
the formation of crossovers through the binding of subsequent domains on the staple strand
is now an unimolecular reaction, folding the sca↵old strand into an unique conformation
instead of connecting two separate molecules. This reduction to an intramolecular reaction
process significantly reduces the risk of incompatible intermediate states that block the
assembly reaction. In a very simplified picture, one can imagine that the sca↵old strand
”collects” all the required staple strands for the assembly of one structure from solution
and brings them together (thus the name sca↵old), which then staple the sca↵old strand
into one unique conformation by binding their remaining domains (thus, again, the name
staples). The second, related e↵ect is that the sca↵old strand encourages cooperativity in
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Figure 2.8: 3D structure of a complex connected structure [12, 13,19, PDB 4V5X].

the assembly process. The folding of the sca↵old strand carries a significant entropic cost.
However, the more structured the sca↵old strand is due to previously bound staple strands,
the smaller the entropic cost of folding the sca↵old strand becomes. Consequently, the
more staples there are already bound, the more likely the binding of further staple strands
becomes. Because this cooperative e↵ect applies particularly to staple strands binding in
the correct conformation, this leads to a selection of correct binding states.

The 2-dimensional designs shown so far were simplified to elucidate the underlying prin-
ciples of DNA origami. However, far more complex and 3-dimensional designs can be
implemented as well, simply by introducing crossovers in multiple directions and using a
larger number of staple strands. Fig. 2.8 shows the cryo-EM reconstruction of a large
3D DNA origami object consisting of 163 unique staple strands and a 7249 bases long
sca↵old strand, with a total mass of ⇠ 5 megadalton [19]. This represents a rationally
designed molecular assembly consisting of ⇠ 500000 atoms, a feat unparalleled by any
other technology.

2.4 The DNA origami folding process

DNA duplex formation is an energetically very favorable process, and thus the final as-
sembled state of an origami is guaranteed to be vastly more favorable than any alternative
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system state. For example, the hybridization of 7500 bases, equivalent to a standard
size origami structure, including the duplex initiation penalty and entropic concentra-
tion contributions for 150 strands, yields an average expected free energy di↵erence of ca.
�10 500 kcalmol�1 at 25 �C, equivalent to ⇠ 17500k

B

T (outrageous numbers such as these
occur often in the context of DNA origami). Nonetheless, the transition into this final
state, the origami folding process, is not as straightforward as may be expected. In fact,
folding of the first complex 3D origamis did not succeed until extreme, week-long assembly
protocols were tried [20].

In general, origami folding is performed as follows: the sca↵old strand and all staple
strands are mixed in a bu↵er containing 12mM to 20mM MgCl

2

. Addition of magnesium
(or correspondingly higher concentrations of monovalent ions [21]) is necessary because
the DNA backbone is highly negatively charged due to its phosphate residues. During
the assembly of an origami, many DNA helices are tightly packed, bringing the negatively
charged backbones within a few nm of each other. In order to overcome the repulsion of the
backbones, their charges have to be screened by positive counter-ions. Due to their tighter
packing, 3D origamis usually require higher ion concentrations to assemble compared to
2D origamis.

This reaction mixture is then heated to temperatures � 65 �C in order to denature any ex-
isting base pairs. Since a standard origami consists of several thousand bases, a significant
number of short random sequence matches are unavoidable due to the limited sequence
alphabet of four bases. These short matches can be stable at room temperature and must
be denatured first in order to allow folding of the correct structure. After denaturation,
the reaction mixture is then exposed to some kind of thermal ramp during which folding
is supposed to occur. Prior to our work, little was known about this process other than its
well-defined initial fully unfolded state and its final fully folded state, including how or in
which temperature ranges the folding process occurs. As a result, by default long thermal
annealing protocols ranging over all temperatures from the denaturing temperature down
to room temperature were performed.

Various assumptions existed about the dominant processes and e↵ects which govern the
folding assembly, such as the secondary structure of the sca↵old and staple strands, com-
petition between multiple staple strands for a limited number of binding sites, strand
displacement reactions, interactions between separate sca↵old strands, electrostatic re-
pulsion of the DNA backbone, knotting of the sca↵old strand, entropic costs of sca↵old
compaction, the stability of full staple strand sequences, the stability of staple domains, or
cooperative e↵ects in staple binding. While all these e↵ects are going to influence the fold-
ing process, the results of our work strongly imply that only some of them are dominant,
and their consideration is su�cient for accurate, quantitative predictions.

2.5 Why do we care

The curious reader may still wonder why DNA origami, and the origami folding pro-
cess in particular, are of interest. Practical applications of structures such as the plate
with three holes (Fig. 2.1a) are not immediately evident. Nonetheless, the capability
to control molecule arrangements with nanometer accuracy and to rationally design dy-
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namic devices, as demonstrated by these structures, has profound implications. Previously
only nature, through protein nanostructures, was able to routinely explore and utilize the
physics of nanoscale systems, with staggering results. The power of these systems stems
from the unique physics at play in nanoscale systems. Because mass scales with the third
power of system size, e↵ects due to inertia, which dominate behavior in macroscopic sys-
tems, are negligible in nanoscopic systems. At the same time, excitations due to thermal
fluctuations are of the same scale as relevant molecular interaction forces. This means
that nanoscopic systems ’automatically’ explore their phase space. The size and shape of
the phase space, embodied in entropic contributions, thus plays a major role in guiding
observed behavior. Through the combination of these e↵ects, seemingly simple nanostruc-
tures can generate complex functionalities, with no apparent external guidance. It is this
inherent autonomous activity that allows biological systems to transduce ⇠6⇥ 1015 J of
energy every single second, generating 4000 tonnes of bio-mass, every single second [22],
outcompeting total human energy usage by a factor of 200 [23]. DNA origami represents
a milestone in allowing us to take another step towards the construction of systems that
can exploit this great potential. Our work in specific is of value because the understand-
ing gained during its course allows us to build structures of higher quality, with higher
yields, in shorter times. This will enable research into more complex functionalities and
promote the translation into commercial applications, the first of which are already being
developed [24].
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Chapter 3

Experimental investigation of
DNA origami folding

3.1 Introduction

In order to investigate the DNA origami folding process, we need to be able to observe
the origami system during its intermediate folding states. Traditional tools for the analy-
sis of origamis are transmission electron microscopy (TEM ) and gel electrophoresis (gel).
TEM imaging directly observes individual particles, giving us single-molecule resolution
information. Because origamis are lattice-based, and TEM imaging integrates the struc-
ture density along the imaging axis, correctly folded origamis generate easily recognizable
band-patterns (Fig. 3.1). As a consequence, TEM analysis can distinguish between cor-
rectly folded and unfolded structures very well, but cannot elucidate details of the unfolded
state, since unfolded structures are merely observed as unstructured blobs. Because dif-
ferent particle types have di↵erent deposition rates onto the grid, the fraction of folded
particles observed may also not represent the true folded fraction in solution. TEM there-
fore can only be used to confirm whether there are correctly folded origamis present in
the sample, but does not allow quantitative analysis of the folding process and folding
yield. In this study, however, we were specifically interested in quantitatively investigat-
ing the steps leading to successful origami folding. We therefore focussed on customized
gel electrophoresis and fluorescence assays for our experiments, and used TEM imaging
only for the confirmation of correct structure formation. Through our experiments, we
discovered the specific temperature ranges important for origami folding, and found that
it is a highly cooperative, subdomain-specific process. The transition from unfolded to
folded state occurs out of equilibrium, and displays a strong hysteresis between folding
and unfolding. Work presented in this Chapter was done in collaboration with Enrique
Lin-Shiao, Thomas Gerling (TomG), and Thomas Martin.
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(a) Exemplary TEM image of a brick-like origami.

(b) Zoom-in from (a).

15

Fig. S8
Time-resolved folding and unfolding of templated 3D DNA objects at constant 
temperature. (A) Agarose gel mobility analysis of the products in reaction mixtures for
the brick-like DNA object, exposed to two-hour constant temperature incubation after 
previous denaturation at 65°C for 15 min. ‘F’ and ‘U’ mark the folded and unfolded 
species, respectively. (B) Average single-particle TEM micrograph obtained from excess-
staple free but not otherwise purified products from the reaction mixture exposed to 49°C 
for 2 hours. Scale bar = 20 nm. See Fig. S9-S19 for additional TEM data. (C) Time-
resolved folding trajectory of the brick-like DNA object at constant temperature (49°C)
as obtained by cryogenic reaction quenching followed by agarose gel electrophoresis. (D)

(c) Averaged image.

(d) Unfolded structure.

Figure 3.1: DNA origami folding analysis using TEM imaging. In order to increase image
contrast, many individual structure images can be averaged, as seen in (c). Scalebars: (a)
100 nm (b-d) 20 nm.



3.2. EXPERIMENTAL ASSAYS 15

Figure 3.2: Example image of a gel after electrophoresis. Each lane contains a di↵erent
sample: The lane marked SC contains a sample consisting of the sca↵old strand only.
Lanes F1-F8 contain origami folding reaction mixtures at di↵erent stages of completion,
with F1 being the fully unfolded reaction mixture and F8 being the fully folded reaction
mixture. Index P indicates the gel pocket position, U the unfolded species migration
distance, and F the folded species migration distance. The folded species exhibits a
strongly enhanced migration speed.

3.2 Experimental assays

3.2.1 Gel electrophoresis

Gel electrophoresis is a bulk analysis technique, which separates di↵erent particles based
on their shape and charge. A sample is loaded into a pocket in a gel matrix with defined
pore size, and is forced through the matrix by applying an external electric field. Smaller,
more negatively charged particles migrate away from the anode more quickly. Correctly
folded origamis are highly compacted, and thus exhibit a higher migration speed than
unfolded structures or the sca↵old strand [20]. DNA origami structures can be imaged
after electrophoresis using various di↵erent techniques. The most common approaches are
the staining of the gel with a DNA intercalating dye (ethidium bromide (EtBr) in our
case), or the inclusion of a fluorescently modified staple strand in the origami design. Fig.
3.2 shows exemplary behavior of the sca↵old strand and 8 origami samples in di↵erent
folding states of increasing completion in an EtBr stained gel. The transition into the
folded state coincides with a significant increase in the migration speed of the leading
band.

When using an intercalating dye for visualization, the resulting fluorescence signal will be
roughly proportional to the amount of base pairs at any particular location in the gel. A
fluorescently modified staple strand, on the other hand, will generate a signal proportional
to the amount of sca↵old strands. Since the amount of base pairs per sca↵old strand
changes during the folding process, we will focus on the fluorescent staple method, using
staple strands modified with the cyanine dye Cy5, in order to be able to correctly assess
the fractions of sca↵old strands in di↵erent stages of folding.

Because we want to observe the system state at di↵erent stages of folding, it is important
that we preserve the system state at the time of interest and prevent further reactions
from occurring. For this reason, instead of just preparing gel samples directly from folding
mixtures, we first quench all reactions by freezing the mixtures in liquid nitrogen (shock-
freezing). Once all samples for a gel analysis have been collected, the samples are thawed,
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(a) Example gel showing significant migration distance variations. The leading bands in all lanes
should show the same migration distance, but in fact deviate strongly. Cy5 channel shown.

(b) The gel from (a), in the EtBr channel. The DNA ladder can be seen below the origami bands,
reproducing the migration distance di↵erences of the origami sample.

Figure 3.3: Dual-channel gel analysis, with origami folding analysis being performed using
the Cy5 channel, and DNA ladder correction being performed using the EtBr channel.

processed, and quickly pipetted onto the gel. We found that while the shock-freezing
e�ciently stops further folding reactions, there is a low temperature regime at which
aggregation is strongly enhanced, making quick thawing of the samples just as important
as quick freezing (More details can be found in Chapter 7).

In order to accurately determine the sample composition, we need to be able to infer
the state of each species from its migration speed reliably. However, there are often
large di↵erences in the migration speed of identical samples between di↵erent gels due to
external factors such as room temperature or conductivity of the gel-bu↵er system. Even
di↵erent lanes on the same gel can exhibit divergent migration behavior (see Fig. 3.3a),
most likely due to locally di↵erent gel temperatures. To correct for this e↵ect, we add a
DNA ladder as a noninteracting marker with known migration behavior to every sample
and use its migration distance to normalize the migration distances in each lane. We use a
laser scanning device with multiple wavelength filter sets to image our gels. This allows us
to control both the excitation wavelength, and the measured emission wavelengths, with
high accuracy, permitting the selective observation of multiple di↵erent dyes in the same
gel. We therefore image the origami structures with modified staples using Cy5-specific
excitation and emission settings (Cy5 channel), and image the DNA ladder by staining
the gel with ethidium bromide and imaging it using ethidium bromide specific excitation
and emission settings (EtBr channel).

It could have been the case that migration speed factors are not even constant within one
lane. However, the analysis of over 1000 lanes over many gels shows that DNA ladder
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(b) Migration distances of individual ladder bands plotted over average
lane migration distances, for 1006 lanes. Dashed lines show linear fits.
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tities.

Figure 3.4: DNA ladder signal analysis. For each lane, we determine the migration distance
of each DNA ladder band. From these values, we calculate the mean ladder migration
distance of the lane. Analysis of a large number of gels shows that the migration distance
of each DNA ladder band is a linear function of the mean ladder migration distance, for all
ladder lengths. It is therefore reasonable to correct the entire lane using the mean ladder
migration distance.
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Figure 3.5: Comparison of original and DNA ladder corrected lane profiles. Note the
improved overlap of the leading band migration distance.

bands of di↵erent lengths with migration speed di↵erences of up to 60% can be corrected
well by a single lane-specific mean ladder migration distance factor (Fig. 3.4b).

Our standard analysis thus proceeds as follows: we first determine the locations of all gel
pockets and the DNA ladder bands in each lane. We then integrate each lane orthogonal
to the migration direction to generate a lane profile (Fig. 3.5a). Each profile is then
rescaled by the lane-specific migration distance factor calculated from the average migra-
tion distance of the DNA ladder bands in the lane (Fig. 3.5b). This approach allows us
to reliably compare lanes in a gel, and even between di↵erent gels.

3.2.2 SYBR Green I fluorescence

The previously described gel assay already gives us detailed insights into the state of the
origami structures during folding. However, it still requires us to stop the reaction at
set extraction points, and introduces a significant lag between folding and analysis, thus
possibly distorting the observed behavior even when employing the shock-freezing protocol.
We therefore developed a further assay [2] that allows continuous, minimally perturbative
observation of the folding process. This assay is based on the dsDNA-intercalating dye
SYBR Green I (SG) [25]. SG fluorescence is strongly dependent on its binding state.
In solution, it is only weakly fluorescent. Upon binding to double stranded DNA, its
fluorescence increases by more than a 1000-fold [26]. By adding SG to our folding reaction
mixture and monitoring the SG fluorescence, we should thus be able to track the amount
of dsDNA formed as a proxy for the progress of the folding process, with the fully folded
structure realizing the maximal number of base pairs per structure.

In the case of SG excess to dsDNA, SG fluorescence can be approximated as being propor-
tional to the concentration of dsDNA in solution [dsDNA

0

], with a proportionality factor



3.2. EXPERIMENTAL ASSAYS 19
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However, because intercalating dyes a↵ect the physical structure of DNA [27], we cannot
use a high concentration of SG, as is usually done during RT-PCR measurements, without
risking perturbing the folding process. We therefore work in the other extreme, high excess
of dsDNA to SG. In this case, although we do not achieve a simple linear correlation of
SG fluorescence with dsDNA concentration, we at least can attain the favorable property
that the bound fraction of SG becomes independent of the total amount of SG:
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This means that as long as we have a comparable reference state at some point during
the folding process, we can compare fluorescence values between multiple reaction mix-
tures without errors due to di↵ering SG concentrations in solution. Since we work with
SG concentrations at the lower detection limits of our RT-PCR devices, this feature is
useful. Unfortunately, the SG concentration is usually not provided by the manufacturer.
Fortunately, Zipper et al. [28] have determined the molecular mass of SG, allowing the
concentration to be calculated from the SG mass provided by the manufacturer.

As described above, in our system, the bound SG fraction is not a linear function of
dsDNA concentration. For certain conditions, the SG fluorescence will therefore not be a
good measure of dsDNA formation. Fortunately, for standard origami folding conditions
the association constant of SG is such that there is a significant change in the bound
SG fraction over the range of [dsDNA

0

] sampled during the folding process [29]. Since
we observe the folding process over varying temperatures, we also have to account for
the temperature dependence of K

a

and the fluorescence yield of SG. Because the folding
process occurs on the time-scale of minutes to hours, while the binding and unbinding
of SG as well as changes in its fluorescence due to temperature changes occur within
seconds, we can separate the two e↵ects by performing a step-wise annealing ramp instead
of a continuous one. We quickly change the temperature by a defined step-size, and then
incubate the sample at this temperature for a long time. This leads to an immediate
jump in fluorescence due to increased SG binding a�nity and fluorescence yield, and a
subsequent slow increase in fluorescence due to the addition of base pairs. Fig. 3.6c
shows such temperature jumps due to 1 �C steps. We now determine an e↵ective rate of
folding by calculating the total fluorescence signal increase after the initial temperature-
dependent increase at each temperature step. The resulting function over temperature is
similar to a derivative in the number of base pairs, with peaks showing regions of high
base pair formation or denaturation activity. Because there is a large amount of excess
staple strands in solution that cannot contribute to origami folding, but may change the
observed fluorescence intensity due to the formation of secondary structures or random
sequence matches with other staple strands, we subtract the signal of a staple-only control
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sample from this full folding reaction mixture signal. Due to the nonlinear relation of
the SG bound fraction to the dsDNA concentration, this is not an accurate background
correction. Nonetheless, if there is no true origami folding ongoing, this correction will
ensure that we estimate an e↵ective rate of folding of 0. To minimize noise, we measure
8 identical copies of each reaction mixture simultaneously. The resulting graph is shown
for an exemplary structure in Fig. 3.6d.

There is one final e↵ect to be considered during the fluorescence assay. SG samples pre-
pared as described up to now show a very slow creeping increase in fluorescence up to
a final equilibrated value (Fig. 3.7). The equilibration time is temperature dependent,
requiring ⇠20 h at 60 �C, and ⇠10 h at 70 �C until full equilibration. No satisfying ex-
planation for this e↵ect nor any protocol to circumvent it other than su�ciently long
incubation at high temperatures was found. Based on the performed control experiments,
it seems that only some type of DNA-specific activation of SG fluorescence intensity can
explain the observed behavior, although the detailed mechanism is unclear. Since the
e↵ect could be removed by waiting, with no apparent negative influence on the assay, it
was not investigated further in this work.

3.3 Folding behavior over temperature

Having established our experimental methods, we now move on to our findings regarding
the folding process. We first investigate the folding behavior of origamis at di↵erent
temperature ranges. As discussed in the introduction, it was previously not known whether
all temperatures are required for correct folding, and if not, which ones could be omitted.
Initial folding ramps for 3D origamis were week-long and sampled all temperatures from
80 �C to room temperature.

In order to find a lower limit of necessary folding temperatures, we first performed a very
slow annealing protocol, with a cooling rate of 1 �C every 3 hours, and shock-froze folding
reaction mixtures at di↵erent temperatures. These samples were then analyzed using
gel electrophoresis. It had previously been assumed that annealing over a wide range of
temperatures was necessary for correct folding of orgamis. However, as shown in Fig.
3.8 using 3 example origami structures, we found that all our origami structures already
reach a fully folded state at high temperatures, with most structures completing folding at
temperatures �50 �C. Furthermore, the transition seems to occur in an extremely narrow
temperature range of only a few degrees.

To further narrow down the necessary temperature ranges for folding, we analyzed the
same annealing reactions using our SG assay. Fig. 3.9 shows the SG-derived rate of
folding for the three example structures. As in the gel analysis, we see that all significant
base pair formation is concluded at high temperatures, with the structure-specific cuto↵
values matching the gel analysis data. Furthermore, the SG assay confirms the very narrow
transition range indicated by the gel analysis. In fact, all significant base pair formation
occurs within a narrow temperature range of ⇠5 �C. This result is in stark contrast to the
previous assumptions about the necessity of annealing over wide temperature ranges for
correct folding. It is important to keep in mind that these assumptions were not without
justification. We can calculate the expected melting temperatures at standard reaction
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Figure 3.6: Sybr Green I fluorescence assay. (a) Exemplary fluorescence intensity data
obtained during a step-wise annealing protocol for a constant base pair reference sample,
a sca↵old-only reaction, a staple-only reaction, and a full folding reaction. (b) Data from
(a) plotted over temperature instead of time. (c) Zoom-in of (a), showing exemplary staple
background correction and rate of folding calculation. (d) Rate of folding over temperature
for an exemplary origami structure. The rate is calculated by taking the increase of the
full folding mixture (green curve) for each temperature, and subtracting the increase of
the control sample (yellow curve) Figure adapted from [2].
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Figure 3.7: SYBR Green I fluorescence creep. (a) Repetitive slow heating and cooling
of SG sample over 48 h. (b) Fluorescence intensity of a stable hairpin sample with con-
stant base pair concentration. (c) Fluorescence intensity creep over time. Hysteresis only
disappears after ⇠25 h. Figure adapted from [2].

conditions of either the entire staple strand sequences, or of the individual domains of the
staple strands. In both cases, we obtain distributions over a wide range of temperatures,
with neither range matching the actual folding temperature range. Fig. 3.10 shows that
if we consider the entire staple sequence for stability calculations, the predicted melting
temperatures are much higher, with a peak at ⇠80 �C, than the actual folding temperature
range. If we consider the stabilities of the domains, on the other hand, we get an even
broader distribution centered around ⇠10 �C, again far o↵ from the true temperature
range. The contraction of the widely distributed individual binding transitions into a
single, sharp transition within a narrow temperature range implies a strong cooperativity
between the binding of di↵erent staple strands. Since the observed folding temperature
range is lower than the range of melting temperatures of the full staple strand sequences, we
can deduce that some additional energetic or kinetic barriers exist due to the partitioning
of the staple strand into multiple distinct domains.

In order to gather further information about whether the barriers to folding are of an
energetic or kinetic nature, we also investigated the unfolding transition. If the barriers
were only due to energetic costs, we would expect the unfolding transition to mirror the
folding transition. If the barriers were only of a kinetic nature, we would expect a large
hysteresis, with unfolding occurring at the temperature ranges predicted by the stabilities
of the full staple sequences. We therefore folded structures, and then exposed them to
the reverse process as before, by slowly heating the samples with a rate of 1 �C every
3 hours, while monitoring the process using SG fluorescence. Having established the
correspondence of gel and SG analysis results, we performed complementary gel analysis
experiments in which we did not slowly increase the temperature, but instead directly
jumped to di↵erent final temperatures at which we incubated the folded structures for
2 hours. Fig. 3.12 shows results of both experiments for our example structures. We
observe a significant hysteresis of 5 �C to 10 �C between folding and unfolding, showing
that kinetic barriers play a significant role in at least one of the processes, leading to
an out-of-equilibrium system at the timescales under investigation. However, unfolding
does not occur in the temperature range predicted by the melting temperatures of the full
staple strand sequences, meaning that there are also energetic penalties associated with
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(a) Gel analysis of brick folding.

(b) Brick structure.

(c) Gel analysis of plate with hole folding.
(d) Plate with hole structure.

(e) Gel analysis of gear folding.

(f) Gear structure.

Figure 3.8: Gel analysis of the folding transition of di↵erent origamis during a slow an-
nealing protocol: (a-b) Brick origami. (c-d) Plate with hole origami. (e-f) Gear origami.
Transitions between the unfolded (U) and folded (F) species occur at high temperatures
in an unexpectedly narrow range.
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Figure 3.9: SG analysis of the folding
transition of di↵erent origamis during
a slow annealing protocol: (a) Brick
origami. (b) Plate with hole origami.
(c) Gear origami. SG analysis confirms
a very sharp folding transition for all
structures, with temperatures match-
ing the gel analysis data.
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Figure 3.10: Comparison of expected melting temperatures for the full staple sequences
and the domain sequences, and the actually observed rate of folding during slow annealing
experiments. All values for the brick-like origami, at 200 nM staple strand concentration.

the formation of the origami structure.

Based on the sharp folding transitions shown by all structures, we also tested whether the
folding process can actually be performed isothermally, without any annealing whatsoever.
Such a capability would imply an extremely strong cooperative linkage between the dif-
ferent staple binding reactions. We thus prepared folding reactions that were first shortly
denatured at high temperatures (this step remains necessary to break up pre-existing sec-
ondary structures) and then quickly jumped to di↵erent constant incubation temperatures.
We found that origamis can fold at constant temperatures, with the successful tempera-
ture ranges roughly corresponding to the lower half of the folding transition temperature
range found by the SG analysis. At the temperature corresponding to the lower end of
the SG folding range, constant temperature folding proceeds with the highest rate, with
folding times increasing with increasing temperature. Fig. 3.12 shows the folding progress
for samples of the brick-like origami at di↵erent constant temperatures after 2 hours and
48 hours of incubation. At the optimal folding temperature of 50 �C, most of the origamis
are fully folded after just 2 hours of incubation. At the same time, the narrowness of the
temperature range which allows successful folding persists, with a sample incubated at
just a 6 �C higher temperature showing absolutely no folded origamis even after 48 hours
of incubation.
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Figure 3.11: Melting analysis through SG and gels. We observe a sharp unfolding transi-
tion similar in width to the folding transition, but at higher, structure-specific, tempera-
tures. Figure partially adapted from [2]
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(a) Constant temperature folding, 2 h incuba-
tion.

(b) Constant temperature folding, 48 h incuba-
tion.

Figure 3.12: Constant temperature folding of the brick-like origami. Folding is fastest at
50 �C, with higher and lower incubation temperatures leading to slower folding.

3.4 Extent of cooperativity

Having established that cooperativity is an essential feature of the origami folding process,
to the extreme of allowing the entire folding process to occur isothermally even though
di↵erent staple and domain sequences display wildly di↵ering stabilities, we go on to study
the extent to which this cooperativity a↵ects the entire origami structure. For this purpose,
we study a hinged structure consisting of two separate domains, connected only by a few
sca↵old strand crossovers. The structure is a precursor of the origami nanocaliper by
Funke et al. [4, 30, 31] (the funcaliper). We perform our SG analysis for both the folding
and unfolding of the hinged structure, and observe two separate transitions instead of
one for both processes (Fig. 3.13). TEM imaging at the lower limits of each transition
(folding) or the peaks of the transitions (unfolding) confirms that we are able to observe
the folding of the individual domains of the hinged origami. Therefore the cooperativity of
DNA origami folding does not extend to the entire sca↵old strand, but only to structurally
connected subdomains of the origami. This makes it likely that cooperativity due to the
spatial organization of the system beyond a simple compaction of the entire sca↵old strand
plays a significant role. Furthermore, we find that in folding, base pair formation precedes
full structure formation, while in unfolding the collapse of the 3-dimensional structure
precedes full base pair denaturation. Since the unfolding of the two domains shows the
reversed sequence of events compared to the folding process, similar pathways for both
processes are likely.

3.5 Folding behavior over time

In the previous section, we have established that folding is a non-equilibrium process,
with rates strongly dependent on the environmental conditions and the specific structure
at hand. We now study this behavior in more detail, by determining exact folding and
unfolding rates for di↵erent temperatures. To quantify folding rates reliably and allow
comparison between di↵erent temperatures and di↵erent structures, we first define a stan-
dard method of rate determination using gel analysis.
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Figure 3.13: Investigation of the folding behavior of a hinged origami. (a) SG analysis
of folding and unfolding. Both processes show two distinct transition events. (b) TEM
analysis of samples after the first and after the second folding transition event. The first
transition clearly corresponds to the formation of the orange-coded domain, while the
second transition represents the formation of the green-coded domain. (c) TEM analysis
of folded origamis during the first and during the second unfolding transition. The less
stable green domain unfolds first, mimicking the folding process. Figure adapted from [2].
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Because we only know that the gel migration speed of origami structures increases mono-
tonically with folding progress, but do not know the exact, likely non-linear, functional
dependence, we cannot quantitatively determine the folding state of the di↵erent interme-
diate structures. However, we can still quantitatively determine the fraction of all sca↵old
strands which are fully folded by tracking the fluorescence intensity of the species with a
migration speed equivalent to the fully folded species. We therefore prepare a gel with
samples taken from various times along the folding process at a constant temperature, as
shown in Fig. 3.15a for the brick-like origami at 50 �C. The lane profiles of these samples
are calculated and corrected using our DNA ladder approach. From these profiles we then
calculate the fraction of folded structures by integrating the intensity of all species migrat-
ing faster than a cuto↵ value selected based on the speed of the folded species band. In
general, the expectation value of the folding time E[folding time] can be calculated from
the folding time probability density p

folding time

(t) as follows:

E[folding time] =

Z
t=1

t=0

p
folding time

(t) · t dt (3.1)

Assuming that folded structures remain stable over time, and that most structures fold
within the experimental time window, we can consider the fraction of folded structures
over time F

folded

(t) as equivalent to a cumulative probability density function describing
the probability of a random sca↵old strand transitioning into the folded state within the
time t. We interpolate the function linearly between the di↵erent measurement time
points, which is acceptable if the measurement density is su�ciently high (dashed line
in Fig. 3.14c), and normalize it relative to the last data point at t = T

max

. Ignoring
details like di↵erentiability of the function at all points because we are physicists and
not mathematicians, we can then approximate the expectation value of the folding time
E[folding time] as follows:

E[folding time] ⇡
Z

t=T

max

t=0

✓
d

dt
F
folded

(t)

◆
· t dt (3.2)

The result of this calculation is essentially the average of the times of formation for each
particle in the leading band. The determined mean folding time is obviously dependent
on the cuto↵ selected to di↵erentiate between folded and unfolded structures. Because
of the di↵usion of the di↵erent species during electrophoresis, independent of the voltage
induced drift, every cuto↵ will mischaracterize some unfolded structures as folded, and vice
versa. However, when we plot the resulting mean folding time over the selected migration
speed cuto↵ (Fig. 3.15), we can see that the mean folding time shows a plateau for cuto↵
values situated slightly behind the leading band. This indicates that there is a su�cient
separation between folded structures and changing intermediate states that allows us to
distinguish between the two, and makes our measure for the mean folding time reasonably
independent of the particular cuto↵ choice.

By repeating this process for multiple constant incubation temperatures, we can generate
a folding time profile for each origami structure. Fig. 3.16 shows the folding time profile
for the brick-like origami structure. Since the cuto↵ for well folded origamis is not well
defined, we show the mean folding time range given for cuto↵ values within the folding
time plateau. We display the absolute yield (since some structures aggregate or do not
complete folding in the measurement time) as the opacity, with lower opacity indicating
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(a) Gel of constant temperature folding samples of brick-like origami at 50 �C.
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Figure 3.14: Steps for the determination of the folding rate of the brick-like origami at
50 �C. A user-defined cuto↵ is chosen to separate folded from unfolded structures. The
mean time of formation for structures beyond this cuto↵ is then calculated.
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(a) Migration distance cuto↵ values corresponding
to the folding time plateau. The region is directly
behind the leading band, consistent with a separa-
tion between folded state and intermediate states.
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Figure 3.15: Mean folding time for varying folded species migration speed cuto↵ values.

lower yields. As expected, more stringent cuto↵ values lead to a higher mean folding time
and a lower absolute yield. We also find that yields are higher for reaction conditions
which lead to lower folding times, with the highest yields occurring at the temperatures
of fastest folding. This is plausible, since the longer the folding process takes, the more
opportunities there are for it to be diverted into a misfolded or aggregated final state.
Once a structure is folded, on the other hand, all of its bases are passivated in stable
duplexes. At low temperatures, the mean folding time distribution based on the cuto↵
value becomes broader. This is due to the fact that at low temperatures, the stability
of intermediate states is increased, as evidenced by a more prominent smear between the
folded and the unfolded state in the gel analysis. On the other hand, at high temperatures,
only the well folded state is stable, thus leading to a sharper separation into either fully
unfolded or fully folded structures.

We also perform this analysis for unfolding transitions. However, we find that the un-
folding transition for all structures occurs much faster, with a timescale on the order of
seconds. The unfolding transition is in fact so fast that it cannot be meaningfully analyzed
using our assay (Fig. 3.17), with samples frozen immediately upon reaching the target
incubation temperature already showing decreased migration speeds, indicating structure
denaturation. This di↵erence in timescales between folding and unfolding of several orders
of magnitude indicates two features of the energy landscape of the folding process. First,
there must exist a large energetic barrier that needs to be overcome for folding. Secondly,
because unfolding at higher temperatures occurs much more quickly than folding at any
temperature, the stability of the folded state has to be much more sensitive to temper-
ature changes than the intermediate state energy barrier. Fig. 3.18 shows a qualitative
graph of an energy landscape that would explain the observed behavior. Such an energy
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Figure 3.16: Gel analysis based mean folding time profile for the brick-like origami struc-
ture. Opacity indicates yield. At lower temperatures, intermediate states are stabilized,
as evidenced by a more prominent smear between the folded and the unfolded state in
the gel. This leads to a broader distribution of calculated mean folding times, since the
separation between folded states and intermediates is weaker.

(a) Unfolding: brick-like
origami

(b) Unfolding: Plate with
hole

(c) Unfolding: Gear-like
origami

Figure 3.17: Unfolding transitions at constant temperature. Unfolding of origamis occurs
within seconds. Samples labelled 0 m are frozen immediately after reaching the incubation
temperature.



3.6. INFLUENCE OF STAPLE AND SCAFFOLD CONCENTRATIONS ON
FOLDING 33

U F

Folding progress

ΔGFolding
ΔGBarrier

65°C
60°C
55°C
50°C

Fr
ee

 e
ne

rg
y [

a.
u]

Fast unfolding

Slow folding

FU

Figure 3.18: Model free energy landscape that would generate slow folding at low temper-
atures and fast unfolding at high temperatures.

landscape is plausible for the following reasons: We can assume that the energy barrier
towards folding is mostly entropic due to the compaction of the sca↵old strand:

�G
barrier

⇡ �T�S
barrier

(3.3)

The stability of the final folded state is dominated by the energy contribution of DNA
hybridization due to the formation of several thousand base pairs, which balances a large
enthalpic gain with a large entropic cost, both much larger in absolute values than the
barrier term:

�G
folding

⇡ �H
folding

� T�S
folding

with |�H
folding

| ⇠ |T�S
folding

| � |T�S
barrier

|
(3.4)

When the temperature increases, the change in �G
folded

is thus much larger than the
change in�G

barrier

. This simple model is only reliable in a limited temperature window, as
it would suggest that folding rates keep increasing with decreasing temperature. However,
at lower temperatures, the system behaves less and less like a two-state system with a
transition barrier due to the increasing stability of random misfolded structures. Therefore
even though the barrier would keep decreasing in size, the e↵ective rate along the folding
progress reaction variable would still decrease.

3.6 Influence of staple and sca↵old concentrations on fold-
ing

We have so far discussed the overall qualitative features of the DNA origami folding process
over time and temperature. We now investigate its dependence on the staple and sca↵old
strand concentrations. In order to clearly separate both influences, we tested 3 di↵erent
staple strand and 3 di↵erent sca↵old strand concentrations, in all 9 combinations thereof.
We chose staple strand concentrations of 50 nM, 200 nM, and 500 nM, and sca↵old strand
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Figure 3.19: Constant temperature folding at various temperatures, with di↵erent staple
and sca↵old strand concentrations. The first lane in each gel shows a control band. Bands
migrating slower than the control are unfolded structures, bands migrating faster than the
control are folded structures. Leading band behavior over temperature is independent of
sca↵old strand concentrations.

concentrations of 5 nM, 20 nM, and 50 nM. This way, in all combinations except for one,
we have at least a 2.5-fold excess of staple strands to sca↵old strands. This is important
for meaningful results, since it is known that correct folding is inhibited at lower staple
strand excesses [32], most likely due to errors in concentration determination and synthesis
errors. First, we look at constant temperature incubations at di↵erent temperatures, in
order to see whether the temperature range which allows fast folding is a↵ected. For this
purpose, we performed constant temperature folding reactions for 48 hours, over a range of
temperatures (Fig. 3.19). We observe an increase in folding temperature with increasing
staple strand concentrations consistently over all combinations, with the sca↵old strand
concentration on the other hand having no influence whatsoever. This is plausible, since
in bimolecular binding reactions such as the initial binding of the staple strand to the
sca↵old strand, the influence of the sca↵old strand concentration on the bound fraction
becomes negligible at high staple strand excesses:

K
a

=
[Staple + Sca↵old]

[Staple
free

] · [Sca↵old
free

]
⇡ [Staple + Sca↵old]

[Staple
total

] · ([Sca↵old
total

]� [Staple + Sca↵old])

) [Staple + Sca↵old]

[Sca↵old
total

]
⇡ K

a

[Staple
total

]

1 +K
a

[Staple
total

]

Therefore the initial binding of the staple strands to the sca↵old strand should not de-
pend on the sca↵old concentration. Binding reactions of further staple domains are then
unimolecular reactions anyways, which should be independent of sca↵old strand concen-
trations. The sca↵old concentration should only be of importance if interactions between
separate sca↵old strands play a role, for example in the form of binding of complementary
sequences on two sca↵old strands, or the linking of multiple sca↵old strands by multiple
domains on a single staple strand. However, our data indicates that these e↵ects are not
significant at standard origami folding reaction conditions.
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Figure 3.20: Di↵erent timepoints of folding reactions at 50 �C. The first lane in each gel
shows a control band. Bands migrating slower than the control are unfolded structures,
bands migrating faster than the control are folded structures.

Having determined that the folding temperatures are a↵ected only by the staple strand
concentrations, we also studied the kinetics of folding for the di↵erent concentration com-
binations. Even though the temperature range is not a↵ected, the rate of folding could
still depend on the sca↵old strand concentration. We chose constant temperature folding
at 50 �C to investigate rates, since our previous experiments had shown correct folding for
all combinations at this temperature. Fig. 3.20 shows the results over time, mirroring
the previous behavior over temperature. Timescales of structure formation are dependent
on staple strand concentrations only, with no influence of the sca↵old strand concentra-
tion. As observed for folding temperatures, the rate of folding increases with the staple
strand concentration. This means that faster folding due to increased initial binding of
staple strands to the sca↵old strands is the dominant e↵ect, with inhibiting e↵ects due to
increased competition between multiple staple strands being of lesser importance.
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3.7 Influence of the origami design on folding

So far, we have collected most of our data using an example brick-like design, and measured
the influence of various external factors on the folding process. Next, we test how di↵erent
designs a↵ect the folding process. We compare three design variants that all have the
same final 3-dimensional shape, a brick (Fig. 3.21a), but vary in their internal routing of
sca↵old and staple strands. Furthermore, the total sequence composition of formed base
pairs, that is the number of A-T and C-G pairs, is kept identical for all three structures.
This allows us to reduce the number of e↵ects that may influence the folding process, in
order to more clearly distinguish which e↵ects are of importance. For each design, we
perform our gel analysis over a range of temperatures and determine the mean folding
time profile over temperature. Fig. 3.21 shows the resulting data, with the same cuto↵
migration speed range chosen for each design. Even though the structures form the same
final shape, we observe more than two orders of magnitude of variation between the mean
folding times of the di↵erent designs. Furthermore, the temperature ranges in which each
design folds vary, with the fast-folding Brick-fast design folding at significantly higher
temperatures than the other two designs. Interestingly, there seems to be a correlation
between the absolute mean folding time and the mean folding time distribution width.
This means that quickly folding structures show a larger di↵erence in migration speed
between folded and unfolded states, with a sudden, two-state like transition between the
two. Slow-folding structures, in contrast, seem to fold by transitioning through a wider
range of intermediate states with increasing migration speed. This data shows that even
though structures that should have relatively similar final stabilities, since they form the
same 3-dimensional shape, the same number of base pairs, and even the same G-C/A-T
fractions, can di↵er significantly in their folding behavior. The internal design of structures
is therefore a defining influence, and any theoretical modeling of the folding process must
consider it.

Brick-fast
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Figure 3.21: Mean folding time curves for di↵erent variants of the brick-like origami.
Brick-slow is a slow-folding design, Brick is the design from the previous sections, and
Brick-fast is a fast-folding design variant.

3.8 Summary and conclusion

Through our experimental analysis we have discovered many important details regarding
the folding process, expanding previous understanding and overturning some previous
beliefs. To summarize, we can make the following observations:

Cooperativity

• The DNA origami folding process is strongly cooperative, so cooperative in fact that
it can drive the successful binding of hundreds of molecules at high yields approaching
100%, at constant temperature.

• The folding transition is sudden and two-state-like, with the lifetimes of transition
states being much smaller than the mean folding time.

• Folding cooperativity extends to cohesive subdomains only, not the entire sca↵old
strand, implying a cooperativity due to structural organization, not just compaction
of the sca↵old strand (similar to behavior found in protein folding [33]).

Equilibration

• There is a significant hysteresis over temperature between folding and unfolding,
with a separation of the transitions at relevant timescales of 5 �C to 10 �C.

• Folding occurs strongly out of equilibrium at timescales relevant to us (minutes to
hours).

Brick-slow
Brick
Brick-fast
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• Unfolding is also an out of equilibrium process, but less so, with the actual unfolding
transition occurring in seconds.

• This implies an energetic barrier that needs to be overcome in order for origamis to
fold, with the barrier height being less temperature dependent than the stability of
the final folded state.

Rate-a↵ecting factors

• Folding can only occur in a narrow temperature window, meaning that strong, tem-
perature dependent, inhibiting e↵ects must exist.

• Folding rates are highest at the optimal folding temperature, and decrease with lower
and with higher temperatures.

• The final structure stability is not predictive of the folding rate on its own, with the
internal origami design being of utmost importance.

• Origami structures cannot be folded without a denaturing step, implying the exis-
tence of unwanted interactions at lower temperatures.

• Sca↵old strand concentrations do not a↵ect the folding rate, meaning that inter-
sca↵old interactions are not important.

• Staple strand concentrations a↵ect the folding rate, with increasing concentrations
leading to increased folding rates. This means that the initial binding of the staple
strand to the sca↵old strand a↵ects the folding process. Therefore, the reorganization
of the sca↵old strand is not the only limiting factor for folding time. It also means
that competitive e↵ects due to multiple staple binding play a lesser role than initial
binding rate or stability.

Building on this large number of novel insights, in the next chapter we now set out to
develop a theoretical model that can explain all these unique features and quantitatively
predict the folding rates of origamis based on their designs.



Chapter 4

A DNA origami folding model

4.1 Introduction

Having experimentally determined a list of features that characterize the DNA origami
folding process, we now want to develop a model that can predict the folding behavior of
specific origami designs. For this purpose, we could turn to an exact method of calculation
such as molecular dynamics (MD) simulations, which could be used to accurately predict
the folding behavior. Such approaches have been used to simulate the structure and
dynamics of an already formed origami [34]. However, due to the immense computational
complexity, these simulations investigated the system on timescales smaller than 1 µs. A
typical origami has a molecular weight of 5MDa and consists of ⇠ 500000 atoms, not
counting any ions or solvent molecules. In order to describe the folding process, we have
to simulate such a system for timescales on the order of hours, i.e. on timescales 10 orders
of magnitude larger than currently possible. Rough estimation based on Moore’s law [35]
implies that this will be achieved in ⇠ 50 years. For now we will reduce the accuracy
of our simulation to achieve results more quickly. We can reduce the accuracy by not
considering all atoms, but instead a less accurate, coarse-grained model system. One
possible abstraction is to consider only simplified nucleotides represented by a backbone
location and a relative base location (Fig. 4.1). Such coarse-grained simulations are
significantly faster, but still can only simulate simplified model origamis consisting of only
a few strands [36]. Even these simplified structures require months of computation for
seconds of simulated behavior. This means that we need to boldly reduce and simplify
the system even more.

Another level of abstraction is to simulate the system without an explicit treatment of
spatial coordinates. By removing explicit coordinates and instead considering only gen-
eralized states, the timescales that can be considered are significantly extended. For such
a simplification to be meaningful, we have to define states that are clearly separable and
represent unique steps along the folding pathway. Since the formation of short duplexes of
double-stranded DNA can be approximated by a two-state model, we move beyond the de-
scription of individual bases and chose a system description on the domain level. Domains
in origami structures are usually not longer than 16 bases, thus falling into this short-
duplex regime. We consider only the binding state of continuous double-helical domains,
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(a) Atomistic depiction of
a DNA double helix [12–14,
PDB 1D65].

(b) Coarse-grained simulation
based on abstracted base rep-
resentation [37].

(c) Domain level abstraction of
DNA helix. Individual bases
are not tracked.

Figure 4.1: Di↵erent levels of simulation detail. More detailed descriptions such as (a)
and (b) will lead to more accurate results, but are not computationally tractable.

independent of the exact spatial organization of sca↵old and staple strands. Binding and
unbinding of the domains is described as a two-state model, either being fully bound or
unbound. Fig. 4.2 shows this simplified description for an example structure. The time-
evolution of the system is then determined only by the binding and unbinding rates of
the domains, which depend on the sequence of the domains and the system state. Such
a domain-level kinetic model [38,39] has been previously used to qualitatively predict the
folding behavior of an origami with multiple possible final folding states. We use a more
complex implementation of such a domain-level kinetic model, and combine it with our
experimental insights into the origami folding process to develop a quantitative origami
folding model.

4.2 Required level of detail

For such a domain-level model, many di↵erent implementations are conceivable, with
di↵erent tradeo↵s between speed and accuracy. In Chapter 3 we have found that sca↵old-
sca↵old interactions are not important for the folding process. This means that it is
su�cient to simulate the behavior of a single sca↵old strand in order to predict the folding
behavior. We have also observed that structures with identical total base compositions
show highly divergent folding behavior. This means that it is not su�cient to treat
domain binding and unbinding through averaged rates based on the global origami makeup.
Instead, we have to consider local e↵ects due to the sequence and length of each domain.
Furthermore, cooperativity seems to be at least partially based on the local structural
ordering of the origami. This means that the binding and unbinding rates are also a↵ected
by the current state of neighboring domains. Taken together, these factors mean that we
cannot further simplify the model during computational steps, but will have to explicitly
track the state of each domain at each point in time. For an ordinary origami, this minimal
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(a) Atomistic origami structure [12, 13,
19, PDB 4V5X].

(b) Domain level abstraction of an origami structure.
Sca↵old strand in blue, staple strands in green.

(c) Example domain binding transition. The green staple strand binds another domain, thus
forming a crossover connection.

Figure 4.2: Comparison of a detailed model of an origami and a domain-level abstraction.
In (b), each staple domain is represented by a green line parallel to the sca↵old strand.
Each crossover connection is represented by a green path connecting two distant locations
on the sca↵old strand. Longer arches represent longer sca↵old strand loops.
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level of detail already gives us a large number of states to be considered, with each domain
contributing an independent variable with two states:

N
states

= 2Ndomains ⇡ 2800 = 6.66 · 10240 (4.1)

The standard approach to describe the time-evolution of this system would be to calculate
all reaction rates between all system states and then to solve the di↵erential equation
system defined by these rates, the chemical master equation. Since the number of states
in our case is larger than the number of atoms in the universe, it is computationally
impossible to solve such a system in which the concentrations of all states are calculated
at all times. Given that our experimental methods only give us information about the
global folding progress, not the state of individual domains, we also cannot exclude states
from the simulation a priori to ease the computational load. And yet there is hope.

4.3 Stochastic simulations: the Gillespie algorithm

A practical alternative to the chemical master equation approach is to use a stochastic
simulation approach that calculates the time-evolution of a single instance of the sca↵old
strand in order to reduce the computational e↵ort. This approach, the Gillespie algorithm
[40], only tracks a single system state at any point in time and stochastically determines the
next transition to a di↵erent system state. In contrast to the chemical master equation,
which gives us the concentration or probability of every possible state at every point
in time, the stochastic simulation only gives us a single system state at each point in
time. Each full simulation run thus gives us the folding pathway of a single origami
structure through the phase space of possible system states (see Fig. 4.3 for a schematic
comparison of the two approaches). In the limit of many such simulations, the predicted
behavior obtained through the averaging of many stochastic folding pathways will be the
same as the one predicted by solving the much more complex chemical master equation
[40]. Whereas in the chemical master equation, the reaction rates between di↵erent states
define the derivatives of the state concentrations over time, in the stochastic simulations
the reaction rates define the transition probabilities of the current system state towards
connected neighboring states. All possible transitions from the current state are assigned
probabilities calculated from their respective reaction rates. Based on these probabilities,
stochastic reaction times are generated using a random number generator transformed into
an exponential probability distribution with a decay rate proportional to the respective
transition probability. The transition with the shortest stochastic time is then chosen as
the next transition. For the new system state, all possible transitions are again determined,
reaction times are calculated, and a transition is chosen again. This process is repeated
until the maximum simulation step number, maximum simulation time, or target system
state is achieved.

To set up our simulation, we thus have two tasks: we have to define our system states,
and we have to define our transition rates based on the system state. The system state
is relatively straight-forward. We track the binding state of all considered continuous
double-helical domains, i.e. whether they are currently bound or unbound. Possible
domains are determined by simply by searching for all complementary sequence matches
(See subsection 4.4.12 for details). We also track if multiple such domains are connected
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I4(t)
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(a) Chemical master equation approach

U(t0)

F(t6)

I1(t) I3(t1)
I2(t)

I4(t2)

I6(t4)
I7(t5)

I5(t3)

I8(t)

(b) Stochastic Gillespie approach.

Figure 4.3: Schematic comparison between master equation simulation and stochastic sim-
ulation approaches. Each circle represents a distinct system state, with lines representing
valid reaction pathways. Only a small subset of the essentially infinitely large phase space
is shown. U is the unfolded state, Ii are intermediate states, and F is the folded state.
In (a) the concentration of every intermediate state is simulated at every point in time.
In (b) the system occupies only a single system state at each point in time, generating a
single folding trace, greatly reducing computational complexity.
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(a) Basic reaction types: Binding and unbinding of a domain.

(b) Solution binding. (c) Staple loop binding. (d) Sca↵old loop binding.

Figure 4.4: Reaction types: (a) shows the two basic reaction types. (b-d) shows the
di↵erent binding event types for which di↵erent rate modifiers apply. Sca↵old strand in
blue. Staple strand in black. Red and green show complementary sequences.

to each other, that is if they are part of the same staple strand. Multiple copies of the
same staple strand sequence, up to a user-defined upper limit, are allowed to bind at the
same time. We therefore also track the copy identity of each bound domain. All other
system quantities are derived from this system information. The state does not have a
memory or inertia, in other words, its current behavior is only defined by its current state,
not by the states it occupied beforehand.

The determination of transition rates is a bit more complex. At the most basic level,
there are two types of transitions: A domain can bind or unbind (Fig. 4.4a). These basic
transitions are a↵ected by di↵erent e↵ects depending on which specific type of reaction is
occurring (Fig. 4.4). There are three such subtypes, with each being a↵ected by di↵erent
e↵ects during binding:

Solution binding A staple that was previously not bound to the sca↵old strand can
bind to the sca↵old strand from solution through a bimolecular reaction. In this case,
the sca↵old conformation is not changed by the binding process, and the reaction rate
depends on the staple strand concentration in solution. Steric interactions with strands
bound directly next to the current domain can slow down the binding rate.

Staple loop binding A staple that is already bound to the sca↵old strand with at
least one domain can bind another domain through a unimolecular reaction. In this case,
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the staple strand concentration in solution plays no role. Instead, the sca↵old strand
needs to be further compacted in order to allow binding, and the binding rate depends on
the current compaction state of the sca↵old strand. As in the solution binding reaction,
steric e↵ects can further slow down the binding rate. On the other hand, local e↵ects
due to spatial organization by neighboring staple strands can significantly accelerate the
binding.

Sca↵old loop binding Sequences on the sca↵old strand may be complementary to
other sequences on the sca↵old strand and bind in a unimolecular reaction. This reaction
type is very similar to the staple loop binding reaction, with a slightly modified rate factor
due to the fact that the loop being closed is a hairpin loop, not an internal loop as in
the staple loop binding reaction. Furthermore, since such reactions are not purposefully
designed, no acceleration due to preorganization of the local environment will occur.

We assume that these binding rates are dominated by entropic e↵ects, such as compaction
of the sca↵old strand, reduction of the molecule number in solution, and steric hindrances,
thus leading to di↵erent rates for each subtype. Unbinding, on the other hand, is only
a↵ected by the stability of the domain sequence, and local stacking interactions with
neighboring domains that may stabilize it further. The unbinding rates are thus calculated
identically for all three types.

4.4 Factors a↵ecting reaction rates

We will now discuss how the rate calculation is done in detail, going over every e↵ect that
is considered in our model. The selection of relevant factors is based on our knowledge
about the system components and the observed experimental folding behavior.

4.4.1 Fundamental binding and unbinding rates of a duplex

We have previously mentioned that the hybridization reaction of two short complementary
sequences can be approximated as a single-step transition between two states, the fully
unbound and the fully bound state. In the fully unbound state, the two strands are not
connected in any way, form zero base pairs, and thus show no spatial correlation. In
the fully bound state, all base pairs are formed and the two strands are, although non-
covalently, tightly bound. The lifetimes of intermediate states in which some but not
all base pairs of a duplex are formed are short compared to the lifetimes of the fully
unbound and the fully bound state. This is due to the cooperative nature of duplex
formation. Binding of neighboring base pairs significantly increases the probability and
rate of formation for a base pair. Once duplex formation has been initiated at a first,
su�ciently stable point of contact, it either rapidly proceeds to the fully bound state
through a zipper-like transition [41–43] (Fig. 4.5), or fails to complete and the two strands
dissociate. We can therefore describe the behavior of duplex binding using a simple all-or-
nothing two-state model, only considering the fully unbound and fully bound states.

[Duplex]

[Strand 1][Strand 2]
= K

a

(4.2)
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fastslow
Figure 4.5: Two complementary single strands find each other in solution and then form
a hybridization nucleus upon contact, which may transition into the fully formed helix in
a zipper-like fashion.

The association constant K
a

, and thus the stability of a duplex with known sequence
can be predicted with high accuracy using a nearest-neighbor (NN ) model, which assigns
enthalpic and entropic energies to each two-base subsequence present in the duplex se-
quence [44]. The model is called a nearest-neighbor model because the energy contribution
of each base pair depends only on the sequence identities of the nearest neighboring bases.
More complex calculations, e.g. based on three-letter subsequences, do not significantly
improve the predictive power of the model [45].

Because the DNA backbone is strongly negatively charged, duplex stability is also de-
pendent on the cation concentrations in solution. Standard NN values are only defined
for ion concentrations of 1M sodium. However, accurate correction factors for solutions
containing di↵erent concentrations of monovalent ions, and even divalent ions such as mag-
nesium in addition to monovalent ions, as is the case in our origami reaction mixtures, are
available [46].

So far, we are able to accurately predict the equilibrium state of a domain and its asso-
ciation constant K

a

. Since K
a

is the fraction of the binding rate k
on

and unbinding rate
k
o↵

, this still leaves us with a free proportionality factor with an unknown functional de-
pendence on domain length, sequence, and environmental variables such as temperature.
O↵ rates are consistently reported to depend roughly exponentially on the free energy of
hybridization [42,43,47,48]. The functional form of the unbinding rates is thus:

k
o↵

⇠ exp

✓
�
�G

hybridization

(T )

k
B

T

◆
(4.3)

With�G
hybridization

(T ) based on the NN model. For typical sequences occurring in origami
structures, this means that unbinding rates of di↵erent domains can vary by up to 10
orders of magnitude. Binding rates, on the other hand, are expected to be relatively
similar for di↵erent sequences. Based on theory, one expects a linear rate dependence on
sequence length for short (< 100 bases) sequences [41, 42]. This is a consequence of the
zippering model of hybridization. Because the rate-limiting step in the zipper reaction
is the formation of the short initial nucleation site, which is expected to be 1-2 bases
long [42] and thus much shorter than most sequences considered by us, total domain
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stability does not factor as strongly into the binding rate as it does for the unbinding rate.
In theory, the binding rate should be the result of a two-state reaction with a negative
activation energy, describing the formation of the unstable nucleation complex, combined
with the probability of successfully completing the zippering process. This probability
can be described by a biased random walker with draining boundary conditions. The bias
of the random walker represents the free energy gain for every successive base pair being
formed and is therefore dependent on the system temperature as well [49]. Both e↵ects
together can be described mathematically as follows. The probability of encountering a
nucleation site with an activation energy barrier of �G

nucleation

is proportional to:

P
nucleation

⇠ e
��G

nucleation

(T )

k

B

T (4.4)

The probability of a random walker with a bias r successfully completing n steps is:

P
random walker success

=
rn

rn � 1
· (1� r�1) (4.5)

The bias of the random walker is based on the free energy per base pair addition during
zippering �G

bias

:

r = e
��G

bias

(T )

k

B

T (4.6)

Since a duplex of length L
duplex

has approximately L
duplex

�L
nucleation site

+1 possible nu-
cleation sites, and the random walker needs to complete n = L

duplex

�L
nucleation site

steps,
the total binding rate should be proportional to the following combined function:
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(4.7)

This formula seems a bit complex, but for realistic physical values of the random walker
bias, based on the SantaLucia Jr. stability NN parameters, we see that the random
walker success probability does not significantly di↵er for strands of di↵erent lengths for
temperatures below 60 �C (Fig. 4.6). The temperature dependence is weak over this range
as well, with only a 16% decrease in success probability between 25 �C and 55 �C. Since
the origami folding process occurs in an even more narrow temperature range, we can
simplify the formula by assuming a constant random walker success probability for all
sequences:

k
on

⇠ (L
duplex

� L
nucleation site

+ 1) · e�
�G

nucleation

(T )

k

B

T (4.8)

By determining the average nucleation site size L
nucleation site

and the activation barrier
for the formation of the nucleation site at di↵erent temperatures �G

nucleation

(T ), we could
thus try to predict binding rates for each domain for every system condition. However,
experimental data suggests that more complex processes a↵ect the on-rates of DNA hy-
bridization. Di↵erent studies have shown both increasing [47, 48] and decreasing [42, 43]
on-rates over temperature. Newer coarse-grained molecular simulations suggest non-
markovian behavior during the duplex association and disassociation as a cause of this
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Figure 4.6: The probability of successful zippering upon nucleation is not strongly depen-
dent on the sequence length for realistic bias values.

complex behavior [50]. Seemingly identical system states with the same number of base
pairs behave di↵erently based on their previous state history. This means that the current
base pair level description of the intermediate states may not be su�ciently accurate to
establish a predictive model. As shown in Figure 4.7, two intermediate states that have
the same base pair configuration may di↵er significantly in their 3D structure, and thus
have di↵erent reaction rates for binding and unbinding of further base pairs. This does
not violate microscopic reversibility, but is just a consequence of a system description that
is too inaccurate to properly describe all important system features.

Due to these di�culties, and actual lack of a comprehensive theory at this point in time, we
do not treat these e↵ects explicitly and set the same, constant rate modifier for all domains.
The prefactor due to the number of possible nucleation sites per domain is less ambiguous
and should only change for long domains (> 100 base pairs) due to steric exclusion e↵ects
[41]. Since L

nucleation site

is assumed to be ⇡ 1�2, we chose L
nucleation site

= 1, which leads
to a very simple functional form for the binding rate:

k
on

⇠ L
duplex

(4.9)

This may seem like a large simplification compared to the initial functional form, but we
have to keep in mind that at the same time unbinding rates vary over many orders of
magnitude for di↵erent sequences. Thus any e↵ect in binding rates other than the largest
ones will not be crucial for our model. We now have relationships for both our binding
and unbinding rates, accounting for all e↵ects due to domain length, domain sequences,
temperature, or salt e↵ects. This leaves a single free variable k

0

in our model. Since K
a

is
the fraction of k

on

and k
o↵

, we can still multiply both rates by a constant value without
changing the functional form of either rate, and still fulfill the relation to K

a

:

K
a

=
k
0

· k
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k
0

· k
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(4.10)
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Figure 4.7: A base pair level description may not be su�cient for the accurate descrip-
tion of the hybridization process [50]. Two intermediate states that are identical on the
base pair level may di↵er significantly in their 3D structure, leading to di↵erent reaction
behavior over time.

Because k
0

a↵ects every reaction in the entire reaction system in the same way, changing it
is equivalent to rescaling the system time. Doubling k

0

means that every possible reaction
will occur twice as fast, equivalent to the system time progressing twice as fast. We
therefore simply chose the k

0

value for which the predicted origami folding times match
the experimentally derived times the best. Based on our results in Chapter 5, we obtain
a value of k

0

⇡ 1.2 · 105, which matches the equivalent literature values in the range of
105 � 106 well.

4.4.2 Dangling ends stabilize domains

We have so far considered only DNA sequences which are fully complementary. However, in
our origami structures, most staple strands consist of multiple separate domains, meaning
that only parts of the staple strand are complementary to a particular sca↵old strand se-
quence. Upon binding of such a complementary domain, there will remain single-stranded
overhangs at the end of the domain. Although these overhangs, the dangling ends, do not
form a DNA helix, they contribute to the energetic stability of the DNA duplex because
they can form stacking interactions with the final base pairs of the duplex. This interac-
tion is short-ranged, and only the first bases after the end of the complementary duplex
contribute significantly [44] (Fig. 4.8). On average, these interactions are stabilizing, but
only weakly. Unfortunately, the interaction behavior of multiple dangling ends has been
measured, but not published (see Chapter 9 for details). We therefore currently treat all
dangling ends the same, applying a sequence-averaged factor to all domains with over-
hangs, which we add to the energetic value determined for the duplex domain itself based
on the NN parameter values. The exact energetic parameters used are listed in Chapter
9.
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ΔG ΔG ΔG> ≈0 1 2
Figure 4.8: Dangling end contributions. The leftmost structure shows a duplex formed
from two fully complementary strands. Strands which are only partially complementary
lead to the formation of duplexes with single-stranded overhangs. Only the first overhang
bases after the end of the duplex contribute significantly to the free energy �G of the
duplex.

4.4.3 Loop closures are entropically penalized

We have considered the hybridization rates of two free strands binding. However, most
reactions during the origami folding process involve the binding of a domain on a staple
strand which is already connected to the sca↵old strand. The reaction is not a bimolecular
reaction leading to the connection of two separate molecules, but rather a unimolecular
reaction describing the intramolecular reorganization of the origami structure. As a conse-
quence, the rate with which these reactions occur is not dependent on the concentrations
of sca↵old and staple strands, but on the spatial organization of the sca↵old strand. The
binding of two already otherwise connected domains always leads to the creation of a
loop, which necessitates that the strands connected to the two binding sites are brought
into close proximity to each other. This additional distance constraint reduces the num-
ber of conformational states available to the sca↵old strand, thus leading to an entropic
cost (Fig. 4.9). Because the entropic cost accrues continuously as the two locations are
brought closer together, the e↵ective force, which is the derivative of the energetic cost, is
weakly but continuously acting during the entire approach of the two binding sites. Since
the bound state phase space is much smaller than the unbound state phase space, the
binding transition from the unbound state will be predominantly a↵ected by this e↵ective
force, leading to a reduced binding rate. We can therefore treat this e↵ect as an e↵ective
concentration, arising from the current sca↵old strand conformation. We will now derive
this e↵ective concentration in more detail.

First, we consider the simple case of a linear chain, whose ends will be connected (Fig.
4.10). In order to close such a loop, the two reactive ends have to be brought together in
such a way that they are within a distance L

bind

which allows formation of the bond. The
exact value of L

bind

will depend on the type of bond. Assuming that the chain is in equi-
librium, we want to calculate the probability of states which fulfill this distance condition.
This probability can be calculated for random chains, according to Jacobson-Stockmayer
theory [51]. A random chain in this case means a chain of rigid segments, which have
no directional correlation between individual segments. Such a chain is mathematically
equivalent to a 3-dimensional random walk, with a probability distribution P (L) for an
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Figure 4.9: Staple strand mediated loop closure. The shaded green volumes schematically
represent the conformational volume available to the sca↵old strand before and after loop
formation. The conformational freedom of the sca↵old strand is significantly reduced by
the loop formation.

Lbind

Figure 4.10: Simple loop closure. The two reactive binding sites (red) have to be brought
within a reaction volume with diameter L

bind

in order to bind.
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end-to-end distance L:
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In order to calculate the closure probability, we integrate this probability distribution over
all distances L  L

bind

:

P
closure

=

LL

bindZ

L=0

P (L)dL (4.12)

Assuming that the end-to-end distance required for binding is much smaller than the
average end-to-end distance, i.e. L2

bind

⌧ hL2i, we can approximate the probability dis-
tribution by dropping the exponential factor, since it will be ⇡ 1 in the entire integration
range:
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The closure probability integral is then simply:

P
closure

⇡
LL

bindZ

L=0

✓
3

2hL2i⇡

◆ 3

2

4⇡L2dL =

✓
3

2hL2i⇡

◆ 3

2

V
bind

(4.14)

Since all chain conformations are assumed to be energetically equivalent and thus equiprob-
able, we can use Boltzmann’s equation to determine the entropy of the system:

S = k
B

ln(number of states) (4.15)

The entropic penalty for loop closure is then
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Standard Jacobson-Stockmayer theory assumes a fully random chain with no self-interactions.
In this case, hL2i is proportional to n, the number of segments in the chain. In this case,
we can rewrite the formula for the entropy of loop closure by moving all constants into a
constant term �S

0

.
�S = �S

0

� 1.5k
B

ln(n) (4.17)

Neglecting self-interactions means that chain arrangements in which two segments occupy
the same physical space are not excluded from calculations even though they are impossi-
ble. For DNA chains, contributions by these impossible states turn out to be significant.
However, the derivation up to equation 4.16 is appropriate for any chain type whose prob-
ability distribution can be approximated by a Gaussian distribution. We can thus use a
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(a) Hairpin loop. (b) Bulge loop. (c) Internal loop.

Figure 4.11: Di↵erent DNA loop types. Due their di↵erent conformational arrangements,
each loop type contributes a di↵erent entropic penalty.

modified chain model that includes such excluded volume e↵ects to more accurately rep-
resent DNA behavior. Inclusion of excluded volume e↵ects will force the chain to occupy
larger volumes, thus intuitively leading to larger mean square distance values hL2i. When
hL2i is no longer a linear function of n but of the form nx, the factor in front of the
logarithm will thus change, yielding a generalized form of the entropic costs [52,53]:

�S = �S
0

� ↵ k
B

ln(n) (4.18)

Numerical simulations of chains including excluded volume e↵ects confirm this behav-
ior, showing power law dependencies of hL2i in n [54–56]. It is this modified Jacobson-
Stockmayer model that SantaLucia Jr. et al. use to extend their experimentally measured
loop entropy penalties [44] into a general function of n, giving us the following form for
�S:

�S = �S
0

� 2.44k
B

ln(n) (4.19)

The �S
0

values contain e↵ects such as the binding reaction volume V
bind

, and thus depend
on the structural type of loop being closed. There are three di↵erent loop types for which
SantaLucia Jr. et al. determined �S

0

values, the hairpin loop, the bulge loop, and the
internal loop (Fig. 4.11), all of which can occur in our origami structures during folding.

This allows us to calculate the e↵ects of simple loop closures. However, in origami struc-
tures, our sca↵old strand is circular, and often contains additional other loops (Fig. 4.12).
The derivation of the entropic cost of forming multiple, possibly overlapping loops is sim-
ilar to the derivation for a single loop, but more complex [57]. Previously, we considered
the probability of bringing two chain ends within a binding distance L

bind

. We now con-
sider the case of a chain with n chain sites along the chain that will bind to each other
(Fig. 4.13). Assuming that the distance probability distribution for arbitrary chain ele-
ments can be described by a Gaussian probability density, we can write the probability of
observing a distance vector ri between the i-th and i+1-th binding site as:

P (ri) =

✓
3

2hr2i i⇡

◆ 3

2

exp

✓
�

3r2i
2hr2i i

◆
(4.20)
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Figure 4.12: Complex loop assemblies, with a circular sca↵old strand, and with multiple
staple connections. In each case, multiple loops change their size during the binding event.

Figure 4.13: Naming scheme for distance vectors between multiple contacts in a chain.
The connection vector �1 can be written as a sum of the segment vectors ri with weight
factors  

i

depending on whether ri is inside or outside the loop formed by connection i.
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We now generate m connections. The k-th connection is created by bringing together the
binding site i

start

k

and the binding site i
end

k

. The distance vector �k between these two
sites can be written as a sum of the chain distance vectors ri weighted with factors  

ki

,
with  

ki

= 1 when ri is inside the formed loop, and  
ki

= 0 when ri is outside the formed
loop:

�k =
nX

i=0

 
ki

· ri (4.21)

We therefore have m variables �k that are linear combinations of n variables ri that
have Gaussian probability distributions. Wang and Uhlenbeck [58] show ”easily” that the
probability distribution of m variables y

k

, which are linear combinations of n variables
x
i

:

y
k

=
nX

i=1

a
ki

x
i

k = 1, 2, · · · ,m (4.22)

with x
i

being distributed according to the n-dimensional Gaussian distribution:

P (x
1

, ..., x
n

) =
nY

i=1

1

�
i

(2⇡)
1

2

exp(� x
i

2

2�
i

2

) (4.23)

can be described by the m-dimensional Gaussian distribution:

P (y
1

, ..., y
s

) =
1

(2⇡)s/2|B|
1

2

· exp

2

4� 1

2|B|

sX

k,l=1

B
kl

y
k

y
l

3

5 (4.24)

with

b
kl

=
nX

i=1

a
ki

a
li

�
i

2 = hy
k

y
l

i (4.25)

and B
kl

being the cofactor of b
kl

and |B| being the determinant of the matrix b
kl

.

Since our distance vectors fulfill all requirements of Wang and Uhlenbeck, we can adapt
this result for our connection site distance vectors. We define c

kl

[57]:

c
kl

=
mX

i=1

 
ki

 
li

hr2i i (4.26)

with C
kl

again as the cofactor of c
kl

, and |C| as the determinant of c
kl

. c
kl

is only non-
zero if the loops k and l share at least one chain segment. It is therefore a measure for
the amount of overlapping between multiple loops. The probability of observing a set of
connection site distance vectors �i can be written as:

P (�1, ...,�m) =

✓
3

2⇡

◆
3m/2

|C|�3/2 · exp

2

4� 3

2|C|

mX

k,l=1

C
kl

�k�l

3

5 (4.27)

As before, we now determine the fraction of states of all conformational states which fulfill
our distance requirements for binding. Unlike before, we now do not only consider a single
distance, but have to simultaneously bring 2 ·m binding sites within the binding distance
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L
bind

to their respective binding partner. This is equivalent to performing m integrations
over m distinct reaction volumes V

i

of the joint probability density distribution:

P
all connections closed

=

Z

V

1

d�1 · · ·
Z

V

m

d�mP (�1, · · · ,�m) (4.28)

Again assuming that all �i within the binding reaction volumes are much shorter than the

average end-to-end distances
q
hr2i i of all chain sub-distances: �2

i ⌧ hr2i i, we approximate

the exponential factor as 1 [59]. The approximate joint probability distribution within the
binding volumes is then:

P (�1, ...,�m) ⇡
✓

3

2⇡

◆
3m/2

|C|�3/2 (4.29)

Assuming that all connection volumes V
i

are of the same size, since they all represent
reactions of the same type, P

all connections closed

is then:

P
all connections closed

⇡
✓

3

2⇡

◆
3m/2

|C|�3/2 · V
bind

m (4.30)

The entropic penalty for assuming this conformation compared to a strand with no con-
nections is then again according to Boltzmann’s equation:

�S = k
B

ln(P
all connections closed

) = m ·�S
0

� 1.5k
B

ln(|C|) (4.31)

In the limiting case in which all loops are non-overlapping, the matrix c
kl

becomes diagonal,
with the diagonal elements c

kk

:

c
kk

=
mX

i=1

 
ki

hr2i i (4.32)

For a random chain, hr2i i is proportional to the number of segments within the chain
sub-domain i:

c
kk

⇠
mX

i=1

 
ki

· number of segments in chain subdomain i

= number of segments in loop k

(4.33)

Since, in the limit of non-overlapping loops, c
kl

is diagonal, the determinant |C| is simply
the product of all c

kk

. By shifting all constants into �S0
0

and defining n
i

= number of
segments in loop i, our resulting total entropic cost for the formation of m non-overlapping
loops has the form:

�S = m ·�S0
0

� 1.5k
B

ln

 
mY

i=1

n
i

!

=
mX

i=1

�
�S0

0

� 1.5k
B

ln (n
i

)
�

(4.34)

In the non-overlapping case, the total entropic cost is thus simply the sum of the entropic
costs of the individual loop closures as previously derived.
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However, in all other cases, the calculation of the entropy caused by overlapping loops
requires the determination of all overlaps between all possible loop reactions and all already
formed loops, and the calculation of the determinant of the resulting matrix. During our
simulation, we encounter systems with connection numbers on the order of 103 connections.
In these systems, we have on the order of 104 possible di↵erent loop reactions at any
point in time. For each loop reaction, we have to calculate the appropriate determinant
to calculate the entropic cost. The computational complexity of practical determinant
algorithms (e.g. LU decomposition) scales with O(n3). Thus we have to perform O(1013)
calculations during each simulation time step. Of these time steps, more than 107 occur
during an average simulation run. In combination, the required number of computations
in order to calculate the exact entropic costs of loop formation is not practically feasible.
We therefore have to further approximate the calculation.

Fig. 4.14 shows an exemplary sca↵old strand containing 3 loop connections. We now
add a fourth connection and want to estimate the entropic penalty for the addition of
this connection. The connection bridges a distance along the sca↵old strand that we call
the euclidean distance L

euclidean

. Without other connections, L
euclidean

is the maximum
distance by which the two binding sites can be separated, limiting the volume available
to di↵erent conformations. When other loops are already present, on the other hand, the
conformational volume is already reduced by the constraints introduced through the other
loops. In this case, the maximum distance between the two binding sites is set by the
shortest path between them, using both sca↵old strand and connections (as shown in Fig.
4.14b). Since the entropic penalty is determined by the ratio of allowed conformations
before and after binding, a reduced initial conformational space means that the entropic
penalty is smaller. As an approximation, we assume that the entropic penalty of the
additional loop closure is equivalent to the penalty of creating a loop of length L

shortest path

in a chain with no other loops, as determined by SantaLucia Jr. et al.:

�S ⇡ �S
0

� 2.44k
B

ln(L
shortest path

) (4.35)

This approximation overestimates the entropic penalty in so far that not only is the confor-
mational volume prior to binding already reduced to a sphere with diameter L

shortest path

,
but the density of allowed conformations within this volume may also be reduced due to
the constraints introduced by the existing loops. At the same time, it underestimates the
entropic penalty in so far that we not only force the two binding sites to be next to each
other, but we may also reduce the number of conformations available to other parts of
the sca↵old strand which are connected to the binding site through the other loops. Since
these two errors have opposing signs, they will compensate each other to some degree.
Since we expect the resulting entropic cost to apply mostly to the binding rate, we obtain
the following binding rate function for loop closure:

k
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= k
0

· exp
✓
� �G

k
B

T

◆

= k
0

· exp
✓
�
�T (�S
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� 2.44k
B

ln(L
shortest path

))

k
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T

◆

= k
0

· k
loop o↵set

· exp (�2.44 ln(L
shortest path

))

= k
0

· k
loop o↵set

· L
shortest path

�2.44

(4.36)

By requiring only the shortest paths between all possible binding reaction sites, instead
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Leuclidean

Lshortest path

(a) An exemplary multi-loop state. The left side shows the abstract connectivity graph. The right
side shows a physical conformation equivalent to the connectivity graph. The sca↵old strand (blue)
is connected through 3 existing connections (black). A potential fourth connection is shown in red,
connecting two sites with a distance L

euclidean

along the sca↵old strand. Due to the other loop
connections, the actual shortest distance between the sites is the smaller L

shortest path

. The green
shaded areas show the binding reaction volumes of the existing connections.

(b) Conformational changes due to the addition of the fourth connection. Prior to binding, the
two binding sites (solid red circles) can explore a volume (shaded red circle) with a diameter whose
upper bound is the shortest path distance between the two binding sites (solid red line). This
volume is reduced to the binding reaction volume upon binding of the connection (right side).

Figure 4.14: Intuitive derivation of the shortest path approximation for the loop entropy
due to the addition of one further loop.
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of calculating the previously determined correlation matrix and determinant for each re-
action, we can significantly reduce the computational complexity. It is important to note
that this approximation no longer fulfills conservation of energy. Because di↵erent system
states with di↵erent exact total entropies can have the same shortest path distance for a
particular binding reaction, the total energy of the system can change irreversibly due to
the error in the approximation. It is possible to construct cycles of reaction steps which
would seem to continuously increase or decrease the total system energy. However, since
the folding process is strongly out of equilibrium and in most cases progresses irreversibly
towards the fully folded state, such energy draining or generating cycles are unlikely to
persist over significant timescales. Consistent with this assumption, the mathematically
similar but simpler model in [39] was run in an exact energy calculation mode and using
the shortest path entropy approximation, with similar results in both cases. Calculation
of all shortest paths between all possible connection sites has complexity O(n3) [60]. We
therefore have to perform ”only” O(109) calculations per time step using this approxima-
tion, a speed-up on the order of 104 compared to the exact approach. Unfortunately, due
to the large number of simulation steps, this speed-up is still not su�cient for practical
applications. We therefore introduce yet another approximation in the next section, the
small-world approximation.

4.4.4 The sca↵old strand leads to small-world behavior

We need a simpler way to determine the shortest path distance L
shortest path

for a given pair
of binding sites with a euclidean distance L

euclidean

for a given connectivity state. Luckily,
there exists a model that happens to share characteristic features with DNA origami
structures, even though it was originally developed for entirely unrelated applications.
Small-world networks are graphs in which any vertex can be reached from any other
vertex within a small number of steps, and the neighboring vertices of a vertex are likely
to be neighbors of each other as well. Such networks were first investigated in the Watts-
Strogatz model [61]. It is a graph of this type, specifically a modified Watts-Strogatz graph
of dimension 1 [62], that closely resembles the origami system. Such a graph is generated
by first setting up a circular 1-dimensional lattice, and connecting each vertex on the lattice
to its two direct neighbors (Fig. 4.15a). We then cycle through all vertices, and with a
probability p, add a connection between the current vertex and a random, di↵erent vertex
on the lattice. The resulting graphs look just like our sca↵old strand connectivity graphs
(Fig. 4.14a), with the initial 1-dimensional lattice representing the sca↵old strand, and
the randomly added connections representing the connections introduced by loop binding
events. As seen in Fig. 4.2, staple crossovers in real designs can span all possible euclidean
lengths, thus making their approximation as random connections at least conceivable.
Consistent with the results suggested by such a small-world approximation, numerical
simulations on the configurations of chain molecules also show that in highly compacted
states, contacts between chain elements occur with a frequency that is largely independent
of their separation along the chain [63].

It is possible to make statistical statements about a range of interesting quantities for
graphs of this type. The average shortest path distance, that is the expectation value of
the shortest path between two randomly chosen vertices in such a graph, is very sensitive
to the number of additional connections added and drops to small values even for very
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Increasing connection probablity p

(a) Watts-Strogatz graphs of dimension 1. The leftmost
graph has a connection probability p = 0. The connection
probability increases towards the right. Note the similarity
of the graph appearance to the sca↵old strand connectivity
graph in Fig. 4.14a.
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(b) Average shortest path lengths
in Watts-Strogatz graphs, as a frac-
tion of the euclidean distance. For
p = 0, the shortest path distance
is equal to the euclidean distance.
Figure adapted from [61].

Figure 4.15: Shortest path length behavior in small-world networks. The average shortest
path length drops very quickly when just a few connections are added, and has already
dropped to less than 20% of the initial value when p = 0.01.

small values of p. It can be shown that the behavior of the average shortest path dis-
tance hL

shortest path

i can be described independently of the size of the lattice, by a scaling
function that depends only on the expected number of connections in the graph. Simple
approximations for this function exist [62]. We could therefore try to approximate the en-
tropic penalty for all loop closures in an origami with an average, system-state dependent
h�Si based on hL

shortest path

i. However, in order to correctly describe the origami folding
behavior, we cannot use this average value. The binding rate as defined above for any
particular loop reaction is a function of L

shortest path

:

k
on

= k
0

· k
loop o↵set

· L
shortest path

�2.44 (4.37)

Since this binding rate depends non-linearly on L
shortest path

, the binding rate based on
the average shortest path distance L

shortest path

:

k
on

(hL
shortest path

i) = k
0

· k
loop o↵set

· hL
shortest path

i�2.44 (4.38)

is not equivalent to the average binding rate over the shortest path distance distribu-
tion:

hk
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(L
shortest path
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Z

L
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shortest path

) · k
on

(L
shortest path

) dL
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shortest path

�2.44 dL
shortest path

(4.39)

We therefore need to know the probability distribution of L
shortest path

for a given L
euclidean

and a given system connectivity state. We will now briefly show how this distribution can
be determined, assuming that the modified Watts-Strogatz model is a good representation
of our origami system. First, we will relate di↵erent quantities of the origami system to
their respective values in the small-world network model:
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We will treat each vertex in the graph as a single sca↵old strand base. The initial circular
lattice thus represents the entire sca↵old strand in its fully unbound state. The length of
the sca↵old strand L

sca↵old

is then equal the number of vertices in the graph L.

The euclidean distance of a sca↵old connection, the distance between two binding sites
along the sca↵old strand, is therefore the shortest distance between two vertices before
any further connections are introduced. We will refer to this value as n.

Since the sca↵old strand and the lattice are circular, the maximum euclidean distance
is set as L

sca↵old

/2 = L/2. We will refer to this value as N .

The shortest path distance is the shortest distance between two binding sites when
considering the sca↵old strand and any existing connections. Likewise, the equivalent
distance in the small-world network is the shortest distance between two vertices on the
lattice, after all connections have been introduced. We will refer to this value as m.

Based on these definitions, it can be shown that the probability P (m|n) of observing a
shortest distance m for a given euclidean distance n has to have the following functional
form [64]:

P (m|n) =

8
><

>:

f(m,L, p) m < n

1�
P

n�1

i=1

f(i, L, p) m = n

0 m > n

(4.40)

Where f(m,L, p) is the probability that two diametrically opposite sites have minimal
separationm. Therefore P (m|n) is independent of the initial euclidean distance n ifm < n,
which is the case whenever at least one added connection is traversed in the shortest path.
This means that the shortest path probability distributions for all euclidean distances
for a given L and p can be described using a single distribution for all shortest path
distances smaller than the current euclidean distance, and taking the remaining fraction
of this unique probability distribution as the probability of m = n, the probability of no
shortening e↵ect due to existing connections.

Barbour and Reinert [65] show that by rescaling these distributions into a new universal
coordinate T :

T = 2pm� 1

2
ln(L2p) (4.41)

we can further determine a universal scaling function that is no longer dependent on any
system variable such as L or p, other than T . The probability of observing T > x fulfills
the following equation:

P [T > x] =

1Z

0

e�y

1 + 2e2xy
dy (4.42)

From this reverse cumulative probability function, we can calculate the probability of
observing a universal coordinate value T in the range T

1

< T  T
2

by calculating:

P [T
1

< T  T
2

] =

1Z

0

e�y

1 + 2e2T1y
dy �

1Z

0

e�y

1 + 2e2T2y
dy (4.43)
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0 1000 2000 3000
Shortest path [bases]

0

1

2

3

4

5

6

Pr
ob

ab
ilit

y 
de

ns
ity

10-3 2 connections

(b) Rescaled probability den-
sity, 2 connections.

0 1000 2000 3000
Shortest path [bases]

0

1

2

3

4

5

6

Pr
ob

ab
ilit

y 
de

ns
ity

10-3 5 connections

(c) Rescaled probability den-
sity, 5 connections.

0 1000 2000 3000
Shortest path [bases]

0

1

2

3

4

5

6

Pr
ob

ab
ilit

y 
de

ns
ity

10-3 50 connections

(d) Rescaled probability den-
sity, 50 connections.

Figure 4.16: The universal scaling function and its rescaling behavior for an example
system with L = 7560 and L

euclidean

= L/2. As the number of connections increases, the
probability of observing a small shortest path distance increases. The peaks at the right
end of each distribution represent the probability of the shortest path distance being equal
to the euclidean distance. This probability also decreases with increasing connectivity.

This probability is then equivalent to observing a real shortest path distance m in the
range:

T
1

+ 1

2

ln(2pL)

2p
< m 

T
2

+ 1

2

ln(2pL)

2p
(4.44)

While this integral cannot be solved analytically, it can be calculated numerically. Nu-
merical integration of the function is very slow, but since this universal scaling function is
independent of all system-specific values, we can calculate it once at high accuracy, and
then simply save the universal probability distribution as a look-up table in the simula-
tion code. The only calculation that then needs to be performed dynamically during the
simulation run in order to determine P (m|n) for any given system state is the rescaling
of the universal coordinate T into a system-specific shortest path distance m. Fig. 4.16
shows this rescaling for di↵erent numbers of added connections.



4.4. FACTORS AFFECTING REACTION RATES 63

4.4.5 Correct choice of on-rates for given initial loop lengths

We now know the probability of observing a particular shortest path distance for any
binding reaction separated by a euclidean distance n. What this means is that for a par-
ticular binding reaction with a euclidean distance n, if we were to look at many di↵erent
sca↵old strand conformations with the same number of already formed connections, we
would observe many di↵erent shortest path distances, distributed according to the prob-
ability distribution P (m|n). During each stochastic simulation, we want to simulate the
binding of this reaction in such a way that on average, a large number of such simula-
tions will reproduce the average behavior of the many di↵erent possible sca↵old strand
conformations.

We can for example, based on P (m|n), calculate the average binding rate for the loop
closure reaction:

hk
on

i =
nX

m=1

P (m|n) · k
on

(m) (4.45)

Using this average hk
on

i as our binding rate in all simulations will correctly reproduce
the average binding rate over many di↵erent sca↵old conformations at any point in time.
However, using this average binding rate in all our simulations will not reproduce the actual
average binding behavior. What we are actually interested in is correctly reproducing
the average binding state of the reaction over all sca↵old conformations, not the average
binding rate. Just as the binding rate is a non-linear function of the shortest path distance
m, the bound fraction of a unimolecular reaction i is a non-linear function of its binding
rate k

on

i

:

bound fraction
i

=
K

i

1 +K
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i
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(4.46)

Therefore the average bound fraction of many di↵erent reactions with di↵erent binding
rates k

on

i

resulting from the di↵erent shortest path distances predicted by our probability
distribution is not equivalent to the bound fraction of a reaction with an averaged binding
rate hk

on

i:

hbound fractioni =
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In order to correctly reproduce the average bound fraction using a constant binding rate
over all possible conformations, we would have to determine an e↵ective binding rate
k
on e↵

instead of the average binding rate hk
on

i. This e↵ective binding rate has to fulfill
the following condition:
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(4.48)

Using this e↵ective binding rate as our reaction rate in the stochastic simulation would
then lead to the same average bound fraction as we would expect averaged over all sca↵old
conformations. If all our binding reactions were independent reactions as shown above, it
may be computationally feasible to calculate these e↵ective binding rates for each possible
reaction at each time, as each calculation is just a summation over O(L

sca↵old

) terms.
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However, in our model, di↵erent binding reactions can block each other. This means that
the bound state of any binding reaction may influence the binding of any other reaction,
and thus all e↵ective binding rate equations are linked into a large equation system with
thousands of linked equations. In order to determine the e↵ective binding rate of any
reaction, we would need to solve this equation system at each point in time.

As an alternative, we can choose an approach similar to the stochastic Gillespie algorithm
itself. Since it is too complex to solve the equations linking all bound fractions together
for all possible binding rates, we instead stochastically pick a single binding rate for our
reaction according to the shortest path distance probability distribution, and periodically
update it to account for the fact that the sca↵old conformation changes over time, thus
changing all shortest path distances. In order for this approach to correctly reproduce the
aggregate behavior of many sca↵old strands, we have to fulfill certain conditions:

• Each binding rate has to be kept constant for su�ciently long that the reaction
approaches the average bound fraction expected for the respective rate. If we cycle
the rates too quickly, the binding rates themselves become averaged again. In the
limit of cycling through all possible binding rates infinitely fast, the simulation will
display all binding rates during each binding event, leading to the resulting rate
being the incorrect hk

on

i again.

• Each binding rate has to be chosen for a fraction of the total simulation time that
is equal to the probability of that rate occurring according to the shortest path
probability distribution. This guarantees that our system is ergodic, that is that the
fraction of time spent in the bound state averaged over time is equal the fraction of
states in the bound state averaged over all possible system states.

• The global system state, that is the number of connections in the sca↵old strand, has
to change slowly relative to the timescale of cycling through di↵erent binding rates.
Although the universal scaling function never changes, the rescaled real shortest
path distance probability distribution changes its shape according to the number
connections in the sca↵old strand. To correctly sample the probability distribution,
the switching between individual binding rates has to occur on shorter timescales
than the timescale in which the distribution changes its shape.

If we fulfill these three conditions, our simulations with stochastically picked binding rates
will reproduce the average binding behavior of many individual sca↵old strands, without
requiring the complex calculation of e↵ective binding rates for each binding reaction.

Simulation algorithms that fulfill these conditions are not necessarily unique. We could
for example define a time step t

update

that is su�ciently long to allow the equilibration of
all binding reactions, and simply update all binding rates whenever the simulation time
changes by t

update

. However, this algorithm requires the choice of t
update

by the user, with
no apparent objective criteria for the selection of a particular t

update

. In order to avoid
such free parameters, we chose the following algorithm:

For any reaction rate, the minimal time that we have to wait before updating the reac-
tion rates in order to ensure that the time spent in the bound state relative to the time
interval approaches the average expected bound fraction for this rate is the time needed
for one binding and one unbinding event to occur. If we were to choose a shorter minimal
update time, we would switch between two reaction rates before a single reaction event
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has occurred, leading to the averaging of these two rates instead of the averaging of the
bound fractions, as discussed above. The lifetimes t

reaction

of individual reaction events
of a one-step reaction with a reaction rate k are distributed according to an exponential
probability density:

P (t
reaction

) = k · exp(�k · t
lifetime

) with t
lifetime

� 0 (4.49)

The average lifetime of this density is the average reaction lifetime ⌧
reaction

= 1

k

. After
1 binding and 1 unbinding event the average fraction of time spent in the bound state
therefore is:

hbound fractioni = ⌧
bound

⌧
bound

+ ⌧
unbound

=
1

k

o↵

1

k

o↵

+ 1

k

on

=
k

on

k

o↵

1 + k

on

k

o↵

(4.50)

We thus fulfill the first condition for all reactions. But it would not be correct to now
simply chose the next reaction rate after this update time by using the shortest path
probability distribution. Because the average time spent per reaction rate is now variable
and depends on the reaction rate itself, we would spend more time with slow reaction
rates than with fast reaction rates, thus not fulfilling the second condition. Specifically,
since we spend on average a time ⌧

bind and unbind

= ⌧
bound

+ ⌧
unbound

at each reaction rate,
using the unmodified probability distribution would lead to the following average bound
fraction over time:

hbound fractioni =
nX

m=1

P (m|n) · ⌧
bound

(m) + ⌧
unbound

(m)P
n

i=1

P (i|n) · (⌧
bound

(i) + ⌧
unbound

(i))
·

k

on

(m)

k

o↵

1 + k

on

(m)

k

o↵

(4.51)
In contrast to the correct bound fraction averaged over all system states:

6=
nX

m=1

P (m|n) ·
k

on

(m)

k

o↵

1 + k

on

(m)

k

o↵

(4.52)

In order to correct for this factor due to the di↵ering lifetimes of di↵erent reaction
rates, we define a modified probability distribution p0(m|n), weighted with the inverse of
⌧
bind and unbind

(m) and renormalized to fulfill the probability distribution requirement:

p0(m|n) ⇠ 1

⌧
bind and unbind

(m)
· P (m|n) and

nX

m=1

p0(m|n) = 1 (4.53)

This modified probability distribution describes the probability with which a new shortest
path length m should be chosen for our new binding reaction rate calculation after the
previous reaction rate has been applied for the duration of 1 binding and 1 unbinding event
in order to fulfill our ergodicity requirement. Together the two requirements described
above define p0(m|n) uniquely:

p0(m|n) = P (m|n)
1

k

on

(m)

+ 1

k

o↵

· 1
nP

i=1

P (i|n)
1

k

on

(i)

+

1

k

o↵

(4.54)



66 A DNA ORIGAMI FOLDING MODEL

We can now calculate the average bound fraction over many steps resulting from this mod-
ified probability distribution. The bound fraction averaged over time over many reaction
rate updates is:

hbound fractioni = h⌧
bound

i
h⌧

bound

i+ h⌧
unbound

i (4.55)

with

h⌧
unbound

i =
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(4.56)

We plug in equations 4.54 and 4.56 into equation 4.55:
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And see that our bound fraction averaged over time using our modified probability density
does in fact match the average bound fraction over all sca↵old conformations (Eq. 4.47),
fulfilling the second condition.

Finally, the third condition is that global changes in the system state, that is progress in
the folding process, have to occur on longer timescales than the timescale of our reaction
rate cycling. The slowest possible reaction rate occurs for a looping reaction with the
shortest path distance being equal to the maximal euclidean distance L

sca↵old

/2. Assuming
a standard sca↵old size of 7560 bases and a basic binding rate value of k

0

= 106 s�1 we
expect an average lifetime of:

⌧
unbound

✓
L
sca↵old

2

◆
⇡ 1800 s (4.58)



4.4. FACTORS AFFECTING REACTION RATES 67

Universal scaling function

-5 -4 -3 -2 -1 0 1 2 3 4 5
Universal coordinate T

0

0.1

0.2

0.3

0.4

0.5
Pr

ob
ab

ilit
y 

de
ns

ity
Simulated scaling function
Exact scaling function

Figure 4.17: A histogram of the chosen shortest path distances in the simulation after 70
million simulation steps, rescaled into universal coordinates. The numerically calculated
universal scaling function is shown for comparison.

Given that the average timescales of folding are minutes to hours, this would mean that
the necessary separation of timescales is not given. However, small-world networks have
the e↵ect that shortest path distances drop dramatically upon the addition of only a
few connections. Again assuming our standard sca↵old size and basic binding rate, the
addition of just 10 random connections will lead to an average shortest path distance of
only ⇡ 500 bases, with the corresponding average lifetime being:

⌧
unbound

(10 connections) ⇡ 17 s (4.59)

Therefore, once just a few connections on the sca↵old strand have been formed, the third
condition can be assumed to be fulfilled to a reasonable degree. Fig. 4.17 shows the
distribution of shortest path distances that are drawn after 70 million simulation steps,
rescaled back into universal coordinates, in comparison to the numerically calculated uni-
versal scaling function. We see that they overlap well, indicating that the cycling occurs
quickly enough to sample the distribution fully.

Having fulfilled all conditions, our proposed algorithm thus o↵ers a simple, fast route
towards correctly treating the entropic costs of loop formation. We started out having
to calculate thousands of determinants of matrices with thousands of dimensions at each
reaction step. We first reduced this complexity by simplifying the calculation such that
only the shortest paths between all possible reaction sites had to be calculated at each
reaction step. Through further simplifications we are now able to estimate entropic costs
by only calculating the modified probability distribution p0(m|n) for a single reaction at
each reaction step, with a computational complexity of only O(L

sca↵old

).

So far, we have considered the case of a constant global system state, since it changes slowly
relative to our reaction rate cycling. However, over time these changes will accumulate
as the folding process progresses, and have to be taken into account. Since the expected
shortest path distance distribution changes its shape when the global system state changes,
we need to update our chosen shortest path distances. This could be done by periodically
choosing news shortest path distances for all reactions once the global system state has
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Figure 4.18: Comparison between a single and a double crossover binding event. In the
single crossover binding event, the two sca↵old strand binding locations have to be brought
close to each other prior to the binding of the second green staple strand domain, leading
to an entropic cost. In the double crossover binding event, the two sca↵old strand locations
are already held in place by the red staple strand, therefore accelerating the binding of
the second green staple strand domain.

changed su�ciently, but this would again introduce a user-defined arbitrary update step
duration. We can circumvent this issue by relying on the fact that the universal scaling
function in universal coordinates never changes its shape. Whenever we draw a new
shortest path distance, we track not only the shortest path distance but also the respective
universal coordinate from which it was calculated. If the global system state changes, we
simply recalculate all shortest path distances from the saved universal coordinates. This
way, our distribution of shortest path distances is guaranteed to always fulfill both the
constant universal scaling function requirements and the current shortest path distance
distribution requirements.

4.4.6 Double crossover formation is cooperative

In the previous section, we discussed the cooperative small-world e↵ect of random con-
nections on the sca↵old strand leading to a reduction of entropic costs for loop formation.
However, in origami designs, the crossovers that connect di↵erent sca↵old strand locations
are not placed randomly, but according to a presumably intelligent designer. Therefore
we observe an even stronger cooperative e↵ect than would be expected based on purely
random connections. The simplest example of this additional cooperativity is the double
crossover motif, as shown in Fig. 4.18. In a double crossover, two crossovers are placed
directly next to each other, back-to-back. This means that once one of the two crossovers
is formed, the binding domains of the second crossover are forced to stay directly next to
each other, thus leading to an extremely high e↵ective local concentration. The second
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Random connections Designed connections

Figure 4.19: Comparison between randomly placed and rationally designed crossovers.
The random crossovers bring binding sites closer to each other, but only to a limited
degree. Rationally designed crossovers support each other maximally, creating a rigid
framework which brings correct loop reaction sites directly next to each other.

crossover formation therefore does not have to pay the normal entropic penalty for bringing
the two sites next to each other and can progress much more quickly. We account for this
e↵ect by checking all designed double crossover locations continuously during the simula-
tion and setting the shortest path distance of all crossovers in double crossover locations
which already contain one bound crossover to 1 instead of the small-world value.

4.4.7 Tertiary structure leads to cooperativity

The double crossover motif is only the simplest motif that leads to increased cooperativity
due to rational design. Crossovers can stabilize each other through long-range interactions
even when they are not placed directly next to each other. Fig 4.19 shows two example
sca↵old strand conformations, one organized by random connections, and one organized
by a set of designed matching connections. In the rationally designed case, all crossovers
help each other in organizing the sca↵old strand, thus leading to a rigid assembly, while in
the random case no order is generated. This leads to a much more significant reduction in
the shortest path distance in the designed case. Even though no double crossover exists in
the design, the resulting total e↵ect is as if the green staple strand binding reaction was
being helped by an adjacent double crossover.

In order to account for this additional cooperativity, we need to determine which binding
sites are brought together by the structural arrangement of the sca↵old. The sca↵old
strand is held in place through two interaction types, connections of distant sca↵old do-
mains through crossovers, and the parallel orientation of adjacent helices through coaxial
stacking interactions. A particular binding reaction will be accelerated if both of the in-
volved domains are connected to the same rigid sca↵old sub-structure generated by such
interactions. We determine whether this is the case by first generating a structural con-
nectivity graph of the origami structure and determining all connected spatially organized
subparts of the graph. This can be done easily, for example by performing a breadth-
first-search [66]. This connectivity graph consists of vertices, each of which represents one
domain, which are connected by edges representing formed crossover or coaxial stacking
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Connected component Biconnected component

Figure 4.20: Comparison between a binding reaction stabilized by a connected component
and by a biconnected component. The topmost row shows the spatial arrangement of
the system. The center row shows the abstracted domain view. The bottom row shows
the connectivity graph of each system. Each vertex represents a domain, with edges
between vertices representing either coaxial stacking interactions or crossovers. In the
simply connected case, only a single path in the connectivity graph connects the two
sca↵old binding sites of the green staple strand. This leads to a weak co-localization
of both sites, but not a co-orientation. In the biconnected case, at least two separate
paths in the connectivity graph connect the two binding sites, leading to both strong
co-localization and co-orientation of the two binding sites. The cooperative e↵ect of the
biconnected component is therefore much more pronounced. [67]

interactions between the domains. Two vertices are connected by a crossover interaction if
the two domains represented by the vertices are directly connected by the crossover, with
no intervening bases. Two vertices are connected by a coaxial stacking interaction if the
two domains represented by the vertices are directly adjacent to each other on the sca↵old
strand, again with no intervening bases. However, it is not su�cient for cooperativity if
our two binding domains are simply connected in the connectivity graph. As shown in
Fig. 4.20, a single connecting path in the connectivity graph implies a spatial correlation
between the two domains, but does not ensure that they are placed directly next to each
other. We assume that this is only given if there are at least two separate paths between
the two domains in the connectivity graph, equivalent to the existence of a biconnected
component between the two domains. Such a conformation (Fig. 4.20) is much more
likely to place the two domains directly next to each other. A biconnected component is
a maximal biconnected subgraph of a connected graph. Each vertex can only belong to
exactly one biconnected component, otherwise the two components would form one larger
biconnected component. We can thus quickly obtain the biconnected components by using
our connectivity graph as a starting point. In order to quickly evaluate whether a par-
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ticular loop binding reaction is connected to such a biconnected component, we generate
a biconnectivity graph of the origami at each reaction step, for example by performing a
depth-first-search [66]. Calculation of the di↵erent graph components is performed using
the igraph library [68]. For all loops reactions for which both binding sites are connected to
the same biconnected component, we then again set the small-world shortest path distance
to 1.

4.4.8 Stacking interactions stabilize neighboring domains

A DNA duplex is stabilized through two main interactions, base pairing between matching
bases facing each other on both strands, and stacking interactions between neighboring
bases along each strand. The stacking interactions between neighboring bases contribute
significantly to the stability of the DNA duplex [45, 69–72]. These stacking interactions
can also occur between bases of adjacent DNA duplexes which are separated by a nick
in one of the strands (Fig. 4.21a) or a strand exchange (for example due to a crossover),
as so-called coaxial stacking interactions. In an origami structure, such coaxial stack-
ing interactions play a particularly important role due to the large number of crossovers
(Fig. 4.21b). A typical origami structure has ⇠ 500 unique crossover locations, each of
which contributes two coaxial stacking interaction sites and their associated free energy
to the total stability of the origami. Because the determination of sequence-dependent
stacking interactions requires the separation of the stacking interaction e↵ects from the
energetic contributions due to base pairing, more complex analysis methods than the
ones used for determination of the DNA hybridization NN parameters had to be devel-
oped [69,71,72]. Possibly due to this reason, there is a larger variation in reported values
for stacking enthalpy and entropy values than for NN parameters. In order to be able to
calculate stacking stabilities over a range of temperatures, we require values for �H and
�S. Both [45] and [69] provide such values, with both parameter sets giving similar av-
erage stabilities at relevant folding temperatures (h�G

Peyret

(50 �C)i = �1.55 kcalmol�1,
h�G

Pyshnyi

(50 �C)i = �1.23 kcalmol�1). Since we use NN parameters and dangling end
energy parameters determined by the SantaLucia Jr. lab, we also use their values for coax-
ial stacking stabilities [45] for consistency. Due to the larger uncertainty in the sequence
dependent parameters for this interaction, we currently consider a sequence-averaged en-
thalpic and entropic contribution for all stacking interactions. The individual sequence
dependent and the averaged energy values are given in Chapter 9.

Because the stacking interaction is a short-range stabilizing force, acting on sub-nanometer
lengthscales [72], we assume that its contribution to the reaction kinetics can be fully
attributed to a lower unbinding rate, and does not a↵ect the binding rate of hybridization
reactions. This is consistent with the observation by Kilchherr et al. that the on-rates
observed for stacking interactions with di↵erent sequences at the interface do not vary
significantly, even though their stabilities vary strongly [72]. As in the duplex hybridization
reaction, the di↵erences in stabilities are instead mostly absorbed by large di↵erences in
o↵-rates.
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(a) Coaxial stacking interactions between neighboring duplexes. Even though there is a strand
break between the orange and the red strand, the two domains can still form a coaxial stacking
interaction, indicated in green.

(b) Exemplary simplified origami structure showing the large number of coaxial stacking interac-
tions in an origami. Each green location represents one interaction site.

Figure 4.21: Coaxial stacking interactions: Structure and occurrence in origamis.

4.4.9 Steric hindrance due to strand overhangs

In the previous section, we discussed the energetic contribution due to the stacking inter-
action itself, with no further e↵ects considered. However, we can also encounter modified
stacking motifs in our origami designs that a↵ect these energetic contributions. If the
two unconnected strands in a coaxial stacking interaction do not end at the interaction
site but instead continue into overhangs, as shown in Fig. 4.22, an additional entropic
penalty has to be considered because these overhangs are restricted in their conformational
freedom, leading to steric hindrance e↵ects. A coaxial stack without strand overhangs is
therefore the most stable, with a coaxial stack with one strand overhang (equivalent to a
single crossover) being slightly destabilized and a coaxial stack with two strand overhangs

(a) A coaxial stack with 0
overhangs.

(b) A coaxial stack with 1
strand overhang.

(c) A coaxial stack with 2
strand overhangs.

Figure 4.22: The three types of coaxial stacks encountered in origamis. Stacking interface
shown in green.
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(equivalent to a double crossover) being significantly destabilized [44, 45, 73]. This desta-
bilization leads to a lower binding rate of the a↵ected domains, but does not significantly
a↵ect unbinding rates [73], which is consistent with the model that the energetic penalty
is due to steric hindrance of the strand overhangs, thus inhibiting the approach of the
complementary strands prior to binding. This e↵ect is therefore introduced in our model
by checking the neighborhood state of each domain, and reducing its binding rate if there
are overhangs present, with the energetic penalty being chosen such that it mirrors the be-
havior measured in experimental systems of stacking interactions with overhangs of 10 or
20 bases [73]. SantaLucia Jr. et al. claim to have determined the sequence dependent sta-
bilities of various coaxial stack systems with overhangs [44], but unfortunately elected not
to publish them due to the use in a commercial DNA hybridization prediction software.
A subset of these parameters, published in [45], qualitatively confirms the assumptions
made in our model.

4.4.10 Steric hindrance due to knotting

During each domain binding event, the two complementary strands have to wrap around
each other, with each strand executing one whole turn every 10.5 bases. As long as the
ends of each strand are free to move, this entanglement can proceed uninhibited. However,
if a staple strand has to bind multiple domains in di↵erent locations along the sca↵old
strand, it can get trapped in intermediate states which prevent this free movement (Fig.
4.23). Once external domains on the staple strand bind, both ends of the staple strand
become fixed and thus prevent internal domains from binding since the staple strand can no
longer freely rotate around its complementary partner strand. In our model, we therefore
block all staple domain binding reactions for domains that lie between two already bound
domains of the staple strand.

4.4.11 Binding of multiple staple copies inhibits folding

Origami folding reactions are normally performed with a high staple strand excess relative
to the sca↵old strand, with standard excess staple strand concentrations being 4-100 times
higher than the sca↵old strand concentration [1,74]. It is therefore possible that multiple
copies of the same staple strand sequence bind to the sca↵old strand simultaneously.
When this occurs, not all crossovers can be formed anymore, with one less crossover being
possible for each additional bound staple copy, as shown in Fig. 4.24 for a simple example
structure. Because each staple copy may bind multiple domains, they can remain bound
to the sca↵old strand for long periods of time, thus slowing down the folding process. The
more separate domains a staple strand has, the more likely it becomes that such a trapped
state occurs during the folding process. We implement this functionality in our simulation
by allowing a user-defined number of copies of each staple strand to bind simultaneously.
Each such duplicate and all its possible binding reactions are then treated as independent
strands which happen to target identical binding sites along the sca↵old strand. Since
we treat the sca↵old strand occupancy state explicitly in our model, blocking due to the
binding of multiple such strand copies is then inherently included in our model just by
applying the normal simulation rules.
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Figure 4.23: Di↵erent states of a 3-domain staple strand (red). If the staple strand first
binds both of its external domains, it can no longer freely rotate around the sca↵old
strand (blue) and is therefore unable to bind the center domain (bottom state). If the
staple strand binds one of the external domains and the central domain first (upper state),
it can successfully bind all three domains.

Figure 4.24: Left side: A staple strand with 4 binding domains. Right side: A trapped
folding state with two bound identical staple strand copies, each one occupying 2 of the
4 domains. Both staple strands are stably bound due to the correct binding of multiple
domains, but the central crossover cannot be formed anymore.
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4.4.12 Random complementary sequence matches inhibit folding

The final e↵ect that we consider is not directly a physical e↵ect a↵ecting binding and
unbinding itself, or a consequence of a particular design motif, but turns out to be of utmost
importance for the correct description of the origami folding process. A standard origami
design consists of 100-200 staple strands, designed to bind many complementary domains
on the sca↵old strand, each domain usually being between 7-16 bases long. However, since
the sca↵old strand is several thousand bases long, it is inevitable that staple sequences
will also be partially complementary to the sca↵old strand in unintended locations due
to chance sequence matches. The same applies to the sca↵old strand itself, which can be
(and is) complementary to itself in many locations. These unintended but unavoidable
bad random sequence matches lead to binding reactions that compete with the designed,
good sequence match binding reactions, and inhibit the folding process.

We can perform a simplified estimation to assess the importance of random match binding.
We have a sca↵old strand of length L

sca↵old

, and staple strands with a total joint length
of L

sca↵old

. If we assume that the sca↵old and staple strand sequences are essentially
random, the probability of any unique sequence of length n occurring on the sca↵old
strand is:

p
unique sequence on sca↵old strand

(n bases) =
L
sca↵old

4n
(4.60)

Assuming that the staple sequences are much longer than the random match sequences in
which we are interested, the probability of any unique sequence of length n occurring on
the staple strands is approximately also:

p
unique sequence on staple strands

(n bases) =
L
sca↵old

4n
(4.61)

Furthermore, there are 4n di↵erent unique sequences of length n. We therefore expect the
following number of matching sequence pairs of length n on the sca↵old and staple strands
just by chance:

N
sequence pairs

(n bases) =4n · p
unique sequence on sca↵old strand

(n bases)

· p
unique sequence on staple strands

(n bases)

=
L
sca↵old

2

4n

(4.62)

For an example value of L
sca↵old

= 7560 this gives us 55814 possible duplexes of length
5, just due to random sequence matches between staple strands and the sca↵old strand,
compared to just ⇠ 500 � 1000 rationally designed domains of all lengths! Furthermore,
we expect the same amount of additional reactions due to sca↵old-sca↵old interactions.
Of course, duplexes of 5 bases are not very stable, especially not at relevant folding tem-
peratures of ⇠ 50 �C. We can now try to estimate the number of sca↵old bases that will
be blocked due to the binding of random matches at relevant folding temperatures. We
will leave out many e↵ects to simplify the estimation: We will not consider stacking inter-
actions, steric hindrance due to strand overhangs, or mutual blocking of di↵erent matches.
We will not consider ”cooperative” binding of multiple random matches on the same staple
strand, and most importantly, we will not consider the compaction of the sca↵old strand
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Figure 4.25: Expected number of blocked sca↵old bases due to random matches of di↵er-
ent lengths. This estimate does not consider e↵ects such as sca↵old compaction due to
crossovers, stacking interactions, steric hindrance due to strand overhangs, or inhibition
between di↵erent binding sites. In total, we would expect over 900 bases of the sca↵old
strand, i.e. more than 10%, to be occupied by random match binding at any given mo-
ment. Cooperative e↵ects due to sca↵old strand compaction will further increase this
blocked fraction.

due to crossovers, which would further facilitate the binding of other random matches.
This estimation will therefore likely underestimate the number of sca↵old bases which are
occupied due to random sequence matches.

We estimate the average stability of a random sequence duplex of length n by using
the sequence averaged SantaLucia Jr. NN parameters. Random matches between staple
strands and the sca↵old strand are assumed to occur only through solution binding and
are calculated for a solution staple strand concentration of 200 nM, assuming a large
staple strand excess over the sca↵old strand. We can therefore approximate the bound
fraction of this bimolecular reaction by assuming constant staple concentrations, as shown
previously. For intramolecular random match interactions of the sca↵old strand with itself,
we assume that the sequences are randomly distributed along the sca↵old strand, and we
furthermore forbid loop lengths shorter than 3 bases due to steric hindrance, as hairpin
formation requires a loop length of at least 3 bases. This means that that every loop
length between l = 3 and l = L

sca↵old

2

bases is equally likely with a probability

p(loop length l) =

(
1

L

sca↵old

+1

3  l  L

sca↵old

2

0 l < 3 or l > L

sca↵old

2

The number of occupied sca↵old bases due to the binding of random matches of length n
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is then:

N
bases occupied

(n) = n · p
solution binding

(n) ·N
sequence pairs

(n)

+ 2n ·
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sca↵old

2X

l=3

p(l) · p
hairpin loop binding

(n, l) ·N
sequence pairs

(n)

= n · K
a

(n) · [staples]
1 +K

a

(n) · [staples] ·
L
sca↵old

2

4n

+ 2n ·

L

sca↵old

2X

l=3

1

L
sca↵old

+ 1
· K

a

(n) · 0.146 · l�2.44

1 +K
a

(n) · 0.146 · l�2.44

· Lsca↵old

2

4n

(4.63)

Finally, we have to consider the fact that each random match of length n has a probability
of p = 1/2 of being part of a random match of length n+1. Taking this into account, Fig.
4.25 shows the resulting number of blocked sca↵old bases for each random match length at
50 �C. In total, we obtain over 900 occupied sca↵old strand bases for our standard length
sca↵old strand, equivalent to more than 10% of all bases being occupied at any given point
in time. Counterintuitively, especially short random matches of 4-7 bases, which one may
have assumed to be too unstable to be of importance, contribute the most to this blocking
e↵ect. This is due to the fact that even though short random matches are very unstable,
their number increases with a factor of 4 for each base reduction in length, outpacing the
decrease in stability with reduced duplex length.

We implement the random match behavior in our simulation by performing a sequence
match search over all staple and sca↵old sequences and selecting all matches which are at
least as long as an user-defined minimum length and are more stable than an user-defined
minimum stability. Unless specified otherwise, the minimum length considered in our
simulations is n = 4, and the minimum stability considered is �G

hyb

= �4.0 kcalmol�1 at
T = 40 �C. This cuto↵ is necessary because the number of matches of very short lengths
becomes so large that simulation can no longer be run in a reasonable time frame. These
selected random matches are then introduced as extra binding reactions in addition to
the rationally designed binding reactions. Because short intra-molecular sca↵old-sca↵old
random matches with n < 7 dominate the random match behavior, we do not apply the
steric hindrance condition due to knotting that applies for staple loop binding events to
intramolecular sca↵old-sca↵old random match binding reactions. This is due to the fact
that such short duplexes do not even require a single rotation of the sca↵old strand in
order to bind, and that the sca↵old strand is significantly longer than staple strands and
thus can better absorb the twisting required for hybridization through conformational
changes.

4.5 Summary

We have now defined our origami folding model, based on our biophysical understanding of
DNA hybridization and on our initial experimental investigations into the folding process.
From an initially immense number of conceivable model choices, we have gradually re-
moved degrees of freedom by considering the consequences of available information about
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the system, ultimately leading to a unique model that seems to be without alternative.
Computational limitations and the two-state binding behavior of DNA hybridization led
to us to a domain-level description. The infinite number of possible intermediate folding
states requires stochastic treatment in the form of the Gillespie algorithm. The lack of
sca↵old concentration influence on the folding process means that it is su�cient to ob-
serve only a single sca↵old strand at a time. The large hysteresis between folding and
unfolding transitions combined with the out-of-equilibrium behavior of the folding pro-
cess means that the energy barrier between the folded and unfolded state is likely to be
largely entropic in nature. The small-world-network-like qualities of the sca↵old strand
make su�ciently fast calculation of these entropic e↵ects of folding possible in the first
place. The extreme cooperativity observed in experiments, limited to subdomains of the
entire origami structures, necessitates significant e↵ects due to the local connectivity of
the origami structure instead of global e↵ects. The narrow temperature range of fast fold-
ing means that strongly inhibiting e↵ects have to exist at lower temperatures, leading to
our consideration of random matches. In summary, a number of seemingly coincidental
features of the DNA origami system allow us to use a mathematically relatively simple
model.

We now move on to what is the most di�cult part of any theoretical model, predictions,
particularly predictions of results not known in advance. In the next chapter, we will
compare what our model predicts to what our experiments show.



Chapter 5

Synthesis of experimental and
computational results

In this chapter, we will now reap the fruits of our labor and analyze results of both
simulations and experiments to in order to better understand DNA origami folding. Ex-
perimental work presented in this chapter was done in collaboration with Pierre Stömmer
and Korbinian Liebl.

5.1 Exemplary simulation results

5.1.1 Folding

First, we will discuss general features of the simulation. In the following discussion, good
crossovers and good bases refer to crossovers and bases binding as intended in the origami
design. Bad crossovers and bad bases refer to crossovers and base pairs that form due to
the binding of random matches. Fig. 5.1 shows the results of an exemplary folding simula-
tion of a standard structure. Unless otherwise specified, all example traces in this section
are generated for this standard structure from previous experimental investigations into
the folding process [2], a brick-like origami consisting of 42 helices, the 42hb_v3 (structure
names are often historic and don’t necessarily carry an intrinsic meaning). The simulation
begins with a 5 s incubation at 65 �C, representing the experimental denaturation step,
followed by a jump to the folding temperature, in this case 50 �C. Because we simulate a
single sca↵old strand in our simulation, each simulation run yields a single reaction path-
way describing the behavior of one sca↵old strand, resulting in a single trajectory. By
running multiple simulation runs, we can then determine the average folding behavior of
the origami over time. Due to the stochastic nature of the simulation, each resulting fold-
ing trajectory is unique. The left graph in Fig. 5.1 shows the fraction of good crossovers
over time, while the right graph shows the number of bad bases in random matches. We
can clearly see the stochastic nature of the simulation, with the fastest folding reaction
proceeding much faster than the slowest one. We can also recognize the cooperative na-
ture of the folding process, with the fraction of good crossovers that are formed at first
remaining at a low level, until it suddenly quickly transitions to a high value representing

42hb_v3
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Figure 5.1: Exemplary simulation results. The folding process of an origami is simulated by
first setting the simulated temperature to 65 �C for 5 s, and then lowering the temperature
to the folding temperature at 50 �C for the remainder of the simulation. The left graph
shows the fraction of formed good crossovers for 5 independent simulation runs. The right
graph shows the number of bases occupied by random matches for the same 5 simulation
runs.

the fully folded state, thus leading to a sigmoidal function shape characteristic of cooper-
ative transitions. As expected, random matches initially bind much faster than the good,
designed domains, since there are orders of magnitude more random match reactions than
good binding reactions. Over time, however, as the good domains begin to form and co-
operatively support further binding of good domains, random matches are displaced and
the total number of bases occupied by random matches drops.

Due to the strong cooperativity in folding, stochastic e↵ects in the simulation runs are
amplified. A small variation in the number of bound good domains in two simulation
runs can lead to di↵erent binding rates for further good domains, leading to a larger and
larger deviation between the simulations. This sensitivity to small fluctuations leads to
an apparent two-state behavior, with most simulations at all times being either in the
folded or the unfolded state, and only a few occupying intermediate states. Since the
transition of any particular simulation run can be triggered by random stochastic e↵ects,
it is unlikely that a large fraction of all simulations will transition at the same time.
These behaviors are visible even better if we now run many simulations, and calculate an
average probability density of good crossovers formed over time. Fig. 5.2a shows such a
probability distribution. The simulated behavior matches the experimentally determined
folding behavior of the origami well (Fig. 5.2b). We can ease the comparison between
simulation and experiment further if we assume that the fraction of good crossovers is
proportional to the migration speed of the origami, which is reasonable to first order,
since each additional crossover will further compact the sca↵old strand, with the fully
folded structure being the most compact assembly. Fig. 5.2c shows a ”gel-like” display of
the simulation data. We display the good crossover fraction as the migration speed, and
show the distribution at set timepoints as vertical columns, just as if we had stopped the
simulations and run them on a virtual gel. The similarity between the experimental gel
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and the simulated ”gel” is striking.

Next, we look at the fraction of good bases during the folding process (Fig. 5.3). Interest-
ingly, the fraction of good bases does not simply mirror the behavior of good crossovers.
After reaching the folding temperature, the fraction of good bases quickly reaches a high
level, outpacing the increase in the fraction of good crossovers significantly. At the same
time, the fraction of good bases does not increase as much as the good crossover frac-
tion during the sharp cooperativity-driven folding transition. This means that initially,
many good domains, and particularly long and stable ones, are formed directly by staples
binding from solution, without the accompanying formation of correct crossovers. As the
folding process proceeds, more and more correct crossovers are formed, displacing iden-
tical copies of the same staples, and enabling the binding of shorter less stable domains
through cooperative e↵ects. We can see this behavior even better if we plot the fraction
of good crossovers over the fraction of good bases. At first, the fraction of good crossovers
relative to the fraction of good bases stays very low. Subsequently during folding the good
crossover fraction increases with a slope > 1, meaning that less than 1 average domain
length is added for each additional crossover.

If we look at the fraction of bad bases, we see an even faster reaction to changes in
temperature than in the good bases. Since there are millions of bad reactions due to
random matches in the physical system, and even in our simplified simulation, we consider
tens of thousands of such reactions, compared with only hundreds of good reactions,
the fraction of bad bases can equilibrate much faster. After the initial equilibration,
the fraction of bad bases only decreases slowly until the cooperative folding transition,
upon which it quickly drops to a lower value. Prior to the cooperative transition, both
good and bad binding reaction rates are mostly a↵ected the small-world e↵ect, which
treats all reactions the same. After cooperativity becomes significant, good base binding
reactions are accelerated in particular due to biconnected component e↵ects, allowing them
to outcompete bad base binding reactions.

5.1.2 Behavior far from the folding temperature

Having analyzed the simulation behavior in the folding temperature range, we now turn to
temperatures above and below this range, at which we observe no folding in experiments.
Consistent with experimental observations, at high temperatures no structure formation
of any kind is observed. Neither random matches nor good domains are stable enough
at these temperatures to remain bound for longer periods of time. From time to time,
a possible seed structure for folding may form, but it is not su�ciently stable to lead
to further folding and eventually unfolds again. In addition to the decreased stability of
domains, the entropic costs for structure formation are even larger at higher temperatures,
and thus the staple strands are unable to significantly compact the sca↵old strand (Fig.
5.4b).

At room temperature, in contrast, we observe the opposite extreme. Almost all sca↵old
strand bases are occupied at all times, but mostly by random match reactions (Fig. 5.4a).
Almost every possible match is stable, leading to a trapped frustrated state that cannot
reach the energetic minimum of the correctly folded state. We can see that some good
crossovers are formed, but at a rate that is beyond practical application, consistent with
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(a) Averaging over many individual folding traces leads to two-state-like behavior.

(b) Corresponding experimental folding time measurement.
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(c) ”Gel-like” display of the simulation data. Each column represents the probability distribution
at a set time point.

Figure 5.2: Comparison of simulations and experiment for the 42hb_v3 constant tempera-
ture folding at 50 �C. Both timescales as well as the distribution of di↵erent folding states
are similar in experiment and simulation.

42hb_v3
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(a) Fraction of bound good bases in comparison to the good crossover fraction. The fraction of
bound bases reacts more quickly to changes in temperature than the crossover fraction, which
requires preorganization of the origami structure.
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(b) Fraction of bound bad bases in comparison to the good crossover fraction. Bad bases occupy a
large fraction of the sca↵old strand immediately after the denaturation step, but then are gradually
displaced as the good crossover fraction increases.

Figure 5.3: The behavior of good and bad bases over time and in comparison to the folding
process progress.
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(a) Origami (non-)folding process at room tem-
perature (25 �C). The sca↵old is almost fully
bound, but mostly by random matches which
prevent any correct structure formation.
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atures above the folding temperature range
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times, leading to large fluctuations in occupancy.
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Figure 5.4: Comparison of origami structures at temperatures beyond the folding temper-
ature range, (a) at room temperature, and (b) at temperatures above the folding temper-
ature range.

the assumption that in the limit of infinite folding time, the correctly folded state should
eventually be reached even at low temperatures (perhaps a multi-month room temperature
folding experiment may be of interest to investigate this extreme behavior at some point).

5.1.3 Temperature jumps

We have previously seen that the origami structure can reach the fully folded state at its
folding temperature, consistent with earlier findings [2]. However, it is also interesting to
study what happens when partially folded origami structures are suddenly moved from
their folding temperature and exposed to room temperature. Since our experimental
shock-freezing folding time measurement method works, we know that structures do not
immediately fold at room temperature even when they are already partially folded. Tacit
knowledge from day-to-day labwork also suggests that imperfectly folded structures do
not fold at room temperature even after long waiting periods. Our model allows us to
study this behavior in detail, with control over all possible system parameters. In Fig.
5.5 we take folding reactions at 50 �C and suddenly change the simulation temperature to
25 �C, before the structures can complete the folding process. Independent of whether we
jump at an early or late intermediate state, upon reaching room temperature we obtain an
arrested state where folding proceeds at an extremely reduced rate. Even though in the
late intermediate state a significant fraction of the origami structure is already formed,
the remaining free sca↵old bases are immediately occupied by random matches which
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(a) Early intermediate state temperature jump
simulation.
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(b) Late intermediate state temperature jump
simulation.

Figure 5.5: Temperature jump simulations of partially folded origamis. Origamis which are
not fully folded become trapped in intermediate states upon jumping to room temperature,
independent of how far the folding process has proceeded. All remaining free bases are
immediately bound by random matches.

prevent folding, just as in the previous room temperature folding simulation. Although
unfortunate for DNA origami applications, it is this instantaneous freezing of the system
state that makes the shock-freezing assay work so well.

5.1.4 Melting

Another key origami feature discovered in experimental studies is the significant hystere-
sis between folding and unfolding. Can our model reproduce this hysteresis? Yes. We
first generate a realistic folded state by performing a standard folding simulation. After
a su�cient waiting time for the simulation to equilibrate, we increase the system tem-
perature again and observe the reaction of the system. As we increase the temperature,
the structures remain stable at temperatures at which folding would not occur in relevant
timescales, just as in experimental assays. Once the temperature is increased beyond a
critical threshold of ⇠ 60 �C, the cooperative e↵ects are not su�cient to hold the struc-
tures intact and they rapidly fall apart into a fully unfolded state (Fig. 5.6). Matching
reality, the simulation timescales of unfolding above the critical threshold temperature are
much shorter than the timescales of folding even at the optimal folding temperature. We
have previously conjectured that this hysteresis and timescale behavior is the consequence
of an e↵ective transition state energy barrier whose height decreases less strongly with
temperature than the free energy gain of the final folded state. In our model, we know
that our energy parameters have this form, and we are able to reproduce the experimental
behavior accurately, thus strongly implying that our hypothesis is correct. All e↵ects that
inhibit folding in our model, except for random match binding, have only an entropic
form, with �H = 0, and at high temperatures the contributions of random matches be-
come less and less important. Our fully folded state is stabilized by DNA hybridization
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Figure 5.6: Fraction of good crossovers and good bases for folded structures exposed to
successively higher temperatures. Structures disassemble at ⇠ 60 �C.

and stacking interactions, that both contribute large enthalpic gains which are almost but
not fully balanced by large entropic costs. Therefore the entropic cost of the final folded
state is significantly larger than that of intermediate states, leading to a much stronger
temperature dependence of the folded state free energy than of the e↵ective transition
state energy barrier.

5.1.5 At the edge of folding

We have discussed the behavior of the origami process at the correct folding temperature,
and under extreme conditions which inhibit folding fully. We now study the folding behav-
ior at temperatures just below the optimal folding temperature, where folding is slowed
down but not yet fully inhibited. It is the behavior in these regions that is particularly
di�cult to reproduce with a model because it is not su�cient to just consider the signifi-
cant physical e↵ects, but also their relative strengths have to be finely tuned. At extreme
conditions, on the other hand, usually only one physical e↵ect is dominating, making it
easier to reproduce experimental results. Behavior at these intermediate conditions may
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(a) Folding at 50 �C.
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(b) Folding at 44 �C.
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(c) Folding at 40 �C.

Figure 5.7: Origami folding at the optimal folding temperature and at slightly lower
temperatures.

thus seem not very interesting, but is in fact the best test of the quality of the model, and
has been reproduced the least by previous models [39, 75]. In Fig. 5.7, we observe the
folding behavior of our standard brick structure at successively lower temperatures. At
the optimal folding temperature, the folding transition is strongly cooperative, displays
a two-state transition behavior, and is only slightly inhibited by random match binding.
The fraction of bad bases is low and drops quickly upon reaching the cooperative transi-
tion since the random matches are not very stable at high temperatures. As we lower the
temperature, the amount of bound bad bases increases and the folding transition becomes
more continuous. At the end of the folding process, the total fraction of good crossovers
plateaus at a lower level, indicating that a larger number of small defects remains in the
structure after folding. These defects are repaired only very slowly since all states includ-
ing incorrect ones are more stable. At even lower temperatures, the folding transition does
not reach completion in the observed time frame and proceeds through temporary phases
of total inhibition of any folding progress. The folding process plateaus while a large frac-
tion of the structure is still unfolded. This is plausible, as at lower temperatures random
matches become more and more stable, thus being able to compete with good reactions
even at higher levels of structural organization. This represents the edge of the folding
temperature range, at which origami structures are formed only very slowly, and with
many more defects than usual. Beyond these temperatures, only misery and misfolded
structures await.
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5.2 Quantitative folding rate predictions

We have seen that our model successfully reproduces all the unique features of DNA
origami folding. While this is already nice, since it allows us to validate which e↵ects are
important for origami folding in general, we are interested in being able to quantitatively
predict the folding behavior of di↵erent structures. We have observed in Chapter 3 that
even origamis with identical final shapes can show widely di↵ering folding behavior de-
pending on their internal design scheme. In order for the model to be useful as a practical
predictive tool for routine origami development applications, we therefore have to be able
to predict these di↵erences based on the origami design.

Consequently, we now want to compare the experimentally determined folding rates of a
wide range of di↵erent structures to the simulation predictions to estimate the quantitative
prediction quality of the model. In order to do this, we first have to define a simulation
mean folding time corresponding to the experimental gel assay mean folding time. Fig.
5.8 shows how we can extract such a value from our simulation. Since each simulation run
represents only one unique folding pathway, we have to average the behavior of multiple
runs. As in the experimental mean folding time, we have to define a threshold for what
we consider a ”folded” state, which will always be subjective to some degree. Based on
the behavior of our simulations, we have chosen to call all states with more than 70% of
all good crossovers formed as ”folded” states. This point in the folding process usually
shows the shortest lifetime, with most system states quickly transitioning through this
range during their folding transition. Due to this behavior, these states should correspond
to physical states with intermediate gel migration speeds, of which we also always observe
lower concentrations than of the folded or the unfolded states. Systems in these transi-
tion states are still strongly cooperatively encouraged to bind further domains and are
extremely unlikely to unfold again. In this regard, they are similar to a late intermediate
state during the zippering transition in DNA hybridization (Chapter 4). These qualities
make this threshold a good ”gatekeeper” to determine whether a particular simulation
run is now folded, leading to a mean folding time measure that is relatively stable against
small changes in the threshold value, similar to the mean folding time plateau in the
experimental measure (Fig. 5.8).

Based on this definition, we can quickly generate mean folding time temperature profiles
for a large number of di↵erent structures, no longer being limited by student-work-hours
as we are in the experimental mean folding time assay. In order to maximize simulation
throughput, we stop all simulation runs once they reach an 80% bound good crossover
fraction since fluctuations within the folded state are not important for our folding time
determination. Fig. 5.9 shows the mean folding times of a variety of di↵erent structures.
All structures with names of the form 42hb_vXX represent origamis that form the same
brick-like shape, but are constructed using di↵erent internal design patterns. We see that
we do in fact predict a large variety of folding times, with folding times for origamis
with the same final shape spanning two orders of magnitude. Even for one structure, the
variation in folding time over temperature is so large that it is easier to examine the results
on a logarithmic time scale, as shown in Fig. 5.9b.

We will now compare a subset of these predictions against detailed experimental data.
We have chosen 7 di↵erent variants of the brick-like structure for which we experimentally

42hb_vXX
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Figure 5.8: Mean folding time determination from simulation runs. The folding time of
each individual trace is defined as the timepoint at which 70% of good crossovers are
formed for the first time. This threshold selection corresponds to a plateau in the mean
folding time function, as was the case for the experimental cuto↵ selection.
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Figure 5.9: Folding rate predictions for a wide range of structures over temperature. (a)
Linear time axis, (b) logarithmic time axis.
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Figure 5.10: Comparison between simulated and experimentally determined folding rates
for a range of structures.

determined their folding times over the entire folding temperature range. We chose a set
of structures with an identical final shape so that the gel migration speed behavior of the
folded state is similar for all structures, in order to minimize influences due to the experi-
mental folding threshold selection. Furthermore, this ensures that all observed di↵erences
in folding can only be attributed to di↵erences in the underlying design principles and not
to some shape-specific factors. Fig. 5.10 shows the overlay of predicted and experimental
folding times for all 7 structures. As before, we show experimental folding times for a
range of folding threshold values, with the opacity of each surface showing the folding
yield for a particular temperature and threshold value. While the folding time predictions
do not match the experimental values perfectly, they correctly match the respective order
of magnitude of each structure and also reproduce the behavior over temperature. As ex-
perimentally measured, the 42hb_v6 structure is predicted to fold much faster than other
designs, and over a broader temperature range. The folding temperature range of the
42hb_v5 structure is shifted to higher temperatures relative to the other designs, which
is again captured by our model. All structures show slower folding at temperatures fur-

42hb_v6
42hb_v5
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Figure 5.11: Comparison between simulated and experimentally determined folding rates
for a range of structures. Both axes are logarithmic.

ther removed from their respective optimal folding temperatures, which is mirrored by the
model predictions. Interestingly, slower-folding structures also show lower yields due to
the generation of more aggregates during the folding process. This does not directly a↵ect
folding times, and is not captured in our model since we only consider the interactions of
a single sca↵old strand at a time, making aggregation impossible. Nonetheless it is plau-
sible, as longer folding times mean that structures spend more time in intermediate states
which are liable to inter-sca↵old interactions instead of progressing towards the correctly
folded state. Once a structure is folded, on the other hand, all its bases are passivated and
it is unlikely to entertain any inter-structure interactions. To better assess the quality of
our predictions, in Fig. 5.11 we directly plot predicted folding times over all temperatures
against the experimentally determined mean folding times for one threshold value, chosen
to be the average of the two limiting threshold values chosen in Fig. 5.10. A perfect match
between simulation and experiment would mean that all markers should lie on the dashed
black diagonal line. While there is some significant scatter in the actual graph, all points
lie reasonably close to the diagonal line, with no data in the top left and bottom right
corners, which would represent bad predictions. We will now inspect the results in detail
for each structure in this set, and some other interesting structures, in order to elucidate
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(a) Simulated folding time of the Rothemund
rectangle over time.

(b) Constant temperature folding at 53 �C.

(c) Constant temperature folding at 57 �C.

Figure 5.12: Folding behavior of the Rothemund rectangle. The structure folds very fast
and at very high temperatures.

the causes of their specific behavior.

5.2.1 2D and 3D structures

The Rothemund rectangle (RR) is a representative 2D origami structure and was one
of the first origami designs, developed by Paul Rothemund for the initial DNA origami
publication [1]. It consists of a rectangle structure (thus the name), with a regular staple
routing scheme such that most staples contain a central domain of 16 bases and two
edge domains with 8 bases each. It folds at extremely high temperatures, and within a
timescale of seconds to a few minutes according to previous results [2]. Our simulation
confirms these results (Fig. 5.12), and folding experiments at constant temperatures show
that the folding is in fact so fast that it is at the limit of what can be resolved using our
experimental gel assay.

What are the causes of these outstanding folding qualities, with folding progressing faster
and over a wider temperature range than in almost all 3D origami structures? One reason
becomes apparent if we look at the connectivity graph of the sca↵old strand in the RR

and compare it with our standard structure, the 42hb_v3. Fig. 5.13 shows both graphs
side by side. We can immediately see that the connectivity of the RR is much simpler,
with almost all staple crossovers only bridging short sca↵old loops. Only a few staple
strands at the center of the RR have to close loops of a similar size as most loops in the 3D
structure. Therefore the entropic barrier towards structure formation is much smaller for
the RR than for most other structures. Furthermore, almost all staples in the RR consist
of three domains, with a domain length distribution of 8 � 16 � 8 bases. This design is
optimal for quick binding of the staple strand while at the same time minimizing problems
due to steric hindrance or competition between multiple staple strand copies. The 16 base
domain is highly stable, allowing the staple strand to bind even at high temperatures,

RR
RR
42hb_v3
RR
RR
RR
RR
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42hb_v3 Rothemund rectangle

Figure 5.13: Comparison between the sca↵old connectivity of the Rothemund rectangle
and a 3D origami structure, the 42hb_v3. The blue circle represents the sca↵old strand,
green lines indicate staple crossovers. Longer lines mean that the staple crossover needs
to bridge a longer loop in order to bind.

before any random matches can inhibit the folding process. Both 8 base domains have
much lower melting temperatures, meaning that it is very unlikely that two copies of the
same staple strand will bind to the same sca↵old strand. Because most sca↵old loops
are short, the sca↵old strand does not have to be significantly compacted before a large
number of staple strands can begin folding it. And because the stable 16 base domain is
at the center of a 3-domain staple, it is also extremely unlikely that we will encounter a
trapped state in which the two outer domains have bound first before the center domain
can bind, preventing any steric hindrance folding traps.

Inspection of individual folding traces in our simulation confirms these assumptions. Fig.
5.14 shows the fractions of good crossovers and bad bases over time for the 42hb_v3 and
the RR structures, at their respective folding temperatures. We see that for the RR, there is
less of a sharp transition between the folded and unfolded state. While the 42hb_v3 only
begins to fold once a su�cient seed structure is stochastically formed, the RR immediately
begins to form good crossovers, with no acceleration of the binding rate upon reaching a
threshold of su�cient stability. This matches our expectations that cooperativity plays a
lesser role due to the short sca↵old loops in the design. Far fewer bad bases bind during the
folding of the RR, since folding proceeds at higher temperatures at which the highly stable
16 base domains of its staples can easily outcompete the much shorter random matches,
leading to quick fallo↵ of the bad base fraction. Altogether the folding of the RR proceeds
more than 10 times faster than in the 42hb_v3 and at a much higher temperature, at
which the 42hb_v3 is not able to fold at all.

42hb_v3
42hb_v3
RR
RR
42hb_v3
RR
RR
RR
42hb_v3
42hb_v3
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(b) RR folding at 55 �C.

Figure 5.14: Comparison of the folding processes between the RR and the 3D 42hb_v3

origami structure.

AAAAAA
GGGGGG
CCCCCC

CCCCCC
GGGGGG

TTTTTT
TTTTTT AAAAAA

GGGAAA
GGGCCC
CCCGGG

CCCTTT
GGGAAA

AAATTT
CCCTTT TTTAAA

Figure 5.15: We can permute the orientation of the sca↵old strand without a↵ecting the
shape of the origami or its total base make-up. Such a sca↵old strand permutation will
modify the sequences of all staple strands.

5.2.2 Sca↵old strand sequence permutations

We previously mentioned that we chose to investigate multiple design variations of the
same shape in order to clearly elucidate the e↵ects of internal design choices, that is the
routing of the sca↵old and staple strands. However, there is one more e↵ect that may
a↵ect folding that is independent of routing choices. We are still able to freely choose the
sequences of all domains without a↵ecting the final structure shape. Since our sca↵old
strand is derived from a biological source, it is usually not easy to freely modify this
sequence (due to recent advances, this is not necessarily the case anymore [76]). But
since the sca↵old strand is circular, we are free to choose in which permutation we route
the sca↵old strand through the design, thus modifying all staple sequences, as shown
in Fig. 5.15. Although the total number of bases of each base type remains constant,
the stabilities of individual domains can be varied significantly through this process. In
order to check whether these sca↵old strand permutations influence the folding behavior,
we designed 3 additional variants of the 42hb_v3 which only di↵er in their sca↵old strand
permutation. Our simulations predict that all 4 structures should show essentially identical

42hb_v3
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(a) All 4 permutations are predicted to show very similar
folding behavior over all temperatures.

(b) 42hb_v3

(c) 42hb_v7

(d) 42hb_v8

(e) 42hb_v14

Figure 5.16: Comparison of simulated and experimental folding times of di↵erent sca↵old
strand permutations of the brick-like origami structure. (b-d) shows the constant tem-
perature folding behavior over time at 50 �C. No significant di↵erences in folding times
between the permutations are observed.

folding behavior over all temperature ranges (Fig. 5.16a). And indeed, if we compare the
experimental folding behavior over time for the permutations, we see that all fold on the
same timescale. Thus both the simulation and experimental data show that local variations
in domain sequences don’t seem to have a significant e↵ect on folding, as long as the global
sequence composition is not changed. This implies that there is no single unique initial
folding seed through which the folding process always begins, since its stability would
likely be a↵ected even by local sequence variations. However, ranges of folding seeds
involving a larger number of strands could still exist, since in this experiment all sequence
variations are random, meaning that they are likely to cancel out over a larger number
of domains. It may still be possible to modify the folding process by rationally designing
sequences. Likewise it is likely that globally modifying the sequence composition of a
design, for example by increasing the fraction of G and C bases, will a↵ect folding, since
domain stabilities strongly a↵ect the folding process, as seen in the Rothemund rectangle
structure.

42hb_v3
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5.2.3 Long staple strands

We now turn to the e↵ects of staple strand length on the folding process. A priori, one
could argue just as well that long staple strands will increase folding rates as that they will
decrease folding rates. Because longer staple strands combine more domains into a single
strand, a larger number of domains will benefit from the increased local concentration
e↵ect once at least one domain binds. Furthermore, since longer staple strands mean
a lesser total number of staple strands per structure, the total entropic cost due to the
reduction in conformational freedom during each bi-molecular binding event is reduced, as
fewer molecules have to be brought together. These two e↵ects may lead to faster folding
of the origami structure. On the other hand, more domains on a single strand make it
more likely that multiple staple copies try to bind to the same sca↵old strand, and also
increase the chance that a sterically trapped state is created once two external domains
bind before all internal domains are bound. These e↵ects may increase the number of
possible folding traps, leading to lower folding rates.

In order to resolve this question, we designed the 42hb_v5 origami, whose staple strands
are on average 98 bases long, in comparison to an average staple strand length of only 42
bases in the 42hb_v3 structure. Our simulations predict that the increased staple strand
lengths shift the folding temperature range to much higher temperatures (Fig. 5.17).
Experimental investigation confirms these results, with the fastest folding occurring at a
temperature ⇠ 55 �C, in comparison to 50 �C for the 42hb_v3. This is plausible, since
the combination of many domains into a single strand will increase the probability of
binding and will allow the strand to remain bound at higher temperatures due to the
cooperative binding of multiple domains. However, the fuzziness of the leading band
suggests that this ”folded” state still contains many defects. We can confirm this by
looking at individual simulation traces, where we see that although the simulation passes
our folding threshold of 70% good crossover fraction, it plateaus at a defective folding
state where a significant number of crossovers are not yet correctly formed. Furthermore,
in the temperature range of 45 �C to 50 �C, where typical structures usually are still able to
fold correctly, the folding of the 42hb_v5 is essentially non-existent. Since our simulation
gives us microscopic insights into the system state, we can also find out the cause of this
folding inhibition. We can plot the total number of individual staple strands bound to the
sca↵old strand at any point in time and compare it to the number of unique staple strands
in the origami design. For the 42hb_v3 design, we see that the number of bound staple
strands is smaller than the number of unique strands at first, and approaches this number
as the folding process progresses. Eventually, there is approximately one copy of each
unique staple strand bound to the sca↵old strand. In the 42hb_v5 structure, on the other
hand, the folding process proceeds quite di↵erently. Immediately, more staple strands
bind to the sca↵old strand than there are unique staple strand sequences. This means
that multiple copies of the same strand bind to the same sca↵old strand and compete for
the same binding sites. Since this does not prohibit the formation of all good crossovers,
a significant fraction of the structure is still formed, but ultimately not all crossovers can
be satisfied since this would require the displacement of all staple strand copies except for
one.

Thus, in conclusion, both e↵ects supporting and e↵ects inhibiting folding play a role in
designs with long staple strands. Because of the increased cooperativity in strand binding,

42hb_v5
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(a) Comparison of simulated folding times of 42hb_v3 and 42hb_v5.

(b) Constant temperature folding of the 42hb_v5 at di↵erent temperatures over 5 hours.
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(c) Number of bound staple strands over time for the 42hb_v3.
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(d) Number of bound staple strands over time for the 42hb_v5.

Figure 5.17: Investigations into the folding of a structure with long staple strands. (a)
Predicted folding times over temperature. (b) Experimentally determined folding tem-
perature range. (c-d) Simulation details of constant temperature folding at 50 �C. The
number of bound staple strands is shown in red. The number of unique staple strand
sequences is shown in green.
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the folding temperatures of the origami are increased. At the same time, due to the
competition between multiple identical staple strand copies, folding is slowed down, and
even fully inhibited at lower temperatures.

5.2.4 Short staple strands, short domains

Having studied very long staple strands, we now turn to the converse. We consider a
structure with very short staple strands. Version 18 of the 42hb is designed such that
almost all staple strands are only 21 bases long, consisting of three domains of 7 bases each.
Such short domains are necessitated by the staple length in order to still form all crossovers
necessary for the brick-shape of the origami. Such short domains are very unstable, with
an average solution binding melting temperature of ⇠ 16 �C at our standard staple strand
concentrations of 200 nM. We therefore assume that the structure is, if at all, only able
to form at lower temperatures compared to standard origamis. In addition, since at
such lower temperatures, e↵ects due to random match binding become more pronounced,
we also expect the folding to be significantly retarded. In fact, for our sca↵old length,
we can expect ⇠ 3500 competing reactions of random matches of length 7, compared
with just 840 correct domains of the same length. Since the sequences of these designed
domains are determined by the sca↵old strand and are thus essentially random, we cannot
expect them to be on average more stable than the random matches. These assumptions
are confirmed by experiment and simulation. Fig. 5.18 shows that our simulation only
predicts folding at a temperature of 40 �C, where standard structures already reach their
lower temperature limit of folding. Furthermore, folding is predicted to be extremely
slow. Since we do not consider all possible random matches due to computational resource
limits, we also expect this simulated folding time to still be an underestimation, as at 40 �C
many more random matches are stable enough to inhibit the folding process. Nonetheless,
after incubation for 20 hours at these low temperatures, we can indeed find an extremely
weak, quickly migrating species in gel analysis of our sample, representing the correctly
formed structure. It is important to note that these folding conditions (40 �C for 20 hours)
are quite extraordinary and would not have been tried if not for the predictions of the
simulation. Thus our model has already fulfilled its most important role, the guidance of
experiments towards novel insights.

Since our simulations show that the main factor inhibiting folding of the 42hb_v18 is the
competition through random match binding, we set out to improve the folding rate and
yield with this knowledge in hand. Unlike normal designs, the domains in this design are
not longer than the random matches. We therefore cannot rely on the higher stability
of good domains to eventually outcompete the random matches. However, approximately
half of the random matches are sca↵old-sca↵old interactions, which need to close a sca↵old
loop in order to bind. This means that random match binding will be slower immediately
after the denaturation step, when the sca↵old strand is maximally extended and fully
single-stranded. Based on this, we speculated that if we can minimize the time after
denaturation in which the temperature is low enough for some random match binding to
occur but too high for the correct domains to form, we can increase folding rates and yields.
Normally, the temperature in our sample is regulated using a thermal cycler, which takes
⇠ 15 s to 25 s to cool the reaction sample from the denaturation temperature of 65 �C to the
folding temperature of 40 �C. In order to reduce this time, we implemented an accelerated

42hb_v18
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(a) Comparison of simulated fold-
ing times of 42hb_v3 and 42hb_

v18.

(b) Constant temperature folding of 42hb_v18 over 20 hours
at di↵erent temperatures.
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(c) Three di↵erent rates of cooling. Times indicate duration of change of external temperature.
The gels below in (d-f) show the resulting folding behavior.

(d) Folding at 40 �C after slow
annealing over 25min.

(e) Folding at 40 �C after stan-
dard thermocycler cooling.

(f) Folding at 40 �C after fast
shockfreezing cooling.

Figure 5.18: Folding behavior of the 42hb-v18. (a) Simulation folding times. (b) Ex-
perimentally determined folding temperature range. (c) Three di↵erent reaction cooling
protocols: slow annealing, normal cooling, and accelerated liquid nitrogen cooling. (d-f)
Folding behavior at 40 �C after the di↵erent cooling protocols. Folding yield increases with
decreasing cooling time.
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cooling protocol of dropping the 65 �C sample into liquid nitrogen. This protocol allows
us to go from 65 �C to �196 �C in ⇠ 1 s, a significant speed-up compared to the thermal
cycler. We then prepare a thermal cycler at 40 �C and directly move the frozen sample
there, again minimizing the time needed for the temperature change. This accelerated
cooling works surprisingly well, as shown in Fig. 5.18 (c-f). Both the folding yield and
folding rate are significantly higher in the shock-freeze sample compared to the standard
thermocycler sample. In comparison, a reaction sample with a intentionally slowed down
cooling step does not show any folding whatsoever.

These results are a strong argument for the fact that our model is truly predictive. It
may be argued that the behavior of the previous structures could have been understood
without our model just based on experimental results, but it is unlikely that anyone would
have suggested folding an origami structure by heating it to 65 �C, then drop freezing it
in liquid nitrogen, and then incubating it at 40 �C for 7 days without our model.

5.2.5 Short staple strands, long domains

Combining our insights from the previous chapters, we now set out to design a brick-
like origami variant with maximally fast folding over a wide range of temperatures. The
resulting structure is the 42hb_v16. In order to minimize inhibitory e↵ects due to multiple
staple strand copy competition as seen in the 42hb_v5, we designed most staple strands to
be only 42 bases long. In order to have e�cient binding without steric hindrance as in the
RR, we also designed each strand to contain only 3 domains. From these two requirements,
we automatically end up with an average domain length of 14 bases, much higher than in
normal designs. However, this is intended as well, since we saw in the 42hb_v18 that short
domains lead to competition with random matches. There is one downside to fulfilling all
these specifications: the small number of domains per staple strand means that we cannot
include as many crossovers in the structure as is usually done. This means that we expect
our structure to be more floppy, as has been shown previously for structures with reduced
crossover density [77]. The simulation results for this structure are promising, showing
folding times on par with the 2D RR structure, over a wide range of temperatures up to ⇠
60 �C (Fig. 5.19). Experimental analysis confirms these predictions, with folding at 50 �C
proceeding so quickly that our gel assay is not able to clearly showcase the folding process,
just as was the case with the RR structure. As expected, folding is also attainable over a
wide range of temperatures, and at temperatures much higher than usually possible. This
shows that our insights about the folding process gained from the previous structures
are generalizable and can guide the design of structures with specific folding features.
It has also been conjectured that 3D structures in general cannot assemble as quickly
as 2D structures due to the inherent higher complexity of the sca↵old strand routing in
3D structures. The 42hb_v16 shows this assumption to be incorrect. As stated above,
the favorable folding qualities of this structure were achieved in exchange for a reduced
structure sti↵ness due to the lower crossover density. TEM imaging confirms this, with
the folded structures appearing more flexible and wobbly. This behavior is consistent with
TEM images of other structures with the same reduced crossover density from previous
studies [77].
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(a) Comparison simulated folding times of
42hb_v3 and 42hb_v16.

(b) Constant temperature folding of 42hb_v16
at 50 �C. Folding is too fast to be resolved by
our standard gel assay.

(c) Constant temperature folding of 42hb_v16 at di↵erent temperatures for 1min. Folding proceeds
at high temperatures of up to ⇠ 63 �C.

(d) TEM imaging of 42hb_v18 after 0min of folding at 50 �C. On the right are selected particles
of a similar design with reduced crossover density, adapted from [77].

Figure 5.19: Folding behavior of the 42hb-v18. (a) Simulation folding times. (b) Fast
folding at 50 �C. (c) Constant temperature folding for just 1min leads to folded structures
over a wide temperature range. (d) TEM imaging confirms correct structure assembly.
Previous structures with reduced crossover density are shown for comparison to confirm
that floppiness of structures is due to the design, and not incomplete assembly.

42hb_v3
42hb_v16
42hb_v16
42hb_v16
42hb_v18
42hb-v18


5.3. SUMMARY AND CONCLUSION 103

5.3 Summary and conclusion

In this chapter, we have found that our model is not just plausible but actually matches
experimentally observed behavior. We can reproduce general DNA origami folding behav-
ior such as strong cooperativity, a narrow temperature range in which folding can proceed,
and hysteresis between folding and unfolding. Furthermore, we can also predict the unique
folding behavior of di↵erent origami designs with quantitative accuracy. Instead of con-
jecturing which feature of a particular structure design is responsible for a particular
behavior, the microscopic nature of our model allows us to jump into the thick of it and
directly observe what is happening and why. We can also do more than just observe and
explain: we can actually use the model predictions to guide our experiments and design
workflows. Through simulation predictions, we were able to fold a structure that was
assumed to simply never fold, and we were able to optimize the folding protocol such that
the folding yield was significantly increased. Based on insights gained through this work,
we were also able to design a 3D structure that far outperformed folding performance of
previous designs. We have thus, through a combination of experimental measurements
and computational investigations, developed a quantitative predictive model of the DNA
origami folding process.

Based on our results, we can now also reassess the complications observed during the
development of 3D DNA origami. The first 3D origami designs were folded in week-long
assembly protocols, with extremely low yields [20]. In hindsight, it is now clear why such
di�culties were observed. A week-long assembly protocol may seem long, but because
no preference to any particular temperature range was given, most of the time of such
a protocol was spent in temperature ranges that did not allow any folding. Given the
annealing rates in [20], the folding reaction actually only spent ⇠20 h in the 5 �C temper-
ature window in which we expect to observe the fastest folding rates. Furthermore, these
first structures were made up of staple strands that mostly contained many short domains,
leading to a strongly inhibited folding pathway. At the time, this was a reasonable design
decision, as it was assumed that binding due to random matches can be neglected due
to the extremely low stability of such short randomly occurring domains. Designing the
majority of all domains to be of equal length therefore may have been considered to lead
to an evener distribution of domain stabilities, while increasing the number of domains
per strand would increase the cooperative e↵ects due to increased e↵ective local concen-
trations after binding of the first domain. The resulting observed bad folding quality
and low folding rates then again led to a belief that 3D structures in general are more
di�cult to fold, presumably due to their greater conformational complexity compared to
the previously developed 2D structures. But, as we have shown through our optimized
design which folds too quickly for our experimental assay to resolve, there are no funda-
mental physical principles that prevent 3D origamis from assembling just as quickly as 2D
structures.

However, the importance of physical e↵ects which were previously assumed to be negligible
is not the only new finding in our work. Likewise, there are e↵ects which were previously
considered to be critical for folding, but which cannot be of overriding importance for a
correct description of the folding process, since they are not part of our model. For exam-
ple, the electrostatic repulsion between individual DNA helices was assumed to strongly
a↵ect the folding behavior of structures and was one explanation given for the observed



104 SYNTHESIS OF EXPERIMENTAL AND COMPUTATIONAL RESULTS

slow folding of 3D structures. This e↵ect does not enter our model in any form, which is
nonetheless able to describe both the folding of 2D and 3D structures. The same applies
for strand displacement reactions. It was often assumed that strand displacement is an
important process through which the origami structure can proceed towards a correctly
folded state. Again, this functionality is omitted in our model. Since the folding process
actually fully occurs in a narrow temperature range at high temperatures, the unbinding
rates of most domains are relatively high, leading to a high transition rate between states
even without explicit treatment of strand displacement. Therefore, what seems to be of
greater importance is how many di↵erent good and bad binding reactions are possible at
any point in time and what the relative partition function weights of the resulting states
are. ”Trapped” states do not occur so much because the system is actually trapped in
one particular state, but because the system gets lost in a sea of easily accessible incorrect
states.

Finally, we can consider how DNA origami relates to other physical systems. Starting with
the name (origami folding and protein folding), similarities of DNA origami to proteins
have often been brought up [2]. And while many features such as the cooperative folding
transition and the sub-domain-wide structural cooperativity do seem similar, the driving
interactions of the systems always seemed to be qualitatively di↵erent. While amino acids
in protein structures are able to enter complex interactions with many possible partners,
the relevant interactions in DNA origami seemed to be very straightforward, with each
base type being able to bind exactly one other base type. In consideration of the utmost
importance of random matches for the origami folding process, this picture may not be
quite right. In fact, instead of treating the origami system as an arrangement of bases
with a single, clearly defined possible binding interaction, it may be more accurate to
consider an origami as an arrangement of entities consisting of a few bases which can bind
with a multitude of other such entities with more or less complementary sequences. There
are then many di↵erent types of such entities, each of which can enter many possible
interactions of varying strengths. Viewed in this way, the origami system seems similar to
the protein system on a conceptual level even in regards to its interactions.



Chapter 6

Outlook

We have established that our model captures the important physical e↵ects influencing
origami folding and makes quantitative predictions. However, there are multiple areas in
which further work may improve the model and its implementation. There also further
experimental projects that could be performed based on the current model that may lead
to more insights into the folding process. And finally, the current model could already be
leveraged in the guidance of optimized origami designing.

6.1 Simulation improvements

6.1.1 Simulation runtime improvements

It currently takes on average ⇠ 2 days for a single folding trace to be simulated. Even on
our computing cluster with currently 608 available CPUs, this limits us to ⇠ 30 di↵erent
structure / temperature combination simulations per day. For the screening of folding
temperatures this may be su�cient, but for more involved applications with large param-
eter spaces, such as screening of design choices or optimization of reaction conditions, it
is not. Further speedups in the simulation computation time would therefore increase the
value of our model. Speedups can be achieved in two ways:

First, the simulation code was written by me, with no formal training in code writing. It
is therefore likely that performance improvements could be achieved simply by optimizing
code implementation without changes in the model specification (suggested project name:
Replace the programmer).

Secondly, it may be possible to reduce computational complexity by introducing further
approximations. Since the timescales of random match binding and unbinding are sig-
nificantly faster than the folding process, it may be possible to approximate this e↵ect
by a mean-field approximation which implicitly models the blocking e↵ects of random
matches rather than explicitly tracking their states. Since the computation time increases
superlinearly with the number of explicit matches being simulated, such an approximation
would lead to significant improvements in computation time. The same argument may
also apply to weakly binding designed matches, which also equilibrate on timescales much



106 OUTLOOK

shorter than the folding process. Furthermore, in the current simulations, 5 identical
copies of each staple strand were considered. After careful analysis, it may be possible to
select a lower number of identical copies that still fully captures the details of the physical
system.

6.1.2 Simulation accuracy improvements

While the simulation runtime is already significant in the current implementation, we are
in fact omitting a large number of random matches of which we are aware. Currently, all
random matches that are shorter than 4 bases or have a �G(40 �C) > �4 kcalmol�1 are
excluded from the simulation. There are in fact several hundred thousand random matches
that are ignored due to this cuto↵. The inclusion of these random matches may further
improve the correlation between the simulation predictions and the experimental data.
If it does not become practical to include all random matches even after improvements
in simulation code, it may be possible to treat these unstable random matches in an
approximate implicit model, as a factor a↵ecting all explicit folding rates.

As described in Chapter 4, we use a very coarse approximation for the entropic costs of loop
closure which does not fulfill energy conservation of a closed system. This is done due to
runtime considerations. However, exact treatment of the entropic costs is mathematically
tractable, and may improve simulation accuracy. As an intermediate step, it may be
possible to derive an entropy approximation of higher order, which still does not conserve
energy, but reduces the error at an acceptable computational cost.

6.2 Further insights

6.2.1 Modulate physical e↵ect strengths

Our work has shown that the major e↵ects a↵ecting the folding process are the entropic
costs of sca↵old strand compaction, folding inhibition due to random match binding, and
competition between identical copies of staple strands. The relative strength of each
e↵ect varies with the origami design and the folding conditions. It should be possible to
modulate the e↵ect strengths further, independently of the origami design, by changing
the environmental conditions of the reaction.

We may, for example, modify the entropic costs of sca↵old strand compaction by use
of chaotropic and antichaotropic agents, or by changing the e↵ective volume available to
di↵erent strand conformation through the addition of molecules with specific size exclusion
qualities.

We could also a↵ect the e↵ective stabilities of random matches by the addition of compet-
ing short sequences that passivate random match binding sites, or by changing parameters
that a↵ect length-dependent reaction kinetics.

Changes in the viscosity of the reaction mixture will also a↵ect di↵erent reaction pathways
di↵erently, possibly allowing separation of intra-molecular reaction timescales from the
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timescales of staple strand binding, and thus modifying the importance of identical staple
strand copy competition.

All these changes can be easily introduced in the model as well, allowing again the com-
bination of experimental analysis of the bulk origami state together with insights into the
underlying microscopic processes through the simulation, which proved very beneficial in
the current work.

6.2.2 Sca↵old strand sequence optimization

We have observed variations in the rate of folding over several orders of magnitude. These
di↵erences essentially arise from the di↵erent stabilities of di↵erent domains, and the
arrangement of these domains along staple strands. Current origami designs are mostly
designed using a single, constant sca↵old strand sequence, the M13mp18 phage DNA [78]
and slight variations thereof [20]. It is therefore not possible to rationally modify the
sequences of domains, other than through permutations of the sca↵old strand sequence
arrangement, which modify all domain sequences simultaneously in an essentially random
way. For this reason, domain stability can only be modified rationally throughout the
entire design by changing the lengths of individual domains, since the stability of a duplex
is strongly correlated with its length. However, there are huge variations in the stability
of individual duplexes of identical length due to their specific DNA sequence. In fact, at
50 �C, the most stable 7-base duplex sequence is predicted to be more stable than the
least stable 21-base duplex sequence, which is the longest domain length that occurs in
standard 3D origami designs. Between two 7-base duplexes, stabilities can vary by more
than 8 kcalmol�1 at 50 �C, equivalent to a 500000-fold higher relative K

A

. It is therefore
plausible that we may be able to reproduce variations in the rate of folding over several
orders of magnitude just through rational sequence design rather than domain length
changes.

Without a freely modifiable sca↵old strand sequence, this is di�cult to do in practice.
However, recently published work allows the e�cient, fully biological production of large
amounts of origami structures with arbitrary sca↵old and staple sequences [76], making
folding process design by sequence a tangible possibility. Due to the available sequence
space of ⇠ 47500 ⇡ 104515 sequences for a single staple strand routing, an even more out-
rageous number than the number of system states in our domain model, a computational
design process will have to be developed for such a design approach. However, the resulting
designs can be screened using our current folding model prior to experimental implementa-
tion, o↵ering a viable route to next-level origami designs. Such sequence-optimized designs
are likely to outperform currently possible designs since the geometry of a particular struc-
ture places constraints on the possible choices of domain lengths and staple arrangement,
which would not apply to sequence-based designing.

6.3 Applications in other self-assembly systems

The current model is general, with few assumptions that are dictated uniquely by the be-
havior of DNA, other than the numerical values of various parameters. The model should
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be transferrable to RNA/DNA hybrid origamis [79–81] or fully RNA based origamis [82]
simply by modification of these parameters. RNA is known to form more diverse and
stable secondary structures, and is more likely to form structures in strands containing
sequence mismatches, but it should be possible to capture this behavior to some degree
by adjusting the algorithm that currently searches for random matches between staple
and sca↵old strands. Because no information about the 3-dimensional spatial features of
the duplex is explicitly considered in the model, changes in pitch and helical rise in the
di↵erent molecule types do not need to be taken into account. In fact, any physical system
involving the folding of a long polymer molecule that can be described as a random chain
with excluded volume should be treated approximately correctly by the model, as the
small-world approximation and entropy calculation approximations do not make any fur-
ther assumptions about the nature of the system other than that the end-to-end distance
of molecules can be described by a Gaussian distribution with a standard deviation pro-
portional to some power of the number of monomers in the molecule chain. The possible
binding reactions are currently determined by searching all exact sequence matches, but
can be just as easily defined by some alternative selection algorithm. Perhaps the model
is therefore even applicable in some fashion to questions of protein folding. As discussed
in the previous section, while the interactions of DNA are quite di↵erent to protein chain
interactions at first sight, one could consider the domain level folding description with ran-
dom matches as a rescaling of the system from the fundamental detailed description with 4
bases with simple base-pairing interactions into a system with a larger number of emergent
unique entities (the sequence domains) with more complex interaction behavior mediated
through random matches. This system more closely resembles the protein system, with
its larger number of fundamental amino acids and their more complex interactions.

6.4 Optimizing designs

Even without further changes to the model or the experimental origami folding method,
we may be able to improve folding quality, yields, and times based on our model. There
are two basic approaches towards this goal that seem promising and practicable given
current computation runtimes. These are the optimization of reaction conditions for a
given design, and the optimization of designs for given reaction conditions.

6.4.1 Optimizing folding conditions for a design

Even though simulation runtimes are too long to allow the thorough screening of large
parameter spaces such as domain sequences or staple routings, simpler variables such as
staple concentrations or salt conditions are amenable to analysis. We could, for example,
determine the folding rates for a simulation with standard staple strand concentrations,
and for various simulations in which the concentration of a single staple strand type is
increased or decreased. By comparing the folding rates of the perturbed and unperturbed
systems, an e↵ective ’derivative’ of the folding rate with respect to each staple concentra-
tion can be determined. Based on these derivatives, using a steepest descent approach, a
new set of staple concentrations can be determined that should show the fastest folding
rate for a given maximum change in staple concentrations. For this set, we again deter-
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mine e↵ective ’derivatives’ with respect to all staple concentrations, which we use to find
an even better staple strand concentration set. This process is repeated multiple times,
leading to a unique set of staple strand concentrations for the design that should enable
the fastest folding. Given standard simulation runtimes, ⇠ 6 to 7 such steepest descent
steps could be realized within 1 month of calculation time on our cluster system. Combi-
nation with the simulation improvements described previously may further speed up this
process, possibly making it practical for a standard origami design workflow. The same
approach could also be used to optimize thermal ramps, salt conditions, or perhaps even
sequential folding protocols.

6.4.2 Optimizing a design for folding conditions

Complementary to the previous approach, simulations may help guide the design process
to optimize rates of folding for a predetermined set of reaction conditions. It is not possible
to guide the entire design process due to the simulation runtimes, but selected features
with multiple possible implementations may be analyzed. Design decisions in distant
areas of the design may be assumed to be independent of each other and could also be
screened simultaneously since the number of necessary simulations will only be additive
instead of multiplicative in the number of considered areas. Since the simulation gives
us detailed information about the microscopic state of the origami, the incorporation of
crucial strands, for example those carrying unique chemical modifications or attachment
sites, can be monitored and compared between di↵erent design solutions.
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Chapter 7

Experimental Methods

7.1 Origami folding

Unless otherwise specified, all origami structures were folded as follows: 20 nM sca↵old
strand is mixed with 200 nM of each staple strand in standard folding bu↵er (5mM TRIS,
5mM NaCl, 1mM EDTA). For 3D origamis, 20mM MgCl

2

is added, for 2D origamis
12mM MgCl

2

is added. Individual reaction mixtures are aliquoted in amounts of 50 µL.
Thermal folding ramps were performed using TETRAD 2 thermal cyclers (MJ Research,
now Biorad). Reaction mixtures are incubated at 65 �C for 15min to denature most
basepairs. Reaction mixtures are then quickly cooled to the intended folding temperature.
Sca↵old strand was produced by Florian Praetorius. Staple strands were obtained from
Eurofins Genomics GmbH in HPSF quality.

7.2 Gel electrophoresis

The appropriate amount of agarose (UltraPure Agarose 16500500 ThermoFisher Scientific)
for 2wt% or 3wt% gels is mixed in 125mL 0.5xTBE bu↵er (44.5mM boric acid, 44.5mM
TRIS, 1mM EDTA) and 10mL ddH

2

O in an Erlenmeyer flask (ddH
2

O is added to account
for losses due to evaporation). The solution is heated in a microwave and intermittently
mixed by shaking. Heating is continued until no more solid agarose is visible and the
weight of the solution is reduced to 126 g. The excess of 1 g is chosen to account for
further evaporation. 1mL of 1.375M MgCl

2

solution as well as 5 µg of ethidium bromide
are added under shaking. The solution is then poured into the gel tray (Owl EasyCast B2
Mini Gel Electrophoresis Systems, ThermoFisher Scientific), a 20-pocket comb is inserted
and the solution is left to gel for 30 minutes. The gel system is then filled with 0.5xTBE
bu↵er with 11mM MgCl

2

until the gel is minimally covered by the bu↵er. The entire
apparatus is placed in a water bath for cooling.

9 µL of sample is mixed with 4 µL of custom gel loading dye with added DNA ladder
(3.75mM TRIS, 11.25wt% Ficoll 400, 0.1wt% bromophenol blue sodium salt, 5wt% DNA
ladder) just prior to gel electrophoresis. The sample is then vortexed for a second. 11 µL
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Figure 7.1: Sample aggregation is strongly dependent on the rate of thawing. Extended
exposure to temperatures in the range of 5 �C to 15 �C leads to aggregation of the majority
of partially folded structures.

of the solution is pipetted into the gel pocket. The gel is then run at 70V for three
hours.

After electrophoresis, the gel is imaged using a Typhoon 9500 FLA laser scanner (GE
Healthcare) at the highest voltage at which the signal is not saturated. Obtained image
data is then analyzed as described in Chapter 8.

7.3 Shockfreezing of reaction mixtures

In order to abruptly stop the folding reaction, reaction mixtures are dropped in liquid
nitrogen. To minimize further changes in the samples, all samples are thawed directly
before gel electrophoresis or TEM imaging. It is important to thaw the samples as quickly
as possible, because partially folded origami structures show strong aggregation behavior
at temperatures below room temperature. Extended exposure to these temperatures leads
to almost no sample migrating into the gel during electrophoresis (Fig. 7.1). It is not
su�cient to simply expose the frozen samples to air at room temperature for thawing, as
the heat flow is not su�cient to ensure fast heating. We transfer frozen samples directly
into a thermal cycler set to 25 �C. Due to the high thermal conductivity of the thermal
cycler sample holder and the active temperature control, samples are thus thawed much
quicker, reducing aggregation.

7.4 SYBR Green measurement and analysis

For SYBR Green analysis, 160 nM SYBR Green is added to standard reaction mixtures,
leading to an excess of ⇠ 1800 bases per SYBR Green molecule. The SYBR Green con-
centration is calculated from the manufacturer-provided mass fraction values based on the
molar mass published by Zipper et al. [28]. Reaction volumes of 50 µL were analyzed us-
ing MX3005P RT-PCR devices (Agilent). Each reaction mixture is analyzed in 8 aliquots
simultaneously to reduce measurement errors. Control samples containing reaction mix-
tures with only staple strands, but no sca↵old strands, are measured simultaneously in the
same device, in order to ensure identical conditions. Samples are first incubated at 70 �C
for 10 h in order to equilibrate a slow increase in fluorescence intensity that always occurs
during the initial period of reaction mixture heating in samples containing SYBR Green
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and DNA [29]. Samples are then subjected to the thermal ramping protocol, during which
SYBR Green fluorescence is read out periodically for all sample wells.

Experimental data was further analyzed in IGOR PRO (Wavemetrics) using custom
scripts. A measure for the rate of folding at each temperature is determined by cal-
culating the change in fluorescence between the first and last datapoint at one constant
temperature for the full reaction mixture and the staple only reaction mixture. The value
obtained for the staple-only mixture is then subtracted from the full reaction mixture to
account for base pairs formed by excess staple strands without binding to sca↵old strands.
This also fulfills the role of a background correction due to processes other than the folding
process by calculating the di↵erence of two signals obtained under identical conditions,
such as changes in temperature or detector background.

7.5 TEM measurements

TEM analysis was performed as follows: A stain solution containing 2wt% uranyl formate
is prepared in advance and stored at �20 �C. A 200 µL aliquot is thawed directly prior to
grid preparation. 1 µL of 5M NaOH is pipetted onto the interior side of the aliquot tube.
The tube is then closed and vortexed for 1min, mixing the NaOH with the stain solution.
The solution is then centrifuged at 16000 RCF for 3min and is then ready for immediate
use within the next few hours.

A carbon-coated Cu400 TEM grid (Science Services, Munich, Germany) is glow-discharged
for 45 s (Glimmentladungsgerät K100X). 5 µL of the sample is pipetted onto the grid and
incubated for 30 s. The grid is briefly dried against a filter paper, then dabbed onto a 5 µL
droplet of stain solution, which then sticks to the grid. The grid is immediately briefly
dried against a filter paper again, and dabbed onto a 20 µL droplet of stain solution, which
then sticks to the grid. The stain solution is incubated for 40 s and then dried extensively
against a filter paper. The grid is left to dry for 30min under a dust protection cover.
Grids were imaged using a Philips CM100 transmission electron microscope operated at
100 kV. Images were recorded with an AMT 4x4 Megapixel CCD.



114 EXPERIMENTAL METHODS



Chapter 8

Mathematical and computational
methods

8.1 Model implementation in code

The main simulation code is written in C and is parallelized through Open MPI [83]. The
GNU Scientific Libraray [84] (GSL) and the igraph library [68] are also used. GSL libraries
are used for all random number generation. The MT19937 generator [85] (”Mersenne
Twister”) is used, which has a period of ⇠ 106000. Not that it is necessary to check since
we are again in the range of numbers larger than the number of atoms in the universe, but
a standard simulation will take on the order of 109 steps, with ⇠ 2 new random numbers
being generated at each step, one for the new reaction time, and one for drawing a new loop
distance from the universal function. We are thus in a safe range with this random number
generator. At the start of each individual trace simulation, the generator is seeded using
the current number of clock ticks elapsed since the program was launched multiplied with
the current process id, to ensure that even traces which are started simultaneously receive
unique seeds. Clock ticks are defined as occurring 1000000 times during one second of
computation time. Random numbers generated using this generator are then rescaled into
appropriate probability distributions using GSL functions as necessary. The igraph library
is used for all calculations related to the determination of biconnected components for
folding cooperativity. Of particular use is the function igraph_biconnected_components,
whose purpose is left for the reader to discover.

Unless otherwise specified, code was compiled with the -O3 optimization flag. Simulations
require a text input file that contains the specific design connectivity information and
all strand sequences. Input files can be generated from cadnano [86] design files (.json
format) using the custom python script json_to_gillespie.py. The script relies on the
Autodesk nanodesign package [87]. A second text file is used to specify the design input
files as well as some general simulation parameters such as simulation time and conditions
for ending the simulation prematurely, such as the formation of a su�cient number of
good crossovers.

Due frequent human error interferences, the code is currently set up to spawn many fully
independent processes to increase resiliency against node failure in the computing cluster,

igraph_biconnected_components
json_to_gillespie.py
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with each independent process sacrificing one CPU for MPI receiving. Each independent
process calculates the folding traces for a single design and a single set of parameters. The
process collects the data for all its traces and prints it into a unique text file. In more
reliable (human-free?) environments, the code can be switched to run all simulations in a
single process, reducing the number of CPUs occupied by MPI receiving processes.

The text file describing the origami design only contains sequence matches due to designed
interactions. All random sequence matches are generated dynamically at the start of the
simulation. All sequence matches between di↵erent sequences can be e�ciently found
using the su�x array approach [88]. Sca↵old-sca↵old interactions are found by treating
the sca↵old strand as a staple strand and comparing it against the sca↵old strand sequence,
with some modifications to account for circularity of the sca↵old strand. The algorithm
finds all sequence matches, including subsets of longer sequence matches. However, since
we assume a 2-state binding model with no intermediate steps, we do not consider duplex
formation of sequences shorter than the maximum complementary sequence length. We
therefore remove all found matches for which a fully overlapping complementary random
match exists that is longer on both strands.

The system state is propagated stochastically based on the Gillespie algorithm [40]. Be-
cause our system contains a very large number of di↵erent reaction types, with just 0
or 1 as possible numbers of ”molecules” per reaction (since each reaction represents the
binding of a unique location on the sca↵old strand), we use the implementation of the
Gillespie algorithm known as the next reaction method [89]. This implementation allows
us to keep the random times generated for all reactions, except the reaction that is cur-
rently occurring, for which a new reaction time has to be generated. Reaction rates of
individual reactions vary depending on many factors of the system state. It is therefore
necessary to update the randomly generated reaction times based on the reaction rates as
they change. [89] show that for elementary reactions with exponential probability distribu-
tions of reaction times, this update can be performed simply by multiplying the remaining
time until a particular reaction occurs with the ratio between the new and the previous
reaction rate. All reaction times are stored in an e�cient binary heap data structure,
allowing constant time access to the next reaction at each point in time.

We allow a small deviation from the described, exact algorithm for reasons of computation
performance. All reaction rate changes caused by direct interactions, such as blocking and
unblocking of reactions by other reactions, changes in o↵-rates due to coaxial stacking
interactions, changes in on-rates due to coaxial overhang strands, blocking of reactions
due to steric hindrance of the helix formation, and all reactions on the staple strand which
was involved in the current reaction, are updated immediately. However, reaction rate
changes that are caused by indirect e↵ects, that is the changes in loop closing rates due
to decreased loop lengths in the small-world model, are only updated every X timesteps,
with X being a user-defined constant, or when the loop reaction rate based on the average
loop length in the small-world model as approximated by [62] changes by more than 1%.
In our simulations, X was set to 104 reaction steps. On average, we observe 105 reaction
steps per second, meaning that even these indirect e↵ects are updated every 1

10

second,
or even sooner if there is a 1% change in the average loop rates. We see no significant
changes in the simulations with smaller values of X. The numerical values of di↵erent
duplex stabilities, stacking interactions strengths, entropic penalties, etc. all depend on
the current simulation temperature. Therefore, whenever the simulation temperature is
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changed, all values are recalculated, and all rates are updated accordingly.

A reaction i blocks another reaction j upon binding if there is any overlap between their
respective sequences on the sca↵old strand or the staple strand. A reaction that becomes
blocked has an e↵ective reaction rate of 0 and thus an unbound lifetime of 1. We therefore
do not rescale the reaction time, since we would lose all information about its value.
Instead, we forbid the reaction from occurring and save the currently remaining time until
the reaction should occur again and its previous reaction rate. During timesteps taken
in subsequent reactions, we do not change this saved time, since it is technically 1 and
thus the time passed relative to it will be negligible. Once the reaction becomes unblocked
again, the next occurrence time is calculated by rescaling the saved remaining time by any
changes in the reaction rate from before it became blocked, and adding it to the current
system time.

We implement staple strand duplicates in our simulation by allowing a user-defined number
of copies of each staple strand to bind simultaneously. Each such duplicate and all its
possible binding reactions are then treated as independent strands which happen to target
identical binding sites along the sca↵old strand. In order to correctly treat solution and
loop binding behavior, we have to consider some subtleties. Even though multiple strand
copies can bind simultaneously, their average binding rate from solution is only determined
by the total staple strand concentration. If we were to simply treat each duplicate as
a unique strand with a solution binding rate proportional to the global staple strand
concentration, we would overestimate the solution binding rate for each type of staple
strand sequence. The more duplicates we would add, the higher the summed binding
rate of all duplicates would become. We therefore adjust the solution binding rate of all
currently unbound duplicates to be:

k
solution binding duplicate

=
k
solution binding global

Number of duplicates in solution
(8.1)

Multiple identical staple copies are explicitly treated as independent reactions. However, as
long as they are in solution, they cannot bind with a constant on-rate based on the staple
concentration, since then the e↵ective on-rate would vary with the number of identical
staple copies considered. Therefore, the on-rate of each identical staple copy that is in
solution (i.e. not bound to the sca↵old in any way) is divided by the number of identical
staple copies in solution. This gives an e↵ective on-rate from solution equal to the rate
given by the true staple strand concentration. Once a staple copy is bound to the sca↵old,
its further reaction rates are not modified because two copies bound to the sca↵old strand
simultaneously are in fact twice as likely to bind to complementary sequences as a single
copy.

Sca↵old-sca↵old reactions are set to always be of loop-closure type, since the respective
reaction partners are always on the same (sca↵old) molecule. Both sequences of the
complementary duplex are treated as individual reactions, in order to allow simple and
consistent treatment of rate-modifying e↵ects. Since either sequence has a chance to
initiate binding, the reaction rates of each sequence are set to half the expected true
reaction rate of duplex formation. This is correct, since for two random, independent
variables X and Y with exponential probability distributions, the following relations are
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Therefore the two independent sca↵old-sca↵old reactions with rates k

2

will together have
the same reaction time probability distribution as the single real duplex formation reaction
with rate k, given that we always pick the faster of the two reaction times. This is
implemented by always forcing the second partner reaction to occur immediately after the
first reaction occurs. This approach is implemented identically for on and o↵ rates.

For the drawing of random loop lengths based on the small-world universal scaling function,
we have to weight the universal scaling function with the lifetimes of the reactions described
by the respective rescaled loop lengths. However, these lifetimes may change after a
random loop length has been drawn, for example due to the e↵ects of stacking interactions
or coaxial overhang strand penalties. However, the requirement on the weighting is only
that over long timescales, the resulting average bound fraction corresponds to the ensemble
average bound fraction as given by the universal scaling function. Therefore, as long as
the addition and removal of these rate a↵ecting e↵ects is independent of the random loop
length drawing process, averaging over a su�cient number of loop binding and unbinding
events, and thus random loop length drawing events, will fulfill the ergodic requirement.
Since the scaling of the universal function depends on the global number of crossovers,
whereas the rate a↵ecting factors are caused by local e↵ects of neighboring domain binding
and unbinding, it is plausible to assume that the two processes are independent as long as
the folding process proceeds slowly relative to the loop binding reactions.

8.2 Calculation of the small-world universal scaling func-
tion

The universal scaling function cannot be analytically described and needs to be numerically
calculated. The probability of the universal coordinate x being in an interval x

1

to x
2

can
be calculated from the cumulative probability density function as follows:

P (T > x) =

1Z

0

e�y

1 + 2e2xy
dy

P (x1 > x � x2) =

1Z

0

e�y

1 + 2e2x1y
dy �

1Z

0

e�y

1 + 2e2x2y
dy
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This is numerically evaluated using Mathematica for 10000 intervals between �5 and +5,
with a working precision setting of 30. Beyond these ranges, the function is approximated
to be 0.

8.3 Analysis code for experimental data

Experimental gel data is analyzed using custom MATLAB scripts written in collab-
oration with Jonas Funke. Code is available at https://github.com/JPSS/MATLAB_

TOOLBOX.

Raw gel data generated by the typhoon laser scanner in the .gel format is first loaded
using the load_typhoon_gel_format script.

Background correction is done by background_correct_gel_image, which first calculates
the intensity histogram of the image. Because most of the gel is free of any sample, the
peak of the histogram represents the average background intensity in most cases. This
value is subtracted from the image uniformly.

get_gel_lanes is used to determine the location of all gel lanes. The user selects the
sample area. A simple threshold algorithm is then used to first approximately determine
the lane locations. Each lane area is then fitted with the convolution of a step function
with a Gaussian function. This function is chosen because the initial sample distribution
in the gel can be approximated as a step function due to the gel pocket shape. During
the gel electrophoresis, sample particles then di↵use, leading to a Gaussian broadening of
the initial distribution function. The initially assumed lane width is increased until a fit is
found which places a user-defined fraction of the fit function inside the current lane area.
The width of the fit function containing the user-defined fraction is then set as the final
lane width. Each lane is integrated orthogonal to the electrophoresis direction for further
analysis, generating a profile for each lane.

The position of each pocket is determined by get_pocket_positions. In most samples, a
fraction of the sample loaded into the gel pockets gets stuck at the edge of the gel pocket
during the electrophoresis. The user specifies a likely gel pocket area, and the position is
then determined simply by finding the maximum intensity location.

The e↵ective migration speed of each lane is determined by ladder_correction. In each
lane, a DNA ladder is included which migrates slightly faster than the origami structures.
The bands of the ladder are fitted using 6 Gaussians. An average migration speed of the
lane is calculated from the location of the ladder band locations and used to correct the
lane profile, allowing for comparisons over multiple lanes and gels.

The mean folding time of structures for user-defined migration distance cuto↵s is then
calculated by folding_time_determination.

8.4 Analysis code for simulation data

Simulation data is analyzed using custom MATLAB scripts.

https://github.com/JPSS/MATLAB_TOOLBOX
https://github.com/JPSS/MATLAB_TOOLBOX
load_typhoon_gel_format
background_correct_gel_image
get_gel_lanes
get_pocket_positions
ladder_correction
folding_time_determination
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Initial output is written by the C code into text files. Text files are then loaded into
MATLAB and analyzed using cluster_data_load. Simulated mean folding times are
determined by averaging the time required by each trace to reach a user-defined cuto↵
value in a user-defined variable such as the fraction of good crossovers formed.

Averaged simulation data can be visualized for each structure and parameter set over
time with cluster_plot_over_variable. For quick screening of many simulations, the
mean folding times only can be visualized over many parameter sets with cluster_plot_

folding_times.

8.5 Typhoon data formats

The data formats generated by the Typhoon laser scanner that are used for further data
analysis have some peculiarities that are not necessarily known (including by GE sta↵).
This section will give a short summary of what we believe to be the process by which the
data is generated based on our results and documents provided by GE.

We begin by assuming that a particular pixel of a real, physical gel has a real intensity I.
This value is unknown to us. The detector returns logarithmic format data QL based on I,
in a range (0�65535). This data is converted to the linear LAU data format. LAU format
data should be equal to the real intensity I except for an arbitrary, constant multiplier.
LAU format data is converted to the linear, scaled .tiff format and the square-root, non-
scaled .gel format. QL and LAU format data are both internal and not visible to the
user.

QL data is converted to linear LAU data, as follows:

LAU(QL) =

✓
pix

100

◆
2

· 100 · 10L·(QL/G�0.5) (8.2)

In our case standard values are: pix = 25 µm, L = 5, G = 65536. Further calculations are
based on these values. In this case LAU can be calculated as follows:

LAU(QL) = 0.01976423538 · 10QL/13107.2 (8.3)

Because QL is logarithmic data, the real intensity I = 0 corresponds to a value of QL =
�1 and cannot be represented in the QL format. Because the QL range is (0� 65535),
the linear LAU range is only (0.019764235� 1976.076363).

Square-root .gel data is converted from LAU data as follows:

.gel(LAU) = 65535 ·
p
LAU �

p
LAU(0)p

LAU(65535)�
p
LAU(0)

= 65535 ·
p
LAU �

p
0.01976423538p

1976.076363�
p
0.01976423538

The subtraction of a constant o↵set from a nonlinear (square-root) format and subsequent
distortion of the data may be unexpected and needs to be considered when working with
the .gel format.

cluster_data_load
cluster_plot_over_variable
cluster_plot_folding_times
cluster_plot_folding_times
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Linear .tiff data is converted from the LAU data as follows if the signal is not saturated
(LAU(max) is smaller than 1976.076363 which means there is no .gel value equal to
65535):

.ti↵(LAU) = 62258 · (LAU � LAU(0))/(LAU(max)� LAU(0))

= 62258 · (LAU � 0.01976423538)/(LAU(max)� 0.01976423538)

Linear .tiff data is converted from the LAU data as follows if the signal is saturated
(LAU(max) = LAU(65535) , equivalent to a .gel value of 65535):

The saturated values are translated to 65535: .ti↵(LAU(65535)) = 65535.

The highest non-saturated value is translated to 62258: .ti↵(LAU(biggestvalue < 65535)) =
62258.

.ti↵(LAU) =

(
62258 · (LAU�LAU(0))

(LAU(biggestvalue<65535))�LAU(0))

LAU < LAU(65535)

65535 LAU = LAU(65535)

.ti↵(LAU) = 65535 · (LAU � LAU(0))/(LAU(65535)� LAU(0))

= 65535 · (LAU � 0.01976423538)/(1976.076363� 0.01976423538)

According to device support sta↵, in the .tiff data, instead of subtracting LAU(0) from
all values, only LAU(0) should be set to 0. This seems to be a bug in the software version
Typhoon FLA 9500 Version 1.0 Build. 1.0.0..185. Other versions may also be a↵ected. If
you perform a background correction, this error is of no consequence. The error is only of
consequence when trying to compare absolute intensities of multiple ti↵ files, because the
subtracted value �0.01976423538/(LAU(max)� 0.01976423538) is variable and depends
on the maximum image intensity for unsaturated images.
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Chapter 9

Appendix

9.1 Energy paramters for the simulation

9.1.1 Nearest neighbor hybridization energies

We use the nearest neighbor stability model as described by SantaLucia Jr. [44] for the
calculation of the duplex stability (Table 9.1). Because we only consider bi-molecular re-
actions between di↵erent types of strands (sca↵old and staple strands) or intramolecular
reactions (sca↵old-sca↵old interactions), we do not need to consider the symmetry correc-
tion. Fig. 9.1 shows the di↵erent naming schemes used in this section for nearest-neighbor
pairs, coaxial stacks, and dangling ends.

9.1.2 Coaxial stacking interactions

Stacking contributions and strand overhang penalties at coaxial stacking interfaces are
based on values from [45]. From the sequence specific energy values (Table 9.2) we can
determine sequence-averaged �H and �S values. Because the tested sequences are not
all unique, we can perform a weighted average to determine the average energies for a
random stack sequence. However the resulting average energies with and without weights

A-C
5’ 3’

T-G3’ 5’

AC/TG

=

A-C
5’ 3’

T|G3’ 5’

AC/T|G

=

A-C
5’ 3’

  G3’ 5’

AC/G

=

  C
5’ 3’

T-G3’ 5’

C/TG

=

Figure 9.1: Naming scheme for di↵erent structural features.
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NN pair �H (kcalmol�1) �S (kcalK�1mol�1)

AA/TT �7.6 �0.0213
AT/TA �7.2 �0.0204
TA/AT �7.2 �0.0213
CA/GT �8.5 �0.0227
GT/CA �8.4 �0.0224
CT/GA �7.8 �0.021
GA/CT �8.2 �0.0222
CG/GC �10.6 �0.0272
GC/CG �9.8 �0.0244
GG/CC �8.0 �0.0199

Duplex initiation 0.2 �0.0057
Terminal AT 2.2 0.0069

Table 9.1: NN, initiation, and terminal AT energy values.

are almost identical. In future iterations, the coaxial stacking energy parameters could be
further improved by including nearest neighbor influences to the stability of the stacking
interaction, as described in [90].

9.1.3 Dangling ends and terminal mismatches

Dangling end contributions are taken from [91]. Peyret [45] states that terminal mis-
matches (i.e. two dangling ends) can be approximated as the sum of the two dangling
end contributions. In 1/3 of the 48 cases, the sum is more than 0.35 kcal/mol more stable
than the terminal mismatch energy value. In half of the 48 cases, the sum of the dan-
gling ends is within experimental error to the terminal mismatch value. In the remaining
1/6th of the 48 cases, the dangling end sum is more than 0.35 kcal/mol less stable than
the terminal mismatch energy value. We will therefore slightly overestimate the terminal
mismatch stability if treat it as a sum of dangling end contributions. The UNAFold [92]
package also uses this approximation. Unfortunately, the measured terminal mismatch
values themselves have not been published due to commercialization.

9.1.4 Coaxial overhang penalties

Energy penalties due to overhangs in coaxial stacks are calculated from the experimental
values of di↵erent structures in [73]. The penalty due to overhangs is determined from
the di↵erence in stability observed between structures with and without coaxial overhangs
(Table 9.4). Values for a single 5’ overhang and a single 3’ overhang are averaged into a
joint value for a single coaxial overhang.
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NN pair �H (kcalmol�1) �S (kcalK�1mol�1)

AA/T|T �15.3 �0.0447
TT/A|A �9.9 �0.0231
TT/A|A �26.5 �0.0776
AT/T|A �20.5 �0.0592
TA/A|T �9.7 �0.0262
CA/G|T �16.2 �0.0468
TG/A|C �12.0 �0.0331
GT/C|A �20.2 �0.0555
AC/T|G �10.5 �0.0278
CT/G|A �12.8 �0.0335
AG/T|C �9.0 �0.0254
CA/T|C �18.8 �0.0569
GA/C|T �17.7 �0.0485
TC/A|G �13.5 �0.0341
CG/G|C �9.0 �0.0264
GC/C|G �13.1 �0.0314
CC/G|G �18.7 �0.0520
GG/C|C �8.0 �0.0206

Average �14.52 �0.0402
Weighted average �14.3 �0.0395

Table 9.2: Coaxial stacking energy values.
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Dangling end �H (kcalmol�1) �S (kcalK�1mol�1)

AA/T 0.2 0.0023
AC/G �6.3 �0.0171
AG/C �3.7 �0.0100
AT/A �2.9 �0.0076
CA/T 0.6 0.0033
CC/G �4.4 �0.0126
CG/C �4.0 �0.0119
CT/A �4.1 �0.0130
GA/T �1.1 �0.0016
GC/G �5.1 �0.0140
GG/C �3.9 �0.0109
GT/A �4.2 �0.0150
TA/T �6.9 �0.0200
TC/G �4.0 �0.0109
TG/C �4.9 �0.0138
TT/A �0.2 �0.0005
A/AT �0.7 �0.0008
C/AG �2.1 �0.0039
G/AC �5.9 �0.0165
T/AA �0.5 �0.0011
A/CT 4.4 0.0149
C/CG �0.2 �0.0001
G/CC �2.6 �0.0074
T/CA 4.7 0.0142
A/GT �1.6 �0.0036
C/GG �3.9 �0.0112
G/GC �3.2 �0.0104
T/GA �4.1 �0.0131
A/TT 2.9 0.0104
C/TG �4.4 �0.0131
G/TC �5.2 �0.0150
T/TA �3.8 �0.0126

Average �2.53 �0.0070

Table 9.3: Dangling end energy values.

Coaxial overhang �H (kcalmol�1) �S (kcalK�1mol�1)

20 bases 3’ overhang 7.1 0.020
20 bases 5’ overhang 3.3 0.008

Average 5’/3’ overhang 5.2 0.014

10 bases 3’ + 10 bases 5’ overhangs 17.1 0.046

Table 9.4: Coaxial stack overhang energy values.
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9.1.5 Salt corrections

Salt corrections are assumed to be mainly entropic [93,94] and can be treated as an entropic
contribution that is added to the stability calculated for a particular duplex sequence. We
use the salt corrections by Owczarzy et al. [46], since they consider both sodium and
magnesium contributions, which are both present in our system. The DNA backbone
is strongly negatively charged due to its phosphate backbone. It is therefore assumed
that increasing cation concentrations shield the negative charge of the backbone, thus
decreasing the cost of bringing two DNA strands into close proximity. However, the exact
process of stabilization is not entirely understood, and more complex e↵ects may also play a
role. Increased shielding of the negative backbone charge may also allow more base stacking
in the single-stranded DNA conformation. Through this e↵ect, the conformational space
explored by single-stranded DNA may be reduced, which would reduce the entropic cost
of duplex formation. Nonetheless, it is clear that increasing ion concentrations increase
duplex stability [44,46]. The salt correction used by us only changes the entropic costs of
duplex formation (supporting the hypothesis that more complex processes are the cause
of increased duplex stability. The salt correction has 3 di↵erent forms, depending on
the relative concentrations of divalent and monovalent ions. This is necessary due to
competitive binding between the monovalent and divalent ions, which can lead to lower
duplex stabilities with increased total ion concentrations in intermediate ratio ranges, if less
strongly-shielding monovalent ions displace divalent ions previously associated with the
duplex. Which function is applied depends on the ratio of magnesium ions and monovalent
ions R:

R =

q
[Mg2+]

[Mon+]
(9.1)

The three functions are as follows: In the case of R < 0.22:

�S
salt

= �H · (4.29 · fraction
GC

� 3.95) ·10�5 · ln([Mon+])+9.4 ·10�6 · ln([Mon+])2 (9.2)

For values of R above 0.22, we have the following general formula:

�S
salt

= �H ·
 
a+ b ln([Mg2+]) + fraction

GC

�
c+ d ln([Mg2+])

�

+
e+ f ln([Mg2+]) + g · ln([Mg2+])2

2(N
bp

� 1)

! (9.3)

With the factors a, b, c, d, e, f, g being as follows, depending the value of R:
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a =

(
3.92 · 10�5

⇣
0.843� 0.352

p
[Mon+] · ln([Mon+])

⌘
R < 6.0

3.92 · 10�5 R � 6.0

b = �9.11 · 10�6

c = 6.26 · 10�5

d =

(
1.42 · 10�5

�
1.279� 4.03 · 10�3 ln([Mon+])� 8.03 · 10�3 ln([Mon+])2

�
R < 6.0

1.42 · 10�5 R � 6.0

e = �4.82 · 10�4

f = 5.25 · 10�4

g =

(
8.31 · 10�5

�
0.486� 0.258 ln([Mon+]) + 5.25 · 10�3 ln([Mon+])3

�
R < 6.0

8.31 · 10�5 R � 6.0

For standard origami folding processes, [Mg2+] is usually between 12mM to 20mM, with a
sodium concentration of 5mM. R is therefore usually always greater than 6. [71] says that
the salt dependence of DNA stability is entirely caused by the salt dependence of stacking,
not of base pairing. If this is the case, we may also consider applying this salt correction
to our coaxial stacking parameters, not just to the duplex formation energies.

9.2 Origami designs

All origami designs were generated using the cadnano [86] design software. Below are the
staple strand sequences for all structures that were studied in this work. All structures
except the Rothemund rectangle use the p7560 sca↵old strand, with the RR design in this
work being compatible with the p7249 strand and all longer derivates of it.

9.2.1 Rothemund rectangle

Table 9.5: Rothemund rectangle sequences

Strand name Sequence

RR 1 TCAATTACCTGAGCAAAAGAAGATTACATTTA

RR 2 TTACAAAATCGCGCAGAGGCGAATTTAATGGA

RR 3 AACGGATTCGCCTGATTGCTTTGAGAGTGAAT

RR 4 GTAACAGTACCTTTTACATCGGGATATTAATT

RR 5 GATTTTCAGGTTTAACGTCAGATGAATATACA

RR 6 TGCACGTAAAACAGAAATAAAGAAAAATCCTT

RR 7 GAAGGGTTAGAACCTACCATATCAAGTTTGAG

RR 8 CCTGATTGTTTGGATTATACTTCTAGAAACCA

RR 9 ACAATTTCTATATGTAAATGCTGAAAAACTTT

RR 10 AACAGTACTTTAACCTCCGGCTTAATCTTCTG

RR 11 AACCTTGCTTATCAAAATCATAGGCCGACCGT

RR 12 AATTTTCCGATTAAGACGCTGAGAAATAAACA

RR 13 ACAAACAAGAGGATTTAGAAGTATACATAGCG

RR 14 TGCCCGAAATAGATTAGAGCCGTCGAAGATAA

RR 15 TAACATTAATCTAAAATATCTTTAAACACCGC

RR 16 CCAGAAGGAAATCAACAGTTGAAACAGCAGCA

RR 17 TATATAACATTTGAATTACCTTTTTATTCATT

RR 18 ACTACCTTATAAATCAATATATGTATACCAAG

RR 19 TAGTGAATTTCTGTAAATCGTCGCGAAACAAT

RR 20 ATAGCTTACTTAGAATCCTTGAAATAGACTTT

RR 21 ATACATTTTTCGACAACTCGTATTATTGCGTA

RR 22 AACAACTACGTTATTAATTTTAAAAAATTATT

RR
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Table 9.5: Rothemund rectangle sequences

Strand name Sequence

RR 23 GGAAGGTTTCATTTTGCGGAACAAGAATAATG

RR 24 CAGTTGGCAGCGGAATTATCATCAAATATAAT

RR 25 TTCAAATAGCAGAGGCATTTTCGAAAGGTAAA

RR 26 ACCTAAATGCCATATTTAACAACGTAAACAAC

RR 27 GTGATAAACAACGCTCAACAGTAGCTGTTTAT

RR 28 CCGGAATCATGCGTTATACAAATTGAAAAATA

RR 29 AAAATACCGATAGCCCTAAAACATGCCTGTTT

RR 30 AACAGAGGTTGAATGGCTATTAGTATATCCAG

RR 31 CTGCAACAAAGCGTAAGAATACGTAACAGGAA

RR 32 AATGAAAATGGCCAACAGAGATAGTTTGACGC

RR 33 TAATTTAGTATTTTAGTTAATTTCGGTTGGGT

RR 34 TGAGAATCTTAATGGTTTGAAATATCTGAGAG

RR 35 TATAAAGCTAAGGCGTTAAATAAGAGAGTCAA

RR 36 AGTATCATATAATTACTAGAAAAACGCCATTA

RR 37 CGCGAACTGAACGAACCACCAGCAAATAGATA

RR 38 CAATATTTTGAGGCGGTCAGTATTGGAGCACT

RR 39 TGACCTGAGTGCCACGCTGAGAGCGGAATTGA

RR 40 GGACATTCATCTAAAGCATCACCTTATCTGGT

RR 41 GTAATTCTAATCATTACCGCGCCCCCGGTATT

RR 42 ATGTTCAGAACAAGCAAGCCGTTTAACCTCCC

RR 43 CAACAATACGGGTATTAAACCAAGTAAATCAA

RR 44 ATATCCCATAATCGGCTGTCTTTCCTACAATT

RR 45 CTCAAACTACATCACTTGCCTGAGTGTAGAAA

RR 46 AACAATATCCGTTGTAGCAATACTCCGCGCTT

RR 47 AAACGCTCGAGTAAAAGAGTCTGTTATGGTTG

RR 48 TCAATCGTTGAGAAGTGTTTTTATTTTCCTCG

RR 49 ATCGTAGGGTCCAGACGACGACAACCAACATG

RR 50 TCATCGAGCTAATGCAGAACGCGCGGCTTAAT

RR 51 TCCAAGAAGATAAGTCCTGAACAACTTACCAG

RR 52 CCAATCAATCCTAATTTACGAGCATAGAAGAA

RR 53 TAGTAATAATCGGCCTTGCTGGTACTTTAATG

RR 54 CAAATTAATACCGCCAGCCATTGCGGCACAGA

RR 55 AGGCCACCATGGAAATACCTACATAACCCTTC

RR 56 CAGAATCCCTGAAATGGATTATTTAATAAAAG

RR 57 CTAAGAACGCCTTTACAGAGAGAAAGAATTAA

RR 58 GACTTGCGTTTTTTGTTTAACGTCGGGTAATT

RR 59 GATTAGTTATATTATTTATCCCAACCACAAGA

RR 60 TTATCCTGAGCCTAATTTGCCAGTGCAAGAAA

RR 61 CGCTGCGCGGGCGCTGGCAAGTGTACGAGCGT

RR 62 AATGCGCCGGAAGGGAAGAAAGCGCAGTTTGG

RR 63 CTTTGACGTGACGGGGAAAGCCGGGTGGACTC

RR 64 TTAGAATCGGAACCCTAAAGGGAGCTATCAGG

RR 65 AAATAGCAGCGAGGCGTTTTAGCGTTATTTTC

RR 66 AGAAACGAGGAGGTTTTGAAGCCTTACCGCAC

RR 67 AAACAGCCGCTATTTTGCACCCAGCTTATCAT

RR 68 CTTTCCAGAATCTTACCAACGCTAAGCGGTCA

RR 69 GGGCGCTAGTAACCACCACACCCGTCTTTGAT

RR 70 GCGAGAAAGCTACAGGGCGCGTACCCATCACG

RR 71 TTAGAGCTAGCACGTATAACGTGCAATCAGTG

RR 72 ACTAAATCAGAGCGGGAGCTAAACCGGTACGC

RR 73 CTGAACACCCTTATTACGCAGTATTGGCAACA

RR 74 GAGCGCTAGAATACCCAAAAGAACCGGAATAA

RR 75 ATTGAGTTCAGAAGGAAACCGAGGAAATTCAT

RR 76 CAATGAAAAGAAAAGTAAGCAGATAGCCAGCT

RR 77 CCGAGATATCCCTTATAAATCAAAACCGAAGC

RR 78 AACAAGAGCCTGTTTGATGGTGGTCACTGCCC

RR 79 CAACGTCAGTCCACGCTGGTTTGCTGCCAGCT

RR 80 GCGATGGCACCGCCTGGCCCTGAGGGGGAGAG

RR 81 TTAAGACTCCTGAACAAAGTCAGAAAAAATGA

RR 82 TAATAACGATATCAGAGAGATAACTCCAAATA

RR 83 AAAGTTACAAGCCCAATAATAAGATACAAAAT

RR 84 CCTTTTTATAGCAATAGCTATCTTAGAATAGC

RR 85 CGGCAAAAGGGTTGAGTGTTGTTCAAAGGAGC

RR 86 GCGAAAATTCCACTATTAAAGAACCGAACGTG

RR 87 AGCAAGCGAAGGGCGAAAAACCGTCCCCCGAT

RR 88 TGCCCTTCCCACTACGTGAACCATCGTAAAGC

RR 89 TATAAAAGCCGACTTGAGCCATTTCCATTACC

RR 90 GTTTATTTAATTATTCATTAAAGGAATGAAAC

RR 91 ATGGTTTACGATTGAGGGAGGGAATAGCGACA

RR 92 TTCCGGCAAGGAAGATCGCACTCCGACTGTAG

RR 93 AACTCACACAGTTTGAGGGGACGACGACAGTA

RR 94 GCTTTCCATGTAGATGGGCGCATCTGTAAACG

RR 95 GCATTAATCGGATTGACCGTAATGTAAATTTT

RR 96 GCGGTTTGCAACCCGTCGGATTCTCAATAGGA

RR 97 CACCGTCAAAACGCAAAGACACCATGGCATGA

RR 98 TTGACGGATGTCACAATCAATAGAAAACGCAA

RR 99 CATTCAACCCAGCGCCAAAGACAAAGCCGAAC

RR 100 TCGGCCTCCCGCTTCTGGTGCATGAGTGAGCT

RR 101 GCATCTGCTTAATTGCGTTGCGCTTCCGAAAT

RR 102 CACGTTGGGTCGGGAAACCTGTCGCCCAGCAG

RR 103 ACAAACGGGAATCGGCCAACGCGCAGAGTTGC

RR 104 GCGAGTAACGTATTGGGCGCCAGGCAGCTGAT

RR 105 ATTAGCAAGAGCCACCACCCTCAGCCAGCATT

RR 106 CATCGATACAGAGCCGCCACCCTCCGATTGGC

RR 107 GAATCAAGGGAACCAGAGCCACCACCTCATTA

RR 108 CGCGTTTTGCGTTTGCCATCTTTTCTGAATTT

RR 109 GATTGTATTCAGAAAAGCCCCAAACATAGCCC
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Table 9.5: Rothemund rectangle sequences

Strand name Sequence

RR 110 TTAATATTAGCATGTCAATCATATAATGCCTG

RR 111 TGTTAAATCAAGAGAATCGATGAAAAGGGTGA

RR 112 ACGCCATCTATCAGGTCATTGCCTCCATCAAT

RR 113 CACCCTCAGGCCGGAAACGTCACCTGAATTAT

RR 114 GCCTCCCTGCAGCACCGTAATCAGGGTAAATA

RR 115 AAATCACCTTTGCCTTTAGCGTCAAAGGGCGA

RR 116 CCTTATTACATCGGCATTTTCGGTAACAGGAA

RR 117 GTTGATAAAAGCAAATATTTAAATGTAACCGT

RR 118 GTAAAACTTTGTTAAAATTCGCATGGATAGGT

RR 119 GGAGCAAACAGCTCATTTTTTAACCCGTGGGA

RR 120 ACAAAGGCAAAAATAATTCGCGTCAAATGTGA

RR 121 GACAGGAGTTCTGAAACATGAAAGTTAGGATT

RR 122 CTTGATATTTAATGCCCCCTGCCTCGGATAAG

RR 123 AAGCCAGAAGTGCCTTGAGTAACATATAGCCC

RR 124 ACCGTTCCGGAGTGTACTGGTAATGGAGGTTT

RR 125 AGAACCCTTTCAACGCAAGGATAAGGCTTTTG

RR 126 AGTAATGTCCCTGTAATACTTTTGTTGACCAT

RR 127 GAAAGGCCAAGCTAAATCGGTTGTTAACCTGT

RR 128 ATGATATTAGCAAAATTAAGCAATCGAGCTGA

RR 129 ACCTATTAGTTGAGGCAGGTCAGAAGAACCGC

RR 130 ATAAACAGTCACAAACAAATAAATCCGGAACC

RR 131 ACGGGGTCATGGAAAGCGCAGTCTCATAATCA

RR 132 ATGATACAAGTAAGCGTCATACATAAATTTTT

RR 133 GCCTTTATCATATATTTTAAATGCGTACCCCG

RR 134 CATTATGAGTAGGTAAAGATTCAACGGTAATC

RR 135 AGAGCATAGGAGACAGTCAAATCAGAGAGTCT

RR 136 AAAGAATTCAACCGTTCTAGCTGAAGAGATCT

RR 137 AGCGGGGTCCTGTAGCATTCCACAGTTTTGTC

RR 138 TGCCGTCGACTGAGTTTCGTCACCATTTTCTG

RR 139 GGAATAGGAGCAAGCCCAATAGGACAACAGTT

RR 140 AGTACCGCCCCTCAGAGCCACCACACAACTAA

RR 141 ATTCTGCGATTCCATATAACAGTTACCCTCAG

RR 142 TAGATACATATGCAACTAAAGTACGATTGCAT

RR 143 TTAGCTATGAATATAATGCTGTAGAAGACTTC

RR 144 AAAGGTGGCATTTTTGCGGATGGCTCAAAGCG

RR 145 CTACAACGTTTGCTCAGTACCAGGATTTCGGA

RR 146 ACCGTAACAGAGGGTTGATATAAGGTGCCCGT

RR 147 TCAGGGATTGTATCACCGTACTCAAAGTTTTA

RR 148 AACCGCCACACCCTCAGAACCGCCGATTCCCA

RR 149 GAAGTTTCAACGAGTAGATTTAGTCGGGAGAA

RR 150 GTTTTAAATTTCGCAAATGGTCAAACCAAAAA

RR 151 TAATTGCTATTTTCATTTGGGGCGAAAGCCTC

RR 152 TAAGAGGTCATCAATTCTACTAATGGCAAGGC

RR 153 GTCTTTCCGACAATGACAACAACCTGAGGCTT

RR 154 TATGGGATTTCTTAAACAGCTTGACGGGATCG

RR 155 TCAGCGGATATCGGTTTATCAGCTATCGGAAC

RR 156 AGGAATTGAAAAAAAAGGCTCCAATTTGAGGA

RR 157 ACTATTATATCAAAAATCAGGTCTCACGTTGA

RR 158 CAAAAAGATTAAACAGTTCAGAAAAGATACAT

RR 159 AAATATCGCATAAATATTCATTGATAGTAAGA

RR 160 AACCAGACAGACTGGATAGCGTCCACCAGACG

RR 161 GTTGCGCCAGACGTTAGTAAATGAAGTACAAA

RR 162 AGGTGAATTTTGCTAAACAACTTTACCCATGT

RR 163 TTTAATTGGTGAGAATAGAAAGGACCTCATTT

RR 164 AAATCTCCCGAATAATAATTTTTTTTACCCTG

RR 165 GACCATAAAGTCAGAAGCAAAGCGGGTGTCTG

RR 166 CAAATGCTTTAAGAGGAAGCCCGACTCAACAT

RR 167 GGAATCGTCGTTTTAATTCGAGCTTTAGAGCT

RR 168 AAATGTTTCGGAAGCAAACTCCAACCTTTTGA

RR 169 GCAGGGAGGCGCGAAACAAAGTACTGTCGAAA

RR 170 TCACCCTCCACTCATCTTTGACCCAGCCGGAA

RR 171 GAGGGTAGTAAAACGAAAGAGGCAGGGAACCG

RR 172 CTAAAGACAAATACGTAATGCCACAGATGAAC

RR 173 AGGAATACAGAAAGATTCATCAGTTTCCATTA

RR 174 AACGCCAAAAACGAACTAACGGAAGAACCGGA

RR 175 GCAACACTCAGGACGTTGGGAAGACAAAGCTG

RR 176 ACGATAAATGCGATTTTAAGAACTCTGACGAG

RR 177 TATACCAATTAAAGGCCGCTTTTGTACCGATA

RR 178 CACTAAAAAGCAGCGAAAGACAGCTGCTTTCG

RR 179 CACCAACCCAACGGCTACAGAGGCAAGGAGCC

RR 180 AACGGGTATTTTTCATGAGGAAGTTGAGATTT

RR 181 TTACAGGTCACATTCAACTAATGCACGAGAAT

RR 182 CGTTAATAAAGGAATTACGAGGCAATCCCCCT

RR 183 ATACCAGTATCATAACCCTCGTTTAATACTGC

RR 184 TTACCTTAAACCAAAATAGCGAGATAATAGTA

RR 185 TCCGCGACCTGCTCCATGTTACTTCCAGCGAT

RR 186 CGAGGCGCAGACGGTCAATCATAAAAAGAATA

RR 187 AACTGACCAACTTTGAAAGAGGACTACGAAGG

RR 188 GGTGTACAGACCAGGCGCATAGGCTGGCTGAC

RR 189 CTTCATCAAGAGTAATCTTGACAACAACATTA

RR 190 TATTCATTACCCAAATCAACGTAAAAAATCTA

RR 191 CTCATTCAGTGAATAAGGCTTGCCGGCTCATT

RR 192 AAACACCAGAACGAGTAGTAAATTATTGTGAA
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9.2.2 42 helix bundle variants

All 42hb variants fold into the same final brick-like shape, but they have di↵erent internal
staple and sca↵old routing schemes.

Table 9.6: 42hb-v1 sequences

Strand name Sequence

42hb-v1 1 GCGGAGTGAGAATCTCCAAGACAGTTAGACTCCTCAAGTCAT

42hb-v1 2 AAACAACTTTAAAAGGAGATCGTCTTAGGATTGAAACAAAAG

42hb-v1 3 TTTTCTGTATCGGTTTAAGTTAAATCAGTACCTATTTCATCT

42hb-v1 4 TTCCAGACGTAGGTGAACGGTCGCCCGTCGATAAACAGTACC

42hb-v1 5 CGATCTAAAGTGATACCCCCACGCGTATAGCCCTTGAGCAAC

42hb-v1 6 CAGCCCTCATCAAGCAAGCCCAATGAGCCAGATATTGAGAAT

42hb-v1 7 CCTGTAGCATGTACGAGCCACGTACCGCGATACAGTCTCTGA

42hb-v1 8 GGAACCCTCAGCAGCGAAAAAAAAGGAATACTCCACGGAATA

42hb-v1 9 TGCGGCCGCTTTTGCGGGCCTTTAAGATTCAGTCACAAAACA

42hb-v1 10 GTGTGAGGCTTGCAGGGTCAGCTTACAACATATATGGTAAAT

42hb-v1 11 TAAATAACCGATATATTTTTCTTATTAATAAGACAAAACAGT

42hb-v1 12 GTAGACAACAACCATCGGATAGTTCGTTGGGCGATTGATGAT

42hb-v1 13 TTACACCCTCATTTTCAGGGATATTCACCGTTAAGTTTAAGC

42hb-v1 14 CTAAAACGAATGACCAAATCACCGTTTGTTTAACGTCAATGG

42hb-v1 15 AATACACTAATCAATCAACCGGAAAATCCAAGAGAGAAACAA

42hb-v1 16 TTGACCCCCAGCCGGAAGCCGCCAAACAGCCGGAAGCGTCAA

42hb-v1 17 AAGCGCGAAACGACCTGACCCTCATAATTTGATTAACTAATG

42hb-v1 18 GGAGATTTGTATCATTATAACGGGGTCAGTGCCGGAATTCAA

42hb-v1 19 CAGAATGGAAACAAATAACCAGAGATCCTGACTAATATGTAA

42hb-v1 20 GGAACCGAACAGAGGCATGAAAGTATTAAGAGGCTGCACAAC

42hb-v1 21 GCGCAGACGGAACACTCGGAACCTATTATTCTAGCGGGTTAT

42hb-v1 22 ATGTTACTTAGCGATTATTAATGCCCCCTGCCAGGCGGGCAT

42hb-v1 23 TCGAAATCCGCAAAGTATAACAGTGCCCGTAGAGGGTTGACT

42hb-v1 24 CTCATCGCCTGATAAATAGAGCCGAACGAGCAAGTCAGCAAT

42hb-v1 25 ATATTCACAAAGCGCAGGAGTGTACTGGTAAACTCAGGCCGT

42hb-v1 26 AGTAATCTAACTTTGAAAGAGGACAAGGCACTGAGGAA

42hb-v1 27 AATGACGAGAAGACTTCTAATAGTATTTTTGAATTAATGGTT

42hb-v1 28 TAGTAGTAAAAAGATTAGGATAGCTTAATGCACCGTGTAGTT

42hb-v1 29 TTTGTTTAATAGCAAAGAATCGTCTCAACCGTAAATAAAAAC

42hb-v1 30 GTATTGTGAAACCCTGAAATCCCCAAATCACATCATAACGCA

42hb-v1 31 GTTTTTAAGATAAATCAACAGTTCTGAGAAACTGTTTAAAAT

42hb-v1 32 AATATCACCATAGCTATCTTACGATTGAGCGATCTTACTTAG

42hb-v1 33 TTCTTGCCCTCATGACAAGAACCGAGACTTTCATCGGA

42hb-v1 34 AGTTTATTTTTCAGTTGGAACGAGCGTTTGCAGCCACCTAAG

42hb-v1 35 TAGAAAATTCTATTACATGAGATGCGGTCATCCTCAGACGAG

42hb-v1 36 CAGCGCCAAAAACGAACTTAATCAGCGCGTTAACCGCCCTCC

42hb-v1 37 GACATTCAACAAGAAAAATGCGATTGCCTTTCACCCTCTGTG

42hb-v1 38 GGGAAGGTAACATACCAGTCAGGAGCGCCGAAGTTAGCGTAA

42hb-v1 39 AATTATTCATCCATTTGCATTACCCATCGATCAGCATTCTTG

42hb-v1 40 CGTTTACCAGGAGGGGGAAATATCGTCAAAAATGAAAACCTAATTCTGT

42hb-v1 41 TATAAAAGAATTAGACTAGAGGAACTTTACAATAAGAAGAAT

42hb-v1 42 ACATACATAAACTGCGGCGGATTGAAAACAGATATTATCATG

42hb-v1 43 ATGTTAGCAATTCATTGCTATTATCGGGAGACCAGTTAAAGT

42hb-v1 44 TAAGACTCCTGCTTTAAAAAATCACTGAACAGTCTTTCCATT

42hb-v1 45 ACCCAAAAGAGACGAAGCCCTTTTACAACGCATACAAATTGG

42hb-v1 46 ACGCAATAGTAAGCCAATGAAATAACCCCCAGCTAGGGAGGT

42hb-v1 47 CAGGCGTTTTATAAGGCAACTAATCGTTGAAAATAGAA

42hb-v1 48 AGCGCCCGAAAACACCAAGATTTAAGGCTCCCAACAGTTTCA

42hb-v1 49 ATACATCAAATTGGGCTGGTAGAAATTGTATGGGATTTTGCT

42hb-v1 50 AGAAGTCAGATTCAACTTAACGGAGCTTTCGTAGTAAATGAA

42hb-v1 51 ACCGGTCTTTTTACCTTATCTACGAACAGCTTTTTGTCGTCT

42hb-v1 52 TAAATGACCAACTGGCTCATTAAACAGTAGCAACCACCAATC

42hb-v1 53 GAGATAGCAAGTAGCACGGAATTAAGGAACCCATTCCACAGA

42hb-v1 54 CTTAGAGCTTGGGCGCGAGCATGTATTTCAATTACCTGCGGC

42hb-v1 55 ATAATGCTGTGTTTAGCAATCGGCTCGCGCACATCAAGTTGA

42hb-v1 56 TTTTAAATATTTCGCAAATTCCAATTTGAATTACATTTAGCC

42hb-v1 57 ACGGTGTCTGTAGTTTGCCAAGTAATAACGGAATTACCCACT

42hb-v1 58 CCATATAACAGTTGATTCAACGCTCCACCAGGACAGAAAGGT

42hb-v1 59 CGAACCTCCCCTAAGAATTCATCGGATGAATTGAGTGATTGA

42hb-v1 60 TTTTCATTTGAATTGCTACGATTTGAACCAGCATCTTTAGAA

42hb-v1 61 TCAATAACCTAGCTCAATTATCCCCCGCCTCAGCCCCCGTTT

42hb-v1 62 TTAGATACATGCAACTACAAAATACCCTCAGTTCATCGATAA

42hb-v1 63 CGAGTAGATTGAAGTTTCAGAGCCGAGCCACAGCGTCAGATA

42hb-v1 64 AGGCGTTCCCAATTCTGAACAAGCCCTTTTACAGTACATATC

42hb-v1 65 ATCCGGTATTGACTTGCCAATTTTCCGCCGCAGCAGCAAGGT

42hb-v1 66 GGCAACGAGCTGAAAAGGTGGTTTGCGGGGATTAGCAAG

42hb-v1 67 GAAAGCCTTTTTCTCCGACGTTAACCTCGATTGGCTATTGAC

42hb-v1 68 CAAATAAAAAAGCGAGTTCGCATTTAAGCTACGAACTGCCAA

42hb-v1 69 CAGATATATTCTTTCATTCAGCTCGTGTAATTCGCCATGTAA

42hb-v1 70 AAATGAGTAAGTCTGGCAGGAACGCGAACTCGAACCACGATT

42hb-v1 71 TTCATGTAATATAGCTTAGATTATATATATGATACAGTGGTT

42hb-v1 72 AATGGATTGAAAGCAAACCCGGGTACCACAGACAA

42hb-v1 73 AAGTTTGCCAACGACGACACTATCATAACCCCACA

42hb-v1 74 CGGTAATCGTAGAGATCTATGACCTAAGAATTAGCAAACCAA

42hb-v1 75 TGAAATACCGCGGAGAGCGGGAGAAAATAATAATCAATTATA

42hb-v1 76 AATAAGGCGTTTCTAGCCGCAAGGTAGATAACCTTATCATGG

42hb-v1 77 AAACACCGGACATCAATAACCCTCAACGCGCTATTAAAACCA

42hb-v1 78 TAGAAAAAGCGGCCGGACAATGCCCAACATGCATCGAGCGAA
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Table 9.6: 42hb-v1 sequences

Strand name Sequence

42hb-v1 79 CATATGCGTTCAGATTCAAAAGGGAGAAAACACTGGCAGGGA

42hb-v1 80 TACCAGTATAAATCGCCGAGGCATCGACAAACATTACCGCTT

42hb-v1 81 CATATTGTATCCGTAATTTTGAGCAAAAGAAACTTTACCTGG

42hb-v1 82 AATTTCATCTATTGTAATGGGAACAAACAAAGAGGCGAAAAC

42hb-v1 83 TTTTTCAAATTTAAAATAACAACCAATTAATACCAAGTGCCA

42hb-v1 84 AGACAAAGAATGTTAAACAACATTTCATTTGATTCGCCTTGG

42hb-v1 85 GCTGATGCAAAACCAATCTTCCTGATGGAAACATCGGGGGCC

42hb-v1 86 GTTATATAACAAAAGACGCTGAGAAAAAATCACAGAGGAATG

42hb-v1 87 ACCTCCGATAGTGATTGAAAATGCTTCTCAGGTTTAATTATT

42hb-v1 88 ATGAAACGGCACTTTTGGGTAGCTAAAATGTACGCAAAGACA

42hb-v1 89 CAACGTCGGAATTTCAATGATAAAGTCCAATAGGTGGCTCAA

42hb-v1 90 ATTAAATGTGTTTTTAGATGATATATAAATAACGTAGATTAC

42hb-v1 91 TTATAGCCAGTTAAATGGACAGTCCTCAAATTATTACGGGGC

42hb-v1 92 TCAAATTCGCTGTGTAGGTAAAACTGTCCAGTTTTATTCGCG

42hb-v1 93 CCTCATAGCGTTAGGCAATATTTATAAGAAAAATAACGCGGA

42hb-v1 94 ACCGCTTCTGTGCCAAGAATTCGAGAGCTAAACAGGAAACTA

42hb-v1 95 CAGGCAAAGCACGTTGTTCCTTTGTCCTCGTGAACGGTACGC

42hb-v1 96 TTCAGGCTGCGCCAGGGATTTTAAACGAGCAAGAAGTGTTTT

42hb-v1 97 GAAGGGCGATAAGGCGATTATCATGCGCGTAGAGGCCACCGA

42hb-v1 98 TCTTCGCTATTACGCAGAACAGTAAAGCCGTACGACGAAGGG

42hb-v1 99 AGAACCTACCACTTCTGTTATCATGCGTAACCGTTGTAGCAA

42hb-v1 100 CTCAGGAGAAAGCTTTCAGGGGACCAGGCAA

42hb-v1 101 CGACGGCCAGGTGCCGGATTATTCAGAAACCATCCCATTAGC

42hb-v1 102 CCCAGTCACGGCCATTCTACAAAATGTCTTTGTCCTGATAAC

42hb-v1 103 GTTGGGTAACGCAACTGTGATTGCGAACGGGCTGTTTACATT

42hb-v1 104 GATGTGCTGCCGGTGCGAGAAACACCGCACTTTCAGCTGAAC

42hb-v1 105 ATGGACAGCTGGCGAAAAAACCACCGCTTAACTGTCCATCAC

42hb-v1 106 TTTGGATTATATATCAAAACGTCATAGGAATAGGTAAACAGA

42hb-v1 107 GGAGACAGTGTTGCAGCCCAGTCGGGAAACCACCCTTCTAGT

42hb-v1 108 GTCGTAAGCACACCGCCCCAGCTGCATTAATATTCTGGATAG

42hb-v1 109 AACACGAATAGGGCAACCCAACGCGCGGGGAACGACCATAAA

42hb-v1 110 TAACGGCTGATTTTCTTTTTGCGTATTGGGCATTGGCACAGC

42hb-v1 111 AAGGCATCACCTGGTAATATCCCAAATTAACCACCACAGGCG

42hb-v1 112 GCCAATAGTGCTGAATTCTGCCAGGGGATAGAAAACATTACA

42hb-v1 113 AGTGGTTTGCGTTGCGCTCACTGCAAGAATACGTGGATACGA

42hb-v1 114 TATTTTTGAAAAAGACGTGATACCTTTAGAATATTAAAAAAA

42hb-v1 115 CTTTAATGCGCGTGGTGGCCATCTAATAGATGTTATTATTTT

42hb-v1 116 CCCTAAAACAGAGTAAAGGTGGGCAACTAATAGTAACATTAA

42hb-v1 117 AATACCGAACTGACCTCCTTGAATAATATCTAACAAAGGGGG

42hb-v1 118 AGAAGATAAATAAAATCATTTCTCCCATCAATATATGTGTAT

42hb-v1 119 GCGGTCAGTAGCCAGCAAACCTCATGGCAAACTGATTAATTG

42hb-v1 120 GCCTAATTGCCCCAGCATCAGGCCGATTAAAGGGATTTCCAC

42hb-v1 121 CTGAAAGCGTCCGCTTTAAGCGGTTAGACAGTAGAATCCAAC

42hb-v1 122 CAGAGATAGATGTCGTGTGGCCCTAATCCTGCGTATAACGTC

42hb-v1 123 TAAAAGGGACGAATCGGAGCTGATAATCAGTCTATGGTCCCT

42hb-v1 124 CACCAGTCACGAGGCGGTTCACCAAAAGAGTTGCGCCGTAGA

42hb-v1 125 GATTATTTACGCAGAACAATATTACCGCCAGCGTCTGATGAG

42hb-v1 126 GCTCAATCCATTGCAACTATCTTCTTTGAGCGGTCAGGGAAG

42hb-v1 127 CTCACATGGAAGCACACAATTCCACACAACCGAGCGCTC

42hb-v1 128 GCTGACTCTAGAGGATCTATTTAATCTGACCTAAATAACTAG

42hb-v1 129 TTATAAAGGCGAAATATTTACTCGAATTCAGGAAGGTCAATCTGAA

42hb-v1 130 CAGGAGAGAGCGGCCCTCTTGTTATATTTTGATATTTTGATA

42hb-v1 131 TATTGCCCTTACTCGTCCAGGGCTAAATTTTCGCGAGAGAAT

42hb-v1 132 GTAGTGAGACTAGGGGCCTGGTTGATTTTTTATCCAATTTAC

42hb-v1 133 GCAGGGTGGTCGCATTTCACATAAGAATTGAAGCGGAAAATA

42hb-v1 134 TACGGCCTTGCTTGCTGGCAAATGAGAGTCAGCTTAGGTTCT

42hb-v1 135 AGAGTCCAAGAATACTTAAGTGTCCTACCTTT

42hb-v1 136 TTAAAGAACGTGGACTCAGAGCGGCAACTCGGTATTAGGATG

42hb-v1 137 GTCAAAGGGCGAAAAACCGTGCTTCCCGAACAATACATAAAA

42hb-v1 138 TATCAACTAAATCGGAATGCTTTGAAGTTTGAGATTAGAACA

42hb-v1 139 AAAGGGAGCCCCCGATTCTACAGGTTTGCGGTTAGGAGTTTT

42hb-v1 140 GCTTGACGGGGAAAGCCCCCGCCGCAGAAGGGGAAGGTTAAA

42hb-v1 141 AACGTGGCGAGAAAGGAACGCTGCCATATTCTCAACAGATAA

Table 9.7: 42hb-v2 sequences

Strand name Sequence

42hb-v2 1 GAGTGAGAATCTCCAAGACAGTTAGACTCCTCAAGTCATAAT

42hb-v2 2 CAACTTTAAAAGGAGATCGTCTTAGGATTGAAACAAAAGAAT

42hb-v2 3 TCTGTATCGGTTTAAGTTAAATCAGTACCTATTTCATCTTTG

42hb-v2 4 CAGACGTAGGTGAACGGTCGCCCGTCGATAAACAGTACCAAG

42hb-v2 5 TCTAAAGTGATACCCCCACGCGTATAGCCCTTGAGCAACGGA

42hb-v2 6 CCCTCATCAAGCAAGCCCAATGAGCCAGATATTGAGAATACC

42hb-v2 7 CCTGTAGCATGTACGAGCCACGTACCGCGATACAGTCTCTGA

42hb-v2 8 GCAGCGAAAAAAAAGGAATACTCCACGGAATAAGT

42hb-v2 9 TTTGCGGGCCTTTAAGATTCAGTCACAAAACATAT

42hb-v2 10 TGCAGGGTCAGCTTACAACATATATGGTAAATACA

42hb-v2 11 ATATATTTTTCTTATTAATAAGACAAAACAGTATG

42hb-v2 12 GACAACAACCATCGGATAGTTCGTTGGGCGATTGATGATTAA

42hb-v2 13 ATTTTCAGGGATATTCACCGTTAAGTTTAAGCCAG

42hb-v2 14 AAACGAATGACCAAATCACCGTTTGTTTAACGTCAATGGCTT

42hb-v2 15 ACACTAATCAATCAACCGGAAAATCCAAGAGAGAA

42hb-v2 16 ACCCCCAGCCGGAAGCCGCCAAACAGCCGGAAGCGTCAACAA
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Table 9.7: 42hb-v2 sequences

Strand name Sequence

42hb-v2 17 CGCGAAACGACCTGACCCTCATAATTTGATTAACTAATGCAG

42hb-v2 18 GATTTGTATCATTATAACGGGGTCAGTGCCGGAATTCAAGTT

42hb-v2 19 AATGGAAACAAATAACCAGAGATCCTGACTAATATGTAATTC

42hb-v2 20 ACCGAACAGAGGCATGAAAGTATTAAGAGGCTGCACAACCTA

42hb-v2 21 CAGACGGAACACTCGGAACCTATTATTCTAGCGGGTTATTAG

42hb-v2 22 TTACTTAGCGATTATTAATGCCCCCTGCCAGGCGGGCATTTT

42hb-v2 23 AAATCCGCAAAGTATAACAGTGCCCGTAGAGGGTTGACTGTA

42hb-v2 24 ATCGCCTGATAAATAGAGCCGAACGAGCAAGTCAGCAATAAA

42hb-v2 25 TTCACAAAGCGCAGGAGTGTACTGGTAAACTCAGGCCGTAAT

42hb-v2 26 GACGAGAAGACTTCTAATAGTATTTTTGAATTAATGGTTTGA

42hb-v2 27 TAGTAAAAAGATTAGGATAGCTTAATGCACCGTGTAGTTAAT

42hb-v2 28 GTTTAATAGCAAAGAATCGTCTCAACCGTAAATAAAAACTTT

42hb-v2 29 TTGTGAAACCCTGAAATCCCCAAATCACATCATAACGCAAGA

42hb-v2 30 TTTAAGATAAATCAACAGTTCTGAGAAACTGTTTAAAATGCT

42hb-v2 31 ATCACCATAGCTATCTTACGATTGAGCGATCTTACTTAGCGA

42hb-v2 32 CACATTCTTGCCCTCATGACAAGAACCGAGACTTTCATCGGA

42hb-v2 33 TTATTTTTCAGTTGGAACGAGCGTTTGCAGCCACCTAAGGGA

42hb-v2 34 AAAATTCTATTACATGAGATGCGGTCATCCTCAGACGAGGCG

42hb-v2 35 CGCCAAAAACGAACTTAATCAGCGCGTTAACCGCCCTCCATG

42hb-v2 36 ATTCAACAAGAAAAATGCGATTGCCTTTCACCCTCTGTGTCG

42hb-v2 37 AAGGTAACATACCAGTCAGGAGCGCCGAAGTTAGCGTAACGA

42hb-v2 38 TATTCATCCATTTGCATTACCCATCGATCAGCATTCTTGATA

42hb-v2 39 TTACCAGGAGGGGGAAATATCGTCAAAAATGAAAACCTAATT

42hb-v2 40 AAAAGAATTAGACTAGAGGAACTTTACAATAAGAAGAATATA

42hb-v2 41 TACATAAACTGCGGCGGATTGAAAACAGATATTATCATGTTT

42hb-v2 42 TTAGCAATTCATTGCTATTATCGGGAGACCAGTTAAAGTACG

42hb-v2 43 GACTCCTGCTTTAAAAAATCACTGAACAGTCTTTCCATTCCA

42hb-v2 44 CAAAAGAGACGAAGCCCTTTTACAACGCATACAAATTGGGTT

42hb-v2 45 ACGCAATAGTAAGCCAATGAAATAACCCCCAGCTAGGGAGGT

42hb-v2 46 GCCCGAAAACACCAAGATTTAAGGCTCCCAACAGTTTCAGCG

42hb-v2 47 CATCAAATTGGGCTGGTAGAAATTGTATGGGATTTTGCTAAA

42hb-v2 48 AGTCAGATTCAACTTAACGGAGCTTTCGTAGTAAATGAATTT

42hb-v2 49 GGTCTTTTTACCTTATCTACGAACAGCTTTTTGTCGTCTTTC

42hb-v2 50 ATGACCAACTGGCTCATTAAACAGTAGCAACCACCAATCCTC

42hb-v2 51 ATAGCAAGTAGCACGGAATTAAGGAACCCATTCCACAGACAG

42hb-v2 52 CCAACAGGCGTTTTATAAGGCAACTAATCGTTGAAAATAGAA

42hb-v2 53 GGATTAGCAAGAGTAATCTAACTTTGAAAGAGGACAAGGCACTGAGGAA

42hb-v2 54 AGAGCTTGGGCGCGAGCATGTATTTCAATTACCTGCGGCACC

42hb-v2 55 ATGCTGTGTTTAGCAATCGGCTCGCGCACATCAAGTTGAGGA

42hb-v2 56 TAAATATTTCGCAAATTCCAATTTGAATTACATTTAGCCGTC

42hb-v2 57 GTGTCTGTAGTTTGCCAAGTAATAACGGAATTACCCACTAAC

42hb-v2 58 TATAACAGTTGATTCAACGCTCCACCAGGACAGAAAGGTGTA

42hb-v2 59 ACCTCCCCTAAGAATTCATCGGATGAATTGAGTGATTGAAAG

42hb-v2 60 TCATTTGAATTGCTACGATTTGAACCAGCATCTTTAGAAGGAACCCTCA

42hb-v2 61 ATAACCTAGCTCAATTATCCCCCGCCTCAGCCCCCGTTTTGCGGCCGCT

42hb-v2 62 GATACATGCAACTACAAAATACCCTCAGTTCATCGATAAGTGTGAGGCT

42hb-v2 63 GTAGATTGAAGTTTCAGAGCCGAGCCACAGCGTCAGATATAAATAACCG

42hb-v2 64 CGTTCCCAATTCTGAACAAGCCCTTTTACAGTACATATCTAA

42hb-v2 65 CGGTATTGACTTGCCAATTTTCCGCCGCAGCAGCAAGGTTTACACCCTC

42hb-v2 66 ACAAGAAAGCCTTTTTCTCCGACGTTAACCTCGATTGGCTATTGACCTG

42hb-v2 67 CTGTAATGGATTGAAAGCAAACCCGGGTACCACAGACAATAT

42hb-v2 68 ATAAAAAAGCGAGTTCGCATTTAAGCTACGAACTGCCAACAG

42hb-v2 69 ATATATTCTTTCATTCAGCTCGTGTAATTCGCCATGTAATAA

42hb-v2 70 TGAGTAAGTCTGGCAGGAACGCGAACTCGAACCACGATTCAC

42hb-v2 71 ATGTAATATAGCTTAGATTATATATATGATACAGTGGTTAGA

42hb-v2 72 TACAAAGTTTGCCAACGACGACACTATCATAACCC

42hb-v2 73 TAATCGTAGAGATCTATGACCTAAGAATTAGCAAA

42hb-v2 74 AATACCGCGGAGAGCGGGAGAAAATAATAATCAATTATATTT

42hb-v2 75 AAGGCGTTTCTAGCCGCAAGGTAGATAACCTTATCATGGTCA

42hb-v2 76 CACCGGACATCAATAACCCTCAACGCGCTATTAAAACCATTA

42hb-v2 77 AAAAAGCGGCCGGACAATGCCCAACATGCATCGAGCGAACGA

42hb-v2 78 ATGCGTTCAGATTCAAAAGGGAGAAAACACTGGCAGGGAGGG

42hb-v2 79 CAGTATAAATCGCCGAGGCATCGACAAACATTACCGCTTATC

42hb-v2 80 TAAATAACTAGCATATTGTATCCGTAATTTTGAGC

42hb-v2 81 TTCATCTATTGTAATGGGAACAAACAAAGAGGCGAAAACCAG

42hb-v2 82 TTCAAATTTAAAATAACAACCAATTAATACCAAGTGCCATTC

42hb-v2 83 CAAAGAATGTTAAACAACATTTCATTTGATTCGCCTTGGGAA

42hb-v2 84 GATGCAAAACCAATCTTCCTGATGGAAACATCGGGGGCCTCT

42hb-v2 85 ATATAACAAAAGACGCTGAGAAAAAATCACAGAGGAATGGAT

42hb-v2 86 ACCTCCGATAGTGATTGAAAATGCTTCTCAGGTTTAATTATT

42hb-v2 87 AAACGGCACTTTTGGGTAGCTAAAATGTACGCAAAGACACGT

42hb-v2 88 CGTCGGAATTTCAATGATAAAGTCCAATAGGTGGCTCAATAG

42hb-v2 89 AAATGTGTTTTTAGATGATATATAAATAACGTAGATTACCAG

42hb-v2 90 TAGCCAGTTAAATGGACAGTCCTCAAATTATTACGGGGCGAC

42hb-v2 91 AATTCGCTGTGTAGGTAAAACTGTCCAGTTTTATTCGCGAGG

42hb-v2 92 CATAGCGTTAGGCAATATTTATAAGAAAAATAACGCGGAAAT

42hb-v2 93 AAAAGAAACTTTACCTGGAGTGGTTTGCGTTGCGCTCACTGCAAGAATA

42hb-v2 94 AGGGGACCAGGCAAGGCAACGAGCTGAAAAGGTGGTTTGCGG

42hb-v2 95 GCTTCTGTGCCAAGAATTCGAGAGCTAAACAGGAAACTATTA

42hb-v2 96 GCAAAGCACGTTGTTCCTTTGTCCTCGTGAACGGT

42hb-v2 97 AGGCTGCGCCAGGGATTTTAAACGAGCAAGAAGTG

42hb-v2 98 GGGCGATAAGGCGATTATCATGCGCGTAGAGGCCA

42hb-v2 99 TCGCTATTACGCAGAACAGTAAAGCCGTACGACGAAGGGTAA

42hb-v2 100 ACCTACCACTTCTGTTATCATGCGTAACCGTTGTA

42hb-v2 101 CGGCCAGGTGCCGGATTATTCAGAAACCATCCCATTAGCAGC

42hb-v2 102 AGTCACGGCCATTCTACAAAATGTCTTTGTCCTGATAACATA

42hb-v2 103 GGGTAACGCAACTGTGATTGCGAACGGGCTGTTTACATTAGA
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Table 9.7: 42hb-v2 sequences

Strand name Sequence

42hb-v2 104 GTGCTGCCGGTGCGAGAAACACCGCACTTTCAGCTGAACACC

42hb-v2 105 GACAGCTGGCGAAAAAACCACCGCTTAACTGTCCA

42hb-v2 106 GGATTATATATCAAAACGTCATAGGAATAGGTAAACAGAGAG

42hb-v2 107 AATAGTGCTGAATTCTGCCAGGGGATAGAAAACAT

42hb-v2 108 GACAGTGTTGCAGCCCAGTCGGGAAACCACCCTTCTAGTCTT

42hb-v2 109 GTAAGCACACCGCCCCAGCTGCATTAATATTCTGGATAGCCC

42hb-v2 110 ACGAATAGGGCAACCCAACGCGCGGGGAACGACCATAAAAAT

42hb-v2 111 CGGCTGATTTTCTTTTTGCGTATTGGGCATTGGCACAGCAGA

42hb-v2 112 GCATCACCTGGTAATATCCCAAATTAACCACCACAGGCGAAC

42hb-v2 113 TTTTGAAAAAGACGTGATACCTTTAGAATATTAAAAAAACGA

42hb-v2 114 TAATGCGCGTGGTGGCCATCTAATAGATGTTATTATTTTCCC

42hb-v2 115 TAAAACAGAGTAAAGGTGGGCAACTAATAGTAACATTAAGTT

42hb-v2 116 ACCGAACTGACCTCCTTGAATAATATCTAACAAAGGGGGGAT

42hb-v2 117 AGATAAATAAAATCATTTCTCCCATCAATATATGTGTATCAT

42hb-v2 118 GTCAGTAGCCAGCAAACCTCATGGCAAACTGATTAATTGTTT

42hb-v2 119 CGTGGATACGAGCCTAATTGCCCCAGCATCAGGCC

42hb-v2 120 AAAGCGTCCGCTTTAAGCGGTTAGACAGTAGAATCCAACGTC

42hb-v2 121 AGATAGATGTCGTGTGGCCCTAATCCTGCGTATAACGTCTAT

42hb-v2 122 AAGGGACGAATCGGAGCTGATAATCAGTCTATGGTCCCTAAA

42hb-v2 123 CAGTCACGAGGCGGTTCACCAAAAGAGTTGCGCCGTAGAGCT

42hb-v2 124 TATTTACGCAGAACAATATTACCGCCAGCGTCTGATGAGGCG

42hb-v2 125 GCTCAATCCATTGCAACTATCTTCTTTGAGCGGTCAGGGAAG

42hb-v2 126 CTCACATGGAAGCACACAATTCCACACAACCGAGCGCTCGCC

42hb-v2 127 TTATAAAGGCGAAATATTTACTCGAATTCAGGAAGGTCAATCTGAACGG

42hb-v2 128 GATTAAAGGGATTTCCACGCTGACTCTAGAGGATCTATTTAATCTGACC

42hb-v2 129 ACGCCAGGAGAGAGCGGCCCTCTTGTTATATTTTGATATTTTGATAAAT

42hb-v2 130 TTTTTATTGCCCTTACTCGTCCAGGGCTAAATTTTCGCGAGAGAATAAA

42hb-v2 131 CCGAGTAGTGAGACTAGGGGCCTGGTTGATTTTTTATCCAATTTACTAG

42hb-v2 132 TCACGCAGGGTGGTCGCATTTCACATAAGAATTGAAGCGGAAAATAATG

42hb-v2 133 GCAATACGGCCTTGCTTGCTGGCAAATGAGAGTCAGCTTAGGTTCTTAC

42hb-v2 134 AGAGTCCAAGAATACTTAAGTGTCCTACCTTTCTCAGGAGAAAGCTTTC

42hb-v2 135 AAGAACGTGGACTCAGAGCGGCAACTCGGTATTAGGATGATG

42hb-v2 136 AAAGGGCGAAAAACCGTGCTTCCCGAACAATACATAAAACAA

42hb-v2 137 CAACTAAATCGGAATGCTTTGAAGTTTGAGATTAGAACAATT

42hb-v2 138 GGGAGCCCCCGATTCTACAGGTTTGCGGTTAGGAGTTTTTTA

42hb-v2 139 TGACGGGGAAAGCCCCCGCCGCAGAAGGGGAAGGTTAAATCA

42hb-v2 140 GTGGCGAGAAAGGAACGCTGCCATATTCTCAACAGATAACCT

Table 9.8: 42hb-v3 sequences

Strand name Sequence

42hb-v3 1 TTCAGCGGAGTGAGAATCTCCAAGACAGTTAGACTCCTCAAG

42hb-v3 2 TGCTAAACAACTTTAAAAGGAGATCGTCTTAGGATTGAAACA

42hb-v3 3 TGAATTTTCTGTATCGGTTTAAGTTAAATCAGTACCTATTTC

42hb-v3 4 GTCTTTCCAGACGTAGGTGAACGGTCGCCCGTCGATAAACAG

42hb-v3 5 GTAACGATCTAAAGTGATACCCCCACGCGTATAGCCCTTGAG

42hb-v3 6 CCCTCATCAAGCAAGCCCAATGAGCCAGATATTGAGAATACC

42hb-v3 7 CCTGTAGCATGTACGAGCCACGTACCGCGATACAGTCTCTGA

42hb-v3 8 TTTGCGGGCCTTTAAGATTCAGTCACAAAACATATAAAAGAA

42hb-v3 9 TGCAGGGTCAGCTTACAACATATATGGTAAATACATACATAA

42hb-v3 10 ATATATTTTTCTTATTAATAAGACAAAACAGTATGTTAGCAA

42hb-v3 11 GACAACAACCATCGGATAGTTCGTTGGGCGATTGA

42hb-v3 12 CACCCTCATTTTCAGGGATATTCACCGTTAAGTTT

42hb-v3 13 CAACCTAAAACGAATGACCAAATCACCGTTTGTTT

42hb-v3 14 AAAGAATACACTAATCAATCAACCGGAAAATCCAAGAGAGAA

42hb-v3 15 ATCTTTGACCCCCAGCCGGAAGCCGCCAAACAGCCGGAAGCG

42hb-v3 16 TACCAAGCGCGAAACGACCTGACCCTCATAATTTGATTAACT

42hb-v3 17 CAACGGAGATTTGTATCATTATAACGGGGTCAGTGCCGGAAT

42hb-v3 18 AAGCCAGAATGGAAACAAATAACCAGAGATCCTGACTAATAT

42hb-v3 19 TAAGGGAACCGAACAGAGGCATGAAAGTATTAAGAGGCTGCA

42hb-v3 20 CGAGGCGCAGACGGAACACTCGGAACCTATTATTCTAGCGGG

42hb-v3 21 CTCCATGTTACTTAGCGATTATTAATGCCCCCTGCCAGGCGG

42hb-v3 22 TGTGTCGAAATCCGCAAAGTATAACAGTGCCCGTAGAGGGTT

42hb-v3 23 AATCCTCATCGCCTGATAAATAGAGCCGAACGAGC

42hb-v3 24 TTCACAAAGCGCAGGAGTGTACTGGTAAACTCAGGCCGTAAT

42hb-v3 25 TCATAATGACGAGAAGACTTCTAATAGTATTTTTGAATTAAT

42hb-v3 26 CATCTTTAGAAGGAACCCTCAGCAGCGAAAAAAAAGGAATACTCCACGG

42hb-v3 27 TTATTAGTAGTAAAAAGATTAGGATAGCTTAATGCACCGTGT

42hb-v3 28 GCATTTTGTTTAATAGCAAAGAATCGTCTCAACCGTAAATAA

42hb-v3 29 GACTGTATTGTGAAACCCTGAAATCCCCAAATCACATCATAA

42hb-v3 30 TCAAGTTTTTAAGATAAATCAACAGTTCTGAGAAACTGTTTA

42hb-v3 31 ATCACCATAGCTATCTTACGATTGAGCGATCTTACTTAGCGA

42hb-v3 32 CACATTCTTGCCCTCATGACAAGAACCGAGACTTTCATCGGA

42hb-v3 33 AATAAGTTTATTTTTCAGTTGGAACGAGCGTTTGCAGCCACC

42hb-v3 34 TCAATAGAAAATTCTATTACATGAGATGCGGTCATCCTCAGA

42hb-v3 35 TTACCAGCGCCAAAAACGAACTTAATCAGCGCGTTAACCGCC

42hb-v3 36 GGGCGACATTCAACAAGAAAAATGCGATTGCCTTTCACCCTC

42hb-v3 37 AAGGTAACATACCAGTCAGGAGCGCCGAAGTTAGC

42hb-v3 38 TATTCATCCATTTGCATTACCCATCGATCAGCATTCTTGATA

42hb-v3 39 GACACGTTTACCAGGAGGGGGAAATATCGTCAAAAATGAAAA

42hb-v3 40 TGATTAAGACTCCTGCTTTAAAAAATCACTGAACAGTCTTTC

42hb-v3 41 CAAAAGAGACGAAGCCCTTTTACAACGCATACAAATTGGGTT

42hb-v3 42 ACGCAATAGTAAGCCAATGAAATAACCCCCAGCTAGGGAGGT
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Table 9.8: 42hb-v3 sequences

Strand name Sequence

42hb-v3 43 TTAGACTAGAGGAACTTTACAATAAGAAGAATATAATGCTGTGTTTAGC

42hb-v3 44 ACTGCGGCGGATTGAAAACAGATATTATCATGTTTTAAATATTTCGCAA

42hb-v3 45 TTCATTGCTATTATCGGGAGACCAGTTAAAGTACGGTGTCTGTAGTTTG

42hb-v3 46 GCGTTTTATAAGGCAACTAATCGTTGAAAATAGAA

42hb-v3 47 GCCCGAAAACACCAAGATTTAAGGCTCCCAACAGT

42hb-v3 48 CATCAAATTGGGCTGGTAGAAATTGTATGGGATTT

42hb-v3 49 AGTCAGATTCAACTTAACGGAGCTTTCGTAGTAAA

42hb-v3 50 GGTCTTTTTACCTTATCTACGAACAGCTTTTTGTC

42hb-v3 51 ATAGCAAGTAGCACGGAATTAAGGAACCCATTCCACAGACAG

42hb-v3 52 AAGTCAGCAATAAATGAGTAAGTCTGGCAGGAACGCGAACTCGAACCAC

42hb-v3 53 AGGGTAAATGACCAACTGGCTCATTAAACAGTAGCAACCACC

42hb-v3 54 GGATTAGCAAGAGTAATCTAACTTTGAAAGAGGACAAGGCACTGAGGAA

42hb-v3 55 AACGTCAATGGCTTAGAGCTTGGGCGCGAGCATGTATTTCAA

42hb-v3 56 AGCTCAATTATCCCCCGCCTCAGCCCCCGTTTTGCGGCCGCT

42hb-v3 57 GCAACTACAAAATACCCTCAGTTCATCGATAAGTGTGAGGCT

42hb-v3 58 GAAGTTTCAGAGCCGAGCCACAGCGTCAGATATAAATAACCG

42hb-v3 59 CATTCCATATAACAGTTGATTCAACGCTCCACCAGGACAGAAAGGTGTA

42hb-v3 60 ACCTCCCCTAAGAATTCATCGGATGAATTGAGTGATTGAAAG

42hb-v3 61 CGCGAGGCGTTCCCAATTCTGAACAAGCCCTTTTACAGTACATATCTAA

42hb-v3 62 CGGTATTGACTTGCCAATTTTCCGCCGCAGCAGCAAGGTTTA

42hb-v3 63 AATCAATTATATTTTCATTTGAATTGCTACGATTTGAACCAG

42hb-v3 64 AATCGGCTCGCGCACATCAAGTTGAGGAGACAGTGTTGCAGC

42hb-v3 65 ATTCCAATTTGAATTACATTTAGCCGTCGTAAGCACACCGCC

42hb-v3 66 CCAAGTAATAACGGAATTACCCACTAACACGAATAGGGCAAC

42hb-v3 67 CCTAATTCTGTAATGGATTGAAAGCAAACCCGGGTACCACAG

42hb-v3 68 ACAAGAAAGCCTTTTTCTCCGACGTTAACCTCGATTGGCTAT

42hb-v3 69 TCAACAAATAAAAAAGCGAGTTCGCATTTAAGCTACGAACTG

42hb-v3 70 AATGCAGATATATTCTTTCATTCAGCTCGTGTAATTCGCCAT

42hb-v3 71 GTAATTCATGTAATATAGCTTAGATTATATATATGATACAGT

42hb-v3 72 TACAAAGTTTGCCAACGACGACACTATCATAACCC

42hb-v3 73 TTCTAGCCGCAAGGTAGATAACCTTATCATGGTCAATAACCT

42hb-v3 74 CATCAATAACCCTCAACGCGCTATTAAAACCATTAGATACAT

42hb-v3 75 GGCCGGACAATGCCCAACATGCATCGAGCGAACGAGTAGATT

42hb-v3 76 TAATCGTAGAGATCTATGACCTAAGAATTAGCAAACCAACAG

42hb-v3 77 GGTTTGAAATACCGCGGAGAGCGGGAGAAAATAAT

42hb-v3 78 ATGCGTTCAGATTCAAAAGGGAGAAAACACTGGCAGGGAGGG

42hb-v3 79 CAGTATAAATCGCCGAGGCATCGACAAACATTACCGCTTATC

42hb-v3 80 AGTTAATTTCATCTATTGTAATGGGAACAAACAAAGAGGCGA

42hb-v3 81 AAACTTTTTCAAATTTAAAATAACAACCAATTAATACCAAGT

42hb-v3 82 CGCAAGACAAAGAATGTTAAACAACATTTCATTTGATTCGCC

42hb-v3 83 AAATGCTGATGCAAAACCAATCTTCCTGATGGAAACATCGGG

42hb-v3 84 ATATAACAAAAGACGCTGAGAAAAAATCACAGAGGAATGGAT

42hb-v3 85 ACCTCCGATAGTGATTGAAAATGCTTCTCAGGTTTAATTATT

42hb-v3 86 TATTTAATCTGACCTAAATAACTAGCATATTGTATCCGTAAT

42hb-v3 87 CATAGCGTTAGGCAATATTTATAAGAAAAATAACGCGGAAAT

42hb-v3 88 TTTGAGCAAAAGAAACTTTACCTGGAGTGGTTTGCGTTGCGC

42hb-v3 89 AAAACAACGTCGGAATTTCAATGATAAAGTCCAATAGGTGGC

42hb-v3 90 AACAATTAAATGTGTTTTTAGATGATATATAAATAACGTAGA

42hb-v3 91 TTTTTTATAGCCAGTTAAATGGACAGTCCTCAAATTATTACG

42hb-v3 92 TAAATCAAATTCGCTGTGTAGGTAAAACTGTCCAGTTTTATT

42hb-v3 93 AGGGGACCAGGCAAGGCAACGAGCTGAAAAGGTGGTTTGCGG

42hb-v3 94 TTACCTGCGGCACCGCTTCTGTGCCAAGAATTCGAGAGCTAA

42hb-v3 95 AAACCAGGCAAAGCACGTTGTTCCTTTGTCCTCGTGAACGGTACGCCAG

42hb-v3 96 GCCATTCTACAAAATGTCTTTGTCCTGATAACATA

42hb-v3 97 GCCATTCAGGCTGCGCCAGGGATTTTAAACGAGCAAGAAGTGTTTTTAT

42hb-v3 98 GCAACTGTGATTGCGAACGGGCTGTTTACATTAGA

42hb-v3 99 TTGGGAAGGGCGATAAGGCGATTATCATGCGCGTAGAGGCCACCGAGTA

42hb-v3 100 CGGTGCGAGAAACACCGCACTTTCAGCTGAACACC

42hb-v3 101 GGCCTCTTCGCTATTACGCAGAACAGTAAAGCCGTACGACGA

42hb-v3 102 GGTTAGAACCTACCACTTCTGTTATCATGCGTAACCGTTGTAGCAATAC

42hb-v3 103 AAAACGACGGCCAGGTGCCGGATTATTCAGAAACCATCCCATTAGCAGC

42hb-v3 104 GGATTATATATCAAAACGTCATAGGAATAGGTAAACAGAGAG

42hb-v3 105 AGCGGAAAATAATGGACAGCTGGCGAAAAAACCACCGCTTAA

42hb-v3 106 AATAGTGCTGAATTCTGCCAGGGGATAGAAAACAT

42hb-v3 107 GTATTAGGATGATGAAACGGCACTTTTGGGTAGCTAAAATGTACGCAAA

42hb-v3 108 GCCATCTAATAGATGTTATTATTTTCCCAGTCACG

42hb-v3 109 GGTGGGCAACTAATAGTAACATTAAGTTGGGTAAC

42hb-v3 110 CTTGAATAATATCTAACAAAGGGGGGATGTGCTGC

42hb-v3 111 CGGCTGATTTTCTTTTTGCGTATTGGGCATTGGCACAGCAGA

42hb-v3 112 GCATCACCTGGTAATATCCCAAATTAACCACCACAGGCGAAC

42hb-v3 113 ACAATATTTTTGAAAAAGACGTGATACCTTTAGAATATTAAA

42hb-v3 114 AGATAAATAAAATCATTTCTCCCATCAATATATGTGTATCAT

42hb-v3 115 GTCAGTAGCCAGCAAACCTCATGGCAAACTGATTAATTGTTT

42hb-v3 116 TGACCTGAAAGCGTCCGCTTTAAGCGGTTAGACAGTAGAATC

42hb-v3 117 CCAACAGAGATAGATGTCGTGTGGCCCTAATCCTGCGTATAA

42hb-v3 118 GTAATAAAAGGGACGAATCGGAGCTGATAATCAGTCTATGGT

42hb-v3 119 GATTCACCAGTCACGAGGCGGTTCACCAAAAGAGTTGCGCCG

42hb-v3 120 TATTTACGCAGAACAATATTACCGCCAGCGTCTGATGAGGCG

42hb-v3 121 GCTCAATCCATTGCAACTATCTTCTTTGAGCGGTCAGGGAAG

42hb-v3 122 CTCACATGGAAGCACACAATTCCACACAACCGAGCGCTCGCC

42hb-v3 123 TCACTGCAAGAATACGTGGATACGAGCCTAATTGCCCCAGCA

42hb-v3 124 CCAGTCGGGAAACCACCCTTCTAGTCTTTAATGCGCGTGGTG

42hb-v3 125 CCAGCTGCATTAATATTCTGGATAGCCCTAAAACAGAGTAAA

42hb-v3 126 CCAACGCGCGGGGAACGACCATAAAAATACCGAACTGACCTC

42hb-v3 127 GAGAGAGCGGCCCTCTTGTTATATTTTGATATTTTGATAAATAAGGCGT

42hb-v3 128 TGCCCTTACTCGTCCAGGGCTAAATTTTCGCGAGAGAATAAACACCGGA

42hb-v3 129 GTGAGACTAGGGGCCTGGTTGATTTTTTATCCAATTTACTAGAAAAAGC
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Table 9.8: 42hb-v3 sequences

Strand name Sequence

42hb-v3 130 GGCCTTGCTTGCTGGCAAATGAGAGTCAGCTTAGGTTCTTAC

42hb-v3 131 TTATAAAGGCGAAATATTTACTCGAATTCAGGAAGGTCAATCTGAACGG

42hb-v3 132 TCAGGCCGATTAAAGGGATTTCCACGCTGACTCTAGAGGATC

42hb-v3 133 CTGTCCATCACGCAGGGTGGTCGCATTTCACATAAGAATTGA

42hb-v3 134 ACAGGAAACTATTAAAGAACGTGGACTCAGAGCGGCAACTCG

42hb-v3 135 AGAGTCCAAGAATACTTAAGTGTCCTACCTTTCTCAGGAGAAAGCTTTC

42hb-v3 136 CAACGTCAAAGGGCGAAAAACCGTGCTTCCCGAACAATACAT

42hb-v3 137 CGTCTATCAACTAAATCGGAATGCTTTGAAGTTTGAGATTAG

42hb-v3 138 CCCTAAAGGGAGCCCCCGATTCTACAGGTTTGCGGTTAGGAG

42hb-v3 139 TAGAGCTTGACGGGGAAAGCCCCCGCCGCAGAAGGGGAAGGT

42hb-v3 140 GTGGCGAGAAAGGAACGCTGCCATATTCTCAACAGATAACCT

Table 9.9: 42hb-v4 sequences

Strand name Sequence

42hb-v4 1 AGAATCTCCAAGACAGTTAGACTCCTCAAGTCATA

42hb-v4 2 TTAAAAGGAGATCGTCTTAGGATTGAAACAAAAGAATACACT

42hb-v4 3 ATCGGTTTAAGTTAAATCAGTACCTATTTCATCTTTGACCCC

42hb-v4 4 GTAGGTGAACGGTCGCCCGTCGATAAACAGTACCAAGCGCGA

42hb-v4 5 AGTGATACCCCCACGCGTATAGCCCTTGAGCAACGGAGATTT

42hb-v4 6 ATCAAGCAAGCCCAATGAGCCAGATATTGAGAATACCCAAAA

42hb-v4 7 CCTGTAGCATGTACGAGCCACGTACCGCGATACAGTCTCTGA

42hb-v4 8 GAACCCTCAGCAGCGAAAAAAAAGGAATACTCCACGGAA

42hb-v4 9 GCGGCCGCTTTTGCGGGCCTTTAAGATTCAGTCACAAAACATATAAAAG

42hb-v4 10 TGTGAGGCTTGCAGGGTCAGCTTACAACATATATGGTAAATACATACAT

42hb-v4 11 AAATAACCGATATATTTTTCTTATTAATAAGACAAAACAGTATGTTAGC

42hb-v4 12 TAGACAACAACCATCGGATAGTTCGTTGGGCGATTGATGATTAAGACTC

42hb-v4 13 TACACCCTCATTTTCAGGGATATTCACCGTTAAGTTTAAGCCAGAATGG

42hb-v4 14 AAACGAATGACCAAATCACCGTTTGTTTAACGTCAAT

42hb-v4 15 AATCAATCAACCGGAAAATCCAAGAGAGAAACAAG

42hb-v4 16 CAGCCGGAAGCCGCCAAACAGCCGGAAGCGTCAAC

42hb-v4 17 AACGACCTGACCCTCATAATTTGATTAACTAATGC

42hb-v4 18 GTATCATTATAACGGGGTCAGTGCCGGAATTCAAG

42hb-v4 19 AAACAAATAACCAGAGATCCTGACTAATATGTAAT

42hb-v4 20 AGGGAACCGAACAGAGGCATGAAAGTATTAAGAGGCTGCACAACCTA

42hb-v4 21 AGGCGCAGACGGAACACTCGGAACCTATTATTCTAGCGGGTTATT

42hb-v4 22 CCATGTTACTTAGCGATTATTAATGCCCCCTGCCAGGCGGGCATT

42hb-v4 23 TGTCGAAATCCGCAAAGTATAACAGTGCCCGTAGAGGGTTGACTG

42hb-v4 24 TCCTCATCGCCTGATAAATAGAGCCGAACGAGCAAGTCAGCAATA

42hb-v4 25 TGATATTCACAAAGCGCAGGAGTGTACTGGTAAACTCAGGCCGTA

42hb-v4 26 AGAGTAATCTAACTTTGAAAGAGGACAAGGCACTGAGGAA

42hb-v4 27 ATGACGAGAAGACTTCTAATAGTATTTTTGAA

42hb-v4 28 AGTAGTAAAAAGATTAGGATAGCTTAATGCACCGTGTAGTTAATTTCAT

42hb-v4 29 TTGTTTAATAGCAAAGAATCGTCTCAACCGTAAATAAAAACTTTTTCAA

42hb-v4 30 TATTGTGAAACCCTGAAATCCCCAAATCACATCATAACGCAAGACAAAG

42hb-v4 31 TTTTTAAGATAAATCAACAGTTCTGAGAAACTGTTTAAAATGCTGATGC

42hb-v4 32 ATATCACCATAGCTATCTTACGATTGAGCGATCTTACTT

42hb-v4 33 GCCCTCATGACAAGAACCGAGACTTTCATCGGA

42hb-v4 34 TAAGTTTATTTTTCAGTTGGAACGAGCGTTTGCAGCCACCTA

42hb-v4 35 AATAGAAAATTCTATTACATGAGATGCGGTCATCCTCAGACG

42hb-v4 36 ACCAGCGCCAAAAACGAACTTAATCAGCGCGTTAACCGCCCT

42hb-v4 37 GCGACATTCAACAAGAAAAATGCGATTGCCTTTCACCCTCTG

42hb-v4 38 AACATACCAGTCAGGAGCGCCGAAGTTAGCGTAACGATCTAA

42hb-v4 39 GAAATTATTCATCCATTTGCATTACCCATCGATCAGCATTCT

42hb-v4 40 AGGAGGGGGAAATATCGTCAAAAATGAAAACCTAATTCT

42hb-v4 41 AATTAGACTAGAGGAACTTTACAATAAGAAGA

42hb-v4 42 AAACTGCGGCGGATTGAAAACAGATATTATCA

42hb-v4 43 AATTCATTGCTATTATCGGGAGACCAGTTAAA

42hb-v4 44 CTGCTTTAAAAAATCACTGAACAGTCTTTCCA

42hb-v4 45 GAGACGAAGCCCTTTTACAACGCATACAAATTGGGTTATATA

42hb-v4 46 ACGCAATAGTAAGCCAATGAAATAACCCCCAGCTAGGGAGGT

42hb-v4 47 AGGCGTTTTATAAGGCAACTAATCGTTGAAAATAGAA

42hb-v4 48 GCGCCCGAAAACACCAAGATTTAAGGCTCCCAACAGTTTCAGCGGAGTG

42hb-v4 49 TACATCAAATTGGGCTGGTAGAAATTGTATGGGATTTTGCTAAACAACT

42hb-v4 50 GAAGTCAGATTCAACTTAACGGAGCTTTCGTAGTAAATGAATTTTCTGT

42hb-v4 51 CCGGTCTTTTTACCTTATCTACGAACAGCTTTTTGTCGTCTTTCCAGAC

42hb-v4 52 AAATGACCAACTGGCTCATTAAACAGTAGCAACCACCAA

42hb-v4 53 AGATAGCAAGTAGCACGGAATTAAGGAACCCATTCCACAGACAGCCCTC

42hb-v4 54 GGCTTAGAGCTTGGGCGCGAGCATGTATTTCAATTACCTGCG

42hb-v4 55 ATATAATGCTGTGTTTAGCAATCGGCTCGCGCACATCAAGTTGAG

42hb-v4 56 TGTTTTAAATATTTCGCAAATTCCAATTTGAATTACATTTAGCCG

42hb-v4 57 GTACGGTGTCTGTAGTTTGCCAAGTAATAACGGAATTACCCACTA

42hb-v4 58 TTCCATATAACAGTTGATTCAACGCTCCACCAGGACAGAAAGGTG

42hb-v4 59 AGCGAACCTCCCCTAAGAATTCATCGGATGAATTGAGTGATTGAA

42hb-v4 60 TATTTTCATTTGAATTGCTACGATTTGAACCAGCATCTTTAGAAG

42hb-v4 61 GGTCAATAACCTAGCTCAATTATCCCCCGCCTCAGCCCCCGTTTT

42hb-v4 62 CATTAGATACATGCAACTACAAAATACCCTCAGTTCATCGATAAG

42hb-v4 63 AACGAGTAGATTGAAGTTTCAGAGCCGAGCCACAGCGTCAGATAT

42hb-v4 64 CGAGGCGTTCCCAATTCTGAACAAGCCCTTTTACAGTACATATCT

42hb-v4 65 TTATCCGGTATTGACTTGCCAATTTTCCGCCGCAGCAGCAAGGTT

42hb-v4 66 CGAGCTGAAAAGGTGGTTTGCGGGGATTAGCA

42hb-v4 67 AAAGCCTTTTTCTCCGACGTTAACCTCGATTGGCTATTGACCTGAAAGC

42hb-v4 68 AAATAAAAAAGCGAGTTCGCATTTAAGCTACGAACTGCCAACAGAGATA
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Table 9.9: 42hb-v4 sequences

Strand name Sequence

42hb-v4 69 AGATATATTCTTTCATTCAGCTCGTGTAATTCGCCATGTAATAAAAGGG

42hb-v4 70 AATGAGTAAGTCTGGCAGGAACGCGAACTCGAACCACGATTCACCAGTC

42hb-v4 71 TCATGTAATATAGCTTAGATTATATATATGATACAGTGG

42hb-v4 72 GTAATGGATTGAAAGCAAACCCGGGTAC

42hb-v4 73 AGTTTGCCAACGACGACACTATCATAACCCCACATTCTT

42hb-v4 74 AACGGTAATCGTAGAGATCTATGACCTAAGAATTAGCAAACCAAC

42hb-v4 75 TTAATGGTTTGAAATACCGCGGAGAGCGGGAGAAAATAATAATCAATTA

42hb-v4 76 TAAATAAGGCGTTTCTAGCCGCAAGGTAGATAACCTTATCAT

42hb-v4 77 ATAAACACCGGACATCAATAACCCTCAACGCGCTATTAAAAC

42hb-v4 78 ACTAGAAAAAGCGGCCGGACAATGCCCAACATGCATCGAGCG

42hb-v4 79 TTCAGATTCAAAAGGGAGAAAACACTGGCAGGGAGGGAAGGT

42hb-v4 80 CTTACCAGTATAAATCGCCGAGGCATCGACAAACATTACCGC

42hb-v4 81 ATATTGTATCCGTAATTTTGAGCAAAAGAAACTTTACCTGGA

42hb-v4 82 CTATTGTAATGGGAACAAACAAAGAGGCGAAA

42hb-v4 83 ATTTAAAATAACAACCAATTAATACCAAGTGC

42hb-v4 84 AATGTTAAACAACATTTCATTTGATTCGCCTT

42hb-v4 85 AAAACCAATCTTCCTGATGGAAACATCGGGGG

42hb-v4 86 ACAAAAGACGCTGAGAAAAAATCACAGAGGAATGGATTATTT

42hb-v4 87 ACCTCCGATAGTGATTGAAAATGCTTCTCAGGTTTAATTATT

42hb-v4 88 TGAAACGGCACTTTTGGGTAGCTAAAATGTACGCAAAGACACGTTTACC

42hb-v4 89 AACGTCGGAATTTCAATGATAAAGTCCAATAGGTGGCTC

42hb-v4 90 TTAAATGTGTTTTTAGATGATATATAAATAACGTAGATT

42hb-v4 91 TATAGCCAGTTAAATGGACAGTCCTCAAATTATTACGGG

42hb-v4 92 CAAATTCGCTGTGTAGGTAAAACTGTCCAGTTTTATTCG

42hb-v4 93 CTCATAGCGTTAGGCAATATTTATAAGAAAAATAACGCG

42hb-v4 94 GCACCGCTTCTGTGCCAAGAATTCGAGAGCTAAACAGGAAAC

42hb-v4 95 ACCAGGCAAAGCACGTTGTTCCTTTGTCCTCGTGAACGGTACGCC

42hb-v4 96 CATTCAGGCTGCGCCAGGGATTTTAAACGAGCAAGAAGTGTTTTT

42hb-v4 97 GGGAAGGGCGATAAGGCGATTATCATGCGCGTAGAGGCCACCGAG

42hb-v4 98 CCTCTTCGCTATTACGCAGAACAGTAAAGCCGTACGACGAAGGGT

42hb-v4 99 TTAGAACCTACCACTTCTGTTATCATGCGTAACCGTTGTAGCAAT

42hb-v4 100 TTCTCAGGAGAAAGCTTTCAGGGGACCAGGCAAGGCAA

42hb-v4 101 AACGACGGCCAGGTGCCGGATTATTCAGAAACCATCCCATTAGCA

42hb-v4 102 TTCCCAGTCACGGCCATTCTACAAAATGTCTTTGTCCTGATAACA

42hb-v4 103 AAGTTGGGTAACGCAACTGTGATTGCGAACGGGCTGTTTACATTA

42hb-v4 104 GGGATGTGCTGCCGGTGCGAGAAACACCGCACTTTCAGCTGAACA

42hb-v4 105 TAATGGACAGCTGGCGAAAAAACCACCGCTTAACTGTCCATCACG

42hb-v4 106 TGTTTGGATTATATATCAAAACGTCATAGGAATAGGTAAACAGAG

42hb-v4 107 TAGTGCTGAATTCTGCCAGGGGATAGAAAACATTACAA

42hb-v4 108 GAGACAGTGTTGCAGCCCAGTCGGGAAACCACCCTTCTA

42hb-v4 109 TCGTAAGCACACCGCCCCAGCTGCATTAATATTCTGGAT

42hb-v4 110 ACACGAATAGGGCAACCCAACGCGCGGGGAACGACCATA

42hb-v4 111 AACGGCTGATTTTCTTTTTGCGTATTGGGCATTGGCACAGCAGAAGATA

42hb-v4 112 AGGCATCACCTGGTAATATCCCAAATTAACCACCACAGG

42hb-v4 113 GTGGTTTGCGTTGCGCTCACTGCAAGAATACGTGGATACGAG

42hb-v4 114 CACAGACAATATTTTTGAAAAAGACGTGATACCTTTAGAATATTAAAAA

42hb-v4 115 GTCTTTAATGCGCGTGGTGGCCATCTAATAGATGTTATTATT

42hb-v4 116 AGCCCTAAAACAGAGTAAAGGTGGGCAACTAATAGTAACATT

42hb-v4 117 AAAATACCGAACTGACCTCCTTGAATAATATCTAACAAAGGG

42hb-v4 118 AATAAAATCATTTCTCCCATCAATATATGTGTATCATATGCG

42hb-v4 119 AGGCGGTCAGTAGCCAGCAAACCTCATGGCAAACTGATTAAT

42hb-v4 120 CCTAATTGCCCCAGCATCAGGCCGATTAAAGGGATTTCCACG

42hb-v4 121 GTCCGCTTTAAGCGGTTAGACAGTAGAATCCA

42hb-v4 122 GATGTCGTGTGGCCCTAATCCTGCGTATAACG

42hb-v4 123 ACGAATCGGAGCTGATAATCAGTCTATGGTCC

42hb-v4 124 ACGAGGCGGTTCACCAAAAGAGTTGCGCCGTA

42hb-v4 125 ACGCAGAACAATATTACCGCCAGCGTCTGATG

42hb-v4 126 GCTCAATCCATTGCAACTATCTTCTTTGAGCGGTCAGGGAAG

42hb-v4 127 CTCACATGGAAGCACACAATTCCACACAACCGAGCGCTCGCCAA

42hb-v4 128 CTGACTCTAGAGGATCTATTTAATCTGACCTAAATAACTAGC

42hb-v4 129 TTATAAAGGCGAAATATTTACTCGAATTCAGGAAGGTCAATCTG

42hb-v4 130 AGGAGAGAGCGGCCCTCTTGTTATATTTTGATATTTTGA

42hb-v4 131 ATTGCCCTTACTCGTCCAGGGCTAAATTTTCGCGAGAGA

42hb-v4 132 TAGTGAGACTAGGGGCCTGGTTGATTTTTTATCCAATTT

42hb-v4 133 CAGGGTGGTCGCATTTCACATAAGAATTGAAGCGGAAAA

42hb-v4 134 ACGGCCTTGCTTGCTGGCAAATGAGAGTCAGCTTAGGTT

42hb-v4 135 AGAGTCCAAGAATACTTAAGTGTCCTACCT

42hb-v4 136 TATTAAAGAACGTGGACTCAGAGCGGCAACTCGGTATTAGGATGA

42hb-v4 137 ACGTCAAAGGGCGAAAAACCGTGCTTCCCGAACAATACATAAAAC

42hb-v4 138 TCTATCAACTAAATCGGAATGCTTTGAAGTTTGAGATTAGAACAA

42hb-v4 139 CTAAAGGGAGCCCCCGATTCTACAGGTTTGCGGTTAGGAGTTTTT

42hb-v4 140 GAGCTTGACGGGGAAAGCCCCCGCCGCAGAAGGGGAAGGTTAAAT

42hb-v4 141 CGAACGTGGCGAGAAAGGAACGCTGCCATATTCTCAACAGATAAC

Table 9.10: 42hb-v5 sequences

Strand name Sequence

42hb-v5 1 CCTGTAGCATGTACGAGCCACGTACCGCGATACAGTCTCTGA

42hb-v5 2 AAAAAAAGGAATACTCCACGGAATAAGTTTATTTTTCAGTTGGAACGAGCGTTTGCAGCCACCTAAG

GGAACCGAACAGAGGCATGAAAGTATTAAGAGGCTGCACAACCTAAAACGAA

42hb-v5 3 GGGATATTCACCGTTAAGTTTAAGCCAGAATGGAAACAAATAACCAGAGATCCTGACTAATATGTAA

TTCATGTAATATAGCTTAGATTATATATATG

42hb-v5 4 GATTTGTATCATTATAACGGGGTCAGTGCCGGAATTCAAGTTTTTAAGATAAATCAACAGTTCTGAG

AAACTGTTTAAAATGCTGATGCAAAACCAATCTTCCTGATGGAAACATCGGG
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Table 9.10: 42hb-v5 sequences

Strand name Sequence

42hb-v5 5 TGACCAAATCACCGTTTGTTTAACGTCAATGGCTTAGAGCTTGGGCGCGAGCATGTATTTCAATTAC

CTGCGGCACCGCTTCTGTGCCAAGAATTCGAGAGCTAAACAGGAAACTATTA

42hb-v5 6 CCTCAGACGAGGCGCAGACGGAACACTCGGAACCTATTATTCTAGCGGGTTATTAGTAGTAAAAAGA

TTAGGATAGCTTAATGCACCGTGTAGTTAATTTCATCTATTGTAA

42hb-v5 7 AACCGCCCTCCATGTTACTTAGCGATTATTAATGCCCCCTGCCAGGCGGGCATTTTGTTTAATAGCA

AAGAATCGTCTCAACCGTAAATAAAAACTTTTTCAAATTTAAAAT

42hb-v5 8 CACCCTCTGTGTCGAAATCCGCAAAGTATAACAGTGCCCGTAGAGGGTTGACTGTATTGTGAAACCC

TGAAATCCCCAAATCACATCATAACGCAAGACAAAGAATGTTAAA

42hb-v5 9 AGAGCCGAACGAGCAAGTCAGCAATAAATGAGTAAGTCTGGCAGGAACGCGAACTCGAACCACGATT

CACCAGTCACGAGGCGGTTCACCAAAAGAGTTGCGCCGTAGAGCT

42hb-v5 10 CATTACCCATCGATCAGCATTCTTGATATTCACAAAGCGCAGGAGTGTACTGGTAAACTCAGGCCGT

AATATCACCATAGCTATCTTACGATTGAGCG

42hb-v5 11 AGATTCAGTCACAAAACATATAAAAGAATTAGACTAGAGGAACTTTACAATAAGAAGAATATAATGC

TGTGTTTAGCAATCGGCTCGCGCACATCAAGTTGAGGAGACAGTG

42hb-v5 12 ACAACATATATGGTAAATACATACATAAACTGCGGCGGATTGAAAACAGATATTATCATGTTTTAAA

TATTTCGCAAATTCCAATTTGAATTACATTTAGCCGTCGTAAGCA

42hb-v5 13 TTAATAAGACAAAACAGTATGTTAGCAATTCATTGCTATTATCGGGAGACCAGTTAAAGTACGGTGT

CTGTAGTTTGCCAAGTAATAACGGAATTACCCACTAACACGAATA

42hb-v5 14 CGTTGGGCGATTGATGATTAAGACTCCTGCTTTAAAAAATCACTGAACAGTCTTTCCATTCCA

42hb-v5 15 CAAAAGAGACGAAGCCCTTTTACAACGCATACAAATTGGGTTATATAACAAAAGACGCTGAGAAAAA

ATCACAGAGGAATGGATTATTTACGCAGAAC

42hb-v5 16 ACGCAATAGTAAGCCAATGAAATAACCCCCAGCTAGGGAGGT

42hb-v5 17 TAACATACATCAAATTGGGCTGGTAGAAATTGTATGGGATTTTGCTAAACAACTTTAAAAGGAGATC

GTCTTAGGATTGAAACAAAAGAATACACTAATCAATCAACCGGAA

42hb-v5 18 CATTAGAAGTCAGATTCAACTTAACGGAGCTTTCGTAGTAAATGAATTTTCTGTATCGGTTTAAGTT

AAATCAGTACCTATTTCATCTTTGACCCCCAGCCGGAAGCCGCCA

42hb-v5 19 GAACACCGGTCTTTTTACCTTATCTACGAACAGCTTTTTGTCGTCTTTCCAGACGTAGGTGAACGGT

CGCCCGTCGATAAACAGTACCAAGCGCGAAACGACCTGACCCTCA

42hb-v5 20 AATCCAAGAGAGAAACAAGAAAGCCTTTTTCTCCGACGTTAACCTCGATTGGCTATTGACCTGAAAG

CGTCCGCTTTAAGCGGTTAGACAGTAGAATCCAACGTC

42hb-v5 21 AACAGCCGGAAGCGTCAACAAATAAAAAAGCGAGTTCGCATTTAAGCTACGAACTGCCAACAGAGAT

AGATGTCGTGTGGCCCTAATCCTGCGTATAACGTCTAT

42hb-v5 22 TAATTTGATTAACTAATGCAGATATATTCTTTCATTCAGCTCGTGTAATTCGCCATGTAATAAAAGG

GACGAATCGGAGCTGATAATCAGTCTATGGTCCCTAAA

42hb-v5 23 ATCTTACTTAGCGAACCTCCCCTAAGAATTCATCGGATGAATTGAGTGATTGAAAGGCATCACCTGG

TAATATCCCAAATTAACCACCACAGGCGAAC

42hb-v5 24 TATAACAGTTGATTCAACGCTCCACCAGGACAGAAAGGTGTAGACAACAACCATCGGATAGTT

42hb-v5 25 GGCAACGAGCTGAAAAGGTGGTTTGCGGGGATTAGCAAGAGTAATCTAACTTTGAAAGAGGACAAG

GCAC

42hb-v5 26 TAAGAATTAGCAAACCAACAGGCGTTTTATAAGGCAACTAATCGTTGAAAATAGAA

42hb-v5 27 CCTAATTCTGTAATGGATTGAAAGCAAACCCGGGTACCACAGACAATATTTTTGAAAAAGACGTGAT

ACCTTTAGAATATTAAAAAAACGACGGCCAGGTGCCGGATTATTCAGAAACC

42hb-v5 28 ATCCCATTAGCAGCGCCCGAAAACACCAAGATTTAAGGCTCCCAACAGTTTCAGCGGAGTGAGAATC

TCCAAGACAGTTAGACTCCTCAAGTCATAATGACGAGAAGACTTCTAATAGT

42hb-v5 29 AGGTAAACAGAGAGATAGCAAGTAGCACGGAATTAAGGAACCCATTCCACAGACAGCCCTCATCAAG

CAAGCCCAATGAGCCAGATATTGAGAATACC

42hb-v5 30 TACAAAGTTTGCCAACGACGACACTATCATAACCCCACATTCTTGCCCTCATGACAAGAACCGAGACT

TT

42hb-v5 31 ATTTTTGAATTAATGGTTTGAAATACCGCGGAGAGCGGGAGAAAATAATAATCAATTATATTTTCAT

TTGAATTGCTACGATTTGAACCAGCATCTTTAGAAGGAACCCTCAGCAGCGA

42hb-v5 32 AAAAGGGAGAAAACACTGGCAGGGAGGGAAGGTAACATACCAGTCAGGAGCGCCGAAGTTAGCGTA

ACGATCTAAAGTGATACCCCCACGCGTATAGCCCTTGAGCAACGGA

42hb-v5 33 AAGGCGTTTCTAGCCGCAAGGTAGATAACCTTATCATGGTCAATAACCTAGCTCAATTATCCCCCGC

CTCAGCCCCCGTTTTGCGGCCGCTTTTGCGGGCCTTTA

42hb-v5 34 CACCGGACATCAATAACCCTCAACGCGCTATTAAAACCATTAGATACATGCAACTACAAAATACCCTC

AGTTCATCGATAAGTGTGAGGCTTGCAGGGTCAGCTT

42hb-v5 35 AAAAAGCGGCCGGACAATGCCCAACATGCATCGAGCGAACGAGTAGATTGAAGTTTCAGAGCCGAGC

CACAGCGTCAGATATAAATAACCGATATATTTTTCTTA

42hb-v5 36 CAGTATAAATCGCCGAGGCATCGACAAACATTACCGCTTATCCGGTATTGACTTGCCAATTTTCCGC

CGCAGCAGCAAGGTTTACACCCTCATTTTCA

42hb-v5 37 ACCTCCGATAGTGATTGAAAATGCTTCTCAGGTTTAATTATT

42hb-v5 38 TGGGAACAAACAAAGAGGCGAAAACCAGGCAAAGCACGTTGTTCCTTTGTCCTCGTGAACGGTACGC

CAGGAGAGAGCGGCCCTCTTGTTATATTTTGATATTTTGATAAAT

42hb-v5 39 AACAACCAATTAATACCAAGTGCCATTCAGGCTGCGCCAGGGATTTTAAACGAGCAAGAAGTGTTTT

TATTGCCCTTACTCGTCCAGGGCTAAATTTTCGCGAGAGAATAAA

42hb-v5 40 CAACATTTCATTTGATTCGCCTTGGGAAGGGCGATAAGGCGATTATCATGCGCGTAGAGGCCACCGA

GTAGTGAGACTAGGGGCCTGGTTGATTTTTTATCCAATTTACTAG

42hb-v5 41 AAAAGAAACTTTACCTGGAGTGGTTTGCGTTGCGCTCACTGCAAGAATACGTGGATACGAGCCTAAT

TGCCCCAGCATCAGGCC

42hb-v5 42 CAGTACATATCTAACGGCTGATTTTCTTTTTGCGTATTGGGCATTGGCACAGCAGAAGATAAATAAA

ATCATTTCTCCCATCAATATATGTGTATCATATGCGTTCAGATTC

42hb-v5 43 ATACAGTGGTTAGAACCTACCACTTCTGTTATCATGCGTAACCGTTGTAGCAATACGGCCTTGCTTG

CTGGCAAATGAGAGTCAGCTTAGGTTCTTAC

42hb-v5 44 GGCCTCTTCGCTATTACGCAGAACAGTAAAGCCGTACGACGAAGGGTAAATGACCAACTGGCTCATT

AAACAGTAGCAACCACCAATCCTCATCGCCTGATAAAT

42hb-v5 45 GCTCAATCCATTGCAACTATCTTCTTTGAGCGGTCAGGGAAG

42hb-v5 46 CTCACATGGAAGCACACAATTCCACACAACCGAGCGCTCGCCAATAGTGCTGAATTCTGCCAGGGGA

TAGAAAACAT

42hb-v5 47 AATATTACCGCCAGCGTCTGATGAGGCGGTCAGTAGCCAGCAAACCTCATGGCAAACTGATTAATTG

TTTGGATTATATATCAAAACGTCATAGGAAT

42hb-v5 48 TTGCAGCCCAGTCGGGAAACCACCCTTCTAGTCTTTAATGCGCGTGGTGGCCATCTAATAGATGTTA

TTATTTTCCCAGTCACGGCCATTCTACAAAATGTCTTTGTCCTGA

42hb-v5 49 CACCGCCCCAGCTGCATTAATATTCTGGATAGCCCTAAAACAGAGTAAAGGTGGGCAACTAATAGTA

ACATTAAGTTGGGTAACGCAACTGTGATTGCGAACGGGCTGTTTA

42hb-v5 50 GGGCAACCCAACGCGCGGGGAACGACCATAAAAATACCGAACTGACCTCCTTGAATAATATCTAACA

AAGGGGGGATGTGCTGCCGGTGCGAGAAACACCGCACTTTCAGCT
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Table 9.10: 42hb-v5 sequences

Strand name Sequence

42hb-v5 51 TTATAAAGGCGAAATATTTACTCGAATTCAGGAAGGTCAATCTGAACGGTAATCGTAGAGATCTATG

ACC

42hb-v5 52 GATTAAAGGGATTTCCACGCTGACTCTAGAGGATCTATTTAATCTGACCTAAATAACTAGCATATTG

TATCCGTAATTTTGAGC

42hb-v5 53 TCACGCAGGGTGGTCGCATTTCACATAAGAATTGAAGCGGAAAATAATGGACAGCTGGCGAAAAAAC

CACCGCTTAACTGTCCA

42hb-v5 54 AGAGTCCAAGAATACTTAAGTGTCCTACCTTTCTCAGGAGAAAGCTTTCAGGGGACCAGGCAA

42hb-v5 55 AAGAACGTGGACTCAGAGCGGCAACTCGGTATTAGGATGATGAAACGGCACTTTTGGGTAGCTAAAA

TGTACGCAAAGACACGTTTACCAGGAGGGGGAAATATCGTCAAAAATGAAAA

42hb-v5 56 AAAGGGCGAAAAACCGTGCTTCCCGAACAATACATAAAACAACGTCGGAATTTCAATGATAAAGTCC

AATAGGTGGCTCAATAGAAAATTCTATTACATGAGATGCGGTCAT

42hb-v5 57 CAACTAAATCGGAATGCTTTGAAGTTTGAGATTAGAACAATTAAATGTGTTTTTAGATGATATATAA

ATAACGTAGATTACCAGCGCCAAAAACGAACTTAATCAGCGCGTT

42hb-v5 58 GGGAGCCCCCGATTCTACAGGTTTGCGGTTAGGAGTTTTTTATAGCCAGTTAAATGGACAGTCCTCA

AATTATTACGGGGCGACATTCAACAAGAAAAATGCGATTGCCTTT

42hb-v5 59 TGACGGGGAAAGCCCCCGCCGCAGAAGGGGAAGGTTAAATCAAATTCGCTGTGTAGGTAAAACTGTC

CAGTTTTATTCGCGAGGCGTTCCCAATTCTGAACAAGCCCTTTTA

42hb-v5 60 GTGGCGAGAAAGGAACGCTGCCATATTCTCAACAGATAACCTCATAGCGTTAGGCAATATTTATAAG

AAAAATAACGCGGAAATTATTCATCCATTTG

Table 9.11: 42hb-v6 sequences

Strand name Sequence

42hb-v6 1 TTTCAGCGGAGTGAGAATCTCCAAGACAGTTAGACTCC

42hb-v6 2 TCTGTATGGGATTTTGCTTTTAATTGCTTTTG

42hb-v6 3 TCGTCTTTCCAGACGTAGGTGAACGGTCGCCCGTCGA

42hb-v6 4 AGTTAGCGTAAAGTTGCGCCGACAAGCAA

42hb-v6 5 CCTGTAGCATGTACGAGCCACGTACCGCGATACAGTCTCTGA

42hb-v6 6 GCTCCAAATTGAGATTTAGGAATACTCCACGGAA

42hb-v6 7 CAGCTTGAAAAATCTACGTTAATAAGACAAAAGG

42hb-v6 8 GCCCAATGAGCCAGCATACCAGTCAAGGGAAGGTAAATATTGA

42hb-v6 9 TTAAAGGCCGTATCGGTTTATCAGCTTACAACATTA

42hb-v6 10 AGGGATATGACAACAACCAGAATAGGGGGGTCA

42hb-v6 11 TCAAGAGAAGGATTATGCCATCTT

42hb-v6 12 GGATTAGCGGGATCGTCACCCTCAGCAGCGAAAAAAAAAG

42hb-v6 13 CGGGGTTCCTATTACTAAAACACTCATCTTT

42hb-v6 14 CCAGGCGGGCATTTTCGGTCATAGCCGGCTTGAGAT

42hb-v6 15 AGAGGCTGCACAACCTAAAACGAAAGA

42hb-v6 16 TTAATGCCCCCTGCCTATTTCGGAATTGCTCAGTA

42hb-v6 17 TAAACAGTACCAAGCGCGAAACAAAGTACAATCGAAATCC

42hb-v6 18 GCCCGTAGAGGGTTGATATAAGTATTTAGCGT

42hb-v6 19 TTTTAACTGTATCACCGTACTCAGGCCGTAATCA

42hb-v6 20 GGCAAAAGGAACCGAACTGACCAAATCACCGG

42hb-v6 21 GAATACATTCTGAAACATGAAAGTATTA

42hb-v6 22 GACCCCCAGCCGGAACGAGGCGCAGACCTCCCTCA

42hb-v6 23 CGGAGATGTGCCTTGAGTAACAGT

42hb-v6 24 TTGTATCATTAAAGCCAGAATGGAAACAAATAA

42hb-v6 25 AGCGCAGGAGTGTACTGGTAATAAG

42hb-v6 26 CTTTGAAAGAGGACAAGGCACTGAGGAA

42hb-v6 27 GCGACCTGACCCTCAGAGCCACCACTTCCAGAGC

42hb-v6 28 ATCCTCATCGCCAGAACCACCACCAGAGATCCTGAAT

42hb-v6 29 AACCAGAGCGAAACGATTTTTTG

42hb-v6 30 GAGCCGCCAAACAGCCATATTATTTATCATAAAAAC

42hb-v6 31 CCCTCAGTTCATCGATAAGTGTGAGGCTTGCAGGGAG

42hb-v6 32 CATGACAAGAACCGAGACTTTCATCGGA

42hb-v6 33 TTCATAATGACGAGAAACACCAGAAGAAGCCCGA

42hb-v6 34 CAGACTGTATTGTGAATTACCTTATGTCAGGTCT

42hb-v6 35 GTTTGCCTAGCCCGTCGCCCACGCATAACCGATATATTTTTCTTAAA

42hb-v6 36 GTAGCGACAGGCTCATTAAAATCACCATAGCTATCTTACGAATGA

42hb-v6 37 GGTTTAATAGCAAAGCGGATTGCATCCAATACTGC

42hb-v6 38 TTAATCAGCGCGTTAACCGCCCTCCATGTTACTTAGCGATTA

42hb-v6 39 CATTACCCATCGATCAGCATTCTTGATATTCACAA

42hb-v6 40 GAAAGATTAAATTGCCCTTATGGAACCGCGGTCAATCATAAG

42hb-v6 41 TTACAGGTAATAGAAAATTCATATGGTAAATACATA

42hb-v6 42 GGACGTTAAGAACTGAATCAAGCCGCCACCTGATAAATTGTG

42hb-v6 43 TAAGTTTAGAAACGCAAAGACACGTTTACCAG

42hb-v6 44 GCGACATTCCTTATTACGCAGTATGTTAGCAATTCATTG

42hb-v6 45 CATAAAGGTGGCAACATAGCGTCAAAAAGAAGAATAA

42hb-v6 46 GAATACCCAAAAGAACTGGCATGATGTTCAGA

42hb-v6 47 ACGCAATAGTAAGCCAATGAAATAACCCCCAGCTAGGGAGGT

42hb-v6 48 TTTGCCAACGACGACACTATCATAACCCCACATTCTTGCCCT

42hb-v6 49 GAGGGGGAAATATCGTCAAAAATGAAAATA

42hb-v6 50 GGAATCGTCTCAACCGTTCTAGCTGATAAATAAGGC

42hb-v6 51 AAACGACGAAGCCCTTTTACAACGCCAGATTCAAAA

42hb-v6 52 AAGACTTCTAATAGTAAAATGTTTAGAGGGTAGC

42hb-v6 53 TTAAGAGCGAGTAGTCATCAGAGGAGCCAAACAACTTTCAACAG

42hb-v6 54 CTATTATCGGGAGACCAGTTAAAGTACGGTGTCTGGA

42hb-v6 55 TTACCCTGAAATCCCCCTCAAATGCTGGAGACAG

42hb-v6 56 TCAAAAACGATTTTGGGAAGATACCGATCGATCTAAAGTTTTG

42hb-v6 57 CCATAAATCAGAGGGCTAACGAACAGTTGATTTTAGCGA

42hb-v6 58 ATAGCAAGTAGCACGGAATTAAGGAACCCATTCCACAGACAGCCCTCAT

42hb-v6 59 GCAGCCTTAATATCCCATCCTAATTCTGTAATAC

42hb-v6 60 AGGGAAGCGTCAACAATAGATAAGTCCTCAACGCAA
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Strand name Sequence

42hb-v6 61 CATTAGAAGTCAGATTCAACTTAACGGAGCTTTCGTAGTAAATGAATTT

42hb-v6 62 TTTAACGTCAATGGCTTAGAGCTTAAT

42hb-v6 63 CCCAATCCTGTAGCTCAACATGTTTTAAATATTTCGCAAAT

42hb-v6 64 CTAATTTGATTAACTGAACACCCTGATGTTCAGC

42hb-v6 65 CTTACCAACGTAATTGAGCGCTAATATGTAATTCTG

42hb-v6 66 CAATTTTCCGCCGCAGCAGCAAGGTTTACACCCTCATTTTC

42hb-v6 67 TGCTGAATTTTCATTTGGGGCGCGAGCATGTA

42hb-v6 68 AGTTTCATCGAGTAGATTTAGTTTGCCAAGTACC

42hb-v6 69 ACCTCCCCTAAGAACGCGAGGCGTTCCGTTTTTA

42hb-v6 70 AGCTGAAAAGGTGGTTTGCGGGGATTAGCAAGAGTAATCTAA

42hb-v6 71 CCTGTTTAGCTATATATAATGCAAATAACACCACCTAGCGTT

42hb-v6 72 GGTCAATAACTTTCCTTATCATTCCAATTTGAATAC

42hb-v6 73 GAAACCAATCGAATTATTCATTT

42hb-v6 74 GCACTCATGGGAGAAACAATAACGGAATTACCTT

42hb-v6 75 TTTTCATCGGATGAATATACAGTAACAATCAATATA

42hb-v6 76 TAAGAATTAGCAAACCAACAGGCGTTTTATAAGGCAACTAATCGTTGAA

42hb-v6 77 AACGCGCTATTAAAACCATTAGATACATGCAACTACAAAATA

42hb-v6 78 TAATGCAGATATATTTTAAATGCAACTGTAGCCA

42hb-v6 79 CGACAATAAGCAAGCCCAATTCTGCGAATCCATATAGCGTCTCCTCAGA

42hb-v6 80 TCCAGACGAGTAGGTAAAACATGTAATATAGCTT

42hb-v6 81 TTTTGCGGAACAAACGGCGGATTGAAAGCAAATA

42hb-v6 82 GGATAAAAAAGCGAGTAACAACCCGTCTTTGTTAAA

42hb-v6 83 TTTTTAGATGATATATAAATAACGTAGATTACCAGCGCCAAAAACGAAC

42hb-v6 84 TTAGGCAATATTTATAAGAAAAATAACGCGGAAATTATTCATCCATTTG

42hb-v6 85 TATTTTTGAATTAATGGTTTGAAATTCTTCTGAC

42hb-v6 86 TCAAATCACATCATAATTACTAGAAACAAATCCA

42hb-v6 87 AATCGCCGAGGCATCGACAAACATTACCGCTTATCCGGTATTGACTTGC

42hb-v6 88 ACCGACCGTGTGATAAATTAACTTTATTTGAACAACGGCTGT

42hb-v6 89 GTTAAATAAAAACTTTTTCAAATATATTTTAGTTTTAATAT

42hb-v6 90 TCATATGCGTTATACAAATTGGGTTA

42hb-v6 91 CTAAATAACTAGCATATTGTATCCGTAATTTTGAGCAAAAGAAGA

42hb-v6 92 CGCGAGAGAATAAACACCGGACATCAATAACCCTC

42hb-v6 93 ATCGCAAGACAAAGAATGTTAAACAACATTTCATTTG

42hb-v6 94 TATAACTATATGTAAATAACGCCA

42hb-v6 95 ACCTCCGATAGTGATTGAAAATGCTTCTCAGGTTTAATTATT

42hb-v6 96 CAGGAAGGTCAATCTGAACGGTAATCGTAGAGATCTATGACC

42hb-v6 97 TTTAAATTACGGAGGATCCCCGGGTACCACAGAC

42hb-v6 98 ATTCGCATTTAAGCTACGTGGTGCTTGTCTTTAATG

42hb-v6 99 TCAAAAAAGACGCTGAGAAAAAATCTAAAATCATTT

42hb-v6 100 CCGTGGGGAGAAGCTGCCGGAGACTGGATATAAAATTTTGTCACAATCA

42hb-v6 101 GGATTCTCAAGAAAAAATCGCAAGCGCCATTCGCCAT

42hb-v6 102 GCTTTCATTCAGCTCATTTTTTAACCTCCTGGTT

42hb-v6 103 GGCCTTCTGCCTGAAAAGGCCTTAAACATAAGACTCAACCGATTGAGGG

42hb-v6 104 AGATTATAATTCGCGTCTTACATAAGTACCTT

42hb-v6 105 TGATGAAAGAAGTATTAGACTTTACCTGGAGTGA

42hb-v6 106 TTTTAATGTCTTTAGGAGCACTAACACGAATATA

42hb-v6 107 TGTGAGTGATTGAAAGGAATTGAGGAA

42hb-v6 108 CAATTACCTGCGGCACCGCTTCTGGTG

42hb-v6 109 CAAGTTACAACAAAATTAATTACATTTAGCCGTCAA

42hb-v6 110 ATTCGCCTTGGGAAGGGCGATCGGTGCGGGCGATGTGCT

42hb-v6 111 CCGGAAACGACGGCCAGTGCCAAGAATTCGAC

42hb-v6 112 TCAGGCTGCGCCAGGGTTTTCCCAGTCGAACGTTAT

42hb-v6 113 CTATTACGCAGGGTTAGAACCTACCACTTCTG

42hb-v6 114 AGGAGAAAGCTTTCAGGGGACCAGGCAAGGCAACG

42hb-v6 115 ACGACGTTGTAAAACCAGGCAGCAGAGGCAATAATGAAAAATTACAGAG

42hb-v6 116 GCAAGGCGATTATCATTTTGCGGAACCCGCTACA

42hb-v6 117 GCTGGCGAAAGGGGCTCTTCGTTACATCCGAGAACAAACAACAACAAAG

42hb-v6 118 AATAATGGACAAAGGAGCGGAATTATCATGCGTAACCA

42hb-v6 119 ATTGTTTGGATTATATATCAAAACGTCATAGGAATAGGTAAACAGAGAG

42hb-v6 120 AACTCGTATATCAGAGCGGGAGC

42hb-v6 121 TAATTTTAAACGAGCACGTATAACGTGCCAGAATCC

42hb-v6 122 AGTAACATTAAGTTGGGTAACGCAACTGTGATTGCGAACGGGCTGTTTA

42hb-v6 123 AATAGTGCTGAATTCTGCCAGGGGATAGAAAACATTACAAAG

42hb-v6 124 TAGATAATACCCTGCCATCTGTAAGCACACCGCCTG

42hb-v6 125 CTCTATGAGGTCCACGCTGGTTTGCGTTGCGC

42hb-v6 126 GGGGCCTTCCAGTGAGACGGGCAACCCAACGC

42hb-v6 127 ATTTCACATAAGCATCACCTGGTAATATCCCAGGGTG

42hb-v6 128 CTTGCTGGCAAATGAGAGTCAGCTTAGGTTCTTACCAGTATA

42hb-v6 129 GGTGTAATTCGCCATTAAAAATACCCACACGACC

42hb-v6 130 CTCTGACCAATAGGGCTGATGAAGCCTGTTTAGTAGGGTGAGGTAATGT

42hb-v6 131 AATATTTTCGTAAGAATACGTGGATACGAGCC

42hb-v6 132 TGAATGGCTATTAGTTACCTCAGTGCGGCATTTGATTTGCCC

42hb-v6 133 CGCGAACTGCCAACAGAGATAGAACCCTTCTGACGTCGGGAGAGTTGC

42hb-v6 134 GAACGAACCACCAGCTCCGAACTGACGCGGTTATCCCACCAG

42hb-v6 135 CAGAAGATAAAACAGAGGAATGGATT

42hb-v6 136 TGAGGCGGTCAGTAGCCAGCAAACCTCATGGCAAACTGATTA

42hb-v6 137 ATTCTGGATAGCCCTAAAACAGAGTAAAGGTGGGCAACTAAT

42hb-v6 138 AGTAATAAAAGGGACGAATCGGAGCTGAT

42hb-v6 139 ATTTACATTGGCAGATTGCGTATT

42hb-v6 140 GCTCAATCCATTGCAACTATCTTCTTTGAGCGGTCAGGGAAG

42hb-v6 141 CTCACATGGAAGCACACAATTCCACACAACCGAGCGCTCGCC

42hb-v6 142 TAATTGCCCCAGCATCAGGCCGATTAAAGGG

42hb-v6 143 TCACTGCCCGCTTTCCACTGAAAG

42hb-v6 144 GCGGGGAGAGGCGGTTTCACCAGT

42hb-v6 145 GGGCGCAGAACAATATTACCGCCAGCGTCTGA

42hb-v6 146 GCCCTGAGAAACCTGTCGTGCCAGCTGCATTAAT

42hb-v6 147 GTTTTTTCCATCACCGCGCTCGGGGAAAGCCGGCGAAC
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Table 9.11: 42hb-v6 sequences

Strand name Sequence

42hb-v6 148 TTATAAAGGCGAAATATTTACTCGAATT

42hb-v6 149 ATTTTAGACAGGAAAGCAAGCTACCGACGATAAAGGTAAACGAATTTCA

42hb-v6 150 CGGTACGCTTTCCTGGGCGAAAAACCGTCTAT

42hb-v6 151 TGAGAAGTGTTTTTATTGCCCTTACTCGTCCAGGGCTAAATTTT

42hb-v6 152 AATCAGTCTATGGTCCCTAAAGGGAGCCCCCG

42hb-v6 153 TAAACAGGAAACTATTAAAGAACGTGG

42hb-v6 154 GGGCGCGTAGAGGCCACCGAGTAAAAGAGTCTGCTTTTCAGAATCGG

42hb-v6 155 CCACACCCGCGCAAATTAACCGTTGTAGCAATACGGCCTTG

42hb-v6 156 GAACAAGAGTCCAAGAATACTTAAGTGTCCTACCTTTCTC

42hb-v6 157 ACTCCAACGTCAAACGTTAGATAAATCCGGATTTACAAACAT

42hb-v6 158 CAACTAAATCGGAATGCTTTGAAGTTTGAGATTAGAACAATTAAATGTG

42hb-v6 159 ATTTAGAGCTTGATAATGCGAAAGAAATAAAATAGAAACAG

42hb-v6 160 GTGGCGAGAAAGGAACGCTGCCATATTCTCAACAGATAACCTCATAGCG

Table 9.12: 42hb-v7 sequences

Strand name Sequence

42hb-v7 1 CGAGGAAACGCAATTATGTTAGTCACCGCATACAATTTTATC

42hb-v7 2 ACAAAGTTACCAGATACATACCATTAAATTACCAAAGATTAG

42hb-v7 3 GAAAAGTAAGCAGAATATAAATAAATATTTTCCAGAGGTTTT

42hb-v7 4 TCTTACCGAAGCCCACCACGGAACCGATGTTACAAGCGAACC

42hb-v7 5 ACAATGAAATAGCAGTCACAAAAAGACATTATTTACTAAGAA

42hb-v7 6 AATAAGAATTTAACTGAACACTAAGAATTAATTTCAATTAAT

42hb-v7 7 AAGAATTAAAGTCAACAGGGAGTCAAAACCAATAGACAAGCA

42hb-v7 8 AATTATTATAAAGGAGCGGGGGGTTATAATCATAGGTCTGAG

42hb-v7 9 GGGAAGGAGAAACGCTCAAGATGCTGATGTCAATAGTGAATT

42hb-v7 10 GACATTCAATAAGTAGTATTAAAGACAATAGATTAAGACGCT

42hb-v7 11 GGTTTACCAGCGCCTCAATAGCCTATTACTTTTTC

42hb-v7 12 AGCGCATTAGACGGGAGAAATAGAAACGATAGAAG

42hb-v7 13 GTAGCGACAGAATCGAGCCGCAAAAGGTAGATTTT

42hb-v7 14 CCTTTAGCGTCAGACCCTCAGCAGACGAACAGAAAAGTACCT

42hb-v7 15 GCGTTTTCATCGGCCCGCCACATGTTCATCAAAATAACAATA

42hb-v7 16 GTCATAGCCCCCTTCCGGAACCGCCTGTGAAGGGTTTGCTTT

42hb-v7 17 TTTGCCATCTTTTCATAATACGCTTATCCGGTATTTCCCAAT

42hb-v7 18 CAAGTACCGCACTCCAAGAACAATATCCTCAATATATTCATT

42hb-v7 19 AGCCACCACCCTCAAAGTTTGTTGCTATTTTGCACCCAGCTT

42hb-v7 20 CCTCAGAACCGCCACTGTAGCGAAGCCTTAAATCACGCTAAC

42hb-v7 21 CGCCTCCCTCAGAGATTTTCGTCCCGACTTGCGGGAGCCTAA

42hb-v7 22 AACCAGAGCCACCAATTAGCGCGCGAGGCGTTTTAAATAAAC

42hb-v7 23 GGGTATTAACAAAATCACCGGTAAGTCCGGATTAT

42hb-v7 24 ATCATTCATCGAGACAAGCAAATCAGATATTTTTTTAAAGCC

42hb-v7 25 AAAGTACCGTCATAAATAGAAAGCCCAAATTACCCTTACGCT

42hb-v7 26 AGAATATCTGAATCGGTGAATTATCACCGCAAACGAGGCGGAGCTAACC

42hb-v7 27 GAGCCAGATACAGGCAACAGTCCGTAACCTTGACAGGATTAT

42hb-v7 28 AATTTAGAAGTTTTGGGATTTCCAGTACCTGACCTTCACCAG

42hb-v7 29 TATTTAACTTGAGTTAGTAAAGTAGCATCAGACCAATAAAAG

42hb-v7 30 GGGCTTAAAACAGTTTTTGTCTCATAGTAGAGGACACAGAGA

42hb-v7 31 ACCGGAAAATTTCATTTGAGAGCGAATTAATCCTGTATCATT

42hb-v7 32 TAAGTGCCAGTAAGCGATTCACAAACAACCATTACACTTGAG

42hb-v7 33 TCCGGCTTAGGTTGTTTTGCTTTTGATGTAATAAGTTCTGTC

42hb-v7 34 TAACTATATGTAAAGAAGGATTGGTAATGCAGAGGAAACAAC

42hb-v7 35 GCAAATCCAATCGCAGAGGCTTCAGTGCCAACGCCCAGAACG

42hb-v7 36 AGAACGCGAGAAAATTCTGAACCCGTATATTGAGACAATAGA

42hb-v7 37 TTTTAGTAACCTATTTCGGAAAAAATTCGCAAGAA

42hb-v7 38 GACCTAAAATAAGGTACTAGAAATTCTTATTTACGTTTCCTT

42hb-v7 39 CTTTTCACCCTCAGGATAGCAAGGAACAAGTTAACGTCAGAT

42hb-v7 40 CTTGAAAACATAGCACAGCCCGTCTTTCAAGTTACACTTCTG

42hb-v7 41 TTTCCCTACATTACCTTTTTTCTGATAGCCTGAAACTTGCCT

42hb-v7 42 AAATCGTACAGTACTAATTACCCTGAGCATGATGGAACCACC

42hb-v7 43 CCATGTATTCAGCGCAGTAACTAAAGAAGATAGTTGCGCCGAAGAGGCT

42hb-v7 44 TTCGTCATGCTAAACGGGAGATATTTGCAACAACCATCGCCCAACGAGG

42hb-v7 45 AACGCCTTGAATTTCGCCTGATAGAACCACCGATATATTCGGAGCAGCG

42hb-v7 46 ACTAAAGACCGTTCCGTCGAGTACGCAGAATAACG

42hb-v7 47 GAGTGAGCATGGCTCAGTACCTAGAAAAAGGAAAC

42hb-v7 48 CAACTTTAGTGTACTAGGATTTGGCAACTAGCCGA

42hb-v7 49 TCTGTATAACGGGGGAGACTCCAAAGACTTTTTAA

42hb-v7 50 CAGACGTAACAGTGACATGAATTATTTTATAGCTA

42hb-v7 51 ATTTAACTCATAATCGTTAAACCTGAACGAGTTAAGCCCAAT

42hb-v7 52 AAAATCGTGCCACGTCATAAGACATTCATCATCAGAAGGTGGTGTTTCC

42hb-v7 53 CGCAGAGTCTAAAGTAATGCCCCCTGACAACGCTCGAAAAAT

42hb-v7 54 TCCAAAAATTGGCCTTGATACCACCAGAACCACCAGTAATCAAGCAAGG

42hb-v7 55 CAGGTGCTTTCTTAAACAGCTCTTTTTCAAATCAACAAGTGT

42hb-v7 56 CAATGACACGTAAACGACAATCATTTTCGAGCGTCTGACGGA

42hb-v7 57 ACGCATATACCATAGCTAATGAACATGTTTTGCCATGAGGGA

42hb-v7 58 TCGCTGAAATAATGTTATCAAATCGCCAAGCCATAAAAGGGC

42hb-v7 59 GGCTTGCAGGGAGTTAAAGATATTGTTTTGAACAAAACAGTACCAAATA

42hb-v7 60 TTGCGGATAAAAGTGAAGTATGGAACCCGCGGGAGATGAATC

42hb-v7 61 TTGAGTAACGCCGCTTTTGCGGATAATAGATTTAGGCTTTCCGAGAGGC

42hb-v7 62 TTAATTTACAAAGACAATTCACATCCTAACCAGTAGTTTAAC

42hb-v7 63 AAGGAATTTGAGGACTAAAGATGATACCATTGCGTAAAGTAA

42hb-v7 64 TGAGGAAGAGCGGGGCCGCGCGCTGATTCTGCGAACGGTAAT

42hb-v7 65 TCTTTAGAGGAAGGCAGGGCGTCACCAGTTGACCAGCAAACA

42hb-v7 66 AATAGATAGCCGGCTTTGACGGCGCCAGCAAATGGGTCATTG
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Table 9.12: 42hb-v7 sequences

Strand name Sequence

42hb-v7 67 GGTCAGTGATTTGTACGACGACATTATAAATAAAGATTTAAG

42hb-v7 68 TCAAACCAATTGTGATCATAAGGGAAGAAAAGAATTTACCTC

42hb-v7 69 CACCTTGCTGCTCCAGGCATATAAAACGAATAAATATCCCCG

42hb-v7 70 CAAATGAGAACGAGATAACGCCATTATTATAGTAGATTCGTA

42hb-v7 71 TATTAACAAAACATTTATAATCAGTGAGAATCAGATAAAGGG

42hb-v7 72 CGTAACATTTCAGGAACCGCCGGAGGTTTAGTACC

42hb-v7 73 TCATCAACCGCGACCTGAACCTAAAATAGTAGCAACGGCTAC

42hb-v7 74 GGCGCATTTAGCCGAAAATCTAACAACTAAAGACAGCATCGG

42hb-v7 75 AGATGAACGGTCAACTGAGAGGTCAATAGGATCGTCACCCTC

42hb-v7 76 TAGTAAAAAATCAACAACGGATGCAAAAGAATACAAAAAAAA

42hb-v7 77 CAATCGTCTGAAATAGAACCGCCTGATACTCAATC

42hb-v7 78 CTTCTGACCACCAACTTTGAATAGCGTATAGAATCAAATATA

42hb-v7 79 AATACGTCTTTAATAAAAATAGGTGAGGTACAAACAACGTTA

42hb-v7 80 ACGCTCATGGAAATGGACGTTCCCTCGTCACACCCCGCTAGG

42hb-v7 81 CCAGCCATTGCAACACGTTAAGTAAGAGGCCGCTAGAAGAAA

42hb-v7 82 ATATCCAGAACAATGGAACAACAAAAGGTGGTTGCGAACGTG

42hb-v7 83 AAACTATCGGCCTTGAAAGATACTAATGATAACGTAGCTTGA

42hb-v7 84 GAGTAGATTAGGCCACCGAGTAGTGAGCATCCGCTGCAACTC

42hb-v7 85 TAGTAATTCTGTCCCCTGAGAGGAGGCCTAAAGCAACGTGAA

42hb-v7 86 CCAGTCAACCTACATTTTGGGGCTTGAGACTGGCTTAAAAAC

42hb-v7 87 AGTGTTTCGCCATTGCGCGAAAATGGAACGCTATTATCTTCT

42hb-v7 88 AATCACGCTGCGCGGGCCCTGTATAACAGTCAATCGTAAAGA

42hb-v7 89 TTAATGCCAACACTTCGAAATGAGTAATACTGAGTTATCAAA

42hb-v7 90 CGTACTAAATTACGATGTTACAGGCTGGAAACTACGAGAAGA

42hb-v7 91 AGCACGTCAGATACGCGCAGACGGTGTATCCACAGGATAGCT

42hb-v7 92 TCGTTAGGAATACCGGAACCGAACTGCTACCGCCTGGATTTA

42hb-v7 93 TGTTTAGAAACGAAAGAGGGCATGAGGAAGTTTCCAGGTGAA

42hb-v7 94 AGCGGAAAATCCCCCTCAAATACAGGTCAGTTGCAAGCTGGC

42hb-v7 95 ACAGTTCAGAAAACCCAGACCCTGGTTTGGGCCTCTGGGTAACGCCAGG

42hb-v7 96 GAGAATGGCGAAAGGGTTATCTCAAATATTTACAT

42hb-v7 97 ACCATAAATCAAAATAATTCGAAATCCTGTTGGGACAGTCACGACGTTG

42hb-v7 98 ATCAGGTGCGAGAAGAGCACTAAAGCATACGGATT

42hb-v7 99 CTTTACCCTGACTAAAGACTTCCGAAATCGCCATTACGGCCAGTGCCAA

42hb-v7 100 TTATAGTCGGGGAATAGAGCCCCAGCAGGAATACC

42hb-v7 101 CAGAAGCAAAGCGGATTGCGTAGCCCCCCATTTGAGCAACAG

42hb-v7 102 CTATCAGGGCGATGCAAAGGGAGATAGGCCGGCACTTCTTCTAAGTGGT

42hb-v7 103 GGAAGCAAACTCCAGCTTTAAGCGCTGGCAGTTGAAATATCTGAATATA

42hb-v7 104 CCAACGTGCCCACTCTAAATCTAGACTTCGGTCAGTCAATTA

42hb-v7 105 TAGCCCGCGAAAAACCATCAAAAAGATTATAAATCGAAACCA

42hb-v7 106 AGCTGAATATAATGTAATAGTCAAAATACAAAGTA

42hb-v7 107 ACCGCCTTAACCACTTACCAGATCATCGGATATTCTAGGAACAGACTAC

42hb-v7 108 ATTTAGTTGAGACGCAGGCGAAGCTTCAAAGCGAA

42hb-v7 109 CATTTCGGGTGGTTGGTGGTTCAAATATCGCGTTT

42hb-v7 110 CCTGTTTGGTTTGCATCCCTTAAGAGGAAGCCCGA

42hb-v7 111 AGCTATAGAGATCTTGCCGGAGAGGGTAGGCACGATGTGTGA

42hb-v7 112 TCACATTTGTCCCGCCAAATAGTGGATGCGCTTCTCGCATCG

42hb-v7 113 CTACGTGGTGCTTGTAGCAAACCCAATTGCCCTTCGTCCACG

42hb-v7 114 AATTGTTTAGCGCGAGCTGAATTGAGATAGAACTCTAGAACC

42hb-v7 115 CCACACATGGGGTGTTGCGCTTGCCAGCGTTGTTCGTGGACT

42hb-v7 116 TGGTTGGTGTAATGGGGTGAGCGTAAAAATTAAGTTTCGCTA

42hb-v7 117 TTTCTCCGAACTCTGTCAAATAGAGAATGTTTTCCAGGGCGA

42hb-v7 118 TGACGCATTTCACATATTCAACCTGAGATAAAACGCAGGCTG

42hb-v7 119 ATATAGGGGCCTTGAAATTAAACAAAGGGCTTTCTGGCAAAG

42hb-v7 120 GTCGGTGGCATAACCCCGCTTCTAATCTTCTGTAACACAATT

42hb-v7 121 CCTGCCAATTTACGCAACCTTTGTGAATCTCCAGCCCAGTTT

42hb-v7 122 TGAGTAAAGGATAACGGGAGAAGCCTTTCCTCAGACATTCCA

42hb-v7 123 TTCAAAAAGTAAACAGGGCTTCAACGCATGTGTAGATATGTA

42hb-v7 124 AAAGGCCGGAGACAGACCTCCGATAAAGACGGAGGCATACAG

42hb-v7 125 CACCATCAATATGATAAATCAGGTACCGAGCTCGATAGCATT

42hb-v7 126 CCGTTCTAGCTGATAATCGGCATCATGGTCATAGCCATCAAT

42hb-v7 127 CGATGAACGAGTAGGCAAGGCAAAATCTAGGAAAATTACATTGGCAGAT

42hb-v7 128 GTCTGGATTAGATAAACATCCAACTAACATTACCGTCACACGACCAGTA

42hb-v7 129 CTATCAGTCAATAATCTACTAACAGGTAGCTGGTAGGACATTCTGGCCA

42hb-v7 130 ATGACAAAATTGCGCCTAATGAAAAGAGAACATCAGCGTAAG

42hb-v7 131 AAGCAAACCCCGGTGAAGTTTGCATAAATTTAAGAATGGTTTGAACGAG

42hb-v7 132 TAGGGGATGTGCTGCAAGGCGCTAGCATGTTGATTATTAAGC

42hb-v7 133 CAGGAGAAGCCAGGTTTTTGATTTTCATTTGGGACGGCCAAC

42hb-v7 134 GAAAGTTTCAGCTCATTTTTTAACCAATTTACGCCGCAAGCG

42hb-v7 135 TGTTAAATAAATTGAGAGCTTAATTGAGAGGATTAGAGAGTATTCATTG

42hb-v7 136 AGGAACGCCATCAAAAATAATTCGGTGCGCCCCAGGGCAACA

42hb-v7 137 TCGCGTCTGGGGAACAAACGGCGCAACTGTTTGATTTTCTTT

42hb-v7 138 CGGATTGACCGTAATGGGATACGCCATTCGGCAAAGTATTGG

42hb-v7 139 GGTCACGTTGGTGTAGATGGGGGTGCCGAAAAGAAGCGCGGG

42hb-v7 140 TAACCGTGCATCTGCAGCTTTGTTGAGTTGCATTACTAAACA

42hb-v7 141 GCCTTCCTGTAGCCAGCTTTCATCAACATTAAATGTGAGCGAGTAACAACCCGTCGGATTCTCCGT

Table 9.13: 42hb-v8 sequences

Strand name Sequence

42hb-v8 1 ACGTCAAAGGGCGAGTTTTTTCGTACTAGGCCTGGGGTGCCT

42hb-v8 2 TATTAAAGAACGTGGTAAAGCTTAATGCGAGCTAAACGAGCC

42hb-v8 3 CAGTTTGGAACAAGCTAAAGGTAACCACGTTGCGCGCTCACA

42hb-v8 4 AGATAGGGTTGAGTGAGCTTGGTGTAGCCCAGTCGTCCTGTG
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Table 9.13: 42hb-v8 sequences

Strand name Sequence

42hb-v8 5 ATAAATCAAAAGAACGAACGTCGGGCGCCCAGCTGGTAATCA

42hb-v8 6 CGGCAAAGGGCCTGGCCCTGAGCGATCGCCGCTTCGCGTCTG

42hb-v8 7 GTTTGATGCAGCAACGGGCAATTTGCGTCTCGATATGGTGTA

42hb-v8 8 GCCGCGCACTAAATGCATCACCATCGTAGCGGATTGACCGTA

42hb-v8 9 CTGCGCGGAGCCCCGCAGCAAAGTTTGAGATTCTCCGTGGGA

42hb-v8 10 CTGGCAAACGGGGAACAGTGCTATCGGCTGAGCGAGTAACAA

42hb-v8 11 GAAAGCGAAAGGAGGGCGAGATCAGTATACTCCAG

42hb-v8 12 CAGCTGATTGCCCTTCACCAACCAACGCCCGGGTA

42hb-v8 13 CCTGAGAAGTGTTTTCATGGAGTCCTTAGATAAAT

42hb-v8 14 CAGTGAGGCCACCGCCATTGCACCTTATTGATATTATCTACA

42hb-v8 15 GAGTCTGTCCATCACCAGAACAAAATAAACAGTCAATTGCCT

42hb-v8 16 TAACCGTTGTAGCATATCGGCTATTTACAAAGGGTAACAAGA

42hb-v8 17 TTTGATTAGTAATAACATCTCCCGAGCTCGAATTCCATTAAT

42hb-v8 18 TCCGAACTCTGACCTTTCACACGGCCCTATTTTAAAATCATA

42hb-v8 19 AACAGGAAAAACGCTTATAATGGAAGCATAAAGTGTAAAGAG

42hb-v8 20 AATATTACCGCCAGAGTAAAAATTCCACACAACATCTCACAT

42hb-v8 21 CTTGCTGGTAATATCGCAAATTGAAATTGTTATCCTCACTGC

42hb-v8 22 AGAAGAACTCAAACATACTTCTGGTCATAGCTGTTGGAAACC

42hb-v8 23 TAAATCATTACTTGCCTGAGTGACTCTATAATGTG

42hb-v8 24 TGACGCATCCTGGTAAGACGGAGGATCCGCGGGGAGCCAGGG

42hb-v8 25 ACGACTTAGACAATAATGGAAACTTTACAAAAGCCATAGAAA

42hb-v8 26 CATGCGCAATGAGTGCCGCTACAGGGCGGGGGTCGAATATCATTACGTT

42hb-v8 27 AGTGGTTATTAGTCGTTTGGACTCGTATACCGGAAAAATCAA

42hb-v8 28 GCCAGGGTGATAGCTTCATCAGAACGTTAGGCGTTCCCTGAC

42hb-v8 29 TGCCAAGATTAAAACTGATTATTTGAGTATACCGAGCAAAGC

42hb-v8 30 ACGTTGTACCAGCAAGCGGAAGCGGAACACCTAAAAGATTAA

42hb-v8 31 GGGCCTCGTAAACGTTAATACGCATGTCATGCAATAAACATT

42hb-v8 32 AACCCTCGTGGCACAAAGTAATAAAAGGCAGAGCGTGGTTGC

42hb-v8 33 GGTGTAGATGGGCGCTTGCTGAATGGCTGTGAATTATTGTCA

42hb-v8 34 ACCGTGCATCTGCCATGAAAACGCGAACTGGATGTTCCCGCC

42hb-v8 35 GGGGACGACGACAGCACGCTGCATCGCCCTTTCTCTCTAATC

42hb-v8 36 CTCAGGAAGATCGCTAACACCACGAACCAAAACGACTGGAGT

42hb-v8 37 TCCGGCAGTGAGGTGAGGCGGAAGGAAGATCCCTT

42hb-v8 38 GGAAACCAACTGTTTTACGCCTTAAGTTGTAAGCAAATCGGC

42hb-v8 39 AGGTCAGGAGCACTGTATTAGGGGTTAGTACCGGAGAGGGTA

42hb-v8 40 AGCTTTCATCAACATCATTTTTTATCATTGAACGGTAGGTAA

42hb-v8 41 GCCTTCCCCATTTTGTTAAAACAGGATTGACTTCAGAAGTTT

42hb-v8 42 ATCAAAATAAATTTCAAATATCGGTTGATAGAACCCTTTTGC

42hb-v8 43 TCGACAATTATACTTTGAGAGCAACCGTCTGATTGCTTTGAAACAGTAC

42hb-v8 44 TTTGCCCATATAATTCAGGTCAATCACCTTACAAAATCGCGCGAATTAC

42hb-v8 45 TTAAAAGTCAGATGTGGAGCAGAGAAAGAATTATTCATTTCATTACATT

42hb-v8 46 AACCTACAGAATACAATCAATAAATCAAAAAACCG

42hb-v8 47 TCTGAATATTTTTGAACCTCAAGGTGCCGACTCCA

42hb-v8 48 CCTGATTTTTAATGATCTAAACGGAACCAGTCCAC

42hb-v8 49 ATGGCAACCTAAAAAGAGCCACGATTTAGTTGTTC

42hb-v8 50 CATATTCATACCGAGCCTGCAAAGCCGGTAGCCCG

42hb-v8 51 TTAAATTTTCGCTAGGGAAGGGAGAGTTGGTGGTTCCGAAAT

42hb-v8 52 TAATCGTGTTTTAATCAAATAGAAAAATTCAACAAAACCGAGTTGCTTT

42hb-v8 53 AAAACTACAGAAGGGAAGATAAAACAGCTTTTCCCGACAGTG

42hb-v8 54 TTTTCAGAGTCACACGACCGTAATACCTACATTTTCCAGAATCTAAACA

42hb-v8 55 TAATGGAGAGAAACAATAACGGTGAGTGTTAGATAAATTTCA

42hb-v8 56 TACCAAGATCAATAGACAATGTCTTCTATAATTGCCACACCC

42hb-v8 57 AGAGGCGGCCGGAGCCCCGCTAGGAGAACCGCTTTGGTCACG

42hb-v8 58 ATTACCTAGATTCAGCTCGCCCGGCCAGTGTCGTGTAGGGCG

42hb-v8 59 GAGCAAAAGAAGATGATGAAAGCCTGAGTGATACCAGTCACGGAATCGG

42hb-v8 60 ATGACCCCTAAATCTCCAATAATATTCAACAGGTAAACGAGG

42hb-v8 61 GGTTGTACCAACAAACATCAACTAATAGGTAACAAAACTAACAGAGGCT

42hb-v8 62 CATAAAGTGTAATACTCATATGCCATCTGGGTAACGAGGCGG

42hb-v8 63 CAAATGGATAAATCAATATATGATTCGCTCTAGCTGTGCTGA

42hb-v8 64 TCAATAAAAATTGGTTTAAGAATGCCACATAAGAGGTTTGCC

42hb-v8 65 TTTTCATAGAAACACCAGTCAATTAAACATAGCAAAATCAGT

42hb-v8 66 GAAAAGGTGAATAAAAAATCTCTTTTTCAAGCCCTAACCATC

42hb-v8 67 TAGTTTGCCTCCGGTATTAAAAAAGTACAGAAAATAGTTGCG

42hb-v8 68 AATTCTGTATAACTCCTTATCGTAATTCACGCAGTCACGTTG

42hb-v8 69 TCCATATATGCAAAAATCAATCAATAAAGCATGATAAAGGCT

42hb-v8 70 TACGGTGAAAGAACATTTACGAATGCAGACGGAATTAATTGT

42hb-v8 71 TATAATGAGTACCTGAATTACGAGGCCCCATTATTTTACCCA

42hb-v8 72 TATCATATTTAGAAAACAACTTATCTAAAATATCT

42hb-v8 73 AAATAAGAATGCTGAACAGTTAGCTATACTTTTTTAATGGAA

42hb-v8 74 CCGTGTGGCAAGACTCTGGAAGCGAGCTTAACAATTTCATTT

42hb-v8 75 TTTAATGAACTTTTATATGCAAATTCTAGAAAACAAAATTAA

42hb-v8 76 ATTGAGATGTTTAGTTTTTAAACTTAGATTAAGACAATTGCG

42hb-v8 77 ACGAGAATGACCATTCATAATTGGGTTACGAACGA

42hb-v8 78 CCCGAAAAGTTTCATCTTCTGAAAGAAATGTAGCCCCAGCTT

42hb-v8 79 CGTTTTAAAACTCCCTCCTTTGCTTAATCAGGCAACTCAGAG

42hb-v8 80 TCCCCCTCAAATGCAGGTAAAATTCCAAATGCGATGCTTGAG

42hb-v8 81 TCGTCATAAATATTACGACGAAATCGGCCATTATACCAGAAC

42hb-v8 82 ATAGCGTCCAATACTTCAGCTAGCATGTGGGAAGAGGCTTGC

42hb-v8 83 ATAGTAAAATGTTTCTGTTTAAATATCCTAAAACGAGCTGCT

42hb-v8 84 TGCCAGAGTATAGTAAGAGCATTCGGTCTAAACAGAGTTTTG

42hb-v8 85 AGGCTTTCATAACCCATAACGTCATCAGTTGACAATACAGAC

42hb-v8 86 CGACAAATTTAAACAGTTCCGCCATATTAGAATATCCAAGTA

42hb-v8 87 CCAAAAGTTAATTGAACAGGTTTCGCATATAATTCTGGTGCC

42hb-v8 88 TAAATCATTGTGAACCTAAAAAGAATTGGTAGCGCAAATATT

42hb-v8 89 ACTGGCTTGTCTTTATATGTAAATAAACTAAATCCACAAACG

42hb-v8 90 GGACGTTAGAAACCTCCAATCATAAATAATTAATTCCCGTCG

42hb-v8 91 ACGTTAACATCCTAGCGAGAAGTTTGAAAACATTATTAAATG
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Table 9.13: 42hb-v8 sequences

Strand name Sequence

42hb-v8 92 GGAACAATGAACAATATTTTAGTTAAAGCTGTAGCATTAACA

42hb-v8 93 GCGCCCACATAGCGATAGCCAAATAACCTTGCTTCACATCGG

42hb-v8 94 ACTTTCCACGCGAGGCGTTTTGATTTTTAGAGGCAAGGATTA

42hb-v8 95 CTCCCGACTTGCGGATCCCAAAACACTCAGACTCCTGCCGTCGAGAGGG

42hb-v8 96 GAGGTTTGAGTAGTCCTGTTTGATTCCCAAGGCTA

42hb-v8 97 TGAAGCCTTAAATCAAATAAAGCGATTACATGAAAAAGTATAGCCCGGA

42hb-v8 98 AAGATTACCTGACGTTGGGGCGTTTCATGAGAGTC

42hb-v8 99 GTTGCTATTTTGCAGAGCCTACAAAGTATCGGAACTATCACCGTACTCA

42hb-v8 100 CCCAGCTCATTCAGTGGCATCACTAAAGGAATCGA

42hb-v8 101 ACAATTTTATCCTGAATCTTGAATCAACTAGTAGCTCAACAT

42hb-v8 102 AAAGAGGACAGATGCCGAACTTCGAAATAGTAACACGCCACCCTCAGAA

42hb-v8 103 TCCAAATAAGAAACAGCGAACATGGTTTCATTTCGGTAGATTGCTATTT

42hb-v8 104 AAGGGAAAACGGTGGAACCGGAATCATATGCTGAATGTACCC

42hb-v8 105 AATTGTGGACCAACTTTACCAACGCTAAATCATCGAGTTAAT

42hb-v8 106 CGGGGAGAATTAACGAATCATCCGCACTGACTACC

42hb-v8 107 GCACCAATTACCTTGAACGGGCTTAGGTTACTAGAAAACAATATGGGAT

42hb-v8 108 CAATGAAGGGTAAAACCCCCACAGCCATATTATTT

42hb-v8 109 CTTACCGATGAGGACGCGAAAATTTGCCAGTTACA

42hb-v8 110 AAAAGTATTGAGGAGATTTGTCGAGCGTCTTTCCA

42hb-v8 111 AGCAGATGGCCGGACCAGTAGCACCATTTCCAGACCGAGGTG

42hb-v8 112 AGGCTTGTGTACCGTAACACATCAGAACGTGCCCGCCGTTCC

42hb-v8 113 AATAATAATTTTTTATGTTAGCCCAATATACGAAGACACTAA

42hb-v8 114 AATTTCTGCTTACCAGAAGGATAGATAAGGGGGTAGAGGAAG

42hb-v8 115 CCGATAGGCATAACTTAAAGGAAAGACACTGCTCCCAATCAT

42hb-v8 116 AGAATAGAAAGGAAATTATTCTTTAGCGGGATAAGTCAAGAG

42hb-v8 117 TTCAACAGTTTCAGATCACCGAGCGACATTGATATGTATTAA

42hb-v8 118 ATGGGATTTTGCTACATTTGGGATAGCAATAGGTGCTATTAT

42hb-v8 119 GTTAGTAAATGAATAAAATCAAACGTCAGGAGGTTGCCCCCT

42hb-v8 120 TCGTCTTACCTGAGTTTCGTCACCAGTAGATCTAACTTGATA

42hb-v8 121 GCGTAACCAAACTACCAATAGCCGCCACGGGTCAGATGGCTT

42hb-v8 122 GAGGGAGATGGTTTTTGTCACAATCAATACATACAACCCACA

42hb-v8 123 GACGGAACAACTAAAGGAAAAAATTCATGGAAGGTGTTTTCA

42hb-v8 124 ATTAAAGGTGAATTCGGAGTGAAAATCTCCAAAAATAAGACT

42hb-v8 125 TCACCGACTTGAGCAACAACTCCAAAAGGAGCCTTACCCAAA

42hb-v8 126 GAATTAGAGCCAGCTTTCTGTATCGGTTTATCAGCGAAACGC

42hb-v8 127 GAATCAACAAGAAACCTTATTTGTCCAGCATTGAAAAATCAGGTCTTTA

42hb-v8 128 GCACCGTTAGCTATAGAACTGCAACATGTGCGGAATATTATAGTCAGAA

42hb-v8 129 CCAATGATTTTAAGAATAATAAACGCGCAGACTGGGGATTGCATCAAAA

42hb-v8 130 GAACCCACAGGGAGCGATATAACACTATTGCAAAAAATATCG

42hb-v8 131 TCATAATTCGGCATAGAGATATAAAGGTTAATAAGTAACAACGGGCTTA

42hb-v8 132 CAGTTTTGCTCAGTACCAGGCTCAGACTAGTTAAGCAAACGT

42hb-v8 133 TAGTACCGCCACCCTTAGCAAAGCCGAACAAAGTGGTAGCAA

42hb-v8 134 GCGGGAATCAGAACCGCCACCCTCAGAGAAGGATTAAAGAAT

42hb-v8 135 GCCACCCATCACCGAGCGCATTAGACAATGTTTAACGTCAAATCTAAGA

42hb-v8 136 CCACCACCCTCAGAGCCGCCAGAGGCTGATCTTTGATACGTA

42hb-v8 137 CCAGAACCACAAACAAATAAATCTGAAATACCAAGAGTTTCC

42hb-v8 138 TCCTCATTAAAGCCAGAATGGGCCTATTCAACGGACTAAAGA

42hb-v8 139 AAAGCGCAGTCTCTGAATTTATATAAACCCTGATACGGCTAC

42hb-v8 140 AGTAAGCGTCATACTGCCTTGCCGCGACGCATCGGGAAAGAT

Table 9.14: 42hb-v11 sequences

Strand name Sequence

42hb-v11 1 CCTGTAGCATGTACGAGCCACGTACCGCGATACAGTCTCTGA

42hb-v11 2 CTCCAAGACAGTTAGACTCCTCAAGTCATAATGACGAGAAGA

42hb-v11 3 AAAAGGAATACTCCACGGAATAAGTTTATTTTTCAGTTGGAA

42hb-v11 4 AGGAGATCGTCTTAGGATTGAAACAAAAGAATACACTAATCA

42hb-v11 5 TTTAAGATTCAGTCACAAAACATATAAAAGAATTAGACTAGA

42hb-v11 6 TTTAAGTTAAATCAGTACCTATTTCATCTTTGACCCCCAGCC

42hb-v11 7 GCTTACAACATATATGGTAAATACATACATAAACTGCGGCGG

42hb-v11 8 TGAACGGTCGCCCGTCGATAAACAGTACCAAGCGCGAAACGA

42hb-v11 9 CTTATTAATAAGACAAAACAGTATGTTAGCAATTCATTGCTA

42hb-v11 10 CCGAAGTTAGCGTAACGATCTAAAGTGATACCCCCACGCGTATAGCCCT

42hb-v11 11 AACCCATTCCACAGACAGCCCTCATCAAGCAAGCCCAATGAG

42hb-v11 12 GAATTCAAGTTTTTAAGATAAATCAACAGTTCTGAGAAACTG

42hb-v11 13 CAGGCCGTAATATCACCATAGCTATCTTACGATTGAGCGATC

42hb-v11 14 TGAGCAACGGAGATTTGTATCATTATAACGGGGTCAGTGCCG

42hb-v11 15 GTTTAAGCCAGAATGGAAACAAATAACCAGAGATCCTGACTA

42hb-v11 16 GGCATGAAAGTATTAAGAGGCTGCACAACCTAAAACGAATGA

42hb-v11 17 ACTCGGAACCTATTATTCTAGCGGGTTATTAGTAGTAAAAAG

42hb-v11 18 ATTATTAATGCCCCCTGCCAGGCGGGCATTTTGTTTAATAGC

42hb-v11 19 AGTATAACAGTGCCCGTAGAGGGTTGACTGTATTGTGAAACC

42hb-v11 20 CCAAATCACCGTTTGTTTAACGTCAATGGCTTAGAGCTTGGGCGCGAGC

42hb-v11 21 ATCAACCGGAAAATCCAAGAGAGAAACAAGAAAGCCTTTTTC

42hb-v11 22 GGAAGCCGCCAAACAGCCGGAAGCGTCAACAAATAAAAAAGC

42hb-v11 23 CCTGACCCTCATAATTTGATTAACTAATGCAGATATATTCTT

42hb-v11 24 CACCAATCCTCATCGCCTGATAAATAGAGCCGAACGAGCAAG

42hb-v11 25 CATTCTTGATATTCACAAAGCGCAGGAGTGTACTGGTAAACT

42hb-v11 26 AGAAAGGTGTAGACAACAACCATCGGATAGTTCGTTGGGCGA

42hb-v11 27 AGCAAGGTTTACACCCTCATTTTCAGGGATATTCACCGTTAA

42hb-v11 28 ACCAAGATTTAAGGCTCCCAACAGTTTCAGCGGAGTGAGAAT

42hb-v11 29 CGAGCGTTTGCAGCCACCTAAGGGAACCGAACAGA

42hb-v11 30 GGCTGGTAGAAATTGTATGGGATTTTGCTAAACAACTTTAAA
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Table 9.14: 42hb-v11 sequences

Strand name Sequence

42hb-v11 31 GATGCGGTCATCCTCAGACGAGGCGCAGACGGAAC

42hb-v11 32 AACTTAACGGAGCTTTCGTAGTAAATGAATTTTCTGTATCGG

42hb-v11 33 ATCAGCGCGTTAACCGCCCTCCATGTTACTTAGCG

42hb-v11 34 CCTTATCTACGAACAGCTTTTTGTCGTCTTTCCAGACGTAGG

42hb-v11 35 CGATTGCCTTTCACCCTCTGTGTCGAAATCCGCAA

42hb-v11 36 ATTCTTGCCCTCATGACAAGAACCGAGACTTTCATCGGA

42hb-v11 37 CCAGATATTGAGAATACCCAAAAGAGACGAAGCCCTTTTACA

42hb-v11 38 TTGATGATTAAGACTCCTGCTTTAAAAAATCACTGAACAGTC

42hb-v11 39 GGCAGGGAGGGAAGGTAACATACCAGTCAGGAGCG

42hb-v11 40 AACGCGGAAATTATTCATCCATTTGCATTACCCATCGATCAG

42hb-v11 41 ACGCAATAGTAAGCCAATGAAATAACCCCCAGCTAGGGAGGT

42hb-v11 42 TATCGTCAAAAATGAAAACCTAATTCTGTAATGGATTGAAAG

42hb-v11 43 CTTCTAATAGTATTTTTGAATTAATGGTTTGAAATACCGCGG

42hb-v11 44 GGAACTTTACAATAAGAAGAATATAATGCTGTGTTTAGCAAT

42hb-v11 45 ATTAGGATAGCTTAATGCACCGTGTAGTTAATTTCATCTATT

42hb-v11 46 ATTGAAAACAGATATTATCATGTTTTAAATATTTCGCAAATT

42hb-v11 47 AAAGAATCGTCTCAACCGTAAATAAAAACTTTTTCAAATTTA

42hb-v11 48 TTATCGGGAGACCAGTTAAAGTACGGTGTCTGTAGTTTGCCA

42hb-v11 49 CTGAAATCCCCAAATCACATCATAACGCAAGACAAAGAATGT

42hb-v11 50 ACAGGCGTTTTATAAGGCAACTAATCGTTGAAAATAGAA

42hb-v11 51 TCAGCAATAAATGAGTAAGTCTGGCAGGAACGCGAACTCGAA

42hb-v11 52 ATATGTAATTCATGTAATATAGCTTAGATTATATATATGATA

42hb-v11 53 TTAGCAAGAGTAATCTAACTTTGAAAGAGGACAAGGCACTGAGGAA

42hb-v11 54 TTTCCATTCCATATAACAGTTGATTCAACGCTCCACCAGGAC

42hb-v11 55 TTACTTAGCGAACCTCCCCTAAGAATTCATCGGATGAATTGAGTGATTG

42hb-v11 56 TGCTACGATTTGAACCAGCATCTTTAGAAGGAACCCTCAGCAGCGAAAA

42hb-v11 57 TCAATTATCCCCCGCCTCAGCCCCCGTTTTGCGGCCGCTTTTGCGGGCC

42hb-v11 58 ACTACAAAATACCCTCAGTTCATCGATAAGTGTGAGGCTTGCAGGGTCA

42hb-v11 59 GTTTCAGAGCCGAGCCACAGCGTCAGATATAAATAACCGATATATTTTT

42hb-v11 60 ATGTATTTCAATTACCTGCGGCACCGCTTCTGTGCCAAGAAT

42hb-v11 61 CGGCTCGCGCACATCAAGTTGAGGAGACAGTGTTG

42hb-v11 62 CCAATTTGAATTACATTTAGCCGTCGTAAGCACAC

42hb-v11 63 AGTAATAACGGAATTACCCACTAACACGAATAGGG

42hb-v11 64 ACGAAGGGTAAATGACCAACTGGCTCATTAAACAGTAGCAAC

42hb-v11 65 CCAGTTTTATTCGCGAGGCGTTCCCAATTCTGAACAAGCCCT

42hb-v11 66 TAAACAGAGAGATAGCAAGTAGCACGGAATTAAGG

42hb-v11 67 CAAACATTACCGCTTATCCGGTATTGACTTGCCAATTTTCCGCCGCAGC

42hb-v11 68 AAAGTTTGCCAACGACGACACTATCATAACCCCAC

42hb-v11 69 AGCTAAAATGTACGCAAAGACACGTTTACCAGGAGGGGGAAA

42hb-v11 70 AGAGCGGGAGAAAATAATAATCAATTATATTTTCATTTGAAT

42hb-v11 71 TAAAGTCCAATAGGTGGCTCAATAGAAAATTCTATTACATGA

42hb-v11 72 TAGCCGCAAGGTAGATAACCTTATCATGGTCAATAACCTAGC

42hb-v11 73 ATATATAAATAACGTAGATTACCAGCGCCAAAAACGAACTTA

42hb-v11 74 CAATAACCCTCAACGCGCTATTAAAACCATTAGATACATGCA

42hb-v11 75 AGTCCTCAAATTATTACGGGGCGACATTCAACAAGAAAAATG

42hb-v11 76 CGGACAATGCCCAACATGCATCGAGCGAACGAGTAGATTGAA

42hb-v11 77 ACGCATACAAATTGGGTTATATAACAAAAGACGCTGAGAAAA

42hb-v11 78 TTTAAAATGCTGATGCAAAACCAATCTTCCTGATGGAAACAT

42hb-v11 79 AATCTGAACGGTAATCGTAGAGATCTATGACCTAAGAATTAGCAAACCA

42hb-v11 80 ATGTGTATCATATGCGTTCAGATTCAAAAGGGAGAAAACACT

42hb-v11 81 ACCTCCGATAGTGATTGAAAATGCTTCTCAGGTTTAATTATT

42hb-v11 82 GTATCCGTAATTTTGAGCAAAAGAAACTTTACCTGGAGTGGT

42hb-v11 83 CAAACCCGGGTACCACAGACAATATTTTTGAAAAAGACGTGA

42hb-v11 84 GTAATGGGAACAAACAAAGAGGCGAAAACCAGGCAAAGCACG

42hb-v11 85 AAATAACAACCAATTAATACCAAGTGCCATTCAGGCTGCGCC

42hb-v11 86 TAAACAACATTTCATTTGATTCGCCTTGGGAAGGGCGATAAG

42hb-v11 87 GTCAGCTTAGGTTCTTACCAGTATAAATCGCCGAGGCATCGA

42hb-v11 88 TCCGACGTTAACCTCGATTGGCTATTGACCTGAAAGCGTCCG

42hb-v11 89 GAGTTCGCATTTAAGCTACGAACTGCCAACAGAGATAGATGT

42hb-v11 90 TCATTCAGCTCGTGTAATTCGCCATGTAATAAAAGGGACGAA

42hb-v11 91 CGGGGGCCTCTTCGCTATTACGCAGAACAGTAAAGCCGTACG

42hb-v11 92 TTTACAGTACATATCTAACGGCTGATTTTCTTTTTGCGTATTGGGCATT

42hb-v11 93 CAGTGGTTAGAACCTACCACTTCTGTTATCATGCG

42hb-v11 94 TTTCAGGGGACCAGGCAAGGCAACGAGCTGAAAAGGTGGTTTGCGGGGA

42hb-v11 95 CCGGATTATTCAGAAACCATCCCATTAGCAGCGCCCGAAAAC

42hb-v11 96 ATTCTACAAAATGTCTTTGTCCTGATAACATACATCAAATTG

42hb-v11 97 ACTGTGATTGCGAACGGGCTGTTTACATTAGAAGTCAGATTC

42hb-v11 98 TGCGAGAAACACCGCACTTTCAGCTGAACACCGGTCTTTTTA

42hb-v11 99 TTGTTCCTTTGTCCTCGTGAACGGTACGCCAGGAGAGAGCGG

42hb-v11 100 AGGGATTTTAAACGAGCAAGAAGTGTTTTTATTGCCCTTACT

42hb-v11 101 GCGATTATCATGCGCGTAGAGGCCACCGAGTAGTGAGACTAG

42hb-v11 102 TCGAGAGCTAAACAGGAAACTATTAAAGAACGTGGACTCAGA

42hb-v11 103 AAGGGGAAGGTTAAATCAAATTCGCTGTGTAGGTAAAACTGT

42hb-v11 104 ATTAATTGTTTGGATTATATATCAAAACGTCATAGGAATAGG

42hb-v11 105 TTGAAGCGGAAAATAATGGACAGCTGGCGAAAAAACCACCGC

42hb-v11 106 AAAGGCATCACCTGGTAATATCCCAAATTAACCAC

42hb-v11 107 ACAGATAACCTCATAGCGTTAGGCAATATTTATAAGAAAAAT

42hb-v11 108 CGCCAATAGTGCTGAATTCTGCCAGGGGATAGAAAACATTAC

42hb-v11 109 TCTAGAGGATCTATTTAATCTGACCTAAATAACTAGCATATT

42hb-v11 110 TACCTTTAGAATATTAAAAAAACGACGGCCAGGTG

42hb-v11 111 CCCTCTTGTTATATTTTGATATTTTGATAAATAAGGCGTTTC

42hb-v11 112 CGTCCAGGGCTAAATTTTCGCGAGAGAATAAACACCGGACAT

42hb-v11 113 GGGCCTGGTTGATTTTTTATCCAATTTACTAGAAAAAGCGGC

42hb-v11 114 GGTGGCCATCTAATAGATGTTATTATTTTCCCAGTCACGGCC

42hb-v11 115 TAAAGGTGGGCAACTAATAGTAACATTAAGTTGGGTAACGCA

42hb-v11 116 CCTCCTTGAATAATATCTAACAAAGGGGGGATGTGCTGCCGG

42hb-v11 117 AATCACAGAGGAATGGATTATTTACGCAGAACAATATTACCGCCAGCGT
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Table 9.14: 42hb-v11 sequences

Strand name Sequence

42hb-v11 118 CCACGATTCACCAGTCACGAGGCGGTTCACCAAAAGAGTTGC

42hb-v11 119 GGCACAGCAGAAGATAAATAAAATCATTTCTCCCATCAATAT

42hb-v11 120 CTGATGAGGCGGTCAGTAGCCAGCAAACCTCATGGCAAACTG

42hb-v11 121 GCTCAATCCATTGCAACTATCTTCTTTGAGCGGTCAGGGAAG

42hb-v11 122 CTCACATGGAAGCACACAATTCCACACAACCGAGCGCT

42hb-v11 123 TTGCCCCAGCATCAGGCCGATTAAAGGGATTTCCACGCTGAC

42hb-v11 124 CTTTAAGCGGTTAGACAGTAGAATCCAACGTCAAAGGGCGAAAAACCGT

42hb-v11 125 CGTGTGGCCCTAATCCTGCGTATAACGTCTATCAACTAAATCGGAATGC

42hb-v11 126 TCGGAGCTGATAATCAGTCTATGGTCCCTAAAGGGAGCCCCCGATTCTA

42hb-v11 127 TTGCGTTGCGCTCACTGCAAGAATACGTGGATACGAGCCTAA

42hb-v11 128 CAGCCCAGTCGGGAAACCACCCTTCTAGTCTTTAATGCGCGT

42hb-v11 129 CGCCCCAGCTGCATTAATATTCTGGATAGCCCTAAAACAGAG

42hb-v11 130 CAACCCAACGCGCGGGGAACGACCATAAAAATACCGAACTGA

42hb-v11 131 TTATAAAGGCGAAATATTTACTCGAATTCAGGAAGGTC

42hb-v11 132 GCGGCAACTCGGTATTAGGATGATGAAACGGCACTTTTGGGT

42hb-v11 133 GCTTCCCGAACAATACATAAAACAACGTCGGAATTTCAATGA

42hb-v11 134 TTTGAAGTTTGAGATTAGAACAATTAAATGTGTTTTTAGATG

42hb-v11 135 CAGGTTTGCGGTTAGGAGTTTTTTATAGCCAGTTAAATGGAC

42hb-v11 136 GCCGTAGAGCTTGACGGGGAAAGCCCCCGCCGCAG

42hb-v11 137 TTAACTGTCCATCACGCAGGGTGGTCGCATTTCACATAAGAA

42hb-v11 138 CACAGGCGAACGTGGCGAGAAAGGAACGCTGCCATATTCTCA

42hb-v11 139 TAACCGTTGTAGCAATACGGCCTTGCTTGCTGGCAAATGAGA

42hb-v11 140 AGAGTCCAAGAATACTTAAGTGTCCTACCTTTCTCAGGAGAAAGC

Table 9.15: 42hb-v14 sequences

Strand name Sequence

42hb-v14 1 GTATTAAACCAAGTTTACCGCAAATAAACAAAATAAGAATAA

42hb-v14 2 TCCTTATCATTCCAAAATCAGGAGCCTAAATCATAACCGACC

42hb-v14 3 CAATCAATAATCGGTCCGGTAACGCTAACCTGTTTCTAAATT

42hb-v14 4 AATTTACGAGCATGGGCGTTTATTTTATTATACAATAGTTAA

42hb-v14 5 AGAAAAATAATATCACTTGCGGCTATTTAAAGCCAAAAACTT

42hb-v14 6 ATAAGTCCTACAAAAGGTAAAAGAAATATTGGATTCGTCAAT

42hb-v14 7 GCGCCTGTGTCCAGCAGTAATATTTAACTAAATGCCTACCTT

42hb-v14 8 CTTTCCAATATAGACCATTACCAAAGAACGTTATTAATTTTA

42hb-v14 9 CTTACCATTCTAAGCCAGCAACGGAATTGTATTAAATCCTTT

42hb-v14 10 AGCTACATAGCGAATGAGCCAGATTATCTTACAAACAATTCG

42hb-v14 11 AATCAAGATTAGTTGGAGGTTGAATTATCATCAAT

42hb-v14 12 AAGAGAATATAAAGTACCGTAGGCTTAATCGCAAG

42hb-v14 13 TTAGACGGGAGAATAAACCGACAAAATTTCTTTAA

42hb-v14 14 ACACCCTGAACAAACCGAACAATTTCATATATTTTTTAAAAA

42hb-v14 15 GGTAATTGAGCGCTTTAAGAATTAATGGTAAGAATCCAGCAG

42hb-v14 16 GAGAGATAACCCACGCTATCTTCAATATAACCCTTGTGAGGC

42hb-v14 17 GAGTTAAGCCCAATAATAAATACAAAGAACGCGAGACGCTCA

42hb-v14 18 CAAAATCATAGGTCAGTCAATCTATTAACACGACCTGAGAGC

42hb-v14 19 AAGTTACCAGAAGGTAACTGAGTGTGATAAATAAGGCGTTAA

42hb-v14 20 AAGTAAGCAGATAGGTCAGAGTAATGGTTTGAAATATTACTA

42hb-v14 21 TACCGAAGCCCTTTAATATCATTTCATCTTCTGACAGTATCA

42hb-v14 22 ATGAAATAGCAATAAAGAATTTTTCAAATATATTTATTCTTA

42hb-v14 23 AGTGAATTTGAGCAAGAAACACCTTGCTCATTCTG

42hb-v14 24 TGAGAAGTGAGAGATGATGCAAATCCAATTGAGAAAACAATA

42hb-v14 25 CATCAAGTTTGTCAAGAATGGCACCGGAGCCTTTAGACCGTC

42hb-v14 26 AAACAAAACACCGGATTTGCCAGTTACAGCCCAATGAAACGTAGACATT

42hb-v14 27 AAAAGAATTCATATAAATAAACGGAACCAAAAAAACCCACTA

42hb-v14 28 ATTCATTAAAGACATTGGCCTCGCCACCTTTTTCACAAATCA

42hb-v14 29 AAAATCGAACCGATAGGTTGACCTCAGAAAAGGAAGAGGTGC

42hb-v14 30 TTGCTTTTAAATATGCCGCCGAGCCGCCTGAGAATTCGGAAC

42hb-v14 31 AATTGCGTCTGGTCAGTTGACGCCACGCAGTAATAAAAAACG

42hb-v14 32 CACCAATAGTTTATAAAAACGTAGAAAATTAACGTCAGCCAT

42hb-v14 33 ATCATTTTGCGGAACATTAGCTAGAAAAGATGATGTTTAACA

42hb-v14 34 ACCACCAGAAGGAGAATCACCCAGCGCCTCAATTAACCTTTT

42hb-v14 35 ATCATCATATTCCTTTTGGGAGACATTCCGCAGAGACATAAA

42hb-v14 36 AGATGATGGCAATTCACCGTCGGGAAGGGAATACCTGAATAA

42hb-v14 37 TGATTGTAATTCATTAAAGGTTTGAAGCCTGAACA

42hb-v14 38 TGAATAATTTGCACTCAGGTTTTTACATTCCCTTAAAGACGC

42hb-v14 39 GAGTACGCGTTTTCTCAAAATAAAGCGCAGGAACTGATAGCC

42hb-v14 40 AGGATTTAGAAGTACCCTCAGCCAGCATATTAACAGCCAACA

42hb-v14 41 AGATAATCCGCAAATCAACAGGCGGGCGCCGATTTAATCCCT

42hb-v14 42 TAATAGAGAATTGAACCCTCAAAATGAAAGATTCATACATTT

42hb-v14 43 CCACCACTCCTCATATCGCCATGAATGGGCCTATTTCGGAACTATCACC

42hb-v14 44 TCAGAGCTGATATTCGAACCAACGTGGCTCTGAAACATGAAAAAGTATA

42hb-v14 45 CCGCCACGGCAGGTAACAGAGCTGACCTGAGGCTGAGACTCCTGCCGTC

42hb-v14 46 AGTCTCTCGGAATAGAAACCAGGAATCAACCGCAC

42hb-v14 47 TAAAGCCCAATCAAAAGGCCGAGCAAGCAGAACGG

42hb-v14 48 CACAAACGGTTTACAGTAGCAAGGCTTACTGTCTT

42hb-v14 49 CAGACGAAAAGGGCATTAGAGAACGCGATAGAAAC

42hb-v14 50 TGACAGGTGAGGGAACCGACTCCTCCCGCCATCCT

42hb-v14 51 ATCAATATAGATTTGTAAAACGTAATTCTTTATCAACAATAG

42hb-v14 52 CCGCCTGTTTGACGTGCTAAAACGGGTATTTTTCACCAGACGTTCCGGC

42hb-v14 53 CAACAGTCACCAGATGACGGAAATTAGAACGGATTATCGTCG

42hb-v14 54 GTGTACTCAGTATGTTAGCAAGGAAACGCAATAATAAGCGCAAATGAAA

42hb-v14 55 TGCGCGATATAAACAGTTAATTAGTACCCAGAATCCTGGGGT

42hb-v14 56 CTATTATACAGACATTGAATTCCTGAGCGAAAAAGCGAGCGT
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Table 9.15: 42hb-v14 sequences

Strand name Sequence

42hb-v14 57 GTATTAAGAAAGCGAAACAGTGCGAATTTATGCGTCCTGAAT

42hb-v14 58 TCAAGAGGAGATAGATGTGAGAAGTTACCCAGTATTGCACCC

42hb-v14 59 AAGGATTAGGATTAGCGGGGGAAAGGGATCTGTAACGCCTGAACAGTAG

42hb-v14 60 CTCATGGGCCAGCCCATCACTACCGAGCGTTTGCGCAGTCAC

42hb-v14 61 ATTGCAACAGTTTTGCTCAGTTACTTCTATGGTCAGCCAACGACGGCCA

42hb-v14 62 TATTACCAAATACCCCAGTCATTAATTTCGGGAGATCGCCAT

42hb-v14 63 GTGTTTTGTACTCAGGAGGTTGCCCCCTCTATTAGAATTACA

42hb-v14 64 TATAATCCGGAAGCCGTTGCGTCATGCGGATTTAGTGCTGTA

42hb-v14 65 GTAAAAGAATTCCATCCAGTCTTCTTCTACTAATGGAGCTTA

42hb-v14 66 GCAAATTGTGAAATGCCAGCTCAGGAGACAAAAGGGTCATTT

42hb-v14 67 GAACGGTCAGACAGCCCCCAGTTTGCGGGGATAGCATTGGGC

42hb-v14 68 GATTAAAGTAACGACACTAAAGCAGCGATAATAGTCATCTGC

42hb-v14 69 GCGGGAGGTCTTTCAACGAAAACGAGGGAAGAAGTGACGACA

42hb-v14 70 GCTTTCCTGAATTTACTACGAGAGGCTTAATAGCGAAGATCG

42hb-v14 71 CAGGGCGGGCGCTGCCTGGCCCTGAGTTAGAGGCGTCGAATT

42hb-v14 72 CGGTTTATTCATAAATCGGCATAGCGTCAGACTGT

42hb-v14 73 CGTTGAATTTTGTCCTAAACACCACCGAGCCCGGAATAGGTG

42hb-v14 74 TTGCGAATAGTAAATCGTTAGCCATCACGAGAGGGTTGATAT

42hb-v14 75 AGAAAGGGGGATTTAGCACGTGTAGCAAACCAGGCGGATAAG

42hb-v14 76 CGACAATATTGTATCATTCCAACCCCAATAGGAACATGATAC

42hb-v14 77 TATCAGGGCGATGGAGGCTCCAGTTAGCGGGATTT

42hb-v14 78 GGAGCCCCTGTTTCAGCGGAGACCAGAAACATTTGATAATCC

42hb-v14 79 GACGGGGAGAAAGCTAGCGGTTTAATGCGTAGAAGAGAACAA

42hb-v14 80 GGACTCCAACGTCAACCCTCAACACTCATTAATTGATAAAGT

42hb-v14 81 GAGTCCACTATTAACATCGGAGAGGCAACCCGCTTCACAACA

42hb-v14 82 TGTTGTTCCAGTTTGGCTACAAGGCACCCTGTCGTTGTTATC

42hb-v14 83 ATAGCCCGAGATAGTAAAGACAAATACGTGAATCGTAGCTGT

42hb-v14 84 TATAAATGTAGAGTTGCAGCAGCCTCTTCGGAAACCTGTAGC

42hb-v14 85 TCCGAAACACGCTGATTGCCCCGCCAGGGAGGATCAAACAGG

42hb-v14 86 GATCGTCAAGGGCGAAAAACAACAACCAGGCCGCTCGATTAT

42hb-v14 87 TTCACCGGCAAGTGGAAAGGATTGAAAGTTAGAGCATACTTC

42hb-v14 88 GTATGAGTGAGCTACCTTAGTGTAGAAAAAATATGAAGATTA

42hb-v14 89 CTCACTGAAGAATATCTAAAGAATCTCCGCCTCCCGCCCGAA

42hb-v14 90 GGGAAACAACCTAACAGACGTTAATAATCTCAGAAACAACTC

42hb-v14 91 GCATTAATAATGCCTCTGTATAACAACTGCCACCATTAGACT

42hb-v14 92 CGCGGGGCCATTAACAACTTTCAACAAGCGTACTAGTAATAA

42hb-v14 93 CGAAATCAGGGATAGCAAGGCGCCACCCTCAGAACGTGCCCG

42hb-v14 94 GCCTAGTCAATCATAAGGGAATAGTAAAAATTGTCCGGAGAG

42hb-v14 95 GACCAACTTTGAAAGACGAGAGTCCCGCTTCTAGCATCAGGTCATTGCC

42hb-v14 96 GAGGACATACGAGCAGTGAGGGGAGGCCTACCGAA

42hb-v14 97 GATGAACGGTGTACTCAGTGATTCTAATCATCAATCTGGAGCAAACAAG

42hb-v14 98 AGACCAGCGCTCACAGTCTGTAATCAGAAAGATAA

42hb-v14 99 GCGCATAGGCTGGCCAACGTACCTGGAGGGCCGGAATGAACGGTAATCG

42hb-v14 100 TGACCTTTTCCTGTAACCGTTATAACGTGGTCAGT

42hb-v14 101 CATCAAGAGTAATCTTGACACCGTAATCTTGATTATGGTTGC

42hb-v14 102 CTCCTGGTTGGTGTATTTCTCTGTAAGCTGCCTGACCGGTTGATAATCA

42hb-v14 103 AACACCAGAACGAGCCGAACTGTAAAGCCTGAGAATAGACAGCTAAAAC

42hb-v14 104 ATAAATCAATGAGTCCCGGGTTGCCTGAGCCGCTACAGCAGC

42hb-v14 105 TGCCATCCGAACTCTGAAGAACCGGATACGACAGTAAGATTC

42hb-v14 106 GCTTATACCAGTCAATAAATTACCAAGCCCTGTAG

42hb-v14 107 TAAGTGTACTCACATCTTTGACCCTCATAAAAGGAACCAGAGAAAGTTT

42hb-v14 108 ACATTCAAAGTGGTACCCCGCATAAGGCTTGCCCT

42hb-v14 109 ATAACGCAGCCAGGCGCTCGCACAAAGCTGCTCAT

42hb-v14 110 AGGCATAGTGCCAAATGATACTTCATTACCCAAAT

42hb-v14 111 GTAAGAGAATTGCTCAGGTCAGGATTAGCATCAACACCGCTT

42hb-v14 112 ATTACGCTTTTGTTAAAATAGATGTACCGTAATGTCTGTAAT

42hb-v14 113 GCATCGTAACCGTGAAAATGTCAGTTGACACGACTTGACAAT

42hb-v14 114 CTGGTGCCGAACCCTCGTTTATGAGGAACAAAAGACCTAAAG

42hb-v14 115 AGCGCCAGGCGATCCGAAAGGCGCCAGGCGGTGGGATTTCAC

42hb-v14 116 AATGGGATAGGTCAGCCCGAAGCTCAACAAAGGCTTGATAAA

42hb-v14 117 AACAAACGGCGGATGCGTTTTATTGCTGTGAGAGTATGATAT

42hb-v14 118 ACCCGTCGGATTCTAGCGAACTTGCGGAAGAATCGGACAGTC

42hb-v14 119 ATTAAATGTGAGCGACTCCAACCTTTTGTAAAACTAAAAGGG

42hb-v14 120 CAGCTTTAGTCGCATTAAATTTTTGTTAGGCCTTCCAGGCAA

42hb-v14 121 CGCGTCTAATCAGCTGTAAACGAAAAGCTATTTTAAGCCTTT

42hb-v14 122 CGGATTGTCAAAAATTCAGAAAACGAGAGTCCAATATTACAG

42hb-v14 123 AGAGGAACGTTGGTGTAGAGACCATAAACATCAAACAACTAA

42hb-v14 124 AGACTTCAAATATCTGACCGTCAGTTTGAGGGGACTTTGCCA

42hb-v14 125 AATTCGAGCTTCAACCGTGGGGTATCGGCCTCAGGAGAGGCT

42hb-v14 126 CAGACCGGAAGCAAAGTAACACACTCCAGCCAGCTACGATAA

42hb-v14 127 AATATAAGAATACCGAGGGGGAAGACAGAGAACGTCGTGAACCATCACC

42hb-v14 128 TGGCTTACAGATACTTTGCAATAGCAACGGAACAAAGTTTTTTGGGGTC

42hb-v14 129 ATAAGAGAATTACGAAACCAATGAGGACGGTTGAGCGTAAAGCACTAAA

42hb-v14 130 GTTAATACAGCTGGGGTGCGGAGCGGTCTCGGCAAAGAGCTT

42hb-v14 131 ATTCTGCAGTACGGCAACATTACTGCGGAGTTAAATCGCCCAGTTGCGC

42hb-v14 132 GACTATTTTTGAGAGATCTACATGTTTTGATTCATTTAGACT

42hb-v14 133 AGCATGTCAATCATTACCTTTCAACACTATCATCTGACGTTG

42hb-v14 134 GGTAGACTTTAGCTATATTTTCATTTGGTTAATGCAACCTTA

42hb-v14 135 TAACCTGGAGTAGAAGAACTGGCTCATGTTGGGCTTGAGATGAGACGGT

42hb-v14 136 GGCGCGAGCTGAAAAGGTGGCTCAACCGCAAAATATGTGAAT

42hb-v14 137 ATCAATTCTCAATAAAGCCTCAAATCACCTATTTAGTGGATG

42hb-v14 138 AGAGCATAAAGCTAAATCGGTTGAGAAATGACTCTGCTTTCT

42hb-v14 139 TGTACCAAAAACATTATGACCGTAGGTAGCGGCCCTAAAACG

42hb-v14 140 ACTTTTGCGGGAGAAATGCAAAACTCGTGTTTTCCTATTGGG
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42hb-v16 1 GACTCCAACGTCAAAGGGCGA

42hb-v16 2 GTTGTTCCAGTTTGGAACAAG

42hb-v16 3 ATCCCTTATAAATCAAAAGAA

42hb-v16 4 GCCCCAGCAGGCGAAAATCCTGTTTGAT

42hb-v16 5 GTTGCAGCAAGCGGTCCAC

42hb-v16 6 ACCGCCTGGCCCTGAGAGA

42hb-v16 7 CAACAGCTGATTGCCCTTC

42hb-v16 8 TTTTCACCAGTGAGACGGG

42hb-v16 9 CACCCAAATCAAGTGATGCAAATCCAATCTGAGCAAAAGAAG

42hb-v16 10 TAAATCGGAACCCTACCTCCGGCTTAGGATTAATTACATTTA

42hb-v16 11 GGGGAAAGCCGGCGGTGAATTTATCAAATGGAAACAGTACAT

42hb-v16 12 CGAAAGGAGCGGGCACATAGCGATAGCTGCTTCTGTAAATCG

42hb-v16 13 GGAACGGTACGCCAACTACGTGAACCATAAAACCGTCTATCA

42hb-v16 14 AGGGATTTTAGACAAGTGAGGCCACCGACTTTGAATACCAAG

42hb-v16 15 AGCGGGAGCTAAACGTGCCGTAAAGCACAGTCCACTATTAAAGAACGTG

42hb-v16 16 CTCGTTAGAATCAGAACCGTTGTAGCAAACCTTTTACATCGG

42hb-v16 17 CTTTGACGAGCACGATTTAGAGCTTGACTAGCCCGAGATAGGGTTGAGT

42hb-v16 18 GCGTACTATGGTTGTGCCTGAGTAGAAGTAGATTTTCAGGTT

42hb-v16 19 CGCCGCGCTTAATGGGAAGGGAAGAAAGGGTGGTTCCGAAATCGGCAAA

42hb-v16 20 GTAACCACCACACCATCCAGAACAATATATCAAAATTATTTG

42hb-v16 21 GTAAAAGAGTCTGTCTTCTGACCTGAAA

42hb-v16 22 TACTTCTTTGATTAACCAGTAATAAAAG

42hb-v16 23 AACTCAAACTATCGCTGAAATGGATTAT

42hb-v16 24 TACCGCCAGCCATTAAAAACGCTCATGG

42hb-v16 25 GCGTAAGAATACGTCGCGAACTGATAGCTTAGAAGTATTAGA

42hb-v16 26 GGACATTCTGGCCAACGAACCACCAGCAACTAATAGATTAGA

42hb-v16 27 TTACATTGGCAGATTATTAACACCGCCTAATTGAGGAAGGTT

42hb-v16 28 AAATACCTACATTTCAAATGAAAAATCTTCAATCAATATCTG

42hb-v16 29 ATTAGTCTTTAATGGGCACAGACAATATGTGTTTTTATAATC

42hb-v16 30 ATTAAAAATACCGAACAGAGATAGAACCCCATCACGCAAATT

42hb-v16 31 GGTGAGGCGGTCAGTCACCAGTCACACGGTAATAACATCACT

42hb-v16 32 CTGAGAGCCAGCAGTGACGCTCAATCGTGCCTTGCTGGTAAT

42hb-v16 33 CTTTACAAACAATTTTAAATCCTTTGCCTTACAAAATCGCGC

42hb-v16 34 ATACATTTGAGGATCCTAAAACATCGCC

42hb-v16 35 GCCGTCAATAGATATAACATTATCATTTGAGAAACAATAACG

42hb-v16 36 TAGGAGCACTAACAGAAGATAAAACAGA

42hb-v16 37 ATCTAAAATATCTTCGGAATTATCATCATAACGTCAGATGAA

42hb-v16 38 CAACAGTTGAAAGGGCAACAGTGCCACG

42hb-v16 39 GTCAGTTGGCAAATCATCAATATAATCCCACGTAAAACAGAA

42hb-v16 40 CAAATATCAAACCCAAAGCATCACCTTG

42hb-v16 41 CGAACGTTATTAATAGTTACCAGAAGGATGGCATGATTAAGA

42hb-v16 42 TGCGGAACAAAGAAACCGAAGCCCTTTTGTAGAAAATACATA

42hb-v16 43 TATTCCTGATTATCAATAATAAGAGCAAGCAAAGACACCACG

42hb-v16 44 TGATTGTTTGGATTGCTAATATCAGAGAGAAAATTCATATGG

42hb-v16 45 TTCATTTCAATTACCGCAAGACAAAGAATTTTCAAATATATT

42hb-v16 46 ATCAAGAAAACAAATTGGGTTATATAACTTAATGGTTTGAAA

42hb-v16 47 ATTACCTTTTTTAAATCATAGGTCTGAGAATAAGAATAAACA

42hb-v16 48 GAGTGAATAACCTTTAGATTAAGACGCTGTTTAGTATCATAT

42hb-v16 49 TATATGTAAATGCTTTTTTGGGGTCGAGAGGAGGCCGATTAA

42hb-v16 50 AGACTACCTTTTTAAAAGGGAGCCCCCGTATAACGTGCTTTC

42hb-v16 51 GAGAAGAGTCAATAAACGTGGCGAGAAACGCCGCTACAGGGC

42hb-v16 52 TAGAATCCTTGAAAGCTAGGGCGCTGGCCGGTCACGCTGCGC

42hb-v16 53 TTAGTTAATTTCATAACAACATGTTCAG

42hb-v16 54 TACCGACCGTGTGAACCGACAAAAGGTA

42hb-v16 55 CCGGAATCATAATTAGGCAGAGGCATTT

42hb-v16 56 GCGTTATACAAATTTAATTGAGAATCGC

42hb-v16 57 AGACGACGACAATACTTCTGACCTAAAT

42hb-v16 58 AGAGAATATAAAGTTAAATAAGGCGTTA

42hb-v16 59 CCAACATGTAATTTACTAGAAAAAGCCT

42hb-v16 60 TCAACAGTAGGGCTCTTACCAGTATAAA

42hb-v16 61 CTGAACAAGAAAAAGAGCCACCACCCTCATGATACAGGAGTG

42hb-v16 62 TAGAAACCAATCAACCGCCACCCTCAGATGCCTTGAGTAACA

42hb-v16 63 AGAACGGGTATTAATAGCCCGGAATAGGGCCTATTTCGGAAC

42hb-v16 64 CAAGCCGTTTTTATGTACCAGGCGGATAGAGGCTGAGACTCC

42hb-v16 65 TTACCAACGCTAACACAATAGATAAGTCCTAATGCAGAACGC

42hb-v16 66 TTTTATCCTGAATCCAGTTACAAAATAAGGAAAGCGCAGTCT

42hb-v16 67 GCACCCAGCTACAAATGATGAAACAAACGATTCGCCTGATTG

42hb-v16 68 TTAGTTGCTATTTTAATTTACGAGCATGAAGTAATTCTGTCC

42hb-v16 69 GCCTTAAATCAAGATAAGAAACGATTTTCTTGATATTCACAA

42hb-v16 70 CGGGAGGTTTTGAAACAATTTCATTTGATATACAGTAACAGT

42hb-v16 71 AACCTCCCGACTTGTCCTTATCATTCCATCGAGCCAGTAATA

42hb-v16 72 GAGGCGTTTTAGCGGCCTTTACAGAGAGCGCCAGCATTGACA

42hb-v16 73 TATTCTAAGAACGCAAATCAATATATGTATAAAGAAATTGCG

42hb-v16 74 GAAGGCTTATCCGGTCATCGAGAACAAGCATATTTAACAACG

42hb-v16 75 GCAAATCAGATATAGACGGGAGAATTAACACCACCCTCAGAG

42hb-v16 76 GCGCCCAATAGCAATCGCTATTAATTAATTAGAACCTACCAT

42hb-v16 77 ACAGCCATATTATTAGATAGCCGAACAATTTAAAAGTTTGAG

42hb-v16 78 TTGTTTAACGTCAAGCAATAGCTATCTTACCACCAGAAGGAG

42hb-v16 79 AATAACATAAAAACATTGAGTTAAGCCCAGATGATGGCAATT

42hb-v16 80 CTGAACACCCTGAAGAGGGTAATTGAGCATACTTCTGAATAA

42hb-v16 81 ATACCCAAAAGAACAACCGAGGAAACGCAGAGCCTAATTTGC

42hb-v16 82 GTATGTTAGCAAACTAAGAAAAGTAAGCTATCCCAATCCAAA

42hb-v16 83 CATATAAAAGAAACGAAACAATGAAATAAAATGAAAATAGCA

42hb-v16 84 TGTCACAATCAATAGATAACCCACAAGAAGGGAAGCGCATTA

42hb-v16 85 CACCAATGAAACCACCGTAATCAGTAGCCTGAATTTACCGTT

42hb-v16 86 AAGGCCGGAAACGT

42hb-v16 87 CCATTACCATTAGCCTCCTTATTACGCA
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42hb-v16 88 AATCACCAGTAGCAGACTGTAGCGCGTTACAAATAAATCCTC

42hb-v16 89 ATTAGAGCCAGCAA

42hb-v16 90 TGAGCCATTTGGGACATAAAGGTGGCAA

42hb-v16 91 CACCGTCACCGACTTTATTAGCGTTTGCGGAGGTTGAGGCAG

42hb-v16 92 TAAAGGTGAATTAT

42hb-v16 93 CGGAAATTATTCATGAATAAGTTTATTT

42hb-v16 94 AAGGTAAATATTGACCAGAGCCACCACCCCGCCACCAGAACC

42hb-v16 95 CGATTGAGGGAGGG

42hb-v16 96 GGGCGACATTCAACTTTACCAGCGCCAA

42hb-v16 97 GACAGAATCAAGTTAATCTACGTTAATATCATCAGTTGAGAT

42hb-v16 98 TTCATCGGCATTTTTAAGAACTGGCTCAATACATAACGCCAA

42hb-v16 99 CATCTTTTCATAATTTAATTTCAACTTTCACTATCATAACCC

42hb-v16 100 GGAACCGCCTCCCTCGAGAAACACCAGAAATAGCGAGAGGCT

42hb-v16 101 ATACATGGCTTTTGATTTTCAGGGATAGGAACCCATGTACCG

42hb-v16 102 TTTAACGGGGTCAGACCGCCACCCTCAGCTACAACGCCTGTA

42hb-v16 103 AGTTAATGCCCCCTTGTATCACCGTACTCGTAACGATCTAAA

42hb-v16 104 CATGAAAGTATTAAAGTGCCGTCGAGAGATGAATTTTCTGTA

42hb-v16 105 TAACACTGAGTTTCGCTTGATACCGATA

42hb-v16 106 GTCACCAGTACAAAAACCGCCACCCTCATAATATCCCATCCT

42hb-v16 107 GCATTCCACAGACATATCGGTTTATCAG

42hb-v16 108 GCCCTCATAGTTAGCAGGAGGTTTAGTATAATCGGCTGTCTT

42hb-v16 109 GTTTTGTCGTCTTTGAAAATCTCCAAAA

42hb-v16 110 CCAGACGTTAGTAAGGTTGATATAAGTAACCAAGTACCGCAC

42hb-v16 111 TGGGATTTTGCTAAAGGAACAACTAAAG

42hb-v16 112 ACAACTTTCAACAGCGGGGTTTTGCTCATTTCATCGTAGGAA

42hb-v16 113 GAATTTCTTAAACA

42hb-v16 114 GGAGCCTTTAATTG

42hb-v16 115 AATTTTTTCACGTT

42hb-v16 116 GAGTGAGAATAGAA

42hb-v16 117 CGATATATTCGGTCAGAGGGTAGCTATTAGTAGTAGCATTAA

42hb-v16 118 CTTTTGCGGGATCGCAATATGATATTCAAGAATTAGCAAAAT

42hb-v16 119 GAACGAGGGTAGCAATTCAAAAGGGTGATAAATCGGTTGTAC

42hb-v16 120 ACTTTTTCATGAGGCATATATTTTAAATTGCGGGAGAAGCCT

42hb-v16 121 CGACCTGCTCCATGCGCCCACGCATAACGTTGCGCCGACAAT

42hb-v16 122 TGTGTCGAAATCCGGGTCAATCATAAGGAGCTATATTTTCAT

42hb-v16 123 ATCGCCTGATAAATTACTGGTAATAAGTATTAAAGCCAGAAT

42hb-v16 124 CGGAGATTTGTATCGGAGTTAAAGGCCGCTTGCTTTCGAGGT

42hb-v16 125 GAAACAAAGTACAAACAGATGAACGGTGTTGACCATTAGATA

42hb-v16 126 ATTATACCAAGCGCGTGCCCGTATAAACGTCAGACGATTGGC

42hb-v16 127 TTTGACCCCCAGCGGAAAGACAGCATCGAAAAGGCTCCAAAA

42hb-v16 128 CTAAAACACTCATCCTTCATCAAGAGTATATAACAGTTGATT

42hb-v16 129 GGCAAAAGAATACACTATTATTCTGAAAACCACCAGAGCCGC

42hb-v16 130 CCTAAAACGAAAGATTTGAGGACTAAAGGAATTGCGAATAAT

42hb-v16 131 TACGAAGGCACCAACCAAATCAACGTAATAAATATGCAACTA

42hb-v16 132 ATACGTAATGCCACTCAAGAGAAGGATTGCCACCCTCAGAGC

42hb-v16 133 GAACCGAACTGACCACGTTGGGAAGAAATGCCTTTAGCGTCA

42hb-v16 134 TACAGACCAGGCGCACCTTATGCGATTTCGGTCATAGCCCCC

42hb-v16 135 ATCTTGACAAGAACGGGCTTGAGATGGTCAAAATCACCGGAA

42hb-v16 136 CAAAGCTGCTCATTAAGGCTTGCCCTGACAGAGCCGCCACCC

42hb-v16 137 ACAGGTAGAAAGATAAACGAACTAACGGAACGAGGCGCAGAC

42hb-v16 138 TTCAACTAATGCAGTTATACCAGTCAGGAACTTTGAAAGAGG

42hb-v16 139 CATAGTAAGAGCAAAATCATTGTGAATTATAGGCTGGCTGAC

42hb-v16 140 ACGATAAAAACCAAACGAGTAGTAAATTCGGATATTCATTAC

42hb-v16 141 AGAAGCAAAGCGGAGATTAAGAGGAAGCTTGGGGCGCGAGCT

42hb-v16 142 TGACTATTATAGTC

42hb-v16 143 TCAGGTCTTTACCCTTAGGAATACCACA

42hb-v16 144 CCATAAATCAAAAATTCGAGCTTCAAAGCATTTCGCAAATGG

42hb-v16 145 GAAAACGAGAATGA

42hb-v16 146 CTTTAAACAGTTCAAAGGAATTACGAGG

42hb-v16 147 ATCCCCCTCAAATGGGTCAGGATTAGAGCCCAATTCTGCGAA

42hb-v16 148 TAAATATTCATTGA

42hb-v16 149 CTGCGGAATCGTCATCGTTTACCAGACG

42hb-v16 150 GATAGCGTCCAATAAGGTCATTTTTGCGAAGTACGGTGTCTG

42hb-v16 151 AAATGTTTAGACTG

42hb-v16 152 AGGGGGTAATAGTATTTGCAAAAGAAGT

42hb-v16 153 CCGAAAGACTTCAAGTGAAATTGTTATCGTGTAAAGCCTGGGGTGCCTA

42hb-v16 154 CGAACCAGACCGGAACCGAGCTCGAATTAATTGCGTTGCGCTCACTGCC

42hb-v16 155 AGTACCTTTAATTGCGTGGTGCTTGTTAGTCGTGCCAGCTGCATTAATG

42hb-v16 156 GATGGCTTAGAGCTTGACCTCCTGGTTGAGGCGGTTTGCGTATTGGGCGC

42hb-v16 157 TCAATTCTACTAATTTTGAGAGATCTACGTCATTGCCTGAGA

42hb-v16 158 TACAGGCAAGGCAAACCGTTCTAGCTGACGGTAATCGTAAAA

42hb-v16 159 TCAGAGCATAAAGCGAAAGGCCGGAGACTGATAATCAGAAAA

42hb-v16 160 CCCTGTAATACTTTGCAATGCCTGAGTAAAATATTTAAATTG

42hb-v16 161 GTCTGGAGCAAACAGATTGACCGTAATGGCATCTGCCAGTTT

42hb-v16 162 AGAGAATCGATGAATAAATTAATGCCGGGCTGAGGCTTGCAG

42hb-v16 163 CTAGCATGTCAATCGCGAGTAACAACCCGAAGATCGCACTCC

42hb-v16 164 ATATGTACCCCGGTAGTCAAATCACCATTCACCCTCAGCAGC

42hb-v16 165 GCCCCAAAAACAGGTCTGGCCTTCCTGTCCGGAAACCAGGCA

42hb-v16 166 AAGATTGTATAAGCATGTGTAGGTAAAGACGGCTACAGAGGC

42hb-v16 167 TAAACGTTAATATTTCATTTTTTAACCAACTGTTGGGAAGGG

42hb-v16 168 TTGTTAAAATTCGCATTTTTAGAACCCTAAGTTTCCATTAAA

42hb-v16 169 GGGAACAAACGGCG

42hb-v16 170 AACATTAAATGTGA

42hb-v16 171 AAAAATAATTCGCG

42hb-v16 172 TTTGTTAAATCAGC

42hb-v16 173 GAGGGGACGACGAC

42hb-v16 174 AGCCAGCTTTCCGG
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42hb-v16 175 AAGCGCCATTCGCC

42hb-v16 176 CGATCGGTGCGGGC

42hb-v16 177 ATGCGCACGACTTACGCATCGTAACCGTGGATAGGTCACGTT

42hb-v16 178 GTGGTTGTGAATTCCTTATGACAATGTC

42hb-v16 179 GGATGTTCTTCTAACATCCAATAAATCATCAATAACCTGTTT

42hb-v16 180 GGAGAAGCCAGGGTAGTATCGGCCTCAGGTCGGATTCTCCGT

42hb-v16 181 GCCAAGCTTTCTCATTTACGCTCGCCCT

42hb-v16 182 AAACGACGGCCAGTTAAGCAATAAAGCCCGAGTAGATTTAGT

42hb-v16 183 GTCACGACGTTGTACACCGCTTCTGGTGAGCCAGCTTTCATC

42hb-v16 184 CCAGGGTTTTCCCAGCCCTGCCATCTGT

42hb-v16 185 TAAGTTGGGTAACGCAAAAACATTATGAGAAGTTTCATTCCA

42hb-v16 186 TGCTGCAAGGCGATATTCAGGCTGCGCAATAGGAACGCCATC

42hb-v16 187 GCGAAAGGGGGATGGGGGCCTTGAATCG

42hb-v16 188 TATTACGCCAGCTGTTATTTCAACGCAAAGCTCAACATGTTT

42hb-v16 189 CCGCCAAAATAACCTAGCTGTTTCCTGTATATCGCGTTTTAA

42hb-v16 190 GGAGTGACTCTATGGAGGATCCCCGGGTAGCAAACTCCAACA

42hb-v16 191 AAGCAACTCGTCGGCAGGGCTTAAGCTACTCCTTTTGATAAG

42hb-v16 192 GCTGACGCATTTCAATTTCTCCGAACTCTAATTGCTGAATAT

42hb-v16 193 GCCGGAAGCATAAACGCTCACAATTCCAGCTGAATTGTCAAC

42hb-v16 194 ATGAGTGAGCTAACTCACATTCGTAATCATGGTCACCGCTTCTAATCTA

42hb-v16 195 CGCTTTCCAGTCGGGAAACCTCCTCGATAAAGACGATACCGACAGTGCG

42hb-v16 196 AATCGGCCAACGCGCGGGGAGGTGTAATGAGTAAATGGGCACGAATATA

Table 9.17: 42hb-v18 sequences

Strand name Sequence

42hb-v18 1 TTCAGCGGAGTGAGAATCTCC

42hb-v18 2 TGCTAAACAACTTTAAAAGGA

42hb-v18 3 TAGTAAATGAATTTTCTGTAT

42hb-v18 4 CAGACGTAGGTGAACGGTCGCCCGTCGA

42hb-v18 5 CAGACAGCCCTCATCAAGCAA

42hb-v18 6 CCTGTAGCATGTACGAGCCAC

42hb-v18 7 CGGTTTAAGTTAAATCAGTAC

42hb-v18 8 AACAGCTTTTTGTCGTCTTTC

42hb-v18 9 TGATACCCCCACGCGTATAGC

42hb-v18 10 GCGCCGAAGTTAGCGTAACGATCTAAAG

42hb-v18 11 GCCCAATGAGCCAGATATTGA

42hb-v18 12 AAGACAGTTAGACTCCTCAAG

42hb-v18 13 ACCCTCAGCAGCGAAAAAAAA

42hb-v18 14 GATCGTCTTAGGATTGAAACA

42hb-v18 15 GGCCGCTTTTGCGGGCCTTTA

42hb-v18 16 TGAGGCTTGCAGGGTCAGCTT

42hb-v18 17 ATAACCGATATATTTTTCTTATTAATAA

42hb-v18 18 ACCATCGGATAGTTCGTTGGG

42hb-v18 19 ATTTTCAGGGATATTCACCGT

42hb-v18 20 GTACCGCGATACAGTCTCTGA

42hb-v18 21 ATTAAGAGGCTGCACAACCTA

42hb-v18 22 GGAACCTATTATTCTAGCGGG

42hb-v18 23 CTATTTCATCTTTGACCCCCA

42hb-v18 24 TTAATGCCCCCTGCCAGGCGG

42hb-v18 25 TAAACAGTACCAAGCGCGAAA

42hb-v18 26 TAACAGTGCCCGTAGAGGGTT

42hb-v18 27 CCTTGAGCAACGGAGATTTGT

42hb-v18 28 TAAGTTTAAGCCAGAATGGAA

42hb-v18 29 CTGGTAAACTCAGGCCGTAAT

42hb-v18 30 AAACGAATGACCAAATCACCG

42hb-v18 31 AAAGAATACACTAATCAATCA

42hb-v18 32 ATCATTATAACGGGGTCAGTGCCGGAAT

42hb-v18 33 CTTTGAAAGAGGACAAGGCACTGAGGAA

42hb-v18 34 ACCGAACAGAGGCATGAAAGT

42hb-v18 35 CGAGGCGCAGACGGAACACTC

42hb-v18 36 GCCGGAAGCCGCCAAACAGCC

42hb-v18 37 CTCCATGTTACTTAGCGATTA

42hb-v18 38 CGACCTGACCCTCATAATTTG

42hb-v18 39 TGTGTCGAAATCCGCAAAGTA

42hb-v18 40 AATCCTCATCGCCTGATAAATAGAGCCG

42hb-v18 41 ACAAATAACCAGAGATCCTGA

42hb-v18 42 TTCACAAAGCGCAGGAGTGTA

42hb-v18 43 ACCGGAAAATCCAAGAGAGAA

42hb-v18 44 CCGCCTCAGCCCCCGTTTTGC

42hb-v18 45 CCCTCAGTTCATCGATAAGTG

42hb-v18 46 GAGCCACAGCGTCAGATATAA

42hb-v18 47 AGAACCGAGACTTTCATCGGA

42hb-v18 48 TCATAATGACGAGAAGACTTC

42hb-v18 49 CGTTTGCAGCCACCTAAGGGA

42hb-v18 50 TTATTAGTAGTAAAAAGATTA

42hb-v18 51 GCATTTTGTTTAATAGCAAAG

42hb-v18 52 GACTGTATTGTGAAACCCTGA

42hb-v18 53 TCAAGTTTTTAAGATAAATCA

42hb-v18 54 GACAGAAAGGTGTAGACAACA

42hb-v18 55 AGCAGCAAGGTTTACACCCTC

42hb-v18 56 CATCGATCAGCATTCTTGATA

42hb-v18 57 TTGGGCTGGTAGAAATTGTATGGGATTT
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42hb-v18 58 TGAGATGCGGTCATCCTCAGA

42hb-v18 59 TTAATCAGCGCGTTAACCGCC

42hb-v18 60 ATGCGATTGCCTTTCACCCTC

42hb-v18 61 CATTAAACAGTAGCAACCACC

42hb-v18 62 ATCACCATAGCTATCTTACGA

42hb-v18 63 GTAGCACGGAATTAAGGAACCCATTCCA

42hb-v18 64 AACTAATCGTTGAAAATAGAA

42hb-v18 65 CACATTCTTGCCCTCATGACA

42hb-v18 66 GGAATACTCCACGGAATAAGT

42hb-v18 67 AGATTTAAGGCTCCCAACAGT

42hb-v18 68 AGATTCAGTCACAAAACATAT

42hb-v18 69 ACAACATATATGGTAAATACA

42hb-v18 70 TTATTTTTCAGTTGGAACGAG

42hb-v18 71 TCAATAGAAAATTCTATTACA

42hb-v18 72 TTACCAGCGCCAAAAACGAAC

42hb-v18 73 GACAAAACAGTATGTTAGCAA

42hb-v18 74 GGGCGACATTCAACAAGAAAA

42hb-v18 75 CGATTGATGATTAAGACTCCT

42hb-v18 76 AAGGTAACATACCAGTCAGGA

42hb-v18 77 TATTCATCCATTTGCATTACC

42hb-v18 78 ACGCAAAGACACGTTTACCAG

42hb-v18 79 AAAAGAATTAGACTAGAGGAA

42hb-v18 80 TACATAAACTGCGGCGGATTG

42hb-v18 81 GAATACCCAAAAGAGACGAAG

42hb-v18 82 ACGCAATAGTAAGCCAATGAA

42hb-v18 83 TTTGCCAACGACGACACTATCATAACCC

42hb-v18 84 GAGGGGGAAATATCGTCAAAA

42hb-v18 85 TAATAGTATTTTTGAATTAAT

42hb-v18 86 GGATAGCTTAATGCACCGTGT

42hb-v18 87 AATCGTCTCAACCGTAAATAA

42hb-v18 88 TTCATTGCTATTATCGGGAGACCAGTTA

42hb-v18 89 AATCCCCAAATCACATCATAA

42hb-v18 90 GCTTTAAAAAATCACTGAACA

42hb-v18 91 ACAGTTCTGAGAAACTGTTTA

42hb-v18 92 AGAAAACACTGGCAGGGAGGG

42hb-v18 93 CCCTTTTACAACGCATACAAA

42hb-v18 94 AGTCAGATTCAACTTAACGGAGCTTTCG

42hb-v18 95 GGTCTTTTTACCTTATCTACG

42hb-v18 96 CCAACAGGCGTTTTATAAGGC

42hb-v18 97 ATGAAAACCTAATTCTGTAATGGATTGA

42hb-v18 98 TAGCAGCGCCCGAAAACACCA

42hb-v18 99 CTTTACAATAAGAAGAATATA

42hb-v18 100 AAAACAGATATTATCATGTTT

42hb-v18 101 GGAAGCGTCAACAAATAAAAA

42hb-v18 102 ATTAACTAATGCAGATATATT

42hb-v18 103 AGGGTAAATGACCAACTGGCT

42hb-v18 104 TTGAGCGATCTTACTTAGCGA

42hb-v18 105 CTAATATGTAATTCATGTAAT

42hb-v18 106 ATAACCCCCAGCTAGGGAGGT

42hb-v18 107 GGATTAGCAAGAGTAATCTAA

42hb-v18 108 TTTGTTTAACGTCAATGGCTT

42hb-v18 109 ACGATTTGAACCAGCATCTTTAGAAGGA

42hb-v18 110 GTCTTTCCATTCCATATAACA

42hb-v18 111 AACGAGCAAGTCAGCAATAAATGAGTAA

42hb-v18 112 AGAGCTTGGGCGCGAGCATGT

42hb-v18 113 ATGCTGTGTTTAGCAATCGGC

42hb-v18 114 TAAATATTTCGCAAATTCCAA

42hb-v18 115 AAGTACGGTGTCTGTAGTTTG

42hb-v18 116 GTTGATTCAACGCTCCACCAG

42hb-v18 117 ACCTCCCCTAAGAATTCATCGGATGAATTGAGTGA

42hb-v18 118 GACTTGCCAATTTTCCGCCGC

42hb-v18 119 TATATTTTCATTTGAATTGCT

42hb-v18 120 ATAACCTAGCTCAATTATCCC

42hb-v18 121 GATACATGCAACTACAAAATA

42hb-v18 122 GTAGATTGAAGTTTCAGAGCC

42hb-v18 123 CGCGAGGCGTTCCCAATTCTG

42hb-v18 124 GGCAACGAGCTGAAAAGGTGGTTTGCGG

42hb-v18 125 CCAAGTAATAACGGAATTACCCACTAAC

42hb-v18 126 CCGCACTTTCAGCTGAACACC

42hb-v18 127 AACAAGCCCTTTTACAGTACA

42hb-v18 128 TAGGAATAGGTAAACAGAGAGATAGCAA

42hb-v18 129 CATTACCGCTTATCCGGTATT

42hb-v18 130 ACAAGAAAGCCTTTTTCTCCG

42hb-v18 131 GTCCTGATAACATACATCAAA

42hb-v18 132 TAGATAACCTTATCATGGTCA

42hb-v18 133 AACGCGCTATTAAAACCATTA

42hb-v18 134 CAACATGCATCGAGCGAACGA

42hb-v18 135 TATGACCTAAGAATTAGCAAA

42hb-v18 136 ACTTTTGGGTAGCTAAAATGT

42hb-v18 137 CGGGAGAAAATAATAATCAAT

42hb-v18 138 GTAAAACTGTCCAGTTTTATT

42hb-v18 139 TGATAAAGTCCAATAGGTGGC

42hb-v18 140 ATGATATATAAATAACGTAGA

42hb-v18 141 GACAGTCCTCAAATTATTACG

42hb-v18 142 ATATTTATAAGAAAAATAACGCGGAAAT

42hb-v18 143 AATCGCCGAGGCATCGACAAA

42hb-v18 144 TGAACGGTAATCGTAGAGATC
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Table 9.17: 42hb-v18 sequences

Strand name Sequence

42hb-v18 145 GGTTTGAAATACCGCGGAGAG

42hb-v18 146 AAGGCGTTTCTAGCCGCAAGG

42hb-v18 147 CACCGGACATCAATAACCCTC

42hb-v18 148 AAAAAGCGGCCGGACAATGCC

42hb-v18 149 ATGCGTTCAGATTCAAAAGGG

42hb-v18 150 CTAGCATATTGTATCCGTAAT

42hb-v18 151 AGTTAATTTCATCTATTGTAATGGGAAC

42hb-v18 152 AAACTTTTTCAAATTTAAAAT

42hb-v18 153 CGCAAGACAAAGAATGTTAAA

42hb-v18 154 AAATGCTGATGCAAAACCAAT

42hb-v18 155 TTGGGTTATATAACAAAAGAC

42hb-v18 156 GCTTAGGTTCTTACCAGTATA

42hb-v18 157 ACCTCCGATAGTGATTGAAAA

42hb-v18 158 AAGCAAACCCGGGTACCACAG

42hb-v18 159 TATTTAATCTGACCTAAATAA

42hb-v18 160 ACGTTAACCTCGATTGGCTAT

42hb-v18 161 TATTTTGATATTTTGATAAAT

42hb-v18 162 ATTTTTTATCCAATTTACTAG

42hb-v18 163 GCTGAGAAAAAATCACAGAGG

42hb-v18 164 AACAACCAATTAATACCAAGT

42hb-v18 165 AGCGAGTTCGCATTTAAGCTA

42hb-v18 166 CAACATTTCATTTGATTCGCCTTGGGAA

42hb-v18 167 CTTTCATTCAGCTCGTGTAATTCGCCAT

42hb-v18 168 CTTCCTGATGGAAACATCGGG

42hb-v18 169 GTCTGGCAGGAACGCGAACTC

42hb-v18 170 ATAGCTTAGATTATATATATG

42hb-v18 171 CTGCCAGGGGATAGAAAACATTACAAAG

42hb-v18 172 TTTGAGCAAAAGAAACTTTAC

42hb-v18 173 AAACAAAGAGGCGAAAACCAG

42hb-v18 174 AAAACAACGTCGGAATTTCAA

42hb-v18 175 TTTTTTATAGCCAGTTAAATG

42hb-v18 176 TGCTTCTCAGGTTTAATTATT

42hb-v18 177 ATTTCAATTACCTGCGGCACC

42hb-v18 178 ATTATTCAGAAACCATCCCAT

42hb-v18 179 TCGCGCACATCAAGTTGAGGA

42hb-v18 180 TTTGAATTACATTTAGCCGTCGTAAGCA

42hb-v18 181 TGATTGCGAACGGGCTGTTTACATTAGA

42hb-v18 182 AACAGTAAAGCCGTACGACGA

42hb-v18 183 ATACAGTGGTTAGAACCTACC

42hb-v18 184 AGCTTTCAGGGGACCAGGCAA

42hb-v18 185 GCTTCTGTGCCAAGAATTCGA

42hb-v18 186 GCAAAGCACGTTGTTCCTTTG

42hb-v18 187 GCCATTCAGGCTGCGCCAGGG

42hb-v18 188 GGGCGATAAGGCGATTATCAT

42hb-v18 189 GGCCTCTTCGCTATTACGCAG

42hb-v18 190 AAAACGACGGCCAGGTGCCGG

42hb-v18 191 AGTCACGGCCATTCTACAAAATGTCTTT

42hb-v18 192 TTAAGTTGGGTAACGCAACTG

42hb-v18 193 GTGCTGCCGGTGCGAGAAACA

42hb-v18 194 GACAGCTGGCGAAAAAACCAC

42hb-v18 195 ACTTCTGTTATCATGCGTAAC

42hb-v18 196 GGATTATATATCAAAACGTCA

42hb-v18 197 GTCCTACCTTTCTCAGGAGAA

42hb-v18 198 ATTTTAAACGAGCAAGAAGTG

42hb-v18 199 CATATTCTCAACAGATAACCTCATAGCGTTAGGCA

42hb-v18 200 GTATTAGGATGATGAAACGGC

42hb-v18 201 AATAGATGTTATTATTTTCCC

42hb-v18 202 AGATTAGAACAATTAAATGTGTTTTTAG

42hb-v18 203 AATATCTAACAAAGGGGGGAT

42hb-v18 204 TATCTAACGGCTGATTTTCTT

42hb-v18 205 GGAAGGTTAAATCAAATTCGCTGTGTAG

42hb-v18 206 GAATTGAAGCGGAAAATAATG

42hb-v18 207 TTGAAAGGCATCACCTGGTAA

42hb-v18 208 TGGCAAACTGATTAATTGTTT

42hb-v18 209 CTGGAGTGGTTTGCGTTGCGC

42hb-v18 210 TGATACCTTTAGAATATTAAA

42hb-v18 211 GACAGTGTTGCAGCCCAGTCG

42hb-v18 212 ACGAATAGGGCAACCCAACGC

42hb-v18 213 CTTGCTGGCAAATGAGAGTCA

42hb-v18 214 TCGAATTCAGGAAGGTCAATC

42hb-v18 215 ACCGAGCGCTCGCCAATAGTGCTGAATT

42hb-v18 216 CAGGGCTAAATTTTCGCGAGAGAATAAA

42hb-v18 217 GAGTAAAGGTGGGCAACTAATAGTAACA

42hb-v18 218 ATTTCTCCCATCAATATATGTGTATCAT

42hb-v18 219 ACAATATTTTTGAAAAAGACG

42hb-v18 220 TAATGCGCGTGGTGGCCATCT

42hb-v18 221 CGAACTGCCAACAGAGATAGA

42hb-v18 222 ACCGAACTGACCTCCTTGAAT

42hb-v18 223 GAACCACGATTCACCAGTCAC

42hb-v18 224 CAGCAGAAGATAAATAAAATC

42hb-v18 225 GTCAGTAGCCAGCAAACCTCA

42hb-v18 226 ACGAGCCTAATTGCCCCAGCA

42hb-v18 227 TGACCTGAAAGCGTCCGCTTT

42hb-v18 228 ATTCTGGATAGCCCTAAAACA

42hb-v18 229 GTAATAAAAGGGACGAATCGG

42hb-v18 230 AATGGATTATTTACGCAGAAC

42hb-v18 231 GCTCAATCCATTGCAACTATC
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Table 9.17: 42hb-v18 sequences

Strand name Sequence

42hb-v18 232 CTCACATGGAAGCACACAATTCCACACA

42hb-v18 233 TCACTGCAAGAATACGTGGAT

42hb-v18 234 GGAAACCACCCTTCTAGTCTT

42hb-v18 235 TGTCGTGTGGCCCTAATCCTG

42hb-v18 236 GCGGGGAACGACCATAAAAAT

42hb-v18 237 GAGGCGGTTCACCAAAAGAGT

42hb-v18 238 TTTGCGTATTGGGCATTGGCA

42hb-v18 239 AATATTACCGCCAGCGTCTGATGAGGCG

42hb-v18 240 CCACGCTGACTCTAGAGGATC

42hb-v18 241 AAGCGGTTAGACAGTAGAATC

42hb-v18 242 GAGAGAGCGGCCCTCTTGTTA

42hb-v18 243 CACCGCCCCAGCTGCATTAAT

42hb-v18 244 AGCTGATAATCAGTCTATGGT

42hb-v18 245 GTGAGACTAGGGGCCTGGTTG

42hb-v18 246 GGGTGGTCGCATTTCACATAA

42hb-v18 247 TATCCCAAATTAACCACCACA

42hb-v18 248 TTATAAAGGCGAAATATTTAC

42hb-v18 249 TCAGGCCGATTAAAGGGATTT

42hb-v18 250 TTTTTATTGCCCTTACTCGTC

42hb-v18 251 CGTTGTAGCAATACGGCCTTG

42hb-v18 252 TTCTTTGAGCGGTCAGGGAAG

42hb-v18 253 GAGCTAAACAGGAAACTATTA

42hb-v18 254 TCCTCGTGAACGGTACGCCAG

42hb-v18 255 CGTGCTTCCCGAACAATACAT

42hb-v18 256 CGTATAACGTCTATCAACTAA

42hb-v18 257 GCGCGTAGAGGCCACCGAGTA

42hb-v18 258 CTACAGGTTTGCGGTTAGGAG

42hb-v18 259 TGCGCCGTAGAGCTTGACGGG

42hb-v18 260 CGCTTAACTGTCCATCACGCA

42hb-v18 261 AGAGTCCAAGAATACTTAAGT

42hb-v18 262 AAGAACGTGGACTCAGAGCGGCAACTCG

42hb-v18 263 CAACGTCAAAGGGCGAAAAAC

42hb-v18 264 ATCGGAATGCTTTGAAGTTTG

42hb-v18 265 CCCTAAAGGGAGCCCCCGATT

42hb-v18 266 GAAAGCCCCCGCCGCAGAAGG

42hb-v18 267 GGCGAACGTGGCGAGAAAGGAACGCTGC
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