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Nucleation is the rate-determining step in the kinetics of many self-assembly processes. However, the
importance of nucleation in the kinetics of DNA-origami self-assembly, which involves both the binding of
staple strands and the folding of the scaffold strand, is unclear. Here, using Monte Carlo simulations of a
lattice model of DNA origami, we find that some, but not all, designs can have a nucleation barrier, and that
this barrier disappears at lower temperatures, rationalizing the success of isothermal assembly. We show that
the height of the nucleation barrier depends primarily on the co-axial stacking of staples that are adjacent
on the same helix, a parameter that can be modified with staple design. Creating a nucleation barrier to
DNA-origami assembly could be useful in optimizing assembly times and yields, while eliminating the
barrier may allow for fast molecular sensors that can assemble/disassemble without hysteresis in response
to changes in the environment.

The design and production of DNA-origami structures
has grown into a mature field [1]. In these structures, a
long DNA ‘scaffold’ strand is folded into a target structure
by hybridizing with a number of designed shorter ‘staple’
strands that connect chosen binding domains on the scaffold
strand. However, while there is much practical knowledge
on how to optimize the assembly of DNA origamis [2–4],
an understanding of the underlying physical mechanisms,
such as the nature of any free-energy barriers to assembly
and their dependence on assembly conditions, is lacking.
There is some experimental evidence that nucleation may

be less important for origami self-assembly than for other
assembly processes, like crystallization. For instance, al-
though DNA-origami assembly is often performed by slowly
decreasing the temperature of a mixture with an excess of
staple strands over several hours or even days [5], it is also
possible to assemble such structures isothermally following
a high-temperature denaturing step [2, 3, 6–12]. Moreover,
isothermal assembly has been shown to be faster for a range
of designs, with the optimal temperature for this process
depending on both the design of the target structure and the
conditions [2, 3, 7]. On the other hand, many studies on
DNA origami have found hysteresis between melting and
annealing as the temperature is varied [7, 13–21], which
suggests the presence of significant free-energy barriers. It
has been suggested that the melting–annealing hysteresis
could be attributed to a nucleation barrier to staple bind-
ing [7, 12, 22], but no numerical evidence has been given to
show that such a barrier exists.
In contrast to DNA-origami assembly, nucleation has

been shown to be important in the self-assembly of ‘DNA-
brick’ structures [23, 24], which consist of a large number
of short unique strands that assemble in the absence of a
scaffold strand. The nucleation barrier for DNA-brick self-
assembly plays an important role in allowing error-free as-
sembly of these many-component systems [25]. This barrier
has been studied in some depth, as control of the nucle-
ation barrier enables the design of DNA-brick structures
that have favourable assembly kinetics [26–31]. By contrast,
although DNA-origami self-assembly has been successfully
modelled [16, 17, 32] and subsequently validated [33], most
existing simulation methods are too computationally expen-

sive to allow for a systematic study of possible nucleation
barriers.
However, we have previously developed a more coarse-

grained model that represents DNA origami at the level of
binding domains [34]. A binding domain is the basic unit of
origami design: in the final assembled state, each binding
domain on the scaffold is bound to a complementary binding
domain on a staple. The model accounts for hybridization
free energies, co-axial stacking of helices, and steric interac-
tions. To study nucleation behaviour more accurately, we
have made some modifications to the model so that it better
represents stacking and steric interactions and provides a
more accurate representation of the chemical potential of
the staples. We provide details of the model and simulation
methods in the Supporting Information (SI).
In this Letter, we use simulations with this coarse-grained

model to show that nucleation can be a rate-limiting step in
origami formation. In order to be able to define free-energy
barriers to nucleation, we must first define order parame-
ters that can quantify the progress of self-assembly. Here,
we consider two order parameters: the numbers of (i) fully-
bound staples and (ii) bound-domain pairs. The former ef-
fectively accounts for the size of the cluster and is analogous
to the order parameter used in classical nucleation theory
and DNA-brick self-assembly, while the latter provides us
with a higher-resolution view of the mechanism by which
staples bind. By calculating the free energies associated with
each possible value of the order parameter between assem-
bled and unassembled states, we can determine whether
barriers to assembly exist and, if so, estimate their magni-
tude.
To demonstrate the range of possible behaviours, we con-

sider four systems: two that have been characterized in Ref-
erence 34 (Figure 1(a) and (b)), and two further systems (see
below) with as many crossovers as possible (Figure 1(c)).
The two previously studied designs are (a) system ‘S’, a 24-
binding-domain-scaffold system with 12 staple types, each
with two binding domains (Figure 1(a), which had been de-
signed and simulated using the oxDNA model [32]; and (b)
system ‘D’, a 21-binding-domain-scaffold system with six
two-binding-domain staple types and eight single-binding-
domain staple types (Figure 1(b)), which represents a subset
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Figure 1. Cartoon helix representations of the systems simulated in this study. Black circles identify the binding domains, which
are both the fundamental design units of DNA origami and the level to which the model is coarse-grained. (a) System S, which has a
24-binding-domain scaffold and 12 two-binding-domain staple types. (b) System D, which has a 21-binding-domain scaffold and six
two-binding-domain staple types, as well as eight single-binding-domain staple types. (c) The two- and three-row systems, with a dashed
line showing the cut below which is the two-row system. The two-row system has an 18-binding-domain scaffold and nine two-binding
domain staple types, while the three-row system has a 27-binding-domain scaffold and nine three-binding-domain staple types.

of the system used by Dannenberg et al. [17] and Dunn et al.
[16] In these two systems, each domain has a defined se-
quence. We consider both sequence-specific and averaged
interaction energies (see SI for details).

The free energies for systems S and D show no nucleation
barrier along either order parameter considered with both
averaged hybridization free energies (Figure 2(a) and S8)
and sequence-specific hybridization free energies (Figure
S9). For computational simplicity, we define the melting
temperature as the temperature at which the free energies
of the fully assembled and fully unassembled states are equal.
For both systems, at high (low) temperatures, the unassem-
bled (assembled) state is favoured, but at the melting tem-
perature, the free energy as a function of the number of fully-
bound staples is lowest for the partially assembled state. In
Figure 2(a)(i) and (ii), the free energies along the number
of bound-domain pairs alternate between higher and lower
values; this is consistent with the second binding domain
of a staple having a lower entropic cost of binding than the
first binding domain of a staple, and with a small easily sur-
mountable barrier for staples that are near their individual
melting points.

Although there is no nucleation barrier in these specific
systems, it is known from experiments that hysteresis some-
times arises in DNA-origami systems. To determine condi-
tions under which a nucleation barrier can arise, we first
note that, in the context of DNA-brick self-assembly, it was
shown that increasing the coordination number of the as-
sembly units increases the barrier height [35]. Typical DNA
bricks have a coordination number of four, while for the
DNA origami designs of systems S and D, it is two at most.
To test whether the same principle might apply in the con-
text of DNA origamis, we increase the number of binding
domains per staple as a way of increasing the coordination
number. To this end, we design a set of systems that have

the maximum number of crossovers possible for a system
with a given number of staple types and helices in the assem-
bled structure (Figure 1(c)). In the assembled state of these
designs, the scaffold forms a series of rows in a single plane,
each of which comprises a single helix. In each column, a
single staple crosses over all helices formed by the scaffold,
and thus the number of binding domains per staple corre-
sponds to the number of rows in the design. Because we
are more interested in trends for these systems, and because
there was no qualitative difference in the results between
the sequence-specific and averaged hybridization free en-
ergies for systems S and D, we consider only the averaged
hybridization free energies for our designed systems. In this
study, we restrict ourselves to systems that had nine binding
domains per row, and consider two- and three-row variants.

The free energy for the two-row system along the number
of fully-bound staples (Figure 2(b)(i)) at the melting tem-
perature has no nucleation barrier. By contrast, the three-
row system has a clear barrier to assembly, the maximum
of which occurs nearly halfway along to the fully assem-
bled state, at four fully-bound staples, with a magnitude of
∼10 𝑘B𝑇 (Figure 2(b)(ii)). In both systems along the free en-
ergies of the number of bound-domain pairs, similarly to the
results seen for systems S and D, there are peaks at regular
intervals, occurring with a frequency equal to the number
of binding domains in the staple. In the three-row system,
these peaks effectively add on to the barrier seen in the num-
ber of fully-bound staples, giving a total barrier of around
20 𝑘B𝑇. The true free-energy barriers to self-assembly are
likely somewhat higher than this due to the initial bind-
ing of the first nucleotide of a domain; however, a higher-
resolution model would be needed to determine their mag-
nitudes. As the temperature is lowered below the melting
point, the barrier along the number of fully-bound staples
disappears after a few degrees, and the barrier along the
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Figure 2. Free energies calculated for a range of values of selected order parameters. Here, both the number of fully-bound staples
and the number of bound-domain pairs are used as order parameters. (a) Free energies for system S, (i) and (ii), and system D, (iii) and
(iv), at the melting temperature 𝑇m, (i) and (iii), and at both a temperature above and below 𝑇m, (ii) and (iv). The melting temperature is
defined to be the temperature at which the free energy of the fully unassembled state is equal to the free energy of the fully assembled state.
At the melting temperature for both system S (i) and system D (iii), the free energy is downhill to the favoured state along the number
of fully-bound staples, while along the number of bound domains, only small barriers related to fully binding each staple can be seen.
Below and above the melting temperatures for system S (ii) and system D (iv), the free energies are again downhill to fully assembled
and unassembled states, respectively. (b) Free energies for the two-row (i) and three-row (ii) system at the melting temperature. In the
two-row system, no nucleation barrier is observed, but the three-row system shows a clear nucleation barrier along both order parameters.
Free energies at several temperatures for all systems are plotted in Figure S8. (c) Free energies for the number of fully-bound staples for
the two-row (i) and three-row (ii) systems where the strength of the co-axial stacking parameter in the model has been varied. For the
two-row system, a multiplier on the stacking parameter was increased from 1 to 2 in increments of 0.25. For the three-row-system, the
multiplier on the stacking parameter was decreased from 1 to 0, also in increments of 0.25. Evidently, there is a strong dependence on the
co-axial stacking of not only the magnitude, but even the presence of a nucleation barrier.

number of bound-domain pairs also decreases substantially
(Figure 3(a)). On the other hand, using average hybridiza-
tion free energies that are 50% smaller or larger, while sub-
stantially shifting the melting temperature, had almost no
effect on the barrier height (Figure S10): although they bind
less (more) strongly, the entropic cost of binding is lower
(higher) because of the shift in melting temperature, and
the two effects appear to cancel each other.

Since all binding domains by construction have the same
hybridization free energy, we might expect the systems to
assemble over a relatively narrow temperature range. How-
ever, the ranges within which the S, two-row, and three-row
systems transition are narrower than they would be for the
same number of independent binding domains (Figure 3(b)).
The three-row system displays an especially sharp transition,
from entirely unbound to entirely bound in less than ∼1K.
The observed narrowing of the assembly as a function of the
temperature in all studied systems implies cooperativity is
involved in the assembly process, but the nucleation barrier
observed in the three-row system implies not only stronger
cooperativity, but also the presence of a particular type of

cooperativity. By investigating the origins of this coopera-
tivity further, we may therefore be able to determine under
what conditions nucleation barriers are likely to occur in
DNA-origami self-assembly.
Cooperative behaviour of staples and binding domains

can occur via three routes: closing of scaffold loops, initial
binding of the domain of a staple to the scaffold, and co-axial
stacking of binding domains adjacent in the same helix [36].
The first route, the closing of loops, could plausibly lead to
a nucleation barrier, but to be a viable pathway, it would
generally require initial staples to bind more strongly than
those that bind once loop closure becomes thermodynami-
cally favourable. Since we use averaged hybridization free
energies, this mechanism cannot dominate in this case. The
second route leads to the jaggedness of the free energies
along the number of bound-domain pairs in Figure 2(a), but
it cannot explain the barrier we observe along the number
of fully-bound staples. We therefore focus our investigation
on the stacking of adjacent binding domains along the same
helix.
When a fluctuation occurs in a system so that several sta-
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Figure 3. (a) Barrier height as a function of temperature for the three-row system, with the position of the peak plotted below. The plots
in (i) include the entire domain over which the barrier along the number of fully-bound staples is defined; outside of these temperatures,
the free energies are either monotonically increasing or decreasing (see Figure S8(d)). The barrier height for the number of bound-domain
pairs is calculated by taking the difference between the value at the peak and the value at the local minimum; in all cases, the local
minimum is located at 𝑁∗

BD − 1, where 𝑁∗
BD is the number of bound-domain pairs at the peak (see Figures 2(a)(iv) and S8(d)). The

nucleation barrier can be seen to disappear a few degrees below the melting temperature. (b) The expectation values of the number
of fully-bound staples as a function of the temperature. The grey lines centred on the two- and three-row system are the curves that
result from assuming the binding domains act independently (see SI for calculation details). The points show temperatures used in the
simulations; for the two- and three-row systems, there is only one point as they were simulated with US. The lines between the points for
system S and system D are drawn only to guide the eye, while the lines for the two- and three-row system are calculated via extrapolation
(see SI for details). The light grey around the extrapolated lines represent the uncertainty in the extrapolated values. In both (a) and (b),
the dashed lines indicate the value of the order parameter at the fully assembled state for the system (with the corresponding colour in
(b)). The three-row system shows an unusually sharp transition between unassembled and assembled states.

ples bind concurrently in such away that they can stackwith
each other, the energetic gain can be sufficient to overcome
the entropic cost of binding at a temperature that is higher
than it would be for a given staple in isolation. The stronger
the stacking per staple, whether by a more favourable stack-
ing energy at each domain or by having more domains to
stack per staple, the higher the temperature at which a clus-
ter of staples is able to bind relative to the staples in isolation.
This increased temperature difference also leads to a higher
barrier, as the fluctuation needed for a given staple to bind
has a higher entropic cost. We therefore anticipate that the
more favourable the stacking energy, the greater the cooper-
ativity and the larger the nucleation barrier will be.
To test this hypothesis, we run simulations where we

vary the stacking energy parameter. The free energies in
Figure 2(c) reveal that halving the stacking energy in the
three-row system leads to the complete disappearance of the
barrier. Moreover, the temperature range of the transition
broadens as the stacking energy is reduced (Figure S11). On
the other hand, in the two-row system, a clear barrier is seen
as the stacking energy is scaled by 1.5 or more (Figure 2(c)).
We investigate the associated change in the assembly path-

way by calculating expectations of individual staple states
for a given number of fully-bound staples. In Figure 4(a),
we show that with the full stacking energy in the three-row
system, after the barrier peak, there is a higher density of
bound staples at the centre, which becomes more intense
and spreads outwards as the number of fully-bound staples
increases. With half the original stacking energy, no such

cluster appears (Figure 4(b)). A similar pattern is seen with
the two-row system when comparing simulations with mul-
tipliers on the stacking energy of 0.5, 1 and 1.5 (Figure S13).
These results indicate that a nucleation barrier and assem-
bly pathway can be designed either by making the stacking
energy more favourable (for example, by changing the salt
concentration, by modifying the sequence pairings that oc-
cur at breakpoints, or even by using modified nucleobases
which have different stacking interactions) or by increasing
the number of stacking interactions in the origami design.
In summary, we have demonstrated that nucleation barri-

ers in DNAorigami depend on the co-axial stacking between
helices, and that some designs have no barrier at all. Small or
non-existent barriers and the consequent reversibility in the
transition may be useful in a number of applications, since
origamis may be switched between assembled and unassem-
bled states by changing solution conditions for functional
purposes. We have also shown that origamis that do exhibit
nucleation barriers can be designed bymaximizing the num-
ber of crossovers in a system, thus increasing the effective
coordination number, which results in a high degree of coop-
erativity, and which in turn can be tuned by modifying the
number of binding domains per staple. Since the resulting
nucleation barriers are still surmountable, but the temper-
ature range over which a transition occurs is very narrow,
one can envisage applications such as molecular-scale ther-
mometers or, by suitable functionalization, other molecular
sensors.
Our results provide a rationalization for both the success



5

(a) Stacking multiplier = 1 (b) Stacking multiplier = 0.5

1

2

3

4

5

6

7

8

0.0 0.2 0.4 0.6 0.8 1.0
Expected staple state

Figure 4. Expectation values of the staple state for each staple
type at the melting temperature in the three-row system plotted
as heat maps. For a given total number of fully-bound staples, the
heat maps show the fraction of configurations that have a staple
type fully bound. The number of fully-bound staples used for each
set of expectation values is given to the left of the heat maps in
each row. A diagram of the scaffold of the design is superimposed
on each heat map. In (a), the stacking energy is set to the model’s
standard value [34], while in (b) it is set to half that value. With full
stacking, the assembly pathway indicates that nucleation tends to
begin in the middle of what will become the assembled state and
then grows outwards; with half stacking, staples bind uniformly to
the scaffold during assembly.

of isothermal assembly and the hysteresis sometimes ob-
served in temperature-ramp protocols: origami designs ei-
ther have no barrier, or one that only exists around the melt-
ing temperature. Moreover, our results suggest that systems
can be designed with barriers optimized for both assembly
time and yield in an isothermal assembly protocol. If sta-
ples bind to multiple places on the scaffold concurrently,
the rearrangement times of the helices in different partially

assembled chunks could be very slow, potentially leading to
jammed states. A barrier allows for assembly pathways that
begin locally and then grow out from that point. While the
barrier observed here disappears a few degrees below the
melting temperature, the assembly temperature could be
tuned to be just below the melting temperature to retain the
barrier and still have a good yield due to the sharp transition.
One possible difference between the self-assembly be-

haviour of DNA origami and DNA bricks is the latter’s
propensity for aggregating in such a way as to prevent full as-
sembly. In studies of DNA bricks, it was found that at lower
temperatures, incidental interactions led to aggregation of
partially assembled structures, creating a rugged free-energy
landscape that inhibits the assembly process [25, 26, 29, 31].
Our approach cannot directly be used to simulate such aggre-
gation in DNA-origami systems because it does not include
free staples or other scaffolds; however, since the free en-
ergies along the number of bound-domain pairs are always
downhill after the binding of the first domain of a staple, this
would seem to imply that the staples tend to bind fully and
have fewer unhybridized segments available. This makes
DNA origami less prone to aggregation, as the partially as-
sembled structures have fewer possibilities for incidental
interactions with each other. This observation explains why
isothermal assembly below the melting temperature can so
often be successful in DNA-origami self-assembly.
Here we have focused on averaged hybridization free ener-

gies, but increased heterogeneity in the individual staple hy-
bridization free energies could lead to lower barriers. With
sufficiently disparate staple melting temperatures, the stack-
ing energy would be insufficient to allow multiple staples to
bind in such a way that they stack with each other to over-
come the entropic cost of binding. If a nucleation barrier
is desired, it may therefore prove helpful to design staple
sequences that have as monodisperse interaction energies
as possible. Similar considerations have been shown to hold
for DNA bricks [26], although the aim in that case is usually
to reduce the nucleation barrier.
In order to be able to probe the thermodynamics of DNA-

origami self-assembly, we used a coarse-grained model and
relatively small system sizes to ensure sufficiently rapid con-
vergence. Although larger DNA-origami structures with
complex scaffold routing might be subject to other kinds of
free-energy barriers to self-assembly, many commonly used
origami designs are scaled up versions of the systems we
have considered, and given that the barrier height scales
with the per-staple stacking strength, rather than a global
measure of the origami size, we expect our key findings
to apply to such systems. Moreover, with the recent de-
velopment [37–43] of scaffolds shorter than the M13mp18
phagemid often used in origami designs, we speculate that
the use of smaller scaffolds may become more popular, in-
cluding scaffolds that enable highly cooperative maximum-
crossovers designs with monodisperse hybridization free
energies.
One key message is that our results reveal that nucleation

in DNA-origami self-assembly is fundamentally different
from the nucleation behaviour of DNA bricks, and that it is
possible to control, and even eliminate, the size of the barrier
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by judicious staple design. Such design would provide a tool
for optimizing assembly times and yields, and for tailoring
origamis to specific functional applications.
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version of this manuscript.
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Simulations of DNA-origami self-assembly reveal design-dependent nucleation barriers
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In this Supporting Information, we give a description of
the DNA-origami lattice model, which includes improve-
ments over and clarifications to the version published pre-
viously [1]. We also describe the simulation and analysis
methods employed by this study. Finally, additional sup-
porting figures are included at the end.
The simulation, analysis and plotting code, as well as all

input scripts and intermediate calculation results, are avail-
able as a replication package [2].

I. MODEL DESCRIPTION

A. State space

The basic elements of state space are laid out in the main
text and in the original publication of the model [1], the lat-
ter of which also provides the motivation for these choices.
Here, we summarize these elements and provide a number
of clarifications. The basic units of DNA origami design,
binding domains, are represented as particles on a simple
cubic lattice. We will occasionally refer to binding domains
as simply ‘domains’. Contiguous binding domains on a given
chain are constrained to occupy adjacent lattice sites. For
each binding domain on the scaffold, there is a complemen-
tary binding domain on a staple that it is intended to bind to.
Lattice sites can have an occupancy of zero (unoccupied),
one (unbound) or two (bound ormisbound), where the num-
ber indicates howmany binding domains are present at that
site (Figure S1). Every binding domain also has an orien-
tation vector �̂�𝑖 . The vector that points from one binding
domain to the next on the same chain is referred to as the
‘next-binding-domain vector’ �̂�𝑖 , which does not necessarily
coincide with the helical axis in a bound state. When two
domains are bound or misbound, the orientation vectors
must sum to zero.
The definition of a binding domain in the model may dif-

fer from the definition of a binding domain for a given de-
sign, as here the binding domains must be all approximately
the same length, or number of residues. If a design has bind-
ing domains whose lengths are integer multiples of each
other, the binding domain as defined in our model will be
the smallest binding domain in the design, with larger bind-
ing domains in the design being represented by multiple
binding domains in the model. Designs commonly vary the
length of the binding domains by one or two residues to re-
duce internal stresses in the final structure: these may be
represented in our model as a single binding domain since
the total change in length is relatively small. However, if
the binding domains differ substantially in length and are
not integer multiples of each other, it may not be feasible to
represent the design with our model.

sca�fold
orientation
vector sca�fold next-

binding-domain
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domains
misbound
domains
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unbound
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unbound
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Figure S1. Schematic illustrations of the basic elements of the
model. A cartoon helix representation is given on the top, and on
the bottom is a representation of the same configuration in our
model. There is one scaffold with three binding domains, one
staple with two binding domains, and one staple with a single
binding domain.

In states involving two domains bound to each other (a
bound-domain pair), the orientation vector of the model
maps to a vector that points out orthogonally from the heli-
cal axis to the position of the strand at the end of the helix
in the current binding domain (Figure S2(a)). In the case
of a scaffold chain, the positive direction is defined as 5′ to
3′, while in the case of a staple chain, it is defined as 3′ to 5′.
From this mapping, we can identify configurations of two
bound-domain pairs, where at least two of the binding do-
mains are contiguous on a chain, as forming a single helix if
the dihedral angle between the planes defined by the orien-
tation vectors and next-binding-domain vector is consistent
with the number of turns of the helix per bound-domain
pair (Figure S2(b)). This identity is used in the potential
energy function to determine steric penalties and stacking
interactions.
With no explicit helical-axis vector in the model, a single

bound-domain pair will only implicitly define the helical
axis to lie within a plane (Figure S2(d)). The helical axis is
not resolved until an adjacent domain enters a bound state
in the same helix. If a binding domain contiguous to one of
the two bound domains enters a bound state that is not in
the same helix, then the helical axes of the first bound pair
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(a)(i)

1 domain = 16 nt ~ 1.5 turns
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Figure S2. Representation of helices in the model. (a) Two 16-nt binding domains, which in B-form DNA corresponds to about 1.5 turns
of the helix. In (i), both binding domains are part of the same helix, while in (ii), they are part of separate helices with a kink between
them. (b) Orientation vectors and helical phase. The boxes are projections of the scaffold orientation vectors of the two binding domains
onto a plane normal to the next-binding-domain vector, with the dihedral angle indicated. Left: the orientation vectors are consistent
with two stacked 16-nt (1.5 turn) binding domains. Right: the orientation vectors are consistent with two stacked 8-nt (0.75 turn) binding
domains. (c) Physical interpretation of the next-binding-domain vector when considering two orthogonal helices. The helix of the first
binding domain is drawn on the bottom right lattice site, while the helix of the second binding domain is drawn after rotation without
constraining it to be on an adjacent lattice site, as well as drawing it centred on the remaining three lattice sites (with lighter colours).
Black points are placed at the centre of each lattice site. The black vector points from the centre of the first binding domain to the centre of
the top left lattice site, which happens to pass through the centre of the second binding domain (marked by a teal point). The blue vector
points from the end of the first binding domain to the end of the second binding domain. The yellow vector is the result of coarse-graining
the blue vector to the next-binding-domain vector of our model. (d) A single pair of bound domains only constrains the helical axis to a
plane.

and the new bound pair will become more restricted in a
configuration dependent way, but will not be fully resolved.
This is accounted for with the potential energy function,
which will be discussed in the following subsection.
Becausewe are restricted to a simple cubic lattice, all bind-

ing domains that may be modelled fall into four classes,
based on the dihedral angle prescribed by the number of
turns. These classes differ by the fraction of a turn that
remains after the 𝑛 whole turns that make up the double
helix for a binding domain in a hybridized state. We refer to
these as whole-turn binding domains (remainder of zero),
quarter-turn binding domains, half-turn binding domains,
and three-quarter-turn binding domains. However, whole-
turn binding domains are not useful in origami design, at
least using our definition of binding domains, as they do not
allow for crossovers between parallel helices, so we do not
consider them further.
The mapping between the model geometry and more de-

tailed representations is not intended to be exact. There are
two related issues that should be mentioned here. First, par-
allel helices with crossovers between them are represented

as being on adjacent lattice sites, yet the distances between
the centres of helices along the samehelix and across parallel
helices will in general not be the same. For small binding do-
mains, these distances are approximately the same, but for
longer binding domains, the approximationwill become pro-
gressively worse. Wemostly consider 8-nt and 16-nt binding
domains with our model; an 8-base pair (bp) bound-domain
pair is about 2.7 nm long, assuming B-form DNA geometry,
while a 16-bp is about 5.5 nm long. Assuming approximately
1 nm spacing between parallel helices in an origami struc-
ture [3], we get a distance between the centres of parallel
helices that is between these two values, 3 nm.

The second mapping issue involves the physical meaning
of the next-binding-domain vector. A simple way to visual-
ize this vector is to have it point from the centre of the first
binding domain to the centre of the second binding domain.
While this is sufficient for unbound domains and binding
domains that form a single helix, the mapping does not al-
ways work for bound domains that are not in the same helix.
For two orthogonal helices, the vector would point approxi-
mately towards a lattice site diagonal to the current site, yet
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we only allow contiguous binding domains to be on adjacent
lattice sites. To resolve this, consider that the aim is to bin
configurations represented at a higher level of detail to our
lattice model in a consistent way, and to broadly capture the
geometry of assembled and partially assembled states. The
assembled structures able to be considered with this model
do not involve these configurations, and the exact geometry
of the partially assembled states is unlikely to be critical for
our purposes. Thus, when binning configurations with or-
thogonal helices, the next-binding-domain vector is defined
to point from the end of the first helix to the end of the sec-
ond helix (Figure S2(c)). Finally, for two contiguous bound
domains that are in separate parallel helices (i.e. they have
a crossover between them), it is sufficient to consider the
next-binding-domain vector as pointing from the centre of
the first to the centre of the second.

B. Potential energy

Here, we reframe and refine the model as described in the
original work [1] in terms of a potential energy composed
of three primary terms,

𝑈 = 𝑈bond +𝑈stack +𝑈steric, (1)

where𝑈bond is the contribution from bonding between bind-
ing domains, 𝑈stack is the contribution from base stacking
between binding domains, and 𝑈steric is the contribution
from steric interactions. Both 𝑈stack and 𝑈steric are com-
posed of further subterms that depend on two, three, or four
bound-domain pairs.

1. Bonding term

The energy of bound and misbound states is taken to be
the unified-nearest-neighbour (NN) model hybridization
free energy [4–6] of the two strands that occupy the lattice
site. We consider only fully hybridized segments, the rele-
vant terms for which are

∆𝐺−◦
NN = ∆𝐺−◦

init + ∆𝐺−◦
sym +

∑
∆𝐺−◦

stack + ∆𝐺−◦
term. (2)

∆𝐺−◦
init is a sequence-independent initiation free energy,

∆𝐺−◦
term is penalty for having a terminal AT pair, if applica-

ble,∆𝐺−◦
sym is a term that accounts for palindromic sequences

(but since staples are designed never to be palindromic to
prevent self binding, this term does not apply to bound do-
mains), and ∆𝐺−◦

stack is the stacking free energy, which is cal-
culated for all (overlapping) pairs along the sequence. The
parameters of the unified-NN model as given by SantaLu-
cia Jr. and Hicks [6] assume a standard state amount con-
centration of 1m. Parameters are provided for both the en-
thalpic and entropic contribution, allowing for inclusion of
the temperature dependence with∆𝐺−◦

NN = ∆𝐻−◦
NN−𝑇∆𝑆

−◦
NN,

where 𝑇 is the temperature. Sodium ion dependence can
also be taken into account through an empirical relation,

∆𝑆−◦NN
([
Na+

])
= ∆𝑆−◦NN +

0.368𝑁
2 ln(

[
Na+

]

[−◦] ), (3)

where ∆𝑆−◦NN is the standard-state entropy at 1m NaCl, 𝑁 is
the number of phosphate groups in the DNA strand,

[
Na+

]

is the sodium ion amount concentration, and [−◦] is the stan-
dard state amount concentration. Here, we assume the num-
ber of phosphates is equal to the number of nucleotides in
the sequence. In the case of partially complementary se-
quences, the hybridization free energy is approximated by
the predicted free energy for the longest contiguous comple-
mentary sequence of the pair; this approximation has been
shown to work well when simulating DNA bricks [7–9].
We refine the original model by formally mapping the hy-

bridization free energies from the unified-NN model to the
interaction energy of two binding domains in our model; to
do so, we follow the approach of Reinhardt and Frenkel [10].
Here, we must consider two different types of reactions: in-
termolecular, in which a binding domain on a free staple
hybridizes to a binding domain in a scaffold system, where a
scaffold system refers to a single scaffold strand and any sta-
ples bound directly or indirectly to it, and intramolecular, in
which two binding domains in a scaffold system hybridize.
In the first case, we have a bimolecular reactionwith an equi-
librium constant 𝐾b of the hybridization reaction between
a staple-binding-domain A and a scaffold-system-binding-
domain B,

A + B AB, (4)

𝐾b =
[AB][−◦]
[A][B]

= 𝐶AB𝐶−◦
𝐶A𝐶B

= e−𝛽∆𝐺
−◦
NN , (5)

where 𝐶𝑥 is the number density (i.e. number concentration)
of 𝑥, 𝐶−◦ = NA[−◦] is the standard state number density, NA
is Avogadro’s constant, and 𝛽 = 1∕𝑘B𝑇, with 𝑘B being the
Boltzmann constant. In equilibrium,

𝜇A + 𝜇B = 𝜇AB, (6)

where 𝜇𝑥 is the chemical potential of 𝑥.
To a first approximation, we can assume that the binding

domains behave ideally with respect to each other, allow-
ing the partition functions of the binding domains in our
model,𝑄𝑥(𝑁𝑥, 𝑉, 𝑇), to be expressed in terms of the internal
partition functions of the binding domains, 𝑞𝑥(𝑉, 𝑇),

𝑄𝑥 =
𝑉𝑁𝑥
L
𝑁𝑥!

𝑞𝑁𝑥
𝑥 , (7)

where 𝑉L, the system lattice volume, is a dimensionless
quantity as it represents a sum over all the lattice sites in the
system, 𝑁𝑥 is the number of 𝑥 present in 𝑉L, and the func-
tion notation on the partition functions has been dropped
for notational simplicity. Then using the relation

𝜇𝑥 = −𝑘B𝑇(
𝜕 ln𝑄𝑥
𝜕𝑁𝑥

)
𝑉,𝑇

(8)

and Stirling’s approximation, the chemical potential can be
written in terms of the internal partition function,

𝜇𝑥 = 𝑘B𝑇 ln(
𝜌𝑥
𝑞𝑥
), (9)

where 𝜌𝑥 is the lattice number density of 𝑥. The lattice num-



4

ber density can be related to the number density with

𝜌𝑥 = 𝑎3𝐶𝑥, (10)

where 𝑎 is the lattice constant, which has units of length.
Plugging in Equation (9) and Equation (10) to Equa-

tion (6) and rearranging, we get

𝐶AB
𝐶A𝐶B

= 𝑎3 𝑞AB𝑞A𝑞B
. (11)

Comparing to Equation (5), we can multiply through by 𝐶−◦
to obtain

𝑞AB
𝑞A𝑞B

= e−𝛽∆𝐺
−◦
NN

𝑎3𝐶−◦ . (12)

Given that each binding domain has an orientation vector
with six possible configurations, the internal partition func-
tions become

𝑞A = 𝑞B = 6, 𝑞AB = 6e−𝛽𝜀b , (13)

where 𝜀b is the bimolecular binding domain interaction
energy of our model. Plugging in Equation (13) to Equa-
tion (12), we can solve for 𝜀b,

e−𝛽𝜀b
6 = e−𝛽∆𝐺

−◦
NN

𝑎3𝐶−◦
→ 𝜀b = ∆𝐺−◦

NN + 𝑘B𝑇 ln
(
𝑎3𝐶−◦

)
− 𝑘B𝑇 ln 6. (14)

For the second case, where we are considering two bind-
ing domains already in the scaffold system, we have a uni-
molecular reaction with an equilibrium constant 𝐾u of the
hybridization reaction between a system with two unbound
domains C and a system with a bound-domain-pair D,

C D, (15)

𝐾b =
[C]
[D]

= 𝐶C
𝐶D

= 𝜌C
𝜌D

= e−𝛽∆𝐺
−◦
NN, u , (16)

where ∆𝐺−◦
NN, u is the unimolecular unified-NN standard

Gibbs free energy of hybridization. Because the ∆𝐺−◦
init term

captures the translational entropy cost of combining two
free strands into one [6], we will assume that

∆𝐺−◦
NN, u = ∆𝐺−◦

NN − ∆𝐺−◦
init. (17)

We also assume that the scaffold systems act ideally with
respect to each other, but now the treatment of the internal
partition function is more complicated. To make the prob-
lem tractable, we treat the binding domains within the scaf-
fold system as being independent if they are not hybridized
to each other. Then, as before, we only need to consider the
internal partition functions of the two unbound domains
and the bound-domain pair, allowing us to solve for the uni-
molecular binding domain interaction energy 𝜀u,

𝜌D
𝜌C

= 𝑞D
𝑞C

= 𝑞AB
𝑞A𝑞B

= e−𝛽𝜀u
6 = e−𝛽∆𝐺

−◦
NN, u

→ 𝜀u = ∆𝐺−◦
NN, u − 𝑘B𝑇 ln 6. (18)

Because this is a unimolecular reaction, ∆𝐺−◦
NN, u is not de-

pendent on the standard state concentration, and so the
model interaction energy does not need to have a term
with the standard state concentration to be independent of
changes to the standard state.
In order to calculate a chemical potential of a staple from

a given concentration, we assume staples act ideally when
in solution. The canonical partition function for the staples
of type 𝑖 is

𝑄𝑖 =
(𝑞𝑖𝑉L)

𝑁𝑖

𝑁! =
(
62𝑛𝑖−1𝑉L

)𝑁𝑖

𝑁𝑖!
, (19)

where 𝑁𝑖 is the number of staples of strand 𝑖, and 𝑛𝑖 is the
number of binding domains that the staple strand comprises.
The chemical potential of staple strand 𝑖 is then

𝜇𝑖 = 𝑘B𝑇
[
ln
(
𝑎3𝐶𝑖

)
− (2𝑛𝑖 − 1) ln 6

]
. (20)

If we derive the melting temperature of the model for a
single-binding-domain scaffold strand, we can compare it to
the melting temperature of the unified-NNmodel assuming
a two state reaction to verify the derivation of our potential.
The average occupancy can be calculated exactly for this
system, and it does not require the more complicated terms
of the model detailed in the next sections. We will calculate
this value using the grand ensemble, where the system vol-
ume is the number of scaffold binding domains. The grand
partition function is

Ξ(𝜇,𝑉, 𝑇) =
1∑

𝑁=0
e𝛽𝜇𝑁

∑

𝑖
e−𝛽𝑈𝑖

=
∑

𝑖
e−𝛽𝑈𝑖 + e𝛽𝜇

∑

𝑖
e−𝛽𝑈𝑖

= 6 + 62e𝛽𝜇e−𝛽∆𝐺−◦NN
𝑎3𝐶−◦ , (21)

where the inner sum in the first line and the sums in the
second line are over states with 𝑁 bound staples with po-
tential energy 𝑈𝑖, and in the third line we have plugged in
Equation (14) and simplified. The average occupancy is

⟨𝑠⟩ = 1
Ξ
∑

𝑁
e𝛽𝜇𝑁

∑

𝑖
𝑠e−𝛽𝑈𝑖 (22)

= 6e𝛽𝜇e−𝛽∆𝐺
−◦
NN

𝑎3𝐶−◦ + 6e𝛽𝜇e−𝛽∆𝐺
−◦
NN
, (23)

where 𝑠 is 0 when the single scaffold binding domain is un-
bound and 1 when it is bound. At the melting temperature,
𝑇m, the average occupancy of the scaffold lattice site by a
staple binding domain is 1∕2, thus

1 = e𝛽𝜇6e−𝛽∆𝐺−◦NN
𝑎3𝐶−◦

1 = 𝐶
𝐶−◦ e

−𝛽(∆𝐻−◦
NN−𝑇∆𝑆

−◦
NN)

→ 𝑇m =
∆𝐻−◦

NN

𝑘B ln
( 𝐶
𝐶−◦

)
+ ∆𝑆−◦NN

, (24)
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where in the second line we have used Equation (20) with
𝑛 = 1 and simplified.
The melting temperature for the unified-NN model as-

suming a two state reaction can be derived directly. If when
considering Equation (4) we let A be the staple and B be the
scaffold, and let [A]T ≥ [B]T, where the subscript denotes
the total concentration (i.e. including the staple and scaffold
binding domains when they are in the bound AB state), and
if we consider an initial state with all B being bound in the
AB form, then in equilibrium we have

[A] = [A]T − [B]T + 𝑥, [AB] = [B]T − [B]. (25)

At the melting temperature, [B] = [AB]; plugging in this
and Equation (25) to Equation (5) and rearranging gives

𝐾 =
[A]T
[−◦]

−
[B]t
2[−◦]

= e−𝛽∆𝐺
−◦
NN (26)

→ 𝑇m =
∆𝐻−◦

NN

𝑘B ln(
[A]T
[−◦]

− [B]T
2[−◦]

) + ∆𝑆−◦NN

≃
∆𝐻−◦

NN

𝑘B ln
(𝐶A
𝐶−◦

)
+ ∆𝑆−◦NN

, (27)

where the asymptotic equality follows when [A]T ≫ [B]T,
which we assume in our model. Comparing this with Equa-
tion (24), we see that the melting temperatures agree.
While the model melting temperature agrees with the

unified-NN two-state melting temperature for a single-
binding-domain scaffold, it will not hold for anything longer
because of the oversimplified assumption of the internal par-
tition function of the scaffold-system binding domains being
independent. The internal partition function of the system
is highly non-trivial, so the best we can do is use amean field
approach to give an average difference of the logarithms of
the partition functions with a change in the binding state of
the system. It is important to keep in mind, however, that
even if we could calculate the ratio of the partition functions
exactly in order to correct the unified-NN hybridization free
energy for every possible hybridization reaction, we would
be creating amodel inwhich the individual binding domains
hybridize with the same statistics as the unified-NN model.
This is not the expected behaviour for DNA-origami binding
domains. It is precisely the deviation from the NN model
in these internal hybridization reactions that we are inter-
ested in studying. It is here that the advantage of using a
model with a physical basis over more statistical models be-
comes apparent, as these deviations, which are entropic in
nature, are naturally present up to some constant, and so
the entropy differences will be roughly captured.
To understand why some correction is still needed, con-

sider that while the cooperativity involved in DNA origami
self-assembly is expected to change the overall slope of a
curve of an order parameter as a function of the tempera-
ture, the curve should not be shifted to overall higher or
lower melting temperatures relative to a pure unified-NN. If
a fully assembled state has only one allowed configuration,
thenwithout furthermodification, themodel as definedwill
have a melting temperature that is dependent on the choice
of binding-domain size. Consider a particular design repre-

sented in two different ways, where the second has binding
domains defined as being twice as small as the first. Because
in both cases the assembled state has just one configuration,
the loss in entropy will be twice as large for the second sys-
tem, which will shift the assembly to lower temperatures.
The above mentioned mean field correction can allow for

such an overall correction. However, fully assembled states
will not in general have only one configuration in our model.
The number of states available will depend on how the fully
assembled state is defined, how the remaining terms of the
potential are defined, and on the specific design being con-
sidered. We can begin by considering the most extreme case,
where there is only one configuration available in the bound
state to give an upper bound on the absolute value of the
correction. If each binding domain has six relative positions
and six orientation vectors, then upon hybridization of two
binding domains,

𝑞A = 𝑞B = 62, 𝑞AB = e−𝛽𝜀u

𝜌D
𝜌C

= 𝑞D
𝑞C

= 𝑞AB
𝑞A𝑞B

= e−𝛽𝜀u
64 = e−𝛽∆𝐺

−◦
NN, u

→ 𝜀u = ∆𝐺−◦
NN, u − 4𝑘B𝑇 ln 6. (28)

For binding of a staple to a partially assembled scaffold, we
will have a different expression, as the first binding event is
a change in absolute position rather than relative position,

𝑞A = 6, 𝑞B = 62, 𝑞AB = e−𝛽𝜀b

𝑞AB
𝑞A𝑞B

= e−𝛽𝜀b
63 = e−𝛽∆𝐺

−◦
NN

𝑎3𝐶−◦
→ 𝜀b = ∆𝐺−◦

NN + 𝑘B𝑇 ln
(
𝑎3𝐶−◦

)
− 3𝑘B𝑇 ln 6. (29)

Finally, special consideration must be made for the overall
system’s rotational entropy, which is not lost in the final
assembled state. If one considers the first three binding do-
mains of the scaffold, the secondwill always have six relative
positions to the first by rotation of the entire system, and
the third will always have four positions relative to the sec-
ond by rotation of the entire system around the bond axis
between the first and the second binding domains. There
is also no relative positional entropy to lose when binding
the first scaffold binding domain. Thus, for the first staple
to bind to the scaffold, we add 2𝑘B𝑇 ln 6 to 𝜀b, while for the
second scaffold domain to bind, whether to another bind-
ing domain on the first staple or to a new staple, we add
𝑘B𝑇 ln 6− 𝑘B𝑇 ln 2 = 𝑘B𝑇 ln 3 to either 𝜀u or 𝜀b, respectively.

2. Stacking term

If two contiguous domains are in bound states and part
of the same helix, then there is an additional stacking term
that we have not yet accounted for when calculating the
unified-NN model hybridization free energy for the binding
domains separately. There are two cases to consider at the
level of resolution of our model. The first case is that where
there are only two strands involved, with each having two
contiguous binding domains, in which case, as discussed in
Section I B 1, there is only one allowed configuration for the
orientation vectors involved (Figure S3(a)(i)). Here, it is rea-
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(a)(i) (ii)

(iv)

(b)(i) (ii)

(c)

1
2

4
3

(iii)

1
2

𝜀u + Δ𝐺−∘
stack 𝜀u + 𝜀s

𝜀u 𝜀s

𝜀s
𝜀s

𝜀s 𝜀s

Figure S3. Helical stacking in the model. (a) Helical stacking with two bound-domain pairs. In (i), there are two pairs of contiguous
domains binding to each other, such that a single helix is formed. In (ii)–(iv), only one pair of binding domains is contiguous, allowing
for unstacked, or kinked, configurations to form. While not drawn, we assume here that the staple binding domain is part of a staple
that is bound by another one of its domains to the scaffold system. While stacking and bonding can occur in one step as in (ii), it is also
possible for bonding to occur first, as in (iii), followed by stacking (iv). (b) Helical stacking with three bound-domain pairs. In (i), two
model configurations are shown that are both pairwise stacked, but the configuration on the right has one less stacking interaction. In
(ii), two model configurations are shown with just one pairwise stack, but the configuration on the right has one less stacking interaction.
(c) Helical stacking with four bound-domain pairs. All three configurations have pairwise stacks, but the configuration in the middle has
only one stacking interaction, and the one on the right has none.

sonable to add the ∆𝐺−◦
stack corresponding to the nucleotides

involved to Equation (18), and the mean field entropy cor-
rection discussed above would now be a local description
for the binding of the second pair of domains.

The second case is that where only one pair of binding
domains is contiguous (Figure S3(a)(ii)–(iv)). This could
involve one strand ending and another beginning (this is
sometimes referred to as a nick in the backbone of one of
the strands forming the helix), or one or both may continue
and possibly even be a part of another helix via a crossover
junction. Wewill refer to the point at which any of these situ-
ations occur as breakpoints. Breakpoints are able to become
unstacked to form kinks. In the model, if the orientation
vectors of a pair of contiguous bound domains do not have
a configuration prescribed by the helical geometry, they are
considered to have a kink and are treated as two separate
helices (for an example see Figure S2(a)(ii)). In other words,
the pair of bound domains can either be in a stacked configu-
ration or a kinked configuration, and the definition that was
given for when a pair of bound domains can be identified as

being part of the same helix can also be be used to identify
stacked states. In contrast to the first case in which there
is no breakpoint, the stacking and domain binding events
are independent, and a separate stacking energy term is re-
quired, 𝜀s (Figure S3(a)(iii) and (iv)). As this is actually a
free energy describing the difference between being stacked
and kinked, it will, in principle, be different from the∆𝐺−◦

stack
term.

Whether or not two pairs of bound domains are stacked
or kinked cannot always be determined by considering pair-
wise interactions in our model. This is because the heli-
cal axis is defined implicitly, as discussed in Section IA.
Consider three bound-domain pairs that occupy adjacent
lattice sites, in which a strand is contiguous between both
pairs of adjacent lattice sites (but not necessarily the same
strand across all three). There are multiple configurations
for which the pairwise stacking rule is obeyed for both pairs
of bound-domain pairs, two of which are shown in (Fig-
ure S3(b)(i)). However, all but one of these configurations in-
volve a right-angle bend in the helix. The length of the bind-
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ing domains is typically well below the persistence length
of double-stranded DNA, so configurations with such sharp
turns are extremely unlikely with no external force. There-
fore, these configurations must have a kink at one of the
breakpoints, and are in fact composed of two separate he-
lices. Such configurations will then only have one of the two
stacking interaction energies. If there are two breakpoints,
there is ambiguity in which breakpoint is actually kinked,
and so the stacking interaction in our model is not entirely
local (Figure S3(b)(i)).
If we consider the definition of the next-binding-domain

vector as discussed above, we note that there are config-
urations for two bound-domain pairs with orthogonal he-
lices that also map to model configurations defined as being
stacked. Configurations only map to one model configura-
tion, so in effect these configurations are not included in
the model. We have made this choice to allow stacking to
be defined between pairs of bound domains without adding
additional degrees of freedom to the model. Once there are
more than two bound-domain pairs involved, these configu-
rations are included by applying the stacking term described
above and shown in Figure S3(b)(i). However, the model
has no way to represent both of these kinks occurring at
the same time. Considering that there are many ways for
the model to represent kinked configurations, this exclusion
seems reasonable to allow for a simpler model.
For configurations in which the second binding-domain’s

helix is orthogonal to the first binding-domain’s helix, it is
not possible for a third binding domain to form a stacked
configuration with the second binding domain and for that
resulting helix to be in the same plane as the first. However,
without any further terms, it is possible to construct model
configurations in which this is the case; an example is given
in Figure S3(b)(ii). In order to make the model consistent,
an additional term could be applied such that these configu-
rations, while containing a pairwise stacked configuration,
would be defined to have no stacking interaction. However,
for quarter- and three-quarter-turn binding domains, one of
the model configurations between two bound-domain pairs
can be mapped to from either a helix that is orthogonal or
parallel to the first binding-domain’s helix (see below for
further discussion of all sterically allowed configurations
and their mappings). Because the configurations involv-
ing stacked parallel helices with crossovers are critical to
origami designs, it is important not to apply a term that
prevents stacking of additional binding domains. A simple
solution is to not remove the pairwise stacking interaction
in configurations in which this ambiguity exists; these are
configurations in which the first binding-domain’s helical
axis is equal to its orientation vector (again see below for
further discussion).
For configurations in which the second binding-domain’s

helix is parallel to the first (i.e. those which are involved
in crossovers, which are important to represent correctly to
model assembled configurations), there is additional com-
plexity in determiningwhether configurations are stacked or
kinked. These configurations map to model configurations
in which the first binding domain’s next-binding-domain
vector �̂�1 is equal to its orientation vector �̂�1, �̂�1 = �̂�1. When
both bound-domain pairs on either side of the breakpoint
have another bound-domain pair that is contiguous to at

least one of the involved strands, it is possible to construct
model configurations which have two pairwise stacks that
map to configurations that have only one or no stacked
bound-domain pairs. Using the indices in Figure S3(c),
if �̂�1 = −�̂�3, then there are two stacking interactions. If
�̂�1 ⟂ �̂�3, then there is one stacking interaction. If �̂�1 = �̂�3,
then there are no stacking interactions.

3. Steric term

In describing the steric terms, we refer to ‘constraints’
and ‘rules’, but it should be understood that formally we are
defining configurations that obey these constraints or rules
as having a potential energy of zero for the term in question,
and all others as having a potential energy of infinity. In
principle these could also form a part of the definition of
state space, as was done for the rule that orientation vectors
on bound domains must be opposing, but we have found it
more convenient to define these as part of the potential.
Because it is directly related to the discussion of stacked

configurations above, we again consider three bound-
domain pairs on adjacent lattice sites. In particular, we
consider the case in which there are no breakpoints, which
occurs when there are two triplets of binding domains that
are contiguous on the same strand. Again, there are mul-
tiple configurations for which the pairwise stacking rule is
obeyed for both pairs of bound-domain pairs. Unlike the
case when there is at least one breakpoint, it is not possible
for there to be a kink to allow for the configurations that
have a right angle bend. Therefore, all configurations but
that in which there is no bend in the helix are disallowed.
Consider a pair of contiguous bound domains with a

breakpoint. In reality, the breakpoint will not allow for all
possible relative orientations of the two binding domains.
By considering transformations to the two helical binding
domains and making simple steric arguments, we can intro-
duce further rules to account for this. Because the model
is already so coarse, the particular choices made are un-
likely to have much effect beyond changing the entropic
balance between bound and unbound states, unless they af-
fect whether crossovers are only able to occur where they are
allowed. Thus it is sufficient to base our steric arguments on
considerations of idealized cartoon helices. The correct en-
tropic balance could be restored by considering a correction
factor to the free energies of hybridization that could be de-
termined by comparison to experiment or simulations with
a finer resolution, although we do not do so in this work.
Another consideration in constructing these terms is that

by using more constrained potentials, sampling can become
more difficult because the free-energy landscape becomes
more rough. For example, in the extreme case of not allow-
ing kinked configurations, which was a form themodel took
in the early stages of development, sampling was very dif-
ficult as typically to rearrange the structure, the domains
had to unbind and rebind. Therefore, the guiding principle
in constructing the potential for kinked configurations was
to ensure that crossovers between parallel helices only oc-
cur at the correct intervals, to make the partially assembled
structures as unconstrained as possible, and to achieve what
physical realism we can with the steric arguments.
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(a)(i) (ii) (iii) (iv)

(b)

(d)(c)(i) (ii) (e)

(v)

1
2

Figure S4. All twelve unique configurations of two bound-domain pairs with a breakpoint. (a) Five configurations that are sterically
allowed for all binding-domain classes. Cartoon helix representations are shown for a 16-nt half-turn binding domain. (b) An example of
a transformation that results in a sterically prohibited configuration. (c) A half-turn around the third rotation axis produces an additional
allowed model configuration for half-turn binding domains (i), but not for quarter- or three-quarter-turn binding domains (ii). In (ii),
a cartoon helix representation for an 8-nt three-quarter-turn binding domain is shown. (d) Sterically allowed configuration for an 8-nt
three-quarter-turn binding domain with two pairs of stacked bound-domain pairs connected via a crossover. (e) All six sterically prohibited
configurations.

For all unique configurations involving two bound-
domain pairs that have a breakpoint between them, all ster-
ically allowed model configurations are illustrated in Fig-
ure S4(a) and (c) and all pairwise sterically prohibited con-
figurations are illustrated in Figure S4(e). For helix cartoon
configurations drawn in Figure S4, a 16-nt half-turn bind-
ing domain is used, but the general arguments here hold
for all three binding-domain classes. To understand which
configurations are possible, we must consider a number of
rotations of the second binding-domain’s helix relative to the
first binding-domain’s helix. Beginning from a stacked con-
figuration, consider rotating the second binding-domain’s
helix around an axis parallel to the helical axis but displaced
to the outside of the helix to produce the configurations in
Figure S4(a)(ii)–(iv). We will refer to this as the first rotation
axis. This allows for configurations in which �̂�1 ⟂ (�̂�1 ∧ �̂�2).
Following this first rotation with further rotations of the

second binding-domain’s helix around an axis parallel to the
orientation vector of the first, which we will refer to as the
second rotation axis, will not lead to any new relative orien-
tations of �̂�2 because of our definition of mapping binding
domains that form orthogonal helices to lattice sites. An
example of the resulting cartoon helix configuration after
rotating in one direction is shown below the first cartoon
helix configuration in Figure S4(a)(ii)–(iv). There are no car-
toon helix configurations that map to model configurations

in which �̂�2 = ±�̂�1. Thus, in our model, if �̂�1 ⟂ �̂�1, then
�̂�2 ⟂ �̂�1.
Rotations around an axis perpendicular to the two previ-

ously mentioned rotation axes, which we will refer to this as
the third rotation axis, can lead to configurations in which
�̂�1 = ±�̂�1. If a quarter turn is made such that �̂�1 = −�̂�1,
it leads to configurations with steric clashes, which is il-
lustrated in Figure S4(b). A further quarter turn will only
lead to worsening the steric clashes. Thus, configurations
in which �̂�1 = −�̂�1 are entirely disallowed. Returning to
the original stacked configuration and making a quarter
turn around the third rotation axis in the opposite direction
will lead to a configuration in which the second binding-
domain’s helical axis is orthogonal to the first Figure S4(a)(v).
Unlike the previous orthogonal helix configurations, this
configuration maps to a new allowed model configuration.
Rotations of this configuration around the second rotation
axis will generate configurations thatmap to the samemodel
configuration.
A further quarter turn around the third rotation axis leads

to configurations in which the second binding-domain’s he-
lical axis is parallel to the first binding-domain’s helical axis
Figure S4(c). Such configurations are those that allow for
crossovers between parallel helices, which are prevalent in
the assembled state. �̂�2 will depend on the length of the bind-
ing domain in these configurations. In general, relative to
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(b)

(ii) (iii)(a)(i)

Figure S5. Strand crossovers between helices involving 16-nt binding domains. (a) Crossovers between two adjacent parallel helices
with a four-binding-domain scaffold. (i) Helices with a single crossover. (ii) Helices with two crossovers on separate binding domains.
(iii) Helices with crossovers on the same binding domain. (b) Doubly contiguous domains in bound states.

�̂�1, �̂�2 will form the dihedral angle prescribed by the number
of base pairs per bound-domain pair along the first helical
axis, followed by a flip in the plane normal to �̂�1. In the
case of the half-turn binding domains, �̂�2 = �̂�1, producing a
unique model configuration.
For quarter- and three-quarter-turn binding domains this

will result in configurations that map to the model configu-
ration in Figure S4(a)(v), respectively, so no new model con-
figurations are produced, and neither configurations where
�̂�2 = ±�̂�1 are sterically allowed. That the crossover model
configuration has more than one cartoon helix configura-
tion that maps to it means there is a loss of information
about the helical phase. Both the second cartoon helix of
Figure S4(a)(v) and a cartoon helix configuration in which
the second binding domain is rotated a half turn around the
second rotation axis map to this model configuration, but
only one correctly describes the crossover configuration. To
deal with this will introduce an additional term that applies
to configurations in which both bound-domain pairs are
stacked with an adjacent bound-domain pair. Then, all four
orientation vectors must be in the same configuration as
they would be if all four bound-domain pairs were stacked
in a single helix (Figure S4(d)). This term is only critical if
crossovers occur such that the final structure is not planar,
as otherwise the information loss on the phase has no effect
on the assembled structures.

When there is more than one crossover between two he-
lices, the helices becomemuchmore restricted in the config-
urations they are able to take relative to each other (compare
Figure S5(a)(i) to (ii)). In particular, they will be forced to
be roughly parallel. This is naturally captured by the model
when there are crossovers between more than one set of
bound-domain pairs on two separate helices, as seen in Fig-
ure S5(b)(ii). However, when a single bound-domain pair
has a double crossover, something which can occur with
half-turn binding domains, this will not be captured by the
model as currently defined.
Consider two adjacent lattice sites in bound states, where

at least one pair of binding domains are contiguous. If the
other pair of binding domains are not contiguous and in the
same helix, their orientation vectors will still satisfy the pre-
scribed helical angle because of the requirement of their ori-
entation vectors to be opposing those of the strand that has
two contiguous binding domains in that helix. However, the
case in which both pairs of binding domains are contiguous
requires further consideration. In reality, if the combined se-
quence of the two binding domains on one chain is together
the reverse complement of the combined sequence of the
two binding domains on the other chain, then the only way
for all binding domains to be bound to each other is if there is
only one helix. If instead the binding domains on one chain
must be swapped to make the whole two-binding-domain
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sequence the reverse complement of the other whole two-
binding-domain sequence, then the only way for all binding
domains to be bound to each other is if there are two parallel
helices with both strands crossing over. As a concrete illus-
tration, one of the chains would have to be cut and glued to
its other end to transition between these two configurations
(Figure S5(b)). Thus, the model constrains pairs of contigu-
ous complementary binding domains bound to each other to
be in the same helix if they are the full reverse complements
of each, and to be crossing over if not.

II. SIMULATION AND ANALYSIS METHODS

A. Ensemble and move types

As in the study that first introduced the DNA-origami lat-
tice model [1], we assume the staples do not interact when
free in solution and are present in excess of scaffold strands
such that their concentration can be assumed to be con-
stant. We also use the grand (𝜇𝑉𝑇) ensemble to improve
simulation efficiency. A single scaffold is present in the sim-
ulation, so interactions between different scaffolds are not
considered. We also use the move types that were devel-
oped in that same work. Specifically, we use an orientation
rotation move type, a staple exchange move type, a config-
urational bias (CB) staple regrowth move type, and both a
contiguous and non-contiguous conserved-topology recoil-
growth (CTRG) scaffold regrowthmove type. The associated
move type parameters were set to the same as those in used
in Reference [1].

B. Order parameters

To quantify the progress of assembly, we must define
order parameters that allow us to construct a free-energy
landscape. There are several possible order parameters that
could be defined. Here, we consider three: the number of
(partially or fully) bound staples, the number of fully-bound
staples, and the number of bound-domain pairs. The first
order parameter counts the total number of staples bound
in some way to the system, whether bound to a fully comple-
mentary domain on the scaffold, or misbound to the scaffold
or to another staple in the system; we will refer to this as
the number of (mis)bound staples. This order parameter is
perhaps the closest analogue of that used in simulation stud-
ies of DNA bricks, i.e. the number of bricks in the largest
cluster [7, 8, 10, 11]. However, one possible problem with
this order parameter is that it cannot be used to determine
whether the system is fully assembled, as it does not mea-
sure the extent to which the scaffold is correctly folded. For
example, even for a completely unfolded scaffold, it is pos-
sible that each staple is bound to only one of its binding
domains. Such a configuration is clearly not at all folded,
yet it cannot be differentiated from an assembled state with

the same order parameter. A related order parameter which
circumvents this issue is the number of fully-bound staples,
where a fully-bound staple is one in which all of its binding
domains are bound to the correct scaffold binding domains.
In practice, however, when we compute free energies, we
see that the sort of aberrant states that one can envisage do
not appear to matter, and the two order parameters result
in essentially identical free energies for all systems consid-
ered, indicating that staples bind either fully or not at all
(Figure S6).
To achieve a higher-resolution view of the binding of each

staple, we can use the total number of bound-domain pairs
as an order parameter. However, this order parameter also
cannot be used in isolation to determine if the system is in
an assembled state, as multiple staples of a given type may
bind to give the same number of bound-domain pairs as in
the assembled state, which is known as a blocked state [12].

C. Replica exchange

Replica-exchange Monte Carlo (REMC) [13–20] involves
running multiple replicas in parallel, differing by one or
more control variables (e.g. temperature). The replica ex-
change step attempts to swap the configurations between a
pair of replicas, typically those that are adjacent with respect
to the control variables. Instead of attempting to exchange
at a set step interval, the scheme here alternates between
attempting an exchange between all even pairs and all odd
pairs of replicas, where pairs are numberedwith the index of
the first replica in the pair along the control variable [21, 22].
In the REMC simulations performed in this study, because
of the temperature dependence of the hybridization free en-
ergies, temperature REMC also involves a change in the
Hamiltonian. Further, because we are in the grand ensem-
ble but would like to keep the staple concentration constant
across the replicas, we must also consider the change in
staple chemical potential.
Considering each replica as its own simulation, a REMC

swap move can be considered as two separate moves for
the selected replica pair, 𝑖 and 𝑗. For replica 𝑖 the detailed
balance condition is

𝑝
(
𝑦;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖 ∣ �⃗�;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖

)
𝑝
(
�⃗�;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖

)

= 𝑝
(
�⃗�;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖 ∣ 𝑦;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖

)
𝑝
(
𝑦;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖

)
, (30)

while for replica 𝑗 it is

𝑝
(
�⃗�;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗 ∣ 𝑦;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗

)
𝑝
(
𝑦;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗

)

= 𝑝
(
𝑦;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗 ∣ �⃗�;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗

)
𝑝
(
�⃗�;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗

)
. (31)

For the swap to be accepted, both of these individual moves
must occur, so the total transition probability is the prod-
uct of the two individual transition probabilities, giving the
detailed balance condition

𝑝
(
𝑦;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖 ∧ �⃗�;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗 ∣ �⃗�;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖 ∧ 𝑦;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗

)
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Figure S6. Free energies for the number of fully-bound staples and the number of (mis)bound staples. The two order parameters give
nearly identical free energy profiles.

= 𝑝
(
𝑦;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖 ∣ �⃗�;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖

)
𝑝
(
�⃗�;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗 ∣ 𝑦;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗

)
(32)

We can then rewrite the transition probability in terms of
the acceptance and trial probabilities. The generation of a
trial configuration for a replica is essentially taking a config-
uration from the equilibrium ensemble for its selected pair

for that move, so

𝑝trial
(
𝑦;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖 ∣ �⃗�;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖

)
= 𝑝

(
𝑦;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗

)
. (33)

If we combine Equations (30) to (33), and rearrange to solve
for the acceptance probability, then

𝑝acc
(
𝑦;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖 ∧ �⃗�;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗 ∣ �⃗�;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖 ∧ 𝑦;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗

)

= min[1,
𝑝
(
𝑦;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖

)
𝑝
(
�⃗�;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗

)

𝑝
(
𝑦;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗

)
𝑝
(
�⃗�;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖

)]

= min
⎡
⎢
⎢
⎣

1,

(
e𝛽𝑖𝜇𝑖𝑁𝑦e−𝛽𝑖ℋ𝑖(𝑦)

) (
e𝛽𝑗𝜇𝑗𝑁�⃗�e−𝛽𝑗ℋ𝑗(�⃗�)

)

(
e𝛽𝑗𝜇𝑗𝑁𝑦e−𝛽𝑗ℋ𝑗(𝑦)

) (
e𝛽𝑖𝜇𝑖𝑁�⃗�e−𝛽𝑖ℋ𝑖(�⃗�)

)
⎤
⎥
⎥
⎦

= min
[
1, e∆r(𝛽∆cℋ)−∆r(𝛽𝜇)∆c𝑁

]
(34)

where ∆r is a difference operator between replicas 𝑖 and 𝑗
(e.g. ∆r(𝑎𝑏) = 𝑎𝑗𝑏𝑗 − 𝑎𝑖𝑏𝑖) and ∆c is a difference operator
between configurations �⃗� and 𝑦 (e.g. ∆c𝑎 = 𝑎𝑦 − 𝑎�⃗�).

From Equation (34), it can be seen that to calculate the

acceptance probability for a given swap, it is necessary to
calculate the energy of both configurations with both Hamil-
tonians. If we expand the Hamiltonian in the first term of
the exponential in Equation (34) in terms of the enthalpy
and entropy of the model, we can simplify this calculation
such that

∆r(𝛽∆cℋ) = 1
𝑘B𝑇𝑗

(
∆𝐻total

(
𝑦
)
− 𝑇𝑗∆𝑆hyb

(
𝑦
)
− ∆𝐻total

(
�⃗�
)
+ 𝑇𝑗∆𝑆hyb

(
�⃗�
))

− 1
𝑘B𝑇𝑖

(
∆𝐻total

(
𝑦
)
− 𝑇𝑖∆𝑆hyb

(
𝑦
)
− ∆𝐻total

(
�⃗�
)
+ 𝑇𝑖∆𝑆hyb

(
�⃗�
))

=
∆𝐻total

(
𝑦
)
− ∆𝐻total

(
�⃗�
)

𝑘B𝑇𝑗
−

∆𝐻total
(
𝑦
)
− ∆𝐻total

(
�⃗�
)

𝑘B𝑇𝑖
= ∆c(∆𝐻total)∆r𝛽, (35)

where∆𝐻total
(
�⃗�
)
= ∆𝐻hyb

(
�⃗�
)
+∆𝐻stack

(
�⃗�
)
, with∆𝐻hyb

(
�⃗�
)
, ∆𝐻stack

(
�⃗�
)
, and ∆𝑆hyb

(
�⃗�
)
being the hybridization enthalpy,
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stacking energy, and hybridization entropy, respectively, for
the selected model and system in configuration �⃗�. This al-
lows us to use the values for these enthalpies and entropies
that we update at each step without a full recalculation

for different temperatures. If instead only an additional
bias term 𝑈bias in the Hamiltonian is changing, then Equa-
tion (34) simplifies further to

𝑝acc
(
𝑦;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖 ∧ �⃗�;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗 ∣ �⃗�;𝜇𝑖 , 𝑇𝑖 ,ℋ𝑖 ∧ 𝑦;𝜇𝑗 , 𝑇𝑗 ,ℋ𝑗

)
= min

[
1, e𝛽∆c∆r𝑈bias

]
. (36)

REMC simulations were carried out for all four system.
In each case, three independent simulations were run, each
with 16 replicas (and thus a range of 16 temperatures). An
iterative approach was used to refine the temperature se-
lection such that there was an approximately equal spacing
between the values of the averaged order parameters at the
selected temperatures. For systems S and D, the sharpness
of the melting transition made selection of an appropriate
temperature series challenging, as the melting temperature
is not known a priori. For accurate calculation of free ener-
gies, we instead ran umbrella sampling (US) simulations for
these systems.

D. Umbrella sampling

We use a version of a multi-window umbrella sampling
(MWUS) scheme [23–25]. In this scheme, a biasing poten-
tial must be chosen. The optimal biasing potential for an
order parameter 𝑞 is that which will give a uniform distribu-
tion,

𝑈bias(𝑞) = 𝑘B𝑇 ln𝑝(𝑞), (37)

where 𝑝(𝑞) is the probability distribution of the order param-
eter in the given ensemble. Of course, 𝑝(𝑞) is not known,
and must be estimated in an iterative manner. The order
parameters 𝑞 here are all integer valued and fall within a
relatively small range, so binning is not necessary to gen-
erate a histogram After a set number of steps, the current
simulation’s histogram is used to estimate𝑈bias(𝑞), which is
then used as the bias weight in the next round. To improve
convergence during the early stages in which some binsmay
have very few samples and thus lead to poor estimates of
𝑈bias(𝑞), a maximum change in the bias weight is enforced.
To improve parallelization, rather than running a single

simulation with the goal of achieving uniform sampling
across the whole range of order parameters, multiple win-
dows can be defined that cover only a subset of the range.
These windows have a further unvarying bias that prevents
the simulation from sampling states outside the window;
here a simple step function is used where the bias is zero
inside the window range, and is determined by a linear func-
tion outside the window that slopes towards the region of
zero bias. In order to reconstruct a single free energy at the
end of the simulation, the windows must overlap so that a
single histogram may be constructed for the set of windows.
To improve efficiency, we additionally carry out replica-
exchange steps between windows using Equation (36) as the
acceptance criterion, which we refer to as replica-exchange
multi-window umbrella sampling (REMWUS).

For the two- and three-row systems, REMWUS simula-
tions were run at the melting temperature estimated via an
iterative procedure. The number of bound-domain pairs
was used as the order parameter for the bias. Nine windows
were used; in the two-row system, these windows spanned
three bound-domain pairs, while in the three-row system,
they spanned four bound-domain pairs. Starting configu-
rations for each window were selected at random from the
configurations produced by previous simulations (this was
bootstapped by using configurations from Hamiltonian tem-
perature REMC simulations that themselves used a fully
unbound system as a starting configuration). Several itera-
tions of the REMWUS simulations were run to estimate the
bias weights on the order parameter; the melting tempera-
ture was recalculated at the end, and this procedure itself
was iterated with the updated melting temperature to im-
prove the estimate, until a final production run was carried
out.

E. Calculation of free energies and expectation values

We use the multistate Bennett acceptance ratio (MBAR)
method [26] for simulation analysis. The MBAR method
was developed to allow data from multiple simulations at
different conditions to be combined, although in contrast to
the weighted-histogram analysis method (WHAM), it does
not require the data to be binned to form histograms and
provides an estimate of the uncertainty. MBARmay be used
to reweight configurations to take advantage of data in con-
ditions other than those of interest, as well as interpolate
or extrapolate to conditions not actually simulated, if the
change in weighting is not so great as to result in poor sam-
pling of relevant states.
A series of independent samples is required as input. We

use the method of Chodera et al. [27] to estimate the statisti-
cal inefficiency, which allows an uncorrelated subset of the
samples generated by the simulations to be extracted. Con-
vergence of expectation values can be achieved with less
data by discarding samples from the start of the simulation,
when there are often highly atypical configurations. We use
an automated method for determining the equilibration, or
burn-in, steps in the analysis of the REMC simulations of
systems S and D [28]. We used a freely available software
package, pymbar, for the MBAR, statistical inefficiency, and
automated equilibration detection time calculations. For
the calculation of statistical inefficiency, we use a form of
the reduced potential as the input series [26],

𝑢𝑖
(
�⃗�
)
= 𝛽𝑖

(
𝑈𝑖
(
�⃗�
)
+ 𝜇𝑖𝑁

(
�⃗�
))
, (38)
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where the indices refer to the particular state being consid-
ered. The reduced potential is a suitable choice because it
is a relatively general measure of relevant fluctuations in
the system, and because it is also a required input of the
MBARmethod. In Equation (20), the chemical potential de-
pends on the lattice constant; however, because the MBAR
method uses ratios of the exponent of the reduced potential,
the lattice constant cancels out, and so does not need to be
determined.

Three independent simulations were run for each condi-
tion presented in the paper, which were combined with the
MBAR analysis. The error bars in all plots are the uncertain-
ties given by the MBAR analysis method.

To calculate the expectation values where we assume the
binding domains act independently, we can simply use the
NN model. Then, we can use the standard result for the
chemical potential of ideal particles for the staples with
amount concentration [A],

𝜇 = 𝑘B𝑇 ln(
[𝐴]
[−◦]

), (39)

in Equation (22) to give the average occupancy

⟨𝑠⟩ = e−𝛽∆𝐺
−◦
NN

[−◦]
[A]

+ e−𝛽∆𝐺
−◦
NN
. (40)

The curves are calculated by multiplying ⟨𝑠⟩ by the total
number of staple types in the given system. The entropy and
enthalpy values that make up ∆𝐺−◦

NN are set to the averaged
values used for a single bound-domain pair, the calculation
of which is discussed below. Because the contribution of
∆𝐺−◦

init is small and we are shifting the curves such that their
melting temperatures become equal to those calculated from
the simulations, for simplicity, we did not include it in the
∆𝐺−◦

NN values used here.

F. Model parameters

For all four systems studied here, we used a mono-
valent cation concentration of 0.5m, a concentration of
100 nm for each staple type, and a default stacking energy of
−1000 𝑘B K, which are the same parameters we focused on
previously [1]. While the chemical potential also appears in
the acceptance probability for staple exchange moves (see
Cumberworth et al. [1]), it can be shown that the lattice
constant drops out, as the acceptance probability involves a
single 𝜀b, which also depends on the lattice constant (Equa-
tion (14)). Thus, we do not need to determine a value for
the lattice constant.
All binding domains here are 16-nt, which corresponds to

1.5 helical turns in a bound state, and so are modelled with
the half-turn binding-domain potential. For the sequence-
specific simulations ran for systems S and D, the unified-NN
model [6] was used to calculate the hybridization free ener-
gies with Equation (2); the sequences can be found in the
replication package [2]. The averaged hybridization free en-
ergies were calculated by using values for the NN stacking
enthalpies ∆𝐻−◦

stack and entropies ∆𝑆
−◦
stack that were averaged

over all ten possible nucleotide pairings, and multiplying by
the number of NN pairs per binding domain (15). On aver-
age, one of the ends will have an AT base pair, so the corre-
sponding NN enthalpy ∆𝐻−◦

term and entropy ∆𝑆−◦term penalty
is added to the average. The averaged entropy of hybridiza-
tion was also corrected for a monovalent cation concentra-
tion of 0.5m with Equation (3). The averaged values for the
misbound pairings were calculated by averaging over all pos-
sible misbound-domain pairs of the full tile system (which
has a 56-binding-domain scaffold) that system D is a subset
of [29, 30]; the sequences for this system are also available
in the replication package [2]. Taking a simple mean over
all misbound pairs may not give a good representation of
misbinding, as a small number of much more favourable
pairings may make a much larger contribution than the ma-
jority of pairings; however, we have chosen to start with
this model for simplicity, and argue that this is not unrea-
sonable based on our previous simulations, which find very
little misbinding when using real sequences [1]. This aver-
aging led to the binding enthalpy being set to −61 000 𝑘B K,
the binding entropy to −164 𝑘B, the misbinding enthalpy to
−9100 𝑘B K, and the misbinding entropy to −24.2 𝑘B. The
initiation enthalpy ∆𝐻−◦

init and entropy ∆𝑆
−◦
init are sequence

independent, and so are unchanged.
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III. SUPPLEMENTARY FIGURES
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Figure S7. Representations of the systems simulated in this study. Each system is drawn with a cartoon helix representation and as the
lattice model described in this work. (a) Legend showing a cartoon helix diagram above the lattice model representation. (b) The two-
and three-row systems, with a dashed line showing the cut below which is the two-row system. (c) System S. (d) System D.
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Figure S8. Free energies for the number of fully-bound staples and the number of bound-domain pairs at a range of temperatures below,
near, and above the melting temperature. For systems S (a) and D (b), and the two-row system (c), the free energy along the number of
fully-bound staples is downhill to the favoured state, which shifts from assembled to unassembled as the temperature is lowered across
several independent simulations. The three-row system (d) shows a barrier that appears near the melting temperature.
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Figure S9. Free energies and expectation values using sequence-specific hybridization free energies. (a) Free energies for the number of
fully-bound staples and the number of bound-domain pairs for system S, (i) and (ii), and systemD, (iii) and (iv), at the melting temperature
𝑇m, (i) and (iii), and at both a temperature above and below 𝑇m, (ii) and (iv). The melting temperature is defined to be the temperature at
which the free energy of the fully unassembled state is equal to the free energy of the fully assembled state. (b) The expectation values
of the number of fully-bound staples as a function of the temperature. The overall qualitative behaviour is the same as when averaged
hybridization free energies are used.
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(a) Hybridization multiplier = 0.5
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Figure S10. Free energies for the number of fully-bound staples and the number of bound-domain pairs with two different multipliers
applied to the hybridization free energies for the three-row system. The free energies were calculated by extrapolation with the MBAR
method from the simulations run with no multiplier. The multiplier is applied to the average enthalpies and entropies of binding and
misbinding for each binding domain. The barrier is nearly independent of the strength of the hybridization free energy when all binding
domains are shifted by the same amount.
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Figure S11. The expectation values of the number of fully-bound staples as a function of the temperature for a range of stacking energies.
The light grey around the extrapolated lines represent the uncertainty in the extrapolated values. In both (a) and (b), the dashed lines
indicate the value of the order parameter at the fully assembled state for the system. The three-row system shows an unusually sharp
transition between the assembled and unassembled states, but this is reduced substantially with lower stacking energies.
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Figure S12. Free energies for the number of fully-bound staples for system S (a) and system D (b) with both the default and double the
co-axial stacking energy. Unlike in the case of the two-row system, no barrier emerges when the stacking energy is doubled in either
system S or system D. This can be explained by the lower average number of stacking interactions per staple in these systems. System
S has a relatively high number of edge staples, those which are at the ends of helices in the assembled state. Over half of the staples
in system D are single-binding-domain staples, which in addition to having fewer stacking interactions, also bind at a relatively lower
temperature than the two-binding-domain staples.
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(a) Stacking multiplier = 0.5 (b) Stacking multiplier = 1 (c) Stacking multiplier = 2
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Figure S13. Expectation values of the staple state for each staple type at the melting temperature in the two-row system plotted as heat
maps. For a given total number of fully-bound staples, the heat maps show the fraction of configurations that have a staple type fully
bound. The number of fully-bound staples used for each set of expectation values is given to the left of the heat maps in each row. A
diagram of the scaffold of the design is superimposed on each heat map. In (a), (b), and (c), the stacking energy is set to half, equal to,
and double the model’s standard value [1], respectively. With double the stacking energy, the system shows a clear pattern of nucleation,
where the initial staple tends to bind in the middle of what will become the assembled structure, with subsequent growth outwards. While
Fig. 2(b)(i) shows that the two-row system has no nucleation barrier at the standard stacking energy, it still shows a tendency to bind in
the middle and grow outwards, which indicates that it is close to having a nucleation barrier. This is demonstrated by a small barrier
appearing in Fig. 2(c)(i) even with a stacking energy multiplier of 1.25. At half the stacking energy, the staples bind relatively uniformly
to the scaffold.
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