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Synthetic organization in vitro and in vivo

Abstract

Organized complexity is a hallmark of biology in general, and eukaryotes in particular.

This phenomenon abounds across many size scales ranging from tissues to organelles to

protein complexes. Scaffold molecules, which facilitate the assembly of protein complexes,

serve as guides for organization. These scaffolds encompass a wide variety of materials,

including DNA, RNA, and proteins, and are used for engineering metabolic reactions and

signaling pathways. However, the structures which have been produced to date are fairly

simple in geometry, and in many cases are not compatible with in vivo assembly. Here, I

aim to recapitulate biological organization synthetically using nucleic acids and lipids as

scaffolds for proteins used as markers and as reaction catalysts, both in vitro and in vivo. In

Chapter 1, I discuss a new method for assaying the assembly of DNA nanostructures using

next-generation DNA sequencing. In Chapter 2, I explore a new set of DNA nanostructures

capable of self-assembly across a wide range of temperatures and conditions. In Chapter 3,

I develop a method called distributed cell division counting (DCDC) for counting bacterial

cell divisions that utilizes the segregation of self-assembling fluorescent particles, and apply

DCDC to measure the growth rate of a native gut microbe in the mammalian gut. In

Chapter 4, I discuss a new set of lipid-based scaffolds that can co-localize enzymes in vivo

and apply this technique to enhance indigo biosynthesis. Together, these results indicate that

self-assembly can be designed to occur under a wide range of conditions, and demonstrate

several practical applications of self-assembled nanostructures.
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Introduction

0.1 Biology is organized across length scales

Spatial organization is a fundamental feature of living systems (Figure 0.1). At the smallest

length scales, atoms are arranged into molecules. Molecules such as nucleotides and amino

acids are polymerized into nucleic acids and proteins, respectively, which are in turn

organized into protein complexes. In eukaryotic cells, these protein complexes may be

localized inside of specialized compartments in cells called organelles. At larger length

scales, cells themselves are organized into tissues, and, ultimately into organisms. At a

higher level still, organisms of many species are organized into ecosystems or societies.

This dissertation is primarily concerned with organization at the level of macromolecular

complexes, at length scales of tens to hundreds of nanometers. Such complexes typically

consist of combinations of nucleic acids and proteins with varying stoichiometry, and have

been a primary target for engineering. In this section, I will provide some background for

this engineering. First, I will introduce natural examples of structural RNAs and proteins.

Then, I will define synthetic biology and mention how engineered structures and scaffolds

are part of the field. Finally, I will present the unmet challenges that I have addressed in the

rest of my dissertation.

1



Molecules

Polymers

Protein/RNA complexes

Organelles

Cells

Tissues

M
T

E
S F

A Q L
F

E
SL

...

Figure 0.1: Examples of biological organization across length scales. We show examples of biological
organization at the molecule (alanine), polymer (ribosomal protein S1 primary sequence), macromolecular
complex (ribosome, image from the UCSC Center for Molecular Biology of RNA), organelle (rough endoplasmic
reticulum, image is from), cell (with organelle stains, image from Invitrogen), and tissue (squirrel retina, image
from the National Eye Institute) scale.
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0.2 Natural Structural RNAs

RNA is a naturally structured polymer; transfer RNAs, ribosomal RNAs, and most messen-

ger RNAs in cells have high degrees of secondary structure1,2 (Figure 0.2a, b). In addition

to structure within RNA molecules, there are a number of examples of structural RNAs

in nature. For example, some RNAs are known to specifically bind the coat proteins of

single-strand RNA phages PP73, MS24 and Qβ5. These coat proteins also act as repressors

of the viral replicase translation by specifically binding RNA hairpins near the origins of

replication. In the bacteriophage, φ29, a short (117-174 nt) sequence of packaging RNA

(pRNA) helps to pack phage DNA into pre-formed capsids6 (Figure 0.2c). A DNA pack-

aging motor is composed of a pentameric ring of pRNA, capsid proteins, dsDNA and an

ATPase7.

RNA molecules can also organize functional proteins; these RNA scaffolds are important

in regulating eukaryotic gene expression. Mammalian cells appear to extensively employ

long noncoding RNAs that are rich with secondary structure motifs8,9 some of which bind

and coordinate proteins on scaffolds that play important roles in epigenetic regulation10,11

and telomere maintenance12,13 (Figure 0.2d). Thus, natural RNA diversity offers an array of

diverse structures and functions for synthetic biologists to use as templates for engineering.

0.3 Natural Structural Proteins

Structural proteins perform a diverse set of important functions inside and outside of

cells. Canonical examples of structural proteins include cytoskeletal proteins, viral capsid

proteins, extracellular matrix proteins, and various types of pili and flagella proteins found in

bacteria14,15. The structures formed by these proteins vary considerably in their complexity,

ranging from actin oligomers, to more complex viral capsids or flagella, which can contain

several different protein components. Much is known about the dynamics and functions of

these protein structures, but that is beyond the scope of this introduction.

Some of the structural proteins found in nature serve to organize other functional

3



proteins, and these organizing molecules are called scaffold proteins. One of the first

scaffold proteins to be discovered in nature was Ste5, which organizes several mitogen-

activated protein kinases and is involved in both pheromone signaling and invasive growth

in the budding yeast Saccharomyces cerevisiae16,17 (Figure 0.2e). Since then, several other

signaling scaffold proteins have been discovered, including KRS and β-arrestins18. These

examples show that scaffold proteins can evolve to perform diverse functions inside cells.

Ste5 and other such scaffold proteins have relatively simple geometries, with signaling

molecules typically arranged in a linear fashion. It is possible to achieve more complex

structures through self-assembly, such as the carboxysome of cyanobacteria (Figure 0.2f).

Carboxysomes are formed in vivo through the self-assembly of several shell proteins around

a “core” consisting of RuBisCo subunits, and enhance the efficiency of carbon fixation by

increasing the local concentration of CO2 available to RuBisCo, while preventing toxic side-

reactions involving oxygen19. Other related structures, called bacterial microcompartments,

are involved in the metabolism of 1,2-propanediol20 and ethanolamine21. Together, these

examples show that proteins can self-assemble into compartments that enhance metabolic

reactions.

While scaffolds can serve to spatially organize or compartmentalize proteins, they can

also serve to organize substrate availability through substrate channeling. A classic example

of this is tryptophan synthase, a bacterial enzyme consisting of two different subunits

(Figure 0.2g). These subunits are able to organize their activities in space and time such

that the intermediate, indole, is efficiently passed from one subunit to the other instead of

escaping through diffusion22. This is an especially elegant example of the general strategy

of using structures to enhance substrate transfer between enzymes.

In addition to substrate transfer, enzyme complexes can coordinate multiple enzymatic

centers with varying stoichiometry. A great example of this is the pyruvate dehydrogenase

complex (PDC) in E. coli, which contains 3 enzymes with a stoichiometry of 24:24:12 (Figure

0.2h). In humans, the PDC has the same subunits, but in a 30:60:12 stoichiometry rather

than 24:24:1223. Furthermore, the co-organization of three enzymes in one complex allows

4



them to be co-regulated by serine phosphorylation of the first enzyme, E123. This is yet

another example of the utility of enzyme organization.

0.4 What is synthetic biology?

Scientists motivated by the elegance and power of the structure, organization, and regulation

found in the natural world have sought to create analogous systems in the lab. Synthetic

biology is a discipline that seeks to program cells at various levels: gene expression,

metabolism, behavior, and more. A driving goal has been to bring the programmable

modularity present in electrical engineering and computer science to the engineering of cells.

Thus, one can view the ultimate goal of synthetic biology as an extension of the principles

of computer science to control biological systems. Using this somewhat narrow definition, it

is important to make a distinction between “synthetic biology” and “synthetic approaches

to biology”. The former is as I have defined above, while the latter is much broader, and

could entail constructing a genetic circuit to test a biological hypothesis, or inducing a

developmental regulator in a new part of an embryo to test the context-dependence of

its function. It should be noted that the “total synthesis” of viruses and virions24,25 are

typically excluded, even though they could be considered synthetic biology since they are

very similar to other work that is part of the synthetic biology canon26.

When taking a synthetic approach, one needs not have an engineering goal per se. A

powerful analogy is that of organic chemistry, where many landmark papers involved a

“proof by synthesis” of a novel or interesting compound to demonstrate the validity of a

particular chemical hypothesis. An engineer would be satisfied by simply making a new

molecule, but to a synthetic chemist the goal is not just to make a molecule but to learn

new chemistry along the way. Likewise, my motivation is not simply to build biomolecular

structures, but also to derive biological knowledge from them.

Synthetic biology forces us to ask: do we know enough about biology to program or

engineer cells? In certain instances we clearly do, but this is highly case-specific. It is very

difficult to engineer a system that one does not understand – it is generally considered

5



acceptable if part of the system is a black box, but not if the entire system is a black hole!

Given the dependency of synthetic biology to previous knowledge of the systems or the

organisms in question, the field has benefited tremendously from the increase in knowledge

about genome sequences, gene expression, and protein levels that have come about during

the ‘omics’ era. But how did the field begin in the first place?
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Figure 0.2: Examples of natural biological organization using RNAs (a-d) and proteins (e-h). We show
secondary structures of a transfer RNA (a), the E. coli 16S ribosomal RNA (b), the φ29 packaging RNA, (c)
and the human TERC long noncoding RNA (d, from NR_001566.1). Secondary structures are predicted and
rendered using NUPACK27. We show a schematic of the Ste5 protein scaffold (e, adapted from28) and the
carboxysome from cyanobacteria (f, adapted from19). We also show the crystal structure of tryptophan synthase
(g, PDB: 1cx9), and a rendering of the E. coli pyruvate dehydrogenase complex based on crystal structures (h,
image from the PDB).
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0.5 A brief history of synthetic biology

The field of synthetic biology started in the early 2000’s, with the development of the first

synthetic genetic circuits, such as the repressilator and the toggle switch29,30. In recent years,

there has been an explosion of synthetic circuits with ever increasing complexity. In general,

these circuits implement functions such as Boolean logic31, counting32, or more complicated

operations. The components and outputs of the circuits vary considerably, from in vitro

systems using purified nucleic acids and proteins to in vivo systems that function in living

cells. Some circuits have transient outputs, such as a fluorescent signals29,33, whereas others

make permanent modifications to the genome using recombinases34,35.

Synthetic biology has also made significant contributions towards metabolic engineering.

A landmark study in this area was in the biosynthesis of artemisinin, an anti-malarial com-

pound, by the Keasling lab at Berkeley36. This has been heralded as particularly successful

because artemisinin is a high-value product that is difficult to synthesize organically but can

now be efficiently made at scale by fermentation in yeast37. More recently, several other labs

have reported the biosynthesis of other notable molecules, such as fluorinated compounds,

fuel molecules, and opiates38–40. As synthetic biology advances, the range of molecules that

can be produced will expand and the focus will likely turn from proof of synthesis to proof

of cost-competitive synthesis.

In addition to genetic circuits and metabolic engineering, synthetic biologists have made

several other advances in recent years. Two particularly notable efforts in this area are

genome engineering41 and the construction of “orthogonal” ribosomes in bacteria42. Both

of these breakthroughs are significant because they could allow one to incorporate a large

number of non-canonical amino acids into proteins with higher efficiencies than can be

currently achieved. Ultimately, these nonstandard amino acids can allow for the evolution

or design of proteins with new catalytic properties outside the realm of what is possible in

nature.

Finally, it is worth briefly mentioning CRISPR/Cas9. Jennifer Doudna and Emmanuelle

Charpentier, initially developed the fundamental enabling concept of a single guide RNA fu-
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sion43 in a landmark paper published in 2012. All of the subsequent work on CRISPR/Cas9

stemmed from this key innovation, whose importance to the field cannot be understated.

Since then, CRISPR/Cas9 has been enhanced by a variety of other scientists and widely

adopted to perform genome editing in almost any organism of interest. Of particular note

has been the work of Feng Zhang’s group at MIT, which was the first group to demonstrate

genome editing in human cells444, and has since gone on to develop versions of Cas9 with

enhanced fidelity, as well as homologous enzymes from other organisms with a variety of

genome editing properties45,46. Over the next few years, it is likely that we will see many

more breakthroughs based on genome editing, which has become a powerful technique for

interrogating biological systems. With the rapidly decreasing costs of DNA synthesis and

sequencing, it will be exciting indeed to see how the field of synthetic biology progresses

over the next few decades. This trend has also influenced DNA nanotechnology, as we will

see in more detail in the next section.

0.6 A brief history of DNA nanotechnology

DNA nanotechnology is primarily concerned with using DNA to assemble structures or

dynamic circuits. For this reason, one may think that DNA nanotechnology has more in

common with other types of nanotechnology than with synthetic biology (e.g., nanotech-

nology that happens to use DNA as a building material). The reality is more nuanced.

Both DNA nanotechnology and synthetic biology seek to direct and control biomolecules.

Synthetic biology typically operates at cellular and sub-cellular scales by controlling genes,

metabolites, or even cells, while DNA nanotechnology is primarily concerned with self-

assembly at the 10-100 nm scale. In some cases, there is overlap between the two fields

when nucleic acid nanostructures are constructed in cells. In the future, it may become

possible to build synthetic DNA structures similar in size and complexity as cells, in which

case there would hardly be a difference between the two disciplines. An alternative vision

that encompasses DNA nanotechnology is molecular programming, which encapsulates the

production of DNA nanostructures and dynamic DNA circuits. We can thus compare the

9



two fields by contrasting molecular vs. cellular programming. Granted, there is not a perfect

distinction because some synthetic biologists are concerned with assembling nanostructures

from other biomaterials, such as proteins.

Researchers have been making structures out of DNA since Seeman first proposed it in

198247. This pioneering work led to the production of a wide range of DNA nanostructures

over the next few decades48–51. The field of structural DNA nanotechnology was revolution-

ized by Rothemund’s development of DNA origami in 2006, which has enabled the creation

of complex 3-dimensional structures52–54 (Figure 0.3a). Researchers have used DNA origami

to align proteins for NMR structure determination, and to deliver payloads to cells55,56.

Other DNA nanostructures have been used to deliver siRNA to tumors and to assemble

synthetic vaccines57,58. Recently, an alternative to DNA origami, in which single stranded

DNA oligonucleotides self-assemble into structures without the aid of a scaffold strand, has

been developed in the Yin lab59. These DNA brick structures can self-assemble into 2D

or 3D shapes in a modular fashion59,60, or into complex crystals with programmable unit

cells61 (Figure 0.3b). In addition, several other types of structural design paradigms (e.g.

gridiron structures62 and wireframe structures63) have been developed recently, showcasing

the power and generalizability of nucleic acid nanostructures.

0.7 Synthetic RNA structures

Initial work on RNA nanostructures focused on the in vitro assembly of various shapes68,69,

including lattices68 and polyhedra69. These structures used RNA-specific sequence motifs

for self-assembly, including base pairing between hairpin stems (kissing loops), and chem-

ical modifications for localizing enzymes on a structure. However, these structures were

assembled by annealing at non-physiological magnesium concentrations (e.g. 10-15 mM).

These in vitro conditions – annealing and high salinity – are typical for the self-assembly of

complex nucleic acid nanostructures, and they preclude the possibility of in vivo assembly.

The in vivo assembly of simple RNA scaffolds (1D or 2D lattices) was recently demon-

strated (Figure 0.3c)70. However, the self-assembly of discrete RNA structures with complex
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Figure 0.3: Examples of synthetic organization using nucleic acids (a-d) and proteins (e-h). Schematics
showing the scaffold routing of a DNA origami (a, image from52), the tile patterns for a DNA brick structure
(b), the tiles of a 2D RNA lattice used for hydrogen production (c), and the hexagonal lattice of a single-stranded
RNA origami structure (d). We also show an electron micrograph of 6XHis-PrgI bound to gold nanoparticles (e,
image from64), a schematic of the protein-protein interaction scaffolds used to enhance melavonate production
(f, adapted from65), as well as structures of a porous protein cage (g, image from66) and a 2-component protein
structure designed de novo (h, image from67).
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geometry in vivo has remained elusive. As discussed above, there are a number of challenges

to overcome, including salinity, temperature, off-target host interactions, molecular crowd-

ing, and the presence of nucleases. However, a recent study demonstrated the self-assembly

of complex DNA nanostructures across a wide range of temperatures and conditions by

designing the interaction strengths between individual DNA bricks71. In that study, the

authors were able to find structure designs that assembled rapidly (in 1 h) at body tem-

perature (37 °C), low salinity, and in the presence of molecular crowding agents. Taken

together, this work suggests the possibility of designing complex RNA structures capable

of self-assembling from many discrete components under in vivo conditions. A parallel

strategy to multi-component structures would be to express a single-stranded RNA molecule

that folds into a desired shape. Such a strategy of co-transcriptional folding was recently

demonstrated in vitro to form periodic lattices72 (Figure 0.3d).

One of the primary applications of RNA structures is co-localization of enzymes on

RNA-based scaffolds. Such scaffolding works by adjacent binding of enzymes that have a

precursor/product relationship in a metabolic pathway to enhance efficiency. This strat-

egy is most valuable when the intermediates are toxic, reactive, unstable or relatively

insoluble73; in the absence of a scaffold, such intermediates would be lost to competing

side-reactions or harm the cell. RNA scaffolding was first demonstrated in vivo using a

contact-dependent electron transfer reaction in a hydrogen production pathway65 (Fig. 0.3c).

More recently, nucleic acid scaffolding has been applied to metabolic pathways containing

diffusible intermediates both in vitro74, and in vivo75. It is likely that contact-dependent

chemical reactions70 are affected more strongly by scaffolding than reactions with diffusible

substrates74,75, because the substrate cannot be lost to solution. Such observations are

supported by theoretical models, which suggest that larger enzyme aggregates are needed

to effectively trap intermediates and enhance the effect of scaffolding73.

A number of trade-offs exist when designing synthetic RNA nanostructures. The first

is between discrete or periodic structures. Discrete structures are smaller, tend to contain

more unique components, and can be characterized based on their molecular weight using
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techniques such as gel electrophoresis. Periodic structures, in contrast, are polydisperse

and typically need to be characterized by atomic force microscopy, transmission electron

microscopy, or super-resolution fluorescence microscopy. Geometry also poses an important

constraint on the design of synthetic RNA scaffolds, as significant changes in yield can

result even from small changes in the orientation of scaffolded enzymes, such as the changes

imposed by the addition of a single additional RNA base pair between enzymes75. Pathway

choice also matters, as some pathways will be more amenable to scaffolding than others.

Considering these trade-offs is important when designing and testing new RNA structures.

0.8 Synthetic protein structures

While nucleic acids can be used to build a wide range of structures, proteins provide

significantly more structural and catalytic diversity. To access this diversity, synthetic

biologists have created several synthetic structures based on proteins. Such structures fall

into two general classes: those using or modifying existing structural proteins for synthetic

purposes, and those created through de novo design of protein structures. The strategy

chosen will depend on the end goal.

Natural proteins allow synthetic biologists to access a wide range of geometries and

structures. Some of the proteins used include type III secretion components (Figure 0.3e),

DNA binding proteins complexed with DNA, and even the green fluorescent protein64,76,77.

In some cases, structural motifs such as beta sheets or protein-protein interaction domains

are used rather than individual proteins65,78,79 (Figure 0.3f). Alternatively, parts of two

different proteins can be fused together to assemble more complicated cage structures66

(Figure 0.3g). In other cases, natural protein scaffolds can be repurposed28. Such structures

generally offer less flexibility over geometry but are simpler to design than nucleic acid or

de novo protein structures, due to their use of known interactions at multinanometer length

scales.

De novo design of protein structures has been a long-standing challenge in the field due

to the complexity of protein. However, recent work from the Baker group at the University
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of Washington has shown that, if one screens a sufficient number of candidate designs, it

is indeed possible to design proteins that self-assemble into structures containing one or

more unique components67,80 (Figure 0.3h). This development has the potential to jumpstart

the field. For example, one exciting possibility is constructing compartments with complex

geometric features, and control over pore size, thereby allowing the compartments to be

selective for particular molecules of interest. More generally, de novo protein structures could

be designed for a plethora of different purposes.

0.9 Applications of synthetic structures

A significant focus in the study of synthetic protein and nucleic acid scaffolds is using them

to study natural systems. By creating amenable synthetic scaffolds, natural scaffolds can be

studied more easily. Indeed, synthesizing variants of a natural structure and studying their

behavior is a powerful tool for exploring the function of natural structures. In some ways,

this is an extension of the paradigm of classical genetics, where things are first broken to

understand their functions, although instead of random screens, targeted approaches are

more common.

Beyond learning about natural scaffolds, synthetic scaffolds promise to enhance the

productivity of enzymes. Indeed, several studies have shown that scaffolding and compart-

mentalization are effective strategies for optimization of metabolic pathway performance

both in natural and synthetic systems19,81. Studies have used DNA structures to coordinate

the assembly of enzymes and study effects of spatial co-localization in vitro82–85 and in vivo86.

Protein scaffolds have also been used to channel metabolic substrates between co-localized

enzymes in living cells65,87.

A notable effort in the use of RNA scaffolds for metabolic channeling achieved a nearly

fifty-fold increase in hydrogen gas production in Escherichia coli70 by combining many

of the techniques discussed above. Synthetic RNA strands comprised of polymerization

domains and aptamers for MS2 and PP7 coat proteins were expressed in bacteria. The

dimerization and polymerization domains allowed for tiling and assembly of the strands into
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a macromolecular structure. The large (40-100 nanometers) intra-cellular RNA assemblies

greatly enhanced flux of electrons from ferrodoxin to hydrogenase when both enzymes were

tethered to the scaffold with fusions to MS2 and PP7. Furthermore, significant differences

in titer were observed for scaffolding structures having different geometries, demonstrating

metabolic flux is tied to the specific spatial positioning of the scaffold. Such an approach

demonstrates the possibility for modular design and scalability88 in metabolic engineering

for biofuels and high value chemical synthesis where controlling intermediate metabolite

flux can be critical89–91.

Besides being promising for applications in metabolic engineering, the RNA scaffolds

such as the one described can be used to illuminate how scaffolds enable metabolic substrate

channeling. The transfer of electrons between enzymes relies on physical contact and thus

is limited by protein diffusion rates and competition, which can be addressed effectively by

scaffolding70. However, the role of enzyme co-localization in pathways involving diffusible

intermediates is much less clear92,93. In a recent study74, enzymes localized in close

proximity, less than 30 nanometers apart, on in-vitro-assembled DNA scaffolds exhibited

enhanced rates of metabolite exchange. The transfer rates dropped precipitously with any

further increase in inter-enzyme distance. Such effects are not explicable by 3D diffusion

models93, and as a result a novel mechanism of metabolite substrate channeling by restricted

diffusion on hydration layers across crowded protein surfaces has been proposed74. Nucleic

acid scaffolds, with their predictable geometry, can be used to create a range of metabolic

channeling platforms and test the relative effects from these two different mechanisms.

The fundamental principle behind the scaffolding of enzymes is that co-localization of

enzymes on a scaffold increases their local concentration such that substrates modified by one

enzyme are likely to be subsequently modified by a neighboring enzyme73. This principle

also holds for signaling proteins, especially ones with contact-dependent interactions such

as kinases and phosphatases. Researchers have used synthetic scaffolds to direct the activity

of two-component signaling pathways in bacteria79, and have modified the natural scaffold

Ste5 to understand the dynamics of the mating signaling pathway in yeast28. By engineering
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more complicated scaffolds, one could potentially program cellular behavior in a more

predictable and precise fashion. Scaffolding has proven to be a powerful tool to specifically

direct metabolic pathway flux towards enzymes of choice, prevent loss of intermediates

to competing reactions, and protect the host cell from any toxic or volatile intermediates

through confinement at a sub-cellular location.

Beyond serving as scaffolds for metabolic enzymes and signaling proteins, synthetic

structures can also be used to aid in the delivery of therapeutic molecules. Researchers

have used packaging RNA (pRNA) from the bacteriophage φ29 as a building block for the

bottom-up assembly of drug delivery vehicles94,95. pRNA monomers consist of structural

hairpin regions and dimerization/polymerization domains. The ends of the hairpin regions

offer sites for tagging with drugs or targeting molecules, while the polymerization domains

can be engineered to favor formation of dimers, trimers, pentamers or hexamers to tune the

features of the complex and create stable drug carriers7,94,95. In one example, heterodimers

containing pRNA tagged with a CD4 aptamer, and pRNA attached to an siRNA were shown

to specifically target CD4-expressing T cells, leading to cell death94. This in vitro study also

showed stability and efficacy of the nanoscale drug delivery particles for killing cancer cells.

Such systems are advantageous since pRNA polymers are potentially stable in physiological

conditions, and may be less immunogenic than protein carriers94. Finally, these polymer

conjugates could be made specific to many in situ targets by using engineered specific RNA

aptamers that recognize cellular moieties. Thus far, I have discussed many examples of

natural and synthetic structures, as well as their applications. As we will see in the next

section, a number of challenges remain outstanding in the field; this dissertation aims to

address some of these challenges.

0.10 Future challenges

While a number of synthetic structures have been described, certain challenges remain

before the potential of such structures can be fully realized. In my dissertation I address

four of these: the limited characterization techniques for nucleic acid nanostructures, the
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lack of ability to engineer RNA structures in vivo, the development of structures for unmet

scientific needs, and the development of novel scaffold materials that can be assembled in

vivo.

New methods for the characterization of nucleic acid nanostructures is key to the

progression of the field of DNA nanomaterials. Over the past decade, the price of DNA

oligonucleotide synthesis has dropped exponentially. As of the writing of this dissertation,

the cost hovers between 8 and 10 cents per base, making it possible to order the staples

necessary for a typical DNA origami structure for only a few hundred dollars. This price is

expected to continue to decrease as improved methods for large-scale DNA synthesis are

developed and commercialized. In addition, there are a number of software packages, such

as NUPACK, caDNAno, and CanDo that can be used to design and simulate the behavior of

DNA nanostructures27,53,96. However, methods for characterizing DNA nanostructures, such

as atomic force microscopy (AFM) and transmission electron microscopy (TEM), are slow,

laborious, and difficult to parallelize. Thus, it is easy for a scientist to generate (of simply

purchase) far more structure designs than can be characterized in a reasonable period of

time. Indeed, structure characterization is a rate-limiting step in the field of structural

DNA nanotechnology. To address this challenge, I have developed a high-throughput

method for characterizing the assembly of DNA nanostructures called “barcode extension

for analysis and reconstruction of structures” (BEARS). BEARS works by ligating barcoded

adapter sequences to the ends of denatured staples or tiles, and analyzing the resulting

libraries using NGS. Using BEARS, I have studied the assembly of a wide variety of DNA

nanostructures, including single-stranded tile (SST) structures, as well as 2D and 3D DNA

origami. These results are discussed in Chapter 1.

Engineering complex and precise RNA nanostructures in vivo for metabolic engineering

purposes has proven a major stumbling block for the field. This challenge is largely outstand-

ing, but I have made some progress towards this goal by designing DNA nanostructures that

can assemble under “biocompatible” conditions that are similar to the cytoplasm. In doing

so, I was able to control the assembly temperature of structures by altering the strength of
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interactions between DNA tiles. Furthermore, I developed structures that could assemble at

low magnesium concentrations in the presence of molecular crowding agents by altering

the spacing between adjacent domains within DNA tiles. These results are discussed in

Chapter 2.

At the moment, most synthetic structures are used for enzyme scaffolding, although there

have been some recent steps towards drug delivery57,94. To increase the utility of synthetic

structures, it would be beneficial to develop new applications for synthetic structures. To

address this challenge, I developed a set of fluorescently tagged protein and protein-lipid

structures to mark bacterial cells. By analyzing the segregation of the particles, I could use

them to measure the growth rates of populations of cells – a technique I termed distributed

cell division counting (DCDC). Using DCDC, I was able to measure the growth of a gut

microbe as it passed through the gastrointestinal tract of a mouse. This is a generalizable

technique that should applicable to a wide range of bacterial species and environments.

These results are discussed in Chapter 3.

Finally, the development of new building materials to enable synthetic structures with

new functions has been an outstanding challenge in the field. To achieve structures with

new functions inside of cells, one must move beyond the paradigmatic molecules of the

Central Dogma and incorporate other biomolecules into synthetic structures. In this spirit, I

developed a new set of lipid-based structures derived from the bacteriophage φ6 and used

them to scaffold two enzymes involved in indigo biosynthesis. These results are discussed

in Chapter 4.

Together, these advancements address significant unmet needs in the field of structural

synthetic biology. Hopefully, such results will encourage other researchers to continue

exploring new classes of synthetic structures, both in vitro and in vivo.
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Chapter 1

New methods for characterizing DNA

nanostructures

1.1 Chapter Summary

Collections of DNA sequences can be rationally designed to self-assemble into predictable

three-dimensional structures. The geometric and functional diversity of DNA nanostructures

created to date has been enhanced by improvements in DNA synthesis and computational

design. However, existing methods for structure characterization typically image the final

product or laboriously determination of the presence of individual, labeled strands using

gel electrophoresis. Here, we introduce a new method of structure characterization for

simultaneous quantification of every strand incorporated into a structure. Our method

uses barcode extension and next-generation DNA sequencing to quantitatively measure the

relative incorporation of individual strands into a DNA nanostructure. By quantifying the

relative abundances of distinct DNA species in product and monomer bands, we can study

the influence of geometry and sequence on assembly. We have tested our method using 2D

and 3D DNA brick and DNA origami structures. Our method is general and should be

extensible to a wide variety of self-assembled DNA structures.
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1.2 Introduction

The discovery in 1982 that DNA can self-assemble into designed structures initiated the

field of structural DNA nanotechnology47. Over the past few decades, the field of struc-

tural DNA nanotechnology has produced a stunning array of two- and three-dimensional

structures composed of DNA48,49,52–54,59,60,62,63,97–99. These structures have been used for a

variety of applications, such as protein structure determination55, enzyme scaffolding70,74,83,

photonics100–102, and drug delivery56–58. The standard workflow in the field of DNA nan-

otechnology is typically as follows: structures are designed on a computer, component

oligonucleotides are ordered and synthesized commercially, assembled in the lab, and then

characterized using imaging or other analytical methods. This design-build-test process can

be iterated several times if necessary to achieve a design with high performance.

Most aspects of the design-build-test cycle have been dramatically improved over the past

decade or so. Structure design is much easier now than it was in 1982, as evidenced by new

design paradigms (DNA origami52, DNA bricks59, gridiron62, 3D polyhedral meshes63) and

software packages for automating structure design and analysis (NUPACK27, caDNAno103,

CanDo96). The synthesis of the oligonucleotides that form the staples or tiles for a structure

is growing exponentially cheaper. Structure assembly is also faster and easier than ever

before, with the recent demonstration of isothermal assembly protocols for DNA origami

and DNA brick structures71,104. As a result of these combined advances, one can now design

and assemble multiple structure designs in a single round of testing.

Despite the many advances in structure design, synthesis, and assembly, methods

for structure imaging have not improved as rapidly. New technologies such as fast-scan

atomic force microscopy (fast AFM) and cryo-electron microscopy (cryo-EM)105,106 have

been applied to study DNA nanostructures, but these methods have their limitations. Fast

AFM is limited to two-dimensional structures, and cryo-EM is expensive and laborious due

to the need for extensive sample preparation and the collection of data from thousands of

single particles for class averaging. Super-resolution optical microscopy techniques such as

DNA-PAINT107 have proven very helpful for imaging structures with multiple orthogonal
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labels108 in 3 dimensions109, but they requires labeling structures with organic dyes or

single-stranded extensions. Thus, a high-throughput, label-free method for characterizing

the component composition of multidimensional DNA nanostructures is currently lacking.

In addition to imaging methods, several methods based on gel electrophoresis can be

used to analyze DNA structure assembly. These methods compare the amount of material

present in monomer, product, and aggregate bands, and measure structure-wide average

quality or the site-specific incorporation of labeled oligonucleotides. The simplest such label

is a fluorescent intercalating dye (e.g., Sybr Safe), but de-Bruijn probes can provide more

quantitative estimates of the average structure quality110. In some cases, one cares more

about the local assembly of particular structural features, rather than overall structure quality.

In these cases, fluorescently-labeled oligonucleotides are typically employed to measure

site-specific incorporation111, or FRET is used to measure the co-localization of two structure

components83,85. These methods are generally simpler to employ than imaging, but they

do not provide detailed information about the component composition of a structure with

single tile or staple resolution. Thus, methods for measuring the incorporation efficiency of

all structure components remain challenging.

A candidate method that could provide detailed quantitative information about the

component composition of DNA nanostructures is next-generation DNA sequencing (NGS).

Since each staple or tile in a uniquely addressable DNA nanostructure has a unique DNA

sequence, it should be possible to obtain information about the composition of an entire

structure with single tile or staple resolution. NGS thus has higher multiplexing capabil-

ities than site labeling methods, which typically are limited to labeling a few component

oligonucleotides at a time. Unlike imaging methods, NGS allows for many samples to

be processed in parallel using sequence barcodes, thereby increasing the throughput of

the method substantially. Also, since the sequencing data are collected as an unbiased

class average of many individual structures, they provide a rich picture of the statistics

of self-assembly. Furthermore, the cost of NGS has dropped exponentially over the last

few years, making this an increasingly attractive and affordable analysis technique. NGS
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has been used by biologists to measure RNA expression levels112, ribosome activity113,

transcription elongation114, and protein-DNA interactions115, thus it should be possible

to apply the method to study the self-assembly of DNA nanostructures in a quantitative

fashion.

Here, we introduce a method for studying the assembly of DNA nanostructures that

uses next-generation sequencing to quantify the relative incorporation of staples or tiles.

The method works by assembling structures, isolating products and unincorporated strands

using gel electrophoresis and ligating barcoded adapter sequences to the ends of denatured

staples or tiles. Once the ligations are complete, the resulting libraries can be purified,

amplified, and analyzed using NGS. We call our method barcode extension for analysis and

reconstruction of structures, or BEARS.

1.3 Results

1.3.1 Developing a barcode ligation strategy

The BEARS protocol is divided into 4 basic parts: structure assembly, product and monomer

purification, barcode ligation, and next-generation sequencing (Figure 1.1). Of these, the

most crucial part is the barcode ligation (Appendix A Figure A1). Ideally, one would like

to attach barcodes in a manner which is efficient, unbiased, and which has no sequence

requirements. To do this, we developed a barcode ligation strategy that uses single-stranded

DNA ligation. First, a 5’ phosphorylated adapter with a 3’ dideoxycytosine modification

is ligated to the 3’ end of a tile or staple using T4 RNA ligase 1. The ligation product is

then purified on a PAGE gel (Appendix A Figure A2), phosphorylated, and a barcoded

adapter is added to the 5’ phosphate using T4 RNA ligase 1. This doubly ligated product is

column-purified, amplified using PCR, and then sequenced using NGS. For further details

regarding sequencing library preparation, see the Methods section and Appendix A.

22
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BEARS: Barcode Extension for Analysis and Reconstruction of Structures
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Figure 1.1: BEARS uses sequencing to assay DNA nanostructure assembly. We show schematics of each of
the 4 major parts of BEARS: structure assembly, purification, barcode ligation, and next-generation sequencing.
The end goal of BEARS is to generate a quantitative, spatial map of strand incorporation.
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1.3.2 Validating BEARS

Sequencing quantitatively measures the ratios of mixtures of oligonucleotides. To test

the quantitative performance of Illumina sequencing, we mixed pools of oligonucleotides

containing 19 nt 5’ and 3’ extensions with varying stoichiometry (Figure 1.2a). This enabled

us to prepare sequencing libraries by simply performing 6 cycles of PCR using primers

containing the rest of the barcode and adaptor sequences and column-purifying the PCR

product. We counted the number of reads for each oligo in each mix, and compared

the observed fraction of reads for each pool of oligonucleotides with the expected read

fraction based on the stoichiometry in the mix (Figure 1.2b, see Methods section for details).

We found that the expected and observed read fractions were highly correlated (R2 =

0.9995), with a relatively low amount of variation between mixes (error bars indicate one

standard deviation). Based on the sizes of the error bars, we can detect 1.5-fold changes in

stoichiometry with high reliability.

Ligation bias does not substantially alter quantification by sequencing. To test the effect

of ligation bias on the quantitative performance of BEARS, we mixed pools of non-extended

oligos with varying stoichiometry, and prepared libraries for sequencing using BEARS (see

Methods section for details). As in Figure 1.2b, we counted the number of reads for each

oligo in each mix, and compared the observed fraction of reads for each pool of oligos with

the expected read fraction based on the stoichiometry in the mix (Figure 1.2c). Although the

correlation is less strong (R2 = 0.9921) than in the pre-extended case and the error bars are

larger, we can still robustly detect 2-fold changes in oligo stoichiometry using BEARS. This

indicates that ligation bias does add some variation to the read fractions measured using

BEARS.

Structure assembly and library preparation are reproducible. We assembled a 2D DNA

brick structure on two separate occasions and prepared sequencing libraries from these

replicate assemblies on separate days (Figure 1.2d). From each sequencing dataset, we

calculated the structure-wise relative incorporability (SRI) of a tile as follows: we first

calculate the fraction of reads corresponding to that tile in both the monomer and product
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bands, and then take the product read fraction and divide it by the sum of the product and

monomer read fractions. It is important to emphasize that SRI measurements are relative

and not absolute because they involve the ratios of read fractions between pairs of samples.

For further details on SRI calculation, see the Methods section.

We show the SRI for each tile in the replicate structure assemblies using a scatterplot

(Figure 1.2e). We observed that the SRI values for each tile were highly correlated between

replicate assemblies (correlation coefficient = 0.925). This suggests that there is relatively little

variation introduced to the incorporation data due to structure assembly, gel purification,

library preparation, and Illumina sequencing. It is likely that these variables would influence

the monomer and product bands equally, so by taking the ratio of these samples we can

control for these sources of variation.

1.3.3 Using BEARS to analyze 2D DNA brick structures

We can reconstruct structures from a 2D molecular canvas with high accuracy using BEARS.

We assembled 5 arbitrarily chosen letters from a 2D molecular canvas59 and one newly-

designed bear shape using a subset of the same canvas, and prepared sequencing libraries

from both product and monomer bands using BEARS (Figure 1.3). Each panel shows a

design schematic, 4 representative AFM images of fully assembled structures, thresholded

images based on read counts, and renderings of the SRI data (see Methods section for details)

for that structure generated using BEARS. When we computed histograms of the number

of reads per tile for each structure design, we observed a bimodal lognormal distribution,

with the rightmost peak corresponding to tiles found in the structure and the leftmost peak

corresponding to reads from other tiles in the canvas (Appendix A Figure A3). We used this

distribution to set thresholds for rendering the SRI data for each structure. Strikingly, there is

good correspondence between the designs, AFM data, and the thresholded sequencing data

for all of the structures (Figure 1.3a-f, first 3 rows). In a few cases, we obtained sequencing

reads which did not correspond to tiles found in a particular shape, or were unable to

detect a tile that should have been in a shape, but this affected fewer than 1% of the tiles in
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Figure 1.2: Sequencing is quantitative and reproducible. We mixed pools of 6 oligos with varying stoichiome-
tries, and prepared them for sequencing (a). We show the expected vs. observed read fractions samples subjected
to PCR amplification and NGS (b), or ligation, PCR amplification, and NGS (c). The solid line x=y is shown
to guide the eye. Error bars indicate one standard deviation based on 5 mixes. We assembled and sequenced
a 2D DNA brick structure (the letter B) on two separate occasions using BEARS (d). We calculated the
incorporation for each tile and compared it between replicate experiments (e).
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any given structure. For the bear design, there is a single missing tile in the hindquarters

that is observed both in the AFM images and in the thresholded sequencing data (Figure

1.3f). Together, these data indicate that BEARS can be used to reconstruct 2D DNA brick

structures with single component resolution, which can sometimes be difficult to resolve

with AFM.

SRI data from BEARS are recapitulated at the single structure level by AFM data. After

analyzing the SRI data (Figure 1.3, fourth row), we noticed that certain structures had some

areas with poor incorporation (blue), predominantly found near the edges of structures,

or in protrusions (for example, the legs of the bear in Figure 1.3f). We were able to find a

number of partially assembled structures which were missing these poorly incorporated

areas when imaging with the AFM (Appendix A Figure A4). However, we did not observe

a correlation between GC content or strand ∆G and SRI (Appendix A Figure A5). Since

our method involves gel-purifying assembled structures, we conclude that the SRI data

represent a class average of the structures present in the product band.

1.3.4 Using BEARS to analyze 3D DNA brick structures

BEARS can be used to analyze 3D structures, including strands on the inside of the

structures. We assembled a 3D DNA brick cuboid with a tunnel along the long axis (Figure

1.4a), imaged the product band using TEM, and sequenced the monomer and product

bands using BEARS (Figure 1.4b, c). We calculated the SRI of each tile as in Figure 1.2e

and projected the incorporation data along each of the major axes of the structure (Figure

1.4b, c). The tunnel in the middle of the structure is clearly visible in the rendering from

the appropriate perspective (Figure 1.4c), as well as a stripe of decreased intensity along

the long axis in the other two projections (Figure 1.4b). Furthermore, the spatial patterns of

incorporation can be visualized by displaying slices through the long axis of the structure

(Figure 1.4d, see Appendix A Figure A6 for a larger image). Such data indicate that there is

some spatial clustering present in the SRI data. In particular, the right edge of the structure

contains two layers with poor SRI (Figure 1.4d, blue slices). As with the 2D DNA brick
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Figure 1.3: BEARS recapitulates the shape and SRI of tiles into 2D DNA brick structures. We tested 6
structures: the letter B (a), the letter E (b), the letter A (c), the letter R (d), the letter S (e), and a bear shape (f).
In each panel, we show design schematics (top row), 4 representative AFM images of fully-assembled structures
(second row), thresholded images generated from SRI data (third row) and SRI data from BEARS (bottom row).
Each box in the schematics and incorporation renderings indicates one tile. In the AFM images, the scale bars
are 50 nm long.
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structures, we did not observe a correlation between the strand GC content or free energy

and the SRI measurements (Appendix A Figure A7). These data highlight the power of a

label-free approach, as they include many tiles in the interior of the structure which cannot

be labeled.

1.3.5 Extending BEARS to DNA origami structures

BEARS can be used to calculate the SRI of staples in DNA origami structures. We assembled

a 2D DNA origami rectangle (Figure 1.5a, b) and a 3D DNA origami cuboid (Figure 1.5c-e),

imaged the product bands using AFM or TEM respectively, and sequenced the monomer

and product bands using BEARS. Most staples had high SRI into the 2D origami rectangle,

with a few exceptions (blue). For a larger image of the slices of the 3D origami cuboid, see

Appendix A Figure A8. As with the DNA brick structures, we did not observe a correlation

between the strand GC content or free energy and the SRI measurements (Appendix A

Figure A9). Thus, we conclude that BEARS can be extended to measure the SRI of staples

in DNA origami structures. Given this, we fully expect that BEARS will be extensible to a

wide variety of DNA nanostructures with uniquely addressable components.

1.4 Discussion

Here, we have demonstrated a new method for quantifying the component composition of

DNA nanostructures called BEARS. BEARS is high-throughput, label-free, and generates

data that correlate with AFM images of individual structures. We believe that BEARS is

complementary to other structure characterization methods, such as AFM/TEM imaging,

and gel-bases labeling. In particular, one can use BEARS to augment the resolution of

a structure image, if one is not able to obtain component-level resolution by imaging.

Alternatively, one can use BEARS to screen a new set of structure designs, and then image

the ones with higher SRI using AFM or TEM. In these ways, we envision that BEARS will

help remove some of the existing bottlenecks in structure characterization, allowing one to

design, build, and test more structures than was previously possible.
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High SRI

Figure 1.4: Extending BEARS to 3D DNA brick structures. We self-assembled a 3D DNA brick cuboid
structure containing a hole along the long axis (a). We show TEM images of the structure and SRI data from
BEARS are projected along each of the 3 major dimensions using MATLAB (b, c). Scale bar: 100 nm in (b),
10 nm in (c). It is not possible to distinguish the X-projections and Y-projections using the TEM. We render
incorporation data from BEARS in 3 dimensions for each layer of the structure using MATLAB (d). The
location and order of each layer is indicated using the dotted lines. Spacing between adjacent helices is set to 2
nm, and each layer is approximately 8.1 nm thick.
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Figure 1.5: Extending BEARS to 2D and 3D DNA origami structures. We show AFM images and BEARS
incorporation data for a 2D origami rectangle (a, b). Scale bar in (a): 100 nm. We show TEM images and
BEARS incorporation projections for a 3D origami cuboid (c, d). Scale bar: 50 nm in (c), 10 nm in (d). It
is not possible to distinguish the X-projections and Y-projections using the TEM. We render SRI data from
BEARS in 3 dimensions for slices through the 3D origami cuboid using MATLAB (e). The location and order
of each slice is indicated using the dotted lines. Spacing between adjacent helices is set to 2 nm, and each slice
is 5 nm thick.
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One key use case for BEARS is to determine the weak points of a structure design and

improve them with a new design. This is particularly important for applications in which

guest molecules are attached at specific points on a structure – these should be chosen to

have the highest SRI, or redesigned to optimize the yield. At present, the incorporation

data represent a class average of structures purified from a product band on a gel. This

provides a useful overview of which parts of a structure assemble well and which do not,

but it would also be interesting to get sequencing data at the single structure level. One

limitation of our method is that one needs a clear product band in order to ensure that

the reads one generates come from the desired structure design. However, this can likely

be surpassed by fractionating an entire gel lane, or by using other methods for structure

purification such as PEG precipitation or glycerol gradient centrifugation116,117. These sorts

of improvements to BEARS will be driven by decreases in the cost of NGS, enabling one to

sequence more samples in parallel, with higher depth per sample, thereby yielding better

statistics about the self-assembly of populations of structures.

In addition to NGS, DNA synthesis is also experiencing a rapid decrease in costs over

time. One technology which will hopefully increase this trend is chip-based DNA synthesis,

which allows for the production of tens of thousands of oligonucleotides at once118. These

oligo libraries can then be used to assemble large libraries of regular-sized structures,

or larger structures themselves119. Larger structures can be difficult to characterize by

imaging when the assembly yield is low, and it is easy to damage these structures during

sample preparation and processing. Such structures are also of interest because they tend to

assemble with lower yield, thus it is quite possible that their assembly pathway(s) are very

suboptimal, limiting the yield. Using BEARS, one could perhaps not only get component-

level resolution renderings of these large structures, but also improve the yields of the

structures by getting around limitations in the assembly yield. Overall, a combination

of single tile resolution, high throughput, and built-in class averaging make BEARS a

promising method for characterizing a wide variety of DNA nanostructures in the coming

years.
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1.5 Methods

1.5.1 Structure designs

The 2D DNA BRICK structures shown in Figure 1.3 are derived from the R6 canvas described

in Wei et. al 201259. The letters A, B, E, R, and S were described in that work, whereas the

bear structure was designed using a different subset of the R6 canvas. The 3D DNA brick

structure shown in Figure 1.4 has a 13 nt domain length (Ong et al. unpublished). The 2D

origami rectangle shown in Figure 1.5 is based on a twist-corrected version120 of the original

2D origami rectangle52, but with a different scaffold sequence108. The 3D origami cuboid

shown in 1.5 was designed using caDNAno. For staple or tile sequences and structure

design schematics, see Supplementary Data.

1.5.2 Structure assembly

The letters B, E, A, R and the bear shape were assembled in assembly buffer (5 mM Tris-HCl,

1 mM EDTA, adjusted to pH 8.0) supplemented with 25 mM MgCl2 using the following

annealing protocol: 95 °C for 1 minute, anneal from 90 °C to 60 °C at 5 minutes per degree,

then from 60 °C to 25 °C at 25 minutes per degree, followed by a hold at 25 °C. For AFM

imaging, the letter S was assembled in assembly buffer (5 mM Tris-HCl, 1 mM EDTA,

adjusted to pH 8.0) supplemented with 25 mM MgCl2 using a modified annealing protocol:

95 °C for 1 minute, anneal from 90 °C to 60 °C at 5 minutes per degree, then from 60 °C to

40 °C at 45 minutes per degree, followed by a hold at 25 °C.

For the 2D origami rectangle, scaffold (M13, purchased from Bayou Biolabs) and staples

were mixed together at target concentrations of 10 nM and 100 nM, respectively, in TAE (40

mM Tris acetate, 1 mM EDTA) buffer with 12.5 mM magnesium acetate (TAE/Mg). For 2D

origami folding, the mixtures were kept at 90 °C for 5 min and annealed from 90 °C to 60

°C over the course of 30 min, from 60 °C to 45 °C over the course of 90 min, and from 45 °C

to 25 °C over the course of 20 min. For the 3D origami cuboid, scaffold (p756013) and staple

strands were mixed at 10 nM and 100 nM respectively in assembly buffer (5 mM Tris-HCl,
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1 mM EDTA, adjusted to pH 8.0) supplemented with 10 mM MgCl2 and annealed over 3

days using the following protocol: anneal from 80 °C to 60 °C at 2 minutes per degree, then

from 60 °C to 25 °C at 2 hours per degree. For the 3D DNA brick cuboid, tiles were mixed

together at 100 nM in assembly buffer (5 mM Tris-HCl, 1 mM EDTA, adjusted to pH 8.0)

supplemented with 20 mM MgCl2 and annealed over 3 days using the following protocol:

anneal from 80 °C to 60 °C at 2 minutes per degree, then from 60 °C to 25 °C at 2 hours per

degree.

1.5.3 Gel electrophoresis

The 2D DNA brick shapes, 2D origami, and 3D origami were analyzed by electrophoresis in

a native 1.5% agarose gel supplemented with 10 mM MgCl2. Electrophoresis was performed

at 90 V for 2 hours in an ice-water bath. Gels were pre-stained with 1× Sybr Safe (Life

Technologies). The 3D DNA brick cuboid was analyzed by electrophoresis in a native 1%

agarose gel supplemented with 10 mM MgCl2. Electrophoresis was performed at 80 V for 2

hours in an ice-water bath. Gels were pre-stained with 1× Sybr Safe (Life Technologies).

Afterwards, gels were scanned with a Typhoon FLA 9000 (General Electric) using the SYBR

Safe channel (excitation at 473 nm, emission ≥ 510 nm).

Gel bands were visualized using a Safe Imager 2.0 Blue-Light Transilluminator (Invit-

rogen) and excised from the gel using a fresh razor blade. The excised piece was then

placed into a Freeze ’N Squeeze column (Bio-Rad) and crushed using a plastic pestle (USA

Scientific). For the 2D DNA brick shapes, 2D origami rectangle, and the 3D origami cuboid,

structures were eluted from the column by centrifugation at 400 × g for 3 minutes. For the

3D DNA brick cuboid, structures were eluted from the column by centrifugation at 1,200 ×

g for 3 minutes.

1.5.4 Atomic force microscopy

Images of folded structures were obtained with a Veeco Multimode V atomic force micro-

scope. C-type Bruker SNL-10 tips were used under tapping mode in fluid. Samples (25
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µl) were deposited on the mica surface for 1 minute. The mica surface was then rinsed

5 times with 0.5× TE (5 mM Tris, 1 mM EDTA, adjusted to pH 8.0) supplemented with

25 mM MgCl2. For the 2D DNA brick shapes, samples were supplemented with 5 mM

NiCl2 (final concentration) to aid in attachment to the mica surface before imaging. The

2D origami rectangle was imaged in 1× TE (10 mM Tris, 1 mM EDTA, adjusted to pH 8.0)

supplemented with 25 mM MgCl2.

1.5.5 Transmission Electron Microscopy

2.5 µl of sample was deposited on to glow-discharged, carbon-coated EM grids for 2 minutes.

The liquid was wicked off, and 2.5 µl of stain (2% uranyl formate + 25 mM NaOH) was

added. The 3D DNA brick structure was stained for 30 seconds, and the 3D origami cuboid

was stained for 45 seconds. After staining, excess liquid was wicked off. All samples were

imaged using a JEOL JEM-1400 TEM operating at 80 kV.

1.5.6 Oligonucleotide mixing experiments

For the experiments described in Figure 1.2b, thirty oligonucleotides of length 80 nt were

divided into 5 pools of 6 oligonucleotides each. These pools, 1-5, were mixed together with

systematically varying stoichiometry as follows: Mix A 1:1:1:1:1, Mix B 1:2:3:4:0, Mix C

0:1:2:3:4, Mix D 4:0:1:2:3, Mix E 3:4:0:1:2, Mix F 2:3:4:0:1. Thus, in each mix, each pool is

present at 0%, 10%, 20%, 30%, or 40% of the total mix. The mixes A-F were amplified using

6 cycles of PCR and sequenced.

For the experiments described in Figure 1.2c, thirty oligonucleotides of length 42 nt

were divided into 5 pools of 6 oligonucleotides each. These pools, 1-5, were mixed together

with systematically varying stoichiometry as follows: Mix A 1:1:1:1:1, Mix B 1:2:3:4:0, Mix

C 0:1:2:3:4, Mix D 4:0:1:2:3, Mix E 3:4:0:1:2, Mix F 2:3:4:0:1. Thus, in each mix, each pool

is present at 0%, 10%, 20%, 30%, or 40% of the total mix. The mixes A-F prepared for

sequencing using the full BEARS protocol (ligation, PCR amplification, and NGS—see below

for details).
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Data were analyzed by calculating the average number of reads per oligo in each pool,

then normalizing Mixes B-F by the data from Mix A. The resulting normalized read fractions

were compared with the expected read fractions based on the mix stoichiometries. The

data shown in Figure 1.2b and 1.2c are the mean read fractions for each pool, based on

the normalized data from Mixes B-F. Error bars were calculated by taking the standard

deviation from the 5 pools with a given expected read fraction.

1.5.7 Sequencing library preparation

Gel-purified monomer or product bands were concentrated using the Oligo Clean and

Concentrator kit (Zymo Research), eluting with 6 µl of milliQ H2O. Samples were denatured

by heating to 95 °C for 5 minutes. The 3dC adapter sequence (see Appendix A Table A1

for details) was then ligated to the 3’ ends of the staples/tiles using T4 RNA ligase 1 (New

England Biolabs). Each 10 µl ligation reaction contained 10 units of enzyme, 25% (w/v)

PEG-8000, 1× T4 RNA ligase buffer, 5 pmol of the 3dC adapter, 2-5 pmol of tiles/staples,

and ATP at a final concentration of 1 mM. Ligation reactions were incubated overnight at

room temperature, then heat-inactivated at 65 °C for 20 minutes.

After heat-inactivation, samples were analyzed using denaturing polyacrylamide gel

electrophoresis (Apendix A Figure A2a). Samples were mixed 1:1 with 2× RNA loading

dye (New England Biolabs), denatured for 10 minutes at 70 °C, and loaded onto a precast

10% TBE-urea gel. Electrophoresis was performed at 65 °C for 35-55 minutes at 180 volts

using 0.5× TBE as a running buffer. Gels were post-stained with 1× Sybr Gold (Invitrogen)

for 30 minutes in an orbital shaker. Ligation product bands were visualized using a Safe

Imager 2.0 Blue-Light Transilluminator (Invitrogen), and excised from the gel using razor

blades or 1.1×6.5 mm gel cutting tips (MidSci).

Gel slices were placed into dialysis tubes (Slide-A-Lyzer MINI Dialysis Device, 2K

MWCO, 0.1 mL) and 50 µl of 0.5× TBE was added to submerge the gel slices. Electroelution

was performed at 90 V for 30 minutes in 0.5× TBE, followed by reversing the leads and

running for ≈30 seconds to prevent the DNA from being stuck to the surface of the dialysis
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tube. Electroeluates were then concentrated using the Oligo Clean and Concentrate kit

(Zymo Research), eluting with 6 µl of milliQ H2O.

The gel-purified ligation product was phosphorylated using T4 polynucleotide kinase

(New England Biolabs). Phosphorylation reactions were carried out in a 10 µl reaction

volume containing 5-10 units of enzyme, 1× T4 PNK buffer, and 1 mM final concentration

of ATP. Reactions were incubated for 30 minutes at 37 °C, then heat-inactivated at 65 °C for

20 minutes.

The 5bc adapter sequence (containing indexing barcodes, see Appendix A Table A1 for

details) were then ligated to the 3’ ends of the staples/tiles using T4 RNA ligase 1 (New

England Biolabs). Each 20 µl ligation reaction contained 2 µl of enzyme at 10 units/µl, 10 µl

of 50% (w/v) PEG-8000 (final concentration: 25% (w/v)), 2 µl of 10x T4 RNA ligase buffer,

5 pmol of the 3dC (1 µl at 5 µM), 3 µl of phosphorylated ligation 1 product, and 2 µl of 10

mM ATP (final concentration: 1 mM). Ligation reactions were incubated overnight at room

temperature, then heat-inactivated at 65 °C for 20 minutes. We then purified the samples

using the Oligo Clean and Concentrate kit (Zymo Research), eluting with 6-10 µl of milliQ

H2O.

1.5.8 Library amplification and quantification

Individual samples were amplified before pooling using Q5 polymerase (from 2× master

mix purchased from NEB) and previously validated Illumina qPCR primers at a final

concentration of 300 nM. Between 2 and 10 µl of template was used in a 50 µl PCR

reaction. Sequencing libraries were quantified using quantitative PCR. Q5 polymerase

(NEB) was used according to the manufacturer’s instructions. Previously validated Illumina

qPCR primers121 were synthesized by IDT and used at a final concentration of 300 nM.

Syto13 (Molecular Probes / Life Technologies) was used as a fluorescent indicator dye

according to the manufacturer’s instructions. DNA standards 1-6 from the Kapa NGS

library quantification kit were used to make a standard curve for absolute concentration

determination (sample qPCR data are shown in Appendix A Figure A2b).
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1.5.9 Next-generation sequencing

Libraries were sequenced using an Illumina MiSeq machine according to the manufacturer’s

instructions using the MiSeq V2 paired end 50 kit (Illumina Inc., San Diego, CA). In

some cases, we used a modified library denaturation and loading protocol optimized for

lower-concentration libraries121.

1.5.10 Data analysis

Sequence processing was done using custom MATLAB software. Fastq files from the MiSeq

were parsed and partitioned based on the index reads. Sequence matching was done using

regular expressions to query for an exact match to the first 20 bases of a tile or staple,

allowing between 4 and 7 random nucleotides at the 5’ end of the read. These random

nucleotides are part of the 5’ sequencing adapter, and add sequence diversity to first few

cycles of the sequencing (necessary for the machine to focus properly). Read counts were

normalized to the overall number of reads in a sample, resulting in “read fraction” data for

both the product and monomer bands. SRI values were calculated based on the ratio of the

read fraction in the product band, divided by the sum of the read fractions in the monomer

and product bands (see formula 1.1).

SRI =
Pi

Ptot
Pi

Ptot
+ Mi

Mtot

(1.1)

Where Pi and Mi are the read counts for oligonucleotide i in the product and monomer

bands, respectively, and Ptot and Mtot are the total read counts in the product and monomer

bands. This metric has two key assumptions. The first assumption is that the variation in

the starting concentrations of the oligonucleotides used for self-assembly is lower than the

variation expected to be found in the product band. Otherwise, the method will tend to

measure variation in the starting stoichiometry, rather than in the relative incorporability of

DNA oligonucleotides into the structures themselves. The second assumption is that the even

distribution of oligonucleotide stoichiometry is not influenced by aggregation. If aggregation
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is strand-specific, then certain oligonucleotide might get sequestered preferentially in

aggregates, thereby biasing the incorporation measurements for those oligonucleotides. So

long as these two assumptions hold, the SRI is a good proxy for the relative incorporability

of an oligonucleotide in a DNA nanostructure.

1.5.11 Structure rendering

Coordinates of each strand were parsed from the caDNAno design files using custom

MATLAB software, and are colored based on the SRI of each tile or staple. Tiles with fewer

than 25 reads in the product band are colored gray. Half-tiles and edge protector tiles are

also colored gray. Data are rendered using an inter-helix distance of 2 nm and 10.67 nm per

helical turn, based on the square lattice model.
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Chapter 2

Towards in vivo assembly of nucleic

acid nanostructures

2.1 Chapter Summary

Nucleic acid nanotechnology has enabled researchers to construct a wide range of multidi-

mensional structures in vitro. Until recently, most DNA-based structures were assembled by

thermal annealing using high magnesium concentrations and non-physiological environ-

ments. Here, we describe a DNA self-assembly system that can be tuned to form a complex

target structure isothermally at any prescribed temperature or homogenous condition within

a wide range. We were able to achieve isothermal assembly between 15 and 69 °C in a

predictable fashion by altering the strength of strand-strand interactions in several different

ways domain length, GC content, and linker regions between domains. We also observed

the assembly of certain structures under biocompatible conditions, i.e. at physiological pH,

temperature, and salinity in the presence of the molecular crowding agent polyethylene

glycol (PEG) mimicking the cellular environment. This represents an important step towards

the self-assembly of geometrically precise DNA or RNA structures in vivo.
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2.2 Introduction

Nucleic acid self-assembly has proven to be a powerful tool for constructing nanoscale

structures due to the precise and predictable relationship between structure geometry

and the encoded sequence. Over the past few decades, a wide range of DNA and RNA-

based nanostructures have been demonstrated, including a variety of 2D and 3D geome-

tries51–54,59,60,68,70,97–99,122–124 and dynamic devices125–132. Additionally, such nanostructures

can interface with and organize molecules, cells and other materials56,70,97,133–136, thereby

enabling biophysical55,133 and potential biomedical56–58 applications. The self-assembly of

individual strands into DNA nanostructures typically involves a thermal gradient, in which

the system temperature is first raised (e.g. to 80-90 °C) and then gradually lowered to room

temperature. This thermal gradient can be replaced with a chemical gradient of a denaturing

agent to isothermally assemble precisely controlled DNA origami structures137. In addition

to gradient-based assembly, researchers have demonstrated the isothermal formation of

extended crystals70,138,139 using DNA and RNA tiles and discrete structures using DNA

origami104, both under homogenous conditions.

Isothermal assembly of DNA tiles and origami under homogenous conditions represents

important progress for the assembly of complex DNA nanostructures. Compared with

thermal annealing, assembling structures in homogeneous conditions leads to rapid structure

formation with higher yield and quality104. However, previous work on DNA tile crystals

and origami still requires a highly optimized set of assembly conditions (temperature,

salinity, etc.) that are structure-dependent and restricted to a narrow range, thereby limiting

the scope of potential applications. In contrast, assembly across a wide range of conditions

will increase the range of applications of DNA nanotechnology, especially when the assembly

conditions are specified by the application, such as such as in vivo scaffolding70 of metabolic

enzymes (where the assembly is required to happen under intracellular conditions) or

in situ imaging140 (where the assembly is required to happen under harsh denaturing

conditions). Thus, the next important challenge is to devise a general method in which,

given a particular homogenous condition and a target shape, the user can design a system
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that assembles under that particular condition into the desired shape, e.g. the isothermal

assembly of a particular shape under any prescribed temperature over a wide temperature

range. Such capability will greatly expand the application scope where an assembly system

can be designed to operate under diverse homogenous conditions specified by the desired

application. Here we provide a general solution to this challenge.

The key innovation in our approach is that we exploit the tunable nature of DNA brick

structures and demonstrate structural designs that can assemble isothermally at a wide

range of temperature and salt concentrations, including conditions mimicking intracellular

environments. Compared with DNA origami, which typically uses a fixed scaffold sequence,

DNA bricks give us the freedom to independently vary the sequence of any tile in the

structure. We use this freedom to program the strength of strand-strand interactions, thereby

shifting the optimal assembly temperature to a user-specified temperature. In other words,

the assembly temperature of a structure is now an explicit design parameter. This will allow

one to tune the design of a structure to fit a particular application.

We report the successful isothermal assembly of modified DNA brick structures across a

wide range of temperatures. Building upon our previous work59,60,98,141, we test 11 compact

2D DNA brick structures (Figure 2.1a) and 17 flexible variants with single-stranded polyT

linkers in between the double-stranded domains141 (Figure 2.1b). Instead of the traditional

thermal annealing protocol (Figure 2.1c), all structures were assembled isothermally (Figure

2.1d). Our approach therefore represents a general method for isothermally assembling

complex nanostructures across a wide range of specified temperatures. We generally find

higher assembly temperatures for structures with longer domains, and lower temperatures

for those with linkers. We also show that the assembly temperature can be modulated by

changing the strand-strand binding energy in several ways, such as altering GC content of

binding domains or disrupting continuity of complementary segments.

Finally, we report successful assembly of designed DNA nanostructures under bio-

compatible conditions, i.e. at physiological temperature and pH, low salinity, and in the

presence of molecular crowding agents. Flexible structures, which assemble at a wider
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Figure 2.1: Self-assembly of DNA bricks under diverse and biocompatible conditions. (a-b) We use standard
single-stranded tiles (SST; a) and SST tiles containing single-stranded linker regions between domains (b)
to assemble 2D rectangular structures. A canonical SST has four domains that bind to four of its nearest
neighbours. Each coloured segment depicts an individual domain (unique in sequence and between 8 and
21 nt long in our study), a gray solid connection delineates the boundary between two domains, and a gray
dotted line depicts a single-stranded linker region (between 1 and 10 nt in our study). Each complete structure
(shown on the right) consists of 66 unique tiles, with edges protected by polyT segments to avoid aggregation
(light gray segments). (c) A schematic depicting the traditional thermal annealing protocol for structure
assembly, where temperature is generally ramped above 60 °C and slowly decreased over at least 12 hours.
(d) A schematic depicting our isothermal assembly protocol across a wide range of fixed temperatures and
conditions for up to 12 hours.
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range of conditions than their non-flexible counterparts, assemble well under biocompatible

conditions. This represents a significant step towards the in vivo assembly of geometrically

precise, nucleic acid nanostructures. More generally, this approach can enable additional

biological applications of nanostructures in cases where in situ delivery of pre-assembled

structures is not an option.

2.3 Results

In our DNA brick system, each strand consists of 4 binding domains, with or without a

single-stranded linker region between consecutive domains. In the presence of divalent

cations, each strand is bound to its 4 neighbors via complimentary domains, resulting in a

self-assembled 2D DNA brick structure59. Most of our structures are derived from motifs in

our recent work141 and consist of 66 tiles which form a 2D rectangular shape. Two categories

of motifs are used. The motifs without linkers form 2D rectangles composed of 10 parallel

helices (with length ranging from 108 nt to 252 nt) connected by periodic single-stranded

crossovers. Motifs with polyT linkers form flexible rectangular, fish-net patterns containing

short segments of DNA helices connected by single-stranded linkers at all junctions. We

varied domain length, linker length, and other design parameters. For an overview of the

system, see Appendix B Figure B1, and Supplementary Text S1.

DNA brick structures can isothermally assemble across a wide range of temperatures

(Figure 2.2). We tested a set of U-shaped motifs59,141 to form 2D rectangular structures.

By altering the domain lengths of the DNA brick motifs from 8-21 nt, we were able to

achieve isothermal assembly across a 54 °C range (from 15-69 °C). Structure formation was

assayed by gel electrophoresis and atomic force microscopy (AFM). A dominant product

band was observed after isothermal assembly for 12 hours at the indicated temperatures

in the presence of 10 mM Mg2+. The formation ranges indicated on the temperature line

are a subset of the temperature ranges over which a dominant product band was observed

on the gel (see Appendix B Figure B2 for full range and raw gel data). In some cases

we observed the presence of high molecular weight bands or smears, presumably due to
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structure aggregation.

Imaging of the unpurified reaction or of the gel-purified product (indicated with an

asterisk) revealed the formation of structures with the designed shapes. Structures with

polyT linkers between domains were imaged after the addition of complementary polyA

strands. They exhibited a wide range of conformations when imaged, due to the flexibility

inherent in the linker regions.

The assembly yield was quantified using native gel electrophoresis (Figure 2.3a). We

assembled structures isothermally for 1 hour (domain length < 16 nt) or 12 hours (domain

length ≥ 16 nt) at a range of temperatures, and then quantified the gel yield in each

lane (which corresponds to a particular, fixed assembly temperature) using the TotalLab

Quant gel quantification software (Figure 2.3b). Here, the yield is defined as the ratio of

the intensity of the product band divided by the intensity of the entire lane after proper

background correction. This is only an approximation of the true formation yield59, but

is useful for comparing relative yields for assembly under varying conditions. The yield

curves were then fit to a Gaussian function with a constant background using custom

MATLAB software (Figure 2.3b). The yield as a function of temperature is well-fit by a

Gaussian function, indicating that our structures assemble optimally at a specific isothermal

temperature.

We show dependence between the assembly temperature and the domain length (Figure

2.3c; see Appendix B Figure B3a for raw gel data). The Gaussian fits obtained from curve

fitting to the gel quantification data allowed us to obtain a mean and a full-width at half

maximum (FWHM) for each structure which define an optimal temperature, and an optimal

temperature range, respectively. The formation range is indicated by the extent of the

scatterplot, and the relative yields at each temperature are indicated by the diameter of the

marker. We examined two sets of structures – those with no linker between domains (green),

and those with a 10T linker between domains (orange). In both cases, we observed that

the formation range was a monotonically increasing function of the domain length, with

diminishing returns at higher temperatures. It should be noted that since all of our domains
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Figure 2.2: DNA brick nanostructures can assemble isothermally across a wide range of temperatures.
Representative structures that assemble isothermally at different temperatures are shown, and collectively cover
the entire temperature range from 15 °C (blue) to 69 °C (red). Structures are ordered and displayed close to
their optimal formation temperatures. For each structure, strand diagrams (outside), AFM images (middle),
and gel electrophoresis results (inside) are shown. A tagged bar indicates part of the range of successful
assembly temperatures shown by agarose gel electrophoresis (see Appendix B Figure B2 for full gel images).
The leftmost 3 structures contain 10T linkers between domains; the other structures do not, as shown in the
strand diagrams. Numbers in strand diagrams indicate domain lengths (unit: nt). AFM images show the
typical morphology at the indicated temperatures; images with an asterisk contain gel-purified structures.
Structures were assembled isothermally for 12 hours using 200 nM of each strand and 10 mM Mg2+.

46



Yield = G
R G B

a c d

30 40 50
0

10

20

30

40

50

Temperature (°C)
Yi

el
d 

(%
)

L = 0
L = 2
L = 10

b

10 15 20
0

20

40

60

80

D (nt)

Te
m

pe
ra

tu
re

 (°
C)

L = 0
L = 10

0 5 10 15
20

30

40

50

60

L (nt)

Te
m

pe
ra

tu
re

 (°
C)

DD
DD

10T

10T

10T

DD

DD

129
1011

L

L

L 129
1011

L

L
L

Figure 2.3: Quantification of optimal assembly temperature and effect of domain and linker lengths. Structures
were assembled isothermally for 1 hour across a temperature range using 200 nM of each strand and 10 mM
Mg2+ and assayed using gel electrophoresis. (a) Gel images were quantified using TotalLab Quant software.
Gel yield was defined as the integrated intensity of the formation band (green) divided by the total intensity
of the lane (red + green + blue). (b) Gel yield of three representative structures (L = 0, 2, 10) and Gaussian
fits (solid lines) are shown. (c, d) Formation yields as a function of temperature are shown for structures with
varying domain lengths (D = 8-21; c) and linker lengths (L = 0-16; d). Each circle represents a single yield
quantification, with its radius proportional to the measured yield; colors indicate linker length from no linker
(L = 0; green) to 16T linker (L = 16; dark orange).

have a similar GC content (around 50%) that domain length is a proxy for the strength of

strand-strand interactions in these experiments.

Linkers between domains caused a ≈ 10 °C downward shift in the assembly temperature

(Figure 2.3d; see Appendix B Figure B3b for raw gel data). Even a single T nucleotide

between domains was sufficient to shift the assembly temperature; additional T nucleotides

did not contribute to the temperature shift. As in Figure 2.3b, we show the formation range

using a scatterplot, where the relative yield at each temperature is indicated by the diameter

of the marker. The effect of the linkers did not depend on the polyT sequence; a linker

consisting of 10 A nucleotides caused a similar downward shift in assembly temperature

(see Appendix B Figure B3c).

We redesigned many structures to assemble at the physiological temperature using

polyT linkers (Figure 2.4a; see Appendix B Figure B4a for raw gel data). As shown, the effect

of polyT linkers was similar for several different strand geometries, causing a downward

shift of the assembly temperature of 7-10 °C. In all cases, the redesigned structures formed

well at the physiological temperature (37 °C), indicating the generality of this approach

for programming the assembly temperature of DNA nanostructures. Furthermore, we
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demonstrated several additional strategies to shift the assembly temperature (Figure 2.4b; see

Appendix B Figure B4b for raw gel data): altering the strength of strand-strand interactions

via the GC content, changing the length of the complementary domains within a structure,

or splitting domains in half by inserting a single T nucleotide. Thus, there exist a wide

variety of ways to program the assembly temperature of a DNA nanostructure. This should

enable structures with varying geometries and morphologies that assemble at desired

temperatures.

Flexible DNA brick structures assembled under biocompatible conditions. A number of

structure designs assembled well at the physiological temperature (37 °C; Figure 2.2, Figure

2.3, Figure 2.4). However, there exist other environmental variables, such as pH, salinity,

and molecular crowding, which must be accounted for in order for structure assembly

to be biocompatible. We tested two structure designs which assembled well at 37 °C in

1 hour (Figure 2.3b), one with a 2T linker (olive) and one with a 10T linker (orange) by

systematically varying other environmental variables in vitro (Figure 2.5; see Appendix B

Figure B5 for raw gel data). Yields are determined as in Figure 2.3a.

Physiological pH is compatible with structure assembly (Figure 2.5a). We varied the pH

of the buffer in which the structures were assembled from 7 to 9, which encompassed the

physiological pH range. Both structures assembled well across this pH range, indicating

that the physiological pH should not prevent DNA brick structures from self-assembling.

Low salinity hindered structure formation (Figure 2.5b). DNA nanostructures are

typically assembled in vitro with a Mg2+ concentration in excess of 10 mM49,52,53,59. Recently,

it was shown that sodium ions can also be interchanged for magnesium ions in some

cases142. However, the free concentration of magnesium equivalents in the E. coli cytoplasm

is approximately 2-4 mM (1-2 mM Mg2+, 180-200 mM Na+ or K+143,144). Our flexible DNA

brick designs assembled close to optimally at as low as 6 mM Mg2+ (2T linker, olive) or 4

mM Mg2+ (10T linker), approaching but not quite reaching the biologically relevant salinity.

Crowded conditions decreased the assembly yield (Figure 2.5c). A crowded environment

was simulated using polyethylene glycol with an average molecular weight of 8000 Daltons
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Rational design of optimal assembly temperature (blue, lower; red, higher) with three other methods: altering
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the optimal temperature (see Appendix B Figure B4 for raw gel data).
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(PEG-8000). To test the effect of crowding on structure assembly, the PEG-8000 concentration

was varied from 0 to 23.5 mM. A Mg2+ concentration of 10 mM was used in these experi-

ments. We observed a decline in yield for both structure designs with increasing PEG-8000

concentrations, combined with the appearance of a high molecular weight band indicative

of aggregation (see Appendix B Figure B5c for raw gel data). These results indicate that

a combination of crowding and high magnesium decreases assembly yield. Additionally,

we have noted that the long linker design (orange) had a consistently higher yield than

the short linker design (olive) under the conditions we tested (Figure 2.5a-d), perhaps due

to increased flexibility enhancing the assembly process (e.g. by relieving the electrostatic

repulsion between parallel DNA helices).

Molecular crowding compensated for low magnesium, thereby enhancing structure

assembly (Figure 2.5d). When considered separately, both salinity and crowding pose

challenges to biocompatible assembly of tile-based DNA nanostructures. However, when

we tested the two conditions together by varying the PEG-8000 concentration from 0 to 20

mM with low salinity (1 mM Mg2+, 100 mM Na+) at pH 7.5, we observed that increased

crowding actually improved the assembly yield. This effect was seen for both short (olive)

and long linker designs (orange). Together, these results indicate that DNA brick DNA

nanostructures can be designed to assemble under biocompatible conditions.

We conjecture that molecular crowding enhances structure assembly by increasing the

effective magnesium concentration (Figure 2.5e): in the absence of crowding, high salinity

is required for assembly (top left), but in the presence of crowding high salinity inhibits

assembly. This model is consistent with our experimental results; structure assembly (band)

is observed under high salinity with no crowding and low salinity with crowding but not

under low salinity with no crowding or under high salinity with crowding (Figure 2.5f). We

used this insight to construct a quantitative model of the effect of molecular crowding on

structure assembly and predict a range of conditions under which assembly is likely to occur,

indicated by the shaded regions (Figure 2.5g; see Appendix B Figure B6 and Supplementary

Text S3 for details).
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Figure 2.5: Assembly of structures under biocompatible conditions. (a-d) Effects of assembly conditions on
formation yield of two representative structures (olive, 2T linker; orange, 10T linker; see strand diagrams).
Structures were assembled for 1 hour at 37 °C using 200 nM of each strand. Yields are calculated as in
Figure 2.3a. Error bars indicate the standard deviation based on ≥ 3 replicate experiments. (a-c) Effects of pH,
[Mg2+], and [PEG-8000] on formation yield. Each parameter is varied alone while keeping the others at default
values (0.5× TE buffer, pH 8, 10 mM Mg2+, no PEG-8000). HEPES buffer was used for the pH 7 condition.
(d) Combined effect of low salinity (1 mM Mg2+, 100 mM Na+) and [PEG-8000]. (e) A schematic of the
crowding model: formation takes place at in vitro (no crowding, high salinity) or biocompatible (crowding, low
salinity) conditions. Orange: component strands. Dark green: magnesium ions. (f) Gel result for the 10T
linker structure at the four conditions shown in (e): with or without PEG-8000 (-, 0 mM; +, 20 mM), with
low and high salinity (L, 1 mM Mg2+ 100 mM Na+; H, 10 mM Mg2+). (g) A simple mathematical model
of crowding, based on effective concentrations (see Appendix B Supplementary Text S3 for details), predicts
assembly under low [Mg2+] and high [PEG-8000] conditions.
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2.4 Discussion

DNA brick structures can be tuned to assemble isothermally across a range of temperatures

from 15 °C to 69 °C. Additionally, we demonstrated four different ways to modulate the

assembly temperature of a structure: changing domain length, altering domain GC content,

adding a linker between domains, or splitting a domain in half. This has enabled us to

design DNA brick structures that can assemble well under biocompatible conditions. More

generally, we now have the capability to design structures that can assemble under a diverse

range of specified conditions. We noticed that structures tend to assemble with lower yield

at extreme temperatures or conditions. However, the yield at a particular condition, or the

range of assembly conditions, can be increased by extending the reaction time. Together,

these results indicate that the isothermal assembly process is remarkably robust to the

assembly temperature and conditions.

Our ability to assemble structures at room temperature can enable the study of structure

assembly in real time using atomic force microscopy132,138 or super-resolution microscopy

techniques107; at the other end of the spectrum we can assemble structures at temperatures

above the typical melting temperature of previous DNA nanostructures. More broadly, our

unique ability to control the assembly temperature of DNA nanostructures allows structured

to be tailored to in vivo or in situ applications where control of the ambient temperature

may not be feasible. Our success in biocompatible assembly is particularly exciting because

it is a key step towards in vivo assembly of geometrically precise nanostructures from

many individual DNA or RNA components. Furthermore, biocompatible assembly takes us

beyond the paradigm of annealing structures over many hours under precisely controlled

reaction conditions. Our approach of rationally modulating the assembly conditions should

be generalizable to other types of structures, with a few potential constraints. One such

constraint is that the component strands should not contain significant secondary structures

that hinder their interactions with other strands. For example, the secondary structure

of a typical M13 DNA origami scaffold strand may interfere with the designed structure

formation at low temperatures. A scaffold with designed sequence could be used to
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overcome this constraint.

Beyond tunable DNA brick structures, control over the assembly conditions could

perhaps be further improved by exploiting toehold-mediated145 strand displacement cas-

cades127,146, for example using the triggered isothermal assembly of reconfigurable hair-

pins128,140,147. Although the resulting hairpin-based structures (e.g. branched junctions128,

polymers140,147,148, or dendrimers128) are not geometrically precise and typically involve

very few component strands, they can be formed dynamically via the introduction of an

initiator strand. Additionally, a simple two-component toehold exchange based system has

been shown be robust to temperature, salinity, and concentration149. Thus, by integrating

the robustness of toehold based systems with the tunability and geometrical control of the

DNA brick systems described here, one may potentially design self-assembly systems that

could allow for assembly across a wide range of temperatures and conditions without the

need for condition-specific tuning.

A rational next step after biocompatible assembly is to assemble geometrically precise

RNA nanostructures in vivo and use them to organize metabolic enzymes or other functional

biomolecules70. One could build upon the knowledge and experience from DNA brick as-

sembly to design and rapidly prototype RNA structures that assemble under biocompatible

conditions and act as scaffolds. With greater freedom in design geometry and positioning

of protein-binding sites, one would be able to design and test interactions between multiple

functional molecules across varying distances and geometrical patterns. One can thus

survey a wider design space than has been achieved with previous protein65,79 or RNA70

scaffolds. DNA or RNA nanostructures could be delivered or expressed as individual

strands and assembled directly at the site of interest. Taken together, our results present a

new opportunity to assemble precise, programmable structures in biological and cellular

environments, which could lead to exciting in vitro and in vivo applications.
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2.5 Methods

2.5.1 Sequence design

Sequences were designed using custom MATLAB software. First, the sequences of individual

domains were generated randomly using an equal proportion of each nucleotide. A list

of orthogonal domains was generated by comparing newly generated domain sequences

with each previously generated domain in the list, and its reverse complement. A pair of

domains was considered orthogonal if and only if consecutive 8 nucleotide repeats were

avoided. For structures with domains shorter than 9 nucleotides, orthogonality was defined

as having an edit distance ≥ 2. A list of orthogonal tile sequences was generated based on

the prescribed interactions between neighboring tiles. A tile is generated by concatenating

domains from the orthogonal domain list with specified linker sequences. After each domain

was added to a tile (and its reverse complement added to the neighboring tile), all pairs of

non-neighboring tiles were checked for orthogonality as defined for domains. Finally, polyT

linkers of specified lengths were added between domains, and all pairs of non-neighboring

tiles were checked for orthogonality again. Standard domains had a 50% GC content. In

some cases, we changed the domain GC content to 30% (low GC) or 70% (high GC); for

these structures, orthogonality was checked between domains but not between tiles. See

Supplementary Data for sequence information for all of the structures used in this study.

2.5.2 Structure assembly

DNA oligonucleotides were synthesized by Integrated DNA Technologies (IDT) in 96-well

plates using standard desalting without additional purification and were stored at -20

°C. Subsequently, the strands were mixed together to create a 1 µM (5×) master mix. A

standard assembly reaction contained 200 nM of each strand in 0.5× TE buffer (5 mM

Tris-base, 1 mM EDTA) supplemented with 10 mM MgCl2 in a 10 µl or 20 µl volume. 5 mM

HEPES buffer was used for assembly at pH 7. Structures were assembled isothermally in a

thermocycler (Bio-Rad DNA Engine) by rapidly ramping to a specific temperature, holding
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at that temperature for a specified period of time, and then rapidly cooling to 4 °C. When

necessary, the gradient feature of the thermocycler was used to test a range of assembly

temperatures simultaneously. According to the manufacturer, the temperature gradient on

these thermocyclers is reproducible to within ±0.2 °C (see Appendix B for details). For

structures with very low assembly temperatures, strands were mixed in a 4 °C cold room

and kept on ice until they were placed in a thermocycler.

2.5.3 Gel electrophoresis

Structures were routinely analyzed by electrophoresis in a 2% native agarose gel containing

0.5× TBE buffer (45 mM Tris-borate, 1 mM EDTA) and 10 mM MgCl2 and pre-stained with

0.5× SYBR Safe (Invitrogen). 5 µl of each assembly reaction was mixed with 1 µl of 6×

bromophenol blue loading dye and loaded into the gel. 2 µl of a DNA ladder (Fermentas

1 kb plus) was used as a molecular size standard. Electrophoresis was performed for 90

minutes at 90 V in 0.5× TBE buffer supplemented with 10 mM MgCl2. An ice-water bath was

used to prevent additional assembly or degradation of the structures during electrophoresis.

Structures with very low assembly temperatures were analyzed by electrophoresis in a 4

°C cold room to ensure that a consistently low temperature was maintained. Afterwards,

gels were scanned with a Typhoon FLA 9000 (General Electric) using the SYBR Safe channel

(excitation at 473 nm, emission ≥ 510 nm). Gel images were quantified with TotalLab Quant

(TotalLab S3 Ltd.) using rubber band background correction. The yield was calculated as

the integrated intensity of the product band divided by the integrated intensity of the entire

lane.

2.5.4 Gel purification

Gel bands were visualized using a Safe Imager 2.0 Blue-Light Transilluminator (Invitrogen)

and excisedfrom the gel using a fresh razor blade. The excised piece was then placed into a

Freeze ‘N Squeeze column (Bio-Rad) and crushed using a plastic pestle. The column was

centrifuged at 400 × g for 8 minutes, yielding a purified sample.
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2.5.5 Atomic force microscopy imaging

Images of folded structures were obtained with a Veeco Multimode V atomic force micro-

scope. C-type Bruker SNL-10 tips were used under tapping mode in fluid. Folded (purified

or unpurified) samples were deposited onto mica surfaces and incubated at 4 °C for 10

min in folding buffer supplemented with 5 mM NiCl2 (structures without linkers) or 10

mM NiCl2 (structures with linkers) to enhance surface binding. Structures with linkers

were complemented with concentrated (>25× excess, measured against linker concentration,

rather than structure concentration) polyA strands in folding buffer, and incubated for 1

hour at 21 °C before mica deposition.

2.5.6 Modeling of molecular crowding

Theoretical modeling of molecular crowding was done to explain the measured formation

and predict folding quality at non-experimented conditions. A rough model was derived

based on the estimated effective ion concentration (Mg2+) and effective strand concentration

in a crowded environment. See Appendix B for details.
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Chapter 3

New applications for synthetic

structures

3.1 Chapter Summary

Microbial population growth is typically measured when cells can be directly observed, or

when death is rare. However, neither of these conditions hold for the mammalian gut micro-

biota, and therefore standard approaches cannot accurately measure the growth dynamics

of this community. Here we introduce a new method (distributed cell division counting,

DCDC) that uses the accurate segregation at cell division of genetically encoded fluorescent

particles to measure microbial growth rates. Using DCDC, we can measure the growth

rate of Escherichia coli for > 10 consecutive generations. We demonstrate experimentally

and theoretically that DCDC is robust to error across a wide range of temperatures and

conditions, including in the mammalian gut. Furthermore, our experimental observations

inform a mathematical model of the population dynamics of the gut microbiota. DCDC can

enable the study of microbial growth during infection, gut dysbiosis, antibiotic therapy, or

other situations relevant to human health.
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3.2 Introduction

Animals rely on their associated microbial communities to aid with digestion, immunity, and

other aspects of physiology150–152 and disease. To understand the structure and dynamics

of the microbiota, researchers use metagenomics, metatranscriptomics, and metabolic

profiling153–155 to measure the response of the gut microbiota to changes in diet, health, or

environment156–159. These methods provide a birds-eye correlative view of the microbiota,

but cannot be used to directly measure the growth rates of individual taxa. In particular,

16S rDNA sequencing can only detect relative changes in frequency within a mixed gut

population – a convolution of growth, death, and competition with other microbes in the

community. Recent work has indicated that the structure of the gut microbiota can change

in less than 24 hours in response to changes in diet or antibiotic therapy, but the mechanisms

driving such changes remain largely mysterious157 because the in vivo growth characteristics

of distinct gut microbes cannot be directly measured. To better understand the growth

dynamics of the gut microbiota, it is paramount to deconvolve the effects of growth, death,

and competition, and thus new methods are needed to directly measure these quantities in

the mammalian gut.

Mark and recapture, in which organisms are first marked and then sampled later, is

used by ecologists to measure the growth rate of wild populations160. The fraction of

individuals containing the mark upon resampling allows for the change in population size

to be estimated. Mark and recapture has been applied to study many animal populations,

but methods for phenotypically marking bacteria, (e.g. superinfecting bacteriophage, or

temperature-sensitive plasmids), are limited by indirect measurement, stability, and host

range161–164. Such methods are capable of providing qualitative estimates of growth rate,

but cannot be used to determine the number of elapsed generations precisely. In addition to

phenotypic marking, sequence tagging methods such as wild type isogenic tagged strains

(WITS) and sequence tag-based analysis of microbial populations (STAMP) have been

recently developed165,166. These methods indirectly measure the growth rate of a population,

but are very useful for elucidating population dynamics (such as population bottlenecks)
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during pathogen infection.

In addition to marker-based methods, markerless methods such as fluorescent hy-

bridization to ribosomal RNA, and the peak-to-trough ratio (PTR) based on next-generation

sequencing have been used to study microbial populations where marking is not feasi-

ble167,168. Of these, the PTR is especially exciting because it allows for the growth rates of

many native microbiotal strains to be measured simultaneously from a metagenomics sam-

ple168. Furthermore, when genetic modification is possible, it often facilitates downstream

measurement. For example, fluorescence dilution (FD) or the TIMER protein can be used to

measure cell-to-cell heterogeneity in growth rate, without the expense of next-generation

sequencing169,170. One limitation of FD and TIMER-based methods is that they work best

in aerobic tissues due the oxygen-dependent nature of fluorescent protein maturation. As

such, these methods have been primarily used to study Salmonella infection, which occurs

in aerobic tissues169,170. For a detailed comparison of various methods for measuring in vivo

population dynamics, see Appendix C Table C1.

Here, we use a synthetic mark and recapture160 strategy at the microbial scale that

enables us to count bacterial cell divisions. In contrast to synthetic stimulus counters, which

move between predefined states in response to a series of chemical stimuli32, our method

relies on inert particles that accurately segregate when cells divide, leading to an exponential

decrease in the fraction of cells containing a particle over time. By measuring the distribution

of particles in a population of cells, one can determine the number of elapsed generations.

Thus, we call our method distributed cell division counting (DCDC).

3.3 Results

3.3.1 Implementing DCDC in E. coli

To implement DCDC (Figure 3.1), we placed a series of self-assembling proteins (SAPs,

which include bacteriophage shell proteins and bacterial microcompartment proteins) fused

to a red fluorescent protein (mRFP1, hereby referred to as RFP) under control of the arabinose
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inducible promoter in E. coli (Figure 3.1b). After induction, ‘on’ cells express a fluorescent

fusion protein that self-assembles to form a single bright particle per cell; the inducer is

then eliminated to prevent further particle production (Figure 3.1b). We thus overcome the

limitations of other microbial marking strategies by using inert, highly stable particles that

do not confer any cellular growth burden and whose expression is tightly controlled by

a single induction event. Chemical labeling methods, such as the dye Carboxyfluorescein

diacetate succinimidyl ester (CFDA-SE or CFSE), rely on analog fluorescence measurements

and are limited by the dynamic range of detection171–173 and heterogeneity in cell size. For

these reasons, CFSE has been primarily used to study the proliferation of immune cells,

which are large and homogenous in size. Unlike chemical labeling methods, DCDC is

limited only by the number of cells counted and the false positive rate (see below).

Individual, bright particles with distinct segregation characteristics can be expressed

in E. coli (Figure 3.1c). We designed 10 variants of DCDC using an arabinose-inducible

promoter to express a variety of proteins known to self-assemble in bacterial cells, including

bacteriophage and bacterial microcompartment (BMC) proteins21,174–176; 6 of these variants

produced bright particles (Fig. 1d, Appendix C Figure C1). Of these, 4 variants (P12-P9,

CsoS1A, EutM, PduA) had one bright particle in the majority (60-80%) of cells after 3 hours

of induction (Figure 3.1d). The other two variants (CbbL and T4.gp23) had multiple particles

per cell or heterogeneous particle sizes (Appendix C Figure C1). “On” cells were between

20-fold and 200-fold more fluorescent than “off” cells when measured by flow cytometry

(Figure 3.1e).

DCDC has a very low false-positive rate. To measure the performance of our DCDC de-

signs, we calculated receiver operating characteristic (ROC) curves from the flow cytometry

data by systematically varying the threshold between “on” and “off” cells (Figure 3.1f). We

observed that two designs (P12/P9 and CsoS1A) had more than 1,000 true positives per

false positive, which was much higher than the other two designs (EutM and PduA), which

had about 100 true positives per false positive (Figure 3.1g). To further winnow the number

of designs, we compared the induction kinetics of the P12/P9 and CsoS1A designs. The
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Figure 3.1: Implementing DCDC in E. coli cells. Stimulus counters switch between discrete states in response
to specific triggers32,35, whereas distributed counters are induced and then an observable element (e.g., a
bright particle) autonomously segregates as cells divide (a). The number of elapsed generations is encoded as
the ratio of the number of particles to the number of cells. DCDC was implemented using a self-assembling
protein (SAP) fused to a red fluorescent protein (RFP) under control of an arabinose-inducible promoter (PAra),
producing monomers that self-assemble into a bright, fluorescent particle (b). After the cells are washed, particle
production ceases but existing particles remain. We started with 10 designs for DCDC, and determined the
best design as outlined in the schematic (c). To verify expression, cells were imaged after 3 hours of induction
with 1 mM arabinose using confocal microscopy (d, scale bar: 1 µm) and analyzed using flow cytometry (e).
The flow cytometry data from (e) was analyzed using a range of thresholds between bright and dark cells (f)
to create a receiver operating characteristic curve177, which plots the true positive rate vs. the false positive
rate for varying thresholds (g). The two best-performing designs were analyzed by flow cytometry after an
induction time course (h). To determine the optimal induction time, we calculated the area under the receiver
operating characteristic curve for the P12/P9 design (i).
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fluorescence distribution increased monotonically for both designs, the P12/P9 design has

slower kinetics than the CsoS1A design, which should result in fewer false positives for a

given amount of spurious production (Figure 3.1h). To determine the optimal induction

duration, we calculated the area under the ROC curve for the induction time course data for

the P12/P9 design from panel h (Figure 3.1i). This analysis indicated that we can classify

“on” and “off” cells with an area under the curve > 0.99 after 4 hours of induction.

3.3.2 Testing DCDC in vitro

DCDC can track at least 10 consecutive cell divisions during exponential growth. We tested

DCDC by inducing cells for 4 hours with arabinose, washing them 3× with phosphate

buffered saline (PBS), then diluting 1:1000 in fresh medium. To maintain exponential growth,

cells were diluted every 2 hours into flasks containing fresh Lysogeny Broth (LB) medium

(Figure 3.2a). As expected, we observed an exponential decreases in the fraction of “on” cells

over time after a short lag phase (Figure 3.2b). We further tested DCDC using a custom-built

turbidostat (Figure 3.2c, Appendix C Figure C2a) to automate growth curve collection and

maintain cells in exponential growth for a defined number of generations. After 4 hours of

induction in arabinose-containing rich medium, ≈70% of cells were in the “on” state. The

cells were then washed and diluted into defined medium to terminate particle production,

thereby allowing us to track cellular divisions. We measured the fluorescence of cells at

discrete time points using flow cytometry (Figure 3.2d, data are plotted on a log-log scale)

and calculated the fraction of “on” cells over time (Figure 3.2e). The bacterial populations

initially take one or two generations to adapt to the new growth conditions after which

cultures reach maximal exponential growth rates. By fitting a line to the log2 of the fraction

of “on” cells, we calculate a doubling time of 33.8 minutes, which is only about 3% longer

than the doubling time based on optical density (32.9 minutes, Figure 3.2f). This difference

corresponds to less than one half of one doubling over the course of the experiment.

DCDC is robust to large changes in growth rate. We varied the carbon source and

temperature and measured the change in bright fraction over time in turbidostats (Figure
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doubling times.
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3.2g). We fit an exponential decay (lines) to the colored points during which cells were

growing exponentially. Across this wide range of temperatures and conditions, the fraction

of “on” cells decreased exponentially, as expected. At slower growth rates, the doubling

time calculated from slope of the log2 of the fraction of “on” cells was longer than the

doubling rate as measured by optical density, but this can be accounted for using a quadratic

calibration curve (Appendix C Figure C2d). Thus, DCDC can measure generation times

across an order of magnitude (0.5-5 hours), which corresponds to a 512-fold difference in

population size per generation (210/21 = 29 = 512).

3.3.3 Detailed analysis of the performance of DCDC

DCDC particles segregate faithfully. We observed exponentially growing cells using an agar

pad on top of a coverslip using time lapse fluorescence microscopy. Over time, individual,

labeled cells formed microcolonies in which only one cell was labeled with a counting

particle (Figure 3.3a). We determined the extent of particle splitting and false production

by measuring the number of fluorescent particles in each frame of the movie. In 90% of

frames, only one bright particle was observed (Figure 3.3b). In the remaining 10% of frames,

one “main” bright particle and one or two dim particles were observed. We calculated

the ratio of brightness between the brightest and second-brightest particles in all of the

frames with at least 2 particles, and found that the fold-change between the main particle

and the next-brightest particle was always greater than 20 (Figure 3.3c). As a result, we

could differentiate between bright, positive cells and false positives. In most cases, the dim

particles originated from cells that did not contain a particle, suggesting in rare cases that

these extra particles are being produced de novo rather than splitting from existing particles.

Together, this analysis suggests that DCDC is robust to segregation errors and false particle

production.

DCDC does not incur a fitness cost on cells. We grew cells under three different

conditions: no induction, continuous induction, and induction followed by a wash (Figure

3.3d) to determine if particle expression affected growth rate. After growth in the presence or
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absence of inducers, we diluted cells 1:1000 in fresh medium and measured their subsequent

growth by monitoring the OD600 over time (Figure 3.3e). We observed similar growth

curves under all 3 conditions, indicating that particle expression does not affect the growth

rate of cells. Thus, we conclude that particle production does not introduce a growth burden

on cells.

DCDC is sensitive to false production but not particle splitting, degradation, or differen-

tial growth rates. We created a mathematical model in which particle splitting, degradation,

and false production occur in exponentially growing cells (Figure 3.3f). We used our model

to determine the maximum dynamic range in generations and found that the dynamic

range was inversely proportional to the log2 of the false production rate (Figure 3.3g).

We also examined the effect of growth rate difference between “on” and “off” cells, and

determined that such growth rate differences have only a transient effect on the average

growth rate of the population because the fraction of “on” cells decreases exponentially

over time (Figure 3.3h). Thus, the performance of DCDC is not sensitive to differences in

growth rate between “on” and “off” cells, and as established in Figure 3.3e such differences

do not exist in practice. Finally, we examined the relative contributions of particle splitting,

particle degradation, and false particle production to the counting error. We found that

particle splitting and degradation are important for the first few generations, but in the long

run false production dominates as a potential error source (Figure 3.3i), which could lead

to underestimates of the actual growth rate (see Appendix C Figure C2d). However, our

modeling indicates that the maximum false production rate K∗f p is equal to the steady-state

on/off ratio (see Methods for details), which based on our turbidostat experiments (Figure

3.2e, 3.2g) is typically less than 1 in 1,000. Therefore, we do not expect false production to

have a large effect on counting accuracy when the on/off ratio is greater than K∗f p.

3.3.4 Using DCDC to measure the growth of gut microbes

DCDC can be implemented in gut microbes. We modified a naturally occurring E. coli strain

isolated from the mouse gut178 to contain a DCDC plasmid and a chromosomally-integrated
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Figure 3.3: Quantitative analysis of distributing cell division counting. To analyze the performance of DCDC,
we directly observed microcolony formation under an agar pad using time lapse microscopy. Overlays of phase
(gray) and RFP (red) are shown during microcolony formation (a). Scale bar: 2 µm. In each frame of n=4
movies, we measured the number of bright particles in each frame (b). In frames with multiple bright particles,
we calculated the fold-change between the brightest and second-brightest particle in a frame (c). To measure
the growth burden of DCDC, we constantly induced, induced and washed, or did not induce cells (d) and
measured growth curves after each of these treatments (e). Error bars indicate one standard deviation. We
created a mathematical model to understand the effects of particle splitting, degradation, and false production
(f) on the performance of the counter. Using our model, we calculated the dynamic range in generations as a
function of the false production rate (g), and the effect of growth disparities between bright and dark cells over
time (h). We also determined the relative contributions of particle splitting, degradation, and false production
to counting error over time (i).
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constitutively active GFP gene, yielding the strain PAS418 (Figure 3.4a). This enabled us to

distinguish our engineered microbes from the native gut microbiota by flow cytometry or

microscopy. PAS418 cells expressed RFP particles (Figure 3.4b, Appendix C Figure C4a) after

induction with arabinose. Background particle expression was low (0.15%) in the absence of

induction, as measured by flow cytometry (Figure 3.4c). The efficacy of DCDC in PAS418

was first determined in vitro by growing PAS418 in our custom turbidostat under a variety

of growth conditions and measuring growth rates over 8 generations (Figure 3.4d, Appendix

C Figure C4b). As was observed with a lab E. coli strain (Figure 3.2g), the fraction of “on”

cells decreased exponentially over time across several different growth conditions. We also

tested DCDC by periodically diluting cells grown in flasks in LB at 37 °C (Figure 3.4e), and

the device functioned as expected (Figure 3.4f). Thus, DCDC is functional in PAS418, a

naturally occurring mouse gut bacteria.

We used DCDC to directly quantify the dynamics of the microbiota during colonization

in the gut. To determine the relative influences of growth, death, and removal on microbiotal

populations, we conducted a series of experiments in which PAS418 cells were introduced

into mice by oral gavage and their growth rate was subsequently measured using DCDC by

sampling the feces every 2 hours after gavage (Figure 3.4g). We first determined the rate of

removal by monitoring the fraction of bacteria in the feces that were GFP+ every 2 hours

after gavage (Figure 3.4h). Green (GFP+) bacteria were first observed 4 hours after gavage,

and after 6 hours the fraction of green bacteria decreased. Thus, the median transit time

was 6 hours, corresponding to a removal rate of 1/6 h−1.

Microbes can divide rapidly in the mammalian gut. We measured the growth rate of

PAS418 in the mouse GI tract by introducing induced PAS418 cells into n=4 mice by oral

gavage (Figure 3.4i, Appendix C Figure C4c). We fit lines to the log2 of the red/green

fraction, and found that the doubling time was 2.91± 0.06 h. As a negative control, we

introduced uninduced PAS418 cells into n=4 mice by oral gavage, and observed that fewer

than 1% of bacteria were reinduced in the GI tract based on our measurements of the log2

of the R/G fraction (Figure 3.4j, Appendix C Figure C4d). Data from a replicate experiment
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Figure 3.4: Engineering gut microbes to count cell divisions. GFP and RFP expression from the engineered
gut E. coli strain PAS418 (a) was verified using confocal microscopy (b) and flow cytometry (c) after overnight
growth with 133 mM arabinose. Scale bar in panel b: 2 µm. DCDC was tested in PAS418 using growth in a
turbidostat in minimal media supplemented with carbon sources and amino acids as indicated (d). Error bars
indicate one standard deviation based on 2 or 3 replicate turbidostats (there was only one replicate for the M9 +
Glu + Leu condition). We also measured the growth of PAS418 under more standard culturing conditions by
periodically diluting cultures grown in flasks in LB medium (e-f). PAS418 cells were introduced into mice by
oral gavage and the growth was monitored using DCDC by collecting feces every 2 h (g-j). We first measured
the average transit time by monitoring the presence of GFP+ bacteria in the feces of n=8 mice, shown in a box
and whisker plot (h). The edges of each box are the 25th and 75th percentiles, and the middle is the median. The
whiskers extend to the most extreme data points that are not considered outliers. Outliers are indicated using
red crosses. We then measured the growth of induced (i) and uninduced (j) PAS418 cells in the mouse gut by
plotting the log2 of the red/green fraction from n=4 mice. In (i), data points are joined by lines to aid the eye.
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indicated a similar doubling time of 2.74 h (see Appendix C Figure C4e).

3.3.5 Mathematical modeling of growth dynamics in the gut

Our experimental data capture the growth dynamics during the initial phase of colonization

in the gut, but over the next few days, the steady-state population size of PAS133 (the gut

isolate we engineered to enable DCDC) is much lower than the initial population size178.

To investigate the forces which might shape the long-term population dynamics of PAS418

and related strains in the mammalian gut, we constructed a mathematical model. The

simplest version of the model accounts for growth (at a rate of 1/3 h−1, based on our

measurements), removal (at a rate of 1/6 h−1, based on our measurements), and death

(an unknown parameter that we vary in the model) using differential equations (Figure

3.5a). Such a model is inherently unstable (aside from a trivial stable solution where the

population size is zero); the population will either grow or decay exponentially over time,

unless the growth, death, and removal rates balance each other, which is a bifurcation point.

Our simplest model does not consider nutrient limitation in the gut, so we introduced a

logistic growth term to account for this (Figure 3.5b). Such a model does produce a steady

state population, but only when the population initially increases in size or remains constant,

which is inconsistent with experimental observations that the steady state population size

of PAS133 is much lower than the initial population size178. Furthermore, we know that the

bacteria do not initially start above their carrying capacity because they are able to grow

rapidly during the first 12 hours after gavage (Figure 3.4i), and we introduce the bacteria at

a density of 108 ml−1 which is about 10 times lower than the estimated carrying capacity of

109 cfu ml−1, based on previous measurements of bacterial loads in mouse feces178,179.

Competition between bacteria does not explain the observed population dynamics. We

introduced a second bacterial species to our model that grows logistically and is removed

at a constant rate. In this model, mutual interactions between the two species can be

antagonistic or sympathetic, and we systematically vary the strength and sign of the

interactions. For simplicity, we consider symmetric interactions, and death is mediated by
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interactions between the strains. We show the population dynamics for one of the species

over time with varying interaction strengths and signs (Figure 3.5c). Broadly, the results fall

into 3 categories: both species grow exponentially, both species decline exponentially, and a

regime in which both species exist in the steady state. As in Figure 3.5b, stability is only

observed when the population does not initially decline over time. Thus, competition does

not produce dynamics that are consistent with our observations.

Finally, we considered the effects of adaptation on the population dynamics of gut

microbes. In this model, some bacteria alter their gene expression over time such that the

steady-state death rate is lower than the initial death rate. This means that initially, the

population decreases in size, but eventually stabilizes as the microbes adapt to their new

environment (Figure 3.5d). The extent of the initial drop in population size depends on

the initial death rate, which we varied from 0 to 10 h−1. If the initial death rate is low,

the initial population drop is small, and eventually the population recovers to its carrying

capacity, whereas if the long-term death rate (which we varied from 0 to 1/3 h−1) is too

high, the population crashes. In between these extremes, the model produces population

dynamics that are qualitatively similar to experimental observations that several days after

gavage, PAS133 stabilizes at a low population level and maintains that population level

for a long time178. However, the model in Figure 3.5d does not consider competition with

other species, or other forces that could shape the exact size the population reaches in

the steady state. A model with adaptation is able to qualitatively reproduce the observed

population dynamics of the gut microbiota, but models without adaptation only do so with

a narrow range of initial conditions. This suggests that the dynamics of death could be a

key difference between the initial population that colonizes the gut and the population that

resides there in the long term.

3.4 Discussion

In summary, we have developed a new method, DCDC, which allows us to infer the

population dynamics of microbes in a natural setting where birth and death are not directly
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Figure 3.5: A simple model of the population dynamics of the gut microbiota. We first consider a model with
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constant rate (d). Here, we vary the final death rate from 0 h−1 to 1/3 h−1.
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observable. Mathematical modeling indicated that the ability to draw such inferences

depends crucially on non-replication of the mark and from extremely low false-positive

and false-negative measurement rates. Previously, Benjamin et al. attempted to use a

temperature-sensitive episomal element as a non-replicating mark in Salmonella, but could

not quantitatively measure growth rates because replication was not completely shut off at

body temperature180. Using our system, we found that a murine E. coli strain residing in

the mouse gut divided twice as fast as the removal rate by defecation. This, combined with

previous measurements of the small steady-state population size of the PAS133 strain178,

implies that a significant number of PAS418 cells in the gut are lost to death. Furthermore,

the long-term stability of PAS133 in the gut suggests that it may be able to adapt to the

conditions in the gut, as indicated by our model (Figure 3.5d). It is also possible that

adaptation of the removal rate could lead to a steady-state population in the gut, but this

is less biologically plausible. The removal rate is largely determined by the frequency and

amount of defecation, which is a function of diet and gut physiology. It is also conceivable

that nutrient limitation alone could lead to an initial decrease in population size followed

by stability, but this only is feasible when the initial population size is near the carrying

capacity. Since we introduced our bacteria at about 1/10 of the carrying capacity, the initial

conditions for the nutrient limitation model are not satisfied. More generally, it is unlikely

that a newly colonizing bacterial species will have an initial population size close to the

carrying capacity, as this would imply that colonization has already taken place. That said, it

is important to emphasize that our modeling is not exhaustive – other models could explain

the observed population dynamics – but rather serves to illustrate a possible scenario that

could explain our experimental observations.

Our method should be easily applied to other species in the microbiota, so long as

the species can be genetically modified to express a self-assembling protein fusion under

control of an inducible promoter. Obligate anaerobic bacteria will be a particular challenge

due to the use of oxygen-dependent fluorescent proteins, but this could be circumvented

using a non-oxygen-dependent fluorophore such as the iLOV protein181. In addition, the

72



dynamic range of DCDC is set by the number of generations, so should function in microbes

with longer colonization times, or slower growth rates. Through additional experimental

and computational investigations using DCDC and other methods, it should be possible to

further elucidate the complex population dynamics of the gut microbiota.

3.5 Methods

3.5.1 Strains, plasmids, and bacterial culturing

For a list of strains and plasmids used in this study, see Appendix C Table C2. For plasmid

maintenance, ampicillin was used at a final concentration of 100 µg/ml, streptomycin was

used at a final concentration of 300 µg/ml. Unless indicated otherwise, cells were grown

in LB media. Plasmids (see Appendix C Figure C7 for a reference plasmid map) were

constructed using PCR with Q5 or Phusion polymerase (New England Biolabs) and Gibson

assembly (see Appendix C Table C3 for a list of primer sequence used). QIAprep spin or

QuickLyse kits (Qiagen) were used for isolating DNA, and DNA Clean & Concentrator-5

kits (Zymo Research) were used for PCR purification. Plasmid inserts were confirmed via

Sanger sequencing (Eton Bioscience).

3.5.2 In vitro counting experiments

E. coli DP10 cells were grown overnight in LB medium supplemented with ampicillin and

back-diluted 1:100. After 1.5-2 hours of growth, cells were induced for 3-4 hours with 1 mM

arabinose, then washed once with 1x PBS and concentrated 10-fold by centrifugation. 1 ml

of cells was inoculated into 1L of medium (described below) in a turbidostat bottle. In some

experiments, we grew cells exponentially in LB medium in flasks (shaken at 250 rpm at

37 °C), and diluted cultures 1:4 (for DP10) or 1:8 (for PAS418) into fresh, pre-warmed LB

medium every hours to maintain exponential growth.

To monitor bacterial growth over many consecutive generations, we constructed a home-

made turbidostat, which we named the “Evolvulator.” Each Evolvulator consisted of an
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Ethernet microcontroller fitted with a custom-designed daughterboard capable of connecting

to and controlling various components (See Appendix C Tables C4 and C5 for parts lists).

An LED and photodiode were used to measure the optical density (OD) of cells grown in a

1 liter glass bottle. Since the 1L bottle has a light path length of approximately 10 cm, we

chose a LED that emits light at 527 nm in order to minimize absorption of the light by the

water. Cells were stirred using a magnetic stir bar inside the bottle and a magnet mounted

on a computer fan; stirring speed was modulated using a potentiometer (POT0) to control

voltage to the fan via pulse width modulation. The Evolvulator chassis was constructed

from laser-cut 3 mm acrylic. Fresh medium was supplied by gravity flow from a 20L carboy,

governed by an electromechanical pinch valve. Custom server software written in Python

and utilizing the Twisted event-driven network engine was developed to control a feedback

loop, run on a Zotac ZBOX HD-AD02 with Ubuntu 11.10 installed. A web interface was

constructed using Java and HTML, allowing the user to monitor OD in real time, as well as

modify experimental parameters such as target OD, variance around target OD, and blank

OD sensor reading. Photodiode readings and valve state information were saved to a SQL

database stored locally on the control server. Samples were collected from the bottle using a

syringe at regular intervals. All server code and design schematics can be accessed at the

following GitHub repository: (https://github.com/Wyss/evolvulator.git).

The LED on each Evolvulator device was calibrated via potentiometer adjustment

(POT1) to a single photodiode to ensure that the intensity of emitted light was comparable

between devices. After LED calibration, each device-specific photodiode was then calibrated

against an in-house NanoDrop 2000c spectrophotometer (Thermo Scientific) in order to

eliminate device to device differences on OD readings due to inherent manufacturing

tolerances of the electrical components. Specifically, calculated Evolvulator ODs were

plotted against NanoDrop ODs to generate a calibration curve (Appendix C Figure C2b).

Since the relationship of Evolvulator OD to NanoDrop OD was not linear, we fitted a

polynomial trend line to the data that was forced through the origin. The resulting device-

specific coefficients were then used to calculate NanoDrop equivalent ODs from raw sensor
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data collected during a given experiment. We wrote custom Python and Matlab scripts to

extract and analyze photodiode sensor and valve activity data from the databases generated

during an experiment. Generation times were calculated after every bioreactor dilution

event. Briefly, the transmittance T was calculated using equation 3.1. NanoDrop equivalent

OD NOD was then calculated using equation 3.2. The natural log of the OD was then

plotted and the slope of this exponential growth curve was extracted using the polyfit

Matlab function. Generation times GT were then calculated using equation 3.3.

T =
sensorcurr

sensormax
(3.1)

NOD = C1(− log10 T2) + C2(− log10 T) (3.2)

C1 and C2 in Equation 3.2 represent the device specific coefficients calculated from

device calibrations.

GT =
ln 2

slope(ln OD)
(3.3)

For the experiments shown in Figures 3.2b, 3.2c, and Appendix C Figure C2c we used a

minimal media containing 135.6 g of disodium phosphate, 60 g of monosodium phosphate,

10 g of sodium chloride, 20 g of ammonium chloride, 80 g of glucose (0.4% w/v), 100 g of

casamino acids (0.5% w/v), 202.2 g of potassium nitrate (final concentration: 100 mM), per

20 liter carboy. The media was supplemented with magnesium sulfate (final concentration:

1 mM), thiamine hydrochloride (final concentration: 1 µg ml−1), and calcium chloride (final

concentration: 100 µM).

For the experiments shown in Figure 3.2d, and Appendix C Figure C2d, we used M9 salts

supplemented with potassium nitrate (final concentration: 100 mM), magnesium sulfate

(final concentration: 1 mM), thiamine hydrochloride (final concentration: 1 µg ml−1), and

calcium chloride (final concentration: 100 µM). We varied the carbon source, amino acid

mixture, and temperature. We used the following combinations: glucose (0.4% w/v) and
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casamino acids (0.5% w/v) at 37 °C, glucose (0.4% w/v) and leucine (final concentration: 1

mM) at 37 °C, glucose (0.4% w/v) and leucine (1 mM final concentration) at 23 °C, glycerol

(0.4% w/v) and leucine (final concentration: 1 mM) at 23 °C.

For the experiments shown in Figure 3.4d, we used M9 salts supplemented with glucose

(0.4% w/v), casamino acids (0.5% w/v), potassium nitrate (final concentration: 100 mM),

magnesium sulfate (final concentration: 1 mM), thiamine hydrochloride (final concentration:

1 µg ml−1), and calcium chloride (final concentration: 100 µM). Cells were grown at 37 °C.

For the experiments shown in Figure 3.4d and Appendix C Figure C4b, we used M9 salts

supplemented with potassium nitrate (final concentration: 100 mM), magnesium sulfate

(final concentration: 1 mM), thiamine hydrochloride (final concentration: 1 µg ml−1), and

calcium chloride (final concentration: 100 µM). We varied the carbon source, amino acid

mixture, and temperature. We used the following combinations: glucose (0.4% w/v) and

casamino acids (0.5% w/v) at 37 °C, glucose (0.4% w/v) and leucine (final concentration: 1

mM) at 37 °C, sodium gluconate (0.4% w/v) and leucine (final concentration: 1 mM) at 37

°C.

For the experiments shown in in Appendix C Figure C2d , we compared the doubling

time based on optical density (τOD, calculated as described above) with the doubling time

based on the decrease in the fraction of “on” cells (τON , calculated based on the slope a linear

fit to the log2 of the fraction of “on” cells, using the red data points). We observed an initial

adaptation to new growth conditions (slower decrease in the “on” fraction) at the beginning

of each time course. We also observed a slower decrease in the “on” fraction towards the

end of each time course, due to either spontaneous particle production or false-positives. If

no particles are being produced after induction, we expect the two measures of doubling

time to be identical, namely τOD = τON . However, particle production (via leaky expression

or particle splitting) will generally cause τON to be larger than τOD. We introduce a term α to

account for this production, which is defined as the difference in growth rates as calculated

by optical density and DCDC, such that α + 1/τON = 1/τOD. In Appendix C Figure C2d,

we calculated α = 1/24.

76



3.5.3 In vivo counting experiments

E. coli PAS133 was transformed with pCAM10A, then the chromosomally integrated sfGFP

construct was transferred via P1vir transduction from E. coli PAS143, a strain characterized

by Brian Chin (Harvard Medical School, current affiliation: Sysmex Inostics; unpublished).

This new strain was termed PAS418.

Female, ten-week old, BALB/c mice were obtained from Charles River Laboratories, and

allowed to acclimate for one week. Orally administered E. coli generally will not colonize

the gut unless the endogenous bacteria are inhibited. Therefore supplemented the drinking

water of the mice with 5% sucrose and 0.5 mg/mL streptomycin to reduce the endogenous

flora one day prior to oral administration of engineered E. coli182. Engineered E. coli were

cultured overnight in M9 supplemented with 0.4% (w/v) glucose, 0.5% (w/v) casamino

acids, and ampicillin. We used 2% (w/v) arabinose for overnight induction. Approximately

107 engineered E. coli cells from the overnight culture were washed in PBS and administered

to each mouse via oral gavage. Fecal samples were collected every two hours by isolating

mice in sterile plastic containers for approximately 3 minutes until at least three fecal

pellets were produced. Fecal pellets were suspended in 1 ml PBS, diluted 1:10 in PBS,

and centrifuged at 50 × g for 20 minutes. 600 microliters of supernatant was removed

and stored at 4 °C until flow cytometry analysis, which was performed within 24 hours of

sample collection. Throughout all experiments, mice were fed a grain-based chow without

arabinose (ssniff EF R/M Control feed, ssniff-Spezialdiäten GmbH, Soest, Germany) ad

libitum. Throughout our experiments, the animals did not present any signs of pain or stress.

Our animal protocol was approved by the Harvard Medical Area Standing Committee on

Animals, protocol 04966.

3.5.4 Growth rate comparisons

E. coli DP10 and PAS418 cells were grown overnight in LB medium. PAS418 cells were

induced overnight with 2% (w/v) arabinose, and DP10/pCAM10 cells were induced for 4

hours with 1 mM arabinose. Cells were washed 3 times in 1x PBS, and then diluted 1:1,000
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in fresh LB medium. 150 ul of diluted cells were transferred to 96-well microplates (Corning)

with 100 ul of mineral oil overlaid on top to prevent evaporation. The plate was incubated

in a Perkin Elmer Victor 3V 1420 multilabel plate reader at 37 °C and medium shaking for 8

hours, and the optical density at 600 nm was recorded every 5 minutes.

3.5.5 Confocal Microscopy

E. coli cells were imaged using a Nikon Ti motorized inverted microscope equipped with

100x Plan Apo NA 1.4 objective lens, combined with a Yokagawa CSU-X1 spinning disk

confocal with Spectral Applied Research Aurora Borealis modification. For mRFP1 imaging,

a 100 mW 561 nm solid state laser with a quad pass dichroic mirror (Chroma) and a 620/60

emission filter (Chroma #858). For GFP imaging, a 488 nm solid state laser with a quad pass

dichroic mirror (Chroma) and a 525/50 emission filter (Chroma #852) was used. Imaging

was performed with a Hamamatsu ORCA-AG cooled CCD camera. Metamorph software

was used for image acquisition. For z-stacks, seven optical sections with a spacing of

0.5 microns were acquired, and are displayed as maximum z-projections. Brightness and

contrast were adjusted uniformly using ImageJ version 1.48. These images are show in

Figure 3.1, Figure 3.4, and Appendix C Figures C1 and C4.

3.5.6 Time lapse microscopy

Samples were placed in a MatTek dish, covered by a 2% agarose pad containing M9

medium supplemented with 0.4% (w/v) glucose and 0.5% (w/v) casamino acids. A

low density of cells was used to allow for the formation of well-separated microcolonies.

Time lapse images were acquired using a Nikon TE-2000 microscope with a 100x 1.4

numerical aperture phase objective with an ORCA-ER charge coupled device camera

(Hamamatsu Photonics, Hamamatsu, Japan). Illumination was provide from a Lumencor

LED fluorescence illuminator. NIS-Elements AR version 4.20.00 was used to control the

microscope and camera during acquisition. In general, we acquired frames every 5 minutes

using no more than 50% of the maximum power on the Lumencor to minimize the effects of
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photobleaching. These images are shown in Figure 3.3.

3.5.7 Flow cytometry

E. coli cells were analyzed using a BD LSRII flow cytometer with a High Throughput Sampler.

A 594 nm laser and 630/22 filter was used for mRFP1 detection. A 488 nm laser and 525/50

filter was used for GFP detection. Cells were gated by forward and side scatter to exclude

doublets. Samples were run at ≤ 2, 000 events per second to ensure accurate detection.

When necessary, cells were concentrated by centrifugation at 5,000 × g for 10 minutes and

the resulting pellet resuspended in a smaller volume. For the in vitro experiments shown in

Figure 3.2, tubes were used; the high-throughput sampler was used in other experiments.

Control experiments were performed with alternating bright and dark wells to ensure

minimal carryover between wells. Flow cytometry data were analyzed using FlowJo v. 10.6,

or custom MATLAB scripts (Mathworks, Natick, MA).

3.5.8 Error rate modeling

We constructed a mathematical model to better understand the effects of particle degradation,

splitting, or false production on counting error. This model considers particles and cells

separately. Suppose we have p particles in n cells. Then we can write down the following

differential equations to describe the dynamics of particles and cells:

dp
dt

= Ksplit · p + K f p(n− p)− p
τp

(3.4)

dn
dt

= µB · p + µD(n− p) (3.5)

In the above equations, Ksplit is rate at which particles split, K f p is the rate at which

particles are produced in the absence of induction, τp is the inverse of the rate of particle

decay, µB is the growth rate of bright cells, and µD is the growth rate of dark cells. For a

reaction diagram, see Appendix C Figure C3.
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In the model, we assume that there can only be one particle per cell. Hence, there are p

cells which contain particles, and n-p which do not contain particles. We denote these as

“bright” and “dark” cells respectively. Using the model, we can calculate (1) the dynamic

range of DCDC, (2) the effect of unequal growth rates between bright and dark cells, and (3)

the relative contributions of particle splitting, degradation, and false production over time.

In order for counting to function, we must have a separation of timescales between the

particles and the cells. If cellular dynamics do not occur faster than particle dynamics, then

the ratio of particles to cells will reflect production, degradation, or splitting of the particles

rather than growth and division of the population of cells being measured. In other words,

the cells must be growing much faster than the net production (or decay) of particles. Based

on our time-lapse microscopy and turbidostat experiments, we have observed that particles

are stable for multiple days, and that particle production is much slower than cell division.

Thus, we can safely assume that as t→ ∞, n� p.

(1) To determine the dynamic range, we calculate the steady state ratio of p/n at time

goes to infinity. To start, we normalize time relative to the growth rate of dark cells

dp
dt

= K∗split·+K∗f p(n− p)− p
τ∗p

(3.6)

dn
dt

= µ∗B · p + n− p (3.7)

Where the asterisks indicate that the rate constants are normalized per division (or

per generation). We first consider the case where dp/dt ≤ 0. In this case, n will increase

exponentially and p will remain constant as t → ∞. Thus, the ratio p/n → 0 as t → ∞ in

this case. The more interesting case is when dp/dt>0. It is fairly obvious that dn/dt > 0

because n > p. Thus, as t→ ∞, both p and n will go to infinity. Since we are interested in

the ratio p/n, we can use L’Hospital’s rule:

lim
t→∞

p/n =
dp/dt
dn/dt

=
K∗split · p + K∗f p(n− p)− /pτ∗p

µ∗B · p + n− p
(3.8)
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We know that at the steady state p� n, usually by at least a factor of 100, thus we can

simplify by dividing everything by n:

lim
t→∞

p/n =
K∗split · p/n + (K∗f p(n− p))/n− p/n

τ∗p

µ∗B · p/n + n/n− p/n

≈ (0 + (K∗f p(n− p))/n− 0)/(0 + n/n− 0) ≈ K∗f p (3.9)

Thus, the dynamic range of DCDC is limited entirely by the false production rate.

(2) If we normalize dn/dt so that we are looking at relative population growth, we see

that

1
n
· dn

dt
= (µ∗B−1)

p
n
+ 1 (3.10)

There is a trivial solution where µ∗B = 0, and then nothing grows. Otherwise, this

describes an exponential decay towards 1 (since eventually n� p), which is the growth rate

of dark cells. So, even if there is an initial difference between the growth rate of bright and

dark cells, it will rapidly correct itself over time.

(3) This is similar to (2) but with the dp/dt equation:

1
n
· dp

dt
= K∗split ·

p
n
+ K∗f p

n− p
n
− p/n

τ∗p
(3.11)

And we can see that splitting and degradation exponentially decrease in importance

over time, whereas false production asymptotically increases towards its maximum value of

K f p for n� p.

3.5.9 Microbiota population dynamics modeling

We considered a total of 7 cases in our model. Below, we show the equations used to

describe the population dynamics in each of these cases:

No feedback (Figure 3.5a): dx/dt = (G− R− D)x

Nutrient limitation (Figure 3.5b): dx/dt = g(c− x)x− Rx− Dx
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Interactions with other bacteria (Figure 3.5c): dx/dt = Gx(c − x)x − Rx − kp · x · y,

dy/dt = Gy(c− y)y− Ry− kp · x · y

Adaptation (Figure 3.5d): dx/dt = g(c− x)x− Rx− (dmaxexp(−τd · t + 1)dmin · x

Physiological removal (Fig. S6a): dx/dt = Gx− rx2 − Dx

Immune response (Fig. S6b): dx/dt = Gx− Rx− k I Ix, dI/dt = k I I(cI − I)x

Bacteriophage killing (Fig. S6c): dx/dt = Gx− Rx− kBBx, dB/dt = kBSkBBx

Here, G is the exponential growth rate, R is the removal rate, D is the death rate, g is

the logistic growth rate, c is the carrying capacity, Gx and Gy are the logistic growth rates of

species x and species y respectively, kp is the strength of the interaction between species x

and y, (dmax + 1)dmin is the maximal death rate, τD is the rate at which the death rate decays

towards the steady-state death rate, dmin is the steady-state death rate, r is the physiological

removal rate, k I is immune response rate, cI is the maximal immune response level, kB is the

rate of bacteriophage infection, and kBS is the burst size of the bacteriophage. We denote

the bacterium of interest using x, the other species using y, the strength of the immune

response using I, and the bacteriophages using B. We did not include a separate death term

in the ”interactions with other bacteria” case (Figure 3.5c) as in this case death is mediated

by interactions with other bacteria.

For the plots in Figure 3.5a, we used G = 1/3 · h−1, R = 1/6 · h−1, and varied D from

0 to 1/3 h−1. For the plots in Figure 3.5b, we used g = 1/3cḣ−1, R = 1/6 · h−1, c = 1,

and varied D from 0 to 1/3 h−1. For the plots in Figure 3.5c. we used Gx = 1/3 · h−1,

Gy = 1/2 · h−1, R = 1/6 · h−1, and varied kp from -1 to 1. For the plots in Figure 3.5d, we

used g = 1/3 · h−1, R = 1/6 · h−1, dmax = 30, τD = 0.5, and varied dmin from 0 to 1/3 h−1.

For the plots in Appendix C Figure C6a, we used G = 1/3 · h−1, r = 1/3, and varied D from

0 to 1/3 h−1. For the plots in Appendix C Figure C6b, we used G = 1/3 · h−1, R = 1/6 · h−1,

and cI = 1, and varied k I from 0 to 1. For the plots in Appendix C Figure C6c, we used

G = 1/3 · h−1, R = 1/6 · h−1, kBS = 50, and varied kB from 0 to 1.

The simple cases (No feedback, nutrient limitation, physiological removal) were solved

analytically using the DSolve function in Mathematica 10.2. All other cases were solved
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numerically using MATLAB.
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Chapter 4

New building materials for synthetic

structures

4.1 Chapter Summary

Subcellular organization is critical for isolating, concentrating, and protecting biological

activities. Synthetic scaffolds have been designed to recapitulate the benefits of this orga-

nization in new contexts; they are generally constructed from proteins or nucleic acids.

To expand the range of available building materials, we use a minimal set of components

from the lipid-encapsulated bacteriophage φ6 to form synthetic lipid-containing scaffolds

(SLSs) in an exogenous host, E. coli. Analysis of diffusive behavior in live cells by particle

tracking suggests that the structures are >30 nm in diameter, and measuring their density

by equilibrium gradient centrifugation indicates lipid content. The fluorescent proteins

mCitrine and mCerulean can be co-localized to SLSs. To test for scaffolding, we localized

two enzymes involved in indigo biosynthesis to SLSs. We observed a scaffold-dependent

increase in indigo production, showing that SLSs can enhance metabolic reactions.
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4.2 Introduction

Localization is an important mechanism for regulating the function and activity of a variety

of cellular processes. Typically, localization influences activity by changing the local substrate

concentration, or access to cofactors. To take advantage of this phenomenon, cells frequently

organize enzymes into larger protein complexes, such as fatty acid synthetase183 and the

nonribosomal peptide synthetases and polyketide synthetases of Bacillus subtilis184. In

some cases, these natural scaffolds can have more complex geometry, as found in bacterial

microcompartments21,185, or consist of a mixture of proteins and nucleic acids, such as the

telomerase complex12.

Inspired by the diverse set of scaffolds found in nature, synthetic biologists have sought

to organize enzymes and other functional molecules on synthetic scaffolds. A pioneering

example in 2009 by Dueber et al. showed that a protein scaffold could be used to enhance

the production of mevalonate65. Since then, engineered scaffolds made from proteins or

nucleic acids have been effectively used to enhance the activity of various enzymes or

signaling proteins to create novel cellular functions65,70,75,79,86. Both classes of scaffolds have

limitations, however: protein scaffolds are limited in complexity, and RNA scaffolds are

intrinsically unstable. To address some of these limitations, it would be useful to incorporate

new types of materials into synthetic scaffolds in vivo.

Lipids present a unique and interesting option as a building material. Lipids can serve

as anchors for membrane proteins, and they can also form membrane barriers that allow for

selective transport of small molecules in and out of compartments. However, the complexity

of membrane-bound organelles preclude their use as a minimal chassis for engineering

spatial organization, although existing compartments have been successfully modified186 or

transplanted to other organisms187.

In order to incorporate lipids into synthetic scaffolds, one needs a simple system in which

the assembly of lipids together with proteins of interest can be controlled. A candidate for

such a system comes from the bacteriophage φ6. Unlike most bacteriophages, φ6 contains

a proteinaceous nucleocapsid surrounded by an envelope containing lipids and several
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membrane proteins188,189. During its normal life cycle, φ6 infects the bacterium Pseudomonas

phaseolicola190 via a membrane fusion event191, and thus the membrane is a crucial part

of an infectious viral particle. Furthermore, buoyant intermediates in the assembly of φ6

have been identified, both in the native host during infection192 and when a subset of viral

proteins are expressed in Escherichia coli193. More recently, Sarin and coworkers showed

that when just 3 viral proteins (P8, P9, and P12) were expressed in E. coli, circular particles

containing a mixture of lipids and proteins could be purified and imaged with cryo-electron

microscopy194. Inspired by this work, we endeavored to use φ6 assembly intermediates as

synthetic scaffolds.

Here we report the production of a new class of scaffolds that contain both proteins

and lipids. This composition offers the prospects of exceptional stability, large size, and

hydrophobicity. We design and build synthetic lipid-containing scaffolds (SLSs) in E. coli

using parts derived from the bacteriophage φ6 (Figure 4.1A). Specifically, our synthetic

system uses two φ6 proteins: the major membrane protein P9 and a non-structural protein,

P12, that is required for particle formation193. By fusing various proteins of interest to

the C-terminus of P9, we can localize them to our scaffolds. We characterize our scaffolds

using fluorescence microscopy and equilibrium flotation centrifugation, and use SLSs to

co-localize the fluorescent proteins mCerulean and mCitrine. In addition, we use SLSs to

localize two enzymes involved in indigo production, and we demonstrate that scaffolding

these enzymes enhances their activity. This approach should be generalizable to a wide

range of enzymes.

4.3 Results and Discussion

To directly visualize our synthetic lipid scaffolds in E. coli cells, we fused the monomeric

fluorescent proteins mCerulean and mCitrine to the major φ6 membrane protein P9. Using

fluorescence microscopy, we found that the C-terminal P9 fusion was capable of forming foci

in the presence of P12, whereas the N-terminal fusion was not (Figure 4.1B). No foci were

formed in the absence of P12 (Figure 4.1B). While the number of foci per cell varied with the
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induction level, cells induced for 2 hours using 1 mM arabinose contained a mean of 2.5 foci

(Figure 4.1C). While foci did not adhere closely to the cell periphery, they were excluded

from the central region of the cell, suggesting either transient membrane association or

exclusion from the nucleoid (Figure 4.1D, for larger images see Appendix D Figure D1).

Particle tracking of these foci revealed that they diffuse in a manner consistent with

particles larger than ribosomes. We acquired movies at 9 frames per second and tracked

the diffusion of the particles over time (Figure 4.1E). Plots of mean squared displacements

(MSDs) of particles over all possible time intervals (τ) in live cells show distinct regimes

of diffusive and confined behavior (Figure 4.1F). At small values of τ, the MSD plot is

roughly linear, indicating diffusive movement. Since we are observing diffusion in two

dimensions, we can use the formula MSD = 4Dτ to calculate a diffusion coefficient of

0.00325 to 0.00385 µm2/s (R2 = 0.92-0.94) for the particles. Thus, P9 particles are slower

than ribosomes, which diffuse at 0.04 µm2/s195, implying that P9 particles are larger. The

traces are slightly non-linear, however, suggesting that the behavior of P9 particles may be

subdiffusive. This could be caused by transient interactions with cellular components such

as the membrane, or as a direct result of the physical crowding in the cytoplasm196. For

larger images of the traces, see Appendix D Figure D1.
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Figure 4.1: Synthetic lipid scaffolds self-assemble inE.coli. Based on the φ6 phage literature192,193, we expected
the integral membrane protein P9 to assemble in the presence of P12 (A). Only C-terminally tagged P9 is
competent to form foci inE.coli, and P12 is required for this process (B). The mean number of foci per cell is
2.5 (C), and particles are present in the middle z slices of a confocal stack (D). We tracked the diffusion of
fluorescent particles over time (E) and measured diffusion coefficients consistent with a particle in excess of 30
nm in diameter (F). The insets in panel E are magnified by a factor of 2, relative to the rest of the panel.
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Using equilibrium density centrifugation, we find that particles containing N-terminal

fluorescently tagged P9 float with a density identical to lipid-containing organelles. We

floated the high-speed pellet of clarified extract prepared from cells expressing P9-mCitrine

and P12 over a sucrose gradient and found a strong peak of fluorescent signal in fractions

with a density of approximately 1.17 g/ml (Figure 4.2A-C), compared to samples from cells

expressing mCitrine-P9 and P12 analyzed in the same fashion (Figure 4.2D-F). This density,

while higher than that reported for synaptic vesicles (1.05 g/ml), is similar to mitochondria

(1.18 g/ml)22, and previous density measurements of φ6 assembly intermediates (1.18

g/ml) 17,18. Thus, the C-terminal fusion migrates at a density consistent with incorporation

into a lipid-containing particle. By contrast, proteins in solution, which have a density

of approximately 1.3-1.4 g/ml, would be expected to form a pellet in our gradients197.

However, the majority of soluble cellular proteins are not loaded onto the sucrose gradient,

having been left in the supernatant of a high-speed spin (Materials and Methods). For

example, mCitrine-P9 expressed with P12 (Figure 4.2D) is left the soluble fraction (Figure

4.2E), suggesting that N-terminal fusions to P9 likely inhibits its ability to properly insert into

the membrane. This is consistent with the cytosolic localization observed by fluorescence

microscopy (Figure 4.1B).
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Figure 4.2: SLSs contain a mixture of lipids and proteins. C-terminally tagged (but not N-terminally tagged)
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While only the P9-mCitrine gradient shows detectable levels of mCitrine, the 1.17 g/ml

fractions from both gradients have vesicles that can be observed by negative stain TEM

(Figure 4.2E). This is likely because our purification scheme enriches for vesicles in these

fractions regardless of the presence of lipid-containing P9 foci (Figure 4.2F); these are

likely formed from cell membranes during lysis. The background of these vesicles is too

high to reliably detect P9-containing particles by this method. The assignment of any

specific morphology to P9 foci is further complicated by the fact that high pressure freeze

substitution of whole cells (Appendix D Figure D2) cannot detect any intracellular particles

particular to cells with P9 foci. Therefore, we consider SLSs to be discrete, but amorphous

lipid-containing particles.

Multiple isoforms of P9 co-localize on synthetic lipid scaffolds. We expressed P12 and

P9-mCerulean under control of the arabinose promoter and P9-mCitrine under control of

the tet promoter. In the absence of inducers, only autofluorescence is observed (Figure

4.3A). When tetracycline is the only inducer, we observe mCitrine distributed throughout

the cytoplasm, also as expected (Figure 4.3B). When arabinose is the only inducer, we

observe foci of mCerulean, as expected (Figure 4.3C). When both arabinose and tetracycline

are used as inducers, we observe co-localization between mCitrine and mCerulean foci –

approximately 60% of foci contain signal in both channels (Figure 4.3D, for additional larger

images see Appendix D Figure D3). Some colocalization is observed in Figure 4.3C; this is

likely due to spectral overlap between mCitrine and mCerulean because it is also observed

to some extent in Figure 4.3B. Together, our results suggest that SLSs could be used to

scaffold at least two proteins of interest.
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Figure 4.3: We can co-localize fluorescent proteins to SLSs. Cells containing two plasmids, one carrying P12
and P9-mCerulean and the second carrying P9-mCitrine (A) were induced with arabinose or tetracycline (B
and C). In the presence of both inducers (D), foci containing all combinations of fluorophores were present,
with approximately 60% of foci containing detectable signal in both channels. All cells were fixed with 1%
(v/v) formaldehyde before imaging. When P9-mCitrine was co-expressed with P9-His and purified on a nickel
column, P9-mCitrine was detected in the eluate (E). However, when P9-mCitrine was co-expressed with
P9-His and purified on a nickel column, P9-mCitrine was not detected in the eluate (F).
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The C terminus of P9 is exposed to the cytosol, and P9-6His fusions can be used to pull

down fluorescent isoforms of P9. We isolated the high-speed insoluble fraction from cells

expressing P9-mCitrine and either 6His-P9 or P9-6His and loaded it onto a nickel column.

The eluate of the P9-6His preparation contains P9-mCitrine fusions that can be detected by

Western blot with anti-GFP antibodies (Figure 4.3E). The recovery of P9-mCitrine from a

P9-6His pulldown indicates that these two isoforms of P9 can physically associate with one

another. This further implies that at least a fraction of the C-termini of P9 is exposed to the

cytosol, rather than buried within the lipid scaffold, and demonstrates that a protein and an

affinity tag can co-localize to SLSs. The eluate from 6His-P9, however, contains very little

mCitrine-P9 (Figure 4.3F), suggesting that the N-terminal 6His fusion, like the N-terminal

mCitrine fusion described above, likely does not localize to our scaffolds.

Synthetic lipid-containing scaffolds enhance the activity of enzymes involved in indigo

biosynthesis. We fused two enzymes involved in indigo biosynthesis, TnaA and FMO, to

the C terminus of P9, and expressed them in the presence or absence of P12 (Figure 4.4A).

We quantified the resulting indigo production levels of these two strains using a standard

curve (Appendix D Figure D4A) and found that strains expressing P12 produced 2-3-fold

more indigo than strains that did not express P12 (Figure 4.4B). Strains with mutations

in P9 that prevent localization to the particles (P9*, Appendix D Figure D4B) and strains

that did not express one of the enzymes did not produce detectible levels of indigo. This

change in indigo production was not due to a change in the levels of P9-TnaA or P9-FMO, as

measured by Western blotting (Figure 4.4C, 4.4D). Thus, we conclude that SLSs can enhance

the production of indigo. In the future, SLSs could be used to enhance the production of

other metabolites of interest, such as drugs, fuels, or plastics. This new type of scaffold

may provide special advantages for processes that involve hydrophobic intermediates or

products.
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Figure 4.4: Localization to SLSs enhances the biosynthesis of indigo. A schematic of the proteins expressed for
indigo production is shown (A). Indigo production values are shown for strains expressing P9-6His-TnaA
and P9-FLAG-FMO fusions in the presence or absence of P12 (B). Data are normalized such that production
values for strains without P12 are equal to 1. Error bars indicate one standard deviation based on N=4
experiments. Asterisks indicate mutant forms of P9 that do not contain the transmembrane domain. Indigo
production was insufficient in the rightmost 4 samples to allow for quantification. Expression of P9-6His-TnaA
and P9-FLAG-FMO was measured using Western blotting (C). Band intensities were quantified to compare
expression in the presence and absence of P12 (D). Error bars indicate one standard deviation based on N=3
experiments.
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4.4 Methods

4.4.1 Strains and culturing

For a list of strains and plasmids used in this study, see Appendix D Table D1. For plasmid

maintenance, ampicillin was used at a final concentration of 100 µg/ml, carbenicillin

was used at a final concentration of 100 µg/ml, and spectinomycin was used at a final

concentration of 100 µg/ml. Unless indicated otherwise, cells were grown in LB media.

Plasmids were constructed using PCR with Q5 or Phusion polymerase (New England

Biolabs) and Gibson assembly. Primer sequences are listed in Appendix D Table D2.

QIAprep spin or QuickLyse kits (Qiagen) were used for isolating DNA, and DNA Clean &

Concentrator-5 kits (Zymo Research) were used for PCR purification. Plasmid inserts were

confirmed by Sanger sequencing (Eton Bioscience or Genewiz, Inc.).

4.4.2 Particle purification

Cells from a 500 ml culture were harvested by centrifugation and resuspended in 20 ml

lysis buffer (containing 200 mM KCl, 10 mM Tris HCl at pH 7.5, 1 mM DTT, and 1 mM

MgCl2). Immediately after addition of 1 mM phenylmethylsulfonyl fluoride (PMSF), cells

were passed through a French Press at approximately 14,400 psi. Lysates were clarified

by spinning for 20 minutes at 4,000 rpm at 4 °C in tabletop centrifuge; membranes were

isolated from this supernatant by spinning for 110 minutes at 80,000 × g at 4 °C in a MLA

80 rotor. The insoluble pellet from this spin was resuspended in a small volume (2-5 ml) of

lysis buffer containing 62% (w/v) sucrose, and 2 ml of this was layered atop a 1 ml 67%

w/v sucrose cushion, in a modification of a protocol described by Laurinavičius et al.198.

Subsequently, 7 ml of 57%, 6ml of 48%, 6 ml of 39%, and 2 ml of 30% sucrose were added.

All sucrose fractions were prepared w/v in lysis buffer. Gradients were spun at 32,000 × g

at 4 °C for 86 hours. Fractions were taken for negative stain EM, SDS-PAGE, and fluorimetry

by plate reader (Perkin Elmer Victor 3 1420 Multilabel Plate Reader).
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4.4.3 Time lapse microscopy

Cells were either fixed in 1% formaldehyde in PBS or left untouched. They were applied to

a 2% agarose pad prepared with M9 + 1% glucose and imaged on a Nikon TE 2000 inverted

epifluorescence microscope equipped with a Lumencor LED fluorescence illuminator an

Orca ER CCD camera. Using a burst acquisition mode in Nikon Elements AR, images

were captured at the maximum frame rate of the camera (8.95 frames/second). Particles

were detected and tracked in these movies with u-track199 and mean squared displacement

analysis was performed using MATLAB.

4.4.4 Electron microscopy

For negative staining, 4 µl of sample was applied to a glow-discharged carbon-coated 200

mesh formvar copper grid (Electron Microscopy Sciences). After 30 seconds, the sample

was wicked off with filter paper, washed briefly 3 times in lysis buffer (see above), and 3

times in 0.75% uranyl formate. For sections, cells were subjected to high-pressure freeze

substitution followed by Epon resin embedding and staining with uranyl acetate and lead

citrate by the Conventional Electron Microscopy Facility at Harvard Medical School. All

grids were visualized with a Tecnai G2 Spirit BioTWIN Electron Microscope.

4.4.5 Western blotting

Samples were run on a 12% Bis-Tris gel in MES buffer. After transfer to nitrocellulose,

blots were incubated for 1 hr in 2% BSA and/or 5% milk, and then 1.5 hr in antibody

(Abcam AB1187) rabbit pAb to 6X His (HRP conjugated) at 1:5000 or mouse mAb to GFP

(Roche 11814460001) at 1:1000. Chemiluminescence was imaged after Western Lightning

ECL treatment. Band intensities were quantified with the “Gels” feature of FIJI.

4.4.6 Confocal microscopy

Cells were imaged using a Nikon Ti motorized inverted microscope equipped with 100x

Plan Apo NA 1.4 objective lens, combined with a Yokagawa CSU-X1 spinning disk confocal
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with Spectral Applied Research Aurora Borealis modification. For CFP imaging, an 80 mW

445 nm solid state laser with a triple pass dichroic mirror (Chroma) and a 480/40 emission

filter (Chroma #849) was used. For YFP imaging, a 100 mW 515 nm solid state laser with a

triple pass dichroic mirror (Chroma) and a 535/30 filter (Chroma #1121) was used. Imaging

was performed with a Hamamatsu ORCA-AG cooled CCD camera. Metamorph software

was used for image acquisition. For z-stacks, seven optical sections with a spacing of 0.5

microns were acquired, and the data are displayed as maximum z-projections. Brightness

and contrast were adjusted uniformly using ImageJ version 1.48.

4.4.7 Indigo production

For indigo production experiments, cells were cultured overnight in LB supplemented with

carbenicillin (100 µg/ml final concentration) and spectinomycin (100 µg/ml final concentra-

tion) and incubated at 37 °C with shaking. Overnight cultures were diluted 10−5, 3x10−6,

and 10−6 and plated on agar plates containing LB supplemented with carbenicillin and

spectinomycin either with inducers (1 mM arabinose and 100 ng/ml anhydrous tetracycline)

or without inducers. Plates were incubated overnight at 37 °C, then at room temperature for

6-7 days before harvesting.

Cells were harvested by scraping all of the cells from a petri dish into 1 ml of milliQ

H2O in a 1.5 ml microcentrifuge tube, and vortexing thoroughly to resuspend the cells. The

cells were then pelleted by centrifugation for 10 minutes at maximum speed (≈21,000 × g)

in a table-top microcentrifuge. The supernatant was removed, and cells were resupsended

in 1 ml of milliQ H2O. Some samples were split in half so that protein expression levels

could be measured by Western blotting. Samples were then pelleted a second time, and

resuspended in an equal volume of dimethylformamide (DMF) for lysis. To ensure complete

lysis, samples were incubated at 37 °C for 8-16 hours with shaking in the dark.

After lysis, cell debris was pelleted by centrifugation for 10 minutes at maximum speed

(≈21,000 × g) in a table-top microcentrifuge. 100 µl of supernatant from each sample was

transferred to wells of a 96-well plate. Indigo concentrations were measured based on the
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absorbance at 600 nm on a 96-well plate reader (Perkin Elmer Victor 3 1420 Multilabel Plate

Reader). We used polypropylene plates from Eppendorf (catalog #951040005), as they are

not soluble in DMF. Absorbance readings were compared to a standard curve (see Appendix

D Figure D4A for an example of a standard curve) based on 2-fold serial dilutions of indigo

(purchased from Sigma) in DMF to calculate indigo concentrations.

Cell density counts were obtained using a MACSquant VYB flow cytometer (Miltenyi

Biotec). Briefly, washed cells were serially diluted by a factor of 10−3 in 1× PBS, and

cell densities measured using the MACSquant by collecting 100,000 events per sample

and gating based on forward and side scatter. We calculated the indigo produced in

milligrams per 109 cells based on these cell density measurements. Indigo concentrations

were normalized relative to the unscaffolded samples to quantify the effect of scaffolding on

indigo production.
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Chapter 5

Conclusions

5.1 General Conclusions

Having examined a number of the extant challenges in the field of synthetic structures,

a few general trends emerge. In this section, I will discuss each of these observations in

relation to the work described in this dissertation, as well as in relation to the field more

generally. These trends relate to constraints placed on self-assembled structures, and take

the form of trade-offs between structure size, the precision of placement of guest molecules

on structures, and the assembly yield of such structures. Each of these trends will be

discussed in more detail below.

The first observation is that there is a trade-off between the overall size of a structure

and the resolution with which one is able to place objects on such a structure. This trade-off

arises because a combination of high spatial resolution and large structure size requires

the self-assembly of many discrete components. It is possible to circumvent some of these

requirements with highly repetitive crystal structures, but such structures often limit the

number of guest molecules that can be localized to a structure, as the unit cells tend to

be fairly small49,122. To attach a greater diversity of guest molecules to a structure, it is

necessary to assemble more complex discrete structures59,60, or crystals with more complex

unit cells61. Increasing the complexity of structures in this fashion often leads one to design
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smaller structures, to minimize the number of components required for self-assembly.

The aforementioned trade-off would be quite limiting if all applications of structures

required very precise positioning of guest molecules on synthetic scaffolds. Fortunately,

many applications do not require such atomic-level placement. This is because the fun-

damental principle of scaffolding is the increase in local concentration that is achieved

when two enzymes are co-localized within a scaffold. When the distances are small (10-20

nm), the effective local concentration is very high—in the millimolar range. This effect is

not influenced by the orientations of the enzymes. That said, some studies have shown

that enzyme orientation on scaffolds is important75. In that study, it was observed that

one orientation lead to a decrease in production relative to other orientations, suggesting

that while an “ideal” relative orientation may not exist, rare suboptimal orientations (only

one such orientation was observed) do exist. It is likely that the importance of orientation

depends on the type of reaction being catalyzed, as contact-dependent reactions may require

more precise positioning on scaffolds to ensure contact between enzymes. Such hypotheses

remain to be tested experimentally.

Another general conclusion is that the output of a structure is approximately equal

to the product of the activity per structure and the assembly yield. One could frame

this conclusion as a trade-off between complexity and assembly yield, as more complex

structures tend to exhibit higher activity, or as a trend that one tends to observe relatively

simple scaffolds with high yields leading to high fold-changes in enzyme activity65,70,74.

It has become increasingly clear based on theoretical studies73 that large scaffolds with

a high number of localized enzymes are required in order for a scaffold to substantially

increase the production of metabolites of interest. It may be easier to achieve larger sizes

with simpler designs, or smaller structures may aggregate inside of cells, leading to the

formation of large superstructures that satisfy the theoretical criteria. In any case, a high

assembly yield is important to enhance the overall scaffolding effect.
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5.2 Specific Conclusions

In addition to the general conclusions discussed above, each of the major projects discussed

in this dissertation has led to a set of specific conclusions that pertain to the experimental

results from individual chapters of this dissertation. These conclusions are each elucidated

in further detail in this section.

In Chapter 1, I discussed the development of a high-throughput assay for DNA structure

assembly called BEARS. BEARS uses single-stranded DNA ligation and next-generation

sequencing to create a quantitative spatial map of relative strand incorporation. This project

showed me firsthand the power of using next-generation sequencing in an analytical assay.

In particular, sequencing gives one millions of reads at a time, which is a very large amount

of data given that each read corresponds to the incorporation of a single tile or staple

molecule. This means that BEARS should be applicable to very large structures. In the

future, as the cost of DNA sequencing and synthesis drop exponentially, it should be even

cheaper and easier to sequence more structure designs simultaneously with even more

sequencing depth. I foresee a potential paradigm shift wherein people will design libraries

of structures, assemble them, and assay them simultaneously using BEARS, rather than just

making a few designs at a time. In some ways, this would be analogous to high-throughput

screening of small molecule drugs or proteins, which are widely used at the moment.

In Chapter 2, I discussed the isothermal assembly of DNA structures under diverse

and biocompatible conditions, an important step towards in vivo assembly of nucleic

acid nanostructures. This project surprised me by showcasing the flexibility of DNA

structure assembly. I expected to be able to design structures that assembled over a range

of temperatures, but the full range I achieved, from 15 °C to 69 °C, was a lot larger than I

would have expected. In addition, the realization that molecular crowding compensates for

low magnesium concentration, thereby rescuing assembly, shocked me at first. In retrospect,

this is a logical result, given that these individual perturbations have opposing effects, but it

is rare indeed in science that combining two failure modes will lead to a successful result.

There are still a number of hurdles to overcome in order to achieve in vivo assembly of nucleic
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acid nanostructures, but the future of the field looks promising as temperature, salinity, and

molecular crowding can all be overcome with the right structure design. Furthermore, so

long as fully-assembled structures are not preferentially degraded, it should be possible to

circumvent nuclease degradation by producing enough monomers such that some of them

are able to self-assemble. The largest remaining challenge is to be able to characterize the

structures that one has made in sufficient detail in situ to convincingly show that one has

made exactly the structures that were designed.

In Chapter 3, I discussed the development of a new application of synthetic structures:

cell division counting. In particular, I created a new method for measuring the growth

rate of populations of bacteria called distributed cell division counting (DCDC). There are

many exciting and interesting new directions in which to take this work, given that we

only demonstrated the measurement of in vivo growth rates for a few hours during the

early phases of colonization of the gut by a single bacterial species. It would be exciting

indeed to be able to study later phases of colonization using in situ induction, or to study

the interactions between multiple species in the gut. This should be possible using improved

versions of DCDC. The long-term vision is to use DCDC to report on the health state of the

gut, using certain species as sentinels to ensure a healthy balance of gut microbes.

In Chapter 4, I discussed a class of lipid-containing synthetic scaffolds, and demonstrated

their use in enhancing the production of indigo. The primary thing I learned from this

project was that engineering lipid-containing structures is difficult, because the fundamental

interactions are not as well-understood as DNA hybridization or protein-protein interactions.

This led to a number of structure designs that failed in ways that were difficult to diagnose.

In particular, a remaining challenge is to use lipid-containing structures as compartments

inside of cells. Such a demonstration would likely require the engineering of more complex

lipid-based structures, as the ones I developed were not capable of localizing proteins to

their inside. With further engineering, perhaps lipid-containing synthetic compartments

will be developed in the coming years.
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5.3 Final Remarks

Synthetic structures are still difficult to engineer. We are operating at the limits of what we

can design, build, and characterize. That said, it is my firm belief that practical applications

for synthetic structures exist—even in areas like metabolic engineering. Many companies

have already demonstrated that they are willing to invest substantial sums of money to

engineer strains that produce slightly higher amounts of metabolites, and it is often the case

that the last bit of increased yield is the hardest to get. It is likely that scaffolds could help

further improve yields, perhaps in a manner that is independent from other yield increases.

Even a small increase in yield is valuable in a large-scale fermenter, so it would not surprise

me to see scaffolds used in an industrial context sometime in the future.

In spite of the aforementioned challenges, the engineering of synthetic structures is

becoming easier over time. The past few years have seen explosive adoptions of DNA

synthesis and next-generation sequencing, as well as the development of new structure

characterization techniques such as cryo-EM tomography and super-resolution optical

microscopy. These methods now allow scientists to create an increasingly diverse array of

structures, and characterize them with a high degree of precision. The work described in

this dissertation has served to push the boundaries of what is possible to achieve, and in

many ways demonstrates the rate of progress in the field. I believe that it is only a matter

of time before a number of landmark challenges, such as the in vivo assembly of complex

nucleic acid nanostructures, or the creation of synthetic compartments inside of cells, are

achieved.
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Supplementary Figure A1. Detailed schematic of BEARS ligations. We show a schematic of the first 

ligation, between a tile and the 3’ dideoxyC-protected adapter (3dC), resulting in the lig1 product. The 

lig1 product is then gel-purified, phosphorylated, and ligated to the barcoded 5e adapter, resulting in 

the lig2 product.  
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Supplementary Figure A2. Denaturing gel and qPCR analysis of BEARS ligations. We show a denaturing 

PAGE gel of the first ligation reaction (a), in which 42-nt tiles are ligated to ~60 nt 3dC adapters, resulting 

in the lig1 product, shown near the top. The second ligation product was quantified using qPCR. We 

typically observed sample concentrations between 100 and 1000 pM (orange, brown, grey, black), at 

similar levels to the positive controls (red), and substantially higher than the negative controls (blue). 
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Supplementary Figure A3. Read fraction distributions of the 2D DNA brick structures. We show 

histograms of the read fraction for each of the 2D shapes from Fig. 3. The x axis is scaled logarithmically.  
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Supplementary Figure A4. Low SRI values correlate with structure defects. We show structure 

schematics and SRI data from Figure 3, along with representative AFM images of defective structures. 

The break points and edges of these structures correspond to areas of low SRI.  
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Supplementary Figure A5. Tile GC content and free energy do not correlate with SRI for the 2D SST 

shapes. We show scatterplots of GC content vs. SRI and ΔG vs. SRI for the letter B (a-b), letter E (c-d), 

letter A (e-f), letter R (g-h), letter S (i-j), and bear shape (k-l).  

124



 

Supplementary Figure A6. 

Magnified view of 3D SST 

cuboid. We show a 

magnified view of the slices 

of the 3D SST cuboid from 

Fig. 4d. Tiles are rendered 

according to the caDNAno 

design and colored based on 

their structurwise relative 

incorporability (SRI). Gray 

strands are either half-tiles 

or full tiles with too few 

sequencing reads for 

accurate quantification (see 

Methods for details). 
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Supplementary Figure A7. Tile GC content and free energy do not correlate with SRI for the 3D SST 

cuboid. We show scatterplots of GC content vs. SRI and ΔG vs. SRI for the 3D SST cuboid (a-b).  
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Supplementary Figure A8. Magnified view of 3D origami cuboid. We show a magnified view of slices of 

the 3D origami cuboid from Fig. 5e. Staples are rendered according to the caDNAno design and colored 

based on their structure-wise relative incorporability (SRI). Gray strands did not have enough reads for 

accurate quantification (see Methods for details).  
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Supplementary Figure A9. Staple GC content and free energy do not correlate with SRI. We show 

scatterplots of GC content vs. SRI and ΔG vs. SRI for the 2D rectangular DNA origami (a-b), and the 3D 

DNA origami cuboid (c-d).  
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Table A1. Adapter and barcode sequences for BEARS.  

Name Sequence 
phos_r2_ddC /5Phos/AGATCGGAAGAGCACACGTCTGAACTCCAGTCACATCTCGTATGCCGTCTTCTGCTTG/3ddC/ 

r1_bc_full_1 AATGATACGGCGACCACCGAGATCTACACAACGATGGACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNN 

r1_bc_full_2 AATGATACGGCGACCACCGAGATCTACACACCTTGGAACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNN 

r1_bc_full_3 AATGATACGGCGACCACCGAGATCTACACACGTTCCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNN 

r1_bc_full_4 AATGATACGGCGACCACCGAGATCTACACAGACTGTCACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNN 

r1_bc_full_5 AATGATACGGCGACCACCGAGATCTACACAGGTGTTCACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNN 

r1_bc_full_6 AATGATACGGCGACCACCGAGATCTACACATCGCCTTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNN 

r1_bc_full_7 AATGATACGGCGACCACCGAGATCTACACCAACCTTCACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNN 

r1_bc_full_8 AATGATACGGCGACCACCGAGATCTACACCAGAGACAACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNN 

r1_bc_full_9 AATGATACGGCGACCACCGAGATCTACACCATGCATGACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNN 

r1_bc_full_10 AATGATACGGCGACCACCGAGATCTACACCGAATACCACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNN 

r1_bc_full_11 AATGATACGGCGACCACCGAGATCTACACCTAGAGGAACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNN 

r1_bc_full_12 AATGATACGGCGACCACCGAGATCTACACCTTCAGCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNN 

r1_bc_full_13 AATGATACGGCGACCACCGAGATCTACACGACTCAGTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNN 

r1_bc_full_14 AATGATACGGCGACCACCGAGATCTACACGCAACCTAACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNN 

r1_bc_full_15 AATGATACGGCGACCACCGAGATCTACACGCTAGCATACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNN 

r1_bc_full_16 AATGATACGGCGACCACCGAGATCTACACGGCGAATAACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNN 

r1_bc_full_17 AATGATACGGCGACCACCGAGATCTACACGTACGAAGACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNN 

r1_bc_full_18 AATGATACGGCGACCACCGAGATCTACACGTGAGTGAACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNN 

r1_bc_full_19 AATGATACGGCGACCACCGAGATCTACACGTTGGATCACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNN 

r1_bc_full_20 AATGATACGGCGACCACCGAGATCTACACTAGGTAGGACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNN 

r1_bc_full_21 AATGATACGGCGACCACCGAGATCTACACTCCTCTTCACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNN 

r1_bc_full_22 AATGATACGGCGACCACCGAGATCTACACTCTCGTCAACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNN 

r1_bc_full_23 AATGATACGGCGACCACCGAGATCTACACTGAGGTCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNN 

r1_bc_full_24 AATGATACGGCGACCACCGAGATCTACACTGTGTGACACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNN 
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Supplementary Methods 

Sequence design 
 
Sequences were designed using custom MATLAB software. First, the sequences of individual domains 
were generated randomly using an equal proportion of each nucleotide. A list of orthogonal domains 
was generated by comparing newly generated domain sequences with each previously generated 
domain in the list, and its reverse complement. A pair of domains was considered orthogonal if and only 
if consecutive 8 nucleotide repeats were avoided. For structures with domains shorter than 9 
nucleotides, orthogonality was defined as having an edit distance ≥ 2.  
 
A list of orthogonal tile sequences was generated based on the prescribed interactions between 
neighboring tiles. A tile is generated by concatenating domains from the orthogonal domain list with 
specified linker sequences. After each domain was added to a tile (and its reverse complement added to 
the neighboring tile), all pairs of non-neighboring tiles were checked for orthogonality as defined for 
domains. Finally, polyT linkers of specified lengths were added between domains, and all pairs of non-
neighboring tiles were checked for orthogonality again. Standard domains had a 50% GC content. In 
some cases, we changed the domain GC content to 30% (low GC) or 70% (high GC); for these structures, 
orthogonality was checked between domains but not between tiles. See Supplementary Data for 
sequence information for all of the structures used in this study. 
 
Structure assembly 
 
DNA oligonucleotides were synthesized by Integrated DNA Technologies (IDT) in 96-well plates using 
standard desalting without additional purification and were stored at -20 °C. Subsequently, the strands 
were mixed together to create a 1 µM (5×) master mix. A standard assembly reaction contained 200 nM 
of each strand in 0.5× TE buffer (5 mM Tris-base, 1 mM EDTA) supplemented with 10 mM MgCl2 in a 10 
µl or 20 µl volume. 5 mM HEPES buffer was used for assembly at pH 7. Structures were assembled 
isothermally in a thermocycler (Bio-Rad DNA Engine) by rapidly ramping to a specific temperature, 
holding at that temperature for a specified period of time, and then rapidly cooling to 4 °C. When 
necessary, the gradient feature of the thermocycler was used to test a range of assembly temperatures 
simultaneously. According to the manufacturer, the temperature gradient on these thermocyclers is 
reproducible to within ±0.2 °C (see Supplementary Text S2 for details). For structures with very low 
assembly temperatures, strands were mixed in a 4 °C cold room and kept on ice until they were placed 
in a thermocycler. 
 
Gel electrophoresis 
 
Structures were routinely analyzed by electrophoresis in a 2% native agarose gel containing 0.5× TBE 
buffer (45 mM Tris-borate, 1 mM EDTA) and 10 mM MgCl2 and pre-stained with 0.5× SYBR Safe 
(Invitrogen). 5 μl of each assembly reaction was mixed with 1 μl of 6× bromophenol blue loading dye 
and loaded into the gel. 2 μl of a DNA ladder (Fermentas 1 kb plus) was used as a molecular size 
standard. Electrophoresis was performed for 90 minutes at 90 V in 0.5× TBE buffer supplemented with 
10 mM MgCl2. An ice-water bath was used to prevent additional assembly or degradation of the 
structures during electrophoresis. Structures with very low assembly temperatures were analyzed by 
electrophoresis in a 4 °C cold room to ensure that a consistently low temperature was maintained. 
Afterwards, gels were scanned with a Typhoon FLA 9000 (General Electric) using the SYBR Safe channel 
(excitation at 473 nm, emission ≥ 510 nm). Gel images were quantified with TotalLab Quant (TotalLab 
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Ltd.) using rubber band background correction. The yield was calculated as the integrated intensity of 
the product band divided by the integrated intensity of the entire lane. 
 
Gel purification 
 
Gel bands were visualized using a Safe Imager 2.0 Blue-Light Transilluminator (Invitrogen) and excised 
from the gel using a fresh razor blade. The excised piece was then placed into a Freeze ‘N Squeeze 
column (Bio-Rad) and crushed using a plastic pestle. The column was centrifuged at 400× g for 8 
minutes, yielding a purified sample. 
 
Atomic force microscopy imaging 
 
Images of folded structures were obtained with a Veeco Multimode V atomic force microscope. C-type 
Bruker SNL-10 tips were used under tapping mode in fluid. Folded (purified or unpurified) samples were 
deposited onto mica surfaces and incubated at 4 °C for 10 min in folding buffer supplemented with 5 
mM NiCl2 (structures without linkers) or 10 mM NiCl2 (structures with linkers) to enhance surface 
binding. Structures with linkers were complemented with concentrated (>25× access, measured against 
linker concentration, rather than structure concentration) polyA strands in folding buffer, and incubated 
for 1 hour at 21 °C before mica deposition. 
 
Modeling of molecular crowding 
 
Theoretical modeling of molecular crowding was done to explain the measured formation and predict 
folding quality at non-experimented conditions. A rough model was derived based on the estimated 
effective ion concentration (Mg2+) and effective strand concentration in a crowded environment. See 
Supplementary Text S3 for details. 
 

Text S1: Structure naming conventions 

Structures are named as follows: when relevant, the motif number (Wei et al., 2013) is indicated, followed 

by an underscore, the domain length, and the linker length. In some cases, additional modifications (e.g. 

split domains, altered GC content) are appended to the end of the name. Otherwise, the notation is the 

same as in Wei et al., 2013. 

 

Text S2: Notes about experiments 

As mentioned in the main text, we observed that structures assembling at extreme temperatures 

generally had lower and more variable yield. The m1_21mer structure was particularly variable; this was 

eventually tracked down to temperature variations between different individual thermocyclers. Thus, it 

is important to calibrate thermocyclers relative to one another (or to an absolute thermometer) in order 

to ensure reproducible assembly of the m1_21mer structure. The other structures we tested were not 

significantly affected by this variability. We also observed substantial variability in the high Mg2+, high PEG 

experiments (Fig. 5c), especially at intermediate PEG concentrations of around 14 mM. This may reflect 
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inherent stochasticity in the aggregation process if this is near a “critical” PEG concentration for 

aggregation to occur. 

 

Text S3: Modeling 

Theoretical modeling of molecular crowding was done to explain the measured formation and predict 

folding quality at non-experimented conditions. A rough model is derived where effective ion 

concentration ([Mg2+]) and effective strand concentration in a crowded space is considered as the 

absolute concentration divided by the fraction of effective empty space in which these ions are dispersed, 

as in  

[Mg2+]
𝑒𝑓𝑓

= [Mg2+]
𝑎𝑏𝑠

/𝐹𝑒𝑓𝑓_𝑠𝑝𝑐 

[strands]𝑒𝑓𝑓 = [strands]𝑎𝑏𝑠/𝐹𝑒𝑓𝑓_𝑠𝑝𝑐 

Afterwards, we used a model by which we consider the degree of assembly at a certain magnesium and 

strand concentration as a simple function of both concentrations 

𝜇 = [Mg2+]
𝑒𝑓𝑓

⋅ [strands]𝑒𝑓𝑓
𝛼   

The exponent 𝛼 is to be empirically determined based on data from Fig. 5 b,c,d and data at very high Mg2+ 

concentrations (not shown). Blue dots in the plots show transition points from formation to non-

formation, or vice versa. Four transition points are used for generating and validating each plot, namely 

the transition from formation to non-formation at high [Mg2+] and varying [PEG-8000] (Fig. 5c), non-

formation to formation at low [Mg2+] and varying [PEG-8000] (Fig. 5d), formation to non-formation and 

non-formation to formation at varying [Mg2+] and zero [PEG-8000] (Fig. 5b and data not shown). These 

data points determined the value of 𝛼 to be 3. 

 

To convert PEG-8000 concentration to effective empty space, we considered two crowding effects, which 

we termed here “dry volume” and “wet volume”. Dry volume takes into account the space taken by a 

certain molecule in its closest packing form in solution, whereas wet volume considers the extra space 

taken by unpacked polymer molecules in a dilute solution. We hypothesize that, on top of occupying a 

certain dry volume, each unit concentration of molecules also occupies a certain fraction of the remaining 

empty space1,2. Therefore, the fraction of effective empty space is determined by the following formula: 

𝐹𝑒𝑓𝑓_𝑠𝑝𝑐 = (1 − 𝑐 ⋅ 𝑉𝑑𝑟𝑦) ⋅ exp(−𝑐 ⋅ 𝑉𝑤𝑒𝑡) 

where 𝑉𝑑𝑟𝑦 
and 𝑉𝑤𝑒𝑡 

describe the dry and wet volume components in unit of per M concentration. Or, 

equivalently, one could write: 

𝐹𝑒𝑓𝑓_𝑠𝑝𝑐 = (1 − 𝑐 𝑐𝑑𝑟𝑦_𝑠𝑎𝑡⁄ ) ⋅ exp(−𝑐/𝑐𝑤𝑒𝑡_𝑠𝑎𝑡) 

where 𝑐𝑑𝑟𝑦_𝑠𝑎𝑡 = 1/𝑉𝑑𝑟𝑦 and 𝑐𝑤𝑒𝑡_𝑠𝑎𝑡 = 1/𝑉𝑤𝑒𝑡 express dry and wet volumes in terms of saturation 

concentration. In a dilute solution, each molecule occupies both dry and wet volume as can be seen in the 

approximation: 

𝐹𝑒𝑓𝑓_𝑠𝑝𝑐_𝑑𝑖𝑙𝑢𝑡𝑒 ≅ 1 − 𝑐𝑑𝑖𝑙𝑢𝑡𝑒 ⋅ (𝑉𝑑𝑟𝑦 + 𝑉𝑤𝑒𝑡) 

where 𝑉𝑑𝑟𝑦 + 𝑉𝑤𝑒𝑡 = 𝑉𝑤𝑒𝑡_𝑡𝑜𝑡𝑎𝑙  gives the effective occupied space as measured by the hydrodynamic 

radius. 
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For PEG-8000, [PEG-8000]𝑑𝑟𝑦_𝑠𝑎𝑡 = 79 mM, as calculated from solubility at 20 °C, 

[PEG-8000]𝑤𝑒𝑡_𝑡𝑜𝑡𝑎𝑙_𝑠𝑎𝑡 = 17 mM, as calculated from hydrodynamic radius of 2.9 nm. This gives 

[PEG-8000]𝑤𝑒𝑡_𝑠𝑎𝑡 = 22 mM for PEG-8000.  
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Supplementary Figure B1. Summary of the study. Single-stranded tile (SST) structures are engineered to self-
assemble isothermally across a diverse range of temperatures and conditions. We achieved this by varying several 
structural parameters, including domain length and linker length; as a result, we achieved isothermal assembly of 
SST across a 15-69°C range. Atomic force microscopy images of structures are shown, as well as their respective 
assembly temperature ranges. We also achieved structure assembly under biocompatible conditions (e.g., 
physiological pH and temperature, low salinity and high crowding) after just one hour of assembly. 
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Supplementary Figure B2. Raw gel data for Fig. 2. Assembly temperatures are indicated above each lane. An “L” 
indicates the use of 1 kb+ double-stranded DNA ladder (Fermentas). Strand diagrams and atomic force microscopy 
(AFM) images are also shown for each structure in Fig. 2. Assembly temperatures for the AFM images are indicated. 
Structures that were gel-purified are indicated using a bold P.  
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Supplementary Figure B3. Raw gel data for Fig. 3. (a) Raw gels used to generate the data in Fig. 3c. (b) Raw gels used 
to generate the data in Fig. 3d. (c) Gel data indicate that structures with a 10A and 10T linker form at similar 
temperatures after 1 hour of assembly. Assembly temperatures are indicated above each lane. An “L” indicates the 
use of 1 kb+ double-stranded DNA ladder (Fermentas). Unless otherwise indicated, 200 nM of each strand was 
assembled in 0.5× TE buffer supplemented with 10 mM Mg2+. Structures with domain length < 16 nt were assembled 
isothermally for 1 hour; otherwise they were assembled isothermally for 12 hours.  
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Supplementary Figure B4. Raw gel data for Fig. 4. (a) and (b) respectively describe raw gels used to generate the 
data in Fig. 4a and Fig. 4b. Structure names and assembly temperatures are indicated. An “L” indicates the use of 1 
kb+ double-stranded DNA ladder (Fermentas). 200 nM of each strand was assembled isothermally for 1 hour in 0.5× 
TE buffer supplemented with 10 mM Mg2+ at the indicated temperatures.  
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Supplementary Figure B5. Raw gel data for Fig. 5. (a) Raw gel data for pH variation experiments. Structures and pH 
values are shown above each lane. “–“ and “+” indicate negative (no magnesium) and positive (standard reaction 
conditions) controls, respectively. (b) Raw gel data for Mg2+ experiments. Structures and Mg2+ concentrations in mM 
are shown above each lane. “–“ and “+”  are used as in (a). (c) Raw gel data for high salinity, PEG experiments. 
Structures and PEG concentrations in mM are shown above each lane. “–“ and “+”  are used as in (a). (d) Raw gel 
data for low salinity, PEG experiments. Structures and PEG concentrations in mM are shown above each lane. “–“ 
and “+”  are used as in (a). Unless otherwise indicated, 200 nM of each strand was assembled isothermally at 37 °C 
for 1 hour in 0.5× TE buffer supplemented with 10 mM Mg2+. 
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Supplementary Figure B6. Detailed plots of crowding model. We show the predicted assembly ranges for the 
structure with 10T linkers (a), and the structure with 2T linkers (b). Raw data points which influenced the fitting of 
the model are shown as blue dots, and dotted grey lines indicate the experimental data (a subset shown in Fig. 5b-
d) upon which the model is based. Shaded regions are as in Fig. 5g (orange: 10T linker, olive: 2T linker). 
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Supplementary Information 

 

 

Supplementary Figure C1. Imaging additional SAP-RFP variants. Microscopy data for two additional variants (CbbL, 
and T4gp23) which produce heterogeneously sized particles are shown. The left column consists of uninduced cells, 
and the right column consists of cells which have been induced for 3 hours with 1 mM arabinose. Scale bar: 1 µm. 

 

  

143



 

 

Supplementary Figure C2. Additional data from the turbidostat experiments. A detailed schematic of our home-built 
turbidostat is shown (a). We calibrated three turbidostats (Evo4, Evo5, Evo6) using serial dilutions of E. coli cells to 
ensure that readings were accurate across all machines (b). We also show the log2 of the fraction of cells in the “on” 
state over time from experiments under 4 different conditions, which we used to generate the plot in Fig. 2d (c). Red 
lines are linear fits to the red points in the dataset. Blue points are not used for curve fitting. We calculated the 
doubling time based on optical density (𝜏𝑂𝐷) and the doubling time based on the curve fits from panel c (𝜏𝐵𝐹) and 
compared them (black circles, d). Error bars indicate one standard deviation. The dashed line is x=y. The black line is 
a quadratic fit to the data, indicating that we can calibrate 𝜏𝑂𝐷  and 𝜏𝐵𝐹 . 
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Supplementary Figure C3. Reactions in the error rate model and their corresponding rate coefficients. The diagrams 
indicate what is happening to the number of cells and particles, and are accompanied by a description of the 
phenomenon and the relevant parameter in the model. 
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Supplementary Figure C4. Additional characterization of PAS418 in vitro and in vivo. We show large-scale images 
our engineered mouse-derived E. coli strain PAS418 with and without induction (a). Scale bar: 10 µm. We also show 
the log2 of the R/G fraction over time from turbidostat experiments under 3 different conditions, which was used to 
generate the plot in Fig. 3d (b). Raw flow cytometry data from the RFP channel from the experiments shown in Fig. 
4g (induced PAS418 cells, c) and Fig. 4h (uninduced PAS418 cells, d) are shown. Each mouse is shown as a separate 
panel, with each time point shown in a different color. At most time points, the number of induced cells was less 
than 1 in 1,000. The data are plotted on a log-log scale. 
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Supplementary Figure C5. Data from a replicate mouse experiment. We show data from a replicate experiment 

where we introduced induced (a) or uninduced (b) PAS418 bacteria into mice by oral gavage. The log2 of the 

RFP/GFP ratio is shown over time. Each color indicates a different mouse. In (a), data points are joined by lines to 

aid the eye. 
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Supplementary Figure C6. Additional cases we analyzed in our microbiotal population dynamics model. We 

consider physiological feedback (density-dependent removal, a), an immune response (b), and bacteriophage-

mediated killing (c). We systematically varied the removal rate in (a), the killing rate in (b), and the killing rate in 

(c). 
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Supplementary Figure C7. Reference plasmid map. We show a plasmid map for pCAM10. Other 

plasmids used in this study are the same except for the self-assembling protein insert (cyan), which 

varies as discussed in Supplementary Table 2. 
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Supplementary Table C1. Comparison of methods for in vivo population dynamics measurement. 

Method rRNA 

FISHa 

WITSb STAMPc FDd TIMER
e 

PTRf Temperatu

re-sensitive 

Plasmids 

DCDCg 

Population / 

Single Cell 

Population Population Population Single 
cell 

Single cell Population Population Population 

Genetic 

modification? 

No Yes Yes Yes Yes No Yes Yes 

Directly 

measures 

growth? 

No No No Yes Yes No Yes Yes 

Growth Rate 

Range 

Not tested Not tested Not 

tested 

Not 

tested 

10-fold Moderate Not 

tested 

10-fold 

Multiplexing Low Medium High Low Low High Low Low 

Other 

Limitations 

Extensive 
calibration 

Population 
size 

Population 
size 

Oxygen Oxygen Sequencing 
depth 

In vivo 
temperature 

Population 
size 

References 
1 2 3 4  5 6 This study 

 

  

                                                           
a rRNA fluorescent in situ hybridization 
b Wild-type isogenic tagged strains 
c Sequence tag-based analysis of microbial populations 
d Fluorescence dilution 
e TIMER is not an acronym, but is the name of a fluorescent protein 
f Peak-to-trough ratio 
g Distributed cell division counting. 
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Supplementary Table C2. Strains and plasmids used in this study. 

 

Strain Name 

(Species) 

Genotype Markers Notes Reference 

DP10 (E. coli) F-, mcrA, Δ(mrr-hsdRMS-

mcrBC), Φ80lacZΔM15, 

ΔlacX74, recA1, endA1, 

araD139, Δ (ara, leu)7697, 

galU, galK, λ-, rpsL (StrR), 

nupG D(araFGH) φ(DaraEp 

Pcp8-araE) 

StrR 

 

Derived from DH10B. See 

reference for details. 

7 

PAS418 (E. 

coli) 

araB::CmR-tetP->cro, 

mphR::KanR-OL-rexBA-cIind-

-OR-cro::lacZ, insO-

1::pBF306->sfGFP pCAM10 

TetR, CmR, 

KanR, 

StrepR, 

AmpR 

Derived from PAS1338. 

Leucine auxotroph. 

This study 

Mach1  (E. 

coli) 

F– Φ80lacZΔM15 ΔlacX74 

hsdR(rK–, mK+) ΔrecA1398 

endA1 tonA 

T1R Cloning strain, purchased 

from Invitrogen 

N/A 

Plasmid Name Expression construct Markers Notes Reference 

pCAM10h Para=>P12/P9-mRFP1 AmpR Expresses P12/P9-mRFP1 This study 

pCAM44 Para=>cbbL-mRFP1 AmpR Expresses CbbL-mRFP1 This study 

pCAM45 Para=>csoS1A-mRFP1 AmpR Expresses CsoS1A-mRFP1 This study 

pCAM69 Para=>pduA-mRFP1 AmpR Expresses PduA-mRFP1 This study 

pCAM70 Para=>eutM-mRFP1 AmpR Expresses EutM-mRFP1 This study 

pCAM72 Para=>T4_gp23-mRFP1 AmpR Expresses T4gp23-mRFP1 This study 

 

 

  

                                                           
h For a plasmid map of pCAM10, see Supplementary Figure 7. 
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Supplementary Table C3. Primer sequences used in this study. 

 

Primer Description Sequence 

CP26 pCAM10_pAra_p12p9_fwd ACCCGCTAGCaaagaggagaaaAGAatggttatcggtctcctgaagtatctcac 

CP27 pCAM10_pAra_p12p9_rev gtgagatacttcaggagaccgataaccatTCTtttctcctctttGCTAGCGGGT 

CP28 pCAM10_p12p9_mRFP1_fwd gccaacatccctttcctggccatggcgagtagcgaagacgttatca 

CP29 pCAM10_p12p9_mRFP1_rev tgataacgtcttcgctactcgccatggccaggaaagggatgttggc 

CP129 pCAM44_pAra_cbbL_fwd CCCGCTAGCaaagaggagaaaAGAatggcagttaaaaagtatagtgctggtgt 

CP130 pCAM44_pAra_cbbL_rev acaccagcactatactttttaactgccatTCTtttctcctctttGCTAGCGGG 

CP131 pCAM44_cbbL_mRFP1_fwd tcgacaaactcgacactcaaaatcgtgcgagtagcgaagacgttatcaaaga 

CP132 pCAM44_cbbL_mRFP1_rev tctttgataacgtcttcgctactcgcacgattttgagtgtcgagtttgtcga 

CP133 pCAM45_pAra_csoS1A_fwd CCCGCTAGCaaagaggagaaaAGAatggctgatgtaactggtattgctct 

CP134 pCAM45_pAra_csoS1A_rev agagcaataccagttacatcagccatTCTtttctcctctttGCTAGCGGG 

CP135 pCAM45_csoS1A_mRFP1_fwd cctaaggcgccacaagccgcgagtagcgaagacgttatcaaaga 

CP136 pCAM45_csoS1A_mRFP1_rev tctttgataacgtcttcgctactcgcggcttgtggcgccttagg 

CP193 pCAM69_pAra_pduA_fwd TACCCGCTAGCaaagaggagaaaAGAatgcaacaagaagcactaggaatggt 

CP194 pCAM69_pAra_pduA_rev accattcctagtgcttcttgttgcatTCTtttctcctctttGCTAGCGGGTA 

CP195 pCAM69_pduA_mRFP1_fwd aaatcttaccgaagggaattagccaaatggcgagtagcgaagacgttat 

CP196 pCAM69_pduA_mRFP1_rev ataacgtcttcgctactcgccatttggctaattcccttcggtaagattt 

CP197 pCAM70_pAra_eutM_fwd TACCCGCTAGCaaagaggagaaaAGAatggaagcattaggaatgattgaaacc 

CP198 pCAM70_pAra_eutM_rev ggtttcaatcattcctaatgcttccatTCTtttctcctctttGCTAGCGGGTA 

CP199 pCAM70_eutM_mRFP1_fwd gcttcaaaggcgacagcaacattatggcgagtagcgaagacgttat 

CP200 pCAM70_eutM_mRFP1_rev ataacgtcttcgctactcgccataatgttgctgtcgcctttgaagc 

CP205 pCAM72_pAra_T4gp23_fwd TACCCGCTAGCaaagaggagaaaAGAatgactatcaaaactaaagctgaacttttgaaca 

CP206 pCAM72_pAra_T4gp23_rev tgttcaaaagttcagctttagttttgatagtcatTCTtttctcctctttGCTAGCGGGTA 

CP207 pCAM72_T4gp23_mRFP1_fwd cgcttactttagacgtgtatatgttaaaggtatcatggcgagtagcgaagacgttat 

CP208 pCAM72_T4gp23_mRFP1_rev ataacgtcttcgctactcgccatgatacctttaacatatacacgtctaaagtaagcg 
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Supplementary Table C4. Parts list to assemble one Evolvulator base station. 

      

Item Description 

Manufacture

r Part # 

Supplier 

Catalog # 

$ 

each Qty. Supplier 

Arduino 

Clone EtherTen EtherTen   69.65 1 Freetronics 

Diode Diode 400V 1A S1G 

S1GFSCT

-ND 0.53 6 Digi-Key 

POT0 

Potentiometers Flat 15mm 

10k 

RK09L11200

36 

688-

RK09L11

20036 0.98 1 Mouser 

POT1 

TRIMMER 100 OHM 

0.5W PC PIN 

3362M-1-

101RLF 

3362M-1-

101RLF-

ND 0.73 1 Digi-Key 

Mosfet 

MOSFET N-CH 30V 1.7A 

SC70-3 AO7400 

785-1084-

1-ND 0.57 5 Digi-Key 

J0 

CONN JACK POWER 

2.1MM PCB PJ-102A 

CP-102A-

ND 0.78 1 Digi-Key 

JX 

36pin 0.1 in .5 tall 

breakaway header 

69152-

436HLF 

649-

69152-

436HLF 1.26 

28 total 

pins Mouser 

JX 

36pin 0.1 in .23 tall 

breakaway header 

68000-

236HLF 

649-

68000-

236HLF 0.57 

30 total 

pins Mouser 

Resistor0 1 kOhm 0805 1% 

ERJ-

6ENF1001V 

P1.00KC

CT-ND 0.07 2 Digi-Key 

Resistor1 0 Ohm 0805 

CRCW080500

00Z0EB 

71-

CRCW08

050000Z0

EB 0.07 1 Mouser 

Resistor2 2.2 MOhm 0805 1% 

RC0805FR-

072M2L 

311-

2.20MCR

CT-ND 0.02 1 Digi-Key 

Capacitor 100 nF 0603 

GRM188F51

H104ZA01D 

490-1568-

1-ND 0.1 4 Digi-Key 

Cables0 

8" 3 Pin FLEX CABLE - 

AFF03G/AF03/AFF03G 

A9BBG-

0308F 

A9BBG-

0308F-ND 4.12 1 Digi-Key 

Cables1 

4" 3 Pin FLEX CABLE - 

AFF03G/AF03/AFF03G   

A9BBG-

0304F-ND 3.63 1 Digi-Key 

Crimp 

receptacle 

Molex KK 2695 3-position 

receptacle 22-01-2031 

WM1576-

ND 0.38 2 Digi-Key 

wire crimps 

CONN TERM FEMALE 

22-30AWG TIN 08-50-0114 

WM1114-

ND 0.31 4 Digi-Key 

LED0 

green led 527 nm, 

53650mcd, 15 deg 16800 

mcd min, 34000 mcd 

typical 

C503B-GAN-

CB0F0791 

C503B-

GAN-

CB0F079

1-ND 0.23 1 Digi-Key 
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Sensor0 PhotoDiode with Amp OPT101P 

595-

OPT101P 6.88 1 Mouser 

Valve0 Pinch Valve 12V 300 mA 

100P2NC12-

05S   86.05 1 Reet Corp. 

Valve 

Bracket 

Universal flange for 1 inch 

diameter valves or pumps   MU-100 5.36 1 Reet Corp. 

PSU 

12 V POWER supply wall 

wart 2.0A 

EPSA120200

U-P5P-SZ 

T1071-

P5P-ND 14.7 1 Digi-Key 

FAN 

12 V FAN 0.230A 4600 

RPM 25.0 CFM 

(0.708m³/min) 60mm x 

60mm x 25mm 

OD6025-

12HSS 

1053-

1238-ND 4.74 1 Digi-Key 

Standoff1 

Aluminum Threaded 

standoff FF 4-40 1.5in   

91780A17

1 0.85 6 McMaster Carr 

Standoff2 

Aluminum Threaded 

standoff FF 4-40 2in   

91780A17

4 0.97 8 McMaster Carr 

bolt0 

18-8 SS M4 x 30mm bolt 

100 pack   

91292A13

0 7.56 2 McMaster Carr 

bolt1 

18-8 SS M3 x 10mm bolt 

100 pack   

91292A11

3 5.85 2 McMaster Carr 

bolt2 

18-8 SS M3 x 8mm bolt 50 

pack   

92290A11

3 9.63 8 McMaster Carr 

screw0 

18-8 SS 4-40 BHCS L = 

3/8" 100 pk   

92949A10

8 1.47 8 McMaster Carr 

screw1 

18-8 SS 4-40 BHCS L = 

0.5" 100 pk   

92949A11

0 4.13 4 McMaster Carr 

screw2 

18-8 SS 4-40 BHCS L = 

3/4" 100 pk   

92949A11

3 4.55 2 McMaster Carr 

nut0 18-8 SS M3 nut 100 pack   

91828A21

1 5.55 13 McMaster Carr 

nut1 18-8 SS M4 nut 100 pack   

91828A23

1 6.45 14 McMaster Carr 

panel1 

Fluorescent black cast 

acrylic sheet 0.118” thick 

24"x36"   8505K153 31.5 1 McMaster Carr 

magnet0 

1 1/2" x 1/2" x 1/8" thick 

neodymium magnet   

BX882-

N52 4.72 1 KJ Magnetics 

 

  

154



Supplementary Table C5. Parts list for one bioreactor setup. 

 

       

Item Description 

Manufacturer 

Part # 

Supplier 

Catalog # 

$ 

each Qty. Supplier 

Cap Screw cap GL45 3-port 2/pk 11 297 51 

NC969039

8 65.69 1 Fisher Scientific 

Cap Blank sealing screw cap 2/pk 11 562 92 

NC906975

4 4.85 1 Fisher Scientific 

Cap 

GL14 Screw cap for hose 

connection 2/pk 11 298 14 

NC978585

8 13.71 2 Fisher Scientific 

compression 

fitting 

GL14 Screw cap insert for 

6mm OD Tubing 11 298 18 

NC957037

7 14.73 2 Fisher Scientific 

Tubing 

304 SS Smooth-Bore 

Seamless Tubing 1/8" OD, 

.085" ID, .02" Wall, 1' Length   89895K212 9.21 

4.75" 

/bioreacto

r McMaster Carr 

Tubing 

High-Temperature Silicone 

Rubber Tubing Soft, 1/8" ID, 

1/4" OD, 1/16" Wall, White   51135K16 

0.67/f

t   McMaster Carr 

Tubing 

High-Temperature Silicone 

Rubber Tubing Soft, 1/4" ID, 

3/8" OD, 1/16" Wall, White   51135K28 

0.95/f

t   McMaster Carr 

Media 

reservoir 

20 L 5.5 gal. Polypropylene 

Carboys w/ Handles & Spigot   2319-0050 

149.2

4 1 Spectrum 

Cap 

Filling/Venting Closure with 

1/4 inch Fittings, PP 2162-0831   40.26 1 Spectrum 

waste 

reservoir 

20 L 5.5 gal. Polypropylene 

Carboys w/ Handles 2250-0050   99.67 1 Spectrum 

Stir bar 

Magnetic stir bar 2-1/2" X 

1/2" 58948-986   15.12 1 VWR 
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SUPPLEMENTARY MATERIAL 

 

 

Supplementary Figure D1. Microscopy images relevant to Figure 1. Large-view images of confocal 
microscopy (A), and particle tracking (B) are shown. The image on the right in (A) is pseudocolored from 
low (blue) to high (red), as indicated by the color bar. Scale bars are indicated in each of the images  
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Supplementary Figure D2. Electron microscopy images relevant to Figure 2. High pressure freeze-
substituted, Epon-embedded cells stained with uranyl formate and lead citrate. There is no detectable 
ultrastructural difference between cells not expressing SLSs (no plasmid, A and B) and cells expressing 
SLSs (pCAM12, C and D).  
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Supplementary Figure D3. Large-scale view of co-localization of mCerulean and mCitrine to SLSs. We 

show images in the CFP channel, YFP channel, and a merge where CFP is pseudocolored blue and YFP is 

pseudocolored red. The majority of particles (~60%) are purple, indicating co-localization. Scale bars are 

indicated in each image. 
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Supplementary Figure D4. A sample standard curve for indigo quantification is shown (A). We used a 

linear fit (line) to the data (dots) to determine indigo concentrations. The equation of the fit and the R2 

value of the fit are shown. Fluorescence data a strain expressing P12/P9*-mCitrine (pCAM108) is shown 

(B). Scale bars are indicated in each image. 

  

161



Supplementary Table D1: strains and plasmids used in this study. 

 

Strain Name 
(Species) 

Genotype Markers Notes 

Mach1 (E. 
coli) 

F– Φ80lacZΔM15 ΔlacX74 hsdR(rK–, 
mK+) ΔrecA1398 endA1 tonA 

T1R Cloning strain, 
purchased from 
Invitrogen. 

DP10 (E. 
coli) 

F-, mcrA, Δ(mrr-hsdRMS-mcrBC), 
Φ80lacZΔM15, ΔlacX74, recA1, 
endA1, araD139, Δ (ara, leu)7697, 
galU, galK, λ-, rpsL (StrR), nupG 
D(araFGH) φ(DaraEp Pcp8-araE) 

StrR Derived from DH10B. 
See reference25 for 
details. 

CME03 (E. 
coli) 

F-, mcrA, Δ(mrr-hsdRMS-mcrBC), 
Φ80lacZΔM15, ΔlacX74, recA1, 
endA1, araD139, Δ (ara, leu)7697, 
galU, galK, λ-, rpsL (StrR), nupG 
D(araFGH) φ(DaraEp Pcp8-araE) 
tnaA::kan 

StrR, KanR Derived from DP10, 
contains tnaA::kan 

Plasmid 
name 

Expression constructs Markers Notes 

pJS331 recA AmpR Used to enable P1 
transduction of 
tnaA::kan into DP10. 

pWW307 Para empty vector, Ptet-mRFP1 AmpR See reference26. 

pCDF-tet tetR, Ptet empty vector SpecR Derived from pCDF-duet 

pCAM12 Para=>p12/p9-mCitrine AmpR Derived from pWW307 

pCAM15 Para=>p12/p9-mCerulean AmpR Derived from pWW307 

pCAM17 Para=>p12/p9 AmpR Derived from pWW307 

pCAM33 Ptet=>p9-mCitrine SpecR Derived from pCDF-tet 

pCAM35 Ptet=>p9-6His SpecR Derived from pCDF-tet 

pCAM36 Ptet=>6His-p9 SpecR Derived from pCDF-tet 

pCAM53 Para=>p12/mCitrine-p9 AmpR Derived from pWW307 

pCAM66 Para=>p9-mCitrine AmpR Derived from pWW307 

pCAM105 Ptet=>p9-FLAG-FMO SpecR Derived from pCAM35 

pCAM106 Ptet=>p9*-FLAG-FMO SpecR Derived from pCAM105 

pCAM108 Para=>p9*-mCitrine AmpR Derived from pCAM12 

pCAM110 Para=>p12/p9-6His-tnaA AmpR Derived from pCAM15 

pCAM111 Para=>p9-6His-tnaA AmpR Derived from pCAM66 

pCAM112 Para=>p12/p9*-6His-tnaA AmpR Derived from pCAM110 

 

  

                                                           
1 pJS33 is described here27. 
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Supplementary Table D2: primer sequences used in this study 

Name Sequence Used for 
CP26 ACCCGCTAGCaaagaggagaaaAGAatggttatcggtctcctgaagtatctcac pCAM17 

CP27 gtgagatacttcaggagaccgataaccatTCTtttctcctctttGCTAGCGGGT pCAM17 

CP32 Gccaacatccctttcctggccgtgagcaagggcgaggagc pCAM12 

CP33 Gctcctcgcccttgctcacggccaggaaagggatgttggc pCAM12 

CP34 ggcatggacgagctgtacaagtagTCTtccctatcagtgatagagattgacatcc pCAM12, 53, 66 

CP35 ggatgtcaatctctatcactgatagggaAGActacttgtacagctcgtccatgcc pCAM12, 53, 66 

CP38 gccaacatccctttcctggccGTGAGCAAGGGCGAGGAGCT pCAM15 

CP39 AGCTCCTCGCCCTTGCTCACggccaggaaagggatgttggc pCAM15 

CP40 GGCATGGACGAGCTGTACAAGtagTCTtccctatcagtgatagagattgacatcc pCAM15 

CP41 ggatgtcaatctctatcactgatagggaAGActaCTTGTACAGCTCGTCCATGCC pCAM15 

CP56 ccaacatccctttcctggcctaaTCCtaaCTCGAGtaatgagaagcttgg pCAM17 

CP57 ccaagcttctcattaCTCGAGttaGGAttaggccaggaaagggatgttgg pCAM17 

CP68 TACTGTTTCTCCATACCCGCTAGCtaaggatgttccgtaatgccatttcct pCAM66 

CP69 aggaaatggcattacggaacatccttaGCTAGCGGGTATGGAGAAACAGTA pCAM66 

CP99 ccctctagaaataattttgtttaactttaagaaggagatataccatgccatttcctctggtaaagcaag pCAM33, 35, 36 

CP100 cttgctttaccagaggaaatggcatggtatatctccttcttaaagttaaacaaaattatttctagaggg pCAM33, 35, 36 

CP101 ggcatggacgagctgtacaagtagatgagtgagaattccatatgctgcaga pCAM33 

CP102 tctgcagcatatggaattctcactcatctacttgtacagctcgtccatgcc pCAM33 

CP107 cCACCACCACCACCACCATtaaatgagtgagaattccatatgctgcagag pCAM35 

CP108 ctctgcagcatatggaattctcactcatttaATGGTGGTGGTGGTGGTGg pCAM35 

CP109 ccctctagaaataattttgtttaactttaagaaggagatataccATGCGTGGTTCTCACCACCAC pCAM36 

CP110 GTGGTGGTGAGAACCACGCATggtatatctccttcttaaagttaaacaaaattatttctagaggg pCAM36 

CP161 gtccaccgtaaggatgttccgtaactttaagaaggagatataccgtgagcaagg pCAM53 

CP162 ccttgctcacggtatatctccttcttaaagttacggaacatccttacggtggac pCAM53 

CP239 tccctttcctggccCACCACCACCACCACCATGAAAACTTTAAACATCTCCCTGAACCGT pCAM110, 111, 112 

CP240 CAGGGAGATGTTTAAAGTTTTCATGGTGGTGGTGGTGGTGggccaggaaagggatgttgg pCAM110, 111, 112 

CP241 CACTTCACCGCAAAACTTAAAGAAGTTtaaTCTtccctatcagtgatagagattgacatc pCAM110, 111, 112 

CP242 gatgtcaatctctatcactgatagggaAGAttaAACTTCTTTAAGTTTTGCGGTGAAGTG pCAM110, 111, 112 

CP243 cCACCACCACCACCACCATatggccactaggattgctatcttagg pCAM105, 106 

CP244 cctaagatagcaatcctagtggccatATGGTGGTGGTGGTGGTGg pCAM105, 106 

CP245 ccaaggaggctggatcctgaatgagtgagaattccatatgctgcag pCAM105, 106 

CP246 ctgcagcatatggaattctcactcattcaggatccagcctccttgg pCAM105, 106 

CP280 CGTGGTGCGCGTTCGGGT pCAM106, 108, 112 

CP281 TTGTTCCTGACGGGTCACGAAC pCAM106, 108, 112 

CP282 GATGATGATAAAATGGCCACTAGGATTGCTATC pCAM105 

CP283 ATCTTTATAATCGGCCAGAAAAGGGATGTTG pCAM105 

CP286 GGATCTCCAGGCATCAAATAAAAC pCAM110, 111, 112 

CP288 AGATTAAACTTCTTTAAGTTTTGCG pCAM110, 111, 112 
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ABSTRACT: Nucleic acids have emerged as effective
materials for assembling complex nanoscale structures. To
tailor the structures to function optimally for particular
applications, a broad structural design space is desired. Despite
the many discrete and extended structures demonstrated in the
past few decades, the design space remains to be fully explored.
In particular, the complex finite-sized structures produced to
date have been typically based on a small number of structural
motifs. Here, we perform a comprehensive study of the design
space for complex DNA structures, using more than 30 distinct motifs derived from single-stranded tiles. These motifs self-
assemble to form structures with diverse strand weaving patterns and specific geometric properties, such as curvature and twist.
We performed a systematic study to control and characterize the curvature of the structures, and constructed a flat structure with
a corrugated strand pattern. The work here reveals the broadness of the design space for complex DNA nanostructures.

■ INTRODUCTION

Self-assembly of nucleic acids (DNA and RNA) provides a
powerful approach for constructing sophisticated synthetic
molecular structures and devices. By encoding sequence
complementarity into component DNA strands, prescribed
structures can be assembled under the appropriate formation
conditions.1 After three decades of development, the complex-
ity of synthetic DNA structures has grown from simple
branched junctions1 formed from just a few strands to complex
2D and 3D objects composed of hundreds or even thousands
of distinct strands.2−22 Moreover, researchers have demon-
strated the construction of dynamic systems, including
switches,23 walkers,24−26 circuits,25,27,28 and triggered assembly
systems.25 Additionally, as diverse functional molecules can be
modified onto specific sites of DNA structures,19,29−32 DNA
nanotechnology has enabled applications such as nano-
fabrication,33 protein structure determination,34 fluorescent
bioimaging,31,32 single molecule biophysics,35 biosynthetic and
cell-signaling pathways modulation.19,36

Two methods that are particularly effective for assembling
discrete mega-Dalton structures with arbitrarily prescribed
shapes are DNA origami,10,14−18,22 and single-stranded tiles
(SSTs)20 and bricks.21 In DNA origami, hundreds of short,
synthetic DNA strands fold a long scaffold (typically the M13
viral genome) into a desired structure.10,16−18,22 More recently,
researchers have demonstrated finite complex 2D and 3D
shapes self-assembled from hundreds to thousands of distinct
single-stranded tiles and bricks.20,21

Unlike DNA origami, no scaffold strand is required for SST
structure, which are composed entirely of short synthetic DNA

strands. The elimination of the scaffold strand makes SSTs
effective tools for systematic and rapid study of the geometry,
sequence, and structural design space for complex DNA
structures. First, as SST-based structures have a modular
architectureeach strand can be included, removed, or
replaced independentlySSTs enable rapid prototyping of
the shape space (more than 100 distinct, sophisticated 2D20

and 3D21 shapes were experimentally demonstrated). Second,
as the strand sequences are no longer restricted to be derived
from the biogenic scaffold sequence, SSTs enable rapid probing
of the sequence space (structures were formed from both
specifically designed and randomly generated sequences20,21).
Lastly and importantly, by removing the restriction of scaffold
routing through the shape and using diverse structural motifs
derived from the canonical SST motif,20 we will demonstrate
here a systematic study of the structural design space for
forming complex DNA nanostructures.
To tailor the structures to function optimally for particular

applications, a broad design space for DNA nanostructures is
desired. Despite the many discrete and extended structures
demonstrated in the past few decades, the structural design
space has yet to be fully explored. In particular, complex, finite-
sized structures formed by origami and SST are primarily based
on double- or single-stranded versions of the basic DAE
(antiparallel double-crossover molecules with an even number
of half-helical turns) motif3 and their derivatives. Beyond
origami and SST, however, a richer motif space has been
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Figure 1. Motif designs and AFM imaging. A representative subset of the motifs studied is shown here; see SI, section SI1.3 for the full repertoire.
(a) A 2×2 unit (containing four SSTs) of the canonical motif (motif 0). Colors distinguish sequences. (b) Strand diagram (left), helix diagram
(middle), and cylinder diagram (right) of a 10 helix × 11 turn (10H×11T) structure formed from motif 0. (c) Cylinder diagrams for structures
formed from different motifs; a cylinder depicts a DNA duplex and a line depicts a single-strand DNA segment: (c1) structures from motifs 0−2 and
4−10 have a rectangle shape containing parallel-arranged double-helices; (c2) structures from motifs 3.1 and 3.2 have a parallelogram shape
containing parallel-arranged double-helices; (c3) structures from motif 11 have a rectangle shape containing parallel-arranged double-helices
connected by single-stranded linkers; (c4) structures from motif 12 have a rectangle shape with a “fishnet” pattern (composed of short duplex
segments connected by single-stranded linkers); (c5) structures from motifs 13 and 14 have a rectangle shape with a honeycomb pattern composed
of short DNA duplex segments. (d) Strand diagrams and the corresponding AFM images for structures formed from different motifs. Top panel: a
2×2 repeating unit. Numbers indicate domain or linker lengths in nucleotide. Bottom panel: AFM image. Inset shows a magnified view. Scale bars,
50 nm. See SI, section SI1.5 for the measured dimensions and measured gel yields (5−44%).
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explored for forming relatively simple discrete and extended
structures. This has been achieved using various structural
motifs, such as diverse double-crossover motifs,3,4 PX-based
structures,7,37 structures with flexible linker joints,11,14,15,29,38

wire-frame structures,1,2,7,8,11,38−41 and metal−DNA junc-
tions.42

The next challenge is to develop a versatile method for
creating complex, discrete-sized DNA nanostructures with
diverse structural motifs, strand weaving patterns, and desired
structural properties. Building on the richness of the previous
structural motifs for building DNA nanostructures, and taking
advantage of the designability and flexibility of SST-based
assembly, we performed a comprehensive study of the design
space for constructing complex, finite-sized DNA structures.
We tested more than 30 distinct motifs derived from SSTs.20

Most motifs self-assembled to form structures with diverse
strand-weaving patterns and specific geometric properties, such
as curvature and twist. Moreover, we performed a systematic
study to control and characterize the curvature of the
structures, and constructed a flat structure with a corrugated
strand pattern. Our success in assembling a myriad of different
motifs demonstrates the robustness and versatility of the SST
approach. More generally, it reveals the broadness of the design
space for constructing complex DNA nanostructures.

■ RESULTS AND DISCUSSIONS
Motif Design Parameters. We began our study for the

structural design space with the canonical U-shaped SST motif
(motif 0, Figure 1a,b) reported in our previous work.12,20 This
42-base SST motif has four consecutive domains (each
measuring 10 or 11 nt).12,20 By pairing up complementary
domains, individual tiles self-assemble into DNA lattices
composed of parallel-arranged double-helices connected by
periodic single-stranded crossover linkages. Note that the
linkage is merely a phosphate in the DNA backbone. In the
diagrams in Figure 1, the linkage is artificially stretched to more
clearly show the strand-weaving pattern. Starting with this
simple U-shaped motif, we systematically explored important
parameters for motif design. Below, we first give an overview of
some important parameters and their putative effects on the
geometrical, mechanical, and thermodynamic properties of the
structures. In the next section, we describe the motif design and
its implementation, in detail.
Domain Length. Motif 0 contains 10 and 11 nt domains.

For most of the motifs explored in our study (including motif
0), we tested several different domain lengths. Changing
domain length could affect (1) the geometrical properties of the
assembled structure, such as curvature17,18 and twist;17,43,44 (2)
thermodynamic properties, such as formation and melting
temperature; and (3) mechanical properties, such as structural
rigidity and internal strain.17,45 Domain length is thus a basic
design variable that we explored extensively in our study.
Changing domain length also directly affects the crossover
patterns described below.
Crossover Type. Structures formed from motif 0 possess

single-stranded, antiparallel crossovers. In our study, we
explored four combinations of single-12,46 vs double-stranded
crossovers, with parallel vs antiparallel orientations.3 Here we
use “parallel” (or “antiparallel”) to describe crossovers in which
the orientation of the strand forming the crossover is the same
(or opposite) on both sides of the crossover.3 The crossover
type directly affects the weaving patterns of the strands and the
geometrical properties of the structure, which may in turn affect

their mechanical and thermodynamic properties. For example,
geometrically, the parallel or antiparallel crossovers result in
structures composed of double-helices that are connected in a
parallel or antiparallel fashion, referred to as parallel-connected
double-helices or antiparallel-connected double-helices. Note that
we also use the term parallel-arranged double-helices to refer to
the double-helices connected by either parallel or antiparallel
crossovers. In the antiparallel crossover-based structure, all the
crossovers display the major grooves on the same side of the
structure47 and as a result, induce an accumulated curvature for
the structure. In contrast, the parallel crossover-based structure
avoids such asymmetry and curvature. In the antiparallel
crossover-based structure, the major groove of one double-helix
faces the minor groove of an adjacent double-helix;3 in contrast,
the parallel crossover-based structure has major−major and
minor−minor groove pairings. Hence, the former should have
less strain and more thermal stability.3 Compared with double-
stranded crossover, single-stranded crossover-based structures
may be structurally less rigid, mechanically less strained, and in
turn, thermodynamically more stable.

Crossover Pattern. Motif 0 has a 21 nt crossover spacing for
crossovers between the two adjacent double-helices; along one
particular double-helix, a crossover appears every 10 or 11 nt.
We systematically changed crossover patterns. Crossover
patterns could also lead to a combination of geometric,
thermodynamic, and mechanical effects. Geometrically, the
curvature of the overall structure (as determined by the
dihedral angle formed between three adjacent double-helices)
can be tuned by translating all crossover points along the
direction parallel to the helical axis while preserving the
spacing;17,18 twist, on the other hand, depends on the crossover
spacing.17,43,44 Mechanically, strain could accumulate in twisted
and/or curved structures.17,43,44 Such mechanical stress in turn
could affect the thermodynamic properties of the structure.

Symmetry. By adjusting domain length, crossover type, and
crossover patterns, we can design structures with more
symmetric strand weaving patterns, such as corrugated
patterns.29 Such symmetry can help to eliminate curvature in
the structure.

Linkers. Structures formed from motif 0 are composed of
compact parallel-arranged double-helices connected by periodic
single-stranded crossovers (composed of a single phosphate in
the DNA backbone). In our study, we included single-stranded
linkers of varying lengths between helices and between binding
domains. This results in structures that are geometrically and
structurally more flexible. Inclusion of linkers should also help
to relieve the electrostatic repulsion between adjacent double-
helices, hence stabilizing the structure.

Structures Formed from Diverse Motifs. Overview. By
systematically exploring the above as well as some other design
parameters, we tested a total of 36 different motifs, 32 of which
formed desired structures (an 89% success rate). A
representative subset of all successful motif designs is shown
in Figure 1 (see SI, section SI1.3 for the full repertoire).
Different morphologies were presented, including compact
rectangle and parallelogram of packed DNA duplexes (Figure
1c1,c2), rectangles of spaced DNA duplexes (Figure 1c3), and
rectangles of square and hexagonal lattices (Figure 1c4,c5).

Structure Assembly and Characterization. The DNA
structures were assembled with unpurified DNA strands with
randomly designed sequences, and were mixed at roughly
equimolar without careful adjustment of stoichiometry. After
single-step (one-pot) annealing from 90 to 25 °C over 17 h in
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0.5×TE buffer supplemented with 15 mM Mg2+ (see SI, section
SI1.2 for the effects of buffer ion strength and annealing time
on the assembly yields), the solution was subjected to 2%
native agarose gel electrophoresis and produced one dominant
product band, the ratio between the fluorescence intensity of
the product band and that of the entire lane was used to
approximate the yield of structure formation, which was
measured to range from 5% to 44% (Figure SI1).
Annealed samples were subjected to atomic force microscopy

(AFM) imaging and showed the expected morphology and
dimensions. For samples with relatively low yields (motifs 4.6,
7.2, and 10), structures were gel-purified from the product
bands on a 2% agarose gel prior to AFM imaging. See SI,
section SI1.3, for larger AFM images and section SI1.5 for
measurements of the sizes of the structures.
Changing Domain Lengths: Motif 1. First, we adjusted the

domain lengths of two adjacent domains within a double-helix
from 10 or 11 nt to 9−12 nt (motif 1). This changes the
distance between adjacent crossovers along the same double-
helix, resulting in the relative change of the dihedral angle
formed by the three adjacent double-helices by 34°. This motif
was later used to build a larger structure for curvature study.
Bidirectional Motifs: Motif 2. Next, we flipped the

orientation of the U-shaped motifs in every other row, resulting
in a structure composed of U-shaped SSTs with alternating
orientations along adjacent rows. Such a modification makes
the overall structure more symmetric along the helical
direction.
Z-Shaped Motifs: Motifs 3.1 and 3.2. Structures formed

from U-shaped motifs have antiparallel crossovers. We then
designed structures with two Z-shaped motifs and obtained
structures containing parallel crossovers. Such parallel crossover
weaving patterns are expected to cancel out the curvature
resulting from the asymmetric arrangement of major and minor
grooves at the crossovers (see Curvature section for details)
and was used for curvature study.
Corrugated Structures: Motif 4.1. We further changed the

orientation of every other row in the Z-shaped motif to form a
symmetric structure with a corrugated29 strand pattern. This
corrugation should in principle eliminate any curvature and

result in a perfectly flat structure. This structure was used in the
curvature study below.

Twisted Structures: Motifs 4.2−4.6. Based on the
corrugated structure from motif 4.1, we changed the crossover
spacing from the canonical two full helical turns (i.e., 21 nt) to
20, 22, 24, 26, 18 nt using motifs 4.2−4.6, respectively. This
introduced a significant internal twist to the structure.17,43,44

The structures with 20 nt crossover spacing (motif 4.2) were
used for the twist study and significant twist was observed (see
below). The yield of the structure with the shortest spacing
(motif 4.6) was relatively low (26%) compared to that of the
rest of the group (33−42%).

Double-Stranded Crossovers: Motifs 5.x, 6.x, and 7.x.
Structures formed from motifs 0−4 contain single-stranded,
half crossovers between adjacent double-helices. We next tested
structures with double-stranded, full crossovers. We first tried
to shift the nicking points in the original U-shaped motif to be
positioned away from the crossovers (motifs 5.1−5.3). Then we
continued to design H-shaped motifs by increasing crossover
spacing from two helical turns to four helical turns (motifs 6.1−
6.3). We also designed X-shaped motifs that were derived Z-
shaped motifs (motifs 7.1 and 7.2). Structures with full
crossovers have nicks on the duplex (rather than at the
crossovers), which could permit the use of enzymatic ligation to
covalently join the two ends of an SST molecule to form a ring.

Hybrid Motifs: Motifs 8−10. We combined different motifs
to form hybrid structures with both U-shaped and Z-shaped
rows (motifs 8 and 9) or with H-shaped and X-shaped rows
(motif 10).

Linkers at Crossovers: Motifs 11.1−11.4. At the crossovers,
we placed single-stranded DNA linkers with varying lengths (20
nt, 10 nt, and 2 nt for motif 11.1, 11.3, and 11.4 respectively).
We also tested to form structures with 15 bp double-stranded
linkers (motif 11.2). In addition to the 10H×11T structure, we
also used motif 11.1 to form a 24H×29T structure (Figure
SI29), demonstrating the scalability of structures formed from
linker motifs.

Linkers between Neighboring Domains: Motif 12. We
formed structures from a motif with linkers between every pair
of neighboring domains (motif 12). In the resulting structures,
individual 10 or 11 bp double-stranded DNA duplexes were

Figure 2. Curvature models. (a) Curvature model (left) and corresponding strand diagram (right) of motif 0. Inset depicts the major groove side vs
minor groove side. (b) Curvature model of motif 3.1 without (left) and with (right) offset angle α. (c) Curvature model of motif 3.2 with offset angle
α. (d) Curvature model of motif 4.1. In this corrugated design, the offset angle α is canceled out so the overall curvature is independent of α. (e,f)
Predicted cross-sectional views of 24-helix structures formed from motifs 0 and 4.1, respectively. See SI, section SI2.1 and Figure SI39 for modeling
and calculation details.
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connected by flexible 10 nt, single-stranded poly-T linkers. The
structure was thus likely loosely connected without well-defined
morphology. AFM imaging was performed only after the
addition of 10 nt poly-A strands, which were used to
complement the poly-T linkers, and helped to result in a
structure with better defined shape. After poly-A complemen-
tation, grid-like structures were observed.
Wire-frame Lattices: Motifs 13 and 14. We constructed

hexagonal lattices with different mesh sizes: one formed from a
motif with three 21-nt domains (motif 13) and another from a
motif with six 10-nt domains (motif 14). The hexagon pattern
is similar to previous work on hexagon lattice-based tubes.41 In

contrast to the typical structures composed of parallel-arranged
double-helices linked by periodic (half) crossovers, these wire-
frame structures40,41 are composed of short duplex fragments
connected with junction points. Interestingly, due to the
electrostatic repulsions between adjacent DNA double-helices,
a structure composed of parallel-arranged double-helices
typically possesses a gap (e.g., 0.5−1.5 nm in DNA
origami10,14,16 and SST structures12,20,21) between the adjacent
crossovers, and can be viewed as a wire-frame structure with a
rectangular mesh pattern. In SI, section SI1.4, we discuss the
transformation between parallel pattern and rectangular wire-
frame pattern in more detail.

Figure 3. Curvature characterization. See SI, section SI2.1 for curvature calculation and modeling details. (a) Strand diagrams (top) and curvature
models in cross section views (bottom). (b) AFM images. Scale bars, 100 nm. See SI, section SI2.3 for larger images. (c) TEM images. Scale bars,
100 nm. See SI, section SI2.4 for larger images. (d) AFM-based landing assay results. A structure that landed with its front side facing up is marked
with a blue dot inside a red circle; the one with back side facing up is marked by a hollow red circle. Magnified views show the structures with
orientational markers (front side structures in blue boxes and back side structures in red boxes). The ratio between two landing orientations is shown
in the bar chart in the bottom panel (blue, front side; red, back side). See SI, section SI2.5 for larger images and more details. (e) Representative
DNA-PAINT super-resolution images of different SST structures labeled at four corners (scale bars, 100 nm). Measured point distances for motifs 0,
1, 3.1, 3.2, and 4.1 were 73 nm, 27 and 73 nm (short and long axis), 31 and 154 nm (parallelogram short and long diagonal), 45 and 148 nm
(parallelogram short and long diagonal), and 45 and 77 nm (short and long axis), respectively. (f) Schematics of AFM-based landing assay. (g)
Schematics of DNA-PAINT super-resolution imaging. Left panel: an SST structure was labeled on the top surface with 9 nt single-stranded
“docking” sites for DNA-PAINT imaging strands. It was also labeled on the bottom surface with biotinylated strands for surface attachment. Center
panel: imager strands bind transiently to the docking sites in the four corners, producing apparent blinking. Right panel: diffraction-limited TIRFM
image (left) and super-resolution image (right). Scale bars, 100 nm.
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Curvature. Modeling and Design. The strand-weaving
pattern of the strands can affect the curvature of the structure.
Figure 2 summarizes our strategies to control structure
curvature. SI, section SI2.1 gives modeling and analysis details.
Domain Length Adjustment. Working toward our goal of

controlling curvature to design a flat structure, we first
attempted to reduce curvature by adjusting the domain length
of the canonical U-shaped SST motif. Assuming that the
crossover points between adjacent double-helices are collinear
with the centers of the adjacent double-helices, our model
predicts an average curvature of 30° per double-helix for the
motif 0, and 720° for the 24H×29T rectangle (see Figure 2a,e
for cross-sectional view of zoomed-in structure and the overall
structure; see SI, section SI2.1.1 for detailed calculation). This
curvature was confirmed by our experimental data (Figure 3,
column motif 0).
By adopting a domain length of 9/12 nt (motif 1) instead of

the canonical 10/11 nt in motif 0, we were able to reduce the
calculated average curvature per double-helix from 30° to −4°,
and −96° for the 24H rectangle (see SI, section SI2.1.1 for
detailed calculation). This reduced curvature was confirmed by
experimental data (Figure 3, column motif 1).
However, a 2D structure (such as that formed by motif 0 or

motif 1) designed with antiparallel crossovers will always
possess a side that displays minor grooves at crossovers and
another side that displays major grooves at crossovers.47 As
such, the curvature will not be perfectly counterbalanced for
antiparallel crossover-based structures designed from U-shaped
motifs (Figure 2a).
Parallel Crossover Design. Next, we hypothesize that the

curvature induced by the asymmetric arrangement of major and
minor grooves at the crossovers on the two sides of the
structures would be negated in parallel crossover-based
structures3 formed from Z-shaped motifs: here, on either side
of the structure, the crossovers display major and minor
grooves in an alternating fashion. Like the U-shaped motif, we
assume the crossover points of adjacent double-helices are
collinear with the centers of the adjacent double-helices, and
designed a Z-shaped motif (motif 3.1)-based structure that is
expected to be perfectly flat (see Figures 2b, left panel; see SI,
section SI2.1.2 for detailed calculation). However, our
experimental data revealed significant curvature in the structure
(Figure 3, column motif 3.1).
The discrepancy between our model and our experiments led

us to revise the previous assumption that the crossover points
of adjacent double-helices are collinear with the centers of the
adjacent double-helices. Although our experimental results
from U-shaped motifs (motifs 0 and 1) did not invalidate such
an assumption, the results from Z-shaped motifs were clearly
incompatible with this collinear assumption. To reconcile this
discrepancy between the model and the experimental results,
we introduced an offset angle α formed between a base at the
crossover and the two center points of the adjacent double-
helices (middle panels of Figures 2b and SI39b). In a structure
formed from motif 3.1, this offset angle at the crossover always
appears on the same side of the structure, resulting in an
accumulative curvature for this otherwise flat structure.
Incidentally, another structure based on a Z-shaped motif

with a different domain length (motif 3.2) appeared
approximately flat in our experiments (Figure 3, column
motif 3.2). Assuming this structure (motif 3.2) has 0° curvature,
we back-calculated an approximate value for the offset angle α
(8.5°, Figure 2c). Using this α value, the 24H×29T structure

formed from motif 3.1 was expected to have significant
curvature (see Figure 2b, middle panel; see SI, section SI2.1.2
for detailed calculation), consistent with experimental observa-
tion of a curved structure.

Corrugation Design. We next devised a corrugated design
(motif 4.1) where the offset angle α appears alternately on the
two sides of the structure, thus canceling out the curvature
effect (independent of its value, Figure 2d,f; see SI, section
SI2.1.3 for detailed calculation). The predicted flatness of the
structure was experimentally verified (Figure 3, column motif
4.1).

Curvature: Experimental Characterization. We per-
formed a case study below to test the curvature of 24H×29T
rectangle structures of a number of motifs.

Characterization by AFM and TEM. To study the curvature
of the structures, we constructed 24H×29T structures with
each of the above five motifs. Sequence design and structure
assembly were conducted in a similar fashion as their 10H×11T
counterparts. Then the annealed samples were subjected to 2%
native gel electrophoresis (see Figure SI41 for gel data), and the
product band was extracted, purified by centrifugation, and
imaged with AFM and TEM. Under AFM, all the structures
appeared as flat, single-layer structures on mica surface (Figure
3b); no curvature information was revealed. However TEM
images more effectively reflected the structure configurations in
solution (Figure 3c): the structure generated from motif 0
(720° curvature expected) appeared as a dense, rolled-up
rectangle; the structure from motif 1 (−96° expected) appeared
as a wider rectangle; rolled-up and flat parallelograms were
observed for the structure made from motifs 3.1 and 3.2,
respectively; and a flat rectangle was observed for structure
from motif 4.1 (0° curvature expected).

AFM-Based Landing Assay. The different curvature
configurations of the structures were also confirmed by two
innovative assays. The first was the AFM-based landing assay20

in which a small hole was introduced to the top-left corners of
the structure as an orientational marker (Figure 3f). If the
marker was more likely to show up at the top left corner rather
than its mirror image (top right corner), it indicated the
structure landed on the mica with its front side facing up,
suggesting the structure curved up instead of down (motif 0).
On the contrary, if the mirror image (back side facing up) was
more likely, the structures had the tendency to curve down
(motif 3.1). If the marker showed no bias for either side, the
structure would be flat. Our experimental results (Figure 3d)
showed a perfect bias for the rolled-up structures in the
predicted curving direction [motif 0, 100% front side facing up
(N = 36); motif 3.1, 100% back side facing up (N = 57)].
However, possibly due to a limited sample size, the assay did
not effectively differentiate between other less curved structures
[motif 1, 65%, front side facing up (N = 74); motif 3.2, 42%
front side facing up (N = 45); motif 4.1, 66% front side facing
up (N = 203)]. Note that only well-formed structures (defined
as those showing no defects >15 nm in diameter in the
expected boundary, nor >10 nm in diameter in the interior of
the structure) were counted in our statistics. See SI, section
SI2.5 for details.

Super-Resolution Fluorescence Microscopy Assay. Super-
resolution fluorescence microscopy was the second approach
employed to assess the curvature of SST structures (Figure 3g).
Here we used DNA-PAINT48,32,35 to obtain sub-diffraction
images of SST structures. DNA-PAINT exploits the repetitive,
transient binding of short fluorescently labeled oligonucleotides
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(“imager” strands) to complementary strands (“docking” sites)
on a structure or molecule of interest. Using total internal
fluorescence microscopy (TIRFM), binding events of imager
strands to docking sites were observed as single-molecule
events and the fluorescence emission was fitted to a 2D
Gaussian function, yielding sub-diffraction resolution images.
SST structures were “labeled” with DNA-PAINT docking sites
by extending the three outmost strands in each of the four
corners by a 9 nt long sequence at their 3′-end (Figure 3g,
center panel). The structures also carried four biotinylated
strands pointing toward the opposite side of the docking
strands for surface attachment (Figure 3g, left panel). Once
bound to a functionalized glass slide, fluorescently labeled
DNA-PAINT imager strands were introduced, which tran-
siently bound to the docking strands. The right panel of Figure
3g includes a typical diffraction-limited TIRF image of a DNA
nanostructure alongside the DNA-PAINT image after
reconstruction. The increase in resolution is clearly visible.
The results of the DNA-PAINT study on the five different

SST motifs are in good agreement with the TEM analysis as
well as the AFM-based landing assay (Figure 3e). For motif 0,
only two apparent points in a distance corresponding to the
long side of the rectangular structure were visible, suggesting a
“rolled-up” structure where the two corners were placed right
next to each other, or only one of the two corners was available
to bind the imager strand. In contrast, in the structure from
motif 1 we observed four separate points, two of which were in
close proximity, suggesting a slightly curved structure. Images
for motifs 3.1 and 3.2 were consistent with an almost rolled-up
structure (3.1) and a flat parallelogram structure (3.2),
respectively. Finally, the image for motif 4.1 (with four visible
corners) suggests a flat rectangular structure.
Twist. Besides assessing the curvature in different SST

designs, we also studied the twist of the SST structures by
creating homopolymers of motifs 4.1 and 4.2. We designed the
leftmost column of the SST tiles to pair with the rightmost
column of the rectangle. As a consequence, multiple units of
rectangles align in tandem to form a long polymer with
individual rectangles as monomer units (Figure SI58, top).
Polymerization helps to identify the small degrees of twist that
would be difficult if not impossible to visualize using only
monomeric structures.17,44 AFM images revealed that the
homopolymers formed from motif 4.1 yielded ribbons with
virtually no global twist (Figure SI58a, bottom). This was
expected, as the design used 21 bases between adjacent
crossover points, thus obeying 10.5 bp spacing per helical turn
as in the natural form of B-DNA. In contrast, polymers formed
from motif 4.2 showed a global left-handed twist (Figure SI58b,
bottom). This is consistent with the fact that motif 4.2 used 20
bases between adjacent crossover points and was expected to
produce a locally overwound double-helix. Our results agree
with earlier studies of curvature and twist for DNA origami
structures17,43,44 and suggest that the twist of the SST
structures can be modulated by changing crossover spacing
distances.

■ CONCLUSION
In summary, we evaluated more than 30 SST motifs that form
lattice structures with diverse strand weaving patterns. Most of
the motifs self-assembled into the designed structures with
reasonable yields. Using some of the motifs, a systematic study
was conducted to reduce the curvature in the assembled
structure. The difference in curvature was characterized by

TEM, an AFM-based landing assay, and super-resolution
microscopy. A corrugated weaving pattern was predicted and
experimentally verified to produce a flat structure.
The simple and robust nature of SSTs has enabled us to

survey the structural space for forming complex structures in a
rapid and comprehensive fashion. An unprecedented collection
of diverse weaving patterns was demonstrated. We were able to
define simple-to-implement design rules that lead to structures
with specific geometric properties such curvature and twist.
More broadly, the diverse collection of motifs will allow us to
modulate the geometrical, mechanical, and thermodynamic
parameters. We demonstrated the tuning of curvature and twist
with the new motifs. In a related work,49 we demonstrated that
by using the motifs reported here, we can form complex DNA
nanostructures isothermally at any prescribed temperature
between 15 and 69 °C, and under biocompatible conditions.
The work here thus provides a new set of tools for modulating
the structural properties of complex DNA structures, and
reveals the broad design space for forming such structures.

■ METHODS
Finite DNA nanostructures were first designed with different motifs,
and then random sequences were generated to fill in the specific
structures and populate complementary domains. Without careful
adjustment of stoichiometry, unpurified strands were mixed and
supplemented with 0.5×TE and 15 mM Mg2+. After one-pot annealing
from 90 to 25 °C over 17 h, the solution was subjected to native
agarose gel electrophoresis. The annealed samples, or the gel-purified
samples from extraction of the desired band by centrifugation were
imaged with AFM or TEM. The curvature and twist of certain
structures were studied by AFM, TEM, and super-resolution
fluorescent imaging.

DNA Sequence Design. Most DNA sequences were designed
with the Uniquimer software by populating the motifs with random
sequences50 while maintaining the required complementarity relations.
The following design rules were applied for sequence generation: (1)
Nucleotides (i.e., A, C, G, T) are generated one by one randomly. (2)
Complementary nucleotides to one generated are matched following
the base-pairing rule: A to T, C to G and vice versa. (3) Specific
segments (e.g., four consecutive A, C, G, T) are not allowed. When
such segments emerge during design, the most recent generated
nucleotide will be mutated until disallowance of specific segments is
satisfied. Due to the difficulty of designing structures with wire-frame
motifs, a separate script was developed following the same design
principles. Manual design and/or optimization was used for the linker
segment sequences (e.g.,motifs 11.1−11.4 and motif 12) and the
handle segment sequences (e.g., handle segment sequences for
structures of motifs 0, 1, 3.1, 3.2, and 4.1 in super-resolution study.

Sample Preparation. DNA strands were synthesized by
Integrated DNA Technology, Inc. (http://www.idtdna.com). To
assemble the structures, DNA strands were mixed to roughly equal
molar concentration of 200 nM for smaller structures (all 10H×11T
structures, structures with linkers and wire-frame structures) and 100
nM for larger structures (24H×29T and 24H×28T structures for the
curvature study) in 0.5×TE buffer (5 mM Tris, pH 7.9, 1 mM EDTA)
supplemented with 15 mM MgCl2. The mixtures was then annealed in
a PCR thermo cycler by cooling from 90 to 25 °C over a period of 17
h with a specific cooling program.20 The annealed samples were then
subjected to 2% agarose gel electrophoresis (gel prepared in 0.5×TBE
buffer supplemented with 10 mM MgCl2 and pre-stained with SYBR
safe) in an ice water bath. If necessary, the target gel bands were
excised out and put into a Freeze N′ Squeeze column (Bio-Rad). The
gel pieces were crushed using a microtube pestle in the column and
the column was then directly subjected to centrifuge at 438g for 3 min.
Purified samples were collected in the eluate, and concentrations were
determined by Nanodrop absorption at 260 nm prior to AFM or TEM
imaging.
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AFM Imaging. AFM images were obtained using an SPM
Multimode with Digital Instruments Nanoscope V controller
(Vecco). A 5 μL droplet (2−10 nM) of annealed (or purified) sample
and then a 40 μL drop of 0.5×TE/10 mM MgCl2 solution were
applied to a freshly cleaved mica surface and left for approximately 2
min. Sometimes, additional dilution of the sample was performed to
achieve the desired sample density. As for the cases of 10H×11T
structures, 20 μL of supplemental 10 mM NiCl2 was added to increase
the strength of DNA−mica binding.51 The images were taken under
the liquid tapping mode, with C-type triangular tips (resonant
frequency, f 0 = 40−75 kHz; spring constant, k = 0.24 N m−1) from the
SNL-10 silicon nitride cantilever chip (Bruker Corp.).
TEM Imaging. For TEM imaging, a 3.5 μL sample (1−5 nM) was

adsorbed onto glow discharged carbon-coated TEM grids for 4 min
and then stained for 1 min or a few seconds using a 2% aqueous uranyl
formate solution containing 25 mM NaOH. Imaging was performed
using a JEOL JEM-1400 TEM operated at 80 kV.
Super-Resolution Imaging. Super-resolution studies were

performed with DNA PAINT.48 The samples were diluted in DNA-
PAINT imaging buffer (5 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 1
mM EDTA, 0.05% Tween-20) to 50 pM and immobilized to a
coverslip in a flow chamber via biotin streptavidin binding interaction.
To fix the samples, solutions containing 1 mg/mL BSA-biotin, 2 mg/
mL streptavidin, and biotin-labeled DNA nanostructures were flushed
into the flow chamber and incubated in the above order. The chamber
was then washed with DNA-PAINT imaging buffer containing 20 nM
ATTO655-labeled imager strands and sealed with 5 min epoxy before
imaging. DNA-PAINT super-resolution images were acquired on an
inverted Nikon Ti-E microscope (Nikon Instruments, Melville, NY)
with the Perfect Focus System, applying an objective-type TIRF
configuration using a Nikon TIRF illuminator with an oil-immersion
objective (100× Plan Apo, NA 1.49, Oil, Nikon). A 647 nm laser
(Agilent MLC400B, 80 mW at the objective) was used for TIRF
excitation. The laser beam was filtered with a clean up filter (642/20
Chroma Technologies) and coupled into the microscope objective
using a multiband beam splitter (zt405/488-491/561/638rpc, Chroma
Technologies). Fluorescence was spectrally filtered with an emission
filter (700/75 Chroma Technologies) and imaged on an EMCCD
camera (Andor iXon 3, Andor Technologies, North Ireland). A total of
5000 frames were recorded at a frame rate of 10 Hz. Super-resolution
images were reconstructed using spot-finding and 2D Gaussian fitting
algorithms programed in LabVIEW (National Instruments) available
for download at www.dna-paint.org.
Yield Quantification by Gel Electrophoresis. Yield was

estimated by analysis using native agarose gel electrophoresis, pre-
stained with SYBR Safe DNA stain. The ratio between the
fluorescence intensity of the product band and that of the entire
lane was taken as an estimate of the gross yield of structural formation.
Structure Size Measurement and Statistics. AFM measure-

ments were obtained using Nanoscope Analysis (version 1.20; Vecco).
The “cross-section” function was used to measure distances (lengths
and widths of the structures of different sizes). Well-formed structures
were chosen for the measurements. TEM images were analyzed using
ImageJ (version 1.46r; NIH). The straight line function was used to
measure widths of certain structures. Six or ten sample points were
collected for each distance measurement and the statistics (e.g., the
mean and the standard deviation) were based on those 6 or 10 data
points.
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oligonucleotides designed to self-assemble via 
local interactions. The authors designed struc-
tures that assembled rapidly (in 1 h) at body 
temperature (37 °C) and low salinity, and in 
the presence of molecular crowding agents. 
This suggests that it will also be possible to 
design complex RNA structures capable of 
self- assembling from discrete components 
under in vivo conditions. A parallel strategy 
for producing RNA structures in cells would 
be to express a single-stranded RNA molecule 
that folds into a desired shape. Such a strategy 
of cotranscriptional folding was recently used 
to form periodic lattices in vitro6 (Fig. 1c).

Indeed, although in vivo assembly of simple 
RNA scaffolds (one- or two-dimensional lat-
tices) was recently demonstrated7 (Fig. 1b), 
the self-assembly of discrete RNA structures 
with complex geometry in vivo has remained 
elusive. There are a number of challenges to 
overcome, including salinity, temperature, 
off-target host interactions, molecular crowd-
ing and the presence of nucleases. However, a 
recent study demonstrated the self-assembly 
of complex DNA nanostructures across a wide 
range of temperatures and conditions by vary-
ing the interaction strengths between individ-
ual DNA bricks8—short single-stranded DNA 

RNA is an information-bearing molecule, but it 
can also form elaborate and dynamic structures 
via base-pairing, as exemplified by rRNAs, the 
RNA component of telomerase TERC1 and a 
variety of long noncoding RNAs2. The thermo-
dynamics of nucleic acid base-pairing is well 
understood3, especially relative to protein fold-
ing, and this makes RNA a natural target for 
bioengineering. In fact, a wide range of RNA 
structures have been constructed in vitro4–6 
and in vivo7 for various purposes, such as scaf-
folding enzymes for hydrogen production7. In 
addition, RNA can be used to regulate gene 
expression as either an activator or a repressor. 
Here, we discuss the role of synthetic RNA as 
both a structural material and a dynamic regu-
lator of gene expression.

Synthetic RNA as scaffolds
Initial work on RNA nanostructures focused 
on the in vitro assembly of various shapes, 
including lattices4 and polyhedra5 (Fig. 1a). 
Those structures used RNA-specific sequence 
motifs for self-assembly, such as base-pairing 
between hairpin stems (kissing loops) and 
chemical modifications for localizing enzymes 
on a structure. Assembly of these RNA nano-
structures required annealing at nonphysio-
logical Mg2+ concentrations (10–15 mM), thus 
precluding the possibility of in vivo assembly.

Using synthetic RNAs as scaffolds and 
regulators
Cameron Myhrvold & Pamela A Silver

The natural versatility of RNA makes it an ideal substrate for bioengineering. Its structural properties and predictable base-pairing  
permit its use as molecular scaffold, and its ability to interact with nucleic acids, proteins and small molecules confers a 
regulatory potential that can be harvested to design RNA regulators in diverse contexts.
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Figure 1  RNA structures produced to date and examples of reactions that they have been used to 
catalyze. (a–c) Many of the RNA structures produced have been lattices, with interactions mediated 
by base-pairing4,7 (a,b) or by kissing loops6 (c). Orange and black ovals indicate complementary-DNA 
hybridization; purple ovals indicate kissing-loop interactions. (d) An early demonstration of scaffolding 
used ferredoxin (Fd) and hydrogenase (HydA) enzymes tethered to RNA scaffolds in vivo to enhance 
hydrogen production7. Ox, oxidized; red, reduced. (e,f) More-recent demonstrations have used glucose 
oxidase (GOx) and horseradish peroxidase (HRP) tethered to a DNA origami in vitro10 (e) or acyl-ACP 
reductase (AAR) and aldehyde deformylating oxygenase (ADO) tethered to an in vivo RNA scaffold11 (f).
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in vitro transcription-translation mixes are 
freeze dried onto paper such that they can be 
reconstituted when needed19.

When choosing between the various systems 
available for synthetic RNA–mediated regula-
tion, there are several design tradeoffs and con-
straints to consider. These include sequence 
requirements, dynamic range,  orthogonality 
(i.e., the ability to have multiple indepen-
dent regulators that do not interfere with one 
another) and input requirements. Riboswitches 
are unique in that they respond to small mol-
ecules (Fig. 2e), but they are cis acting and have 
sequence requirements with a limited dynamic 
range of regulation. CRISPR-Cas–based sys-
tems are good for regulating endogenous genes 
(Fig. 2f), and they have a higher dynamic range 
than riboswitches or sRNAs, a high degree of 
orthogonality and relatively few sequence con-
straints. Attenuators act quickly20, have mod-
erate dynamic range (five- to ten-fold), some 
sequence constraints and reasonable orthogo-
nality (such that seven attenuator chimeras were 
created with less than 20% cross-talk between 
any pair of attenuators), thus making them a 
good choice for use in dynamic synthetic cir-
cuits. Toehold switches16 are especially exciting 
because they have few sequence constraints 
but an exceptionally high dynamic range (over 
 100-fold) and orthogonality (such that 18 
switches were created with less than 2% pairwise 
cross-talk); this makes them an optimal choice 
for regulating synthetic circuits (Fig. 2g). sRNAs 
are good for regulating endogenous genes  
(Fig. 2f) and have been used for metabolic 
engineering (Fig. 2h), but they also have lim-
ited dynamic range (typically about ten-fold) 
compared to that of CRIPSR-Cas–based systems 
(typically between 10- and 100-fold).

To design or to plunder?
A central question when creating synthetic 
RNAs is whether to design structures de novo  

as riboswitches12 or terminators13 and trans-
acting systems such as small RNAs (sRNAs)14, 
attenuators15, toehold switches16 and clustered 
regularly interspaced short palindromic repeats 
(CRISPR)-Cas–based systems17 (summarized 
in Box 1). Riboswitches (Fig. 2a) are useful 
because they respond to small molecules, such 
as theophylline18, by changing their secondary 
structure. This feature can be used to expose a 
previously sequestered ribosome-binding site, 
allowing gene expression to be regulated at the 
translational level.

Most other RNA regulators use RNA as an 
input and produce RNA as an output. In the 
case of CRISPR-Cas, the protein dCas9 targets 
an effector domain to a designed regulatory 
site in a promoter by using synthetic guide 
RNA (sgRNA), whereas sRNAs are targeted 
to mRNAs by the protein Hfq. sRNAs seques-
ter transcripts or trigger their degradation, 
whereas CRISPR-Cas–based systems can be 
designed to modulate RNA polymerase bind-
ing to target promoters, in a manner similar to 
transcription-factor binding17. CRISPR-Cas–
based systems (Fig. 2b) can target several genes 
at once by using multiple guide RNAs with 
unique targeting motifs, but they are limited 
by the requirement to fuse effector domains to 
dCas9 to activate gene expression.

By contrast, attenuators (Fig. 2c) and toehold 
switches (Fig. 2d) are purely RNA-based sys-
tems that allow for RNA-mediated regulation of 
gene expression at the transcriptional or trans-
lational level. Toehold switches have been dem-
onstrated to regulate endogenous genes, but this 
requires placing a hairpin upstream of the gene 
of interest, which can disrupt native regulation. 
In some cases this is detrimental, but in others it 
can be beneficial to place an endogenous gene 
under entirely synthetic control. An additional 
exciting application for toehold switches that 
is just beginning to be explored is their use as 
diagnostics in paper-based systems, in which  

One of the primary applications of synthetic-
RNA structures is their use as scaffolds for the 
colocalization of enzymes. This scaffolding 
functions by adjacent tethering of enzymes 
that have a precursor-product relationship 
in a metabolic pathway, enhancing efficiency. 
This is most effective when the intermedi-
ates are toxic, reactive, unstable or relatively 
insoluble9 because in the absence of a scaf-
fold they would be lost or would harm the 
cell. RNA scaffolding was first demonstrated 
in vivo with a contact-dependent electron-
transfer reaction in a hydrogen-production 
pathway7 (Fig. 1d). More recently, scaffolding 
has been applied to metabolic pathways con-
taining diffusible intermediates both in vitro10 
and in vivo11 (Fig. 1e,f). However, contact-
dependent chemical reactions7 are more likely 
to benefit from scaffolding than reactions 
with diffusible substrates10,11, because in the 
former case the substrate cannot be lost to solu-
tion. Such observations have been supported 
by theoretical models suggesting that larger 
enzyme aggregates are needed to effectively 
trap intermediates and allow for scaffolding to 
be effective9.

A number of tradeoffs exist when design-
ing synthetic-RNA nanostructures. The first 
is inherent in the choice to assemble discrete 
or periodic structures. Discrete structures are 
smaller and tend to contain more unique com-
ponents. This complexity is both a blessing and 
a curse—it allows for more-complex patterns 
and objects to be created but also makes the 
self-assembly process more difficult. Discrete 
structures can be characterized on the basis of 
their molecular weight with techniques such 
as gel electrophoresis. Periodic structures, in 
contrast, are polydisperse and heterogeneous 
and afford less control over the geometry of 
the resulting structures. They typically need to 
be characterized by imaging with atomic force 
microscopy, transmission electron microscopy 
or super-resolution fluorescence microscopy. 
Another important constraint on the design of 
synthetic-RNA scaffolds is geometry: consid-
erable changes in yield can result from small 
variations in the orientation (as little as a 30° 
rotation) of the scaffolded enzymes11. As dis-
cussed above, the choice of the targeted path-
way is also crucial because some pathways will 
be much more amenable to scaffolding than 
others. Overall, it will be important to consider 
these tradeoffs when designing and testing new 
RNA structure designs.

Synthetic-RNA regulators
Synthetic RNAs can regulate gene expression 
by using a number of distinct mechanisms, 
mimicking those of biological regulatory 
RNAs. These include cis-acting elements such 

Box 1  Glossary
Attenuators. RNA hairpin structures that regulate gene expression by prematurely 
terminating transcription

Riboswitches. RNA motifs that bind small molecules to lead to a conformational change 
in a hairpin that triggers gene expression or enzymatic activity of a ribozyme

sRNAs. Short (50–250 nt) noncoding RNA molecules that regulate mRNA translation in 
bacteria through base-pairing

TectoRNAs. RNA units that self-assemble into higher-order structures

Terminators. Short hairpin sequences that terminate transcription

Toehold switches. Short synthetic RNAs that act via strand displacement to activate gene 
expression by opening hairpins designed to impede transcription or translation
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available orthogonal attenuators15. As synthetic 
biologists gain a better understanding of how 
individual parts function, design will play an 
increasingly large part in exploring the func-
tional space of RNA structures.

The future of synthetic RNA
The use of synthetic RNA, for both regulatory 
and structural applications, is on an upward tra-
jectory. New technologies, such as microchip-
based DNA synthesis22 and next-generation 
sequencing, combined with powerful design 
software21, will enable the construction of large 
libraries of synthetic RNAs. These can be used 
to construct better RNA regulators, which can 
then be combined to form more-complicated 
regulatory circuits. Newly developed methods 
for in vivo continuous evolution23 will enable 
the optimization of these circuits. In particular, 
RNA regulators can link biosensors to a tran-
scriptional output for diagnostic or metabolic 
engineering applications. However, for many 
metabolites of interest biosensors do not yet 
exist, thus making the creation of new or 
enhanced biosensors obligatory.

Thus far, RNA structures have been primar-
ily used for colocalizing enzymes7,11, but they 
could also be used to localize signaling pro-
teins, as has been demonstrated with protein 
scaffolds24. It should also be possible to tether 
other functional proteins, RNAs or other bio-
molecules on synthetic-RNA structures. This 
will require new methods for attaching proteins 
to scaffolds without affecting their function. All 
in all, owing to its diverse biological roles as a 
regulator with predictable base-pairing, RNA is 
sure to have an important role in the future of 
synthetic biology.

or to ‘mine’ parts from nature. On one hand, 
there are lots of available tools for RNA design, 
and DNA synthesis has become much cheaper, 
thus making it feasible to construct large librar-
ies according to rational design principles. 
Software packages such as NUPACK21 allow 
design to be abstracted at the secondary-
structure level, such that a range of orthogo-
nal sequences can be tested. The initial library 
of toehold switches16 was designed at the 
secondary-structure level with NUPACK 
and subsequently refined with a thermody-
namic model to produce a second-generation 
library of toehold switches, all but one of 
which achieved over 200-fold activation. Even 
the worst performer in the second-generation 
library induced over 30-fold activation16, a tes-
tament to the power of rational design in RNA 
 synthetic biology.

On the other hand, as an alternative to rational  
design, parts can be plundered from nature 
and then modified to enhance their function. 
Such a ‘part-mining strategy’ works well when 
there are many natural examples that have been 
selected to perform the function of interest, 
but often it is still necessary to modify natu-
ral designs to achieve better performance or 
orthogonality. A recent example was provided 
by a set of 582 natural and synthetic termina-
tors, in which only few natural terminators 
were very strong, so that it was necessary to 
construct several hundred synthetic termina-
tors with enhanced strength13. Another illus-
tration is a set of orthogonal transcriptional 
attenuators created by fusing the pT181 tran-
scriptional attenuator to parts of other natural 
antisense RNA regulators15. Mutagenesis was 
subsequently used to increase the number of 
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Figure 2  Mechanisms and applications of synthetic-RNA regulation. (a–d) These mechanisms include conformational changes due to small-molecule binding 
(riboswitches), which lead to enzymatic activity of ribozymes18 (a), CRISPR-CAS–mediated localization of transcriptional activators17 (b), transcriptional 
attenuation (formation of a hairpin structure that prematurely terminates transcription)15 (c) and toehold-mediated strand displacement causing the opening 
of a hairpin upstream of a target gene16 (d). Orange regions are RNA-RNA–binding domains; black regions change configuration upon binding; and green 
regions are catalytic. sgRNA, single guide RNA. (e–h) These synthetic-RNA regulators can be used to respond to small-molecule input (e)18, to regulate 
endogenous genes17 (f), to create synthetic gene networks16 (g) and to control the production of metabolites of interest14 (h).
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