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CONSPECTUS: The expression of genes in a cell in response to external signals or internal programs occurs within an
environment that is compartmentalized and dense. Reconstituting gene expression in man-made systems is relevant for the basic
understanding of gene regulation, as well as for the development of applications in bio- and nanotechnology.
DNA polymer brushes assembled on a surface emulate a dense cellular environment. In a regime of significant chain overlap, the
highly charged nature of DNA, its entropic degrees of freedom, and its interaction with transcription/translation machinery lead
to emergent collective biophysical and biochemical properties, which are summarized in this Account.
First, we describe a single-step photolithographic biochip on which biomolecules can be immobilized. Then, we present the
assembly of localized DNA brushes, a few kilo-base pairs long, with spatially varying density, reaching a DNA concentration of
∼107 base pairs/μm3, which is comparable to the value in E. coli.
We then summarize the response of brush height to changes in density and mono- and divalent ionic strength. The balance
between entropic elasticity and swelling forces leads to a rich phase behavior. At no added salt, polymers are completely stretched
due to the osmotic pressure of ions, and at high salt they assume a relaxed coil conformation. Midrange, the brush height scales
with ratio of density and ionic strength to the third power, in agreement with the general theory of polyelectrolyte brushes. In
response to trivalent cations, DNA brushes collapse into macroscopic dendritic condensates with hysteresis, coexistence, and a
hierarchy of condensation with brush density.
We next present an investigation of RNA transcription in the DNA brush. In general, the brush density entropically excludes
macromolecules, depleting RNA polymerase concentration in the brush compared to the bulk, therefore reducing transcription
rate. The orientation of transcription promoters with respect to the surface also affects the rate with a lower value for outward
compared to inward transcription, likely due to local changes of RNA polymerase concentrations. We hypothesize that equalizing
the macromolecular osmotic pressure between bulk and brush with the addition of inert macromolecules would overcome the
entropic exclusion of DNA associated proteins, and lead to enhanced biochemical activity.
Finally, we present protein synthesis cascades in DNA brushes patterned at close proximity, as a step toward biochemical
signaling between brushes. Examining the synthesis of proteins polymerizing into crystalline tubes suggests that on-chip
molecular traps serve as nucleation sites for protein assembly, thereby opening possibilities for reconstituting nanoscale protein
assembly pathways.

■ INTRODUCTION AND MOTIVATION: DNA
BRUSHES AS SYNTHETIC CELLULAR
ENVIRONMENTS

Cellular microenvironments where gene expression takes place,
such as the nucleus of eukaryotic cell or the bacterium nucleoid,
are crowded in nucleic acids, proteins, and multivalent ions.1

To give a sense of scale, the E. coli genome is 4.6 × 106 base
pairs (bp) long, coding for ∼4 × 103 proteins in a volume of
∼0.7 μm3, which amounts to ∼10 mg/mL DNA, in an overall
macromolecular concentration of approximately 300 mg/mL.2

Such values are significantly denser than reactions reconstituted

in vitro. For example, protein synthesis from a plasmid is
typically done at a concentration of 10−2 mg/mL in ∼20 mg/
mL cell extract. Thus, in vitro gene expression in a bulk reaction
differs by orders of magnitude from cellular conditions.
Reconstituting gene expression in spatially controlled

synthetic systems can help us understand the interplay between
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the organization of matter and biomolecular information
processing in crowded environments. For example, a hybrid
system capable of exhibiting emergent spatial gene expression
patterns from surface bound circuits, could serve as a model
system for processes taking place during early embryo
development.3,4 Localized cell-free expression of multicompo-
nent assemblies could also address the origin of high-fidelity in
biological nanomachines, for example, the biogenesis of a
ribosome5 or T4 bacteriophage assembly line.6 Thus,
developing spatially controlled gene expression platforms at
the cellular scale would contribute to the growing effort toward
in vitro programmable protein and nucleic-acid systems. Recent
examples include gene expression and transcriptional circuits in
bulk solution or gels,7−14 encapsulation of expression in vesicle
bioreactors,15−18 semipermeable microcapsules19 and coacer-

vates,20 networks in droplet compartments,21 DNA-based
computational circuits,22−24 neural networks,25 in vitro
integration of multisubunits enzymes and ribosomes,26−28

cell-free bacteriophage protein synthesis and assembly,29−31

and memory devices;32 yet a comprehensive review33−41 is
beyond the scope here.
To this end, we have been studying DNA polymer brushes as

spatially defined cell-free gene expression platforms in contact
with a cytosol-like reservoir. These brushes are assembled with
interchain distances of the order of the dimensions of an RNA
polymerase or a ribosome, where interactions lead to emergent
biophysical and biochemical collective behavior. In this
Account, we give an overview of our work on DNA brushes,
describing first the immobilization on a biochip42,43 with new
data on the kinetics of assembly, followed by a physical study

Figure 1. DNA brush patterning and assembly on a biochip. (A) A self-assembled, photosensitive monolayer based on PEG is formed on a glass
surface. Exposing the surface to UV deprotects primary amines that are coupled to biotin moieties by NHS chemistry for subsequent binding of
streptavidin conjugated biomolecules. Reproduced with permission from ref 42. Copyright 2007 WILEY VCH. (B) Immobilized DNA chains (1 kbp,
fluorescently end labeled) along a density gradient of biotin binding sites, yielding a DNA brush with linearly increasing density up to ∼2500 chain/
μm2 (scale bar is 5 μm). Adapted from ref 45. (C) Kinetics of brush assembly at 150 mM NaCl revealed by TIRF measurement. Saturation is
reached although most binding sites remain unoccupied. (D) Brush density increases with salt concentration and (E) decreases with chain length.
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on the phase behavior in response to DNA density and ionic
strength.44−46 We then review our biochemical investigation of
RNA and protein biosynthesis from the brush47,48 with new
direct measurements of the effect of DNA density on RNA
polymerase localization in the brush. Finally, we summarize our
efforts to spatially pattern protein expression cascades and
protein traps.31,42,49

■ DNA BRUSH ASSEMBLY ON A PHOTOCHEMICAL
BIOCOMPATIBLE CHIP

Our lab has developed a biochip for precise immobilization of a
variety of biomolecules at high spatial resolution, while
maintaining essential biochemical activity, such as transcription
from DNA templates. The biochip is based on a bifunctional
polyethylene glycol (PEG) with a photolabile group protecting
a reactive amine at one end and an organosilane at the other
end (Figure 1A).42 This chimera molecule forms a self-
assembled monolayer on any silicon dioxide surface, including a
10 nm thin glass film used as an electron microscopy
substrate.31 The monolayer has a spacing of less than 2 nm
between molecules and an extension of ∼10 nm from the solid
surface when hydrated, which ensures minimal nonspecific
adsorption of biomolecules. The caged amines are deprotected
by 365 nm UV light with complete uncaging at an energy flux
of ∼2500 J/cm2.42 UV exposure time and intensity are
controlled to create patterns of spatially varying density of

amines. N-Hydroxysuccinimide (NHS) chemistry is then used
for directly linking the amines to biotin, which in turn bind a
variety of streptavidin conjugated biomolecules such as DNA
(Figure 1A, B).42

The kinetics of double stranded DNA brush assembly was
monitored using fluorescence labeling at the DNA surface-distal
end. Initially dictated by diffusion of DNA polymers from bulk
to surface, brush density saturates when further chain
penetration is inhibited at high brush density, despite a large
fraction of unbound sites remaining on the surface (Figure 1C).
Values of DNA density were determined both by using
radioactively labeled bases and by UV absorption, offering
means to convert arbitrary fluorescent units.42,47 What sets the
DNA brush density? The maximal density increases with ionic
strength (Figure 1D) and decreases with DNA length (Figure
1E). Typically, for a 1 kilo-base pairs (kbp) DNA, a 10-fold
increase in monovalent salt (above a threshold of 10 mM)
increases the density by a factor of 2.5. At 150 mM salt, the
brush density drops with DNA length from 3000 to 600
chains/μm2 for 0.3 and 3.6 kbp chains, respectively. A density
of 2000 chains/μm2 corresponds to a mean distance of ∼20 nm
between chains, at which DNA−DNA interactions play a role.

Figure 2. Entropy-driven collective conformations of a DNA brush. (A) Height measurement of a 968 bp DNA brush as a function of DNA surface
density and NaCl ionic strength (color coded). (B). Data collapse of brush height h as a function of DNA density to ionic strength ratio σ/cs with
power-law scaling h ∝ (σ/cs)

1/3 (solid line). (C) Phase diagram of the osmotic, salted, quasi-neutral, and mushroom brush regimes. (D) Brush height
as a function of DNA contour length at low salt (circles, 0.1 mM NaCl) and high salt (triangles, 250 mM NaCl). Fits correspond to h ≈ Nplp (dashed
line) and wormlike chain model (solid line). Reproduced from ref 45.
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■ BRUSH HEIGHT IS DETERMINED BY IONIC
STRENGTH AND DNA DENSITY

As for any polyelectrolyte brush, the DNA brush extends away
from the surface to a height that is determined by equilibrium
between the entropic elasticity of the DNA polymers and
swelling forces, such as electrostatic repulsion and excluded
volume interactions.50−53 To explore the DNA brush physics
and to quantify the underlying forces, the average brush height
was measured as a function of density and bulk ionic-strength
(Figure 2).45 An ∼1 kbp DNA brush pattern (100 × 50 μm2)
was assembled with a density gradient σ(x) ranging from 400 to
2500 chains/μm2 along the x-axis (Figure 1B).44,45 The brush
height h(x) was measured using total internal reflection
fluorescence (TIRF) of DNA polymer ends, with emission

intensity σ(x) e−h(x)/ξ, and an evanescent decay length ξ ∼ 120
nm (Figure 2A). The local DNA density σ(x) was determined
by epifluorescence imaging of the end-labeled DNA.
A threefold change in height was measured, from a minimal

value of ∼100 nm at high monovalent salt (cs ≥ 100 mM) to
complete extension of ∼320 nm at no added salt,
independently of brush density. Midrange (0.2 ≤ cs < 100
mM), the brush stretched out gradually with increase in density
or decrease in ionic strength. Data collapse of brush height as a
function of density to ionic strength ratio (σ/cs) was obtained
for density σ < ∼2000 chains/μm2 (Figure 2B). At σ/cs ∼ 100−
1000 (chains · μm−2 · mM−1), a power-law scaling regime with
h ∝ (σ/cs)

1/3 was observed. Similar scaling was also observed in
the presence of divalent magnesium chloride.45

Figure 3. Dendritic assemblies of condensed DNA brush induced by spermidine3+. (A) Fluorescence images with their schematic illustration of a
uniform 3.5 kbp osmotic brush undergoing condensation by nucleation and growth at t = 5, 28, 51, 74, 154, and 230 s from the addition of Spd. (B)
Wet AFM topography of DNA brush after termination of condensation indicates a height decrease by 2 orders of magnitude compared to an
extended uncondensed brush (∼1 μm). (C) Reversibility, metastability, and hysteresis are observed in a condensation−decondensation cycle (black
triangles and red diamonds, respectively) in response to changing Spd concentration. Open blue circles represent the time-dependent variance of the
fluorescence intensity distribution during condensation. (D) Brush collapse into a single nanowire-shaped condensate accomplished by assembling a
DNA brush along a patterned line narrower than twice the DNA contour length next to a denser rectangular brush acting as a nucleation-prone site.
Scale bars are 5 μm. Color code indicates local fluorophore density of the DNA labeled ends. Reproduced from ref 46.
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The brush height scaling with density and ionic strength was
previously predicted in a general theory of polyelectrolyte
brushes.50 The polymer counterions in a highly charged brush
were theoretically shown to be confined within the brush
volume due to electrostatic interactions. Accordingly, the
counterion concentration in a DNA brush of ∼1000 chains/
μm2 amounts to c0 ∼ 1 mM at zero ionic strength of the
immersing solution, cs = 0.45 The ion concentration imbalance
between the brush phase and the immersing solution creates an
osmotic pressure that drives the extension of the brush. In the
presence of added salt, the ions’ osmotic pressure Πions ∝
(σ2Np

2)/(csh
2) increases with the DNA density σ and the

number of persistence lengths Np, and decreases with the brush
height h and ionic strength.50

The osmotic pressure of ions is balanced by the entropy of
the DNA polymer that resists stretching. The loss of
configurational entropy due to DNA extension results in a
contracting force that is linear in the brush height Fentropy ∝ (σ/
Np)h similarly to the force exerted by a stretched spring. The
equilibrium height hs ∝ Nplp(σ/cs)

1/3 is linear in the contour
length Nplp where lp ≈ 50 nm is the DNA persistence length.
The predicted power-law scaling of height with the ratio of

density and ionic strength was measured in a wide range of
parameters (100 < σ/cs < 1000 [chains·μm−2·mM−1], Figure
2B). This behavior, in which DNA responds to changes in the
ionic strength, was previously defined as the salted brush
regime.50

Three additional scaling regimes were identified: mushroom,
quasi-neutral, and osmotic (Figure 2C). (i) Mushroom regime:
At high ionic strength and at low brush density (σ/cs < 100
[chains · μm−2 · mM−1], Figure 2B), the osmotic pressure
becomes negligible and the brush shrinks to a minimal height
that is independent of density. The brush height as a function
of polymer contour length fits well with the end-to-end distance
of a semiflexible polymer in solution following the wormlike
chain model, RWLC

2 = 2Nplp
2 − 2lp

2(1 − e−Np) (Figure 2D).54,55

(ii) Quasi-neutral brush: At high ionic strength and a very high
density (cs > 100 mM, σ > 2000 chains/μm2, Figure 2A), we
observed the brush height scaling with density, hN ∝ Nplpσ

1/3.
This scaling is expected for a neutral brush with excluded
volume interactions.56 (iii) Osmotic brush: At low ionic
strength, cs < c0, and a high density (σ/Cs > 1000 [chains ·
μm−2 ·mM−1], the osmotic pressure of the confined counter-
ions is large enough to induce maximal extension of the brush.

Figure 4. Passive and active partitioning of T7 RNA polymerase. (A) Transcription rate as a function of coding DNA copy-number at increasing
surface density (red rectangles) or when fixed to high density via the addition of noncoding DNA (blue circles). Reproduced from ref 48. (B)
Scenario for the reduction in transcription efficiency with density due to RNAP (red circles) depletion. Brushes are assembled from only coding
(blue) chains or mixed coding and noncoding (gray) chains. (C) Direct TIRF measurement of fluorescently labeled RNAP (red) within a density
gradient of noncoding DNA (blue), supporting the scenario presented in (B). (D) Transcription rates are higher for genes oriented toward the
surface (IN) relatively to genes oriented toward (OUT) the reservoir. Reproduced from ref 48. (E) Scenario for active RNAP partitioning depicting
the effect of gene directionality on RNAP concentration within the brush. Inward transcription enriches the RNAP pool, while outward transcription
acts with the passive exclusion further decreasing the internal concentration. Colors as in (B).
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Under this regime, the brush height scaled linearly with the
polymer contour length, h0 ≈ Nplp, which is the manifestation
of a polymer brush (Figure 2D).

■ CONDENSATION OF DNA BRUSHES INTO
COLLAPSED DENDRITIC DOMAINS

In contrast to the gradual conformational effect of mono- and
divalent ions on relaxed DNA in solution, multivalent cations,
such as spermidine3+ (Spd), have been shown to induce a sharp
phase transition into a compacted state of locally aligned DNA
segments separated by distances of ∼3 nm.57−59 This process,
known as DNA condensation, plays a fundamental role in DNA
packaging, genome protection, and gene-expression regulation
in vivo.60,61 When subjected to a critical Spd concentration,
DNA brushes collapsed from an extended conformation (e.g.,
∼1.1 μm height for 3.5 kb chains) to macroscopic condensed
structures that are no more than 25 nm in height (Figure 3B).46

The transition began with the local gathering of chains into
focal nucleation centers that emerged randomly within a
homogeneous brush (Figure 3A). Chains located at the nuclei-
brush interface then began collapsing toward the nucleation
center, thus forming a radially growing condensate with
continuously branching ∼50 nm wide fibers. Sharp boundaries
of oppositely collapsed chains were formed at the interface
between growing domains (Figure 3B). The resulting dendritic
structure likely maximizes DNA−DNA contact area under the
constraints of chain immobilization and DNA bending rigidity,
similarly to DNA toroid formation in dilute solution.62

The direct visualization of DNA condensation in brushes
provided means to mechanistically investigate the process. We
found that, beyond a critical brush density, a further increase in
density significantly shortened the lag time for nucleation, and
accelerated the lateral growth rate.46 The extended conforma-
tion was found to be a prerequisite for dendritic growth with
chains maintaining their extended state during collapse.
Condensation was reversible and hysteretic with Spd
concentration (Figure 3C) allowing trapping the brush in a
metastable state of coexistence between condensed and
noncondensed DNA phases, reminiscent of genome organ-
ization in living cells.63 Understanding the mechanism of
condensation combined with surface patterning of DNA
density was used to demonstrate guided growth from a focal
nucleation of 50 nm wide, 50 μm long nanowire of a condensed
DNA brush (Figure 3D).46

■ MODULATION OF RNA TRANSCRIPTION BY DNA
BRUSH PROPERTIES

DNA brushes provide a unique platform to study the effect of
DNA segregation, local density and organization on gene
expression. To that end, we measured the transcription rate of
T7 RNA polymerase (RNAP) from RNA-encoding brushes as a
function of DNA density and promoter orientation relative to
the surface.48 As a first step, discrete brushes with increased
density were assembled from coding DNA with promoters
directing transcription into the surface. The resulting tran-
scription level increased at a decelerating rate with brush
density, reaching a saturating value (Figure 4A, B). To elucidate
the source of inhibition at high DNA densities, we decoupled
the number of coding DNA from the DNA density by adding
noncoding DNA to each of the brushes to supplement it such
that the overall DNA density was kept constant at the highest
value. At this high DNA density, transcription rate was now

linearly dependent solely on the amount of coding DNA within
the brush. Interestingly, for the same amount of coding DNA
on the surface, transcription rates were always lower than those
measured in coding-only, hence more dilute, DNA brushes
(Figure 4A, B).
Ruling out ion depletion or nonspecific binding of RNAP to

noncoding sequences as the source of transcription inhibition,
we hypothesized that transcription inhibition with density was
due to RNAP exclusion from the dense DNA brush.48 This
hypothesis is supported by a new direct measurement of a
gradual depletion of labeled RNAP from a continuous gradient
of noncoding DNA using TIRF microscopy (Figure 4C). We
speculate that despite the electrostatic attraction of RNAP to
DNA,64 it is entropy that drives the polymerases out from the
crowded microenvironment of the brush and into the dilute
reservoir. Namely, high DNA density passively partitions RNAP
(Figure 4B), thus dictating the rate of transcription.
Unique to DNA brushes, transcription levels could be

modulated by DNA orientation. This has been shown by
assembling brushes of similar density, each having its coding
sequences (280 bp) facing either the surface (IN) or the
reservoir (OUT) and positioned differently along the DNA
(bottom, middle, or top, Figure 4D). Despite an overall lower
transcription rates in the brush relative to bulk solution, we
found that the direction of the coding sequence affected the
rate, yielding more than a 2-fold higher rate for IN than OUT
configurations. When a much longer transcription unit of the
1.6 kbp long luciferase gene was coded in a 2.1 kbp brush, more
than 5-fold increase in transcription rate was observed for IN
over OUT configuration.47 Thus, the directionality of RNA
synthesis seems to partition RNAP in an active mechanism
(Figure 4E): An IN orientation creates a gradient of RNAP into
the brush thus opposing the macromolecular exclusion, while
an OUT orientation further reduces the internal concentration
of RNAP by driving it out of the brush.
Overall, we observed macromolecular partitioning between

the brush and the surrounding reservoir that is dictated
passively by DNA local density and actively by the
directionality of RNA synthesis. Such partitioning is obtained
in cells either by membranes that create a permeable barrier
defining segregated compartments or in membraneless
pseudocompartments such as the bacterial nucleoid, where
the chemical nature of the microenvironment dictates
heterogeneous macromolecules distribution.65,66 Accordingly,
DNA brushes create a compartmentalized environment by
breaking the symmetry of the reaction, with brush length,
density, and promoter orientation creating an effective
boundary and macromolecular composition differences. DNA
brushes thus provide a synthetic platform to probe effects of
gene clustering and spatial organization on gene expression,
which have been shown to play a role in vivo yet are difficult to
be systematically studied outside a living organism.67−71

■ CELL-FREE SPATIAL EXPRESSION CASCADES AND
ASSEMBLY ON A CHIP

DNA brushes could be utilized to realize spatially resolved
expression cascades as a step toward information transfer and
expression patterns on a chip. To that end we have been using a
cell-free transcription-translation extract to express proteins
from DNA brushes. The first attempt included a two-stage
cascade circuit realized on a chip by using two DNA constructs
patterned in different neighboring stripe brushes: one encoding
the T7 RNAP gene under the control of SP6 promoter, and the
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other encoding luciferase under control of T7 promoter.42 The
SP6 RNAP was the input to initiate transcription/translation of
T7 RNAP, which in turn cascaded to delay luciferase expression
(Figure 5A).
In another example, an on/off switch controlling spatially

resolved expression of GFP was demonstrated by assembling
two DNA brushes: one coding for GFP but lacking the
promoter sequence essential for its expression, and the other
including promoter but no coding sequence. Enzymatic DNA
cleavage and ligation on the surface resulted in DNA shuffling
between brushes. After washing, the merging of promoters with
GFP coding sequences was proven by the addition of cell-free
extract, resulting in expression of GFP from the newly ligated
brush.49

Recent experiments showed a new class of cascades with
expression and trapping of proteins on the surface. This was
done using a brush coding for GFP fused to the high-affinity
HA peptide tag patterned next to anti HA-specific antibodies.31

The experiment was extended to create a spatial genotype−
phenotype linkage at the micrometer scale in which synthesized
GFP gets trapped only close to its encoding brush. An
additional protein was synthesized from a plasmid in bulk

solution, HA-mCherry, which competed with HA-GFP for the
same antibody traps. The resulting pattern was a surface
gradient of trapped GFP whose density decreased with the
distance from the brush, along with an inverted gradient of
mCherry (Figure 5B).
Proteins synthesized in cell-free reactions maintain their

ability to self-assemble into structural complexes. In the
presence of liposomes, in vitro transcription−translation of
nine proteins of E. coli ATP synthase resulted in assembly of a
structural complex resembling the in vivo purified structure.27

The five subunits of the E. coli RNA polymerase expressed in a
semisynthetic cell-free PURE system,72 assembled to form a
functional enzyme capable of completing a full transcription
cycle.26 Remarkably, by supplementing a cell-free reaction with
merely the genome of T7 bacteriophage, mature viral particles
capable of infection were produced.30 Assembly in cell-free
expression reactions is decoupled from its natural setting and
may, therefore, be rewired to produce novel structures and
functions. As a model system for programmable design, T4
bacteriophage gp18 proteins were synthesized and assembled in
a cell-free bulk reaction into micrometer long protein tubes,
much longer than its 100 nm fixed length within the T4

Figure 5. Cell-free spatial expression cascades and protein assembly on a chip. (A) Kinetics of luciferase expression as measured by luminescence in a
two-gene cascade realized in spatially resolved brushes encoding T7 RNAP under control of Sp6 promoter and luciferase under control of T7
promoter (scheme). Addition of SP6 RNAP (brown) initiates the cascade, followed by protein translation by ribosomes (orange) resulting in a 60
min delayed expression of luciferase (yellow) compared to a single-step luciferase expression with only a 15 min delay. Reproduced with permission
from ref 42. Copyright 2007 WILEY VCH. (B) Parallel synthesis of HA-mCherry (red) from plasmid DNA in solution and HA-GFP (green) from
surface-bound DNA (blue) generates opposite gradients of GFP and mCherry bound to antibody traps on the surface (Y shapes), as seen by
overlaying the red and green fluorescent channels. Reproduced with permission from ref 31. Copyright 2012 Nature Publishing Group. (C) In situ
synthesis of T4 phage gp18 protein (yellow) from a plasmid in solution in the presence of antibody traps which serve as nucleation sites for growth
of gp18 nanotubes on the surface. Reproduced with permission from ref 31. Copyright 2012 Nature Publishing Group.
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bacteriophage particle.29 Coexpression of gp18 with gp15,
another T4 protein, resulted in the sporadic closure of gp18
nanotubes into doughnuts.29

Could anchoring of proteins onto antibody traps serve as a
scaffold for programmable macromolecular assembly? We
addressed this question by adapting the biochip to combine
surface patterning with transmission electron microscopy
imaging on 8 nm thin glass support grids.31 When HA-gp18
tubes were expressed and assembled in a solution cell-free
reaction and subsequently added to anti-HA antibodies
patterned on the chip, almost no tubes could be imaged on
the traps. In contrast, when HA-gp18 expression occurred in a
cell-free reaction bathing surface-patterned antibody traps,
nanotubes were enriched at the patterned regions but to a
much lesser extent elsewhere (Figure 5C). As preassembled
nanotubes fail to bind the traps, most likely due to steric
hindrance of HA tag at the assembled conformation, antibody
traps seem to serve as nucleation sites for growth of nanotubes
when their assembly is coupled to synthesis in the presence of
traps.31

■ OUTLOOK

We envision DNA brushes as genomes of synthetic cell
modules and, as such, characterized their biophysical and
biochemical properties. By analogy to DNA in the cell, the
expression machinery interacting with the brush responds to its
density, conformation, and organization. Unlike DNA in a cell,
many parameters of DNA brushes, such as height, density,
composition, and orientation, can be simply altered. Whether
the emergent properties of DNA brushes teach us something
about gene expression in vivo might be arguable, yet they
provide design tools for artificial biosystems. For example, it
would be interesting to use coexisting phases of condensed and
uncondensed brushes to spatially regulate gene expression.
One of the major advantages of the DNA brush is its coding

capacity with thousands of genes assembled in a small volume.
This high local gene concentration, in principle, enables
expression of thousands of proteins in cell-free extracts.
However, the observed protein exclusion from a DNA brush
currently sets an upper limit on its expression capacity. Further
research could explore conditions to counteract this exclusion
by macromolecular crowding. We speculate that addition of
inert macromolecules to the surrounding solution of the brush
at cellular concentrations may cancel out entropy-driven
exclusion and might induce confinement of RNAP due to its
high affinity to DNA. Transcription rates are in turn expected
to increase and surpass those in dilute solutions, possibly
revealing an unexplored regime of biochemical activity.
Localized DNA brushes on a chip expressing proteins under

regulation of gene circuits could lead to spatiotemporal patterns
at the scale of an embryo, similarly to those obtained in a
macroscopic gel,8 and to biomolecular reaction-diffusion
waves.24,72 Such systems would open new means to study
general principles of gene expression dynamics and information
processing at the scale and conditions approaching a cell. Cell
extracts based on E. coli’s endogenous transcription/translation
and degradation machinery provide a toolbox for circuit design
based on natural or synthetic regulatory elements,12,73 which
would lead to emergent expression patterns. Spatial gradients
require source-sink dynamics that have so far been difficult to
obtain with current protein degradation capacity.74 Protein
degradation in cell-free expression systems must be boosted to

achieve effective turnover, or alternative mechanisms for
turnover must be sought.
The combination of DNA brushes and surface traps for

proteins and nucleic acids could be used to reconstitute
multigene pathways, such as those governing T4 assembly.41

Geometric layouts on the chip could be used to govern which
genes are expressed, in which order, and where the proteins
assemble into multicomponent structures. Fluorescence imag-
ing, along with structural information obtained by electron and
atomic force microscopy, following on-chip expression and
assembly, may ultimately allow us to design novel functional
protein and nuclei acid machines.
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