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Regulation of gene expression is fundamental for cell
development, maintenance, and growth. Gene regulation
occurs mainly at the level of transcription, controlled
primarily by DNA-binding proteins known as transcription
factors (TFs). For example, the delivery of just four TFs to
fully differentiated cells can cause them to revert to a stem-
cell-like state, offering promise for regenerative medicine.!!
The ability to influence gene regulation by tuning intra-
cellular TF levels would constitute a powerful method for the
study of regulation pathways or the development of ther-
apeutic applications.”!

An elegant approach to the control of gene expression is
to reversibly encapsulate the TFs in a drug-delivery cage.
Within the cage, the TF cannot bind cellular DNA and is
inactive; the cage can then be opened using external triggers,
releasing and thus activating the TF. Molecular cages
designed for encapsulation vary in size and fabrication
method: fullerenes (approximately 1 nm) can encapsulate
single atoms;® hollow metal nanoparticles!® (approximately
100 nm) for proteins; and liposomes (100-800 nm) for drugs®!
or fluorescent molecules.!’ TF encapsulation by supramolec-
ular nanoparticles (approximately 50 nm) for intracellular
delivery has recently been reported.’!

Herein, we report a novel cage for a TF constructed using
DNA. A DNA cage offers many advantages: for example,
cages of dimensions similar to protein targets can be designed
rationally to self-assemble in a single, rapid, and facile step.
Examples of such DNA nanostructures range from poly-
hedra,® to much larger structures based on DNA origami.”!
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DNA cages can be reconfigured, with edges extended or
broken in the presence of specific oligonucleotides."”’ DNA
can be site-specifically modified with chemical groups,
fluorophores, or targeting peptides!!! to monitor the cage—
protein interactions, subcellular localization, or specific cell
targeting; covalent linkers have been used to encapsulate
proteins inside a DNA cage.'” DNA cages have been
successfully internalized into mammalian cells™ and have
exhibited enhanced resistance to enzymatic digestion, ¥
when compared with linear dsDNA. In vivo cloning tech-
niques for amplifying DNA nanostructures may also substan-
tially reduce the fabrication costs of DNA cages.™

In this work, we present a DNA cage for the TF catabolite
activator protein (CAP), a global regulator of more than 100
genes.' In the presence of its allosteric effector, cyclic
adenosine monophosphate (cAMP), CAP binds with high
affinity to its 22 base-pair (bp) DNA recognition site causing
a bend of approximately 80-90°.!""! The cage design was based
on a DNA tetrahedron® that self-assembles rapidly in high
yield in a single annealing step. The cage comprises four
oligonucleotides; each DNA strand runs around one face
forming double-stranded edges by hybridizing with comple-
mentary sequences on the other strands. Five edges are 20 bp
long; the sixth, 30 bp, contains the consensus binding site for
CAP!™ (Figure 1).

$4 CAP consensus
binding site

Figure 1. Protein-encapsulating DNA cage designed for the encapsula-
tion of catabolite activator protein (CAP). The cage is made of four
oligonucleotides (strands s1-s4). Left: vi-v4 denote vertices 1-4.
Right: CAP induces a bend on the binding edge of the DNA cage
decreasing the distance between v1 and v2. Illustration of CAP from
1CGP,"™ representation prepared by D. Goodsell.

The orientation of the CAP-binding site relative to the
cage was crucial for encapsulation. It was previously demon-
strated that a DNA tetrahedron with 20 bp edges assembles as
a single diastereomer, with the major groove facing inwards at
the vertices.®™ As our design is similar, with one edge
extended by a full helical turn, the major grooves are also
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expected to face inwards at the vertices. Using the crystal  to contact the inward-facing CAP-binding site, CAP binding
structure of CAP bound to a 30 bp fragment,'™ we posi-  kinks this edge creating space within the cage by decreasing
tioned the CAP-binding site such that CAP bound facing into  the distance between vertices 1 and 2 and increasing the
the cage. As a control, we formed a cage with an outward-  distance to the opposing edge (Figure 2b, Figure S2).
facing site by shifting the CAP-binding site half a helical turn The greater affinity of CAP for the inward-site cage may
(5 bp) towards vertex 1 (v1, Figure 1). be related to the position of the binding site relative to the
To study cage formation and CAP-cage interactions, we  vertices. With the inward-site cage, the binding site is
titrated both cages (inward and outward site) with CAP and  positioned in the center of the cage edge. For the outward-
studied the resulting protein-DNA complexes using native  site cage, the site was shifted to lie next to vertex 1. The
polyacrylamide gel electrophoresis (PAGE; Figure 2a). Both  distortion of the outward-site edge caused by CAP binding
cages (lanes 2 and 6) form distinct bands with mobilities lower =~ may be more energetically costly when the site is close to
than a 20 bp DNA tetrahedron®™ (lane 1), as a result of the  a vertex. CAP also binds the inward-site cage in the absence
inclusion of the longer (30 bp) edge. Adding CAP to the of cAMP, albeit with a weaker affinity (Figure S3); this result
inward-site cage causes a mobility shift, attributed to binding  likely reflects that in the absence of cAMP, CAP retains some
and distortion of the cage by CAP (lanes 3-5). In contrast, of its conformational flexibility and affinity for its binding
CAP has low affinity for the outward-site cage, showing site.”!]
incomplete binding even at an approximately sevenfold molar To investigate whether CAP bound in the expected
excess of active CAP (lanes 7-9). CAP does not bind toacage  orientation within the cage (Figure2b), we performed
in which the CAP-binding sequence on the 30 bp edge is  single-molecule experiments using alternating-laser excita-
replaced (Supporting Information, Figure S1). tion (ALEX) spectroscopy.'*??) ALEX allows virtual sorting
The observation of stable CAP binding to the fully of molecules on two-dimensional histograms of apparent
assembled inward-site cage was initially surprising because =~ FRET efficiency E* (reporting inter-fluorophore proximity)
molecular modeling shows that CAP cannot enter or be and probe stoichiometry S. To investigate our system using
accommodated inside the cage without deforming one of the =~ ALEX, the cage was labeled with Cy3 (the FRET donor) on
tetrahedron edges (Figure S2). It has been observed that both  an unhybridized “hinge” base at vertex 3, and CAP was
the CAP-cAMP complex! and DNA nanostructures®  labeled with Alexa647 (the FRET acceptor; Figure 2b). CAP
exhibit considerable conformational flexibility; we propose  was labeled sub-stoichiometrically, with one Alexa647 per
that CAP binding and encapsulation occurs by means of dimer on average. For the expected CAP binding orientation
transient conformational changes in CAP and the cage. The  in the inward-site cage (Figure 2b), the distances between the
crystal structure of CAP bound to its recognition site also donor and the two possible acceptor positions on each
shows significant deformation of the DNA helix.'””) We  monomer are approximately 34 A and 50 A for the proximal
propose that when a conformational fluctuation allows CAP  and distal sites, respectively, with corresponding FRET
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Figure 2. CAP encapsulation within a DNA cage. a) Analysis by native PAGE of inward-site cages (lanes 2-5) and outward-site cages (lanes 6-9)
titrated with CAP. Lane 1 contains a 6x20 bp DNA tetrahedron® as a reference. b) Structural model of CAP and the cage in unbound and bound
forms (see Experimental Section). Top: Unbound CAP (left, adapted from structure 1CGP)!"" was labeled sub-stoichiometrically with Alexa647
(red spheres). The unbound cage (right) was labeled at v3 with Cy3 (green sphere). Bottom: cage-encapsulated CAP, front and rear views.
Approximate distances between the cage donor (Cy3) and the two CAP acceptors (Alexa647) are shown. c) FRET efficiency (E*) versus
stoichiometry (S) histogram™ of the inward-site cage incubated with CAP. One-dimensional E* and S histograms of the data in the red rectangle
are shown at the top and right. d) Same histogram as in (c), after cage digestion by nuclease DNAse I.
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efficiencies of approximately 90% and 60%, given the
fluorophores used.”! In contrast, if CAP bound the outside
of the cage, the donor—-acceptor distance would be greater
than 10 nm, with corresponding FRET of less than 5%.

The E*-S histogram for the inward-site cage bound to
CAP (Figure 2c) shows two populations: free CAP molecules
(acceptor-only molecules characterized by low S values) and
CAP-cage complexes (donor-acceptor complexes character-
ized by intermediate S values and high E* values). The latter
complexes comprise a broad population with a mean E*
~75 % . The high FRET exhibited by this population confirms
that CAP is positioned inside the cage. The broad distribution
reflects the two labeling positions on CAP.

To test whether CAP can be released upon cage degra-
dation, we incubated the labeled CAP—cage complexes with
DNA nuclease I (NEB; see Experimental Section). As
expected, the nuclease treatment led to the complete loss of
the high-FRET, donor—acceptor population (Figure 2d) while
retaining only the free CAP, acceptor-only population,
consistent with release of CAP from the cage.

The rate of dissociation of CAP from its DNA site is
expected to be reduced by encapsulation, because transient
unbinding from DNA is likely to be followed by immediate
rebinding to its site: this is a consequence of the high local
CAP concentration inside the cage and the favorable
positioning of the DNA-binding domains relative to the
DNA site. To test the effect of caging on CAP dissociation, we
removed cAMP from bound CAP complexes and analyzed
the complexes using PAGE (Figure S4). Whilst removal of
cAMP clearly causes dissociation of CAP from linear DNA,
no apparent dissociation of CAP from the cage was observed
on the same timescale.

To quantify this effect of encapsulation on the dissociation
kinetics of CAP from the cage, we used ensemble FRET
measurements. We first formed CAP-cage complexes (1:1
active CAP/cage) and then added a 50-fold excess of
unlabeled competitor DNA with the same binding site as
the cage. Upon CAP dissociation from the cage, the donor (on
the cage) fluorescence increases: we were thus able to infer
the cage-bound fraction of CAP as a function of time
(Figure 3, circles; see Experimental Section). The data fit
well to a double-exponential decay (dashed line) with a fast
component (approximately 60 % weighting) with a lifetime of
7, ~ 41 s and a much slower component (approximately 40 %
weighting) with a lifetime of 7,/3200s. The nature of the
fast-dissociating CAP—cage complexes is unclear; there may
be a subpopulation of cages partially encapsulating CAP.
CAP-cage complexes may convert to such an unstable
intermediate before dissociation, as suggested in previous
work.”? CAP dissociates much more quickly from linear
DNA fragments carrying the same binding site (Figure 3,
crosses); the lifetime of this complex 7~ 65 s is similar to the
fast component of the CAP—cage complex. A slight deviation
of the data from the single-exponential fit may reflect
measurement artifacts (e.g., photobleaching, surface adsorp-
tion) or a true subpopulation of more slowly-dissociating
complexes.’”) These experiments show that the DNA cage
significantly slows CAP dissociation from its binding site.
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Figure 3. Kinetics of CAP dissociation from a donor-labeled cage
(circles) or linear DNA (crosses) using ensemble FRET-quenched
donor fluorescence. CAP-DNA complexes were formed at a 1:1 ratio
before adding a 50x excess of unlabeled competitor strand at t=0.
Plotted is the change in the DNA-bound fraction of CAP (see
Experimental Section). Dissociation of CAP from the cage is fitted with
a double-exponential decay, resulting in a fast (60% amplitude) and

a slow (40% amplitude) component with lifetimes of 7, =41+7 s and
7,=3200+400 s, respectively. CAP dissociation from the linear site is
fitted with a single-exponential decay with a lifetime of 7=65+5s.

In conclusion, our results demonstrate the non-covalent
encapsulation and entrapment of a DNA-binding protein
inside a self-assembled DNA cage. Single-molecule FRET
measurements on DNA-caged CAP provide distance con-
straints reporting on the orientation of the protein inside the
cage. This technique may be extended to detailed structural
studies of caged proteins. Cages can carry several fluoro-
phores as reference points, allowing triangulation of multiple
protein-DNA distances using multi-color™ or switchable
FRET;™ such constraints could be used to ascertain protein
structure and conformational dynamics and to study the
effects of caging on these properties.

Our results also pave the way for encapsulation of other
DNA-binding proteins within DNA cages.'? Similar
approaches can be applied to a wide variety of DNA cages
including those based on DNA origami,” which could
accommodate thousands of proteins. Caging, combined with
techniques for triggering conformational changes of the
cage,"!% may lead to controllable protein release systems
in vivo.

Experimental Section
Oligonucleotides used were ordered from Integrated DNA Technol-
ogies, IBA, and ATDBio. Sequences used:

sl: 5'-AGG CAG TTG AGA CGA ACA TTC CTA AGT CTG AAA TTT
ATC ACC CGC CAT AGT AGA CGT ATC ACC-3/

s1 iCy3: 5'-AGG CAG TTG AG iCy3 CGA ACA TTC CTA AGT CTG
AAA TTT ATC ACC CGC CAT AGT AGA CGT ATC ACC-3'

s2: 5'-CTT GCT ACA CGA TTC AGA CTT AGG AAT GTT CGA CAT
GCG AGG GTC CAA TAC CGA CGA TTA CAG-3'

s2 Btn: 5'-CTT GCT ACA CG BTN TTC AGA CTT AGG AAT GTT CGA
CAT GCG AGG GTC CAA TAC CGA CGA TTA CAG-3’

s3 CAP Inward: 5'-Phos GGT GAT AAA ACG TGT AGC AAG CTG
TAA TCG ACA ATA AAT GTGATC TAGATC ACATTT TAG GAC TAC TAT
GGC G-3'
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s3 CAP Outward: 5'~-Phos GGT GAT AAA ACG TGT AGC AAG CTG
TAA TCG AAA TGT GAT CTA GAT CAC ATT TTA GGC AAT AAC TAC TAT
GGC G-3'

s4 CAP Inward: 5'-Phos CCT CGC ATG ACT CAA CTG CCT GGT
GAT ACG ACC TAA AAT GTGATC TAGATC ACATTT ATT GAC GGT ATT
GGA C-3'

s4 CAP Outward: 5'-Phos CCT CGC ATG ACT CAA CTG CCT GGT
GAT ACGATA TTG CCT AAA ATG TGA TCT AGA TCA CAT TAC GGT ATT
GGA C-3'

s3 Dummy site: 5'-GGT GAT AAA ACG TGT AGC AAG CTG TAA TCG
AGT GGA ATT GTG AGC GGA TAA CAA TTT CAC AAC TAC TAT GGC G

s4 Dummy site: 5'-CCT CGC ATG ACT CAA CTG CCT GGT GAT ACG
ATG TGA AAT TGT TAT CCG CTC ACA ATT CCA CAC GGT ATT GGA C

ICAP32 TH Top: 5'-C6Amine AC AAT AAA TGT GAT CTA GAT
CAC ATT TTA GGA

ICAP32 TH Bot: 5'-TCC TAA AAT GTG ATC TAG ATC ACA TTT
ATT GT

Labeling at the 5'-amino-C6-modifying group of ICAP32 TH Top
was performed using an N-hydroxysuccinimidyl ester of Cy3B (GE
Healthcare, Uppsala, Sweden) following the manufacturer’s instruc-
tions, and was then purified by PAGE.

The structural model shown in Figure 2b was based on a combi-
nation of protein structure 1CGP!"”™ (CAP bound to a 30 bp dsDNA
fragment) and B-DNA strands (20 and 30 bp) formed using molecular
modeling software (Ascalaph Designer). The unbound cage contains
B-DNA edges only; in the bound cage, the 30 bp edge was replaced
manually by that contained in the protein structure. Structures and
images were made using MacPyMOL.

To form the DNA cages, equimolar amounts of the four
component strands (sl, s2, s3CAP, and s4CAP) were mixed in
annealing buffer (20 mm Tris-Cl pH 8.0, 1 mm EDTA, and 500 mm
NaCl) to a final concentration of 1 um, heated to 90°C for 3 min
before cooling to 4°C over approximately 30s. DNA cages were
purified by PAGE for the single-molecule experiments. To form the
linear CAP binding site, ICAP32 TH Top and Bot were annealed in
annealing buffer by heating to 94°C and subsequent cooling to 4°C
over 2 h in steps of 1°C.

CAP was mutated and labeled with Alexa647 following the
method described in [17a]. Labeling efficiency was greater than 90 %,
measured using a Nanodrop 1000 spectrophotometer. Unlabeled
CAP binding activity was approximately 33 %, and labeled CAP
approximately 20% measured using electrophoretic mobility shift
assay (EMSA). “Active” CAP concentrations quoted in the text refer
to the concentration of active binding molecules, that is, the percent
activity multiplied by the nominal concentration.

For PAGE experiments, CAP-cage complexes were formed using
200nm cage and a Ox, 03x, 3.3x, and 6.7xexcess of CAP
(Figure 2a, lanes2-5 and lanes 6-9) at 14°C for 10 min in KG7
buffer (20 mm HEPES-NaOH pH 7.0, 100 mM potassium-L-gluta-
mate, 10 mm MgCl,, 1 mm DTT, 100 ugmL’l BSA, 1 mm MEA, 5%
glycerol) supplemented with 0.2 mM cAMP. Gel conditions were
7.5% 19:1 acrylamide, in Tris-HCl (pH 8.8) with a 4% Tris-HCl
(pH 6.8) stacker. Gels were stained with 1 x SYBR Gold (Invitrogen)
according the manufacturer’s instructions before being scanned in
a BioRad PharosFX gel scanner.

For single-molecule experiments, CAP-cage complexes were
formed using 2 nm PAGE-purified cage with a 1:1 ratio of Alexa647
labeled CAP at RT for 40 min in KG7 buffer and 0.2 mm cAMP (as
above). Complexes were then diluted to approximately 50 pM in the
presence of 0.2 mm cAMP in KG7 buffer and added to a gasket on
a coverslip. The incubated mixture was then examined using single-
molecule confocal microscopy as described in [27]. Single-molecule
fluorescence bursts were recorded and filtered for those containing
red bursts. Data analysis was performed using MATLAB.

To release CAP by digestion of the cage (Figure 2d), 1 unit of
DNAse I (NEB, M0303S) was incubated with the same preparation of
CAP-cage complexes as for the single-molecule experiments (above)
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for 30 min at 37°C in 1 x DNAse I reaction buffer before dilution and
single-molecule observation.

For ensemble dissociation experiments, CAP-DNA (either cage
or linear site) complexes were formed by incubating 10 nm DNA and
10 nm Alexa647-labeled CAP at RT for 5 min in KG7 buffer and
02mM cAMP (as above). A 50x excess of unlabeled ICAP32
competitor DNA was then added, and the increase in donor
fluorescence was observed over time. Fluorescence spectra were
recorded every 10s using a Cary Eclipse fluorescence spectropho-
tometer. The DNA-bound fraction of CAP at time ¢ (Figure 3) was
calculated as (Gp—G(£))/(G pax— Gmin)» Where G denotes the peak
green (donor) fluorescence intensity. G, is the fluorescence
intensity from DNA alone, before formation of the complex with
red-labeled CAP, multiplied by a dilution factor. G(f) are the
measured fluorescence intensities at each timepoint during dissoci-
ation and G, is the minimum fluorescence intensity after formation
of the initial complex before the addition of the unlabeled competitor
DNA.
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