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he unique self-recognition proper-

ties of DNA determined by the strict

rules of Watson—Crick base pairing
makes this material ideal for the creation of
self-assembling predesigned nanostruc-
tures in a bottom-up approach.! The con-
struction of such structures is one of the
main focuses of the thriving area of DNA
nanotechnology, where several assembly
strategies have been employed to build in-
creasingly complex three-dimensional (3D)
DNA nanostructures.?”'* During recent
years, 3D structures including a truncated
octahedron,* a tetrahedron, dodecahedron,
and a DNA buckyball® have been assembled
using double or multiple crossover DNA
motifs. These structures are characterized
by an impressively high assembly efficiency
(typically around 90%) and a fairly high me-
chanical rigidity, which is ascribed to the
complex crossover motifs by which they are
built. For some purposes, however, the
DNA crossover motifs may impose limita-
tions to these structures in terms of their
lack of covalent closure (which may leave
them sensitive toward enzymatic or ther-
mal degradation) as well as their expected
limited reactivity with naturally occurring
enzymes and proteins. Nature provides an
extensive toolbox of DNA binding, cutting,
ligating, or recombining enzymes, which
may all prove valuable for synthesis, ma-
nipulation, or functionalization of DNA
nanostructures. Therefore, although some-
times hampered by lower rigidity and/or as-
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ABSTRACT The assembly, structure, and stability of DNA nanocages with the shape of truncated octahedra

have been studied. The cages are composed of 12 double-stranded B-DNA helices interrupted by single-stranded

linkers of thymidines of varying length that constitute the truncated corners of the structure. The structures

assemble with a high efficiency in a one-step procedure, compared to previously published structures of similar

complexity. The structures of the cages were determined by small-angle X-ray scattering. With increasing linker

length, there is a systematic increase of the cage size and decrease of the twist angle of the double helices with

respect to the symmetry planes of the cage structure. In the present study, we demonstrate the length of the

single-stranded linker regions, which impose a certain degree of flexibility to the structure, to be the important

determinant for efficient assembly. The linker length can be decreased to three thymidines without affecting

assembly yield or the overall structural characteristics of the DNA cages. A linker length of two thymidines
represents a sharp cutoff abolishing cage assembly. This is supported by energy minimization calculations

suggesting substantial hydrogen bond deformation in a cage with linkers of two thymidines.

KEYWORDS: DNA nanostructure -

sembly efficiency than structures built from
multiple crossover motifs,’ 3D structures
mainly or entirely composed of double-
stranded B-DNA235771213 (the most com-
mon natural conformation of DNA) may of-
fer advantages in terms of the ease by
which they can be manipulated by natural
enzymes.

Seeman and co-workers were the first
to use B-DNA to assemble 3D structures
with the connectivities of a cube and a trun-
cated octahedron, although with a quite
low yield of approximately 1%.2* More re-
cently published nanostructures composed
of B-DNA include different tetrahedra char-
acterized by both high yield (95%) and
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mechanical rigidity®'>'* and an icosahedron con-
structed by modular assembly and with the capability
of encapsulating gold nanobeads.'* An elegant ap-
proach of using simple units for the efficient assembly
of numerous 3D structures including prisms of different
geometries and DNA nanotubes with arms of B-DNA
was presented by Aldaye and Sleiman.>'® The modular
construction of DNA nanotubes’® represents an impor-
tant step toward the construction of DNA networks and
lattices in two or three dimensions, which is one of the
main goals of DNA nanotechnology.! Alternative routes
to this goal may involve the reaction of relatively simple
3D units with natural DNA modifying enzymes, such as
DNA topoisomerases or recombinases,’®”'® emphasiz-
ing the relevance of using natural DNA conformations
in the buildup of 3D nanostructures.

We previously demonstrated the assembly of a co-
valently closed truncated octahedral cage composed
of double-stranded B-DNA arms interrupted by single-
stranded linkers of seven thymidines (denoted cage(7T)
in the following) using a one-step assembly proce-
dure.” When considering the complexity of the struc-
ture, the assembly yield of approximately 30% in a
single step was surprisingly high. This high yield may
be promoted by the single-stranded regions of the
structure, which was suggested by recent molecular dy-
namics (MD) simulations to impose a certain degree of
flexibility in the structure.” To investigate the impor-
tant determinants of assembly yields within the basic
structural framework of the originally presented
cage(7T), we here address the effect of successively de-
creasing the single-stranded linker length (from seven
to two thymidines) on cage assembly efficiency and
structural properties. As a course of this study, we found
that the single-stranded regions of the cage can be de-
creased from seven to three thymidines without affect-
ing the yield or overall structure, as determined by
small-angle X-ray scattering (SAXS). Further decreasing
the linker length completely abolishes cage assembly
most probably due to deformation of hydrogen bonds
at the ends of the double-stranded arms as suggested
by energy minimization calculations.

RESULTS AND DISCUSSION

Design of the DNA Cages: We previously reported the de-
sign and assembly of a DNA cage(7T) (schematically
represented in Figure 1A) from eight 75-mer oligonucle-
otides, which upon annealing formed a truncated octa-
hedron composed of 12 double-stranded regions of
each 18 base pairs interrupted by 24 single-stranded
linker regions of seven thymidines.” This structure as-
sembled in a one-step procedure with a fairly high effi-
ciency (around 30%) that may be promoted by a rela-
tively high flexibility introduced by the single-stranded
linkers as suggested by MD simulation.” To determine
the effect of linker length on assembly efficiency, we de-
signed five new sets of eight oligonucleotides identical

to the ones assembling into cage(7T), except that the
linker regions were successively shortened to form
smaller and presumably less flexible cage structures
(Figure 1B). The oligonucleotides designed to assemble
into cage structures with six, five, four, three, or two thy-
midine linker regions, denoted cage(6T), cage(5T),
cage(4T), cage(3T), or cage(2T) in the following, are
shown in Figure 1C.

Assembly, Gel Electrophoretic Analysis, and Yield Estimation
of DNA Cage(7T) to Cage(2T): Covalently closed truncated oc-
tahedral DNA cages with linker regions varying from
seven to two thymidines (cage(7T) to cage(2T)) were as-
sembled essentially as described previously.” The spe-
cific assembly of each DNA cage was tested by analyz-
ing the products obtained when annealing and ligating
increasing numbers of equimolar amounts of 5’-
phosphorylated oligonucleotides added one-by-one in
successive order from OL1,—O0L8, (see Figure 1C) to the
assembly mixture in native polyacrylamide gels. The re-
sults of such experiments using oligonucleotides with
seven, five, three, or two thymidine linkers are shown in
Figure 2. As evident from Figure 2A—C, adding increas-
ing numbers of oligonucleotides with stretches of ei-
ther seven, five, or three thymidines to the assembly re-
action resulted in products running mainly as single
bands with decreasing mobility in the native gels. This
gel electrophoretic pattern is consistent with already
published results demonstrating specific assembly of
cage(7T)” and supports the specific formation of the
DNA cage(5T) and cage(3T). Moreover, the specific
products observed in lanes 8 of Figure 2A—C were re-
sistant toward boiling and denaturing gel electrophore-
sis (data not shown), suggesting that these products
represent covalently closed cage structures. Similar re-
sults were obtained when testing the assembly of oligo-
nucleotides OL1,—0L8, or OL1,—OL8; into cage(4T)
and cage(6T), respectively (data not shown). In contrast,
specific products with successively decreasing mobility
were observed only when mixing OL1, with OL2,,
OL1,—0L3,, and OL1,—O0L4, (Figure 2D, lanes 2—4),
most probably corresponding to the formation of a
double-stranded region between OL1, and OL2; in lane
2, between OL1, and OL2, as well as between OL1,
and OL3, in lane 3, and between OL1, and OL2,, be-
tween OL1, and OL3,, and between OL3, and OL4, in
lane 4. No additional (higher mobility) products were
observed upon addition of OL5, or OL5, and OL6, to
the assembly mixtures (lanes 5 and 6), suggesting that
annealing of OL5; and/or OL6; to the structure formed
by OL1,—0L4, is impaired when the single-stranded
linker consists of two thymidines. The mixing of
OL1,—0L7, and OL1,—0L8; resulted in unspecific high
mobility products giving rise to a gel electrophoretic
smear (lanes 7 and 8) probably caused by annealing of
the oligonucleotides into large aggregates. This pattern
was not changed upon changing the order by which
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OL1l, :geoeoaceagyg(t)pcgatgtotaagotgacey
0LZ, :tggctacag(t)pcggtcagottagacatey
OL3, :tracggtoco(t),ctatcogatocgaggoaty
OL4, :cagatacgc(t)jcatgectogatoggatay
OLS, :ctoagtatg(t),cggttacggtacaatgcce
OL6, :ggtgtateg(t)pggcattgtacegtaacey
OL7, :cgtottgeg(t)pgtatgacgcagoacttge
OLB, :ataggattc(t),gcasgtyctycgtoatac

(tlpggaccgtgattocatyac (t)cttagagtt
(tlpgaatocotatgoteggacy (t) ggcteacat
[tipcatactgagagogttoey (t)gteatggaa
(tipctgtagecaatgtygagee (t)gtegoagtt
(tlpcgcaagacgttagtytee (t) cggaacget
(tlpgcgtatetgaactyegac (t)cecaccgaat
(tlpcotyggtggoaacteotaay (t)ggacactaa
(t)pcgatacaccattoyytyy (t)cgteegage

Figure 1. Design of truncated octahedral DNA cages. (A) Schematic representation of cage(7T) (top panel) and an enlarged
image of one of the single-stranded truncated vertices of the structure (bottom panel). (B) Schematic representation of
cage(3T) (top panel) and an enlarged image of one of the single-stranded truncated vertices (bottom panel). (C) Sequences
of the oligonucleotides used to assemble the cage(2T) —cage(7T). The specific sequences interrupted by thymidine linkers an-
neal pairwise to each other to form the double-stranded arms of the structures; t represents the linker regions, which re-
main single-stranded after assembly; n = 2, 3, 4, 5, 6, or 7 for oligonucleotides designed to form cage(2T), cage(3T), cage(4T),
cage(5T), cage (6T), and cage(7T), respectively. The cartoons shown in A and B were generated using the open source tool

for 3D creations, Blender software.

the oligonucleotides were added in the assembly mix-
ture set (data not shown). Hence, OL1,—O0LS8, are un-
able to assemble into a specific cage product, and three
nucleotides, therefore, seem to represent the lower
limit of the single-stranded linker region necessary for
efficient cage assembly within the utilized structural
framework. As estimated from quantification of the fully
assembled products (lane 8, Figure 2A—C), relative to
the unspecific high and/or low mobility products in gels
obtained from three independent experiments (the

gel pictures shown in Figure 2 being a typical represen-
tative of these), the approximate yields of cage(3T) to
cage(7T) were all ~30% (data not shown). Hence, the
difference of only one nucleotide in the linker, from
three to two thymidines, appears to represent a sharp
cutoff determining efficient or no assembly.

www.acsnano.org

SAXS Analysis of DNA Cage(3T), Cage(4T), Cage(5T), Cage(6T),
and Cage(7T): SAXS was used to investigate the structure
of the cages with linker length varying from three to six
thymidines, and the resulting structural models were
compared to that of cage(7T) previously published.”
The experimental data for the DNA cage(3T) to cage(7T)
are shown in Figure 3A. This figure also shows the fit-
ting using indirect Fourier transformation (IFT).% For all
cages, it is possible to distinguish two regions in the ex-
perimental curve. The bumps at high g of the experi-
mental curve demonstrate the presence of highly sym-
metric well-defined particles. The fits from the full
curves (dashed lines in Figure 3A) furthermore indicate
the presence of oligomers, varying from ~300 up to
~500 A in size, as can be seen from the resulting p(r)
curves (Figure 3C). One tentative approach to eliminate
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Figure 2. Gel electrophoretic analyses of the partly and fully assembled
DNA cages. (A) Lanes 1—8 show the results of subjecting assembly reac-
tions containing OL1,, OL1,, and OL2,, OL1,—0L3,, OL1,—0L4,,
oL1,—-0L5,, OL1,—0L6,, OL1,—OL7,, or OL1,—OL8, with n = 7 to analy-
sis in a native polyacrylamide gel. (B—D) Lanes 1—8 are the same as in
panel A, except that oligonucleotides with linker regions of five, three, or
two thymidines were used. Lane 9 in all gel pictures is a molecular marker
showing the mobility of double-stranded DNA of 3000, 2000, 1500, 1200,
1000, 900, 800, 700, 600, 500, 400, 300, 200, and 100 bp.

the effects of the aggregation into oligomers is to omit
some points in the beginning of the experimental
curve, as the high g part of the scattering data is domi-
nated by scattering from the constituting cages. This
procedure has intrinsic limitations, but if the oligomers
are simple combinations of the monomer structure,
without strong overlapping of the structures (oligo-
mers built as side-by-side monomers), the suggested
approach is almost valid.” The corresponding p(r) func-
tions for the monomeric cages are shown in Figure 3B.

TABLE 1. Summary of Parameters Obtained from the IFT
Analysis®

monomer region full curve
sample RyIA] Drax [A] RyIA] Drax [A] 1(0)full/I(0)cut
3T 572208 ~148 86 =1 ~296 1.6
a1 60.7 = 0.4 ~156 99+ 4 ~345 1.4
5T 622 0.1 ~163 128 =1 ~374 2.8
6T 66.6 = 0.7 ~170 9+ 4 ~424 74
m 675+ 03 ~165 129 1 ~380 33

“Summary of IFT analysis for the SAXS experimental data from cages with different
thymidine linker lengths. Two regions were fitted for each curve. For the full curve,
all points were considered, and for the “monomer region” curve, a few points were
skipped at low g in order to eliminate the contribution from the oligomers. In each
case, the radius of gyration (Ry) and maximum dimension (Dy,,,) were obtained. Also,
the forward scattering values for the two fits (/(0)g and /(0)) were obtained, and
the ratio between the value for the full curve fitting and the monomer region fitting
was calculated.

The first bump at around 20 A comes from the well-
defined cross section of the double-stranded DNA,
which builds up the particles. The values where the
p(r) functions go to zero at high r values directly give
the maximum dimension Dy, of the different DNA
cages. All p(r) functions have a maximum, which is
shifted to higher values than Dy,.,/2, which is character-
istic of hollow particles. Figure 3D shows the radius of
gyration Ry as a function of linker length. As could be
expected, there is a consistent increase in the overall
sizes of the cage radius of gyration as the linker length
increases. A summary of the parameters obtained from
the IFT analysis, radius of gyration Ry, maximum size
Dumax and ratio of forward scattering for the full range
fit 1(0)s and fit for the monomeric part /(0)., for the dif-
ferent cages is shown in Table 1. Since the forward scat-
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Figure 3. Indirect Fourier transformation analysis for the DNA cages. (A) SAXS experimental data for cage(3T), cage(4T), cage(5T),
cage(6T), and cage(7T). Crosses: full experimental data for the studied samples. Circles: monomer contribution to the scattering data
for each sample. Dashed lines: IFT fits for the full data set. Solid lines: IFT fits for the monomer region. The data sets were shifted for clar-
ity. (B) Pair distance distribution functions p(r) for the monomer region in each data set. (C) Pair distance distribution functions p(r) for
the full curve, providing information about the sizes of the oligomers in each sample. (D) Variation of the radius of gyration for each cage

as a function of the linker length.
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Figure 4. Fitting of the experimental data with the trun-
cated octahedron model. Left: Fits of the experimental data
for the samples with different thymidine linker lengths using
the geometrical model. The data sets were shifted for clar-
ity. Right: Resulting three-dimensional structures obtained
from the modeling of the experimental data.

tering is proportional to the weight-average molecular
weight of the sample, the ratio between the forward
scattering for the full range fitting and the monomeric
region allows estimation of an averaged number of
monomers within the aggregated state. For samples
with cage(3T) and cage(4T), we obtain values of 1.6 and

TABLE 2. Summary of the Fitting Results®

3T 41 5T 6T n
parameter x:=75 x*=44 x'=177 1=75 x'=17
Req (] 500*+15 554*03 558*+08 60=*1 625+ 0.7
Tangie [°] 28+ 4 24+3 20=£3 24*6 20+£3
Riead [A] 10 %2 132 142 12*2 14+2
dIk] 124 + 8 1013 1308 1399 142=*17
foon 0.68 0.91 0.90 0.72 0.44
fiim 0.14 0.00 0.07 0.00 0.00
frim 0.18 0.09 0.03 0.28 0.56

“Summary of the fitting results shown in Figure 4, using the truncated octahedron
model for the SAXS experimental data from samples with different thymidine linker
lengths; x? is the reduced chi-square value for the fits. Req denotes the cage size,
as defined by the distance between the center of the cage and the center of each
double-stranded arm. T, denotes the twist angle and is defined by the angle be-
tween the double-stranded arm and the symmetry plane of the octahedron. Rye.q, d,
fon fiime aNd firy are parameters used in the IFT analysis.

TABLE 3. Summary of DLS results®
3T a
M D T M D T M
Ry Theo [A] 61 83 102 64 89 12 65

NW MW NW MW NW

Ry exp [A] 57*2 106 =10 3x2 832

68 =1

1.4, respectively, which shows that the samples are
quite monodisperse with a quite small fraction of ag-
gregates. For sample cage(5T), the data give a little
higher oligomeric size with a ratio of 2.8, whereas for
the sample cage(67T), the ratio 7.4 shows the presence
of relatively large aggregates. The sample with cage(7T)
has a ratio of 3.3, indicating smaller size oligomers, as
previously reported.”

In order to obtain information about the popula-
tion of sizes, we performed the modeling as described
in the Methods section. The model consists of the cage
structure as monomers and also arranged as dimers
and trimers in linear arrangements. The structure of the
cage as well as the populations of the monomers,
dimers, and trimers was optimized. The fitting results
are shown in Figure 4, and a summary of the fit results
is shown in Table 2. For the cage(5T), cage(6T), and
cage(7T), the lowest g part of the data could not be re-
produced by only monomers, dimers, and trimers. How-
ever, as the inclusion of higher-order oligomers would
require some speculative assumptions of the structure
of these, the data below g = 0.018 A~" were omitted
from the fits. The results show that, similarly to the ra-
dius of gyration and maximum sizes, there is a system-
atic increase of the cage size Rq With the linker length.
Note that we define the cage size R4 as the distance be-
tween the center of the cage and the center of each
double DNA strand. For cage(3T), cage(4T), cage(5T),
and cage(6T), the majority of the cages are monomeric
with a small population of dimers and/or trimers. For
cage(7T), a relatively large amount of trimers of the
cages are present, as already presented previously.”

The size of the various oligomers of the cages can be
compared with the sizes as determined by dynamic
light scattering (DLS). For the obtained structure of the
cages with different linker lengths, the hydrodynamic
radii of the monomers, dimers, and trimers were calcu-
lated and compared with experimental data obtained
from DLS experiments. A summary of the results is
shown in Table 3. Since the DLS experiments were per-
formed at different concentrations (and in some cases
on different batches) of the cage samples, a direct com-
parison with the populations found by SAXS analysis is
not meaningful. However, it is clear that there is in all
cases a reasonable agreement between the theoretical

5T 6T n
D T M D T M D T
87 108 68 93 14 n 9 124

MW NW Mw NW MW

721 77 %3 ~113 76 =2 883

“Comparison between the theoretical (R, Theo) hydrodynamic radius for the models obtained from the truncated octahedron model (monomers, M; dimers, D; and trimers,
T) and the experimental values (R exp) obtained from DLS measurements for the samples with different linker lengths. NW denotes the number-averaged values, while MW

denotes the mass-averaged values of the hydrodynamic radius.
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Figure 5. Variation of the twist angle and cage size as functions of the thymidine linker length. (A) Twist angle vs thymidine
linker length L. A simple straight line was used to fit the data providing the expected twisting angle for a given thymidine
linker length. (B) Cage size R.q vs thymidine linker length L. The expression Req = cL + d cos(Tangie) combining the linker length
and the twisting angle was used for fitting the experimental points.

and experimental hydrodynamic radius. The number-
averaged (NW) value provides information about the
population containing the highest number of particles,
and in this way, small populations of dimers and trimers
do not affect the average hydrodynamic radius too
much. The situation is different when analyzing the
mass-averaged (MW) hydrodynamic radius value. In
this case, even a small population of oligomers gives a
strong contribution to the average hydrodynamic ra-
dius, and therefore, it is a good indicator for the pres-
ence of oligomers. Since for all samples the number-
averaged (NW) and the mass-averaged (MW)
hydrodynamic radii were always within the values from
monomers and trimers, the DLS data also indicate the
presence of oligomers in solution in agreement with
the SAXS results.

Taken together, the SAXS analysis suggests that the
monomeric cage(3T) to cage(6T) all have an overall 3D
structure of a truncated octahedron similar to the struc-
ture of cage(7T) previously published.” The subset of oli-
gomers present in each sample does not correlate with
the linker length or any other properties of the cage in
the samples and may, hence, best be explained as an ar-
tifact of the high concentration of the cage samples
used for the SAXS and DLS analysis. This notion is sup-
ported by gel electrophoresis of the cage samples sub-
jected to SAXS analysis, giving rise to only one distinct
band with a mobility corresponding to monomeric
cages (data not shown). At the more detailed level,
from the least-squares fitting, we found the helix twist
angle in the cage structures to increase as the linker
length decreased, which may be interpreted as an in-
creased constraint in structures with shortened linkers
(Figure 5A). The twist angle is defined as the angle be-
tween the cage double-stranded helix and the symme-
try plane of the truncated octahedron. Although the de-
termination of the twist angle is not very accurate from
the SAXS analysis (relatively large error bars), there is a

) VOL. 4 = NO.3 = OLIVEIRA ET AL.

clear trend, which can be described by a straight line:
Tangle = @ + bL, where a and b are fitting parameters and
L is the linker length, which is equal to the number of
thymidines. Also, a plot of the cage size Req versus the
linker length L (Figure 5B) displays a clear trend. In this
case, we described the variation of the cage size as a
function of the linker length using the following expres-
sion: Req = cL + d cos(Tangle), were c and d are fitting pa-
rameters and T,ngee is the twist angle dependence ob-
tained from the other plot. We choose this expression
in order to take into account the projection of the DNA
strand on the symmetry plane due to the twist angle.
This simple description of the twisting angle and cage
size as a function of the linker length indicates a corre-
lated change of the twisting angle and cage size with
the variation of the linker length.

Hydrogen Bond Deformation Energy of Cage(2T), Cage(3T),
Cage(5T), and Cage(7T): Figure 6 shows the hydrogen bond
deformation energy between each base pair in all of
the 12 double-stranded arms forming the different
truncated octahedral cages. In all cages, the base pairs
located in the middle part of the double-stranded arms
show optimal hydrogen bonds. In cage(3T), cage(5T),
and cage(7T), the extremities of the arms are slightly de-
formed, showing average deformation energies of
about 2.0 kcal/mol, while in the case of cage(2T), the av-
erage deformation energy is higher, being about 7.0
kcal/mol, with some peaks higher than 15.0 kcal/mol.
This result indicates that the high local distortion felt by
the double-stranded arms is the main reason for the
lack of cage(2T) assembly. Such a high deformation is
not present in the cage(3T), cage(5T), and cage(7T)
models, providing an energetic explanation for the rea-
sonably high experimental yields observed for these
cages. Hence, the length of the single-stranded thymi-
dine linker appears to be the crucial parameter for effi-
cient assembly of 3D structures following the basic
truncated octahedral cage design presented here with
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Figure 6. Hydrogen bond deformation energy for the different cages. The hydrogen bond deformation energy occurring in each base
pair for all of the 12 double-stranded arms of the cage(2T) (black line), cage(3T) (red line), cage(5T) (blue line), and cage(7T) (green line)
was calculated and plotted. The sequence of each double-stranded arm is shown at the top of one of the strands in each panel.

a minimum length of three nucleotides being required
to obtain a cage and permit the right pairing of the base
pairs in the directly connected double-stranded arms.

Taken together, the presented data reveal the im-
portant determinant for efficient assembly of the trun-
cated octahedral DNA cage to be the length of the
single-stranded linker regions in the structure. The pres-
ence of such regions imposes a certain degree of flex-
ibility in the structure, which most likely explains the
rather high one-step assembly yield of the cage struc-
ture compared to, for example, the cube and truncated
octahedron, presented by Seeman and co-workers.>?
Although the presence of single-stranded regions intro-
duces an inherent flexibility to the cage structure, the
increased twist angle (between the double-stranded
arms and the symmetry plane of the truncated octahe-
dral cage) imposed by decreasing linker length sug-
gests a more constrained structure and thereby prob-
ably more rigidity in cages with short linker regions. This
possibility is currently under investigation.

CONCLUSION

In the present study, we demonstrated a direct cor-
relation between the one-step assembly efficiency of a
partly single-stranded truncated octahedral DNA cage
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and the length of the single-stranded regions of the
structure. The presented investigations were based on
a previously published structural framework (cage(7T)),
which was built from 12 arms of double-stranded
B-DNA interrupted by single-stranded linker regions of
seven thymidines.” This structure assembled with a sur-
prisingly high efficiency due to a rather high degree of
flexibility imposed by the single-stranded regions, as
suggested by MD simulations.'® Consistently, we show
in the present work that the linker length determines
assembly of the cage structure, with three thymidines
constituting the minimal linker length necessary to al-
low efficient cage assembly. The overall structures of
DNA cages with successively decreasing linker regions
from seven to three thymidines were identical except
for their sizes, which correlated directly with the linker
lengths. At the more detailed level, an increase in the
angle between the double-stranded arms and the sym-
metry planes of the truncated octahedron cages with
decreasing linker lengths suggests an increased con-
straint in the 3D structures when the linker regions are
shortened. This, in turn, may indicate an increased rigid-
ity of cages with shorter compared to longer linker re-
gions, as previously suggested by MD simulations.'® The
inability of a cage structure with two thymidine linker
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regions to assemble can be explained by energy mini-
mization calculations demonstrating a highly increased
deformation at the extremities of the double-stranded
arms compared to cages with longer thymidine linkers.
Taken together, the comprehensive analyses of the
cage structures presented here may serve as useful

METHODS

Design of Oligonucleotides. The sequences of the oligonucle-
otides designed to assemble into cage(2T), cage(3T), cage(4T),
cage(5T), cage(6T), and cage(7T) are shown Figure 1C. The se-
quences were chosen as described previously.”

Assembly of the DNA Cages. The partly single-stranded cage(2T),
cage(3T), cage(4T), cage(5T), cage(6T), or cage(7T) was as-
sembled by mixing the appropriate oligonucleotides (purchased
from GenelLink) in equimolar amounts in an assembly buffer con-
taining 70 mM Tris-HCl (pH 7.6), 10 mM MgCl,, 5 mM dithiothre-
itol, and 1 mM ATP. Prior to assembly, phosphates were added to
the 5" ends of the oligonucleotides by incubation with T4 poly-
nucleotide kinase (purchased from New England Biolabs) for 30
min at 37 °C. Subsequently, the samples were heated to 65 °C for
10 min and cooled by 0.25 °C/min until the sample reached a
temperature of 30 °C. At this temperature, T4 DNA ligase (pur-
chased from New England Biolabs) was added, and cooling was
continued at 0.25 °C/min until 16 °C. To test covalent closure of
fully assembled DNA cages, samples were heated to 95 °C for 5
min and quickly cooled to 4 °C.

Gel Electrophoresis and Purification of the DNA Cages. The partly and
fully assembled cages were analyzed in native 5% polyacryla-
mide gels or purified from 5% denaturing gels as described pre-
viously.” For small-angle X-ray scattering (SAXS) analysis, an ad-
ditional purification step was included after elution from the gel
slice. The eluted cage was purified on a QIAGEN-tip 500 column
(from QIAGEN Plasmid Maxi kit), essentially following the stan-
dard procedure from the kit. The cage was eluted from the col-
umn in 300 pl fractions, and EtOH precipitated. The fractions
containing the highest concentrations of eight-stranded DNA
cage (1—2 pg/pL) were used for SAXS analysis.

SAXS Measurements and Modeling. SAXS measurements were per-
formed at the SAXS laboratory of the Department of Chemistry
at the Aarhus University as described previously.”?' The SAXS in-
tensity is recorded as a function of the scattering vector modu-
lus g = 4 sin()/\, where \ is the radiation wavelength and 26
is the scattering angle. The characteristic real-space distance dis-
tribution functions p(r) were determined from the scattering
data using indirect Fourier transformation? using the implemen-
tations described elsewhere.???* This function corresponds to a
histogram over all distances between pairs of points within the
particle, and it gives direct insight into the particle shape and
size. To model the DNA cage structure, we developed a method
using rigid-body refinement and least-squares procedures.”
Atomic coordinates of real DNA strands were used in the mod-
els for the cages. To speed up the calculations, only the C2* se-
quence was used to describe the DNA structure, which we have
already shown to be a reasonable approximation.” The octahe-
dral symmetry is applied to build the full structure, and the ends
of consecutive paired DNA sides with 18 base pairs were con-
nected using linear arrangements of spheres to mimic the thymi-
dine linkers in this region. The scattering intensity is calculated
using the Debye equation:2*

N .
Fsphere(q' Rbead)2 Sm(qrij)

2 r.
N ij=1 ary

Pmodel(q) = (1)

where Fophere(q,Rbead) is the form factor of a sphere of radius Ryead
and r; is the distance between the centers of the ith and jth
sphere. An approximation of this expression speeds up the cal-
culation by building the histogram of distances m(r,):*®
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guidelines for future design and efficient assembly of
covalently closed 3D nanostructures composed of natu-
ral DNA conformations. In longer terms, such entities
may serve as ideal units for the construction of large-
order lattices potentially promoted via interaction or re-
action with naturally occurring enzymes.

F R 2 Noins .
Prale) = 20 o) (N + Zm(rk)s'n(qu)) @

A ij=1 i
where A is a (trivial) normalization constant. The geometrical
model is expressed in terms of a set of parameters (sizes, dis-
tances, and angles), and the form factor can be used in a least-
squares procedure?®?” which allows the optimization of the
model structure by fitting to the experimental data. The analy-
sis of the data showed presence of lower-order oligomers, and to
obtain satisfactory fits to the experimental data, an intensity ex-
pression with combinations of dimers and trimers of the cage
was used:

I(q) = SC|P(q)mv:JdeIS(q)totaI + SCZPDeb(q) + back 3)

Here S¢, and Sc, are scale factors for the overall intensity and De-
bye contribution and P(q)moder is the averaged form factor calcu-
lated from eq 2. 5(q)iora is the total structure factor describing the
presence of monomer, dimers, and trimers in solution and is
given by

S(q)to(al = fmon + fdims(q)dim + ftrims(q)trim (4)

where frons fgim and fyim are the number fraction of the mono-
meric, dimeric, and trimeric cages, respectively, which fulfils: > f
= 1. 5(q)dim and S(q)uim Were taken as the structure factors of lin-
ear arrangement of spherically symmetrical particles separated
by a distance d:

— sin(qd)
Sl@dam =2+ 27 ] 5)
_ sin(gd) sin(2qd)
S(Qyim = 3 + 4_qd + 2—2qd (6)

Ppeb(q) is the Debye form factor expression for Gaussian chains
given by?®

Poeb(q Rg) = 2[exp(—u) +u — 1]/u2, u= R;q2 (7)

The Gaussian chain scattering is introduced in order to account
for possible misfolded strands that give a polymer-like scattering
contribution. The addition of this term is essential to describe
the scattering at high scattering vectors.

Dynamic Light Scattering: The experiments were performed at
the light scattering laboratory of the Department of Chemistry
at Aarhus University. The measurements were performed at a
scattering angle of 90 °C on an ALV instrument (Langen, Ger-
many) with a CGS-8F goniometer system equipped with an ALV-
6010/EPP multitau digital correlator and a helium—neon diode
laser (JDS Uniphase). ALV software was used for deriving the hy-
drodynamic radius using cumulant analysis and inverse Laplace
transforms. The samples were similar to the ones used in the
SAXS experiments but were measured at 23 °C. The hydrody-
namic radii of the monomer, dimer, and trimer models as ob-
tained by SAXS were calculated using program HYDROPRO.?®

Energy Minimization and Hydrogen Bond Deformation Energy
Calculations. The model was built and optimized in two stages.
First, a coarse-grained optimization was done in which the di-
mensions of the cages obtained from SAXS were employed to-
gether with the chemical structure of the linkers. Subsequently,
an energy minimization was carried out, and the hydrogen
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bonding energies along the helices were estimated. In the
coarse-grained optimization, the 12 helices forming the cages
were modeled through the program 3DNA*® and assembled to
obtain the complete cage structure through a Python in-house
written program. The program uses the biopython module®' to
arrange, in the ideal truncated octahedral geometry, the prebuilt
double-stranded DNA helices that are treated as independent
rigid bodies. The optimal helix orientation and relative distance
have been obtained in the absence of the single-stranded thymi-
dine linkers, imposing a geometrical constraint, minimizing the
following formula:

S= D kiR — R+

=1 i

12 24
(D; = D)’ @®)
=1
where S represent the score indicating the displacement of the
DNA helices from their ideal position; j is the helix index; R; is the
distance of the geometric center of the DNA helix from the geo-
metric center of the cage; Ry is the size of the cage, that for the
cage(2T), cage(3T), cage(5T), and cage(7T) is 48, 50, 56, and 63 A,
respectively; k is a constant of value 500 that has been used to
avoid an excessive cage radius variation; i is the thymidine linker
index; D; is the length of each thymidine linker, and D, repre-
sents the average distance between the fully stretched and the
B-form packed conformations of the thymidine linker (Deq(2T) =
13 A, Deq(3T) = 17 A, Deg(5T) = 28 A, Deg(7T) = 40 A).

For cage(3T), cage(5T), and cage(7T), the Req values were ob-
tained from the SAXS experiment (see Table 3), confirmed in
cage(7T) by molecular dynamics simulation.'® In cage(2T), the
Req value was imposed to maintain a distance between the DNA
helices spanned by a two thymidines linker. The minimization
was carried out using the Powell algorithm3? embedded in the
python scipy module (http://www.scipy.org). Once the optimal
DNA helix orientations had been reached, the thymidine linkers
were manually added using the program SYBYL (TRIPOS, http://
www.tripos.com/), and the clashes were removed through the
SYBYL anneal module. Subsequently, each cage structure was
regularized through 5000 steps of energy minimization (salt con-
centration of 20 mM and electrostatic cutoff of 12 A) using the
generalized Born solvent model**** implemented in the program
AMBER 9.0% using the AMBERO3 force field.**37 For cage(2T),
cage(3T), cage(5T), and cage (7T), the energy penalty due to de-
formations in the DNA helices induced by the minimization algo-
rithm was calculated through the program deform_energy (ht-
tp://3dna.rutgers.edu) that evaluates the hydrogen bond
deformation in each base pair using parameters derived from
MD simulations.®
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