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ABSTRACT: Designed self-assembled DNA crystals consist
of rigid DNA motifs that are held together by cohesive stickyended interactions. A prominent application of such systems is
that they might be able to act as macromolecular hosts for
macromolecular guests, thereby alleviating the crystallization
problem of structural biology. We have recently demonstrated
that it is indeed possible to design and construct such crystals
and to determine their structures by X-ray diﬀraction
procedures. To act as useful hosts that organize biological
macromolecules for crystallographic purposes, maximizing the
resolution of the crystals will maximize the utility of the
approach. The structures reported so far have diﬀracted only to about 4 Å, so we have examined two factors that might have
impact on the resolution. We ﬁnd no diﬀerence in the resolution whether the DNA is synthetic or PCR-generated. However, we
ﬁnd that the presence of a phosphate on the 5′-end of the strands improves the resolution of the crystals markedly.
KEYWORDS: Self-assembled 3D DNA crystals, crystal resolution, phosphorylated DNA, natural and synthetic DNA, X-ray diﬀraction,
designed crystals
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macromolecular hosts for macromolecular guests, thereby
alleviating the macromolecular crystallization problem.1 However, the resolutions of the crystals self-assembled so far are
inadequate for this purpose.
We are analyzing the causes of the relatively poor resolution
found in these crystals. During the last two decades, we have
found two instances where synthetic DNA did not produce the
results expected from it, when used as an enzymatic substrate;
by contrast, DNA generated by the polymerase chain reaction
(PCR) was an eﬀective substrate. One example was the low
level at which a synthetic DNA molecule was transcribed by T7
RNA polymerase to produce an RNA knot;6,7 the other
instance was the incomplete restriction of a DNA graph
assembled from synthetic branched junctions.8 We concluded
that chemical errors had likely arisen in the course of producing
these molecules by conventional DNA synthesis.9 Consequently, we felt it was important to examine the eﬀect of using
PCR-generated DNA on the resolution of self-assembled DNA
crystals. We report here the results of that study. We ﬁnd that
there is little increase in the resolution of the crystals when the
strands are produced by PCR-generated DNA, but we have

ur laboratory has been working to self-assemble crystals
from branched DNA motifs for over 30 years.1 Recently,
we reported the ﬁrst successful self-assembly of a designed
crystal (RSCB id 3GBI), whose resolution was about 4 Å on
beamline ID19 at the Advanced Photon Source (APS
Argonne National Laboratory, Argonne, IL, USA) and about 5
Å on a less intense beamline (NSLS-X25) at the National
Synchrotron Light Source (NSLSBrookhaven National
Laboratory, Upton, New York, USA).2 The motif that we
used was based on the “tensegrity triangle” 3D motif, ﬁrst
reported by Mao and his colleagues.3 The edges of the triangle
consist of two turns of B-DNA (21 nucleotide pairs), and the
sticky ends are formed from two nucleotides each; we found
that the crystals diﬀracted somewhat better if the system was 3fold symmetric. Subsequently, we have been able to design, selfassemble, and determine the structures of two related crystal
forms. One crystal was designed to contain two independent
triangles per asymmetric unit.4 In this instance, we demonstrated that we could control the colors of the crystals by
attaching the dyes Cy3 or Cy5 to the DNA components of the
crystals. A second related crystal contained triangles whose
edges consist of three turns of DNA (31 nucleotide pairs).5 The
crystal with two molecules per asymmetric unit diﬀracted to 5 Å
resolution (NSLS-X6A, a beamline with lower intensity than X25) and the 3-turn triangle diﬀracted to 6.7 Å resolution
(NSLS-X25). The initial goal of the self-assembling crystal
system was to have DNA crystals that could act as
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Figure 1. Schematic representations of constructions used in this work. (a) The sequence of the 3-fold symmetric triangle. There are three unique
strands, the 21-mer green strands (Strand 1), present three times, the 14-mer magenta strands (Strand 2), also present three times, and the inner
dark blue strand (Strand 3), with a 3-fold repeating sequence. The sticky ends are shown in red. (b) The unit to be used for PCR. This is one of the
three diﬀerent units used. Each unit contains PCR primers (red), and four repeats of the same strand (blue). There are ﬁve noncoding (NCR)
components consisting of 5−6 nucleotides of random sequence (black), and four copies of the strand to be PCR generated (blue), ﬂanked by
restriction sites (green and magenta).

ACACCGTACACCGTACACCGT-3′. The cutting sites for
those six restriction enzymes are shown in the Supporting
Information, Section S2. The lengths of the desired sequences
are unique in all of the restricted fragments and were readily
puriﬁed by denaturing gels, as shown in Figure 2.
After getting pure DNA strands from PCR and restriction
cleavage, we self-assembled the DNA triangle crystal by
following the protocol in ref 2. An image of the crystals is
shown in Figure 3. After crystals were ﬂash frozen by
immersion into liquid nitrogen, X-ray diﬀraction data were
collected on beamline X25 at NSLS to a maximum resolution
of 4.5 Å. The diﬀraction data were processed in space group R3
using HKL-2000,10 and the structure was determined via
molecular replacement using the PHENIX program package.11
The structure was substantially the same as that described in ref
2, as shown in Figure 4a, which shows the electron density
produced from the crystals containing PCR-generated strands
superimposed on the model of reference 2. Figure 4b contains
an electron density diﬀerence map between one edge of the
PCR-generated molecule and the 3GBI structure used for phase
generation. The 5′-phosphate groups are seen prominently as
the two green (positive) peaks in the stereographic projection
(Figure 4c).
These peaks are located at the top and bottom of the model
shown. The highest green peak at the upper right corner is due

discovered a marked improvement when the DNA contains a
5′-phosphate.
We have used the same triangle design that was ﬁrst reported
in ref 2 (Figure 1a). The schematic drawing of the construct for
each of the three diﬀerent PCR products is shown in Figure 1b.
The DNA duplex generated by PCR has primer regions (red)
at both ends, four regions (blue) that contain DNA sequences
for self-assembling DNA triangle crystals, four green and purple
sites for the restriction enzymes cutting the DNA strands out of
DNA duplex, and ﬁve noncoding regions (black) to separate
restriction sites. So as to generate the DNA strands having the
exact sequences we want, it is necessary to select restriction
enzymes carefully: First, the remaining base of the cutting site
after restriction must match the 5′- or 3′-terminal sequence of
the desired DNA strands. Second, the restriction enzymes must
create a 5′ overhang at one end of the restriction fragment, and
a 3′ overhang at the other end; in this way, the restricted
fragments will have diﬀerent lengths from their complementary
strands, thereby facilitating separation in a denaturing gel. We
selected restriction enzymes PstI and BglII to digest the PCR
product for strand 1 to generate the sequence 5′-GAGCAGCCTGTACGGACATCA-3′, Hae II and Aﬂ II to digest the
PCR product for strand 2 to generate the sequence 5′TCTGATGTGGCTGC-3′ and Nla III and Xba I to digest the
PCR product for strand 3 to generate the sequence 5′794
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Figure 2. Gels containing PCR digestion fragments. (a) Gel
containing the digestion fragments from the PCR products for strand
1 (21mer) and strand 2 (14mer). This is a 20% denaturing gel run at
55 °C in TBE buﬀer. Lane 1 contains a 10 bp DNA ladder. Lanes 2
and 3 contain the digestion fragments from the PCR products for
Strand 1. Lanes 4 and 5 contain the digestion fragments from the PCR
products for Strand 2. (b) Gel containing the digestion fragments from
PCR products for strand 3 (21mer). This is also a 20% denaturing gel
run at 55 °C in TBE buﬀer. Lane 1 contains 10 bp DNA ladder. Lanes
2 and 3 contain the digestion fragments from the PCR products for
Strand 3.

to the phosphate at the 5′-end of the 14-mer strand. The
smaller peak directly to the left of this one is due to the
phosphate at the 5′-end of the 21-mer strand of a symmetryrelated molecule. The same features are seen at the bottom of
the ﬁgure, where the larger peak belongs to a 14-mer of a
symmetry related molecule, while the smaller is attributed the
5′-end phosphate of the 21-mer strand. The diﬀerence in size
might well be due to repositioning of the 5′-hydroxyl group, but
the resolution of the data does not permit any detailed
explanation.
The procedure described above did not emulate the synthetic
DNA used in ref 2 exactly. An additional phosphate group
remains on the 5′ ends of the strands produced by restriction of
the PCR-generated DNA. So as to distinguish which of the
factors had led to apparently improved resolution at X25, we
synthesized the three strands with 5′ phosphate groups and
crystallized them. The comparison of the four crystal forms
discussed here is shown in Table 1. The diﬀraction of 5′phosphate-containing crystals extends further than the 5 Å
observed at the same beamline for the crystals lacking the
phosphates in both cases. Indeed, the resolution of crystals selfassembled from the synthetic molecules appears to be slightly
better than that from the PCR-generated molecules. A
comparison (at the same beamline) suggests that the key
element in improvement of crystal quality appears to be the
presence of a 5′-phosphate group, not the source of the DNA.
The phosphate-containing molecules have yet to be examined
at APS-ID19.
We have demonstrated that it is possible to produce selfassembled 3D DNA crystals from PCR-generated strands.
Crystals self-assembled from those strands diﬀract better than
the synthetic strands of ref 2, under the same conditions.
However, the diﬀerence cannot be attributed to the diﬀerences
between synthetic and PCR-generated DNA in this case.
Rather, we have shown that it is the presence of a phosphate
group on the 5′-end of each strand that results in the
improvement of resolution. The important control experiment
demonstrating this fact was assembling crystals from synthetic
strands containing the phosphate group that diﬀract at least as

Figure 3. Crystals produced from PCR-generated strands and
synthetic strands with phosphate groups at their 5′-ends. (a) This is
an optical image of the DNA tensegrity triangle crystals self-assembled
from the PCR generated DNA strands. (b) This is an optical image of
the DNA tensegrity triangle crystals self-assembled from synthetic
DNA strands with phosphate groups at 5′-end. The appearance of
both crystals is very much like those in ref 2.

well as the PCR-generated strands. The improvement of
resolution as a consequence of a phosphate group on the 5′-end
is strictly a phenomenological observation, for which we have
no explanation at this time.
We have become aware that another group [B. Högberg,
personal communication], from the Karolinska Institute and
the Wyss Institute, has also generated these crystals from
natural DNA [C. Ducani, C. Koul, M. Moche, W. M. Shih, and
B. Högberg]. Their method of natural DNA preparation is
somewhat diﬀerent from ours, but their electron density
appears to be similar to ours. They have not, to our knowledge,
examined the impact of phosphorylation on diﬀraction quality.
Methods. Synthesis and Puriﬁcation of DNA Strands. All
DNA templates and primers for PCR were synthesized on an
Applied Biosystems 394 DNA synthesizer, removed from the
support, and deprotected using routine phosphoramidite
procedures. All DNA strands have been puriﬁed by denaturing
polyacrylamide gel electrophoresis.
Polymerase Chain Reaction. Phusion High-Fidelity PCR
Master Mix with HF Buﬀer (New England Biolabs) was used in
all of PCR by following supplier′s protocol. All products of
PCR were puriﬁed by 8% nondenaturing polyacrylamide gel.
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Figure 4. Electron density maps of self-assembled crystals from PCR-generated strands. (a) A stereographic projection of the reﬁned model ﬂanked
by its electron density. This image shows the whole triangle structure (three asymmetric units) reﬁned from the coordinates of 3GBI. Some electron
density is visible in this view from adjacent triangles related by crystal symmetry. The electron density map is contoured at 1.5 sigma. (b) A single
triangle edge showing diﬀerence electron density that highlights the phosphate positions. The diﬀerence density is calculated from diﬀraction data
from the PCR-generated strands and the synthesis-generated triangle without a phosphate group. The map has been contoured to a level of 3.2 σ;
positive features are shown in green, and negative features are red. Two positive peaks correspond to the expected locations of the 5′-end phosphate
groups. (c) The same image as in b, shown in stereographic projection.

Table 1. Data Collection and Processing
strands (synchrotron
source)

synthetic without PO4 (APS-ID19)2

unit cell (R3)
volume (Å3) of unit cell
content of unit cell
resolution (Å)
wavelength (Å)
redundancy
completeness (%)
Rmerge
I/σ

a = 69.22 Å, α = 101.44°
308708
one triangle
17.3−4.0
1.00
7.3
96.1
0.067
10.9

resolution (Å)
Rwork/Rfree
rmsd of angle and bond

17.3−4.0
0.2400/0.3090
1.364°/0.016 Å

synthetic without PO4
(NSLS-X25)

PCR with PO4
(NSLS-X25)

synthetic with PO4
(NSLS-X25)

a = 69.14 Å, α = 101.07°
309193
one triangle
50.0−4.9
0.98
9.5
93.9
0.041
66.5
Reﬁnement Statistics
22.8−4.9
0.1906/0.2178
1.372°/0.004 Å

a = 69.71 Å, α = 100.82°
318016
one triangle
42.5−4.5
0.98
18.7
95.2
0.072
27.7

a = 69.28 Å, α = 100.96°
311493
one triangle
50.0−4.1
0.98
9.2
79.4
0.073
19.6

33.3−4.5
0.2144/0.2385
1.372°/0.004 Å

50.0−4.1
0.2257/0.2503
1.371°/0.004 Å

Restriction Reaction. Restriction enzymes (PstI, BglII, HaeII,
AflII, NlaIII, and XbaI) were purchased from New England
Biolabs and used in buﬀers suggested by the supplier. All of
restricted products were puriﬁed by 20% denaturing polyacrylamide gel.
Crystallization. Crystals were grown from 80 μL sitting
drops in a thermally controlled incubator containing 6 μM
DNA, 30 mM sodium cacodylate, 50 mM magnesium acetate,
50 mM ammonium sulfate, 5 mM magnesium chloride, and 25
mM Tris (pH 8.5), equilibrated against a 1.5 mL reservoir of
1.4 M ammonium sulfate. Crystals were obtained by slow
annealing, in which the temperature was decreased from 60 °C
to room temperature (∼20 °C) with a cooling rate of 0.2 °C
per hour over a period of 7 days, during which the volume of
the drop diminished by about 90%.
Data Collection. Crystals were transferred to a cryosolvent
of 30% glycerol, 400 mM ammonium sulfate, 40 mM MgCl2,
and 50 mM Tris and were ﬂash frozen by immersion into liquid
nitrogen. X-ray diﬀraction data were collected at beamline
NSLS-X25 of the National Synchrotron Light Source
(Brookhaven National Laboratory, Upton, New York, USA).
Structure Solution. The diﬀraction data were processed in
space group R3 using HKL-2000 and molecular replacement

(MR) was done by using a PHENIX program package, and the
search model was the previously determined DNA triangle
structure (PDB code 3GBI). The resulting model from MR was
ﬁrst reﬁned with rigid body strategy and then TLS (translation/
libration/screw) parameters with restrained helices and base
pairs. The PHENIX program package was used to generate
electron density maps.
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