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SUMMARY

There is an increasing appreciation for structural
diversity of DNA that is of interest to both DNA nano-
technology and basic biology. Here, we have
explored how DNA responds to torsional stress by
building on a previously reported two-turn DNA
tensegrity triangle and demonstrating that we could
introduce an extra nucleotide pair (np) into the orig-
inal sequence without affecting assembly and crys-
tallization. The extra np imposes a significant
torsional stress, which is accommodated by global
changes throughout the B-DNA duplex and the
DNA lattice. The work reveals a near-atomic struc-
ture of nakedDNA under a torsional stress of approx-
imately 14%, and thus provides an example of DNA
distortions that occur without a requirement for
either an external energy source or the free energy
available from protein or drug binding.

INTRODUCTION

Branched DNA can be used as a building block for the construc-
tion of self-assembled periodic arrays (Seeman, 1982). One-
dimensional (1D) (Yang et al., 1998), two-dimensional (2D)
(Winfree et al., 1998; Liu et al., 2004; Li et al., 1996), and three-
dimensional (3D) lattices (Zheng et al., 2009a, 2009b; Wang
et al., 2010) have all been self-assembled from designed
branched DNA components. The first self-assembled 3D crystal
(Zheng et al., 2009a, 2009b) contained a single molecular spe-
cies, a tensegrity triangle (Liu et al., 2004) per unit cell. The
tensegrity triangle is a fairly rigid DNA motif that here entails a
three-fold symmetric design, consisting of three two-turn double
helices that propagate in linearly independent directions and are
covalently connected pairwise by four-arm branched junctions.
Spatial symmetry within the crystal arises from the identical
sequences of the three edges and from the three identical sticky
end pairs. 50-sticky-ended dinucleotide cohesion at the termini
of each double helix leads to programmed self-assembly; the
end product is a macroscopic crystal. This approach has also
been used to construct a self-assembled crystal with two
different triangles in the asymmetric unit (Wang et al., 2010)

and another crystal where the triangle contains three double-he-
lical turns per edge (Nguyen et al., 2012). Self-assembled 3D
crystals potentially provide a system enabling the organization
of various guests (Seeman, 1982; Robinson and Seeman,
1987), but here we use them to study torsionally stressed DNA,
which is found in living systems (Champoux, 2001) and is not
readily available for crystallographic examination. It is well
known that the processes of cellular DNA metabolism, for
example, replication, transcription, recombination, and repair,
often lead to DNA under torsional stress.
Previously, crystals were prepared by Stahl et al. (2016) with

nucleotide pair insertion and torsionally stressed triangles; how-
ever, the structural details of those crystals at themolecular level
have not been reported (Stahl et al., 2016). Another issue in that
study is that the length of the edge of the triangle is not
maintained at an overall-relaxed 21 nucleotide pairs for a two-
turn system. By applying torsional stress to a portion of the
two-turn tensegrity triangle constrained between crossover
junctions, we have produced a crystal containing a short sample
of torsionally stressed DNA in the absence of proteins or drugs,
and we have examined it by the structural methods of X-ray
crystallography.
The key motif we have used for previous studies consists of

two double-helical turns of DNA containing 21 nucleotide pairs
on the three edges of the tensegrity triangle, corresponding to
a canonical 10.5-fold DNA structure (Rhodes and Klug, 1980).
Having a number of turns that can be propagated in a periodic
lattice is valuable for the sticky ends of adjacent molecules to
be positioned properly, so as to produce the crystalline repeat
(Seeman, 1985). Our previous design contained seven nucleo-
tide pairs between branched junctions, accounting for two-thirds
(240.00!) of a full 10.5-fold double-helical turn on each edge
within the triangle and 14 nucleotide pairs, four-thirds (480.00!)
of a turn external to the triangle.
Diffraction studies on DNA double helices under torsional

stress provide a quantitative picture of the structural impact of
this perturbation. To induce torsional stress in the tensegrity
triangle, an extra GC nucleotide pair was inserted into the region
between the crossover points within the triangle, thereby placing
eight nucleotide pairs between the junctions; this extra nucleo-
tide pair corresponds to a "14% rotational distortion in the heli-
cal region between the junctions. This modified design provides
a system to examine torsionally stressed DNA within a crystal
structure that lacks any other driving components, such as pro-
teins or drugs. Thus, the particular distortions we see here occur
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by themselves and do not require either an external energy
source or the free energy available from protein or drug binding.

The sequences of the molecules used in this study are shown
in Figure 1A. The motif is three-fold symmetric, that is, the
sequences in the three double-helical domains are identical to

Figure 1. Torsionally Stressed Two-Turn
Tensegrity Triangle
(A) The schematic is shown along with the

sequence (blunt end 50-end and arrow 30-end). The

motif is composed of three helical strands (pink),

three crossover strands (green), and one circular

strand (blue). Iodine atoms in the form of 5-io-

douracil or 5-iodocytosine were placed throughout

the motif for use in SAD phasing (indicated by red

arrows). The stressed region is composed of eight

nucleotide pairs.

(B) Simplified structural model of the torsionally

stressed (PDB: 5EOS) tensegrity triangle showing

nucleotide pairs and the molecular surface (Hum-

phrey et al., 1996).

(C) Crystals of the iodinated torsionally stressed

tensegrity triangle. Most of the crystals were

rhombohedral and were around 100 mm in size.

Under polarized light, the crystals appear colored

but are in fact clear.

Table 1. Data Collected at X25 at NSLS-1

Data Collection and Processing

Crystal design 8 3 8 3 8 (PDB: 5EOS)

two-turn tensegrity triangle

Space group R3

Unit cell a = 69.40 Å

a = 104.90!

Volume (Å3) of unit cell 292538.78

Resolution (Å) 27.911–4.48a

Wavelength (Å) 1.7

Completeness (%) 95.23 (95.21)

Redundancy 34.6 (25.3)

Rmerge 0.095

I/s 105.1

Reflections 2,176

Rwork/Rfree 0.1909/0.2111

Number of nucleic acid atoms 858

Number of non-nucleic acid atoms 0

Rmsd of angle and bond 1.137!/0.012 Å

PDB Code: 5EOS

Numbers in parentheses represent values for the highest resolution bin.

Data were processed using HKL2000 (Otwinowski and Minor, 1997)

and refined with PHENIX software (Adams et al., 2010).
aAlthough the dataset did extend to 4.48 Å, the working resolution

was 5.0 Å.

each other. The nick in the central strand
is three-fold averaged (as done previ-
ously) by using identical sticky ends in
each direction (Zheng et al., 2009a,

2009b). Single crystals of the designed motif were grown (see
STAR Methods), as seen in Figure 1C. We used four iodinated
nucleotides per edge containing 5-iodouracil or 5-iodocytosine
(red letters in Figure 1A) to solve the crystal structure by the
method of single anomalous dispersion (SAD) (Rice et al.,
2000; Dauter and Dauter, 2007; Dauter et al., 2002).

RESULTS

The strained tensegrity triangle was first analyzed on a non-
denaturing polyacrylamide gel. A single band at "63 nucleotide
pairs showed that this motif was stable and well behaved (Fig-
ure S1). Crystals of the native torsionally stressed motif formed
as designed, in space group R3, with cell dimensions
a = 69.20 Å and a = 101.40!; they diffracted to 4.98 Å. To solve
the crystal structure, 12 iodine atoms were incorporated into
the three-fold symmetric triangle, four per edge; only one was
contained within the experimental section, between the cross-
overs. Although many details of the structure were known previ-
ously, we avoided using molecular replacement in structure
solution so as not to bias the determination against the possibil-
ity of nucleotide extrusion. Iodine derivative crystals were grown
that diffracted to 5.00 Å. All data processing and refinement sta-
tistics are reported in Table 1. The crystal data are similar to PDB:
3GBI, whose cell dimensions are a = 69.20 Å and a = 101.40!.
The structure was determined by SAD to 5.00 Å resolution. Since
the anomalous signal was weak, anomalous dispersion data
were collected from four separate iodine-substituted crystals.
The four datasets were merged using previously established
techniques (Liu et al., 2011). On merging these datasets
(Table S1), we were able to employ the anomalous signal to
locate the iodine atoms. This enabled both iodine-substructure
determination and subsequent phasing of the entire structure.
A model of the structure was built into the electron density
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map (Figure 2B). This model was refined using positional varia-
tion of all atoms, combined with group thermal factors. The final
agreement factors were Rwork = 0.190 and Rfree = 0.210 (Tables 1
and S2). The solvent content of the unit cell is around 60%.

DISCUSSION

The crystallographic asymmetric unit of the unit cell is one-third
of the triangle. To understand the structure, it is easiest to think
about the whole triangular arrangement. The total twist of the
eight-nucleotide section along the triangle edge within the trian-
gle is 279.36!. The twist of the whole two-turn repeat is 733.32!,
which is near to the expected value of 720.00! for 21 nucleotide
pairs, but is certainly not ideal, so themolecule is distorted. In the
previous PDB: 3GBI structure, the number of nucleotide pairs
between junction points inside the triangle was seven, 2/3 of
10.5; likewise, two-thirds of 360.00! is 240.00!. Increasing the
edge to eight nucleotide pairs should lead to a total twist of
272.95! (Geggier and Vologodskii, 2010) and our experimental
observation is 279.36!.
Figure 2A illustrates the crystal structure that we have

obtained. Figure 2B is an electron densitymap (2Fo# Fc) demon-

Figure 2. Crystal Structure of PDB: 5EOS,
the Under-Twisted Tensegrity Triangle Motif
(A) The image shows a stereoscopic projection of

the full triangle (three asymmetric units). Visualiza-

tion was done by PyMol (PyMOL Molecular

Graphics System, 2014).

(B) This is a stereoscopic projection of the structure

with electron density (2Fo # Fc map) contoured at

sigma = 1.10. Note the absence of any electron

density corresponding to an extruded nucleotide

between branched junctions. The junction struc-

tures also appear to be undistorted.

Table 2. Analysis of Twist Parameters from This Study

Molecule

Theoretical

Geggier-Vologodskii

Twist (!) between Points

Observed Overall

Twist between

Crossover Points (!)

Average Twist/Base

between Points (!)

Theoretical

Geggier-Vologodskii Twist

Overall Twist/2-Turn (!)

Overall Twist for

2-Turn Edge (!)

PDB:_5EOS 272.95/8bp 279.36/8bp 31.04 720.26/21bp 733.32/21bp

PDB:_3GBI 238.06/7bp 267.12/7bp 33.39 718.79/21bp 727.23/21bp

Comparison with the previously published structure (PDB: 3GBI) using the Geigger-Vologodskii equation (Geggier and Vologodskii, 2010; Geggier

et al., 2011). The experimental values were determined using web3DNA (Zheng et al., 2009a).

strating that the DNA tolerates the "14%
stress sufficiently well that no electron
density is visible corresponding to nucleo-
tides extruded from the double helix.
Using the helical twist values of Geggier
and Vologodskii (2010) and Geggier et al.
(2011), we determined that the twist of
PDB: 3GBI with an edge length of 21
nucleotide pairs and 7 inter-junction pairs
is expected to be 718.79!, but is found
experimentally to be 727.23!. For two
helical turns of B-DNA, an ideal twist value
would be 720.00!. As shown in Table 2,

the stressed system has a Geggier-Vologodskii expected twist
of 720.26!, but the experimental value is 733.32!. We find the
inter-junction eight-nucleotide pair overall twist to be 279.36!,
leading to an average twist/nucleotide pair of 31.04! with a range
from 23! to 47!. This number should be compared with 33.39!

with a range from 31! to 39! found for PDB: 3GBI, and a value
of 34.29! for each nucleotide pair in ideal 10.5-fold DNA. Thus,
our perturbation has decreased the average twist somewhat
but not very far from the expected range for relaxed 10.5-fold
DNA. Nevertheless, there is a very large range of twist values;
this helix is quite far from perfectly regular.
Long DNAmolecules are able to respond to torsional stress by

changing both the twist and thewrithe, i.e., the twisting about the
helix axis and distortion of the path of the axis itself. DNA is also
capable of extruding nucleotides (Cao et al., 2013; Benhamet al.,
2002; Kim et al., 2009), but here we find that the level of stress
applied to themolecule does not result in any extrusion. The twist
of the complete two-turn triangular edge of the stressed system
remains 733.32! (Table 3). Figure 3 shows that the stressed struc-
ture remains in theB-form family of DNA structures. The planes of
the nucleotide pairs in the stressed section are rolled on average
by 6.6! (Table S3) with respect to the helix axis, resulting in a
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somewhat curved helical appearance; it is this writhe-like distor-
tion that compensates for the failure to have an exact 720.00! to-
tal twist within a single unit cell. Bends in the helical axis defined
by a positive roll angle correspond to bending toward the major
groove, which is visible in this structure. Table S4 shows the
base pair geometries of the 21-nucleotide/edge duplex of PDB:
3GBI, 5EOS, and ideal B-DNA. The average separation of resi-
dues along the helix axis is 3.28 Å in the stressed section and

3.64 Å in the outer region, comparedwith 3.42 Å in the inner seven
nucleotides of PDB: 3GBI and 3.28 in the outer region. This vari-
ability in the rise is unexpected, suggesting greater variability in
this accordion-like mode when the DNA is torsionally stressed.
However, when the entire 21-nt arm of the triangle is analyzed,
it shows an average rise of 3.42 Å, exhibiting structural accom-
modation. The intra-junction distance within the triangle is deter-
mined to be 25.10 Å, whereas it is 22.25 Å for PDB: 3GBI. Other
large distortions in this system that differ from conventional
DNA, as represented by PDB: 3GBI, are the inclination (11.68!

versus#2.67!), the opening (17.89! versus#5.82!), and the large
propeller twist of the bases (#30.02! versus #2.3!). Table S3 in-
dicates that the twist/nucleotide pair, the rise/nucleotide pair,
and the nucleotide pair roll are all somewhat larger in the region
external to the two crossovers of each triangle edge.

SIGNIFICANCE

In this experiment, the two-turn DNA tensegrity triangle
PDB: 3GBI was modified to contain eight nucleotide pairs
between crossover points, thereby producing a torsionally
stressed state in that double-helical region. We find that
despite the perturbation to the molecule, the DNA does not
extrude any nucleotides. The extra nucleotide pair was
accommodated both by writhing-like distortions of the
DNA backbone, which bend the molecule toward the major
groove, and by twisting-like distortions, which decrease
the average twist of the nucleotide pairs; the rise/residue
is also decreased significantly in this region. Thus, we
have produced a near-atomic resolution image of naked
DNA under a fairly large torsional stress of "14%. The junc-
tion structures at crossover points are apparently undis-
torted relative to the junctions seen previously (PDB:
3GBI). The writhing-like distortions we find cause a bending

Table 3. Comparison of Average Twist and Rise Parameters for
PDB: 5EOS, PDB: 3GBI and Ideal B-DNA

Structure

Number of

Nucleotides

Average

Twist (!)

Overall

Twist (!)

Average

Rise (!)

5EOSa 8 31.04 279.36 3.28

5EOSb 13 37.66 451.92 3.64

5EOS 21 34.92 733.32 3.42

3GBIa 7 33.39 267.12 3.49

3GBIb 14 35.18 457.34 3.28

3GBI 21 34.63 727.23 3.30

Ideal B-DNA 7 34.29 240.00 3.31

Ideal B-DNA 21 34.29 720.00 3.32

The torsionally stressed triangle was analyzed in three segments: the

21-nt edge or the triangle, the 13-nt outer junction area, and the 8-nt

between the junctions. PDB: 3GBI was similarly studied: 21-nt edge,

14-nt outer region, and 7-nt inner region. Ideal B-DNA was analyzed for

a 7-nt and 21-nt duplex generated in TURBO-FRODO (Roussel and Cam-

billau, 1991) in accordance with ideal B-DNA parameters (Hays et al.,

2005). To compensate for the stress in the inter-junction area, there is a

bigger difference in twist between the outer region area of PDB: 3GBI

and PDB: 5EOS. All structures were analyzed using web3DNA (Zheng

et al., 2009a).
aBetween junctions.
bOutside junctions.

Figure 3. Superimposed Portion between Crossover Points
(A) Overlap of PDB: 5EOS, which is the stressed duplex (red) with idealized B-DNA (blue).

(B) Overlap of PDB: 3GBI (green) with idealized B-DNA (blue).

(C) Overlay of PDB: 5EOS (red) with PDB: 3GBI (green). This figure shows the structural basis for the relation between torsional strain experienced when adding an

extra nucleotide pair. It also shows that when compared with ideal B-DNA, the stressed structure still keeps its B-form conformation. The above image was

visualized on PyMol (PyMOLMolecular Graphics System, 2014). The B-DNAmodel was built using TURBO-FRODO (Roussel and Cambillau, 1991) according to

idealized B-DNA parameters and is very similar to PDB: 1ZFG (Hays et al., 2005), an ideal B-DNA structure.
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of the stressed segment toward the major groove, as
noticed in molecular dynamics simulations of paranemic
crossover DNA (Shen et al., 2004; Maiti et al., 2004). One of
the iodine derivatives was placed in the experimental sec-
tion of the molecule, but the twist values for that nucleotide
are certainly quite far from the most extreme values noted
(see Tables S3 and S4). Other sequences may well lead to
other structural distortions, an issue that requires further
exploration in detail in the future, both by experiment and
by calculation. Similarly, the"14% distortion is by nomeans
the largest or only one that one might imagine applying. We
have characterized the details of a torsion-induced protein-
free, drug-free distortion of B-DNA, thereby extending the
range of structures available to that form of the genetic ma-
terial. The structural impact of torsional stress on various
aspects of DNA metabolism is a central feature of its
behavior, which can now be examined experimentally.
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Detailed methods are provided in the online version of this paper
and include the following:

d KEY RESOURCES TABLE
d CONTACT FOR REAGENT AND RESOURCES SHARING
d EXPERIMENTAL MODEL AND SUBJECT DETAILS
d METHOD DETAILS

B DNA Design, Synthesis and Purification
B Formation of Complexes for Non-Denaturing Poly-

acrylamide Gel Electrophoresis
B Non-denaturing Polyacrylamide Gel Electrophoresis
B Crystallization and Cooling to Cryo-Temperatures
B Native Data Collection and Processing
B Data Collection, Structure Solution and Refinement

d DATA AND SOFTWARE AVALIABILITY

SUPPLEMENTAL INFORMATION

Supplemental Information includes one figure and four tables and can be

found with this article online at http://dx.doi.org/10.1016/j.chembiol.2017.

08.018.

AUTHOR CONTRIBUTIONS

Conceptualization, N.C.S.; Methodology, C.M. and J.J.B; Investigation, C.H.,

A.R.C., Y.P.O., and H.A.; Data Curation, C.H.; Writing – Original Draft, C.H.;

Writing – Review & Editing, N.C.S. and C.M.; Visualization, C.H.; Project

Administration, C.H.; Formal Analysis, J.J.B., C.M., and R.S.; Funding Acqui-

sition, N.C.S; Resources, V.S.; Supervision, N.C.S. and R.S.

ACKNOWLEDGMENTS

This research has been supported by the following grants to N.C.S.:

GM-29554 from NIGMS, grants CMMI-1120890, EFRI-1332411, CCF-

1117210, and CCF-1526650 from the NSF, MURI W911NF-11-1-0024 from

ARO, MURI N000140911118 from ONR, DE-SC0007991 from DOE for DNA

synthesis and partial salary support, and grant GBMF3849 from the Gordon

and Betty Moore Foundation. We would like to acknowledge beamlines X6A

and X25 of the National Synchrotron Light Source. BNL-NSLS is supported

principally from the Offices of Biological and Environmental Research and of

Basic Energy Sciences of the US Department of Energy and from the National

Center for Research Resources of the NIH.Wewould also like to thank NamQ.

Nguyen, Michael A. Jong, and Rebecca Zhuo for technical assistance and

advice.

Received: May 15, 2017

Revised: July 6, 2017

Accepted: August 18, 2017

Published: October 5, 2017

REFERENCES

Adams, P.D., Afonine, P.V., Bunkoczi, G., Chen, V.B., Davis, I.W., Echols, N.,

Headd, J.J., Hung, L.-W., Kapral, G.J., Grosse-Kunstleve, R.W., et al. (2010).

PHENIX: a comprehensive Python-based system for macromolecular struc-

ture solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213–221.

Benham, C.J., Savitt, A.G., and Bauer, W.R. (2002). Extrusion of an imperfect

palindrome to a cruciform in superhelical DNA: complete determination of

energetics using a statistical mechanical model. J. Mol. Biol. 316, 563–581.

Brodersen, D.E., de La Fortelle, E., Vonrhein, C., Bricogne, G., Nyborg, J., and

Kjeldgaard, M. (2000). Applications of single-wavelength anomalous disper-

sion at high and atomic resolution. Acta Crystallogr. D Biol. Crystallogr. 56,

431–441.

Cao, L., Lv, C., and Yang, W. (2013). Hidden conformation events in DNA base

extrusions: a generalized-ensemble path optimization and equilibrium simula-

tion study. J. Chem. Theory Comput. 9, 3756–3768.

Caruthers, M.H. (1985). Gene synthesis machines: DNA chemistry and its

uses. Science 230, 281–285.

Caruthers, M.H., and McBride, L.J. (1983). An investigation of several deoxy-

nucleoside phosphoramidites useful for synthesizing deoxyoligonucleotides.

Tetrahedron Lett. 24, 245–248.

Champoux, J.J. (2001). DNA topoisomerases: structure, function, and mech-

anism. Annu. Rev. Biochem. 70, 369–413.

Dauter, M., and Dauter, Z. (2007). Phaser determination using halide ions.

Methods Mol. Biol. 364, 149–158.

Dauter, Z., Dauter, M., and Dodson, E. (2002). Jolly SAD. Acta Crystallogr.

D Biol. Crystallogr. 58, 494–506.

Emsley, P., Lohkamp, B., Scott, W.G., and Cowtan, K. (2010). Features and

developement of Coot. Acta Crystallogr. D 66, 486–501.

Geggier, S., and Vologodskii, A. (2010). Sequence dependence of DNA

bending rigidity. Proc. Natl. Acad. Sci. USA 107, 15421–15426.

Geggier, S., Kotlyar, A., and Vologodskii, A. (2011). Temperature dependence

of DNA persistence length. Nucleic Acids Res. 39, 1419–1426.

Hays, F.A., Teegarden, A., Jones, Z.J.R., Harms, M., Raup, D., Watson, J.,

Cavaliere, E., and Ho, P.S. (2005). How sequence defines structure: a crystal-

lographic map of DNA structure and conformation. Proc. Natl. Acad. Sci. USA

102, 7157–7162.

Hubschle, C.B., Sheldrick, G.M., and Dittrich, B. (2011). ShelXle: a Qt graphical

user interface for SHELXL. J. Appl. Crystallogr. 44, 1281–1284.

Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD - visual molecular dy-

namics. J. Mol. Graph. 14, 33–38.

Kim, D., Reddy, S., Kim, D.Y., Rich, A., Lee, S., Kim, K.K., and Kim, Y.G. (2009).

Base extrusion is found at helical junctions between right- and left-handed

forms of DNA and RNA. Nucleic Acids Res. 37, 4353–4359.

Li, X., Yang, X., Qi, J., and Seeman, N.C. (1996). Antiparallel DNA double

crossover molecules as components for nanoconstruction. J. Am. Chem.

Soc. 118, 6131–6140.

Liu, D., Wang, W., Deng, Z., Walulu, R., and Mao, C. (2004). Tensegrity: con-

struction of rigid DNA triangles with flexible four-arm junctions. J. Am.

Chem. Soc. 126, 2324–2325.

Liu, Q., Zhang, Z., and Hendrickson, W.A. (2011). Multi-crystal anomalous

diffraction for low-resolution macromolecular phasing. Acta Crystallogr.

D Biol. Crystallogr. 67, 45–59.

Maiti, P.K., Pascal, T.A., Vaidehi, N., and Goddard, W.A. (2004). The stability of

Seeman JX DNA topoisomers of paranemic crossover (PX) molecules as

a function of crossover number. Nucleic Acids Res. 32, 6047–6056.

Cell Chemical Biology 24, 1–6, November 16, 2017 5

Please cite this article in press as: Hernandez et al., Self-Assembly of 3D DNA Crystals Containing a Torsionally Stressed Component, Cell Chemical
Biology (2017), http://dx.doi.org/10.1016/j.chembiol.2017.08.018

http://dx.doi.org/10.1016/j.chembiol.2017.08.018
http://dx.doi.org/10.1016/j.chembiol.2017.08.018
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref1
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref1
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref1
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref1
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref2
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref2
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref2
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref3
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref3
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref3
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref3
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref4
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref4
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref4
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref5
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref5
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref6
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref6
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref6
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref7
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref7
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref8
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref8
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref9
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref9
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref10
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref10
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref11
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref11
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref12
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref12
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref13
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref13
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref13
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref13
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref14
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref14
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref15
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref15
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref16
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref16
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref16
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref17
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref17
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref17
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref18
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref18
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref18
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref19
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref19
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref19
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref20
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref20
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref20


Nguyen, N., Birktoft, J.J., Sha, R., Wang, T., Zheng, J., Constantinou, P.E.,

Ginell, S.L., Chen, Y., Mao, C., and Seeman, N.C. (2012). The absence of ter-

tiary interactions in a self-assembled DNA crystal structure. J. Mol. Recognit.

25, 234–237.

Otwinowski, Z., and Minor, W. (1997). Processing of x-ray diffraction data

collected in oscillation mode. Methods Enzymol. 276, 307–326.

Pape, T., and Schneider, T.R. (2004). HKL2MAP: a graphical user interface for

phasing with SHELX programs. J. Appl. Crystallogr. 37, 843–844.

Rhodes, D., and Klug, A. (1980). Helical periodicity of DNA determined by

enzyme digestion. Nature 286, 573–578.

Rice, L.M., Earnest, T.N., and Brunger, A.T. (2000). Single-wavelength anom-

alous diffraction phasing revisited. Acta Crystallogr. D Biol. Crystallogr. 56,

1413–1420.

Robinson, B.H., and Seeman, N.C. (1987). The design of a biochip: a self-

assembling molecular-scale memory device. Protein Eng. 1, 295–300.

Roussel, A., and Cambillau, C. (1991). Turbo Frodo. Silicon Graphics

Geometry Partners Directory (Silicon Graphics), p. 86.

Seeman, N.C. (1982). Nucleic acid junctions and lattices. J. Theor. Biol. 99,

237–247.

Seeman, N.C. (1985). Macromolecular design, nucleic acid junctions and crys-

tal formation. J. Biomol. Struct. Dyn. 3, 11–34.

Sheldrick, G.M. (2010). Experimental phasing with SHELXC/D/E: combining

chain tracing with density modification. Acta Crystallogr. D Biol. Crystallogr.

66, 479–485.

Shen, Z., Yan, H., Wang, T., and Seeman, N.C. (2004). Paranemic Crossover

DNA: a generalized Holliday structure with applications in nanotechnology.

J. Am. Chem. Soc. 126, 1666–1674.

Stahl, E., Praetorius, F., de Oliveira Mann, C.C., Hopfner, K.-P., and Dietz, H.

(2016). Impact of heterogeneity and lattice bond strength onDNA triangle crys-

tal growth. ACS Nano 10, 9156–9164.

The PyMOL Molecular Graphics System (2014). Version 1.7.4.4

Schrödinger, LLC.

Wang, T., Sha, R., Birktoft, J., Zheng, J., Mao, C., and Seeman, N.C. (2010).

A DNA crystal designed to contain two molecules per asymmetric unit.

J. Am. Chem. Soc. 132, 15471–15473.

Winfree, E., Liu, F., Wenzler, L.A., and Seeman, N.C. (1998). Design and self-

assembly of two-dimensional DNA crystals. Nature 394, 539–544.

Yang, X., Wenzler, L.A., Qi, J., Li, X., and Seeman, N.C. (1998). Ligation of DNA

triangles containing double crossover molecules. J. Am. Chem. Soc. 120,

9779–9786.

Zheng, G., Lu, X.-J., and Olson, W.K. (2009a). Web 3DNA-a web server for the

analysis, reconstruction, and visualization of three-dimensional nucleic-acid

structures. Nucleic Acids Res. 37, W240–W246.

Zheng, J., Birktoft, J.J., Chen, Y., Wang, T., Sha, R., Constantinou, P.E.,

Ginell, S.L., Mao, C., and Seeman, N.C. (2009b). From molecular to macro-

scopic via the rational design of a self-assembled 3D DNA crystal. Nature

461, 74–77.

6 Cell Chemical Biology 24, 1–6, November 16, 2017

Please cite this article in press as: Hernandez et al., Self-Assembly of 3D DNA Crystals Containing a Torsionally Stressed Component, Cell Chemical
Biology (2017), http://dx.doi.org/10.1016/j.chembiol.2017.08.018

http://refhub.elsevier.com/S2451-9456(17)30316-1/sref21
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref21
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref21
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref21
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref22
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref22
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref23
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref23
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref24
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref24
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref25
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref25
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref25
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref26
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref26
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref27
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref27
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref28
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref28
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref29
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref29
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref30
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref30
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref30
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref31
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref31
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref31
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref32
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref32
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref32
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref34
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref34
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref34
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref35
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref35
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref36
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref36
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref36
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref37
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref37
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref37
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref38
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref38
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref38
http://refhub.elsevier.com/S2451-9456(17)30316-1/sref38


STAR+METHODS

KEY RESOURCES TABLE

CONTACT FOR REAGENT AND RESOURCES SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Professor
Nadrian C. Seeman (ned.seeman@nyu.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All DNA used in our crystallographic studies was made by chemical synthesis. No animals or cell lines have been used in this work.

METHOD DETAILS

DNA Design, Synthesis and Purification
To maintain continuity from unit cell to unit cell, 21 nucleotide pairs were used, and small variations on the initial sequence design
were estimated using the helical twist values of Geggier and Vologodskii (Geggier and Vologodskii, 2010). DNA strands were
purchased from Integrated DNA Technologies (Coralville, Iowa) and the Iodinated derivatives were synthesized by standard phos-
phoramidite techniques (Caruthers, 1985; Caruthers and McBride, 1983) on an Applied Biosystems 394 DNA synthesizer.
DNA oligonucleotides were purified by denaturing polyacrylamide gel electrophoresis (PAGE) and stained with ethidium. DNA

strandswere eluted in a solution containing 500mMammonium acetate, 10mMmagnesium acetate, and 1mMethylenediaminetetr-
acetic acid (EDTA). The eluates were extractedwith butanol to remove ethidium bromide and theDNAwas recovered through ethanol
precipitation. The DNA was resuspended in water and filtered using a PVDF 0.22 mm centrifugal filter (Millipore).

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

5-Iodouracil Sigma-Aldrich 857858

5-Iodocytosine Sigma-Aldrich I6875

Deposited Data

Structure of torsionally strained

tensegrity triangle

This paper 5EOS

Oligonucleotides

Strand 1 (crossover strand)

5’-TCTGATGTGCTGC-3’

This paper N/A

Strand 2 (helical strand)

5’-GAGCAGCTGTGACGGACATCA-3’

This paper N/A

Strand 3 (crossover strand)

5’-CACACCGTCACACCGTCACACCGT-3’

This paper N/A

Software and Algorithms

Phenix Adams et al., 2010 http://phenix-online.org

COOT Emsley et al., 2010 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

web3DNA Zheng et al., 2009a, 2009b http://w3dna.rutgers.edu/

HKL2000 Otwinowski and Minor, 1997 http://www.hkl-xray.com/

PyMol PyMol https://www.pymol.org/

VMD Humphrey et al., 1996 http://www.ks.uiuc.edu/Research/vmd/

hkl2map Pape and Schneider, 2004 http://webapps.embl-hamburg.de/hkl2map/

TURBO-FRODO Roussel and Cambillau, 1991 http://www.afmb.univ-mrs.fr/-TURBO
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Formation of Complexes for Non-Denaturing Polyacrylamide Gel Electrophoresis
The varying designs were formed by mixing a stoichiometric quantity of each strand, as estimated by OD260, in a solution containing
40 mM Tris-HCl, pH 8.0, 20 mM acetic acid, 2 mM EDTA, and 125 mM magnesium acetate (TAE/Mg2+). The mixture was annealed
from 90!C to room temperature (20!C) over the course of one hour.

Non-denaturing Polyacrylamide Gel Electrophoresis
The non-denaturing polyacrylamide gels contained 6% acrylamide (19:1, acrylamide:bisacrylamide), and the running buffer
contained 40 mM Tris-HCl, pH 8.0, 20 mM acetic acid, 2 mM EDTA, and 12.5 mM magnesium acetate (TAE/Mg2+). Tracking dye
containing 1X TAE/Mg2+, 50%glycerol, and 0.02%each of Bromophenol Blue and Xylene Cyanol FFwas added to the sample buffer.
Gels were run on a Hoefer SE-600 gel electrophoresis unit at 4 V/cm at 4!C and were stained with 0.01% Stains-all dye (Sigma) in
45% formamide.

Crystallization and Cooling to Cryo-Temperatures
Crystals were grown in 5 mL hanging drops containing 0.25 mg/mL DNA, 30 mM sodium cacodylate, 50 mM magnesium acetate,
50 mM ammonium sulfate, 5 mM magnesium chloride, 25 mM Tris (pH 8.5). Drops were equilibrated against a 600 mL reservoir of
1.75 M ammonium sulfate in a thermally-controlled incubator. Rhombohedral crystals were obtained by slow annealing, whereby
the temperature was decreased from 60!C to 4!C at a rate of 0.4!C per hour. Both native and iodinated-derivative crystals were
grown under the same conditions. The full-sized crystals were transferred to a cryosolvent containing 30% glycerol, 100 mM ammo-
nium sulfate, 10 mM magnesium chloride, and 50 mM Tris-HCl (pH 8.5) and flash-frozen by immersion in liquid nitrogen.

Native Data Collection and Processing
A complete sphere of native X-ray diffraction data was collected at the National Synchrotron Light Source (Brookhaven National
Laboratory, Upton, New York, USA) at beamlines X6A and X25 using a wavelength of 1.1 Å. The resulting diffraction data were
processed using the HKL2000 (Otwinowski and Minor, 1997) program package. The upper resolution limit was set at the mean value
of I/(s) > 2.

Data Collection, Structure Solution and Refinement
X-ray diffraction data were collected from crystals of iodinated derivatives using 5-Iodouracil (12 iodine atoms per triangle-on the
fourth and thirteenth nucleotide of each pink strand and on the sixth and tenth nucleotide of the green strands in Figure 1A) using
1.7 Å radiation on beam line X25 at the National Synchrotron Light Source (Brookhaven National Laboratory, Upton, New York,
USA). A complete sphere of native X-ray data was collected at the same beam line using 1.1 Å radiation. Diffraction images were
processed using HKL-2000 (Otwinowski and Minor, 1997). The substructure solution was done via hkl2map35 a graphical interface
for the Shelxc/d/e programs (Hubschle et al., 2011; Sheldrick, 2010). The Single Anomalous Dispersion (Brodersen et al., 2000) (SAD)
signal allowed for Shelxd to locate 4 out of the 4 possible unique iodine sites in the asymmetric unit. A model was fit into the
SAD-derived electron density maps that resulted from Shelxe. The resulting model was refined against the iodo-derivative using
the PHENIX (Adams et al., 2010) program package, followed by refinement against the native data.

DATA AND SOFTWARE AVALIABILITY

All software were reported in Method Details and indicated in the Key Resources Table. The accession numbers for the coordinates
and structure factors of all structures in this paper have been deposited in the PDB indicated in the Key Resources Table.
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