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ABSTRACT: Biomolecular crystals can serve as materials for a plethora of
applications including precise guest entrapment. However, as grown, biomolecular
crystals are fragile in solutions other than their growth conditions. For crystals to
achieve their full potential as hosts for other molecules, crystals can be made stronger
with bioconjugation. Building on our previous work using carbodiimide 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC) for chemical ligation, here, we
investigate DNA junction architecture through sticky base overhang lengths and the
role of scaffold proteins in cross-linking within two classes of biomolecular crystals:
cocrystals of DNA-binding proteins and pure DNA crystals. Both crystal classes
contain DNA junctions where DNA strands stack up end-to-end. Ligation yields were
studied as a function of sticky base overhang length and terminal phosphorylation
status. The best ligation performance for both crystal classes was achieved with longer
sticky overhangs and terminal 3′phosphates. Notably, EDC chemical ligation was
achieved in crystals with pore sizes too small for intracrystal transport of ligase enzyme. Postassembly cross-linking produced
dramatic stability improvements for both DNA crystals and cocrystals in water and blood serum. The results presented may help
crystals containing DNA achieve broader application utility, including as structural biology scaffolds.
KEYWORDS: cross-linking, ligation, DNA, cocrystal, X-ray diffraction

■ INTRODUCTION
Crystals made from protein and DNA are versatile materials
that precisely order molecules, self-assemble, and have tunable
growth.1−5 Porous crystals have been shown to act as
molecular sieves11−14 and to host molecules for structure
determination,6−9 enhance enzymatic activity,10,11 and in-
formation storage via synthetic DNA sequences.12 Engineered
crystals with DNA building blocks, from pure DNA
crystals13,14 to hybrid protein−DNA crystals, have been
designed to serve as scaffolds for DNA-binding molecules.15−18

However, the broad utility of crystals held together by DNA is
restricted by their ability to survive in varied solution
conditions. As grown, crystals made from biological units are
held together by weak noncovalent bonds and are likely to
dissolve when introduced to anything other than their growth
solution. Even more, crystals with DNA building units are
particularly sensitive to changes in divalent cations. Crystal
stability must be enhanced to fully realize the potential of
crystals as biomaterials19 and molecular scaffolds.13,15,16

Herein, we optimize a chemical DNA ligation strategy to
provide stability for crystals containing DNA stacks (both pure
DNA crystals and protein−DNA cocrystals). Enhanced
stability makes crystals robust in water and blood serum for
biomedical applications. The chemical ligation yields shown in
DNA crystals set a record, exceeding previous biological

ligation yields20 and providing a method for crystalline DNA
junction ligation less hindered by the crystal porosity or steric
accessibility to the DNA−DNA junctions.

Bioconjugation, also called cross-linking in this context, is a
technique to make crystals strong for application utility21 by
introducing covalent bonds between the neighboring units in
the crystal. Cross-linking techniques for crystals containing
DNA are established in the literature.22−24 However, some
established protocols involve highly reactive DNA cross-linking
agents that introduce permanent links quickly but with
unnatural bonds and severe safety challenges.22

An alternative DNA cross-linking strategy is ligation, a zero-
length bond between neighboring DNA−DNA phosphate
backbones (Figure 1B). In crystals where DNA lines up end-
to-end, either with a blunt or sticky base overlap, ligation can
heal the nick in the DNA. In other words, upon ligation, two
neighboring duplexes become one contiguous piece of DNA.
Under the right pH and solution conditions, chemical ligation
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can be achieved with the reactive carbodiimide cross-linker, 1-
ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC).25

Notably, EDC ligation forms a zero-length cross-link, with
the resulting structure being chemically identical to the
enzymatic ligation achieved with T4 DNA ligase. EDC reacts
with a phosphate to form an intermediate, and the leaving
group departs upon attack by the hydroxyl on a neighboring
strand, forming a healed phosphate bond and a contiguous
strand of DNA (Figure 1B).

Recently, we reported EDC ligation in cocrystals containing
stacking DNA blocks,26 and qualitative EDC ligation was
demonstrated in crystals composed of DNA tiles.27 The
current report addresses several remaining questions: Can we
quantify EDC ligation in DNA tile crystals? What role do
sticky base overhang length and phosphorylation status play in
the ligation of cocrystal and DNA crystals?

Recently, we designed an expanded, interpenetrating
cocrystal lattice to serve as a molecular scaffold.18 These
cocrystals of RepE54 protein and cognate DNA duplex are the
template cocrystals used in this study (Figure 1A). The
expanded cocrystals were crystallized with RepE54 protein and
31mer cognate DNA duplex, 10 additional base pairs than the
original cocrystal, called CC1+10bp. To study ligation yields with
respect to variations in the junctions, we varied sticky overhang
length (0, 1, 2, and 3 nt overhang) and terminal
phosphorylation status (3′ or 5′ phosphate) at the DNA
junction cartooned in Figure 1B. Despite the plethora of
variations at the junctions, the cocrystals grew in the same I222
space group and contained the same contacts with symmetry
copies (Table S1). Therefore, CC1+10bp variants could be
compared side-by-side for ligation yields.

It is not clear the extent to which protein−protein EDC
conjugation is stabilizing CC1. There is the possibility of EDC-

Figure 1. Protein−DNA cocrystal used to study the effects of sticky base overhang length on EDC ligation. (A) Replication initiator protein
complexed to a 31mer cognate DNA sequence, named CC1+10bp. (B) Putative mechanism for EDC ligation of DNA. R1 is the nucleobase, and R2 is
the phosphate backbone. The schematic view of the DNA blocks in the crystal with terminal phosphates showing that upon ligation, the blocks
become a single block of DNA. (C) DNA−DNA junction of CC1+10bp with 2 sticky base overhangs and 5′ terminal phosphates (PDB code: 7rva).
The distance between the 5′ phosphorus and the neighboring 3′ hydroxyl oxygen is measured in PyMOL as 3.7 Å. (D) Supercell orientation 1
shows four distinct versions of the DNA stack directions in the crystal, highlighted in four different colors (light cyan, dark cyan, light magenta, dark
magenta). (E) Supercell orientation 2 shows another view of the four different DNA stack directions in the crystal.
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mediated protein−protein cross-linking across proximal
carboxylic acid and primary amine groups.21 Therefore, we
sought to test the chemical ligation in the absence of protein
using three-dimensional (3D) DNA crystals composed of
three-armed tensegrity triangle tiles held together via sticky
end cohesion.2,13,14,28 As the DNA crystals only have DNA−
DNA contacts, the only reaction with EDC should be DNA−
DNA junction ligation. Each DNA tile has seven single strands:
one central strand, three edge strands, and three crossover
strands (Figure 2). Formerly, variations in the sticky end
cohesion and overhang sequences were studied to improve the
X-ray diffraction quality.28 Here, we grew crystals with either 1
or 2 nt overhangs with sequences in Table S5 and Figure S3.
At the DNA−DNA junctions, the strands stack such that upon
ligation, crossover strands (S1) ligate to a flanking crossover
strand (S1), resulting in ligation products S1−S1 (28mer),
S1−S1−S1 (42mer), etc. The same ligation pattern occurs for
the edge strands (S2), where a 21mer single edge strand
becomes a 42mer double edge strand. The central strand (S3)
simply ligates with itself to form a ring.

■ MATERIALS AND METHODS

Protein Cloning, Expression, and Purification

RepE54 initiator protein (CC1 protein) was expressed and purified by
the Colorado State University Histone Source as described
previously.26 In short, the protein from PDB code 1rep was
overexpressed with a N-terminal 6-Histag in Escherichia coli
CodonPlus RIPL competent cells. Sonicated cell lysate was purified
with Ni Excel Sepharose (Cytiva) and HiLoad Superdex 200 PG
column (Cytiva). The resulting CC1 protein was concentrated to 15
mg/mL in storage buffer (100 mM sodium citrate pH 6.2, 100 mM
KCl, 10 mM MgCl2, and 10% glycerol) and stored at −80 °C after
flash freezing with liquid nitrogen.

Oligonucleotides and Cocrystal Duplex Annealing

Strand 1, Strand 2, and Strand 3 oligomers were synthesized, and
high-performance liquid chromatography (HPLC) was purified by
Integrated DNA Technologies. DNA tensegrity triangle strands
(Table S5) were resuspended in molecular biology grade water
(VWR) and mixed with 3:3:1 stoichiometry to form a tile precursor
solution at 60 μM. Annealing was achieved on the crystal plates in the
DNA tile crystallization setup below. Cocrystal DNA duplexes are
listed in Table S1. All 31-bp duplex sequences contained a conserved
19-bp iteron sequence for RepE54 protein−DNA binding but had
varied sticky base overhang lengths and terminal phosphorylation
status (no phosphate, 5′, or 3′ phosphate). The oligos were
resuspended in 50 mM tris HCl and 100 mM KCl pH 7.0. Duplexes
were annealed by combining cognate oligos 1:1, heating to 94 °C for
2 min, and then slowly cooling to room temperature over
approximately 60 min. The final duplex concentrations were 4 mM.
DNA stocks were quantified using a Qubit4 (Qubit 1 × dsDNA HS
Assay Kit).

DNA−Protein Complex Cocrystallization

To grow cocrystals, protein and DNA were first combined (1:1.2
molar ratio), and the complex was incubated on ice for 30 min prior
to the crystal plate setup. Cocrystals were then grown via sitting drop
vapor diffusion in 24-well Intelli plates (Hampton Intelli-Plate 24-4
(Art Robbins 102-0004-00)) with 0.5 μL of protein−DNA complex
and 0.5 μL of crystallization liquor. CC1 crystallization conditions
were 300−500 mM MgCl2, 25−35% PEG 400, and 100 mM tris HCl
pH 8.0. Crystals grew to a span of 50−300 μm after 1 to 7 days.

DNA Tile Crystallization

The DNA crystals were grown using sitting drop vapor diffusion in
Hampton 24-well Cryschem M plates. Crystals were grown by
combining 14 μM DNA tile, 10−60 mM tris base pH 8.5, 5−30 mM
acetic acid, 0.5−3 mM EDTA, and 125−750 mM magnesium acetate
(exact crystallization conditions for each DNA tile variant are listed in
Table S9). The precipitant was 1.75 M ammonium sulfate. Self-
assembly was induced by incubating crystal plates at 60 °C for 10 min
and then allowing crystals to cool to 25 °C over 1h in a Heratherm

Figure 2. (A) Tensegrity triangle crystals are grown by mixing a stoichiometric ratio of three unique strands: Strand 1 (magenta), Strand 2
(yellow), and Strand 3 (blue). (B) Upon annealing, the DNA tiles self-assemble with sticky end cohesion at the DNA−DNA junctions. (C) At the
sticky overhang region, selected possible ligation sites are labeled with stars. We varied the sticky base overhangs (1 or 2 nt) to study the effects on
ligation yields. (D) Possible ligation products reflect polymerization of strand 1, polymerization of strand 2, or circularization of strand 3.
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Oven (Thermo Scientific). Crystals grew to a size of 25−200 μm after
1 to 3 days.

EDC Cross-Linking

Cocrystals and DNA crystals were washed prior to chemical EDC
ligation to remove reactive buffer components (i.e., primary amines,
carboxylic acids), remove supernatant protein and/or DNA, and
achieve optimal pH 6.0 for phosphate reactivity with EDC.21 The
CC1 wash condition consisted of 300−500 mM NaCl (substituting
for MgCl2), 25−35% PEG 400, and 100 mM MES pH 6.0
(substituting for tris HCl pH 8.0). The cocrystal wash completely
avoids Mg(II), whereas in the DNA crystal wash, Mg(II) was still
included until after the first EDC dose. The first DNA crystal wash
conditions consisted of 10−60 mM MES pH 6.0 (substituting for tris
base pH 8.5) and 125−750 mM MgCl2 (substituting for magnesium
acetate). In subsequent EDC doses, the magnesium was replaced fully
with a wash solution consisting of 10−60 mM MES pH 6.0 and 125−
750 mM NaCl.

Both cocrystals and DNA crystals were washed in 9-well glass
plates (Hampton HR3-134) to remove additional protein and/or
DNA monomers and unwanted buffer components. 1-Ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC) (Advanced Chemtech
CAS# 255952-53-8) was resuspended in the wash solution to 30 mg/
mL and used immediately. The crystals were cross-linked in a 200 μL
EDC solution volume for 12 h doses. The cross-linking reaction was
quenched by moving crystals to 1× tris-borate-EDTA (TBE) buffer
pH 8.3 containing 3.5 M urea.

DNA Gel Electrophoresis and Densitometry

Cross-linked cocrystals were dissolved in 1× TBE supplemented with
3.5 M urea and 20 μg of proteinase K and incubated at 50 °C for 12 h.
The DNA crystals were dissolved in 3.5 M urea in 1× TBE and heated
to 90 °C for 10 min. The crystals were analyzed with denaturing gels
(10% Novex TBE-Urea Polyacrylamide Gel Electrophoresis)
formulated with 7 M urea and run with 1× TBE running buffer.
The cocrystal DNA ladder was the GeneRuler Low Range DNA
Ladder (Thermo Scientific). Gels were incubated with 3× GelRed
Nucleic Acid Gel Stain and imaged with a UVP Bioimaging System on
the ethidium bromide setting. For gel densitometry, we used the
technique established in our previous ligation study (Python scripts
for fitting densitometry peaks with Gaussians).26,29 The raw band
intensity fits are provided in Tables S2, S6, and S8, and the
densitometry fits using Gaussians are provided in Figures S1−S2 and
S7−S8.

Stability Assays
Crystals were cross-linked with 2 doses of 30 mg/mL EDC, and the
EDC reaction was quenched in 50 mM tris base pH 8.0 for 30 min.
The crystals were equilibrated in cross-linking wash solution for 30
min prior to looping to stringent conditions. The stability test buffers
used were as follows: molecular biology grade water (CORNING),
very low pH 2.0 0.01 M HCl buffer (to mimic stomach acid), a
moderately low pH 4.5 citrate buffer (46 mM sodium citrate, 54.1
mM citric acid to mimic lysosomal fluid pH), and blood serum
(HyClone, bovine calf blood serum). Microscope images for each trial
are provided in Figures S10−S15.

X-ray Diffraction Data Collection and Refinement
Single-crystal X-ray diffraction (XRD) data were collected for
CC1+10bp cocrystals containing blunt ends, 1-nt, 2-nt, and 3-nt sticky
base overhangs with 5′ or 3′ phosphates. As a control, XRD was
obtained for a control cocrystal with 2-nt sticky base overhangs and
no terminal phosphates. Crystals were cross-linked with 2 doses of 30
mg/mL EDC for 12 h and flash frozen directly from EDC cross-link
(no quench) for XRD. Data sets were collected at the Advance Light
Source Beamline 4.2.2. on a CMOS detector from 0 to 180° with
omega delta 0.2 and 0.3 s exposure time. Data processing relied on
XDS,30 and refinement resolutions (Table S4) were defined by a
cutoff of I/Sigma(I) > 1.5. Each structure was solved by molecular
replacement using CC1+10bp with 2 sticky base overhangs and 5′
terminal phosphates (PDB code 7u6k)18 and refined in PHENIX31

and COOT32 using the same Rfree flags as the previous CC1+10bp

structures. Protein data bank entries for each cocrystal are found in
Table S4, and X-ray diffraction and refinement statistics for all
structures are provided in Tables S10−S15. The CC1+10bp 2SB
3′phosphate structure was refined with a bond length restraint (1.59
Å, the ideal DNA backbone phosphate-oxygen bond length)33 at the
terminal 3′P and flanking 5′OH.

■ RESULTS AND DISCUSSION

Chemical Ligation in Cocrystals

In our first study of EDC ligation templated by cocrystals,26

two example cocrystals in which the DNA stacks up end-to-
end were used as preliminary examples for in crystallo EDC
ligation. One of these ligation targets, cocrystal 1 (CC1), was
the cocrystal of replication initiator protein RepE54 and
cognate DNA sequence. The original instance of CC1
(RepE54 and 21mer with 3′ dangling T’s) contained DNA

Figure 3. Ligation yield comparison for CC1 with varied sticky base overhang lengths and terminal phosphates. The TBE-urea gels of (A) CC1
after one EDC dose and (B) CC1 after two EDC doses. Additional ligation was achieved with longer sticky overhangs and 3′ phosphates after two
doses. (A) 10% TBE-urea gel of CC1 illustrating a slightly improved ligation product distribution for 3′ vs. 5′ phosphates. (B) 10% TBE-urea gel of
CC1 illustrating a dramatically improved ligation product distribution for 3′ vs. 5′ phosphates. Assigned band sizes are given in bp. Gel
densitometry analysis and band attribution are provided in Figures S1 and S2.
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duplexes stacking end-to-end. This original crystal structure
was improved from 2.6 Å (PDB code: 1rep)34 to 1.89 Å (PDB
code: 7rva).26 For the purposes of studying ligation in
cocrystals, the original dangling T’s were truncated to make
a blunt-ended 21mer (PDB codes: 7sgc and 7sdp). The blunt-
ended CC1 was a canvas to study chemical EDC ligation in
cocrystals and the role of terminal phosphates. The blunt-
ended junction was decorated with 5′ or 3′ terminal
phosphates and underwent EDC cross-linking postcrystalliza-
tion. In the case of CC1, the 3′ terminal phosphates ligated
more readily than 5′ phosphates. Our next question became
what is the role of sticky base overhangs in EDC ligation?

First, a gentle buffer exchange from the crystallization
conditions to a cross-linking wash was necessary to remove
compounds that interfere with EDC ligation and supernatant
protein−DNA monomers. Three components of the CC1+10bp

crystallization conditions (300−500 mM MgCl2, 25−35% PEG
400, and 100 mM tris HCl pH 8.0) were modified. First,
divalent cations were previously found to interfere with
cocrystal ligation.26 Therefore, Mg(II) was replaced 1:1
stoichiometrically with Na(I). Second, to adjust the pH from
8.0 to 6.0 to increase the phosphate reactivity with EDC,21 the
main crystallization buffer, tris HCl, was replaced with MES
hydrate. After a buffer exchange, the crystals maintained their
visible macroscopic structure and were transferred to cross-link
wash containing EDC for ligation.

Parallel cross-linking trials were performed for crystals with
varied sticky base overhang lengths and terminal phosphor-
ylation status. Crystals were cross-linked with the optimal EDC
ligation conditions found previously26 (30 EDC mg/mL for 12
h), and the results were compared after one and two doses of
EDC (Figure 3). We hypothesized that longer sticky base
overhangs would improve EDC ligation yields because the
sticky end cohesion would correctly orient the phosphate and
flanking hydroxyl for the EDC reaction. The ligation yields
(Figure 3 and Table 2) were quantified with TBE-urea gel
electrophoresis and gel densitometry (our custom Python
scripts published on Zenodo29) and ligation product
calculations (Table 1). Briefly, we used Gaussian peak fitting

to obtain estimated mole fractions (correcting for DNA
length) for each DNA species (unfused, 2-mer, 3-mer, etc.)
from the gel densitometry data. From these mole fractions, we
can compute the total number of single-stranded breaks (SSB)
per eq 1 (Table 1). A derivation can be found in the
Supporting Information of the prior report.26 The probability
of ligated junctions (PLIG) follows logically (eq 2). The
probabilities that nonligation sites occur at the same junction
leading to a double strand break (PDSB) or double ligation sites
at the same junction (PDLIG) are given by eqs 3 or 4, assuming
independence.

Figure 3A shows the first dose of EDC ligation with varied
sticky base overhangs (0, 1, 2, and 3 nt.) and phosphorylation

(5′P vs. 3′P). Independent of sticky base overhang length, the
3′phosphates had higher ligation yields than 5′ phosphates.
Better yields with 3′ terminal phosphates over 5′ terminal
phosphates in the blunt-ended CC1+10bp (zero sticky bases)
concurred with our findings in the native, blunt-ended CC1
crystals.26 After EDC dose 1, the 0SB and 1SB with 3′ terminal
phosphates had slightly better yields than the 2SB and 3SB.
After two EDC doses, the beneficial effects of sticky overhangs
became more prominent, especially for the 3′phosphates. After
the second dose of EDC, the 2SB overhang crystal yielded the
highest ligation product for the CC1+10bp crystal variants, with
∼61% ligation (Table 2).

To further assess how the EDC ligation affects the nanoscale
stability of the cocrystals, we obtained X-ray diffraction
structures of cocrystals before and after EDC ligation (Table
S4). On average, cocrystals after 2 doses of ligation lost ∼0.5 Å
resolution. Also, the 3SB crystals were not diffracting; these
crystals were small for XRD (∼30 μm span), and the native
crystals were hit-or-miss in diffraction quality. Although no
protein−protein cross-links stood out in the electron density,
further studies could assess the EDC cross-linking in the
protein of the cocrystals.

At the DNA−DNA junction, the CC1+10bp 2SB 3′ terminal
phosphate structure (PDB code 8tj1) showed 61% ligation
yield by densitometry. Therefore, the junction was refined with
bond length restraints to represent a ligated junction. We were
able to see electron density consistent with ligation in our
previous paper26 despite a modest resolution of 3.28 Å after 2
EDC cross-link doses. Here, we attempted to repeat this feat
and obtained X-ray data sets on crystals subjected to the most
stringent ligation conditions (i.e., CC1 2SB 3′phos). While the
new crystals diffracted to a modest yet reasonable resolution
after ligation (3.15 Å), we did not see clear contiguous electron
density at the junction. In particular, the DNA−DNA junction
for Chain A was not cleanly enveloped by electron density
despite using a complete model with terminal phosphates
(Figure S16). While we lack an obvious cause for unclear
electron density in this instance, there are multiple possible
causes for disorder at this location. First, the DNA/DNA
junction is the most isolated/solvent-exposed part of the
structure and has the highest B-factors. Second, the chemical
ligation procedure does not result in 100% ligation across the
junction. Rather, per Table 2 densitometry results, we expect
only 61% of the junctions in CC1 2SB 3′phos crystals to have
undergone ligation. Thus, the patchy electron density at this
location may reflect the existence of a heterogeneous
population of multiple chemical species (i.e., ligated and
unligated) and multiple conformations thereof.
Chemical Ligation in DNA Crystals

To assess the role of sticky base overhang length and terminal
phosphorylation status in DNA crystals, DNA crystals were
grown with varied sticky base overhang lengths (1 and 2 SB)
and varied terminal phosphates (5′ or 3′) (see Figure S3 and
Table S5 for DNA tile sequences). To study the ligation yields
at a single junction, the terminal phosphates were solely added
to the crossover strands (S1(5′P or 3′P)-S2-S3). Then, we
explored the ligation yields when all three strands were
phosphorylated (S1(5′P or 3′P)-S2(5′P or 3′P)-S3(5′P or
3′P)).

As with the cocrystals, the first step for DNA crystal ligation
was a gentle buffer exchange. The DNA tile crystallization
conditions (10−60 mM tris base pH 8.5, 5−30 mM acetic

Table 1. Equations Used for Ligation Product Calculationsa

Equation 1 = ·P i x1/
i

iSSB
(1)

Equation 2 =P P1LIG SSB (2)

Equation 3 =P P( )DSB SSB
2 (3)

Equation 4 =P P( )DLIG LIG
2 (4)

aSee the prior cocrystal ligation paper for derivations.26
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acid, 0.5−3 mM EDTA, and 125−750 mM magnesium
acetate) were assessed for EDC ligation favorability. The
same concepts were applied: remove reactive species such as
amines and carboxylic acids that hamper EDC ligation and
make the solution conditions conductive to EDC ligation. In
the resulting wash solution, we replaced tris base pH 8.5 with
stoichiometric equivalent MES hydrate pH 6.0 for optimal
phosphate reactivity. We also removed EDTA and acetic acid.
Finally, we replaced magnesium acetate with a 1:1 stoichio-
metric equivalent magnesium chloride. In the end, the DNA
crystal ligation wash buffer only contained 10−60 mM MES
pH 6.0 and 125−750 mM magnesium chloride with
concentrations matching the original growth condition
concentrations of tris base and magnesium acetate, respec-
tively. The DNA crystals maintained their visible macroscopic
structure and were subsequently cross-linked in a wash
solution supplemented with 30 mg/mL EDC.

Before comparing ligation yields, we determined if
magnesium hindered DNA crystal ligation yields. Buffer

exchange to fully remove Mg(II) could not be done without
destroying the as-grown DNA crystals. Therefore, the first dose
of EDC ligation was performed with magnesium present, and a
subsequent dose was completed after a stoichiometric 1:1
replacement of Mg(II) with Na(I). When we replaced Mg(II)
with Na(I), the ligation yields increased significantly for DNA
crystals containing 5′ phosphates (Figures S4 and S5).
However, after four doses of EDC, there was no quantitative
difference in ligation yields (Table 3) for repeated ligation in
magnesium solution versus the protocol that involves initial
ligation in magnesium and repeated ligation in sodium.
Therefore, we cannot conclude that magnesium hinders
EDC ligation in the DNA crystals.

With validated EDC reaction solution conditions in hand,
the roles of sticky base overhang and terminal phosphorylation
position were assessed. Crystals containing terminal phos-
phates only on the crossover strands (S1(5′P or 3′P)-S2-S3)
and 1 or 2 nt overhangs were compared (Figure 4A). Again,
the optimized EDC conditions were used with one dose

Table 2. Distribution of DNA Block Sizes as a Function of Crystal Sticky Base Overhang Length and 3′ vs. 5′ Terminal
Phosphatesa

Cocrystals EDC Dose One (Figure 3A)

parent cocrystal 0SB 5′P 1SB 5′P 2SB 5′P 3SB 5′p 0SB 3′P 1SB 3′P 2SB 3′P 3SB 3′p
DNA block size [%] [%] [%] [%] [%] [%] [%] [%]

1 92.9 91.8 94.6 93.4 77.4 85.1 94.1 93.4
2 7.1 8.2 5.4 6.6 19.8 13.6 5.7 6.5
3 2.1 0.6 0.2 0.1
4 0.3 0.1
5 7 × 10−9 0.1
6 0.1 0.2
7 0.2 0.2
8 0.2 0.1

Parent Cocrystal 0SB 5′P 1SB 5′P 2SB 5′P 3SB 5′P 0SB 3′P 1SB 3′P 2SB 3′P 3SB 3′P
PSSB

b 0.93 ± 0.01 0.92 ± 0.01 0.95 ± 0.01 0.94 ± 0.01 0.77 ± 0.02 0.82 ± 0.03 0.94 ± 0.02 0.93 ± 0.02
PLIG = 1 − PSSB 0.07 ± 0.01 0.08 ± 0.01 0.05 ± 0.01 0.06 ± 0.01 0.23 ± 0.02 0.18 ± 0.03 0.06 ± 0.02 0.07 ± 0.02
PDSB = (PSSB)2 0.87 ± 0.02 0.85 ± 0.02 0.90 ± 0.02 0.88 ± 0.02 0.59 ± 0.04 0.68 ± 0.04 0.88 ± 0.03 0.87 ± 0.03
PDLIG = (PLIG)2 4 ± 2 × 10−3 6 ± 2 × 10−3 3 ± 1 × 10−3 4 ± 2 × 10−3 0.05 ± 0.01 0.03 ± 0.01 4 ± 2 × 10−3 5 ± 2 × 10−3

Cocrystals EDC Dose Two (Figure 3B)

parent cocrystal 0SB 5′P 1SB 5′P 2SB 5′P 3SB 5′p 0SB 3′P 1SB 3′P 2SB 3′P 3SB 3′p
DNA block size [%] [%] [%] [%] [%] [%] [%] [%]

1 90.9 92.6 83.1 92.2 78.0 82.3 42.4 61.3
2 7.1 6.5 14.4 7.0 18.1 13.9 23.6 23.0
3 0.8 0.3 1.1 0.3 2.6 2.8 16.2 8.0
4 0.6 0.2 1 × 10−8 0.2 0.5 0.4 5.9 3.8
5 0.1 0.2 0.2 0.03 2 × 10−8 0.1 4.3 1.44
6 0.2 0.2 0.5 0.1 0.2 0.1 2.6 0.8639
7 0.1 0.1 0.3 0.03 0.1 0.2 1.5 0.6
8 and above 0.1 0.3 0.12 0.44 0.19 3.5 1.1

Parent Cocrystal 0SB 5′P 1SB 5′P 2SB 5′P 3SB 5′P 0SB 3′P 1SB 3′P 2SB 3′P 3SB 3′P
PSSB

b 0.86 ± 0.03 0.89 ± 0.03 0.79 ± 0.03 0.84 ± 0.04 0.73 ± 0.03 0.77 ± 0.03 0.39 ± 0.01 0.57 ± 0.02
PLIG = 1 − PSSB 0.14 ± 0.03 0.11 ± 0.03 0.21 ± 0.03 0.16 ± 0.04 0.27 ± 0.03 0.23 ± 0.03 0.61 ± 0.01 0.43 ± 0.02
PDSB = (PSSB)2 0.74 ± 0.05 0.78 ± 0.05 0.62 ± 0.05 0.70 ± 0.06 0.53 ± 0.04 0.59 ± 0.04 0.15 ± 0.01 0.33 ± 0.02
PDLIG = (PLIG)2 0.02 ± 0.01 0.01 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.08 ± 0.02 0.05 ± 0.01 0.37 ± 0.02 0.18 ± 0.02

aData shown correspond with the gel lanes in Figure 3. The cross-linking protocol was either 1 dose or 2 doses of 30 mg/mL EDC for 12 h. The
values in this table are weighted, dividing by DNA length to account for the increased dye intensity with the DNA length. Unweighted values are
found in Table S2. The full table including estimated mole fractions for higher-order products is found in Table S3. PSingle Strand Break (SSB),
PLigation (LIG), PDouble Strand Break (DSB), and PDouble Ligation (DLIG) were calculated for each cross-linked crystal sample. Probabilities of double strand breaks
or double strand ligations assume that ligation events are independent. PSSB uncertainties are the standard deviation in the calculated PSSB after 500
trials in which simulated noise (standard deviation 0.03) was introduced into relative band intensities. bCalculated from experimental mole
fractions per eq 1 (Table 1). PLIG is derived from PSSB as shown.
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corresponding to 30 mg/mL EDC for 12 h. Crystals were
subjected to four doses of EDC, with the first dose in
magnesium and subsequent doses in sodium. In Figure 4A, we
compare the ligation products after four EDC doses. The
Strand 1 ligation product distribution was readily interpretable;
due to the lack of Strand 2 and 3 ligation, these strands
remained constant at 21 bases, where they did not interfere
with densitometry on the remaining ligation product bands.

Like cocrystals, DNA crystal junctions with 3′ terminal
phosphates ligated more readily than 5′ terminal phosphates

for both sticky base variants (1 nt and 2 nt). In the case of the
sticky overhang length, the two sticky base overhangs
promoted EDC ligation in the DNA crystals. The increased
Strand 1 ligation yields were more prominent between 1nt and
2nt overhangs with 5′ phosphates, where the 1nt 5′phos had
∼49% ligation versus the 2nt 5′phos with ∼80% ligation
(Table 3). For further comparison of all four doses of ligation,
see Supplemental Figures S4−S5. As discussed in the
Supporting Information for our previous report,26 if ligation
is random, then the remaining 1-mer mole fraction after

Table 3. Distribution of DNA Block Sizes as a Ffunction of Crystal Sticky Base Overhang Length and 3′ vs. 5′ Terminal
Phosphatesa

DNA Crystal Strand 1 Ligation Products (Figure 4A)

parent DNA 1SB 5′P 1SB 3′P 2SB 5′P 2SB 3′P 1SB 5′P 1SB 3′P 2SB 5′P 2SB 3′P

EDC buffer component Mg(II) Mg(II) Mg(II) Mg(II) Na(I) Na(I) Na(I) Na(I)

DNA block size [%] [%] [%] [%] [%] [%] [%] [%]

1 51.2 8.4 12.4 8.9 58.6 3.9 6.0 3.5
2 35.0 12.3 41.9 8.1 17.4 8.5 13.9 1.2
3 10.0 10.2 17.6 7.1 11.3 5.8 15.2 8.6
4 3.2 8.7 10.2 7.1 5.0 5.8 13.6 8.0
5 0.7 9.0 6.3 7.2 2.7 8.1 13.0 9.7
6 7.9 4.3 7.2 2.0 8.9 11.9 10.5
7 9.1 3.0 5.3 1.4 8.7 10.5 10.1
8 and above 34.3 4.3 49.3 1.7 50.2 16.0 48.4

Parent DNA 1SB 5′P 1SB 3′P 2SB 5′P 2SB 3′P 1SB 5′P 1SB 3′P 2SB 5′P 2SB 3′P

EDC buffer
component Mg(II) Mg(II) Mg(II) Mg(II) Na(I) Na(I) Na(I) Na(I)

PSSB
b 0.598 ± 0.012 0.154 ± 0.004 0.325 ± 0.009 0.140 ± 0.004 0.511 ± 0.014 0.136 ± 0.004 0.205 ± 0.006 0.138 ± 0.004

PLIG = 1−PSSB 0.402 ± 0.012 0.846 ± 0.004 0.675 ± 0.009 0.860 ± 0.004 0.489 ± 0.014 0.864 ± 0.004 0.795 ± 0.06 0.862 ± 0.004
aData shown corresponds with the gel lanes in Figure 4A. The cross-linking protocol was four doses of 30 mg/mL EDC for 12 h, and crystal
samples were compared after four doses. The EDC buffer component indicates whether the crystal was cross-linked in the presence of magnesium
or transferred to a sodium buffer (replacing magnesium). The values in this table are weighted to correct for the linearly increased dye intensity for
longer DNA strands. Unweighted values are found in Table S6. The full table including estimated mole fractions for higher-order products is found
in Table S7. PSSB and PLIG were calculated for each cross-linked crystal sample. Double strand ligation is not possible here because only Strand 1
was phosphorylated. bCalculated from experimental mole fractions per eq 1 (Table 1). PLIG is derived from PSSB as shown.

Figure 4. TBE-urea gels of EDC ligation for DNA crystals. Crystals with modifications only on strand 1 are shown (A) with varied sticky base
overhangs (1SB and 2SB) and varied terminal phosphates (5′phos or 3′phos) after four doses of EDC. Furthermore, the same crystal classes are
compared side-by-side in buffers with Mg(II) or with later rounds of ligation occurring after a buffer exchange into Na(I). Up to four EDC doses
were applied to (B) crystals with 2 sticky bases and 3′ phosphates on all strands, revealing an apparent high ligation yield. After three EDC doses,
lower-size products disappear except for bands attributed to monomer strands. Assigned band sizes are given in bases. Gel densitometry analysis
and band attributions are provided in Figures S7 and S8 and Table 3.
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ligation provides another estimate (PSSB’) for the total strand
break probability. Here, the correlation was reasonably strong
(R2 = 0.8663) between PSSB’ and PSSB calculated from the mole
fractions via eq 1 (Figure S6). The random ligation model is
consistent with the idea that catalysis is slow relative to the
intracrystal transport of EDC, so ligation is equally likely to
occur throughout the body of the crystal.

Following the comparison of crossover strand (S1)
phosphorylation, we sought to achieve a fully ligated crystal
with each junction phosphorylated. Crystals containing
terminal phosphates on each strand (S1, S2, and S3) were
grown, and we assessed gel densitometry results after four
EDC doses. In Figure 4B, crystals with 2 sticky base overhangs
and 3′ terminal phosphates had efficient ligation in the crystal.
A significant quantity of the DNA loaded into these gels
appeared to remain in the loading wells. For crystals ligated
with 3 or 4 doses, there was additionally a visible band for a
distinct long product. Future work may accurately size this
long product band (i.e., with a gel that is optimized for longer
DNA strands) and identify the constituent strands (e.g., using
nanopore long-read sequencing). We hypothesize that the
apparent strong ligation yield at higher doses may reflect the
entangling of ligated DNA threads, which prevent full
denaturation and separation of the crystal into constituent
ssDNA strands. The diminishing relative intensity of the S31
band with repeated ligation doses (relative to) may reflect
circularized S3 becoming entangled with longer strands.
Entangling complicates attempts to quantify ligation perform-
ance. Additionally, as ligation approaches completion,
remaining smaller ligation product bands may increasingly
reflect finite crystal size effects rather than incomplete ligation
chemistry yield. Even in a hypothetical fully ligated crystal,
some strands would be short due to intersections with the
crystal surfaces. We attribute the notable remaining population
of small species as originating from these finite crystal effects or
perhaps from incomplete phosphorylation. While we did not
attempt to further quantify the ligation yield for crystals
subjected to 3 or 4 doses, we were able to estimate the ligation
product mole fractions for one or two EDC doses (Table S8).
Future work to accurately assess the yield for the in-crystal
ligation yield of circular S3 will require solution synthesis of
control circular S3 to establish how the circular strand runs on
these gels. We also performed the same experiment with 2
sticky base overhangs and 5′ terminal phosphates. As with the
Strand 1 ligations, after four EDC doses, the 3′ phosphates
resulted in more ligation than the 5′ phosphates (Figure S9).

Further studies are needed to determine the effects of EDC
ligation on X-ray diffraction quality for pure DNA crystals. As
previously noted by Ohayon et al., tensegrity triangle crystals
have marginal X-ray diffraction resolution.28 In limited testing
of the non-cross-linked crystals, we have not obtained
diffraction suitable for structure determination. For future
investigation of EDC chemical ligation of DNA crystals, it may
be advantageous to select an alternative DNA crystal with
more favorable initial diffraction.
Post-Ligation Stability in Harsh Conditions

For biomedical applications, engineered biomolecular crystals
should be robust in solution conditions other than their growth
solutions. After EDC ligation, the cocrystals and DNA crystals
were subjected to both an ion-free environment (deionized
water) and to blood serum (bovine calf). Cross-linked DNA
crystals with 2 sticky base overhangs and 3′ phosphates on

each strand with two doses of EDC ligation (sister crystals of
the ligation in Figure 4B Lane 6) showed amazing stability in
these harsh conditions (in contrast to the immediate
destruction of nonligated crystals) (Figure 5). The stability

in these cross-linked DNA crystals can only be attributed to
the addition of ligation (compared to the cocrystals which may
also benefit from protein−protein cross-links).

DNA crystals with a terminal phosphate on only strand 1
(2SB S1(3′P)-S2-S3) were also subjected to water and blood
serum (Figure S10). When quenching the EDC reaction in 50
mM tris base pH 8.3, the cross-linked DNA crystals (2SB
S1(3′P)-S2-S3) visibly cracked. After adding these crystals to
water, their macrostructure was expanded and remained as
such for 20 days. In blood serum, the cross-linked crystal (2SB
S1(3′P)-S2-S3) maintained the parallelepiped macrostructure
for 20 days. Tunable degradation may be feasible by tuning the
ligation yield, which would enable certain applications (e.g.,
extended release of therapeutic cargo molecules).

Cocrystals with varied sticky base overhangs and terminal
phosphorylation status were subjected to four harsh con-
ditions: ion-free environment (water), blood serum, stomach
acid mimic (pH 2.0), and lysosomal fluid mimic (pH 4.5).
Non-cross-linked cocrystals degraded rapidly in all four
conditions (Figure S11). After the cocrystals were cross-linked
with two doses of EDC (30 mg/mL EDC for 12 h), quenched
in 50 mM tris base pH 8.0, and washed in a growth solution
mimic, the crystals were transferred to the harsh conditions. In
Figure 6, we highlight the incredible stability of cross-linked
cocrystals with 2 sticky base overhangs and 3′ terminal
phosphates. In all four harsh conditions, the crystals maintain
their macrostructure after 21 days (albeit with an arguably
expanded structure in pH 2.0) (Figures S12−S15). Directly
assessing crystal size and shape is challenging due to the crystal
habit, which presents a different cross-section shape depending
on the viewing angle. In a more detailed analysis (Figures
S12−S15), the only crystal that appeared to (arguably) change
size was the crystal incubated in pH 2.0, where the unfolding of
the protein might be responsible for the size change.

It is important to note that control cocrystals without
terminal phosphates were also stabilized by the two doses of
EDC ligation. Therefore, we cannot attribute the full stability

Figure 5. DNA crystals in water and blood serum. Comparison of
native and cross-linked crystal stability in harsh conditions. The DNA
crystals had 2 sticky base overhangs and 3′ terminal phosphates on
each strand (2SB S1(3′P)-S2(3′P)-S3(3′P)). Crystals were cross-
linked with 2 doses of 30 mg/mL EDC for 12 h. After quenching the
EDC reaction in the tris base, crystals were transferred to the ligation
wash solution (without EDC). All scale bars are 100 μm.
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of the cocrystals to DNA ligation. While some cocrystal
stability can be attributed to the protein components, it is not
obvious from the crystal structure which intermolecular
protein−protein cross-links might be responsible. Regardless,
the stability provided by EDC cross-linking in cocrystals may
make them useful for biomedical applications.

■ CONCLUSIONS
In this study, chemical EDC ligation was shown to be effective
in two crystal classes that contain DNA blocks stacking end-to-
end. The roles of sticky base overhangs and terminal
phosphate placement were assessed. In DNA crystals, two-
base sticky overhang junctions with 3′terminal phosphates
outperformed the alternatives (1 sticky base or 5′ phosphates).
With 3′ terminal phosphates at each DNA junction in the
DNA crystal, the apparent ligation yield was very high after 3
EDC doses (though bands attributed to monomer strands
were still visible, potentially due to finite crystal effects).
(Figure 4). In cocrystals, ligation yield trends as a function of
sticky overhang length were not readily apparent in gel
electrophoresis analysis after one EDC dose. However, after 2
EDC doses, a marked increase in ligation yield was observed
for crystals with 2 sticky base overhangs and 3′ terminal
phosphates. As in our first study of EDC ligation in
cocrystals,26 3′ terminal phosphates exceeded the ligation
yields of 5′ terminal phosphates.

Advantages of EDC ligation include facile transport into
small solvent pores, maintained crystal nanoscale assembly and
X-ray diffraction quality, and reaction tunability for the crystal
target and crystal application. Additionally, the short half-life of
EDC and post-ligation washing of crystals eliminate unreacted
carbodiimide as well as the reaction product.36 Lastly, we note
that prior cytocompatibility testing of EDC cross-linked
protein crystals revealed negligible toxicity.37 Li et al.
previously ligated porous DNA crystals with T4 DNA ligase.20

While the PDB lacks a crystal structure for the 4-turn DNA
crystal ligated by T4 DNA ligase, it surely has a maximum
guest diameter that significantly exceeds the maximum guest
diameter for the 3-turn DNA crystal (∼5.7 nm from the
MAP_CHANNELS35 analysis of PDB entry 3ubi). Here, we
show EDC chemical ligation in DNA crystals, a method
feasible for crystals with smaller pore sizes. Specifically, we can
estimate the maximum solvent channel diameter for the
interpenetrating CC1 crystals as ∼2 nm using MAP_CHAN-

NELS.35 We also report successful ligation of each symmetry
distinct junction within tensegrity triangle crystals. For
engineering purposes, EDC ligation opens the flexibility of
terminal phosphorylation status (varying 5′ or 3′ phosphates),
and the nick site can hypothetically be in a less accessible site
(compared to the case for T4 DNA ligase).

In addition to optimizing the crystal building units for
ligation, we found that a gentle buffer exchange was necessary
for both crystal types to achieve chemical ligation. Li et al.
ligated porous DNA crystals with enzymatic ligation, but they
specifically needed to avoid salt concentrations higher than 100
mM Mg(II), as it would interfere with T4 DNA ligase.20

Although Mg(II) also decreased EDC ligation yields for
crystals with 5′ phosphates, we were able to remove Mg(II) for
successive cross-linking rounds in pursuit of higher ligation
yields.

For biomedical applications, cocrystals were shown to be
robust in deionized water, blood serum, and at low pH (pH 2.0
or pH 4.5). Further studies may assess the cytocompatibility of
cross-linked DNA crystals and cocrystals in vivo for drug
delivery. In theory, ligation yields should be tunable for the
application needed, including controlled crystal degradation.
For some applications, it would be advantageous to reduce the
EDC dose to shorten the crystal longevity.
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