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Abstract: Protein and DNA co-crystals are most commonly prepared to reveal structural and func-
tional details of DNA-binding proteins when subjected to X-ray diffraction. However, biomolecular
crystals are notoriously unstable in solution conditions other than their native growth solution. To
achieve greater application utility beyond structural biology, biomolecular crystals should be made
robust against harsh conditions. To overcome this challenge, we optimized chemical DNA ligation
within a co-crystal. Co-crystals from two distinct DNA-binding proteins underwent DNA ligation
with the carbodiimide crosslinking agent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
under various optimization conditions: 5′ vs. 3′ terminal phosphate, EDC concentration, EDC incuba-
tion time, and repeated EDC dose. This crosslinking and DNA ligation route did not destroy crystal
diffraction. In fact, the ligation of DNA across the DNA–DNA junctions was clearly revealed via
X-ray diffraction structure determination. Furthermore, crystal macrostructure was fortified. Neither
the loss of counterions in pure water, nor incubation in blood serum, nor incubation at low pH (2.0 or
4.5) led to apparent crystal degradation. These findings motivate the use of crosslinked biomolecular
co-crystals for purposes beyond structural biology, including biomedical applications.

Keywords: co-crystal engineering; chemical ligation; bioconjugation; X-ray diffraction; DNA;
DNA-binding protein

1. Introduction

Beyond serving as the fundamental components of life, proteins and DNA are also key
building blocks for nanoscale self-assemblies. Biomolecular assemblies, ranging from 2D
arrays to 3D crystals, are useful tools for structural biology, bio-catalysis, and biomedical
applications [1–3]. Porous biomolecular crystals can even act as macromolecular scaf-
folds [4], providing structural details to guest macromolecules [5]. However, downstream
applications of interest, including X-ray diffraction, are hindered by crystal fragility and
intolerance to solvent conditions other than the crystal growth solution. In this study, we
establish a protocol for the chemical ligation of DNA inside of crystals and we demonstrate
structural resilience of crosslinked co-crystals which may further their application utility.

DNA assembly stability is a limiting factor for DNA nanotechnology and DNA crystals.
While coding DNA sticky base overhangs can drive self-assembly, the non-covalent DNA
base stacking interactions and Watson–Crick hydrogen bonds that stabilize the junctions
are only stable under specific conditions. For example, crystallization conditions for
DNA crystals typically feature high concentrations of divalent cations such as Mg(II) to
balance the negative phosphate backbone of DNA [6]. DNA–protein co-crystals may be
similarly reliant on counterions, particularly if counterions stabilize the DNA–protein
binding event [7]. Crystal forms that bring DNA building blocks into close proximity
are very sensitive to the counterion environment, and often dissolve or convert into a
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disordered aggregate when placed in water. To maximize application versatility, DNA
structures should ideally be robust to solution variations, not just ionic strength but also
temperature and pH [1]. Introducing covalent bonds across DNA–DNA interfaces has the
potential to dramatically improve crystal macro-structure stability and could also improve
X-ray diffraction.

Bioconjugation, or crosslinking, is a well-established strategy to improve the structural
integrity of protein and DNA crystals [8]. The protein–protein interfaces found within
protein crystals tend to be rich in primary amines and carboxylic acids. If all neighboring
building blocks can be covalently linked, the resulting covalent organic framework can be
a robust material. In traditional protein X-ray crystallography, glutaraldehyde, a highly
reactive crosslinker, can increase crystal stability in varying solution conditions, and can
even improve diffraction resolution [9,10]. In our previous work on protein crystals, we
have found that glyoxal offers an effective alternative to glutaraldehyde [11,12]. Chemical
crosslinking and photo-crosslinking methods for DNA crystals are also established in the
literature [13–15]; however, we wanted to focus on a protocol in which the crosslinking
does not require a specific sequence of DNA and does not add atoms to the structure (a
zero-length crosslink).

Arguably the most natural form of sequence-independent DNA crosslinking is ligation,
where the nicks dividing stacked dsDNA blocks are removed to generate longer contiguous
DNA strands. For example, Li et al. used T4 DNA Ligase to ligate the DNA junctions
within highly porous DNA crystals [16]. This elegant approach is limited to crystals that
have large enough solvent channels for enzyme ingress. Here, we sought to optimize a
chemical ligation alternative to the use of ligase that would be applicable to crystals with
both large and small pores.

Our chemical ligation chemistry relies on 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), a water-soluble carbodiimide [8]. EDC is widely used, especially in protein con-
jugation, to crosslink primary amines to carboxylic acids. A less common chemistry for
EDC is the activation of a terminal phosphate such that a suitably placed nucleophile can
displace the leaving group [17]. When that nucleophile is the hydroxyl of a neighboring
DNA strand, this chemistry results in a zero-length crosslink: a scar-less chemical ligation
of DNA (Figure 1). EDC has been used to ligate dsDNA hairpins in solution [17], to link the
phosphate backbone of stacked DNA in liquid crystals [18] and to stabilize a 600 nucleotide
DNA origami structure [19]. Our work represents the first ligation via EDC of co-crystals
containing protein and DNA. We show that EDC crosslinking dramatically increases crystal
stability at the macroscale and does not prevent destroy the crystal nanostructure (i.e.,
treated crystals are still suitable for study via X-ray diffraction).

To demonstrate generality, we chemically ligate two different co-crystals of DNA-
binding proteins containing stacked DNA–DNA interfaces (Figure 2). For convenience, we
will refer to crystals of the RepE54 transcription factor bound to cognate 21-mer dsDNA as
Co-Crystal One (CC1) (Figure 2A–D) and we will refer to crystals of the E2F8 transcription
factor bound to cognate 15-mer dsDNA as Co-Crystal Two (CC2) (Figure 2E–G). The
asymmetric unit for each co-crystal consists of a DNA-binding protein and short, cognate
DNA duplex. Both co-crystals have existing models in the Protein Data Bank (PDB). CC1 is
closely related to existing PDB entry 1rep, though the 1rep model corresponds to a crystal
with differing DNA at the junction (Table S1). CC2 is identical to existing PDB entry 4yo2.
The CC1 and CC2 crystals used in this study consist of dsDNA that is either blunt-ended or
carries terminal 5′ or 3′ phosphates (Figure 3). In each co-crystal system, the crosslinking
variables tested were terminal 5′ vs. 3′ phosphates, crosslinking time, EDC concentration,
and repeated EDC dose. After EDC crosslinking, co-crystals had dramatically increased
structural integrity with respect to changes in the solution condition.

To show foundational feasibility for biomedical applications, we demonstrated that
crosslinked co-crystals remain robust in aqueous environments, blood serum, and at pH
values found in the stomach (pH 2.0) or lysosomes (pH 4.5). Therefore, the EDC crosslinking
results provided here may justify further investigation of chemically ligated co-crystals
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or pure DNA crystals as biomaterials. For scaffold-assisted crystallography [3] it is also
important to note that the crosslinked co-crystals still diffracted X-rays. The crosslinked
crystals tested here diffracted nearly as well as non-crosslinked crystals (anecdotally, a
typical ~0.3 Å resolution difference). Additionally, we showed that this chemical ligation
method is independent of the DNA sequence at the DNA–DNA junction. For example,
despite differing DNA sequences at the junctions of CC1 and CC2, chemical ligation was
effective in both cases. In summary, EDC ligation is a practical approach for crosslinking
DNA inside of crystals and the optimized chemical crosslinking shown can provide the
stability needed for diverse downstream applications.

Figure 1. The mechanism of chemical DNA ligation with EDC. (A) A terminal 5′ hydroxyl and a
terminal 3′ phosphate on neighboring DNA chains. The phosphate interacts with EDC to form an
intermediate (B) and the hydroxyl displaces the reactive intermediate to form a zero-length crosslink
(C) between the two DNA chains. R1 is the nucleobase and R2 is the phosphate backbone.
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Figure 2. (A) The building block for co-crystal 1 (CC1) consists of the RepE54 transcription factor
bound to 21-mer cognate DNA (represented here by PDB entry 1rep). (B) A collection of neighboring
CC1 unit cells oriented to show the DNA stacks in 2 dimensions, with protein at 50% transparency.
(C) The CC1 lattice has C121 symmetry, and all DNA–DNA junctions are symmetry equivalent to
(D) the single DNA–DNA junction shown here. (E) The building block for co-crystal 2 (CC2) consists
of the E2F8 transcription factor bound to 15-mer cognate DNA (represented here by PDB entry 4yo2).
(F) A collection of neighboring CC2 unit cells oriented to show the DNA stacks in two dimensions,
with protein at 50% transparency. (G) The CC2 lattice has P3221 symmetry, and all DNA–DNA
junctions are symmetry equivalent to the single DNA–DNA junction shown here. Images were
generated in PyMOL.

Figure 3. Examples of six co-crystal variants relative to a 100 micron scale bar. The CC1 crystals
have C121 symmetry and tend to grow as monoclinic prisms: (A) CC1 without terminal phosphates,
(B) CC1 with terminal 5′ phosphate, and (C) CC1 with terminal 3′ phosphate. In contrast, CC2
crystals have P3221 symmetry and tend to grow as truncated hexagonal prisms: (D) CC2 without
terminal phosphates, (E) CC2 with terminal 5′ phosphate, and (F) CC2 with terminal 3′ phosphate.
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2. Materials and Methods
2.1. Protein Cloning, Expression, and Purification

The protein sequence (Protocol S1) of RepE54 transcription factor (CC1 protein) from
PDB code 1rep was cloned into a PSB3 vector with a N-terminal 6-Histag [20,21]. The
Histone Source at Colorado State University expressed and purified CC1 protein as follows.
E. coli CodonPlus RIPL competent cells were transformed with the CC1 protein expression
plasmid and grown at 37 ◦C to a density of OD600 0.6 in 2xYT broth containing Ampicillin
(100 mg/L) and Chloramphenicol (25 mg/L). Isopropyl-β-D-thiogalactoside (IPTG) was
added at 0.4 mM and the culture was continually shaken at 37 ◦C for 3 h. Cells were
harvested by centrifugation and resuspended in PBS buffer supplemented with 300 mM
NaCl, 0.2 mM AEBSF, and 5 mM B-mercaptoethanol and were homogenized by sonication
at 50% output (10 cycles of 45 s on, 120 s off). Lysate was recovered by centrifugation
at 27,000× g for 25 min. The supernatant was loaded onto Ni Excel Sepharose resins
(CV = 15 mL, Cytiva), washed and eluted by a linear gradient of 0–500 mM imidazole in
resuspension buffer. The fractions containing CC1 protein were pooled, concentrated using
Amicon Ultra-15 10 kDa MWCO centrifugal filter unit (EMD Millipore) and loaded onto a
size-exclusion HiLoad Superdex 200 PG column (Cytiva) equilibrated with sodium citrate
buffer (100 mM Sodium citrate pH 6.2, 100 mM KCl, 10 mM MgCl2 and 10% glycerol).
Fractions containing CC1 protein were collected, concentrated to 15 mg/mL, and stored at
−80 ◦C after freezing with liquid nitrogen.

The E2F8 transcription factor (CC2 protein) plasmid was graciously donated by the
Taipale Lab (Protocol S1). The protein was expressed and purified based on previous
guidelines [22]. CC2 protein with a TEV protease-cleavable N-terminal thioredoxin tag
was expressed with a T7 promoter in E. coli BL21(DE3) cells. Upon addition of 0.5 mM
IPTG, the cells were outgrown at 25 ◦C for 20 h. The cell pellets were sonicated in lysis
buffer and applied to HisTrap (HisPur™ Ni-NTA Resin) equilibrated with HisTrap buffer
(500 mM NaCl, 100 mM HEPES, 10 mM imidazole, 10% glycerol, 0.5 mM TCEP, pH 7.5).
The protein was eluted with 200 mM imidazole in HisTrap buffer. CC2 protein was TEV
cleaved from thioredoxin during dialysis using Snakeskin MWCO 10 kDa into HisTrap
buffer. The cleaved product was separated from thioredoxin and TEV Protease by HisTrap,
eluting with addition of HisTrap buffer. The CC2 protein was purified further with Nuvia™
cPrime™ Hydrophobic Cation Exchange Media, equilibrated with cation exchange buffer
(50 mM NaCl, 100 mM HEPES, 10% glycerol, 0.5 mM TCEP, pH 7.5), and eluted with
100 mM NaCl in cation exchange buffer. The fractions containing CC2 protein were pooled,
concentrated using Amicon Ultra-15 10 kDa MWCO centrifugal filter unit (EMD Millipore)
and loaded onto a size-exclusion HiLoad Superdex 200 PG column (Cytiva) equilibrated
with CC2 storage buffer (150 mM NaCl, 20 mM HEPES, 5% glycerol, 0.5 mM TCEP, pH 7.5).
Size exclusion was completed at CSU’s Histone Source. Fractions containing CC2 protein
were collected, concentrated to 10 mg/mL, and stored at −80 ◦C after flash freezing with
liquid nitrogen.

All protein sample purification was analyzed with SDS-PAGE (NuPAGE™ 4–12%
Bis-Tris Gel) with MES SDS running buffer. Gels were stained with Imperial™ Protein stain.
Protein concentrations were determined with Bradford Assay using Coomassie Plus™
Protein Assay Reagent.

2.2. DNA Duplex Annealing

DNA duplex sequences are given in Figure 2 and Table S1. The RepE54 co-crystal
oligomers were designed from the original 22-mer in PDB code 1rep [20]. All sequences
contained the 19 bp iteron sequence for DNA–protein binding, but the original duplex
was truncated from a 22-mer to a 21-mer to eliminate an unresolved dangling base and
to give a blunt ended DNA interaction for crosslinking. The E2F8 transcription factor
co-crystal oligomers were the original duplex found in PDB code 4yo2 [22]. The CC1 and
CC2 oligomers were synthesized and HPLC purified by Integrated DNA Technologies with
termini containing no phosphates, 5′ phosphates, or 3′ phosphates. The oligomers were
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resuspended: CC1 oligomers in 50 mM Tris HCl, 100 mM KCl pH 7.0 and CC2 oligomers in
10 mM Tris base, 150 mM NaCl, 1 mM EDTA pH 7.5. The DNA duplexes were annealed by
combining cognate ssDNA oligomers in a 1:1 molar ratio, heating to 94 ◦C for 2 min then
slowly cooling to room temperature over approximately 60 min. The final concentration of
CC1 and CC2 duplexes were 4 mM and 1 mM, respectively. DNA stocks were quantified
with a Qubit4 (Qubit™ 1× dsDNA HS Assay Kit).

2.3. DNA–Protein Complex Co-Crystallization

All co-crystals were grown via sitting drop vapor diffusion. At 30 min prior to crystal
plate setup, the protein and DNA were incubated at a 1:1.2 molar ratio. The DNA–protein
complexes were kept on ice for 30 min prior to use. CC1, RepE54 transcription factor co-
crystal, crystallization conditions were 30–120 mM MgCl2, 2–16% PEG 400 and 100–220 mM
Tris HCl pH 8.0. CC2, E2F8 transcription factor co-crystal, crystallization conditions were
40–300 mM ammonium sulfate, 5% PEG 400, 5–20% PEG 3350, and 80 mM HEPES pH 7.1.
Crystals grew to a size of 50–150 µm3 in a range of 24 h to 7 days.

2.4. EDC Crosslinking Co-Crystals

Co-crystals were washed in conditions similar to crystal growth conditions where
growth buffer components that interfere with crosslinking were substituted (i.e., primary
amines, carboxylic acids, and divalent cations). The CC1 wash solution consisted of
30–120 mM NaCl (substituting for MgCl2), 2–16% PEG 400 and 100–220 mM MES pH 6.0
(substituting for Tris HCl pH 8.0). The CC2 wash solution consisted of 20–300 mM lithium
sulfate (substituting for ammonium sulfate), 5% PEG 400, 10–30% PEG 3350 (an increase of
10% PEG 3350 compared to the growth solution), and 80 mM MES pH 6.0 (substituting for
HEPES pH 7.1). The 10% additional PEG 3350 for CC2 appeared to prevent the crystals
from degrading upon addition of the wash. The co-crystals were washed in 9-well glass
plates (Hampton) to remove additional protein and DNA monomers and unwanted buffer
components. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Advanced Chemtech
CAS#:25952-53-8) was resuspended in the wash solution to final concentration values
ranging from 5 to 80 mg/mL and used immediately. The co-crystals were crosslinked in a
200 µL EDC solution volume for varying time points. The co-crystal crosslinking reaction
was quenched by moving crystals to 1× Tris-Borate-EDTA (TBE) buffer pH 8.3 containing
3.5 M urea.

2.5. DNA Gel Electrophoresis and Densitometry

Crosslinked co-crystals were dissolved in 3.5M Urea in 1× TBE supplemented with
Proteinase K and incubated at 50 ◦C overnight. When crystals were too robust to dissolve
under these harsh conditions, the crystals were heated to 94 ◦C for 1 h and glass crystal
crushers (Hampton) were used to crush the crystals prior to chemical and enzymatic
attack. The crystals were analyzed with 10% or 15% Novex™ TBE-Urea Polyacrylamide
Gel Electrophoresis (PAGE) with 1× TBE running buffer. DNA ladders were GeneRuler
Low Range DNA Ladder (Thermo Scientific, Houston, USA) for CC1 gels and Ultra Low
Range DNA Ladder (Invitrogen) for CC2 gels. The control lanes included 1-mer dsDNA
and 2-mer dsDNA, prepared by annealing oligos as mentioned in Section 2.3 (Table S1
Duplex IDs 1.1, 1.4, 2.1, and 2.4). Gels were incubated with 3 × GelRed™ Nucleic Acid Gel
Stain and imaged with a UVP Bioimaging System on the Ethidium Bromide setting. For
further validation, selected ligation products for CC1 were also analyzed with a TapeStation
D1000 ScreenTape assay (Agilent) (Figure S1) at CSU’s Next Generation Sequencing Core.
The gels and TapeStation were analyzed via densitometry.

2.6. DNA Gels and Densitometry

For densitometry, we used ImageJ (1.52 k) to obtain raw x,y,intensity values for
the gels shown in Section 3.1. We averaged these data over x values and used custom
Python scripts (within “cocrystal_ligation_scripts.zip” hosted on Zenodo [23]) as well as
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the lmfit module [24] to obtain non-linear best fits of the gel intensity. Specifically, we
modeled peaks using Gaussian functions. We also modeled the background using diffuse
Gaussian functions. Crystals with more crosslinking produced overlapping gel bands for
higher-order ligation products. One of the benefits of using a mathematical curve fitting
framework is our ability to fit (albeit approximately) these populations. Specifically, we
fit the peak position trend using the well-separated gel bands corresponding to smaller
ligation products. Then, we fit the highly overlapping region using extrapolated peak
positions with fitting parameter restrictions implemented via lmfit. Inspection of the fitting
results (Figure S2) gave us confidence that higher-order band intensity fit was reasonable.

In principle, longer DNA ligation products can adsorb a greater number of GelRed
fluorophores, proportionally with the DNA length. Ignoring this effect might cause us to
overestimate the ligation yield. Accordingly, we proceeded to normalize the estimated
molar ratio of the ligation products (Section 3.2) by dividing each band intensity by the
assigned DNA block size (divide by N for N-mer DNA blocks). The raw band intensity fits
are provided in Table S2.

2.7. Random Ligation Model

As exemplified in Section 3.2, the densitometry data could be interpreted in terms of
the relative population of unfused DNA, ligated 2-mer, ligated 3-mer, etc. We sought to
interpret these data in terms of the likely percentage of the dsDNA-dsDNA interfaces that
have gained at least one covalent bond via EDC ligation. First, we used the estimated molar
ratio of products from gel densitometry to estimate the fraction of potential ligation sites
that were ligated. Second, to compute the expected distribution of fused DNA blocks of
varying length, we implemented a simple 1D simulation in Python (Protocol S2, also within
“cocrystal_ligation_scripts.zip” [23]) in which all 85712 nicks between DNA blocks in a 1D
stack of 42,857 blocks (a 300 micron stack) were equally likely to be randomly removed in
each unit of time. This “random ligation model” is arguably the least complex theoretical
model for the crosslinking process, ignoring transport phenomena and assuming that
all possible ligation sites throughout the crystal undergo ligation randomly with equal
probability per unit of time. We also developed a biased ligation model in which sites near
the crystal interior are less likely to be ligated than sites near the crystal surface (Protocol
S3, also within “cocrystal_ligation_scripts.zip” [23]).

2.8. X-ray Diffraction Data Collection, Refinement and Omit Maps

Single-crystal X-ray diffraction (XRD) data were collected for CC1 crystals containing
5′ and 3′ terminal phosphates. Crosslinked crystals with 3′ terminal phosphates were also
analyzed via XRD. Crystals were briefly swished through cryo-protectant solution (300 mM
MgCl2, 30% PEG 400, and 100 mM Tris HCl pH 8.0) and flash-frozen in liquid nitrogen.
Frozen crystals were stored in Rigaku ACTOR Magazines (Mitegen) and shipped to the
Advance Light Source Beamline 4.2.2 for data collection. Full datasets were collected on a
CMOS detector from 0 to 180 degrees with an omega delta of 0.2◦ and an exposure time of
0.3 s. Data were processed with XDS [25] and molecular replacement and refinement within
PHENIX [26] and COOT [27]. As a result, the original co-crystal for RepE54 transcription
factor (2.60 Å PDB code 1rep) was updated with a higher-resolution structure (1.89 Å
PDB code 7rva). The updated structure was solved with molecular replacement using
the PDB code 1rep. CC1 crystal structures containing 5′ or 3′ terminal phosphates were
solved via molecular replacement in PHENIX using the updated original CC1 as a starter
model. For all structures, the same R-free flags were used during refinement in PHENIX
and COOT. Structure factor data were truncated using I/sigma(I) >1.5 as a cutoff. The
resulting structures were of: CC1 with terminal 5′ phosphates (PDB code: 7sgc), CC1 with
terminal 3′ phosphates (PDB code: 7sdp), low EDC crosslinked (5 mg/mL EDC, 12 h) CC1
with terminal 3′ phosphates (PDB code: 7soz), and heavy EDC crosslinked (30 mg/mL
EDC, 12 h, two doses) CC1 with terminal 3′ phosphates (PDB code: 7spm). Standard X-ray
diffraction data quality statistics are provided in Tables 1 and 2.
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Omit maps were generated for each structure, shown in Section 3.3. To prevent
bias of the electron density at the junctions in crosslinked structures, discovery and omit
maps were generated with structures containing no terminal phosphates. After generating
discovery and omit maps, the terminal phosphates were added to the structures and refined
for submission to the PDB. In the final PHENIX refine of heavy crosslinked CC1 terminal
3′ phosphates, a custom geometry bond restraint was added because the electron density
indicated ligation at both junctions. The terminal 3′P and flanking 5′OH were given a
bond length restraint of 1.59 Å, the ideal length of the phosphate-oxygen bond in the DNA
backbone [28].

Table 1. X-ray diffraction statistics for the updated original CC1 crystal, the CC1 crystal with terminal
5′ phosphates, and the CC1 crystal with terminal 3′ phosphates.

Updated CC1 Original
PDB Code 7rva

CC1 5′p
PDB Code 7sdp

CC1 3′p
PDB Code 7sgc

Data collection
Light source Synchrotron Synchrotron Synchrotron

Wavelength (Å) 1.0 1.0 1.0
Resolution range (Å) 33.78–1.89 (1.958–1.89) * 34.45–2.7 (2.796–2.7) * 37.68–3.01 (3.118–3.01) *

Space group C 1 2 1 C 1 2 1 C 1 2 1
Unit cell dimensions

a, b, c (Å) 107.578 80.715 73.299 109.161 83.051 74.349 109.142 83.089 74.593
α, β, γ (◦) 90 122.63 90 90 123.948 90 90 122.691 90

Total reflections 152,923 (15,187) 51,877 (5051) 40,979 (3834)
Unique reflections 41,778 (2501) 14,436 (1425) 11,132 (1074)

Multiplicity 3.7 (3.6) 3.6 (3.5) 3.7 (3.5)
Completeness (%) 90.98 (59.52) 93.97 (92.88) 98.37 (94.79)
Mean I/sigma(I) 10.77 (1.71) 13.56 (1.69) 11.45 (1.67)
Wilson B-factor 32.28 61.1 57

R-merge 0.05735 (0.7813) 0.06375 (0.7563) 0.1406 (1.383)
R-meas 0.06726 (0.9191) 0.07496 (0.8954) 0.1652 (1.638)
R-pim 0.03484 (0.4793) 0.03905 (0.4741) 0.08579 (0.8663)
CC1/2 0.998 (0.749) 0.997 (0.669) 0.993 (0.574)
CC * 1 (0.926) 0.999 (0.895) 0.998 (0.854)

Refinement
Reflections used in refinement 38,499 (2501) 14,342 (1422) 11,060 (1074)

Reflections used for R-free 2007 (132) 752 (78) 586 (55)
R-work 0.2074 (0.5745) 0.1866 (0.3206) 0.1820 (0.3258)
R-free 0.2490 (0.5833) 0.2457 (0.4038) 0.2351 (0.3987)

CC (work) 0.972 (0.374) 0.968 (0.792) 0.973 (0.730)
CC (free) 0.937 (0.202) 0.964 (0.578) 0.929 (0.546)

Number of non-hydrogen atoms 2970 2800 2825
Macromolecules 2766 2770 2776

Ligands 3 3 2
Solvent 201 27 47

Protein residues 228 230 232
RMS (bonds) (Å) 0.009 0.011 0.012
RMS (angles) (◦) 1.11 1.3 1.35

Ramachandran favored (%) 98.14 95.85 95.43
Ramachandran allowed (%) 1.86 4.15 4.57
Ramachandran outliers (%) 0 0 0

Rotamer outliers (%) 0 0 0
Clashscore 3.14 8.45 8.41

Average B-factor 55.73 75.32 62.28
Macromolecules 56.07 75.49 62.69

Ligands 55.14 78.12 52.05
Solvent 51.08 57.85 38.7

Number of TLS groups 10 10 10

* Values in parentheses are for high-resolution shell.
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Table 2. X-ray diffraction statistics for the CC1 crystal with terminal 3′ phosphates and low crosslink
(5 mg/mL EDC for 12 h) and the CC1 crystal with terminal 3′ phosphates and heavy crosslink (two
doses of 30 mg/mL EDC for 12 h).

CC1 3′p
Low EDC Crosslink

5 mg/mL EDC for 12 h
PDB Code 7soz

CC1 3′p
Heavy EDC Crosslink

2 Doses of 30 mg/mL EDC for 12 h
PDB Code 7spm

Data collection
Light source Synchrotron Synchrotron

Wavelength (Å) 1.0 1.0
Resolution range (Å) 37.05–3.14 (3.252–3.14) * 33.78–3.28 (3.397–3.28) *

Space group C 1 2 1 C 1 2 1
Unit cell dimensions

a, b, c (Å) 111.993 79.181 74.903 110.817 80.174 74.723
α, β, γ (◦) 90 123.023 90 90 122.899 90

Total reflections 34,361 (3280) 31,305 (3106)
Unique reflections 9433 (884) 8467 (830)

Multiplicity 3.6 (3.6) 3.7 (3.7)
Completeness (%) 95.82 (90.02) 97.95 (93.58)
Mean I/sigma(I) 10.37 (2.22) 8.42 (2.09)
Wilson B-factor 83.36 94.48

R-merge 0.08469 (0.5434) 0.1187 (0.6541)
R-meas 0.09971 (0.6391) 0.1394 (0.7672)
R-pim 0.05208 (0.3334) 0.0724 (0.3973)
CC1/2 0.997 (0.946) 0.998 (0.94)
CC * 0.999 (0.986) 0.999 (0.984)

Refinement
Reflections used in refinement 9290 (857) 8356 (802)

Reflections used for R-free 498 (49) 448 (40)
R-work 0.1936 (0.3019) 0.2010 (0.3183)
R-free 0.2637 (0.3575) 0.2528 (0.3556)

CC (work) 0.982 (0.891) 0.985 (0.869)
CC (free) 0.915 (0.899) 0.987 (0.932)

Number of non-hydrogen atoms 2691 2649
Macromolecules 2687 2641

Ligands 1 1
Solvent 3 7

Protein residues 224 221
RMS (bonds) (Å) 0.012 0.015
RMS (angles) (◦) 1.49 1.63

Ramachandran favored (%) 91.28 91.16
Ramachandran allowed (%) 8.72 8.37
Ramachandran outliers (%) 0 0.47

Rotamer outliers (%) 0 0
Clashscore 14.36 14.92

Average B-factor 109.8 130.22
Macromolecules 109.91 130.43

Ligands 30 38.22
Solvent 38.28 63.68

Number of TLS groups 10 10

* Values in parentheses are for high-resolution shell.

2.9. Stability Assays

Crystals were crosslinked using the Section 2.4 protocol, with 15 mg/mL EDC for
20 h. The EDC reaction was quenched in 50 mM Tris base pH 8.0 for 30 min. The crystals
were equilibrated in crosslinking 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
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fluid pH), and blood serum (HyClone, bovine calf serum). Pictures for each trial are in
Figures S3–S6. Crystal pictures were obtained with a Moticam 3.0 MP camera attached to
a Motic SMZ-168 stereozoom microscope and crystal measurements were performed in
Motic Images Plus 2.0 (Figure S4 and Protocol S4).

3. Results
3.1. Chemical Ligation in Co-Crystals

Within our two co-crystal families (CC1 and CC2), we observed clear evidence of
chemical ligation of stacked DNA duplexes. Both co-crystals demonstrated broadly similar
ligation results, emphasizing the generality of this ligation method to co-crystals in which
blunt-ended DNA blocks are suitably positioned to resemble contiguous DNA. As shown
in Table 3, the PDB entries for the parent structures of both CC1 (7rva) and CC2 (4yo2) have
junction step geometry that is reasonably comparable to contiguous B-DNA as calculated
using x3DNA [29]. Except for the twist and roll across the CC2 junction (as seen in PDB entry
4yo2), all step geometry parameters are within 2 standard deviations of the B-DNA mean.
It is possible that other co-crystals in which the DNA–DNA junctions have a geometry less
like contiguous DNA would resist ligation. Additionally, in the preliminary crosslinking
tests shown here, the crosslinking was successfully independent of the sequence at the
DNA ends. CC1 has GC/CG flanking ends while CC2 has AT/TA flanking ends. The
sequence independence of this ligation strategy is advantageous for DNA structure design
projects where the junction sequence may be constrained for functional reasons. Table 3 also
reports an interesting asymmetry between the two nick sites at the DNA–DNA junctions
within the CC1 family of structures. We report the distance between C5′ and O3′ to avoid
relying on the less certain O5′ position. For calibration, an idealized B-DNA model from
x3dna had C5′ to O3′ distances of 2.73 Å for contiguous bases, but this span is variable
(2.99 ± 0.17 Å) elsewhere within the dsDNA of PDB entry 7rva. One of the two CC1 nick
sites, chain B, was invariably closer than chain A (e.g., 3.75 Å rather than 4.22 Å in CC1-3′P),
and electron density suggested that this shorter gap (chain B) was more readily ligated.

Table 3. DNA–DNA junction geometry parameters before and after phosphorylation and ligation.
The likelihood of successful chemical ligation for stacked DNA may depend on geometry details
across the junction. Here, we compare the geometry of the junction in the parent PDB models for
CC1 and CC2, as well as the blunt-ended 5′ or 3′ phosphorylated CC1 crystals, to the geometry of
contiguous bases in idealized B-DNA from Olson et al., 1998 [30]. The junctions are not symmetric,
and differing distances for the two nicks across the junctions are also shown.

Junction Parameters from
x3dna CC1 CC2 B-DNA * CC1-5′P CC1-3′P CC1-3′P EDC Heavy

PDB code 7rva 4yo2 7sgc 7sdp 7spm

Base pair step parameters GC/CG AT/TA GC/CG GC/CG GC/CG

Shift (Å) −0.03 0.36 0.0 ± 0.51 0.10 0.05 0.50

Slide (Å) −0.81 −1.27 0.35 ± 0.78 −1.00 −2.03 † −0.52

Rise (Å) 3.49 3.61 3.32 ± 0.19 3.78 † 3.56 4.02 †

Tilt (◦) 1.87 0.91 0.0 ± 3.4 2.51 0.72 1.72

Roll (◦) 1.25 −15.84 † 1.4 ± 5.1 1.94 4.03 2.10

Twist (◦) 36.64 20.95 † 35.4 ± 6.3 39.10 28.18 36.67

Nick distances C5′ to O3′

Chain A: (C for CC2) 3.64 3.71 2.73 4.01 4.22 3.46 ‡

Chain B: (D for CC2) 3.45 3.86 2.73 3.39 3.75 3.30 ‡

* Base pair step parameters from Olson et al. 1998 [30]. C5′ to O3′ distance from x3dna idealized B-DNA. † Values
differ from B-DNA by more than 2 standard deviations. ‡ Values are the distances in the refined “discovery”
models prior to addition of the 3′ phosphate (not PDB 7spm).
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EDC crosslinking was tested for both 5′ and 3′ phosphate laden crystals. For CC1, the
3′ phosphate resulted in superior ligation yield than the 5′ phosphate in each trial (Figures 4
and S7–S11). On the other hand, CC2 ligation yields had a modest difference in the ligation
yield for 3′ and 5′ phosphates. Given the limited dataset, it is premature to conclude that 3′

phosphates will typically give a higher ligation yield within co-crystals.
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Figure 4. TBE-urea gels of: (A) CC1; and (B) CC2 chemical ligation. In both co-crystals, additional
ligation was achieved with increased EDC concentration and a second EDC dose. (A) A 10% TBE-urea
gel of CC1 illustrating a much-improved ligation product distribution for 3′ vs. 5′ phosphates. (B) A
15% TBE-urea gel of CC2 illustrating a modestly improved ligation product distribution for 3′ vs. 5′

phosphates. Assigned band sizes are given in nt.

In both systems, DNA ligation was dependent on the presence of the terminal phos-
phates as well as on the crystal template; control crystals lacking terminal phosphates
yielded no observable ligation products (Figure S10). Additionally, freely diffusing DNA
blocks carrying terminal phosphates (but lacking the co-crystal scaffold) also yielded no
observable ligation products when exposed to EDC (Figure S10). This second control
demonstrated that the scaffold was necessary for ensuring efficient ligation of blunt-ended
DNA blocks. The absence of observable ligation for building blocks in the absence of the
crystal “scaffold”, precludes a systematic study of the effects of precursor ligation on crystal
growth. Future work will determine, as a function of sticky overhang length, the extent to
which blocks with sticky overhangs can be ligated within crystals and in solution.

Crosslinking reaction time was clearly and directly related to ligation reaction yield
during the first 12 h (Figure S7). It was less clear if reaction yield was further improved
by incubation beyond 12 h. Therefore, 12 h crosslinking incubations were used for the
subsequent ligation optimization trials.

In the next series of experiments, we optimized EDC concentration for maximum
ligation yield. We assayed the ligation product distribution as a function of concentration
from 5 mg/mL EDC to 80 mg/mL EDC. As hypothesized, increasing the concentration
of EDC increases the ligation of DNA duplexes in the co-crystals (Figures 4 and S8). In
CC1 trials, we did not see a noticeable increase in ligation beyond 30 mg/mL. However,
in CC2 trials, there was improved ligation at 60 mg/mL. We also subjected the co-crystals
to multiple fresh doses of EDC (30 mg/mL) to determine if we could achieve near 100%
ligation. For both co-crystal systems, multiple doses of EDC did increase ligation yields
(Figure S9) but did not approach 100% ligation yields.

Reaction buffer components were critical for successful ligation. We observed, at the
outset of this project, that the presence of magnesium chloride in the crosslinking buffer
appeared to interfere with the crosslinking reaction. This was problematic because the
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CC1 crystal growth conditions contain a significant amount of magnesium chloride. In
our crystallization trials, 30–120 mM magnesium chloride was required for growth [21].
Additionally, there is a structural Mg(II) at the DNA–protein interface coordinated by Glu77
and Asp81. To circumvent the apparent deleterious role of Mg(II) on CC1 crosslinking,
we replaced magnesium chloride with sodium chloride in the wash solution for all CC1
crosslinking trials. At the conclusion of the project, we again confirmed that Mg(II) was
deleterious to ligation by adding Mg(II) to the optimized ligation protocol. Specifically,
we verified that supplementing the crosslinking incubation buffer with 90 mM or 110 mM
MgCl2 noticeably reduced the ligation yield (Figure S11). The exact role of Mg(II) in
inhibiting the ligation reaction is not clear, but might involve reduced availability of the
nucleophilic phosphate groups.

3.2. Ligation Model Compared to Experimental Co-Crystal Ligation

The ligation product distributions we experimentally obtained should shed light on
the stochastic process of ligation. Using a destructive assay, densitometric analysis of
electrophoresis results on ssDNA recovered from dissolved crystals, we quantified the
population ratio of bands assigned to non-modified DNA blocks as well as fused 2-mer,
3-mer, etc. For selected gels, we also obtained TapeStation results (Figure S1). The relative
population of the end-product distribution was fairly consistent for gel band populations
measured with TBE-urea gels in ImageJ compared to the automated TapeStation analysis
(Figure S1).

Next, we sought to calculate a global performance metric for the ligation yield, PLIG,
as the fraction of all possible DNA–DNA nick sites throughout a crystal that were ligated.
To quantify the ligation yield throughout an entire crystal, we analyzed the implications
of the final DNA product distribution recovered after the crystal is dissolved and the
protein components are removed. If we count the number of DNA oligos of each length
(ni) that were present in the crystal, and we ignore edge effects, we can estimate the total
number of single-stranded breaks (SSB) as NSSB = ∑i ni. For the same crystal, the estimated
total number of original single-strand breaks (regardless of final ligation status) would be
NJXN = ∑i i·ni. For example, adding a single fused 3-mer to the crystal increases the SSB
tally by one, but increases the tally of all possible junctions by three. Then, to compute the
total probability of encountering SSB, we calculate:

PSSB =
NSSB
NJXN

=
∑i ni

∑i i·ni
=

∑i ni
∑i ni

∑i i·ni
∑i ni

=
1

∑i i·xi
(1)

In the final equation, xi is the mole fraction for i-mer oligos. Therefore, to estimate
the PSSB, we can use estimated mole fractions from electrophoresis and densitometry
(Figures S2 and 4 and Table 4). Accurately calculating PSSB does require including the
small mole fractions for higher-order products (Table S3) since longer products contribute
proportionally more to ∑i i·xi. To estimate the uncertainty in each PSSB, we used 500 numer-
ical trials in which random noise was added to i·xi to mimic the densitometry measurement
error. We used noise comparable to i·xi for the highest-order ligation products (normal
variate with standard deviation 0.03), such that the smallest i·xi values would regularly fall
to 0 after the addition of random noise.

Given the probability of encountering a single-stranded break in the crystal (PSSB), it
is trivial to calculate the probability of each terminal phosphate having undergone ligation
(PLIG), since PLIG = 1 − PSSB. In the context of the random ligation model (RLM), ligation
events throughout the crystal are independent and occur with equal probability at all nick
sites. This is a physically plausible model if the intra-crystal transport rate for EDC exceeds
the rate of reaction. Therefore, the incidence of double-stranded breaks within the crystal
should occur with the joint probability of independent events, PDSB = (PSSB)2.
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Table 4. Distribution of DNA block sizes as a function of crosslinking protocol and 3′ vs. 5′ terminal
phosphates. The data shown correspond with the gel lanes in Figure 4. The crosslinking protocols
low, medium, and high were 1 dose of 5 mg/mL EDC for 12 h, 1 dose of 30 mg/mL EDC for 12 h,
and 2 doses of 30 mg/mL EDC for 12 h each, respectively. The values in this table are weighted so
that the DNA length and dye intensity contributes to the final value. Unweighted values are found in
Table S2. The full table, including estimated mole fractions for higher-order products, is found in
Table S3. PSSB, PLIG, and PDSB were calculated for each crosslinked crystal sample. Uncertainties are
standard deviations in derived quantities after 500 trials in which noise (standard deviation 0.03) is
introduced into relative band intensities.

Parent Crystal CC1-3′P CC1-3′P CC1-3′P CC1-5′P CC1-5′P CC1-5′P

Crosslinking Protocol low medium high low medium high

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

1 58.7 30.0 24.9 98.6 91.6 82.1
2 18.7 16.8 14.9 1.4 7.3 9.9
3 15.2 15.3 15.6 1.0 6.3
4 5.0 11.0 11.0 0.2 1.5
5 2.4 6.3 8.4 0.2
6 6.5 6.9
7 4.4 5.8

8 and above 9.7 12.5

PSSB * 0.58 ± 0.01 0.28 ± 0.01 0.25 ± 0.01 0.99 ± 0.01 0.91 ± 0.02 0.78 ± 0.02
PLIG = 1− PSSB 0.42 ± 0.01 0.72 ± 0.01 0.75 ± 0.01 0.01 ± 0.01 0.09 ± 0.02 0.22 ± 0.02
PDSB = (PSSB)

2 0.33 ± 0.01 0.08 ± 0.01 0.06 ± 0.005 0.97 ± 0.02 0.83 ± 0.04 0.61 ± 0.03

Parent Crystal CC2-3′P CC2-3′P CC2-3′P CC2-5′P CC2-5′P CC2-5′P

Crosslinking Protocol low medium high low medium high

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

1 94.4 80.3 74.4 96.9 84.8 72.2
2 2.6 4.8 3.3 1.2 5.6 3.1
3 1.5 4.5 4.4 1.9 4.9 7.7
4 0.8 3.6 3.7 2.6 5.2
5 0.7 2.5 2.9 1.1 2.9
6 1.3 2.9 1.0 2.7
7 1.3 2.3 1.9

8 and above 1.7 6.1 4.3

PSSB * 0.90 ± 0.03 0.61 ± 0.03 0.45 ± 0.02 0.95 ± 0.02 0.75 ± 0.02 0.48 ± 0.01
PLIG = 1− PSSB 0.10 ± 0.03 0.39 ± 0.03 0.55 ± 0.02 0.05 ± 0.02 0.25 ± 0.02 0.52 ± 0.01
PDSB = (PSSB)

2 0.82 ± 0.05 0.37 ± 0.05 0.20 ± 0.02 0.91 ± 0.04 0.57 ± 0.03 0.23 ± 0.01

* Calculated from experimental mole fractions per Equation (1). Other probabilities are calculated using the
formulas shown. The double-strand break probability estimate makes the assumption that ligation probability
of both nicks at the same DNA–DNA junction are the same and independent. Uncertainty (∆) propogation:

∆PDSB =
√
(2·PSSB·∆PSSB)

2.

This analysis of the electrophoresis experiments suggests that ~75% of the terminal
phosphates within the most thoroughly crosslinked CC1-3′P crystal have undergone liga-
tion. Furthermore, ~94% of the DNA–DNA junctions in this crystal had at least one ligated
chain. The similarity in ligation yield for the medium- and high-dose cases leads to an
important question. What factors are limiting the yield? Incomplete ligation could result
if a random population of terminal phosphates are missing, or otherwise incapable of
on-target ligation. We used simulations to verify that the predicted RLM product ratio did
not change when we postulated that a random subset of nick sites is incapable of ligation.
This makes sense because junctions that are randomly selected to be incapable of ligation
are functionally equivalent to sites that are randomly selected to be ligated last.

It may also be possible that ligating one phosphate at a DNA–DNA junction would
negatively affect neighboring ligation probabilities. However, evidence for such allostery is
lacking. Instead, the observed product distributions for CC1 ligation outcomes (Table 4),
were close to the distributions predicted by the RLM (Figure S12). One small but consistent
deviation from the RLM was a lower 2-mer, and higher 3-mer population than predicted.
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This observation seems to preclude the simplest negative allostery scenario (where one liga-
tion event would reduce the probability at flanking sites). We cannot rule out the possibility
that this discrepancy is an artifact associated with the gel electrophoresis densitometry.

The CC2 ligation outcomes (Table 4) were significantly less consistent with distri-
butions predicted by the RLM. Once more, the 3-mer population was often higher than
expected, frequently exceeding the 2-mer population (which never happens in the RLM).
This effect also seemed to extend to anomalously common 4-mers. A more striking di-
vergence from the RLM prediction was the high population of non-ligated 1-mer blocks.
Regardless of the RLM fit, the significant difference between the 1-mer mole fractions and
the PSSB values obtained from all the mole fractions strongly implicates that the RLM is
lacking.

To investigate, we tested biased ligation model simulations. One possible explanation
is that the ligation outcomes were driven partially by kinetics and molecular transport
phenomena. Hypothetically, ligation sites near the crystal exterior might be more likely to
be ligated than possible sites near the crystal center since reactive molecules must traverse
the outer layers to react the interior. To determine the likely implications of this scenario, we
conducted biased random ligation simulations (Protocol S3) that increased the probability of
ligation events near the surface, decreased the probability at the center, and terminated the
random ligation process at a set PSSB threshold. Perhaps counterintuitively, this spatial bias
increased the predicted 1-mer mole fraction. A high 1-mer fraction is partially consistent
with the observed product distribution for CC2. The overall lower ligation yield achieved
for CC2 crystals compared to CC1 is also consistent with the hypothesis that the CC2 crystal
interior is systematically under-ligated. Alternately, it could be the case that one of the two
symmetry-distinct nick sites in the CC2 lattice has a significantly lower ligation yield, and
therefore one of the two DNA oligos will be over-represented in the 1-mer population.

3.3. Ligation Structural Details

Co-crystal structural details were revealed with X-ray diffraction at the Advanced
Light Source beamline 4.2.2. Electrophoresis data (Figure 4) suggest that the CC2 DNA is
stacked as intended. However, while high-resolution diffraction for CC2 crystals should be
possible (3.07 Å reported by Morgunova et al. (22)), our CC2 crystals have, to date, yielded
poor diffraction (>10 Å). Therefore, we chose to focus on the CC1 crystals as the model
crystals to observe ligation via X-ray diffraction”.

Here, we report five new crystal structures for CC1. We obtained a 1.89 Å dataset for
the original co-crystal, which revealed additional details beyond the original model (PDB
code: 1rep, 2.60 Å). Komori et al. varied the DNA building block to optimize resolution
(20), finding that dangling Ts resulted in the best data. Our updated structure provides a
rationale for this empirical observation. Specifically, one of the dangling T bases is resolved,
and participates in a crystallographic contact. Removing the dangling Ts decreased the
resolution of our native structures from 1.9 Å to 2.7 Å (CC1-5′p) or 3.01 Å (CC1-3′p). Once
crystals were crosslinked with low (15 mg/mL 12 h) and heavy (2 doses 30 mg/mL 12 h)
EDC, the crystals maintained diffraction, albeit with a moderate loss in diffraction (3.14 Å
and 3.28 Å, respectively).

Models were refined with PHENIX [26] and COOT [27]. The electron density for the
heavily ligated DNA junction was consistent with contiguous DNA, despite omitting the
terminal phosphate throughout prior refinement calculations. Figure 5 shows omit maps
where any terminal phosphates are omitted, along with the bases flanking the junctions.
The potential for overlapping electron density contributions from non-ligated and ligated
phosphates makes it difficult to quantify occupancy. Nonetheless, we observed clear trends.
Prior to ligation, the positions of 3′ phosphates (Figure 5C) or 5′ phosphates (Figure 5D)
were reasonably clear.
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Figure 5. Omit maps for (A) the CC1 DNA–DNA junction. (B) Our updated model for the original
structure resolves one of the dangling 5′ terminal bases (white sticks). Prior to ligation, CC1 crystals
grow with either (C) terminal 3′ phosphates or (D) terminal 5′ phosphates. Whereas (E) low dose
EDC ligation results in minor changes to the electron density for CC1 with 3′ phosphates, (F) high
dose EDC ligation results in electron density consistent with ligated DNA. Neighboring protein is
hidden for clarity. All meshes are omit maps (mFo-DFc) contoured at 3.0 rmsd. All four bases flanking
the junction (orange sticks) were omitted. To faithfully represent COOT contours in PyMOL, we
turned off automatic map normalization and instead set the contour level to 3.0 rmsd. Table S4 has
the corresponding e/Å3 values.

Consistent with the lower distance between C5′ and O3′ for chain B (Table 3), the
electron density was invariably higher for the right hand nick (chain B:chain B). When con-
toured at 3.0 rmsd, the omit map electron density was even contiguous for the non-ligated
CC1 3′P case (Figure 5C). Notably, the maps for crystals subjected to EDC (Figure 5E,F)
are discovery maps in the sense that the models were refined in the absence of terminal
3′ phosphates. After light ligation (Figure 5E), the omit map was not clearly changed.
However, after heavy ligation (Figure 5F), there was very strong electron density on the
right and solid electron density in the left. Phosphates were added prior to submission to
the PDB (entry 7spm) and our final refinement calculation for CC1 3′P High included bond
length restraints between the model and its symmetry neighbor to ensure a reasonable
phosphate geometry.
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It is somewhat remarkable that ligation was visible in the electron density trend
(Figure 5C–F), despite the incomplete ligation yield suggested by the electrophoresis data
(Table 4). In principle, the clarity of the ligation sites in the electron density maps may
vary depending on whether the X-ray beam is diffracting from a highly ligated region of
the crystal.

3.4. Co-Crystal Stabilization Effects from Ligation and Crosslinking

To determine if crosslinked co-crystals may be suitable for various applications, in-
cluding biomedical applications at physiologically relevant conditions, the co-crystals were
crosslinked (20 h, 15 mg/mL EDC) and subjected to a panel of harsh conditions: a stomach
acid mimic, a lysosomal fluid mimic, blood serum (bovine calf), and deionized water
(Figure 6). The conditions chosen, especially the stomach acid mimic and deionized water,
were challenging for native crystals (no crosslink) since DNA-containing crystals typically
require stabilizing counterions.

Figure 6. A survey of crosslinked crystals (15 mg/mL EDC 20 h) with terminal 3′ phosphates in four
stringent solutions. (A) CC1-3′p crosslinked crystals incubated in pH 4.5, pH 2.0 and water for seven
days and blood serum for twenty-four hours. (B) CC2-3′p crosslinked crystals incubated in pH 4.5,
pH 2.0 and water for seven days and blood serum for twenty-four hours.

In the stomach acid mimic (0.01 M hydrochloric acid pH 2), the non-crosslinked co-
crystals were observed to convert to an aggregate (Figure S4). Remarkably, in the stomach
acid solution, the entire set of crosslinked crystals demonstrated enhanced stability, not
dissolving even after 7 days. The 3′ phosphate crosslinked crystals did not change macro-
structure for at least 5 days in the harshly acidic environment (Figure S4). Co-crystals
without phosphates were also crosslinked and these crystals expanded dramatically in the
acidic environment after 24 h (~430 ± 70% volume change), demonstrating the importance
of the DNA ligation for crystal stability. Crosslinked co-crystals also maintained integrity
in a lysosomal mimic buffer (pH 4.5) and blood serum with no measurable changes to the
crystal dimensions after 24 and 72 h, respectively (Figures S5 and S6).

In deionized water, the co-crystal stability resulting from crosslinking was exceptional
(Figures 7 and S3). Within one minute of transferring co-crystals to deionized water, non-
crosslinked crystals (except for interesting exception CC2-3′P) completely dissolved or
were converted to an aggregate. When the co-crystals were crosslinked (20 h, 15 mg/mL
EDC), the crystals remained intact and lacked observable changes to their surface quality
or dimensions for at least 7 days (Figures 7 and S3). Interestingly, crosslinked co-crystals
without terminal phosphates remained unperturbed, just like the 3′ and 5′ phosphorylated
crystals. These results indicate that the protein–protein crosslinks created within the co-
crystals were sufficient to maintain macroscopic crystal integrity in water. The distinct
stability of crosslinked crystals in water confirmed our hypothesis that crystals can be
stabilized with new covalent crosslinks. Specifically, the non-covalent interactions that
make up crystals can be stabilized with chemical crosslinking and prevent crystals from
degrading rapidly in an ion-environment (deionized water).
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Figure 7. The crystals were crosslinked with 15 mg/mL EDC for 20 h and quenched with Tris base
pH 8.2 for 30 min prior to transfer to the wash solution. All scale bars are 100 µm. (A) CC1 crystals
in wash solution containing 50 mM NaCl, 14% PEG 400, and 200 mM MES buffer pH 6.0. The
concentrations of the wash solution matched the initial crystal growth solutions, but we replaced
MgCl2 with NaCl and Tris HCl pH 8.0 with MES buffer pH 6.0. (B) CC1 crystals after transitioning
to an ion-free environment (deionized water). The crosslinked crystals (left three panels) remained
intact for 7 days. Non-crosslinked control crystals (right three columns) dissolved or converted to an
aggregate at various immediate time points.

4. Discussion

Our strategy in this work was to identify an EDC ligation protocol (EDC concentration,
incubation time, and repeated dosage regimen) that optimized reaction yield, without
chasing diminishing returns. Accordingly, our final protocol uses 30 mg/mL EDC, an
incubation time of 12 h, and two repeated doses within reaction sizes of approximately
200 microliters to ligate the DNA present within approximately 500 ng of co-crystals. Under
these conditions, stacked DNA within co-crystals was reliably ligated to a significant extent.
We used gel densitometry and detailed Gaussian peak fitting to estimate the fraction of the
population for each ligated species (Figure S2).

Global analysis of the ligation product distribution suggested that the most thoroughly
crosslinked CC1 crystals feature ligation of approximately 75% of all possible ligation sites,
covalently linking about 94% of the DNA–DNA junctions through one or more covalent
bond. Ligation was corroborated by single-crystal XRD where we could directly observe
ligation in electron density omit maps (Figure 5).

Apart from small systematic deviations, the random ligation model (RLM, Protocol
S2) was able to fit the ligation product distribution for CC1 (Figure S12). In contrast, the
CC2 ligation results could not be fit to the RLM as accurately (Figure S12). In particular,
the CC2 crystals appeared to have a 1-mer mole fraction that was significantly larger than
the total PDSB, which is inconsistent with the RLM. This could be explained by invoking
transport limitations. Specifically, one way to boost the 1-mer mole fraction is if the exterior
of the crystal has a higher ligation probability than the interior (Protocol S3).

Previously mentioned in the introduction, EDC ligation of DNA has been reported
in the literature in the context of DNA hairpins in solution, liquid DNA crystals, and
DNA origami. Notably, there has not been a consensus for whether 5′ or 3′ phosphate
placement results in a superior yield. Fraccia et al. used 3′ phosphates for the EDC ligation
of liquid DNA crystals (15), whereas Kramer and Richert used 5′ phosphates for the EDC
ligation of a DNA origami structure (14). Giving a comparison of 5′ versus 3′ phosphates,
Obianyor et al. showed EDC ligation of a hairpin DNA structure and reported 95% ligation
yield for DNA with 3′ phosphates whereas the 5′ phosphates yielded 40% ligation [17].
They hypothesized the 3′ phosphate ligation reaction could benefit from a primary alcohol
nucleophile (Figure 1B) and the geometry difference of the two phosphate positions could
contribute to reaction yields. Our data suggest that 3′ phosphates may be superior in the
context of a crystal, though comparison between CC1 and CC2 suggests that the results
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may be system dependent. Our XRD data (Figure 5) furthermore suggest that the results
may vary for different nick sites within the same crystal.

It is not clear why 3′ phosphates were more readily ligated than 5′ phosphates in
CC1. Conceivably, the rate limiting step for the ligation reaction may be the attack of the
hydroxyl on the activated EDC intermediate. Perhaps the short-arm 3′-EDC intermediate
is more accessible to the long-arm 5′ hydroxyl than a long-arm 5′-EDC intermediate is to
a short-arm 3′ hydroxyl. Notably, one of the 3′ phosphates in the CC1 lattice (chain B) is
close (5.65 Å) to a symmetry copy of itself (Figure S13), whereas the 5′ phosphate is farther
(9.29 Å). Therefore, 3′ phosphate ligation might be favored due to the greater reduction
in electrostatic repulsion upon ligation. However, the CC2 ligation results were more
balanced (albeit still favoring 3′ phosphates), suggesting that the relative efficacy of 3′ or 5′

phosphates will be system dependent.
Analyses via gel electrophoresis showed that the ligation yield increased concomitant

with the EDC incubation time, but also that the reaction yield appeared to plateau short
of full ligation. The cause is unclear. Transport considerations and EDC conjugation to
protein sites complicate reaction modeling. One consideration is that the predicted active
half-life for EDC in water at 298 K is sixteen hours [17]. However, the ligation yields also
appeared to plateau for repeated EDC dosing. Perhaps incomplete ligation is due to a small
fraction of DNA strands lacking the necessary terminal phosphate. Alternately, perhaps
some EDC-activated phosphates have been ligated to third-party molecules. Perhaps a
small DNA strand population is missing a base. Further investigation may be worthwhile
prior to future work that depends on near 100% ligation.

In addition to optimizing conditions for our two co-crystals, we have established a set
of generalizable guidelines for DNA ligation within co-crystals regarding optimal reaction
conditions, phosphate composition, and concentration of EDC. First, it is imperative to
optimize the wash solution for each respective system, eliminating components that could
interfere with crosslinking. Reactive amines and carboxylic acids are obvious components
to eliminate, to avoid forming off-target species. Additionally, we empirically found that
it was important to minimize the concentration of the standard divalent cation Mg(II).
Re-introducing 90–110 mM Mg(II) into our optimized protocol, we observed a dramatic
reduction in the yield (Figure S11). Second, since we found that the best phosphate for
ligation may depend on subtle geometry differences, we recommend testing both 5′ and 3′

phosphates for new co-crystal systems. Finally, the EDC concentration used for ligation
of a new co-crystal may need to be optimized. Our co-crystals did not dissolve when
introduced to crosslinking agents, with the highest concentration at 80 mg/mL. However,
in past experiments, we found that the concentration of EDC in the crosslinking reaction
drop can affect the integrity of co-crystals. Biomolecular crystals are typically fragile, and
a drastic change in solution conditions can cause crystals to fall apart. Therefore, when
working with a new system, we recommend testing a range of EDC concentrations. Dosing
experiments may be necessary for systems that need a “gentle”, multistep transition to
harsher conditions. These guidelines may apply to crystals composed of only DNA, as well.

With data for two example co-crystals, generalization is difficult. CC1 and CC2 differ
in numerous ways (e.g., DNA length of 21 bp vs. 15 bp, crystal space group, different base
pairs spanning the DNA–DNA junction, different DNA sequences in general including
flanking base pairs) which makes it difficult to determine which variables may be predictive
of ligation yield. Given our observation that ligation may be very sensitive to the nick
geometry (Table 3 and Figure 5), we hypothesize that several factors will be particularly im-
portant due to their influence on the nick geometry. The DNA sequence at the junction, and
to a lesser extent the flanking bases, will affect the base pair stacking energy, which would
be expected to change the nick geometry probability distribution. Other nick-site ligation
yield differences may be driven by the crystallographic symmetry, particularly the presence
or absence of neighboring groups in addition to intrinsic geometry differences between the
nick site (e.g., a slightly higher nick distance for chain A nick sites in CC1 crystals).
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The crystal stability produced after the chemical ligation of stacked DNA within
crystals opens the door for downstream applications, especially for DNA nanotechnology
efforts. As shown here, even incomplete ligation can result in dramatic stabilization
effects with tangible benefits to suitable application targets. No obvious EDC-induced
crosslinks were visible at the two distinct protein–protein interfaces in the CC1 system.
Further experiments will be needed to specifically seek and identify any EDC-induced
protein–protein or DNA–protein conjugation.

It is possible that DNA ligation provided strong stabilizing effects because both CC1
and CC2 are held together by DNA–DNA junctions in two dimensions (Figures 6 and 7).
Essentially, by ligating the stacked DNA in these cases we are forming longer “threads” that
are woven together. Stabilization of devices or materials is intriguing if this stabilization
allows them to provide or preserve functionality in various biomedical contexts (e.g., in
the digestive system, the blood stream, or within lysosomes). It may also be useful if
crosslinking allows crystals to remain stable and diffract to high resolution under buffer
conditions that mimic physiological conditions (e.g., inside the nucleus), thereby allowing
XRD structure determination under conditions besides the idiosyncratic conditions that
allow for co-crystal growth.

Along the same lines, one traditional concern crystallographers have regarding crosslink-
ing chemistry is that subjecting a crystal to handling, buffer changes, and reactive chemicals,
can degrade the diffraction resolution. For example, subjecting crystals to the common
crosslinking agent, glutaraldehyde, can rapidly degrade diffraction resolution. However,
supplying aldehydes via gentle vapor diffusion [9] can improve outcomes. We have
observed that using glyoxal and EDC can likewise result in negligible diffraction loss,
particularly if the reactive chemistry is quenched [11,12]. In the case of CC1, we have
once again found that carefully optimized crosslinking protocols can maintain diffraction.
Another notable benefit of the EDC crosslinking method is that crystals were not “dam-
aged” during the reaction chemistry. For comparison, when crosslinking HEWL crystals
with glutaraldehyde, careful optimization was required to avoid forming cracks in the
crystals [31].

Future work may determine if the ligation yield differs for sticky overhang junctions
compared to the blunt end junctions used in this work. Similarly, yield may also depend
on the DNA bases that span the junction. That said, the current work suggests that the
method may be sequence independent because the CC1 junction has a GC/CG and the
CC2 junction has an AT/TA. In summary, the reported protocol is a reliable crosslinking
strategy using the zero-length crosslinking agent EDC to affect DNA ligation at blunt-end
DNA–DNA junctions held together by the co-crystal lattice. Post-ligation stability paves
the way for biomedical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12010049/s1, Figure S1. TapeStation analysis and matching
gel electrophoresis, Figure S2. Densitometry results and annotation (corresponds to main text
Figure 4), Figure S3. Co-crystal stability test—water, Figure S4. Co-crystal stability test—very low
pH 2.0 to mimic stomach acid, Figure S5. Co-crystal stability test—moderately low pH 4.5 to mimic
lysosomal fluid, Figure S6. Co-crystal stability test—blood serum, Figure S7. Gel electrophoresis
of varied EDC crosslink time, Figure S8. Gel electrophoresis of varied EDC crosslink concentration,
Figure S9. Schematic and gel electrophoresis of varied EDC crosslink dose, Figure S10. Schematic
and gel electrophoresis of the controls—crystals with no terminal phosphates and duplexes with
terminal phosphates in-solution, Figure S11. Magnesium chloride’s effect on the EDC crosslinking
of CC1 crystals, Figure S12. Best fits of random ligation model (RLM) to product distribution data,
and Figure S13. Terminal phosphates position due to crystallographic symmetry; Table S1. DNA
oligonucleotide sequences used in this study, Table S2. Ligation percentages from gel densitometry
(unweighted), Table S3. Full version of densitometry output Table 2, and Table S4: Absolute electron
density values for the Figure 5 electron density maps; Protocol S1. Protein sequences for cloning
and overexpression in E. coli., Protocol S2. Random ligation model: simulation and calculations,
Protocol S3. Spatial biased random ligation model, and Protocol S4. Crystal measurements
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