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Abstract

:

DNA crystallography provides essential structural information to understand the biochemical and biological functions of oligonucleotides. Therefore, it is necessary to understand the factors affecting crystallization of DNA to develop a strategy for production of diffraction-quality DNA crystals. We analyzed key factors affecting intermolecular interactions in 509 DNA crystals from the Nucleic Acid Database and Protein Databank. Packing interactions in DNA crystals were classified into four categories based on the intermolecular hydrogen bonds in base or backbone, and their correlations with other factors were analyzed. From this analysis, we confirmed that hydrogen bonding between terminal end and mid-region is most common in crystal packing and in high-resolution crystal structures. Interestingly, P212121 is highly preferred in DNA crystals in general, but the P61 space group is relatively abundant in A-DNA crystals. Accordingly, P212121 contains more terminal end-mid-region interactions than other space groups, confirming the significance of this interaction. While metals play a role in the production of a good crystal in B-DNA conformation, their effect is not significant in other conformations. From these analyses, we found that packing interaction and other factors have a strong influence on the quality of DNA crystals and provide key information to predict crystal growth of candidate oligonucleotides.
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1. Introduction


Biomacromolecules and their interactions are essential for biochemical reactions and maintenance of cellular homeostasis. Thus, examining interactions at the atomic level is necessary for comprehensive understanding of biological processes in cells. The crystallographic approach provides a snapshot of atomic details of biomacromolecules at the highest resolution and are considered the best way to investigate their structure, conformation, interactions, and function. However, the crystallographic approach is hindered by the difficulty of achieving diffraction-quality crystal. Production of highly ordered crystals of biomolecules is the biggest challenge with this method.



Double-stranded DNAs typically form a right-handed B-form double-helical structure containing Watson–Crick base-pairs [1]. However, DNA duplexes adopt various conformations such as A- and Z-DNA [2,3]. In addition, single-stranded DNA can be folded into a variety of structures such as hairpin, triplex, G-quadruplex, and I-motif [4,5,6,7,8]. To understand the structure and function of DNA, the crystallographic approach is the best available choice. However, crystallization is an important challenge due to the presence of negatively charged phosphate groups, coupled with high solvent content and the dynamic flexible nature of the molecule [9,10,11]. In addition, the structurally similar phosphate groups present all along a DNA molecule allow non-specific DNA–DNA interactions, which are the main factors hindering crystallization of DNA. For forming a diffraction-quality crystal, DNA molecules must be tightly packed with low conformational flexibility, which can be achieved by various factors in the crystallization conditions. Therefore, understanding molecular interactions among DNA in the crystals under crystallization conditions and factors affecting crystal quality allows for the design of experiments for growing diffraction-quality crystals and structure determination.



Currently, a vast number of oligdeoxyonucleotides (ODNs) have been successfully crystallized, and the structures are determined by X-ray diffraction analyses [12]. This structural information enables understanding of fine details of the conformation of DNA molecules and their interactions with other ligands such as small molecules and metals. Further, these DNA structures could hold key information on the factors that affect successful DNA packing from solution into highly ordered lattice. Therefore, it is key to study crystal structures and their packing interactions to understand how DNAs are packed into crystals to increase the success rate of growing diffraction-quality DNA crystals for structure determination. In this study, we develop a JAVA-based program to classify DNA crystal packing interactions (DXPI), and DNA structures available in the Protein Databank (PDB) are analyzed. Furthermore, correlations between DXPI and other factors that affect crystal formation and diffraction quality such as conformation, sequence length, resolution, symmetry, and metal/ligands are also analyzed. Based on this analysis, we propose key factors and packing interactions in the achievement of diffraction-quality DNA crystal.




2. Methods


2.1. Data Collection and Extraction


Annotated information on all three-dimensional DNA structures listed in the Nucleic Acid Database (NDB) [13] was extracted. The NDB database comprises information on the sequence, structural features, function, and experimental methods. Based on DNA conformation, structures deduced from crystals were categorized as A-, B-, and Z-DNA. Further information about resolution, symmetry and metal/ligand were extracted from the Protein Data Bank (PDB) [14].




2.2. Crystal Packing


To investigate crystal packing interactions and test the stability of individual crystal packing contacts, we used the PISA program [15]. To investigate the same for all the extracted DNA-only crystal structures, we automated the process using a short program designed in scripting language (Shell and AWK language) to generate symmetry mates as a preparation for PISA (Protein Interfaces, Surfaces and Assemblies) analyses. The script is available at (https://github.com/Amenshamim/Crystal-packing.git). For the script, we defined intermolecular contacts closer than 4.0 Å as a pair of symmetry-equivalent mates.




2.3. DNA Crystal Packing Type


To define the packing type, we designed a program in JAVA with NetBeans IDE (Oracle) that required the Java Runtime Environment (JRE) on a computer. We executed this program with an Intel(R) Xeon(R) CPU E5-2640 v4 (2.40GHz) 10 core processor system, (HPCKOREA, Mannyeon-dong, Seo-gu, Daejeon, South Korea). This program simultaneously analyzed multiple PISA interface outputs of DNA crystal structures in minutes to generate the packing types that are classified into Types 1, 2, 3, and 4 based on the primary DNA crystal packing interaction (DXPI) categories listed in Table 1. Our program is available on github (https://github.com/Amenshamim/Crystal-packing.git).




2.4. Packing Interactions and Factor Analyses


All the factors were extracted and tabulated for the listed 509 DNA-only crystal structures (Table S1). The results were grouped by packing type, conformation, sequence length, resolution, symmetry, and metal/ligand. Primary analyses involved Principal Component Analyses (PCA), which revealed no clear separation between the various factors investigated. However, a Pearson’s correlation matrix was drawn to reveal any relationship between these factors (Table S2). Further, each individual factor was manually analyzed with respect to either packing type or conformation (B-, A-, or Z-DNA). Percentage calculations were performed to assess either the overall proportion of the observed individual features (Overall %) or within a particular factor type under consideration (either Row % or Column %). The results of these analyses were tabulated and are shown in the main (Table 2, Table 3, Table 4, Table 5, Table 6 and Table 7) and supplementary tables (Tables S3–S11) of this study.




2.5. Solvent Content


Using the molecular weights, unit cell parameters and the space group from the PDB records, the Matthews coefficient (VM), and the solvent content were calculated [16,17]. For analyses the results were grouped into ranges starting from 0% to 80% with increments of 10 units i.e., 0–10, 10–20, 20–30, 30–40, 40–50, 50–60, 60–70, and 70–80 (Table 7 and Table S10).




2.6. Structural Visualization


Structures were visualized and rendered in CCP4mg suite [18], and interactions within packed crystals were analyzed in Visual Molecular Dynamics tool (VMD) (Version 1.9.4) [19].





3. Results


3.1. Data Extraction


In order to investigate molecular packing in DNA crystals, we collected DNA structure information from the Nucleic Acid Data Base (NDB), comprising a total of 7724 structures containing DNA, of which 1916 had only DNA structures, 5365 were DNA-Protein complexes, and 443 were DNA-Drug complex structures. Among the DNA-only structures, 760 were determined by nuclear magnetic resonance (NMR) and 1156 by X-ray crystallography. For analysis of packing interactions in DNA crystals, we searched DNA-only crystal structures in Protein Databank, however only 851 structures were available. After removing the structures of single-stranded DNAs, 509 double-stranded DNA structures comprising 304 B-DNA, 129 A-DNA, and 76 Z-DNA structures were analyzed (Tables S1 and S3, Figure 1).




3.2. Packing Interaction


To understand the nature of packing interactions important to crystal quality, we analyzed DNA structures and their packing interactions inside crystals. For this purpose, we first classified the DNA crystal packing interactions (DXPI) into four categories (C1, C2, C3, and C4) based on hydrogen bonds (H-bonds) among symmetry equivalent molecules in the crystal lattice (Table 1). First, we looked into H-bonds between terminal-ends of double-stranded oligodeoxynucleotides (dsODNs) and divided them into two categories, C1 and C2. C1 represents the intermolecular H-bonds between two bases, and thus it contains NH-N and NH-O bonds in base pairs (Figure 2a). C2 contains H-bonds between the terminal phosphate and sugar or base in the terminal end of the symmetry equivalent molecules (Figure 2b). Then, intermolecular H-bonds between the terminal end and mid-region of DNA can be defined as C3 and C4 depending on the involvement of base interaction. Accordingly, C3 contains intermolecular H-bonds between the terminal phosphate and sugar or base in the mid-region nucleotides (Figure 2c), or between the terminal end sugar or base and the mid-region phosphate. C4 interaction comprises the phosphate and sugar H-bond interaction between the terminal end and mid-region of DNA (Figure 2d).




3.3. Packing Types


From our observations, we defined DXPI into four categories according to the moiety (base, sugar, and phosphate) involved in H-bonds and their locations (terminal end and mid-region) among symmetry equivalent dsODNs (Table 1 and Figure 2). Based on these interaction categories, we grouped 509 DNA crystal structures into four packing types (Figure 3). We first searched C1 and C2 interactions by checking for the presence of H-bonds between two terminal ends. Then, the packing type of crystal structures is defined as Type 1 when C1 interaction is observed. If no C1 interaction is found, the packing type of crystal structures are defined as Type 2. If there are no H-bonds among the terminal ends, or no C1 or C2 interaction, the packing type can be defined as either Type 3 or Type 4 depending on the presence of C3 or C4 interaction (Figure 3). Type 4 has intermolecular hydrogen bonds between backbone and terminal 3´OH or 5´OH without the involvement of a base. However, such interactions were extremely rare (1%), found only in five Z-DNA structures. This implies in crystal packing interactions, intermolecular hydrogen bonds with a base are inevitable (99%). Accordingly, crystal structure with packing Type 3 and 4 contains only C3 and C4 interaction, respectively. However, crystal structures with packing Type 1 and Type 2 possibly contain C3 or C4 interaction between symmetry equivalent molecules.



We automated our analysis with a custom-designed JAVA-based program (see Materials and Methods) and investigated 509 DNA crystal structures to search DXPI and define their packing types. In addition, we investigated other factors that could influence DXPI and crystal quality. For this purpose, conformation of DNA, sequence length, resolution, symmetry (space group), metal/ligands, and solvent content of 509 structures were extracted from the Protein Data Bank (PDB).




3.4. Correlation Among Factors Affecting Crystal Quality


The categorized DNA crystal packing types were combined and analyzed for correlation using Pearson’s test (Table S2). We found that sequence composition was highly correlated with resulting conformation of DNA in the crystals (r = 0.83), and that sequence length weakly correlated with symmetry of the crystal (r = 0.51). Similarly, percentage solvent content showed a weak correlation (r = 0.49) with DNA conformation. The remaining factors did not show significant association, which highlights their independent roles in crystal packing. Principal Component Analysis (PCA) revealed no clear separation (data not shown) between these factors, which implies that all factors contribute to crystal packing and symmetry. We further analyzed each factor and its contribution to or correlation with other factors.



3.4.1. Packing vs. Other Factors


Most DNA-only crystals are of the canonical B-conformation (304/509 or 59.7%), followed by A-DNA (129/509 or 25.3%) and Z-DNA (76/509 or 14.9%) (Figure 1, Table 2 and Table S3). Among these, Type 3 packing dominates at 70.3%, followed by Type 2 at 22%, Type 1 at 6.5%, and Type 4 at 1%. However, Type 2 packing is relatively equally distributed across the three conformations investigated, A (43.4%), B (28.3%), and Z (28.3%). Type 1 and Type 3 packing dominates B-DNA structures (81.8% and 63.7% respectively), while Type 4 is found only in 1% of total structures and is exclusive to Z-DNA crystals (5/509). In both B- and A-DNA structures, Type 3 packing dominates at 75% and 73.6%, respectively, while Type 2 (42.1%) and Type 3 (46.1%) packings in the crystals with Z-DNA conformations are abundant to grow highly ordered crystals.



A total of 70.3% of structures pack with Type 3, with 41% of them involving a dodecamer and 16.5% a decameric dsODN. In addition, about half of crystals with Type 3 (54.4%) packing occur in the orthorhombic P212121 symmetry (Table S8). The frequency of Type 3 packing is followed by Type 2 packing at 22% incidence (Table S3).




3.4.2. Sequence vs. Other Factors


Overall, the frequency of dodecamer dsODN dominates (45%) the list of reported DNA structures, followed by 10 bp (27.3%) and 6 bp (16.9%) dsODN. Further analyses revealed that the popular choice of dsODN length for crystallizing B-DNA is 12 bp (71.4%) starting with the classic B-DNA structure reported by Dickerson group [1], while that for A-DNA is 10 bp (55.8%) and 6 bp (84.2%) dsODN for Z-DNA (Table 3 and Table S4).



Influence of the sequence composition across packing types was additionally investigated. Interestingly, most dsODNs used in crystals contain cytosine base (73.3%) in their 5′ end. In the second position, guanine base is relatively dominant (63.1%). However, at the 3′ end, the sequences end most commonly with guanine (48.6%) or cytosine (33.6%). While the majority of all packing types have sequences beginning with cytosine in their 5′ ends, Type 1 packing comprises structures with a similar distribution of sequences beginning with either cytosine (45.5%) or guanine (45.5%) (Table S5).



Furthermore, we looked specifically at bases involved in the inter-strand interaction (Table S6), and learned that only Type 1 packing structures have base-base intermolecular packing interactions and that guanine bases are predominantly present in the terminal end (75.8%). We also investigated the bases involved in Type 3 packing structures and found that 73.5% of crystals contain the intermolecular interaction between the terminal base and the mid-region of symmetry equivalent DNA molecules. The remaining 26.5% of crystals harbor intermolecular packing via hydrogen bonds between the terminal phosphates or sugars and the mid-region bases. In this packing, 64.6% of terminal bases involved in the intermolecular interaction are guanine base, and the second most frequently found base is cytosine (Table S6).




3.4.3. Resolution vs. Other Factors


The extracted 509 DNA-only structures were categorized based on resolution into 10 groups starting with the group < 1.4 Å comprising structures with the highest atomic resolution. This was followed by groups that constitute structures in the resolution ranges between 1.4–1.6 Å, 1.6–1.8 Å, and so on to those comprising low-resolution structures beyond 3.0 Å. We found that 61.1% of the structures had a resolution quality higher than 2.0 Å, which signifies the quality of these crystals and their highly ordered arrangement, which is essential in studying the minute differences among conformations of highly flexible DNA molecules. Among the three DNA conformations, most of the Z-DNA structures showed the highest resolution: 34.2% of the Z-DNA structures diffract greater than 1.4 Å. In comparison, only 12.5% of B-DNA and 14% of A-DNA structures were solved in this high-resolution range.



With regard to the type of packing observed, among all the structures investigated across all the resolution ranges, Type 3 showed the highest prevalence at 70.3%, followed by Type 2 (22.2%). A similar trend was seen across resolution ranges. Of particular mention is that the structures that resolved poorly with resolution lower than 2.8 Å showed a shift in packing type from Type 3 (59%) to either Type 2 (25.6%) or Type 1 (15.4%). This indicates that Type 3 packing contributes much to a higher ordered lattice growth and hence a high-resolution structure. There is no clear relationship between metal/ligand regarding influence on the resolution of DNA structures, implying that other factors influence the outcome (Table S9). However, among the structures with Mg, the presence of metal coordination was seen in 66.4% of those with higher than 1.4Å resolution (Table S9). However, the same is not true for the other metals or ligands observed. The incidence of DNA length in our dataset shows the highest number of 12 bp dsODNs, followed by 10 bp and 6 bp lengths. Most had a resolution higher than 2.0Å (Table S9). Interestingly, 31.4% of the 6 bp dsODN crystal structures grouped in the highest resolution range of < 1.4Å, while 19.4% and 10.5% of 10 bp and 12 bp, respectively, dsODN crystal structures diffract higher than 1.4Å (Table 4 and Table S4). This result suggests shorter length DNAs can be crystalized with high quality.




3.4.4. Symmetry vs. Other Factors


The orthorhombic P212121 is the most common space group found in macromolecular crystals. The same is true across and within the three conformations of DNA investigated. The P212121 space group accounts for 64.4% of all DNA structures included in this study and more than half of the solved structures of each conformation. P61 is the second most abundant space group found in DNA crystal (5.3%). P212121 packing is dominated by B-conformation (64.0%), while P61 packing is the most frequently found in A-conformation (89.0%) (Table 5 and Table S8). Accordingly, B-DNA is crystalized mostly in P212121 (69.0%) since the second most prevalent space group (H3) only covers 5.9% of B-DNA crystals. However, A-DNA is crystalized in P212121 (53.5%) and P61 (18.6%). In the case of Z-DNA, P212121 (64.5%) and P1211 (13.2%) are the most prevalent space groups. Within the P212121 space group, 57.3% belong to DNA of 12 bp in length, followed next by 10 bp ODN at 25.6% and 6 bp ODN at 13.7% (Table 3, Table 5 and Tables S4 and S8). Interestingly, among the high incidence of symmetry observed in our dataset, P212121 shows an 84.5% occurrence of Type 3 packing, whereas Type 2 packing dominates the P61 symmetry (66.7%).




3.4.5. Metal/Ligands vs. Other Factors


One-third of all DNA-only structures (36%) form well-ordered crystals without the need for metal coordination. However, among metal coordinated or ligand binding structures, it is predominantly magnesium ion (Mg2+, 22.2%) that facilitates DNA packing stability. Also, metal coordination is not mandatory to grow highly ordered crystals of non-B conformations of A-DNA (58.9%) and Z-DNA (44.7%). However, Mg2+ is an important metal required to stabilize the canonical B-DNA conformation (30%) against no metal condition (23.7% for no metal). In structures that are stabilized by Type 1 packing interactions, calcium coordination is preferred (27.3%), while Mg2+ is found in 15.2%, the same as structures stabilized without a metal ion. In the case of Type 2, 3, and 4 packings, non-metal-coordinated packing is found in 46.9%, 33.2%, and 100%, respectively (Table 6 and Table S9).




3.4.6. Solvent vs. Other Factors


Among the solvent content range, 40–50% is predominant in the DNA crystals as 51.3% of all the structures have a solvent content of 40–50%, which is also true when the packing type is considered; 45.5%, 32.7%, and 58.4% of crystals belonging to Types 1, 2, and 3, respectively, contain 40–50% solvent content (Table S10). Across DNA conformations, the incidences containing 40–50% solvent content in B-, A-, and Z-DNAs are 67.0%, 40.3%, and 7.8%, respectively. However, if considering the solvent content lower than 40%, the occurrences in B-, A-, and Z-conformations are 12.9%, 31.1%, and 80.5%, respectively. These analyses imply that DNAs with B-conformation crystallize under high solvent condition while Z-DNA prefers the lowest solvent content among the three dsDNA conformations investigated in this study.



The solvent content of crystals is proportional to the length of dsDNA in crystals as the most 12 bp dsODNs are crystallized with solvent content in the range of 40–50%, while crystals with 6 bp dsODNs contain the lower solvent content as 20–30% solvent content is the highest occurrence in the crystal containing 6 bp dsDNA. Solvent content analysis also reveals that crystals in P212121 symmetry contain low solvent contents (60.7% in 40–50% and 20.7% in 30–40%) while those in the second most populous space group (P61) have a higher solvent content (40.7% in both 40–50%, and 50–60%) (Table S9). Interestingly, we observed that the metal-containing crystals have lower solvent content than those without metal; incidences containing the solvent content in the range of 40–50% are 48.4%, 60.2%, and 62.5% for no-metal, magnesium ion, and calcium ion conditions, respectively. These results suggest that metal and P212121 space groups are required for the formation of the high-quality crystals represented by the low solvent contents.





3.5. Comparison of Molecular Interactions in The Preferred Space Groups


We confirmed that P212121 is most favorable in DNA crystals and thus investigated which factors affect this preference. For this purpose, we also analyzed two more favorable space groups (P61 and P3221). To evaluate which packing interactions are dominant in those space groups, we counted the number of crystal structures belonging to the following factors; conformations (A, B, and Z), Types (1, 2, and 3), and Space groups (P212121, P61 and P3221) (Table S11). In the case of B-DNA, Type 3 is the most important interaction in P212121 since Type 3 packing is highly dominant. However, in the case of Z-DNA, both Type 2 and Type 3 packing seems to contribute to the crystal formation when we count their prevalence. In the case of A-DNA, Type 3 seems to be more dominant than Type 2 in P212121, but Type 2 is more significant than Type 3 in P61 space group. To visualize their packing, we provide the crystal structures and their packing belonging to the following criteria, B-DNA-Type 3- P212121 (Figure 4a); A-DNA-Type 2- P212121 (Figure 4b); A-DNA-Type 2-P61 (Figure 4c), A-DNA-Type 3- P212121 (Figure 4d), Z-DNA-Type 2- P212121 (Figure 4e), and Z-DNA-Type 3- P212121 (Figure 4f). It is noteworthy that C3 interactions are also observed in Figure 4b,c,e, suggesting C3 interactions are the most important packing interactions in the DNA crystals.





4. Discussions


X-ray crystallography has allowed key findings in biology and its processes at high resolution. Therefore, crystallization of biomolecules is a prerequisite for this process, though diffraction-quality crystals are challenging to grow. The same is true for DNA crystallography due to the presence of negatively charged phosphate groups, coupled with high solvent content and the dynamic flexible nature of the molecule [9,10,11]. Analysis inside the crystals of all reported DNA structures may provide important clues to understand the principle for the DNA crystallization, which provides hints for successful growth of highly ordered DNA crystals. For that purpose, an initial screening showed that hydrogen bond interactions drive key DNA crystal packing interactions (DXPI). We then classified the DNA crystal structure as Types 1, 2, 3, and 4 based on their hydrogen bond interaction among the symmetry equivalent molecules. We extracted all key factors affecting crystal quality from all DNA-only crystals in Protein Data Bank and investigated the DXPI categories and packing types by automation using a custom-designed JAVA-based program. We further examined their relationships with several key factors of X-ray crystal structures - conformation, sequence length, resolution, symmetry, and presence of metal/ligand coordination.



Our investigation of 509 DNA-only crystal structures found that sequence composition was highly correlated with resulting conformation of the DNA (r = 0.83), and sequence length was correlated with the symmetry of the crystal (r = 0.51). Results of similar analyses on other factors did not show significance. Therefore, we analyzed these factors and their contributions to crystal packing. Several key findings emerged from our analyses. When DNA-only crystals are successfully grown, more than 60% diffract to resolutions higher than 2.0 Å, which is partially attributed to the size of the molecules used in crystallization since the lengths of most DNA used in this study are less than 12 bp. However, since the diffraction limit is also affected by the beam brilliance and detector setting, correlation between the diffraction resolution and other factors must be carefully considered. In particular, crystal quality can be also interpreted by DXPI that invariably stabilizes the dsODN packing through various hydrogen bonds, which results in a highly ordered crystal lattice. Recent molecular dynamics simulation work of DNA crystals suggests that the flexibility of the terminal end of DNA is highly stabilized in a crystal [20]. The work suggests that stabilization of the terminal end of DNA is key to achieve diffraction-quality crystals. Consistently, we observed that terminal ends (5´ OH, 3´ OH, or terminal base) are always involved in the crystal packing. Our investigation also unravels that 99% of DNA-only crystals are packed by the base-mediated inter-molecular contacts with symmetry equivalent DNA molecules (Table 2), suggesting that nucleobases not only play an important role in maintaining the structure and function of the double stranded DNA, but also are important to maintain intermolecular contacts for crystallization.



In this study, we found that P212121 space group symmetry is the most common in DNA-only crystals (64.0%). In the protein crystals, P212121 space group is also highly present near 30% [21,22]. However, while P21 is also abundant in protein crystals, no P21 space group is found in DNA crystals. An entropic model indicates that P212121 and P21 in protein crystals are the least restrictive to packing (rigid body degrees of freedom) and can be packed in a larger number of ways with a preference to screw axis over rotation axis [22]. However, in the case of small organic molecules, space group preference is explained based on the molecular packing [23]. Considering the extremely low space group frequency (3.9%) for tetragonal space groups, DNA crystals seem to be similar to organic molecule crystals rather than protein crystals. Accordingly, space group preference might be explained by the packing interaction. Indeed, when the packing interaction is investigated for crystal structures belonging to the highly abundant packing types and space groups (Table S11 and Figure 4), we found many intermolecular contacts, supporting that crystal packing could be one of the important factors for the space group preference.



Metals are an essential component for the stabilization and crystallization of nucleic acids [24], and Mg2+ has been widely used for this purpose. Accordingly, in many cases, high resolution structures contain metals bound to DNA molecules (Table S9). We found that 64.2% of DNA crystals contain metals/ligands. However, this is not true when the DNA crystallizes in a non-B-DNA conformation, like A- or left-handed Z-DNA since 44.7% and 58.9% of Z- and A-DNAs, respectively, are crystallized in the absence of metals/ligands (Table S9). Alternatively, the effect of metals can be explained by their roles in stabilizing the DNA structure and packing interaction in a crystal lattice since we found that intermolecular packing is also achieved by the metal coordination among the mid-region phosphates in addition to the terminal-end interaction. Therefore, 12 bp dsODN shows higher metal dependency than 6 bp dsODN; 32.8% of crystals with 12 bp DNA contain the Mg2+ coordination, while only 9.1% 6 bp-crystals have the Mg2+ coordination (Table S9).



It is possible that current results and analyses might be insufficient to explain the principle of DNA crystallization and their packing interaction due to the lack of comprehensiveness of key factors extracted in this study. For example, several factors affecting crystallization such as buffer composition, precipitants, additives, and pH have not been considered possibly because some of them are not fully identified due to their low occupancy. This makes it especially impossible to know the identity and quantity of these components that finally end up in crystals [20], probably a result of crowded packing environment. Indeed, the packing contacts mediated by buffer and other excluded components would make for an interesting and challenging study in future. For this reason, our investigations in this study were exclusively restricted to only the direct inter molecular contacts made by DNA with symmetry equivalent molecules. Results from this study should aid in making successful crystallization strategies such as use of metals for the crystallization of lengthy dsODNs. In addition, this study also confirmed that the nature of dsODNs such as length, conformation, and existence of overhang must be considered for designing crystallization experiments. Therefore, we expect that the current study is a starting point for a comprehensive understanding of the principle of DNA crystallization and developing a better crystallization strategy, which contributes to the development of nucleic acid structural biology.
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Figure 1. DNA crystal structures and their packing interactions. (a) Distribution of the reported DNA crystal structures deposited in the Nucleic Acid Database (NDB). DNA structures are classified by the binding partners; no ligand (DNA-only), protein, and drug, (b) DNA-only crystal structures in NDB are analyzed based on their conformations and methods for structure determination. (c) DNA-only crystal structures are analyzed based on their packing types and conformations. 
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Figure 2. Categories of DNA crystal packing interactions (DXPIs). Four categories of DXPI are defined based on the intermolecular H-bonds among the atoms in the terminal end and mid-region. The following representative structures and their interactions are displayed to explain the intermolecular H-bond in each category; (a) C1: intermolecular H-bond between bases (O6 vs N4) present in the terminal ends of symmetry equivalent double-stranded oligodeoxynucleotides (dsODNs) (PDB ID 1ENN), (b) C2: intermolecular H-bond between the terminal end phosphate (OP1) and terminal end sugar (HO5’) (PDB ID 3IXN), (c) C3: intermolecular H-bond between the terminal end phosphate (OP1) and mid-region base (N4) (PDB ID 3IXN), and (d) C4: intermolecular H-bond between mid-region phosphate (OP1) and terminal end sugar (HO3´) (PDB ID 1D24). The atoms involved in the intermolecular H-bond are labeled with respective bond lengths in block dotted lines. The backbones (coral) and bases (cyan) of the reference structures and their symmetry equivalents (backbone: yellow, and base: green) are represented in ribbon and stick diagrams. The detailed definition of each interaction category is explained in Table 1. 
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Figure 3. Logic flow for determining crystal packing type of DNA crystal structures. This flowchart explains how crystal packing types are defined by taking stepwise decisions on the input crystal structures. The first input decision is made based on the presence and absence of terminal end-terminal end interactions. When the answer is Yes, the packing type of DNA structure must be either Type 1 or Type 2. However, if the answer is No, the types would be Type 3 or Type 4. The second input decision is made based on the presence and absence of intermolecular H-bonds between bases. If there are H-bonds between base and base, the answer is Yes and the packing type is Type 1. Otherwise, the Type 2 packing type is assigned. The third decision is made based on the category of the intermolecular H-bond between mid-region and terminal end. If base atoms are involved in the intermolecular H-bond (Yes), Type 3 is assigned. If the answer is No, Type 4 is assigned. 
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Figure 4. The packing interactions found in various symmetry, packing type, and conformation. Representative DNA structures belonging to the groups with following combinations, conformation-packing type-space group, are used for presenting structures and intermolecular H-bond interaction in each group, a unit cell is also shown. (a) B-DNA-Type 3- P212121 (PDB ID 388D), (b) A-DNA-Type 2- P212121 (PDB ID 321D), (c) A-DNA-Type 2-P61 (PDB ID 1D91), (d) A-DNA-Type 3- P212121 (PDB ID 371D), (e) Z-DNA-Type 2- P212121 (PDB ID 133D), and (f) Z-DNA-Type 3- P212121 (PDB ID 6BST). The representative structure in each group is shown in blue and its symmetry equivalent molecules in coral. The intermolecular H-bonds are shown as magenta filled ellipses. 
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Table 1. DNA crystal packing interaction.






Table 1. DNA crystal packing interaction.





	Intermolecular Interacting Sites
	Moiety Involved in Hydrogen Bond
	Interaction Category
	Hydrogen Bond





	Terminal end-Terminal end
	Base - Base
	C1
	N-H---O or N



	Terminal end-Terminal end
	Sugar-Phosphate

Base-Phosphate

Sugar-Base
	C2
	3′OH---OP1 or OP2

5′OH---OP1 or OP2

N-H---OP1 or OP2

3′OH---O or N



	Mid-region-Terminal end
	Sugar-Phosphate

Base-Phosphate
	C3
	3′OH---OP1 or OP2

5′OH---OP1 or OP2

N-H---OP1 or OP2



	Mid-region-Terminal end
	Sugar-Phosphate
	C4
	3′OH---OP1 or OP2

5′OH---OP1 or OP2
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Table 2. Number and proportion of DNA structures belonging to different packing types and their conformations.
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Packing Type

	
Conformation

	
Structures in NDB (Count)

	
Structures in NDB (%)






	
Type 1

	
A-DNA

	
2

	
0.4%




	
B-DNA

	
27

	
5.3%




	
Z-DNA

	
4

	
0.8%




	
Type 1 Total

	

	
33

	
6.5%




	
Type 2

	
A-DNA

	
32

	
6.3%




	
B-DNA

	
49

	
9.6%




	
Z-DNA

	
32

	
6.3%




	
Type 2 Total

	

	
113

	
22%




	
Type 3

	
A-DNA

	
95

	
18.7%




	
B-DNA

	
228

	
44.8%




	
Z-DNA

	
35

	
6.9%




	
Type 3 Total

	

	
358

	
70.3%




	
Type 4

	
A-DNA

	
0

	
0.0%




	
B-DNA

	
0

	
0.0%




	
Z-DNA

	
5

	
1.0%




	
Type 4 Total

	

	
5

	
1.0%




	
Grand Total

	

	
509

	
100.0%
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Table 3. Number of DNA structures of different sequence lengths, their packing types, and conformations.
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Sequence Length

	
Packing Type

	
Grand Total

	
Conformation

	
Grand Total




	
Type 1

	
Type 2

	
Type 3

	
Type 4

	
B-DNA

	
A-DNA

	
Z-DNA






	
12

	
13

	
7

	
209

	
0

	
229

	
217

	
10

	
2

	
229




	
10

	
9

	
46

	
84

	
0

	
139

	
66

	
72

	
1

	
139




	
6

	
2

	
35

	
44

	
5

	
86

	
12

	
10

	
64

	
86




	
8

	
0

	
17

	
9

	
0

	
26

	
0

	
26

	
0

	
26




	
14

	
0

	
0

	
7

	
0

	
7

	
0

	
7

	
0

	
7




	
7

	
5

	
0

	
1

	
0

	
6

	
2

	
0

	
4

	
6




	
4

	
0

	
4

	
2

	
0

	
6

	
1

	
0

	
5

	
6




	
9

	
2

	
2

	
2

	
0

	
6

	
2

	
4

	
0

	
6




	
11

	
2

	
0

	
0

	
0

	
2

	
2

	
0

	
0

	
2




	
20

	
0

	
1

	
0

	
0

	
1

	
1

	
0

	
0

	
1




	
13

	
0

	
1

	
0

	
0

	
1

	
1

	
0

	
0

	
1




	
Grand Total

	
33

	
113

	
358

	
5

	
509

	
304

	
129

	
76

	
509
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Table 4. Number of DNA structures belonging to different resolution ranges, their packing types, and conformations.
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Resolution (Å)

	
Packing Type

	
Grand Total

	
Conformation

	
Grand Total




	
Type 1

	
Type 2

	
Type 3

	
Type 4

	
B-DNA

	
A-DNA

	
Z-DNA






	
<1.4

	
3

	
16

	
62

	
1

	
82

	
38

	
18

	
26

	
82




	
1.4–1.6

	
1

	
20

	
60

	
1

	
82

	
41

	
29

	
12

	
82




	
1.6–1.8

	
6

	
20

	
49

	
1

	
76

	
28

	
29

	
19

	
76




	
1.8–2.0

	
5

	
17

	
48

	
1

	
71

	
44

	
21

	
6

	
71




	
2.0–2.2

	
5

	
11

	
47

	
0

	
63

	
47

	
13

	
3

	
63




	
2.2–2.4

	
4

	
11

	
34

	
0

	
49

	
41

	
7

	
1

	
49




	
2.4–2.6

	
3

	
8

	
35

	
1

	
47

	
35

	
9

	
3

	
47




	
2.8–3.0

	
4

	
4

	
9

	
0

	
17

	
13

	
2

	
2

	
17




	
2.6–2.8

	
1

	
5

	
11

	
0

	
17

	
13

	
1

	
3

	
17




	
>3.0

	
1

	
1

	
3

	
0

	
5

	
4

	
0

	
1

	
5




	
Grand Total

	
33

	
113

	
358

	
5

	
509

	
304

	
129

	
76

	
509
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Table 5. Number of DNA structures belonging to different space groups, their packing types, and conformations.
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Symmetry

	
Packing Type

	
Grand Total

	
Conformation

	
Grand Total




	
Type 1

	
Type 2

	
Type 3

	
Type 4

	
B-DNA

	
A-DNA

	
Z-DNA






	
P 21 21 21

	
17

	
30

	
277

	
4

	
328

	
210

	
69

	
49

	
328




	
P 61

	
0

	
18

	
9

	
0

	
27

	
3

	
24

	
0

	
27




	
P 32 2 1

	
1

	
10

	
10

	
0

	
21

	
8

	
10

	
3

	
21




	
H 3

	
8

	
3

	
8

	
0

	
19

	
18

	
1

	
0

	
19




	
P 1 21 1

	
1

	
9

	
6

	
0

	
16

	
3

	
3

	
10

	
16




	
C 1 2 1

	
0

	
7

	
5

	
0

	
12

	
11

	
0

	
1

	
12




	
C 2 2 21

	
0

	
6

	
6

	
0

	
12

	
4

	
6

	
2

	
12




	
P 1

	
0

	
4

	
5

	
0

	
9

	
9

	
0

	
0

	
9




	
P 32

	
3

	
4

	
1

	
0

	
8

	
4

	
0

	
4

	
8




	
P 41 21 2

	
1

	
0

	
5

	
0

	
6

	
2

	
4

	
0

	
6




	
P 43

	
0

	
2

	
4

	
0

	
6

	
2

	
4

	
0

	
6




	
P 65

	
0

	
3

	
2

	
0

	
5

	
2

	
0

	
3

	
5




	
P 31

	
0

	
2

	
2

	
0

	
4

	
4

	
0

	
0

	
4




	
P 6

	
0

	
4

	
0

	
0

	
4

	
4

	
0

	
0

	
4




	
P 32 1 2

	
0

	
2

	
1

	
0

	
3

	
3

	
0

	
0

	
3




	
P 43 21 2

	
0

	
1

	
2

	
0

	
3

	
1

	
1

	
1

	
3




	
P -1

	
0

	
3

	
0

	
0

	
3

	
3

	
0

	
0

	
3




	
P 21 21 2

	
0

	
1

	
1

	
0

	
2

	
1

	
1

	
0

	
2




	
P 65 2 2

	
0

	
1

	
1

	
0

	
2

	
1

	
1

	
0

	
2




	
P 61 2 2

	
0

	
0

	
2

	
0

	
2

	
0

	
2

	
0

	
2




	
P 41

	
0

	
0

	
2

	
0

	
2

	
0

	
2

	
0

	
2




	
P 1 1 21

	
0

	
1

	
0

	
1

	
2

	
0

	
0

	
2

	
2




	
P 41 2 2

	
0

	
0

	
2

	
0

	
2

	
2

	
0

	
0

	
2




	
B 2 21 2

	
0

	
1

	
1

	
0

	
2

	
1

	
0

	
1

	
2




	
P b c a

	
0

	
0

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
P 1 21/n 1

	
0

	
0

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
P 1 21/c 1

	
0

	
0

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
I 2 3

	
1

	
0

	
0

	
0

	
1

	
1

	
0

	
0

	
1




	
C 2 2 2

	
1

	
0

	
0

	
0

	
1

	
1

	
0

	
0

	
1




	
P 31 2 1

	
0

	
0

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
I 2 2 2

	
0

	
0

	
1

	
0

	
1

	
1

	
0

	
0

	
1




	
I 41 2 2

	
0

	
1

	
0

	
0

	
1

	
1

	
0

	
0

	
1




	
P 3

	
0

	
0

	
1

	
0

	
1

	
0

	
1

	
0

	
1




	
Grand Total

	
33

	
113

	
358

	
5

	
509

	
304

	
129

	
76

	
509
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Table 6. Number of DNA structures containing different metal/ligands, their packing types, and conformations. Full list is provided in Table S9.
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Metal / Ligand

	
Packing Type

	
Grand Total

	
Conformation

	
Grand Total




	
Type 1

	
Type 2

	
Type 3

	
Type 4

	
B-DNA

	
A-DNA

	
Z-DNA






	
(blank)

	
5

	
53

	
119

	
5

	
182

	
72

	
76

	
34

	
182




	
MG

	
6

	
16

	
91

	
0

	
113

	
91

	
14

	
8

	
113




	
CA

	
9

	
5

	
10

	
0

	
24

	
21

	
2

	
1

	
24




	
SPM

	
1

	
4

	
15

	
0

	
20

	
4

	
11

	
5

	
20




	
NT

	
2

	
3

	
7

	
0

	
12

	
12

	
0

	
0

	
12




	
HT

	
0

	
0

	
12

	
0

	
12

	
12

	
0

	
0

	
12




	
NCO

	
1

	
4

	
5

	
0

	
10

	
3

	
1

	
6

	
10




	
NA

	
0

	
5

	
5

	
0

	
10

	
4

	
6

	
0

	
10




	
BA

	
0

	
0

	
7

	
0

	
7

	
2

	
2

	
3

	
7




	
K

	
0

	
0

	
7

	
0

	
7

	
4

	
3

	
0

	
7




	
CO

	
1

	
4

	
1

	
0

	
6

	
6

	
0

	
0

	
6




	
CU

	
0

	
4

	
1

	
0

	
5

	
0

	
0

	
5

	
5




	
SR

	
0

	
0

	
5

	
0

	
5

	
2

	
3

	
0

	
5




	
ZN

	
1

	
2

	
2

	
0

	
5

	
2

	
2

	
1

	
5




	
MN

	
1

	
2

	
1

	
0

	
4

	
1

	
1

	
2

	
4




	
DAP

	
1

	
0

	
3

	
0

	
4

	
4

	
0

	
0

	
4




	
RB

	
0

	
0

	
3

	
0

	
3

	
1

	
2

	
0

	
3




	
IA

	
0

	
0

	
3

	
0

	
3

	
3

	
0

	
0

	
3




	
NI

	
3

	
0

	
0

	
0

	
3

	
3

	
0

	
0

	
3




	
DMY

	
2

	
0

	
1

	
0

	
3

	
3

	
0

	
0

	
3




	
HT1

	
0

	
0

	
3

	
0

	
3

	
3

	
0

	
0

	
3




	
IB

	
0

	
0

	
3

	
0

	
3

	
3

	
0

	
0

	
3




	
RO2

	
0

	
0

	
2

	
0

	
2

	
2

	
0

	
0

	
2




	
PTN

	
0

	
0

	
2

	
0

	
2

	
1

	
0

	
1

	
2




	
NRU

	
0

	
2

	
0

	
0

	
2

	
0

	
0

	
2

	
2




	
IPY

	
0

	
2

	
0

	
0

	
2

	
2

	
0

	
0

	
2




	
CL

	
0

	
1

	
1

	
0

	
2

	
1

	
1

	
0

	
2




	
HG

	
0

	
0

	
2

	
0

	
2

	
2

	
0

	
0

	
2




	
TNT

	
0

	
0

	
2

	
0

	
2

	
2

	
0

	
0

	
2




	
BBZ

	
0

	
0

	
2

	
0

	
2

	
2

	
0

	
0

	
2




	
ILT

	
0

	
0

	
2

	
0

	
2

	
2

	
0

	
0

	
2




	
BRN

	
0

	
0

	
2

	
0

	
2

	
2

	
0

	
0

	
2




	
Others

	
0

	
6

	
39

	
0

	
45

	
32

	
5

	
8

	
45




	
Grand Total

	
33

	
113

	
358

	
5

	
509

	
304

	
129

	
76

	
509
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Table 7. Number of DNA structures containing different percentage range of solvent content, their packing types, and conformations. Full list is provided in Table S10.
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Solvent Content (%)

	
DXPI Type

	
Grand Total

	
Conformation

	
Grand Total




	
Type 1

	
Type 2

	
Type 3

	
Type 4

	
B-DNA

	
A-DNA

	
Z-DNA






	
70–80

	
0

	
1

	
1

	
0

	
2

	
0

	
2

	
0

	
2




	
60–70

	
3

	
4

	
15

	
0

	
22

	
13

	
9

	
0

	
22




	
50–60

	
6

	
29

	
37

	
0

	
72

	
44

	
25

	
3

	
72




	
40–50

	
15

	
37

	
209

	
0

	
261

	
203

	
52

	
6

	
261




	
30–40

	
9

	
20

	
61

	
0

	
90

	
35

	
38

	
17

	
90




	
20–30

	
0

	
14

	
27

	
5

	
46

	
4

	
2

	
40

	
46




	
10–20

	
0

	
2

	
1

	
0

	
3

	
0

	
0

	
3

	
3




	
0–10

	
0

	
0

	
2

	
0

	
2

	
0

	
0

	
2

	
2




	
(blank)

	
0

	
6

	
5

	
0

	
11

	
4

	
1

	
6

	
11




	
Grand Total

	
33

	
113

	
358

	
5

	
509

	
303

	
129

	
77

	
509
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