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5-Hydroxylmethylcytosine (5hmC) has been recognized as the 

sixth base with important biological functions in many tissues 

and cell types. We present here the high-resolution crystal 

structures and molecular simulation studies of both A-form and 

B-form DNA duplexes containing 5hmC. We observed that the 

5hmC interacts with its 3′-neighboring bases through water-

bridged hydrogen bonds and these interactions may affect the 

further oxidation of 5hmC. 

5-Hydroxylmethylcytosine (5hmC) has been increasingly recognized 

as the sixth base of the genome besides A, G, C, T and 5mC,1 

although it was firstly identified as a new modified base in some 

bacterial and viruses in 1950s,2 and in the animal genome in early 

1970s.3 In 2009, 5hmC was confirmed as another abundant 

epigenetic modification in embryonic stem cells and Purkinje 

neurons.4, 5 Since then, 5hmC has been detected in most of the 

mammalian tissues and cell types with diverse levels of abundance.6-

10 Although tremendous progresses have been made to study the 

5hmC during the past six years,11-13 its detailed biological functions 

remain elusive compared to the well-studied epigenetic modification 

5mC.14 To date, 5hmC has been found highly involved in the 

regulation of gene expression, genome stability and cell 

development, which are all associated with human diseases like 

cancer.15-22 5hmC is generated through the oxidation of 5-mC by ten-

eleven translocation (TET) enzymes,4 which can also further oxidize 

the 5hmC to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) 

(Figure 1).18, 23, 24 Other than TET, several other proteins can also 

recognize and interact with the 5hmC-containing DNA.25-33 

     
Fig. 1 Chemical structures of DNA nucleosides A, G, T, C, 5mC, 5hmC, 5fC 
and 5caC. 

    The recent structural studies have contributed the detailed 

information about how TET and TET-like enzymes mediate the 

formation of 5hmC from 5mC through a base-flipping mechanism.34, 

35 In addition, the geometry and base paring properties of 5hmC 

residue in the B-form Dickerson-Drew dodecamer duplex context 

have also been studied.36-39 It was revealed that 5hmC modification 

does not disrupt the whole B-form double helix, the base pairing 

geometry, and the overall duplex thermal stability. These findings, in 

combination with the fact that the regular polymerases can not 

distinguish the 5-hmC and 5-mC from the natural C, led to the 

conclusion that the position 5 of cytosine is an ideal place to install 

epigenetic modifications that are not mutagenic.37, 40  

    More interestingly, the rotation-free hydroxyl group of 5-hmC in 

these B-form DNA duplex structures uniformly points toward the 3′-

end of the strand and interacts with the neighbouring G through 

water-bridged hydrogen bonds. Considering that this 5-hydroxyl 

group is located in the major groove of DNA and its orientation will 

affect the enzyme recognition, it will be interesting to study the 

stability and dynamic of these hydrogen bonding interactions, as 

well as their potential effects to the further oxidation of 5hmC. Very 

recently, the 5hmC residue has also been detected in RNA of 

mammalian cells and tissues, implying its broader presence and 

functions in wider range of nucleic acid contexts.41 Herein, we 

present two high-resolution crystal structures of both A- and B-form 

DNA duplexes containing 5hmC. We observed similar interactions 

between the 5hmC and its 3′-neighboring bases through water-

bridged hydrogen bonding in both forms of duplexes. The 

subsequent molecular simulation work suggests that this type of 

hydrogen bond is relatively stable. The hydrogen bonding 

interactions might be related to the bond dissociation energy of the 

5-hydroxyl group and the further oxidation step of 5hmC to 5fC.  

    We chose the previously well studied self-complementary octamer 

[5′-G(2′-SeMe-dU)GTA(5hmC)AC-3′] as the A-form duplex model 

to incorporate 5hmC at position 6 with a 5hmC-A step. The 2′-

SeMe-dU residue is used to facilitate crystallization and drive this 
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DNA sequence to A-form duplex without structural perturbation.42, 43 

On the other hand, the typical Dickerson-Drew dodecamer with 

5hmC at position 3, [5′-CG(5hmC)GAATTCGCG-3′] with a 5hmC-

G step, was used as the ideal B-form duplex model. Considering that 

the crystallization conditions might affect the molecular packing and 

the hydration patterns, we crystallized both samples under the same 

condition (10% MPD, 40 mM Na cacodylate pH 7.0, 12 mM 

spermine tetra-HCl, 12mM KCl and 80 mM NaCl), which is 

different as the previously published one.37 Both DNA crystallized 

very well within one week and the crystals diffracted to 1.4Å and 

1.55Å respectively. The data collection and structure refinement 

statistics are summarized in Table 1. Both structures were solved by 

molecular replacement using PDB models of 1Z7I43and 1BNA44 

respectively.  
 

Table 1  X-ray data collection and structural refinement statistics of A-form 

8mer [5′-dG(2′-SeMe-dU)GTA(5hmC)AC-3′] and B-form Dickerson-Drew 

dodecamer [5′-dCG(5hmC)GAATTCGCG-3′] containing 5hmC.  

DNA (PDB ID) 
A-form 8mer 

(5CH0) 

B-form 12mer 

(5CJY) 

Data Collection and Processing 

Space group P43212 P212121 

Unit cell (Å, °) 
43.05, 43.05, 23.76 

90, 90, 90 

25.32, 40.61, 65.40 

90, 90, 90 

Resolution range, Å   

(last shell) 

50-1.40 

(1.42-1.40) 

50-1.50  

(1.55-1.50) 

Unique reflections 4738 (203) 10064 (544) 

Completeness, % 99.5 (92.7) 88.6 (50.0) 

Rmerge ,% 6.2 (17.4) 2.6 (27.7) 

<I/σ(I)> 55.5 (9.6) 12.3 (4.8) 

Redundancy 21.4 (6.6) 14.9 (7.5) 

Structure Refinement 

Molecules per  

asymmetric unit 
1 single strand 1 duplex 

Resolution range, Å 30.44-1.40 34.5-1.55 

Number of reflections 4496 9102 

Completeness, % 99.6 92.54 

Rwork , % 18.9 19.9 

Rfree , % 20.1 24.6 

Bond length r.m.s. Å 0.01 0.005 

Bond angle r.m.s. 1.64 1.16 

Overall B-factor, Å2 7.77 21.1 

  Rmerge=Σ|I-‹I›|/ΣI 

    The overall duplex structures and local 5hmC:G pairing patterns 

of both DNA are showed in Figure 2. The 5-hydroxylmethyl groups, 

located in the major groove, turn to the 3′-direction in both 

structures. Consistent with the previous structure and melting 

temperature studies,37, 40, 45 the 5-hmC does not cause obvious duplex 

structure perturbation in both forms of DNA compared to their 

native counterparts (Fig. 2A and 2B). When the local base pairing is 

compared, the 5hmC:G in the B-form 12mer aligns perfectly with 

the native C:G pair (Fig. 2C). While in the A-form 8mer, the 

backbone of G paired with 5hmC rotates ~100 degree compared to 

the native G (Fig. 2D), bringing the overall r.m.s value to 0.5. The 

direct comparison of two 5hmC residues in these two structures 

indicates a slight orientation shift (~0.7 Å) of the hydroxyl groups 

(Fig. 2E), which might be induced by the slightly different hydration 

patterns and the local interactions between the hydroxyl groups and 

the connected water molecules. 

 
Fig. 2 (A) Duplex superimpose comparison of 5hmC-12mer 

[CG(5hmC)GAATTCGCG]2 (red) and native-12mer (cyan, PDB: 1BNA) 

with r.m.s=0.32; (B) Duplex superimpose comparison of 5hmC-8mer [G(2’-

SeMe-dU) GTA(5hmC)AC]2 (green) and native-8mer (blue, PDB: 1Z7I) with 

r.m.s=0.5. (C) Base pair comparison of hmC3-G (red) and native C3-G 

(cyan). (D) Base pair comparison of hmC6-G (green) and native C6-G (blue). 

The hydroxylmethyl groups in both DNA are indicated by black arrows. 

Hydrogen bonds distances are in Å. (E) Superimpose comparison of the two 

5hmC residues in 12mer (red) and 8mer (green) DNA duplexes, the distance 

between the two hydroxyl groups is 0.7Å.  

    It was reported previously that certain highly conserved water 

molecules are observed to interact with 5hmC through hydrogen 

bonding in the Dickerson-Drew dodecamer duplex.36, 37 These 

interactions might be a major factor to stabilize the conformation of 

5-hydroxylmethyl groups in this duplex. Using different 

crystallization condition, we also observed the similar water-bridged 

hydrogen bonding interaction between the hmC3 and G4 in this B-

form duplex, as shown in Figure 3A. The bond distance between the 

O7 of 5hmC and the water W1 is 2.9 Å; and the one between W1 

and O6 of G4 is 2.8 Å, indicating these two hydrogen bonds are 

relatively strong in this form. In addition, W1 also connects to 

another water molecule W2, which interacts with the O4 atom of the 

T20 in the complementary sequence with a hydrogen bond length of 

2.8 Å. This T20 base pairs with A5 that is connected to G4. This 

hydration networking might contribute the stability of 5hmC 

conformation and the overall duplex. Similarly, we also observed the 

hydrogen bonds between the hmC6 and A7 in the A-form 8mer 

structure. As shown in Fig. 3B, the highly conserved water molecule 

W3 has interactions with O7 of 5hmC and N6 of A7 with the 

hydrogen bond distances of 2.8 Å and 2.9 Å respectively. In 

addition, this hydration pattern is further expanded to the phosphate 

oxygen atoms in both 3′- and 5′-end of the 5hmC by two additional 

water molecules W4 and W5, which might cause slight orientation 

shift of the 5-hydroxylmethyl group that we observed in Fig. 2E. It is 

also noteworthy that the hydroxyl groups in both structures form 

hydrogen bonding with the N4 of 5hmC, which might facilitate the 

amino-imino tautomerization of N4.46, 47  

    To further check the stability and dynamics of these unique 

hydrogen bonds connecting 5hmC with its neighbouring bases in 

different base steps and duplex contexts, we carried out molecular 

dynamics studies in four structural contexts with 5hmC-A and 

5hmC-G step in A- and B-form DNA duplex respectively. The 
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5hmC-A step in B-form DNA and the 5hmC-G step in A-form DNA 

were generated by the single base mutation of the current two crystal 

structures followed by the energy minimization step. We first 

calculated the orientation of hydroxyl group in 5hmC by monitoring 

the fluctuations of the dihedral angle ϕ, C5-C6-C7-O7 in the 5hmC. 

Since the carbon atoms lie in the same plane, the angle indicates the 

preferential orientation of the hydroxyl group with ϕ < 0 pointing 

towards the 5′ side and ϕ > 0 pointing towards the 3′ side. The 

equilibrium distribution of ϕ is showed in Figure 4. Interestingly, the 

hydroxyl group of all the duplexes predominantly points towards the 

3′ side as shown by the prominent peak at ~90°. In addition, a 

significantly smaller peak exists near -120°, showing a weak 

preference to point towards the 5′ side. A typical orientation 

dynamics of the hydroxyl group in B-form DNA is showed in Figure 

S1. The preferential orientation of the hydroxyl group towards the 3′ 

side stems from a steric clash with the 5′ nucleobase in both A and B 

forms of the DNA. 

 
 

Fig. 3 Stick view of local hydration patterns. (A) 5-hmC3:G4 step and the 

T20 residue in the complementary strand in B-form 12mer. (B) 5-hmC6:A7 

step in A-form 8mer. The red spheres represent the conserved water 

molecules bridging the hydroxyl group in 5hmC to other atoms of DNA with 

strong hydrogen bonding. 

    We also studied the probability distribution of the distances 

between O7 of 5hmC and N7 of dA or O6 of dG in both A-form and 

B-form DNA duplexes, as shown in Figure 5. All the four curves 

show a global peak at the distance of ~4.5 Å, which is ideal for a 

water-bridged interaction, implying the hydroxyl group orientation is 

quite stable relative to the 3′-base and the water-bridged hydrogen 

bonds are most likely maintained throughout the duration of our 

simulation. More interestingly, there is a significant enhancement in 

the propensity of the hydroxyl group to directly hydrogen bond with 

3′-guanine in the B-form DNA, as evidenced by the peak at ~3 Å. 

This direct hydrogen-bonding propensity, which is unique in the B-

form DNA with a 5hmC-G step, is even more evident if the 

histogram is normalized by ideal gas reference state using an r-

square approximation as shown in the inset (Fig. 5B). This direct 

hydrogen bond has also been observed in a previous crystal structure 

where the hydroxyl group in 5hmC is present in a hybrid form.36 

Although in a relatively low abundance, the direct hydrogen bonding 

might also contribute to the B-form DNA stability. This result also 

indicates the importance of 3′-nucleobases and DNA geometry to the 

conformation of 5hmC.  

    Considering the ubiquity and importance of hydrogen bonding 

networks in proton-coupled electron transfer of biological systems, 
48-50 it is speculated that the water-bridged hydrogen bonds between 

the 5hmC and the neighbouring bases might affect the pKa of the 

hydroxyl group, the redox potential of 5hmC and its further 

oxidation to 5-formylcytidine (5fC), which is another important 

epigenetic modification.51 Indeed, in protein oxidation process, it is 

well known that the hydroxyl group of tyrosine is more inclined to 

lose the proton when it is involved in the hydrogen bonding 

interactions with the surrounding residues, which accordingly cause 

big energy difference.52, 53 The systematic energy calculation for the 

oxidation process of 5-hydroxylcytosine with different hydroxyl 

orientations in varying structural contexts is currently undergoing. 

 
Fig. 4 Dynamic orientation study of the hydroxyl group in C-G and C-A 

steps in both A-form and B-form DNA duplex by plotting the probability of 

Φ, the C6-C5-C7-O7 dihedral angle, during the simulation. Positive angle 

means the OH points to the 3′-side; negative angle means the OH points to 

the 5′-side. A-form is represented by dashed lines and B-form is represented 

by smooth lines. C-A step and C-G steps are showed in red and blue 

respectively. 

 
Fig. 5 (A) The probability distribution of the distances (rON) between O7 of 

5hmC and N7 of dA or O6 of dG in both A-form and B-form DNA duplex. 

(B) Same figure with r2 normalization to roughly approximate ideal gas 

entropy. A-form is represented by dashed lines and B-form is represented by 

smooth lines. Higher peak at ~3 Å represents good H-bonding. 

    In conclusion, through two high-resolution crystal structures and 

molecular dynamic simulation studies, we observed that in the 

context of both A-form and B-form DNA duplexes, the 5hmC 

residue could interact with its 3′-neighbouring bases through 

relatively stable water-bridged hydrogen bonding. We speculate that 

these unusual hydrogen bonding interactions might be related to the 

 
Facing 5’ side 

C-A step 
C-G step 

Facing 3’ 

side 

C-A step 
C-G step 

(A) (B) 

H-bonding 
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bond dissociation energy of the 5-hydroxyl group and the further 

oxidation step of 5hmC to 5fC.    
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