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Abstract

5-Formylcytosine (5fC) is an endogenous DNA modification frequently found within regulatory 

elements of mammalian genes. Although 5fC is an oxidation product of 5-methylcytosine (5mC), 

the two epigenetic marks show distinct genome-wide distributions and protein affinities, 

suggesting that they perform different functions in epigenetic signaling. A unique feature of 5fC is 

the presence of a potentially reactive aldehyde group in its structure. Here, we show that 5fC bases 

in DNA readily form Schiff base conjugates with Lys side chains of nuclear proteins in vitro and 

in vivo. These covalent protein-DNA complexes are reversible (t1/2, 1.8 h), suggesting that they 

contribute to transcriptional regulation and chromatin remodeling. On the other hand, 5fC 

mediated DNA-protein cross-links, if present at replication forks or actively transcribed regions, 

may interfere with DNA replication and transcription.
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DNA epigenetic mark 5-formylcytosine (5fC), which is generated from 5-methylcytosine via Tet-

mediated oxidation, was found to form reversible conjugates with histone proteins in cells. The 

resulting DNA-protein cross-links involve transient Schiff base formation between Lys chains of 

proteins and the aldehyde group of 5fC. These reversible DNA-protein conjugates are likely to 

modify chromatin structure contribute to epigenetic control of gene expression.
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DNA methylation is a major mechanism by which eukaryotic cells maintain tissue-specific 

patterns of gene expression.[1] Cytosine methylation takes place primarily within the context 

of CpG dinucleotides and is catalyzed by DNA methyltransferases (DNMT).[2] CpG 

methylation upstream of transcriptional start sites is associated with reduced levels of gene 

expression, histone deacetylation, and the formation of closed chromatin.[3] Ten eleven 

translocation dioxygenases (Tet1–3) catalyze iterative oxidation of 5mC to 5-

hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC).[4] 

These oxidized forms of 5mC are found in all cells and tissues, although the abundances of 

5fC and 5caC in the human genome (0.02 to 0.002% of all Cs)[5] are much lower than those 

of 5hmC (0.02–0.1 % of all Cs) and 5mC (3–5% of all Cs).[4a, 6] 5hmC concentrations are 

the highest in neuronal tissues and stem cells and are dramatically decreased in tumors.[7]

Unlike 5mC, which is well known to control the patterns of gene expression in mammalian 

cells,[1] biological functions of its oxidized forms are incompletely understood. 5fC and 

5caC can be replaced with cytosine via the base excision repair pathway,[8] suggesting that 

they may act as DNA demethylation intermediates. [4a, 8] Recently, it was reported that 

5hmC, 5fC, and 5caC are recognized by specialized sets of protein “readers”,[9] leading to a 

hypothesis that they function as additional epigenetic marks, possibly fine-tuning the levels 

of gene expression.[1, 10]
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Among the oxidized forms of 5mC, 5fC is of particular interest due to the presence of an 

aldehyde group in its structure. This group is potentially reactive towards cellular 

nucleophiles such as amino acids, polypeptides, and proteins. Recent proteomics studies 

have identified a number of nuclear proteins with preferential binding to 5fC in DNA as 

compared to 5mC, 5hmC and 5caC.[9b, 11] This has led us to hypothesize that the formyl 

group of 5fC is chemically reactive towards DNA-binding proteins, generating reversible 

DNA-protein cross-links. Herein, we report that proteins with strong affinity for DNA and 

containing Lys residues, such as histones H2A and H4, readily form reversible Schiff base 

conjugates with 5fC-containing DNA. The resulting DNA-protein cross-links (DPCs) 

involve Lys or Arg side chains of proteins and the formyl group of 5fC (Scheme 1). It is 

likely that reversible conjugation between regulatory proteins and 5fC in DNA plays a role 

in chromatin dynamics and epigenetic regulation. Conversely, 5fC mediated DNA-protein 

conjugates may compromise genetic stability by interfering with DNA replication, 

transcription, and repair.[12]

To probe 5fC-mediated DNA-protein cross-linking in vitro, 32P-radiolabeled 5fC-containing 

DNA (Figure S1A) were incubated with recombinant histone H2A and H4 proteins under 

physiological conditions, and the formation of covalent DNA-protein conjugates (DPC) was 

detected as reduced mobility bands on denaturing PAGE (Figure 1A). Strong DPC bands 

were observed when DNA was incubated with histone proteins (Figure 1A, Lane 5), but not 

in control experiment in the absence of proteins (Lane 1). The resulting DNA-protein 

conjugates were partially reversed by heat treatment at 90 °C (Lane 2) and disappeared upon 

incubation with proteinase K (Lane 4). The reduced mobility bands were confirmed to be 

DNA-protein conjugates by the fact that they could be visualized by both protein and DNA 

staining (Figure 1B). The conjugates could be stabilized by reduction in the presence of 

NaCNBH3 to form irreversible cross-links, which were no longer heat labile (Lane 3 in 

Figure 1A). These results are consistent with the formation of reversible imino conjugates 

between histone proteins and 5fC containing DNA, which are converted to stable amino 

linkages upon treatment with NaCNBH3 (Scheme 1). This was confirmed by mass 

spectrometry analysis of the conjugates between recombinant histone H4 and 12-mer DNA 

oligonucleotide (Figure S1B, 5′-AGTCGCTGXTAT-3′, where X = 5fC), which had 

revealed a strong signal at the expected m/z value of 14,928 (Figure 2). Similar results were 

obtained for histone H2A (Figure S2).

We next examined the effects of protein identity, solution pH, reaction temperature, 

incubation time, and DNA:protein molar ratio on fC mediated cross-linking efficiency. The 

highest DPC yields (up to 60%) were achieved following 4 h incubation of histone H2A 

with 5fC-containing DNA at 25 °C and pH 7.4 (Figures 3 and S3). Higher pH and longer 

reaction times did not improve DPC yields (Figures 3 and S3). Similar DNA-protein 

conjugate amounts were observed for histone H2A and Mutyh, while hOGG1, RNAP, and 

AGT were less efficiently cross-linked (Figure S4 and Table S1). This is not unexpected 

since histone proteins have a strong affinity for DNA and contain multiple Lys residues 

available for Schiff base formation with 5fC. Unlike previous reports of thiol-mediated 

reactions of 5fC,[13] the formation of histone-DNA crosslinks was decreased in presence of 

β-mercaptoethanol (Figure S5).
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The ability of histone proteins to form covalent conjugates with 5fC containing DNA was 

further confirmed by denaturing PAGE analysis of 47-mer duplexes (see Figure S1C for 

sequence) which had been incubated with nuclear extracts from human bronchial epithetlial 

cells (HBEC), although many additional proteins were also captured (Figure S6A). A 

concentration dependent increase in DPC yield was observed as the 5fC content was 

increased (Figure S6B).

To investigate the stability of the 5fC-protein conjugates, affinity purified cross-links 

between histone H2A and 32P-labeled 23-mer DNA duplex were incubated under 

physiological conditions, and the reaction mixtures were analyzed by gel electrophoresis 

(Figure S7). We found that at 37 °C, 5fC mediated DNA-protein conjugates gradually 

dissociated to free histones and oligonucleotides. The formation of histone-DNA complexes 

in the presence of 35-fold molar excess of protein were best described by pseudo-first-order 

reversible kinetics (Figure 4). The half-life of histone-DNA conjugates under physiological 

conditions (pH 7.4, 37 °C) was estimated to be 1.8 h (k−1 ~6.1×10−3 min−1).

To examine the effects of amino acid composition on reactivity of peptides towards 5fC-

containing DNA, Lys-containing peptides of varying length and sequence were incubated 

with 23-mer oligonucleotides containing 5fC (see Figure S1A for DNA sequence and Table 

S1 for peptide sequences). DNA-peptide conjugates were detected by denaturing PAGE 

(Figure S8) and characterized by MALDI-TOF mass spectrometry (Figure S9).

We found that the efficiency of cross-linking between 5fC-containing DNA and synthetic 

polypeptides (11-mer, 31-mer and 57-mer) was much lower as compared to its reactions 

with proteins (Figure S8 and Table S2).These results suggest that the formation of 5fC-

histone conjugates is stimulated by noncovalent DNA-protein interactions, which bring the 

two biomolecules in a close proximity to each other.

The ability of both Lys and Arg amino acid side chains to form imino conjugates in vitro 
was further confirmed by ESI-MS and MS2 analysis of the reaction mixtures between 5fC 

containing DNA and free amino acids (Figure S10). However, not all peptides containing 

Lys or Arg participated in cross-linking. For instance, no detectable conjugate was formed 

between DNA and a 10-mer peptide (EQKLISEED, Lane 5 in Figure S8). This can be 

explained by a reduced affinity of this peptide for DNA due to the negative charges on three 

glutamic acid side chains.

To establish the exact chemical structure of the 5fC-mediated cross-links, 11-mer peptide 

(RPKPQQFFGLM, M = 1,346.7) was incubated with excess of 5-formyl-dC (M = 255.1) in 

the presence of NaCNBH3. The resulting peptide-nucleoside conjugates were characterized 

by MALDI-TOF mass spectrometry (Figure 5A). A prominent signal at m/z 1,586.88 

matched the molecular weight of the expected conjugate between the 11-mer peptide and 5-

formyl-dC (m/z 1,586.82) (Figure 5A). MS/MS fragmentation of the doubly charged 

peptide-nucleoside conjugate [M+2H]2+ (m/z 794.4) in an ion trap mass spectrometer was 

dominated by product ions at m/z 736.2 and 675.1, corresponding to the losses of 

deoxyribose and nucleoside, respectively, while the b and y ion series were consistent with 

modification of the K3 lysine residue (Figure 5B). These results are in agreement with the 
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cross-linking mechanism depicted in Scheme 1, where DPC formation between 5fC and Lys 

involves transient Schiff base formation, which can be stabilized by reduction in the 

presence of NaCNBH3.

Isotope dilution nanoLC-ESI+-MS/MS methodology was employed to detect 5fC-Lys 

conjugates in vivo (Figure 6). To stabilize the reversible Schiff base adducts, nuclei isolated 

from human embryonic kidney 293 cells (HEK293T) were treated with NaCNBH3. 

Following DNA isolation, samples were digested with proteinase K, nucleases, and 

phosphatase to yield 5fC-lys conjugates. To facilitate the detection 5fC-lys, they were 

derivatized with Waters AccQ-Tag, which modified both primary and secondary amines of 

the analyte, forming a stable derivative (Figure S11). This significantly improved HPLC 

retention time and peak shape in nanoLC-MS analysis. NanoLC-ESI-MS/MS analysis of 

derivatized samples has revealed a prominent signal with the same HPLC retention time and 

MS/MS fragmentation as synthetic 5fC-Lys, confirming that Lys side chains indeed form 

Schiff base adducts to 5-formylcytosine in DNA in cells (Figure 6). 5fC-Lys adduct 

concentrations in cells were ~ 1.20 ±0.07 ×10−4 % of all dCs. Consequently, about every 

100th 5fC base forms a Schiff base with Lys residues of neighboring proteins, based on the 

quantified amount of 5fC (0.012 % /dC) in untreated HEK293T cells.

To directly identify amino acid residues participating in histone-DNA cross-linking, DNA 

component of the reduced histone H4-DNA and histone H2A-DNA conjugates was digested 

to nucleosides, and the resulting protein-nucleoside conjugates were subjected to tryptic 

digestion. Tryptic peptides containing cross-links to 5-formyl-dC were detected by nanoLC-

ESI+-MS/MS analysis on an Orbitrap Velos mass spectrometer. Six lysine or arginine 

residues from histone H4 (K8, K16, R40, R45, R67 and K79, Table S3) and five from 

histone H2A (K5, K9, R81, R88 and K95, Table S4) were found to participate in cross-

linking to 5fC in DNA (Figure 7). Examination of the crystal structures (PDB IKX5) reveals 

that many of the residues participating in cross-linking to DNA are located within Lys-rich 

tails, which are known to interact directly with the DNA duplex within nucleosomal core 

particles,[14] although some of the participating residues (e.g. R67 in human histone H4) are 

outside of the DNA binding region.

Future studies are needed to establish possible biological roles of 5fC mediated DNA-

protein cross-linking. Greenberg et al. recently reported that lysine residues located in N-

terminal tails of histone proteins form Schiff base conjugates with apurinic/apyrimidinic 

(AP) sites in DNA, which facilitates their repair via base excision mechanism.[15] In vivo 
concentrations of 5fC and AP sites in genomic DNA are comparable (2~20 vs. 5~20 per 106 

nucleosides).[5, 16] It is possible that by analogy with AP sites, histones may facilitate base 

excision repair of 5fC by TDG and its replacement with cytosine, ultimately leading to 

erasure of this epigenetic mark.[8]

Despite their relatively low global concentrations, 5fC levels at specific loci (e.g. poised 

enhancer regions) are comparable to those of other 5mC derivatives.[17] 5fC appears to be a 

relatively stable epigenetic modification in mammals.[9a, 13a] 5fC is capable of altering local 

DNA structure, which may play a role in DNA-protein interactions.[9a, 13a] Mass 

spectrometry based proteomics screens have identified a range of 5fC binding proteins 
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including transcriptional regulators, DNA repair factors, chromatin regulators, and other 

nuclear proteins not likely to be involved in DNA demethylation.[9b, 11] These data suggest 

that beyond its function as an active demethylation intermediate, 5fC may act as a functional 

epigenetic mark involved in transcriptional regulation and possibly other biological 

functions.[9b, 10d, 17b]

Our recent studies have found that 5fC mediated DNA-histone cross-links significantly 

block DNA and RNA polymerases. In contrast, DNA-peptide cross-links, which are likely to 

form as a result of proteolytic degradation of DPCs by specialized proteases such as Spartan,
[18] can be bypassed by TLS polymerase, resulting in C to T transition mutations (S. J. and 

N. T., manuscript in preparation). Given the relatively slow hydrolysis rate of the Schiff base 

conjugates formed between nuclear proteins and 5fC in DNA, it will be of interest to 

determine how cells deal with endogenous DNA-histone cross-links, which are expected to 

present a major physical challenge to DNA transactions due to their bulky size.

Note: While this manuscript was under revision, Li et al.[19] reported 5fC mediated DNA-

protein cross-linking in vitro using reconstituted nucleosomal core particles, supporting 

these findings.
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Figure 1. 
Denaturing SDS-PAGE analysis of DNA-protein cross-links using (A) 32P-labeled 5fC DNA 

and (B) SimplyBlue Protein staining (left panel) and SYBR Green DNA staining (right 

panel).
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Figure 2. 
ESI+ mass spectrum of histone H4 (M = 11,241) cross-linked to 5fC-containing 12-mer 

oligonucleotide (M = 3704.4). The cross-links were stabilized by NaCNBH3 treatment. The 

signal at 14,928 corresponds to DPC structure shown on top.
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Figure 3. 
Effects of pH on DNA-protein and DNA-peptide cross-links formation.

Ji et al. Page 10

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 November 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Time-dependent DPC formation between 5-formly-dC containing DNA and Histone H2A. 

The time course of DPC formation fits pseudo first-order reversible kinetics in the presence 

of 35 molar excess of histone H2A.
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Figure 5. 
MS (A) and MS2 (B) spectrum of 11-mer peptide cross-linked to 5-formyl-dC.
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Figure 6. 
Representative NanoLC-ESI+-MS/MS chromatograms of AccQ-Tag derivatized 5fC-lys 

conjugates from NaCNBH3 treated nuclei from HEK293T cells.
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Figure 7. 
Crystal structure of (A) Histone H4 and (B) Histone H2A (PDB IKX5) showing Lys and 

Arg residues participating in DPC formation.
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Scheme 1. 
Schiff base formation between 5-formyl-dC in DNA and basic side chains of proteins and its 

chemical stabilization via NaCNBH3 reduction.
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