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Abstract
5-Hydroxymethylcytosine (5-hmC) is a newly discovered DNA base in mammalian cells that is
believed to be another important epigenetic modification. Here we report the use of a methylation-
insensitive restriction enzyme TaqαI coupled with selective chemical labeling of 5-hmC in a
Combined Glycosylation Restriction Analysis (CGRA) to detect 5-hmC in TCGA sequences. This
method, differentiates fully versus hemi-hydroxymethylated cytosine in the CpG dinucleotide,
adds a new tool to facilitate biological studies of 5-hmC.
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In addition to the four standard DNA bases, base modifications can add extra epigenetic
information to the DNA that is not encoded in the sequence. For example, in mammalian
genome, 5-methylcytosine (5-mC), which constitutes about 1% of total nucleotide and
mainly occurs in the CpG dinucleotide, has a profound effect on gene regulation and
dysregulation.1–3 In 2009, two groups independently reported the existence of 5-
hydroxymethylcytosine (5-hmC) in mammalian genomic DNA.4, 5 Meanwhile the TET
family enzymes, which are methylcytosine dioxygenases, have been identified to oxidize 5-
mC to 5-hmC, and play roles in embryonic stem (ES) cell regulation and myelopoiesis.5–8

These studies alter our perception of how DNA methylation impacts mammalian cells by
suggesting that 5-hmC might also play an important role in epigenetic regulation.

To further reveal the function of 5-hmC, sensitive detection and sequencing methods are
required, as the widely used sequencing methods for 5-mC, such as bisulfite sequencing and
methylation-sensitive restriction digestion, cannot discrimination between the two cytosine
modifications.9–12 Commercially available anti-5-hmC antibodies are unlikely to provide
high-resolution sequencing of 5-hmC. Recently, we have developed a chemical labeling
method to selectively label 5-hmC with an azide-modified glucose by β-glucosyltransferase
(βGT). A subsequent coupling of the azide group with an alkyne-biotin probe allows
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detection of 5-hmC in genomic DNA (Fig. 1).13 With this method, 5-hmC-containing
genomic DNA fragments can be enriched and sequenced to provide the genomic distribution
of this modification.13 However, a high-throughput method for single-base resolution
detection of 5-hmC has yet to be achieved.

The use of methylation-sensitive restriction enzymes is a classic approach to the study of
DNA methylation at specific loci.14 However, due to the similar size of the methyl and
hydroxymethyl groups, 5-mC and 5-hmC are indistinguishable to most restriction
enzymes.10, 11, 15, 16 We anticipated that after adding the bulky glucose group or a
subsequent biotin attachment to 5-hmC, the glucosylated base would have different
properties from 5-mC.17 For example, the resulting 5-N3-gmC or biotin-5-N3-gmC in a
duplex DNA may be able to block digestion from the methylation-insensitive restriction
enzyme, which can digest both 5-hmC- and 5-mC-containing DNA. While we are
developing this method, two companies, Zymo Research and New England Biolabs, have
launched products based on this combined glycosylation restriction analysis (CGRA). They
utilize βGT to transfer a regular glucose to 5-hmC and show that it can block the
methylation-insensitive restriction enzyme MspI, which has a recognized sequence of
C^CGG.18 Although the use of MspI in CGRA can detect the presence of 5-hmC on CCGG
site, it has several limitations: i) MspI is also blocked if the outer C is 5-mC or 5-hmC,
regardless of the cytosine modification status of the inner C, which limits the use of this
approach on many CCGG sites where the outer C methylated;15 ii) it cannot tell whether 5-
hmC occurs on only one strand or both strands of the CpG dinucleotide (see below). Herein,
we show that TaqαI, another methylation-insensitive restriction enzyme that recognizes and
cuts T^CGA, can also be used in CGRA when coupled with our chemical labeling method.
This new approach can differentiate fully versus hemi-hydroxymethylated states in the CpG
dinucleotide.

We first synthesized a 32-mer double strand DNA bearing T*CGA (*C = 5-hmC) on both
strands (Fig. 2A). Instead of glucose, we employed βGT to transfer our chemically modified
6-N3-glucose, onto 5-hmC (Fig. 1). Then we subjected the modified DNA to TaqαI-
mediated digestion. As expected, TaqαI can completely cut unmodified 5-hmC, but only
partially for N3-5-gmC. (Fig. 2A, lane 1-4).17 The relatively high tolerance of TaqαI to the
cytosine modification requires more bulky modifications in order to achieve a satisfactory
difference in CGRA. The presence of azide group on the glucose allows us to add further
modification using click chemistry.19–21 We therefore coupled N3-5-gmC with
dibenzocyclooctyne-modified biotin using copper-free click chemistry to introduce a
sterically bulky dibenzocyclooctyne moiety (Fig. 1).22, 23 To our delight, when we applied
the biotin-N3-5-gmC modification into TaqαI digestion, it showed an almost complete
blocking effect (Fig. 2A, lane 5–6).

Due to the semi-conservative DNA replication, besides a full methylation state, hemi-
methylation state also exists in mammalian genome. The conversion of 5-mC to 5-hmC
suggests that fully and hemi-hydroxymethylation states may also exist in the mammalian
genome. If this is the case, developing a method to distinguish between these two states will
be very important to understanding the formation of 5-hmC and conversion process between
5-mC and 5-hmC. Since the blocking efficiency of TaqαI is largely dependent on the size of
the modification group on the hydroxyl group, we wondered if TaqαI can behave differently
over fully and hemi-hyroxymethylation states. We prepared the same 32-mer double strand
DNA with hemi-hyroxymethylation, performed the same labeling procedure, and subjected
to TaqαI digestion (Fig. 2B). While the hemi-5-hmC can be cut, hemi-N3-5-glocose cannot
block digestion as well as the fully-modified one (Fig. 2B, lane 1-4). Even with the bulkier
group, biotin-N3-5-gmC, present, the majority of DNA was still digested (Fig. 2B, lane 5-6).
Thus, TaqαI digests the hemi-modified sequence but is blocked by the fully-modified one
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with biotin-N3-5-gmC. This noticeable difference of TaqαI in response to fully- and hemi-
hydroxymethylation states after modification provides a method to distinguish these two
states on TCGA sites.

To further investigate if the difference in digestion between fully and hemi-
hydroxymethylation states is universal in restriction enzymes, we replaced the T*CGA site
with C*CGG (*C = 5-hmC) in the previous 32-mer duplex DNA and performed the same
assays on MspI (Fig. 3). Both fully and hemi-5-hmC can be cut by MspI completely before
modification (Fig. 3A, lane 1-2 and Fig. 3B, lane 1-2). For a fully 5-hmC site, both N3-gmC
and biotin-N3-5-gmC can block MspI digestion completely as expected (Fig. 3A, lane 3-6),
suggesting that MspI is more sensitive towards the steric hindrance of cytosine modification
of the CpG dinucleotide; the presence of a glucose group on the inner C is enough for the
protection from digestion. For the hemi-5-hmC site, it gave the same results as the fully-
modified one: both the N3-5-gmC and biotin-N3-5-gmC can be protected from digestion
(Fig. 3B, lane 3-6). This result is in accordance with our assumption that MspI is much
easier to block and that it cannot distinguish the fully-modified 5-hmC site from hemi-5-
hmC site as TaqαI.

In conclusion, we discovered the formerly known methyl-insensitive restriction enzyme
TaqαI can be blocked by a biotin-N3-5-gmC modification in order to detect the existence of
5-hmC on TCGA sites in CGRA. Furthermore, TaqαI is unique in that it is almost
completely inhibited by the fully-modified biotin-N3-gmC site while cutting most of the
hemi-modified site, therefore may be used to distinguish fully versus hemi-
hydroxymethylation sites on specific loci. Given the possible importance of 5-hmC in gene
regulation, the development of this detection method will greatly facilitate future epigenetic
studies. Work to employ this assay to discover 5-hmC in real biological samples is currently
underway in our laboratory.
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Figure 1.
The βGT-catalyzed formation of N3-5-gmC and the subsequent click chemistry to yield
biotin-N3-5-gmC on the TCGA site in duplex DNA. Modification on only one strand is
shown.
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Figure 2.
TaqαI-mediated digestion of 5-hmC-, N3-5-gmC-, and biotin-N3-5-gmC-containing DNA
with the sequences showing on top. *C indicates the modified position; arrows indicate
TaqαI cutting sites. (A), Digestion of fully-modified DNA. (B), Digestion of hemi-modified
DNA. The 32-mer dsDNA (1 pmol) was digested with 100 U of TaqαI (New England
BioLabs) for 1 hr at 65 °C. Samples were analyzed by 16% PAGE/Urea gel and visualized
using SYBR Green I staining (Lumiprobe).
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Figure 3.
MspI digestion of 5-hmC-, N3-5-gmC-, and biotin-N3-5-gmC-containing DNA with the
sequences showing on top. *C indicates the modified position; arrows indicate MspI cutting
sites. (A), Digestion of fully-modified DNA. (B), Digestion of hemi-modified DNA. The 32-
mer dsDNA (1 pmol) was digested with 100 U of MspI (New England BioLabs) for 1 hr at
37 °C. Samples were analyzed by 16% PAGE/Urea gel and visualized using SYBR Green I
staining (Lumiprobe).
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