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NA is not merely a combination of four genetic codes, namely A, T, C, and G. It also contains minor modifications that play

crudial roles throughout biology. For example, the fifth DNA base, 5-methylcytosine (5-mC), which accounts for ~1% of all
the nudleotides in mammalian genomic DNA, is a vital epigenetic mark. It impacts a broad range of biological functions, from
development to cancer. Recently, an oxidized form of 5-methylcytosine, 5-hydroxymethylcytosine (5-hmC), was found to constitute
the sixth base in the mammalian genome; it was believed to be another crucial epigenetic mark. Unfortunately, further study of this
newly discovered DNA base modification has been hampered by inadequate detection and sequencing methods, because current
techniques fail to differentiate 5-hmC from 5-mC. The immediate challenge, therefore, is to develop robust methods for
ascertaining the positions of 5-hmC within the mammalian genome. In this Account, we describe our development of the first
bioorthogonal, selective labeling of 5-hmC to specifically address this challenge.

We utilize 3-glucosyltransferase (#GT) to transfer an azide-modified glucose onto 5-hmC in genomic DNA. The azide moiety
enables further bioorthogonal click chemistry to install a biotin group, which allows for detection, affinity enrichment, and, most
importantly, deep sequencing of the 5-hmC-containing DNA. With this highly effective and selective method, we revealed the first
genome-wide distribution of 5-hmC in the mouse genome and began to shed further light on the biology of 5-hmC. The strategy
lays the foundation for developing high-throughput, single-base-resolution sequencing methods for 5-hmC in mammalian
genomes in the future.

DNA and RNA are not static inside cells. They interact with protein and other DNA and RNA in fundamental biological processes
such as replication, transcription, translation, and DNA and RNA modification and repair. The ability to investigate these
interactions will also be enhanced by developing and utilizing bioorthogonal probes. We have chosen the photoreactive diazirine
photophore as a bioorthogonal moiety to develop nudleic acid probes. The small size and unique photo-cross-linking activity of
diazirine enabled us to develop a series of novel cross-linking probes to streamline the study of protein—nucleic acid and nudleic
acid—nudleic acid interactions. In the second half of this Account, we highlight a few examples of these probes.

Introduction

Bioorthogonal labeling methods are valuable tools in
nucleic acid research to study their cellular behaviors, in
particular recent bioorthogonal assays developed to
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measure DNA and RNA syntheses inside cells."* Our group
has been utilizing bioorthogonal labeling methods relying
on chemical or photochemical strategies to study DNA
modification and interactions involving nucleic acids.>~>
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FIGURE 1. Oxidization of 5-mC to 5-hmC by TET1-3.

In eukaryotes, besides the genomic information encoded by
the primary DNA sequence, there are other layers of heri-
table epigenetics information. One layer of such information
is carried by 5-methylcytosine (5-mC), a DNA modification
that constitutes ~1% of total nucleotides in mammalian
genomic DNA (Figure 1). 5-mCis a vital epigenetic mark that
impacts a broad range of biological functions, including
gene expression, maintenance of genome integrity, parental
imprinting, X-chromosome inactivation, regulation of devel-
opment, aging, and cancer.®~'° Recently, 5-hydroxymethyl-
cytosine (5-hm(), an oxidized form of 5-mC, has been
discovered in surprising abundance in mammalian genomic
DNA of certain cell types (Figure 1).""'* Meanwhile, Tet
proteins, a group of iron(ll)/aKG-dependent dioxygenases
similar to the AIKB family proteins and HIF prolyl-
hydroxylases,'®>'* have been shown to utilize dioxygen to
oxidize 5-mC to 5-hmC in mammalian genome, with Tet1
and Tet2 exhibiting roles in ES cell maintenance and normal
myelopoiesis, respectively (Figure 1).">~'7 These findings
suggested that 5-hmC might also be an important epigenetic
mark.'®

In order to reveal the biology of 5-hmC, the first step is to
determine the genomic locations of 5-hmC. Two challenges
exist to identify the locations of 5-hmC within genomic DNA:
(1) distinguishing 5-hmC from 5-mCand (2) enriching 5-hmC-
containing genomic DNA fragments. Current sequencing
methods for 5-mC, including widely employed bisulfite
sequencing and methylation-sensitive restriction digestion,
failed to distinguish 5-hmC from 5-mC.'°~22 The bisulfite
sequencing method, relying on the presence of a steric
methyl group at the 5-position of cytosine in 5-mC to block
deamination of the base as compared to normal cytosine,
cannot differentiate a similarly steric 5-hydroxymethyl
group on 5-hmC. All previous bisulfite sequencing data will
need to be revisited, since all 5-hmC modifications were
“mistaken” as 5-mC. Similarly, most restriction enzymes
sensitive to the presence of 5-methyl in 5-mC are also
inhibited by 5-hydroxymethyl in 5-hmC. Recently, Pacific
Biosciences, a company that pioneers the use of DNA poly-
merase to perform single-molecule, real time (SMRT)
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sequencing, has applied the technology to distinguish
among cytosine, 5-mC, and 5-hmC, but the method cannot
enrich 5-hmcC-containing DNA, and the signal differences,
with the current SMRT protocol, have difficulties to achieve
conclusive assignments.>®> Obviously, research in this field
desperately needs a highly effective detection and sequen-
cing method for 5-hmC. Described here is our recent work
which developed a selective bioorthogonal 5-hmC labeling
method to achieve detection, enrichment, and sequencing
of 5-hmCin genomic DNA.

Cellular DNA and RNA are dynamic, constantly interact-
ing with other biomolecules to sustain life processes.
Photochemical cross-linking approaches have been pro-
ven to be effective in studying protein—DNA and nucleic
acid—DNA interactions.?* 33 Among them, the bioortho-
gonal diazirine-based approach has been studied recently
to probe the structure and function of biomolecule
interactions.>*3*~*> Unlike other photoactive groups
which may suffer from low reactivity or photodecomposi-
tion, diazirine-based probes have superior chemical stabi-
lity and form highly reactive carbene species upon UV
irradiation that cross-link efficiently with nearby biomole-
cules. The small size of the probe offers an additional
advantage to minimize potential interference with biologi-
cal functions. The second half of the Account will summarize
our recent efforts in designing new diazirine-based DNA
probes for improved protein—nucleic acid and nucleic
acid—nucleic acid photo-cross-linking.

Bioorthogonal Labeling of 5-HmC

To address the challenge faced for 5-hmC detection, we
borrowed a DNA modification system known to exist in
nature and combined it with a bioorthogonal tagging
technology.? 5-hmC was long known to be a component
of T-even bacteriophage genomic DNA, in which it was
further glucosylated to be S-glucosyl-5-hydroxymethyl-cyto-
sine (5-gmQ) by S-glucosyltransferase (3GT) using the cofac-
tor uridine diphosphoglucose (UDP-Glq) (Figure 2a).*6—4°
Our general strategy is to glucosylate 5-hmC with an azide-
modified UDP-GIc. The azide-glucose installed on 5-hmC
can be further functionalized using click chemistry to in-
corporate tags such as biotin.>°~>* The azide group is
chosen because this functional group is not present inside
cells; the click chemistry to label the azide group is com-
pletely bioorthogonal with no interference from biological
samples. The installed biotin moiety can then serve as a
detection/affinity tag for detection, enrichment, and se-
quencing purposes (Figure 2b).
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FIGURE 2. (a) The hydroxyl group of 5-hmC in duplex DNA can be glucosylated by SGT to form -glucosyl-5-hydroxymethylcytosine (5-gmC) using
UDP-Glc as a cofactor. (b) An azide group can be installed onto 5-hmC using chemically modified UDP-Glu (UDP-6-N5-Glc), which in turn can be labeled
with a biotin moiety using click chemistry for subsequent detection, affinity purification, and sequencing.

Selective Labeling of 5-hmC in Duplex DNA. To test if
azide-glucose can be transferred by SGT, UDP-6-N3-Glc was
synthesized in six steps from a commercially available
glucose derivative (Figure 3a).> We chose to attach the azide
group at the 6-position of the glucose because of the synthetic
accessibility of UDP-6-N5-Glc as well as less steric hindrance
for the subsequent click chemistry. To our delight, the glyco-
sylation reaction of wild-type SGT with UDP-6-N5-Glc went
efficiently on synthetic 5-hmC-containing DNA (Figure 3a).>>>¢
Quantitative conversion of 5-hmC to the glycosylated
form (5-N3-gmQ) can be achieved using 1% AGT within
minutes. Next, we used the dibenzocyclooctyne-PEG3-biotin
(Figure 3a) as a copper-free click chemistry partner to install
the biotin group.>” > The robust and reliable click chemistry
gave high yield (~90%), and the resulting biotin-N3-5-gmC
was confirmed by MALDI-TOF, HPLC, and HRMS analysis of
the corresponding HPLC hydrolysates (Figure 3b). Note that
biotin-N3-5-gmC have two isomers (50:50 ratio) due to the
attachment of the biotin linker to the eight-member ring,
which was confirmed by HPLC.

The similar behavior of 5-hmC and 5-mC in duplex DNA
toward restriction enzyme digestion and polymerization

renders it difficult to differentiate these two cytosine
modifications.?°~22 With a bulky glucose group or a subse-
quent biotin attachment, 5-N3-gmC or biotin-Ns-5-gmC ex-
hibited distinguished properties compared to 5-hmcC, 5-mC,
and cytosine.®® For example, we showed that, with the
addition of streptavidin that binds biotin tightly, biotin-N5-
5-gmC could completely stall polymerization mainly at one
base before, but also right at the modified position using Taq
polymerase in a primer extension experiment (Figure 4). The
two isomers of biotin-N3-5-gmC mentioned above might
explain such two-stage stops. Thus, our method has the
potential to provide single-base resolution detection of
5-hmCin a genome.

Labeling and Detection of 5-hmC in Genomic DNA
from Cell Lines and Animal Tissues. With a biotin group
selectively attached to 5-hm(, it became handy to quantify
the percentage of 5-hmC in a genome using dot-blot assay
with avidin-horseradish peroxidase (HPR).2 We have suc-
cessfully applied the new labeling method on genomic DNA
isolated from various sources and found significantly varied
5-hmC levels among different tissues and cell lines
(Figure 5a).2 Tissues tend to have relatively high 5-hmC
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FIGURE 3. (a) Reactions of the 8GT-catalyzed formation of N3-5-gmC and the subsequent copper-free click chemistry to yield biotin-N3-5-gmC in
duplex DNA. (b) HRMS of biotin-N3-5-gmC (structures are shown in the insets). Theoretical m/z values are shown in red; observed m/z values are

shown in black.

levels (>0.1% of total nucleotide). In mouse cerebellum, we
found a developmental stage-dependent increase of 5-hmC
from 0.1% of total nucleotide in postnatal day 7 (P7) to 0.4%
of total nucleotide in adult stage, suggesting that 5-hmcC
plays an important role in neuron development. Cell lines
tend to have less 5-hmC compared to tissue samples. Mouse
embryonic stem cells (MESC) and mouse adult neural stem
cells (@NSC) were determined to have 5-hmC contents
(~0.04—0.05% of total nucleotide) about one tenth of that
for adult mouse cerebellum. Other cell lines, especially
cancer cell lines like Hela, have much less 5-hmC
(~0.01%). We have further confirmed the existence of
5-hmC in Hela cells by obtaining the HRMS of biotin-N5-5-
gmCfrom the digestion of labeled Hela genomic DNA, which
is identical to the authentic standard from synthetic DNA
(Figure 3b).2 With over 40 cancer cells we have tested, the
5-hmC level is consistently low but with substantial varia-
tions (unpublished data). The vast dynamic range of 5-hmC
level suggests interesting biology behind this modification.

Early studies failed to detect 5-hmC in HelLa cells due to
low sensitivity of previous detection methods. Unlike anti-
bodies which may have a sequence-bias to recognize 5-hmcC
in DNA,'®®" a major advantage of our approach is the ability
to selectively label all 5-hmC in the genome. Together with
the amplification power of HRP, our method dramatically
enhanced the sensitivity for 5-hmC detection in mammalian
genomes. In fact, among the known detection methods for
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5-hmC including radiolabeled TLC,"' LC-MS,%2 and radiola-
beled enzymatic quantification,®’ our method possesses the
lowest detection limit for 5-hmC (Figure 5b), which is espe-
cially important for the study of samples containing low
levels of 5-hmC such as cancer cell lines.

Pull-Down of 5-hmC-Containing DNA for Deep Se-
quencing. The biotin tag that has been selectively intro-
duced to 5-hmC presents multiple options. Besides detection
and quantification, the tag also allows high-affinity purifica-
tion/enrichment of 5-hmC-containing DNA fragments.
Genomic DNA with 5-hmC selectively labeled with biotin
can be sheared into fragments containing several hundred
base pairs. The 5-hmC-containing fragments can be en-
riched through specific binding of biotin—avidin/streptavi-
din. This interaction is highly selective and is one of the
strongest noncovalent interactions known in nature,®?
which survives under harsh reaction conditions that typical
antibody—antigen interactions will not tolerate. Coupled
with the high specificity of the bioorthogonal covalent click
chemistry, this method ensures robust and comprehensive
capture of 5-hmC-containing DNA fragments. The enriched
5-hmC-containing DNA fragments are suitable for deep
sequencing to reveal the genomic location/distribution of
5-hmC. Compared to the traditional noncovalent antibody-
based immunoprecipitation, which may suffer from its den-
sity-dependent recognition/capture of 5-hmC, our approach
provides considerable advantages.
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FIGURE 4. Streptavidin adduct of biotin-N5-5-gmC hinders primer ex-
tension. (a) Sequence of 40-mer DNA used in primer extension con-
taining the cytosine modification (*C). The green arrow represents the
reverse PCR primer used for primer extension. (b) Primer extension
assays for the 40-mer DNA containing different cytosine modifications,
shown beside a Sanger sequencing ladder. Primer extension was not
hindered with regular cytosine, 5-mC, 5-hmC, or biotin-N3-5-gmC at the
*C position. Primer extension was completely stalled when the biotin-
Ns-5-gmC-containing DNA was treated with 6—48 equiv of streptavidin.
The most significant stalling position was one base before the mod-
ification base with significant stalling also observed at the modified
position (position 25, red arrow).

Indeed, we reported the first genome-wide 5-hmcC dis-
tribution in mouse cerebellum using this method (Figure 6).3
The superior enrichment ability of the method allows
5-hmC-containing DNA pieces to be affinity purified and
sequenced to identify the specific genomic regions enriched
for 5-hmCin this tissue. Enriched regions were nonrandomly
distributed among chromosomes and dlearly distinguish-
able from both input genomic DNA and control DNA group
(labeled with regular glucose) (Figure 6). This information
already provides us with extremely interesting biological
information of 5-hmC. For example, through analyses of the
deep sequencing results on genomic DNAs derived from
mouse cerebellums at postnatal day 7 (P7) and adult stages,
we showed that 5-hmC is enriched in the gene bodies that
are highly expressed, suggesting that 5-hmC is associated
with active or highly transcribed genes.? Furthermore, an
age-dependent acquisition of 5-hmCin specific gene bodies,

Bioorthogonal Labeling of 5-Hydroxymethylcytosine Song and He

a
05
040
0.4 034
Ro3
(4]
-E 017
502 :
010
01 0.047
0.036
. B 0.007 0.008
0 - -
P7 P14 P21 adult (25 mESC aNSC Hela HEK283FT
manth)
Tissues and cell lines

Comparison of current detection methods for 5-hmC

Method Detection Limit® Source
Radiolabled TLC 0.08% ref. 11
LC-MS HelLa not determined  ref. 62
Antibody 0.008% MethyIFlash,
Epigentek
Radiolabled enzymatic  0.025%% ref. 61
quantification
Qur method 0.004% ref. 3

8 5-hmC of total nucleotide, unless noted otherwise;
b 5.hmC of total cytosine.

FIGURE 5. (a) Quantification of 5-hmC in various tissues and cell lines,
showing the percentage of 5-hmC in total nucleotides. (b) Comparison of
the sensitivity of current detection and quantification methods for 5-hmC.

in particular those linked to neurodegenerative disorders as
well as angiogenesis and hypoxia response, was observed.>
We anticipate that this application of bioorthogonal labeling
concept to 5-hmC will lead to simple and sensitive single-
base resolution detection methods and high-throughput
single-base sequencing methods of this new epigenetic
mark in genomic DNA in the future.

Diazirine-Based DNA/RNA Photo-Cross-
Linking Probes for Studying Biomolecu-
le—Nucleic-Acid Interactions

Trapping and studying labile/transient interactions in biol-
ogy is a challenge, but could be highly rewarding. While our
group has been working on chemical disulfide cross-linking
to study protein—DNA interactions,®*~°8 we have also ex-
panded to a different strategy of developing diazirine-based
photo-cross-linking probes.*> While the chemical disulfide
cross-linking can provide considerable selectivity, it requires
sufficient structure-based knowledge to install cross-linking
sites. The method is also limited to the cysteine side chain,
which carries a naturally abundant thiol group. Diazirine-
based photo-cross-linking probes can readily cross-link to
the nearby biomolecules without prior understanding of the
interactions and does not require installation of particular
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functional groups on the target biomolecules. Compared to
other photoreactive moieties, diazirine derivatives process
several benefits: (i) they have excellent chemical stability
prior to photolysis and are therefore easy to handle; (i) they
photolyze rapidly at 350—360 nm, beyond the absorbance
range of most biomolecules; (iii) upon UV radiation, they
eliminate a molecule of N5 to form a highly reactive carbene
intermediate that can rapidly cross-link nonspecifically to
nearby biomolecules through various functional groups,
even inert aliphatic C—H bonds;®° (iv) the cross-linked pro-
duct is a carbon-based bond that is quite stable; (v) the
relatively small size of the diazirine group reduces potential
hindrance that otherwise may be introduced by other
photoactive groups. Therefore, we initiated research to
develop new diazirine-based nucleic acid probes to perform
bioorthogonal cross-linking studies.

Diazirine-Based DNA Probes for Protein—DNA Inter-
actions. Previously, aryltrifluoromethyldiazirine has been
introduced to modified DNA bases for photo-cross-linking
with proteins, but steric issues may occur due to the large
phenyl group introduced.>®3°7° Our plan was to replace the
large aryltrifluoromethyldiazirine with a much smaller alkyl
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diazirine group to reduce potential steric hindrance
(Figure 7a).> A convertible nucleoside method was em-
ployed to introduce the diazirine group by postsynthetic
modification/deprotection, thus eliminating the trouble of
preparing the phosphoramidite of the final diazirine mod-
ified nucleoside.”’ ~73 Namely, diazirine amines with C2 (n=1)
or C3 (n = 2) linkers were used to react with synthetic DNA
incorporated with the commerdially available O*triazolyl-
dU-CE phosphoramidite or 2-F-dI-CE phosphoramidite at the
modification site in order to generate the desired N*-diazirine-
modified cytosine (C*) for major groove cross-linking and N-
diazirine-modified guanosine (G*) for minor groove cross-
linking (Figure 7a). DNA or RNA probes bearing a small alkyle
diazirine tether can be readily prepared using this strategy.
Since the diazirine group in the two tethers point away from
the DNA, these probes are ideal for protein—DNA cross-
linking.

We have demonstrated that these probes could photo-
cross-link efficiently to two DNA-binding proteins, human
0°%-alkylguanine-DNA alkyltransferase (hAGT) and E. coli
DNA adenine methyltransferase (EcoDam), with up to 75%
cross-linking yields (Figure 7b,0).> No cross-linking product
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formed without UV irritation, showing the excellent chemi-
cal stability of diazirine. After UV irritation, very good cross-
linking yields (50—75%) could be achieved. Note that in the
EcoDam case, the probe that contains a nonspecific se-
quence for EcoDam can be titrated away by excess of
unmodified DNA. This result indicates that the diazirine
probe can trap the nonspecific as well as specificinteractions
with the protein. With this method, we may trap specific and
nonspecific interactions for future proteomic profiling of
nucleic acid-binding proteins, and for potential structural
characterization of protein-nucleic acid interactions.
Diazirine-Based DNA Probes for DNA—DNA Interac-
tions. Previous work on labeling DNA with diazirine-based
nucleoside analogues all resulted in extrahelical attachment
of the diazirine group to the DNA helices.>>>~44 We showed
that direct link of an aryltrifluoromethyldiazirine moiety to the
ribose replacing the nucleobase could generate an intrahelical
attachment of diazirine to the DNA helices, which upon UV
irradiation could cross-link to the opposite DNA strand
(Figure 8a).* To this end, we designed and synthesized a
diazirine-based nucleoside analogue (DBN) that can be incor-
porated into DNA by solid state oligonucleotide synthesis.
Oligonucleotides containing DBN (B) were synthesized
and annealed to complementary oligonucleotides contain-
ing A, T, G, or C at the opposite position to give dsSDNA_B:A,
dsDNA_B:T, dsDNA_B:G, and dsDNA_B:C, respectively. The
measured melting temperatures of these duplex DNAs
showed only mild reduction of T, (about the same as
expected for a single base pairing mismatch) through intro-
ducing the DBN base analogue into duplex DNA, which
suggests minimum steric hindrance to the normal dsDNA
conformation. In the absence of light activation, no cross-
linking product was detected. Upon UV irradiation, these
four dsDNAs formed interstrand cross-linked products. The

cross-linking efficiency varied with different bases opposite
DBN, but the B:C pair gave the highest yield (Figure 8b).* This
property, upon further optimization, could be used to design
sequence-specific detection probes.

Conclusion and Outlook

While bioorthogonal chemistry has been implemented to
reveal exciting biology of proteins, sugars, lipids, and meta-
bolites, we show here examples of employing bioorthogo-
nal chemistry to reveal new biology associated with nucleic
acids. In the first half of this Account, we described a highly
efficient and selective bioorthogonal method for labeling
5-hmC in genomic DNA. The key strategy is to transfer an
azide-modified glucose to the 5-hydroxymethyl group of
every 5-hmcC in isolated genomic DNA using a naturally
existing -glucosyltransferase. The azide group allows for
the subsequent installation of various functional tags using
click chemistry for detection, enrichment, and sequencing of
this potentially extremely important epigenetic mark in
mammalian DNA. Using this approach, we revealed the first
distribution map of 5-hmC in mammalian genomes. The
covalent labeling strategy offers versatile tags and proper-
ties to be selectively installed onto 5-hmC. Future efforts will
focus on developing high-throughput, single base-resolu-
tion sequencing method for 5-hmC with the strategy intro-
duced here. In addition, in situ labeling methods may be
developed using similar approaches to visualize the dy-
namics of 5-hmC on genomic DNA in living cells. The new
technology presented here and to be developed in the
future will arm biologists with essential tools to uncover
new biology of 5-hmCin gene regulation and development.

We also introduced our recent efforts on designing more
efficient diazirine-based photo-cross-linking probes for inves-
tigating protein—DNA and DNA—DNA interactions. Unlike

Vol. 44, No. 9 = 2011 = 709-717 = ACCOUNTS OF CHEMICAL RESEARCH = 715



Bioorthogonal Labeling of 5-Hydroxymethylcytosine Song and He

our 5-hmC labeling, photo-cross-linking can trap nonspecific
interactions. Biochemical and biological validations are often
required to establish physiological relevance of targets iden-
tified from photo-cross-linking. The N*-diazirine-modified
cytosine (C*) and N?-diazirine-modified guanosine (G* are
ideal small probes for highly efficient cross-linking to trap
specific and nonspecific protein—DNA interactions in the
major groove and minor groove, respectively. Related probes
may be used to profile DNA- or RNA-interacting proteins from
cell extracts or even in living cells. For example, a DNA probe
containing 5-hmcC and photoactive C* or G* may be synthe-
sized and employed to pull-down potential 5-hmC binding
proteins. The DBN probe, on the other hand, is an excellent
interstrand cross-linking probe for capturing nucleic acid—nu-
cleic acid interactions. For example, we are exploring these
probes to identify the genome-wide micro-RNA (miRNA)
targets. Current methods using cross-linking immunoprecipi-
tation sequencing (CLIP-Seq) have been used to identify
protein-bound RNA species.”*”> The diazirine-based nudleic
acid probes can afford higher cross-linking efficiency. The
DBN type probes may offer particular opportunity to trap
nudleic acid—nucdleic acid interaction partners in high effi-
ciency. These probes may also be further developed to
achieve sequence-specific cross-linking and thus may be used
to identify the single-nucleotide polymorphism (SNP) of DNA
for disease prognosis and diagnosis.
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