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Modifications of DNA cytosine bases and histone posttranslational modifications play key roles in the
control of gene expression and specification of cell states. Such modifications affect many important bio-
logical processes and changes to these important regulation mechanisms can initiate or significantly con-
tribute to the development of many serious pathological states. Therefore, recognition and determination
of chromatin modifications is an important goal in basic and clinical research. Two of the most promising
tools for this purpose are optical probes and sensors, especially colourimetric and fluorescence devices.
The use of optical probes and sensors is simple, without highly expensive instrumentation, and with
excellent sensitivity and specificity for target structural motifs. Accordingly, the application of various
probes and sensors in the recognition and determination of cytosine modifications and structure of his-
tones and histone posttranslational modifications, are discussed in detail in this review.

© 2017 Published by Elsevier Ltd.
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1. Introduction

The first part of this review describes the use of optical probes
and sensor for determination of modifications to DNA cytosine
bases, primarily through cytosine methylation. The second part
of the review is devoted to the use of optical probes and sensors
for identification of histones and histone posttranslational
modification.

* Corresponding author.
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Currently, epigenetics is of great interest in the biological
sciences. Epigenetic control of chromatin structure involves the
complex interplay between genomic and environmental factors.
Changes to chromatin can strongly influence important physiolog-
ical processes, such as genomic imprinting, X-chromosome inacti-
vation, heterochromatin formation, transcriptional regulation, and
DNA damage repair.! Epigenetic modifications include changes in
DNA accessibility (e.g., cytosine methylation) or chromatin
structure (i.e.,, posttranslational modification of histones).
Chromatin comprises nuclear DNA bound to histones. The DNA
coils around octometric core of histones forming nucleosomes.
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The relationships among these components are currently being
extensively investigated. Changes in the above mentioned mecha-
nisms have been observed in many serious complex diseases, such
as heart disease, diabetes, neurological disorders, and cancer. Many
research groups have focused on finding unique epigenetic profile
“signatures” typical for a studied pathological state. The determi-
nation and analysis of such signatures can provide useful informa-
tion for the diagnosis, prognosis, and monitoring of disease, or for
predicting the response to therapy. A number of recent studies
demonstrated the potential use of epigenetic profiles for diagnostic
applications.>”

Cytosine methylation, which occurs at approximately 5% of
total cytosine,'” plays an important role in the regulation of gene
expression, imprinting, and X-chromosome inactivation. The
addition of methyl group at the fifth position of cytosine in a
CpG dinucleotide is the most frequent methylation mechanism
and represents one of the most well studied examples of epigenetic
regulation in biochemistry and biology. Methylation of CpG islands
in gene promoters is associated with gene silencing. Dysregulation
of DNA methylation can have devastating consequences, including
oncologic diseases, mental illnesses and neurological
disorders.'>1¢

In recent years, many research groups identified DNA modifica-
tion, especially cytosine modification, as a crucial process but the
biological role of such modifications is not yet fully understood.
Nevertheless a number of recent works indicated their importance
for the control of gene expression.!” It is assumed that hydrox-
ymethylation in intragenic and proximal regions can lead to
increased gene expression.'®! DNA modifications, especially
hydroxymethylation, are being explored for their critical roles in
epigenetic regulation, as well as participation in other processes
such as carcinogenesis, neurological abnormalities etc.?° For exam-
ple, dysregulation of 5-hydroxymethylcytosine has been found to
affect the pathogeneses of many serious diseases, including onco-
logic diseases®! (gliomas, melanomas, hepatocellular carcinoma
and others), and neurodegenerative disorders®* (e.g., Alzheimer’s
disease and other dementias). The level of 5-hydroxyemethylcy-
tosine in adult tissues is between 0.03 and 0.69%, with the highest
levels (0.4-0.7%) found in the central nervous system.>* In contrast,
5-formylcytosine and 5-carboxylcytosine are 10-1000-fold less
abundant than 5-hydroxymethylcytosine. Although the biological
function of the molecule is not fully known, it was found that
formylcytosine could form relatively stable Schiff base adducts
with amine-containing compounds. In addition, thiol can form
reversible adducts with formyl groups. It appears that these bases
are not only intermediates, but can specifically stabilize interac-
tions between DNA and regulatory proteins and other factors. For
example, carboxylcytosine may be recognized by hydrogen bonds
between its carboxyl group and the glutamine amid of RNA
polymerase.?*

Histones?® are small, basic proteins (molecular weight 12,000
20,000 Da) and are attached to the DNA of cell nuclei by ionic link-
ages. To understand the epigenetic role of histones, it is not suffi-
cient to simply determine histone type and level, but it is also to
obtain information about histones structure. The “histone code”
refers to the numerous post-translational modifications (e.g., phos-
phorylation of serine and threonine, acetylation or ubiquitination
of lysine, multiple types of methylation of lysine and arginine,
deimination of arginine (“citrullination”), cis-trans isomerization
of proline, and others).”® The combination of the large variety of
modification types and a large number of modification sites leads
to millions of possible modification sets for a single histone
tail.?”*® The most well-known histone modifications are acetyla-
tion and methylation.?® Acetylation of terminal lysine residues is
associated with increased gene activity, while deacetylation is
associated with gene repression. Histone acetylations typically

leads to closer and stronger interactions of histones with DNA
and thus to the suppression of gene expression in the associated
DNA. Nevertheless, interpretation of histone methylations is com-
plicated. Methylation of histones results in different transcriptional
outcomes depending upon the particular residue involved. For
example, the addition of three methyl groups to lysine 27 of his-
tone 3 is repressive, whereas methylation of lysine 4 in histone 3
is activating.?° Some of these modifications, alone or in combina-
tion, play important roles in the pathogenesis of various human
diseases, e.g. carcinogenesis, neurodevelopmental disorders®! and
autoimmune diseases.>? Thus, specifications of relevant modifica-
tions have very promising potential use for medicinal research
and clinical praxes.

Currently, cytosine methylation in DNA is determined using
some advanced technique, such as combined bisulphite restriction
analysis,>® high-throughput array-based DNA methylation profil-
ing,>* and microarray-based allele-specific extension.>® The appli-
cation of these techniques is effective in mapping DNA-
methylation patterns and has been used to generate much impor-
tant knowledge in both basic and clinical research.>® Identification
of DNA methylation using the above techniques is effective as DNA
methylation is highly stable, thus enabling detection in a great
variety of samples collected using minimally invasive procedures
(e.g., collection of saliva, plasma, serum, urine, semen, or stool).>’
However, widespread use of these advanced techniques is ham-
pered by several inherent disadvantages: they are time consuming,
require a large amount of DNA or radioactive labelling, may lead to
DNA damage, and result in false-positive results and significant
error rates in PCR amplification. In addition, DNA-extraction and
bisulphite conversion steps also lead to unreliable precision.*®
These advanced techniques are also unable to discriminate
between 5-methylcytosine and other cytosine modifications such
as 5-hydroxymethylcytosine, 5-formylcytosine, and 5-carboxylcy-
tosine.® As a result, other techniques, such as optical detection,
have been recently intensively studied to overcome these
limitations.*°

Two major proteomic methods can be used for the analysis of
histone modifications: peptide and protein array-based assays,
and affinity or chemical enrichment coupled with mass spectrom-
etry.*'~* Microarrays have the advantages of being rapid, flexible,
and suitable for high-throughput applications. With modified
peptide probes, many different analytes can be rapidly tested,
and binding affinities and specificity can be at least semi-quanti-
tatively determined. However, wide-spread application is relative
expensive. The mass spectroscopy method provides fast quantita-
tive and qualitative analysis of histones. However, this method is
only available in specialized centres with large-scale mass spec-
trometer machines and trained staff with advanced bioinformat-
ics skills. Therefore, new methods for histone determinations
and analysis are being intensively explored. Some high impact
studies have demonstrated that suitably designed optical probes
and sensors can be applied to overcome the above mentioned
obstacles.***°

2. Optical probes and sensors used to determine DNA cytosine
modifications

It is very well known, that the optical probes and sensors are
one of the most promising and effective tools for the recognition
and determination of important bioanalytes.**~>> The application
of optical probes and sensors enables easy and fast detection of
DNA modifications without the need for expensive equipment or
highly trained staff.>°~*° Some recent works have demonstrated
that this approach is a very promising method for real time
multi-detection of cytosine modifications (Fig. 1).
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Fig. 1. Cytosine bases.

For example, Hawk et al. prepared optical biosensors for the dis-
crimination of cytosine, methylcytosine and hydroxymethylcyto-
sine.”® Another promising approach was showed by MacConaghy
et al. study.®! Design of their sensors was based on hydrogel matrix
functionalised complementary oligonucleotide with incorporated
photonic crystal. The binding target sequence was determined by
optical diffraction (i.e., a change in the wavelength of peak diffrac-
tion). Interaction of methylated DNA sequences with the sensor
displayed a smaller red shift relatively to non-methylated
sequences. Clinical usability of this approach was demonstrated
via the detection of a target methylated sequence from the DNA
binding domain of the major tumour suppressor protein p53 at
picomole concentrations of the target p53 sequence. Another effec-
tive strategy for the optical detection of cancer epigenetic markers,
demonstrated by Nguyen et al., was based on the determination of
the methylation state of cytosine islands with very low detection
limit (~50 fM).

2.1. Probes for labelling DNA cytosine modifications

One method for determining the presence of methylated cyto-
sine in DNA is based on specific oxidation by osmium tetroxide
(Fig. 2).5%%* The oxidation leads to the formation of a stable
methylcytosine glycol-osmate-bipyridine complex, thus making
possible a clear distinction between methylated and unmodified
DNA. The fluorescence label in the complex has a significantly
lower fluorescence emission than free molecules. Application of
this methodology was successfully used by Tanaka et al. to identify
methylcytosine in the p53 sequence.®® One drawback to this
method is that thymine can be sensitive to osmium oxidation

R = Fluorophores and redox-active units

Fig. 2. Schematic illustration of the labelling of methylcytosine via osmium
complexation.
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Fig. 3. Fluorescence osmium

complexation.

quenching by 5-methylcytosine-selective

resulting in false positive results. Nevertheless, this potential
shortcoming can be overcome by suitable design. Oligonucleotide
probes with a modified adenine located at the probe centre formed
a 5-methylcytosine-selective osmium complex, whereas localiza-
tion of fluorescence labelled adenine at the strand end led to high
reactivity towards thymine as well as 5-methylcytosine. Applica-
tion of this probe is shown in Fig. 3.

Another method for identification of methylated cytosine was
demonstrated by Yamada et al.°® The authors designed oligonu-
cleotide probes labelled with fluorescein and DABCYL groups (a
quencher of fluorescein emission). This probe hybridizes to target
oligonucleotides containing cytosine or methylcytosine. Photo-oxi-
dation and subsequent alkali treatment of the duplex with mC
induced exclusive strand cleavage at methylcytosine was used to
generate characteristic oligonucleotide fragments. Finally, flap
endonuclease-1 cleaved fluorescein labelled nucleotides. This
method results in stronger fluorescence in fragments containing
methylcytosine, whereas only weak fluorescence was detected
from a corresponding nucleotide sequence with cytosine. The
method is highly sensitive and capable of detecting methylcytosine
in DNA at the subfemtomole level. A similar approach was used by
Okamoto et al. to distinguish cytosine and methylcytosine in a
DNA duplex.®” Unlike previous probes, in this study endonuclease
(Hhal) was used to cleave fluorescein-labelled oligonucleotides in
the presence of unmodified cytosine.

Promising way for the recognition of 5-methylcytosine in DNA
was showed by Heimer et al.%® Their method is based on the appli-
cation of biotinylated methyl-CpG-binding protein on DNA chip
carrying complementary sequence for the target DNA. This protein
binding to DNA duplexes with methylated CpG sequence can be
subsequently determinates by labelled streptavidin (known bind-
ing partner of biotin). Authors used its conjugates with Cy3 and
eosin for the fluorescence and colorimetric detection, respectively.
Colorimetric detection is realized by polymeration of added poly-
ethylene glycol diacrylate in the presence of irradiation eosin.
Red colour of chip can be observed after two minutes. Detection
limits of sensor for the DNA sequence with one and two methy-
lated CpG islands were 1 and 0.3 nmol/l, respectively. Significant
advantage of this design based on microarray construction is easy
customization to interrogate a target gene, or panel of genes.
Beside this study also showed promised potential of this sensor
design for the obtaining clinical important data (e.g. methylation
of 06-methylguanine DNA methyltransferase).

An effective strategy for fluorescence labelling of 5-hydrox-
ymethylcytosine in DNA was published by Michaeli et al.®® Selec-
tive functionalization of hydroxymethylcytosine is based on the
application of specific T4 B-glucosyltransferase (B-GT) that can
attach a glucose moiety onto the hydroxyl group of hydrox-
ymethylcytosine resulting in a glucosylated nucleotide (Fig. 4). In
the next step this glucosylated nucleotide is converted to azide,
and the final hydroxymethylcytosine is labelled with Alexa Fluor®
647 (Molecular Probes, USA). As described, this method displayed
extremely high sensitivity (0.002% hydroxymethylcytosine).
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Fig. 4. Scheme for selective fluorescent labelling of 5-hydroxymethylcytosine. The hydroxyl group of the hydroxymethylcytosine is glucosylated by B-GT to form 6-azide-p-
glucosyl-5-hydroxymethylcytosine using UDP-6-N3-Glu as a substrate (a). A fluoresce alkyne probe is then attached to the azide group by click chemistry via the azide alkyne
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Fig. 5. Chemical structure of ethidium bromide and bis-intercalating agents (TOTO and TOTO11).

2.2. Application of intercalators for the recognition and determination
of DNA modification

DNA intercalators are promising agents for recognition and
determination of other DNA epigenetic markers (i.e., hydrox-
ymethyl-, formyl- and carboxylcytosine). For effective intercala-
tion, the agent’s structural motif should include large numbers of
aromatic rings, low flexibility, high molecular weight, and a small
number of hydrogen bond acceptors.”’ Methylation, or other DNA
modification, can significantly change DNA properties.”’ While
cytosine methylation leads to increased melting temperatures
(i.e., more closed DNA), hydroxy- and formylmethylation of cyto-
sine results in a lower melting point and thereby easier entry for
intercalators. The melting temperature of carboxylcytosine was
found to be similar to the temperature of the unmodified DNA oli-
gomer at neutral pH; at an acidic pH, the melting temperature was
significantly decreased.

The usability of ethidium bromide (Fig. 5) for the determination
of DNA methylation was tested by Bathaie et al.”> The authors
observed that intercalation into methylated DNA resulted in signif-
icantly greater fluorescence emission in comparison with normal
DNA.

Another agents based on the homodimeric thiazole orange dye
(called TOTO and TOTO11) (Fig. 5) with preferential intercalation
into methylated DNA were studied by Bunkenborg et al.”®

These works inspired the application of DNA intercalators when
designing fluorescent probes. The structural motifs of the probes
combine the polyaromatic core of the intercalators and specific
binding groups for target modification. For example, Xu et al.>®
prepared and tested conjugates of pyrene with hydrazines (i.e.,
aldehyde binding groups) for use in identifying 5-formylcytosine
(Fig. 6). Authors found that the prepared probes displayed a high
fluorescence response for symmetric 5-formylcytosine sites, which

Asymmetric “

Symmetric Targeting 5fC

high fluorescence response

Fig. 6. Pyrene-hydrazine probes used to distinguish symmetric formylcytosines
from asymmetric formylcytosines.

are typical for CpG islands in gene promoters.'* Symmetric sites
allowed for the incorporation of two probes, and the resulting
dimer displayed a strong blue fluorescence with a maximum emis-
sion intensity approximately 490 nm. Unsymmetrical sites could
be determined by UV-Vis spectroscopy.

In a similar approach Xu et al.”* identified 5-formylcytosine
sites using 9-(hydrazinylmethyl)acridine with green fluorescence
emission (Fig. 7). Unlike previously developed probes, 9-
(hydrazinylmethyl)acridine binds covalently and is usable for
determination of asymmetrical formylcytosine sites.

2.2.1. Conjugates of oligonucleotides with intercalators for the
determination of cytosine modification

One perspective way to determine methylation of DNA involves
the combination of oligonucleotides with a suitable fluorophore
with the sensitivity and specific fluorescence change necessary
for distinguishing for 5-cytosine and 5-methylcytosine (Fig. 8).
For example, Duprey et al.”° developed an anthracene labelled
oligonucleotide probe. The probe displayed positive and
negative fluorescence changes in the presence of unmodified and
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methylated oligonucleotides (5'-CATTGAG-C-GAGTCCA-3’). This
result demonstrated the usability of this method for the recogni-
tion and determination of DNA methylation.

The full potential of this approach was uncovered in later work
by Duprey et al., in which the authors discussed structural motifs
used to distinguish cytosine, 5-methylcytosine, and 5-hydrox-
ymethylcytosine in DNA (Fig. 9).°° The authors prepared a series
of anthracene oligonucleotide probes containing various alkyl lin-
ker lengths (n =3-7). Fluorescence changes, varying from +32 to
—34%, depended on the length of the alkyl probes and the cytosine
modification of targeted nucleotide sequences. The sensing system
was highly sensitive. Small changes in both linker length and cyto-
sine methylation status having a remarkable effect on the emissiv-
ity of the anthracene tag upon duplex formation. Fluorescence
emissions of probes with the shortest and longest linkers were
decreased for all tested modifications. Other prepared probes
(n=4-6) displayed a positive change for nucleotide sequences
with unmodified cytosine and a negative change for hydrox-
ymethylcytosine. Hybridization of nucleotide sequences contain-
ing methylcytosine led to decreased fluorescence emissions for
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some probes (n=4) and increases emissions for others (n=5 and
6).

2.3. Metal nanoparticles for the determination of DNA methylation

Simple and universal methods for determination of DNA methy-
lation state can be based on the application of metal nanoparticles,
such as gold, or silver. Gold nanoparticles display fascinating opti-
cal properties, which are particularly ideal for colorimetric probes
and sensors, (e.g., a high extinction coefficient).”®®? In addition,
the position and absorbance of gold bands are very sensitive to
interparticle distances resulting in large differences in spectro-
scopic properties and colour of aggregated and non-aggregated
gold nanoparticles. It was observed that, in the presence some
anionic polymers, aggregation of nanoparticles was suppressed
and the colour of the solution changed from red and blue.®* Appli-
cation of this phenomena for the determination of DNA methyla-
tion in a tumour suppressor gene APC (adenomatous polyposis
coli) was shown by Ge at al.>” (Fig. 10). Another important advan-
tage of this method is the very low detection limit (80 fM).

Another promising method for the determination of DNA
methylation is based on application of silver nanoclusters. This
refers to a type of small nanoparticles composed of a few atoms
with a size comparable to the Fermi wavelength of an electron that
have distinguishing properties due to their quantum confine-
ment.84-88 Such nanoclusters display excellent optical properties,
as strong photoluminescence, long term photostability and high
emission rates. Silver nanoclusters also show an affinity for DNA,
with specific spectral responses for various DNA sequences, includ-
ing cytosine rich DNA strands.®%89-° These facts inspired Dadmehr
at al.® to use nanoclusters to determine DNA methylation status.
The authors observed that the solution of nanoparticles displayed
intensive red fluorescence in the presence of unmethylated DNA,
while interaction with methylated DNA led to strong fluorescence
suppression. The authors found that silver nanoparticles could be
used to identify methylated DNA in a wide concentration range
(from 2.0 x 107° to 6.3 x 1077 M) and with a low detection limit
of 9.4 x 1071° M. Silver nanoclusters can also be used for colouri-
metric determination because their solution changes from pink
to yellow in the presence of methylated DNA. In addition, Dadmehr
et al. demonstrated that nanoparticles could be used to determine
DNA methylation status in clinical sample, including in human

>
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Fig. 9. Determination of cytosine, methylcytosine and hydroxymethylcytosine by combination of anthracene labelled oligonucleotide probes. (a) Target nucleobases
containing cytosine, 5-methylcytosine, and 5-hydroxymethylcytosine within a DNA strand. (b) Schematic representation of the fluorescent sensing assay, where the coloured
boxes denote the different bases to be probed, the blue triangles represent the anthracene tagged probes P-4 and P-5, and the red and green triangles denote increased and

decreased fluorescence emissions upon hybridization.
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Fig. 10. Generalized schematic showing detection of methylated APC sequences: (a) methylated APC (target) was captured by functionalized MMPs; (b) a complementary
probe was added to form a partial duplex region with the target; (c) the captured probe was released from hybrid-conjugated microspheres by heat denaturation; (d) the
released probe was added into an AuNP solution, and the colour of the solution changed slightly but remained red after the addition of NaCl; (e) unmethylated APC cannot be
captured by functionalized MMPs, thus no probe was released into the AuNP solution, and the colour of the solution changed rapidly from red to purple.

Iridium complex - polymer probe

3,4,5,6-Tetrafluoro-2-carboxyphenylfluorone

Fig. 11. Chemical structures of polymer and carboxyphenylfluorone histone probes.

3. Optical probes for identification of histones and histone
modifications

The importance of histones in the regulation of gene expression
has led to the development of analytical methods, encompassing
various types of probes and sensors to identify histone presence
and posttranslational modifications**°*-%’; these methods have
led to very promising results in histone determination and analy-
sis. For example, Sekar et al. successfully tested bioluminescence
biosensor for in vivo imaging of histone methylation.*®

3.1. Optical probes for the histone determination

Perspective fluorescence probes for histone recognition and
determination were prepared by Sun et al.’® Structural motif of
the probes was based on cationic conjugated polyelectrolytes con-
taining an iridium complex (Fig. 11). The authors clearly showed
that this probe displayed high selectivity for histones. Among nine
tested proteins (o-fetoprotein, bovine serum albumin, thrombin,
glucose oxidase, lysozyme, cytochrome c, haemoglobin and myo-
globin), only histones enabled probe disaggregation and suppres-
sion of fluorescence resonance energy transfer. As such, the
emission colour of the probe solution varied from red to lilac. In
addition, this polymer probe displayed extremely low limits of
detection for histones (0.06 pM). The isoectrical points of the con-
trol proteins were between 4.7 and 11, while that of histones was
11.7. Disaggregation of probe aggregates is most probably caused
by histone hydrophobicity and not by basicity. The probe alone is

strongly hydrophobic, and histones also exhibit strong hydropho-
bicity; thus binding of probes to proteins can suppress FRET.?%9°

Another perspective fluorescence probe (manganese complex of
3,4,5,6-tetrafluoro-2-carboxyphenylfluorone; Fig. 11) for determi-
nation of histones was studied by Miyachi et al.'°° The formation
of a supramolecular complex with histones was detected by fluo-
rescence quenching of carboxyphenylfluorone. The probe inter-
acted with basic proteins, such as histones, but not with other
tested proteins (e.g., albumin, or y-globulin). In this case, the basic
character of histones was involved in the probe interaction. Poly(L-
lysine) and poly(L-arginine) showed similar reactivity to histone.
Selectivity of this probe for histones was very probably positively
influenced by fluorination of the probes carboxyphenyl groups,
which increases the affinity of carboxylate to lysine and arginine
groups. Fluorine groups can also interact with histones itself. They
can create non-covalent bonds'®' such as N—H...F, O—H.-F,
C—H- - -F, C—F- - -F—C and addition of a fluorine atom to ® bond.'%?
In the case of fluorinated aromates, m-m stacking with aromatic
groups of proteins can also be observed. The advantage of this
probe is its applicability for other analytic techniques used for his-
tone determination, such as spectrophotometric and filtration
methods.'*104

3.2. Probes and sensors for determination of histone modification

For the determination of some histone modifications, such as
acetylation, a combination of acidic and hydrophobic histone
probes could be used. It is well known, that amid de-acetylation
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Fig. 12. Schematic of an immunosensor used to detect histone methylation.

leads to increased basicity and hydrophility, which leads to closer
and stronger interactions of histones with DNA and resulting sup-
pression of gene expression in the associated DNA. However, deter-
mination and interpretation of histone methylations is more
complicated.

An elegant solution to this problem of histone analysis was
shown by Ge et al.'®> The authors constructed a sophisticated
optical immunosensor using oligonucleotide-functionalized gold
nanoparticles (Fig. 12) that combined an anti-histone antibody
(histone 3) and antibody for the target histone modification
(trimethylation of nine lysine of histone 3). This biosensor was
highly sensitive and required minimal time and instrumental to
generate. The authors clearly demonstrated that their sensor
could be used to visually detect the target histone modification
in 20 ng of a histone extract from HeLa cells in 15 min without
other instrumentation. In addition, the principle of the enhanced
strip biosensor could be applied to detect other types of histone
modification.

Perspective receptors for the detection of histones, or histone
methylation, could be based on the anionic calixarenes (e.g., sul-
phonated, carboxylated and phosphonated calixarenes),?*!196-108
These oligomers are aromatic phenyl macrocycles with binding
affinity for a variety of guests depending on the synthetic decora-
tions of the macrocycle. Some recent work demonstrated that these
macrocycles displayed significant selectivity for methylated lysine
against unmethylated lysine and other amino acids.””'°~'? Their
combination with rotaxanates can lead to the development of per-
spective structural motifs used for recognition of histones against
other proteins, including basic ones such as lysozyme.”*!'* A revo-
lutionary approach for the analysis of histones post-translational
modification was demonstrated by Minaker et al.** Their idea is
based on the application of chemical sensor arrays instead of highly
specific probes targeting histone modifications. The principles of
their system are depicted in Fig. 13. This design enables the combi-
nation of guests (e.g., sulphonatocalixarene) with various histones
selectivity. A suitably designed system can produce a pattern of sig-
nals that is unique to each histone post-translational modification.
The combination of three anionic guests (PSC4, PSC6 and PSC4(Br))
and two reporter dyes (LCG and PSP) was sufficient for the recogni-
tion and determination of various scales of histone structural
motifs. These motifs included various degrees of lysine methylation
with trimethyllysine marks on different peptide sequences and
trimethylated groups at various positions in histones 3 and 4
(e.g., H3K4me3, H3K9me3, H3K27me3, H3K36me3, and
H4K20me3). The excellent Minaker et al.’s idea was clearly demon-

strated by determining individual post-translational modifications
of H4R3 (R, RMe H4R3me2-a and H4R3me2-s). Despite their chem-
ical similarity, these sensor arrays allowed for discrimination
between these four related analytes, including between
H4R3me2-a and H4R3me2-s peptides that differ only by the iso-
meric transposition of a single methyl group from one nitrogen to
another on the same arginine side chain. Currently, a number of
anionic calixarenes that bind to cationic peptides and pro-
teins!%%19%111 3and a diverse set of dyes that are quenched by such
hosts have been identified. This fact convincingly suggests that
development of this methodology for the identification and deter-
mination of individual histone variants will continue.

Another important histone modification involves citrullina-
tion."'*!1> Because citrullination eliminates the positive charges
of histones, this modification may weaken the interaction between
histones and DNA.''® Fluorescence probes for labelling citrulline
were designed by Bicker et al. ''7 (Fig. 14).

4. Optical sensors for the determination of DNA and histone
modifications in the living systems

Because above modifications have key influence on the most
processes in the living organisms, their determinations give signif-
icant data in the basic and medicinal research. However, due to the
dynamic nature of these processes, their non-invasive detection
directly in the living cells and experimental animals is highly
requested. Bioluminescence sensors represent one of the few com-
monly available tools meet this demanding assignments. Unlike
classical fluorescence probes and sensors are not inserted into cells
itself, but only gene for their expression. This approach leads to
high sensitivity determination by reduction of the background flu-
orescence in the unmodified cells and tissues. In addition, because
of the source of the signal is continually produced by cells, this
method enable itself to repeat imaging of the same subjects or
samples. This can be very useful for biological studies, especially
imaging signal dynamics and for longitudinal studies. Repeat imag-
ing of the same sample significantly reduces data variability and
thereby number of experimental animals necessary for in vivo
studies. Their design is based on the combination of specific bind-
ing domain for target histone, or DNA structure motif with enzyme
generating bioluminescence emission such as luciferase®>118-120,
fluorescence proteins.'?!

Luciferase is a enzyme, which product oxyluciferin. It is a highly
unstable singlet-excited compound, which emits light upon
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relaxation to its ground state. Luciferase assays are comparatively
cheap and can be performed in a low or high-throughput fashion in
a number of different contexts such as in cell lysates, live cells, or
even in the living animals. Therefore luciferase biosensors for the
detection of DNA modifications (mainly cytosine methylation in
the CpG islands) are intensively development.'''?? For example,
Badran and al. developed luminescence sensors for analysis global
methylations.''® Sensor was expressed in two independent parts,

every part of sensor composed of protein binding domain for the
methylated CpG island and half luciferase enzyme. After interac-
tion binding domains with DNA sequences with more methylated
CpG islands, luciferase strip go together and luminescence is
observed. This study showed, that tested sensor can be used for
the simple and rapid determination of the global methylation fre-
quency in human native DNA from Hela cells. Authors prove, that
sensors is effective tools for monitoring changes in HeLa DNA



Z. Kejik et al./Bioorganic & Medicinal Chemistry 25 (2017) 2295-2306

pH<1 IN
N \/QO

37°C
30 min N

¢}
+
HO
R

®
X=NH, orO

2303

|
R= N

|
o _N®
)
O COOH

Fig. 14. Rhodamine-phenylglyoxal (Rh—PG) probe chemoselectively labels citrulline over arginine at acidic pH.

methylation levels in response to treatment DNA methyltrans-
ferase inhibitor with such as a 5-aza-2’-deoxycytidine.

Posttranslation modifications of protein in the living systems
are widely study by luciferase bioluminescence sensors.''® For this
purpose can be used fusion proteins, which combine specific bind-
ing domain with luciferase splits. Because luciferase is divided on
two parts, its enzyme activity is gone and bioluminescence cannot
be product. It can be observed when binding domain of protein
sensor interact with target structure motif and protein conforma-
tion is change that bring two halves of luciferase together and
reconstitute its enzymatic activity. For example Sekar et al.'*°
developed luciferase sensors for in vivo imaging histone methyla-
tions (lysine 9 and 27 of histone 3). Authors clearly demonstrated
that, these sensors can be effective used as very perspective tools
for developments and study of epigenetic drugs such as inhibitors
of histone methyltransferases.

Another strategy for analysis histone modification (acetylation
of lysine 12 on histone 4) in living system was described by Kanno
et al.'?! For this purpose histone and recognition protein (bromod-
omain protein)'?> were fused with yellow fluorescent protein and
cyan fluorescent proteins, respectively. Own biolumiscence deter-
mination is carried out using fluorescence resonance energy trans-
fer. This phenomenon is based on the ability of high-energy donor
fluorophore (cyan fluorescent protein) to transfer energy directly
to a lower energy acceptor fluorophore (yellow fluorescent pro-
tein). Because donor and acceptor molecules must be in close prox-
imity (typically 10-100 A) it is very useful technic for study
protein-protein interactions. Authors clearly demonstrated that
methodology can be simple used for mapping histone acetylation.

Similarly bioluminescence technics was described for imaging
other protein modifications typical for histones (e.g. phosphoryla-
tion,'?* ubiquitination'?® and others) in the living systems.

5. Conclusion

Optical probes and sensors are excellent perspective tools for
the recognition and determination of DNA cytosine and histone
modifications. This review presents and discusses various types
of optical probes and sensors, primarily focussing on fluorescence
and colorimetric approaches. The number of examples and cited
works presented here demonstrate the potential efficacy of these
approaches in the field of modern bioanalytical methods.

It is most probably, their implementation into diagnostic
methodology will be high impact on the therapeutic efficiency
(e.g. inexpensive design of personal therapy, precise prediction of
diseases risk, or more effective control therapy). These ambitious
goals give rigorous demands on the future of the bioanalytical
methods. It is known, that formation and evolution serious patho-
logical statues such as oncological diseases are coupled with exten-
sive changes in the chromozone structure (DNA cytosine and
histone modification). Therefore future diagnostic methods could
be analyse whole series of epigenetic markers (e.g. modification
of CpG in the various gene promotors, analysis histone modifica-

tion for individual amino acid). Until today, they were published
many panel of genes as markers for number of serious diseases.'?°
And in addition to the above, these methods should be fast, easy,
robust and inexpensive. It may look like practically impossible.
Other hand, successful application of fluorescence probes in the
diagnostics and therapy indicated possible feasibility of this ambi-
tious goal.'?”'?® In addition, few authors already published firstly
optical probes and sensors, which could be meet the above require-
ments. For example, Duprey et al.° prepared antracene labelled
oligonucleotide probes for simultaneous determination of the
cytosine, 5-methylcytosine, and 5-hydroxymethylcytosine within
a DNA strand. Heimer at al.°® successful developed fluorescence
and colorimetric sensor, which can be simple, customized to inter-
rogate panel of genes. Maybe combination of these approaches
could in the future lead to optical sensors for the determination
5-cytonosine modifications in the panel of genes. On the field of
analysis of histone posttranslational modification, Minaker et al.**
already described epoch-making sensor for the analysis of histone
posttranslational modification pattern. Another way could be
based on the incorporation of spectrally different fluorescence or
luminescence nanoparticles such as quantum dots to the Ges
methodology'% for the more detailed analysis of histones post-
translational modification. This approach could be lead to obtain-
ing more detailed information about histone structure thanks
possibility simultaneous using of more type histone antibodies.

Other hot topic issue in the epigenetics potentially useful in the
medicine are in vitro and in vivo imaging histone and DNA modifi-
cations. For this purpose, few research groups®>!2%12! successfully
developed bioluminescence sensors based fluorescence proteins
and luciferase assay. Another possible way could be based on the
application of suitable designed nanoparticles systems. In the pre-
sent time, some authors such as Ma et al.'*® published works indi-
cating high potential of this approach.

Interested topic with possible potential for diagnostic applica-
tions can be also development and study of tools and methods
for the determination modifications of RNA bases,'**'*! mainly
Né-methyladenosine (most abundant modified base in the mam-
malian RNA). Because above discussed methodology is focused
on the analysis 5-cytosine modification in the double-stranded
nucleic acid, especially in the CpG islands. Transferability of these
methods may not be simple. Nevertheless colorimetric method
described by Ge at al.’” could be relative simple applied for this
purpose by using respectively antibody.

Based on the above we can expected that, in the near future,
optical probes and sensors will be establish as standard tools for
analytical methods in the epigenetics. We believe, that this trend
lead to not only to development of perspective diagnostic methods,
but even significantly participate to obtain new the knowledge in
the biological sciences.
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