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DNA binding fluorescent proteins as single-

’ '.) Check for updates ‘
molecule probes

Cite this: DOI: 10.1039/d0an00218f

Xuelin Jin, 2 Natalia Diyah Hapsari,1*° Seonghyun Lee? and Kyubong Jo (& *?

DNA binding fluorescent proteins are useful probes for a broad range of biological applications.
Fluorescent protein (FP)-tagging allows DNA binding proteins expressed within a living cell to be directly
visualised, in real-time, to study DNA binding patterns and dynamics. Moreover, FP-tagged DNA binding
proteins (FP-DBP) have allowed the imaging of single proteins bound to large elongated DNA molecules
with a fluorescence microscope. Although there are numerous DNA binding proteins, only a small portion
of them have been exploited to construct FP-DBPs to study molecular motion in a cell or in vitro single-
molecule visualisation. Therefore, it would be informative to review FP-DBP for further development.
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Accepted 18th April 2020

DOI: 10.1039/d0an00218f

Here, we summarise the design of FP-DBPs and their brightness, photostability, pK,, maturation rate, and
binding affinity (Kq4) characteristics. Then, we review the applications of FP-DBP in cells to study chromo-
some dynamics, DNA replication, transcription factors, DNA damage, and repair. Finally, we focus on
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Introduction

The visualisation of DNA molecules in the cell nucleus has
provided essential biochemical information on processes such
as DNA replication, gene regulation, and DNA damage repair.
Moreover, the visualisation of elongated DNA molecules
within nano- and microfluidic devices has provided a platform
to study biochemical reactions,' such as chemical
modifications®® and DNA damage at the single-molecule
level.*”” Many studies have been conducted to monitor enzy-
matic motion and functions on a large elongated DNA mole-
cule, such as the dynamics of DNA looping,® DNA replication
forks,”'° the movement of DNA translocases,'" and the role of
polymerase subunits.'* Since DNA molecules are spectrophoto-
metrically silent, they must be stained with dyeing materials
for microscopic observation. Therefore, the development of
DNA staining materials has been essential to make progress in
DNA research. The first stain was Giemsa dye, a mixture of
methylene blue, eosin, and Azure B, developed in 1904, which
is still a powerful tool in cytogenetic chromosome analysis."®
Since the use of agarose gel electrophoresis began in 1967,
DNA staining became essential. In the beginning, radioactive
labelling was the only way to stain DNA in a gel. From 1972,
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single DNA molecule visualisation using FP-DBP.

ethidium bromide became a primary staining reagent by inter-
calating with DNA after gel electrophoresis.”® In 1975, Russell
et al. developed 4',6-diamidino-2-phenylindole (DAPI) to stain
DNA by binding in the minor grooves of AT-rich sequences.®
In 1992, Glazer et al developed a high-contrast staining
reagent for cyanine dimers such as thiol-orange homodimer
(TOTO-1) and oxazole yellow homodimer (YOYO-1)."”'® These
dyes became the primary staining reagents to visualise single-
molecule DNA on a microscope. In addition, membrane-per-
meable cyanine dyes or SYTO have been used to stain DNA in
a viable cell."

There has been a great effort to visualise specific sequences
in DNA. A well-known method is fluorescence in situ hybridis-
ation (FISH), developed in the early 1980s, which uses fluo-
rescent probes that bind to complementary DNA sequences to
determine the presence of specific DNA sequences in
chromosomes.””*" FISH has been furthered developed into
fibre FISH, developed in the early 1990s to increase
resolution.”** In 1993, Schwartz and his colleagues intro-
duced Optical Mapping, which generated a sequence-specific
barcode-like pattern by digesting elongated large DNA mole-
cules using a restriction enzyme.>*>* This pioneering work has
led to the development of various approaches for sequence-
specific labels on single DNA molecules, enzyme-based label-
ling like nick translation (Nanocoding),**">® methyltransferase-
direct click chemistry (Fluorocode),**° and affinity-based lab-
elling like denaturation-renaturation (DR) mapping,®’ com-
petitive binding assay,** and A/T specific pyrrole-polyamides.*

DNA binding peptide motifs and proteins are promising
materials for labelling DNA molecules for both
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homogeneous®* ™’ and specific staining.*®**° More impor-
tantly, there are numerous DNA binding proteins or peptide
motifs available. Since the early 1990s, there have been
attempts to visualise DNA-protein complexes using fluorescent
dye-coupled antibodies.**™*® Since then, fluorescent protein
fused DNA binding proteins (FP-DBPs) have gradually replaced
organic dyes for the visualising DNA and its associated bio-
molecules within cells.** The most notable feature is that FP-
tagged proteins are usually expressed within the cells. This
feature leverages genetic regulation that is not accessible using
synthetic dyes or quantum dots.”> Moreover, FP-DBPs can be
readily loaded into the cell nucleus by simple gene construct
designs using molecular biology tools.’® Thousands of FPs
with different colours and various properties are available.*”
FP-DBPs have additional advantages over organic dyes for DNA
staining. Several prior studies have described the low cyto-
toxicity of FPs.*®*° In contrast, organic fluorescent dyes are
often cytotoxic.’®>! Additionally, FP-DBPs do not cause photo-
induced DNA breaks because their fluorophores are buried in
B-barrels,** while intercalating organic fluorescent dyes cause
photo-induced DNA breaks under continuous laser illumina-
tion.>> Moreover, most FP-DBPs only minimally perturb the
DNA structure,™ which is a serious issue for intercalating
organic fluorescent dyes.” Finally, FP-DBPs enable reversible
DNA staining through pH shift or salt concentration changes,
whereas it is almost impossible to reverse DNA staining for
most organic staining reagents.>* Consequently, the use of FP
has revolutionised the fields of cell and molecular biology,
because FP-tagging allows specific proteins to be directly and
safely visualised, in real-time, to study their binding patterns
and dynamics within a target organelle in a living cell.

In this review, we describe the development of DNA binding
fluorescent proteins as probes both in cells and single-mole-
cule experiments. We review how to design FP-DBP constructs
and summarise their brightness, photostability, pK,, matu-
ration, and DNA binding affinity characteristics. Finally, we
reviewed how FP-DBP has been utilised in analysing cells and
visualising single DNA molecules.

Design of FP-DBPs

The design of an FP-DBP requires three elements: a DNA
binding protein gene, a linker, and a fluorescent protein gene
in a plasmid vector (Fig. 1). Most FP genes are commercially
available or can be obtained through a non-profit plasmid
repository, such as AddGene.”® The FP gene can be placed at
the N- or C- termini of the DBP gene, as shown in Fig. 1.>* A
linker between the FP and DBP genes is generally necessary.
The linker has two to ten amino acid residues, typically con-
sisting of serine and glycine, to enhance the solubility and
flexibility of the linkers.>® However, the C-terminus of GFP and
related FPs have a floppy tail of ten amino acids, which often
makes it unnecessary to insert an additional linker when
fusing the C-terminus of FP and the N-terminus of the DNA
binding protein.’” The next step is to transform the expression
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FP-DBP stained
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7 .
Two-color FP-DBP
stained A DNA

Fig. 1 Design of FP-DBPs. (a) Plasmid construct consisting of genes
encoding a DNA binding protein, a linker, and a fluorescent protein, or
the same elements in the opposite order.>* The linker can be omitted if
there is a floppy tail. (b) Illustration of how to apply FP-DBP to cells or
perform in vitro experiments. For cell experiments, the expression of
FP-DBP genes with a nuclear localisation sequence allows staining of
DNA in thel nuclues. For DNA single-molecule observations, the plas-
mids are transformed into appropriate host cells followed by induction
of FP-DBP expression, purification of FP-DBPs using affinity column
chromatography, and observation of single DNA molecules stained with
FP-DBPs. Reproduced from ref. 34 with permission from Oxford
University Press, copyright 2015 [Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/)]; reproduced from ref. 38
with permission from The Royal Society of Chemistry, copyright 2019
and made in ©BioRender — biorender.com.

vector into a host cell with or without an organelle targeting
sequence. Obtaining purified FP-DBP protein requires protein
purification steps, which typically consist of affinity chromato-
graphy and additional fast protein liquid chromatography
(FPLC) steps.®*

Problems are often encountered during the construction of
the FP-DBP construct. Snapp summarised a troubleshooting
guide (Table 1) for FP fused proteins in his review paper.”* The
first common issue is that FP does not fluoresce for several
possible reasons. Many FPs do not fluoresce in low pH
environments, which can be solved by using low pK, FPs.’®
Improper folding of FP-fused proteins can result in a lack of
fluorescence or malfunction, which requires inserting an
appropriate linker between the FP and DBP to release steric
hindrance.>*®" Another issue is FP aggregation, primarily
because of the constitutive expression of FP fused protein. As a
solution, Ratz et al reported a method of CRISPR/
Cas9 genome editing to knock-in a gene into a cell’s host
genome to express FP-fused proteins at the endogenous
level.®* In addition, there are FPs starting with m representing
monomer that tend not to aggregate. FP-fused proteins are
often localised into an unexpected subcellular organelle.
Recently, Palmer and Freeman systematically analysed this
localisation issue in terms of N-terminal and C-terminal

This journal is © The Royal Society of Chemistry 2020
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Table 1 A troubleshooting guide for the design of FP-DBPs.>*

Problem 1: FP-DBP is not fluorescent.
Cause: (1) Environmental condition (low pH) suppresses
fluorescence.
(2) FP-DBP is not folded appropriately.
(3) FP-DBP is not expressed or is highly unstable.
Solution: (1) Use fluorescent proteins which are tolerant of different
environments.
(2) Insert short linkers between FPs and DBPs. The linkers
help to ensure appropriate folding of FPs and DBPs.
(3) Perform immunoblot analysis or immunoprecipitation
analysis to check if the FP-DBP is expressed.

Problem 2: FP-DBP is nonfunctional.

Cause: (1) FP agglomerates.
(2) FP sterically hinder DBP folding or obstruct DBP
functional domains.

Solution: (1) Use monomeric fluorescent proteins
(2) Avoid overexpression by CRISPR/Cas9-mediated genome
editing strategies resulting in endogenous level expression
(3) Insert short linkers between FPs and DBPs
(4) Change the placement of FPs in fusion proteins.

Problem 3: FP-DBP does not localize correctly.
Cause: (1) FP interferes with DBP’s targeting sequence.
(2) FP oligomerizes.
Solution: (1) Change the placement of fluorescent proteins in fusion
proteins.
(2) Insert short liners between FPs and DBPs.
(3) Use monomeric FPs.

linked FP fused proteins.®® They are categorised into three
groups. Group 1: both are the same as reverse transfection;
group 2: different locations depending on whether they are
N-terminal or C-terminal; group 3: C-terminal fusing results in
expected localisation but there is no localisation for the
N-terminal fusion.

Characteristics of FP-DBP

The essential characteristics of FP-DBPs need to be deter-
mined. These include brightness, pK,, maturation time, and
DNA binding affinity. Brightness depends on the FP constitu-
ent, while DNA binding affinity depends on the DBP constitu-
ent. To obtain the information concerning FP characteristics,
FPbase.org is a useful database characterising 771+ FPs.”
This website is a free, open-source, and community-editable
database, and the number of FPs included keeps increasing. It
provides information on FP structure, sequence, evolutionary
origin, photostability, brightness, pK,, maturation, lifetime,
references, and an AddGene link. Furthermore, Google search
usually includes results from FPbase as one of the top lists.
Therefore, FPbase is quite useful for finding FP characteristics
and references. In particular, the protein table in FPbase pro-
vides useful information that can be sorted by an attribute.
Here, we select dozens of FPs to analyse and compare their
characteristics from the FPbase protein table. The
Fluorophores.org (fluorophores.tugraz.at) community-editable
database is available for organic fluorescent dyes. This website
also provides information regarding the chemical structure,
quantum yield, excitation, and emission spectra of fluoro-

This journal is © The Royal Society of Chemistry 2020
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phores, as well as commercial sellers and their websites.
However, more data need to be added to this database as there
is a lack of information about many fluorophores. Moreover,
the data do not comprise extinction coefficient values, which
are essential to calculate brightness.

Brightness: extinction coefficient x quantum yield

Brightness is the most important FP characteristic because it
determines the detection sensitivity as well as the signal-to-
noise ratio. In general, the brightness of a fluorophore is
defined as the product of the extinction coefficient and the
quantum yield (b = & x ¢).** EGFP and mCherry are the most
popular FPs, but there are many other brighter FPs. There has
been an effort to improve FP brightness by mutagenesis.®>%®
According to the FPbase protein table, AausFP1 is the bright-
est, b = 164.9, discovered to date, with a nearly perfect
quantum yield (¢ = 0.97) and a peak extinction coefficient of ¢
=170 mM ™' ecm™', making it nearly five-fold brighter than
EGFP on a per-molecule basis.®” Among red-colour FPs, RRVT
is the brightest (b = 117.92). It was developed from tdTomato
(b = 95.2) by ten iterative rounds of directed protein evol-
ution.®® The dimeric nature of RRvT explains its high bright-
ness. Fig. 2 compares FPs with common organic fluorescent
dyes, including DNA-bound YOYO-1 and TOTO-1. It is notable
that RRvT and AausFP1 developed by direct evolution are

1100
mStable
900
mCardinal
— 700
D
-~
(]
£ 500 e
-
oo I
£ TaglgrT mRuby3
£ 300
o Katushka mOrange2
© mScarlet
(7] ) mTFP1
- oMharoon1 @ EGFP [ ) @ MNeonGreen
L] 100 mnm“oise)twmeasabi Gamillus
® e [ X J @ tdTomato
’“Che"VmTagBer p \2",:‘\Srmu mClover3 RRvT
c
3 @
338 ¢
Organic gE3 P
o3
g 281k
dyes AKX~ AM |
SiR680 o5

0 50 100 150 mM-cm?

Brightness (@)

Fig. 2 FP brightness and photostability compared with organic dyes:
The colours represent the emission of FPs (circles) and organic dyes (tri-
angle). The bleaching time represents photostability and the brightness
is the product of extinction coefficient (¢) and quantum yield (¢) of the
particular fluorophore. FPs: mStable,’® mCardinal,”® Katushka,”

TagRFP-T,2  mRuby3,”> mOrange2,’> mScarlet,”* mMaroon1,”®
mNeptune,”®  EGFP,”>  mNeonGreen,”” mTFPL’®  mWasabi,”®
mTurquoise2,2®  Gamillus,®* mClover3,”®> tdTomato,®2 mCherry,®?

mTagBFP2,8% EYFP,24®> Citrine,®® Venus,®” RRVT,®® AausFP1.5” Organic
dyes: EtBr®® TAMRAS®® Cy3,%° TOTO-1, SiR 680, YOYO-1,%8
Fluorescein,® Cy5,899° ATTO 488,%° Alexa 647,%° and ATTO 647N.89°°
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markedly brighter, even compared with the brightest organic
dye (ATTO647N).

Brighter FPs are more useful than less bright FPs or organic
fluorescent dyes in various applications because they require a
comparatively smaller dose of excitation light, which may
reduce phototoxicity for cells expressing fluorescent
proteins.”*> In addition, they are effective for low copy pro-
teins expressed in a cell.”>”** For example, Glauser et al. com-
pared mNeonGreen (b = 92.8) and EGFP (b = 33.6) reporters in
C. elegans.”® They show similar patterns, but low expression
copies were detected with mNeonGreen but not EGFP
reporters.

The y-axis in Fig. 2 shows FP bleaching time (zy,,), which is
a critical factor for long-time observation. The FPbase.org data-
base includes a caution in interpretation of the findings, given
that bleaching times are dependent on the intensity of light
source. Many of the measurements are made using a widefield
microscope with an arc lamp. For example the bleaching time
of EGFP is 174 s (Fig. 2), while the use of a 1.5 mW laser has
produced a time of 50.1 5.°® To date, no studies have reported
the bleaching times for AausFP1 and RRvT (the brightest FPs);
thus, their values are set to zero. The longest bleaching time is
1002 s for mStable.®® The shortest is 15 s for Venus.*” In
addition to Venus, two other yellow colours are relatively
unstable, such as EYFP (60 s)*® and Citrine (49 s).*® For
green colours, EGFP (174 s)”® and mNeonGreen (158 s)’” are
relatively stable. For red colours, mCherry (68 s)® is not stable.
However, there are long bleaching time red colour FPs, such as
mStable (1002 s),°® mCardinal (730 s),”® and Katushka (700
s).”' Among the red colours, mRuby3 (349 s, b = 57.6) and
mScarlet (227 s, b = 70) have long bleaching times with high
brightness. Accordingly, Fig. 2 can be used as a guideline to
choose the best FP for a given application.

PK, & maturation time

Fig. 3a shows the pK, values for FPs ranged from 2.5 for
mBlueberry2®” to 8.6 for Kohinoor.'”® FP’s pK, is important
because fluorescence is half of the maximum when pK, equals
the pH.'°® FPs are usually brightest at pH 8-9.'%7'°® If pH is
higher than 10, FPs lose their fluorescence.'>''° If the pH is
lower than their pK,, the FP’s fluorescence decreases to less
than half of its maximum brightness. The EGFP pK, = 6.0,”
and the mCherry pK, = 4.5.%> There are low pKa FPs, such as
mBlueberry2 (pK, = 2.5),°” mTagBFP (pK, = 2.7),”
mTurquoise2 (pK, = 3.1),%° and Gamilus (pK, = 3.4)®' devel-
oped for low pH subcellular organelles like vacuoles (pH =
5.2), secretory vesicles (pH = 5.0-6.0), and lysosomes (pH <
5.5)."'" However, pK, is not critical for constructing FP-DBPs
because DNA molecules are primarily located only in the
nucleus (pH 7.2-7.3) or mitochondria (pH 7.9-8.1).

Fig. 3b shows the maturation time of various FPs during
expression in a cell. FP requires time for folding and sub-
sequent chemical maturation of the fluorophores. Fluorophore
maturation rates vary from 1.8 min (mAmeritrin)'®® to days
(Slow-FT: 69 h).'°' EGFP has a 14.5 min,'®* and mCherry has a
43.4 min'®* maturation time. FP tagging of short-lived proteins
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Fig. 3 FP's pK, and maturation time (a) pK, values of 19 FPs.
Kohinoor,®” EYFP,2485  Midori-Ishi Cyan,°® mMaroon1,”®> EGFP,”®
mNeonGreen,”” Katushka,”* mKate2,°° mCardinal,”® mKO,°® mRuby3,”*
tdTomato,®2  TagRFP-T2  mCherry,®> mTFPL’®  Gamillus,®*
mTurquoise2,2° mTagBFP2,%% mBluberry2.1°° (b) Maturation times of 15
FPs at a given temperature. The y-axis is the log-scale in min. Slow-
FT,*°1 EBFP2,°2 Superfolder GFP,!°®> mTurquoise2,®* T-Sapphire, 4
EGFP*  EYFP®* mNeonGreen®* mClover3,'®* mCherry, %4
mRuby3,'°* mAmetrine.®®> Each colour represents the emission wave-
length of each FP.

should use FPs with a rapid maturation rate.'’® Many appli-
cations require a consideration of balanced timing for the
maturation of FPs and DBPs. For example, a DNA strand can
lose its function during the slow process of FP folding.

DNA binding affinity of FP-DBP

DNA binding capability is a key component in the characteris-
ation of FP-DBPs. DNA binding affinity is generally measured
by the dissociation constant (Kgy). More specifically, 1/Kq rep-
resents the binding affinity for target DNA. There are several
methods to measure this value, such as EMSA, ELISA, equili-
brium dialysis, SPR, analytical ultracentrifugation, spectro-
scopic assays, and isothermal titration calorimetry.'*?™*2°

It is notable that FP-tagging changes binding affinity as
does its position. For example, Fig. 4 shows that whether the
FP is N- or C- terminal affects the affinities of FP-DBPs, even
when the FP and DBPs are the same.'*"'** RHAU53-CFP has a
higher binding affinity than CFP-RHAU53. The addition of a
linker also affects DBP binding affinity. Therefore, it is not
trivial to apply the known affinity of DNA binding proteins to
newly constructed FP-DBPs. It is necessary to measure the
binding affinity of newly made FP-DBPs after purification.

Table 2 lists FP-DBP applications and Ky values from 90 pre-
viously published studies. Most applications reported are cell-
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Fig. 4 The affinity of FP-DBPs for DNA depending on FP positions.
CFP-RHAU53, RHAUS53-CFP, RHAUS53CFP without a linker, and
RHAU140-CFP,*?* RHAU53-YFP.122 A hyphen represents a linker.

based. Twenty studies reported K4 values through protein puri-
fication and in vitro assays. The data reveal variation in Ky
from 0.1 nM to 1 mM, with most values in the nanomolar
range, suggesting high binding affinity of FP-DBPs for DNA
binding proteins. Moreover, it is necessary to consider that the
affinity of FP-DBPs can differ depending on target or random
sequences.

Applications of FP-DBPs in cells

Table 2 lists FP-tagged DNA binding proteins that have been
applied to study cell biology. From this table, this section cat-
egorizes them into chromosomal dynamics, DNA replication,
transcription factors, and DNA damage and repair. This
section will discuss further examples.

FP-DBP visualisation of mitotic chromosome dynamics

Fig. 5a shows mitotic errors resulting in the formation of
micronuclei during the RPE-1 cell division.”"® Micronuclei
is a common nuclear aberration leading to chromothripsis,
a fatal mutational process commonly observed in
cancers.”'>?!'” CENPA-GFP and Centrin 1-GFP enable to
detect the micronuclei during cell mitosis. In this study,
CLEM, a combination of fluorescence microscopy and elec-
tron microscopy, also detected the defects in nuclear envel-
ope assembly for micronuclei at later stages of cytokinetic
furrowing. At later stages of cytokinetic furrowing, the
nuclear pore complexes are present on the nuclear envelope
of the primary nucleus, but not on the nuclear envelope of
the micronucleus. This irreversible nuclear envelop assembly
defect results in chromothripsis.

Fig. 5b illustrates telomere aggregation during mitosis
using YFP-TRF1 (telomeric repeat-binding factor 1).'*”
Telomeres are short non-coding DNA repeats at the ends of
linear chromosomes.?'® TRF1 is a subunit of shelterin, a six-
subunit protein complex (TRF1, TRF2, POT1, TPP1, TIN2, and
Rap1) that allows cells to distinguish the natural ends of
chromosomes from sites of DNA damage.*!° TRF1 binds to tel-
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Application DBP K4 (nM) FP-DBP Ref.
Chromosome  CENP-S mCherry-CENP-S, 123
dynamics CENP-S-mCherry,
CENP-S-EGFP,
EGFP-CENP-S,
EGFP-CENP-X,
CENP-X-mCherry,
mCherry-CENP-T
CENP-X CENP-T-mCherry
CENP-T EGFP-CENP-T
Cse4 Cse4-GFP 124
CENP-A ECFP-EYFP-CENP-A 125
EGFP-CENP-B
CENP-B CENP-B-EYFP
CENP-B CENPB-GFP 126
TRF1 YFP-TRF1 127
DNA DnaA 0.9 YFP-DnaA 128,129
replication DnaX DnaX-mCherry
SeqA SeqA-PAmCherry 130
RFA1 RFA1-EGFP 131
RFA2 RFA2-EGFP
RFA3 RFA3-EGFP
HOXC13 56 GFP-HOXC13 132-134
mCherry-HOXC13
DNA FgHItf1 FgHItf1-GFP 135
transcription  AcMybA AcMybA-RFP 136
CRC GFP-CRC 137
RUNX2 RUNX2-GFP 138
FMBP-1 EGFP-FMBP-1 139
HIF-1 « HIF-1 o -EGFP 140
HIF-2 o EGFP-HIF-2a
AtSTKL1 GFP-AtSTKL1 141
Ser mCitrine-Ser 142
RFX1 153 RFX1-GFP 143, 144
HapX 2.54 HapX-VENUS 145, 146
VIP1 VIP1-GFP 147
GalR 4 GalR-Venus 148, 149
Oct4 25 GFP-Oct4 150
Sox2 24 mRFP-Sox2 150, 151
AtMYBL GFP-AtMYBL 152
PAX5 5 YFP-PAX5-PML 153,154
LexA 0.1 LexA-GFP 155, 156
ScIR ScIR-EGFP 157
LXRa CFP-LXRa 158
LXRp CFP-LXRp
Fep1l Fep1-GFP 159
TabZIP1 TabZIP1-GFP 160
CrzA CrzA-GFP 161
C/EBP GFP-C/EBP 162
OsLG1 OsLG1-RFP 163
OsWRKY53 SGFP-OsWRKY53 164
FoxI1 FoxI1-GFP 165
MTF-1 EGFP-MTF-1 166
WT1 0.5 GFP-WT1 167, 168
PU.1 GFP-PU.1 169
Snail GST-Snail-GFP 170
1IE1 IE1-GFP 171
FOXO1 93 FOXO1-GFP 172,173
Pit-1 GFP-Pit-1 174
TTF2 GFP-GST-TTF2 175
PacC PacC-GFP 176
ARNT 10.4 GFP-ARNT 177,178
Terra GFP-Terra 179
ABF-1 GFP-ABF-1 180
Pip GFP-Pip 181
p65 1060  GFP-p65 182, 183
FBP GFP-FBP 184, 185
PDX-1 PDX-1-GFP 186
Stat5B GFP-Stat5B 187
IRF-1 IRF-1-GFP 188
LEF-1 1 GFP-LEF-1 189, 190
TBP 16 GFP-TBP 191, 192
Analyst


https://doi.org/10.1039/D0AN00218F

Published on 28 April 2020. Downloaded by Sogang University on 5/10/2020 4:28:35 AM.

Critical Review

Table 2 (Contd.)

Application DBP K4 (nM) FP-DBP Ref.
DNA damage  Rad51 170 Rad51-GFP 193-195
and repair Rad52 6 Rad52-RFP
Ddc2 Ddc2-GFP
RecA 210 RecA-GFP 196, 197
N protein N-GFP 198
53BP1 53BP1-GFP 199-201
Ku80 EGFP-Ku80 202
Dpb11 Dpb11-YFP 203
Gam Gam-GFP 204
AddA AddA-GFP 205
XRCC4 YFP-XRCC4 206, 207
CFP-XRCC4
Ligase IV 160 YFP-LigaseIV 206, 207
XPA 68.7 XPG-EGFP 208, 209
PCNA EGFP-XPA
EGFP-PCNA
PC4 GFP-PC4 210
DDB1 mCherry-DDB1 211
DDB2 eYFP-DDB2
p21 p21-GFP 212

omeres as a dimer throughout cell division.*?°>** YFP-TRF1
visualised chromatin bridges are indicated by white arrows
between the chromosomes of daughter cells that do not disap-
pear during any part of mitosis. They used H2B-RFP (H2B:
histone component) as a control to show other parts of DNA
during the mitosis.

Fig. 5c shows chromosomal segregation in mycobacteria
(M. smegmatis) using EGFP-ParA and ParB-mCherry.*"
Bacterial chromosome segregation requires ParA and ParB pro-
teins.>** ParA, a Walker A ATPase, interacts with DNA nonspe-
cifically.?** ParB, a DNA-binding protein, binds to parS
sequences, usually located in proximity to the oriC, thereby
forming segrosomes, the nucleoprotein complexes. After DNA
replication, there is only one ParB-mCherry focus close to the
old pole (Po), and GFP-ParA accumulates at the new pole (Pn).
The time-lapse images illustrate the dynamic localisation of
ParA and ParB, each of which represents DNA and oriC sites.
The extension of ParA fluorescence from the new cell pole
towards the newly duplicated ParB complexes might be associ-
ated with the movement of one of the ParB complexes towards
the new cell pole. The spatiotemporal localisation of proteins
related to chromosome segregation explains the dynamic divi-
sion of the mycobacterial chromosome as the schematic
suggests (Fig. 5¢).

FP-DBP visualising DNA replication

Fig. 6 demonstrates three examples of the use of FP-DBP for
visualising the DNA replication process. DNA replication is a
key event in the cycle of all living cells. Fig. 6a illustrates where
replication components exist during replication. They used
LacI-CFP to visualise oriC. YFP-DnaA was used to visualise the
replication initiation complex because DnaA is known to play
an essential role in the regulation of replication initiation in
bacteria by opening AT-rich strands.”*>**® The 20 min image
shows that YFP-DnaA colocalizes with oriC to initiate DNA
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Fig. 5 FP visualisation of chromosome dynamics. (a) Correlative light-
electron microscopy (CLEM) images of mitotic errors. Left: RPE-1 cells
at an earlier stage of the cytokinetic furrowing. Right: a later stage of the
cytokinetic furrowing. At later stages, nuclear envelopes (NE) are present
at both primary nuclei (PN) and micronuclei (MN); on the other hand,
there is no NE observed during the earlier stages. Grey: DNA. Red: kine-
tochores (CENPA-GFP) and centrosomes (Centrin 1-GFP). Scale: 5 pm.
Reproduced from ref. 213 with permission from Springer Nature, copy-
right 2018. (b) Time-lapse observation of mouse embryonic stem cells
expressing high levels of YFP-TRF1 and H2B—RFP. Formation of TRF1
bridges between segregating chromosomes. Reproduced from ref. 127
with permission from The American Society for Cell Biology, copyright
2014. (c) Localisation of GFP—ParA and ParB—mCherry during the cell
cycle of M. smegmatis cells. Reproduced from ref. 214 with permission
from John Wiley & Sons Ltd, copyright 2017. Time-lapse observation of
ParB segregation using EGFP-ParA and ParB-mCherry. Schematic for
mitotic separation process.

replication."®® The 140 min image shows two separate oriC

sites with YFP-DnaA in the middle. The right-most image used
DnaX-mCherry to visualise the replication machinery, and
YFP-YabA as a regulator to inhibit re-initiation during bacterial
replication.”®® The localisation and intensity of the FP-DBP
foci illustrate the DNA replication process.

Fig. 6b demonstrates the use of super-resolution
imaging (PALM: photoactivated localisation microscopy) of
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Fig. 6 FP visualisation of DNA replication. (a) Localisation of YFP-DnaA,
oriC (Lacl-CFP), replication machinery (DnaX-mCherry), and the re-
initiation inhibitor (YFP-YabA). Reproduced from ref. 128 with permission
from PLOS, copyright 2017 [Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/)]. Scale bar: 2 pum. (b)
PALM  images of E. coli overexpressing SeqA-PAmCherry.
Heterogeneous localisation of SeqA-PAmCherry. Reproduced from ref.
130 with permission from The Royal Society of Chemistry, copyright
2015. (c) NIH3T3 co-transfected with EGFP-HOXC13 and RFP-PCNA
and three different patterns of replication foci: early S, mid S, and late S
replication foci. Reproduced from ref. 132 with permission from Oxford
University Press, copyright 2010.

SegA-PAmCherry.'*° SeqA is a DNA binding protein regulating
the initiation of DNA replication in E. coli.”*” In E. coli, newly
replicated GATC sites are hemimethylated.”*® SeqA binds to
hemimethylated GATC sites in newly replicated DNA, thereby
preventing replication initiation by DnaA.**° The epi-fluo-
rescence image suggests their binding through the genome,
but a super-resolution (PALM) image shows scattered hemi-
methylated regions (SeqA-PAmCherry) throughout the E. coli
genome. Therefore, super-resolution microscopy improved the
understanding of small-sized bacterial subcellular events.

Fig. 6¢ shows the location of DNA replication machinery
and gene regulators in the eukaryotic nucleus. RFP-PCNA, a
sliding clamp, represents DNA replication machinery, and
GFP-HOXC13 is a homeotic regulator during the S phase.'*?
The distribution of homeotic regulators (GFP-HOXC13) is
similar to the distribution pattern of the early replicating
machineries (RFP-PCNA) in the early S phase. However, they
start diverging during mid-S phase, and finally, they comple-
tely separate in the late S phase.

This journal is © The Royal Society of Chemistry 2020
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FP-linked transcription factors

Fig. 7 illustrates the detection of FP-fused transcription
factors. Transcription factors have the capability of binding to
specific DNA sequences to regulate gene expression. In their
early pioneering research in 1998, Patterson et al. utilised
GFP-TBP (TATA-binding protein) in mitotic yeast -cells
(Fig. 7a)."®” Fig. 7b illustrates FoxI1-GFP (forkhead transcrip-
tion factor) bound to chromosomes during mitosis.'®® In most
cases, transcription factors are detached from condensed chro-
matin in mitosis.>*® However, FoxI1 is the first protein found
to be bound to condensed chromatins during mitosis. The
DAPI image also confirms the binding of Fox1-GFP to DNA.
Fig. 7c illustrates an example of CrzA-GFP accumulation in
nuclei before and after the addition of Ca®>". CrzA is a zinc
finger transcription factor in Aspergillus nidulans.'!
nuclear import and export machinery transports CrzA depend-
ing on cytosolic Ca** concentration. CrzA-GFP reveals the cellu-
lar response mechanisms in real-time by visualising the
response to Ca”>" concentration changes. Fig. 7d shows an
example of TabZIP1-GFP localisation to the nucleus of wheat
leave cells infected with Puccinia striiformis.'®® TabZIP1 is a
leucine zipper gene, isolated from wheat leaves infected by
Puccinia striiformis. Fig. 7e shows an example of FgHLTF1-GFP,

Active

YTvnPED. GFP-TBP ()} Fox1-GFP

() Tabzip1-GFP

Fig. 7 FP linked transcription factors (a) GFP-TATA binding protein in
yeast cells. Reproduced from ref. 192 with permission from John Wiley
& Sons Ltd, copyright 1998. (b) FoxI1-GFP bound to mitotic chromatin
during metaphase and telophase. Counterstaining cells expressing
FoxI1-GFP with DAPI. Reproduced from ref. 165 with permission from
American Society for Microbiology, copyright 2006. (c) Subcellular
localisation of CrzA-GFP in MAD2055 cultured in fresh medium with or
without 10 mM CaCl,. Reproduced from ref. 161 with permission from
Portland Press, copyright 2008. (d) Subcellular distribution of TabZIP1-
GFP in onion epidermal cells. Reproduced from ref. 160 with permission
from Elsevier Ltd, copyright 2009. (e) Localisation of FgHItf1-GFP in the
conidia of F. graminearum. Reproduced from ref. 135 with permission
from Springer Nature Limited, copyright 2019.
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a histone-like transcription factor, localised in Fusarium grami-
nearum nuclei.'*®

FP-DBPs are useful in the study of transcription factors by
visualising transcription factor localisation and protein-DNA
interactions in real-time response to changes in environmental
conditions or transcription events.

FP-DBP visualisation of DNA damage and repair processes

Fig. 8 shows studies visualising DNA damage or its related
phenomena with fluorescent proteins fused to DNA damage
repair proteins. The accumulation of DNA damage recruits
proteins to synthesise a repair complex at the damaged
lesions. Fig. 8a shows the aggregation of p53-binding protein 1

(a) UVC25J/m? 53BP1-GFP

(b)

405 nm laser

>

100 ps dwelling time; ~1 s scan/line

mCherry-53BP1

(c) Early SOS
(0 - 45 min)

Late SOS
(90 - 180 min)

expression
e
D  Storage structures . . .

Replisome

encounters Early RecA* foci recA Storage Cytosolic RecA Storage

with lesions (SOS signalling) derepression  siructures dissolve forms bundies structures reform
UV 20 J/m? 170 min RecA-GFP

Fig. 8 FP visualising DNA damage and repair. (a) Formation of 53BP1-
GFP foci in breast cancer cells after UVC irradiation. Reproduced from
ref. 200 with permission from The International Institute of Anticancer
Research, copyright 2016. (b) Accumulation of mCherry-53BP1 at DNA
damage sites after laser-microirradiation. Reproduced from ref. 199 with
permission from Oxford University Press, copyright 2019. (c) Schematic
of the bacterial SOS response under UV exposure (20 J m~2) and micro-
scopic images of bacterial cells with RecA-GFP. The left image: after UV
exposure and the right image: 170 min later. Reproduced from ref. 197
with permission from eLife Science Pblication, copyright 2019 [Creative
Commons CCO public domain dedication (https://creative commons.
org/publicdomain/zero/1.0/)].
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(53BP1), a DNA damage response protein that plays important
roles in choosing between the homologous recombination
(HR) and non-homologous end-joining (NHE]) repair path-
ways. Time-lapse images show the increased number of 53BP1-
GFP foci in human breast cancer cells after UV-C
irradiation.>*® In Fig. 8b, mCherry-53BP1 accumulates at laser
micro-irradiated sites shown as a red line in the cells.
Continuous expression of 53BP1 results in a rapid accumu-
lation of 53BP1 at ionising radiation-induced foci.?*"**>

Fig. 8c shows the SOS response after UV radiation in a bac-
terial cell. The SOS response regulates the synthesis of factors
protecting and repairing the genome. In the SOS response,
RecA forms filaments, which catalyse the autoproteolysis of
LexA, a transcriptional repressor, to induce the expression of
SOS genes.”*> DNA damage results in upregulated transcrip-
tion of RecA.**" As shown in Fig. 8c, after UV irradiation,
RecA-GFP forms two foci in the ends of the bacterial cell.*®”
After completion of DNA repair (170 min image), RecA-GFP
accumulates in its bundle storage structures, shown as bright
and large cigar-shaped regions in the fluorescent image.'®’
These images support the schematic illustration of the SOS
response.

FP-DBP based detection methods

The previous section described the use of FP-DBPs to monitor
biochemical events to show the primary functions of DBPs. In
contrast, FP-DBPs can be a tool to develop FP-DBP-based
methods to detect other cellular changes unrelated to the
native functions of DBPs. This section provides those examples
of FP-DBP-based detection methods for double-strand DNA
breaks, apoptosis, cell differentiation, and DNA methylation.

Fig. 9a presents FP-DBP-based methods for detecting
double-strand DNA breaks using EGFP-MDC1, GamGFP, and
N-GFP.>**?* For example, EGFP-MDC1 detects y-H2AX, a
phosphorylated form of H2AX histones, and therefore, it can
detect DNA double-strand breaks caused by several reasons
that include reactive oxygen species. The method was devel-
oped to assess hazardous contaminants in river water. The
second example is GamGFP and N-GFP, which label double-
strand breaks in E. coli. However, the detection efficiency of
GamGFP for dDNA damage is approximately 70%, while that
of N-GFP is 12 to 18%.>%*

Fig. 9b illustrates the use of FP-DBPs to visualise cell apop-
tosis.”*® In this study, the cytoplasm of prostate cancer cells
was stained using RFP and DNA in the cell nuclei was stained
using H2B-GFP. The method enabled monitoring of cell
destruction based on apoptosis, which continued for over
96 h.

Fig. 9c illustrates the detection of endoreduplication (repli-
cation of the nuclear genome in the absence of mitosis) using
a photoconvertible FP-DBP (H2B-mEosFP) in the hypocotyl
cells of Arabidopsis.>*”**® In this figure, mEosFP was converted
using violet blue light and the plant was placed in the dark for
16 h. Next, nuclei of hypocotyl cells displayed a colour shift

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 FP-DBP-based detection method. (a) Detection of double-
strand breaks with EGFP-MDC1,%*> GamGFP and N-GFP.2°* MDC1 (PDB
2ETX), Gam,?*® and EGFP (PDB 2YOG). Reproduced from ref. 204 with
permission from eLife Science Publications Ltd, copyright 2013 [Creative
Commons Attribution License (https://creativecommons.org/licenses/
by/3.0/)]; reproduced from ref. 235 with permission from Elsevier Ltd,
copyright 2019; reproduced from ref. 240 with permission from
National Academy of Sciences, copyright 2018. (b) Detection of apopto-
sis. Prostate cancer cells undergo apoptosis under exposure to pacli-
taxel. H2B-GFP enable staining of DNA in apoptotic cells.?*® Three-
dimensional structure of the nucleosome (PDB 3AFA). Reproduced from
ref. 236 with permission from The International Institute of Anticancer
Research, copyright 2015. (c) Detection of cell endoreduplication.
Arabidopsis hypocotyl cells expressing green H2B-mEosFP. After
irradiation of violet-blue using six intervals of 45 s, photoconversion of
green H2B-mEosFP to red occurs. After 16 h in darkness, the red color
of the nuclei changes to green due to the increase of fresh H2B-
mEosFP, which indicates endoreduplication.?*® Reproduced from ref.
238 with permission from The American Society of Plant Biologists,
copyright 2012. (d) Bimolecular anchor sensor to detect DNA methyl-
ation. BiFC: bimolecular fluorescence complementation. BiAD sensor
comprised MBD-VenC and TALE-VenN to detect 5mC sites in HEK293
cells.?*® Reproduced from ref. 239 with permission from Springer Nature
Limited, copyright 2017 [Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/)].  Illustrations
prepared in ©BioRender — biorender.com.
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from red fluorescence to green fluorescence, indicating an
increase in fresh H2B-mEosFP content in the nuclei of cells
undergoing endoreduplication. Cell enlargement was also
evident.

Fig. 9d demonstrates a bimolecular anchor detector (BiAD)
sensor to detect DNA methylation (5mC) with high speci-
ficity.>* Bimolecular fluorescence complementation (BiFC) is
a technology based on the association of fluorescent protein
fragments. Venus can be divided into non-fluorescent
C-terminal and N-terminal fragments, which are connected to
methyl binding domain (MBD) and sequence-specific DNA
binding protein (TALE: transcritipion activiator-like element),
respectively. MBD-VenC and TALE-VenN bind to 5mC and
TALE binding sites in HEK 293 cells. The VenC and VenN
fragments then reconstitute fluorescent monomeric Venus
proteins.

FP-DBP visualisation of single DNA
molecules

So far, we have reviewed FP-DBP applications in cell images.
However, DNA in a cell is compact, and it is difficult to analyse
FP-DBP in the context of DNA genomic maps. Therefore, it is
essential to unravel DNA molecule from a tangled coil.**'>*?
Elongated DNA molecules are useful for various biochemical
analyses in the context of the genomic map. Fig. 10 illustrates
FP-DBP as a staining reagent for elongated large DNA mole-
cules that we have developed since 2016.>*%2** This staining
method is simple and straightforward with several distinct
advantages. As shown in Fig. 10b, FP-DBP stained DNA is com-
parable with YOYO-1 stained DNA, in which stained DNA mole-
cules were immobilised on a positively charged surface
through microfluidic channels. However, as an intercalating
dye, YOYO-1 is known to deform, unwind, and often
break double-stranded DNA molecules when induced by
photons.?*>?*¢ Thus, as shown in Fig. 10c, YOYO-1 stained
DNA confined in a 400 nm nanoslit broke within 10 seconds
of laser illumination. However, FP-fused DNA binding protein
can obviate this issue since the fluorophore in FP does not
directly interact with DNA backbones. FP-DBPs do not cause
photo-induced DNA cleavage or structural deformation. Thus,
FP-DBP stained DNA did not break with a long exposure of up
to 5 min. Instead, the DNA images disappeared due to FP
bleaching.

Moreover, it is possible to overcome bleaching by reversibly
staining DNA through shifting pH or adjusting salt concen-
tration. Fig. 9d demonstrates de-staining with a pH 11 buffer
and re-staining with fresh FP-DBP in a pH 8 buffer using a
surface-tethered DNA molecule, which is difficult with syn-
thetic chemicals such as YOYO-1. In particular, FP-DBP stain-
ing is compatible with surface tethering because it is respon-
sive to changing buffers and other environments as well as the
type of FP-DBP.

Fig. 11 demonstrates A/T-specific DNA staining FP-DBPs,
which were recently developed to analyse sequence infor-
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(a)

KWKWKKA-eGFP-AKKWKWK ~ KWKWKKA-mCherry-AKKWKWK YOYO-1

(c) YOYO-1 KWKWKKA-eGFP-AKKWKWK

pH 11 pH 8
150 sec 150 sec

Fig. 10 FP-DBP visualisation of individual large DNA molecules. (a)
Schematic of FP-DBP staining DNA (made in ©BioRender — biorender.
com) (b) eGFP-DBP, mCherry-DBP, and YOYO-1 stained 1 DNA (c) com-
parison of photolysis of YOYO-1 stained and FP-DBP stained T4 DNA
(166 kb) in a 40 nm nanoslit. Scale bar = 5 um. (d) Reversible staining
capability of FP-DBP: destain with pH 11 buffer solution and restain at
pH 8 1x TE buffer with FP-DBP. Reproduced from ref. 34 with per-
mission from Oxford University Press, copyright 2015 [Creative
Commons Attribution License (http://creativecommons.org/licenses/by/
4.0/)].

3839 Ag shown in

mation by visualising A/T-specific patterns.
Fig. 11a, H-NS-mCherry (histone-like nucleoid-structural
protein) stains AT specific regions, and BRCA1-eGFP works as
complementary co-staining reagents since they bind to DNA
backbones homogenously. Consistent image patterns allowed
the 2 DNA molecules to be aligned based on three distinct red
spots on a green DNA backbone. From this image, the
sequence-specific patterns provide firm evidence of the mole-
cular orientation as well as interpret a fragment in the context
of the genomic map. As shown in Fig. 11b, tTALE-eGFP (trun-
cated transcription activator-like effector) is also capable of AT-
specific DNA staining.’® Instead of labelling the target
sequence of TGTCTGT, tTALE-eGFP has an A/T specific
binding pattern at 40 to 100 mM NaCl concentrations. This
feature allows DNA molecules to be monitored during bio-
chemical reactions and using another stain to watch the result
of the reaction with an appropriate NaCl concentration.
Fig. 10b is an example of restriction enzyme (Xbal) digested A
DNA, which was stained with tTALE-FP and 60 mM NaCl
added to 1x TE buffer. This image allows us to confirm the
digestion sites in a DNA physical map. Sequence-specific
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]
(b) tTALE-eGFP
w/ NaCl

Fig. 11 A/T specific patterned 1 DNA using FP-DBP (a) combination of
A/T specific H-NS-mCherry and non-specific BRCA-eGFP in 4 DNA
Reproduced from ref. 38 from permission from The Royal Society of
Chemistry, copyright 2019. (b) tethered DNA digested with Xbal and
stained with tTALE-FP in 60 mM NaCl 1x TE buffer. Reproduced from
ref. 39 from permission from Springer Nature Limited, copyright 2019
[Creative Commons Attribution 4.0 International License (http://creati-
vecommons.org/licenses/by/4.0/)l.

FP-DBP staining makes it possible to observe genome-specific
patterns reflecting the distribution of A/T rich regions.
Consequently, two-colour FP-DBPs and tTALE-FP produce a
sequence-specific DNA physical map for efficient optical
identification of single DNA molecules.

Future perspectives

The development of fluorescence microscopy enables the
observation of previously invisible cellular mechanisms. Many
kinds of FP-DBPs have been developed to visualise DNA mole-
cules both in cells and single-molecule platforms, allowing the
study of DNA-related cellular mechanisms such as protein-
DNA interaction, chromosome dynamics, and DNA transcrip-
tion, replication, and repair. EGFP and mCherry are popular,
but there are many other FPs with better characteristics. The
database website, FPbase.org, is a powerful tool to evaluate all
these attributes and references when choosing an appropriate
FP. Their data enable to construct a few characteristic graphs
showing their brightness, photo-stability, pK,, and maturation

This journal is © The Royal Society of Chemistry 2020
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time. These characteristics provide information for choosing
an appropriate FP for a particular purpose. For example,
mRuby3 can be useful for applying mRuby3-tagged DNA
binding proteins to the study of DNA-related mechanisms,
because it has high brightness, and long-bleaching time, while
it has not been used for DNA binding proteins.

This review categorised FP-DBP applications in cell biology.
However, it is notable that there are many DNA binding pro-
teins that have never been used for FP-DBP. For example, the
human genome has 2600 proteins containing DNA-binding
domains, and the yeast genome (S. cerevisiae) has 300 tran-
scription factors. Genomes from different organisms encode
different sequences for related DNA-binding proteins. Thus, it
is very likely that new FP-DBP can be developed by connecting
these DNA-binding proteins.

So far, most studies using FP-DBP have focused on visual-
isation in cells. In contrast, applying FP-DBP to single DNA
molecules, which is a powerful platform for the visualisation
of DNA-binding proteins on a stretched DNA molecule, is a
relatively new field. This platform has the capacity to monitor
moving proteins and its activity on large DNA molecules. More
importantly, it is fascinating to observe DNA-protein inter-
actions in the context of a genomic map based on sequence-
specific staining. Therefore, single-molecule DNA observation
using FP-DBP is a powerful tool to provide detailed infor-
mation such as binding sites on DNA molecules, real-time
movement of proteins on the DNA backbone, and DNA stain-
ing patterns.
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