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1Macromolecular Biochemistry, Leiden Institute of Chemistry, Leiden University, Leiden 2333CC, The Netherlands,
2Centre for Microbial Cell Biology, Leiden University, Leiden, The Netherlands, 3Molecular Cytology, Swammerdam
Institute for Life Sciences, University of Amsterdam, Amsterdam 1098XH, The Netherlands, 4Animal Sciences,
Institute of Biology Leiden, Leiden University, Leiden 2333CC, The Netherlands, 5Department of Human Genetics,
Leiden University Medical Center, Leiden 2333ZC, The Netherlands, 6Biophysical Structural Chemistry, Leiden
Institute of Chemistry, Leiden University, Leiden 2333CC, The Netherlands and 7Systems Biology, AMOLF Institute,
Amsterdam 1098XG, The Netherlands

Received November 03, 2020; Revised October 06, 2021; Editorial Decision October 07, 2021; Accepted October 08, 2021

ABSTRACT

The interplay between three-dimensional chromo-
some organisation and genomic processes such as
replication and transcription necessitates in vivo
studies of chromosome dynamics. Fluorescent or-
ganic dyes are often used for chromosome labelling
in vivo. The mode of binding of these dyes to DNA
cause its distortion, elongation, and partial unwind-
ing. The structural changes induce DNA damage and
interfere with the binding dynamics of chromatin-
associated proteins, consequently perturbing gene
expression, genome replication, and cell cycle pro-
gression. We have developed a minimally-perturbing,
genetically encoded fluorescent DNA label consist-
ing of a (photo-switchable) fluorescent protein fused
to the DNA-binding domain of H-NS –– a bacterial
nucleoid-associated protein. We show that this DNA
label, abbreviated as HI-NESS (H-NS-based indicator
for nucleic acid stainings), is minimally-perturbing to
genomic processes and labels chromosomes in eu-
karyotic cells in culture, and in zebrafish embryos
with preferential binding to AT-rich chromatin.

INTRODUCTION

Developments in the field of chromosome biology have
highlighted an intricate interplay between the spatiotem-
poral organisation of the chromosome and its activities
such as transcription, replication, and segregation (1–3). In-

vestigations of such time-resolved structural dynamics of
chromosomes in live cells can be performed by fluores-
cence microscopy. Fluorescent organic dyes are often the
first choice for labelling chromosomes. Bisbenzimides such
as 6-diamidino-2-phenylindole (DAPI) and Hoechst insert
into the minor groove of AT-rich double-stranded DNA
(dsDNA), resulting in an enhanced fluorescence emission
in the blue range of the visible spectrum (4–6). Hoechst
33258 has also been conjugated to other fluorescent dyes in-
cluding, but not limited to, IR-786, fluorescein, and silicon-
rhodamine (SiR), that shift its spectral properties from the
phototoxic UV/blue range towards longer wavelengths of
the spectrum (7–11). Cyanine dyes such as those of the
TOTO, TO-PRO and SYTOX families intercalate between
DNA bases and exhibit fluorescence emission enhancement
(12–14). The amplified fluorescence of organic dyes upon
DNA binding allows DNA labelling with a high signal-
to-noise ratio. Due to the reversible binding of the fluo-
rophores to DNA, this feature also allows the detection of
single binding events that enables super-resolution imag-
ing by binding-activated localization microscopy (BALM)
and fluctuation-assisted BALM (15,16), and point accu-
mulation for imaging in nanoscale topography (PAINT)
(17,18). Stochastic blinking of fluorophores such as silicon-
rhodamine and carboxyrhodamine conjugated to Hoechst
allows super-resolution imaging with stimulated emission
detection (STED) microscopy (10,11). Furthermore, bis-
benzimides undergo stochastic photoconversion upon UV
exposure that shifts the excitation and emission spectra of
the dyes from the UV/blue to the blue/green and green/red
ranges (19–21). While being problematic for multicolour
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fluorescence microscopy studies, this property is exploited
in single molecule localisation microscopy (SMLM) to im-
age chromatin in intact cell nuclei at a resolution of up to
∼40 nm (22,23).

Despite their broad use, the binding mode of organic
DNA labels results in distortion, elongation, and/or par-
tial unwinding of the double-helix (24–27). The structural
changes interfere with the binding of DNA-processing en-
zymes and affect their enzymatic activity (28–32). Fluo-
rescent organic dyes can also generate single- and double-
strand breaks in the DNA owing to reactive oxygen species
that are produced when the excited fluorophore reacts with
molecular oxygen (33,34). DNA intercalation may also trig-
ger DNA damage signalling and cell cycle arrest in the
absence of laser excitation (35). Thus, fluorescent organic
DNA dyes are generally cytotoxic, especially during pro-
longed incubation periods necessary for time-lapse exper-
iments (35–38). Moreover, some fluorescent organic DNA
dyes are unable to permeate the membrane of live cells, re-
quiring cell fixation and the use of permeabilisation agents
such as SDS and Triton X-100 for DNA staining. The dyes
may strongly bind to RNA as well, calling for RNase A
treatment prior to imaging (39).

An alternative approach that relies on covalent labelling
of DNA with organic fluorophores has also been in-
troduced. Covalent binding of azide-functionalized fluo-
rophores such as tetramethylrhodamine azide (TAMRA)
and Alexa Fluor-azide to alkyne-functionalized nucleotide
analogues––EdU (5-ethynyl-2-deoxyuridine) and EdC (5-
ethynyl-2-deoxycytidine) –– with click chemistry (40) has
been used to localize DNA in mammalian cells (41–43),
plant tissues (44), and Escherichia coli (45–47). While af-
fording resolutions of <20 nm with super-resolution mi-
croscopy techniques (41,45), this approach is of limited ap-
plicability in live cell imaging. The incorporation of EdU
and EdC into DNA for prolonged periods (2 to 8 hours)
triggers DNA damage signalling, interferes with cell cy-
cle progression, and induces apoptosis (48,49). Fluorescent
labelling of the nucleotide analogues requires cell fixation
and permeabilisation, and Cu+ to catalyse the click reac-
tion (40–47). Moreover, the covalent attachment of large
fluorophores to chromosomal DNA would predictably be
cytotoxic.

Chromosomes can also be visualised by the expression
of fluorescent proteins fused to DNA-binding proteins.
For eukaryotic systems, the histones H2B, H3 and H4
tagged with (photoactivatable) fluorescent proteins have
been shown to incorporate into functional nucleosomes
during the S-phase, and to accurately describe chromo-
some structure throughout the cell cycle (50–52). Such fu-
sions have been used to obtain constitutive DNA staining
in mice, nematodes, zebrafish, drosophila and arabidopsis
transgenic strains (53–57). mEos2- and mEos3-tagged Het-
erochromatin protein 1 (HP1) have been used to study the
distribution of heterochromatin in human embryonic stem
cells at super-resolution (58). In bacterial systems, the dis-
tributions of fluorescently labelled nucleoid-associated pro-
teins (NAPs) such as GFP-labelled � and � subunits of
Escherichia coli HU (HupA and HupB, respectively) (59)
and Fis (60), and GFP/mCherry-labelled HBsu (61,62), ––
the Bacillus subtilis homologue of HU––have been shown

to overlap with that of DAPI indicating that such protein
fusions may be used as alternative DNA labels. Indeed,
HupA-mCherry, and GFP-Fis have been used to follow the
structural changes to the E. coli nucleoid during growth
and cell division (63,64), HupB-EGFP was used to stain
the chromosome in Mycobacterium smegmatis to study the
distribution of fluorescently-labelled Lsr2 and Lsr2�NTD in
single cells (65), and GFP-HBsu has been used to image the
nucleoid in Bacillus subtilis using 3D-structured illumina-
tion microscopy (3D-SIM) to visualize high-density regions
in the chromosome (66). However, fluorescent protein fu-
sions to native cell proteins can impair protein function by
interfering with protein folding and the equilibria of the
protein’s interactions with other macromolecules (61,67–
69). Fluorescent protein fusions also require titration of ex-
pression levels to match that of the native protein. Further-
more, certain fusions have a limited applicability, for in-
stance, fluorescently labelled histone proteins can only be
used to visualise the chromosome in eukaryotic cells.

Collectively, this creates a need for a universal, minimally
perturbing DNA label for visualizing chromosomes in live
cells. To that end, we have designed a fusion protein that
exploits the spectral properties of (photoactivatable) fluo-
rescent proteins, and the DNA-binding properties of H-
NS –– a bacterial nucleoid-associated protein. We show that
the DNA label, termed HI-NESS (H-NS-based indicator
for nucleic acid stainings), is minimally perturbing to cells
and does not trigger DNA damage signalling or interfere
with cell cycle progression, accurately describes chromo-
some structure in eukaryotic cells in culture and live ze-
brafish, and is customizable with regards to the fluorescent
protein used for its visualization.

MATERIALS AND METHODS

Cloning HI-NESS expression vectors

The HI-NESS constructs were assembled and
cloned into pBAD33, pTEC19, pcDNA3.1(+) and
pcDNA™5/FRT/TO vectors in a single step using Gibson
Assembly (70). The constructs were verified by Sanger
sequencing and archived as DH5� glycerol stocks. A
complete list of the template plasmids used for Gibson
Assembly and the HI-NESS vectors assembled therefrom
is provided in Table 1. The plasmids designed in this study
are deposited on Addgene.org.

HI-NESS imaging in Escherichia coli

E. coli cells (MG1655 and MG1655 �hns) were grown at
37◦C in M9 medium (42 mM Na2HPO4, 22 mM KH2PO4,
19 mM NH4Cl, 2.0 mM MgSO4, 0.1 mM CaCl2, 170 mM
NaCl, 1× trace elements, 1% Bacto™ casamino acids (BD),
10 �g/ml thiamine (Sigma-Aldrich), 0.4% glycerol (Pan-
Reac Applichem)) with the appropriate antibiotics (Ta-
ble 1). Trace elements were prepared as a 100× stock
solution of the following composition per 100 ml: 0.1 g
FeSO4·7H2O, 0.6 g CaCl2·2H2O, 0.12 g MnCl2·4H2O, 0.08
g CoCl2·6H2O, 0.07 g ZnSO4·7H2O, 0.03 g CuCl2·2H2O,
2 mg H3BO3 and 0.5 g EDTA·Na2. The medium was sup-
plemented with 0.1% (w/v) arabinose (Sigma-Aldrich) to
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Table 1. List of plasmids used in this study

Plasmid Plasmid backbone Insert Resistance marker Reference

pBAD33 pBAD33 N/A Chloramphenicol (93)
pcDNA3.1(+) pcDNA3.1(+) N/A Ampicillin;

Neomycin
Invitrogen

pTEC19 pFPV27 E2-Crimson Hygromycin Addgene #30178 (94)
pmTurquoise2-C1 pEGFP-C1 mTurquoise2 Kanamycin;

Neomycin
Addgene #60560 (83)

mEos3.2-C1 mEos3.2-C1 mEos3.2 Kanamycin;
Neomycin

Addgene #54550 (85)

pLau53 pBAD24 eYFP Ampicillin (95)
pmScarlet-i C1 pC1 mScarlet-I Kanamycin From TWJG Addgene

#85044 (86)
LifeAct-
mNeonGreen

pEGFP-N1 mNeonGreen Kanamycin From TWJG Addgene
#98877 (96)

pmTurquoise2-H2A pmTurquoise2-C1 H2A Kanamycin Addgene #36207 (83)
pRD128B pBAD33 mTurquoise2 H-NSdbd Chloramphenicol This paper Addgene

#163097
pRD129B pBAD33 mEos3.2 H-NSdbd Chloramphenicol This paper Addgene

#163098
pRD188ET pcDNA3.1(+) NLS mEos3.2 H-NSdbd NLS Ampicillin;

Neomycin
This paper Addgene
#163099

pRD190 pcDNA3.1(+) NLS mEos3.2 NLS Ampicillin;
Neomycin

This paper Addgene
#163100

pRD198‡, B pBAD33 mEGFP H-NSdbd Chloramphenicol This paper Addgene
#163101

pRD393B pFPV27 mEos3.2-H-NSdbd Hygromycin This paper Addgene
#168774

pRD395‡, B pBAD33 mCherry H-NSdbd Chloramphenicol This paper Addgene
#163102

pRD396B pBAD33 eYFP H-NSdbd Chloramphenicol This paper Addgene
#163103

pRD397ET pcDNA3.1(+) NLS mTurquoise2 H-NSdbd NLS Ampicillin;
Neomycin

This paper Addgene
#163104

pRD398‡, ET pcDNA3.1(+) NLS mCherry H-NSdbd NLS Ampicillin;
Neomycin

This paper Addgene
#163105

pRD399‡, ET pcDNA3.1(+) NLS mEGFP H-NSdbd NLS Ampicillin;
Neomycin

This paper Addgene
#163106

pRD400ET pcDNA3.1(+) NLS eYFP H-NSdbd NLS Ampicillin;
Neomycin

This paper Addgene
#163107

pRD403B pBAD33 mScarlet-I H-NSdbd Chloramphenicol This paper Addgene
#163108

pRD404B pBAD33 mNeonGreen H-NSdbd Chloramphenicol This paper Addgene
#163109

pRD405ET pcDNA3.1(+) NLS mScarlet-I H-NSdbd NLS Ampicillin;
Neomycin

This paper Addgene
#163110

pRD406ET pcDNA3.1(+) NLS mNeonGreen H-NSdbd NLS Ampicillin;
Neomycin

This paper Addgene
#163111

pRD421 pET28a His-tag TEV-cleavable
linker mEos3.2 H-NSdbd

Kanamycin This paper Addgene
#163112

pRD437ES

pcDNA™5/FRT/TO
NLS-mEos3.2-H-NSdbd-NLS Ampicillin;

Puromycin
This paper Addgene
#168463

pRD438
pcDNA™5/FRT/TO

NLS-mEos3.2-NLS Ampicillin;
Puromycin

This paper Addgene
#168464

pRD439ES

pcDNA™5/FRT/TO
NLS-mTurquoise2-H-NSdbd-NLS Ampicillin;

Puromycin
This paper Addgene
#168465

pRD440ES

pcDNA™5/FRT/TO
NLS-mCherry-H-NSdbd-NLS Ampicillin;

Puromycin
This paper Addgene
#168466

pRD441ES

pcDNA™5/FRT/TO
NLS-mEGFP-H-NSdbd-NLS Ampicillin;

Puromycin
This paper Addgene
#168467

pRD442ES

pcDNA™5/FRT/TO
NLS-eYFP-H-NSdbd-NLS Ampicillin;

Puromycin
This paper Addgene
#168468

pRD443ES

pcDNA™5/FRT/TO
NLS-mScarlet-I-H-NSdbd-NLS Ampicillin;

Puromycin
This paper Addgene
#168469

pRD444ES

pcDNA™5/FRT/TO
NLS-mNeonGreen-H-NSdbd-NLS Ampicillin;

Puromycin
This paper Addgene
#168470

pRD445 pFPV27 mEos3.2 Hygromycin This paper Addgene
#168775

‡Sequences for mCherry, and mEGFP were prepared with PCR and Gibson assembly.
BPlasmids for expressing HI-NESS in bacteria.
ETPlasmids for transiently expressing HI-NESS in eukaryotic cells.
ESPlasmids for preparing eukaryotic cell lines that stably express HI-NESS.
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induce expression from the pBAD33 vector. For experi-
ments that required DAPI labelling, the dye (DAPI, Sigma-
Aldrich) was added to a final concentration of 10 �g/ml to
cultures at an OD600 of ∼0.1. The cells were harvested at an
OD600 of 0.2 by centrifugation at 3000 × g for 5 min and
resuspended in M9 medium to an OD600 of ∼2.0. 4.0 �l of
the culture was pipetted onto a 1 mm-thick, 1.5% agarose
pad prepared on a microscope slide. A cover-slip was placed
over the cells and the slide was sealed with nail polish. E. coli
cells were visualised using a Leica TCS SPE or SP8 confo-
cal microscope with a 64× oil immersion objective (NA 1.4)
and excited by 405, 488 or 532 nm laser lines.

HI-NESS imaging in Mycobacterium marinum

Mycobacterium marinum expressing HI-NESS or the
mEos3.2 fluorophore lacking the H-NS DNA binding do-
main were statically grown in 7H9 broth supplemented with
ADC and 50 �g/ml hygromycin at 28◦C. M. marinum cells
in the logarithmic phase were collected by centrifugation
4000 × g for 10 min. The cells were resuspended in ster-
ile PBS and stained with 10 �g/ml DAPI before imaging.
Images were collected on a TCS SP8 (Leica) using a 40×
oil-immersion objective (NA 1.30).

HI-NESS imaging in eukaryotic cell lines: cell culture and
sample preparation

HeLa (CCL-2, American Tissue Culture Collection;
Manassas, VA, USA) and U2OS (HTB-96, Ameri-
can Tissue Culture Collection, Manassas, VA, USA)
cells were cultured in Dulbecco’s modified Eagle’s
medium + GlutaMAX™-I (Giboc) with 10% fetal calf
serum (Giboc) (DMEM + FCS) at 37◦C in 7% CO2.
For transfection, 25 000–50 000 cells were seeded on 24
mm øcover-slips (Menzel, Thermo Fisher Scientific) in a
six-well plate with 2 ml DMEM + FCS and cultured for 24
h. A transfection mix containing 0.5–1 �g plasmid (Table
1), linear polyethylenimine (PEI, pH 7.3, Polysciences)
with a concentration of 1 mg/ml per 100 ng DNA, and
200 �l OptiMEM (Thermo Fisher Scientific) was added
to each well. 24 h after transfection, cells were incubated
with 2 mM thymidine (CAS: 50-89-5, Sigma-Aldrich) in
DMEM + FCS for 18 h to increase the percentage of
dividing cells. Thereafter, cells were washed twice with
DMEM and incubated for another 5 h before imaging. For
SiR-Hoechst labelling, the cells were incubated with 500
nM SiR-DNA (SC007, SpiroChrome Probes for Bioimag-
ing) in DMEM, 4 h prior to imaging. HeLa and U2OS
cells were imaged between 24 and 48 h after transfection in
an Attofluor cell chamber (Thermo Fischer Scientific) in 1
ml of Microscopy medium (20 mM HEPES (pH 7.4),137
mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2
and 20 mM glucose) at 37◦C.

Blood outgrowth endothelial cells (BOEC) were culti-
vated from healthy adult donor blood as described pre-
viously (71) and cultured in Endothelial Cell Growth
Medium-2 BulletKit (CC-3162, Lonza) with 100 U/ml
Penicillin (Thermo Fisher Scientific) and 100 �g/ml Strep-
tomycin (Thermo Fisher Scientific), and 20% fetal calf
serum (Giboc) (EGM+) at 37◦C in 5% CO2. Culture dishes

and cover-slips were coated with 0.1% gelatin (CAS 9000-
70-8, Merck) in phosphate-buffered saline 30 min prior to
cell seeding. Transfection was performed with 2 �g endo-
toxin free plasmid, using the Neon™ Electroporation Trans-
fection system (MPK5000, Invitrogen) with the associated
Neon™ Transfection System 100 �l Kit (MPK10096, Invit-
rogen) generating a single pulse of 1300 V for 30 ms. Cells
were seeded on 24 mm øcover-slips in a six-well plate with
2 ml EGM+ . BOECs were imaged between 24 and 48 h
after microporation in an Attofluor cell chamber (Thermo
Fischer Scientific) in 1 ml EGM+ at 37◦C and 5% CO2.

HI-NESS imaging in eukaryotic cell lines: spinning disk mi-
croscopy

Cells were imaged with a Nikon Ti-E microscope equipped
with a Yokogawa CSU X-1 spinning disk unit, a 60× ob-
jective (Plan Apo, VC, oil, DIC, NA 1.4), a 100× objective
(Apo, TIRF, oil, DIC, N2), Perfect Focus System, and the
Nikon NIS elements software. Images were acquired with
an Andor iXon 897 CCD camera. mTurquoise2 was im-
aged using a 440 nm laser line, a triple dichroic mirror (suit-
able for 440, 514, 561 nm laser) and a 460–500 nm emis-
sion filter. mEos3.2 was imaged using a 488 nm laser line, a
triple dichroic mirror (suitable for 405, 488, 561 nm laser)
and a 500 nm long pass emission filter. mEos3.2 was photo-
converted with a 405 nm laser line and imaged using 561 nm
laser line, a triple dichroic mirror (suitable for 405, 488, 561
nm laser) and a 600–660 nm emission filter.

HI-NESS imaging in eukaryotic cell lines: wide-field mi-
croscopy

Dividing cells were imaged on a Nikon Ti-E widefield mi-
croscope, equipped with a 60x objective (Plan Apo �, 60×,
oil) and a 20× air objective (Plan Apo, VC, DIC, N2), a Lu-
mencor Spectra X light source, the Perfect Focus System, a
Hamamatsu C11440-22C camera (SN:100256), and Nikon
NIS elements software. For overnight time lapse movies,
HeLa cells were imaged in DMEM + FCS at 37◦C and 5%
CO2 in an Attofluor cell chamber (Thermo Fischer Scien-
tific) in a humidified environment. mTurquoise2 was im-
aged with an excitation wavelength of 440/20 nm and emis-
sion light was detected at 459–499 nm with an emission fil-
ter in combination with a dichroic mirror (455–491, 523–
557, 590–800 nm transmission bands). mScarlet-I was im-
aged with an excitation wavelength of 550/15 nm and emis-
sion light was detected at 570–616 nm with an emission filter
in combination with a dichroic mirror (411–452, 485–541,
567–621, 656–793 nm transmission bands). Phase contrast
images were acquired with the phase contrast condenser
PH3.

HI-NESS imaging in eukaryotic cell lines: confocal mi-
croscopy

Confocal microscopy images were obtained at a Leica SP8
equipped with a 63x objective (HC PL Apo, C2S, NA 1.40,
oil), the pinhole was set to 1 Airy unit, using line scan, 4×
frame averaging, at a scan speed of 40 Hz. SiR-Hoechst was
imaged using a 633 nm laser line, emission light was de-
tected between 642 and 788 nm with a HyD detector and
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Table 2. List of antibodies used in this study

Antibody Dilution Binding Company (reference)

1st �H2AX WB and IF 1:1000 Human anti mouse Millipore, #05-636 (JBW301)
GFP WB 1:1000 Human anti rabbit Abcam, #ab290

2nd Mouse IgG (H + L) CF770 WB 1:10 000 Goat anti mouse Biotium, VWR #20077
Rabbit IgG (H + L) CF680 WB 1:10 000 Goat anti rabbit Biotium, VWR #20067
Anti-Mouse Alexa 647 IF 1:1000 Goat anti mouse Thermo fisher Scientific, #A21235

the gain was set to 50 V. mTq2 was imaged using a 442 nm
laser line, emission light was detected between 452–598 nm
with a HyD detector and the gain was set to 40 V. mEos3.2
was imaged using a 488 nm laser line, emission light was
detected between 495–554 nm with a HyD detector and the
gain was set to 110 V.

Line scan analysis

Line scans were performed using the ‘Plot profile’ function
in Fiji (72). All profiles were normalized to the most intense
pixel of the line scan that was assigned an arbitrary intensity
value of 1000.

Cell lines

U2OS Flp-In/T-REx (U2OS (FRT)) cells (73) were co-
transfected with 5 �g of pRD441 (Table 1) and 0.5 �g
of pOG44 encoding the Flp recombinase (Invitrogen™)
using lipofectamine 2000 (Invitrogen™). U2OS (FRT)-
NLS-mEGFP-HNSdbd-NLS (U2OS (FRT)-HI-NESS)
cells were selected by incubation with 1 �g/ml puromycin
and subsequently used to stably express mEGFP-tagged
HI-NESS by the addition of 2 �g/ml doxycycline for 24 h.

U2OS (FRT) (73), U2OS (FRT)-mEGFP-NLS (74),
and U2OS (FRT)-HI-NESS were cultured at 37◦C and
5% CO2 in DMEM (Thermo Fisher Scientific) supple-
mented with penicillin/streptomycin (Sigma) and 10% fetal
bovine serum (FBS; Bodinco BV). U2OS (FRT) cells, which
were generated using the Flp-In™/T-REx™ system (Thermo
Fisher Scientific), were a gift from Daniel Durocher.

Western blotting

Proteins were separated on 4–12% Criterion XT Bis–Tris
gels (Bio-Rad, #3450124) in NuPAGE MOPS running
buffer (NP0001-02 Thermo Fisher Scientific), and blot-
ted onto PVDF membranes (IPFL00010, EMD Millipore).
Membranes were blocked with blocking buffer (Rockland,
MB-070-003) for 1 h at 25◦C. Membranes were then probed
with antibodies (Table 2) as indicated. Proteins were de-
tected using the Odyssey CLx Imaging System (LI-COR).

EdU labelling

Cells were seeded on 12 mm coverslips. 24 h after doxy-
cycline induction, the cells were incubated with 10 �M 5-
ethynyl-2-deoxyuridine (EdU, Jena Bioscience) for 15 min,
and directly fixed with 4% paraformaldehyde for 15 min.
Fixed cells were permeabilized with 1X PBS containing
0.5% Triton-X. The cells were blocked with 3% BSA con-
taining 0.3% Triton X-100, and subsequently incubated for

30 min with EdU Click-iT reaction cocktail (50 mM Tris–
HCl (pH 7.6), 150 mM NaCl, 1 �M picolyl azide 5/6-FAM
(#CLK-1180, Jena Bioscience), 4 mM CuSO4 and 2 mg/ml
sodium-L-ascorbate). The cells were mounted using Pro-
Long™ Gold Antifade Mountant with DAPI (Invitrogen)
and EdU-positive nuclei were quantified in ImageJ (75) us-
ing a custom-built macro.

�H2AX foci

Cells were seeded on 12 mm coverslips and 24 h after doxy-
cycline induction, cells were either mock treated or irradi-
ated with ionizing radiation delivered by a YXlon X-ray
generator (YXlon International, 200 KV, 6 mA, 3 Gy). Cells
were fixed 1 h after irradiation with 4% paraformaldehyde
and permeabilized with 1× PBS containing 0.5% Triton-X.
Cells were blocked with 100 mM glycine in 1× PBS for 10
min. The cells were then incubated with an antibody against
�H2AX (Table 2) for 2 h, followed by incubation with the
secondary antibody (Table 2) for 1 h. Cells were mounted
using ProLong™ Gold Antifade Mountant with DAPI (In-
vitrogen) and �H2AX foci per cell were evaluated in ImageJ
(75) using a custom-built macro that enabled automatic and
objective analysis of the foci as described previously (76).

HI-NESS-expressing cell lines: microscopy

Images of fixed samples were acquired on a Zeiss AxioIm-
ager M2 widefield fluorescence microscope equipped with
63× PLAN APO (1.4 NA) oil-immersion objectives (Zeiss)
and an HXP 120 metal-halide lamp used for excitation. Flu-
orescent probes were detected using the following filters:
DAPI (excitation filter: 350/50 nm, dichroic mirror: 400 nm,
emission filter: 460/50 nm), GFP (excitation filter: 470/40
nm, dichroic mirror: 495 nm, emission filter: 525/50 nm),
Alexa 555 (excitation filter: 545/25 nm, dichroic mirror: 565
nm, emission filter: 605/70 nm), Alexa 647 (excitation filter:
640/30 nm, dichroic mirror: 660 nm, emission filter: 690/50
nm). Images were recorded using ZEN 2012 (Blue edition,
Version 1.1.0.0) software and analyzed in ImageJ (1.48v)
(75).

HI-NESS-expressing cell lines: cell cycle analysis

150 000 cells were seeded in six-well plates and 24 h later
treated with doxycycline. 24 h after the doxycycline induc-
tion, the cells were collected by trypsinization and fixed in
80% ice-cold ethanol. The DNA was stained with 50 �g/ml
propidium iodide in the presence of 0.1 mg/ml RNaseA and
0.05% Triton X-100. The fluorescence intensity was mea-
sured by flow cytometry (Guava, Millipore) and used to de-
termine cell cycle phase distribution (Flowing software 2).
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Figure 1. HI-NESS distribution in wild-type Escherichia coli and E. coli �hns (Confocal microscopy, single Z-plane). (A) HI-NESS (green) labels the
nucleoid in wild-type E. coli where its distribution correlates––albeit poorly––with the DAPI signal (magenta). HI-NESS also distributes in the cytoplasm
of these cells, decreasing the signal-to-noise ratio and the applicability of HI-NESS as a DNA label in wild-type E. coli. (B) In E. coli �hns, HI-NESS
localises in the nucleoid. Line scans across E. coli and E. coli �hns cells are marked in red with start and end positions indicated with S and E, respectively.
A white signal in the Overlay images represents colocalization.
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Figure 2. HI-NESS labels chromosomes in HeLa cells in culture (Confocal microscopy, single Z-plane). Line scans (marked in red with start and end
positions indicated with S and E, respectively) across nuclei of HeLa cells co-stained with HI-NESS (green) and SiR-Hoechst (magenta) highlight the
overlap between the distributions of the two DNA labels. However, HI-NESS also accumulates in nucleoli due to high levels of the protein in the nucleus
and its affinity for RNA as detected in in vitro studies (Supplementary Figure S4; Supplementary Table S1).

HI-NESS imaging in zebrafish embryos and larvae

Zebrafish lines used in this study (AB/TL wild types)
were handled in compliance with local animal welfare
regulations, as overseen by the Animal Welfare Body of
Leiden University (License number: 10612) and main-
tained according to standard protocols (http://zfin.org/).
All experiments were done on embryos or larvae up to
5 days post-fertilization (dpf), that had not yet reached
the free-feeding stage. Embryos/larvae were kept in egg
water (60 �g/ml Instant Ocean sea salts) at 28.5◦C and
anesthetized with 0.02% ethyl 3-aminobenzoate methane-
sulfonate (Tricaine, Sigma-Aldrich) before imaging and
fixation.

To achieve mosaic expression of HI-NESS and the
mEos3.2 control, 25–50 pg of pRD188 or pRD190 (Ta-

ble 1) in 1× Danieau buffer (58 mM NaCl, 0.7 mM KCl,
0.4 mM MgSO4, 0.6 mM Ca(NO3)2 and 5.0 mM HEPES
(pH 7.6)) was microinjected into zebrafish embryos at the
one-cell stage. After 24 h, the embryos were screened for
fluorescence using a Leica MZ16FA stereo fluorescence mi-
croscope. For co-staining with DAPI, larvae expressing HI-
NESS or the mEos3.2 control were fixed with 4% PFA in 1×
PBS at 4◦C overnight. Fixed larvae were washed with 1×
PBS and stained with DAPI (Sigma-Aldrich) at a final con-
centration of 100 �g/ml in 1× PBS. Fixed or live embryos
of 2 dpf were mounted with 1.5% low melting point agarose
(SERVA) in egg water and imaged using a Leica TCS SPE
or SP8 confocal microscope with a 40X water immersion
objective (NA 0.8) and excited by 405, 488 or 532 nm laser
lines.
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Figure 3. The overlap between H2A-mTurquoise2 (green) and SiR-Hoechst (magenta) signals in HeLa cells (Confocal microscopy, single Z-plane). Nuclei 1
and 2: Extensive nucleolar accumulation of H2A-mTurquoise2 (H2A-mTq2) drowns its fluorescent signal over the rest of the nucleus. Line scans (marked
in red with start and end positions indicated with S and E, respectively) across such nuclei show that the H2A-mTq2 signal only recapitulates that of
SiR-Hoechst when the line scan does not cross a nucleolus. Nuclei 3, 4, and 5: in cells expressing low levels of H2A-mTq2 (nuclei 3 and 4), and in nuclei
with no visible nucleoli (nucleus 5) the distribution of the SiR-Hoechst and H2A-mTq2 signals are comparable.
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Figure 4. The distribution of mEos3.2-tagged HI-NESS (green) and H2A-mTq2 (magenta) in the nuclei of HeLa cells in culture (Spinning disk microscopy,
single Z-plane). In HeLa cells co-expressing mEos3.2-tagged HI-NESS and H2A-mTq2, the fluorescently-labelled histone exhibits extensive nucleolar
retention, and consequently, stains the chromosomes with a low signal-to-noise ratio. The decreased nucleolar accumulation of HI-NESS allows chromo-
somes to be visualised with a higher signal-to-noise ratio. Line scans (marked in red with start and end positions indicated with S and E, respectively)
across these nuclei highlight the effect of nucleolar retention on the signal over the rest of the nucleus.
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Figure 5. The distribution of mScarlet-I-HI-NESS (magenta) and H2A-
mTq2 (green) in the nuclei of HeLa cells expressing lower levels of the flu-
orescent proteins (Spinning disk microscopy, single Z-plane). The distribu-
tion of the mScarlet-I-HI-NESS signal (left) in the nuclei recapitulates that
of earlier experiments (Figures 2 and 4), with the label showing some nu-
cleolar accumulation, and the presence of dense foci. The distribution of
H2A-mTq2 (middle), on the other hand, differs (Figures 3 and 4). H2A-
mTq2 does not accumulate in the nucleoli of cells expressing lower lev-
els of the protein. H2A-mTq2 also exhibits a visibly different distribution
compared to that of mScarlet-I-HI-NESS, with a relatively homogeneous
signal over the nucleus and the apparent lack of the dense foci observed
with HI-NESS. The discrepancy may arise from the homogeneous bind-
ing of H2A-mTq2 along the chromosome, in contrast to the preferential
binding of Hoechst and HI-NESS to AT-rich sequences (Supplementary
Figure S4; Supplementary Table S1) (4–6).

RESULTS AND DISCUSSION

HI-NESS is outcompeted by native H-NS in binding to chro-
mosomal DNA

We engineered HI-NESS by preparing a fusion construct of
mEos3.2, a photo-switchable fluorescent protein, to the N-
terminus of an Escherichia coli H-NS truncation comprising
residues 80–137 of the wild-type protein. In this construct,
mEos3.2 allows visualization of the DNA-labelling pro-
tein in diffraction-limited and, potentially, super-resolution
microscopy, residues 96–137 of H-NS fold into a DNA-
binding domain, and H-NS residues 80–95 form a linker
that separates the aforementioned moieties to prevent steric
clashes and protein misfolding. In this construct, mEos3.2
was fused to the DNA-binding domain of H-NS as op-
posed to full-length H-NS, to achieve a high DNA dissoci-
ation constant (77), and to prevent the potential multimer-
ization of HI-NESS that may arise from the presence of an
oligomerisation domain (65). These features are expected to
make the DNA-labelling protein less perturbing to genomic
transactions in the cell. To verify this, the distribution of HI-
NESS was tested in E. coli, where the protein was ectopi-

cally expressed from a plasmid. HI-NESS was expected to
be outcompeted by native H-NS in binding to chromosomal
DNA, while DNA labelling with a high signal-to-noise ratio
was expected in the absence of endogenous H-NS. Indeed,
HI-NESS distributed in both, the nucleoid and the cyto-
plasm of wild-type E. coli (Figure 1A), whereas the protein
was localised in the nucleoid of E. coli �hns (Figure 1B).
This observation also implies that HI-NESS is not a suitable
DNA stain for use in E. coli. HI-NESS is also unsuitable in
bacteria that express H-NS-like proteins that tend to show
a preference for AT-rich sequences (78,79). The distribution
of HI-NESS and that of mEos3.2 without the DNA bind-
ing moiety in Mycobacterium marinum, an organism that
expresses the H-NS-like nucleoid-associated protein Lsr2,
was indistinguishable (Supplementary Figure S1).

HI-NESS labels chromosomes in eukaryotic cells

The DNA-binding properties of HI-NESS make it an ex-
cellent candidate for chromosome labelling in eukaryotic
cells. A pcDNA3.1 (+) vector was used to transiently ex-
press HI-NESS flanked by a pair of SV40 T-antigen derived
nuclear localisation signals (NLSs) in HeLa, BOEC, and
U2OS cells. The fluorescence signal appeared as several dis-
crete and dense foci in nuclei (Figure 2, Supplementary Fig-
ure S2) that overlapped with the SiR-Hoechst signal (Fig-
ure 2). Such foci were not visible when the cells expressed
NLS-mEos3.2-NLS lacking the H-NS DNA-binding do-
main (Supplementary Figure S3). HI-NESS also accumu-
lated in nucleoli – structures that contain little DNA, but
tend to be enriched in RNA and protein (Figure 2, Sup-
plementary Figure S2). The accumulation is expected to be
largely non-specific and to occur due to high levels of HI-
NESS in the nucleus since HI-NESS lacks detectable nucle-
olar localisation/retention signals (NoRSs) (80,81), and the
SV40 T-antigen derived NLS cannot drive nucleolar accu-
mulation of proteins (82). However, the affinity of HI-NESS
for RNA in in vitro assays indicates that the accumulation
may partly be due to RNA labelling (Supplementary Figure
S4; Supplementary Table S1).

We evaluated the use of HI-NESS as an alternative to
fluorescently-tagged histone proteins to label eukaryotic
chromosomes. H2A-mTurquoise2 (H2A-mTq2) (83) was
transiently expressed in HeLa cells and the nuclei were co-
stained with SiR-Hoechst. H2A-mTq2 exhibited extensive
nucleolar accumulation that drowned the fluorescence sig-
nal over the rest of the nucleus, consequently, reducing the
signal-to-noise ratio for chromosome visualisation (Figure
3, nuclei 1 and 2). Nucleolar accumulation of histones has
also been observed for fluorescently-labelled H2B, driven by
the presence of a NoRS in the protein’s nuclear localisation
signal (84). NoRS tend to be enriched in positively-charged
(basic) amino acids that facilitate electrostratic interactions
with the negatively-charged (acidic) contents of the nucleo-
lus (84). In the case of H2A-mTq2, nucleolar accumulation
occurs in the absence of a detectable NoRS in the construct
(80,81), and may be promoted by the inherent basicity of the
protein. Nucleolar accumulation of fluorescently-tagged hi-
stones is generally observed in cells where the fusion protein
is transiently expressed. This arises as a result of high lev-
els of transient expression and the lack of a sufficient num-
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Figure 6. HI-NESS does not induce increased rates of DNA damage. The induction of �H2AX––a DNA damage biomarker––in U2OS (FRT) cells stably
expressing mEGFP-HI-NESS is comparable to cells expressing mEGFP-NLS as visualised by microscopy (Wide field microscopy, single Z-plane) (Panel
A, left). On average, 7.4 ± 3.0 �H2AX foci were detected in U2OS cells expressing mEGFP-HI-NESS cells, compared to 9.3 ± 2.9 foci with mEGFP-NLS
expression (Panel B, green). �H2AX is induced when the cells are treated with 3 Gy ionizing radiation (IR) (Panel A, right), 51.0 ± 6.4 �H2AX foci appear
in U2OS (FRT) mEGFP-HI-NESS cells, and 57.9 ± 2.6 in U2OS (FRT) mEGFP-NLS cells (Panel B, magenta). Panel C: Western blot shows that �H2AX
induction is unaffected by the expression of HI-NESS. Furthermore, �H2AX induction and hence, the DNA damage response, following IR treatment is
not affected by HI-NESS.

ber of cell cycles during which the fluorescently-tagged hi-
stone can be deposited in chromosomes. We occasionally
observed cells with minimal, if any, nucleolar accumula-
tion of H2A-mTq2 (Figure 3, nuclei 3 and 4). These cells
expressed low levels of H2A-mTq2 as inferred from low
fluorescence in the mTurquoise2 channel. In these cases,
line scans across nuclei show that the H2A-mTq2 signal
tends to recapitulate the SiR-Hoechst signal (Figure 3, nu-
clei 3 and 4). A similar observation was made for nuclei that
lacked visible nucleoli (Figure 3, nucleus 5).

We transiently co-expressed HI-NESS (with mEos3.2 as a
fluorescent label) and H2A-mTq2 in HeLa cells to compare
the distribution of the DNA labels in the same nuclei. The
study reproduced the extensive nucleolar accumulation of
H2A-mTq2 (Figure 4) – a circumstance that decreases the
signal-to-noise ratio for chromosome visualisation. In com-
parison, chromosomes were observed with a high signal-
to-noise ratio in the HI-NESS channel, with the DNA la-
bel exhibiting decreased nucleolar accumulation (Figure 4)

compared to cells in which only HI-NESS was ectopically
expressed (Figure 2).

The green state of mEos3.2 used to visualise HI-NESS in
our experiments has a half-life of 12.55 s (85) and bleaches
rapidly. As a consequence, often only those cells express-
ing high levels of the HI-NESS and H2A-mTq2 were im-
aged. When mEos3.2 was replaced with mScarlet-I, a non-
photoswitchable fluorophore with a fluorescence half-life of
190 s in a spinning disk confocal microscopy set-up (86),
cells expressing much lower levels of mScarlet-I-HI-NESS
and H2A-mTq2 were successfully imaged (Figure 5). In
these cells, the distribution of the mScarlet-I-HI-NESS sig-
nal recapitulated that of earlier experiments (Figures 2 and
4): some nucleolar accumulation, and the presence of dense
foci. The distribution of H2A-mTq2 (Figure 5), on the other
hand, differed from nuclei where the protein exhibited high
levels of expression (Figure 3, nuclei 1 and 2 and Figure
4). H2A-mTq2 did not accumulate in nucleoli (Figure 5
and Figure 3, nuclei 3 and 4). Here, H2A-mTq2 also ex-
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Figure 7. HI-NESS does not interfere with cell cycle progression. Panel A: U2OS (FRT) cells in the S-phase were visualised (Wide field microscopy, single
Z-plane) by pulse-labelling the cells with EdU and ‘clicking’ the molecule to 5/6-FAM. Panel B: 56.6 ± 2.9% of U2OS (FRT) cells expressing mEGFP-HI-
NESS (U2OS-HI-NESS) occur in the S-phase of the cell cycle compared to 65 ± 7.2% of cells expressing mEGFP-NLS (U2OS-mEGFP). Flow cytometry
of propidium iodide-labelled cells (Panels C–E) detects 37% of U2OS-HI-NESS cells in the G1 phase of the cell cycle, 33% in the S phase and 30% in the
G2/M phase (Panels C and E). Of the U2OS-mEGFP cells, 38% occur in the G1 phase, 32% in the S phase and 30% in the G2/M phase (Panels D and E).

hibited a visibly different distribution compared to that of
mScarlet-I-HI-NESS (Figure 5), showing a rather homoge-
neous distribution in the nucleus and the apparent lack of
the discrete and dense foci characteristic of eukaryotic nu-
clei labelled with HI-NESS or SiR-Hoechst. The discrep-
ancy may arise from the homogeneous binding of H2A-
mTq2 along the chromosome, in contrast to the preferen-
tial binding of Hoechst and HI-NESS to AT-rich sequences
(Supplementary Figure S4; Supplementary Table S1) (4–6).
Indeed, line scans across the nuclei of cells expressing H2A-
mTq2––particularly those that do not cross nucleolar re-
gions –– also show a relatively homogeneous H2A-mTq2
signal (Figure 3, Nucleus 2 and Figure 4, Nucleus 3), com-
pared to the Hoechst (Figure 3, nucleus 2) and HI-NESS
(Figure 4, nucleus 3) signals from the same nucleus.

HI-NESS does not cause increased rates of DNA damage,
affect the recruitment of �H2AX to sites of DNA damage,
or interfere with cell cycle progression

DNA-labelling agents can cause DNA damage and inter-
fere with cell cycle progression. To test whether HI-NESS-
based DNA-labelling produces such an effect, a U2OS
(FRT) cell line stably expressing NLS-mEGFP-H-NSdbd-
NLS from a doxycycline-inducible promoter (U2OS-HI-
NESS) was generated using the Flp-In/T-REx system. The
expression of mEGFP-HI-NESS in cells of this cell line
was verified with microscopy (Supplementary Figure S5).
U2OS-HI-NESS was evaluated for changes in the rates of
DNA damage, the induction of �H2AX at sites of DNA
damage, and in cell cycle progression. A U2OS (FRT) cell
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Figure 8. HI-NESS labels chromosomes in zebrafish larvae (confocal microscopy, single Z-plane). The distribution of the mEos3.2 signal (green) in nuclei
of zebrafish larvae overlapped with that of DAPI (magenta). Nucleolar accumulation of HI-NESS was not observed. (A) Striated muscle cells (Trunk);
(B) from left to right: trunk, blood vessel, yolk extension. The HI-NESS labelled cell is within a blood vessel. The approximate locations in the zebrafish
embryo at which (A) and (B) were imaged is provided in (C).

line expressing mEGFP-NLS upon doxycycline induction
(U2OS-mEGFP) was used as a control.

The rates of DNA damage were determined using
�H2AX––a DNA damage biomarker (87). �H2AX is a
phosphorylated variant of the H2AX histone protein that
forms foci at sites of DNA damage––such as double-stand
breaks (DSBs)––triggering the recruitment of DNA repair
proteins to these sites (88). We studied the effect of HI-
NESS on DNA damage by visualising �H2AX foci with
immunofluorescence. Generally, 7.4 ± 3.0 �H2AX foci were
observed in U2OS-HI-NESS cells, compared to 9.3 ± 2.9
foci in U2OS-mEGFP (Figures 6A and B; Supplementary
Table S2). Upon treatment with ionizing radiation (IR) to
induce DSBs, 51.0 ± 6.4 �H2AX foci appear in U2OS-HI-
NESS cells, and 57.9 ± 2.6 in U2OS-mEGFP cells (Fig-
ure 6A and B; Supplementary Table S2). The increase in
�H2AX upon IR treatment was verified by western blot

(Figure 6C). Collectively, the results indicate that DNA la-
belling with HI-NESS does not trigger increased rates of
DSBs, or affect the induction of �H2AX to these sites.

Potential changes in cell cycle progression were evalu-
ated with EdU pulse-labelling, and with flow cytometry of
fixed cells labelled with propidium iodide. EdU is incorpo-
rated in place of thymidine during DNA replication, and
can be ‘clicked’ to an organic fluorophore to visualise cells
in the S phase (89). 56.6 ± 2.9% of EdU-pulse labelled
U2OS-HI-NESS cells showed incorporation of the thymi-
dine analogue in replicating chromosomes, comparable to
65 ± 7.2% of U2OS-mEGFP cells (Figure 7A and B; Sup-
plementary Table S3). This highlights that the percentage of
cells in the S-phase is not affected by the HI-NESS-based
DNA-labelling strategy. Next, fixed U2OS-HI-NESS and
U2OS-mEGFP cells labelled with propidium iodide were
used to determine the distribution of cells in the G1, S, and
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Figure 9. HI-NESS can be used to visualise chromosome dynamics dur-
ing the cell cycle (wide field microscopy, single Z-plane). A time-lapse of
a dividing HeLa cell (Movie S8) shows that HI-NESS remains bound to
the chromosome during mitosis. From left to right: Phase contrast image,
Lck-mTurquoise2 (membrane label), mScarlet-I-HI-NESS (DNA label).

G2/M phases of the cell cycle using flow cytometry. The
fluorescence intensity of propidium iodide is a measure of
the DNA content of a cell and hence representative of its
stage in the cell cycle. 37% of U2OS-HI-NESS cells were
determined to be in the G1 phase of the cell cycle, 33% in
the S phase and 30% in the G2/M phase (Figure 7C and E;
Supplementary Table S4). In comparison, the distribution
of U2OS-mEGFP cells across the G1, S, and G2/M phases
was 38%, 32% and 30%, respectively (Figure 7D and E; Sup-
plementary Table S4). At 32% and 33%, the fraction of cells
determined to be in the S phase with flow cytometry is lower
than that from EdU pulse-labelling. The discrepancy arises
since EdU pulse labelling visualises active replication forks
to determine if a cell is in the S phase while flow cytome-
try of propidium iodide-labelled cells predicts S-phase from
the fluorescence intensity measurement of the cell. Never-
theless, the results show that HI-NESS does not perturb cell
cycle progression in U2OS (FRT) cells.

HI-NESS as a DNA label in zebrafish larvae

The feasibility of chromosomal DNA staining in whole or-
ganisms using HI-NESS was investigated in zebrafish. HI-
NESS and the NLS-mEos3.2-NLS control were expressed
in zebrafish from pcDNA3.1(+) vectors microinjected into
the embryos at the one-cell stage. The distribution of the
fluorophores was visualised using confocal laser scanning
microscopy in fixed zebrafish larvae co-stained with DAPI.
Predictably, HI-NESS was detected in cell nuclei where its
distribution overlapped with that of DAPI (Figure 8, movies
S1–S4). Interestingly, nucleolar accumulation of HI-NESS
was not observed. This may be due to a lower expres-
sion of HI-NESS. However, it also indicates that while HI-
NESS exhibits a comparable affinity for RNA and DNA in
vitro (Supplementary Figure S4, Supplementary Table S1),
HI-NESS might preferentially bind to DNA in an in vivo
system. In zebrafish larvae expressing NLS-mEos3.2-NLS
lacking the H-NS DNA-binding domain, the fluorescent
protein accumulated in nucleoli and distributed uniformly
over the non-nucleolar regions of the nucleus. Evidently,
the mEos3.2 signal did not recapitulate the distribution of
DAPI (Supplementary Figure S6, movies S5–S7).

Zebrafish larvae exhibited a mosaic expression of HI-
NESS and NLS-mEos3.2-NLS in our experiments (Sup-
plementary Figure S7) owing to the microinjection of the
pcDNA3.1(+) vector into embryos at the one-cell stage. For
constitutive HI-NESS expression in an animal model, the
Tol2 transposon-based gene insertion system (reviewed in
(90,91)), or CRISPR-Cas9-mediated knock-in (reviewed in
(92)) may be used to integrate the HI-NESS gene into the
genome. Constructs with the HI-NESS gene placed down-
stream of a cell-type-specific promoter may also be designed
to selectively label nuclei in a live animal model.

HI-NESS is customisable

HI-NESS is a modular protein comprised of fluorescent,
DNA-binding, and, optionally, organelle-targeting seg-
ments. The protein domains forming these segments can
potentially be switched out for others exhibiting similar
properties. We have generated a range of HI-NESS labels
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where mEos3.2 has been swapped for non-photoswitchable
fluorescent proteins (Table 1). In eukaryotes, HI-NESS
and its variants can be used to visualise chromosome dy-
namics during the cell cycle at a high spatial and tem-
poral resolution (Figure 9, Supplementary Figure S8;
movie S8), and follow the movements of nuclei in a
live animal model (movie S9). The addition of organelle-
targeting/localization signals could be exploited to specifi-
cally label nuclear, mitochondrial, or chloroplast DNA. In
prokaryotes, we predict that HI-NESS can be used to visu-
alise the chromosome in bacteria naturally lacking H-NS
and H-NS-like proteins. The H-NS-based DNA-binding
module can also be replaced with archaeal DNA-binding
domains or stable variants evolved from the H-NS-based
module to study chromosome dynamics in extremophiles.

CONCLUSION

We have designed a minimally-perturbing, DNA-labelling
protein to visualise chromosomes in eukaryotic cells in cul-
ture and in live animal models. We have shown that in these
systems, the distribution of the label––HI-NESS––overlaps
with that of traditional DNA labels such as DAPI and SiR-
Hoechst. HI-NESS offers an alternative to fluorescently la-
belled histone proteins, especially in applications that need
to avoid over-expression of histone proteins or for experi-
ments that require a stain compatible with live-cell imaging
with a distribution that closely mimics that of organic DNA
dyes.
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Lättig-Tünnemann,G. and Cardoso,M.C. (2015) Principles of protein
targeting to the nucleolus. Nucleus, 6, 314–325.

83. Goedhart,J., Von Stetten,D., Noirclerc-Savoye,M., Lelimousin,M.,
Joosen,L., Hink,M.A., Van Weeren,L., Gadella,T.W.J. and Royant,A.
(2012) Structure-guided evolution of cyan fluorescent proteins
towards a quantum yield of 93%. Nat. Commun., 3, 751.

84. Musinova,Y.R., Lisitsyna,O.M., Golyshev,S.A., Tuzhikov,A.I.,
Polyakov,V.Y. and Sheval,E. V. (2011) Nucleolar
localization/retention signal is responsible for transient accumulation
of histone H2B in the nucleolus through electrostatic interactions.
Biochim. Biophys. Acta - Mol. Cell Res., 1813, 27–38.

85. Zhang,M., Chang,H., Zhang,Y., Yu,J., Wu,L., Ji,W., Chen,J., Liu,B.,
Lu,J., Liu,Y. et al. (2012) Rational design of true monomeric and
bright photoactivatable fluorescent proteins. Nat. Methods, 9,
727–729.

86. Bindels,D.S., Haarbosch,L., Van Weeren,L., Postma,M., Wiese,K.E.,
Mastop,M., Aumonier,S., Gotthard,G., Royant,A., Hink,M.A. et al.
(2016) MScarlet: a bright monomeric red fluorescent protein for
cellular imaging. Nat. Methods, 14, 53–56.

87. Rogakou,E.P., Pilch,D.R., Orr,A.H., Ivanova,V.S. and Bonner,W.M.
(1998) DNA double-stranded breaks induce histone H2AX
phosphorylation on serine 139. J. Biol. Chem., 273, 5858–5868.

88. Stucki,M., Clapperton,J.A., Mohammad,D., Yaffe,M.B.,
Smerdon,S.J. and Jackson,S.P. (2005) MDC1 directly binds
phosphorylated histone H2AX to regulate cellular responses to DNA
double-strand breaks. Cell, 123, 1213–1226.

89. Buck,S.B., Bradford,J., Gee,K.R., Agnew,B.J., Clarke,S.T. and
Salic,A. (2008) Detection of S-phase cell cycle progression using
5-ethynyl-2′-deoxyuridine incorporation with click chemistry, an
alternative to using 5-bromo-2′-deoxyuridine antibodies.
Biotechniques, 44, 927–929.

90. Kawakami,K. (2005) Transposon tools and methods in zebrafish.
Dev. Dyn., 234, 244–254.

91. Kawakami,K. (2007) Tol2: a versatile gene transfer vector in
vertebrates. Genome Biol., 8, S7.

92. Adli,M. (2018) The CRISPR tool kit for genome editing and beyond.
Nat. Commun., 9, 1911.

93. Guzman,L.M., Belin,D., Carson,M.J. and Beckwith,J. (1995) Tight
regulation, modulation, and high-level expression by vectors
containing the arabinose P(BAD) promoter. J. Bacteriol., 177,
4121–4130.

94. Takaki,K., Davis,J.M., Winglee,K. and Ramakrishnan,L. (2013)
Evaluation of the pathogenesis and treatment of Mycobacterium
marinum infection in zebrafish. Nat. Protoc., 8, 1114–1124.

95. Lau,I.F., Filipe,S.R., Søballe,B., Økstad,O.A., Barre,F.X. and
Sherratt,D.J. (2003) Spatial and temporal organization of replicating
Escherichia coli chromosomes. Mol. Microbiol., 49, 731–743.

96. Chertkova,A.O., Mastop,M., Postma,M., van Bommel,N., van der
Niet,S., Batenburg,K.L., Joosen,L., Gadella,T.W.J., Okada,Y. and
Goedhart,J. (2020) Robust and bright genetically encoded fluorescent
markers for highlighting structures and compartments in mammalian
cells. bioRxiv doi: https://doi.org/10.1101/160374, 06 July 2017,
preprint: not peer reviewed.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/2/e10/6414584 by U

niversiteit van Am
sterdam

 user on 30 M
ay 2022

https://doi.org/10.1101/160374

