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Abstract

Among the inheritance of cellular components during cell division, deoxyribonucleic acid
(DNA) and its condensate (chromosome) are conventionally visualized using chemical
tag-labeled nucleotide analogs. However, associated mutagenesis with nucleotide analogs
in the visualization of chromosomes is cause for concern. This study investigated the
efficiency of using stable isotope labels in visualizing the replicating cultured human cell-
chromosomes, in the absence of analog labels, at a high spatial resolution of 100 nm. The
distinct carbon isotope ratio between sister chromatids reflected the semi-conservative
replication of individual DNA strands through cell cycles and suggested the renewal of
histone molecules in daughter chromosomes. Thus, this study provides a new, powerful

approach to trace and visualize cellular components with stable-isotope labeling.



Introduction

In cell division, many molecules and organelles (e.g., chromosomes, mitochondria, and
chloroplasts) are inherited from parent cell to daughter cell. Chromosomes (and DNA)
have been well studied in its inheritance by visualization, and many techniques and tools
have been developed. Labeling and tracing DNA molecules with nucleotide analogs such
as bromodeoxyuridine (BrdU) or with radioisotopes have been used (Gratzner et al.,
1975; Latt, 1973; Levi-Setti and Le Beau, 1992; Perry and Wolff, 1974; Pinkel et al.,
1985; Taylor et al., 1957). Limitations of radioisotope or nucleotide analog-labeling
include DNA fragmentation and mutation. (Solary et al., 1992; Taupin, 2007; Van
Wietmarschen and Lansdorp, 2016). It has also been reported that radioisotopes and
analogs are harmful to cells (Bannigan and Langman, 1979; Lehner et al., 2011; Ross et
al., 2008; Solary et al., 1992). In this regard, stable isotope labels are suitable alternates
to radioisotopes and analogs in labeling biomolecules. Stable isotopes such as *C, I°N,
and !0 are examples of markers used in secondary ion mass spectrometry (SIMS) with
no observable effect on biological metabolism (Hamasaki et al., 2013; Kuga et al., 2014;
Lechene et al., 2006; Steinhauser et al., 2012). However, stable isotope imaging is
currently limited to tracing cellular-level metabolism (Steinhauser et al., 2012).

In this study, we visualized the distributions of stable isotope labels incorporated
into the chromosomes of a human cultured cell at a spatial resolution of 100 nm.
Furthermore, we quantified the dynamics of labeled chromosome segregation through
successive cell division using stable isotope imaging. This analog label-free imaging
system also enabled us to trace protein recycling through cell cycles, paving the way for

analyzing diverse characteristics within individual organelles.



Materials and Methods

Cell culturing and chromosome labeling

HeLa cells were cultured in 2 mL of Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma) supplemented with 10% Fetal bovine serum (FBS) (Sigma) and penicillin (100
unit/mL)-streptomycin (100 pg/mL) (P/S) (Wako) on 35 mm tissue culture dishes in a
humidified 5% C02/95% atmosphere at 37 °C (Fig. 1). For '3C isotope labeling, cells
were washed with PBS (1.0 mL) and incubated with glucose-free DMEM (Wako)
supplemented with U-'3Cs-Glucose (1 mg/mL) (Cambridge Isotope Laboratories, Inc.)
(2.0 mL), 10% FBS (Sigma), and P/S. After three passages in 7 days, cells were divided
for chromosome spread preparation and '*C-inverse pulse labeling, respectively. In the
BC-inverse pulse labeling, cells were washed with PBS (1.0 mL) and incubated with
Glucose (1 mg/mL) (natural carbon isotope ratio: 0.011)-containing DMEM (Sigma) (2.0
mL) supplemented with bromodeoxyuridine BrdU (15 uM) (Sigma), 10% FBS and P/S

for 32 h. The resulting cells were also used for chromosome spread preparation.

Chromosome spread preparation

Cells were treated with colcemid (50 ng/mL) (Nacalai Tesque Inc.) for two hours to arrest
the cell cycle in mitosis, harvested, and washed with PBS. Cells were treated with
hypotonic KCI (75 mM, 8 min) followed by fixative solution (absolute methanol: acetic
acid = 3: 1) that was refreshed every 3 minutes for 15 minutes (Levi-Setti and Le Beau,
1992). A drop of cell suspension was put on a Si wafer (5 x 5 mm?) and air-dried for

observation.

Isotope imaging



A scanning electron microscope (JEOL JSM-7000F) was used in locating chromosome
spreads and acquiring secondary electron (SE) images. SE images were acquired with a
probe current of 2 nA and an acceleration voltage of SkeV. Ion-induced SE images were
acquired with a secondary neutral mass spectrometer (JEOL LIMAS). Ion-induced SE
images were obtained with gallium (Ga) focused ion beam current of 3 pA and an
acceleration voltage of 20kV (Ebata et al., 2012). The secondary neutral mass
spectrometer also enabled analysis with a high lateral resolution of up to 10 nm and high
mass resolution of 10° for full width half maximum (Bajo et al., 2016, 2019; Ebata et al.,
2012; Nagata et al., 2019; Tonotani et al., 2016; Yurimoto et al., 2016). In this regard, the
primary ion beam was focused to a diameter of 100 nm at a current of 400 pA with an
acceleration voltage of 20 kV (Nagata et al., 2019). The primary beam scanned a 19.2 X
33.7 um? area at an incident angle of 35° from the sample surface to acquire a 300 x 300
pixel ion imaging. Post-ionized ions were accumulated for 500 primary beam pulses at
each pixel to collect data.

Prior to chromosome measurements, the surface of the Si wafer substrate was
pre-sputtered to remove cell components overlaying the chromosome and the Si wafer
substrate (Fig. S1).

Post ionized '2C*, 3C*, 28Si%**, Br?", and 8'Br*" ions, that had sputtered from
the sample surface were observed. Negligible levels of >CH" interference were observed
in the 3C" peak from chromosomes. The contribution of '*CH* was 3% at the mass
resolving power of 6800 (FWHM) (Fig. S2). No interference was detected in the other

ion peaks.

Data analysis



Br?* and 8'Br?" isotopes were detected and counted for Br ion images. 1*C and Br counts
were normalized by total carbon counts ('2C + '*C) to correct for small fluctuations in ion
intensities during measurements. A smoothing filter of 3 X 3 pixels was applied to isotope
images to reduce statistical noise. The intensity of 28Si>" masked signals outside the

chromosomes generated from the Si substrate (Fig. S3).

Results

To label cellular molecules, we cultured HeLa cells with U-!*Cs-Glucose-containing
medium (Fig. 1). Chromosomes were spread on the silicon wafer and detected under SEM.
The ion images ('>C and '3C) for '*C-labeled chromosomes were obtained in LIMAS
analysis (Fig. 2). The average resultant isotope ratio ['*C/(*2C + 1*C)] of the chromosomes
was 0.230 with a standard deviation of 0.011. This value was significantly higher than
the natural carbon isotope ratio (0.011) but on par with the U-'*Cs-Glucose-treated culture
medium (0.238). This observation confirmed the successful and efficient labeling of the
chromosomes.

The U-'3Cs-Glucose-treated culture medium was then replaced with a '*C-free
medium to inverse-label the chromosomes. We also added BrdU to track the progression
of 13C-labeled chromosomes through the cell cycle(s). The majority of cells were in the
mitotic phase marked by the presence of condensed chromatids (Fig. 3). The cells were
considered to have gone through two cycles of cell division due to the heterogeneous
distribution of '*C and Br between sister chromatids. In the cell spreads observed under
SEM imaging (Fig. 3A), we initially determined the distribution of '*C-labeled
chromosomes in 8 individual cells, which were labeled utilizing identical protocol. All

eight analyzed cells showed the same '3C distribution pattern, and one of them was further



analyzed for fine imaging (Fig. 3B and 3C). Br was incorporated into the chromosomes
in place of 3C (Fig. 3). In this regard, '*C-rich chromatids were Br-poor and vice versa.
In the carbon isotope ratio images, we could successfully define sister chromatid
exchanges (SCEs), a testament to the high-resolution carbon ion-chromosomal images.

From the carbon isotope images obtained in Fig. 2 and Fig. 3, we determined the
carbon isotope ratios in individual chromatids (Fig. 4). Peak A (isotope ratio: 0.155—
0.305) and peak B (0.030-0.130) correspond to the isotope ratio of Fig. 2. and Fig. 3C,
respectively. The value of the valley between the two peaks (a yellow bin in Fig. S4a:
0.08-0.085) mostly corresponds to the region of sister chromatid cohesion (yellow pixels
of Fig. S4b). Thus, histograms without the yellow bin were used for individual Gaussian
curve fitting, using the least-squares method (Fig. 4a). Two Gaussian curves were fitted
to Peak Bi (0.085-0.150) and Peak B2 (0—0.080) (green and blue lines of Fig. 4a,
respectively). The composite of two Gaussian curves provides a good approximation of
Peak B (dashed line of Fig. 4a).

The ratio of carbon in DNA and histone found in peak Bi can therefore be
calculated. In this calculation, we consider that a nucleosome, the basic structural unit of
a chromosome, consists of about 200 bp DNA and a pair of core and linker histones
(Kornberg, 1974). Furthermore, in a human cell, the DNA consists of adenosine,
thymidine, cytidine, and guanosine and contains 3,918 carbon atoms per nucleosome
(Lander et al., 2001). The core histone consists of 8 histone molecules (two molecules
each of Histone H2A, H2B, H3, H4), while the linker histone consists of 1 histone
molecule (Kornberg, 1974). Therefore, a histone contains 5,740 carbon atoms per
nucleosome, calculated from the protein sequences (ensemble ver. ENSG00000277075.2,

ENSG00000180596.7, ENSG00000197153 .4, ENSG00000158406.4,



ENSG00000189060.5). Therefore, the total number of carbons in a single nucleosome is
9,658. If the carbon isotope ratio of the histone in peak B1 is equivalent to that in peak Bz,
then the amount of carbon in DNA found in peak B1 can be calculated by subtracting the
histone-associated carbon from peak Bi, giving a DNA-associated carbon of 569. Then
the carbon isotope ratio of DNA in peak Bi will be 0.145 (569/3,918) (Fig. 4b),
corresponding to the midpoint of peak A’ and B2, indicates that the stable isotope
labeling quantitatively visualized the semi-conservative replication of individual DNA
strands in a single cell. These results also suggest that the histones in daughter

chromosomes were renewed through cell division.

Discussion
This study employed an analog-free, stable isotope labeling system in visualizing the
chromosomes in Hela cells. We adopted stable isotope labeling with U-'3Cs-glucose to
trace chromosomes through cell division. In cell culture systems, nucleotides
(components of DNA) are synthesized from glucose in the medium via the pentose
phosphate pathway and amino acid metabolism. Furthermore, glucose in the culture
medium may also serve as a substrate for other biomolecules such as amino acids. The
carbon isotope ratio of the culture medium used in this study was 0.238, and the detected
carbon isotope ratio in the chromosomes was 0.230 (Fig. 2). This result confirms that
most of the carbons in chromosomes were derived from glucose in the medium. The
method has a 97% efficiency rate. Although proteins could also be labeled with 1*C, the
labeling efficiency for each molecule was not defined.

LIMAS imaging allowed us to quantify isotope ratios, which revealed the

distinct distribution of isotopes between sister chromatids. The pairwise distribution of



B3C-rich and 3C-poor regions within sister chromatids revealed by isotope imaging is
consistent with the expected patterns of chromosome segregation after two rounds of the
cell cycle. Moreover, the distribution of the '*C-poor region corresponded with that of the
Br-rich region (Fig. 3). These results demonstrate the reliability of the stable isotope
labeling system in tracing the dynamics of chromosome replication/segregation at
subcellular resolution. The '*C-rich chromatids were composed of single-strand DNA
synthesized in the U-"3Cs-Glucose-culture medium and single-strand DNA and proteins
synthesized in the '*C-inverse pulse labeling-culture medium. The supply of nutrients in
the '*C-inverse pulse labeling-culture medium, which had a natural carbon isotope ratio,
and molecules in the parent cell, was essential for synthesizing the daughter cell
components. Therefore, a carbon isotope ratio of 0.066 was expected in the second cell
cycle from the fourfold dilution of the parent DNA and proteins (0.230) with the natural
carbon isotope ratio (0.011) of the '*C-inverse pulse labeling-culture medium. The
observed carbon isotope ratio of 0.059 = 0.010, in '*C-poor chromatids in the second cell
cycle, was therefore consistent with the calculated value. The small deficit may be due to
the metabolism of carbon sources during cell division. Thus, the carbon isotope ratio of
peak B2 of Fig. 4 shows that the chromatids (DNA and proteins) were synthesized during
the second cell cycle after medium replacement.

Several models have been proposed to explain histone incorporation into
chromatids carrying epigenetic modifications during chromosome replication
(Budhavarapu et al., 2013; English et al., 2017; Natsume et al., 2007; Petryk et al., 2018;
Xie et al., 2017; Yu et al., 2018). Our results showed the renewal of histone molecules
in daughter chromosomes, however, we could not see the inheritance process of histones,

which carries epigenetic information. In other words, it is possible that epigenetic
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information is transmitted with parental histones thereafter histone molecules are
refreshed in daughter cells.

Sister chromatids and the SCEs were distinguishable in LIMAS images. One
example was the detection of SCEs. The strand-specific sequencing method demonstrated
the effect of BrdU on SCEs (Van Wietmarschen and Lansdorp, 2016). Our imaging
method will help the confirmation of SCE occurrence in nature. Another possible
application of LIMAS bioimaging is tracing other organelles such as mitochondria. Thus
the LIMAS analysis with the high spatial resolution will be a new analytical tool for

various fields.
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Fig. 1. Schematic representation of the U-'*C¢-Glucose and BrdU labeling protocol. HeLa
cells were cultured in culture media containing 1 mg/mL U-'*Cs-Glucose for 1 week.
After stable isotope labeling, a portion of the cells was processed for observation. The
remaining cells were cultured in culture media, with a natural carbon isotope ratio, laced
with BrdU. Cells were processed for observation after a 32-hour incubation period. Cell

cultures were washed with PBS before medium replacement.
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Fig. 2. Carbon isotope ratio image of a chromosome spread from a single HeLa cell
cultured in media laced with a stable isotope, for 1 week. The color bar indicated the

carbon isotope ratio ['3C/('>C + '3C)]. The scale bar was also indicated.
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Fig. 3. (A) Secondary electron image of chromosome spreads mounted on an Si wafer
substrate. (B) Secondary electron image of a chromosome spread of one HeLa cell. The
interspace between each chromosome is filled with cell components. The red square
indicates the area scanned to obtain the ion image shown in panel C and Fig. S3. (C)
Images of a chromosome spread from a single HeLa cell incubated with DMEM laced
with 15 uM BrdU for 32 h after stable isotope labeling. (a) '?C + '3C. (b) Carbon isotope
ratio. (c) ("Br + 8'Br) / (1>C + 3C). (d) Merged image of (b) (cyan) and (c) (red). White

arrowheads indicate the position of sister chromatid exchanges (SCEs).
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Fig. 4. Histogram of carbon isotopes in chromosomes. (a) Carbon isotope ratio of
chromatids analyzed in LIMAS imaging, shown in Fig. 2 (peak A) and Fig. 3 (peak Bi
and B2). (b) Estimated carbon isotope ratio of DNA calculated from data in panel (a). The
histone associated '*C in peaks B (B1 and Bz) was considered as even and was subtracted
from the total >C in peak Bi, resulting in peak B'1 with a carbon isotope ratio of 0.145.
Each peak was fitted by the Gaussian curve (median + standard deviation). The red line
in panel (a) indicates the Gaussian curve fitted to Peak A. Peak B and B2 (in Peak B)

correspond to the '*C-poor and -rich chromatids, respectively.
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Fig. 1
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Fig. S1. '2C ion images of chromosomes before and after pre-sputtering. (a)
Chromosomes covered by cell components before pre-sputtering. (b) Visible

chromosomes after sputtering of cell components.
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Fig. S3. Carbon (>C + 13C) images of the area captured in the red square of Fig. 3B. (a)
Raw image. (b) 3 x 3 smoothing image. (c) Mask of chromosomes made by 28Si image.

(d) 3 x 3 smoothing image of chromosomes.
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