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Histone—GFP fusion protein enables sensitive analysis of
chromosome dynamics in living mammalian cells
Teru Kanda*, Kevin F. Sullivant and Geoffrey M. Wahl*

Background: The amplification of oncogenes in cancer cells is often mediated
by paired acentric chromatin bodies called double minute chromosomes (DMs),
which can accumulate to a high copy number because of their autonomous
replication during the DNA synthesis phase of the cell cycle and their
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subsequent uneven distribution to daughter cells during mitosis. The

mechanisms that control DM segregation have been difficult to investigate,
however, as the direct visualization of DMs in living cells has been precluded
because they are far smaller than normal chromosomes. We have visualized
DMs by developing a highly sensitive method for observing chromosome

dynamics in living cells.
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Results: The human histone H2B gene was fused to the gene encoding the

green fluorescent protein (GFP) of Aequorea victoria and transfected into
human HelLa cells to generate a stable line constitutively expressing H2B—GFP.
The H2B—GFP fusion protein was incorporated into nucleosomes without
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affecting cell cycle progression. Using confocal microscopy, H2B—GFP allowed
high-resolution imaging of both mitotic chromosomes and interphase chromatin,
and the latter revealed various chromatin condensation states in live cells. Using
H2B-GFP, we could directly observe DMs in living cancer cells; DMs often
clustered during anaphase, and could form chromosomal ‘bridges’ between
segregating daughter chromosomes. Cytokinesis severed DM bridges, resulting

in the uneven distribution of DMs to daughter cells.

Conclusions: The H2B—GFP system allows the high-resolution imaging of
chromosomes, including DMs, without compromising nuclear and chromosomal
structures and has revealed the distinctive clustering behavior of DMs in mitotic
cells which contributes to their asymmetric distribution to daughter cells.

Background

In eukaryotes, segregation of sister chromatids during
mitosis requires spindle fiber attachment to the kineto-
chores formed at centromeric DNA. Cancer cells often
harbor abnormal chromosomes such as dicentric or acen-
tric chromosomes, however, which would be expected to
behave anomalously. Double minute chromosomes (DMs)
are paired chromatin bodies that have been reported in as
many as 50% of human tumors but have never been
observed in normal cells [1,2]. As DMs lack functional
centromeres, they do not segregate by the same mecha-
nism used by normal chromosomes. DMs can accumulate
to a high copy number because of their autonomous repli-
cation during the DNA synthesis (S) phase of the cell
cycle and their subsequent uneven distribution to daugh-
ter cells during mitosis. As DMs contain a diversity of
amplified oncogenes [3], their uneven segregation and
accumulation increases the malignant potential during
tumor progression. On the other hand, as DM loss can
decrease tumor cell viability [4], understanding the mech-
anism of DM segregation could lead to the identification

of highly selective anti-neoplastic agents that specifically
disrupt the transmission of DMs to daughter cells.

Observations of fixed chromosomes in DM-harboring
cancer cells have provided some insights into DM segre-
gation during mitosis [5,6]. Fixation and permeabilization
of cells may cause artificial distortions of chromosome dis-
tribution, however, and could perturb intracellular struc-
tures. An ideal strategy for examining the dynamics of
DM segregation would involve their direct visualization in
living cells. DMs vary in size, however, and many are at
the size limit of conventional cytogenetics (~1-2 X 106 bp)
[2], which has prevented their detection in cycling cells.
"This report describes a fluorescent labeling system with
sufficient sensitivity to visualize DMs iz vivo, and that
enables analyses of their segregation dynamics in real time
during mitosis.

One approach to label chromosomes in living cells involves
the fluorescent tagging of proteins that localize to chromo-
somes. The nucleosome is the fundamental repeating unit
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of chromatin. Each nucleosome core particle consists of an
octamer of core histones with 146 bp of micrococcal-nucle-
ase-resistant DNA wrapped around it [7]. As histones are
the principal structural proteins of eukaryotic chromo-
somes, they are attractive targets for fluorescent labeling.
Purified calf thymus histones (H2A and H2B) conjugated
with rhodamine have been microinjected into Drosophila
embryos to analyze cell lineage relationships [8] and chro-
mosomal condensation and decondensation events [9].
The success of this approach demonstrates the utility of
fluorescently labeled histones to study chromosomal
dynamics in living cells.

The green fluorescent protein (GFP) of the jellyfish
Aequorea victoria retains its fluorescent properties when
recombinant GFP proteins are expressed in eukaryotic
cells [10]. GFP fusion proteins have been successfully tar-
geted to specific subcellular organelles and structures
including the nucleus, plasma membrane, mitochondrion,
cytoskeleton, and Golgi apparatus [11-13]. Recently, GFP
tagging also enabled visualization of specific chromosomal
regions [14-16]. These results indicate the potential
utility of a histone-GFP fusion protein to fluorescently
label chromosomes in living cells. The feasibility of this
approach is indicated by the observation that a fusion
protein of GFP and yeast histone H2B localized properly
in yeast nuclei [17]. Here, we show that a fusion protein of
GFP and human H2B (H2B-GFP) is incorporated into
nucleosome core particles without perturbing cell cycle
progression. H2ZB-GFP bound chromosomes and DMs
with high specificity, allowing them to be easily observed
using a confocal microscope. We describe for the first time
the behavior of DMs during mitosis in living cells. Our
results reveal that DMs often cluster in anaphase cells and
attach to groups of segregating chromosomes. Sometimes,
segregating daughter chromosomes are connected by DM
‘bridges’ spanning the midplane of anaphase cells. Time-
lapse observation revealed that cytokinesis severs the DM
bridges, resulting in asymmetric distribution of DMs to
the daughter cells.

Results

Stable expression of H2B—GFP in HelLa cells

The ¢cDNA encoding human H2B was tagged at its car-
boxyl terminus with DNA encoding codon-optimized
enhanced GFP [18] (Figure 1), and the chimeric gene was
subcloned into a mammalian expression vector. The con-
struct was introduced into the human Hel.a cell line by
transient transfection, and fluorescence microscopic obser-
vation indicated that H2ZB—GFP protein localized to inter-
phase nuclei and mitotic chromosomes (data not shown).
To analyze the effects of constitutive H2ZB-GFP expres-
sion on cell cycle progression, we transfected Hela cells
and cultured them under drug selection (blasticidin) to
obtain clones that stably expressed the HZB—GFP trans-
gene. GFP-positive colonies arose in about 10% of
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The H2B—GFP chimeric protein. The H2B protein was tagged with
GFP at its carboxyl terminus; the length, in amino acids (a.a.), of each
region and of the junction between H2B and GFP is indicated. The
amino (N) and carboxyl (C) termini of the fusion protein are indicated
and the histone amino-terminal tail is shown as a gray box.

blasticidin-resistant colonies, while other colonies (~90%)
were negative for GFP for unknown reasons. We obtained
several stable cell lines expressing H2ZB-GFP. A cell line
with uniform, high-level expression of H2B-GFP was
chosen for further analyses (Figure 2). The expression
level of H2ZB-GFP in this cell line was stable for more
than three months in the absence of continuous blasticidin
selection. The high degree of stability of the integrated
H2B-GFP gene in the absence of selection strongly sug-
gests that chromosome stability is unimpaired by constitu-
tive H2B-GFP expression. The mitotic index and the
growth rate of this cell line were similar to those of the

Figure 2
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Cells expressing H2B—GFP. A confocal microscopic image of live
Hela cells constitutively expressing H2B—GFP; the GFP fluorescence
(green) was overlaid onto a differential interference contrast image.
The figure shows that H2B—GFP is detected highly efficiently in cells
in all phases of the cell cycle and that H2B—GFP is contained solely in
the nucleus. The scale bar is 25 pm.
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parental Hel.a cells (data not shown). We also used a cell
line stably expressing a fusion protein of H2B fused at its
amino terminus to GFP and got essentially the same
results (data not shown).

H2B-GFP is incorporated into nucleosomes

We biochemically fractionated nucleosome core particles
from cells expressing H2B-GFP and analyzed for the
presence of the fusion protein to determine if it was a
component of nucleosome core particles. Mononucleo-
somes were generated by extensive micrococcal nuclease
digestion of the isolated nuclei expressing H2B-GFP
(Figure 3a). Digested chromatin was pelleted by subse-
quent centrifugation of the nuclease-treated nuclei. The
supernatant and pellet, together with whole cell lysate of
Hela cells and Hel.a cells expressing H2ZB-GFP, were
analyzed by western blotting using an anti-human-H2B
antibody. The majority of the expressed H2B-GFP
protein was recovered in the pelleted chromatin fraction,
and little if any was detected in the supernatant
(Figure 3b, compare lane 5 with lane 6). The chromatin
fraction was further fractionated by sucrose gradient
centrifugation in the presence of 0.5 M NaCl to dissociate

histone H1 [19]. Electrophoretic analysis of the DNA
showed that fractions 2 through 4 (predominantly fraction
3) contained DNA of about 146 bp (the size expected for
the DNA wrapped around nucleosome core particles;
Figure 3e). The proteins in the samples were analyzed by
gel electrophoresis; HZB-GFP protein and core histones
were identified in the mononucleosome fractions by
Coomassie staining (Figure 3c). Aliquots of the same
samples were analyzed by western blotting using anti-
human-H2B antibody to specifically detect H2B and
H2B-GFP protein (Figure 3d). The results demonstrate
that the H2B-GFP fusion protein is in the mononucleo-
some fractions of the sucrose gradient and that its distribu-
tion parallels that of native histones in the gradient. The
relative amounts of H2ZB-GFP and endogenous H2B in
the purified mononucleosomes (Figure 3d) were compara-
ble to their relative amounts in the whole cell lysate
(Figure 3b, lane 2), suggesting that H2ZB-GFP protein is
incorporated into nucleosomes efficiently. H2B-GFP
association with the nucleosome core particle was stable
under conditions that dissociate histone H1 [19], suggest-
ing that adventitious aggregation of H2B-GFP protein
with chromatin is unlikely (see Discussion).
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H2B-GFP is incorporated into mononucleosomes. (a) Micrococcal
nuclease digestion of nuclei from HelLa cells and Hela cells
expressing H2B—GFP. Isolated nuclei were digested for 0, 1, 5, 10,
15, 30, and 60 min, as indicated, and the DNA protected from
digestion by the binding of nucleosomal core proteins was analyzed by
1.5% agarose gel electrophoresis. The markers used (M) were 100 bp
ladders. (b) Whole cell lysate (25 pg each from HelLa cells, lane 1, or
Hela cells expressing H2B—GFP, lane 2), supernatants (S) and
soluble chromatin fractions (C) of the digested nuclei (10 pg each
from Hela cells, lanes 3 and 4, or Hela cells expressing H2B—GFP,
lanes 5 and 6) were analyzed by western blotting using anti-human-
H2B antibody. Soluble chromatin fractions were prepared as
described in Materials and methods. H2B—GFP protein (approximately

45 kDa) and endogenous H2B protein are indicated. (c) Sucrose
gradient analysis of mononucleosome populations. The
mononucleosome protein—-DNA complexes from Hela cells and HelLa
cells expressing H2B—GFP, prepared by micrococcal nuclease
digestion, were purified through parallel 5-30% sucrose gradients.
Proteins from each fraction were extracted and analyzed by
electrophoresis through SDS—-15% polyacrylamide gels and
Coomassie staining. H2B—GFP protein and the native core histone
proteins (H2A, H2B, H3 and H4) are indicated. (d) Aliquots of the
fractions in (c) were electrophoresed and analyzed by western blotting
using anti-human-H2B antibody. H2B—GFP protein and endogenous
H2B protein are indicated. (e) DNA in each fraction was analyzed by
1.5% agarose gel electrophoresis.
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H2B-GFP incorporation does not inhibit cell cycle
progression

It was conceivable that GFP tagging of H2B protein could
affect chromatin structure and perturb cell cycle progres-
sion as a consequence. Therefore, the cell cycle distribu-
tion of the established cell line expressing HZB-GFP was
analyzed to ascertain differences in cell cycle progression
relative to the parental cell population. Asynchronous
Hela cells and the transformant expressing H2B-GFP
were fixed with ethanol, stained with propidium iodide
(PI), and analyzed by fluorescence-activated cell sorting
(FACS). The green emission of GFP-labeled cells pro-
duced an approximately three-log shift from parental
Hel.a cells (Figure 4a,b). DNA content was determined
by measuring the red emission of PI (Figure 4c,d). The
results indicate that the cell cycle distribution of asynchro-
nous Hel.a cells expressing H2B-GFP is indistinguish-
able from that of the parental Hela cells, clearly
demonstrating that the HZB-GFP protein has little, if any,
effect on cell cycle progression.

H2B-GFP decorates chromosomes in living cells

Cells expressing H2B—GFP were observed using confocal
microscopy to determine the pattern of chromatin stain-
ing in interphase and mitosis. As shown in Figure 5,
H2B-GFP enabled highly sensitive chromatin detection
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H2B-GFP expression does not affect cell cycle progression. (a,c)
HelLa cells and (b,d) HelLa cells expressing H2B—GFP were fixed with
ethanol, stained with PI, and analyzed by FACS. (a,b) Flow cytometry
histograms of GFP fluorescence. (c,d) Flow cytometry histograms of
the DNA content determined by PI staining. The estimated proportion
of cells in the G1, S, and G2/M fractions are indicated.

in all phases of the cell cycle. Fixation and permeabiliza-
tion of the cells, which might cause artificial distortion of
intracellular structure, was not required to obtain such
images. HZB-GFP was highly specific for nuclear chro-
matin as no fluorescence was observed in the cytoplasm.
In addition, H2B-GFP provided a remarkable level of
sensitivity. For example, a chromatin structure that
appeared to be a pair of lagging sister chromatids with a
centromeric  constriction  was  readily  observed
(Figure 5e). The fine intranuclear chromatin architecture
in interphase nuclei visualized by HZB-GFP was consis-
tent with the previously reported deconvoluted optical-
sectioning images of fixed nuclei obtained by
4',6'-diamidino-2-phenylindole (DAPI) staining [20].
Chromosome spreads of the H2ZB-GFP-expressing cells
also showed that the GFP fluorescence patterns were
identical to the patterns obtained wusing DAPI
(Figure 51,)).

We also observed perinucleolar regions densely stained
with H2B-GFP that resembled chromocenters in inter-
phase nuclei (Figure 5a). A previously described feature of
chromocenters is that they are heterochromatic and often
contain centromeres [21,22]. Double staining with cen-
tromere antibodies and H2B-GFP demonstrated that
certain regions with intense HZB—GFP staining possessed
multiple centromeres (Figure 6). From this result, coupled
with the concordance of H2ZB-GFP staining and DAPI
staining (Figure 51,)), we conclude that H2B—GFP staining
reflects the density of packing of DNA in different regions
of the nucleus. Thus, chromosomal domains that have
previously only been examined in fixed cells may be mon-
itored using the H2ZB—GFP method in living cells.

Visualization of DMs in living cells

We applied our highly sensitive H2ZB-GFP chromatin-
labeling technique to the analysis of DMs in living cells. A
retroviral vector was constructed to enable the efficient
transfer and expression of HZB—GFP in a broad range of
host cells. We used a vesicular stomatitis virus G glycopro-
tein (VSV-G) pseudotyped retroviral vector to obtain high
viral titers [23]. COLO320DM cells harboring DMs con-
taining an amplified c-myc gene [24,25] were infected with
the H2B-GFP retrovirus, and two days later over 90% of
the cells expressed H2ZB-GFP protein. FACS analyses
revealed that cell cycle progression of COLO320DM cells
was not affected by H2B-GFP expression (data not
shown). We collected serial-sectioning images of living
COLO320DM cells expressing H2ZB—GFP using confocal
microscopy. We noticed that small fluorescent dots were
frequently observed in mitotic cells (Figure 7a,b). The
sizes of these dots were 0.7-0.85 um in diameter, corre-
sponding to the size of DMs in this cell line. We found
that they frequently associated in clusters in anaphase
cells where they were attached to normal chromosomes
(Figure 7a). Sometimes they aligned in regular arrays and
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Figure 5
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Localization of H2B—GFP protein. (a—h) Confocal microscopic images
of live HeLa cells expressing H2B—GFP in various cell cycle phases.
(a,c,e,g) The GFP fluorescence and (b,d,f,h) the corresponding
differential interference contrast images are shown for (a,b) interphase,
(c,d) prophase, (e,f) metaphase and (g,h) anaphase cells. Perinucleolar

densely staining regions of H2B—GFP are indicated by arrowheads in
(a). A pair of lagging sister chromatids with a centromeric constriction
is indicated by an arrow in (e). The scale bars are 10 um. (i) GFP
localization and (j) DAPI staining of fixed chromosome spreads of
Hela cells expressing H2B—GFP.

formed an extended bridge between segregating groups of
daughter chromosomes (Figure 7b).

In order to confirm that these dot-like chromatin bodies
were DMs, mitotic COLO320DM cells were fixed with or
without colcemid treatment, and the DM distribution was
analyzed by fluorescence iz situ hybridization (FISH)
using a c-myc cosmid probe. Whereas chromosome spreads
of colcemid-treated cells usually had dispersed DMs
(Figure 7c), DMs were observed to form clusters in
untreated mitotic cells (Figure 7d,e). The DMs detected
using FISH were strikingly similar to the dot-like struc-
tures observed in H2B-GFP-expressing cells (compare

Figure 6
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Perinucleolar regions densely stained with H2B—GFP possess multiple
centromeres. Stereoscopic images of centromere localization in
H2B-GFP-expressing HelLa cells. Centromeres were detected by
immunofluorescence using a human anti-centromere antiserum.
Localization of centromeres (red) and H2B—GFP (green) are indicated.
Perinucleolar heterochromatic domains are indicated by arrowheads.
The scale bar is 10 pm.

Figure 7a,b to Figure 7d,e). The results strongly suggest
that the dot-like chromatin bodies observed in living cells
are DMs. We found that most of the observed mitotic cells
contained clustered DMs, although the number of DMs
varied from cell to cell. Approximately 30% of the
anaphase cells showed bridge formations involving DMs.
We therefore conclude that the clustering of DMs and
their unbalanced distribution to daughter cells during
mitosis are very common events in this cell line.

We next analyzed DM segregation by making time-lapse
observations using an epifluorescence microscope
(Figure 8). Clustered DMs were attached by the extended
arms of normal segregating chromosomes, forming a chro-
mosome bridge (Figure 8a). This bridge was further
extended as daughter chromosomes segregated (Figure
8b). Subsequently, the bridge was severed by the process
of cytokinesis (Figure 8c), and the cluster of DMs
appeared to be unevenly distributed to daughter nuclei
(Figure 8d). These results clearly demonstrate that DMs
frequently cluster in anaphase cells, sometimes forming
chromosomal bridges, and that their uneven distribution
to daughter cells can result from cytokinesis severing DM
bridges asymmetrically.

Discussion

We have described a novel strategy to fluorescently label
chromosomes in living cells and the successful application
of this strategy to observe DMs in living cells. Despite the
large size of the GFP tag (239 amino acids), it has been
shown in numerous cases that GFP-tagged proteins are
functional and localize properly [11-13]. Such is also the
case with the histone H2B-GFP fusion protein. Our
experimental data demonstrate the co-fractionation of
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Figure 7
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DMs cluster in anaphase cells. (a,b) Stereoscopic images of live
COLO320DM cells expressing H2B—GFP. Clustered dot-like
chromatin bodies (shown by arrowheads) together with segregating
daughter chromosomes were visualized by GFP fluorescence (green).
The scale bars are 5 um. (c) DMs were detected in a metaphase
spread of colcemid-treated COLO320DM cells by fluorescence in situ
hybridization (FISH) using a biotinylated c-myc cosmid probe and
fluoroscein-isothiocyanate—avidin. Chromosomes were counterstained
with PI. (d,e) Asynchronously growing COLO320DM cells were
directly fixed on chamber slides without colcemid treatment and
processed for FISH analyses with the c-myc cosmid probe. Clustered
DMs (arrowheads) and segregating daughter chromosomes (P!
stained; red) are shown. Fluorescence images were collected using an
epifluorescence microscope.

H2B-GFP with mononucleosomes under high ionic
strength (0.5 M NaCl). The primary interactions responsi-
ble for the stability of nucleosomes are electrostatic as
nucleosomes can be dissociated into their DNA and
histone components by elevating ionic strength. Histone
H1, as well as non-histone proteins, dissociates from the
nucleosomes at 0.5 M NaCl [7,19]. It is therefore likely
that HZB-GFP protein is incorporated into nucleosome
core particles rather than just affiliating with the core par-
ticles by a non-specific electrostatic interaction.

The strategy described in this paper offers significant
advantages over other chromosome-labeling methods.
Although fluorescent labeling of mammalian chromosomes

Camrmi Bicdoqy

Transmission of DMs to daughter cells visualized in living cells. Time-
lapse imaging of an H2B—GFP-labeled COLO320DM cell from late
anaphase to telophase. A cluster of lagging DMs (shown by
arrowheads) formed a bridge between segregating chromosomes, and
the bridge was severed by cytokinesis. Fluorescence images were
collected at the indicated times using an epifluorescence microscope
equipped with a video camera. The scale bar is 5 um.

in living cells has been demonstrated using Hoechst 33342
[26,27], each cell line must be analyzed individually to
optimize the time of drug exposure and concentration of
the drug [28]. Furthermore, as Hoechst 33342 is excited
maximally near 350 nm and high intensities of ultraviolet
(UV) irradiation can damage cells and produce cell cycle
delay or arrest, the level of UV excitation must be con-
trolled carefully. In addition, Hoechst 33342 affects cell
cycle progression, arresting cells in G2 phase [29]. Interca-
lating DNA drugs, like dihydroethidium, may cause muta-
tions in the DNA by interfering with DNA replication
[28]. Microinjection of rhodamine-labeled histones, suc-
cessfully used in Drosophila [8,9], is not suitable for analyz-
ing a large population of mammalian cells. In contrast to
these methods, the enhanced GFP [18] used in this study
is excited with blue light (490 nm), which is less damaging
than the UV-light excitation required for Hoechst. More-
over, constitutive expression of HZB—GFP from the inte-
grated transgene enables long-term analyses without
perturbing cell cycle progression (Figure 4). As the
primary structures of histone proteins are well conserved
among different species [30], it is likely that the
H2B-GFP described here will be useful for cells of differ-
ent species. This notion is supported by our ability to use
the H2B-GFP vector in mouse, hamster, and monkey cells
(data not shown).
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The H2ZB-GFP strategy described in this report has a
wide variety of applications for studying chromosome
dynamics. For example, it can be used as a transfection
marker that readily enables one to identify mitotic cells
using fluorescence microscopy. HZB—-GFP fluorescence
persists in cells fixed in ethanol (Figure 4), which is useful
for FACS analyses. As the intensity of HZB—GFP fluores-
cence depends on the chromosome condensation states in
interphase cells (Figure 6), one can study chromosome
condensation and decondensation in live cells [9]. The
method may be especially useful for real-time analysis of
apoptosis by enabling visualization of chromatin fragmen-
tation and hypercondensation in living cells, as well as for
studies of the effects of oncogenes on chromosome stabil-
ity during tumor progression [31].

Using a retroviral vector expressing H2ZB-GFP, we have
demonstrated that both normal chromosomes and small
DMs can be readily distinguished in live cells. HZB-GFP
enabled the observation of chromosomes in their native
state without the need for fixation and permeabilization
procedures, which can cause artificial distortion of intra-
cellular structures. Our observations validate and extend a
previous report in which DMs in fixed mitotic cells were
observed to associate with the condensed chromosomes
[5,6]. This led to a model for DM segregation involving
‘hitch-hiking’ of DMs on chromosomes [6]. The distinc-
tive clustering behavior of DMs and their close association
with normal chromosomes (Figures 7,8) provide one
mechanism by which DMs are transmitted to daughter
cells even though they lack functional centromeres. Clus-
tered DMSs appear to transmit to daughter cells in a highly
stochastic manner, however. As COLO320DM cells grow
faster when their levels of c-myc expression are elevated
[4], daughter cells containing more DMs should be
selected, and over time the population of cells will come
to contain many DMs per cell. Therefore, although the
number of DMs per cell is continuously changing by sto-
chastic uneven distribution to daughter cells, DMs appear
to be stably maintained when one considers the entire
population. Sometimes, clustered DMs associate with
both groups of the segregating daughter chromosomes,
forming bridges across the midplane of anaphase cells
(Figure 7b). It is tempting to speculate that such chromo-
somal bridges could increase chromosomal instability by
inducing non-disjunction or, in some cases, by preventing
chromosome segregation and increasing the probability of
a chromosome arm being severed during cytokinesis.
Were breakage to occur within an arm, genomic instability
could be further increased by inheritance of the broken
chromosome, which could initiate a bridge-breakage
fusion cycle [32].

The mechanism of DM clustering during mitosis remains
to be elucidated. One possibility is that DMs cluster due
to their interaction with the spindle microtubules, as

interaction of non-centromeric chromatin with the mitotic
spindle is well documented [33]. Chromosome spreads of
colcemid-treated cells reveal a scattered distribution of
DMs (Figure 7c), suggesting that spindle microtubules
may play an important role in DM clustering. Alterna-
tively, DMs themselves may have cohesive properties and
may ‘stick’ to each other. It has been reported that a
hamster cell line containing large tandemly repeated
amplicons including the dihydrofolate reductase gene also
had anaphase-bridge formations due to delayed sister-
chromatid disjunction [34]. Repeated arrays of amplicons
in DMs may have configurations that favor DM clustering
and delayed disjunction of sister minute chromosomes
during anaphase. The interaction between DMs and
normal chromosomes must be clarified as well. The
H2B-GFP system described here should facilitate the
additional analyses required to understand the precise
mechanism of DM clustering and segregation.

Conclusions

We have established a novel system for labeling chromatin
in living cells using a fusion protein of histone H2B and
GFP. The H2ZB-GFP system allows chromosomes, includ-
ing DMs, to be imaged at a high resolution without per-
turbing cell cycle control or intracellular structures. The
application of this system has revealed the distinctive
clustering behavior of DMs in living mitotic cells. We
propose that DM clustering is an important factor leading
to their asymmetric distribution to daughter cells.

Materials and methods

Construction of H2B—GFP expression vectors

A human H2B gene was obtained by PCR amplification of human pla-
cental genomic DNA using primers which introduce Kpnl and BamHI
sites at the ends of one of the reported H2B sequences (GenBank
accession number X00088) [35]: primer 1, 5'-CGGGTACCGCCAC-
CATGCCAGAGCCAGCGAAGTCTGCT-3'; primer 2, 5'-CGGGATC-
CTTAGCGCTGGTGTACTTGGTGAC-3'. Primer 1 introduced the
Kozak consensus sequence in front of the initiation codon. PCR reac-
tion parameters were as follows: 95°C for 10 min, 25 cycles at 94°C
for 1 min, 50°C for 1 min, 72°C for 2 min, followed by 72°C for 5 min.
One of the obtained clones, which was 98.4% identical to the H2B
gene (X00088), was used to construct the H2B—GFP vector. The PCR
product was digested with Kpnl and BamHI and subcloned into the
cloning site of pEGFPN1 vector (Clontech) [18]. The H2B—GFP
chimeric gene was subcloned into a mammalian expression vector (J.
Kolman, T.K., unpublished observations). H2B—GFP expression was
driven by the EF-1a promoter, a strong promoter in mammalian cells
[36]. The vector contained the blasticidin resistance gene [37] as a
selection marker. A retroviral vector, pPCLNC-H2BG, was constructed
by cloning the H2B—GFP gene into the pCLNCX vector [38]. Cloning
details are available upon request.

Cell lines and transfection

HelLa cells were grown as monolayers in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum (FCS).
Exponentially growing cells (in 10 cm dishes) were transfected with
20 pg H2B—GFP expression vector using a calcium phosphate pre-
cipitation protocol [39]. Transfected cells were replated 48 h after
transfection and 5 pg mi-? blasticidin-S (Calbiochem) was added 72 h
after transfection. Five days later, the medium was changed to
2 ug mi-1 blasticidin-S. After 15days of drug selection, surviving
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colonies were checked under fluorescence microscopy and GFP-pos-
itive colonies were isolated. Several clones were selected and
expanded into cell lines for further analyses. Production of VSV-G
pseudotyped retrovirus [23] was performed by co-transfection of
PCLNC-H2BG and pMD.G (the plasmid encoding the envelope
protein  VSV-G) into 293 gp/bsr cells as described [40].
COLO320DM cells [24] were grown in RPMI1640 medium supple-
mented with 10% FCS. Exponentially growing cells (in 10 cm dishes)
were incubated with the concentrated viral supernatants in the pres-
ence of 8pugml-t Polybrene (Aldrich). After overnight incubation,
medium was changed and the infected cells were expanded for further
analyses without drug selection.

Mononucleosome preparation

Mononucleosomes were purified according to the protocol (kindly pro-
vided by T. Ito and J. Kadonaga) [19] with several modifications. HeLa
cells and stable cells expressing H2B—GFP (3 x 107) were trypsinized,
harvested and washed once with 1x RSB buffer (10 mM Tris pH 7.6,
15 mM NaCl, 1.5 mM MgCl,). After centrifugation, the cell pellet was
resuspended in 1x RSB buffer with 1% Triton-X 100, homogenized by
five strokes with a loose-fitting pestle to release nuclei. Nuclei were col-
lected by centrifugation and washed twice with 1 ml buffer A (15 mM
Tris pH 7.5, 15 mM NaCl, 60 mM KCI, 0.34 M sucrose, 0.5 mM sper-
midine, 0.15mM spermine, 0.25mM PMSF and 0.1% (-mercap-
toethanol). Nuclei were finally resuspended in 1.5 ml buffer A and 15 pl
0.1 M CacCl, was added.

For making nucleosomal ladders, 0.5ml suspended nuclei were
digested by adding 1 pl micrococcal nuclease (Sigma, 200 units ml-1)
at 37°C. Aliquots (60 pl) were taken at each time point (1, 5, 10, 15,
30, 60 min) and 1.5 pl of 0.5 M EDTA was added to stop the reaction.
To each tube, 18 pl H,O, 12 pl 10% SDS and 24 ul 5M NaCl were
added. The mixtures were extracted with phenol—chloroform and 5 pl
supernatant was analyzed by 1.5% agarose gel electrophoresis.

Limit digests for making mononucleosomes were performed by adding
10 pl micrococcal nuclease (200 units mi-1) to 1.0 ml suspended
nuclei. After 2 h digestion at 37°C, 20 pl 0.5 M EDTA was added to
stop the reaction. The digest was centrifuged at 10,000 rpm for
10 min and the supernatant was collected. The pellet (chromatin frac-
tion) was resuspended in 450 pl 10 mM EDTA, 50 pl 5M NaCl was
added to solubilize it, and the mixture was centrifuged at 14,000 rpm
for 5 min to remove debris. The chromatin fraction was further fraction-
ated on a 5-30% sucrose gradient for 18 h at 26,000 rpm in a
Beckman SW41 rotor. After centrifugation, 1 ml fractions were col-
lected and small aliquots (50 pl) of each sample were taken for DNA
analyses. The remainder of each sample (950 pl) was precipitated with
280 pl 100% TCA with deoxycholic acid and left on ice for 10 min.
The samples were then centrifuged at 3000 rpm for 5 min and each
pellet was washed with acetone followed by a 70% ethanol wash. The
pellet was air dried and resuspended in 20 pl of 1x SDS sample
buffer, and aliquots were analyzed by gel electrophoresis through
SDS-15% polyacrylamide gels followed by Coomassie staining.
Western blotting was performed using anti-human-H2B antibody
(1:2000, Chemicon) as a primary antibody. Signals were detected by
enhanced luminol reagents (NEN Life Science Products) according to
the manufacturer’s instructions.

FACS analyses

HelLa cells and Hela cells expressing H2B—GFP were harvested by
trypsinization, fixed in 70% ethanol for 3 h at 4°C. Cells were stained
with Pl (20 ug ml-1) containing RNase (200 ng ml-1). Fluorescence
was measured using a FACScan (Becton Dickinson). The red (PI) and
green (GFP) emissions from each cell were separated and measured
using standard optics. Color compensation was done to eliminate the
artifact due to the overlap of Pl and GFP emission. Cell debris and fixa-
tion artifacts were gated out. Data analysis was done using Cell Quest
software (Becton Dickinson), and G1, S, and G2/M fractions were
quantified using Multicycle software (Phoenix flow systems).

Fluorescence microscopy

For chromosome spreads, Hela cells expressing H2B—GFP were
treated with colcemid (100 ng mi-2) for 1 h, trypsinized, harvested, and
resuspended in hypotonic buffer (10 mM Tris pH 7.4, 10 mM NacCl,
5mM MgCl,; 1.5 x 108 cells mI-t) for 10 min. Swollen cells (50 pl)
were attached to poly-L-lysine coated slide glasses by cytospin
(90 sec), fixed in 3.7% formaldehyde for 5 min, 0.1% NP40 in phos-
phate-buffered saline for 10 min and counterstained with DAPI
(1 g mI=1). Images were collected with a Nikon fluorescence micro-
scope equipped with either DAPI or fluoroscein isothiocyanate (FITC)
filter sets.

Immunofluorescence with a human anti-centromere antiserum was per-
formed as described previously [41]. Microscopy was performed on a
BioRad 1024 confocal microscope built on a Zeiss Axiovert 100 using
a 63x 1.4 NA Zeiss Plan Achromat objective lens.

FISH was performed as previously described using a biotinylated
c-myc cosmid probe and FITC—avidin [25]. For in situ fixation, asyn-
chronously growing COLO320DM cells were directly fixed on chamber
slides (Lab-Tek) without colcemid treatment as described [31].

To visualize H2B—GFP in living cells, cells were grown on 25 mm cov-
erslips and mounted with prewarmed culture medium in a
Dvorak—Stotler chamber (Lucas-Highland Company). Images were col-
lected on the BioRad 1024 confocal microscope described above
using either the 63x lens or a 40x 1.3 NA Neofluar objective using a
laser power of 0.3—-1% for GFP fluorescence. Transmitted light images
were collected with DIC optics. Fluorescence images were overlaid
onto DIC images using Adobe Photoshop. Z-series images were col-
lected and stereoscopic images were made using the BioRad software
supplied with the microscope.

For time-lapse microscopy, cells were cultured in 35 mm glass-bottom
culture dishes (Mat Tek Corporation). The culture medium was supple-
mented with 20 mM HEPES pH 7.3 and mineral oil was overlaid to
cover the surface of the medium. The dishes were mounted on a Nikon
inverted fluorescence microscope (Diaphot 300) equipped with a video
camera (CCD72; MTI). The temperature of the medium was kept con-
stant at 37°C using a heated stage. A 100x 1.3 NA oil-immersion lens
was used for observation. Images were acquired using IP Lab spec-
trum software (Signal Analytics Corporation).
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