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Background: DNA fluorescence dyes have been used to
study DNA dynamics, chromatin structure, and cell cycle
analysis. However, most microscopic fluorescence studies
of DNA use only steady-state measurements and do not
take advantage of the additional information content of
the time-resolved fluorescence. In this paper, we combine
fluorescence imaging of DNA with time-resolved measure-
ments to examine the proximity of donors and acceptors
bound to chromatin.

Methods: We used frequency-domain fluorescence life-
time imaging microscopy to study the spatial distribution
of DNA-bound donors and acceptors in fixed 3T3 nuclei.
Over 50 cell nuclei were imaged in the presence of an
AT-specific donor, Hoechst 33258 (Ho), and a GC-specific
acceptor, 7-aminoactinomycin D (7-AAD).

Results: The intensity images of Ho alone showed a spa-
tially irregular distribution due to the various concentra-
tions of DNA or AT-rich DNA throughout the nuclei. The
lifetime imaging of the Ho-stained nuclei was typically flat.
Addition of 7-AAD decreased the fluorescence intensity

and lifetime of the Ho-stained DNA. The spatially depen-
dent phase and modulation values of Ho in the presence
of 7-AAD showed that the Ho decay becomes nonexpo-
nential, as is expected for a resonance energy transfer
(RET) with multiple acceptors located over a range of
distances. In approximately 40 nuclei, the intensity and
lifetime decrease was spatially homogeneous. In approx-
imately 10 nuclei, addition of 7-AAD resulted in a spatially
nonhomogeneous decrease in intensity and lifetime. The
RET efficiency was higher in G,/M than in G,,, phase
cells.

Conclusions: Because RET efficiency depends on the
average distance between Ho and 7-AAD, data suggest that
the heterogeneity of lifetimes and spatial variation of the
RET efficiency are caused by the presence of highly con-
densed regions of DNA in nuclei. Cytometry 41:178-185,
2000. © 2000 Wiley-Liss, Inc.
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The use of fluorescence to study DNA has a long his-
tory. The earliest studies involved the use of fluorophores
to stain chromosomes to make them visible in a fluores-
cence microscope. Since these early studies, many dyes
have been shown to bind to DNA and to display increased
emission (1-4). The strong emission of dyes bound to
DNA also resulted in the use of fluorescence to study DNA
dynamics (5,6), chromatin structure (7,8), and cell cycle
analysis (9,10). Specific dyes, such as Hoechst 33258 (Ho;
AT specific), 4’,6-diamidino-2-phenylindole (AT specific),
mithramycin (GC specific), and 7-aminoactinomycin D
(7-AAD; GC specific), were used for structural analyses of
AT- or GCrich DNA (11-16). These studies showed sig-
nificant changes in the structure and composition of AT-
and GC-rich chromatin during the cell cycle (15,16). Res-
onance energy transfer (RET) has also been used as a
powerful tool in DNA structure studies (17-19). The stud-
ies of metaphase chromosomes using RET showed the
relationship between chromosome composition and stain-
ing patterns (20,21). However, most fluorescence and

microscopic studies of DNA use a steady-state approach
and do not take advantage of the additional information
provided by time-resolved fluorescence.

In this paper, we combined fluorescence imaging of
DNA with time-resolved measurements. In particular, we
used fluorescence lifetime imaging microscopy (FLIM) to
measure the decay times of labeled DNA in the fixed
nuclei of 3T3 fibroblasts. FLIM provided a measurement of
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the decay time at each point in a two-dimensional image
(22-25). RET is known to decrease the decay times of the
fluorescent donors and to be sensitive to the donor-to-
acceptor distance. We used the properties of RET to
investigate the proximity of donors and acceptors bound
to DNA in the nuclei of 3T3 cells. The chosen donor and
acceptor were Ho and 7-AAD, respectively. We reasoned
that AT-rich regions of the nuclei would show bright
fluorescence from Ho. However, because Ho binds to AT
base pairs, we expected the emission to be dominated by
AT-bound Ho and the decay time to be similar in all
regions containing DNA. Addition of 7-AAD is expected to
decrease the Ho intensity and lifetime. The largest de-
creases were observed when Ho and 7-AAD were in close
proximity due to either the DNA sequence or the folding
patterns of the DNA strands. To the best of our knowl-
edge, this is the first report of lifetime imaging to study
DNA in cell nuclei.

MATERIALS AND METHODS
Cells and Conditions

Mouse fibroblasts (3T3-Swiss albino, ATCC number
CCL-92) were grown asynchronously at 37°C and 5% CO,
in the bottom-glass dishes (Mat Tek, Ashland, MA) con-
taining Dulbecco’s modified Eagle’s medium with 10% calf
serum.

Fixation and Cell Staining

The cells in the dishes were fixed in 70% ethanol (4°C,
at least 30 min). After rinsing, the cells were stained by Ho
and 7-AAD (Molecular Probes, Eugene, OR), the donor and
acceptor, respectively. All the experiments were carried
out at room temperature in 10 mM Tris HCI buffer, pH 7.5,
containing 100 mM NaCl. Ho and 7-AAD were quantified
spectroscopically by using a molar extinction coefficient
of 40,000 cm™ M at 352 nm and 25,000 cm™ M at 546
nm, respectively. The Ho and 7-AAD concentrations were
0.4 and 0.8 pM, respectively. At these concentrations,
every cell showed the significant change of fluorescence
intensity and lifetime after addition of 7-AAD.

Measurement Condition of Fluorescence Intensity
and Lifetime Imaging

The principles of operation of the homodyne FLIM
technique were described previously (22-25). The appa-
ratus was built around the Zeiss Axiovert 135TV inverted
fluorescence microscope. The picosecond light pulses at
335 nm from the frequency-doubled synchronously
pumped DCM dye laser were directed to the microscope
using quartz optical fiber. The epi-illumination was accom-
plished by the Zeiss C-Apochromat water immersion ob-
jective, magnification 40X, with a 1.6X Optovar insert
and a Zeiss FT 395 dichroic beam splitter. Donor fluores-
cence from the sample was isolated by the interference
filter (450 £ 33 nm; Omega Optical, Brattleboro, VT,
model 450DF65), observed using a C5825 high-speed
modulated image intensifier (Hamamatsu, Bridgewater,
N)), and quantified by a PXL scientific-grade, slow-scan,

cooled CCD camera (Photometrics, Tucson, AR). The gain
of the intensifier was modulated at 113.202 MHz using an
output of the PTS 300 synthesizer (Programmed Test
Sources, Littleton, MA). The synthesizer was phase locked
to the master oscillator of the pumping Ar™ laser mode
locker. For each lifetime measurement, eight images with
the detector phase equally spaced over 360° were ac-
quired and analyzed as described previoulsy (22-25). The
illumination level of the sample was decreased by a neu-
tral-density filter to the level that the acquisition time for
the images was in the order of seconds. No detectable
photobleaching was observed under these conditions.

Measurement of Fluorescence Intensity and
Lifetime Imaging

The positions of 50 cells on a bottom-glass dish were
recorded and assigned numbers. The cells were stained by
0.4 pM Ho and their fluorescence intensity and lifetime
imaging were measured. Then, 0.8 uM 7-AAD was added
to the same dish for fluorescence RET measurement. The
fluorescence intensity and lifetime imaging of the same 50
cells using Ho and 7-AAD were measured individually. In
both cases, the fluorescence signals originated from the
cell nucleus. The fluorescence from nonspecific staining
of the other cell structures was negligible.

The phase-sensitive images were used to calculate the
phase () and modulation (m) values at all regions of the
nuclei. These values can be used to calculate the apparent
phase (1,) and modulation (7,,) lifetimes. Regardless of
the complexity of an intensity decay, it is always possible
to interpret the decay a multiexponential model,

1) = 2, aexp(—t/7) M

i

In this equation, o is the time-zero amplitude due to each
decay time (7). If the intensity decay is a single exponen-
tial, then the lifetime T can be calculated from the phase
and modulation values using

Ty = 0 'tand @)

. 1 -1/2
T =@ 5T 1 ©)

where o is the light modulation frequency in radians per
second. If the decay is a multiexponential, it is still possi-
ble to calculate T, and 1, However, these are apparent
values, which represent a complex weighting of the var-
ious decay time components (26-28). More specifically,
the mean lifetime of a multiexponential decay (7) is given
by
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Fic. 2. Fluorescence emission (F) and absorption spectra (A) of DNA
complexes of Ho and 7-AAD. Fluorescence emission spectrum was €x-
cited at the absorption maximum.

For a multiexponential decay, the apparent phase lifetime
is shorter than the apparent modulation lifetime according
to

Ty <T<T, (©))

The observation of T, < 7, can be taken as evidence for
the presence of a multiexponential decay.

RESULTS

We examined the nuclei of mouse 3T3-Albino fibro-
blasts. These cells have a rich cytoplasm and a round
nucleus about 15-30 pm in diameter. More than 50 such
nuclei were examined using fluorescence microscopy and
lifetime imaging. Steady-state images of representative nu-
clei stained with Ho (the AT-specific dye) or 7-AAD (the
GC-specific dye) are shown in Fig. 1. The intensity of
these nuclei typically showed spatial heterogeneity, with
several or up to 10 brighter spots. We attribute these
brighter regions to higher local concentrations of Ho or

FiG. 1. Fluorescence intensity image of a nucleus
stained with Ho (a) and 7-AAD (b).
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FiG. 3. Fluorescence intensity images and corresponding histograms of
a nucleus stained with Ho in the presence or absence of 7-AAD. a:
Fluorescence intensity image of a nucleus stained with Ho; b: histogram
of the image in (a); c: fluorescence intensity image of a nucleus stained
with Ho and 7-AAD; d: histogram of the image in (c). Intensity of the
images in (a) and (c) was adjusted for the same exposure time.

7-AAD due to the higher local concentrations of AT or GC
base pairs. The higher local AT or GC concentrations
could be due to the AT- or GC-rich regions of the DNA or
to a locally higher DNA concentration. The chosen pair of
Ho as donor and 7-AAD as acceptor shows a good spectral
match of RET as shown in Figure 2. Each nucleus was
imaged before and after addition of the acceptor, 7-AAD.
Addition of an increasing concentration of the acceptor
resulted in a gradual decrease in Ho fluorescence intensity
(data not shown). In our experiments, we adjusted the
7-AAD concentration to the level which typically resulted
in an approximate threefold decrease in the Ho intensity.
We attribute this decrease to RET between Ho and 7-AAD
due to their spatial proximity when bound to DNA. As will
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Fic. 4. Fluorescence modulation and phase lifetime images and corre-
sponding histograms of a nucleus stained with Ho in the presence or
absence of 7-AAD. a: modulation lifetime image of a nucleus with Ho; b:
histogram of the image in (a); c: modulation lifetime image of a nucleus
stained with Ho and 7-AAD; d: histogram of the image in (¢); e: modula-
tion lifetime image of a nucleus stained with Ho; f: histogram of the image
in (e); g: modulation lifetime image of a nucleus stained with Ho and
7-AAD; h: histogram of the image in (g).

be shown below, the fractional decrease in Ho intensity
was similar at all regions of the nuclei. A representative
fluorescence image of a nucleus stained by Ho in the
presence and absence of 7-AAD is shown in Figure 3.

We also used FLIM to determine the spatial distribution
of lifetimes in the nuclei. The lifetime images of the
Ho-stained nuclei were typically flat and devoid of spatial
differences, as shown for one representation nucleus in
Figure 4. This result is consistent with a similar environ-
ment for the DNA-bound Ho molecules at all regions in the
cell. Ho is expected to bind to the AT-rich regions of DNA
and display the same lifetime, regardless of the local DNA
concentration or the presence of GC base pairs distant
from the Ho binding site. The mean lifetime of Ho is about
2.2 ns, which is comparable to that found in spectro-
scopic time-resolved measurements (13).
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Fic. 5. Cumulative histograms of 50 fluorescence modulation and
phase lifetime images of nucleic stained with Ho in the presence or
absence of 7-AAD.
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Fig. 6. Correlation between fluorescence modulation and phase life-
time of a single nucleus stained with Ho in the presence or absence of
7-AAD. Each point represents one pixel of the image of the nucleus. The
masked area outside the nucleus was not plotted.

Addition of the acceptor, 7-AAD, results in a decrease in
the modulation lifetime to about 1.4 ns (Fig. 4). The
fractional decrease in the modulation lifetime is smaller
than the decrease in Ho intensity. This apparent discrep-
ancy is due in part to the well-known weighting of appar-
ent modulation lifetimes toward the longer components
in a multiexponential decay (26-28). We also used the
phase angles for lifetime imaging. The apparent phase
lifetimes are uniform throughout the nuclei, but are
shorter in the presence of 7-AAD (Fig. 4). The apparent
phase lifetime decreases to a larger extent than the mod-
ulation lifetime because of weighting of phase lifetime
toward the shorter components in a multiexponential
decay (26 -28). For both the modulation and phase (Fig. 4)
lifetime images, the lifetime histogram remains unimodal,
that is, a single statistical distribution of lifetimes around a
single mean value.
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Fic. 7. Correlation between average modulation and phase lifetimes of
50 nuclei stained with Ho in the absence (open circles) and presence
(closed circles) of 7-AAD. Averaging was done over each whole nucleus.
The scatter gram contains data from 50 cells.

We examined the lifetime images more closely for evi-
dence of Ho populations with distinct mean lifetimes.
Figure 5 shows the cumulative histograms for 50 phase

and modulation lifetime images of the nuclei. These ap-
pear to be single Gaussian-like distributions in the pres-
ence and absence of the acceptor, 7-AAD. With our ex-
perimental resolution, we were not able to detect Ho
populations with distinct environments.

Closer examination of Fig. 5 reveals that the apparent
phase lifetimes are shorter than the apparent modulation
lifetimes, both with and without the 7-AAD acceptor. We
examined this correlation on a pixel-by-pixel basis in a
single nuclei (Fig. 6) and on a cell-by-cell basis using the
average values for 50 nuclei (Fig. 7). In the absence of
7-AAD, the apparent T, 7, lifetimes are similar. This sim-
ilarity of apparent lifetimes reflects an intensity decay that
is close to a single exponential. In the presence of 7-AAD,
the phase lifetime becomes considerably shorter than the
modulation lifetime. This result is typical of multiexpo-
nential intensity decay (26-28) and indicates that the Ho
decay becomes more heterogeneous or nonexponential in
the presence of 7-AAD. Energy transfer to multiple accep-
tors is known to result in multiexponential or nonexpo-
nential decays for donors bound to DNA (13,29,30).

One goal of this study was to search for regions of the
nuclear DNA that displayed different distributions of the
Ho donor and the 7-AAD acceptor. We reasoned that such
differences may occur due to local variations in the frac-

FiG. 8. Fluorescence intensity, ratio, and life-
time images of Ho. a: Fluorescence intensity
image in the absence of 7-AAD. b: Fluores-
cence intensity image in the presence of
7-AAD. c: Ratio of the image in (b) over the
image in (a). d: Modulation lifetime in the pres-
ence of 7-AAD (this image is smoothed). Both
lifetime and ratio images show a homogeneous
pattern. The correlation between fluorescence
intensity image (b) and modulation lifetime im-
age (d) in the presence of 7-AAD is very weak.
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Fic. 9. Fluorescence intensity, ratio, and
lifetime images of Ho. a: Fluorescence inten-
sity image in the absence of 7-AAD. b: Fluo-
rescence intensity image in the presence of
7-AAD. c: Ratio image in (b) over the image in
(2). d: Modulation lifetime in the presence of
7-AAD This image is smoothed for better rec-
ognition of dark spots. The regions with high
efficiency of energy transfer, which are
shown as dark spots in image (c), correspond
with short lifetimes in image (d). The short
lifetime spots and long lifetime areas in (d)
are about 1.2 * 0.05 and 1.70 = 0.06 ns,
respectively.

tion of GC or AT base pairs. We were unable to identify
spatially distinct regions for about 80% of the cells. This is
illustrated in Fig. 8, which compares the Ho intensities
before (Fig. 8a) and after the addition of 7-AAD (Fig. 8b).
Although there are regions of higher and lower Ho inten-
sity, the intensity ratio image is flat (Fig. 8c). This result
indicates that the fractional intensity decrease is the same
at all regions in the nuclei. There was weak, if any, cor-
relation between the intensity (Fig. 8b) and modulation
lifetime image (Fig. 8d) in the presence of 7-AAD.

Somewhat different results were observed for about
20% of the cells (Fig. 9). The intensity ratio image, in the
absence and presence of 7-AAD, showed regions of lower
intensity that corresponded to regions of high intensity in
the intensity image (Fig. 9a). The modulation and phase
lifetime images showed considerable spatial heterogene-
ity. Because the lifetime imaging of the nuclei only stained
by donor was almost flat, the spatial heterogeneity of
lifetime images with donor and acceptor is related to the
spatial heterogeneity of RET efficiency. Such a result indi-
cates that the average distance between Ho and 7-AAD is
smaller in these regions of the nuclei.

We have also studied the relationship between cell
cycle and the effects of RET in nuclei. The average effi-
ciency of RET throughout one nucleus depended on the
cell cycle. Cells in G,/M phase and polyploid cells show
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Fic. 10. Cell cycle-dependent scattergram of the average efficiency of
RET for 50 nuclei. The data points represent 50 nuclei double stained by
Ho and 7-AAD. Average RET efficiency was calculated from the average
fluorescence intensities of Ho with and without 7-AAD. Cell cycle analysis
was based on the total fluorescence intensity of the nucleus.

slightly higher RET efficiency than the cells in G,,,; phase
(Fig. 10). However, the cell cycle-associated change of the
spatial heterogeneity of lifetime images is not obvious by
a simple visual examination. A quantitative study of life-
time images using texture analysis shows the relationship
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between RET efficiency and the spatial heterogeneity of
lifetime images during specific times in the cell cycle.
Such studies are in progress (Murata et al., personal com-
munications).

DISCUSSION

We interpreted the changes in intensity and lifetime
images after the addition of 7-AAD in terms of the photo-
physical phenomenon. It is well known that RET between
donors and acceptors bound to DNA results in a multiex-
ponential or nonexponential decay as well as a decrease
of fluorescence intensity of the donor. The extent of the
decrease depends on acceptor concentration (13,29). For
a multiexponential or nonexponential decay, the lifetime
heterogeneity in the phase and modulation values in-
creases and the apparent phase lifetime is always shorter
than the apparent modulation lifetime (26,27), as seen for
Ho in Figures 6 and 7. The results of fluorescence intensity
and lifetime image analysis strongly support the presence
of a RET mechanism, not simple fluorescence quenching
with little or no RET, between Ho and 7-AAD in the nuclei.

We were also interested in the biological relevance of
RET in the nuclear DNA. We have found (1) the existence
of two cell subpopulations with and without spatial het-
erogeneity of lifetime images and (2) the efficiency of RET
depends on the cell cycle. About 80% of the cells did not
show spatially distinct regions (Fig. 8) in lifetime images
after addition of the acceptor. This indicated that, on
average, the 7-AAD molecules are found and distanced
comparable to the Forster distance R, from Ho in our
acceptor concentration. Additionally, a flat lifetime image
suggests that there is no significant spatial difference in
the AT-to-GC base content in the nuclei to within the
resolution of the microscopy images. Somewhat different
results were observed for about 20% of the cells (Fig. 9).
In these cases, the intensity ratio image, in the absence
and presence of 7-AAD, showed regions of lower values
that corresponded to regions of high intensity (AT-rich
regions) in the intensity image. These cells also showed
considerable spatial heterogeneity of the modulation and
phase lifetime images. The result indicates that the aver-
age distance between Ho and 7-AAD varies throughout the
nuclei and is particularly small in the AT-rich regions. The
study using smeared metaphase chromosomes reported
the RET efficiency to be low in AT-rich bands (20,21). The
cell cycle-dependent redistribution of AT- and GC-rich
DNA could change the base pair composition of the cen-
ters in favor of GC base pairs and show heterogeneity of
lifetime images with RET. However, in the interphase cells
used in this study, the chromosomes with AT- and GC-rich
regions are three dimensionally intermingled. It is well
known that the AT-rich regions in DNA are more con-
densed than the GC-rich regions in interphase cells (31).
We believe that the high RET efficiency in AT-rich regions
is due to closely spaced DNA strands in the condensed
regions, rather than to RET between more closely spaced
donors and acceptors on the same DNA helix. High RET
efficiency in the G,/M phase is also suggested to be due to
condensation of DNA because DNA is more condensed in

the G,/M than in the G,,; phase (15). On the other hand,
it is not easy to analyze the cell cycle-associated changes
of spatial heterogeneity of lifetime images by visual exam-
ination. We have to study spatial heterogeneity using a
quantitative method. Such studies are in progress.

Results of many microscopic studies of nuclear DNA
which used steady state fluorescence measurements are
reported in terms of DNA concentration. We accessed
additional information by lifetime imaging, which is inde-
pendent of the fluorophore concentration, while main-
taining sensitivity to numerous chemical and physical fac-
tors such as ion concentrations, polarity, binding to
macromolecules, or RET. Hence, lifetime imaging of la-
beled DNA with or without RET may provide new ap-
proaches to the analysis of the organization of intracellular
DNA.
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