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ABSTRACT Physical parameters, describing the state of chromatinized DNA in living mammalian cells, were revealed by in
situ fluorescence dynamic properties of ethidium in its free and intercalated states. The lifetimes and anisotropy decays of this
cationic chromophore were measured within the nuclear domain, by using the ultra-sensitive time-correlated single-photon
counting technique, confocal microscopy, and ultra-low probe concentrations. We found that, in living cells: 1) free ethidium
molecules equilibrate between extracellular milieu and nucleus, demonstrating that the cation is naturally transported into the
nucleus; 2) the intercalation of ethidium into chromatinized DNA is strongly inhibited, with relaxation of the inhibition after mild
(digitonin) cell treatment; 3) intercalation sites are likely to be located in chromatin DNA; and 4) the fluorescence anisotropy
relaxation of intercalated molecules is very slow. The combination of fluorescence kinetic and fluorescence anisotropy
dynamics indicates that the torsional dynamics of nuclear DNA is highly restrained in living cells.

INTRODUCTION

Chromatinized DNA in the nucleus of mammalian cells is
highly compacted, forming a basic motif: the nucleosome
consists of 1.75 turns of a left-handed superhelix of B-DNA
(146 bp of right-handed double helix), folded around an
octamer of histones, the core histones. Refined x-ray struc-
tural studies show that, at the octamer surface, positively
charged aminoacid residues are distributed, according to a
path that perfectly fits that of negatively charged phosphate
residues of B-DNA (Arents and Moudrianakis, 1993). This
tight structure of the nucleosome core particle was con-
firmed and further refined (Luger et al., 1997). The linker
DNA between nucleosomes is typically associated either
with histone HI/HS5 to promote a more dense packaging (for
recent paper see Leuba and al., 1998) or with multiprotein
complexes involved in DNA transactions (see, for review on
replication, Baker and Bell., 1998; on transcription, Carey,
1998; Ashraf and Ip, 1998). Packaging DNA into chromatin
inhibits the progressions of RNA and DNA polymerases in
vitro (reviewed in Owen-Hughes and Workman, 1994; Wi-
dom, 1998), but nevertheless, the cell replicates and tran-
scribes DNA in vivo. In recent models, derived from in vitro
analysis of polymerization over nucleosomal templates, the
existence of naked DNA regions was supposed to occur
transiently and over short segments (which can be as small
as 10 bp), due to partial or full dissociation of histone
octamer from the DNA (Studitsky et al., 1997).
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Some experiments tried to determine the chromatin struc-
ture within the whole cell: size of linker DNA (review by
van Holde, 1989), degree of supercoiling of linker regions
(Jupe et al., 1993), higher-order organization (Rydberg et
al., 1998), rotational reorientation (Selvin et al., 1990), and
dynamics (reviewed by Lamond and Earnshaw, 1998;
Manders et al., 1999) of chromatin. In most experiments,
however, cells were either fixed or permeabilized, or detec-
tion was carried out on extracted chromatin. Protein—-DNA
interactions, involved in native chromatin structure, can be
easily perturbed during cell manipulation or observation, as
it had been shown to occur, when illuminating living cells
labeled with fluorescent dye, at standard low-light levels
that were still not low enough to avoid photodynamic reac-
tion (Delic et al., 1991). Thus, the organization of chromatin
in vivo can be considered to be still largely unknown,
partially due to invasive techniques that were so far applied.

The fact that nuclear DNA replicates over the full length
in vivo, and this within a few hours of each cell cycle,
suggests that, inside cells, nuclear DNA (which is under
nucleosomal arrangement, when extracted) would interact
with chromosomal proteins in a dynamic way, revealing to
some extent intrinsic properties of the double helix, such as
elasticity and flexibility, to allow the progression of the
polymerases over the nucleosomal template. Our goal was,
therefore, to examine whether nuclear DNA in living cells is
endowed with structural dynamics. Twisting rigidity of
DNA is an important determinant of the energetics of for-
mation of complicated nucleoprotein structure (Echols,
1986). The interaction of some proteins, such as High
Mobility Group I, requires bending and untwisting of DNA,
modifying the minor groove to fit to the contour of the
protein (Grosschedl, 1995). Fluorescence anisotropy decay
studies of the ethidium-DNA complex were performed to
investigate internal motion of DNA (Wahl et al., 1970). The
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experimental fluorescence depolarization was theoretically
analyzed in the frame of twisting motions of the DNA along
the helix axis. These models are particularly appropriate to
investigate the torsional dynamics of DNA (Allison and
Schurr, 1979; Schurr, 1984) and the restriction of these
dynamics upon structural deformation by bending strain
(Heath et al., 1996) or by tight immobilization of both DNA
chains in nucleosome core particle (Winzeler and Small,
1991).

Ethidium does, indeed, enter living cells, as had been
shown earlier (Delic et al., 1992; Hayashi et al., 1994,
Coppey-Moisan et al., 1996; Favard et al., 1997), but even
with intensified fluorescence digital imaging microscopy, it
was not possible to detect intercalation in nuclear DNA of
living proliferative mammalian cells (Delic et al., 1991,
1992; Coppey-Moisan et al., 1996). Fluorescence lifetime
measurement under the microscope (Minami and Hirayama,
1990; Verkman et al., 1991; Buurman et al., 1992; Lakow-
icz et al., 1992; Piston et al., 1992; Morgan et al., 1992;
French et al., 1992; Gadella et al., 1993; Ambroz et al.,
1994; So et al., 1995), recently became an emerging tech-
nology for quantitative imaging in living cells (Bastiaens
and Squire, 1999; Dayel et al., 1999). By taking advantage
of the different fluorescence lifetimes of ethidium in the
bound and free states (Olmsted and Kearns, 1977) and of the
very sensitive detection method of time-correlated single
photon counting, combined with confocal microscopy (Na-
katani et al., 1993; Schoutteten et al., 1997), extremely low
fluorescence from intercalated ethidium molecules could be
detected in the nucleus of living mammalian cells. In addi-
tion, fluorescence anisotropy decay dynamics allowed us to
show that the native cellular state is characterized by re-
strained torsional motion of nuclear DNA and by a strong
inhibition of ethidium intercalation in nuclear DNA.

MATERIALS AND METHODS
Chemicals

Rhodamine 6G chloride, ethidium bromide, and Hoechst 33342 were from
Molecular Probes Europe (Leiden, The Netherlands), digitonin was from
Sigma (St Quentin Fallavier, France), 1-butanol from Aldrich (St Quentin
Fallavier, France), and A-DNA was purchased from Pharmacia Biotech
Europe (Orsay, France).

Cell culture and labeling with ethidium

S2 cells, a clonal expansion from a transformed Vero monkey kidney cell
line (Gao and Knipe, 1989), were grown in Dulbecco’s modified minimal
essential medium (Gibco, Cergy-Pontoise, France), supplemented with
10% fetal calf serum. The experiments were carried out at a relatively low
density of S2 cells, i.c., after 48—72 h of a culture of 3 X 10° cells, seeded
on 12.5 ¢cm? round glass coverslip (H. Saur, Reutlingen, Germany). Cells
were incubated with 0.1-10 wg/ml ethidium bromide in growth medium for
30 min at 37°C. For experiments under the microscope, the coverslip was
mounted in an open observation chamber (H. Saur) and the cell monolayer
was rinsed with 20 mM Hepes-buffered Hank’s balanced salt solution,
which contained ethidium bromide at the same concentration as that used
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in incubation experiments, for measurements done in the presence of
ethidium bromide.

For permeabilization experiments, cells were preloaded with a mixture
of 1 ug/ml Hoechst 33342 and 4 ug/ml ethidium bromide for 30 min at
37°C. Permeabilization treatment was carried out by adding 50 ug/ml of
digitonin to the observation medium, Hepes-buffered Hank’s balanced salt
solution, at room temperature.

For naked DNA measurements, a solution of A-DNA (50 ug/ml) and
ethidium bromide (0.5 or 4 wg/ml) in water was used. The ratio of
dye/basepair was 1/15 for lifetime measurements and was kept below
1/150 for anisotropy acquisition to avoid energy transfer.

Fluorescence microscopy imaging at low
light level

Epi-fluorescence imaging was carried out at room temperature on living or
permeabilized cells, using an inverted microscope DMIRBE (Leica, Rueil-
Malmaison, France). Fluorescence images were acquired at very low
excitation light levels as described elsewhere (Delic et al., 1991) with some
modifications. Briefly, cells grown on glass coverslips were mounted in an
open observation chamber and imaged through an ultrafluor objective
(100X magnification, NA = 1.3). The detector was a cooled, slow-scan
CCD camera with 1024 X 1024 pixels, digitized on 4096 grey-levels
(SILAR, St. Petersburg, Russia). The excitation source was a 50 W
high-pressure mercury lamp. For ethidium fluorescence, we used A, =
540 nm, OD = 2, and A, > 590 nm, and, for Hoechst 33342, A, = 365
nm, OD = 2, and 480 nm < A_, < 520 nm. Background subtraction,
shading correction, and other image processing were carried out as de-
scribed elsewhere (Coppey-Moisan et al., 1994), by using Khoros software
(Khoral Research, Albuquerque, NM USA).

Fluorescence lifetime measurements and
data analysis

The confocal microscope, used for acquisition of fluorescence decay dy-
namics, is described elsewhere (Schoutteten et al., 1997). Briefly, a tita-
nium: sapphire picosecond laser (Spectra Physics France, Les Ulis,
France), A, = 498 nm, 4 MHz, was directed through the light-inlet port
of a Nikon epi-fluorescence inverted microscope. Subcellular localization
of the excitation volume was selected by observing the diffracted laser spot
simultaneously with the transmitted white light cell image. The depth
within the nucleus was adjusted by using a piezoelectric displacement of
the objective (Polytec-PI, Pantin, France). The fluorescence photons, emit-
ted from the illuminated volume of 1 um?, were collected by a 100X
magnification objective (NA = 0.8-1.3) and conducted through an optic
fiber (400 wm) to a time-correlated single photon counting system with a
microchannel plate-photomultiplicator tube detector R3809U (Hamamatsu
Photonics France, Massy, France). Scattered excitation light was removed
by a glass cut-off filter, inserted in front of the detector. The standard
time-correlated single photon counting system (O’Connor and Phillips,
1984) was operated at 2048 channels, using time windows from 50 to 200
ns. A Fresnel rotator was placed in the excitation laser beam and a sheet
polarizer before the optical fiber on the emission path. Vertical (v) and
horizontal (h) positions of the excitation and emission polarizations, ab-
breviated as vv, hv, hh, vh, were obtained by rotating the Fresnel rotator
and the sheet polarizer. Two fluorescent decays were acquired, parallel
(i,n(?)) and perpendicularly polarized (i, (7). A third decay was acquired at
the magic angle, with the Fresnel rotator positioned 55° away from the
vertical direction and the polarizer oriented in the horizontal direction.
Small deviations from the magic angle, caused by slight polarization at the
dichroic mirror, had no influence on extracted lifetimes and the pre-
exponential factors, which were in agreement with that recovered from the
fluorescence decay acquired with the Fresnel rotator positioned at the
magic angle, i,,,,(f), and from the total fluorescence, i(f) = i ,(¢) + 2i,,(?).

mag!
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The same count rate was used for acquisition of fluorescence and instru-
ment response function (IRF), which was measured by focusing the laser
on the surface of a microscope glass slide and by taking off the cut-off
filter.

Global analysis software was Globals Unlimited (Illinois University). It
allowed application and investigation of divers kinetic models, such as
decay-associated anisotropy, and performance of rigorous error analysis
and simulations. Static background, as measured by the mean number of
counts before the rise of fluorescence, was treated as a fit parameter by the
kinetic analysis software. Dynamic background was acquired from a back-
ground sample (e.g., medium) under identical conditions and incorporated
in the analysis. Fluorescence decays were deconvoluted with the IRF and
fitted by a Marquardt nonlinear least-square algorithm. When modeling
anisotropy decays, a g-factor was used as free or fixed fit parameter. Global
analysis was performed for parallel and perpendicular decays.

Measurement of intracellular
concentration of ethidium

The concentrations of free and intercalated nuclear ethidium were calcu-
lated from measurements of the fluorescence decays in the nucleus and in
the extracellular medium, in the presence of a given ethidium concentration
in the incubation medium. Two magic angle decays were measured with
the same acquisition time (200 s), the laser being focused in the extracel-
lular medium and then in the nucleus, and fitted with fixed typical lifetimes
for free (7pe. = 1.8 ns) and intercalated (7, = 22 ns) ethidium. The
pre-exponential factors were determined by the best global fit of the model
functions

iext(t) = a()eit/‘rfree (1)

. — —t/Three —t/Tin
lnuc(t) = Ufec€ e + Ain t’ (2)
where a,, is the pre-exponential factor corresponding to free ethidium in the
extracellular medium, and ay,.. and a;,,,, are those corresponding to free and
intercalated ethidium in the nucleus, respectively.

For each fluorescence decay, the relation between concentration, C, and

pre-exponential factor, a, is
a = KeCk, 3)

where ¢ is the absorption coefficient, %, the radiative rate constant, and K
a factor that depends on experimental parameters (sampling volume, laser
power, and acquisition time).

Assuming that: the experimental variations were negligible during an
experiment (K = const), the free ethidium lifetimes are identical in extra-
cellular medium and in the nucleus, and the radiative rate constant is
identical for free and intercalated ethidium species, as had been claimed
earlier (Olmsted and Kearns, 1977), we obtain the ratios

aO/ Afrce = C'O/ Cfree and afree/ Ainy = Sfreecfree/ 8intCinta (4)
where eq../€;, = 1.456 at 498 nm excitation.

Chee and Cj,, were calculated then for each known C,, concentration of
ethidium at the end of the incubation period.

Measurements of fluorescence anisotropy decay

Anisotropy measurements were carried out using the same set-up as that
for lifetime measurements (Schoutteten et al., 1997). The optical design of
the microscope results in four geometric components of the fluorescence
polarization, where i, and i, pertain to the parallel direction and i, and iy,
to the perpendicular direction, with the first index standing for excitation
and the second for emission.
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The decays i,,(7) and i, (f) were chosen as parallel and perpendicularly
polarized fluorescence decays, respectively, and were acquired sequen-
tially. To correct for different transmission efficiency of each geometric
component of the excited and emitted polarized light, as well as for
polarizing (or depolarizing) effects of the microscope optics, a G factor was
experimentally determined by acquiring the four geometric components
with steady-state illumination (iy,, inp, fhys Eyy)-

G= [(ivh X ivv)/(ihv X ihh)]l/2

In addition, a normalization factor, 7, was determined by experiment to correct
for laser fluctuations, acquisition times, and potential photobleaching:

(see Eq. A10). (5)

T= th X lhh(t) dt/lhh X lvh(t) dt (See Eq A4) (6)

J iyn() dt and [ i, (¢) dt are the total intensity of the perpendicular and
parallel polarized fluorescence, respectively, integrated over the acquisi-
tion time and measured from the surface areas under the i, (f) and i, (?)
curves of a 200 ns time window.

The anisotropy function, 7(f), was calculated (without deconvoluting the
instrument response function) from

_ Tig() = Gin(®)
=7 ) +2Gi0)

(see Eq. A13). (7)

To validate this normalization method of the parallel and perpendicular
decays, the rotational behavior of rhodamine 6G in butanol, taken as a
reference, was measured in two independent ways: the classic “tail match-
ing” method (Appendix B), and by measuring the normalization factor 7
and the geometric correction factor G, as described above and in Appendix A.

For small, freely rotating molecules such as rhodamine 6G in low-
viscosity solvents such as butanol, the parallel and perpendicular polarized
decays can be fitted with the model functions,

in(®) = IRF(?) * [ae " X (1 + 2rpe "], (8)

inn(t) = g X IRF(¢) * [ae™"" X (1 — roe )] ©)

(see Eq. B12 and B13),

with IRF(f) being the instrument response function, 7 the fluorescence
lifetime, r, the anisotropy at time zero, and ¢ the rotational time of
rhodamine 6G in butanol. g is a factor to correct for the different trans-
mission efficiency of the two experimental decays, i, (7) and i, (7).

In the first case, the parameters of fluorescence and rotational kinetics
(7, 7y, and ¢) were directly found from the best fit of both Egs. 8 and 9,
leaving g as a fit parameter and assuming that the anisotropy is zero at long
time (tail matching method).

In the second case, i,,(f) and i,,(f) were normalized before the fit in

iar(f) and i, (1), respectively, with the expressions,
fpa(t) = T X iy (1) (10)
and
Iper(t) = G X iy (1), (11)

which were derived from Eq. A13. In this case, the g coefficient was set to
1 and the parameters of the fluorescence and rotational kinetics (7, r,, and
¢) were recovered from the best fit of the functions,

ipar(t) = IRF(?) * [ae™"" X (1 + 2rye )], (12)
ine(f) = IRF(2) * [ae "™ X (1 — rpe”"9)]. (13)

In general, both methods yielded identical results (see Results).
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To avoid photodynamic reaction, especially during measurements in
living cells, neutral density filters were placed in the laser beam to obtain
a laser average energy of a few nano-Watts only at the entrance of the
microscope. All cellular measurements were carried out using NA = 1.3 to
have the best collection efficiency of fluorescence light.

Simulation of anisotropy decays of
ethidium fluorescence

Simulations of anisotropy relaxation were based on various models, such as
decay-associated rotation times (Beechem et al., 1991) with two emitting
species of the same concentration, one with a short lifetime (1.8 ns) and a
short anisotropy relaxation time (250 ps), the other with a long lifetime (22
ns) and a long anisotropy relaxation time (250 ns). These lifetime values
are modeling free and intercalated ethidium. The simulations used a spe-
cific kinetics model, such as the above, an experimental IRF, and added
Poisson noise, to obtain idealized experimental decays for horizontal and
vertical polarizations. Reanalysis of the simulated decays yielded the
original kinetic parameters of the model, thus confirming the integrity of
the fitting procedure. Phenomenological decay parameters obtained by the
above method, however, do not necessarily describe the relevant biological
situation.

Schurr and coworkers addressed this situation by modeling DNA as a
series of rigid rods, connected by torsion springs at their joints, each rod
corresponding to one basepair, thus developing a theoretical expression for
fluorescence anisotropy decay of ethidium intercalated in DNA (Allison
and Schurr, 1979). This early model neglects rapid restricted dye wobbling,
DNA bending motions, and global motions of the whole DNA. Simulations
of the experimental fluorescence anisotropy decay of ethidium, intercalated
in A-phage DNA solution and in the nucleus of living cells, were carried
out by using a simplified expression corresponding to the “intermediate
zone formula” of the model (Thomas et al., 1980). An advanced model
takes into account protein—DNA interactions, consisting of a finite filament
rigidly clamped at both ends (Schurr, 1984; Schurr and Schurr, 1985).
These models yield the following expression for the fluorescence anisot-
ropy decay of ethidium, rigidly bound to either naked or chromatinized
DNA:

r(t) = ro[(3/2 cos’ey — 1/2)? (14)

+ 3 cos’g,sin’e,C, (1) + 3/4 sin*e,C,(1)],

where g, = 70.5°, the angle between the transition dipole and the helix axis
(Schurr and Schurr, 1985), C,(¢) and C,() are the correlation functions
C,(?), for n = 1 and n = 2, which model torsional motions of DNA:

C(t) = exp[ — ks T(t/mary)?] (15)

for long linear DNA corresponding to infinite rigid rods, and

N N
Co(t) = 1IN 2} exp{—n* 2 diOn[1 — exp(—t/m)];  (16)
m=1 1=1

for finite DNA rigidly clamped at both ends, with
O = [2/(N + 1)]"*sin[mlm/(N + 1)], (17)

di = (ksTly)m, (18)

7 = yA4a sin’[[7/2(N + 1)]}, (19)

where ky is the Boltzmann’s constant and 7 the absolute temperature. The
anisotropy behavior is characterized by three parameters, «, vy, and N. The
twisting correlation functions are dependent on «, the torsional spring
constant describing the properties of the torsional spring between the rigid
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rods, v, the frictional factor of the rigid rods proportional to viscosity of the
medium, and N the number of rigid rods between points of attachment (for
the second model). Computations of these expressions were made for the
time span of 0 to 70 ns, with r, = 0.25, representative of typical experi-
mental conditions (Igor software).

RESULTS

Fluorescence anisotropy
decays under the microscope

Fluorescence anisotropy measurements, under the micro-
scope, of chromophores bound to deformable polymers as
DNA, exhibit two types of difficulties: light depolarization
or polarization due to the objective and dichroic mirror, and
normalization of the parallel and perpendicular intensities.
For small molecules in solution, for which the rotational
time is short compared to the fluorescence lifetime, this
normalization can be carried out by assuming that mole-
cules completely relax, thus that the anisotropy is zero at
long times (tail matching method). This normalization can-
not be applied to molecules for which the rotational time (or
twisting deformations in the case of DNA) is longer than the
fluorescence decay time.

Before performing studies on DNA in living cells, these
two aspects were first investigated using rhodamine 6G in
butanol as standard. Measurements of parallel and perpen-
dicular polarized rhodamine 6G fluorescence decays were
performed for two numerical apertures (NA) of the objec-
tive. The anisotropy decays were obtained first by the clas-
sic way of normalization (tail matching) (Fig. 1). The initial
decay zones of the fluorescence anisotropy obtained with
two NA were different, because of the different value of
anisotropy at time zero (r,) as shown in Table 1.

A theoretical approach by Axelrod (1979, 1989) de-
scribes the decrease of r, with increasing the NA of the
objective. Our experimental results are in good agreement
with the Axelrod’s formulae (Fig. 2). Depolarization by the
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FIGURE 1 Anisotropy decays of rhodamine 6G fluorescence in butanol
under the confocal microscope. Fluorescence decays used for the calcula-
tion of the anisotropy function were normalized by tail matching. Mea-
surements were made at 1.3 (solid) and 1 (dotted) numerical aperture of a
100X objective. The fit parameters are presented in Table 1.
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TABLE 1 Comparison of rotational parameters of rhodamine
6G obtained by different normalization methods of polarized
decays and different NA of the objective

a* T (ns)* ro* ¢ (ps)*
Tail matching normalization
NA =13 15404 34%0 0.296 = 0.024 830 = 120
NA =1 13704 34=*0 0.320 = 0.022 820 =90
Experimental normalization
NA =13 151*04 34x01 0.292=*0.036 770 = 100
NA =1 12504 34=*=0.1 0320%*0.021 800 = 70

Results of the fitted anisotropy decays of rhodamine 6G in butanol, using
the two different normalization methods, Tail matching and experimental
normalization with G and T factor (see Material and Methods and Appen-
dix A). Measurements were made at two different numerical apertures of
the 100X magnification objective, 1 and 1.3.

*a, pre-exponential factor; 7, fluorescence lifetime; 7, anisotropy value at
time zero; ¢, rotational time.

optical set-up of the microscope, however, did not change
the recovered kinetic parameters for fluorescence decays
and fluorescence anisotropy decays. Lifetime and rotational
time of rhodamine 6G in butanol, 3.4 ns and 820 ps,
respectively, were very similar when measured at two dif-
ferent NA values (Table 1). The dynamics values are con-
sistent with the apparent volume of the molecule and vis-
cosity of the medium in terms of the Perin’s equation and
agree with literature (Philips et al., 1985).

Because tail matching normalization is impossible for
fluorescence anisotropy decay of ethidium intercalated in
DNA, a new experimental normalization for time-resolved
anisotropy measurement in confocal microscopy was devel-
oped (see Materials and Methods and Appendix A). To
validate our method, a comparison of this new experimental
normalization with standard normalization was performed
on rhodamine 6G solutions at two different NA (1 and 1.3).
Results for the two normalizations, using the same fluores-
cent decays, are given in Table 1. The small differences of
fit parameters between the two normalization procedures

0.40-
0.35
o 0.30 ' }
0.254

0.204

1 T 1 1
0.6 0.8 1.0 1.2 1.4

Numerical aperture

FIGURE 2 Dependence of anisotropy at time zero (r,) on the numerical
aperture of the objective. Experimental data (symbol) are shown for Rho-
damine 6G in butanol, using a 100X objective. The theoretical curve
(solid) takes into account differences due to the aperture of the objective in
the optical path and the geometric orientation of the polarized light (Ax-
elrod, 1979).
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were not significant and were well within the error domain,
obtained by rigorous error analysis.

Evidence of ethidium intercalation in the
nucleus of living cells

The ethidium fluorescence image of a living proliferative
cell, acquired at low level of excitation light, is displayed in
Fig. 3 4. An extremely low level of excitation intensity is
required for photodynamic reaction to be avoided and for
the living state to be preserved (Delic et al., 1991). Under
these conditions, ethidium enters living cells, intercalates in
mitochondrial DNA (Coppey-Moisan et al., 1996) and in
double-stranded regions of ribosomal RNA in nucleoli
(Delic et al., 1992), but no steady-state fluorescence inten-
sity could be detected so far in the nucleus (nucleolus
excepted) (Fig. 3 4). The presence of free and intercalated
ethidium in the nucleus, however, was established by time-
correlated photon counting. This relies on the fact that
fluorescence photons only are time-correlated but not the
noise, which allows extraction of extremely weak fluores-
cence signal from the background. Fluorescence decay mea-
surements were carried out in confocal mode on subnuclear
regions. The nucleoli were avoided because they were
clearly visible in the transmitted cell image. Measurements
were done successively in the extracellular medium and in
the nucleus (Fig. 3 B), on the same cell culture and in the
presence of the same extracellular concentration of ethidium
(1 pwg/ml) than that in Fig. 3 4. In the extracellular medium,
a short decay time of 1.8 ns, indicative of free ethidium, was
obtained. In the nucleus, a bi-exponential decay was ob-
served with lifetimes of 1.8 ns (free ethidium) and 22 ns,
where the long lifetime is characteristic of ethidium inter-
calated in DNA/RNA, and caused by reduced accessibility
of ethidium molecules to proton acceptors (Olmsted and
Kearns, 1977).

The absolute concentrations of ethidium in the nucleus,
free and intercalated, were calculated as described in Ma-
terials and Methods. The obtained values are reported in
Table 2 for three separate experiments carried out at three
ethidium concentrations applied to the extracellular me-
dium. The decays of ethidium fluorescence were fitted by
fixing the two lifetimes of 1.8 ns and 22 ns, representative
of free and intercalated ethidium, respectively. By using this
method, nuclear autofluorescence and fluorescence from
ethidium species with an intermediate lifetime (~10 ns)
were neglected. Cells without ethidium labeling revealed
two dominant lifetimes of 400 ps (80%) and 3.5 ns (20%),
corresponding to nuclear autofluorescence and being quite
different from ethidium lifetimes. In addition, the contribu-
tion of autofluorescence never exceeded 15% of the
ethidium fluorescence, even at the lowest ethidium concen-
tration used (data not shown). At longer acquisition times
and higher ethidium concentrations, the decay of ethidium
could better be fitted by three exponentials, with an addi-
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FIGURE 3 Evidence for intercalated ethidium in the chromatin of living S2 cells, in the absence of any steady-state ethidium fluorescence in standard
fluorescence imaging microscopy. (4) Steady-state ethidium fluorescence image of a living S2 cell, acquired with an intensified camera. Bar, 5 um. (B)
Time-resolved fluorescence in confocal microscopy from a small volume (1 um?) of the chromatin area (upper) and from the same volume of extracellular
medium (lower). S2 cells were incubated for 30 min in the presence of 1 ug/ml ethidium bromide at 37°C.

tional intermediate lifetime of about 10 ns, as had been  photon counting is an exquisitely sensitive, minimally in-
observed before with hairpin structures of DNA (Hernandez ~ vasive method, well suited for living cell studies.
et al.,, 1994) and with tRNA in solution (Hazlett et al.,
1989). The contribution of this component, however, never
exceeded 10% in living cells (Table 3). The neglect of this
intermediate component and of autofluorescence might ex-
plain the small differences between free ethidium concen-
trations in the extracellular medium and in the nucleus Figure 4 compares the decays of ethidium fluorescence in
(Table 2). In spite of the above simplification, however, it is the nucleus of living proliferating cells at different extra-
quite clear that the cytoplasmic membrane does not impede cellular ethidium concentrations (0.4, 1, and 10 pg/ml) and
ethidium diffusion inside living cells. in a solution of A-phage DNA. At least two exponentials are
The ratio dye molecule/basepair (Dye/bp) was calculated ~ present in the decay curves, obtained from experiments
by assuming the nucleus to be a sphere of 10-wm radius and ~ carried out on subnuclear regions in the living cell. In
containing an average of 2 X 10'° bp for this type of cell. contrast, the kinetics of ethidium fluorescence of the
Double-stranded regions of nuclear RNA (excluding nucle- A-phage DNA sample was mono-exponential. The kinetic
olar RNA) were neglected. Some cells are in the G2 phase fit parameters are presented in Table 3, revealing that the
of the cycle, because the cells studied here are in the majority of ethidium molecules (about 60%) present in the
proliferating state. Being unable to discriminate between G1 nucleus of living cells, is in the free, nonintercalated state.
and G2 cells, the ratio Dye/bp, as presented in Table 2, Although the ratio of dye/basepair is much higher in the
might be lower by a factor two. Thus, for the lowest A-phage DNA sample (Dye/bp ~1/15) than in the nucleus
ethidium concentration applied, as few as one intercalated  (1/10* < Dye/bp < 1/10°) (see Table 2), no free ethidium
ethidium molecule per 10,000 basepairs of nucleic acids could be seen (<10%, detection limit) in the solution of
could be detected in the nucleus (nucleolus excluded) of  naked DNA, with virtually all ethidium molecules being
living cells. This nicely shows that time-correlated single- intercalated with a lifetime of 21.3 ns (Table 3). Thus, the

Inhibition of ethidium intercalation in
nuclear DNA

TABLE 2 Quantification of free and intercalated ethidium in the nucleus of a living cell at different extracellular concentrations

Co Crice Cint Dye/bp
(pg/ml) ao Aree Qi (pg/ml) (pg/ml) Ratio
0.07 0.043 = 0.004 0.105 = 0.010 0.023 = 0.002 0.17 = 0.04 0.06 = 0.02 0.0001
0.30 0.168 = 0.009 0211 £0.014 0.080 = 0.003 0.38 = 0.05 0.21 £ 0.06 0.0003
0.67 0.383 = 0.018 0.274 = 0.014 0.138 = 0.004 0.48 + 0.05 0.35 +0.07 0.0005

Decay measurements were carried at the same acquisition time (200 s) and fitted by two components of fixed lifetimes (1.8 and 22 ns).

a,, and ag,.. are the pre-exponential factors of the obtained fit, corresponding to free ethidium in extracellular medium and in the nucleus, respectively. a;,,
is the pre-exponential factor corresponding to intercalated ethidium in the nucleus. C, and Cg, are the concentrations of free ethidium in the extracellular
medium and in the nucleus, respectively. C,,, is the concentration of intercalated ethidium in the nucleus. The ratio of dye/base pair in the nucleus was
estimated by considering the nucleus as a sphere of 10-um radius, containing an average of 2 X 10'* bp.

The error domains for a; were obtained by rigorous error analysis. The error domains for C; were obtained by calculating the extreme values of
concentrations by using the extreme values of the error domain of g;. For calculation of concentration, see Materials and Methods.
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TABLE 3 Fit of fluorescence decays for ethidium in a
solution of A-phage DNA and for ethidium in the nucleus of
living S2 cells

a, Ti a, T as T3 X2
A DNA 1 21.3 1.009
Nuclear DNA
0.4 pg/ml 040 22.1 0.60  2.08 1.187
1 pg/ml 0.36  21.0 0.64 1.95 1.481

10 pg/ml 020 265 0.07 108 073 1.85 1.218

After deconvolution with the instrument response function, fits of the
fluorescence decays of Fig. 4 were obtained with one, two, or three
components.

a,, a,, and a; are the pre-exponential factors of each components (sum of
a, = 1) with fluorescence lifetime of 7, 7,, and ;. Values of x* indicate
the quality of the fit.

high ratio of free/intercalated ethidium in the nucleus, ob-
served over a wide range of ethidium concentrations
(0.1-10 pg/ml), clearly reveals a strong inhibition of inter-
calation in nuclear DNA of these living cells. This result
holds true for all types of proliferating mammalian cells so far
examined (Hela cells, exponentially growing fibroblast cells).

It could be assumed that the high level of compaction of
DNA inside the nucleus, compared to that of DNA in
solution, might be the main process involved in the inhibi-
tion of intercalation. This possibility could be ruled out,
however, because intercalation could be induced, at least in
some nuclear regions (evidenced by a high steady-state
fluorescence of ethidium in nuclear DNA), by digitonin
treatment (Fig. 5 D), at constant nuclear volume. The vol-
ume of the nucleus, imaged by Hoechst 33342 fluorescence,
and thus the global compaction of DNA within the nucleus,
was unchanged before (Fig. 5 4) and after (Fig. 5 C)
digitonin treatment. The increase of ethidium intercalation
after digitonin treatment (Fig. 5 D) cannot be ascribed to
higher membrane permeability for ethidium, because
ethidium easily enters into living cells without the presence
of digitonin (Tables 2 and 3). Furthermore, the pattern of
ethidium fluorescence (Fig. 5 D) coincides with regions of
highly condensed chromatin, close to the nuclear membrane
and around nucleoli, visualized with Hoechst 33342 label-
ing (Fig. 5 C). Thus, the strong inhibition of ethidium
intercalation, observed in the unperturbed state of the living
cell, was not due only to a high level of compaction of
DNA. The effect of digitonin on the nucleus is not known.
The observed perturbation of chromatin could either be due
to a direct effect of digitonin on chromatin, particularly in
those regions being in contact with the nuclear membrane,
or could represent an indirect effect arising from modifica-
tion of the nuclear ionic composition. The loss of miton-
chondrial ethidium fluorescence after digitonin treatment
(Fig. 5 D) is in agreement with our previous observations
that a decrease of mitochondrial electrochemical gradient
triggers the extinction (or the decrease) of fluorescence of
ethidium, preintercalated in mitochondrial DNA (Coppey-
Moisan et al., 1996; Durieux et al., 1999). In the present
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FIGURE 4 Normalized fluorescence decays of ethidium from A-phage
DNA solution and from the nucleus of a living cell. From fop to bottom:
A-phage DNA/ethidium, S2/0.4 wg/ml ethidium, S2/1 ug/ml ethidium, and
S2/10 pg/ml of ethidium. Cells were incubated with ethidium for 30 min
in Dulbecco’s modified minimal essential medium at 37°C. The measure-
ments were carried out in buffered Hank’s balanced salt solution, in the
presence of ethidium bromide with the same concentrations than those used
for incubation.

experiment, digitonin is assumed to permeabilize the mito-
chondrial inner membrane, resulting in a collapse of the
electrochemical gradient.

Anisotropy decay of ethidium fluorescence in the
nucleus of living cells

The anisotropy decays, 7(f), of ethidium fluorescence, aris-
ing from a nuclear volume of a living cell, are shown in Fig.

FIGURE 5 Relaxation of inhibition of ethidium intercalation in nuclear
DNA of a living cell by digitonin treatment. Steady-state fluorescence
image of an S2 cell (4, B) alive, and (C, D) after permeabilization by
digitonin. (4 and C) Hoechst 33342 fluorescence, A, = 365 nm, OD =
2, and 480 nm < A, < 520 nm. (B and D) Ethidium fluorescence, A.,. =

exc

540 nm, OD = 2, and A.,,, > 590 nm. Bar 10 pum.

em
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6 for three applied ethidium concentrations (0.4, 4, and 10
pg/ml). The anisotropy decay was calculated and plotted
after corrections for normalization of 7 ,(¢) and i,;,(f) (Ma-
terials and Methods and Appendix A). The acquisition time
was 45—-60 min, during which the fluorescence intensity
remained stable. In some cases, the fluorescence intensity
increased, because the cell became apoptotic (data not
shown) and the experimental data were discarded. The
anisotropy decay curves are noisy at long relaxation time
(70 ns), despite the length of the acquisition time, due to the
very low level of fluorescence inside living cells. Two
features could be revealed, however, from these data: 1) the
relaxation of ethidium fluorescence anisotropy was very
slow, and 2) the curves exhibit a dip-and-rise of anisotropy.
Such dip-and-rise was previously reported on DNA or
tRNA-ethidium sample in solution (Hazlett et al., 1989;
Guest et al., 1991; Brochon, 1994) and constitutes the
weighted mean anisotropy of two independent species,
characterized by two different fluorescence lifetimes and
two relaxation times,

d\(O)r (1) + dy(t)r(1)
d (1) + do(d) @D

r(f) =

where d(?) is the fluorescence decay and () the anisotropy
decay of the ith species (Knutson et al., 1986). The dip-and-
rise of the anisotropy relaxation could be simulated by our
model of decay-associated anisotropy, resting on the coex-
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FIGURE 6 Anisotropy decays of nuclear ethidium fluorescence in a
living cell. Different concentrations of ethidium bromide during incubation
were used: (4) 1 pg/ml, (B) 4 pg/ml, (C) 10 pg/ml. Experiments were
carried out in the presence of ethidium in the buffer. The fluorescence
decays used for the calculation of the anisotropy function were normalized
by the experimental method, using G and T factors.
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istence of two distinct ethidium species (50% each), one
with short lifetime (1.8 ns) and short anisotropy relaxation
time (250 ps), the other with long lifetime (22 ns) and long
anisotropy relaxation time (250 ns), corresponding to free
and intercalated ethidium, respectively. The simulation
agreed with our experimental curves in Fig. 7. Thus, the
dip-and-rise of ethidium fluorescence anisotropy indicates
the presence of free ethidium in large proportion, whatever
the total concentration, and further confirms that ethidium
intercalation is prevented in nuclear DNA of living prolif-
erating cells.

Restrained torsional dynamics of nuclear DNA in
living cells

The ethidium fluorescence anisotropy decays in Fig. 6 had
been obtained with ethidium present in the extracellular
medium. To eliminate the contribution of free ethidium and
to measure the pure fluorescence anisotropy decay of inter-
calated ethidium, the cells were rinsed. Lifetime measure-
ments after rinsing confirmed that free ethidium was absent
in the nucleus and that the amount of intercalated ethidium
decreased only very slowly during the experiment: less than
5% of intercalated molecules were dissociated at the end
(data not shown). Figure 8 A4 shows the anisotropy decay of
nuclear ethidium fluorescence after rinsing: the dip-and-rise
behavior was absent and a very slow fluorescence anisot-
ropy relaxation remained. At higher ethidium concentration
of 10 pg/ml, intercalated molecules had a similar fluores-
cence anisotropy (not shown).

As explained in the Discussion, RNA contribution was
considered to be negligible. To estimate the degree of tor-
sional restriction of nuclear DNA, we compared the anisot-
ropy with that of a model system of naked DNA. The
fluorescence anisotropy decay of ethidium, intercalated in
A-phage DNA (Fig. 8 C). was characterized by the known
fluorescence relaxation of ethidium intercalated in naked
DNA. The shape of this anisotropy decay curve is similar to

Anisotropy

60 70ns

0 10 20 30 40 50
Time (ns)

FIGURE 7 Simulation of dip-and-rise of anisotropy decay. Simulation is
based on a model using two distinct species at the same concentration, one
with short lifetime (1.8 ns) and short anisotropy relaxation time (250 ps),
the other with long lifetime (22 ns) and long anisotropy relaxation time
(250 ns).
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FIGURE 8 Anisotropy decays and simulations of intercalated ethidium fluorescence in the nucleus of a living S2 cell and in A-phage DNA. (4) Nucleus
in a living S2 cell, incubated in the presence of 4 pug/ml ethidium followed by rinsing. (B) Anisotropy relaxation simulation, using the model developed
by Schurr (Schurr, 1984; Schurr and Schurr, 1985) with two sets of parameters: (dotted) N = 20, « = 6.5 X 1072 dyne * cm, and y = 6 X 10> dyne
cm - s; (solid) N = 100, & = 6.5 X 1072 dyne - cm, and y = 6 X 10722 dyne - cm - s. (C) Solution of A-phage DNA at 50 ug/ml in the presence of 4
rg/ml of ethidium bromide. (D) Simulation of anisotropy relaxation, using the model developed by Schurr and co-workers (Thomas et al., 1980) with « =

8 X 1072 dyne - cm and y = 1.4 X 1072 dyne  cm - s.

that obtained from simulation of torsional dynamics of
naked DNA (Fig. 8 D), according to the model developed
by Schurr (Thomas et al., 1980). For this simulation (Fig. 8
D), « (torsional coefficient) was 6.5 X 10~ '? dyne-cm and
v (frictional coefficient) was 6 X 10~ dyne-cm-s. These
values of torsional dynamics parameters correspond to those
given in the literature for naked DNA (Thomas et al., 1980;
Heath et al., 1996).

In contrast, the fluorescence anisotropy of ethidium, in-
tercalated in the nucleus of living cell relaxed more slowly
(Fig. 8 A). Simulations of anisotropy decay were carried out
using a model modified by Schurr and co-workers, where
ethidium is intercalated in finite domains of basepairs
rigidly clamped at both ends (Schurr, 1984; Schurr and
Schurr, 1985) (see Materials and Methods). The bending
motions were neglected. Three parameters, «, y, and N, are
now involved in this model, with N being the number of
sequential basepairs involved in the torsional movements.
The simulations evidenced that the torsional dynamics of
the intercalating sites are restrained, either because N is low,
or because v is high (Fig. 8 B), corresponding either to short
tracts of naked DNA that are clamped at both ends or to
increased viscosity of the surrounding medium caused by
protein interaction all along the domain. Further kinetic
studies will be able to discriminate between these two
hypotheses, which are of different biological significance.

At present, we do not have the proof that, in the nucleus
of living cells, ethidium is exclusively intercalated in DNA
and not also in RNA. If there was RNA contribution to the
fluorescence, however, the inhibition of ethidium intercala-
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tion in nuclear DNA would be even stronger and, conse-
quently, the DNA torsional dynamics further restrained (see
below).

DISCUSSION

Time-correlated single-photon counting, adapted to confo-
cal microscopy, allowed detection of molecules of ethidium,
free (lifetime 1.8 ns) and intercalated (lifetime 22 ns), in the
nuclear area of living cells that were incubated with this
intercalating probe. Comparable concentrations of free
ethidium were present in the nucleus and in the extracellular
medium, demonstrating that the ethidium cation can diffuse
within cytoplasm and nuclear area. Thus, the old hypothesis
is no longer valid, according to which the absence, in living
cells, of detectable steady-state ethidium fluorescence in the
nucleus is due to impermeability of the cytoplasmic mem-
brane. The ethidium cation gives rise to a strong fluores-
cence in mitochondria. Simultaneously, it is present as free
molecules in the nucleus, thus ruling out the possibility that
trapping in mitochondria would prevent interaction with
nuclear DNA. The lack of ethidium fluorescence in the
nucleus of living cells, as seen from steady-state measure-
ments, is consequently due to reduced propensity of
ethidium intercalation into chromatin DNA. This feature is
characteristic of the living state in proliferating mammalian
cells.

By taking advantage of the extreme sensitivity of time-
correlated single-photon counting, as few as 100 molecules
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of intercalated ethidium could be detected in a subnuclear
volume of ~1 um?®. Moreover, fluorescence anisotropy
decays from these few ethidium molecules could be ob-
tained. The combination of fluorescence lifetime and fluo-
rescence anisotropy dynamics reveals that the inhibition of
ethidium intercalation in nuclear DNA is concomitant with
restrained torsional DNA dynamics.

The nucleus of a living cell is a spatially organized
organelle, composed of DNA, RNA, proteins, ions, water,
and other molecules. The present thesis of restrained tor-
sional dynamics of DNA in this organelle strongly rests on
the following observations:

1. The inhibition of ethidium intercalation in nuclear DNA
of living proliferative cells was evidenced by the very
small amount of intercalated ethidium (identified by its
22-ns fluorescence lifetime) in the presence of free nu-
clear ethidium (1.8-ns fluorescence lifetime), even at
higher ethidium concentrations. The above bi-exponen-
tial fluorescence decay is in strong contrast to the single-
exponential fluorescence decay of 22 ns, observed in the
case of naked DNA in solution. An independent confir-
mation for the existence of free ethidium in the nucleus
was obtained from the dip-and-rise of fluorescence an-
isotropy, which was seen only, when free ethidium was
present in the extracellular milieu and hence in the nu-
cleus: the short component of the anisotropy decay in the
presence of ethidium is that of freely rotating ethidium.

2. If the intercalation sites were concentrated within short
nuclear DNA segments (see discussion below), energy
homotransfer could not be ruled out, even at low
ethidium concentrations. As discussed by others (Wu et
al., 1991), homotransfer contributions would produce
similar anisotropy decays at low ethidium/basepair ratios
(up to 0.20 for naked DNA). At higher ratios, very rapid
depolarization should occur, on a time scale too short to
be resolved, under significant reduction of the initial
anisotropy, r,. Homotransfer could potentially explain,
therefore, the lower r,, found for fluorescence anisotropy
of nuclear intercalated ethidium, compared with that of
rhodamine 6G. Homotransfer, if present, would lead to an
underestimation, however, of the torsional rigidity of DNA
in the living cell, thus even enhancing our conclusions.

3. For each ethidium molecule intercalated, the DNA helix
unwinds by 26° (Wang, 1974; Pulleyblank and Morgan,
1975). The mechanism of intercalation is controlled by
Brownian structural fluctuations of DNA and not by a
diffusive process (Sobell et al., 1976; MacGregor et al.,
1987; Meyer-Almes and Porschke, 1993). The effective
binding constant of ethidium intercalation and internal
dynamics of DNA are correlated (Hird and Kearns,
1990; Clendenning et al., 1994; Heath et al., 1996). A
decreased ethidium-binding constant occurs in parallel
with restrained torsional motion in small circular plas-
mid (Heath et al., 1996), in DNA-transcriptional factor

2623

complexes (Hard and Kearns, 1990), and in nucleosome
core particles (Winzeler and Small, 1991). In the un-
likely event that all of the intercalated ethidium mole-
cules were bound to RNA and not to DNA, the internal
dynamics of nuclear DNA would have to be even more
restrained, due to the absolute impossibility of ethidium
intercalation in DNA. Thus, both the strong inhibition of
intercalation and the extremely slow anisotropy relax-
ation for intercalated ethidium contribute to demonstrate
that the torsional dynamics of nuclear DNA is globally
restrained in the living state.

Intercalated ethidium could provoke the dissociation of
proteins from nuclear DNA and the present experiments
would not feature the unperturbed chromatin state in the
living cell. Indeed, increasing ethidium concentrations were
shown to release proteins from chromatin (Schréter et al.,
1985) and to cooperatively release histones from DNA on
isolated nucleosomes (McMurray and van Holde, 1991;
Winzeler and Small, 1991). This behavior is in contrast to
our low-concentration ethidium system: the ratio of free/
intercalated ethidium in the nucleus did not vary signifi-
cantly with increasing applied concentration of the cation,
and the fluorescence anisotropy relaxations were superim-
posable for the different ethidium concentrations applied.
These two facts strongly suggest that, under our minimal-
invasive experimental conditions, DNA—protein interac-
tions are not perturbed. Moreover, the internal dynamics of
linear DNA is unaffected by ethidium, even at high degree
of intercalation (Wu et al., 1991; Smith et al., 1992; Clen-
denning et al., 1994). Hence, the fluorescence anisotropy
decay of intercalated ethidium, acquired under our condi-
tions, is likely to probe the native state of chromatin.

We can deduce that the regions of nuclear DNA, where
ethidium intercalates, represent segments of highly con-
strained torsional motion. The constrained state can origi-
nate from miscellaneous mechanisms, not mutually exclu-
sive: i.e., secondary structural alterations by bending strain
(Clendenning et al., 1994; Heath et al., 1996); specific
protein interaction, wrapping around histone octamer in
nucleosomal compaction (Winzeler and Small, 1991); and
introduction of bent regions (Hiard and Kearns, 1990).

A careful study of torsional motion of DNA in nucleo-
some core particles, using fluorescence anisotropy decays of
intercalated ethidium (Winzeler and Small, 1991), revealed
a highly constrained torsional motion of DNA, at low
ethidium/basepair ratio, close to that in living cells of the
present work (~0.0001 dye/basepair). In living proliferating
cells, however, chromatin DNA exhibits different charac-
teristics compared to DNA in a suspension of nucleosome
core particles: at higher free ethidium concentrations, de-
tected in the nucleus of living proliferating cells, the tor-
sional dynamics of nuclear DNA remains highly con-
strained, whereas, in DNA of nucleosome core particle, the
constraint is cooperatively released due to nucleosome dis-
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sociation. Thus, the protein-DNA interactions inside nu-
cleosomes in this type of living cells appear to be tighter
than in isolated nucleosomes.

Packaging DNA templates in chromatin inhibits the pro-
gression of RNA and DNA polymerases in vitro (reviewed
in Owen-Hughes and Workman, 1994; Widom 1998). Nev-
ertheless, a living cell efficiently replicates and transcribes
its nuclear DNA in vivo. In recent models, derived from in
vitro analysis on polymerization over polynucleosomated
templates, the existence of naked DNA regions was sup-
posed to occur, transiently, over short segments (as short as
10 bp), due to partial or full dissociation of the histone
octamer from the DNA (Studitsky et al., 1997). Intercalating
molecules have been shown to interact in vitro mostly with
internucleosomal linker regions of chromatin (Angerer and
Moudrianakis, 1972; Sogo et al., 1984; McMurray and van
Holde, 1991; Yao et al., 1993) or, to some extent, with kinks
of DNA at the octamer surface (Hogan et al., 1987). Thus,
the nuclear DNA intercalation sites of living cells could
correspond to either internucleosomal regions (“linkers”),
or to other DNA regions, being in interaction with specific
proteins (replicating-transcribing complexes or other com-
pounds, such as RNA).

A precise determination of the Schurr-model parameters
(o, v, and N), which would fit the torsional dynamics of
DNA in vivo, is required for a better understanding of the
origin of the constrained state: is it due to tightly closed
clamped ends (small value of N corresponding to linkers) or
to protein interaction involving an extended domain (N >
100 bp and large values of a or v)?

The inhibition of ethidium intercalation in the nucleus
disappears after permeabilization, although the concentra-
tion of free ethidium in the nucleus does not change much.
Permeabilization probably destroys the interactions of pro-
teins or other biomolecules with DNA, as proposed earlier
(Delic et al., 1991, 1992). Studies on DNA—protein interac-
tions, carried out on extracted chromatin or on permeabil-
ized cells, have to be interpreted with caution, therefore, and
do not provide direct evidence for the structural state of
native chromatin inside the living cell. Anisotropy decay
studies provide a very helpful tool to probe the global
internal dynamics of DNA, directly in living cells. Such
anisotropy measurements, therefore, are extremely suitable
to follow the dynamics of nuclear DNA in different con-
texts, such as proliferation or differentiation.

APPENDIX A: NORMALIZATION OF PARALLEL
AND PERPENDICULAR FLUORESCENCE
DECAYS FOR ANISOTROPY MEASUREMENTS IN
EPIFLUORESCENCE MICROSCOPY

The optical design of the microscope results in four geometric components
of the fluorescence polarization, where i, and i, pertain to the parallel
direction and i,, and iy, to the perpendicular direction, relative to the
direction of laser excitation. Parallel (i,,(#)) and perpendicular (i, (7))

Biophysical Journal 78(5) 2614-2627

Tramier et al.

decays were acquired sequentially on the same sample spot. Although we
discarded samples for which strong bleaching occurred during the acqui-
sition of one of both decays, we cannot avoid weak bleaching and laser
fluctuations. To correct for bleaching and fluctuations, the steady-state
intensities for parallel and perpendicular orientation, i, and i, were
acquired immediately before starting the two decay acquisitions. The ratio
of these steady-state intensities was used for normalization of the experi-
mental decay curves i, (f) and iy, (7), to obtain b (¢) and ipy,(£) by comparing
the steady-state ratio with the ratio obtained from the integrated decay
curves, [i,(1) dt and [ i, (¢) dt, acquired within a 200-ns time window,

in(?) = | iy / j ign() dt | X i (2) (AD)
and
ing(1) = ihh/f inn(2) dt | X i (2) (A2)
We define the correction factor, 7, as
(/i (0) = T X i ()i (1), (A3)

where

T=i4zX f inn(£) d(#)/iy, X [ in(2) d(2). (A4)

A second correction was performed to take into account the different
transmission efficiency of each geometric component of the excited and
emitted polarized light, as well as depolarizing (or polarizing) effects
linked to the microscope optics (objectives lenses, dichroic mirror). The
actual parallel and perpendicular fluorescence intensities, i, and i, are
related to the experimental steady-state intensities by the following rela-
tions:

iy = Sy X S X iy

Iy =8, X 8, X iy (AS)

. , . . , .
Ihy = S X 87 X e I = Sh X Sk X e

S, and S, are the transmission efficiencies, respectively, for vertical and
horizontal polarization of the excitation light, and S, and S| are the
transmission efficiencies, respectively, for the vertical and horizontal po-
larization of the emission. From expressions A5, it can be calculated that

iinn = [Sy/Su] X [ipar/iper] (A6)
and
(i X i)/ iy X i) = (Sy/Sh)>. (A7)
Combining Egs. A6 and A7 gives
iinn = [ X i) (g X i) "> X il iner. (AB)

For i () and ih,(¢), the previously normalized time-dependent intensities,
Eq. A8, become

in(O/in(1) = G X (1) iper(0), (A9)
where
G = [(ivh X ivv)/(ihv X ihh)]]/z' (Alo)
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Combining Eq. A3 and A9 gives

ipar(t)/iper(t) = (T/G) X (lvh(t)/lhh(t)) (Al 1)
The anisotropy function r(¢) is defined by
H(0) = [ipa?) = iper ) Wipae®) + 2ipe(1)]. (A12)

By combining Eq. A11 and A12, the value 7(f) is directly obtained from the
experimental decays, i,,(f) and #,;,(f), and from the 7 and G factors
measured at each anisotropy experiment:

(1) = [Tiw(?) — GigO V[ Tiw(?) + 2Gi(0].  (A13)

APPENDIX B: FLUORESCENCE ANISOTROPY
DECAY FOR FAST ROTATING CHROMOPHORES

For small molecules in solution, having a rotational time short with regard
to the fluorescence lifetime, we can assume that, at long times after the
laser pulse, all molecules are relaxed. The parallel and perpendicular
polarized decays can then be normalized by the standard tail matching
method. Only the determination of a correction factor, g, is required to take
into account the different transmission light efficiencies of the two direc-
tions of polarization.
The anisotropy function r(7) is defined by

r(t) = D(2)/S(¢), (B1)

where

D(t) = ipar(t) - iper(t)

is the difference between the parallel and the perpendicular decay, and

(B2)

S(1) = lpar(t) + 2ipe,(0) (B3)
is the decay of total intensity. By combining Eq. B1, B2, and B3,
3ip(t) = S(1) X [1 + 2r(1)] (B4)
and
3ipe(t) = S(t) X [1 — r(1)]. (B3)

For rhodamine 6G in butanol, S(7) can be fitted with the theoretical model
function,

S(H)=al3 X e, (B6)
with 7 being the fluorescence lifetime and a being a constant. r(¢) can be
fitted by the theoretical model function,

r() = ree ", (B7)
with r, being the anisotropy at time zero and ¢ the rotational time. It
follows that

Ipu(t) = ae™"" X (1 + 2re™"%) (BY)

and

i) = ae™ "™ X (1 — rpe %), (B9)
Two experimental fluorescence decays are acquired, i,,(f) and #,,(f), cor-
responding to the parallel and perpendicular polarized decay, respectively, for
the microscope set-up used. These experimental decays are distorted by the

measurement apparatus, and are related to the real time behavior, i,,,(7) and
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iper(?), by the convolution product of the instrument response function IRF(#),
ivh(t) = IRF(t)*ipar(t) (BIO)
and

ihh(t) =8 X IRF(t)*iper(t); (Bl 1)
where g is the transmission correction factor. The two experimental decays
were fitted using the expressions

in(0) = IRF()*[ae " X (1 + 2re ¥)]  (B12)

and

in(t) = g X IRF(t)*[ae" X (1 — ree"9)]. (B13)
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