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ABSTRACT Fluorescein-labeled oligodeoxynucleotides
(oligos) were introduced into cultured rat myoblasts, and their
molecular movements inside the nucleus were studied by
f luorescence correlation spectroscopy (FCS) and fluorescence
recovery after photobleaching (FRAP). FCS revealed that a
large fraction of both intranuclear oligo(dT) (43%) and oli-
go(dA) (77%) moves rapidly with a diffusion coefficient of 4 3
1027 cm2ys. Interestingly, this rate of intranuclear oligo
movement is similar to their diffusion rates measured in
aqueous solution. In addition, we detected a large fraction
(45%) of the intranuclear oligo(dT), but not oligo(dA), dif-
fusing at slower rates (<1 3 1027 cm2ys). The amount of this
slower-moving oligo(dT) was greatly reduced if the oligo(dT)
was prehybridized in solution with (unlabeled) oligo(dA) prior
to introduction to cells, presumably because the oligo(dT) was
then unavailable for subsequent hybridization to endogenous
poly(A) RNA. The FCS-measured diffusion rate for much of
the slower oligo(dT) population approximated the diffusion
rate in aqueous solution of oligo(dT) hybridized to a large
polyadenylated RNA (1.0 3 1027 cm2ys). Moreover, this
intranuclear movement rate falls within the range of calcu-
lated diffusion rates for an average-sized heterogeneous nu-
clear ribonucleoprotein particle in aqueous solution. A sub-
fraction of oligo(dT) (15%) moved over 10-fold more slowly,
suggesting it was bound to very large macromolecular com-
plexes. Average diffusion coefficients obtained from FRAP
experiments were in agreement with the FCS data. These
results demonstrate that oligos can move about within the
nucleus at rates comparable to those in aqueous solution and
further suggest that this is true for large ribonucleoprotein
complexes as well.

An understanding of the physical environment inside the cell
nucleus is central to a coherent view of gene expression. It is
important to know how the viscosity and molecular diffusion
rates in the nucleus of a living cell compare with experimental
conditions in vitro, where interactions between nucleic acids
and proteins are studied at high dilution in aqueous solution.
For example, it is not clear whether ribonucleoprotein (RNP)
complexes can diffuse freely about the nucleus, impeded only
by locally high concentrations of macromolecules or, alterna-
tively, are bound or compartmentalized in such a way as to
constrain their motion. Some observations suggest that pre-
mRNA transcripts are tethered to elements of the transcrip-
tional, splicing, andyor polyadenylation machinery (1–3), and
it has been proposed that processed mRNAs make their way
out of the nucleus by molecular diffusion (4, 5). However,
mediated processes have not been ruled out, and the functional
relationships between RNA export and nuclear structure
remain unclear (6).

Recently, Politz et al. (7) characterized nucleic acid uptake
and hybridization in living cells by in situ reverse transcription
and found that fluorescently labeled oligo(dT) can be taken up
by living cells and form hybrids with intranuclear poly(A)
RNA. These hybrids are stable for at least 24 h in the living cell
and cause no obvious cytotoxic effects. The development of
this system suggested the use of fluorescently labeled oligo(dT)
as a probe to measure both the diffusion rate of a small
molecule and, as well, of poly(A) RNA [by virtue of hybridized
oligo(dT)], in the nucleus of living cells by using biophysical
techniques.

Fluorescence recovery after photobleaching (FRAP) has
traditionally been used to measure rates of diffusion in mem-
branes and in cells (8). A small volume of a living cell
containing fluorescently labeled molecules is photobleached,
and the rate at which fluorescent molecules move back into the
bleached volume is monitored. A diffusion coefficient can be
calculated from the rate of fluorescence recovery. However,
technical limitations in FRAP studies have typically precluded
the identification of more than one diffusing component (9),
so that detection of different molecular populations moving at
different rates concurrently, as can be anticipated in many
intracellular situations, is not practical.

Fluorescence correlation spectroscopy (FCS), a type of
concentration correlation analysis, has been widely applied to
study molecular diffusion both in solution and in model
membranes (10, 11). FCS measures fluctuations in fluores-
cence intensity that result from diffusion of fluorescent mol-
ecules in and out of a small open volume and then employs
autocorrelation analysis to determine the correlation between
intensity deviations at some point in time with intensity
deviations at later points in time. The diffusion coefficient is
related to the rate of decay of correlation; the more slowly a
species diffuses, the longer correlation persists. Recently,
refined algorithms that allow the modeling of up to three
components diffusing at different rates have been coupled with
avalanche photodiode detection and confocal optics systems to
increase the sensitivity of FCS and potentiate the study of
molecular movement in living cells (12–14). These more
sensitive systems have been used to monitor hybridization of
nucleic acids in solution (15–17) but not yet in living cells.

In the present investigation, FCS was used to measure the
molecular motion of both oligo(dT) and oligo(dA) inside the
nucleus of living cells. FRAP measurements were also carried
out for comparison. We found that the majority (77%) of
oligo(dA) diffused at similar rates in both the nucleus and in
aqueous solution. However, about 45% of intranuclear oli-
go(dT), but not oligo(dA), moved more slowly, consistent with
its hybridization to intranuclear poly(A) RNA. A substantial
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fraction of this slower-moving population moved at rates
within the range predicted for the diffusion rate of a pre-
mRNA:heterogeneous nuclear RNP particle (hnRNP particle)
in aqueous solution.

MATERIALS AND METHODS

Oligo Synthesis, Purification, and Labeling. Oligo(dT) and
oligo(dA) 43 mers containing a 59-aminohexyl-modified thy-
midine (Glen Research, Sterling, VA) at nucleotide positions
2, 12, 22, 32, and 42 were synthesized by using standard
phosphoramidite chemistry and coupled with fluorescein iso-
thiocyanate as described (18). Oligos were labeled with an
average of 2–4 fluorochromesymolecule (calculated from
A488yA260 by using extinction coefficients for the fluorochrome
and the homopolymers).

Cell Culture and Oligo Uptake. L6 rat myoblasts were
cultured in DMEM with 10% heat-inactivated fetal calf serum
(hereafter referred to as ‘‘serum’’). For fluorescence correla-
tion spectroscopy, about 12,500 cells in 500 ml DMEMy10%
serum were plated per well in small eight-chambered glass-
bottomed dishes (Nunc) and allowed to grow for '24 h at 37°C
in 5% CO2. For FRAP, 25,000 cells were plated onto 12-mm
round glass coverslips and grown overnight as above. All data
reported were obtained with cells actively growing at subcon-
fluence.

For FCS studies, cells were incubated with 2 mM oligo in
medium (with serum). For FRAP measurements, 1.5 ml of
cationic lipid (Pfx no. 4, Invitrogen, San Diego) was premixed
with 0.45 pmol of oligo in 300 ml DMEM and then added to
cells. After a 2-h incubation, cells were rinsed three times with
DMEMy10% serum and incubated at least 1 h at 37°C in 5%
CO2 before analysis. These oligo concentrations and incuba-
tion times were found to give maximal levels of oligo(dT)
hybridization (detected as in ref. 7) with no obvious effects on
cell morphology or growth rate (again see ref. 7). In one
experiment, cells were incubated for 90 min with 20 mM NaN3
(19) in DMEMy10% serum and subjected to FCS (see below)
in Leibovitz L-15 (GIBCOyBRL) medium containing 20 mM
NaN3.

FRAP. FRAP measurements were performed by using a
previously described workstation (8). All FRAP measure-
ments were made at room temperature with a Zeiss 363 oil 1.4
NA plan Apochromat objective. Solution measurements were
performed by using 0.05-mm square capillary tubes (Vitrody-
namics, Rockaway, NJ) containing 20 nM fluorescein-labeled
oligo(dT) or oligo(dA) in Leibovitz L-15 medium. FRAP
measurements on nuclei were performed on cells growing in
Leibovitz L-15 (with serum), on coverslips mounted on slides.
Photobleaching was at '1.3 mW for 10 ms with an exp(22)
beam radius of 1 mm ('40 kWycm2). Monitoring intensity was
'0.13 mW. Measured diffusion coefficients were normalized
by using the published diffusion coefficient for BSA (see ref.
20) to correct for changes in beam radius along the optical axis.

FCS Measurements. FCS measurements were made by
using a Zeiss-Evotec (Jena, Dusseldorf, Germany and Thorn-
wood, NY) ConfoCor spectrofluorimeter (see ref. 14). This
system is similar to a conventional confocal microscope in that
the laser beam is focused to an exp(22) radius of v '0.2 mm
in the x-y plane perpendicular to the optic axis and an exp(22)
radius of d along the optic axis of '0.6 mm. The illumination
source is an Ar laser (488 nm and 514 nm) coupled with a fiber
optic to a Zeiss Axiovert microscope. This microscope has a
electronic x-y-z stage and an electronically adjustable and
positionable aperature at the image plane. The detector is a
fast quenching avalanche photodiode with a dead time of 33 ns.
The system also has a charge-couple device (CCD) camera that
is used for adjustment, calibration, and location of the appro-
priate region of the sample. Data are processed by a 288-

channel logarithmic autocorrelator with adjustable sampling
times from 200 ns to 3438.8 s.

In FCS, one measures fluctuations with time, t, in fluores-
cence intensity, DI(t), about the mean intensity, ^I&, which
result from diffusion of fluorescent molecules in and out of a
confocal volume element, as well as from other phenomena
that can alter fluorescence (21, 22). We calculate the corre-
lation between one point in time and later points in time by
dividing the data stream into a series of counting intervals of
duration Dt. Then each experimental point in time can be
expressed as the product of an integer (either m or n) and Dt,
where m and n are time bin numbers. To calculate the
correlation between the fluctuation in intensity at any arbi-
trary point in time, nDt, and later points in time, nDt 1 mDt,
the autocorrelation function G(m) is determined

G~m! 5 O
n50

N

DI~nDt!DI~nDt 1 mDt!y~N 2 1!, [1]

where DI(t) represents the fluctuation in intensity at a given
time, I(t) 2 ^I&. In integral form this becomes

G~t! 5 E
0

`

DI~t!DI~t 1 t!dt , [2]

where we have replaced mDt in the limit of infinitesimal Dt with
t.

In the case of multiple component diffusion in three dimen-
sions, the autocorrelation function takes the form

G~t! 5 1 1 O
i

Aiy~1 1 tyti!~1 1 K2tyti!
1y2, [3]

where Ai and ti represent the fraction and diffusion time for a
given component i, and where the so-called structural param-
eter K 5 vyd. These diffusion times may in turn be related to
their respective diffusion coefficients, D, by

ti 5 v2y4Di [4]

The structure parameter and v are determined by fitting the
diffusion of free fluorescein, assuming D 5 3.6 3 1026 cm2ys,
to Eq. 3 with one component.

For solution measurements, 200 ml of 20 nM oligo in water
(or in Leibovitz L-15 medium) were placed in one well of an
eight-chambered dish and the laser beam was focused 150 mm
above the dish bottom in a known confocal volume of '1 3
10215 liter. For live cell FCS, cells were incubated in Leibovitz
L-15 medium (without serum or phenol red). This medium
supported continued cell viability on the microscope stage at
room temperature without CO2 and also contributed only low
background autofluorescence signal to FCS readings. The
laser beam was then focused (again in the same known
confocal volume) inside the nucleus of a treated (or untreated)
cell by adjusting both the stage position and focal plane.
Neutral density filters were used to attenuate laser intensity
and reduce detection of cellular autofluorescence. The fluo-
rescence intensity was noted and the z plane was adjusted up
or down 1–2 mm to obtain the maximal intensity reading. Care
was taken to focus in the interior of the nucleus, which in these
myoblasts is typically 5–8 mm thick, and measurements were
not taken inside or touching nucleoli. A series of 10 measure-
ments of the fluorescence intensity f luctuation (each over 20 s)
was then captured and stored. Cells were exposed to '5 mW
of excitation light which is equivalent to '100 mJ over the
0.23-mm2 average cross section of the confocal volume. Cells
remained viable for at least 24 h after treatment when returned
to the CO2 incubator at 37°C. Photoexposure in this general
range has also been used to study Drosophila embryos with no
detectable side effects (23).
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Solution Hybridization. A 7.5-kb poly(A) RNA that was
transcribed in vitro from a chimeric plasmid was purchased
from GIBCOyBRL. The manufacturer estimates about 40% of
the RNA molecules contain poly(A) tails with an average
length of 150 nt. Aliquots (1 ml) of a 0.8 mM solution
containing this RNA were added sequentially to 200 ml of 20
nM fluorescein-labeled oligo(dT) in PBSy10 mM MgCl2.
Before and after each addition, FCS was performed as de-
scribed above for solution studies.

Data Analyses. The Evotec software integrated with the
ConfoCor instrument fits data by nonlinear least squares
analysis to one, two, or three diffusion components as well as
quantifying a fraction undergoing intersystem conversion from
the fluorescein singlet to triplet state. The optimal fit was
chosen by comparing the following parameters among possible
fits: shape of residual curve, value of relative least square, and
standard deviations associated with computed fractions and
diffusion times. In some data sets, the optimal fit required
postulating a very rapidly moving fraction with a transit time
(through the confocal volume) of less than 0.1 ms. This fraction
typically represented about 20% of the total signal in an FCS
measurement, both in solution and in cells. Diffusion rates for
various medium components and free fluorescein fall into this
range, and other investigators have observed this ultrafast
fraction in FCS experiments as well (16). We do not know what
this fraction represents, but we did not exclude it from the fits
when it appeared.

To combine and compare data among different experiments
in cells, the best fits from all the measurements from each
experiment were sorted into five distinct ranges of diffusion
times. The average fraction of oligo and its average diffusion
time within each of the five ranges was then calculated after
weighting each value to the number of fluorescent particles
present in each range.

RESULTS

Diffusion Times of Oligos in Solution Measured By Using
FCS and FRAP. Initial experiments were carried out to
measure diffusion times of oligos in aqueous medium (Leibo-
vitz L-15) by using both FCS and FRAP. Oligos were 43 nt long
and labeled with fluorescein as described. In FCS measure-
ments, solutions containing either oligo most often fit a
one-component model with an average diffusion time (transit
time through the confocal volume) of about 0.3 ms (Table 1,
Fig. 1A). In some cases, the presence of a second, very rapidly
moving component was also observed (see Materials and
Methods). Oligo diffusion coefficients were also measured by
using conventional FRAP techniques and found to be in the
same range as diffusion coefficients calculated from FCS
diffusion times (5–7 3 1027 cm2ys, Table 1).

Solution Hybridization of Oligo(dT) to Poly(A) RNA. We
next used FCS to monitor hybridization of oligo(dT) to
poly(A) RNA and to measure the mobility of the oligo(dT)y
poly(A) RNA hybrid in aqueous solution. When a 7.5-kb
polyadenylated RNA was added to fluorescein-labeled oli-
go(dT) in solution, the autocorrelation curve shifted to the
right, indicating the presence of a slower-moving component
(Fig. 1 A). This curve best fit a two-component model, with one
species fixed at the free oligo diffusion time (0.23 ms) and a
slower component moving at a diffusion time of 1.9 ms (D 5

1.0 3 1027 cm2ys). This diffusion coefficient is close to the
value calculated for a globular molecule the size of this poly(A)
RNA (D 5 1.1 3 1027 cm2ys). As more RNA was added, an
increasingly greater percentage of oligo(dT) moved at a slower
diffusion time, indicating an increase in the amount of oli-
go(dT) hybridized (Fig. 1B). Oligo(dA) diffusion time was not
altered upon addition of poly(A) RNA (not shown), confirm-
ing that the observed binding of oligo(dT) to poly(A) RNA
represented specific hybridization.

Diffusion Rates of Oligos in Nuclei of L6 Myoblasts. Cells
were grown in medium containing fluorescein-labeled oli-
go(dT) or oligo(dA) for 2 h followed by incubation for at least
1 h in oligo-free medium to allow efflux of excess unbound
oligo. Earlier work has shown that under these conditions,
f luorescein-labeled oligo(dT) is taken up by cultured L6
myoblasts and can hybridize to intranuclear poly(A) RNA
targets (7). The diffusion times of the oligos within the nucleus
were then measured by FCS. As shown in Fig. 2A, the shapes
of the autocorrelation functions were different for oligo(dT)
vs. oligo(dA). A substantial amount of oligo(dT) moved at a
slower rate than oligo(dA) as evidenced by the tail of the
correlation curve for oligo(dT) extending out to slower diffu-
sion times. To confirm that this fraction represented oligo(dT)
molecules hybridized to poly(A) RNA in the nucleus, f luores-
cein-labeled oligo(dT) was prehybridized in vitro with a 1.5
molar excess of unlabeled oligo(dA) before incubation with
cells. This prehybridization step changed the shape of the
autocorrelation curve to show a reduction in the amount of
oligo(dT) moving at the slower rate in the nucleus, as would be
expected if the oligo(dT) already bound to oligo(dA) were

FIG. 1. Hybridization of oligo(dT) to poly(A) RNA in solution
measured by FCS. Aliquots containing 0.4 pmol unlabeled poly(A)
RNA (7.5 kb) were added to 20 nM fluorescein-labeled oligo(dT) and,
before and after each addition, ten 20-s FCS samplings were per-
formed. (A) Autocorrelation curves (thin lines) obtained from oli-
go(dT) alone in solution and after last addition of poly(A) RNA. The
dashed thick [oligo(dT) alone] and solid thick [hybridized oligo(dT)]
lines are the best fit to each autocorrelation curve by using nonlinear
least-squares analysis. (B) Histogram showing the extent of hybrid-
ization with increasing concentrations of poly(A) RNA. Hatched bars
represent the fraction of oligo(dT) moving at 0.23 ms (unhybridized);
solid bars represent the fraction of oligo(dT) moving at 1.9 ms
(hybridized).

Table 1. Diffusion coefficients in aqueous solution

BSA oligo(dA) oligo(dT)

FCS t (ms) 0.25 6 0.01 0.34 6 0.01 0.38 6 0.01
FCS D (1027 cm2ys) 7.6 6 0.1 5.7 6 0.2 5.0 6 0.2
FRAP D (1027 cm2ys) 6.5 6 0.6 7.0 6 0.6 4.9 6 0.6

t, Diffusion time; D, diffusion coefficient. Errors are standard errors
of the mean.
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unable to hybridize to the intranuclear poly(A) RNA targets
(Fig. 2B).

The y-intercept of the autocorrelation curves is the inverse
of the number of fluorescent particles in the confocal volume.
It was interesting to note that the controls, oligo(dA) and
prehybridized oligo(dT), had higher y-intercepts, indicating
fewer particles were present in the confocal volume (20 6 1
and 15 6 2, respectively), than with oligo(dT) alone (36 6 1).
However, these particle numbers do not neccessarily predict
oligo concentration because more than one fluorescent mol-
ecule may be present in a particle.

To determine diffusion times, autocorrelation functions
were fit to a diffusion model by using nonlinear least-squares
analysis, as above. In contrast to solution measurements, the

cell experiments with oligo(dT), and to a lesser extent oli-
go(dA), showed variation between FCS measurements, both in
different areas of the same nucleus and in different nuclei. This
result was evidenced by the fact that, although autocorrelation
functions derived from cells containing oligo(dT) most often
fit a model which predicted the presence of two components
diffusing at different rates, in some cases the fit was signifi-
cantly improved with a one- or three-component model (see
Materials and Methods). Data for intranuclear oligo(dA) most
often best fit a one-component model. We attribute this
variation to the presence of different microenvironments in the
nucleus and not experimental error, because (i) the variation
was more pronounced in the situation [i.e., oligo(dT)] where
we expected to see more than one category of molecules
moving at different rates, and (ii) we did not see this type of
variation when using FCS to measure oligo diffusion in solu-
tion. We therefore selected the best fit for each measurement
within an experiment.

This finding required us to subsequently sort the data sets
from several experiments into bins or ranges based on mean
translational diffusion times. An average of 77% intranuclear
oligo(dA) molecules and 43% intranuclear oligo(dT) mole-
cules fell into a range representing diffusion times between 0.1
and 1 ms (Table 2). The diffusion times of these oligos in
aqueous solution also fall in this range (see Table 1). This
correlation indicates that a significant fraction of oligode-
oxynucleotides diffuse in the cell nucleus at a rate similar to
that observed in aqueous solution.

The slow-moving molecules present in oligo(dT) treated
cells, with diffusion times of 1 ms or more (diffusion coeffi-
cients between 1 3 10210 and 9 3 1028 cm2ys), represented an
average of 45% of the total oligo(dT) molecules detectable in
the nucleus by FCS (Table 2, columns 3–5; Fig. 3). As
explained above, this fraction likely contained oligo(dT) hy-
bridized to poly(A) RNA because we saw much less of this
fraction in cells treated with oligo(dA) (10%) or in cells treated
with oligo(dT) that had been prehybridized in vitro to oli-
go(dA) (22%) (Table 2, Fig. 3 A and B, respectively). The
diffusion times of this slow-moving population were very
heterogeneous (1 ms to more than 1,000 ms), which suggested
that poly(A) RNA might be moving at a variety of rates within
the nucleus. The proportion of oligo(dT) present in this slow
moving fraction did not change when cells were treated with
sodium azide under conditions that deplete cells of ATP,
suggesting that movement at this rate did not require energy
(results not shown).

An additional oligo(dT) component appeared in some cells
that we were unable to study by FCS. This component was very
bright and bleached rapidly during the first few measurements
made at some sites, indicating that some oligo(dT)-bound
molecules did not move from the confocal volume throughout
the sampling time (20 s).

FIG. 2. FCS autocorrelation curves of oligo(dT) and oligo(dA) in
nuclei. L6 myoblasts were incubated with fluorescein-labeled oli-
go(dT) or oligo(dA) and the movements of the oligos in nuclei were
measured by FCS as described. (A) Autocorrelation curves (thin lines)
and best fit curves (obtained by using nonlinear least-squares analysis)
for nuclei containing oligo(dT) (thick solid line) or oligo(dA) (thick
dashed line). (B) Fluorescein-labeled oligo(dT) was prehybridized in
vitro with unlabeled oligo(dA) and then incubated with cells as usual
before FCS analysis. The thick dashed line is the best fit curve for the
prehybridized oligo(dT) autocorrelation curve (thin line); the solid
thick line is the best fit curve for an autocorrelation curve of oligo(dT)
(not prehybridized) from the same experiment.

Table 2. Oligonucleotide mobility in cell nuclei

0–0.1 ms 0.1–1 ms 1–10 ms 10–100 ms .100 ms

Oligo(dT) (n 5 228)
% Particles 12.0 6 1.4 43.2 6 2.9 30.1 6 2.9 9.4 6 1.1 5.3 6 0.9
t (ms) 0.042 6 0.002 0.517 6 0.015 2.07 6 0.07 32.45 6 1.00 1,838 6 211
D (1028 cm2ys) 452.4 6 21.5 36.75 6 1.07 9.07 6 0.29 0.59 6 0.02 0.010 6 0.001

Oligo(dA) (n 5 217)
% Particles 13.0 6 1.6 76.7 6 2.3 7.1 6 1.2 1.7 6 0.4 1.5 6 0.5
t (ms) 0.054 6 0.003 0.387 6 0.014 3.55 6 0.22 29.2 6 1.06 301.8 6 14.6
D (1028 cm2ys) 351.9 6 19.6 49.1 6 1.8 5.36 6 0.33 0.65 6 0.02 0.062 6 0.003

Prehybridized oligo(dT) (n 5 73)
% Particles 11.9 6 1.7 65.5 6 5.6 18.8 6 6.5 3.8 6 1.6 0.01 6 0.01
t (ms) 0.043 6 0.004 0.347 6 0.017 2.27 6 0.09 12.13 6 0.13 203.4 6 0.1
D (1028 cm2ys) 441.9 6 30.8 54.8 6 2.68 8.37 6 0.31 1.57 6 0.02 0.092 6 0.000

Errors are standard error of the mean.
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FRAP Analysis of Oligo Diffusion in Nuclei. Because our
FRAP instrument has a beam radius approximately four times
larger than the FCS instrument, we had to increase the amount
of fluorescent oligo signal in cells to carry out FRAP mea-
surements. To do this, L6 myoblasts were incubated with oligo
in the presence of a cationic lipid; this procedure increases the
amount of internalized oligo enough to allow intranuclear
detection by using standard fluorescence microscopy (unpub-
lished results). When intranuclear oligo movement was mea-
sured by FRAP, oligo(dT) populations were found to move
with a diffusion coefficient of 1.2 3 1027 cm2ys (Table 3), a
rate intermediate between the fast and slower rates observed
for oligo(dT) by using FCS (see Table 2). This finding is
consistent with the fact that our FRAP instrument calculates
one overall average rate of diffusion back into the bleached
area. In fact, the FRAP-determined diffusion coefficient for
oligo(dT) corresponded well to the average FCS diffusion
coefficient of 8.7 3 1028 cm2ys calculated from FCS data
treated as a one-component model (Table 3). When FRAP
was used to measure diffusion in oligo(dA) treated cells, an
average diffusion coefficient of 2.6 3 1027 cm2ys was obtained

(Table 3), reflecting the higher percentage of oligo(dA) as free
oligo. The average FCS measured diffusion coefficient for
oligo(dA) in cells calculated from data treated as a one-
component model (5.05 3 1027 cm2ys) was also larger than
that for oligo(dT), thus indicating the presence of free oli-
go(dA). Therefore, under the conditions used in this study,
FCS-measured diffusion rates in the nucleus of living cells are
well within the range of values obtained with FRAP.

DISCUSSION

We have shown that fluorescence correlation spectroscopy can
be used to measure diffusion rates of oligodeoxynucleotides in
the nucleus of living cells. Diffusion coefficients obtained by
using FCS correlate well with FRAP measurements, under the
conditions we report, where both techniques can be applied.
We find that oligos can move with diffusion coefficients as fast
as 4 3 1027 cm2ys in the cell nucleus. This rapid rate is similar
to the rate at which the oligos move in aqueous solution and
indicates that diffusion can occur in the nucleus at rates
approximating those measured in solution. Although the vis-
cosity of the cytoplasm has been investigated (24–27), only a
few measurements of molecular diffusion rates in the nucleus
have been reported, primarily in isolated nuclei (20, 28, 29).
Some of these studies report that nuclear viscosity is greater
than water, and others suggest that molecular movement in the
nucleus occurs at aqueous solution rates. A recent study of the
movement of dextrans in nuclei of intact cells by using FRAP
reported intranuclear diffusion rates close to rates observed in
aqueous solution (27), as we observe for oligos in the present
investigation with both FCS and FRAP.

In the present measurements, the fraction of oligo diffusing
at this rapid ‘‘aqueous’’ rate varied among nuclei much more
than the narrow range of variation observed for the same oligos
diffusing in solution. Because the intracellular volume ana-
lyzed is very small, less than a femtoliter, it is possible that
these variations reflect microenvironment differences among
the various nuclear regions measured. Although we routinely
selected areas outside the nucleoli, all other areas of nuclear
structure (homogeneous in bright field microscopy) were
randomly sampled. Similar spatial variation has been reported
in the study of membrane protein diffusion and has been
suggested to represent the presence of diffusional microdo-
mains (30, 31). Such microdomains are thought to arise from
variations in effective viscosity andyor ‘‘corralling’’ effects due
the probe’s vicinity to cellular structure. It is seems likely,
therefore, that we have sampled an array of nuclear domains
that permit, in the case of oligo(dA), diffusional mobility more
often than not. Hence, although we do not have information
on the size, number, or interconnectivity of the aqueous
intranuclear domains we detect, our results suggest that these
domains can be found virtually anywhere throughout the
nucleus.

Even though the oligo(dA) measurements showed some
variability, we nonetheless observed a significant difference in
the behavior of oligo(dT) compared with oligo(dA) in the
nucleus of living cells. Although the majority of oligo(dA)
always moved at the rapid ‘‘aqueous’’ rate, almost 45% of
oligo(dT) molecules moved much slower, with diffusion coef-
ficients between 1 3 10210 and 9 3 1028 cm2ys. We consider
it likely that the majority of this latter fraction represents
oligo(dT) hybridized to poly(A) RNA in the nucleus for three
reasons. (i) Earlier in situ reverse transcription experiments
have shown that the synthetic oligo(dT) used in these exper-
iments hybridizes to intranuclear poly(A) targets in the living
cell (7). (ii) Only a small fraction of synthetic oligo(dA) was
observed to move at these slower rates in the nucleus. (iii)
When oligo(dT) was prehybridized with unlabeled oligo(dA)
[making the oligo(dT) unavailable for hybridization] before

FIG. 3. Summary of FCS-determined oligo diffusion rates in L6
nuclei. Multiple FCS readings were performed in nuclei of cells treated
with oligo(dT), oligo(dA) or prehybridized oligo(dT) (see Fig. 2), and
the data obtained from the best fit for each measurement were sorted
into five categories representing various diffusion times. The average
fraction of oligo and its average diffusion time within each of the five
categories were calculated after weighting each value by using the
number of fluorescent particles present in each category (Table 2) and
then plotted. (A) Plot showing distribution of oligo(dT) (solid line)
compared with oligo(dA) (dashed line). (B) Distribution of oligo(dT)
(solid line) compared with prehybridized oligo(dT) (dashed line, see
Fig. 2). The vertical bars represent standard error of the mean.

Table 3. Diffusion coefficients of oligos in cell nuclei: FRAP
and FCS

FRAP*
D, 1027 cm2ys

FCS
D, 1027 cm2ys

Oligo(dT) 1.2 6 0.6 0.87 6 0.02
Oligo(dA) 2.6 6 0.6 5.05 6 0.52

*FRAP recovery rates were 80 6 3%. Errors are standard errors of
the mean.
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incubation with cells, only a small amount of the slow-moving
oligo(dT) component was observed.

These results therefore suggest that endogenous poly(A)
RNA [tagged with the hybridized oligo(dT)] moves in the
nucleus at rates between 1 3 10210 and 9 3 1028 cm2ys. As with
the oligo(dA) measurements, there was considerable variation
between different nuclear sites in the amount of oligo(dT)
diffusing at any given rate, and we believe this variation
suggests the presence of different nuclear microenvironments
in which the oligo(dT)ypoly(A) RNA hybrids move at different
rates. One would not expect to see this variation among
readings if all areas of the nucleus contained equal concen-
trations of freely diffusing oligo(dT)ypoly(A) RNA hybrids
(see below).

About one-third of this slower oligo(dT) population [15% of
total oligo(dT), see Table 2, columns 4 and 5] moved at average
rates of 5.9 3 1029 cm2ys or slower. If our interpretation is
correct that the slower oligo(dT) components represent hy-
bridization to nuclear poly(A) RNA, this suggests that a sizable
fraction of nuclear poly(A) RNA may be tethered to large
macromolecular complexes that move very slowly. Other re-
sults have also indicated that poly(A) RNA may be associated
with large nuclear structures. For example, in situ hybridization
studies have shown poly(A) RNA is retained in detergent-
insoluble nuclear structures (32) and ultrastructural studies
have shown that nuclear poly(A) RNAs are associated with
perichromatin fibrils and granules and interchromatin granule
clusters (33, 34). Moreover, recent biochemical studies
strongly suggest that pre-mRNA molecules are tethered to
large complexes containing transcription, polyadenylation,
and splicing machinery (1–3), and it is anticipated that com-
plexes of this size would diffuse very slowly.

The other two-thirds of the oligo(dT) population that we
interpret as being hybridized to intranuclear poly(A) RNA
[30% of total oligo(dT), see Table 2, column 3] was moving
more rapidly (average diffusion coefficient of 9 3 1028 cm2ys),
in the same range as might be expected for free diffusion of a
full length poly(A) RNA molecule in solution. The 7.5-kb
RNA we monitored with FCS (molecular mass about 2.5 3 106

Da) moved at 1 3 1027 cm2ys in solution. Even if a poly(A)
RNA molecule of this size were complexed with four times its
weight in protein, as would be expected for a typical hnRNP
particle (35), its diffusion coefficient would still fall in this
range. (For an average mammalian hnRNP particle (20 nm 3
100 nm (35), molecular mass of 1.25 3 107 Da), the calculated
diffusion coefficients range (depending on shape assumptions)
from 2.2 3 1028 to 9.2 3 1028 cm2ys.) Therefore, one
interpretation of our data is that a rather large number of
poly(A) RNA molecules are able to diffuse freely in the
nucleus. In agreement with this interpretation, this population
is observed even in cells depleted of ATP, suggesting that
movement of these molecules is not powered by an ATP-
requiring system. This interpretation is also consistent with our
finding that the oligos used in our experiments can themselves
diffuse freely in the nucleus, and is consistent with another
study (4) that reports that some pre-mRNAs move in the
nucleus at rates consistent with free diffusion. However,
because oligo(dT) will hybridize to all available poly(A) RNA
in the nucleus, including nonmessenger polyadenylated RNA
which remains in the nucleus (33, 34), the results presented
here do not prove that intranuclear pre-messenger RNAs
necessarily move at this rapid rate (or at the slower rate
discussed above). This information awaits future FCS studies
in which diffusion rates of specific mRNA molecules in the
nucleus are measured.
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