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Calibration of a resonance energy transfer imaging system

Michael Ludwig, Nancy F. Hensel, and Robert J. Hartzman

C. W "Bill"” Young Marrow Donaor Recruitment and Research Program. Naval Medical Research Institute, Bethesda. Maryland
20889-5055; and Georgetown University School of Medicine, Department of Pediatncs, Washington, DC 20007 USA

ABSTRACT A quantitative technique for the nondestructive visualization of nanometer scale intermolecular separations in a living
system is described. A calibration procedure for the acguisition and analysis of resonance energy transfer (RET) image data is
outlined. The tfactors limiting RET imaging of biological samples are discussed. Measurements required for the calibration inciude:
(@) the spectral sensitivity of the image intensifier (or camera); (b) the transmission spectra of the emission filtters; and (c) the
quantum distribution functions of the energy transfer pair measured in situ. Resonance energy transfer imaging is demonstrated for
two DNA specific dyes. The Forster critical distance for energy transfer between Hoechst 33342 (HO) and acridine orange (AO) is
4.5 = 0.7 nm. This distance is slightly greater than the distance of a single turn of the DNA helix (3.5 nm or ~ 10 base pairs). and is
well below the optical diffraction limit. Timed sequences of intracellular energy transter reveal nuclear structure, strikingly similar to
that observed with confocal and electron microscopy, and may show the spatial distribution of eu- and hetero- chromatin in the

interphase nuclei.

INTRODUCTION

Fluorescence labeling of macromolecules and organelles
has become a standard technique for observing cellular
structure (1-7). In this paper. we present the first
quantitative measurements of nanometer scale spatial
distribution of fluorescent probes in a living system.
Resonance energy transfer (RET) occurs between two
dyes if: (a) the dyes are in close proximity (typically, < 10
nm) to each other; (b) there is overlap between the
emission spectrum of the donor dye and the absorption
spectrum of the acceptor dye; and (c) the relative
orientation of the two dyes is such that at some time
during the lifetime of the donor excited state. the vectors
representing the transition dipo'es of donor ¢mission
and acceptor absorption are not perpendicular (8-10).
The occurrence of RET is measured by observing
sensitized acceptor emission with concurrent quenching
of donor fluorescence.

The calibrated acceptor/donor ratio images reveal
dye interactions on a scale well below the 250-nm
resolution of the diffraction limited images (3). Because
the RET images are diffraction limited, the intensity
ratio at each pixel represents the average of underlying
RET. Quantitatively accurate measurements of average
intermolecular distances require an assessment of the
orientation of the cnergy transfer dye pair and measure-
ments of in situ absorption and emission spectra.

The methods developed herc for calibrating RET
imagces arc based on absorption, emission and polariza-
tion spectral measurements of the donor and acceptor
dyes and on the optical properties of the microscope and

the imaging apparatus. It is essential in RET measure-
ments to avoid photobleaching and saturation effects
caused by high incident powers. Emission depolarization
measurements were used to determine limiting values
for the RET orientation factor «* (11, 12).

The calibration procedure is verified by comparing
acceptor/donor intensity ratios in the images to the
intensity ratios observed in a fluorometer. The images
permit examination of individual cells and intracellular
structure. RET between two DNA specific dyes, acri-
dine orange (AQO, energy acceptor) and Hoechst 33342
(HO, energy donor) was observed in aqueous DNA
solutions and in human peripheral blood lymphocytes.
HO specifically binds to the minor groove of B-DNA
whereas AO intercalates between two base pairs (13, 14).
To distinguish regions of varying density in the nuclei of
live interphase cells, the cells were initially stained with
HO. Acridine orange was then added to the medium and
its accumulation was measured as a function of time.
Nuclear regions of low density (euchromatin) are more
accessible to the AO than the more dense heterochroma-
tin, and hence are seen as regions of high acceptor/
donor intensity ratio.

EXPERIMENTAL METHODS
Staining and sample preparation

Acridine Orange. (3. 6-Bisjdimethylaminojacridium chloride hemi
[zine chloride]). (MW 370 g/mol) was obtained from Sigma Chemical
Company (St. Louis, MO). 30 mg AO was dissolved in 1.0 ml ethanol
(13. 14}. The cthanol solution was diluted to a final concentiation of
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4.82 x 10* M AO with phosphate buffered saline (PBS, pH 7.4)
solution. 1.0 ml aliquots of this AO stock solution were frozen and
stored at —80°C in the dark. Acridine orange is an intercalating agent
that will also bind to single stranded RNA and proteins primarily
through electrostatic forces (15). The fluorescence spectrum of AO/
nucleic acid complexes depends on both the concentration of AO and
the structure of the nucleic acid (13. 14, 16~18). AO intercalation
causes a local unwinding of 10° in the DNA helix (19).

The bisbenzimide dye 33342 Hoechst (MW 615 g/mol) was obtained
from Calbiochem (La Jolla, CA). A 3.25 x 10~ M stock solution of
HO in PBS was prepared. 1.0-ml aliquots of the stock solution were
frozen and stored at ~80°C in the dark. HO is a nonintercalating agent
that specifically binds to A-T regions along the minor groove of double
stranded B-DNA. HO specifically binds to the minor groove of B-DNA
in solution, in isolated chromosomes, and in intact cells (20-23). The
fluorescence quantum yield of HO increases at least fifty-fold when
bound. HO does not bind to single stranded nucleic acids. Previous
studies have shown the cytotoxic effects due to the accumulation of
HO are not appreciable in the short incubation and observation times
of these experiments (21-24).

Human peripheral blood lymphocytes (PBLs) were harvested from
whole blood using the Ficoll Hypaque protocol (25). Lymphocytes
were frozen and stored in liquid nitrogen. After rapid thawing and
washing to remove debris and dimethyl sulfoxide, the cells were
suspended in RPMI 1640 medium supplemented with 10% fetal calf
serum. The viability of the thawed lymphocytes was 95-99%. 2.0-ml
aliquots of 2.4 x 10° cells were stained by incubating them in medium
containing 15.1 uM HO at 37° for 30 min. After incubation, the cells
were washed three times with medium and resuspended in RPMI 1640
(without phenol red or fetal calf serum, 107 cells/ml).

For the spectral measurements of energy transfer, HO stained cells
were incubated for an additional 30 min with medium containing AO.
The fluorescence from 2.0 ml of cells suspended in PBS was measured.
In the imaging experiments, 20 ul of the cell suspension was applied to
Cell Tak (Collaborative Research, Bedford. MA) coated glass cover-
slips and incubated for an additional 10 min at 37°C. Cell Tak, an
adhesive protein, was used to limit cell movement over the course of
the experiments. The coverslip was gently rinsed with medium and was
then placed over a block of plexiglass surrounding 60-ul basin. The
volume between the coverslip and the plexiglass formed a flow-through
chamber. Medium could be injected into the chamber using capillary
channels drilled through the plexiglass. AO stock solutions diluted
with PBS were delivered to the flow chamber to initiate the imaging
experiments. The chamber remained filled with AO medium for the
duration of each experiment. The experiment occurred at room
temperature (uncontrolled) in the flow chamber.

instrumentation

Fig. 1 shows the apparatus for sample excitation and imaging. A
Tracor Northern (Middleton, WI) Fluoroplex III houses the xenon
lamp and power supply (Xe). The lamp output illuminates a turning
mirror (T) and a chopper wheel (C). Light incident on the chopper is
either transmitted to monochromator 1 (M1) or reflected towards
monochromator 2 (M2). Using this configuration, two excitation
wavelengths may be delivered to either the fluorometer or the
microscope in an alternating cycle. A fiber optic cable delivers the
selected excitation frequencies to either a sample cuvette placed in a
Tracor Northern 6500 fluorimeter (TN6500) or to the flow chamber
mounted in an inverted microscope described above. 350 nm (band-
width 10.6 nm FWHM) light was used for excitation of HO and 470 nm
(11.6 nm FWHM) light was used for direct excitation of AO.
Epifluorescence illumination was used for the microscopic imaging.

The fiber optic output was directed toward a dichroic beamsplitter
operated at 45°. The dichroic reflected the 350-nm exciting light
toward the microscope objective but transmitted longer wavelength
light. The percent transmission of the dichroic was 86 to 92% for
wavelengths between 450 and 550 nm. A Nikon 1.3 NA 100X oil
immersion fluorescence objective focused the excitation light on the
sample field and also collected the fluorescence light. The 1.3 NA
objective determines the 250 nm diffraction limited resolution of these
images (4). Bandpass filters supplied by Omega (Brattieboro, VT)
were housed in a Ludl (Hawthorne, NY) electronically controlled filter
wheel (F). The donor dye emission was observed with a bandpass filter
centered at 470 nm with 15 nm half width (FWHM) and 75%
maximum transmission. The acceptor dye emission was observed with
a bandpass filter centered at 530 nm with 30 nm FWHM and 80%
maximum transmission.

The microscope image was focused on a calibrated video scope
(Video Scope Intl., Ltd., Washington, DC) KS-1381 image intensifier
with adjustable gain (INT). The intensifier utilized a modified S-25
photocathode with enhanced blue green sensitivity. The spectral
response of the intensifier (S(A) in Eqs. 3 and 4) was measured by
comparing its response to the response of a calibrated Ealing Electro-
Optics (Holliston, MA) 28-0925 research radiometer. The temporal
resolution of the imaging system is limited by the response time of the
image intensifier. The intensifier recovery time, the time required for
the full restoration of an image after a rapid change in photocathode
illuminance, is 0.5 s. A Cohu (San Diego. CA) 4810 Solid State CCD
video camera was the pickup device of the intensifier output (VC). The
images were collected at video rates (30 frames/s).

The analog video signal was digitized for display and analysis to
512 x 473 pixels in a Tracor Northern (Middleton, WI) 8500 (TN8500)
image analysis system. The TN8500 w~s used to analyze. display, and
store the digitized images. Shot noise from the low light level video
camera was reduced by accumul-ting and averaging 30 digitized
frames. Threshold values for particle intensity and particle size were
used to construct image binaries and define measurement fields (26).
(Image binaries are representation of grey value images used in many
image processing operations. Only those pixels of the grey value image
that are turned on in the image binaries are evaluated in the ensuing
image analysis.) A 530-nm acceptor image was measured immediately
after the measurement of a 470-nm acceptor image. Each 530-um
image was coupled to a 470-nm image to form an energy transfer image
pair. A background dark current image, measured by closing a shutter
between the camera and the light source. was subtracted from each
image before dividing. A shading correction was not required because
of the flat illumination field provided by Fluoroplex 11T and t:e small
portion of the field sampled by the objective. Binary images were
constructed for each image pair measured. The time required for
recording an image pair, including the time required for changing the
emission filter, was 4 s.

In the TN6500 fluorimeter, emission spectra are measured by
dispersing the emitted light onto an intensified photodiode array
detector (PDA). The spectral response of the TN6500 and the fiber
optic output was measured by comparing its response to the response
of a calibrated Ealing Electro-Optics 28-0925 research radiometer.
Steady-state polarization measurements were made on cells stained
with HO only, AO only, and with both dyes in an attempt to measure
limiting values for the energy transfer orientation factor. The observed
fluorescence intensities polarized in the same direction as (I;) and
perpendicularly to (1,) the incident excitation were observed. The
emission anisotropy was calculated from the observed spectra (11. 12).
The absorption spectra of the solutions and transmission spectra of the
filters were measured with a Cary Model 219 double-beam spectropho-
tometer (Varion Techtron Pty, Ltd., Victoria, Australia).
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FIGURE |

The Tracor Northern imaging system. The xenon lamp (Xe) illuminates a mirror (T') which in turn illuminates a chopper wheel (C).

Light from the chopper is either transmitted toward one monochromator (M1) or reflected toward the other monochromator (M2). The output of
the monochromators is fed into a fiber optic cable with two bundies. The fiber optic cable may be mounted to excite a sample in either a
fluorometer with a photodiode array detector (PDA) or an inverted microscope. The microscope output passes through emission barrier filters (F)
and iliuminates an image intensifier (INT). A video camera picks up the intensifier output (VC). A Tracor Northern image analysis system is used

for A/D conversion, image analysis, and display.

RESULTS

Measurements of in situ absorption and emission spec-
tra of the energy transfer pair are required to evaluate
RET imaging data. The local environment of a dye may
significantly influence its absorption and fluorescence
spectrum. For example, AO is a metachromatic dye;
microenvironmental factors influence the bandwidth
and maximum of its fluorescence spectrum. Hence, AO
stains different tissues different colors. The spectra used
in the RET proximity calculations must therefore be
acquired in the in situ environment of the dye, or in an
environment closely approximating it. Although the AO
emission spectrum is not used in the calculation of the

overlap integral (O in Eq. 2) it appears in the calculation
of the image processing coefficients described below.

Fig. 2 shows the absorption and emission spectra of
aqueous DNA complexes of HO and AO. The energy
transfer studies were carried out with 350-nm excitation.
At 350 nm, the molar extinction coefficient of AO is
<10% that of HO. The purine and pyrimidine base
pairs of DNA do not absorb in this spectral region. and
do not directly interfere with energy transfer processes
(27). Table 1 lists the absorpticn and emission spectral
data for free HO and AO and their nucleic acid
complexes.

The emission spectra of AO stained PBLs was mea-
sured as a function of AO concentration in the incubat-
ing medium to insure that the appropriate spectra were
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FIGURE 2 The absorption spectra and quantum distribution func-

tions of HO (solid line) and AO (dorted line). The spectra were
measured in DNA saturated aqueous solution with the following
concentrations: 4.75 uM HO (absorption), 0.92 uM HO (emission).
5.4 uM AO (absorption). and 2.2 puM AO (emission). The absorption
spectrum of AQO shown here was used in the calculation of the energy
transfer overlap integral in Eq. 2. The emission spectra shown here
were not used either for the calculation of O or for the calculation of
the image coeflicients (Table 4). Instead. the emission spectra of
stained PBLs were measured. See text for details.

used in the calculations of average intermolecular sepa-
ration and to determine the effect of bound AO species
formation on the observed AO intensity. The fluores-
cence spectra from populations of PBLs incubated in

TABLE t Spectral properties of aqueous HO and AQ nucleic
acid complexes

Absorption Emission

HO absmax molals emmax  Quantum vield
Free dye* 340 36000 0.005
DNA complex* 340 360(0) 466 0.48
PBLs ‘ ! 454 :
AO
Free dyet

monomer 492 69000 532 0.40

dimer 466 45700 — 0.01
DNA complex® 498 46000 526 0.88
RNA complex 463 — 650 —
PBLs : ’ 520 ‘

*This work and ref. 20: ‘this work and refs. 13-14, and 17-18: ‘this
work and refs, 16-18: refs. 16-18: and ‘not determined. see text for
discussion.

medium containing AO concentrations ranging from
0.32t0 4.82 uM arc shown in Fig. 3. Each sample cuvette
held 1.2 x 10° cells/ml. The upper limit of AO concentra-
tion for the cells incubated with 4.82 uM AO, assuming
homogeneous uptake, is 4.0 x 107" mol/cell. The
fluorescence spectral maximum occurred at 526 nm
throughout the range of AO concentrations used.

Fig. 4 shows that the fluorescence intensity of both
AO/aqueous DNA (triangles) and PBLs (rectangles) is
linear at low AO concentrations (up to 5 uM AO). For
concentrations of AO over 5 pM, AO fluorescence is
increasingly attenuated indicating the formation of bound
AO dimers (16-18) and the onset of self-absorption
processes in the cuvette. The observed intensity from
AO stained cells is ~50% of the intensity observed from
the aqueous DNA solutions at each concentration of
AO <5uM.

We conclude from the lack of spectral shifts (Fig. 3)
and the linearity of the fluorescence intensity at low AO
concentrations (Fig. 4), that below 5 uM, the formation
of bound species of AO is small. These results are
consistent with those of other researchers (17-19, 28).
Similarly, the emission spectral band shapes and maxima
of HO stained cells did not depend on the amount of dye

2000

; = . o
180 SO0 N0 H40 “SOH0 SRy

wavelength nm

GO0 [yl

FIGURE 3 Fluorescence emission spectra of AO stained PBLs as a
function of AO concentration in the incubating medium. Fluorescence
intensity is measured as counts per second (cps) of the PDA detector.
The excitation wavelength was 470 nm. The vertical line indicates the
position of the emission spectral maximum at 526 nm. The concentra-
tions of AQ used where (A4) 4.82 uM. (B) 1.93 uM. () 0.96 uM. (D)
0.64 uM, and (£)0.32 uM.
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FIGURE 4 Integrated fluorescence intensity as a function of AO
concentration in the incubating medium in water saturated with DNA
(triungles) and PBLs (squares). Saturation of the fluorescence signal.
indicative of AO dimer formation. begins with AO concentrations
above S uM (17, 18).

in the incubation medium at the concentrations used in
these experiments. The fluorescence quantum distribu-
tion functions of HO and AO (measured in PBLs) were
used in the calculation of the overlap integral and for the
image processing coefficients. Also, the linearity of
fluorescence emission with AO concentration indicates
that the cells were not saturated with the dye and
suggests that the accumulation of AO in cells can be
described by concentration diffusion kinetics.

Fig. 5 shows the emission spectra of a family of HO
stained cells excited with 350-nm light. Each sample
cuvette held 2.4 x 10" stained cells/ml. Curve 4 shows
the emission spectrum of cclls stained with only HO.
The inrtensity maximum of Curve A occurs at 454 nm
with weak fluorescence observed at wavelengths > 520
nm. Curves B through F show emission from HO cells
after incubation with increasing amounts of AO. As
increasing concentrations of AO are used, the emission
at wavelengths higher than 520 nm progressively in-
creases, whereas the 454-nm fluorescence is decreased.

The apparent isosbestic points at 507 and 620 nm in
Fig. 5 suggest that the presence of only two species
suffice to explain the encrgy transfer. We have not
determined whether 620 and 507 nm are true isosbestic
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FIGURES Spectral measurement of resonance energy transfer be-

tween HO and AO in PBLs. Each curve represents a family of cells
stained with equal amounts of HO and varying amounts of AO. The
excitation wavelength was 350 nm. The concentrations of AO during
incubation were (4 ) none (B)0.32 uM (C) 0.64 uM (D) 0.96 uM.(£)
1.93 uM. and (F) 4.82 uM.

points. The HO emission maximum in each of the
spectra occurs at 454 nm. At the highest concentration
of AO, 55% of the emission from HO is quenched.
Although donor quenching would be observed if HO
was being displaced from the DNA complex at the high
concentrations of AQO, the observation of sensitized
acceptor fluorescence confirms the occurrence of energy
transfer. The consistency of the HO emission band
shape further suggests that RET is the predominant
energy transfer mechanism. The FWHM of the HO
emission (after correcting for overlapping AO emission)
is 80, 80, 80, 76, 74, and 72 nm for curves 4. B. C, D. E,
and F, respectively. Because RET occurs without chang-
ing the observed band shape of either the donor or
acceptor fluorophores, the amount of trivial energy
transfer may be estimated from the amount of narrowing
of the donor fluorescence band shape as higher wave-
length photons are selectively absorbed by acceptor
molecules. The occurrence of cnergy transfer by the
trivial reabsorption mechanism increases with AO con-
centration as predicted, but RET remains the predomi-
nant mechanism.

Table 1 lists the measured cmission anisotropy (r,)
for the dyes bound to DNA in aqueous solution and in
PBLs. r, was used to calculate axial depolarization
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TABLE 2 Emiasion anisotropy (EA) data and determination of
»? limiting values*

EA* id,} 'S

Aqueous DNA complex min  max
HO 0.178 £ 0.006  0.67 = 0.01
AD —0.040 = 0.006 032003 03 1.7

-0.32 = 0.03
IBLs
HO 0.160 + 0.009  0.63 = 0.02
AO -0.12 = 0.02 0.55+005 03 22

*Refs. 11 and 12; and ‘not corrected for Brownian motion of substrate.

factors ((d,}) according to reference 12:

D~ (1)
0.4 ¥

The (d,) values were used to determine the limiting
values for the energy transfer orientational factor (using
Fig. 9 of reference 12). As the viscosity of the nuclear
material was unknown, no attempt was made to account
for the internal motion of the nuclear or aqueous DNA
in the emission anisotropy measurements. The resulting
overestimation of the orientational freedom of the
bound donor and acceptor stretches the limiting range
of k’ values. The small emission anisotropy observed for
intercalated AO is due to energy transfer between
bound AO molecules (29). Time resolved emission
anisotropy measurements at very low dye concentrations
are required for the establishment of more precise
estimates of the fundamentai emission anisotropy of the
bound dyes (30).

The uptake of AO by PBLs over a 15 min timed
interval was followed by observing energy transfer be-
tween AO and HO with the low light level imaging
apparatus. Fig. 6 shows a series of intensity ratio maps
from a single microscope field of six HO saturated cells
that were in medium containing AO. Images were
captured over a period of 15 min. Only the nuclear
regions of the cells are shown in the maps. Images were
timed from the point where 4.82 uM AO in PBS was
allowed to flow into the 60-u L chamber described above.
The cells were excited with 350 nm light. The maps were
constructed after calibrating the intensity of each pixel
according to Eqs. 5 and 6. The acceptor image was
divided by the donor image to obtain the map.

Fig. 6 includes the palette used to color code the
AO/HO intensity ratio maps. Table 3 lists the calibrated
acceptor/donor intensity ratios that correspond to each
color of the palette, and the calculated upper and lower
limits of AO-HO average intermolecular separation. In
the maps, blue pixels show regions of low AO/HO
intensity ratio (high AO-HO separation). Pixels where

the AO/HO intensity ratio is near one (the Forster
critical distance) are green. Pixels with successively
higher AO/HO intensity ratios (closer separations of
AO-HO) are represented by yellow, brown, red, purple,
and grey. The choice of this sixteen color palette limits
the resolution of DNA structure contained in the image
data, but facilitates the observance of the stable patterns
of AO accumulation in the nucleus.

Image areas where RET occurs are identified by the
sensitized emission of acceptor fluorescence and the
concurrent quenching of donor fluorescence. Thus,
nuclear pixels are easily distinguished from cytoplasmic
pixels. Pixels with AO intensity in the acceptor image
and no HO intensity in the donor image are necessarily
cytoplasmic because HO will only fluoresce when bound
to DNA. It is thus, easy to distinguish dye fluorescence
from cellular autofluorescence, nonspecifically bound
AOQ, and unbound AO in the ratiometric images. In the
cytoplasm, AO fluorescence is excited by the trivial
energy transfer process initiated by photons emitted by
the fluorochromes bound in the nucleus. Cytoplasmic
fluorescence accounts for <10% of the total observed
fluorescence intensity in the images even after 15 min of
observation. Only DNA bound AO is close enough to
HO to be excited by RET.

Fig. 7 shows the quantitative analysis of the maps of
Fig. 6 and two other single field families of PBLs at rest
in medium containing AQ. The average acceptor/donor
intensity ratio for the entire calibrated image is plotted
for cach field of cells as a function of time for cells in 60
pL of 4.82 uM AO (solid rectangles), 0.482 uM AO
(empty rectangles), and 0.241 pM AO (triangles). The
dotted horizontal lines show the intensity ratio of the
AO and HO fluorescence observed spectrofluorometri-

FIGURE6 Contour maps of the calibrated AO/HO intensity ratio of
the nuclear regions of six cells. The accumulation of AO occurs in
spatially distinct regions of the nuciet. Regions of high AO/HO
indicate regions of more accessible (less dense) DNA and may
correspond to regions of high transcriptional activity. Regions of
consistently low AO/HO correspond to areas of high heterochromatin
content. The cells shown were all part of a single. typical microscope
field that was chosen at random. The field was ~ 80 yum in diameter.
The average diameter of a human PBL is 10 pm. the nuclei shown here
average 7 um in diameter. (0 s) No AO intensity observed. (65s: B) A
smatll area appears where the AO-HO separation already approaches
the Forster critical distance. (126 s: A. C—F) Emerging patterns of AO
accumulation. (B) Area of high AO/HO intensity has expanded. (186
s; A) Regions of high AO/HO (present after 65 s) emerge. (E) AO
accumulation is slow. (338 s: 4 ) High intensity spot near the center ot
the map. (B) Emergence of a second high intensity region. (C)
Emergence of a pattern of AO accumulation. (427-666 s; E and F) AO
accumulation occurs throughout with the emergence of a distinct
pattern that spans the nucleus. (907 s) In some regions there is a
decrease in AO/HO intensity ratio. See text for discussion.
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TABLE 3 Proximity and range calculations*

1o, Separation
(nm)

0.00 x

0.46 51 +08
1.00 15+07
1.15 44207
2.30 3906
343 36 =06

*Limits calculated from Eq. 2: orientational factor values from the
contour plots of refs. 1T and 12,

cally in Fig. 5 (curves F, C. and B after correcting for the
overlapping cmission spectra of AO and HO). The
curves connecting the data points in Fig. 7 were calcu-
lated from a pseudo first order kinetic model for the
intercalation of AQ (k = 1.7 x 10 ") (31). The pseudo
first order fit suggests that a simple concentration model
can be used to explain the AQ accumulation and the
observed RET patterns. The amount of bound AO is not
limited by the number of potential DNA binding sites in
the concentration regime of these experiments, nor is it
necessary to exclude binding sites adjacent to occupied
sites in this simple model (16, 32).
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FIGURE 7 Quantitative analysis of RET imaging data. The average

AOHO for cach image is plotted against time for three sequences of
images of cells in PBS with varying concentrations of AO. (Solid
rectanglesy 3.82 uM AQ: (empty rectangles) 048 pM AQ: (triangles)
0.24 uM AQO. The dotted lines represent the AO/HO intensity ratios
for these concentrations measured spectrofluorometrically. Solid curves
are fit to a first order kinetic model for AQ intercalation,

DISCUSSION

Resonance energy transfer occurs via a dipole—dipole
interaction between two molecules in close proximity to
one another (8-10). In the case of very weak dipole~
dipole coupling, the energy transfer rate, and thus the
separation between and relative orientation of the two
transition dipoles, may be calculated from spectral
measurements of the molecules involved. Identical ex-
pressions for .ae calculation of intermolecular separa-
tion may be derived classically or via quantum mechan-
ics (8-10).

The average distance separating donor and acceptor
molecules is calculated from the intensity of the ob-
served donor and acceptor fluorescence emissions:

{7.0% x 10"k’g,0] °
r= ——T\J—'— R

[ l—,,"
where ¢, is the quantum efliciency of the donor mole-
cule, O is the spectral overlap between the donor
emission and acceptor absorption power (frequency)
spectra (1.34 107" cm® s*/mol from Fig. 2). /, and [/,
are the acceptor and donor fluorescence intensities
(calibrated as discussed below). n is the refractive index
of the energy transfer medium. and « represents a
geometrical orientation factor.

A reasonable estimate for the refractive index of the
nuclear material is 1.5 (33). The error introduced by the
uncertainty in the refractive index is negligible because
limiting values of n in biologically occurring cnviron-
ments are certainly between 1.3 (water) and 2. On the
other hand, k" may assume any value between () and 4.
The correct evaluation of all energy transfer data thus
depends largerly on the accuracy of k.

A common assumption in many attempts to calculate
intermolecular separations from RET intensity data is
that «* is approximated by the isotropic dynam' : average
value % (11). In fact. dynamic processes such as molecu-
lar rotation may causc partial averaging of the dipole
orientations on a time scale shorter than the transfer
time (12). In the case of the DNA probes, where the
double helix holds both the intercalating acceptor (AQ)
and the minor groove binding donor (HO) in place. the
dipoles of cach donor/ acceptor pair are uniquely
orientated with respect to each other. In the double
helix, both the orientation and the intermolecular sepa-
ration of the donor and acceptor dipoles is fixed by the
number of base pairs separating the dyes and they are
cicarly not isotropically distributed.

Fig. 8 illustrates the minor groove binding of HO and

(2)
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FIGURE % Depiction of minor groove binding of HO and intercala-
tion of AO. AQO intercalation may be to any of the four sites shown by
rectangles. Each intercalation site shown has a specific molecular
environment due to the focal nucleic acid base pair sequence and
proximity to HO. The AD-HO intermolecular separation and relative
orientation depend on the occupied intercalation site. The intermolec-
ular distances calculated here thus represent the average regional
HO/AQ separation.

intercalation of AO (22, 23). AO intercalation may be
between any two base pairs. Four possible intercalation
sites are shown by the shaded rectangles in Fig. 8.
Because the emission transition moment for H( the
absorption transition moment of AO lie in their +  -ec-
tive molecuiur planes, the dipoles will be nearly ( erpen-
dicular when separated by onc or two base pairs. As the
molecular distance increases, a more favorable orienta-
tion for energy transfer between HO and AQO develops.
Consequenily, the energy transfer efficiency is not a
monotonically decreasing function of intermolecular
separation. The orientation of AO/HO is restricted by
the helical structure of the nucleic acid and the use of 3
for * is clearly inappropriate.

The accuracy of the cstimation of «* is, thus, the
limiting factor in calculating intermolecular separations
from RET intensity data. For the case of excitation to
the lowest lying excited state of donor, the orientational
frcedom of the donor and acceptor dipoles and their
relative orientation can be clarified with polarization
spectroscopy. Numerical relationships between ob-
served emission anisotropics of the fluorophores in
solution, the transfer depolarization, and the oricntation
facter limits have been derived by Dale et al (11). The

maximum arnJd minimum values for the orientation factor
used here were obtained from their contour plots of
donor and acceptor axial depolarization tactors. More
precise determinations of the spatial distribution of
geometric orientations in the images (by the measure-
ment of the decay of emission anisotropy) were prohib-
ited in the images by relatively slow recovery time of the
image intensifier.

The occiurence of RET itself will not perturb the
emission bandshape of the donor or the absorption
spectrum of the acceptor molecule (2). Therefore, in the
absence of competing physical processes, photochemis-
try, self-absorption, and zutofluorescence, the amount
of observed RET in the images can be calculated trom
the amount of observed fluorescence at the donor and
acceptor emission wavelengths. The quantum distribu-
tion functinns of the dyes, the transmission spectra of
the emission filters, and the spectral sensitivity of the
primary imaging component (the intensifier in these
experiments) are used to find the contributions .o
observed intensity made by each dye. The calibration
procedure is limited at high concentrations of acceptor
dye. Self-absorption and trivial energy transfer cause the
observed emission spectra to deviate from the quantum
«.seribution functions of the dyes because the lowest
irequencies of donor emission are absorbed in the
presence of acceptor (Fig. 5). Similarly, acceptor-
acceptor or donor—donor self absorption may occur with
attendant distortions in the observed spectra and are
expected io be increasingly important at high dye concen-
trations.

The observed fluorescence intensity though an emis-
sion barrier filtar has components originating from both
the energy donor and energy acceptor:

L= f SOOTOOILAM) + Tfu0)] dA (3)

L= [ ST + Lfof ] dA. )

where T\(A) and T,(N\) are the transmission spectra of
the donor (Eq. 3) and acceptor (Eq. 4) barrier filters.
and f,(A) and f,(A) are the quantum distribution func-
tions of the donor (D) and acceptor (4) dyes as a
function of emission wavelength. S(A) is the spectral re-
sponse of the primary imaging component. 7,(X), T.(\).
fo(A). fa(X), and S(N) are measured independently.

Egs. 3 and 4 can be expressed as two equations in two
unknowns with constant coefficients R} as defined in
Table 4. For the calculation of the coefhicients, the
integrals shown in Table 4 are replaced by sums over the
transmission band pass of cach filter. The fluorescence
intensity attributed to emission from the donor (/) or
acceptor (/,) dye is calculated in cach image on a pixel
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TABLE 4 Image processing coefficients for HO and AO

Integral Symbol Value
FSOVT (N fo(MdA RV 0.135
SS(OTUN) fUN)dA Ry 0.0
TSN To(a) £ M)A RY (1.037
TSINT (A FUN)AN R 0.280

by pixcl basis by solving Egs. 3 and 4

RM, - R, )
Iy = RPR™ — RPR® ()
pAarY xn
RVI, - RYJ,
I = R T RoRY (6)
(AN hEAY

where R} is the coefficient for probe X through the
n emission barrier filter (defined as R} = fS(}\)T,,-
(N)f<(N) dX). Obviously, i is necessary to calculate new
coeflicients for ditferent combinations of transmission
filters and/or staining fluorochromes.

RET imaging permits the direct observation of the
distribution of chromatin density in the interphase
nucleus. We postulate that because of its decreased
density, euchromatin has greater accessibility to the
intercalating AO than the more deuse heterochromatin
(34). In the calibrated images, regions high in euchroma-
tin content correspond to areas of high acceptcr;donor
intensity ratio. Tue accumulation of AO occurs in
distinct zones following stable patterns in the nuclei.
The patter..s observed in the nuclei are analogous io the
two-phase patterns observed atter staining of nuclear
chromatin in electron micr~graphs (35).

Regions of high AO/HO intensity appear near the
nuclear/cytoplasmic border of each of the nuclei, but
are clearly within the border of the nucleus. We were
unable to deiermine whether some or all of the initially
bright areas are directly attached to the nuclear/
cytoplasmic border in these two-dimensional images.
Regions of consistently low AO/HO ratio also occur in
cach of the nuclei. In addition, and morc importantly, at
no time before 15 min do any pixels decrease in AO/HO
intensity ratio in the () to 666 timed period. Because only
the DNA bound AO is close enough to HO to partici-
pate in RET. the lack of decreasing pixels supports our
suggestions that the AO binds irreversibly in nuclear
regions of high affinity and that RET is the predominant
mechansim of energy transfer.

The obscrvation of nuclear structure in the images is
ultimately limited by the amount of AO uptake for three
reasons. (¢) Each intercalated AO causes a 10° local
unwinding of the DNA helix and slightly increases the
separation between two adjacent base pairs (19). This
local stretching of the DNA increascs the intermolecu-

lar separation of the minor groove bcund HO and causes
an overall decrease in AO/HO intensity ratio. (b) The
overlap integral of acceptor-acceptor cnergy transfer
{AO emission coupled with AO absorption) is 6.13 x
107" em” s*/mol compared to 1.34 x 10 *~ cm” s*/mol for
acceptor-donor RET. Despite the local stretching de-
scribed above, as the accumulation of AO increases, the
average distance between AO molecules decreases. and
the occurrence of acceptor-acceptor RET increases.
The initiation of AO singlet—singlet exciton annihilation
procusses would cause a decrease in observed AO
emission intensity. (¢) The increased likelihood of trivial
RET and homogeneous RET as the amount of AO
bound to biological molecules other than B-DNA in-
creases. The buildup of AO in the cytoplasm acts as a
filter to attenuate the observed high wavelength emis-
sion.

The combination of DNA stretching, increases in
nonspecific AO binding, and the initiation of self trans-
fer contribute to the decrease in AQ, HO intensity ratio
observed at 907 s in Fig. 6.

Limitations of RET imaging

The need to remove background intensity potentially
limits quantitative RET measurements. Three primary
components of background noise in these measurements
are camera dark current, nonuniform iflumination and
cellular autofluorescence. The KS-1381 image intensi-
fier and CCD camera combination was used to insure
linear amplification of the input fluorescence intensity at
low light levels throughout the image field. and a low
uniform dark current. For the calculations of acceptor/
donor intensity ratio of Figs. 6 and 7, wc assumed that
the fluorcscence intensity from the cells was additively
superimposed onto the background at the fixed illumina-
tion power levels. From the analysis of the grey level
histcgrams of background images, we estimate that the
contribution of stray light is approximately 18% of the
thermal noise. Thus, from the sixth root dependence of
the intermolecular calculation on the acceptor/donor
intensity ratio, the assumption of background additivity
contributed no more than 7% error in the towest signal
to noise images.

Contributions from intrinsic cellular fluorescence
{autofiuorescence) are rct removed by the subtraction
of dark current. It is difficult to remove autofluorescence
contributions in imaging experiments because of its
spatial distribution (40). In the approach pre<-nted
here, the removal of autofluorescence would require the
addition of spatial terms in Eqs. 3 and 4 and measur-
ing images of the unstained cells at the wavelengths ot
both the donor and acceptor dyes. Such measurements
arc not usually possible. Alternatively. autofluorescence
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contributions may be approximated by measuring the
fluorescence spectrum of unstained cells. These spectra
are tvpically broad and featureless so that intrinsic
fluorescence at the acceptor wavelength cancels the
intrinsic fluorescence at the donor wavelength during
image ratioing. Intrinsic fluorescence in the visible
spectral region arises primarily from intraceflular NADH,
ribofiavin, favin coenzymes, and flavoproteins bound in
the mitochondria (40). Therefore, the nucicar maps
shown in Fig. 6 should contain only small contributions
trom fluorescence other than the probes.

Accuracy in the determination of the orientational
factor is the largest source of uncertainty in these
mcasurements. As discussed above, simple substitution
of 3x as the average value for «° is clearly inappropriate
tor the case of DNA binding dyes. The range of possible
orientational values must be established to evaluate the
uncertainty in the calculatioa of average intermolecular
separation. The steady-state emission anisotropy mea-
surements used here do not separate the motion of the
dye from that of thc DNA itself. The range of limiting
values of « is therefore overestimated in this study
(11.12). The wide range of values leads to an uncer-
tainty of ~ 20% in the calculation of average intermolec-
ular separations and in the calculated value of the
Forster critical distance. The uncertainty in the calcu-
lated values also increases as the actual intermolecular
separation decreases. Time resolved measurements of
emission anisotropy decay or crvogenic studics of the
DNA bound dyes would more precisely establish the
orientational freedom of dyes and permit more accurate
determinations of the range of k* values.

Low incident power fluxes (80 wW/cm® at 350 nm)
were used to minimize photobleaching and dye satura-
tion. Our results show that AO is more sensitive to
photobleaching than HO. The first order rate constant
for photobleaching of HO is <0.001 s '. Previously
reported measurements of AO photobleaching rate
constants range from 0.048~0.15s "' (36). The maps were
constructed from images that are averages of 60 images
taken over a 1 s period. We therefore estimate the
uncertainty in the AO/HO intensity ratio due to photo-
bleaching to be between 5-149%. Thus, from the sixth
root dependence of the Forster critical distance on the
intensity ratio, photobleaching contributes at most 2.5%
uncertainty in the calculation of intermolecular dis-
tances.

Self transfer processes also limit the resolution of
nuciear substructure at high dye conccntration. As
shown in Fig. 6 and Table 3, as AO accumulates the
average distance between acceptor molecules and donor
molecules decreases. The increased proximity will lead
to the establishment of energy migration networks
within the nucleus. As the excited state is passed from

molecule to molecule, the probabilities of thermal relax-
ation and singlet-singlet exciton annihi'ation increase.

In these experiments, the occarrence of self absorp-
tion and eneigy migraticn processes may be cvaluated as
toliows. The acceptor-donor overlap integral is 1.34 x
107 ¢in’ s*/mol. In comparison. the overlap integral for
donor-donor transfer (donor absorption with donor
emission) is 1.10 x 10 ™ c¢m’ s*/moi whereas the overlap
integrel for accepior-acceptor transfer is 6.13 x 10 ™
cm’ ¥*/mol. For identical intermolecular separations and
orientational tactors (i.e.. based on the magnitude of the
overlap integrals alone) the probability of acceptor-
acceptor transfer processes ts 45,76 of acceptor-donor
processes. Doncr—donor energy transier is negligible.
However. as increasing amounts of AO accumulate in
the cells acceptor-acceptor self transfer assumes an
important role and quantitative evaluations of donor-
acceptor intermolecular distances by RET are more
difficult (Fig. 6; 907 s).

Finally. tne binding of fluorescent probes certainly
changes the native conformational structure of the
nucleic acid. Inter -alating dyes sucin as AO and cthid-
ium bromide mav cause either local unwinding or
winding by the DNA helix (19. 37). The degree to which
the incorporation of various dyes change normal cellular
structure and function must be evaluated. These interac-
tions ultimately limit the utility of fluorescence labeling
techniques, including RET imaging.

CONCLUSION

In this paper, we have shown a calibration procedure for
the acquisition and quantitative analysis of resonance
energy transfer image data. The occurrence of energy
transfer between two DNA dyes. HO and AO was
characterized by low concentration spectral measure-
ments. The critical distance for energy transfer for these
two dyes, measured in an environment closely approxi-
mating their in situ environment, is 4.5 = 0.7 nm. The
first quantitative high resolution RET images were
presented, revealing the nuclear structure in six human
peripheral blood leukocyte nuclei.

The calibrated RET images provide a means of
spatially distinguishing nuclear regions of eu- and hetero-
chromatin. The temporal accumulation of submicromo-
lar quantities of AO over a period of 15 min was
measured. In contrast to flow cytometric techniques. a
single field containing six cells was continuously ob-
served. Changes in calibrated intensity ratios are sensi-
tive to changes in distance on the order of a few
nanometers. and thus reveal low level nuclear structure.
Although the individual chromatin strands themselves
were not resolved, its dispersal throughout the nucleus
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(usually undetectable in optical or elecron microscopy)
is seen as paiterns of increasing acceptor to donor
intensity ratio. Interphase chromosomes are known to
be associated with the nuclear lamina, with the cen-
tromeres and telomeres located at opposite cellular
poles (35, 38, 39). In Fig. 6, the majority of the brightly
occurring spots are found along the edges of the maps.
Spots located in the center of these maps may also be
associated with the nuclear [amina, but this association
is not clearly seen in these two dimensional images.

While the structural and molecular basis of interac-
tions between the nuclear matrix and interphase chroma-
tin are not well understood, the dispersal of chromatin
in the interphase nucleus is nonrandom and clearly
essential for the transcription and replication of DNA
(34. 35, 38, 39). The combined use of optical sectioning
(confocal) microscopy and RET imaging techniques
should further elucidate the three dimensional struc-
tural order of interphase chromosomes. The vast assort-
ment of biologically specific and commercially available
dyes makes RET imaging a promising technique for high
resolution structural studies of otber cellular compo-
nents.
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