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Abstract Investigation of protein-protein associationsis
important in understanding structure and function rel ation-
shipsin living cells. Using Forster-type resonance energy
transfer between donor and acceptor labeled monoclonal
antibodieswe can assess the cell surfacetopology of mem-
brane proteins against which the antibodieswereraised. In
our current work we elaborated a quantitative image mi-
croscopic technique based on the measurement of fluores-
cenceintensitiesto cal culate the energy transfer efficiency
on a pixel-by-pixel basis. We made use of the broad exci-
tation and emission spectrum of cellular autofluorescence
for background correction of images. In addition to the
reference autofluorescence images (UV background) we
recorded three fluorescent images (donor, acceptor and en-
ergy transfer signal) of donor-acceptor doublelabeled sam-
ples, and corrected for spectral spillage of the directly ex-
cited donor and acceptor fluorescence into the energy
transfer image. After careful image registration we were
able to calculate the energy transfer efficiency on a pixel-
by-pixel basis. In thispaper, we also present acritical com-
parison between results obtained with this method and
other approaches (photobl eaching and flow cytometric en-
ergy transfer measurements).
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Introduction

It was not until the 1980s that scientists began to acknowl-
edge the importance of protein-protein interactions in the
plasma membrane (Heldin 1995). Although generally ap-
plied biochemical and immunological approaches (cocap-
ping, coprecipitation, chemical crosslinking) have given
valuable insight into the topography of such interactions,
they have several disadvantages. These include the appli-
cation of extraction or isolation protocolsthat preclude the
investigation of proteinsin their natural environment and
may disrupt their interaction or may artificially generate
protein aggregation, especially in the case of abundant cell
surface glycoproteins (Shivnan et al. 1992). In contrast,
Forster-type resonance energy transfer (FRET) offers a
suitable and convenient alternative, since it can be per-
formed on live cells without magjor interference with the
physiological condition of the cells. FRET is a process by
which an excited donor dye passes its energy to a nearby
acceptor dye without radiation. The energy transfer effi-
ciency, which is a function of the inverse sixth power of
the separation between the donor and the acceptor, changes
steeply inthe 2—10 nm range in the case of the fluorescent
dyes employed in the present work (fluorescein and rhod-
amine). Therefore it can be used to assess molecular asso-
ciationsin this distance range (Eisinger 1976).

By labeling the cell with a donor- (e.g. fluorescein-)
and an acceptor- (e.g. rhodamine-) tagged monoclonal
antibody we can assess the association of the proteins
against which the antibodieswere produced (Szdll8si et al.
1989). Measurementsin afluorometer, where cell suspen-
sions are used, cannot reveal cell-by-cell differences, and
acontributionfrom dead cells, cellular debrisand unbound,
free fluorescent molecules can be present in the signa
(Szoll6si etal. 1984). Flow cytometric approaches are
superior to measurements in cell suspensions, since they
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are able to dissect subpopulations in biological samples,
unwanted cells and debris can be gated out, and because
of the small illumination volume, the concentration of free
dye molecules (if present) is negligible. By measuring
three intensities from each individual cell flow cytometri-
cally (quenched donor, acceptor excited directly and en-
ergy transfer using acceptor emission excited at a donor
absorption wavel ength) one can cal culatethe energy trans-
fer on acell-by-cell basis (Szoll6si et al. 1984; Trén et al.
1984). If we measure only the quenching of the donor flu-
orescence in the presence of the acceptor, we can only cal-
culate the energy transfer on a population basis, since the
donor fluorescence in the absence of the acceptor is not
available for the same cell measured flow cytometrically.

Digital fluorescence microscopy, although statistically
not as reliable as flow cytometry, can give pixel-by-pixel
resolution, so one is able to detect differences e.g. in the
association pattern of a protein in distinct parts of asingle
cell. One such approach is based on the different photo-
bleaching kinetics of a fluorescent donor in the presence
and absence of an acceptor (Jovin and Arndt-Jovin 1989).
This approach is, however, very sensitive to environmen-
tal factors such asthelocal concentration of fluorochromes
and oxygen (Song et al. 1995, 1996). Fluorescence inten-
sity ismuch less sensitive to such factors. Intensity-based
energy transfer measurements can be carried out in aflu-
orescence microscope by measuring the fluorescence in-
tensity of the acceptor when the donor is excited. How-
ever, thisis complicated by the fact that this fluorescence
intensity has contributions from both the direct donor and
acceptor fluorescence. By using special, narrow band pass
filters, it is possible to minimize these overspilled inten-
sities (Uster and Pagano 1986; Zhou et al. 1991), but in-
tensity in the energy transfer channel will still depend on
the concentration of the donor. This obstacle has partially
been overcome by dividing the energy transfer intensity by
the direct donor fluorescence in the presence of acceptor
(Liang et al. 1993), but this method gives only semi-quan-
titative results.

Correction for background (or autofluorescence) is yet
another problem. Several methods have been applied pre-
viously that used reducing or quenching agentsto decrease
autofluorescence (Beisker et al. 1987; Halldenet al. 1991),
or used red-shifted fluorescent dyes to decrease the rela-
tiveautofluorescenceintensity (Loken et al. 1987), or dyes
withlong lifetimesto be ableto discriminatethe useful sig-
nal from the short-lived background fluorescence (Seveus
et al. 1994). These methods require either special instru-
mentation or special chemicals. Cell-by-cell background
compensation has been used in flow cytometry (Alberti
et al. 1987; Steinkamp and Stewart 1986). Another ap-
proach utilizes the broad excitation and emission spectra
of cellular autofluorescence. We have previously applied
this method to image cytometry to get rid of the high au-
tofluorescence in specimens labeled for fluorescence in
situ hybridization (Sz6ll8si et al. 1995).

In this study we devised a method that is able to give
accurate energy transfer values on a pixel-by-pixel basis.
We successfully applied our above-mentioned background

correction method for energy transfer microscopy. Taking
account of spillage between different fluorescent images,
we calculated the energy transfer efficiency between the
heavy chain of MHC-1 and the 3,-microglobulin, and the
MHC-I and MHC-I1 proteins. We compare our intensity-
based results with those obtained by photobleaching en-
ergy transfer measurements and flow cytometric energy
transfer measurements.

Materials and methods
Cells and antibodies

JY, ahuman B lymphoblastoid cell line, was obtained from
the American Type Culture Collection (Rockville, MD)
and grown according to its specification. W6/32 (anti hu-
man MHC-| antibody that binds to the heavy chain of the
protein), L368 (anti human B,-microglobulin) and L243
(anti human MHC-I1) antibodies were prepared from
supernatants of hybridomas. Antibodies against erbB2
(4D5 and 7C2) were a generous gift from Genentech Inc.
(South San Francisco, CA).

Labeling of cells with antibodies

Aliquots of purified monoclonal antibodies were labeled
with fluorescein-isothiocyanate (FITC) or tetramethyl-
rhodamine-isothiocynate (TRITC, Molecular Probes,
Eugene, OR) asdescribed earlier (Szdllsi et al. 1989). Use
of capital F and R refers to fluoresceinated and rhodami-
nated antibodies, respectively. Dye: proteinratioswerede-
termined separately for each antibody by spectrophotomet-
ric methods and were always between two and four. La-
beled antibodies retained their binding capacity according
to competition analysis using identical, unlabel ed antibod-
ies.

After harvest, cellswerewashed twice and resuspended
in PBS. About 10° cellsin 50 L. PBSwere incubated with
fluorescently tagged antibodies at saturating concentration
(1-2 pm depending on the type of antibody) for 30 min on
ice in the dark. The excess monoclonal antibody was re-
moved by washing the cells in PBS twice. Cells were
either used immediately for measurements or were fixed
in 1% formaldehyde. Results obtained with live and fixed
cells were identical within the accuracy of the measure-
ments. Antibodies were centrifuged (at 100,000 g for
30 min) before use to avoid possible aggregation.

Flow cytometric energy transfer measurements

We used a modified Becton Dickinson FACStar Plus flow
cytometer equipped with dual argon ion laser excitation to
measure the energy transfer efficiency. A detailed descrip-
tion of the method hasbeen given el sewhere (Szol1 6si et al.
1984; Tron et al. 1984). Briefly, three fluorescence inten-



sities were measured. Two were excited at 488 nm and de-
tected at 540+ 20 nm and above 580 nm, respectively, and
thethird wasexcited at 514 nm and detected above 580 nm.
Forward anglelight scattering (at 514 nm) wasused to gate
out debrisand dead cells. All datawere stored in list mode
format. We cal cul ated the energy transfer efficiency (E) on
acell-by-cell basisfrom the three fluorescence intensities.
“E” values are presented as mean values from approxi-
mately normally distributed, unimodal energy transfer his-
tograms of 10,000 cells calculated from at |east four inde-
pendent measurements. The high number of measured cells
in flow cytometric energy transfer (FCET) minimizes the
distorting effectsof biological variationin cell samplesand
antibodies on the calculated E values.

Photobleaching energy transfer measurements (pbFRET)

We used an Axioplan Zeiss microscope equipped with a
Microlmager camera (Xillix Technologies Corp., Van-
couver, British Columbia, Canada) and Scilimage software
(The University of Amsterdam, The Netherlands) installed
onaSUN workstation. The optical filtersand dichroic mir-
rors used for fluorescein were those presented in Table 1.
Energy transfer was calculated using the photobleaching
energy transfer method, pbFRET (Jovin and Arndt-Jovin
1989; Szabo et al. 1995; Damjanovich et al. 1997). Briefly,
photobleaching is an irreversible photochemical reaction
that destroys the chemical structure of the dye. Because
this reaction can only take place in the excited state, the
rate at which the sampleisbleached, is proportional to the
time spent in the excited state. As energy transfer shortens
this time, it slows down the rate of photobleaching. Pho-
tobleaching kinetics in regions of interest (ROIs) were
measured on donor |abeled and donor-acceptor double la-
beled samples. At the end of each experiment the sample
was continuously illuminated for two minutesto determine
thebackground. Theresidual intensity changed by lessthan
0.5% upon further illumination. This background was sub-
tracted from all images on a pixel-by-pixel basis and the
resulting bleaching curves were fitted to double exponen-
tial functions, which yielded the best result. From the two
exponential time constants we cal culated an effective pho-
tobleaching time constant by taking an amplitudeweighted
average (Young et al. 1994). Frequency histograms of the
time constants for both the donor and donor-acceptor la-
beled samples were made and the means of the histograms

Table1 Excitation filters, emission filters and dichroic mirrors for
the measurement of fluorescein, rhodamine and energy transfer in-
tensities

Excitation Dichroic Emission
Background (Igg) 365 nm BP FT395 450+50 nm
Fluorescein (1) 490+10 nm FT510 535+30 nm
Energy transfer (1,) 490+10 nm FT565 590 LP
Rhodamine (1) 546+12 nm FT565 590 LP
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were calculated. From these mean values the average en-
ergy transfer efficiency can becal culated (Jovin and Arndt-
Jovin 1989):

To

E=1-
TDA

)

where T and Tp are the mean effective bleaching time
constants of the donor-only labeled and the donor-accep-
tor double-labeled sample, respectively. Averages calcu-
lated from the mean values of histograms from at least six
independent measurement are presented in Table 3.

Intensity-based energy transfer measurements

We used the same microscope and software as those used
for pbFRET measurements. The excitation and emission
filters and dichroic mirrors used to measure fluorescein,
rhodamine and energy tranfer intensities are presented in
Table 1.

Registration of images

Images recorded with different dichroic mirrors are usu-
aly shiftedrelativeto each other. Inaddition, gradual shifts
also occur during the course of longer measurements. In
these cases image registration is necessary. We superim-
posed theimagesto be registered on each other and shifted
one of them either manually or using an automated routine
to achieve the best overlap. We found that the manual
method is more reliable than the automated one (based on
mean sguare errors) in cases when less bright or fuzzy
images were to be registered. Automated routines were
found to be most accurate with, for example, fluorescent
beads with very sharp edges. In the case of images where
fluorescence intensity was very low, we used fluorescent
beads with wide excitation and emission spectrafor regis-
tration (Multispeck™ from Molecular Probes, Eugene,
OR).

Absorption and fluorescence excitation spectra
of the dyes conjugated to antibodies

The absorption spectra of fluorescein and rhodamine
conjugated to antibodies were recorded on a Shimadzu
UV-2100 spectrophotometer with 0.5 nm step size. The
extinction values £(A) were determined by assuming
molar extinction values of &=73,000 M~ cm™ and
£, =83,000 M~ cm* based on the peak absorption values
provided by the manufacturer (Molecular Probes, Eugene,
OR).

Corrected fluorescence excitation spectraweretaken on
aPerkin Elmer M PF-44B spectrofluorometer. Thefluores-
cein and rhodamine spectrawere normalized by setting the
maxima equal to the extinction maximaof the correspond-
ing dye.
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Determination of the spectral characteristics
of the optical elements

For the calculation of the total absorption of the dyes the
spectral properties of the optical elements of the excitation
pathway of the microscope were measured with a Shi-
madzu UV-2100 spectrophotometer. The transmission
spectrum of the excitation filter and the dichroic mirrors
(the latter placed at 45° with respect to the illumination
beam) were measured with a step size of 0.5 nm. The re-
flectance, R, of the dichroic mirrors was calculated as
R=1-T, where T is the transmission. The energy per unit
wavelength vs. wavelength spectra, 1g(A), of the Hg arc
lamps were acquired from the manufacturer (Osram, Ger-
many). The relative photon number per unit wavelength
vs. wavelength spectrum, [(A), was calculated as
Iy (A) O1g(A) - A, where A is the wavel ength.

Results
Background correction of images

Background arisesfrom several, quite distinct phenomena.
It is partly generated by the “dark current” of the camera.
To correct for this, we recorded fluorescent images for a
given duration. Then we repeated the image acquisition
with closed shutters for the same time. This is the “dark
current” image. Afterwards we subtracted the “dark cur-
rent” image from the fluorescent image on a pixel-by-pixel
basis. All theintensitiesin the equations presented refer to
“dark current” corrected intensities.

The second component of the background is caused by
the fluorescence of the optical elements of the microscope
and the slide or coverslip (this component isimportant in
the case of cells grown on coverslips, because the glass
surface is covered by proteins). This is determined by
measuring the average pixel values in cell free areas on
each sample (boxes with dashed linesin Fig. 1). The val-
ues of at least 2—3 boxes are averaged in each image, and
this constant value is subtracted from each pixel in the
given image.

The third component of background is due to autofluo-
rescence of the cells. Since the autofluorescence spectrum
of cells has a wide excitation and emission spectrum and
isfairly constant, it is possible to define ratios (B, to Bs)
that describe the ratio of fluorescence intensities recorded
with the fluorescein (B,), energy transfer (B,) and rhoda-
mine (B5) filter and dichroic mirror setsto the fluorescence
intensity called “ background intensity” in our terminol ogy
recordedwith UV excitation (for wavelengthssee Table 1).

I UV background

Theseratios are determined with unlabeled cells (Table 2).
The high value of B; istheresult of the high sensitivity of
our camera in the red region. Although emission is also
measured within the red region in the case of 1, the exci-

, x=1,2,3

Fig. 1a, b Background correction for energy transfer microscopy.
aUV-excited backgroundimage of unlabeled cells. b Unlabeled cells
recorded with the rhodamine filter and dichroic set. To correct for
the autofluorescence of the slide and the optical elements of the
microscope we select cell-free areas (boxes with dashed lines in
a and b), and calculate the average pixel intensity of the boxes in
each separateimage. Then thisconstant valueissubtracted fromeach
pixel intheimage. To cal cul ate the spectroscopic B, — B; factorsthat
characterize the spillage of the UV-excited background fluorescence
intensity into the fluorescein, energy transfer and rhodamine imag-
es, respectively, we use unlabeled cells and select image areaswhere
cells can be found. We sum the fluorescence intensity of the cellsin
the fluorescein, energy transfer and rhodamine images. Then we di-
vide these values by the summed intensity of the same cells in the
background channel to obtain the B,—B; factors. Bright spots
(marked by an arrow in image b) are omitted from the calculations

tation and emission wavelengths are very far from each
other, and fluorescent molecules (including those respon-
sible for cellular autofluorescence) do not usually exhibit
such abig Stokes shift. Calculation of B, valuesisnot car-
ried out on a pixel-by-pixel basis, but rather we sum the
pixel values in the images, since the fluorescence inten-
sitiesin single pixels are sometimes very low. Some bright



Table2 Spectroscopic and instrumental factors for the calculation
of intensity-based energy transfer in microscopy

S, 0.156+0.007 B, 0.191+0.022
S, 0.054:+0.005 B, 0.211+0.026
Ss o* By 1.857+0.362
S 0.011:+0.003 a 0.59 +0.08

The mean and SD values of the S and B factors, and of a are pre-
sented in thistable. These values were used for the calculation of en-
ergy transfer in Fig. 4 and Table 3. * The value of S; was not calcu-
lated since the intensity in the rhodamine image (1) in the case of a
fluorescein-1abel ed sample was not discernable from the background

spots (marked with an arrow in Fig. 1) in the background
recorded with the rhodamine filters are neglected, since
they are not present in the UV-excited image and would
distort the calculation of the B factors. Asthe B factors do
not contain the contribution from these very bright spots,
similar shiny dots are also neglected in all of the images.

With the B factors known, we can background correct
our fluorescenceimages. A UV-excited background image
is recorded with the antibody labeled samples. After dark
current and constant background (autofluorescence of the
dlide and the optical elements) correction on the back-
ground and the fluorescein, energy transfer and rhodamine
images, the following compensation is carried out on a
pixel-by-pixel basis:

I, (without cellular autofluorescence)
=1, (with cellular autofluorescence) —B, - g4

©)

wherel, standsfor I to | ; (fluorescein, energy transfer and
rhodamine intensities, respectively), lg4 isthe UV-excited
background and B, is the ratio described above. This is
valid because our fluorescent dyes have negligible absorp-
tion in the relevant UV range. This correction eliminates
the contribution of the autofluorescence from the |, to |5
intensities from the individual pixels. It is worth noting
that cellular autofluorescence (By - 1z4) amounted to about
10-15% of the total signal.

Theory of intensity-based energy transfer microscopy

In microscopy, intensity-based energy transfer determina-
tion is usually based on the measurement of sensitized
emission of the acceptor. Thisis achieved by exciting the
donor (fluorescein) and measuring the fluorescence emis-
sion from the acceptor (rhodamine, |, in equations bel ow).
Thisis, however, complicated by thefact that |, hasaback-
ground component (B, -lgy), and a contribution from the
direct emission of the donor (I - (1-E) - S;) and the accep-
tor (Ig-S,). To overcome this problem, one has to measure
four independent images of the same field. One intensity
is the autofluorescence of cells that is excited in the UV
rangewherethefluorescent label sused have negligible ab-
sorbtion (Ig). Since the background intensity that can be
measured using thisUV excitation israther low, the acqui-
sition time for this image was usually long (3-5 sec) and
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we used awide emission filter. Exposure timesfor the flu-
orescein, energy transfer and rhodamine imageswere 1—2
seconds depending onthe signal. Theseintensitiesare pre-
sented below:

|1(490, 535):Bl'|Bg+IF'(l_E)+IR'S4 (4)

|2(490, >590):82'IB9+||:'(1—E) " Sl+ (5)
+|R'Sz+||:'E'a

|3(546, >590):B3'|Bg+||:'(1—E) 'S&+IR (6)

In the above equations | - isthe unquenched fluorescein
intensity, I is the direct rhodamine emission. The num-
bersin brackets refer to the wavel engths of excitation and
emission in the case of the given intensity (for filters and
dichroic mirrors consult Table 1). The I, |, and |5 inten-
sities are usually referred to as fluorescein, energy trans-
fer and rhodamine images or intensities, respectively, al-
though these intensities contain contributions from other
sources, as well. The S;—S, factors characterize the spec-
tral overlap between different channels (Table 2). S; and
S; are determined using sampleslabeled only with fluores-
cein according to the following equations (Trén et al.
1984):

§=12, =P (7.9)
Il 1

Fortunately using our filter and dichroic mirror setup S;
was zero, making Egs. (4)—(6) simpler. In spite of thiswe
retained this designation to make our equations compat-
iblewith those of the flow cytometric approach (Tron et al.
1984). S, and S, are determined on samples labeled only
with rhodamine according to the following equations:

(9, 10)

We neglect the small amount of fluorescence intensity
that may be present in I, due to the spillage of sensitized
rhodamine emission into the I; channel (I-E-a-S/S,),
whichisabout 2% of |- even when E =20%, and it amounts
to even less of the total 1, intensity.

Thefluorescenceintensitiesin Egs. (7) —(10) represent
summed fluorescence intensities from the same part of the
images. For example, to calculate S; some bright cells are
selected, and the intensity of these cellsis summed in the
energy transfer (I,) and thefluorescein (1,) image. Thepro-
portionality factor a isthe ratio of the fluorescence inten-
sity of a given number of excited rhodamine molecules
measured in the I, channel to the fluorescence intensity of
the same number of excited fluorescein molecul es detected
in the I, channel. This is constant for a given experimen-
tal setup and a particular pair of donor and acceptor con-
jugated ligands and must be measured for every defined
case. The determination of a will be described bel ow.

When we cal cul ate the energy transfer values using the
intensity-based approach, we have to correct for photo-
bleaching. Since the bleaching rate of rhodamine is very
low with our illumination intensities, we had to use this
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correction only for the fluorescein and the energy transfer
images. We sequentially recorded fluorescein and energy
transfer images repeatedly. We used a linear approxima-
tion of bleaching which is reasonable for short exposure
times: when calculating the energy transfer in an image,
we computed the relevant fluorescein intensity as the av-
erage of the previous and the next fluorescein image.

Image processing

The calculation of energy transfer begins with image reg-
istration to correct for shifts between image recordings.
Then we usually gate on high intensity parts of theimages,
since reliable calculation can only be done in these parts,
because the energy transfer part of |, (I -E- a) usually ac-
counts for only a small percentage (10—20%) of the total
I,. Sometimes, if the intensity is low, compression of the
images by pooling the signal s of neighboring pixelsisnec-
essary to increase the pooled intensity to an appropriate
level. Of course, thisis done at the expense of spatial res-
olution. Then we subtract the constant background (auto-
fluorescence of optical elementsand the slide), determined
in an area with no cells. Afterwards we subtract cellular
autofluorescence from each image (B, - lgq, X=1, 2, 3). In
this way the corrected |; image will be equal to 1. Then
subtraction of S, -1 from the fluorescein image is carried
out leaving I - (1—E). Subtraction of the fluorescein con-
tribution (I - (1-E) - S;) fromtheenergy transfer image(1,)
leaves IS, + |- E-a, which is the direct plus sensitized
emission of theacceptor (Fap). Wecan proceedintwoways
from here:

1., Iz S, issubtracted from the energy transfer image, and
the remaining I-E-a is divided by (I;—B;-lgg—Igr"S,)
-a=Ig-(1-E)-a. This gives E/(1-E) which is f in
Eqg. (12):

9. (11) a1

l5—B,0gg—(11—Bipg) (5 + (13—Bs0gg) IS -S) y
a mll_ Bl[llBg_(IB_ B3DBg) [54)

Inthedenominator we havethel ; image corrected for back-
ground and rhodamine contribution multiplied by a. Inthe
numerator we have the I, image corrected for background
and fluorescein contribution (1,—B;-lgg—(1,—B; - 1gg) - S;
and the background corrected 1; image multiplied by
Si-$-S.

2., E can be calculated according to the classical equation:

Fap —14 Aol8o g

12
Fa An [Ep 12

where F, is the direct acceptor fluorescence (in our case
Ir-S;) measured at the same excitation wavelength as the
sensitized emission, Ay and A, are the integrated absorp-
tions of the donor and the acceptor in the fluorescein ex-
citation range, respectively, cp and c, are the concentra-
tions of the donor and the acceptor, respectively. Solving

this equation gives

DIZ_BZD‘Bg_(ll_BlE"Bg_(|3_B3Ent)[SA)ES._1|:| (13)
(I3-Bygg) (S H

=E

Aa [
Ap [Ep

To be ableto calculate E according to Eq. (13), we need to
calculate the absorption ratio (Aa/Ap) and the pixel-by-
pixel acceptor-donor ratio (ca/cp). Calculation of these
values will be discussed below in separate sections.

0

Determination of a

a isaconstant in our calculations that determines the pro-
portion of the rhodamineto the fluorescein signal when the
number of excited molecules is the same for both the flu-
orescein and rhodamine images. Owing to energy transfer
N Ol - E excited molecules are lost on the donor side, and
an equal number of excited molecules appear on the ac-
ceptor side. a characterizes the ratio of the fluorescence
quantum efficiencies of the donor and acceptor and the
efficiency of the detection system at the two wavelengths.

For the determination of o, one needs a sample that is
|abeled with the same number of donor and acceptor anti-
bodies. This can be achieved with an antibody pair, that
binds to two, non-competing epitopes on the same protein
and there should be no energy transfer between them. One
such candidate is the 4D5 and 7C2 pair, that recognizes
two, non-overlapping epitopesontheerbB2 protein (erbB2
is amember of the epidermal growth factor receptor fam-
ily transmembrane tyrosine kinases, and it is often over-
expressed in breast cancer). Other antibody pairs can also
be used. When one such antibody pair is found, it can be
used in any measurement with the same dyes, since a is
determined by instrumental parameters and the spectral
properties of the dyes.

Wemeasurethefluorescein (1), energy transfer (I,) and
rhodamine (1) intensity of the cells labeled with both flu-
oresceinated 4D5 and rhodaminated 7C2 antibodies along
with the UV-excited background image (lgy). After back-
ground correctionof all images, wesubtract (I;—B; - lgg) - S,
from the |, image (that is the rhodamine spillover to the | ;
channel). Afterwards we subtract the resulting I, image
from the |, image. In thisway, the corrected |, image con-
tains I (since E=0), and the corrected |, imageis |- S,.
Then we sum the intensities of the images and divide the
rhodamine intensity by the fluorescein intensity. In addi-
tion, we have to correct for the different labeling ratios of
the antibodies and the different absorption of the two dyes:

_ Poatllem A
Pop Bem,p
_ Ip(corrected) fép O Oex F Ryic,p LA Efi
|1 (CorreCtEd) IEA I:IIN D—E(,F D%iC,R [alA LA
= M D
I1 (corrected) E%D\ E’I:T\

(14)
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Fig. 2 Determination of the absorption ratio. Emission spectrum of
the Hg arc lamp (¢), transmission profiles of the fluorescein excita-
tion filter (0), reflection spectra of the fluorescein and the rhod-
amine dichroic mirrors (4), and absorption spectraof the fluorescei-
nated and rhodaminated antibodies (0) were measured for the fluo-
resceinated (part a) and rhodaminated (part b) antibodies. Then we
multiplied these factors together to obtain the curve marked by A.
Theareaunder these curvesis proportional to the absorption of these
dyes using the given filter sets

@oa and @y are the fluorescence quantum yields of the
donor and the acceptor in the absence of external quench-
ing mechanisms, Ney, o aNd Ny, p are the transmission and
detection efficiencies of the emission pathway in the do-
nor and acceptor channels. &5 and g, arethe molar absorp-
tion coefficients of fluorescein and rhodamine, respec-
tively, I is the number of photons in the exciting beam,
Tex F IS the transmission of the fluorescein excitation fil-
ter, Ryic, r and Ry g are the reflectances of the fluorescein
andrhodaminedichroicmirrors, respectively. T, - appears
in the denominator as well as in the numerator, since the
I, intensity is excited in the fluorescein excitation range.
Lp and L, arethelabeling ratios of the antibodies (the num-
ber of fluorescent molecules on asingleimmunoglobulin).
Ap and A, are proportional to the number of photons ab-
sorbed per unit time by the donor and the acceptor, respec-
tively. We can also calculate I, (corrected) by multiplying
the background corrected rhodamine image by S,.

If we are not lucky enough to find an antibody pair that
binds to the same protein (to ensure an equal number of
donor and acceptor antibodies) and gives no energy trans-
fer, we can use other, non-competing antibodies against the
same protein. In this case, however, we have to take the
energy transfer into account. Since energy transfer values
between different epitopes of the same protein are pretty
constant, we can use the energy transfer value from flow
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cytometric measurementsto cal cul ate the unquenched flu-
orescein intensity:

l; — B Ogy
lgp=————>9 (15)
F 1-E
Wewritelg inplaceof I, (corrected) and (I3—B3-lgg) - S,
in place of I, (corrected) in Eq. (14).

Determination of the absorption ratio (Ap/Aa)

Because the light source (mercury arc lamp) has a contin-
uous spectrum, the amount of light absorbed by a dye is
determined by the spectral characteristicsof theoptical ele-
ments and the absorption spectrum of the dye over afinite
wavelength range. The spectrum of the mercury arc lamp
was obtained from the manufacturer, while the transmis-
sion of the excitation filter (fluorescein filters were used
for both antibodies), the reflection of the two dichroic
mirrors and the absorption spectra of a fluoresceinated
(F-W6/32) and arhodaminated (R-KE2) antibody werere-
corded on a spectrophotometer. Then the product of these
was calculated separately for the fluoresceinated and the
rhodaminated antibodies over the spectral rangewherethe
product differs from zero (Fig. 2). These quantities have
been rescaled to fit into the same coordinate system while
maintaining their relative values between the pairs for
fluorescein and rhodamine. The areaunder the curve of the
product is proportional to the total amount of photons ab-
sorbed by the dye. Theratio of these areasfor thetwo dyes
is the relevant absorption ratio.

We can measure the absorption of the acceptor in the
same wavelength range as that used for fluorescein ex-
citation in asimilar way using the rhodamine filter for ex-
citation and calculating the product described above.
Multiplication of this product by S, gives the absorption
of rhodamine in the fluorescein excitation range.
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The absorption ratio was al so determined using fluores-
cence excitation spectraof the dyes rather than the absorp-
tion spectra. These spectrahave somewhat different shapes
in the case of rhodamine. The appearance of a peak in the
absorption spectrum of the antibody-conjugated dye that
has no corresponding peak in the excitation spectrum in-
dicates the formation of dark complexes between the dye
and the antibody. In thisway the final value of the absorp-
tion ratio was different for the two cases, so the energy
transfer values determined using these absorption ratios
also differed accordingly. Thisis similar to the situation
where energy transfer values are not the same when deter-
mined from the quenching of the donor or the sensitized
emission of the acceptor.

Determination of the donor-acceptor ratio
on a pixel-by-pixel basis

For the determination of the local donor-acceptor concen-
tration on donor-acceptor double labeled samples we first
calculate the direct fluorescein (1) and rhodamine inten-
sities (Ig). Then we have to convert this fluorescence in-
tensity ratio to a concentration ratio. Therefore we need a
calibration constant that characterizes the fluorescence in-
tensity ratio I g/l in the case of an equal number of fluo-
rescein and rhodamine molecules.

For the determination of this constant one also requires
cellswith the same number of fluoresceinated and rhodam-
inated antibodies bound without energy transfer. Werecord
afluorescein (I,) and arhodamine (1) image. Then these
images are corrected for background and the fluorescein
image is corrected for direct rhodamine contribution
to give |, (corrected) and |5 (corrected). Afterwards we
take the ratio of the summed corrected rhodamine inten-
sity (I3) and the corrected fluorescein intensity (1) of the
same cells. Then we have to correct for the different la-
beling ratios of the antibodies to obtain a constant: the
ratio of the rhodamine and fluorescein signals when the
number of fluorescein and rhodamine molecules are the
same:

> Isj(corrected)
]

Lr

=[O 16

> laj(corrected) Lg (16)
]

where C is the calibration constant, while Lg and Ly are
the labeling ratios of the antibodies determined from their
absorption spectra. If wedo not haveanon-competing anti-
body pair against the same protein that gives no energy
transfer, then we correct the fluorescein intensity for the
energy transfer (Eq. (15)).

Afterwards in the case of energy transfer samples, we
divide the fluorescein image (1) corrected for background
and direct rhodamine fluorescence, |,(corrected), by the
background-corrected rhodamine image, Is(corrected),
and multiply the resulting image by the above constant. In
this way, we obtain an image which contains the real do-

nor/acceptor ratio on a pixel-by-pixel basis:

Cpi _ Iy (corrected)

cy g (corrected) (17)

where cp;/C,; 1S the donor/acceptor ratio. In our calcula-
tions we neglect the fact that, in the case of the energy
transfer sample, the corrected |, intensity is the quenched
fluorescence of the donor, and not . This can be taken
into account by solving the following set of equations:

1,=By-lgg+lg-(1-E)-S+Fap (19)
|3:B3IIBQ+IR (20)
Fao _ 1, Ao l€p

=1+ (E 21
Fa An (€ (2)
cp _ I
“ _'F 22
n In (22)
From the above equations we get

Oy —-ByUpg—lic O_Ay l3—Bslgg
B= -1p0-A 0= 23

Hila-Ba g™ 0 A0~ Cll @)

Where B: E/(l_E) and IlC: Il_Bl'IBg_IR.S4':|F(1_E)'

Comparison of results obtained by different energy
transfer calculation methods

We labeled cells with fluoresceinated anti [3,-microglobu-
lin (F-L368) and rhodaminated anti MHC-I heavy chain
antibodies (R-W6/32), or F-W6/32 and rhodaminated anti-
MHC-11 antibodies (R-L243), and analyzed cells from the
same labeling with flow cytometric, photobleaching en-
ergy transfer, and the two intensity-based image micro-
scopic methods described here (Table 3, Figs. 3 and 4).
MHC-I and MHC-II proteins are important molecules in

Table 3 Comparison of different energy transfer calculation meth-
ods

Antibodies Flow pbFRET Intensity- Intensity-
cytometer based, based,

usinga  using Fpp

FL368+RW6/32 15+1% 22+3% 15+3% 17+2%

FW6/32+RL 243 9+2% 14+3% 4+1% 4+2%

FW6/32+RL 243 ND 8+2% 3+1% 3+1%

(low cp)

FW6/32+RL243 ND 18+2% 10+£1% 10+£2%

(medium c,)

FW6/32+RL 243 ND 24+3% 14+3% 15+2%

(high cp)

Samples from the same labeling were measured using the flow
cytometric, photobleaching and intensity-based microscopic energy
transfer calculation methods. ND =not determined
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Fig. 3 Direct plus sensitized emission of the acceptor divided by
thedirect emission. JY cellswerelabeled with F-W6/32 and R-L243
antibodies, and the Fyp/F, ratio was cal culated (without any correc-
tion for donor-acceptor ratio). Bright pixels correspond to high val-
ues of theratio. The displayed range of theratio is between 1 and 8

Fig. 4a—d Calculation of energy transfer on a pixel-by-pixel basis
on JY cellslabeled with F-W6/32 and R-L243. a Fluorescein image
of JY cellslabeled with F-W6/32 antibodies against the MHC-I pro-
tein. b Rhodamine image of JY cells labeled with R-L243 antibod-
ies against MHC-II. c Intensity-based energy transfer image. Pixel
values represent the energy transfer between F-W6/32 and R-L243
antibodies. d Photobleaching energy transfer image of the samecells.
In the energy transfer images bright pixels correspond to high energy
transfer

the interaction of cells of the immune system with each
other and with their target cells.

Theratio Fp/F 4 (direct plus sensitized emission of the
acceptor divided by the direct emission of the acceptor
without any correction for donor-acceptor ratio) is not a
good approximation of the energy transfer in the case of
cellswith hugedifferencesin donor concentration (Fig. 3).
Part a and part b of Fig. 4 are the fluorescein and rhoda-
mine images of cells labeled with F-W6/32 and R-L243
antibodies, respectively. Sincetheseantigensare expressed
independently, there is a significant cell-by-cell variation
in the relative amount of these proteins. Part c of Fig. 4, is
an intensity-based energy transfer image calculated ac-
cordingto Eq. (13). Part d of thesamefigureisthe pbFRET

image. There is fairly good correlation between the two
energy transfer images. However, it isworthwhile to com-
pare Fig. 3 with Fig. 4c. In Fig. 3, where Fp/F 4 is pre-
sented, we can seethat the highest pixel valuescan befound
in pixels where the donor concentration is the highest. On
the other hand, in part ¢ of Fig. 4, energy transfer values
are higgest in pixels with the highest acceptor concentra-
tion.

Results obtained by the different methods were consis-
tent with theory: by selecting cells with different acceptor
concentrationsin the same microscopicfield the cal culated
energy transfers were higher in the case of cellswith high
acceptor concentration (Table 3). The two intensity-based
microscopic energy transfer methods yield the same en-
ergy transfer values within experimental error. In the case
of the F-W6/32-RL 243 antibody pair, thereisapronounced
difference between the flow cytometric and image micro-
scopic energy transfer values. These two cell surface pro-
teinsare expressed independently, so thereisabig cell-by-
cell variation in therelative amount of these proteins. This
may increase the error in the mean energy transfer values
in microscopic measurements where the number of meas-
ured cellsis small. On the other hand, microscopic inten-
sity-based energy transfer calculations are reliable with
high fluorescence intensities. That is why we usually se-
lect bright cells, and this procedure may inadvertently in-
troduce abiastowards cellsthat have ahigh number of flu-
oresceinated antibodies bound, and consequently possibly
alow acceptor concentration. Thecorrespondence between
the microscopic approaches and the flow cytometric
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method isvery good inthe case of the FL368-RW6/32 pair.
Theseantibodiesbind to different subunits of the same pro-
tein (MHC-I molecule). Since the conformation of MHC-I
is not believed to display any cell-by-cell heterogeneity,
the small number of cells sampled by energy transfer mi-
croscopy would not introduce a big uncertainty into the
measurements. However, pbFRET gives a higher energy
transfer value evenin this case. We often experienced sim-
ilar phenomena with other antibody pairs. We started to
look for possible factors that make the two measurements
inherently different. One such, previously unacknowl-
edged factor, is the different weighting of pixel-by-pixel
energy transfer valuesin intensity-based and photobl each-
ing energy transfer measurements.

Differences in weighting of energy transfer values
in pbFRET and in intensity-based energy transfer
mi croscopy

In the case of intensity-based energy transfer measure-
ments, energy transfer is measured on a pixel-by-pixel
basis. To calculate the average energy transfer for asingle
cell, these values are averaged:

SE )

EintENSITY = In =kz K+ K +k

th(k) (24)

where k,,, k; and k; are the rate constants for non-fluores-
cent, fluorescent and energy transfer relaxations. Summa-
tion isover al existing values of k;. The fraction of pixels
with a given k; is designated by n(k;). Variation in k, and
k: is supposed to be negligible as compared to that in k..
Here we do not weight the energy transfer values on fluo-
rescence intensity. If the unquenched fluorescence inten-
sity of the donor isindependent of the energy transfer, this
is reasonable, since the mean energy transfer value would
be the same with or without weighting (a more detailed
discussion is given in the next section).

In pbFRET we only have pixel-by-pixel photobleach-
ing time constants. We could give pixel-by-pixel energy
transfer, if we were ableto bleach the donor in apixel both
in the presence and absence of the acceptor. In practice, we
measure the photobleaching rate of the donor in the ab-
sence (7p) and in the presence (1) of the acceptor on sep-
arate samples, and calcul ate the average energy transfer of
the double-labeled sample:

K
. 55 k”;b " (ko k)
E =1- B2 =1- (25)
BLEACH DA Z ZW m(kb,k[)
Ky ki

where k;, is the photobleaching rate constant and n(ky, k;)
is the fraction of pixels with rate constants k, and k..
Photobleaching is regarded as afirst-order processin our
calculations.

We suppose that the number of pixels measured on the
donor labeled and donor-acceptor double-labeled sample

isthe same. If the variation in k;, is negligible as compared
to that in k;, the right side of expression (25) simplifiesto
the left side of Eq. (26). (A general consideration without
simplification is given in the next section). We affirm that

EsLeachZEinTENSITY 1- €1

M
. glkt'l 2% kt,l
S (i +ho thy) TRtk
=1

(26)

where M is the number of pixels. By bringing it to a com-
mon denominator and by reduction, we have

M M M
S Y (kitkatke)® 1 (Kyitkatki)

M+ [TLi=Liz . i=L,i%],i#l > M2
ki, +k
iI:ll(kt,l kn f) (27)
Reduction of the left side gives
M M +k, +k
M + TR RACINIVE (28)

|§11:1,j¢| Kij + Ko +Ke

The left side contains M - (M—1)/2 pairs of reciprocal val-
ues. It is known that

m%zz (29)

where X isan arbitrary positivereal number, or in our case:
_ ki tka kg N ki,j +Kn +Ks
ki, +kn + K¢

Then inequality (28) can be transformed to the form be-
low:

z

DTS >2 (30)

M + % Z > M2 (31)
where Z=2. Thus, the average energy transfer value cal-
culated by the ppFRET method islarger than that given by
the intensity-based method. The greater the difference
between k; ; and k; ;, the more pronounced the inequality
is. This means that the more extensive the heterogeneity
in k; values, the more pronounced is the overestimation.

Monte Carlo simulation of energy transfer calculation
according to pbFRET and the intensity-based method

The general form of Eq. (26), without neglecting the vari-
ation in ky, is overwhelmingly complicated, so we pre-
ferred to use a computer simulation to analyze this issue.
We generated k, asanormally distributed random variable,
and k; was generated according to alognormal distribution,
since the difference in the average energy transfer values
given by the pbFRET and the intensity-based techniques
differs markedly in this case, and we often experience a
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Fig. 5 Comparison of mean energy transfer values calculated ac-
cording to the intensity-based and the pbFRET technique. The dis-
tribution of k, was supposed to be anormal distribution with a mean
of 1000 and a dispersion of 15. The distribution of k; was a log-
normal distribution with o values of 0.15 (0), 0.25 (e), 0.5 (&),
0.75 (m) and 1 (O). In these cases no weighting onintensitieswas car-
ried out. In the case of curve marked by +, intensity-based energy
transfer values and the bleaching time constants were weighted on
theunguenched intensity of thedonor. Inthe case of the curve marked
by w, intensity-based energy transfer values were weighted accord-
ing to the quenched intensity, while no weighting was done for the
bleaching time constants. The mean value for k; was varied so that
the energy transfer value gave the theoretical energy transfer values
on the horizontal axis. The popul ation was sampled 25,000 times by
generating random variables with the above distributions. The mean
energy transfer values were calculated according to Egs. (24) and
(25). The vertical axis displays the absolute overestimation by the
pbFRET technique, that is the difference between the energy trans-
fer value given by the pbFRET and the intensity-based techniques.
In the insert the frequency distribution function of k, when =1 is
displayed

pixel-by-pixel energy transfer distribution similar to the
insertin Fig. 5, e.g. in the case of the homoassociation of
erbB2 (data not shown). The rate constants of the other de-
excitation processeswerekept constant. Theserandomdis-
tributionswere sampled 25,000 timesto simul ate the meas-
urement of pixel-by-pixel bleaching kinetics of the donor
in the presence and absence of the acceptor (Eq. (25)), and
to simulate the intensity based measurement of energy
transfer (Eq. (24)). We compared the mean energy trans-
fer values that were calculated with the pbFRET and the
intensity-based technique (Fig. 5). The overestimation by
pbFRET was proportional to the heterogeneity in k;: the
wider the distribution of k;, the more pronounced the over-
estimation was. The overestimation was also affected by
the energy transfer values: at low energy transfer (below
50%), the overestimation was proportional to the energy
transfer.

The effect of weighting the pixel-by-pixel energy trans-
fer values and bleaching time constants on fluorescence
intensity was also tested. First we tried to weight either
the pixel-by-pixel intensity-based energy transfer values
or the bleaching time constants, or both of them, on the un-
guenched fluorescence intensity of the donor. Neither of
the average energy transfer values changed, since we did
not incorporate any correlation between the fluorescence
intensity and the energy transfer values into our model.
Next we tried to weight the intensity-based energy trans-
fer valueson the guenched intensity of the donor. We could
not carry out a similar weighting with the bleaching time
constants, since weighting 15, on the quenched donor in-
tensity gives 1. Since weighting of theintensity-based en-
ergy transfer values on the quenched donor intensity intro-
ducesabiastowards|ow energy transfer values (wherethe
donor emission is not quenched), it was not surprising that
overestimation by pbFRET was even higher in this case
(Fig. 5). We also tried to vary the value of k,, according to
awide distribution, but the overestimation was not signif-
icant (data not shown).

Discussion

In the present work we managed to elaborate an intensity-
based, quantitative fluorescence microscopic energy trans-
fer method. Our approach isbased on accurate background
correction and subtraction of spectral overlapsfromtheen-
ergy transfer channel. Comparison between the flow cyto-
metric and the different image cytometric energy transfer
calculation methods (Table 3) reveals that we get consis-
tently higher energy transfer valueswith the ppFRET tech-
nique. This overestimation was independent of the pixel
size: pixel sizes as large as a cell gave similar results to
those obtained with smaller ones, reinforcing the view that
energy transfer values are independent of fluorescence in-
tensity in our samples. Some of this discrepancy may be
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related to the different weighting of the ppFRET and the
intensity-based energy transfer methods (Egs. (24) —(31)).
Thisoverestimation in pbFRET is proportional to the het-
erogeneity in the pixel-by-pixel energy transfer values.
Since the overestimation by pbFRET is higher in the case
of theMHCI-MHCI|I energy transfer pair (FW6/32-RL 243)
than in the intramolecular energy transfer sample (FL 368-
R-W6/32), some of the overestimation can be accounted
for by Egs. (24) —(31). We proved that the overestimation
by pbFRET is an inherent property of the techniquethat is
related to the different weighting in ppFRET and the in-
tensity-based energy transfer approach. This conclusion
was also supported by our Monte Carlo simulation; these
studies al so showed that the overestimation is proportional
tothe heterogeneity inthek; values. Therefore, differences
in energy transfer values provided by the pbFRET and the
intensity-based approaches should beinterpreted with cau-
tion.

Although photobleaching is useful in ppFRET meas-
urements, it presentsaproblem in the case of theintensity-
based measurements. So-called antifade agents could have
been used to prevent bleaching, but we wanted to compare
the intensity-based and the photobleaching energy trans-
fer methods. In addition many of the commercially avail-
able antifade agents cause quenching (Molecular Probes)
that reduces fluorescence intensity. Furthermore, we must
also not forget that any interference with thelocal environ-
ment of membrane proteins may influence their associa-
tion.

Thefirst step in our calculations is background correc-
tion. Having corrected f or the constant backgrounds caused
by the dark current of the camera and the background
fluorescence of the slide and the optical elements of the
microscope, we have to take into account the autofluores-
cence of cells. Since neither fluorescein nor rhodamine has
any fluorescence in the ultraviolet range, and cellular
autofluorescence isthe most intense in thiswavelength re-
gion, it is convenient to use a UV-excited image for back-
ground correction. This approach isidentical in theory to
the one previously used by us (Széll6si et al. 1995) to cor-
rect images for fluorescence in situ hybridization to detect
the faint fluorescence of cosmid probes. In addition, this
approach bears some resemblance to the method of Ga-
della and coworkers (Gadella et a. 1997). They were not
lucky enough to have a spectral region where they could
acquire areferenceimage of alabeled sasmplethat contains
only cellular autofluorescence. Therefore they had to take
images of their labeled sample at two different excitation
or emission wavelengths and they also had to determine
theratio of fluorescenceintensities of the background and
their probe at these wavelengths using an unlabeled sam-
ple and a pure solution of their probe, respectively. They
could solve their set of equations, that contained linear
combinations of probe and background fluorescence, with
these ratios.

Important advantages of theintensity-based method are
that it requires much less image storing capacity and it is
less sensitive to environmental factors than photobleach-
ing (Song et al. 1995, 1996, 1997). The photophysics of

bleaching is far from being understood and sometimes
pbFRET results give us anomalously high values, espe-
cialy when we measure energy transfer between very
dense cell surface antigens. In the transition region where
photobleaching changes from a unimolecular to a bimo-
lecular reaction, the interpretation of results may some-
times be difficult. The sensitivity of ppFRET to environ-
mental factors (such as O, concentration) can be alleviated
by acceptor photobleaching (Bastiaens et al. 1996; Bas-
tiaens and Jovin 1996), which provides an internal refer-
ence for the energy transfer calculations. Since photo-
bleaching of common dyesisirreversible, it isnot possible
to repeat pbFRET measurements of the same cells. Al-
though the “ photobleaching” of some dyes may be rever-
sible, and even controllable (Dickson et a. 1997), such
dyes are not widespread and the photophysical processes
of this reversibility are not understood. In contrast, inten-
sity-based energy transfer measurements can be repeated
several times, and are particularly useful when one wants
to follow the kinetics of biological responses.

Accurate determination of energy transfer using thein-
tensity-based microscopic technique requires higher fluo-
rescence intensity than pbFRET does, since sensitized
emission isonly asmall fraction of I,. The method is aso
very sensitive to accurate determination of the S factors
and the pixel-by-pixel donor/acceptor ratio which also
demands high fluorescence intensity. A further drawback
of the technique is that the absorption ratio is instrument-
dependent, and it may even be altered as the spectral char-
acteristics of the lamp change with time.

A similar method for intensity-based energy transfer
calculation has already been published (Kam et al. 1995).
Here the authors use the method requiring the determina-
tion of an o factor (Tron et al. 1984). However, their
method is different from oursin that: i) we perform pixel-
by-pixel autofluorescence correction; ii) we use two, non-
competing epitopes on the same protein to ensure that the
same amount of antibodies are present for the calculation
of a. They drop 2 pL of labeled antibodies onto a slide,
dry them and measure the fluorescence intensity. Our
method neglects the possibility of minor competition
between the two epitopes. Theirs, however, examines the
antibodiesin adifferent environment than that they are ex-
posed to during measurements with cells, and it is depen-
dent on accurate measurement of the antibodies and on the
drying conditions. Both our method and that of Kam et al.
are quantitative, whereas those reported in other publica-
tions have used only qualitative or semi-quantitative ap-
proaches. In one case, narrow bandpass filters were em-
ployed in order to exclude most of the spectral spillageinto
the energy transfer channel (Uster and Pagano 1986). This
method is dependent on these special filters. We mathe-
matically corrected for spectral overlaps, so our method,
although alot morelaborious, requires|ess specificinstru-
mentation. For kinetic measurements they focused on the
whole of a single cell and measured the fluorescence in-
tensity using a photomultiplier tube, giving no spatial res-
olution within the cell. Another approach (Liang et al.
1993) used mathematical algorithmsto calculate an energy



transfer image, but pixel-by-pixel correction for the donor-
acceptor ratio wasnot included. Thismay provide mislead-
ing images in cases when the donor and acceptor concen-
trations show a high degree of heterogeneity (compare
Fig. 3 and part c of Fig. 4).

Our intensity-based energy transfer cal culation method
givesreliable and accurate energy transfer valueswhen the
fluorescenceintensity isreasonably high. It can follow the
temporal changesin biological specimens and does not re-
quire any special instrumentation, only an image analyzer
capable of basicimage processing. Such approachesto the
association pattern of membrane proteins may shed light
on obscure parts of signal transduction that may be related
to the spatiotemporal heterogeneity of protein association.
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