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Abstract. Continuous fluorescence microphotolysis
(CFM) was adapted to flux measurements in single
cells. The principle of the method is simple: Cells
are equilibrated with a fluorescent solute, an indi-
vidual cell is continuously irradiated by a laser
beam focussed down to approximately the diameter
of the cell, and fluorescence originating from the
irradiated cell is monitored. In this procedure ir-
radiation irreversibly photolyzes chromophores in
the cell while fresh chromophores enter the cell by
membrane transport (flux). The resulting fluores-
cence decay can be analyzed for the rate constants of
both membrane transport and photolysis. As an ex-
perimental test of the new method the band-3
mediated transport of the fluorescent anion
N-(7-nitrobenzofurazan-4-yl)-taurine (NBD-taurine)
across the erythrocyte membrane was measured. For
various experimental conditions good agreement
between values obtained by CFM and by fluores-
cence microphotolysis (FM) was observed. By mea-
surements on single ghosts it was furthermore found
that photolysis of NBD-taurine is first-order with
respect to the power of irradiation. On this basis a
stepped-intensity procedure was worked out that
facilitates data evaluation in flux measurements.
Also, by analysing the relations between CFM and
FM flux measurements a method was devised by
which FM data can be corrected for (inevitable)
photolysis.
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Introduction

Cell function is based on various types of molecular
transport. These processes occur under conditions of
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concentration, heterogeneity and topography not
casily reconstituted in the test tube. It is therefore an
important goal of molecular biology to characterize
transport processes in situ, i.e. within the living cell.
A method specifically developed for that purpose is
fluorescence microphotolysis (FM). In recent years
the method has been most frequently used to mea-
sure diffusion coefficients of proteins and lipids in
cellular membranes although applications to arti-
ficial membranes were also numerous (for review
see Ware 1984; Axelrod 1983; Peters 1981; Cherry
1979). The principle of FM is quite simple. A
membrane protein, for instance, is labeled with a
fluorescent chromophore. Under the microscope a
small spot on the surface of an individual cell is
illuminated by a focussed, highly attenuated laser
beam and fluorescence is measured. By increasing
the power of the laser beam by several orders of
magnitude chromophores in the illuminated area
are photolyzed and rendered non-fluorescent in a
short time. Returning to the initial low beam power,
fluorescence in the illuminated area is measured
again. The time course of fluorescence indicates
whether chromophores enter the photolyzed area
from the surroundings and is used to derived trans-
port coefficients.

After its introduction (Peters et al. 1974) FM was
further developed (Edidin et al. 1976; Jacobson et al.
1976; Axelrod et al. 1976) and special versions were
described (Smith and McConnel 1978; Koppel 1979,
Thompson et al. 1981; Smith et al. 1981; Lanni and
Ware 1982; Davoust etal. 1982). In addition, a
concept was put forward which is referred to as
Continuous Fluorescence Microphotolysis (CFM)
(Peters et al. 1981; Briinger etal. 1985). In CFM,
a spot on a fluorescently labeled cell surface is
irradiated at constant, intermediate power (no in-
tensity-step as in FM). Thus, photolysis and diffu-
sion occur simultaneously. A theory was developed
by which the experimental CFM data can be ana-
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lyzed for the rate constants of both photolysis and
diffusion. The theory is rather general because it
also covers the FM-type experiment and can be
applied to various patterns of irradiation in both
space and time.

Recently, the FM method has been adopted to
the measurement of membrane transport (flux) in
single cells (Peters 1983, 1984a, b; Lang and Peters
1984; Peters and Passow 1984). After equilibra-
tion with a fluorescent solute the fluorescence of
individual cells was measured. Then, solute was
photolyzed in the cell interior by an intensive
light pulse and transport from the medium into
the cell followed by fluorescence measurements.
This paper describes the adaptation of CFM to
single-cell flux measurements. A theoretical frame-
work was developed. CFM flux measurements were
performed on a well defined system, namely anion
transport by the band-3 protein of the erythrocyte
membrane. The results were compared with those
obtained in the same system by FM. Relations
between CFM and FM were analyzed. As in diffu-
sion measurements CFM is the more general case
because both CFM and FM flux data can be
analyzed by the same equations. It is also possible,
for instance, to correct FM data for (inevitable)
photolysis during fluorescence measurement.

Experimental

The FM apparatus used in this study is based on an
instrument described previously (Peters and Richter
1981). However, several new components were added
(Fig. 1). Among the new components are an image
processing system (a photonic microscope system,
model 1966-12, Hamamatsu) and a fast scanning
stage (Zeiss). Fluorescence was measured by single-
photon counting equipment (ORTEC) and evalu-
ated by a MINC 11/23 computer (Digital Equip-
ment). The ray path employed in flux measurements
is indicated in Fig. 1b. The 476.5 nm line of an argon
laser was directed into the vertical illuminator of the
microscope. In front of the vertical illuminator, at an
image plane of the objective lens, a luminous-field
diaphragm of 400 pm diameter was inserted into the
laser beam. Using a 100-fold, n.a. 1.3, oil-immersion
objective, the luminous-field diaphragm was imaged
onto the stage object to give an irradiated are of
4 pm diameter. Fluorescence originating from the
irradiated area was collected by the objective and
projected onto a photometric attachment to the
microscope. In the photometric attachment a pho-
tometric-field diaphragm was positioned such that it
coincided with the image of the irradiated area.
Fluorescence passing the photometric-field dia-
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Fig. 1a and b. The CFM apparatus. a A scheme of the set-up.
ArL, argon laser; s, shutter; g, attenuator; SI7, image intensi-
fying and processing TV system; SS¢, scanning stage; PMT,
photomultiplier tube. b A scheme of the ray path. WF, wave
front of the laser beam; LFD, luminous-field diaphragm; DM,
dichroic mirror; Obj, objective lense; St, stage object; PFD,
photometric-field diaphragm; PMT photomultiplier tube

phragm was projected onto the cathode of a photo-
multiplier tube.

Methods used for preparing erythrocyte ghosts
have been described previously (Peters and Passow
1984). Resealed human erythrocyte ghosts were
suspended in a final medium consisting of 20 mM
ethylene diaminotetraacetate, 130 mM sodium chlo-
ride and 1 mM of the fluorescent anion N-(7-nitro-
benzofurazan-4-yl)-taurine (NBD-taurine). The ghost
suspension was placed in a flat glass capillary
(internal height 100 pm) and ghosts studied adher-
ing to the upper glass-medium interface.

Theory

To model the CFM measurement we assume a cell
of surface area S and volume ¥V immersed in a large
volume of medium. A fluorescent solute of concen-



tration in the medium coy = 1 has reached an equi-
librium concentration ¢, in the cell. At time 1=0 a
beam of constant light intensity and of an area
which exceeds the cell’s cross section is switched on.
This induces a photoreaction which renders the
irradiated solute partially non-fluorescent. The
bleached solute inside the cell and in the extracel-
lular medium is replenished by fresh solute through
diffusion and through transport across the cell mem-
brane. Both the intracellular and the extracellular
diffusion is assumed to be much faster than the
membrane transport (as discussed in Peters 1984 a).
Then the intracellular and extracellular concentra-
tion ¢ and ¢y, respectively, are spatially nearly
constant. Since the extracellular medium is large one
can assume that the photoreaction does affect the
solute concentration only slightly, and one can safely
assume co, = ! throughout the experiment. How-
ever, the intracellular concentration ¢ should be
time-dependent. Assuming that the photoreaction is
first-order with rate constant k,, and that the flux
across the cell membrane is passive with rate con-
stant k,, one obtains for ¢ (¢) the rate equation

d
d—‘;=—(k,,+k,)c+k,. (1)

The solution of this equation is

c()—c(0) g

O e ¢ @
where

K=k, +k (3)

and ¢ (0) = ¢,y and ¢ (o0) are the initial and the final
(t = oo) concentrations. For c¢(o0), the following
relation holds

c(o)=k,/K. C)]

The measured total fluorescence, F; (¢), is the sum of
the time-dependent intracellular fluorescence, F (1),
and the time-independent extraceltular fluorescence,
Fou. Fou can be determined experimentally by
complete photolysis of intracellular solute at the end
of a CFM measurement. Assuming further that fluo-
rescence is proportional to solute concentration it
follows that

F) - F(o) _

FO) —Feo) ¢ )
where

F(0)/F(0)=kK. 6)
The permeability coefficient, P, is given by
P=(V/S)k,. (7)
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Results and discussion

The experimental basis of CFM flux measurements
was visualized directly by TV imaging (Figure 2).
Ghosts were immersed in an isotonic solution con-
taining 1 mM NBD-taurine and placed in a capillary
of 100 pm pathlength. Ghosts adhering to the upper
glass-medium interface were imaged under phase-
contrast conditions (Fig. 2a) and then irradiated by
conventional light source (100 W high-pressure mer-
cury lamp) employing a large luminous-field dia-
phragm. Fluorescence images were recorded im-
mediately after onset of irradiation (Fig. 2b), after
10s (Fig. 2¢) and after 30s (Fig. 2d). Ghosts in
the irradiated area became progressively depleted
of fluorescence whereas fluorescence in the medium
changed little. This effect is also clearly shown by
taking the difference of Fig. 2a and c, i.e. images
stored in frame memory were subtracted from each
other (Fig.2e): background is almost completely
cancelled whereas ghosts appear as bright spots.
These experiments were performed at a temperature
(22°C) at which transport of NBD-taurine across
the erythrocyte membrane is very slow (Peters and
Passow 1984). The pictures therefore reflect the
effects of the photochemical reaction and of solute
diffusion in the medium but not of membrane
transport. Nevertheless, the photographs suggest
that CFM flux measurements could, in some cases,
be performed with a conventional light source in-
stead of a laser. In the CFM flux measurements
described below the power of the laser beam de-
livered to the irradiated area was around 0.5 puW.
That power can be provided by conventional light
sources.

Figure 2 also illustrates a phenomenon known as
optical sectioning (for review see Agard 1984): the
optical components of the light microscope image
only a thin layer around the focal plane whereas
radiation from other planes of the specimen is
rejected. If this were not the case then the fluores-
cence of the approximately 2 um thick ghosts could
not be discriminated against a background consist-
ing of a 100 pm thick layer of fluorescent medium.
A primary parameter in optical sectionining is the
aperture angle of the objective lens. However, the
luminour- and photometric-field diaphragms em-
ployed in flux measurements further reduce the
depth of focus. What, then, is the thickness of the
imaged layer? This question has been addressed
previously by Koppel et al. (1976) and by Schneider
and Webb (1981). However, since the actual layer
thickness depends on instrument-specific parameters
including geometric aberration of the objective lens
we have measured layer thickness in our set-up. A
closely packed monolayer of fluorescent latex beads
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(diameter 0.9 um) was prepared on a slide, covered
with buffer and sealed with a cover slip. The
specimen was placed on the stage of the microscope
and fluorescence was recorded under exactly those
conditions used in flux measurements, i.e. employ-
ing an irradiated area and an apparent photometric
field of 4 um diameter. The focal plane was deter-
mined visually and referred to as z = 0. The position
of the layer on the optical (z-) axis was set by means
of the stage micrometer and could be read with an
accuracy of 0.5 um. Results of a typical measure-
ment are displayed in Fig. 3. The photomultiplier
tube monitors only fluorescence from a layer a few
um thick. By placing an erythrocyte ghost in the

Fig. 2a—d. The experimental basis of CFM flux measurement demonstrated by TV
imaging. Erythrocyte ghosts were equilibrated in an isotonic solution containing 1 mM
NBD-taurine, pH 7.4, 22 °C. The photographs are to show that the cell is depleted of
fluorescent solute by illumination whereas in solution solute is replenished by fast
diffusion. a Phase-contrast image, b—d Fluorescence images of the same ghosts
illuminated over a circular area of 30 um by a high-pressure mercury lamp; b was
taken immediately after onset of illumination, ¢ was 10s and @ 30 s after continuous
illumination. e is the difference of b and d, i.e. the digitized images were stored in
frame memory and subtracted from each other

intensity profile (see the scheme at the top of Fig. 3)
it was estimated that about 70% of the total mea-
sured fluorescence derives from the interior of the
ghost. This value agrees perfectly with the ratio of
intracellular to total fluorescence obtained experi-
mentally (Peters and Passow 1984; and this study).
Figure 3 also reveals the experimental fluorescence
profile to be slightly asymmetric with regard to the
focal plane, an effect that was observed previously
by Schneider and Webb (1981) and was attributed
to geometric aberration of the objective lens. A
theoretical intensity profile based on Eq.(7) of
Koppel etal. (1976) is also plotted in Fig. 3. Al-
though the equation was derived for the case of a
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Fig. 3. Depth of focus in CFM flux measurements.
A thin fluorescent layer was translated along the
optical (z-) axis and fluorescence measured with the
same set-up as in flux measurements. Crosses are
experimental data. The full line was calculated
according to an equation of Koppel etal. (1976)
(see text). At the top the position of a ghost adher-
ing to the glass-solution interface as in a flux mea-
surement is indicated.
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Fig. 4. CFM measurements of NBD-taurine flux
across the erythrocyte membrane (pH 7.4, 46 °C).
Normalized fluorescence, i.e. F(1)/F (0), was plot-
ted versus irradiation time. Curve a pertains to a
normal, untreated ghost; curve b is of a ghost pre-
incubated with 50 uM of the band-3 specific inhi-
bitor DIDS. Crosses are experimental data, full
lines are best fits according to Eq. (5)

Gaussian intensity profile of the irradiated area and
furthermore is based on a number of approxima-
tions the fit with our experimental data is quite
good. The theoretical profile was calculated for an
aperture angle of 50.5° which is somewhat smaller
than the actual aperture angle of the objective lens
(n.a. = 1.3, oil). This may be attributed to the fact
that the irradiating beam did not completely fill the
objective aperture.

As an experimental test, CFM flux measure-
ments were performed on resealed erythrocyte ghosts
equilibrated in a solution of 130 mM sodium chlo-
ride, 20 mM ethylene diaminotetraacetate and 1 mM
NBD-taurine. Eidelman and Cabantchik (1980)
showed that transport of the fluorescent anion NBD-

taurine across the erythrocyte membrane is specifi-
cally mediated by the band-3 protein. Recently
NBD-taurine transport was measured in single
ghosts (Peters and Passow 1984). Typical CFM flux
measurements are shown in Fig. 4. The procedure
for obtaining and evaluating data was the following,.
At first, the total fluorescence F,(f) was recorded as
a function of irradiation time. When the fluores-
cence decay had reached equilibrium a laser flash of
an energy sufficient to completely photolyze intra-
cellular fluorescence was applied. Fluorescence im-
mediately after the flash was assigned as back-
ground fluorescence Fo,. The ratio Foy/F, (0) usual-
ly amounted to 0.3. Then, F,, was subtracted from
F, in order to obtain intracellular fluorescence, F(7),
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Fig. 5. A stepped-intensity CFM measure-
ment of NBD flux across the erythrocyte
membrane (pH 7.4, 40 °C). Fluorescence is
plotted versus irradiation time. At t=196s
the power of irradiation was suddenly in-
creased by a factor of 2.25. From the fit the
] membrane rate constant can be calculated
according to a simplified procedure (Eq. (8))
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Table 1. Rate constants of NBD-taurine flux into resealed
human erythrocyte ghosts. Comparison of CFM and FM
measurements

CFM?® FMm?

k, n k n

107457} 1074s~!
46°C,pH 7.4 15028 19 138%x23 16
46°C,pH 74,50 uMDIDS 15+ 5 14 7£ 5 5
40°C,pH 7.0 9111 9 ndb
40°C,pH 7.4°¢ n.d.b 74123 120

2 Mean % SD of n measurements
b n.d., not determined
¢ Data from Peters and Passow (1984)

which was plotted in normalized form. A single-
exponential function was fitted to the experimental
data by a least-squares procedure yielding the rate
constant K and the equilibrium value F(c0). The
rate constant of membrane transport, k,, was then
calculated according to Eq. (6). Irrespective of the
value of k, the equilibrium Ievel of fluorescence,
F(c0), can be freely adjusted over the total possible
range (0.0 = F(o0)/F(0) = 1.0) because the power
of irradiation and hence kp can be varied over
several orders of magnitude. However, in a given
experiment k, can be determined with optimum
experimental accuracy if k, =k, and F(c0)/F(0)
~ 0.5. This condition was approximately fulfilled for
curve a in Fig. 4 by employing approximately
0.5 pW of irradiation power. Curve a of Fig. 4 refers
to NBD-taurine transport in a normal ghost at
46 °C; k, was .0185s™!, whereas the rate constant of
photolysis was k,=0.0291s™'. Curve b refers to a
ghost incubated in a 50 uM solution of the band-3

350 400

specific inhibitor 4,4’-diisothiocyanostilbene-2,2'-di-
sulfonate (DIDS). In that case &, was 0.0010 s™! and
k, was 0.0245s™!. Results of several experimental
series are given in Table 1. From a comparison with
results obtained on the same system by FM it is
apparent that both CFM and FM yielded the same
values within an experimental accuracy of approxi-
mately & 15%.

The methods described require knowledge of
background fluorescence, F,y, in order to evaluate
CFM flux data. F, is dispensable, however, if a
stepped-intensity procedure is employed. Consider a
CFM flux measurement starting with a power P, of
irradiation. When fluorescence has reached equilib-
rium the power is changed to P, and fluorescence
recorded until a new fluorescence equilibrium has
been established. Assuming that photolysis is first-
order with respect to light intensity, i.e. k, ~ P, and
therefore k,,=r 'k, where r=P//P,, it follows
that
k=K, —rKy)/(1=7). (8)
A stepped-intensity CFM flux measurement is
shown in Fig. 5. Ghosts were equilibrated in an
isotonic solution containing 1 mAM NBD-taurine,
pH 7.4, 40 °C. The power ratio was » = 0.45. Evalua-
tion of the experimental data showed K, to be
0.0109s™! and K, to be 0.0157 sL. Using Eq. (8), %,
was calculated to be 0.0069s™!, i.e. in the range
determined previously (Peters and Passow 1984).

Equation (8) assumes that photolysis is first-
order with respect to intensity. Lanni and Ware
(1981) described an elegant method for measuring
the order of a photolysis reaction in free solution.
The procedure involves the very same stepped-
intensity procedure described above. It is carried
out, however, in the absence of membrane transport.
Then, the order » of the photolysis reaction can be



determined from the following equation (Eq. (7) of
Lanni and Ware 1981):

nF(t0+Az)
S (t — (9
lim _Flo= 4 AZ),
41=0 Inr

where F(fy+ 4f) and F(t— At), respectively, are
the fluorescence changes immediately before and
after the intensity-step. We have used the procedure
to measure the order of NBD-taurine photolysis in
single ghosts by inhibiting membrane transport with
50 M DIDS and subjecting ghosts to stepped-inten-
sity measurements analogous to the one displayed in
Fig. 5. Using Eq. (9) the reaction order was .deter-
mined to be n = 1.00 = 0.43 (mean % SD of 12 mea-
surements).

The FM methods is based on certain idealizing
assumptions. One of these assumptions is that dur-
ing fluorescence measurements the degree of photo-
lysis canm be kept at a negligible level, i.e. that %, is
much smaller than k,. Then, K=k, and eq. (5)
holds also for FM-type experiments (see Peters
1983, 1984a). However, quite frequently in single-
cell measurements the number of fluorophores is
extremely small and the fluorescence signal is corre-
spondingly poor. One then usually resorts to increas-
ing the power of irradiation and may get into a
regime where &, can not be neglected. In that case
the apparent rate constant k, of the FM recovery
curve is

k, =K=k+k,. (10)

tap

In addition, an “immobile fraction” of the fluoro-
phores is simulated because fluorescence does not
recover to the level F(—) before photolysis but only
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to the equilibrium level F{o0)/F (=)= k,/K. There-
fore the apparent mobile fraction Ry, =(F(o0)—
FO)/(F(=) = F(0)) s

ki F(O))( HF(O))"
r (53 -7 v

In the case where F(0) = 0 (i.e. complete photolysis
of intracellular chromophores) Eq. (11) reduces to

Ry, =ki/K. (12)

Equation (12) provides a simple means by which
FM flux data can be corrected for photolysis. An
experimental example is given in Fig. 6. It refers
again to a ghost in an isotonic solution with 1 mM
NBD-taurine, pH 7.4, 46 °C. The apparent rate con-
stant of recovery, k, , was 0.0276 s7! and the ap-
parent mobile fraction, Ry,,, amounted to 0.62.
Using Eq. (12) the true transport rate constant, k,,
was calculated to be 0.0171 s71.

In summary, this paper has described a new
method for flux measurements in single cells. Due to
a higher power of irradiation the fluorescence signal
is considerably stronger in a CFM than in a FM
measurement on the same specimen. Typically, sig-
nal strength may be 10- to 20-fold larger in CFM.
This could be crucial when studying rare molecular
species. Since CFM and FM are closely related it is
possible to perform and evaluate experiments mix-
ing principles of both techniques.
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Rel. Fluorescence

Fig. 6. A flux measurement in which the FM
and CFM method were mixed. Normalized
fluorescence is plotted versus irradiation time.
Basically, the FM type was employed by 1)
measuring fluorescence at low illumination
power, 2) delivering a laser pulse to completely
photolyze intracellular fluorescence, and 3) fol-
lowing solute influx by fluorescence measure-
ment at the initial low illumination power.
However, one of the idealizing assumption of
the FM method — namely the absence of photo-
lysis during measurement — was violated. This
results in simulation of an “immobile fraction”
and a wrong rate constant of membrane trans-
port. The true rate constant of membrane trans-
port can be derived using Eq. (11) and (12)
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