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Fluorescence Correlation Microscopy of Cells in the
Presence of Autofluorescence

Roland Brock, Mark A. Hink, and Thomas M. Jovin
Department of Molecular Biology, Max Planck Institute of Biophysical Chemistry, D-37077 Géttingen, Germany

ABSTRACT Fluorescence correlation microscopy (FCM), the combination of fluorescence correlation spectroscopy (FCS)
and digital microscopy (Brock and Jovin, 1998. Cell. Mol. Biol. 44:847-856), has been implemented for measuring molecular
diffusion and association in living cells with explicit consideration of autocorrelations arising from autofluorescence. Autofluo-
rescence excited at 532 nm colocalizes with mitochondria, has flavin-like spectral characteristics, exhibits relaxation times
characteristic for the diffusion of high-molecular-weight proteins, and depends on the incubation conditions of the cells.
These time- and location-dependent properties preclude the assignment of universal background parameters. The lower limit
for detection of microinjected dextran molecules labeled with the carboxymethylindocyanine dye Cy3 was a few thousand
molecules per cell, and the diffusion constant of 1.7 X 10~ cm?/s agreed well with values measured with other methods.
Based on the fluorescence signal per molecule (fom) and the molecule number derived from autocorrelation analysis, a new
method is devised to define intracellular association states. We conclude that FCM is a powerful, noninvasive method for

probing molecular interactions in femtoliter volume elements within defined subcellular locations in living cells.

INTRODUCTION

Fluorescence correlation spectroscopy (FCS; Thompson,
1991; Maiti et al., 1997) was developed as a method for
measuring molecular diffusibilities and reaction kinetics
(Madge et al., 1972, 1974; Elson and Madge, 1974). Dif-
fusion constants and the absolute numbers of fluorescent
molecules within a minute observation volume can be de-
rived from fluctuations of the system about equilibrium.
These fluctuations are analyzed by forming the autocorre-
lation function of the fluorescence signal detected with high
temporal resolution. Integration of confocal detection optics
(Qian and Elson, 1991; Rigler et al., 1993) has led to an
increase of the signal-to-noise ratio (SNR), thereby provid-
ing the possibility of restricting the measurement to femto-
liter volume elements within heterogeneous samples. FCS
has been applied to determinations of diffusion in solutions
(Madge et al., 1974; Qian et al., 1992) and membranes
(Fahey et al., 1977), molecular aggregation (Palmer and
Thompson, 1987; Qian and Elson, 1990; Berland et al.,
1996), and photophysical processes such as photobleaching
and singlet-triplet transitions of fluorophores (Widengren et
al., 1994). The technique is gaining considerable acceptance
as a sensitive diagnostic tool, as in the analysis of receptor-
ligand interactions with solubilized receptors (Rauer et al.,
1996) and the hybridization of oligonucleotides to fluores-
cently labeled target sequences (Oehlenschléger et al., 1996;
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Walter et al., 1996; Maiti et al., 1997). The recent introduc-
tion of dual-color fluorescence cross-correlation in FCS
provides the means for probing interactions between mole-
cules bearing different and distinct fluorescent labels
(Schwille et al., 1997b). In most of these cited studies the
confocal detection principle was used to reduce background
and increase detection sensitivity to the single-molecule
level. However, few investigators have considered a further
consequence of the confocal configuration, namely the ca-
pability of analyzing diffusion in heterogencous multicom-
ponent systems with submicron resolution (Qian et al.,
1992; Berland et al., 1995).

We have introduced FCM as a combination of FCS with
high-sensitivity imaging, life cell microscopy, fluorescence
spectroscopy, micromanipulation, and high precision posi-
tioning on one instrumental platform. In this way it is
possible to benefit fully from the analytical potential of FCS
for investigating molecular processes at the subcellular level
(Brock and Jovin, 1998). Inasmuch as the probe volume in
a confocal FCM is three orders of magnitude smaller than
the typical cellular volume of a few picoliters, molecular
association and diffusion can be investigated in specific
subcellular compartments. FCS in cuvette measurements
with purified molecules achieves a sensitivity extending to
the single-molecule level (Rigler et al., 1993; Zander et al.,
1996). This, however, requires the highest purity of solvents
and solutes. Intracellular measurements based on extrinsic
fluorescence probes are necessarily biased by the emission
of numerous intrinsic chromophores constituting a fluores-
cence background (Aubin, 1979; Benson et al., 1979; No-
kubo et al., 1988, 1989). In the past, fluorescence recovery
after photobleaching (FRAP/FRP; Koppel et al., 1976) was
the method primarily used for probing diffusion in the
cytoplasm (Peters, 1983; Luby-Phelps et al., 1986; Pagliaro
and Taylor, 1988), the plasma membrane (Schlessinger et
al., 1977; Kusumi et al., 1993), and intracellular membranes
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(Storrie and Kreis, 1996). The problem of ubiquitous intra-
cellular autofluorescence was overcome by the introduction
of high concentrations of exogenous fluorophores. The dis-
advantages of FRAP, however, include the intrinsically
destructive nature of the measurement, the requirement for
relatively high intracellular concentrations of fluorescent
probes, and the inability to determine molecular concentra-
tions within the observed volume element. The latter, how-
ever, is essential for understanding the thermodynamic and
stochastic nature of intracellular processes. Because natural
cellular chromophores are associated as cofactors with pro-
teins as well as occurring as free low-molecular-weight
compounds, their diffusion characteristics can be expected
to be very similar to those of the introduced molecules.

In our measurements intracellular autofluorescence gave
rise to strongly autocorrelated signals with diffusion char-
acteristics similar to those of microinjected fluorescently
labeled dextrans. The fluctuation amplitudes of these auto-
correlation functions establish the lower concentration lim-
its that can be investigated with FCM. From our studies
these are on the order of a few thousand molecules per cell.
Above this threshold autocorrelation functions from micro-
injected molecules can be detected. FCM is noninvasive and
fully compatible with other forms of light microscopy,
thereby allowing the delineation of the association states
and interaction domains that are of central importance in
intracellular signal processing and the organization of the
transduction machinery.

FCS FORMALISM

Numerous publications deal with the basics of fluorescence
correlation spectroscopy (e.g., Elson and Madge, 1974;
Thompson, 1991). For this reason, only a short introduction
will be given to the theory in general; the focus will be on
the special considerations for cellular FCM.

General theory

In a system at thermodynamic equilibrium, the number of
molecules of a given chemical species will fluctuate around
a mean value, as represented by the normalized concentra-
tion autocorrelation function

(et + 7)) {c) +(c(0)de(t + 1)
G (e)? -
N (8c(t)be(t + 7))
(c)?

where 8 denotes the deviation from the mean value (c), and
7 is the temporal displacement of the signal. These number
fluctuations arise by diffusion (if the observed volume is
smaller than the total enclosing volume), chemical reaction,
or transport processes. The relaxation of the disturbance is
described by the equations defining the macroscopic pro-
cess, i.e., Fick’s second law for diffusion. In optical detec-
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tion methods the detected signal 7 is not a function of the
concentration fluctuation alone, but also of the optical char-
acteristics of the instrument, and the photophysical proper-
ties of the fluorophore in situ.

FCS in multicomponent systems

In cellular FCS measurements one has to account for con-
tributions from multiple fluorescent species representing
intracellular autofluorescence (Aubin, 1979; Nuutinen,
1984; Eng et al., 1989; Schneckenburger et al., 1992),
multiple labels in varying environments, and uncorrelated
background fluorescence from light scatter and other
sources. In contrast to conventional and confocal laser scan-
ning fluorescence microscopy, the signal in FCS from in-
tracellular autofluorescence and other background sources
alone does not define the lower detection limit for externally
introduced fluorophores (Niswender et al., 1995), but rather
the number of photons per molecule. These considerations
become apparent through the explicit formulation of the
fluorescence intensity terms that replace the concentration
terms in Eq. 1 in the case of fluorescence correlation spec-
troscopy. The total detected fluorescence intensity i in a
system with j distinct species

i(ty= i) =g 2 F f J I(r, 2)CEF(r, 2)c;drdz ~ (2)

J

is a function of the focused illumination beam (irradiance)
I(r, z), the optical transfer characteristics of the detection
system represented by the collection efficiency function
(CEF) accounting for the fractional collection of the emitted
light through the pinhole (Elson and Madge, 1974; Koppel
et al., 1976; Rigler et al., 1993), an instrument factor g, and
a fluorescence efficiency F; given by the absorption and
emission properties of each species:

Fj = E moy + Z Np0n(1 — Eqy) |+ B (3)

k m#k

Each species j comprises a number 7, of chromophore k
with an absorption cross section o (a molecular property
proportional to the solution parameter €, the molar extinc-
tion coefficient), a fluorescence quantum yield (in a defined
reference state) O, and a factor vy, reflecting quenching by
additional (to that in the reference state) processes deacti-
vating the excited state in competition with fluorescence
emission. These include self (concentration) quenching,
ground-state depletion, intersystem crossing to the triplet
state, resonance energy transfer, and other environment-
sensitive nonradiative transitions. The factor i, accounts for
the wavelength dependence of the optical transmission and
detector quantum efficiency in the emission band. The first
term in Eq. 3 reflects direct excitation of chromophore £,
and the second term (summation) indirect excitation via
fluorescence resonance energy transfer (FRET; Jovin and
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Arndt-Jovin, 1989; Clegg, 1995; Jares-Erijman and Jovin,
1996) from other chromophores, with transfer efficiency £.
The utility of Eq. 3 derives from its unified consideration of
the various fluorescence parameters accessible in the design
of experimental strategies.

The global autocorrelation function G,.(7) is given as a
weighted sum of a number j individual functions G;. The
analytical solution for the autocorrelation function of the
detected light assumes a three-dimensional Gaussian distri-
bution (Aragon and Pecora, 1976; Rigler et al., 1993) and
can be formulated as

Te—T/TT ]B 2
1+ 1-7 1 —rm E 1
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where the autocorrelation amplitude (7 = 0) is given by
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Ly = Zi; + I is the total signal (including the uncorrelated
background 7g). Uncorrelated background /5 decreases the
fluctuation amplitude, i.e., it leads to a higher apparent
number of molecules in the detection volume (Koppel,
1974). For each species j, I is the fluorescence efficiency
(Eg. 3), N, is the number of molecules in the sampled
volume, and ¢ is the fractional weighting factor for the jth
contribution to the autocorrelation function with the corre-
sponding relative molecular fraction ¥; = N;/Ny,.

o) .
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Equations 4 and 5 provide an approximate correction for the
time-dependent (de)population of the triplet state, the frac-
tional population and lifetime of which are given by 7 and
T, respectively (Widengren et al., 1995). It is a character-
istic of the autocorrelation function that the relative contri-
butions of components j in Eqs. 4 and 5 are weighted by the
square of the fluorescence efficiencies. Thus a molecule
with twice the fluorescence efficiency will contribute four
times as much to the global autocorrelation function. The
fluorescence signal per molecule (fpm) of species j is de-
fined as

Intracellular FCS: approximation of
local equilibria

The theory of FCS applies to systems at thermodynamic
equilibrium (Elson and Madge, 1974), a condition that is not
met by living cells. The concept of a local steady-state
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equilibrium can be applied to justify the analysis of molec-
ular diffusibility for cells at rest or undergoing processes
such as signal transduction involving changes in the asso-
ciation states of proteins. The use of FCS to follow nucleic
acid hybridization (Oechlenschlédger et al., 1996; Walter et
al.,, 1996; Schwille et al., 1997a,b) and the binding of
fluorescent ligands to receptors (Rauer et al., 1996) have
demonstrated that reactions occurring in the minute range
can be approximated adequately for FCS by local spatio-
temporal equilibria.

FCS in small volumes: the problem of
dye depletion

The measurement volume in confocal FCS is usually on the
order of a femtoliter (Rigler et al., 1993). Fluctuations in the
number of molecules can occur by translational diffusion
only if the total volume is larger. In cuvette-type systems
with microliter volumes, the dye concentration can be con-
sidered constant even if photodestruction occurs at the focus
(Widengren and Rigler, 1996). This assumption has been
employed in diffusion measurements by continuous micro-
photolysis (Peters, 1983; Kubitschek et al., 1996). The
volume of a typical cell is only a few picoliters (Cassel et
al., 1985; Guilak, 1994), implying that the reservoir of dye
molecules is 10~ ° that of the cuvette and that photodestruc-
tion of molecules will have an immediate impact on the
signals, leading to a bias in the FCS measurement. More-
over, the average number of molecules in the observation
volume no longer remains constant. Subcellular depletion of
fluorescent molecules has been observed in FRAP experi-
ments on neurons (Angelides et al., 1988). In general one
seeks in FCS and FCM measurements combinations of
dyes and laser irradiance that minimize photodestruction.

MATERIALS AND METHODS
Microscope

The FCM apparatus constructed in our laboratory is based on a Zeiss
Axiovert 35 microscope (Carl Zeiss, Jena, Germany) with a C-Apochromat
40 X 1.2 N.A. lens to which a multichannel confocal side port with an
adjustable pinhole was added (Brock et al., manuscript in preparation). The
system integrates 1) positioning with resolutions and reproducibilities
exceeding 1 wm along all three axes (x,y stage: Mérzhduser, Wetzlar,
Germany; z-axis: Pifoc piezoelectric objective positioner, Physik Instru-
mente, Waldbronn, Germany); 2) high-sensitivity full-field imaging with a
peltier-cooled generation-I-intensified CCD camera (HL 5; Proxitronic
Funk, Bensheim, Germany); and 3) a temperature-controlled incubation
chamber of local design. A 5242 Microinjector with a 5170 Micromanip-
ulator (Eppendorf-Netheler-Hinz, Hamburg, Germany) is mounted on the
microscope.

A 20-mW frequency-doubled, low-noise, single longitudinal mode,
continuous-wave, Nd-YAG solid-state laser operating at 532 nm (Crysta-
Laser, Reno, NV) served as the light source in all experiments. Laser power
was attenuated with neutral density filters (New Focus, Santa Clara, CA)
and coupled into a mono-mode fiber through a Fiber Coupler (PointSource,
Winchester, England). For Cy3 excitation an XF94 DAPI-Cy3-Cy5
(Omega Optical, Brattleboro, VT) triple-path filter, in combination with a
BSP560 dichroic mirror (Delta Light and Optics, Lyngby, Denmark) and
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an Omega 580DF30 detection filter, was used. Fluorescence spectra were
acquired with an MS125 spectrograph in an InstaSpecV detector system
with a 1024 X 256 pixel CCD and a gated MCP (multichannel plate) image
intensifier with three-stage peltier cooling (L.O.T. ORIEL, Darmstadt,
Germany). Power densities in the focus for excitation laser light were
calculated by dividing the laser power measured with a power meter (Nova
Display, Ophir Optronics, Peabody, MA) by the area of the focal field,
derived from the relaxation time of rhodamine 6G in PBS buffer and the
reference value of the diffusion constant D (2.8 X 10~ ¢ cm?/s; Rigler et al.,
1993).

Fluorescent probes

Amino dextrans of 10-kDa and 70-kDa molecular mass (Molecular Probes,
Leiden, the Netherlands) were labeled with a 10-fold excess of the mono-
functional N-hydroxysuccinimidyl-ester (NHS-ester) of Cy3 (Amersham
Buchler, Braunschweig, Germany; Southwick et al., 1990) for 30 min at
room temperature in 100 mM Na-bicine at pH 8.0. The residual reactive
dye was quenched with 1 M glycine. The reacted dextran was separated
from the free dye by filtration on a P2 gel filtration column (BioRad,
Richmond, CA). The free dye was collected as well and used for micro-
injection and cuvette experiments. For mitochondrial staining, cells were
incubated with 50 nM MitoTracker Green FM (Molecular Probes) in
HEPES-buffered saline (HBS) (10 mM Na-HEPES, pH 7.4, 135 mM NacCl,
5 mM KCl, | mM MgCl,, 1.8 mM CaCl,, 1% glucose, and 0.1% BSA) for
30 min.

Cells

A431 human epidermoid carcinoma cells (Fabricant et al., 1977) and the
human epidermal growth factor receptor (EGFR)-expressing, National
Institutes of Health-3T3 fibroblast-derived murine cell line Her14 (Honeg-
ger et al., 1988) were grown in a 5% CO, humidified atmosphere at 37°C
in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
FCS, 10* units/liter penicillin G, and 100 mg/liter streptomycin sulfate. For
FCM experiments, cells were grown to subconfluency on 12-mm glass
coverslips and mounted in the incubation chamber on the microscope stage
in HBS. The temperature in the chamber was kept at 37°C by perfusion
through an outer heating ring.

Intracellular FCM of microinjected molecules

Before microinjection, samples were centrifuged for 10 min at 90,000 X g
in an Airfuge ultracentrifuge (Beckman Instruments, Palo Alto, CA). Cells
were microinjected on the FCM with Eppendorf Femtotips. Individual cells
were selected in the transmission image. To localize the cell along the
optical axis, the laser focus was scanned through the cell. Reference
autocorrelation functions of the intracellular autofluorescence were re-
corded before microinjection. In addition, autocorrelation functions were
recorded 50 um above the cell in the incubation buffer before and after
microinjections. These functions were not affected by the microinjection
and were used to verify the stability of the system during the measure-
ments. After microinjection another z-profile was recorded to confirm that
the cell was microinjected. Two additional z-profiles at 3 and 6 min after
microinjection were acquired to check for leakage of the dye out of the cell.
If the signal was stable, intracellular autocorrelation measurements were
carried out. The measurement time was 30 s in each case.

Data analysis

Autocorrelation functions were acquired on-line with the ALV 5000 dual-
channel correlator board (ALV, Langen, Germany) and saved as ASCII
files. The correlation curves were analyzed with macros using the Mar-
quardt-Levenberg algorithm (Marquardt, 1963) and implemented in Igor
Pro (WaveMetrics, Lake Oswego, OR) on an Apple Power Macintosh
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computer. The triplet state lifetime 7, triplet fraction 7, the fractions ¢;,
and the characteristic diffusion times 7, of components j where allowed to
vary for the fitting. The structure factor (wy/z,) was 1/4, where w, is the
radius of the detection volume in the focal plane and z, is the extension
along the optical axis. Diffusion constants D were calculated from auto-
correlation times according to T = w3/4D.

RESULTS

Autocorrelations were observed in cellular measurements
using 532-nm laser excitation in the absence of any extrinsic
label. To define the conditions for intracellular FCM in the
presence of such intrinsic autocorrelations, we directed our
studies toward a characterization of intracellular autofluo-
rescence according to Eq. 3, and then to the determination
of the sensitivity limits for the detection of an extrinsic
fluorescently labeled model compound. A new method was
devised to analyze molecular association based on the com-
bination of molecule numbers derived from the fluorescence
signal per molecule (fpm) and the autocorrelation amplitude.

Characterization of intracellular
autofluorescence autocorrelations

Autocorrelation functions

Her14 is a mouse National Institutes of Health-3T3 fibro-
blast-derived cell line, and A431 is a human epidermoid
carcinoma cell line. Both cell lines exhibited intracellular
autofluorescence upon excitation at 532 nm, leading to a
well-defined autocorrelation function. To ensure that these
autocorrelations did not arise from vibrations of the on-
stage perfusion system or other elements of the microscope,
a coverslip coated with a thin fluorescent film (kindly
provided by Stephan Hell) was measured, showing no au-
tocorrelations (data not included). The detection window
was selected for Cy3 fluorescence. Three component fits
were sufficient to describe the data (Fig. 1). No triplet
component was apparent in measurements of intracellular
autofluorescence at low laser intensities around 5 kW/cm.
At higher laser powers the inclusion of a triplet term clearly
improved the quality of the fits.

Origin of autofluorescence and spectral characterization

Imaging with the digital camera was carried out with exci-
tation at 546 nm and detection of the fluorescence through
the same emission filters used with laser illumination. The
autofluorescence colocalized strongly within mitochondria,
identified by their characteristic morphology and the Mito-
Tracker Green fluorescent dye (Fig. 2, A—C). The fluores-
cence emission spectrum of Cy3 was nearly identical to the
autofluorescence in the window of the emission filter
(Fig. 2 D).

Change of intracellular autofluorescence with time

Time-lapse video microscopy of cells incubated at 37°C in
HBS supplemented with 0.1% BSA and 1% glucose dem-
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FIGURE 1 Fits with one, two, or three diffusing components to an
intracellular autofluorescence autocorrelation function, and corresponding
residuals. The one-component fit reproduced the major contribution at long
relaxation times. The three-component fit yielded satisfactory results over
the whole autocorrelation function. In each case the range of the residuals
is +0.15.

onstrated a strong increase in mitochondrial autofluores-
cence (Fig. 2, 4-C). The dependence of intracellular auto-
correlation functions on the time of incubation on the
microscope stage was investigated for two A431 and two
HER14 cells under the same conditions. Every 5 min over
an 80-min period, an autocorrelation function was measured
at the same subcellular location for 60 s with a laser power
of 7 kW/cm. The cells were exposed to the laser light only
during the measurements. In all cases an increase in the
intracellular autofluorescence by a factor of 4—8 was ob-
served (Fig. 3). This effect was even more pronounced
when the cells were incubated at room temperature (data not
shown). The A431 and Herl4 cells were indistinguishable.
To evaluate whether the evolution of the signal resulted
from an increase in the number of fluorescent particles or
from an increase in the fluorescence signal per molecule
(fpm), the fluorescence count rates were divided by the
number of molecules obtained from the autocorrelation
amplitudes for each time point (Fig. 3 B); fpm but not N
increased in all cases. After the addition of 20 mM sodium
sulfite (pH 7.4), used as a reducing agent for intracellular
autofluorescence (Nokubo et al., 1988), the fluorescence
returned to its starting values within a few minutes (data not
shown).

Dependence of intracellular autofluorescence
autocorrelations on excitation laser power

The dependence of the intracellular autofluorescence on
excitation laser power was studied in the nucleus and in the

Cell
Cy3

T T 1
550 600 650
wavelength [nm]

FIGURE 2 Intracellular distribution of autofluorescence in A431 cells.
(A4) At the beginning of the experiment little autofluorescence was detected.
(B) Intracellular autofluorescence after incubation for 90 min on the
microscope stage at 37°C. The autofluorescence strongly localized to
mitochondrial structures. (C) A431 cells stained with the mitochondrial dye
MitoTracker Green FM. (D) Comparison of the fluorescence emission
spectra of the indocyanine dye Cy3 and intracellular autofluorescence
detected through a S80DF30 bandpass filter. Cy3 differed from the intra-
cellular autofluorescence by a slightly greater fluorescence emission at
shorter wavelengths. The concentration of Cy3 was 10 nM, and the laser
power was 7 kW/cm at a pinhole size of 100 wm, with 3-s integration and
averaging over two measurements. The Cy3 spectra was scaled to fit the
autofluorescence intensity, and both spectra were smoothed with a low-
pass filter. The spectra were not corrected for the transmission character-
istics of the optical system.

cytoplasm of Herl4 cells. Because the nucleus differs pro-
foundly in chemical and structural terms from the cytoplasm
and its components, the sensitivity of FCS in measuring
autocorrelations for microinjected molecules might differ in
these subcellular locations. The intranuclear autofluores-
cence increased more strongly with laser power than the
cytoplasmic autofluorescence, reaching a plateau at 5
kW/cm (Fig. 4 A). The autocorrelation functions were fitted
with three components, including a triplet term for all but
the lowest laser power. Except for one cell, the number of
molecules decreased as the laser power was increased from
2-7 kW/cm and remained constant at higher power densities
(Fig. 4 B).

In multicomponent systems consisting of molecules with
different diffusion constants but carrying the same fluoro-
phore, the slowest have the highest likelihood of bleaching,
because they reside the longest in the illuminated volume.
As a consequence, the apparent composition of the ensem-
ble will change with increasing laser power. To investigate
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increase in the count rate was observed, which in C and D strongly
correlated with an increase in fpm, indicating that a conversion from
molecular species with low fluorescence efficiency to another species with
higher efficiency had occurred. It cannot be excluded that sudden varia-
tions (4 and B) were partially due to intracellular motions during incuba-
tions so that autofluorescence from other compartments was detected. The
excitation wavelength was 532 nm, and fluorescence was detected over
565-595 nm. In all cases the fluorescence increased with time.

if such an effect applied to the intracellular autofluores-
cence, the relative fraction of each component was plotted
versus the autocorrelation time (Fig. 4 C). As expected, the
fraction of the slowly diffusing component decreased in
most cases, and that of the fast diffusing component in-
creased. In many cases, these characteristic diffusion times
were faster than expected for a low-molecular-weight com-
pound in our FCM. Apparently, despite the inclusion of a
triplet term (not shown in the graphs), the fits did not
separate the triplet relaxation times fully from diffusion
processes. Systematic differences were not found upon
comparing the cytoplasmatic and nuclear autocorrelation
functions. For both locations, some of the measurements
showed very slow contributions in the lower second range,
and in others autocorrelation times in the upper millisecond
range were lacking. The most prominent autocorrelation
time was 5-10 ms.

Intracellular measurements with microinjected
Cy3 dextran

In a multicomponent system consisting of intracellular
autofluorescence and injected fluorescently labeled com-
pounds, the fluorescence signal per molecule fpm; (Eq. 3)
determines the contribution of the molecule to the total
autocorrelation function (Egs. 4—6). For a dilution series of
free Cy3, Cy3-labeled 10 kDa dextran and 70 kDa dextran,
and for intracellular autofluorescence the photodetector
count rate was plotted versus the number of molecules
obtained from the autocorrelation functions (Fig. 5). The

laserpower density [kW/cmZ2]

FIGURE 4 Dependence of intracellular autofluorescence and autocorre-
lations on excitation laser power and subcellular location in Herl4 cells.
(4) Photodetector count rates at increasing excitation laser power density
for cytoplasmic (Cells 1-3) and nuclear (Cells 4—6) autofluorescence.
Except for one case of cytoplasmic autofluorescence (Cell 3), the nuclear
autofluorescence increased more strongly and reached a plateau at 5-10
kW/cm. (B) The dependence of the number of molecules on the excitation
power calculated from the autocorrelation functions. A significant decrease
in the number of molecules was observed in all but one case (Cell 1). For
the intranuclear measurements of Cells 5 and 6, two to three times as many
molecules were present as for the cytoplasmic compartments. Measure-
ments for microinjected materials were carried out at a laser power density
of 7 kW/cm. (C) Dependence of the contributions of fast and slow relax-
ation times to the autocorrelation functions on laser power. Shown here are
two examples out of a total of six. The autocorrelation functions were fitted
with three-component models that included a triplet term. In some cases,
two of the components had nearly identical relaxation times or were both
within the interval of one decadic bin. The percentage contribution of each
component to the autocorrelation function is plotted versus the relaxation
time. The labels correspond to the lower limits of the decadic intervals.

relative fpm, normalized to the value of the free dye, were
calculated from the ratios of the slopes (Table 1). The value
for the 10-kDa Cy3 dextran was twice, and the 70 kDa
dextran and the intracellular autofluorescence five times
that of the free dye.

For intracellular FCM measurements the 10-kDa Cy3-
labeled dextran was chosen for two reasons. First, according
to data derived from FRAP measurements (Peters, 1984),
this molecule was expected to have a relaxation time shorter
than the 5-10 ms of the major component of the intracel-
lular autofluorescence. Second, the dextran carried, on av-
erage, two dyes per molecule, as determined from the rel-
ative fluorescence efficiencies. For proteins, low labeling
ratios are preferred to preserve function. Intracellular mea-
surements were performed at power densities of 7 kW/cm,
because for this value the contribution of the intracellular
autofluorescence to the autocorrelation was reduced (Fig.
4 B), but bleaching was still minimal. The autocorrelation
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Herl4 cell (arrow). The slope was comparable to the 70-kDa dextran
(Table 1).

functions before and after microinjection were analyzed
with a three-component algorithm containing a triplet term
where necessary (Eq. 4 and Fig. 6). For data analysis, the
weighting factors ¢; (Eq. 6) were not decomposed into their
components, because the time and position dependence of
the autofluorescence prohibited the assignment of a relative
fluorescence efficiency with high precision. In addition, the
signal of the microinjected molecules was expected to dom-
inate the autocorrelation function because of the low num-
ber of intracellular autofluorescent molecules.

For many microinjected cells, the changes in the number
of molecules AN, for each microinjection obtained from
the autocorrelation amplitudes before and after microinjec-
tion were plotted against the number of molecules obtained
from the increase in the fluorescence count rates, AN, (Fig.
7 A). The latter quantity was obtained by dividing the total
increase in count rate by the fluorescence signal per mole-
cule (fpm) derived from cuvette measurements of the dex-
tran. For a total of 35 microinjected cells, the average
number of molecules before microinjection was 1.2 = 1.6,
with a minimum of 0.2 and a maximum of 9.4. The greatest
increase in the number of molecules within the observation
volume was 330. In a few cases, decreases in the number of

TABLE 1 Relative fluorescence signals per molecule (rfpm)
for Cy3-labeled molecules and intracellular autofluorescence

Fluorophore rfpm Diffusion constant D (cm?/s)
Free Cy3 1.0 0.1 28X 10°°
10-kDa Cy3 dextran 21*02 7.0 X 1077
70-kDa Cy3 dextran 50%0.5 3.0x 1077
Herl14 autofluorescence 53+32 —

Relative fluorescence signals per molecule rfpm for Cy3-labeled molecules
and intracellular autofluorescence. Given are the averages for the relative
slopes from two independent experiments (Fig. 5). The diffusion constants
were derived from the autocorrelation times as described in Materials and
Methods.
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molecules were observed, possibly due to dilution effects or
distortions of the subcellular structure (data not shown). At
lower levels of microinjected molecules, only increases in
the fluorescence count rate were observed. When more
molecules were microinjected, AN, correlated positively
with AN,. A linear regression applied to all data points
resulted in a slope of 0.99 (R* 0.96). The autocorrelation
times after microinjection were plotted against AN, /AN,
(Fig. 7 B). A ratio close to unity signifies that the microin-
jected molecules were freely diffusible, whereas a ratio less
than 1 indicates that the molecules were either bound to
intracellular structures or confined in their movement within
the detection volume. As can be seen, for ratios of ~1 the
autocorrelation time was ~3 ms. For smaller ratios, the
autocorrelation times were more scattered and were as high
as 13 ms.

The sensitivity of intracellular measurements is defined
by the minimum number of molecules that have to be
introduced into the cells to detect freely diffusible mole-
cules. To address this question, the autocorrelation times
after microinjection were plotted versus AN, and AN,
respectively (Fig. 7, C and D). AN, represents an absolute
measure of the number of molecules, whereas AN, identi-
fies freely diffusible molecules. In the two cases where
more than 250 dextran molecules were present in the de-
tection volume, autocorrelation times of less than 3 ms were
found. The autocorrelation analysis demonstrated that as
soon as more than 25 molecules were detected, the derived
diffusion constants were appropriate for freely diffusible
molecules.

DISCUSSION

We have implemented fluorescence correlation microscopy
(FCM) and characterized its performance by the measure-
ment of intracellular diffusion of a microinjected fluores-
cent dextran in the presence of high-autofluorescence back-
grounds. In contrast to established techniques like FRAP,
FCM requires that low numbers of molecules can be spe-
cifically detected. The first part of our analysis, therefore,
has served to define the “boundary conditions” imposed by
the autofluorescence background on intracellular FCM.

Characterization of intracellular autofluorescence

In all of our measurements strong autocorrelations arising
from intracellular autofluorescence were observed. This
finding is in contrast to experiments reported by Berland et
al. (1995) with 7-nm fluorescent latex microspheres and
two-photon excitation (Denk et al., 1990), in which intra-
cellular autocorrelations were absent. Diffusion of micro-
spheres into and out of the sample volume results in much
larger fluctuation amplitudes. For this reason it is very
possible that autocorrelations could not be detected in two-
photon excitation for the intracellular autofluorescence. Us-
ing thin fluorescent films with immobilized fluorophores,
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integrity of the cell was assessed. (B) Three-dimensional representation of the experimental setup. (C, D) Autocorrelation functions and their analyses before

and after microinjection.

we confirmed that the fluctuations were not introduced by
our instrument. Digital imaging microscopy detected a large
temporal increase in the mitochondrial autofluorescence
that correlated with an increase in the fluorescent count rate
in the autocorrelation measurements. The further character-
ization of the intracellular autofluorescence demonstrated
the presence of multiple components. The autocorrelation
amplitude corresponded to only 0.2—10 molecules in a de-
tection volume of ~1 fl, corresponding to 0.3—15 nM or
800—-40,000 molecules in a cell with a total volume of 4 pl.
The relative fluorescence signal, however, was surprisingly
high, considering that neither NAD nor FAD absorbs
strongly at the excitation wavelength of 532 nm. However,
the emission spectrum of the intracellular autofluorescence
matched the spectra reported for intracellular flavins and
flavoproteins (Aubin, 1979; Benson et al., 1979; Nokubo et
al., 1988, 1989). Porphyrins can be excluded as an alterna-
tive source of autofluorescence, because their emission is
present only after incubation with the precursor 8-aminole-
vulinic acid in A431 cells (He et al., 1993), and in addition
differs from the recorded spectra. The fact that the autofluo-
rescence was decreased by reducing agents added further
evidence for the existence of flavins (Nokubo et al., 1988).
The increase in autofluorescence was partially due to an
increase in the fluorescence signal per molecule (fpm). In

addition, an increase in the number of molecules was ob-
served in most cases. This effect could have reflected either
subcellular motions or an increase in the fluorescence sig-
nals of certain molecules above the detection threshold
because of metabolism-dependent changes in their quantum
yields.

The high fluctuation amplitude (i.e. low number of mol-
ecules), the high relative fluorescence signal per molecule,
and the colocalization of the autofluorescence with the
mitochondria point to molecular aggregates or subcellular
structures as the source of autofluorescence autocorrela-
tions. The autocorrelations would then arise from concerted
motions of large numbers of fluorophores. Diffusion con-
stants of 1 X 1077 cm?/s to 5 X 10~® cm?/s were found for
the 160-kDa protein aldolase in different subcellular loca-
tions (Pagliaro and Taylor, 1988). In our FCM this value
corresponded to relaxation times of 5—-10 ms. It is important
to note that no simple inverse relationship exists between
the hydrodynamic radius of a protein and its diffusion rate
in the cytoplasm, because translational motion is hindered
by the meshwork of the cytoskeleton (Luby-Phelps et al.,
1986, 1987). Because it was impossible to assign the
autofluorescence to a distinct molecular species and in light
of the evidence for a mitochondrial origin, it seems more
appropriate to talk of fluorescent entities rather than molecules.
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FIGURE 7 Analysis of the diffusibility of microinjected 10-kDa Cy3
dextran with FCS. (4) Plot of the number of microinjected molecules
obtained from the change in the autocorrelation amplitude AN, versus the
number of molecules calculated from the increase in photodetector count
rate AN,.. Each data point represents one intracellular measurement. Values
on a line with unit slope would indicate free diffusibility of the injected
molecules. (B) Secondary plot of the relaxation time of the major compo-
nent in the autocorrelation functions versus the ratio of the number of
molecules from both calculations. For ratios of ~1, the relaxation time
approached values consistent with data from other techniques. (C and D)
Plots of the number of molecules from both determinations versus relax-
ation time. Only if the number of injected molecules derived from the
change in the autocorrelation amplitude exceeded 25 did the relaxation
times approach the value corresponding to freely diffusible molecules. The
data for microinjected Herl4 cells were indistinguishable from those for
A431 cells.

FCS offers new insight into the metabolic phenomena
that underlie autofluorescence (Schneckenburger et al.,
1992; Leyssens et al., 1996). It can distinguish between
spectral changes of existing fluorophores and the generation
of new fluorophores. From the autocorrelation functions
one can infer whether the fluorophores are present as high-
or low-molecular-weight species. Simultaneous measure-
ments of fluorescence spectra, as have been carried out with
our instrument, further define the nature of the molecules in
question. The photophysical properties of the autofluores-
cence of mammalian cells depended on the subcellular
location. The number and diffusion times of the entities
clustered around certain values but were still too heteroge-
neous to derive common parameters that could serve as
references for intracellular measurements in general. How-
ever, we have shown that the autofluorescence background
can be tuned by the selection of spectral ranges, excitation
powers, and incubation conditions to optimize the sensitiv-
ity for the extrinsic fluorophore.

Measurement of microinjected Cy3 dextran

Autocorrelation functions were measured before and after
microinjection of a Cy3-labeled dextran into A431 and
HER14 cells. Photobleaching was not a problem in our
intracellular measurements. For FCS in cuvettes, the mole-
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cules within the observation focus are recruited from a
virtually unbounded reservoir. Under these circumstances it
has been possible to study the effects of photodestruction on
the correlation times (Widengren and Rigler, 1996). In these
cases, however, only 10~° of the total number of molecules
were in the focus of the laser beam at the same time. In
contrast, intracellular FCM faces the problem of dye deple-
tion due to the small total volume in which the measurement
takes place. The probability of photodestruction will in-
crease as the diffusion constant decreases. However, for the
observation of processes with slower relaxation times, the
laser power can be lowered because the signal-to-noise ratio
in FCS is determined by the number of photons per mole-
cule per residence time (Qian, 1990). In this way, a sepa-
ration of the dye depletion time constants from the relax-
ation time constants can be maintained to the limit defined
by the dark count rate of the photodetector.

The number of Cy3-labeled dextran molecules that were
microinjected into a cell were independently determined in
two ways. The first calculation was based on the increase in
the photodetector count rate. For this determination the
count rate per molecule in solution at a given excitation
laser power was measured with FCS. Second, the number
was obtained from the intracellular autocorrelation ampli-
tudes before and after microinjection. When low numbers of
molecules (<25 in the detection volume) where injected,
there was a discrepancy between the two numbers. Only
with more than 25 injected molecules in the detection vol-
ume was the plot of AN, and AN, linear. A fit according to
Eq. 5 was unable to describe the data. Because the intracel-
lular autofluorescence corresponded to low numbers of flu-
orescent entities, a much higher relative fluorescence effi-
ciency than experimentally determined had to be assumed.
In view of the high autocorrelation amplitude, an uncorre-
lated fluorescence background as a source of this behavior
was unlikely. We conclude that the observation was prob-
ably due to a local confinement or interaction of the dextran
with intracellular structures. Because FCM operates at
lower molecule concentrations than FRAP, no direct com-
parison of our observations with other reported data is
possible at this time.

Consistent with the interpretation that the molecules were
freely diffusible if AN, /AN, =~ 1, the diffusion constants
agreed well with those reported earlier from intracellular
FRAP measurements. The diffusion constant of rhodamine
6G in water measured with FCS is 2.8 X 10~® cm?/s. In our
instrument, we determined an autocorrelation time of 180
us. An autocorrelation time of 2.9 = 1.2 ms for the 10-kDa
dextran (average of values with AN, /AN, > 0.7; Fig. 7 B)
corresponds to a diffusion constant of 1.7 X 1077 cm?%/s.
Peters determined the diffusion constant for a 10-kDa dex-
tran in solution as 7.6 X 107 cm?/s (Peters, 1984). For a
Ficoll fraction with a radius of 32 A, which is comparable
to the 10-kDa dextran (Peters, 1984), a relative diffusion
constant (cytoplasm to free solution) of 0.277 has been
reported (Luby-Phelps et al., 1987). Taken together, the
expected value for the diffusion constant of a 10-kDa dex-
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TABLE 2 Comparison of intracellular diffusion constants for
10-kDa dextrans measured with FRAP and FCM

Method

Diffusion constant D (cm?/s)

FRAP I* 2.1 %1077
FRAP IT* 1.9 %1077
FCM 1.7x 1077

*Combined data from Peters (1984) (diffusion constant of a 10-kDa
dextran in solution) and Luby-Phelps et al. (1987) (relative diffusibility of
a similar solute in the cytoplasm).

“Luby-Phelps et al. (1986).

tran from FRAP in the cytoplasm is 2.1 X 10”7 cm?/s. In an
earlier paper Luby-Phelps et al. (1986) gave the diffusion
constant for a 10-kDa dextran in the cytoplasm as 1.9 X
1077 cm?/s (Luby-Phelps et al., 1986; Table 2). These
values agree very well with the diffusion constant that we
measured by FCM. However, it is important to note that the
analysis of association states with FCM does not necessarily
depend on diffusion rate constants. It is possible to deter-
mine the association from the slope of the AN, /AN, plot
(Fig. 7 A), thereby exploiting the unique capability of FCM
for measuring absolute molecule numbers.

FCS traditionally has been a technique for the measure-
ment of diffusibility and photophysical properties of low
numbers of molecules in very well-defined systems in so-
lution. For measurements with microinjected molecules,
fluorophores can be chosen that emit in the near infrared
(Southwick et al., 1990) and thus avoid background contri-
butions in cell biological applications. Initial experiments
with our instrument have indicated that no intracellular
autocorrelations were present in our cell lines at excitation
at 633 nm. However, increasing attention has been focused
in the past few years on the use of GFP fusion proteins
(Prasher et al., 1992; Chalfie et al., 1994; Niswender et al.,
1995) as fluorescent probes for intracellular localization,
trafficking (Kaether and Gerdes, 1995; Presley et al., 1997),
and protein mobility (Westphal et al., 1997). That GFP can
serve as a probe for FCS has already been demonstrated in
solution (Terry et al., 1995; Brock et al., manuscript in
preparation). For GFP and its mutants, however, the longest
excitation wavelengths are still very close to 500 nm (Heim
and Tsien, 1996; Miyawaki et al., 1997), a range where
autofluorescence cannot be avoided. The protocols that we
developed here establish the feasibility of intracellular FCM
in the presence of autofluorescence autocorrelations. With
this foundation, FCM also benefits from the versatility of
this fluorophore (Brock and Jovin, submitted manuscript).
For GFP as well, reference measurements with free GFP in
solution provide reliable data on the absolute numbers of
molecules.
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