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ABSTRACT The main potential of intrinsically fluorescent proteins (IFPs), as noninvasive and site-specific markers, lies in
biological applications such as intracellular visualization and molecular genetics. However, photophysical studies of IFPs have
been carried out mainly in aqueous solution. Here, we provide a comprehensive analysis of the intracellular environmental
effects on the steady-state spectroscopy and excited-state dynamics of green (EGFP) and red (DsRed) fluorescent proteins,
using both one- and two-photon excitation. EGFP and DsRed are expressed either in the cytoplasm of rat basophilic leukemia
(RBL-2H3) mucosal mast cells or anchored (via LynB protein) to the inner leaflet of the plasma membrane. The fluorescence
lifetimes (within ;10%) and spectra in live cells are basically the same as in aqueous solution, which indicate the absence of
both IFP aggregation and cellular environmental effects on the protein folding under our experimental conditions. However,
comparative time-resolved anisotropy measurements of EGFP reveal a cytoplasmic viscosity 2.5 6 0.3 times larger than that of
aqueous solution at room temperature, and also provide some insights into the LynB-EGFP structure and the heterogeneity of
the cytoplasmic viscosity. Further, the oligomer configuration and internal depolarization of DsRed, previously observed in
solution, persists upon expression in these cells. DsRed also undergoes an instantaneous three-photon induced color change
under 740-nm excitation, with efficiently nonradiative green species. These results confirm the implicit assumption that in vitro
fluorescence properties of IFPs are essentially valid for in vivo applications, presumably due to the b-barrel protection of the
embodied chromophore. We also discuss the relevance of LynB-EGFP anisotropy for specialized domains studies in plasma
membranes.

INTRODUCTION

Wild-type (wt) green fluorescent protein (GFP) and red

fluorescent protein (DsRed), isolated from the jellyfish

Aequorea victoria and Discosoma corallimorpharian, re-
spectively, have become invaluable fluorescent markers for

biological studies (Chalfie and Kain, 1998; Tsien, 1998;

Baird et al., 2000; Gross et al., 2000; Fradkov et al., 2000;

Belmont, 2001; Chiesa et al., 2001; Wahlfors et al., 2001;

Ayoob et al., 2001; Day et al., 1999, 2001; Zimmer, 2002).

The wide range of absorption/emission wavelengths of these

intrinsically fluorescent proteins (IFPs) and their mutants

allows for multicolor labeling, negligible cellular intrinsic

fluorescence, and the creation of fluorescence donor-

acceptor pairs for Förster resonance energy transfer (FRET),

a popular technique in cell biology for studying protein-

protein interactions (Day et al., 1999, 2001; Jones et al.,

2000; Mizuno et al., 2001; Schuttrigkeit et al., 2001).

Genetic encoding of IFPs allows for site-specific labeling

within cells for visualization of gene expression and cellular

functions and opens many exciting opportunities in bi-

ological and biomedical research. So far, however, photo-

physical studies of IFPs have been carried out mainly in

aqueous solution. A comprehensive analysis of IFP fluores-

cence in the intracellular environment is crucial for reliable

quantitative in vivo applications; this is the objective of the

research reported here.

IFPs exhibit interesting fluorescence spectroscopy and

complex excited-state molecular dynamics that have been

the focus of numerous studies in solution (Tsien, 1998;

Chalfie and Kain, 1998; Chattoraj et al., 1996; Lossau et al.,

1996; Heikal et al., 2000, 2001; Cotlet et al., 2001c). The IFP

fluorescence flickers on ms to ms timescales as revealed by

fluorescence correlation spectroscopy (FCS). One mecha-

nism of pH-dependent fluorescence flickering, which is

observed in most GFPs, is external proton exchange with the

bulk buffer (Haupts et al., 1998; Widengren et al., 1999;

Schwille et al., 2000; Heikal et al., 2000, 2001, 2002). An

additional pH-independent flicker, with a rate that depends

on illumination intensity, was also observed and attributed to

an internal proton displacement associated with conforma-

tional rearrangements of the protein (Haupts et al., 1998;

Heikal et al., 2001, 2002) and photoisomerization (Wideng-

ren et al., 1999; Schwille et al., 2000; Malvezzi-Campeggi

et al., 2001). Such complex photophysics of GFPs makes

their use as intracellular pH indicators challenging (Kneen

et al., 1998), particularly on the single molecule level (Iino

et al., 2001; Kubitscheck et al., 2000; Garcia-Parajo et al.,

2000). Our objective here is to consider some of these
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challenges to evaluate the risk of systematic errors in

quantitative analysis of in vivo studies using IFP markers.

The most stable configuration of wt-DsRed in solution is

an oligomer (a tetramer) according to analytical ultracentri-

fugation (Gross et al., 2000), FCS and time-resolved

fluorescence anisotropy (Heikal et al., 2000), x-ray crystal-

lography (Yarbrough et al., 2001; Wall et al., 2000), and

single-molecule studies (Lounis et al., 2001; Cotlet et al.,

2001b,c; Garcia-Parajo et al., 2001; Harms et al., 2001).

Such tetramerization of DsRed has greatly hindered its use as

a genetically encoded fusion tag. In addition to the slow

maturation of DsRed (Baird et al., 2000; Terskikh et al.,

2000), a multiphoton color change of DsRed has also been

reported in live mammalian cells under intense illumination

of #760 nm (Marchant et al., 2001). Based on the intensity

dependence of DsRed photobleaching, the color change was

attributed to a three-photon process, and the green emission

persists for ;30 h without affecting the cell viability.

However, the red fluorescence was reported to exhibit less

than a quadratic dependence on the excitation intensity

(slope ¼ 1.5 on a log-log scale), which was attributed to

photobleaching (Marchant et al., 2001). From this earlier

work, it was not clear whether the mechanism for the light-

induced color change of DsRed is parallel (i.e., green and red

emission are generated instantaneously) or sequential (i.e.,

red emitting species was converted to green emitting

species). If it is a sequential mechanism, what is the time

delay before the generation of the green species? Finally,

how does the fluorescence quantum yield of the green DsRed

emission compare with that of the red species? Our answers

to these questions in this report establish the degree to which

quantitative interpretation of in vivo results may be made

using DsRed.

IFP photophysical measurements have been carried out

primarily in aqueous solution; however, their main potential

lies in quantitative in vivo applications. There are several

complications that could invalidate the solution results for

quantitative in vivo applications if not recognized and taken

into account. These include possible IFP aggregate forma-

tion inside cells, binding to cellular constituents, and/or the

integrity of protein folding in cellular environments.

Additionally, we can compare the rotational and translational

diffusion, which allows us to assess the role of viscosity

(versus collision or binding with intracellular constituents) in

hindering the mobility of IFP markers in living cells. In

addition to pH, the viscosity (e.g., in subcellular environ-

ments) is also expected to affect the kinetic rate of external

proton exchange of GFP with the surrounding buffer,

according to FCS studies (Haupts et al., 1998). These

previous observations motivated the research presented here

on EGFP in living cells. However, cellular effects on GFP

folding and aggregation must first be excluded to use them

quantitatively with confidence as pH-indicators.

In this report, we present a comprehensive characteriza-

tion of one (1P) and two (2P) photon fluorescence

spectroscopy and excited anionic state dynamics of EGFP

and DsRed both in aqueous solution and in living rat

basophilic leukemia (RBL) cells, a mucosal mast cell line.

These IFPs were expressed in the RBL cytoplasm or

anchored to the inner leaflet of the plasma membrane via

LynB protein, a member of the Src family kinase that plays

an important role in immunoreceptor signaling (Field et al.,

1995; Kovarova et al., 2001), which one of us has studied

extensively in this cell line (Sheets et al., 1999). A new

DsRed variant (DsRed2) also was studied to investigate the

effects of mutations (that reduced its maturation time,

tendency for aggregation and toxicity) (Yanushevich et al.,

2002) on its fluorescence properties as compared with the

original DsRed (Matz et al., 1999; Baird et al., 2000; Gross

et al., 2000; Fradkov et al., 2000). The present research

investigates the living-cell environmental effects on the

emission spectra and excited-state dynamics of IFPs, in-

cluding their rotational mobility. The results provide inter-

esting insights on the rotational mobility restrictions of the

protein in either the cytoplasm or when anchored to the inner

leaflet of the plasma membrane. Since the light-induced

color change can lead to misinterpretation of fluorescence-

based biological studies, we also examined the mechanism

of laser-induced color change of DsRed under 740-nm

excitation. The quantitative results on IFP behavior in live

cells are essential first steps toward quantitative in vivo

applications.

MATERIALS AND METHODS

Cell and sample preparation

RBL-2H3 mast cells were maintained as described previously (Pierini et al.,

1996). The day before transfection, cells that had been resuspended (;2 3
105 cells/ml) in phenol-red free medium (minimal essential medium, 20%

fetal bovine serum, 4 mM L-glutamine, and 50 mg/ml gentamicin) were

plated in glass-bottomed 35-mm petri dishes (MatTek Corp., Ashland, MA).

One to two days before measurements, RBL cells were transfected using

Lipofectamine 2000 (GibcoBRL, Gaithersburg, MD) following the protocol

provided by the manufacturer. The only exception was that 100 nM phorbol

12,13-dibutyrate (Sigma Chemical Co., St. Louis, MO) in Opti-Mem I

(GibcoBRL) was added to the cells immediately before DNA/Lipofectamine

incubation to increase transfection yield (David Holowka, Cornell

University; unpublished observations). After incubation with the DNA/

Lipofectamine complexes (for 5–9 h), the cells were washed with phenol-red

free medium and incubated with 1 mg/ml IgE. Immediately before an

experiment, the transfected cells were washed twice and maintained in BSA-

containing buffered saline solution (BSA/BSS; 20 mM HEPES, pH 7.4, 135

nM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mMMgCl2, 5.6 mM glucose, and 1

mg/ml BSA).

To express EGFP, DsRed, and DsRed2 proteins in the RBL cytoplasm,

the cells were transfected with the vectors EGFP-N1, DsRed-N1, and

DsRed2-N1 (Clontech Laboratories, Palo Alto, CA). The new variant

DsRed2, with mutations of basic residues (R2T, K5E, and K9T) in the

original DsRed, was designed to shorten maturation time, lower the

tendency for aggregation, and decrease toxicity (Yanushevich et al., 2002).

The LynB-IFP fusion proteins were generated by polymerase chain reaction

using the cDNA encoding wild-type rat LynB as the template (Vonakis et al.,

1997). Labeling the C-terminal of the Src family kinase with IFPs was

carried out by cloning the Lyn protein into the EGFP-N1 and DsRed-N1
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vectors. The LynB-IFP constructs were anchored to the inner leaflet of the

plasma membrane via N-terminal myristoylation and palmitoylation at

positions Gly-2 and Cys-3 of LynB, respectively (Kovarova et al., 2001).

Recombinant EGFP protein was purchased from Clontech and used as

received for the solution studies. This EGFP has no additional tag and should

be identical to the EGFP expressed in RBL cells, after their transfection with

the EGFP-N1 vector. DsRed was a generous gift from Professor Roger Tsien

(University of California, San Diego). EGFP or DsRed were diluted into 100

mM potassium phosphate at pH 7.2 (final concentration of ;5 mM) with

negligible pH effects on the fluorescence of EGFP (pKa ¼ 5.96 0.1; Haupts

et al., 1998; Heikal et al., 2001) and DsRed (Baird et al., 2000; Heikal et al.,

2000; Malvezzi-Campeggi et al., 2001).

Confocal laser scanning microscopy

Confocal fluorescence images were acquired with a BioRad 1024MP laser

scanner (Bio-Rad Laboratories, Hercules, CA) coupled to a Zeiss Axiovert

135TV microscope (Zeiss, Jena, Germany), and an argon/krypton laser. A

Zeiss Plan Neo-Fluor (403, 1.3 NA) objective was used for acquiring

images in direct slow scanning mode. Cells transfected with EGFP

constructs were imaged with the 488-nm laser line and a 515LP emission

filter, whereas DsRed-expressing cells were imaged with the 568-nm laser

line and a 585LP emission filter. The average laser power used for imaging

cytoplasmic EGFP and DsRed was ;5 mW at the sample, whereas higher

power was needed to image the lower expression levels of LynB-EGFP

(;50 mW) and LynB-DsRed (;100 mW).

Time- and wavelength-resolved fluorescence

The excited-state fluorescence decays of the IFP chimera were measured

using time-correlated single photon counting, which is described in detail

elsewhere (Heikal et al., 2001) and modified to fit the IM-35 microscope.

Briefly, the infrared or the second harmonic of Ti:sapphire (Spectra Physics,

Mountain View, CA) femtosecond laser pulses (4 MHz) were directed

through the light-inlet port of an inverted IM-35 microscope (Zeiss, Jena,

Germany), after pulse picking with an electro-optic modulator (Conoptics,

Danbury, CT). The epifluorescence polarization was selected using a Glan-

Thompson prism (Melles Giriot, Rochester, NY) mounted at the top exit port

of the microscope before being detected using a microchannel plate

photomultiplier. The excited-state lifetime was measured using magic angle

(54.78) polarization and then analyzed using a deconvolution with instru-

mental response function (full width half maximum, FWHM;60 ps) and an

iterative nonlinear least-squares algorithm (O’Connor and Phillips, 1984).

The 2P-instrumental response function was measured using the second har-

monic generated from monobasic potassium phosphate (powder crystals),

whereas scattering medium (dairy milk) was used for measuring 1P-res-

ponse with weak satellites near the zero time due to weak reflections. Under

these conditions, the estimated temporal resolution for our measurements is

;15 ps (;25% of the FWHM of the system response) considering the

signal-to-noise ratio and decay time constants. This temporal resolution will

decrease for multiexponential decays as well as for time constants that are

smaller than the FWHM of the response function. For multiexponential

fluorescence F(t) decays with time constants ti and preexponential factor ai,
the following fitting functional form was used (Heikal et al., 2001):

FðtÞ ¼ +
3

i¼1

aie
�t=ti (1)

The reported relative amplitudes (ci) and the average lifetime htfli are

defined as:

ci ¼ ai=+
i

ai; and htfli ¼ +
i

citi: (2)

For time-resolved fluorescence anisotropy, parallel (IkðtÞ) and perpendicular
(I?ðtÞ) 1P-fluorescence decays were measured for equal acquisition time

during which there was no significant change in the signal level. The

anisotropy decay of a free rotating molecule (e.g., EGFP in solution) in an

isotropic environment is described by a single exponential (O’Connor and

Phillips, 1984; Lakowicz, 1999):

rðtÞ ¼ ½IkðtÞ � GI?ðtÞ�=½IkðtÞ1 2GI?ðtÞ� ¼ r0 expð�t=fÞ;
(3)

where f is the rotational correlation time of the protein and G describes the

sensitivity of detection optics and micro-channel plate to polarization. The

G-factor was determined experimentally using tail-matching for fluorescein

decays whose rotational time (;150 ps) is much smaller than the

corresponding excited-state lifetime (;3.9 ns). The initial anisotropy (r0),

which yields the angle (d) between the absorption and emission dipoles, is

given by (Volkmer et al., 2000):

r0 ¼ ½2að3 cos2d� 1Þ=2ð2a1 3Þ�: (4)

Ultrafast processes, such as internal conversion or energy transfer, would

complicate the interpretation of the r0-value, especially if the timescale

involved is beyond the temporal resolution of the instrument. Based on the

number of photons absorbed (a), the maximal theoretical r0-values are 0.4

and 0.57 (for collinear dipoles without depolarizing processes) using 1P and

2P measurements, respectively. Under our experimental conditions, the

optical depolarization due to the microscope objective (Axelrod, 1979;

1989; Gautier et al., 2001) was negligible using underfilled objective (403,

1.15 NA, Olympus, Melville, NY). Further, the average baseline signals

(before time 0) of both parallel and perpendicular fluorescence decays were

subtracted before calculating the anisotropy decay curve to rule out

a polarization-biased scattered light contribution.

The hydrodynamic volume (V¼ y 1 h) of a spherical protein also can be

calculated using the Stokes-Einstein equation (Lakowicz, 1999):

f ¼ hMðy1 hÞ=kBT; (5)

whereM, y, and h are the molecular mass, specific volume of the protein, and

hydration volume, respectively. The environmental absolute temperature is

T, and kB is the Boltzmann constant. In contrast to the free rotator, the

angular range of rotational mobility in (or on) organized structures (e.g.,

membranes) is limited due to local steric hindrance, which usually imposes

certain restrictions on the probe orientations. Restricted rotational diffusion

(e.g., LynB-EGFP anchored to the inner leaflet to the plasma membrane) can

be described as a biexponential decay:

rðtÞ ¼ A1 expð�t=f1Þ1A2 expð�t=f2Þ: (6)

In this case, the initial anisotropy r0 ¼ A1 1 A2. The same equation also

describes the anisotropy decay of DsRed, except when fused to the LynB

protein where an additional residual anisotropy (r‘) was needed for a better

fit.

For spectral measurements, the epifluorescence was imaged on an optical

fiber (500 mm diameter) at the side exit port of the microscope and then

recorded on a cooled CCD camera mounted at the exit window of a PC-

controlled spectrometer (Spex270M, Olympus, Edison, NJ). The average

power of a parked beam (i.e., nonscanning mode) at the sample is #5 mW

for 485 nm and #500 mW for 970 nm. Dichroic mirrors 500LP and 720SP

(Chroma Technology Corp., Brattleboro, VT) were used for 1P- and 2P-

excitation, respectively. The cellular morphology was examined before and

after each measurement to rule out cellular photodamage. Furthermore, cells

of varying brightness were selected to compare their photophysical

characteristics. The background signal from cellular autofluorescence and

the surrounding buffer was negligible. Finally, an overfilled objective

(PlanApo60/1.2 NA, water immersion) was used for studying the laser-

induced color changes of DsRed under 740-nm illumination.

2568 Hess et al.

Biophysical Journal 85(4) 2566–2580



RESULTS

Cellular localization of IFP constructs

To investigate the effects of intracellular environments on

IFP photophysics, we transfected RBL cells with EGFP and

DsRed to either target the cytoplasm or anchor to the inner

leaflet of the plasma membrane via the LynB protein (Fig.

1). As expected, EGFP and DsRed are located throughout

the cytoplasm (Fig. 1, B and C) due to the absence of

a specific targeting sequence. For some experiments, we

also transfected RBL cells with DsRed2, which is also

expressed throughout the cytoplasm similar to the wt-

DsRed as observed with confocal microscopy (data not

shown). The LynB-IFP constructs (Fig. 1, E and F) are

anchored to the inner leaflet of the plasma membrane and

thus sample the immediately adjacent cytoplasmic environ-

ment. Expression levels of the Lyn constructs are highly

variable from cell to cell, and thus are difficult to compare

with the endogenous Lyn protein expression in the plasma

membrane. However, Kovarova et al. (2001) have esti-

mated an expression level of ;31% for LynA-GFP in lipid

raft fractions, compared with ;55% of the endogenous Lyn

protein, using quantitative immunoblotting analysis. Fur-

thermore, the LynB-GFP construct mediates stimulated

phosphorylation of the IgE receptor when expressed in

bone marrow derived mast cells from Lyn-1-mice (Kovar-

ova et al., 2001) or in Chinese hamster ovary (CHO) cells

(Julie Gosse and David Holowka, Cornell University,

unpublished results) indicating that the GFP label does

not interfere with the principal function of this tyrosine

kinase.

For the fluorescence measurements, transfected cells were

selected based on morphology (Fig. 1, A and D represent

typical RBL cells) and IFP expression levels, which allowed

us to probe possible concentration effects (e.g., aggregation)

on the photophysics. The cells were also examined visually

before and after an experiment to ensure negligible photo-

damage under the reported illumination intensities. The

measurements were carried out on cells of various ex-

pression levels, one to two days posttransfection, and were

repeated using multiple transfections for reproducibility.

Furthermore, our control experiments on nontransfected

cells confirm negligible contributions from the cellular

autofluorescence.

Steady-state fluorescence spectra

The 2P-fluorescence spectra of EGFP in solution (Fig. 2,

curve 1, lines) and in the cytoplasm of RBL cells (Fig. 2,

curve 1, circles) are similar, independent of the expression

level, due to the b-barrel protection of the chromophore.

DsRed also exhibits a similar 2P-emission spectrum in either

solution (Fig. 2, curve 2, lines) or RBL cytoplasm (Fig. 2,

curve 2, circles). The lack of significant emission shifts

(Chalfie and Kain, 1998) rules out the formation of IFP

aggregates in living RBL cells, under our experimental

conditions. These measurements were also repeated at lx ¼
485 nm to examine the effects of excitation pathway on the

fluorescence spectrum. The emission profile is the same

(within ;4 nm) under 1P-illumination of IFPs in both

solution and cells (cytoplasm and plasma-membrane–

anchored) (data not shown). (Note that 1P-excitation without

a confocal aperture provides a larger observation volume, as

compared to 2P-excitation, enabling us to collect more

FIGURE 1 Genetic encoding of IFPs allows for site-specific visualization

of living cells. (A and D) Transmission images reveal typical RBL mast cell

morphologies that were used in the fluorescence measurements. The

corresponding confocal fluorescence images are also shown for EGFP (B)

and DsRed (C) proteins expressed in RBL cytoplasm. The LynB-EGFP (E)

and LynB-DsRed (F) constructs are anchored to the RBL plasma membrane.

The average excitation laser power used for imaging the cytoplasmic EGFP

(488 nm) and DsRed (568 nm) was ;5 mW at the sample, whereas higher

power was needed for imaging LynB-EGFP (;50 mW) and LynB-DsRed

(;100 mW) to compensate for the low concentrations. Bar, 10 mm.

FIGURE 2 The cellular environment does not significantly affect the 2P-

emission spectra of EGFP and DsRed (either in the cytoplasm or anchored to

the inner leaflet of the plasma membrane). Representative fluorescence

emission spectra of EGFP (curve 1) and DsRed (curve 2) in the RBL

cytoplasm (circles) and in solution (pH 7.2, lines) using lx ¼ 970 nm. The

1P-fluorescence emission of LynB-DsRed is slightly red-shifted (;4 nm) in

subcellular environments compared with that in solution. These spectra were

not corrected for the wavelength sensitivity of the fiber, spectrometer

grating, or the CCD camera.
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fluorescence photons from LynB-IFP on the thin cell

lamella.) Interestingly, the mutations that cause much faster

maturation of DsRed2 than the original DsRed do not af-

fect its advantageous red emission (at ;583 nm) or its

fluorescence quantum yield (see below). Importantly, these

results also demonstrate that the in vitro steady-state

fluorescence spectroscopy for IFPs can be directly applied

to in vivo applications for detection optimization in both

microscopy and FRET studies.

To examine the mechanism for the multiphoton-induced

color change of DsRed under 740-nm excitation, we

measured the 2P-fluorescence spectra (using a 720-nm short

pass filter) as a function of the average excitation power (Fig.

3, A and B). Below saturation, the red emission (585 6 20

nm) intensity increases quadratically (slope ¼ 2.02 6 0.06

on a log-log scale) with excitation intensity while the spectral

profile remains unchanged (Fig. 3 B, curve 1). This is in

contrast to the less-than-quadratic dependence of the

fluorescence (at 605 6 45 nm) of DsRed in CHO cells

(slope ¼ 1.50 6 0.04) reported earlier by Marchant et al.

(2001). The intensity of the laser-induced green emission tail

(4806 45 nm) increases as the excitation intensity increases,

with a slope of 2.95 6 0.06 on a log-log scale (Fig. 3 B,
curve 3) above the red-emission saturation. A quadratic

intensity dependence of EGFP fluorescence was observed

(Fig. 3 B, curve 2) with a negligible blue tail of the emission

band at 510 nm (data not shown).

Excited anionic state fluorescence decay

The first excited-state fluorescence decay is an excellent

probe of the local environment as compared to the steady-

state fluorescence spectrum, and allows for quantitative

assessment of the cellular environmental effects on the chro-

mophore. We investigated the 1P- and 2P-excited anionic

state fluorescence decays of cytoplasmic and plasma-

membrane–anchored IFPs. The results are summarized in

Table 1, and representative decays are shown in Fig. 4.

EGFP

In the RBL cytoplasm, the total 2P-fluorescence (lfl # 700

nm) of EGFP (lx ¼ 970 nm) decays biexponentially (Fig.

4 A, curve 1; Table 1), which is similar to solution measure-

ments (Fig. 4 A, curve 2). However, the cytoplasmic average

decay time constant (htfli ¼ 2.466 0.01 ns) is slightly faster

than the solution value (htfli ¼ 2.68 6 0.01 ns). Assuming

that the radiative rate constant is the same for in vitro and in

vivo EGFP, the fluorescence quantum yield (Ffl) of EGFP

is ;8% lower in living cells as compared to solution (Ffl ¼
0.6; Tsien, 1998). By comparison, smaller differences (;6%)

in the averaged fluorescence lifetimes were observed for

EGFP under 1P-excitation (lx¼ 485 nm, lfl¼ 5856 75 nm)

of EGFP (Table 1). In a few cases (for n ¼ 4 cells), the cyto-

plasmic EGFP fluorescence decays as a single exponential

with tfl ¼ 2.546 0.01 ns, good x2, and acceptable residuals.
Finally, the 1P-fluorescence of LynB-EGFP decays biexpo-

nentially with htfli ¼ 2.53 6 0.02 ns (Table 1), which is

similar to the cytoplasmic EGFP results. These results

suggest that the cellular environment and fusion to the LynB

protein have negligible effects on the excited-state fluores-

cence lifetime (i.e., quantum yield) of EGFP.

DsRed

The cytoplasmic DsRed fluorescence (lx ¼ 970 nm) decays

as a biexponential (Fig. 4 B, curve 1; Table 1) with an

average fluorescence lifetime of 2.9 6 0.2 ns, which is

;14% faster than that in solution of 3.386 0.02 ns (Fig. 4 B,
curve 2; Table 1). Assuming a similar radiative decay rate in

both environments, one would conclude that the fluores-

cence quantum yield of the cytoplasmic DsRed is ;14%

FIGURE 3 Illumination of DsRed (pH 7.2) with intense 740 nm

introduces a green (;475 nm) emission in addition to the usual red

(;583 nm) fluorescence. (A) A semilogarithmic plot of the DsRed (pH 7.2)

emission spectra as a function of 740-nm intensity with 0.1 OD steps. The

arrows indicate an increase of the fluorescence emission with the

illumination intensity. These spectra were not corrected for the wavelength

sensitivity of the fiber, spectrometer grating, or the CCD camera. (B)
Intensity dependence of DsRed (red emission: solid squares, curve 1; green

emission: solid triangles, curve 3) and EGFP (solid circles, curve 2)

fluorescence on log-log scales. The intensities are estimated in units of W/

cm2. The red (585 6 20 nm) and green (480 6 45 nm) emission of DsRed

exhibit a slope of 2.026 0.06 and 2.956 0.06, respectively, compared with

1.96 6 0.05 for EGFP emission (515 6 15 nm). Notice the relationship

between the red fluorescence saturation of DsRed and the threshold of green

emission generation.
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lower than in solution (Ffl ¼ 0.75; Baird et al., 2000). By

comparison, the 1P-fluorescence of DsRed decays mainly as

a single exponential with an excited-state lifetime of 3.15 6
0.02 ns (n ¼ 11 cells; Table 1). However, two days

posttransfection, we observed faster decays with average

lifetimes of 2.6 6 0.2 ns (n ¼ 5 cells, biexponential decays)

and 2.4 6 0.4 ns (n ¼ 5 cells, three exponential decays) as

summarized in Table 1. These results indicate that the

excited-state dynamics of DsRed is sensitive to posttrans-

fection time as observed previously (Jakobs et al., 2000).

Interestingly, the S1-state fluorescence of the cytoplasmic

DsRed2 variant (Table 1) also decays as a biexponential with

t1 ¼ 3.09 ns (c1 ¼ 0.80) and t2 ¼ 640 ps (c2 ¼ 0.20) with an

average fluorescence lifetime of 2.84 6 0.09 ns. Accord-

ingly, the estimated fluorescence quantum yield of DsRed2

is ;0.68 in RBL cytoplasm, as compared to the parent

DsRed in solution (Ffl¼ 0.75; Baird et al., 2000). DsRed2 is

a good substitute for the original DsRed due to its fast

maturation and lower tendency for aggregation. The excited-

state 1P-fluorescence of LynB-DsRed chimera decays as

a biexponential with htfli ¼ 3.11 6 0.07 ns (Table 1).

Our solution results of DsRed, using the microscope set-

up described here, are somewhat different from those in our

previous report in which we used right-angle fluorescence

detection and observed a single exponential decay with tfl ;
3.6 ns (Heikal et al., 2000). To reconcile these results, we

carried out several control experiments. First we repeated the

same measurements on a newly prepared and mature DsRed

to eliminate the possibility of sample degradation. Our

control measurements on fluorescein and wt-GFP fluores-

cence decays, which are single exponentials, ruled out the

possibility of experimental artifacts. The background signals

of the in vivo and in vitro experiments were also negligible.

As a result of these various controls, we infer that the second

component in DsRed fluorescence decays can be attributed

to a minor contribution (;16%) from a sparsely populated,

short-lived DsRed configuration or state.

To investigate the mechanism involved in the in vitro

DsRed photoconversion under 740-nm excitation, we

measured the excited-state fluorescence decays of the red

and green species. The red emission of DsRed (585 6 20

nm) decays as a biexponential with htfli ¼ 3.04 6 0.05 ns

(Fig. 5 A, curve 1; Table 1), which is fairly similar to

fluorescence decay measured under 970 nm excitation

(htfli ¼ 3.00 6 0.03 ns). However, the three-photon–

induced green emission (480 6 45 nm) decays on an

ultrafast timescale with htfli ¼ 150 6 40 ps (Fig. 5 A,
curve 2), which indicates efficient nonradiative relaxation

channel(s) competing with the green fluorescence pathway.

This fluorescence decay resembles that of the neutral

excited-state fluorescence of EGFP excited under 405 nm

(Heikal et al., 2001) and 740 nm (Table 1), especially with

narrow band detection (450 6 30 nm). Furthermore, even

with the smallest time per channel available (3.26 ps), both

the red and green fluorescence build up instantaneously

(within our temporal resolution) suggesting a parallel

mechanism for the photoactivation of both the red and

green species.

TABLE 1 The excited-state fluorescence decays of selected IFPs in solution (pH 7.2) and in live RBL cells (either in the

cytoplasm or anchored to the inner leaflet of the plasma membrane via LynB protein)

Protein Environment lx (nm) lfl (nm) t1 (ns) c1 t2 (ns) c2 htfli (ns) n*

EGFP Solution (pH 7.2) 970 700SP 2.90(5) 0.80(5) 1.85(5) 0.24(3) 2.68(1) 3

485 585 6 75 2.88(5) 0.82(6) 1.84(6) 0.21(1) 2.68(3) 7

740 515 6 15 2.88(1) 0.76(2) 0.34(2) 0.24(2) 2.27(5) 2

740y 450 6 40 0.11(1) 0.64(1) 0.43(1) 0.32(1) 0.31(1) 2

Cytoplasm 970 700SP 2.71(4) 0.70(5) 1.85(6) 0.30(5) 2.46(1) 7

485 580 6 75 2.72(2) 0.76(3) 1.86(9) 0.24(3) 2.53(2) 13

2.55(2) — — — 2.55(2) 5

LynB-EGFP Plasma membrane 485 585 6 75 2.76(5) 0.75(3) 1.8(1) 0.25(3) 2.53(3) 15

DsRed Solution (pH 7.2) 970 700SP 3.41(4) 0.80(2) 1.32(4) 0.22(3) 3.00(3) 5

485 585 6 75 3.49(2) 0.84(1) 1.45(9) 0.16(1) 3.15(2) 6

740 585 6 20 3.50(2) 0.78(2) 1.39(6) 0.22(4) 3.04(5) 4

740z 480 6 45 0.03(1) 0.62(5) 0.16(1) 0.30(4) 0.15(4) 4

Cytoplasm 970 700SP 3.29(6) 0.85(2) 0.8(5) 0.15(2) 2.9(2) 12

485 585 6 75 3.38(2) — — — 3.38(2) 10

585 6 75§ 3.0(1) 0.74(6) 1.2(1) 0.26(7) 2.6(2) 5

LynB-DsRed Plasma membrane 485 585 6 75 3.5(1) 0.81(6) 1.6(3) 0.19(6) 3.11(7) 6

DsRed2 Cytoplasm 480 580 6 75 3.09(3) 0.80(3) 0.64(3) 0.20(2) 2.84(9) 4

The fitting parameters are defined in Eqs. 1 and 2. The standard deviation in the last digit of the fitting parameters is written in parentheses.

*The number of measurements (n), in either solution or live RBL cells, includes different cells and transfections.
yThree exponential decays were measured with t3 ¼ 2.61 6 0.03 ns and c3 ; 0.04.
zThree exponential decays were measured with t3 ¼ 718 6 49 ps and c3 ; 0.08.
§These measurements were carried out two days posttransfection and, in some cases (n ¼ 3 cells), three exponential decays were measured with t3 ¼ 120 6
40 ps, c3 ; 0.10 6 0.07 and an average lifetime of 2.4 6 0.4 ns.
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Time-resolved fluorescence anisotropy

The rotational correlation times (f) of EGFP (Fig. 6 A) and
DsRed (Fig. 6 B), in the RBL cytoplasm (curves 1) and

in solution (curves 2), were measured and the results are

summarized in Table 2. The anisotropy decay of cytoplasmic

EGFP is mostly a single exponential (Fig. 6 A, curve 1) with
an estimated overall rotational time f2 ¼ 42 6 4 ns and an

amplitude A2¼ 0.366 0.02 (Table 2). This overall rotational

time for cytoplasmic EGFP is 2.5 6 0.3 times slower than

EGFP in solution (f¼ 176 1 ns; Fig. 6 A, curve 2; Table 2),
suggesting a 2.5-fold larger cytoplasmic viscosity as

compared to aqueous solution at room temperature. The

fitting residual of cytoplasmic EGFP anisotropy was

enhanced significantly with an additional minor (A3 ¼
0.018) decay component (1.6 6 0.5 ns). The single ex-

ponential anisotropy decay and the rotational time of EGFP,

in solution, are in agreement with previous studies on the

rotational diffusion of wt-GFP and S65T (Volkmer et al.,

2000), and Citrine (Heikal et al., 2000), indicating a rigidly

constrained chromophore within the protein polypeptide

(Ormö et al., 1996; Brejc et al., 1997).

The anisotropy of cytoplasmic DsRed (Fig. 6 B, curve 1)
decays as a biexponential (Table 2) with a much slower

overall rotational time (f2 ¼ 134 6 31 ns with A2 ¼ 0.26 6
0.01) than the excited-state lifetime (;3.38 ns, Table 1),

which increases the uncertainty in the rotational time

estimation. The second decay component (f1 ¼ 290 6 70

ps with A1 ¼ 0.05 6 0.01) is significantly faster than the

overall rotation of the oligomer. Although the anisotropy of

DsRed in solution (pH 7.2, Fig. 6 B, curve 2, Table 2) decays
also as a biexponential (Heikal et al., 2000), the overall

rotational time is slightly faster (f2 ¼ 76 6 5 ns, A2 ¼ 0.26

6 0.02) than that in RBL cytoplasm. The second decay

component of DsRed anisotropy in solution (f1 ¼ 2906 30

FIGURE 4 The living-cell environment reveals minimal effects on the

excited-state fluorescence decays (i.e., fluorescence quantum yield) of IFPs

under 2P-excitation (lx ¼ 970 nm). (A, curve 1) The 2P-fluorescence of

cytoplasmic EGFP decays as a biexponential (t1 ¼ 2.70 ns (c1 ¼ 0.70), t2¼
1.85 ns (c2 ¼ 0.30) and x2 ¼ 1.12) with an average lifetime of ;2.45 ns.

(A, curve 2) Under the same conditions, the 2P-fluorescence of EGFP in solu-

tion (pH 7.2) decays also as a biexponential (t1 ¼ 2.91 ns (c1 ¼ 0.78), t2 ¼
1.81 ns (c2 ¼ 0.22)) with a slightly different average lifetime of ;2.67 ns,

that is 68% larger than the cytoplasmic fluorescence decay. (B, curve 1)

In the RBL cytoplasm, the DsRed 2P-fluorescence decay parameters (t1 ¼
3.23 ns (c1 ¼ 0.78), and t2 ¼ 370 ps (c2 ¼ 0.22)) are slightly different from

that in buffered solution (pH 7.2) where t1 ¼ 3.4 ns (c1 ¼ 0.78) and t2 ¼
1.38 ns (c2 ¼ 0.22) (B, curve 2).

FIGURE 5 The multiphoton-induced green emission of DsRed (pH 7.2)

suggests an efficiently nonradiative species/state as compared to the red

emitting state. (A, curve 1) The red 2P-fluorescence (5856 20 nm) of DsRed

in aqueous solution (pH 7.2) decays as a biexponential with t1 ¼ 3.51 ns

(c1 ¼ 0.76), t2 ¼ 1.31 ns (c2 ¼ 0.24), and x2 ¼ 1.04 under 740-nm illumi-

nation. (A, curve 2) By comparison, the green 2P-fluorescence (480 6 45

nm) of DsRed (pH 7.2) decays as a triple exponential with t1 ¼ 25 ps (c1 ¼
0.62), t2 ¼ 165 ps (c2 ¼ 0.30), t3 ¼ 777 ps (c2 ¼ 0.08), and x2 ¼ 2.1. The

average fluorescence lifetime of the green emission is ;5% of the red

emission. (B, curve 1) The fluorescence anisotropy, associated with the

green emission (4856 40 nm) of DsRed (pH 7.2) under 740-nm excitation,

decays as a biexponential with f1 ; 153 ps (A1 ¼ 0.09) and f2 ; 11.9 ns

(A2 ¼ 0.35). (B, curve 2) Under the same excitation conditions, the

fluorescence (450 6 45 nm) anisotropy of EGFP (pH 7.2) decays as

a biexponential with f1; 649 ps (A1 ¼ 0.04) and f2; 12.4 ns (A2 ¼ 0.42).

The anisotropy associated with the long wavelength emission of both DsRed

and EGFP (pH 7.2) are fairly similar to that measured at 485-nm excitation

(Fig. 6, A and B; curves 2).
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ps with A1 ¼ 0.066 0.01) and the reduced initial anisotropy

(0.32 6 0.01) were previously attributed to intraoligomer

energy transfer (Heikal et al., 2000; Lounis et al., 2001;

Cotlet et al., 2001b,c; Garcia-Parajo et al., 2001; Harms et al.,

2001). These results readily demonstrate the persistence of

the oligomer configuration and internal depolarization of

DsRed inside live cells. Furthermore, the long rotational time

and the internal depolarization preclude the use of DsRed as

an intracellular viscosity probe. The anisotropy decays of the

cytoplasmic DsRed2 mutant and the parent DsRed were also

comparable (Table 2).

The anisotropymeasurements of in vivo LynB-IFP provide

an opportunity for investigating structural aspects of the

constructs as well as probing the microenvironment adjacent

to the inner leaflet of the plasmamembrane. The anisotropy of

LynB-EGFP decays as a biexponential with an overall

rotational time f2 ¼ 806 14 ns and an amplitude A2 ¼ 0.35

6 0.02 (Fig. 7 A, curve 1; Table 2). The second minor

anisotropy decay component (amplitudeA1¼ 0.0176 0.005)

has a 1.2 6 0.8 ns time constant suggesting a segmental

motion between the EGFP and Lyn proteins (see Discussion).

The overall rotational time of LynB-EGFP is slightly faster

than the theoretical prediction based on both its molecular

mass (;84 kDa, see Discussion) and the cytoplasmic

viscosity (;2.5 times larger than that of buffered solution).

Similar measurements were carried out on LynB-DsRed with

some difficulties due to the low transfection level and the low

excitation cross section at 485 nm. The anisotropy decays of

plasma membrane-anchored LynB-DsRed (Table 2) are

satisfactorily described as biexponential with f1 ¼ 210 6
20 ps (A1 ¼ 0.04 6 0.01), f2 ¼ 3.5 6 0.9 ns (A2 ¼ 0.04 6
0.01), and residual anisotropy r‘ ; 0.21 (Table 2).

The structural identity of DsRed species, associated with

both the green and red emissions, can also be elucidated by

measuring the rotational anisotropy under 740-nm excitation

at which color change was observed. The DsRed anisotropy

associated with the red emission (585 6 20 nm) is fairly

similar to that under 485-nm illumination (Fig. 6 B, curve 2,
Table 2). However, the anisotropy of the green DsRed

emission (4806 45 nm) decays as a biexponential (Fig. 5 B,
curve 1) with fast depolarization of 210 6 30 ps (A1 ¼ 0.06

6 0.01) and an overall slow rotational time of 11.6 6 0.5 ns

(A2 ¼ 0.34 6 0.01), which is much shorter than the overall

rotational time of the DsRed oligomer (Fig. 6 B, Table 2).

For comparison, similar measurements were carried out on

EGFP (pH 7.2) under the same excitation conditions (Fig.

5 B, curve 2). The fluorescence (515 6 15 nm) anisotropy

of EGFP decays as a single exponential with an estimated

rotational time of 17.96 0.2 ns, similar to that shown in Fig.

6 A, curve 2. However, the anisotropy associated with the

blue emission shoulder (450 6 40 nm) of EGFP decays as

a biexponential (Fig. 5 B, curve 1) with a fast component of

;580 ps (A1 ; 0.04) and an overall slow rotational time of

;12 ns (A2 ; 0.40). These results suggest that the green

emission might be assigned to a subunit (i.e., a monomer)

within the DsRed oligomer.

DISCUSSION

Genetic encoding of IFPs, one of their major advantages as

fluorescent markers for biological research, allows for site-

specific monitoring of cellular functions with minimal

interference. IFPs also exhibit advantageous fluorescence

and thermodynamic properties that can be exploited for

quantitative biological applications such as FRET and

cellular pH measurements. Until now, however, the photo-

physics of these molecules has been studied mainly in

aqueous solution. There are a number of reasons that might

FIGURE 6 The cytoplasmic environment of RBL retards the rotational

mobility of EGFP, by comparison with buffered solution at room

temperature, whereas it does not affect the oligomer configuration and

intraoligomer depolarization of DsRed. (A) Time-resolved fluorescence

anisotropy of EGFP (lx ¼ 485 nm) in RBL cytoplasm (42 6 4 ns and an

amplitude A2 ; 0.36, curve 1) and in solution (17 6 1 ns, curve 2) decays

mainly as a single exponential. A minor (A2 ; 0.018) second decay

component with 1.6 6 0.5 ns time constant enhanced the cytoplasmic fit

significantly. The initial anisotropy (r0 ; 0.38) is comparable with the

theoretical limit (0.4), suggesting a negligible optical depolarization effects

due to the microscope objective. (B, curve 1) The anisotropy of cytoplasmic

DsRed decays as a biexponential with slower overall rotational time

(f2¼ 1346 31 ns with A2 ; 0.26) than the excited-state lifetime (;3.4 ns).

The second decay component (f1 ¼ 290 6 70 ps with A1 ; 0.05) is sig-

nificantly faster than the overall rotation of the oligomer. (B, curve 2) By

comparison, the anisotropy of DsRed in solution (pH 7.2) decays also as

a biexponential with a slightly faster overall rotational time (f2 ¼ 766 5 ns

and A2; 0.25) than that in RBL cytoplasm, with a second decay component

of f1 ¼ 278 6 53 ps and A1 ; 0.06.
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invalidate or complicate the direct application of these results

for in vivo use. First, IFPs might aggregate in living cells,

potentially causing a shift of the emission spectrum (Chalfie

and Kain, 1998). Second, binding of IFPs to cellular

constituents might also modify the chromophore’s immedi-

ate surroundings and, therefore, its fluorescence properties.

Finally, the folding of the IFP construct might also be

compromised in cellular environments, especially upon

fusion with membrane proteins such as Lyn. Knowledge of

the cellular effects on the folding and aggregation of GFPs is

critical for the effective use of IFPs as pH-indicators for

quantitative in vivo applications. In this report, we compare

the fluorescence spectroscopy and excited-state dynamics of

EGFP and DsRed in aqueous solution and living RBL mast

cells. For in vivo studies, these IFPs were located in either

the cytoplasm (Fig. 1, B and C) or anchored to the plasma

membrane inner leaflet via an associated LynB protein (Fig.

1, E and F).

Assessment of the cellular background signal

Both EGFP and DsRed are excellent 2P-fluorescent markers

due to their large 2P-excitation cross sections, s2P, (Heikal

et al., 2000, 2001, 2002; Blab et al., 2001; Tsai et al., 2002)

and emission peaks (Fig. 2), which help to minimize the

intrinsic cellular fluorescence. Much of the autofluorescence

in tissues or cultured cells is due to reduced pyridine

nucleotides (e.g., NADH), flavin adenine dinucleotide

(FAD) and mononucleotides (FMN), and polymeric extra-

cellular proteins including collagen and elastin. The ob-

served maxima (at 730 nm) of s2P-values 0.035 (NADH),

0.085 (FAD), 0.9 (FMN) GM, (Xu et al., 1996; Huang et al.,

2002) are orders of magnitude smaller than EGFP and

DsRed (;100 GM at 970 nm) used in the present work

(Heikal et al., 2000, 2001; Blab et al., 2001; Tsai et al.,

2002). Therefore, the autofluorescence contribution to our

observed signal is expected to be negligible, which is

confirmed with our experimental controls on nontransfected

cells.

Steady-state spectroscopy

The 2P-fluorescence spectra indicate that EGFP and DsRed

retain their emission profiles in the two cellular locations

as compared to aqueous solution (Fig. 2), which can be

attributed to the chromophore protection by the b-barrel.
This observation is particularly important for several

applications that require accurate knowledge of the absorp-

tion and emission spectra, such as FRET (Day et al., 1999,

2001; Jones et al., 2000; Mizuno et al., 2001; Schuttrigkeit

et al., 2001; Gautier et al., 2001), dual-color cross-correlation

FCS (Koltermann et al., 1998), and dual-channel imaging

using 1P- and 2P-photon fluorescence microscopy, where

fluorescence detection can be optimized without ambiguity.

Such fluorescence detection optimization allows for minimal

illumination intensities to be used to avoid photodamage of

biological samples. Furthermore, the lack of spectral shift in

cellular environments indicates the absence of IFP aggrega-

tion.

Excited-state fluorescence dynamics

Although the 2P-fluorescence spectra of EGFP in live RBL

cells and buffered solution are almost indistinguishable (Fig.

2), the average fluorescence lifetime in the living cells was

slightly faster (;8%) than in solution (Fig. 4 A; Table 1).

The fluorescence quantum yield is dependent on the

fluorescence decay rate, Ffl ¼ krad=kfl ¼ krad=ðkrad 1 knradÞ,
where krad and knrad are the radiative and nonradiative rate

constants, respectively. Assuming the same krad in both

environments, we therefore conclude that the 2P-fluores-

cence quantum yield of cellular EGFP is ;9% lower than

TABLE 2 Time-resolved fluorescence anisotropy of EGFP and DsRed in both solution (pH 7.2) and in live RBL cells as a

function of excitation and detection wavelengths

Protein Environment lx/nm lfl/nm f1/ns A1 f2/ns A2 r0 n*

EGFP Solution 485 585 6 75 — — 17(1) — 0.383(8) 6

740 515 6 15 — — 17.9(2) 0.45(1) 0.45(1)y 2

450 6 40 0.58(4) 0.03 11.6(9) 0.40(1) 0.43(1)y 2

EGFP Cytoplasm 485 580 6 75 1.6(5) 0.018(6) 42(4) 0.36(2) 0.38(1) 7

LynB-EGFP Plasma membrane 485 585 6 75 1.2(8) 0.017(5) 80(14) 0.35(2) 0.37(1) 8

DsRed Solution 485 580 6 75 0.29(3) 0.06(1) 76(5) 0.26(2) 0.32(1) 5

740 585 6 20 0.9(1) 0.05(1) 70(5) 0.34(1) 0.39(1)y 3

480 6 45 0.21(3) 0.06(1) 11.6(5) 0.34(1) 0.40(1)y 2

DsRed Cytoplasm 485 585 6 20 0.29(7) 0.05(1) 134(31) 0.26(1) 0.31(1) 4

LynB-DsRed Plasma membranez 485 585 6 75 0.21(2) 0.04(1) 3.5(9) 0.04(1) 0.29(2) 3

DsRed2 Cytoplasm 485 580 6 75 0.39(7) 0.04(1) 111(11) 0.21(1) 0.25(1) 3

The fitting parameters are defined in Eq. 6.

*The number of measurements (n), in either solution or live RBL cells, includes different cells and transfections.
yThe maximal theoretical value for the initial 2P-anisotropy is 0.57 as compared with 0.4 for 1P-excitation.
zThe anisotropy decays as a biexponential plus a residual anisotropy r‘ ¼ 0.21 6 0.02.
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that in solution (Ffl ¼ 0.60; Tsien, 1998). Even smaller

differences (;6%) between the excited-state fluorescence

decays of EGFP in live cells and in solution were observed

under 1P-excitation, independent of the local RBL cellular

environments. Our findings are in agreement with recent

studies on the in vivo molecular brightness of EGFP using

2P-FCS (at lx ¼ 895 nm), which was the same in the

cytoplasm and nucleus of HeLa cells as in aqueous solution

(Chen et al., 2001). These results provide yet another

indication that the chromophore is well protected by the

b-barrel and that EGFP itself is not aggregated in the cellu-

lar environment under these experimental conditions.

Similarly, the 2P-excited-state fluorescence decay (Fig.

4 B; Table 1) and emission spectrum (Fig. 2) of DsRed in

live cells and buffered solution are comparable, which indi-

cate that the oligomeric configuration of DsRed persists in

both environments. Furthermore, the fluorescence quantum

yields of DsRed in solution (Baird et al., 2000) and inside

cells are basically the same (Ffl ¼ 0.75). However, Jakobs

et al. (2000) reported a slightly different excited-state

lifetime of EGFP (2.4 ns) and DsRed (2.7 to 3.1 ns) in

Escherichia coli cells, as compared to solution studies

(Cotlet et al., 2001a; Heikal et al., 2000, 2001, 2002), using

fluorescence lifetime imaging microscopy (FLIM). The high

temporal resolution reported here and the fitting routine,

which includes deconvolution with the system response

function, enable us to resolve minor lifetime differences and

provide a quantitative comparison between cellular and

solution environments under the same experimental con-

ditions. Fluorescence decays observed under 1P-excitation

of DsRed in RBL cytoplasm (Table 1) were more divergent

and exhibited sensitivity to posttransfection time. Two days

posttransfection, we observed no indications of an immature

DsRed species in our steady-state fluorescence and excited-

state dynamics measurement in RBL cells, in contrast to the

DsRed mutants used as ‘‘molecular timers’’ (Terskikh et al.,

2000; Verkhusha et al., 2001). Finally, the 1P-excited-state

fluorescence decays (i.e., quantum yield) of DsRed did not

change when fused to the LynB protein in the inner leaflet of

the plasma membrane of RBL or free in solution (Table 1).

Environmental effects on rotational diffusion
of IFPs

The fluorescence anisotropy of EGFP decays as a single

exponential in aqueous solution (f ¼ 17 6 1 ns) with large

(;0.38) initial anisotropy (Fig. 6 A, Table 2), which indicates
that the chromophore is held rigidly within the b-barrel
(Ormö et al., 1996; Brejc et al., 1997; Hink et al., 2000).

Based on the measured rotational time, the estimated average

diameter for a spherical EGFP (in aqueous solution at room

temperature) agrees well with the theoretical prediction of its

hydrodynamic volume using M ; 28 kDa and a hydrated

volume h ; 1.0 cm3 g�1 (Cantor and Schimmel, 1980).

Comparison between the rotational and translational

diffusion of IFPs allows for probing the nature of mobility

restrictions inside living cells such as the increased

cytoplasmic viscosity, collisions with subcellular particles,

or intracellular binding interactions (Dayel et al., 1999; Kao

et al., 1993). The overall rotational correlation time for EGFP

in the RBL cytoplasm (42 6 4 ns) is 2.5 6 0.3 times slower

than that in aqueous solution (17 61 ns) (Table 2; Fig. 6 A).
Because the fluorescence spectrum and lifetime measure-

ments eliminate the possibility of EGFP aggregation in live

cells, we conclude that the cytoplasmic viscosity is 2.56 0.3

times larger than buffered solution (Eq. 5) at room temp-

erature. These results are in general agreement with previous

Fourier transform fluorometry measurements of the rota-

tional diffusion of EGFP (Dayel et al., 1999) and GFP-S65T

(Swaminathan et al., 1997) in CHO cells, where the

rotational time is slower by a factor of 3.2 and 1.8,

FIGURE 7 The fluorescence anisotropy of LynB-EGFP construct,

anchored to the inner leaflet plasma membrane, reveals intramolecular

flexibility in addition to the overall restricted rotational mobility. (A, curve 1)

The anisotropy of LynB-EGFP decays as a biexponential with an overall

rotational time f2 ¼ 80 6 14 ns and A2 ; 0.36. The second minor (an

amplitude A1 ; 0.021) anisotropy decay component is on the order of 1.56
0.8 ns. (A, curve 2) For visual comparison, the single exponential anisotropy

decay of EGFP in solution (pH 7.2) is also shown with 17 6 1 ns rotational

time. (B) A schematic representation of a wobbling-in-cone motion of the

LynB-EGFP around its anchor to the inner leaflet of the plasma membrane,

with an estimated cone semiangle of;138. This measured overall rotational

time of LynB-EGFP construct is consistent with the theoretical prediction

(see text) based on both its molecular mass and the cytoplasmic viscosity

(;2.5 times larger than that in solution) adjacent to the plasma membrane.

Intrinsically Fluorescent Proteins in Living Cells 2575

Biophysical Journal 85(4) 2566–2580



respectively. The translational diffusion coefficient (Dt) of

a molecule is inversely proportional to the viscosity (h) and
the molecular diameter (a) according to the relationship,

Dt ¼ KBT=6pah with Dt ¼ 6.6 6 0.2 3 10�7 cm2�s�1 for

EGFP in aqueous solution as measured using FCS (data not

shown). Using the viscosity implied by the rotational

anisotropy measurements, we estimate a translational diffu-

sion coefficient of 2.86 0.13 10�7 cm2�s�1 for EGFP in the

RBL cytoplasm. This predicted Dt-value is in good

agreement with fluorescence recovery after photobleaching

(FRAP) studies (Dayel et al., 1999) where Dt ; 3 3 10�7

cm2�s�1 in the CHO cytoplasm, which is ;3.2 times slower

than that in water. Recent FCS studies reveal that the

translational diffusion of EGFP is threefold slower in HeLa

cytoplasm than that in solution (Chen et al., 2001). Similarly,

1P-FCS studies concluded that the diffusion coefficients of

EGFP, S65T, and DsRed in buffer solution are three to four

times larger than that in the cytoplasm of HEK 293 cells

(Dittrich et al., 2001). From these reported lateral diffusion

coefficients using FCS and FRAP techniques, the cytoplasm

from many different cell types is roughly (3.4 6 0.4)-fold

more viscous than aqueous solution. The rotational mobility

of IFPs in living cells is therefore primarily hindered by

viscosity with minor collisional and dynamic-binding

effects, particularly on longer observation timescales (e.g.,

microsecond to millisecond).

Lyn protein, a member of the Src family of tyrosine

kinases, plays a critical role in initiating the allergic response

in mast cells and basophils by phosphorylating the IgE

receptor. Time-resolved anisotropy measurements provide

structural insights on in vivo LynB-IFP constructs as well as

the microenvironment adjacent to the inner leaflet of plasma

membrane. The same measurements enable us to assess the

flexibility of anchors that connect either the LynB-IFP

construct to the plasma membrane or IFP to the LynB

protein. The LynB protein is anchored to the plasma

membrane via N-terminal myristoylation and palmitoylation

and is conjugated to either EGFP (Fig. 1 E for LynB-EGFP)

or DsRed (Fig. 1 F for LynB-DsRed) at its C-terminus. The

combined molecular mass of LynB-EGFP is ;84 kDa (with

;56 kDa for LynB (Vonakis et al., 1997) and 28 kDa for

EGFP); however, the global structure of the chimera is not

known. Taking into account the LynB-EGFP molecular

mass and our estimated cytoplasmic viscosity (;2.5 cp), one

would predict an overall rotational time of 128 6 18 ns,

which is slightly slower than the measured slow rotational

time f2 ¼ 80 6 14 ns. The source of such discrepancy

between the two rotational times can be attributed to the

limited angular range for rotational mobility due to the tether

connecting the LynB-EGFP construct to the plasma

membrane. Furthermore, there is a potential for spatial

variation of the cytoplasmic viscosity adjacent to or far from

the inner leaflet of the plasma membrane. As we demon-

strated in this report, such environmental variation can be

probed via the relative rotational diffusion of the cytoplasmic

EGFP and LynB-EGFP that is anchored to the inner leaflet of

the plasma membrane. The observed biexponential aniso-

tropy can bemodeled as a wobbling-in-cone around a flexible

tether connecting LynB-EGFP to the plasma membrane, in

which the amplitude ratio of the two decay components is

given by Kinosita et al. (1982), Ameloot et al. (1984),

Lakowicz (1999), and Guest et al. (1991):

A2=ðA1 1A2Þ ¼ ½0:5 cos ucð11 cos ucÞ�2: (7)

The estimated cone semiangle (uc) is ¼ 13 6 3 degrees

around a line that is perpendicular to the plasma membrane

(Fig. 7 B). This limited angular range would explain the

minor differences between the calculated and measured

rotational time of LynB-EGFP anchored to the plasma

membrane. In addition, the slight flexibility between the two

subunits of LynB-EGFP is demonstrated by the minor (A1 ¼
0.021 6 0.015) internal depolarization (f1 ¼ 1.5 6 0.8 ns)

component in the anisotropy decay.

These results undermine the use of LynB-EGFP for

probing specialized lipid domains or ‘‘rafts’’ with which Lyn

may associate to facilitate IgE receptor signaling. This

conclusion is based on the fact that the measured rotational

time of LynB-EGFP can be accounted for using both the

molecular mass and the immediate cytoplasmic viscosity.

Thus, the LynB-EGFP construct undergoes a wobbling

motion around its contact points with the plasma membrane

and, therefore, is insensitive to the lipid order/disorder. GFP

mutants that are attached directly to a membrane-targeting

sequence are a viable option for probing the membrane

environment and the specialized domains or ‘‘rafts’’ using

time-resolved anisotropy. During the final preparation of this

manuscript, steady-state fluorescence anisotropy measure-

ments have been reported for GFP expressed and rigidly held

with the amino acid sequence of a major histocompatibility

complex (MHC) class I molecule (Rocheleau et al., 2003).

This labeling scheme would provide a rigid label-membrane

contact and, therefore, better sensitivity of the rotational

mobility of the label to the surrounding microdomains.

Another valuable probe for specialized microdomains is

the rotational diffusion of fluorescent markers that are

intercalated within the membrane matrix. Thus, our studies

provide a guideline for quantitative analysis of specialized

domains in plasma membranes using time-resolved anisot-

ropy.

A monomer DsRed would have a molecular weight

similar to that of EGFP (Baird et al., 2000) and, therefore,

one would expect comparable rotational times. However, the

observed overall rotational time is f2¼ 766 5 ns for DsRed

in solution with an amplitude A2 ¼ 0.26 6 0.02 (Table 2,

Fig. 6 B, curve 2). In agreement with previous studies

(Heikal et al., 2000; Lounis et al., 2001; Cotlet et al.,

2001b,c; Garcia-Parajo et al., 2001; Harms et al., 2001), this

observation suggests an oligomer configuration with an

effective molecular volume 4.4 6 0.4 times larger than
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predicted for a monomer. The relatively large uncertainty is

due to the difference (more than an order of magnitude)

between the excited-state lifetime and the rotational time

constant. The fast internal depolarization (f1 ¼ 2906 30 ps

with A1 ¼ 0.06 6 0.01) of DsRed is attributed to energy

transfer between nonparallel dipoles of neighboring chro-

mophores that form the oligomer (Heikal et al., 2000).

Interestingly, the oligomer configuration and internal de-

polarization of DsRed persist inside living cells either in the

cytoplasm or anchored to the inner leaflet of the plasma

membrane as part of LynB-DsRed (Table 2). The increase in

the overall rotational time of LynB-DsRed is consistent with

higher viscosity in the cellular cytoplasm. Neither DsRed

(including its variant DsRed2 in the RBL cytoplasm)

expression in living cells nor its being anchored to the

plasma membrane via LynB protein fusion seems to prevent

its overall rotational freedom (within a limited cone angle),

oligomer configuration, or internal depolarization. Recently,

a true monomer mutant of DsRed (namely mRFP1) was

discovered with a faster (>10 times) maturation with an

emission peak around 607 nm (Campbell et al., 2002).

However, mRFP1 exhibits a much lower fluorescence

quantum yield, extinction coefficient, and photostability

than the original DsRed. Thus far, oligomerization of DsRed

seems to be critical for its advantageous fluorescence

properties (Sacchetti et al., 2002).

Multiphoton-induced color changes of DsRed

Color change of DsRed emission, recently observed in live

mammalian CHO cells under intense 740-nm illumination,

was attributed to a three-photon process based on the il-

lumination intensity dependence of the photobleaching rate

(Marchant et al., 2001). The green DsRed emission persists

for more than 30 h without affecting the cell viability.

However, less than quadratic dependence (a slope of 1.50 6
0.04 on a log-log scale) of red fluorescence (at 6056 45 nm)

on the laser intensity was reported and attributed to

photobleaching (Marchant et al., 2001). Below saturation,

we observed a quadratic dependence of DsRed fluorescence

(585 6 20 nm) on the excitation intensity (slope ¼ 2.06 6
0.08 on a log-log scale) (Fig. 3 B, curve 1). Above saturation,
less than quadratic dependence of the red emission was also

observed, which is consistent with Marchant et al. (2001).

Furthermore, the laser-induced green emission (480 6 45

nm) increases with the excitation intensity (above the red

saturation threshold), yielding a slope of 2.95 6 0.06 (Fig.

3 B, curve 3) supporting the previous photobleaching studies
in CHO cells (Marchant et al. 2001).

In time-domain, the ultrafast green fluorescence decay

(htfli ¼ 1506 40 ps) of DsRed (lx ¼ 740 nm) also indicates

a distinct transition/species with an efficient nonradiative

relaxation pathway that competes with fluorescence (Fig.

5 A). As a result, we conclude that the green emission exhib-

its a low fluorescence quantum yield as compared with the

DsRed red emission (585 6 20 nm). Furthermore, the red

and green fluorescence both build up instantaneously (i.e.,

within our temporal resolution) after 2P and 3P excitation,

respectively, which indicates a parallel photoconversion

mechanism. Interestingly, the time-resolved green fluores-

cence anisotropy of DsRed (in pH 7.2 solution using lx ¼
740 nm; Fig. 5 B, curve 1) also suggests that the green

emission might be assigned to a subunit (i.e., a monomer) of

the DsRed oligomer (Fig. 5 B, curve 1). This conclusion is

based on the fact that the overall rotational time of this

DsRed subunit is much shorter than that of the oligomer

configuration (Fig. 6 B, curve 2), yet is fairly similar to that

of the monomeric EGFP (Fig. 5 B, curve 2). However, one

must keep in mind that the excited-state lifetime is much

faster than the overall rotational time associated with the

green emission.

Implications on GFP as cellular pH-indicators

Several cellular functions depend on pH gradients across

membranes. In addition to the selective targeting of GFPs

to specific subcellular locations, their steady-state spectra

display pH sensitivity with a wide range of pKa values in

aqueous solution (Tsien 1998; Haupts et al., 1998;

Widengren et al., 1999; Schwille et al., 2000; Heikal et al.,

2000, 2001). For example, the cytosolic, nuclear, and

mitochondrial pH values were monitored in intact HeLa

cells transfected with enhanced yellow fluorescent protein

(Llopis et al., 1998). Other GFP mutants (namely pHluorins)

have been used for pH measurements in synaptic vesicles

that undergo exocytosis during action potential firing

(Miesenböck et al., 1998; Sankaranarayanan et al., 2000).

Such pH sensitivity in GFPs is due to external proton

exchange (on a timescale of ;350 ms and a standard free

energy of ;33 kJ/mol) between the chromophore and the

surrounding acidic environment (Haupts et al., 1998;

Widengren et al., 1999; Schwille et al., 2000; Heikal et al.,

2000, 2001). (In contrast to GFPs, DsRed does not exhibit

pH sensitivity over a wide range (4.5\ pH\ 12), although

protein denaturation occurs beyond that pH range

(Vrzheshch et al., 2000; Baird et al., 2000; Heikal et al.,

2000).) Recently, the excited-state fluorescence average

lifetime of EGFP in aqueous solution was measured as

a function of pH (Heikal et al., 2001), and the estimated pKa

was the same as that measured using steady-state spectros-

copy and FCS (Haupts et al., 1998). It is worth mentioning

that the pH-dependent flickering fraction of GFP (at nano-

molar concentration) is a robust indicator for pH when

studied using FCS. The fraction and pKa are determined by

statistical thermodynamics of the GFP protonation process

and are independent of viscosity and buffer concentration

that affects the protonation kinetics (Haupts et al., 1998;

Widengren et al., 1999). Our comparative in vitro and in vivo

EGFP studies reported here reveal invariant fluorescence

decays (within 10%) and spectra, which indicate negligible
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cellular environmental effects on the protein folding and

aggregation. As a result, the observed pH sensitivity of GFPs

in solution is still relevant for quantitative in vivo

applications.

CONCLUSIONS

We present a comprehensive and quantitative fluorescence

analysis of IFP in living cells and in buffered solution under

both 1P- and 2P-excitation. The similarity between emission

spectra and excited-state dynamics, in both environments,

rules out the formation of large IFP aggregates in RBL cells

under our experimental conditions. For the same reasons, the

cellular environment causes negligible effects on the IFP

folding integrity and, therefore, the use of IFPs as intra-

cellular pH indicators. Importantly, the considerable litera-

ture on IFPs in solution, characterizing pH sensitivity,

fluorescence flicker, excited-state dynamics, and 1P- and 2P-

fluorescence spectroscopy are directly relevant for in vivo

applications. Extensive studies of all IFPs in both solution

and different cell lines would enable us to generalize our

findings regarding the similar in vitro and in vivo steady-

state spectroscopy and excited-state relaxation of EGFP,

DsRed, and DsRed2. Indeed, there are a few steady-state

fluorescence studies in the literature (De Angelis et al., 1998)

that show similar emission spectra of different GFP mutants

in solution and in various cell lines. Accordingly, our

generalization of such a trend under similar conditions seems

reasonable. These robust fluorescence properties of IFPs are

due to the b-barrel protection of the chromophore.

The comparative anisotropy measurements of IFPs in

living cells and in solution indicate that the RBL cytoplasmic

viscosity is ;2.5 times larger than that of aqueous solution,

which is in agreement with translational diffusion measure-

ments using FRAP and FCS. Whereas the viscosity primarily

hinders the rotational mobility (on a faster timescale) of IFPs

in living cells, collisions and dynamic adhesion of flu-

orescent probes with cellular constituents can also retard the

translational diffusion on the longer timescales that are

specific to the techniques employed. Further, the expression

of DsRed constructs in living cells does not prevent the

oligomerization of DsRed, which will preclude its use in

some cellular applications. Our anisotropy results on LynB-

EGFP, anchored to the inner leaflet of the plasma membrane,

are an initial step toward elucidating specialized domains in

the plasma membrane using time-resolved anisotropy.

The light-induced color change of DsRed is instantaneous

after a three-photon excitation mechanism. After 740-nm

excitation, the green fluorescence decays on ultrafast time-

scales, suggesting effective nonradiative relaxation pathways

and a greatly reduced quantum yield of the green species

compared to the red one. According to our time-resolved

anisotropy of DsRed under 740-nm excitation, the green

emission can be assigned to a subunit (i.e., monomer) within

the oligomer. Finally, we also show that the DsRed2 mutant

has fluorescence properties in RBL cytoplasm that are

similar to those of DsRed, in addition to its faster maturation

time, lower tendency for aggregation, and reduced toxicity.
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