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ABSTRACT Fluorescence anisotropy decay microscopy was used to determine, in individual living cells, the spatial
monomer-dimer distribution of proteins, as exemplified by herpes simplex virus thymidine kinase (TK) fused to green
fluorescent protein (GFP). Accordingly, the fluorescence anisotropy dynamics of two fusion proteins (TK27GFP and TK366GFP)
was recorded in the confocal mode by ultra-sensitive time-correlated single-photon counting. This provided a measurement
of the rotational time of these proteins, which, by comparing with GFP, allowed the determination of their oligomeric state in
both the cytoplasm and the nucleus. It also revealed energy homo-transfer within aggregates that TK366GFP progressively
formed. Using a symmetric dimer model, structural parameters were estimated; the mutual orientation of the transition dipoles
of the two GFP chromophores, calculated from the residual anisotropy, was 44.6 6 1.6°, and the upper intermolecular limit
between the two fluorescent tags, calculated from the energy transfer rate, was 70 Å. Acquisition of the fluorescence
steady-state intensity, lifetime, and anisotropy decay in the same cells, at different times after transfection, indicated that
TK366GFP was initially in a monomeric state and then formed dimers that grew into aggregates. Picosecond time-resolved
fluorescence anisotropy microscopy opens a promising avenue for obtaining structural information on proteins in individual
living cells, even when expression levels are very low.

INTRODUCTION

Quantitative information on protein structure in living cells
is a prerequisite for a full understanding of cellular pro-
cesses. X-ray crystallography and multidimensional NMR
spectroscopy are powerful methods for determining the
three-dimensional structure of proteins, but not yet for
studying proteins directly in living cells. Fluorescence mi-
croscopy, especially the time-correlated variant, is currently
the most sensitive and versatile method for live cell studies.
Fluorescence resonance energy transfer (FRET) between a
fluorescent donor and an acceptor molecule has been widely
used to determine distances in macromolecules and thus to
obtain structural information (Stryer, 1978; Van der Meer et
al., 1994). FRET between spectrally different chromophores
(hetero-FRET) has opened the way to studying protein
interactions (Llopis et al., 2000; Mahajan et al., 1998) and
biochemical reactions (Ng et al., 1999; Nagai et al., 2000;
Emmanouilidou et al., 1999; Vanderklish et al., 2000; Bas-
tiaens and Squire, 1999) in living cells by taking advantage
of the various spectrally shifted fluorescent proteins.

FRET can also occur between like chromophores (homo-
FRET). This process, which can only be monitored by
fluorescence anisotropy (Weber, 1954), was used recently
to study protein structure (Bastiaens et al., 1992) and oli-

gomerization (Runnels and Scarlata, 1995; Blackman et al.,
1998) and the organization of membrane proteins in sub-
microdomains at the cell surface (Varma and Mayor, 1998).
Moreover, time-resolved fluorescence anisotropy measure-
ments allowed the determination of the rate of intramolec-
ular (or intermolecular) energy migration and therefore the
calculation, under certain circumstances, of the average
distance between the chromophores (Bergstro¨m et al., 1999;
Bastiaens et al., 1992) and the determination of structural
data on protein-ligand complexes in solution (Wilczynska et
al., 1997).

We show here that picosecond time-resolved fluores-
cence anisotropy microscopy can be an excellent method for
determining subcellular monomer-dimer transitions and the
oligomerization of proteins within living cells. Homo-FRET
between identical green fluorescent protein (GFP) chro-
mophores fused to monomers of herpes simplex virus
(HSV-1) thymidine kinase (TK) was unveiled and followed
directly in living cells. The TK of HSV-1 phosphorylates a
wide range of nucleoside analogs, forming the basis of
selective anti-herpes and viral vector-based gene therapies.
Crystallized in the presence of substrate, TK of HSV-1
forms homo-dimers (Wild et al., 1997), which are thought to
be the active form (Fetzer et al., 1994; Waldman et al.,
1983). The ultra-sensitive time-correlated single-photon
counting (TCSPC) (O’Connor and Phillips, 1984) micros-
copy was applied to measure fluorescence anisotropy de-
cays (Tramier et al., 2000) of GFP-tagged TK derivatives in
living cells and to determine their oligomeric state.

Time-resolved fluorescence anisotropy monitors any pro-
cess that changes the polarization of the emitted fluores-
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cence during the excited state. Consequently, the fluores-
cence anisotropy decay is influenced 1) by rotational
movements of the fluorescent molecules and 2) by energy
transfer taking place within the fluorescence time scale (if it
occurs). Both aspects of anisotropy dynamics were used in
the present work to determine 1) the rotational diffusion of
the GFP-tagged TK derivatives in subcellular compartments
and 2) the occurrence of homo-transfer between GFP moi-
eties, which allowed us to show a transition from mono-
meric to dimeric forms directly in living cells.

MATERIALS AND METHODS

Construction of fusion proteins

The pTK14 expression vector for HSV-1 TK was kindly provided by I.
Pelletier and F. Colbere-Garapin (Institut Pasteur, Paris, France). Two
plasmids encoding various lengths of the N-terminal part of TK fused to
GFP, under the control of the TK promoter, were constructed. GFP
(pEGFP-C1, Clontech, Montigny le Bretonneux, France) was amplified by
polymerase chain reaction (PCR) with two different upstream primers
(59-AAAAAACGTACGGTGAGCAAGGGCGAGG-39, 59-AAAAAAG-
CGCGCGTGAGCAAGGGCGAGG-39) and one downstream primer (59-
AAAAAAGCGCGCCTTGTACAGCTCGTCC-39). The two different
PCR products were subcloned between theSplI andBssHII sites, and in the
BssHII site of pTK14, respectively. The resulting plasmids coded for GFP
fused to the 27 N-terminal residues (pTK27GFP) and the 366 N-terminal
residues (pTK366GFP) of TK, respectively. Using PCR, a 6xHis tag was
added to the C-terminal extremity of each fusion protein; the upstream
(6xHis tag-encoding) primer was 59-AACCCGGGAGCATCATCATCAT-
CATCATTGAAACACGGAAGGAG-39 and the downstream primer, hy-
bridizing downstream of the TK polyA, was 59-GTACATGCGGTCCAT-
GCCCA-39. The fragment was inserted between theSmaI and Tth111I
sites. These plasmids were digested withPvuII and EcoRI, and the frag-
ments corresponding to thetk andgfp genes were subcloned between the
EcoRI and EcoRV sites of pcDNA3.1 (Invitrogen, Groningen, The Neth-
erlands), to express the fusion proteins under control of the cytomegalo-
virus promoter. All clones were confirmed by sequencing.

Expression of fusion proteins

Vero and COS-7 cells were cultured on glass coverslips in Dulbecco’s mod-
ified Eagle’s medium (Life Technologies, Cergy Pontoise, France), supple-
mented with fetal calf serum (10%), at 37°C in 5% CO2 atmosphere. The cells
were transfected with pEGFP-C1 or the TK plasmids, using FuGENE 6
Transfection Reagent (Roche Molecular Biochemicals, Meylan, France), ac-
cording to the manufacturer’s instructions. The cells expressing the fusion
proteins were detected by fluorescence techniques described below.

Steady-state fluorescence microscopy at low
light level

Fluorescence imaging was carried out in epi-fluorescence using an inverted
microscope (Leica DMIRBE, Rueil Malmaison, France) at room temper-
ature. The coverslips mounted in an open observation chamber were
imaged through a 1003 (NA 5 1.3) ultra-fluor objective. The detector was
a cooled slow-scan CCD camera with 11603 1040 pixels, digitized on a
4096 level gray scale (SILAR, St. Petersburg, Russia). Low excitation light
levels were used to prevent photodynamic perturbations in the cells. For
GFP fluorescence,lexc 5 480 nm, OD5 2, and 515 nm, lem , 560 nm.
Background subtraction and shading correction were carried out as de-

scribed elsewhere (Coppey-Moisan et al., 1994) using Khoros software
(Khoral Research, Albuquerque, NM).

Fluorescence lifetime, anisotropy decay
microscopy, and data analysis

The confocal microscope used for measuring of fluorescence dynamics has
been described in detail elsewhere (Tramier et al., 2000). Briefly, a tita-
nium-sapphire picosecond laser beam (Tsunami, Spectra Physics France,
les Ulis, France),lexc 5 493 nm and 4 MHz, after passing through a
frequency doubler and a pulse picker, was directed through the light-inlet
port of a Nikon epi-fluorescence inverted microscope. The fluorescence
photons emitted from the illuminated volume of 1mm3 were collected by
a 1003 objective (NA5 1.3) and conducted through an optic fiber (400
mm diameter) to a TCSPC detector (Hamamatsu Photonics France,
R3809U, Massy, France). Different subcellular localizations of the excited
volume (cytoplasm and nucleus) were chosen to measure fluorescence
decays. A Fresnel rotator was placed in the excitation laser beam and a
polarizer sheet before the optical fiber in the emission path. The optical
design of the microscope results in four geometric components of the
fluorescence polarization, whereivh andihv pertain to the parallel direction
and ivv and ihh to the perpendicular direction, relative to the direction of
laser excitation. For anisotropy measurements, parallel (ivh(t)) and perpen-
dicular (ihh(t)) decays were acquired sequentially from the same sample
spot. The two decays were normalized as described previously (Tramier et
al., 2000). The normalized experimental decays,ivh

N (t) and ihh
N (t), are dis-

torted by the measurement apparatus and are related to the real-time
behavior,ipar(t) and iper(t), by the convolution product of the instrument
response function IRF(t):

ivh
N ~t! 5 IRF~t! 3 ipar~t! (1)

and

ihh
N ~t! 5 IRF~t! 3 iper~t! (2)

The anisotropy functionr(t) is defined by

r~t! 5 D~t!/S~t!, (3)

where

D~t! 5 ipar~t! 2 iper~t! (4)

is the difference between the parallel and the perpendicular decay, and

S~t! 5 ipar~t! 1 2iper~t! (5)

is the decay of total intensity.
By combining Eq. 3, 4, and 5:

3ipar~t! 5 S~t!@1 1 2r~t!# (6)

and

3iper~t! 5 S~t!@1 2 r~t!#. (7)

For GFP (S65T mutant), the total intensity decay is monoexponential in
solution (Volkmer et al., 2000) and in living cells (our data).S(t) can be
fitted with the model function:

S~t! 5 3ae2t/t, (8)

wheret is the fluorescence lifetime anda is a constant.
To fit the experimental data, two phenomenological functions were

used:

r~t! 5 r0e
2t/F (9)
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or

r~t! 5 r0@~1 2 b!e2t/F1 1 be2t/F2#, (10)

where r0 is the initial anisotropy,Fi are correlation times, andb is a
constant.

The two normalized experimental decays were fitted by a Marquardt
nonlinear least-square algorithm, using the expressions

ivh
N ~t! 5 IRF~t! 3 @ae2t/t~1 1 2r0e

2t/F!# (11)

and

ihh
N ~t! 5 IRF~t! 3 @ae2t/t~1 2 r0e

2t/F!# (12)

or, if the experimental data are better fitted with a two-exponential anisot-
ropy decay,

ivh
N ~t! 5 IRF~t! 3 @ae2t/t~1 1 2r0~~1 2 b!e2t/F1

1 be2t/F2!!# (13)

and

ihh
N ~t! 5 IRF~t! 3 @ae2t/t~1 2 r0~~1 2 b!e2t/F1

1 be2t/F2!!#. (14)

Analysis was performed with Global analysis software (Globals Unlimited,
Urbana, IL). Static background, as measured by the mean number of counts
before the rise of fluorescence, was treated as a fit-parameter by the kinetic
analysis software. The dynamic background was measured from a back-
ground sample (e.g., a nontransfected cell) under identical conditions and
incorporated in the analysis.

THEORETICAL BACKGROUND

The Förster mechanism of electronic energy transfer (Fo¨r-
ster, 1948) can occur between like chromophores if these
molecules are close enough (R , ;1.6R0, the Förster radi-
us), for example, in the case of a dimer of fluorescent-
tagged proteins. Because the photophysical properties of the
two donor molecules are the same, the excitation energy is
reversibly transferred between the fluorescent tags. This
transfer does not change fluorescence lifetime properties
and can be monitored only by fluorescence anisotropy.

The energy transfer between like chromophores in the
case of dimers composed of identical monomers is as-
sumed to take place in the fluorescent states, from ini-
tially excited state i to state j and reversibly from j to i
with the same rate constant,v. Assuming that 1) the
dimers are equivalent to each other (a symmetrical con-
figuration) and their orientation is distributed randomly
in the observation volume (;1 mm3); 2) the rotation of
the protein dimer during the fluorescence lifetime is
negligible; and 3) there is no reorientation of the absorp-
tion transition moment relative to the initially excited
state i or to the secondary excited state j, and no reori-
entation of the emission transition moment of state i and
state j during the lifetime of the fluorophore (static mod-
el); i.e., angular variables in the transition moments are
independent of time, then the excitation energy migration

from electronic state i to j (and j to i) contributes to the
time-dependent fluorescence anisotropy,r(t), and

r~t! 5 3/20~2 cos2d 2 cos2uij 2 cos2uji!e
22vt

1 1/20~6 cos2d 1 3 cos2uij 1 3 cos2uji 2 4!, (15)

whered is the intramolecular angle between the absorption
and emission transition moments, anduij and uji are the
static mutual orientations of the transition moments of ab-
sorption to state i and of emission from state j, and between
those of absorption to j and emission from i, respectively, as
described by Tanaka and Mataga (1979).

In the case of the GFP chromophore, the absorption and
emission transition moments are parallel (Volkmer et al.,
2000). Thus,d 5 0, anduij 5 uji 5 u.

The time-dependent anisotropy thus becomes

r~t! 5 1/10@~3 2 3 cos2u!e22vt 1 3 cos2u 1 1#. (16)

In the static limits (no reorientation of the transition mo-
ments during the fluorescence lifetime), the transfer rate is
linked to the distanceR between the two interacting chro-
mophores by

v 5 3/2̂ k2&~R0/R!6t21, (17)

where the average angular dependence of dipole-dipole
coupling ^k2& (with the assumptions made in the model) is
equal to

^k2& 5 ~cosu 2 3 cos2b!2, (18)

where u is the mutual orientation between the two chro-
mophores andb is the angle between the separation vector
R and the transition moment of the chromophore.

R0, the dynamical averaged Fo¨rster radius, is a function
of the spectral properties of the chromophore as given by

R0 5 ~8.793 1025J 3 2/33 QDn24!1/6 Å, (19)

whereQD is the donor quantum yield,n the refractive index,
and J the spectral overlap integral, calculated from the
donor fluorescence (fD) and acceptor absorption («A) spec-
tra:

J 5 E fD(l) «A~l! l4 dlyEfD~l! dl. (20)

In the absence of energy transfer, for a fluorescent molecule
covalently linked to a globular protein molecule under con-
ditions in which the fluorophore does not undergo rotational
motion during the excited state lifetime, the orientational
correlation function can be written as

r i~t! 5 r0e
2t/F, (21)

where F denotes the rotational correlation time of the
protein molecule andr0 the anisotropy at time 0.F is
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correlated to the hydrodynamic volume of the proteinV
by the Stokes-Einstein equation:

F 5 hV/kT,

whereh is the viscosity of the medium,k the Boltzmann’s
constant, andT the temperature.

RESULTS AND DISCUSSION

Subcellular steady-state and time-resolved
fluorescence distribution of GFP-tagged TK
derivatives: patterns of protein expression at the
single-cell level

GFP (S65T) was fused to the carboxyl terminus of the TK
of HSV-1, shortened by 10 (TK366GFP) or by 349
(TK27GFP) amino acids. The transient expression of the
two fusion proteins, governed either by the TK promoter
in Vero cells or by the cytomegalovirus promoter and
amplified by means of the SV40ori in COS-7 cells, was
monitored by fluorescence microscopy. Diffuse fluores-
cence was detected in the cytoplasm (weak fluorescence
for TK366GFP) and in the nucleus (Fig. 1,a andc) for the
two fusion proteins as was for GFP (not shown). For
TK366GFP, an additional punctate green fluorescence
appeared in a proportion of cells, which increased with
time after transfection (Fig. 1b). This punctate fluores-

cence is assumed to result from aggregated proteins,
because the size and number of these structures increased
with time. These distinct fluorescence patterns clearly
localized differently from lysosomes or endosomes la-
beled by LysoTracker Red DND-99 (Molecular Probes
Europe, Leiden, The Netherlands) (not shown), demon-
strating that the aggregates were not targeted to the
lysosomal degradation pathway. The subcellular fluores-
cence pattern for both proteins was independent of the
cell type and the expression vector.

Fluorescence decays were collected from diffuse and
punctate areas of the cytoplasm and nucleus by the TCSPC
method (O’Connor and Phillips, 1984) under the micro-
scope (Tramier et al., 2000). The fluorescence decays were
monoexponential, with a lifetime of 2.66 0.1 ns (Table 1),
in good agreement with previous values obtained in cells
with a different technique (Swaminathan et al., 1997; Pep-
perkok et al., 1999). However, recent experiments carried
out with the S65TGFP mutant in solution and using TCSPC
gave either a different lifetime value (Volkmer et al., 2000)
or even three lifetimes (Hink et al., 2000). These discrep-
ancies could arise from different protein folding due to
extraction and purification procedures. The existence of
several lifetimes (Hink et al., 2000) could be explained by
photo-conversion processes, as previously evidenced for
GFPs (Creemers et al., 2000; Volkmer et al., 2000). At

FIGURE 1 Subcellular fluorescence anisotropy decays of TK27GFP and TK366GFP proteins. (Top) Steady-state fluorescence images of Vero cells
expressing TK27GFP (a) and TK366GFP (b and c). (a and c) Cells presenting only a diffuse cytoplasmic and nuclear fluorescence pattern; (b) Cells
containing fluorescent aggregates. (Bottom) Time-resolved fluorescence depolarization from a cytoplasmic area of diffuse fluorescence (a andc) and from
an area inside an aggregate (b). The subcellular location of the illuminated volume (;1 mm3) from which the anisotropy decay was performed is indicated
by an arrow. For cells containing aggregates, anisotropy decays from nuclear or cytoplasmic area of diffuse fluorescence were similar to that obtained from
aggregates (b). Bar in a, 5 mm.
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present, we cannot completely exclude the occurrence of
small contributions (,25%) of shorter lifetime components
in our experiments.

Fluorescence anisotropy decay from subcellular
areas: rotational time and homo-FRET
measurements

Quantitative steady-state and fluorescence lifetime mea-
surements cannot discriminate between free GFP and GFP-
tagged TK proteins, nor reveal the oligomeric state of pro-
teins. Therefore, the dynamics of fluorescence anisotropy
was followed 1) to monitor the rotational behavior of the
proteins and 2) to study macromolecular interactions by
measurement of potential homo-FRET. Fluorescence an-
isotropy decays were measured as described in Materials
and Methods and as previously described (Tramier et al.,
2000). Typical fluorescence anisotropy decays are dis-
played in Fig. 1. For TK27GFP, a single decay curve was
observed (Fig. 1a), whatever the subcellular localization,
the time elapsed after transfection, and the steady-state
fluorescence level. For TK366GFP, two different fluores-
cence anisotropy decays were observed according to the
presence (Fig. 1b) or absence (Fig. 1c) of subcellular
aggregates.

As a control, the fluorescence anisotropy decay of free
GFP was measured in the same type of living cells and
under the same experimental conditions as for the GFP-
tagged TK derivatives. The fluorescence anisotropy decay
curves for both the GFP-tagged TK derivatives shown in
Fig. 1,a andc, and GFP could be fitted as monoexponential
decays. Such dynamics of anisotropy are relevant to rota-
tional diffusion of the fluorescent proteins (see Eq. 21). The
rotational parameters obtained from the fit with Eqs. 11 and
12 are displayed in Table 1.

The fluorescence anisotropy decay measurements were
carried out under the microscope using a high-numerical-
aperture (NA5 1.3) objective. As predicted by Axelrod
(1979, 1989) and experimentally verified by Tramier et al.
(2000), the decrease ofr0 from 0.4 to 0.23 (Table 1) cor-
responded to the depolarization by the optical set-up of the
microscope. However, this depolarization did not change

the kinetic parameters obtained from fluorescence decays
and fluorescence anisotropy decays (Tramier et al., 2000).
The rotational time calculated for GFP (23 ns) gives an
apparent volume corresponding to a sphere of 50 Å in
diameter when assuming a subcellular viscosity of 1.5 cp, as
measured elsewhere (Swaminathan et al., 1997) (from Eq.
22, Theoretical Background). The theoretical value for the
apparent diameter of GFP assimilated to a sphere, based on
a 27-kDa molecular mass and a hydrated volume of a
protein of;1 cm3 g21 (Cantor and Schimmel, 1980), would
be 44 Å. Thus, it is likely that GFP was monomeric in the
living cells studied here. Rotational times of 34 ns and 81 ns
were obtained, respectively, for TK27GFP and TK366GFP
(in cells without aggregates) (Table 1), which are in fair
agreement with 1) the apparent volume corresponding to the
theoretical size of each chimeric protein and 2) GFP-tagged
TK derivatives being monomeric (assuming the same sub-
cellular viscosity). The increasing rotational time with the
size of the protein showed that the cytoplasmic and nuclear
fluorescence arose from the fusion protein and not from
potentially cleaved GFP. These differentF values are par-
ticularly critical to discriminate GFP and GFP-tagged pro-
teins. The fluorescence anisotropy decays (Fig. 1,curves a
andc) do not completely relax during the time window of
the measurements, because the rotational time of GFP-
tagged proteins is more than 10-fold longer than the fluo-
rescence lifetime. Despite this intrinsic limitation, the indi-
vidual polarized intensity components were simultaneously
fitted so that the information of the whole decay curves was
exploited. The fits of these decays lead to an anisotropy that
tends toward zero at long times, meaning that no protein
would have hindered rotation, which would have been due
to interactions with subcellular macromolecular compo-
nents.

In contrast, in cells transfected with TK366GFP contain-
ing punctate green fluorescence, anisotropy decays obtained
from the aggregates or from diffuse fluorescence (cytoplas-
mic and nuclear; Fig. 1b) required a biexponential relax-
ation model (Eq.10; see Materials and Methods). The fit
parameters, obtained from Eqs.13 and 14 and reported in
Table 1, indicated a rapid anisotropy relaxation time,F1 5
2.4 6 0.3 ns, for 37% and a very long relaxation time,F2

TABLE 1 Fluorescence dynamics parameters of GFP and GFP-tagged TK derivatives expressed in living cells

Protein
Lifetime

(ns)

Initial
anisotropy

r0

Relaxation time
F1 (ns)

Relaxation time
F2 (ns)

Anisotropy
contribution

of F2

Number of
experiments

GFP 2.586 0.02 0.266 0.01 23.46 2.3 6
TK27GFP 2.626 0.09 0.266 0.02 34.66 9.0 6
TK366GFP 2.476 0.20 0.266 0.01 81.06 15.3 3(a)

0.236 0.01 2.46 0.3 $200 0.636 0.02 3(b)

TK27GFP and TK366GFP represent the 27 and 366 N-terminal amino acids of the herpes simplex virus type 1 thymidine kinase fused to GFP, respectively.
Errors are standard deviations. a and b represent anisotropy decay parameters of cells without and with aggregates, respectively. The anisotropy contribution
of F2 corresponds to the parameter b in Eq. 10. Ther0 values are similar to the value previously determined by microscopy with 1.3 numerical aperture
of the objective for a chromophore where the orientations of the excitation and emission dipole are identical (Tramier et al., 2000).
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$ 200 ns, for 63%. The rapid anisotropy relaxation, occur-
ring at short times, cannot be ascribed to any rotational
motion. For instance, free GFP, if any (which could have
been cleaved in aggregates), would give a rotational time of
23 ns, greater than the relaxation time of 2.4 ns (see Table
1). Local motion of the chromophore within its barrel-
shaped pocket can be ruled out, too, because it should also
result in a reduced fluorescence lifetime. Bending motions
of the peptide region linking the two proteins would be
expected to give a correlation time longer than 2.4 ns, as
was shown recently (Hink et al., 2000), and it should be
observed with the anisotropy decay of the monomer, which
was not the case (Fig. 1c). This fast depolarization is typical
of Förster-type resonance energy transfer (FRET) between
like chromophores. Homo-transfer does not change spectral
and lifetime properties of the emitted fluorescence, but leads
to depolarization (Weber, 1954). It is likely that this homo-
transfer between GFP chromophores reflects dimer forma-
tion of TK366GFP.

Quantification of homo-FRET between the two
GFP chromophores within the TK366GFP dimers
in living cells

In the presence of energy transfer between two identical chro-
mophores, time-dependent fluorescence anisotropy is corre-
lated with the transfer rate,v, and with the mutual orientation
of the two chromophores,u, by Eq. 16, as described in Theo-
retical Background. This equation relies on several assump-
tions that seem to hold true for TK366GFP in living cells. First,
the rotation of the protein dimer during the fluorescence life-
time is negligible. Indeed, the rotational time of the monomer
has been estimated to be 81.06 15.3 ns, which gives a value
of ;162 ns for the rotation of the dimer. Because the de-
excitation process of GFP is faster (2.6 ns), it was impossible
to discriminate between rotation of the dimer and a motionless
molecule. Second, there is no reorientation of the transition
moments of both initially and secondarily excited states during
the fluorescence lifetime (static model). Indeed, the GFP chro-
mophore is rigidly fixed inside the barrel because rapid motion
was evidenced neither in vitro (Volkmer et al., 2000) nor here
in the living cell. Moreover, the GFP moieties themselves do
not move significantly, because no such rotation could be
evidenced in the fluorescence anisotropy decay of the
TK366GFP monomer. And third, as the GFP tag was added to
the TK part by genetic engineering from a single recombinant
plasmid, the monomers were identical. It is likely that the
orientation of GFP chromophores was symmetrical within the
dimer.

Interestingly, with this model, the anisotropy does not
fall to zero at long times, but goes to a residual anisot-
ropy, r` (equal to 1/10(3cos2u 11)). The value ofF2 $
200 ns could be interpreted as the residual anisotropy in
the context of a one-step energy migration between two
GFP chromophores within dimers. However, it cannot be

excluded that the measured transfer rate corresponded to
one average of a distribution of transfer rates, the transfer
taking place between ordered protein clusters of higher
stoichiometry.

The physical parameters, obtained from Eq. 16 for
TK366GFP forming aggregates in living cells, are shown in
Table 2. Similar results were obtained in cells containing
aggregates over the area of diffuse fluorescence of TK366GFP.
These results show that homo-FRET was also unveiled in a
diffuse fluorescence area, suggesting that TK366GFP dimeriza-
tion was more likely to occur than protein clusters.

From the experimental value ofr`, the angleu, corre-
sponding to the mutual orientation between the two GFP
chromophores, was determined and found to be equal to
44.6 6 1.6°. From the value of the transfer rate,v, the
distance between the two interacting chromophores,R,
can be calculated if the orientational factor,^k2&, is
known (Eq. 17).̂ k2& depends on the mutual orientation
of the transition dipoles of the two chromophores,u, and
also on their orientation with respect to the axis joining
the two chromophores (see Eq. 18). This last orientation
is unknown.

A random value of̂ k2& cannot be taken into account
because no random local motion of GFP or its chro-
mophore was detected. The minimal value ofR corre-
sponds to the situation in which the two GFP barrels are
in contact. In this case, the minimal distance between the
two GFP chromophores is 24 Å, the smallest GFP barrel
dimension. The upper limit ofR was calculated from the
maximal value ofk2, i.e., 4 (Table 2). For the calculation,
the dynamically averaged Fo¨rster radius (computed with
an effective orientational factor of 2/3),R0 5 47 Å, was
obtained from the overlap of the absorption and emission
spectra of GFP, using 58,000 M21 cm21 as absorption
coefficient at the maximum, 0.66 as GFP quantum yield,
and 1.33 as the refractive index of the medium (from Eq.
19). The calculated value ofR 5 70 Å is compatible with
the known dimeric structure of TK obtained by x-ray
diffraction from the crystallized form. Indeed, within
crystallized TK dimer, the two carboxyl termini of the
TK dimer are 47 Å apart (G. E. Schulz, Freiburg im
Breisgau, Germany, personal communication).

TABLE 2 Physical parameters of energy transfer between
GFP chromophores within TK366GFP dimers in living cells

Independent
experiment

number u v (ns21) R (Å)

1 44.6° 0.208 70.2
2 43.8° 0.185 71.6
3 46.1° 0.238 68.6

u, the mutual orientation between the two GFP chromophores, andv, the
energy transfer rate, are calculated from Eq. 16,R, the upper limit of the
distance between the two GFP chromophores, is calculated from Eq. 17
with k2 5 4.
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Dimerization and aggregation of TK366GFP are
specific to the TK part and independent of the
expression level

Because the fluorescence lifetimes were shown to be similar
for GFP and GFP-tagged TK derivatives for all the different
subcellular patterns (Table 1), the steady-state fluorescence
intensity could be assumed to be proportional to the amount
of protein. Thus, quantification of the fusion proteins or
GFP expression at the single-cell level could be carried out.
Even when GFP was expressed at high levels (this occurred
in COS-7 cells), no aggregates were detected, in contrast to
what was observed with TK366GFP at much lower expres-
sion (Fig. 2). This indicates that the formation of aggregates,
observed with TK366GFP, is driven by the TK part and not
by GFP-GFP interactions. Homo-FRET was observed for
aggregated TK366GFP but not for GFP, whatever its expres-
sion level in single living cells (not shown). This contrasts
with wild-type GFP, which, in solution, self-associates with
increasing concentration (Ward et al., 1982).

Twenty-four hours after transfection, the aggregates ap-
peared as small (actual dimension being probably smaller
than the optical resolution, i.e., 0.2mm) bright spots in a few
cells. The following days, the number and the size of these
aggregates and the proportion of cells with aggregates in-
creased. The aggregates could reach a huge size (3–5mm in
diameter, as shown in Fig. 1b) in the cytoplasm and
nucleus. However, the growth of the aggregates did not
depend on the level of protein expression (shown in Fig. 3).
The total steady-state fluorescence per cell, which was
proportional to the amount of expressed TK366GFP (see
above), was not correlated with the presence of aggregates.
As TK366GFP dimers occurred in cytoplasmic and nuclear
diffuse fluorescence areas in cells containing aggregates, it

is likely that TK366GFP aggregation proceeds from the
soluble dimer.

CONCLUSION

The time-correlated fluorescence experiments, carried out
with GFP and GFP-tagged TK derivatives, brought infor-
mation about the structure they adopted in living cells.

First, the fusion of GFP to the TK parts did not induce a
substantial alteration of the tertiary structure of the GFP
protein, because the lifetime of the GFP chromophore did
not change significantly. Indeed, the fluorescence lifetime
of the GFP chromophore is very sensitive to folding (Chat-
toraj et al., 1996) or to tertiary modifications (Volkmer et
al., 2000). Interestingly, no additional shorter fluorescence
lifetime was found upon aggregation of TK366GFP, mean-
ing that GFP was not misfolded. It is possible that this result
applies to the TK protein domain too, because it was re-
cently shown that the folding of the GFP domain fused
downstream of a partner protein is directly related to the
folding of the upstream protein domain (Waldo et al., 1999).

Second, the oligomeric state of the GFP-tagged TK de-
rivatives could be detected in subcellular regions of a living
cell, even when the amount of protein was very low, as
occurred with TK366GFP in the cytoplasm. Fluorescence
depolarization due to energy transfer resulting from homo-
FRET appears to constitute a very sensitive method for
following homo-dimer formation. The fast relaxation time
of 2.4 ns (resulting from the transfer rate between the two
GFP chromophores) and the r` value (allowing the mutual
orientation of interacting GFP chromophores to be deter-
mined) are comparable for aggregates and for weak and
diffuse cytoplasmic fluorescence in cells containing aggre-
gates. This result rules out the possibility that homo-transfer
could have arisen from an effect of high protein concentra-
tion. It reveals the oligomerization state, i.e., dimerization

FIGURE 2 Histograms of fluorescence intensity of GFP expressed in
COS-7 cells (shaded bars) and of TK366GFP expressed in aggregate-
containing Vero cells (hatched bars). The fluorescence intensity was
measured over the whole cell area. Because the fluorescence lifetimes were
independent of the protein, alone or fused (see Table 1), and of the cell
type, the steady-state fluorescence intensity per cell was proportional to the
amount of expressed protein.

FIGURE 3 Histograms of fluorescence intensity of TK366GFP expressed
in Vero cells with aggregates (hatched bars) or without aggregates (spotted
bars).
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of TK366GFP. Moreover, the occurrence of a homo-dimer
and not a larger oligomer is suggested by the fact that the
fluorescence depolarization was not total, indicating that
several steps of energy migration are improbable, even
within subcellular aggregates. It is likely that these struc-
tures involved cellular protein(s) that stabilize the micron-
size aggregates containing fluorescent dimers.

Quantification of homo-FRET was done by fitting fluo-
rescence anisotropy decays to Eq. 16, which provides the
rate of energy transfer and the orientation between the
interacting dipoles. From these measurements, dimers of
TK366GFP could be characterized in terms of mutual orien-
tation and maximum distance (70 Å) between the GFPs. In
the TK366GFP construct, the C-terminala helix (a12) of the
TK is shortened by 10 amino acids. Thisa12 helix has been
shown to be one of the four helices interacting at the
monomer-monomer interface in the crystal of thymidine
kinase (Wild et al., 1997). The results obtained indicate that
the deletion of part of thea12 helix is not sufficient to
impede the dimerization of this GFP-tagged TK derivative.

Two questions that are relevant to the physiological as-
pect remain unanswered. First, why was the protein
TK366GFP stabilized in the monomer form at least 1 day
before dimerization? And second, why did the dimers ag-
gregate? The fact that these two characteristics of
TK366GFP behavior in living cells are independent of the
concentration of cellular fusion protein suggests that spe-
cific cellular mechanisms may be involved.

Time-resolved fluorescence anisotropy microscopy opens
a new avenue for obtaining unique structural parameters on
proteins in the living cell, such as monomer-dimer transi-
tions and estimation of inter-molecular distances.
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