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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 (TK,,GFP and TK;5,GFP)
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 TK;5,GFP 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 += 1.6°, and the upper intermolecular limit
between the two fluorescent tags, calculated from the energy transfer rate, was 70 A. Acquisition of the fluorescence
steady-state intensity, lifetime, and anisotropy decay in the same cells, at different times after transfection, indicated that
TK;66GFP 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 gomerization (Runnels and Scarlata, 1995; Blackman et al.,
is a prerequisite for a full understanding of cellular pro-1998) and the organization of membrane proteins in sub-
cesses. X-ray crystallography and multidimensional NMRmicrodomains at the cell surface (Varma and Mayor, 1998).
spectroscopy are powerful methods for determining theMoreover, time-resolved fluorescence anisotropy measure-
three-dimensional structure of proteins, but not yet forments allowed the determination of the rate of intramolec-
studying proteins directly in living cells. Fluorescence mi- ylar (or intermolecular) energy migration and therefore the
croscopy, especially the time-correlated variant, is currentlysa|culation, under certain circumstances, of the average
the most sensitive and versatile method for live cell studiesgistance between the chromophores (Befgstedal., 1999;

Fluorescence resonance energy transfer (FRET) betweengystiaens et al., 1992) and the determination of structural

fluorescent donor and an acceptor molecule has been widelyata on protein-ligand complexes in solution (Wilczynska et
used to determine distances in macromolecules and thus i<} 1997).

obtain structural information (Stryer, 1978; Van der Meer et \yo show here that picosecond time-resolved fluores-

al., 1994). FRET between spectrally different chromophoreg g e anisotropy microscopy can be an excellent method for

(hetero-FRET) has opened the way to studying pmte"ljeterminin subcellular monomer-dimer transitions and the
interactions (Llopis et al., 2000; Mahajan et al., 1998) and g

. . ) ) . oligomerization of proteins within living cells. Homo-FRET
E';?:g:gﬁﬁ: dr(i?(:tlc;rllf gggftvﬂ'r’] dle?il?s’hN:tg:I'.,e;;é'(’);zggg_between identical green fluorescent protein _(GFP) chro-
tiaens and Squire, 1999) in living cells by taking advantagernOphoreS fuge.d to. monomers of herpes simplex virus
of the various spectrally shifted fluorescent proteins. (HSV'l). th)_/r_nldme kinase (TK) was unveiled and followed
FRET can also occur between like chromophores (homo(-j'.rectIy in living cells. The TK of HSV-1 phpsphorylate_s a
FRET). This process, which can only be monitored byWlde range _Of nucle05|de_analogs, forming the basis .Of
fluorescence anisotropy (Weber, 1954), was used recent lective anti-herpes and viral vector-based gene therapies.

to study protein structure (Bastiaens et al., 1992) and olicTystallized 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.,
Received for publication 29 September 2000 and in final form 15 March1983). The ultra-sensitive time-correlated single-photon
2001 counting (TCSPC) (O’Connor and Phillips, 1984) micros-
Address reprint requests to Dr. N@iCoppey-Moisan, Institut Jacques : ; _
Monod, UMR 7592, 2 Place Jussieu-Tour 43, 75251 Paris Cedex 05(,:Opy was E;‘.lpplled to measure fluorescence amS_Otr(.)py (.:ie
France. Tel. 33-1-44-27-79-51; Fax 33-1-44-27-79-51; E-mail: CAYS (Tramier etal., 2000) of GFP-tagged TK derivatives in
maite.coppey@ijm.jussieu.fr. living cells and to determine their oligomeric state.

© 2001 by the Biophysical Society Time-resolved fluorescence anisotropy monitors any pro-

0006-3495/01/06/3000/09  $2.00 cess that changes the polarization of the emitted fluores-




Homo-FRET Microscopy of GFP-Tagged TK 3001

cence during the excited state. Consequently, the fluorescribed elsewhere (Coppey-Moisan et al., 1994) using Khoros software
cence anisotropy decay is influenced 1) by rotationaKKhoral Research, Albuquerque, NM).

movements of the fluorescent molecules and 2) by energy

transfer taking place within the fluorescence time scale (if itgjyorescence lifetime, anisotropy decay

occurs). Both aspects of anisotropy dynamics were used iﬂwicroscopy, and data analysis

the present work to determine 1) the rotational diffusion of

the GFP-tagged TK derivatives in subcellular Compartmentghe confocal microscope used for measuring of fluorescence dynamics has

been described in detail elsewhere (Tramier et al., 2000). Briefly, a tita-

and 2) the occurrence of homo-transfer between GFP molﬁium—sapphire picosecond laser beam (Tsunami, Spectra Physics France,

eties, which allowed us to show a transition from mono-jes yjis, France)).,. = 493 nm and 4 MHz, after passing through a

meric to dimeric forms directly in living cells. 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 ofutn® were collected by

MATERIALS AND METHODS a 100x objective (NA= 1.3) and conducted through an optic fiber (400
um diameter) to a TCSPC detector (Hamamatsu Photonics France,
Construction of fusion proteins R3809U, Massy, France). Different subcellular localizations of the excited

volume (cytoplasm and nucleus) were chosen to measure fluorescence
The pTK14 expression vector for HSV-1 TK was kindly provided by I. decays. A Fresnel rotator was placed in the excitation laser beam and a
Pelletier and F. Colbere-Garapin (Institut Pasteur, Paris, France). Tw@olarizer sheet before the optical fiber in the emission path. The optical
plasmids encoding various lengths of the N-terminal part of TK fused todesign of the microscope results in four geometric components of the
GFP, under the control of the TK promoter, were constructed. GFPfluorescence polarization, wheig, andiy,, pertain to the parallel direction
(PEGFP-C1, Clontech, Montigny le Bretonneux, France) was amplified byandi,, andiy, to the perpendicular direction, relative to the direction of
polymerase chain reaction (PCR) with two different upstream primersiaser excitation. For anisotropy measurements, parajj¢t)j and perpen-
(5'-AAAAAACGTACGGTGAGCAAGGGCGAGG-3, 5-AAAAAAG- dicular ((t)) decays were acquired sequentially from the same sample
CGCGCGTGAGCAAGGGCGAGG-3 and one downstream primer'¢5  spot. The two decays were normalized as described previously (Tramier et
AAAAAAGCGCGCCTTGTACAGCTCGTCC-3). The two different  al., 2000). The normalized experimental decaflgt) andif(t), are dis-
PCR products were subcloned between3pkandBssHI sites, and inthe  torted by the measurement apparatus and are related to the real-time
BssHI site of pTK14, respectively. The resulting plasmids coded for GFP behavior,i,.(t) andi,.(t), by the convolution product of the instrument
fused to the 27 N-terminal residues (pF%&FP) and the 366 N-terminal  response function IRE(
residues (pTKgGFP) of TK, respectively. Using PCR, a 6xHis tag was
added to the C-terminal extremity of each fusion protein; the upstream inh(t) = IRF(t) X palt) (1)
(6xHis tag-encoding) primer was-AACCCGGGAGCATCATCATCAT-
CATCATTGAAACACGGAAGGAG-3 and the downstream primer, hy- and
bridizing downstream of the TK polyA, was&TACATGCGGTCCAT- . .
GCCCA-3. The fragment was inserted between themad and Tth111 'hlh(t) = IRF(t) X 'Per(t) (2)
sites. These plasmids were digested vidthil and EcoR, and the frag-

ments corresponding to thik andgfp genes were subcloned between the The anisotropy function(t) is defined by

EcoR and EcoRV sites of pcDNA3.1 (Invitrogen, Groningen, The Neth- I’(t) — D(t)/S(t) (3)
erlands), to express the fusion proteins under control of the cytomegalo- '
virus promoter. All clones were confirmed by sequencing. where

D(t) = ipar(t) - iper(t) (4)

Expression of fusion proteins is the difference between the parallel and the perpendicular decay, and

Vero and COS-7 cells were cultured on glass coverslips in Dulbecco’s mod- i .
ified Eagle’s medium (Life Technologies, Cergy Pontoise, France), supple- S(t) - 'par(t) + 2 pel(t) (5)
mented with fetal calf serum (10%), at 37°C in 5%gn_nosphe_re. The cells is the decay of total intensity.
were transfected with pEGFP-C1 or the TK plasmids, using FUGENE 6 By combining Eq. 3, 4, and 5:
Transfection Reagent (Roche Molecular Biochemicals, Meylan, France), ac- R '
cording to the manufacturer’s instructions. Tr_]e cells expressing the fusion 3i pa r(t) = S(t)[l + 2r(t)] (6)
proteins were detected by fluorescence techniques described below.

and

Steady-state fluorescence microscopy at low Bipedt) = SO — r(H)]. (7)

light level For GFP (S65T mutant), the total intensity decay is monoexponential in

. . . . . . . splution (Volkmer et al., 2000) and in living cells (our dat&t) can be
Fluorescence imaging was carried out in epi-fluorescence using an inverte . o
itted with the model function:

microscope (Leica DMIRBE, Rueil Malmaison, France) at room temper-

ature. The coverslips mounted in an open observation chamber were S(t) — 3ae—t/7, (8)
imaged through a 100 (NA = 1.3) ultra-fluor objective. The detector was

a cooled slow-scan CCD camera with 11801040 pixels, digitized on a  wherer is the fluorescence lifetime aralis a constant.

4096 level gray scale (SILAR, St. Petersburg, Russia). Low excitation light  To fit the experimental data, two phenomenological functions were
levels were used to prevent photodynamic perturbations in the cells. Fogsed:

GFP fluorescence\,. = 480 nm, OD= 2, and 515 nn¥ A, < 560 nm.

Background subtraction and shading correction were carried out as de- r(t) = I‘oe_t/q’ (9)
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or from electronic state i to j (and j to i) contributes to the
(1) = r[(1 — b)e ¥ 4 e #92], (10) time-dependent fluorescence anisotropy), and

— _ _ —20t
wherer, is the initial anisotropy®; are correlation times, ant is a r(t) - 3/2(X2 coss C0§0ij COS"O,-JG ¢

constant.
The two normalized experimental decays were fitted by a Marquardt + 1/20(6 cosd + 3 C0§0ij +3 C0§6]~i —4), (15)

nonlinear least-square algorithm, using the expressions . . .
a 9 9 P whereé is the intramolecular angle between the absorption

in(t) = IRF(t) X [ae V(1 + 2roe )] (11)  and emission transition moments, afig and 6; are the
static mutual orientations of the transition moments of ab-
sorption to state i and of emission from state j, and between
in(t) = IRF(t) X [ae V(1 — roe )] (12)  those of absorption to j and emission from i, respectively, as
i - ental dat better fitted with & tw ol an tdescribed by Tanaka and Mataga (1979).
or, | € experimental data are petter titted with a two-exponential anisot- .
ropy decay. In the case o_f_ the GFP chromophore, the absorption and
emission transition moments are parallel (Volkmer et al.,
in(t) = IRF(t) X [ae V(1 + 2ro((1 — b)e ¥*? 2000). Thusp = 0, and6; = 6; = 6.
The time-dependent anisotropy thus becomes
+ be¥2)] (13) P by

r(t) = 1/19(3 — 3 cog0)e >*' + 3 cogH + 1]. (16)

and

and

iN(1) = IRF(t) X [ae (1 — ro((1 — b)e vt In the stat_ic limits (no reorientqtion of the transition mo-
ments during the fluorescence lifetime), the transfer rate is
+ be ¥?))]. (14) linked to the distanc® between the two interacting chro-

) ] ] _mophores by
Analysis was performed with Global analysis software (Globals Unlimited,

Urbana, IL). Static background, as measured by the mean number of counts W= 3/2<K2>(R0/R)6771 (17)
before the rise of fluorescence, was treated as a fit-parameter by the kinetic '

analysis software. The dynamic background was measured from a ba(:lwhere the average angular dependence of dipole-dipole
ground sample (e.g., a nontransfected cell) under identical conditions angOu ling ( 2> (with the assumptions made in the model) is
incorporated in the analysis. pling{x p

equal to

THEORETICAL BACKGROUND (k?) = (cos® — 3 co$p)?, (18)

The Faster mechanism of electronic energy transfeir{Fo where 6 is the mutual orientation between the two chro-
ster, 1948) can occur between like chromophores if thesenophores ang is the angle between the separation vector
molecules are close enougR € ~1.6R,, the Faster radi- R and the transition moment of the chromophore.

us), for example, in the case of a dimer of fluorescent- R, the dynamical averaged f&er radius, is a function
tagged proteins. Because the photophysical properties of thaf the spectral properties of the chromophore as given by
two donor molecules are the same, the excitation energy is _ - e
reversibly transferred between the fluorescent tags. This Ry = (8.79X107°] X 2/3X Qon™9*° A, (19)

transfer does nqt change fluorescence Iifetimfe propertieﬁ,hereQD is the donor quantum yieldthe refractive index,
and can be monitored only by fluorescence anisotropy.  5nq J the spectral overlap integral, calculated from the

The energy transfer between like chromophores in theyq,o, fluorescence{) and acceptor absorptio{) spec-
case of dimers composed of identical monomers is asgg-

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 constanéy. Assuming that 1) the J= J fo(A) €a(A) A dA JfD(/\) dA. (20)
dimers are equivalent to each other (a symmetrical con-

figuration) and their orientation is distributed randomly

in the observation volume~1 um?); 2) the rotation of In the absence of energy transfer, for a fluorescent molecule

the protein dimer during the fluorescence lifetime is covalently linked to a globular protein molecule under con-

negligible; and 3) there is no reorientation of the absorp-ditio_ns in WhiCh the fluqrophore do_es _not undergq rotat_ional
tion transition moment relative to the initially excited motion during the excited state lifetime, the orientational

state i or to the secondary excited state j, and no reoricorrelation function can be written as

entation of the emission transition moment of state i and F(t) = rge v, (21)
state j during the lifetime of the fluorophore (static mod-

el); i.e., angular variables in the transition moments arevhere ® denotes the rotational correlation time of the
independent of time, then the excitation energy migratiorprotein molecule and, the anisotropy at time 0 is
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correlated to the hydrodynamic volume of the prot¥in cence is assumed to result from aggregated proteins,
by the Stokes-Einstein equation: because the size and number of these structures increased

with time. These distinct fluorescence patterns clearly

d = nVIKT, | . .

ocalized differently from lysosomes or endosomes la-
wheren is the viscosity of the mediunk the Boltzmann's  beled by LysoTracker Red DND-99 (Molecular Probes
constant, and the temperature. Europe, Leiden, The Netherlands) (not shown), demon-
strating that the aggregates were not targeted to the
lysosomal degradation pathway. The subcellular fluores-

RESULTS AND DISCUSSION cence pattern for both proteins was independent of the

Subcellular steady-state and time-resolved cell type and the expression vector.

fluorescence distribution of GFP-tagged TK Fluorescence decays were collected from diffuse and
derivatives: patterns of protein expression at the punctate areas of the cytoplasm and nucleus by the TCSPC
single-cell level method (O’Connor and Phillips, 1984) under the micro-

GFP (S65T) was fused to the carboxyl terminus of the TKScope (Tramier_ et al_., 200_0)._The fluorescence decays were
of HSV-1, shortened by 10 (TKGFP) or by 349 _monoexponentlal, W|th a Ilfetlme of 26 0.1 ns (Tablg 1),
(TK,,GFP) amino acids. The transient expression of thdn 9ood agreement with previous values obtained in cells
two fusion proteins, governed either by the TK promoterWith @ different technique (Swaminathan et al., 1997; Pep-
in Vero cells or by the cytomegalovirus promoter andPerkok et al., 1999). However, recent experiments carried
amplified by means of the SV46ri in COS-7 cells, was Out with the S65TGFP mutant in solution and using TCSPC
monitored by fluorescence microscopy. Diffuse fluores-gave either a different lifetime value (Volkmer et al., 2000)
cence was detected in the cytoplasm (weak fluorescenc® even three lifetimes (Hink et al., 2000). These discrep-
for TK35GFP) and in the nucleus (Fig. aandc) forthe  ancies could arise from different protein folding due to
two fusion proteins as was for GFP (not shown). Forextraction and purification procedures. The existence of
TK;6GFP, an additional punctate green fluorescenceseveral lifetimes (Hink et al., 2000) could be explained by
appeared in a proportion of cells, which increased withphoto-conversion processes, as previously evidenced for
time after transfection (Fig. b). This punctate fluores- GFPs (Creemers et al., 2000; Volkmer et al., 2000). At

Anisotropy

0.00 T T T
0 2 4 6 8
Time(ns)

FIGURE 1 Subcellular fluorescence anisotropy decays of/G&kP and TKGFP proteins. Top) Steady-state fluorescence images of Vero cells
expressing TK,GFP @) and TK;s{GFP p andc). (a andc) Cells presenting only a diffuse cytoplasmic and nuclear fluorescence pati¢réels
containing fluorescent aggregateBofton) Time-resolved fluorescence depolarization from a cytoplasmic area of diffuse fluoresaerzic) and from

an area inside an aggregabd. (The subcellular location of the illuminated volumeX wm?®) 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 tedHadiwbtain
aggregatesh). Bar ina, 5 um.
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TABLE 1 Fluorescence dynamics parameters of GFP and GFP-tagged TK derivatives expressed in living cells

Initial Anisotropy
Lifetime anisotropy Relaxation time Relaxation time contribution Number of
Protein (ns) o @, (ns) d, (ns) of ®, experiments
GFP 2.58+ 0.02 0.26+ 0.01 23.4+23 6
TK,,GFP 2.62+ 0.09 0.26+ 0.02 34.6= 9.0 6
TK36GFP 2.47+ 0.20 0.26+ 0.01 81.0+ 15.3 3(a)
0.23+0.01 2.4+ 0.3 =200 0.63+ 0.02 3(b)

TK,,GFP and TKGFP 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. Therarnisatiapy co

of ®, corresponds to the parameter b in Eq. 10. Thealues 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).

present, we cannot completely exclude the occurrence dhe kinetic parameters obtained from fluorescence decays
small contributions €25%) of shorter lifetime components and fluorescence anisotropy decays (Tramier et al., 2000).
in our experiments. The rotational time calculated for GFP (23 ns) gives an
apparent volume corresponding to a sphere of 50 A 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
Quantitative steady-state and fluorescence lifetime meaa 27-kDa molecular mass and a hydrated volume of a
surements cannot discriminate between free GFP and GFProtein of~1 cn? g~ * (Cantor and Schimmel, 1980), would
tagged TK proteins, nor reveal the oligomeric state of probe 44 A. Thus, it is likely that GFP was monomeric in the
teins. Therefore, the dynamics of fluorescence anisotropiiving cells studied here. Rotational times of 34 ns and 81 ns
was followed 1) to monitor the rotational behavior of the were obtained, respectively, for TKGFP and TKgGFP
proteins and 2) to study macromolecular interactions by(in cells without aggregates) (Table 1), which are in fair
measurement of potential homo-FRET. Fluorescence aragreement with 1) the apparent volume corresponding to the
isotropy decays were measured as described in Materiatbeoretical size of each chimeric protein and 2) GFP-tagged
and Methods and as previously described (Tramier et al.TK derivatives being monomeric (assuming the same sub-
2000). Typical fluorescence anisotropy decays are diseellular viscosity). The increasing rotational time with the
played in Fig. 1. For TK,GFP, a single decay curve was size of the protein showed that the cytoplasmic and nuclear
observed (Fig. 1a), whatever the subcellular localization, fluorescence arose from the fusion protein and not from
the time elapsed after transfection, and the steady-staggotentially cleaved GFP. These differahtvalues are par-
fluorescence level. For T GFP, two different fluores- ticularly critical to discriminate GFP and GFP-tagged pro-
cence anisotropy decays were observed according to theins. The fluorescence anisotropy decays (Figutyes a
presence (Fig. b) or absence (Fig. ) of subcellular andc) do not completely relax during the time window of
aggregates. the measurements, because the rotational time of GFP-
As a control, the fluorescence anisotropy decay of fredagged proteins is more than 10-fold longer than the fluo-
GFP was measured in the same type of living cells andescence lifetime. Despite this intrinsic limitation, the indi-
under the same experimental conditions as for the GFPvidual polarized intensity components were simultaneously
tagged TK derivatives. The fluorescence anisotropy decafitted so that the information of the whole decay curves was
curves for both the GFP-tagged TK derivatives shown inexploited. The fits of these decays lead to an anisotropy that
Fig. 1,aandc, and GFP could be fitted as monoexponentialtends toward zero at long times, meaning that no protein
decays. Such dynamics of anisotropy are relevant to rotawould have hindered rotation, which would have been due
tional diffusion of the fluorescent proteins (see Eq. 21). Theto interactions with subcellular macromolecular compo-
rotational parameters obtained from the fit with Egs. 11 anchents.
12 are displayed in Table 1. In contrast, in cells transfected with TGFP contain-
The fluorescence anisotropy decay measurements wereg punctate green fluorescence, anisotropy decays obtained
carried out under the microscope using a high-numericalfrom the aggregates or from diffuse fluorescence (cytoplas-
aperture (NA= 1.3) objective. As predicted by Axelrod mic and nuclear; Fig. b) required a biexponential relax-
(1979, 1989) and experimentally verified by Tramier et al.ation model (Eg.10; see Materials and Methods). The fit
(2000), the decrease of from 0.4 to 0.23 (Table 1) cor- parameters, obtained from Eqs.13 and 14 and reported in
responded to the depolarization by the optical set-up of th&able 1, indicated a rapid anisotropy relaxation tinbg,=
microscope. However, this depolarization did not change&.4 = 0.3 ns, for 37% and a very long relaxation tinde,

Fluorescence anisotropy decay from subcellular
areas: rotational time and homo-FRET
measurements
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= 200 ns, for 63%. The rapid anisotropy relaxation, occur-excluded that the measured transfer rate corresponded to
ring at short times, cannot be ascribed to any rotationabne average of a distribution of transfer rates, the transfer
motion. For instance, free GFP, if any (which could havetaking place between ordered protein clusters of higher
been cleaved in aggregates), would give a rotational time aftoichiometry.

23 ns, greater than the relaxation time of 2.4 ns (see Table The physical parameters, obtained from Eqg. 16 for
1). Local motion of the chromophore within its barrel- TK;5{GFP forming aggregates in living cells, are shown in
shaped pocket can be ruled out, too, because it should al§@ble 2. Similar results were obtained in cells containing
result in a reduced fluorescence lifetime. Bending motionsggregates over the area of diffuse fluorescence gfJ3€P.

of the peptide region linking the two proteins would be These results show that homo-FRET was also unveiled in a
expected to give a correlation time longer than 2.4 ns, asliffuse fluorescence area, suggesting thatsE&FP dimeriza-
was shown recently (Hink et al., 2000), and it should betion was more likely to occur than protein clusters.

observed with the anisotropy decay of the monomer, which From the experimental value of,, the anglef, corre-
was not the case (Fig.d. This fast depolarization is typical sponding to the mutual orientation between the two GFP
of Forster-type resonance energy transfer (FRET) betweenhromophores, was determined and found to be equal to
like chromophores. Homo-transfer does not change spectrdd.6 = 1.6°. From the value of the transfer rate, the

and lifetime properties of the emitted fluorescence, but leaddistance between the two interacting chromophoRs,

to depolarization (Weber, 1954). It is likely that this homo- can be calculated if the orientational factdik?), is
transfer between GFP chromophores reflects dimer formaknown (Eq. 17).{«% depends on the mutual orientation
tion of TK;5GFP. of the transition dipoles of the two chromophorésand
also on their orientation with respect to the axis joining
the two chromophores (see Eq. 18). This last orientation
is unknown.

A random value of(k?) cannot be taken into account
because no random local motion of GFP or its chro-
In the presence of energy transfer between two identical chranophore was detected. The minimal value Rfcorre-
mophores, time-dependent fluorescence anisotropy is corréponds to the situation in which the two GFP barrels are
lated with the transfer rate), and with the mutual orientation in contact. In this case, the minimal distance between the
of the two chromophore®, by Eq. 16, as described in Theo- two GFP chromophores is 24 A, the smallest GFP barrel
retical Background. This equation relies on several assumglimension. The upper limit oR was calculated from the
tions that seem to hold true for T&GFP in living cells. First, ~maximal value ofc?, i.e., 4 (Table 2). For the calculation,
the rotation of the protein dimer during the fluorescence life-the dynamically averaged Fster radius (computed with
time is negligible. Indeed, the rotational time of the monomeran effective orientational factor of 2/3R, = 47 A, was
has been estimated to be 81015.3 ns, which gives a value obtained from the overlap of the absorption and emission
of ~162 ns for the rotation of the dimer. Because the despectra of GFP, using 58,000 M cm™* as absorption
excitation process of GFP is faster (2.6 ns), it was impossiblgoefficient at the maximum, 0.66 as GFP quantum vyield,
to discriminate between rotation of the dimer and a motionlesgnd 1.33 as the refractive index of the medium (from Eqg.
molecule. Second, there is no reorientation of the transitiod9). The calculated value & = 70 A is compatible with
moments of both initially and secondarily excited states duringhe known dimeric structure of TK obtained by x-ray
the fluorescence lifetime (static model). Indeed, the GFP chrodiffraction from the crystallized form. Indeed, within
mophore is rigidly fixed inside the barrel because rapid motiorcrystallized TK dimer, the two carboxyl termini of the
was evidenced neither in vitro (Volkmer et al., 2000) nor hereTK dimer are 47 A apart (G. E. Schulz, Freiburg im
in the living cell. Moreover, the GFP moieties themselves doBreisgau, Germany, personal communication).
not move significantly, because no such rotation could be
evidenced in the fluorescgnce anisotropy decay of theI'ABLE 2 Physical parameters of energy transfer between
TKgeGFP monomer. And Fhlrd’_as the GFP_ tag was add,ed t%FP chromophores within TK;5,GFP dimers in living cells
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

Quantification of homo-FRET between the two
GFP chromophores within the TK;;,GFP dimers
in living cells

ndependent
experiment

: number 0 o (ns™h) R (A)
dimer. 1 44.6° 2 70.2
Interestingly, with this model, the anisotropy does not 43'20 8'122 7(1"6
fall to zero at long times, but goes to a residual anisot- 5 46.1° 0238 68.6

ropy, r.. (equal to 1/10(3cG® +1)). The value ofd, =
ZO%y ( qld be int ( ted t)f: idual . 21‘ . 0, the mutual orientation between the two GFP chromophoreswaiite
ns cou € Interpreted as the residual anisotropy ”anergy transfer rate, are calculated from Eq. R6the upper limit of the

the context of a one-step energy migration between tWgjistance between the two GFP chromophores, is calculated from Eq. 17
GFP chromophores within dimers. However, it cannot bewith 2 = 4.
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Dimerization and aggregation of TK;;,GFP are 5
specific to the TK part and independent of the
expression level 41

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. 1
Even when GFP was expressed at high levels (this occurred
in COS-7 cells), no aggregates were detected, in contrast to 0 AL
what was observed with T GFP at much lower expres- 2 4 8 16 32 64 128 256 5121024
sion (Fig. 2). This indicates that the formation of aggregates, Relative fluorescence intensity/pixel (au)
observed with TKgGFP, is driven by the TK part and not FIGURE 3 Histograms of fluorescence intensity of ;5kGFP expressed
by GFP-GFP interactions. Homo-FRET was observed foin vero cells with aggregatesdtched barsor without aggregatespotted
aggregated TK;GFP but not for GFP, whatever its expres- bars).
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.transf.ection,. the aggregates apzoiuble dimer.
peared as small (actual dimension being probably smaller
than the optical resolution, i.e., Oudn) bright spots in a few
cells. The following days, the number and the size of thes€ ONCLUSION
aggregates and the proportion of cells with aggregates i
creased. The aggregates could reach a huge sizeu{8-b
ﬁ'jcr;;?:r’H%ivscgv?h'en Fig. b) in the cytoplasm apd pation about the structure they adopted in living cells.

. , growth of the aggregates did not _. : : :
. . g First, the fusion of GFP to the TK parts did not induce a

depend on the level of protein expression (shown in Fig. 3),

The total steady-state fluorescence per cell, which Wassubstannal alteration of the tertiary structure of the GFP

proportional to the amount of expressed JEIGFP (see protein, because the lifetime of the GFP chromophore did
3

. not change significantly. Indeed, the fluorescence lifetime
above), was not correlated with the presence of aggregatesf h h hore | " foldi h
As TK;¢GFP dimers occurred in cytoplasmic and nuclear- the GFP chromophore IS very sensitive to fo ding (Chat-

3 tﬁraj et al., 1996) or to tertiary modifications (Volkmer et

iff fluor n r in cell ntainin r i . .
diffuse fluorescence areas in cells containing agg egates,a ., 2000). Interestingly, no additional shorter fluorescence

lifetime was found upon aggregation of TKGFP, mean-
ing that GFP was not misfolded. It is possible that this result

Number of cells

AR SRR

is likely that TK;sGFP aggregation proceeds from the

"The time-correlated fluorescence experiments, carried out
with GFP and GFP-tagged TK derivatives, brought infor-

o applies to the TK protein domain too, because it was re-
o5 . cently shown that the folding of the GFP domain fused
2 downstream of a partner protein is directly related to the
8 20} folding of the upstream protein domain (Waldo et al., 1999).
§ Second, the oligomeric state of the GFP-tagged TK de-
< Ly rivatives could be detected in subcellular regions of a living
g 10t cell, even when the amount of protein was very low, as
=z occurred with TKgGFP in the cytoplasm. Fluorescence
5 depolarization due to energy transfer resulting from homo-
FRET appears to constitute a very sensitive method for
0 following homo-dimer formation. The fast relaxation time

0 2 4 8 16 32 64 12825651210242048

) ) N of 2.4 ns (resulting from the transfer rate between the two
Relative fluorescence intensity/pixel (au)

GFP chromophores) and the value (allowing the mutual

FIGURE 2 Histograms of fluorescence intensity of GFP expressed inorientation of interacting GFP chromophores to be deter-
COS-7 cells ¢haded barp and of TKyGFP expressed in aggregate- mined) are comparable for aggregates and for weak and
containing Vero cells Hatched bars The fluorescence intensity was diffuse cytoplasmic fluorescence in cells Containing aggre-

measured over the whole cell area. Because the fluorescence lifetimes were t Thi It rul tth ibility that h t f
independent of the protein, alone or fused (see Table 1), and of the cega €s. IS resuitrules out tne possibility that homo-transter

type, the steady-state fluorescence intensity per cell was proportional to th@_o'JICI have arisen fro_m an e_ffec_t of high p_rotein_con_cen_tra-
amount of expressed protein. tion. It reveals the oligomerization state, i.e., dimerization
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of TK36¢GFP. Moreover, the occurrence of a homo-dimer migration to investigate solution structure and dynamics in proteins.
and not a larger oligomer is suggested by the fact that the Proc. Natl. Acad. Sci. U.S.A6:12477-12481.

fluorescence depolarization was not total, indicating thaf@ckman, S. M., D. W. Piston, and A. H. Beth. 1998. Oligomeric state of
human erythrocyte band 3 measured by fluorescence resonance energy

several steps of energy migration are improbable, even nomotransferBiophys. J.75:1117-1130.

within subcellular aggregates. It is likely that these struc-cantor, C. R., and P. R. Schimmel. 1980. Biophysical Chemistry II. W. H.

tures involved cellular protein(s) that stabilize the micron- Freeman, San Francisco.

size aggregates containing fluorescent dimers. ChattQtraé, I\:I-,tB-dA. King, G. U. Bubiiltz, and S.tG. Btoxer. 19|t96|. Ulirei-fast .

e H I excited state namics In green fluorescent protein: multiple states an

Quantlflca'Flon of homo-FRET was done _by flttlng_ fluo- proton transfer)lgroc. Natl. %cad. Sci. U.S.A&3F:)8362—8367.p

rescence anisotropy decays to Eg. :_l6’ W_h":h provides thEoppey-Moisan, M., J. Delic, H. Magdelat, and J. Coppey. 1994. Prin-

rate of energy transfer and the orientation between the ciple of digital imaging microscopyMethods Mol. Biol.33:359—-393.

interacting dipoles. From these measurements, dimers @freemers, T. M. H., A. J. Lock, V. Subramaniam, T. M. Jovin, and S.

TK35¢GFP could be characterized in terms of mutual orien- Volker. 2000. Photophysics and optical switching in green fluorescent

tation and maximum distance (70 A) between the GFPs. |n Protein mutantsbroc. Natl. Acad. Sci. U.S./47:2674-2978.

. . Emmanouilidou, E., A. G. Teschemacher, A. E. Pouli, L. I. Nicholls, E. P.
the TKssGFP construct, the C-terminalhelix (a,,) of the Seward, and G. A. Rutter. 1999. Imaging*Ca&oncentration changes at

TK is shortened by 10 amino acids. Thig, helix has been the secretory vesicle surface with a recombinant targeted cameleon.
shown to be one of the four helices interacting at the Curr. Biol. 9:915-918.

monomer-monomer interface in the crystal of thymidineFetzer, J., M. Michael, T. Bohner, R. Hofbauer, and G. Folkers. 1994. A
kinase (Wild et al., 1997). The results obtained indicate that fast method for obtaining highly pure recombinant herpes simplex virus

: N o type 1 thymidine kinaseRrotein Exp. Purif.5:432—-441.
the deletion of part of thle helix is not sufficient to Forster, T. 1948. Zwischenmolekulare energiewanderung und fluoreszenz.

impede the dimerization of this GFP-tagged TK derivative. Ann. Phys2:55-75.
Two questions that are relevant to the physiological asHink, M. A., R. A. Griep, J. W. Borst, A. van Hoek, M. H. M. Eppink, A.

pect remain unanswered. First Why was the protein Schots, and A. J. W. G. Visser. 2000. Structural dynamics of green
TK Ep bilized in th ’ f | 1d fluorescent protein alone and fused with a single chain Fv protein.
366G stabilized In the monomer form at least aY 3 Biol. Chem275:17556—17560.

before dimerization? And second, Why did the dir_ne_rs ag'LIopis, J., S. Westin, M. Ricote, J. Wang, C. Y. Cho, R. Kurokawa, T. M.
gregate? The fact that these two characteristics of Mullen, D. W. Rose, M. G. Rosenfeld, R. Y. Tsien, and C. K. Glass.
TKsseeFP behavior in Iiving cells are independent of the 2000. Ligand-dependent interactions of coactivators steroid receptor

trati f llular fusi tei ts that coactivator-1 and peroxisome proliferator-activated receptor binding
concentration of cellular tusion protein suggests that SPe- ,rotein with nuclear hormone receptors can be imaged in live cells and

cific cellular mechanisms may be involved. are required for transcriptionProc. Natl. Acad. Sci. U.S.A97:
Time-resolved fluorescence anisotropy microscopy opens 4363-4368. _ _
a new avenue for obtaining unique structural parameters oMahajan, N. P., K. Linder, G. Berry, G. W. Gordon, R. Heim, and B.

. in the livi I h di . Herman. 1998. Bcl-2 and bax interactions in mitochondria probed with
proteins In the living cell, such as monomer-dimer transi- green fluorescent protein and fluorescence resonance energy transfer.

tions and estimation of inter-molecular distances. Nat. Biotechnol16:547-552.
Nagai, Y., M. Miyazaki, R. Aoki, T. Zama, S. Inouye, K. Hirose, M. lino,
and M. Hagiwara. 2000. A fluorescent indicator for visualizing cAMP-
We are indebted to P. Denjean for laser adjustments and skillful help and induced phosphorylation in viviNat. Biotechnol18:313-316.
Drs. M. J. Masse and R. d’Ari for critical reading of the manuscript. Ng, T., A. Squire, G. Hansra, F. Bornancin, C. Prevostel, A. Hanby, W.
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