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Introduction

The green fluorescent protein that originally stems from the
jellyfish Aequorea victoria owes its popularity as in vivo marker
to its genetically encoded fluorescence.[1] Genetic engineering
led to the development of a whole family of autofluorescent
proteins (avFP) consisting of the blue (BFP), cyan (CFP), green
(GFP) and yellow (YFP) fluorescent proteins. Labelling of arbi-
trary proteins with different members of this family can be ex-
ploited for multicolour imaging. Interaction of such spectrally
distinct tagged proteins can be revealed by Fçrster resonance
energy transfer (FRET). Recent applications on the basis of
FRET aimed at the design of biocompatible sensors.[2] This
aspect of differently marked proteins is even more promising
with the discovery of further autofluorescent proteins in other
organisms. However, the use of the red fluorescent proteins is
hampered by their strong tendency to form oligomers.[3] It was
shown for Discosoma red fluorescent protein that this behav-
iour can be circumvented by multiple mutations.[4] Unfortu-
nately, the fluorescence was also largely removed. For these
practical reasons, avFPs are still preferred as labels and their
disposition to aggregation has been further reduced by bio-
chemical means.[5]

In numerous applications, avFP fusion proteins appear in
bulk concentrations above 100 mm, and even higher local con-
centrations are conceivable.[6] Only slightly more highly con-
centrated solutions are relevant to crystallisation, in which the
most highly aggregated state is achieved.[7–10] It was further-
more speculated that crystals may be the biologically relevant
form of avFP.[7] On the other hand, analysis of concentration-
dependent spectral changes and analytical ultracentrifugation
revealed that avFPs dimerise in solution.[5,11] Therefore, the
question arises whether the avFPs at higher concentrations
predominantly form crystallisation seeds, oligomers or other
aggregates. Here we address this question using time-resolved

anisotropy with sub-100 fs time resolution and concomitant
extraction of the structural information.

Experimental Section

Materials and Sample Preparation: eYFP and the YFP mutants
Glu222Gln, Tyr203Thr and the combination of both substitutions
were mutated and expressed in E. coli, as will be described else-
where. The proteins were characterised by absorption and steady-
state fluorescence spectroscopy. Samples of the proteins in aque-
ous buffer were placed into cuvettes with 1 mm path length and
an optical density of 1.0–2.0 mm�1 at the absorption maximum.
Based on the available extinction coefficients,[1] this corresponds to
a concentration range of 125–250 mm, well above the value of K�1

dim

�60 mm given for wt-GFP in ref. [11] . We assume that this value
also applies to eYFP and its mutant proteins, as the hydrophobic
patch, which is responsible for dimerisation,[8] is hardly affected by
the introduced mutations. A smaller value for Kdim of YFP was
found by analytical ultracentrifugation.[5]

Transient Absorption Spectroscopy: The laser system consists of a
regenerative Ti–sapphire amplifier (Coherent Mira and Rega 9050)
with a repetition rate of 250 kHz. The amplifier output is used to
pump an optical parametric amplifier (Coherent, OPA 9450). The re-
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Transient absorption spectroscopy with sub-100 fs time resolution
was performed to investigate the oligomerisation behaviour of
eYFP in solution. A single time constant tAD=2.2�0.15 ps is suffi-
cient to describe the time-resolved anisotropy decay up to at
least 200 ps. The close contact of two protein barrels is deduced
as the exclusive aggregation state in solution. From the final ani-

sotropy r1=0.28�0.02, the underlying quaternary structure can
be traced back to the somewhat distorted structure of the dimers
of wt-GFP. The use of autofluorescent proteins as rulers in Fçrster
resonance energy transfer (FRET) measurements may demand
polarisation-sensitive detection of the fluorescence with high
time resolution.
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sulting pump pulses have energies up to 5 nJ in the wavelength
range between 510 and 530 nm and are compressed to 45 fs at
the sample by using a prism pair. The pump beam is focussed to
spot with a diameter of about 300 mm. A small part of the ampli-
fied fundamental at 800 nm is focussed onto a sapphire plate
where a white light continuum is generated. This white-light con-
tinuum serves as the probe beam. After passing through the
sample, the relevant wavelengths are selected with a monochro-
mator and recorded with a photodiode/lock-in amplifier combina-
tion. The polarisation of the pump beam with respect to the probe
beam is adjusted with an achromatic l/2 waveplate. The time
delay between the pump and the probe beam can be scanned up
to 200 ps by a computer-controlled translation stage. Determina-
tion of the instrument response function and correction of the
chirp of the white light for different probe wavelengths were per-
formed with diphenylhexatriene dissolved in toluene. The time res-
olution of the whole setup is 100–120 fs. Excitation is performed at
the red wing of the absorption band where its absorbance is half
of its maximum value. The absorption anisotropy setup was tested
with the reference dye fluorescein 27 in water. It shows an aniso-
tropy decay from the initial anisotropy of r0=0.38 with a time con-
stant of 0.23�0.06 ns due to rotational diffusion of the dye.

Theoretical Background

The Energy Migration Rate Constant kEM Based on the
Strickler–Berg Relation

Fçrster theory for energy transfer between a donor–acceptor
pair can be adapted to describe energy migration between
identical molecules. The calculation of the transfer rate con-
stant kFRET uses the spectral overlap J’(l) of the chromophore’s
normalised absorption spectrum erel(l) with its normalised fluo-
rescence spectrum IFl(l) [Eq. (1)]:

[12]

kFRET ¼
FFl

tFl
� k2

jRj6 �
9000 ln 10
128p5NAn4 � emaxJ

0ðlÞ

J0ðlÞ ¼
Z

erelðlÞIFlðlÞl4dl
ð1Þ

where emax is the molar extinction coefficient at the absorption
maximum, and NA Avogadro’s number. A value of emax=

83400m�1 cm�1 is inserted,[1] and n is the refractive index,
which is taken to be n=1.4. The geometry between the chro-
mophores is expressed in the centre-to-centre distance of the
chromophores jR j and the orientational factor k2 (Figure 1).

The ratio of the fluorescence quantum yield FFl and the
fluorescence lifetime tFl is equivalent to the radiative rate krad

given in Equation (2), which can also be derived from the ab-
sorption and fluorescence spectra:[12,13]

krad ¼
8000 ln 10cp

NA
� n2 � emax �

1R
lIFlðlÞdl

�
Z

IFlðlÞ
l2

dl �
Z

erelðlÞ
l

dl

ð2Þ

where c is the speed of light. Integration yields 2.03J10�18 cm4

for J’(l) and (1.992J10�10 cm)�1, 1.277J103 cm�2, and 7.022J
10�2 for the last three terms in Equation (2). For convenience,
these values are taken together in the quantity C. The transfer
rate constant between identical chromophores kEM, which is
twice kFRET,

[14] finally becomes Equation (3):

kEM ¼ k2

jRj6 �
9� 106 ðln 10Þ2c

8p4N2
An

2
� e2maxC ð3Þ

Thus, conclusions about the quaternary structures present in
solution can be drawn from measurements of kEM.

Fluorescence Depolarisation by Energy Migration

Additional information about the geometry of an aggregate is
obtained by analyzing the fluorescence anisotropy rFRET in
Equation (4) after energy transfer, which depends on the angle
b between the transition dipoles of the donor and the accept-
or (Figure 1):

rFRET ¼
2 ð3 cos2 b�1Þ

10
ð4Þ

For identical chromophores for which the rate of interchro-
mophore energy transfer is much faster than the relaxation of
excitation by intrachromophore processes, the final anisotropy
r1 is given for a pair of fluorophores by Equation (5):[14]

r1 ¼ 1
2
� ðr0 þ rFRETÞ ð5Þ

where r0 is the initial anisotropy, which is equal to the anisotro-
py of a single unit. The three values r0, r1 and kEM are obtained
by an exponential fit to the experimental data of r(t). Note that
fluorescence decay and rotation of the proteins can be ne-
glected in our treatment, as the timescales of these processes
are well separated from the observed energy migration.

Results and Discussion

Time-Resolved Anisotropy

Figure 2 shows the time dependence of the transient absorp-
tion (TA) of eYFP with parallel, perpendicular and magic angle
(MA) polarisation between the pump and the probe beams.
The scans with parallel and perpendicular orientation are char-
acterised by decay and rise features, respectively. These fea-
tures are absent in the magic-angle scan and are also cancelled
in the calculated MA data. Similar TA curves are obtained with

Figure 1. Orientation of dipoles in a FRET pair. The orientational factor k2

can be calculated from the different angles. a1 and a2 are the angles be-
tween the transition dipole moment and the line connecting the two chro-
mophores; b is the angle between the two transition dipole moments.
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probing at 560 nm and with the other investigated mutants.
Figure 3 shows the time-resolved anisotropy r(t) up to 200 ps.
The anisotropy decays from its theoretical maximum value of
r0=0.4 with a single time constant of tAD=2.2 ps to its final
value r1=0.28. The time constant of all taken TA pairs for the
different mutants and the other probe wavelength lies in the
range tAD=2.2�0.15 ps, whereas r1 covers the range 0.28�
0.02. The r0 value, which is 0.4�0.02, is slightly higher than
the values obtained by fluorescence anisotropy measurements
on avFP.[6,16] The difference may arise from a small contribution

of excited-state absorption in the TA case,[17] or limited time
resolution in the fluorescence case.

Nanosecond-resolved fluorescence anisotropy measure-
ments on eYFP at micromolar concentration show anisotropy
decays with a time constant well above the fluorescence life-
time of tFl=3.7 ns.[16] This anisotropy decay is assigned to slow
rotation of the protein. In our investigation, much higher con-
centrations are used. It is therefore likely that the observed
decay on the ultrafast timescale reflects energy migration
upon aggregation. As the anisotropy decay is well fitted by a
monoexponential function, we directly exclude the formation
of amorphous protein aggregates, which would lead to a mul-
tiexponential decay behaviour. Therefore, in our analysis two
alternatives for the underlying structure are considered a
priori : the known dimeric structure of wt-GFP versus the crys-
tallographic structure of a YFP mutant with monomers in its
unit cell.[8, 9]

Closer Protein Contact in Solution than in the Crystal

In the following, the energy migration in a dimer is described
by FRET for the special case of an identical acceptor and donor
(Figure 1). A prerequisite for such an analysis is knowledge of
the orientation of the transition dipole moments Di (i=1, 2)
within the protein frame. For the sake of simplicity Di is as-
sumed to be both the absorbing and the emitting transition
dipole moment in each single YFP chromophore. The experi-
mentally determined angle g of Di with the long axis of the
chromophore is about 13�4 (Figure 4a).[10] The protein back-

bone of the known crystallographic structure of eYFP is super-
imposed on the backbone of the different chains in the wt-
GFP dimer structure by means of visual molecular dynamics
(VMD).[18] Here the assumption is made that both avFPs form
structurally similar dimers. Figure 5 shows the result of this
transformation. The height of both protein cylinders is about
4 nm, the diameter is about 2 nm and the chromophore is lo-
cated in the centre of the protein barrel. Noteworthy differen-
ces between the structures only concern the chromophore,
which is pulled out of the protein barrel in YFP by about 0.9 M
along its long axis. The measured centre-to-centre distance jR j
of both chromophores is 22.8 M, while D1 and D2 are twisted
by an angle b of 25�78. With the angles a1 and a2, which are
formed between D1, D2 and R (12.5�3.58 and 12.7�3.58, re-

Figure 2. Measured TA scans up to 20 ps for parallel, perpendicular and
magic-angle polarisation between pump and probe beams for an eYFP
sample at a concentration of about 190 mm. The wavelength of both beams
was 525 nm. The magic-angle scan is well reproduced when calculated from
the scans with parallel and perpendicular polarisation.

Figure 3. A calculated time-resolved anisotropy scan between 0.02 and
200 ps and the residuals from a monoexponential decay fit (g). The time-
dependent anisotropy r(t) is obtained from the TA scans with parallel and
perpendicular polarisation according to the formula (inset). r0 is the initial
anisotropy at time zero, r1 is the final anisotropy and kEM is the rate constant
for the anisotropy decay from r0 to r1.

Figure 4. Orientation of the transition dipole moments for the absorption
process (a) and the emission process (b) within the frame of the chromo-
phore. The value for Dabs is taken from ref. [9] . The possible range of D (grey
segment) was deduced from the fluorescence anisotropy measurements in
ref. [15b].
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spectively), a value of k2=3.80�0.10 is obtained (see Support-
ing Information). The values for k2 and jR j were inserted into
Equation (3), and tAD=2.25 ps was obtained as the reciprocal
value of kEM. A similar analysis was performed for monomeric
YFP in a crystal lattice with crystallographic symmetry P212121.
The proteins were displaced according to the symmetry opera-
tions, and the centre-to-centre distance of the original chromo-
phore to its neighbouring chromophors was calculated from
their coordinates. The nearest chromophore centres found are
38.5 M apart (see Supporting Information). However, in this
case, the smallest feasible tAD is greater than 6 ps even when
all orientation factors k2 of the 18 next chromophores are
taken to be 4. It is clear from the dimensions of the protein
that the short interchromophore distance can only be ex-
plained by close contact of two protein barrels near their
equatorial lines. Higher aggregates with close protein contact,
as observed in, for example, dsRed are also excluded. Here,
anisotropy and FRET measurements showed additional decay
components of up to several hundred picoseconds.[16b,19] A
comparable anisotropy time constant, reduced at least by a
factor of two, is expected for energy migration in such oligom-
ers. The fit residuals to the experimental data (Figure 3) give
no hint of an additional decay component on a sub-nanosec-
ond timescale.

Subtle Deviations from the Crystallographic Structure?

With an angle of b=25�78 between the transition dipole mo-
ments, a final anisotropy of r1=0.345�0.03 is calculated for
the YFP dimer in Figure 5 by using Equation (5).[14] Better
agreement with our experimental value for r1 can be obtained
if one includes an angle between the absorbing and emitting
transition dipole moments.[15] As mentioned above, fluores-
cence measurements gave an initial anisotropy of r0=0.39�
0.01 for avFP, which indicates an angle of 5�58.[6, 16] Figure 4b
shows the range of conceivable orientations of the emitting
dipole moment. Angle b then can adopt any value between 13

and 378 and gives rise to a final anisotropy of r1=0.33�0.05.
Despite the larger possible angles a1, a2 and b in this situation,
k2 is only marginally diminished by less than 7%.

Alternatively, the structure of the dimer in solution could be
slightly distorted compared to the aggregate model we used.
Our structural model is based on the overlap of YFP and wt-
GFP backbones and neglects differences in the side chains of
the amino acids. In fact, the long axes in wt-GFP and YFP form
a small angle of less than 38 with respect to each other. Any
similar distortion in the structure, which might be due to the
bulk solvent, affects the angle b twice as much for symmetry
reasons. Most probably, the combination of both scenarios—
the non-collinear absorption and emission dipoles and some
slight structural distortions—is responsible for the low final
anisotropy.

Conclusions

Anisotropy measurements with high time resolution were per-
formed to determine the quaternary structure of YFP in solu-
tion. Although a concentration range was used in this study
which is only slightly below the conditions for crystal growth,
our experiments gave no evidence for the formation of crys-
tals, as was proposed elsewhere. The predominant aggregation
state in solution was found to be a dimer with a defined struc-
ture similar to wt-GFP. A Fçrster radius R0 of 69.7 M can be cal-
culated from the energy-migration rate constant kEM. This
radius is clearly distinct from the published Fçrster radius,[20]

which was calculated for independent molecules, and applica-
tion of the orientational randomisation in this case gives k2=

2/3. Since no additional anisotropy decay is observed in this
time range, we conclude that this dimeric structure is static for
at least 1 ns.

In view of applications in microscopy, the known dimerisa-
tion behaviour of avFP and the associated depolarisation can
be exploited in vivo for measuring local concentrations of
tagged proteins after calibration. Despite the success of muta-
genesis, the analysis of binding geometries of different inter-
acting proteins by FRET with polarisation-sensitive detection is
complicated by the potential dimerisation of the protein
labels. Our experiments show that identification of the mecha-
nism by which depolarisation occurs requires sub-picosecond
time resolution, as, for example, in pump–probe microscopy.[21]
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Figure 5. Overlaid structures of wt-GFP (Brookhaven protein data bank
access code 1GFL, black) and eYFP (pdb access code 1yfp, grey). Only the
protein barrels and the chromophores are shown.
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