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The Influence of Solvent Viscosity on the Fluorescence Decay
and Time-Resolved Anisotropy of Green Fluorescent
Protein
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This report describes fluorescence decay and time-resolved anisotropy studies of green fluorescent
protein (GFP) in various environments. The addition of glucose and fructose, NaCl, or polyethylene
glycol changes the viscosity of the medium surrounding the GFP. Both the time-resolved anisotropy
and the fluorescence decay of GFP are measured and it is shown that only the time-resolved
anisotropy of GFP is affected by the viscosity, but not its fluorescence decay.
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INTRODUCTION refractive index increases but also the viscosity. Here, we
address the influence of viscosity on the fluorescence and
anisotropy decay of GFP. We show that the time-resolvedThe green fluorescent protein (GFP) of the jellyfish

Aequorea victoria [1] is extremely popular in the life anisotropy does indeed depend on the viscosity of the
environment, but the GFP fluorescence decay does not.sciences, principally in imaging applications [2,3]. The

fluorescence decay of GFP could be used to report directly
on its biophysical environment (e.g., by fluorescence life-
time imaging [FLIM] [4–9]). However, the question of THEORETICAL BACKGROUND
which environmental parameters affect the GFP fluores-
cence decay has to be addressed.

The viscosity of the medium surrounding a fluoro- The Fluorescence Lifetime
phore can affect the fluorescence lifetime [10] if the

The fluorescence lifetime tf l is the time a moleculemolecule can undergo internal twisting. This can provide
remains in its excited state after excitation. It related toa non-radiative de-excitation pathway which competes
the radiative rate constant k0 and the non-radiative ratewith radiative de-excitation [11].
constant knr according to:We have recently presented preliminary data to show

that the GFP lifetime scales with the square of the refrac- 1
tf l

5 k0 1 knr (1)tive index in mixtures of water and glycerol [12]. How-
ever, when adding glycerol to the water, not only the

Non-radiative de-activation of the excited state shortens
the natural radiative lifetime t0 to the measured lifetime
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way with a rate constant kvisc , which depends on the added to solutions of polyethylene glycol, salt, or sugar
to yield concentrations of 5.3 ? 1028 mol 121.viscosity h [11]

The fluorescence and anisotropy decays were
k21

visc 5 cha (2) obtained by time-correlated single-photon counting
[14,15] using a mode-locked tunable Ti:sapphire laserwhere c and a are constants.
(Coherent) for excitation. The output was frequency dou-Bimolecular interactions such as diffusion-con-
bled to excite the samples at 470 nm with vertical polar-trolled collisional quenching (e.g., by oxygen) also
ization, and the laser repetition rate of 76 MHz wasdepend on the viscosity. An increase in viscosity leads to
reduced to 3.8 MHz using a pulse picker (SiO2 crystal,a reduction of collisional encounters between fluorophore
APE). The fluorescence decays were measured at 510and quencher, and thus to a reduction in the non-radiative
nm with a 10-nm bandpass using a polarizer oriented atrate constant [13].
the magic angle 54.78 to eliminate rotational depolariza-
tion effects [13,15]. The stop rate was kept below 1% of

Time-Resolved Fluorescence Anisotropy the start rate to avoid pulse pile-up. The detector was a
cooled microchannel plate operated at 23.4 kV (Photek).

The time-resolved fluorescence anisotropy r(t) is
Instrumental response functions were typically 230 ps

defined as
full-width half-maximum, and fluorescence decay analy-
sis was performed on reconvolution software from IBH.

r(t) 5
I|(t) 2 GI'(t)

I|(t) 1 2GI'(t)
(3) The anisotropy decays were calculated according to

Eq. (3) by alternately measuring several fluorescence
where I,(t) and I'(t) are the fluorescence decays parallel decays at parallel and perpendicular polarization. They
and perpendicular to the polarization of the excitation, were analyzed according to Eqs. (3) and (4) using a G-
respectively. G is a correction factor that accounts for factor of 1.09, which was determined from measurements
different transmission efficiencies for the parallel and at horizontally polarized excitation with the emission
perpendicular polarization [13,14]. polarizer at 08 and 908.

For a spherically symmetrical, unhindered rotor, r(t) In addition, a dead-time correction factor was used
decays mono-exponentially and is related to the rotational to account for the fact that at count rates near 1% of the
correlation time trot , according to: excitation rate (38,000 counts/sec) the dead-time loss for

the parallel decay is greater than for the perpendicular
r(t) 5 r0e

2
t

trot (4) decay [16]. This means that, in effect, the parallel decay
is acquired for a shorter time. The correction factor iswhere r0 is the initial anisotropy. The rotational correla-
count rate dependent and can be calculated from the stop-tion time trot is directory proportional to the viscosity h
to-start ratio and the instrumental dead time (18.1 ms)and the volume V of the rotating molecule according to
[16]. It ranges from 1–1.3, and the parallel decay isa Stokes-Einstein relationship:
multiplied by it.

trot 5
hV
kT

(5)

RESULTSwhere k is the Boltzmann constant and T the absolute
temperature [13,14].

Fluorescence and Anisotropy Decays in Solutions
of Different Viscosity

MATERIAL AND METHODS
To determine the effect of increasing the viscosity

on the GFP fluorescence lifetime, glucose and fructosePolyethylene glycol (BDH, average molecular mass
400) and NaCl (BDH) were added to phosphate buffered or NaCl were added to the buffer. Figure 1(a) shows the

fluorescence decays of GFP in PBS with 0.33g/ml glucosesaline (PBS, pH 7.3, Sigma) in the desired quantities.
For the sugar solutions, D(2)-fructose (D-levulose, fruit and 0.24g/ml fructose, and with 0.185g/ml NaCl. They

can hardly be distinguished. The bump at 14 ns is duesugar, Sigma) and D(1)glucose (dextrose, corn sugar,
Sigma) were mixed at a ratio at which the optical activity to re-excitation of the fluorophore by a secondary laser

pulse. It is fully accounted for by deconvolution withis zero and then diluted with PBS. Recombinant-soluble
GFP (enhanced GFP, i.e., F64L, S65T, Clontech) was the instrumental response function, which yields average
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ured. Figure 2a shows the fluorescence decays of GFP
in PBS with 10% polyethylene glycol and with 0.248g/
ml NaCl. Deconvolution with the instrumental response
function yields an average lifetime tf l 5 2.73 ns in 10%
polyethylene glycol, and tf l 5 2.49 ns with 0.248g/ml
of added NaCl.

Figure 2b shows the corresponding time-resolved
anisotropy decays. They are very similar tPEG

rot 5
26.0 6 2.3 ns and tNaCl

rot 23.8 6 3.1 ns), which is due to
a similar viscosity of the medium surrounding the GFP
fluorophore. The initial anisotropies are r PEG

0 5 0.38 and
r NaCl

0 5 0.40.
To establish whether there is a relationship between

the viscosity and the fluorescence lifetime at all, a plot
of the fluorescence lifetime tf l versus the viscosity h for

Fig. 1. Fluorescence and anisotropy decays of GFP in solutions of
different viscosity. (a) Two fluorescence decays of GFP in buffer, one
with 0.185 g/ml added NaCl, and one with 0.33 g/ml glucose and 0.24
g/ml fructose. The fluorescence decays are almost identical, tsugars

f l 5

2.64 ns and tNaCl
f l 5 2.61 ns (b) The time-resolved anisotropy decays

of the same samples. The upper anisotropy decay of GFP is in buffer
with 0.33 g/ml glucose and 0.24 g/ml fructose; the lower anisotropy
decay is in buffer with 0.185 g/ml added NaCl. tsugars

rot 5 43.7 6

4.9 ns and tNaCl
rot 5 23.0 6 2.3 ns, and the initial anisotropies are

r0 5 0.39.

fluorescence lifetimes of tf l
sugars 5 2.64 ns and tf l

NaCl 5
2.61 ns, respectively.

The viscosity increase of the GFP environment is,
however, reflected in the time-resolved anisotropy decays
shown in Fig. 1b. They are visibly different, and a fit to
a single rotational correlation time trot according to Eq.
(4) yields trot 5 23.0 6 2.3 ns for the salt solution, and
trot 5 43.7 6 4.9 ns for the sugar solution. The initial Fig. 2. Fluorescence and anisotropy decays of GFP in solutions of
anisotropies are r0 5 0.39 in both cases. similar viscosity. (a) Two fluorescence decays of GFP in buffer. The

upper decay is GFP in buffer with 10% polyethylene glycol, and the
lower decay is GFP in buffer with 0.248 g/ml salt. They are clearlyFluorescence and Anisotropy Decays in Solutions
different, tPEG

fl 5 2.73 ns and tNaCl
f l 5 2.49 ns (b) The correspondingof Similar Viscosity

time-resolved anisotropy decays. They are very similar (tPEG
rot 5

The same viscosity was created by different means 26.0 6 2.3 ns, rPEG
0 5 0.38 and tNaCl

rot 5 23.8 6 3.1 ns, rNaCl
0 5 0.40),

which is due to a similar viscosity of the medium surrounding the GFP.and the GFP fluorescence and anisotropy decays meas-
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a number of salt, sugar, and polyethylene glycol solutions a GFP radius of 2.40 6 0.07 nm is calculated (assuming
a spherical GFP).is shown in Fig. 3a. An increase of the fluorescence

lifetime with increasing viscosity, as would be expected
for internal twisting of the fluorophore [Eq. (2)] [10] or
oxygen quenching, cannot be observed. The fluorescence DISCUSSION
decays of the points marked (1) and (2) are shown in
Figs. 1 and 2, respectively. The anisotropy decays of GFP can all be fitted to a

single exponential decay law, in agreement with otherHowever, there is a clear relationship between the
rotational correlation time trot and the viscosity h, as work [17,18,19,20]. This is consistent with the view that

the whole protein undergoes rotational diffusion and thatshown in Fig. 3b. The data points lie on a straight line,
as predicted by Eq. 5. A straight line fit yields an intercept the fluorophore is rigidly fixed inside a barrel-shaped

cage, the structure of which is known [21]. It is 4.2 nmof zero and a gradient of 14.2 6 1.2 ns/cp, from which
long and 2.4 nm in diameter, and the single rotational
correlation time measured is a weighted average of three
rotational correlation times expected for a rotating cylin-
der [14]. The initial anisotropies are all close to 0.4, which
is expected for absorption and emission dipole moments
that are parallel [17,18].

The Stokes-Einstein relationship Eq. (5) holds as the
viscosity is increased by adding sugars or salt to the
buffer. This slows down the molecular tumbling, which
increases the rotational correlation time trot . The GFP
radius of 2.40 6 0.07 nm, determined from a series of
measurements in solutions of sugar or salt, is in good
agreement with the value of 2.37 nm calculated from a
single time-resolved fluorescence anisotropy measure-
ment in water [20].

There is no indication that the GFP fluorescence
lifetime depends on the viscosity. If the fluorescence life-
time were shortened by internal molecular twisting
according to Eq. (2), an increase in the solvent viscosity
should result in a concomitant increase in the fluorescence
lifetime. This is not the case. In environments of different
viscosities, the fluorescence lifetimes of GFP are similar,
as shown in Fig. 1a. Moreover, in solutions of similar
viscosities, we obtain different fluorescence lifetimes, as
shown in Fig. 2a. A plot of all fluorescence lifetimes tf l

obtained in a series of measurements in solutions of sugar,
salt, or polyethylene glycol versus the viscosity h (see
Fig. 3a) shows that the solvent viscosity cannot be pre-
dicted from the fluorescence lifetime. Fluorescence
quenching by oxygen would also be viscosity dependent;
an increase of viscosity should increase the lifetime. We
find no evidence for such a mechanism either, in agree-
ment with previous work [22]. The GFP’s barrel-shapedFig. 3. The GFP fluorescence lifetime and the rotational correlation
cage [21] shields the fluorophore and protects it fromtime plotted against the viscosity. .: buffer; m: polyethylene glycol;

m: glucose and fructose; v: NaCl. (a) The fluorescence lifetime tf l collisional interactions. Indeed, preliminary data show
plotted versus the viscosity h shows that the solvent viscosity cannot be that the inverse GFP fluorescence lifetime in mixtures of
predicted from the fluorescence lifetime. (1) and (2) are the fluorescence water and glycerol scales not with viscosity but with
decays shown in Fig. 1a and 2a. (b) The rotational correlation time trot the square of the refractive index [12]. A more detailedversus the viscosity. The data points lie on a straight line, as predicted

investigation of this effect will be the subject of aby Eq. (5), and the GFP radius calculated from the gradient is 2.40 6

0.07 nm. future publication.
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