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perature dependence of
fluorescence anisotropy of green fluorescent
protein†

Harpreet Kaur, Khanh Nguyen and Pradeep Kumar *

We have studied the effect of high hydrostatic pressure and temperature on the steady state fluorescence

anisotropy of Green Fluorescent Protein (GFP). We find that the fluorescence anisotropy of GFP at

a constant temperature decreases with increasing pressure. At atmospheric pressure, anisotropy

decreases with increasing temperature but exhibits a maximum with temperature for pressure larger

than 20 MPa. The temperature corresponding to the maximum of anisotropy increases with increasing

pressure. By taking into account of the rotational correlation time changes of GFP with the pressure–

temperature dependent viscosity of the solvent, we argue that viscosity increase with pressure is not

a major contributing factor to the decrease in anisotropy with pressure. The decrease of anisotropy with

pressure may result from changes in H-bonding environment around the chromophore.
1 Introduction

Green Fluorescent Protein (GFP) is a cylindrical protein made
up of 238 amino acid residues.1,2 It consists of 11 b-barrels
connected by short a-helices with an a-helix inside the
cylinder.1,2 A chromophore is formed with cyclization of the
Ser65, Try66 and Gly67 amino acid residues.2,3 The GFP chro-
mophore absorbs blue light (a primary peak at z395 nm and
secondary peak z 480 nm) and emits green light with
a maximum intensity at about 508 nm.4 The chromophore is
well centered and connected to the alpha helix inside the b-
barrel can.1,2 In its native state, the chromophore is protected
from solvent and ions outside the b-barrel. This unique
structure and high uorescence yield in the native state has
made GFP a very popular candidate for various in vivo and in
vitro measurements to probe the environment of living
cells.2,5,6

Due to pH sensitivity of GFP uorescence, GFP and its
mutants have been used as pH indicators for cytosolic, nuclear,
and mitochondrial regions in HeLa cells.7 In recent studies,
measurement of uorescence anisotropy of GFP is explored
under different situations for various purposes. For example,
Mattheyses et al. have used uorescence anisotropy of GFP-
tagged nucleoporins to reveal the packing of the proteins
within the nuclear pore complex.8 Donner et al. have used GFP
as an intracellular temperature sensor by measuring tempera-
ture dependence of uorescence anisotropy.9 Fluorescence
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anisotropy is advantageous over uorescence intensity as it is
independent of the factors such as non-uniformity in molecular
concentration and intensity of the excitation light.9,10

On earth, a large majority of bacteria and archaea grow in
a wide array of environmental conditions including high pres-
sures, extremes of temperature, pH, and salinity.11–16 Because
these conditions are not hospitable for other life forms, these
organisms have been named extremophiles. For example,
Thermus aquaticus, a thermophilic bacteria, grows optimally at
70 �C.12 Obligatory barophilic (pressure loving) bacteria from
Mariana Trench, the deepest known point in the ocean (z11
km) where the hydrostatic pressure can reach z110 MPa, have
been isolated and studied.11 Recent experiments suggest that
even a mesophilic bacterium, Escherichia coli, can grow at
pressure as high as 50 MPa in a temperature dependent
manner.17,18 Analogs of environmental extremes on earth also
exist on other planetary bodies of astrobiological interest.
Europa, a moon of Jupiter, is a prime candidate due to the
presence of liquid water ocean running 100–200 km deep, with
hydrostatic pressure reaching 130–260 MPa.19–21 Therefore, the
use of GFP as a cellular probe requires a systematic study of the
effect of these environmental conditions on the properties of
GFP.

In the present study, we have investigated the effect of high
hydrostatic pressure and temperature on the uorescence
anisotropy of GFP. Specically, we measure the steady state
uorescence anisotropy of GFP in a wide range of pressure (0.1–
200 MPa) and temperature (10–70 �C). We have further analyzed
the changes observed in the anisotropy due to pressure and
temperature by taking into account the pressure–temperature
dependence of dynamic viscosity of water.
RSC Adv., 2022, 12, 8647–8655 | 8647
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2 Materials and methods
2.1 Experimental setup

The experimental setup to measure uorescence anisotropy is
shown in Fig. 1. A sample in a square cuvette (Spectrocell;
volume: 400 mL) with a exible movable rubber cap is loaded
into the high pressure cell (ISS, Illinois, USA). A piston (HIP Inc,
PA, USA) is used to pressurize the water inside the pressure cell,
and the pressure is measured using a pressure gauge.17 Since
the compressibility of water is very small, a small change in the
volume due to the compression of the Teon cap allows to
transmit pressure from the surrounding water to the sample
inside the cuvette. Temperature of the sample was maintained
using a circulating water bath (NesLab, USA), and wasmeasured
in real time using a thermocouple (National Instruments, USA)
connected to the pressure cell. The temperature uctuations
were of the order of �0.2 �C and the pressure uncertainty is
estimated to be about 1 MPa. To excite GFP, light from
a continuous wave argon laser (488 nm) (Model: 532-TOPO-A01,
Melles Griot, USA) is guided through a linear vertical polarizer
using a mirror and is incident on the sample cuvette. The
emitted light is then collected at an angle 90� to the incident
light using a plano-convex lens (f¼ 60 mm) (Thorlabs, USA) and
a 525 � 25 nm band pass lter (Chroma, USA). An automated
lter wheel (TS103, Thorlabs, USA) containing linear polarizers
is then used to select the vertical and horizontal intensities of
the emitted light consecutively. Following which, a focusing
lens (f ¼ 25 mm) is used to focus the emitted light onto a photo
multiplier tube (Hamamatsu, Japan). The intensity of the
vertical and horizontal emitted light is measured using a data
acquisition (DAQ) card (National Instrument, USA) equipped
with 32 bit frequency counters. Vertical and horizontal intensity
measurements were performed by counting the signals for 2 s.
For each thermodynamic state point, we obtained 30
measurements of the steady state uorescence anisotropy
values every 10 s. Total measurement time for a state point
lasted 5 minutes. The laser intensity uctuations were less than
1% between the measurements. The error on the uorescence
Fig. 1 Experimental setup for temperature regulated fluorescence
anisotropy measurements at different hydrostatic pressures.
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anisotropy for each state point is obtained from the standard
deviation of these values.
2.2 Fluorescence anisotropy

When exposed to polarized light, uorophores that have their
absorption transition moments oriented along the electric
vector of the incident light are preferentially excited. Hence the
excited-state population is partially oriented along the electric
vector of the polarized excitation light. The rotational diffusion
of the uorophores results in depolarization of the emitted
light. The degree of anisotropy of the polarization of the emitted
light is described by uorescence anisotropy, r,22 and is given by

r ¼ Ik � It

Ik þ 2It
(1)

where Ik is the emission intensity in the direction of polariza-
tion of the excitation light, and It is the emission intensity in
a perpendicular direction. The denominator, which is propor-
tional to the total intensity of the emitted light, is used for
normalization. Fluorescence anisotropy is related to polariza-
tion, P, as

r ¼ 2P

3� P
(2)

Following Perrin,23 the uorescence anisotropy r is given by

r ¼ r0

1þ sF
sR

(3)

where sR is the rotational correlation time of the molecule and
sF is the uorescence lifetime. The constant r0 is the limiting
anisotropy, which is theoretically 0.4 but depends on the
orientation of excitation and emission dipoles.22 Using the
values sF ¼ 2.5 ns,24 sR ¼ 10.6 ns24 and experimentally measured
value of anisotropy r ¼ 0.296 at T ¼ 20 �C, we nd that r0 ¼
0.365. Fluorescence spectra of GFP were obtained using
USB4000 (Ocean Optics, USA) spectrometer at two temperatures
20 �C and 30 �C for pressures up to 200 MPa at an interval of
25 MPa.
2.3 Polarization correction at high pressures

It is known that the fused quartz can scramble the polarization
at high pressure. To correct for this in our experiments, we
follow the method as described by Paladini and Weber.25,26 We
used uorescein (1 nM) in glycerol at room temperature for
these experiments. We rst calculate the G-factor at atmo-
spheric pressure, dened as

G ¼ IHV

IHH

(4)

where IHV is the intensity corresponding to horizontal excitation
and vertical emission, and IHH is the intensity corresponding to
horizontal excitation and horizontal emission. We nd the
value of G to be 0.99. Following this, for each pressure, we
calculate the ratio, R(p), given by
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 (A) Temperature dependence of the fluorescence intensity at p
¼ 0.1 MPa during the heating (black circles). Fluorescence intensity
during the cooling process is shown as blue squares. Fluorescence of
GFP is irreversibly inactivated at high temperatures. Absolute value of
the temperature-derivative of fluorescence intensity is shown in the
inset. Melting temperature is estimated as the position of maximum of
the absolute value of the temperature derivative of the fluorescence
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RðpÞ ¼ IVV

IVH
(5)

The apparent (measured) polarization, P0, at each pressure,
p, is given by

P
0ðpÞ ¼ RðpÞ=G � 1

RðpÞ=G � 1
(6)

Following ref. 25, the apparent polarization, P0, for the L-
mode setup (excitation is polarized vertically in respect to the
plane of the optics, and anisotropy is calculated from consec-
utively measured vertical and horizontal polarized intensities)
here can be written as

P0(p) ¼ P(1 � 3a(p))/(1 � Pa(p)) (7)

where P is the actual polarization and a is a pressure-dependent
scrambling coefficient.25 To calculate the correction factor a, we
use uorescein at room temperature and calculate a for all the
pressure points used in the experiments. Here we have assumed
that the polarization scrambling of the excitation and emission
lights are the same.25 Assuming that the polarization of the
uorescein in glycerol is pressure-independent,25 a is given by

aðpÞ ¼

�
P

0ðpÞ
Pð0:1 MPaÞ

�
� 1

P0ðpÞ � 3
(8)

where P0 is the measured polarization at high pressures and
P(0.1 MPa) is the polarization at p ¼ 0.1 MPa. In our correction,
we further assume that temperature does not affect the G factor,
and, therefore, the same value of G was used for all the
temperatures.
intensity. (B) Melting temperature, Tm, as a function of pressure. Dotted
blue curve is a linear fit through the data points. Melting temperature
increases with pressure.
2.4 Sample preparation

Wild-type green uorescent protein (wtGFP) was purchased
from Novus Biologicals, USA. All experiments were carried out
with 0.5 mM of GFP in Tris–HCl buffer consisting of 25 mM Tris
salt (BD Difco, USA), 10 mM MgCl2 (VWR, USA) and 1 mM DTT
(VWR, USA). The pH of the sample was adjusted to 7.5 � 0.1
using HCl.
3 Results
3.1 Thermal stability of GFP with pressure

We rst determine the thermal stability of GFP for different
pressures. For these experiments, 0.5 mM GFP in TMD buffer was
heated slowly until the uorescence is inactivated. To determine
if the temperature induced uorescence inactivation is reversible,
the sample was cooled following the inactivation. In Fig. 2A, we
show the temperature dependence of the uorescence intensity
for atmospheric pressure during the heating (black circles) and
cooling process (blue squares). During the heating, uorescence
decreases with temperature and exhibits a sharp transition near
the melting temperature. Furthermore, uorescence does not
recover upon cooling, suggesting that the temperature induced
© 2022 The Author(s). Published by the Royal Society of Chemistry
denaturation of GFP is irreversible.4,27 The melting temperature,
Tm, is determined from the location of the maximum of the
absolute value of the temperature-derivative of the uorescence
intensity. The melting temperature was obtained for three pres-
sures, 0.1 MPa, 20 MPa, and 40 MPa. The value of Tm z 76 �C at
atmospheric pressure is similar to the melting temperature re-
ported in ref. 4 and 28. Melting temperature increases with
pressure as shown in Fig. 2B. Our experimental setup is limited in
probing Tm for pressures larger than 40 MPa as the melting
temperature becomes very large (Tm > 82 �C).

We next performed steady state measurements of uores-
cence anisotropy at pressures, p, between 0.1 MPa and 200 MPa
at an interval of 20 MPa, and temperature, T, between 10 �C and
70 �C at an interval of 10 �C. Melting temperature of GFP is
larger than the range of temperature studied here for all the
pressures. Measurements of anisotropy were performed by
xing the temperature and then changing to different values of
pressures. Measured anisotropy values had small uctuations
(z�0.002) around the mean value. An example of experimental
RSC Adv., 2022, 12, 8647–8655 | 8649



Fig. 3 Effect of increasing pressure on fluorescence anisotropy of GFP
at constant temperature. Pressure dependence of anisotropy is shown
for T ¼ 20 �C, 30 �C, 40 �C, 50 �C. We also show the error on
measurements. Error bars where not visible are smaller than the
symbol size. Anisotropy decreases upon increasing pressure for all the
temperatures. Dotted curves are the fits using eqn (9) and is described
in the text.
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data of measured anisotropy values at p ¼ 0.1 MPa and T ¼
10 �C is shown in Fig. S1 in the ESI.†

3.2 Effect of pressure on uorescence anisotropy at constant
temperature

In Fig. 3, we show the effect of pressure on the anisotropy of GFP
up to 2000 atm for different constant temperatures T ¼ 10 �C,
30 �C, 40 �C, and 50 �C. The error bars are also shown for all the
measurements. For these temperatures, wtGFP is stable up to
pressures much larger than 200 MPa.27,29 We nd that for all the
temperatures studied here, anisotropy decreases with increasing
pressure and seems to saturate at high pressures. Like the uo-
rescence intensity, uorescence anisotropy is completely revers-
ible for pressure up to p ¼ 200 MPa. The change in anisotropy
between atmospheric pressure and 200 MPa is largest for the
lowest temperature. To analyze the pressure dependence of the
anisotropy, we assume the protein population to be composed of
two species X and Y that exist in equilibrium with each other (X
# Y) with a pressure dependent equilibrium constant K(p).
Furthermore, we assume that the anisotropy corresponding to
these two species are r1 and r2. The values of r1 and r2 depend on
the temperature. With these assumptions, the anisotropy of the
system, r(p), at pressure p depends on the fractions fX and fY of
these species, and is given by

rðpÞ ¼ r1fX þ r2fY ¼ r1

1þ KðpÞ þ
r2KðpÞ
1þ KðpÞ (9)

We further assume that the fraction at atmospheric pressure,
the population is composed entirely of X (fX ¼ 1) and at the
highest pressure the population is entirely composed of Y (fY ¼
1). Therefore, r1 and r2 correspond to the anisotropy values at p
¼ 0.1 MPa and p¼ 200MPa, respectively. We chose the pressure
dependence of K(p) as (p/pc)

n, where pc and n are the tting
parameters. At p ¼ pc, the fractions of the two species become
equal, irrespective of the parameter n. The ts to the pressure
8650 | RSC Adv., 2022, 12, 8647–8655
dependence of the anisotropy using eqn (9) are shown as dotted
curves in Fig. 3. We nd that n ¼ 5 gives a reasonable t to the
experimental data points. Furthermore, we nd that pc z
117 MPa for all the temperatures, suggesting that the change in
anisotropy with pressure at constant temperature can be viewed
as a transition at p ¼ pc between the two states of GFP having
different anisotropy. We note that while the model ts the
experimental data reasonably, the validation of assumptions
made here require further studies.

3.3 Effect of temperature on uorescence anisotropy at
constant pressure

Fig. 4 represents the behavior of anisotropy with temperature
for xed pressures (A) p¼ 0.1 MPa, (B) p¼ 100 MPa, and (C) p¼
200 MPa. For p ¼ 0.1 MPa, anisotropy decreases with increasing
temperature. But for p $ 20 MPa, anisotropy exhibits
a maximum with temperature. The temperature corresponding
to the maximum of anisotropy increases upon increasing
pressure. Since the dynamic viscosity of solvents decreases with
increasing temperature, one may expect the anisotropy to
increase with decreasing temperature. This suggests that the
decrease of anisotropy upon lowering temperature at high
pressures arises from structural changes of GFP at lower
temperatures, reminiscent of cold unfolding of proteins.30,31

Even though, the cold denaturation of GFP does not occur at
10 �C and pressures as low as p ¼ 20 MPa, our data suggest that
the anisotropy reects either the structural changes or changes
in hydrogen-bonding environment around the uorophore
entity of GFP upon further lowering of temperature.

3.4 Pressure–temperature dependence of anisotropy

In Fig. 4D, we show the pressure–temperature surface plot of
uorescence anisotropy of GFP obtained from equilibrium
measurements at all the 77 state points. The isoanisotropic
contours (pressure–temperature curves where anisotropy is
a constant) are also shown in Fig. 4D. Isoanisotropic contours
exhibit elliptic shapes very typical of pressure–temperature phase
diagram of protein stability.32 It is worthwhile to note that the
temperature dependence of uorescence intensity for p $

20 MPa does not exhibit a maximum and decreases mono-
tonically with temperature. The elliptic shape describing the
phase boundary in the case of protein denaturation arises due to
specic relation between the changes in isothermal compress-
ibility, constant pressure specic heat, and coefficient of thermal
expansion between the native and the denatured state.32–34 Our
experimental data suggest that GFP does not denature in the
pressure and temperature range studied here. One possible
reason for the elliptic shape of the isoanisotropic contours could
be the pressure–temperature dependent changes in relative
orientation of excitation and emission dipole, a change that is
related to a change in the local chemical environment including
the H-bond environment of the uorophore entity of GFP.

3.5 Effect of viscosity on anisotropy

We next investigated the extent to which the pressure–temper-
ature induced variations in viscosity of the solvent affect the
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 Effect of increasing temperature on fluorescence anisotropy of GFP at constant pressure. Temperature dependence of anisotropy is
shown for (A) p ¼ 0.1 MPa, (B) p ¼ 100 MPa, and (C) p ¼ 200 MPa. We also show the error bars for all the measurements. Error bars where not
visible are smaller than the symbol size. For atmospheric pressure, anisotropy is a monotonically decreasing function of temperature. Anisotropy
exhibits a non-monotonic behavior with temperature with a maximum for p $ 20 MPa. The temperature corresponding to the maximum of
anisotropy increases upon increasing pressure. Dotted blue curves are the guides for the eyes. (D) p–T surface plot of the fluorescence
anisotropy of GFP. Also shown are isoanisotropic contours. Isoanisotropic contours exhibit elliptic shapes typical of p–T phase diagram of
protein stability.
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changes observed in anisotropy. The rotational correlation
time, sR(p, T), is related to the pressure–temperature dependent
viscosity, h(p, T), of the solvent and the temperature, and is
given by the Debye–Stokes–Einstein relation

sRðp;TÞ ¼ Vhðp;TÞ
kBT

; (10)

where V is the hydrodynamic volume of the molecule, and kB is
the Boltzmann constant. The Perrin equation (eqn (3)) can now
be written as

rðp;TÞ ¼ r0

1þ sFkBT
Vhðp;TÞ

(11)

At room temperature and atmospheric pressure, the uo-
rescence lifetime and the effective hydrodynamic radius of GFP
© 2022 The Author(s). Published by the Royal Society of Chemistry
are 2.5 ns and 2.21 nm, respectively.24 Since a change in
viscosity by itself can give rise to a change in rotational corre-
lation time, and therefore, will result in a change in anisotropy.
The viscosity of the solvent in the limit of dilute concentration
of salts is approximately the viscosity of water. We computed the
values of dynamic viscosity of water using International Asso-
ciation for the Properties of Water and Steam (IAPWS) formu-
lation35 for all the pressures and temperatures studied here. A
table of pressure–temperature dependence of the viscosity of
water is provided in the ESI.† It is well established that hydro-
phobicity of amino acids decreases at high pressure. Indeed, the
high-pressure denaturation of proteins precedes with penetra-
tion of water molecules inside the protein,36 leading to swelling
and further exposure of hydrophobic residues to water.37 This
suggests that the hydrodynamic volume of the protein may
increase with increasing pressure resulting in larger correlation
RSC Adv., 2022, 12, 8647–8655 | 8651
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time and hence larger anisotropy. However, the pressure
dependence of the hydrodynamic radius of proteins is not
always monotonic.38,39 For example, in case of lysozyme,
hydrodynamic radius of the protein does not change up to p ¼
100 MPa, decreases by about 3% between 120 MPa to 230 MPa,
and increases by about 20% above 600 MPa.39 Even if it was the
case that hydrodynamic volume decreases with pressure, one
can not expect a 83% change in the volume of GFP to
compensate for the anisotropy decrease with pressure at T ¼
30 �C. It is safe to assume that the size of the GFP does not
change signicantly up to p ¼ 200 MPa. To test whether the
decrease in anisotropy with pressure can be ascribed to rota-
tional correlation time changes of protein, we next calculated
the values of sR for different state points using eqn (10) and
assuming that the hydrodynamics volume of GFP does not
change in the range of pressure (0.1–200 MPa) and temperature
(10–70 �C). Using eqn (11) and assuming a constant sF, one can
estimate the values of anisotropy due to pressure–temperature
induced changes in viscosity. In Fig. 5A, we compare the
temperature dependence of predicted anisotropy using eqn (11)
with experimental values of anisotropy at p¼ 0.1 MPa. Since the
solvent viscosity decreases with temperature, the predicted
Fig. 5 Comparison between experimentally measured and predicted
values of the fluorescence anisotropy taking into account of pressure
and temperature dependence of the dynamic viscosity of the solvent
and calculated using eqn (11). (A) Temperature dependence of
experimentally observed anisotropy (solid black circles) and predicted
values of anisotropy (dotted blue curve) at P ¼ 0.1 MPa. Anisotropy
decreases with increasing temperature. (B) Pressure dependence of
experimentally observed anisotropy (solid black circles) and predicted
values of anisotropy (dotted blue curve) at T ¼ 30 �C. In contrast to
experiments, the predicted values of fluorescence anisotropy of GFP
increase slightly with increasing pressure.
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anisotropy also decreases with temperature. In Fig. 5B, we
compare the pressure dependence of predicted anisotropy and
experimental values of anisotropy at a constant temperature T¼
30 �C. Weak dependence of predicted anisotropy with
increasing pressure is due to a weak dependence of viscosity of
solvent with pressure. In contrast to temperature dependence
(Fig. 5A), where the predicted and experimental values are
similar, the pressure dependence of experimental values of
anisotropy deviates a lot from the predicted anisotropy. While
the pressure dependence of the viscosity predicts a slight
increase in anisotropy with increasing pressure, the experi-
mental values of anisotropy decrease sharply with pressure.
This suggests that the observed decrease in anisotropy upon
increasing pressure cannot be attributed to viscosity changes.

However, the GFP chromophore may enjoy its own local
mobility that may not be coupled to the protein's rotation.40 In
that case, it is informative to check Perrin–Weber plot of 1/r as
a function of T/h. When the chromophore's mobility is strongly
coupled to the viscosity, 1/r is positively correlated and varies
linearly with T/h. When the probe enjoys local mobility, 1/r can
become a non-linear function of T/h (ref. 41) and an increasing
slope at large values of h (smaller values of T/h) would mean
larger local mobility.40–42 In Fig. 6, we show 1/r as a function of T/
h for four different temperatures. The viscosity h(p, T) were
calculated as described above. We nd that 1/r is non-linear
function of T/h for all the temperatures studied here, more-
over, for T ¼ 20 �C, 1/r displays a positive correlation for p #

80 MPa and negative correlation for larger pressures, resulting
in a nose-shaped curve due to the viscosity anomaly of water.43–45

For T $ 30 �C, 1/r decreases monotonically with T/h. It is
interesting to note that for low temperature (T < 30 �C), 1/r is
positively correlated with T/h up to the pressure where the
viscosity anomaly of the water disappears. Viscosity or diffusion
anomaly in water at low temperatures has been attributed to
breaking of hydrogen bonds with pressure and subsequent
saturation of disordered hydrogen bond network at higher
pressures.46,47 It is likely that H-bonding environment around
the chromophore is affected at high pressure resulting in the
changes in radiative and non-radiative decay channels.

Decrease of anisotropy with pressure can arise due to
increase in uorescence lifetime resulting from changes in the
radiative and non-radiative decay channels. Quantum yield, F,
depends on the both the radiative and non-radiative decay rates
as

F ¼ kr

kr þ knr
(12)

where kr and knr are radiative and non-radiative decay rates,
respectively. High pressure may affect both radiative and non-
radiative decay rates, and, therefore the quantum yield. If the

ratio
knr
kr

decreases, quantum yield increases. To test whether

quantum yield changes upon increase of pressure, we obtained
uorescence spectra of GFP as a function of pressure for two
different temperatures, T ¼ 20 �C and 30 �C at 488 nm excita-
tion. In Fig. 7A and B, we show the uorescence spectra of GFP
for different pressures at T ¼ 20 �C and T ¼ 30 �C, respectively.
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 Perrin–Weber plot of 1/r as a function of T/h for (A) 20 �C, (B) 30 �C, (C) 40 �C, and (D) 50 �C. The error on 1/r were estimated from the
error on r. Error bars where not visible are smaller than the symbol size.
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We nd that the uorescence intensity increases monotonically
with pressure in the entire emission wavelength range. In
Fig. 7C and D, we show the integrated uorescence intensity
Fig. 7 Fluorescence intensity as a function of wavelength for different pre
a function of pressure at (C) 20 �C, and (D) 30 �C. Dotted blue curves ar

© 2022 The Author(s). Published by the Royal Society of Chemistry
relative to the integrated uorescence intensity at p ¼ 0.1 MPa
as a function of pressure. We nd the total uorescence
intensity increases by a factor of 2 at highest pressure studied
ssures at (A) 20 �C, and (B) 30 �C. Normalized fluorescence intensity as
e guides for the eyes.

RSC Adv., 2022, 12, 8647–8655 | 8653
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here. We note that we do not measure the quantum yield
directly but an increase in the uorescence could be suggestive
of increase in quantum yield with pressure. Increase of the
quantum yield with pressure suggests that the uorophore
center of GFP experiences a change in the local scaffold of the
protein leading to uorescence enhancement akin to PIFE.48–50

Our experiments do not resolve the questions of how individual
radiative and non-radiative decay processes are affected at high
pressure.

A decrease in anisotropy at high pressures can also result
from other sources including an increase of the uorescence
lifetime of GFP due to change in refractive index. The uores-
cence lifetime of GFP decreases as the inverse of the square of
refractive index.51,52 The refractive index of the TMD buffer used
in our experiments is similar to the refractive index of pure
water due to low salt concentration (10 mM). Indeed, the
refractive index of dilute aqueous solution of salts is not much
different from pure water.53,54 Refractive index of pure water
increases with increasing pressure,55 and therefore, the uo-
rescence lifetime should decrease with pressure.51,52 However,
decrease of uorescence lifetime cannot lead to a decrease of
uorescence anisotropy with pressure.

4 Discussion

We have measured uorescence anisotropy of GFP in a wide
range of pressure (0.1–200 MPa) and temperature (10–70 �C). At
room temperature and atmospheric pressure, we nd that the
anisotropy of GFP in Tris–HCl buffer is about 0.28, which is
similar to the value of anisotropy of GFP (z0.27) in phosphate
buffer saline reported elsewhere.9 This high value of the
anisotropy of GFP is due to short uorescence lifetime (z2.5 ns)
as compared to its rotational correlation time (z10 ns).24 Our
results show that the uorescence anisotropy of the GFP
decreases with temperature at atmospheric pressure but
exhibits a maximum with temperature for P $ 20 MPa.
Furthermore, we nd that at a constant temperature, anisotropy
decreases sharply with increasing pressure. The isoanisotropic
contours in pressure–temperature plane exhibit elliptic shapes,
typical of pressure–temperature stability phase diagrams of
protein. This suggests that the anisotropy of GFP reects the
stability of protein with pressure and temperature.

A decrease in anisotropy with temperature at constant
pressure can be partly attributed to the temperature depen-
dence of the viscosity of the solvent. Experimental observation
of the decrease in anisotropy upon increasing pressure cannot
be ascribed to viscosity changes. A decrease in anisotropy at
high pressures can result from other sources including
a decrease in rotational correlation time and an increase of the
uorescence lifetime of GFP.

There is a large body of work that suggest that local envi-
ronment around the chromophore may affect its uorescence
lifetime. Variation in pH,56 viscosity,51 temperature57 and pres-
sure58 have been shown to have an effect on the uorescence
lifetime of different uorophores. Although, viscosity of the
solvent does seem to affect the uorescence lifetime, there is no
correlation between the viscosity and the uorescence lifetime
8654 | RSC Adv., 2022, 12, 8647–8655
of GFP.51 Dependence of uorescence lifetime on refractive
index of the solvent has been investigated by Suhling et al.59

These authors nd that the inverse of the uorescence lifetime
scales linearly with square of the refractive index for GFP52,59,60

and enhanced cyan and yellow uorescent protein.61 At a given
temperature, the refractive index of water increases with
increasing pressure.62 However, these changes in refractive
index would only lead to decrease in uorescence lifetime.

To this end, we also note that Mauring et al.57 observed
uorescence enhancement of the blue uorescent protein (BFP)
with hydrostatic pressure. The coupling of BFP chromophore
with the rest of the protein is different as compared to GFP
because of the His66 substitution, which leads to smaller
number of hydrogen bonds.63–65 Due to smaller number of
hydrogen bonds, the uorescence lifetime and the quantum
yield of BFP is much smaller compared to GFP. They nd that
the uorescence quantum yield increases with pressure without
a change in the shape of emission spectra, results very similar to
our results for GFP. They further attribute the increase in
uorescence quantum yield with pressure to the inhibition of
fast quenching processes due to stabilization of hydrogen bond
between the chromophore and the rest of the protein. We expect
that the decrease in anisotropy may reect the effect of pressure
on the radiative and non-radiative decay processes arising due
to pressure–temperature effect on the H-bonding environment
around the chromophore. Our current experimental setup does
not allow us to perform time-resolved experiments, which on
the other hand, would have been an ideal way to resolve these
issues, and should be explored in future.
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