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Advances in ultra-fast photonics have enabled monitoring of biochemical interactions on a sub nano-
second time scale. In addition, picosecond dynamics of intermolecular energy transfer in fluorescent
proteins has been observed. Here, we present the development of a genetically encoded fluorescent
sensor that can detect changes in hydrophobicity by monitoring ultrafast fluorescence depolarisation.
Our sensor is composed of a pair of dimeric enhanced green fluorescent proteins (dEGFPs) linked by a
flexible amino-acid linker. We show dimerisation is perturbed by the addition of glycerol which
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interferes with the hydrophobic interaction of the two proteins. Time-resolved fluorescence anisotropy
revealed a systematic attenuation of ultrafast fluorescence depolarisation when the sensor was exposed
to increasing glycerol concentrations. This suggests that as hydrophobicity increases, dEGFP pairing
decreases within a tandem dimer. Un-pairing of the protein fluorophores dramatically alters the rate of
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Introduction

Hydrophobicity is a term used to describe the tendency of
nonpolar groups or molecules to avoid water. It is well known
that hydrophobic interactions play a prominent role as a general
driving force in many biological processes, such as protein
folding,”> membrane formation,> membrane targeting, and
enzyme catalysis.” Furthermore, studies have shown that hydro-
phobic interactions can facilitate the formation of membrane-less
subcellular compartments in eukaryotic cells, which are formed
by the condensation of protein and other biomolecules into liquid
droplets, referred to as biomolecular condensates.*” The for-
mation of biomolecular condensates is implicated in a wide range
of cellular functions and processes including organisation of
subcellular compartments, RNA metabolism, signalling to gene
regulation.®” Despite of the importance of understanding the
hydrophobic interactions in the biological systems, a few fluor-
escent dyes have been designed and used for monitoring

“ Leverhulme Quantum Biology Doctoral Training Centre, University of Surrey,
Guildford GU2 7XH, UK. E-mail: youngchan.kim@surrey.ac.uk

b Department of Microbial Sciences, School of Biosciences, University of Surrey,
Guilford GU2 7XH, UK

¢ Laboratory of Biophotonics and Quantum Biology, NIAAA, NIH, Bethesda, USA.
E-mail: stevevog@mail.nih.gov

4 Advanced Technology Institute, University of Surrey, Guildford, GU2 7XH, UK

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3cp01765f

19532 | Phys. Chem. Chem. Phys., 2023, 25, 19532-19539

energy transfer between the proteins, resulting in an increase in the limiting anisotropy of the sensor.

hydrophobic interactions in living cells.**° Thus, there is pro-
found interest in developing hydrophobic environment sensitive
probes to monitor with temporal and spatial resolution in
living cells.

Since the discovery and isolation of green fluorescent protein
(GFP) from Aequorea Victoria,"* fluorescent proteins (FPs) have
become a powerful tool for building genetically encoded fluor-
escent probes. The popularity of GFP and GFP-like FPs stem
from its simple structure and its auto-catalytic fluorophore
formation.'> GFP is encoded by a single gene that results in a
polypeptide chain containing 238 amino acids (aa). Once trans-
lated, protein maturation takes place, where the polypeptide
chain folds into a structure known as a B-barrel containing 11
B-sheets and at the centre a chromophore autocatalytically formed
from 3 aa held in place by 2 alpha-helixes'® as shown in Fig. 1a.
GFP has been readily modified, to generate new fluorescent
proteins with optimized photo-physical characteristics generating
a wide toolbox of genetically encoded fluorophores.'* It is note-
worthy that alanine 206, leucine 221 and phenylalanine 223 play
an important role in supporting GFP dimerisation due to the
hydrophobic side chain patches they form on the surface of the
B-barrel.’>'® The centre-to-centre distance separating the chromo-
phores in an EGFP dimer is about 2.7 nm (Fig. 1b). A monomeric
EGFP can be engineered by mutating alanine 206 (A206) to a
positively charged lysine (K206, a.k.a. mEGFP).'®

Time-resolved fluorescence anisotropy (TRFA) is used to mea-
sure changes in the polarisation (orientation) of a fluorophore’s
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Fig. 1 The structure of EGFP dimers. (a) An illustrated depiction of the structure of a pair of dEGFP molecules based on its crystal structure (PDB: 4N3D)
is shown. Each dEGFP chromophore is depicted as green spheres while alanine 206 involved in dimerisation is depicted in yellow. a-helixes are depicted
in cyan while B-barrel is depicted in red and molecular loops in magenta. Grey bubbles were added to the crystal structure to depict a possible
conformation of the 33 amino acid flexible molecular linker used to support dimerisation. (b) A cut-away image of a dEGFP dimer revealing the separation
between the two chromophores. The dashed yellow line (16.9 A) depicts the nearest distance while the dashed blue line (26.8 A) illustrates the centre-to-

centre distance between the chromophores.

fluorescence emission over time."” The technique involves exciting
a sample with linearly polarized light and detecting its fluorescence
emission through linear polarisers oriented either parallel or
perpendicular to the orientation of the excitation light polarisation.
The rate at which the fluorescence depolarises is related to the
rotational dynamics of the emitting molecule. Thus, TRFA is used
in various biological studies such as protein-protein interactions
and protein folding.'® TRFA can also be used to measure the rate of
energy transfer between spectrally identical fluorophores. The
limiting anisotropy is the maximum anisotropy value after excita-
tion prior to any molecular rotation. Changes in the limiting
anisotropy can indicate changes in the ultrafast dynamics of energy
transfer between fluorophores that are faster than the instrument
response function (IRF) of the anisotropy system."®

Here, using TRFA, we demonstrate that ultrafast fluorescence
depolarisation of dEGFP tandem dimers (TDs) is sensitive to the
hydrophobic environment. The ultrafast fluorescence depolar-
isation manifests as an instantaneously drop in limiting aniso-
tropy. Ultrafast here is defined as faster than the IRF of our TRFA
system, 84 ps (see Fig. S1, ESIf). We perform TRFA measure-
ments of dEGFP-TDs under various glycerol-water mixtures.
Our results show a systematic change in ultrafast fluorescence
depolarisation in response to hydrophobicity of the environment.
We used mEGFP under the same hydrophobicity conditions as a
negative control.

Methods and materials
Plasmid assemblies

The Monomeric version of EGFP (mEGFP) was expressed from
PRSET his-EGFP which was a gift from Jeanne Stachowiak
(Addgene plasmid #113551; https://n2t.net/addgene:113551;
RRID: Addgene_113551). The EGFP-33-EGFP (dEGFP,06-TD)
assembly was constructed from the Venusse-TD'® which
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contained a 33 flexible amino acid linker (SGLRSENLYFQG-
PREFCRYPAQWRPLESRPRTT) which restricted the distance
between fluorescent protein barrels while allowing B-barrels
to rotate and dimerise. Individual Venus,,ps Sequences were
replaced by EGFPa,0s by In-Fusion®™ Snap Assembly fusion
(Takara Bio, USA) using the following primers:

For the vector:

e EGFP1_Iffor: CTACCGGTCGCCACCATGGTGAGCAAGGGC-
GAGGAG

e EGFP1_Ifrev: AGATCTGAGTCCGGACTTGTACAGCTCGTC-
CATGC

e EGFP2_Iffor: AGACCGCGGACCACCATGGTGAGCAAGGGC-
GAGGAG

e EGFP2_Ifrev: GAATTAAACGGGCCCTTACTTGTACAGCTC-
GTCCATGC

For the inserts

e TDFP1VecIFfor: TCCGGACTCAGATCTGAGAACC

e TDFP1VeclFrev: GGTGGCGACCGGTAGCAATTCC

e TDFP2VecIFfor: GGGCCCGTTTAATTCGAAGCTTG

e TDFP2VecIFrev: GGTGGTCCGCGGTCTAGACTCG

Proper assembly was confirmed by sequencing.

Sample preparation

For expression, the plasmids were transformed into E. coli BL21
(DE3). Single colonies were used to inoculate an overnight
15 ml culture of LB (100 pg ml~* ampicillin or 150 pg ml*
kanamycin). Protein production was then induced by addition
of IPTG to 1 mM and incubated for 16 h at 30 °C 250 rpm. The
bacteria were harvested by centrifugation at 4000 rpm and
frozen at —80 °C.

The cell pellet was then resuspended in lysis buffer (BugBus-
ter™ Protein Extraction Reagent, Sigma-Aldrich). Purification
of His6-tagged fluorescent proteins was performed by Ni-NTA
spin column under native conditions as described by the manu-
facturer (Qiagen). Purified protein was eluted with 500 mM
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imidazole, the elution buffer was exchanged to PBS and con-
centrated with Amicon Ultra Centrifugal filters (Millipore
Ultracel-10 K) with a 10 kDa cut off. Concentrated samples in
PBS were stored at 4 °C before use resulting in different
amounts of stock solution. The Purified protein concentration
was calculated using Beer-Lambert law:*°

A=¢lC

(RY)

where A is the absorbance at the excitation maximum, ¢ is the
extinction coefficient in (M~* cm™), [ is the pathlength in cm
and C is the Molar concentration. Sodium dodecyl-sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis was
performed to validate fluorescent proteins monomers and tan-
dem dimer contained 1 and 2 FPs respectively. For the measure-
ments, the stock was diluted to 1 uM in PBS or a mixture of PBS
and glycerol, measurements were taken at room temperature.

Glycerol is a simple triol and a polar molecule that can
interact with both hydrophobic and hydrophilic amino acids.
Vagenenende et al.>' have indicated that the addition of glycerol
in aqueous solution is capable of preventing protein aggregation
by stabilising protein aggregation-prone motifs through prefer-
ential interactions of amphiphilic orientation of glycerol and
hydrophobic surfaces on protein structure. Therefore, we antici-
pate that glycerol can alter hydrophobic interactions between
hydrophobic patches on the surfaces of protein structures.

The average distance between mEGFPs at 1 pM is equivalent
to 55 nm:

0.55
=== ([2)
Ve
where D is the average separation between fluorophores in
solution (in nanometres), and C is the molar concentration.>”

Steady-state spectra

Steady-state absorption spectra (1 nm resolution) were obtained
using an Agilent Cary 60 spectrophotometer (Agilent Technologies,
USA) with a 1 cm pathlength quartz cuvette. Measurements were
taken from 350 nm to 600 nm in 1 nm steps at a concentration
of 5 uM. Emission spectra were obtained at 1 pM with a spectro-
fluorometer (FluoTime 300, Picoquant, Berlin, Germany). The
emission spectra were measured between 450-650 nm with a
1 nm step after 440 £+ 5 nm excitation.

Time-correlated single photon counting (TCSPC)
measurements

Fluorescence emission was recorded within 509 + 5 nm using a
TCSPC system (FluoTime 300, PicoQuant, Berlin, Germany).
A picosecond laser diode head operating at a repetition rate of
16 MHz and a wavelength of 444 + 5 nm (LDH-P-C-440,
Picoquant) was employed for one-photon excitation. For TRFA
measurements, fluorescence decay for the parallel and perpen-
dicular components were subsequently recorded within 509 +
5 nm using the TCSPC system that is equipped with a single
photon detector (PMA Hybrid 07, Picoquant) coupled with a
single photon counter (PicoHarp 300, Picoquant). TRFA. r(¢),
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was calculated using the following equation:**

1) —g - 1(1),

() = 1(0,+2-¢ - 1(1),

(&)

where I(t); and I(¢) , are fluorescence intensity of parallel and
perpendicular polarisation components, and g is the instrument
correction factor which, for our system, had a value of 0.75 as
determined by calibration using fluorescein tail fitting. Fluores-
cence depolarisation of monomeric fluorescent proteins is domi-
nated by the slow molecular rotation resulting in mono-
exponential decay as the following equation:

A x exp{i_ (xo__l *) }

where A is the amplitude, x is time, and o; represents the
rotational correlation time. In tandem dimers the anisotropy
decay behaves as a double exponential decay curve (eqn (5))
because, in addition to molecular rotation, a fast depolarisation
associated with homo-FRET within dimers must be considered.

Ay % CXP{M} + Ay % exp{w}

[ (]

(14D

(31

where ¢, and o, represent the decay constants for rotational
correlation time and homo-FRET, respectively."®

Refractive index measurements

The refractive index of PBS/glycerol range was measured using
a digital hand-held pocket refractometer (PAL-RI, Atago, Tokyo,
Japan). A 300 pl of sample was pipetted onto the refractometer
to measure its refractive index (Table 1).

Data analysis

IGOR Pro version 9.0 software was used to process and fit TCSPC
and TRFA. To process, calculate means, standard deviation (SD),
and analysis of variance were performed using GraphPad Prism
version 9.3.1 for Windows, GraphPad Software, San Diego,
California USA. Note, a reported SD value of 0.00 indicates an
error smaller than 0.005. Here, the SD was calculated as the
square root of variance by determining each sample data devia-
tion relative to the sample mean. The PyMOL Molecular Gra-
phics System, Version 2.0 Schrodinger, LLC. was used to
represent crystal structures for cartoon representations.

Table 1 Lifetime of mEGFP and dEGFP-TD in a range of glycerol
concentrations

% glycerol Refractive mEGFP 1 dEGFP-TD

in PBS index (n) £ SD (ns) + SD 7 (ns) £ SD
0% 1.33 £ 0.01 2.64 £ 0.00 2.61 £ 0.00
10% 1.35 £ 0.01 2.51 + 0.00 2.54 £ 0.00
25% 1.37 £ 0.01 2.38 £ 0.00 2.43 £ 0.00
50% 1.41 £+ 0.01 2.21 + 0.00 2.22 £ 0.00
75% 1.45 + 0.01 2.06 + 0.00 2.04 £ 0.00

This journal is © the Owner Societies 2023
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Results

We first investigated the effect of glycerol on the steady state
spectra of mEGFP and dEGFP-TD. For the absorption spectra
1.5 ml of 5 pM solutions after degassing in quartz cuvettes were
scanned between 350 nm and 550 nm. Note that mEGFP and
dEGFP are almost identical structurally. The absorption spectra
of mEGFP (Fig. 2a, dashed lines) and dEGFP-TD (Fig. 2b, dashed
lines) show an absorption maximum at 490 nm as per literature.
We observed that the absorption spectra at around 400 nm was
affected by increasing glycerol concentration. This result is
consistent with the excitation spectra in Fig. S5 (ESIT). The peaks
of the absorption spectra had virtually no difference between
mEGFP and dEGFP-TD. The fluorescence emission spectrum of
2 ml of a 1 pM sample in quartz cuvettes was obtained resulting
in virtually indistinguishable spectres, glycerol concentration
had no effect on the spectral shape. The emission spectra of
mEGFP (Fig. 2b, solid lines) and dEGFP-TD (Fig. 2b, solid lines)
show a fluorescence maximum located at 510 nm.

The fluorescence lifetime was obtained by time-correlated
single photon counting (TCSPC) measurements for both samples
at different glycerol concentrations. Since glycerol and our buffer
have different refractive indices, this experiment allowed us to
study the effect of refractive index on fluorescence lifetime. Fig. 3
shows similar lifetime decay curves for both samples that can be
described by a single mono-exponential decay curve with a time
constant of 2.64 ns and 2.61 ns for mEGFP and dEGFP-TD
respectively at 0% glycerol. Both assemblies showed a similar
lifetime decrease (Table 1) which is inversely proportional to the
refractive index as previous seen in the literature® reaching a
2.06 (mEGFP) and 2.04 ns (dEGFP-TD) time constant at 75%
glycerol in Phosphate Buffered Saline (PBS) buffer.

We employed TRFA to measure the rotational correlation
time and energy transfer dynamics of mEGFP and dEGFP-TD.
mEGFP anisotropy decays were well fit using a single exponential
decay model while dEGFP-TD decays were best fit using a
double exponential model. These models assume that indivi-
dual molecules in these populations are arranged in a random
and isotropic orientation. All mEGFP anisotropy decay curves
(Fig. 4a) present a single mono-exponential decay, indicating
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that a single component is responsible for the fluorescence
depolarization. This depolarisation is thought to be due to
molecular rotation. Further details about the rotational correlation
time of GFP and its biological applications can be found
elsewhere.?*® Table 2 shows the fit results indicating a mole-
cular rotational correlation time of ~16 ns in PBS which is in
good agreement with the literature.”® As expected, the molecu-
lar rotational correlation time increases with an increase of the
glycerol content as the viscosity of glycerol hinders molecular
rotation, which is in good agreement with the literature.*
However, given that the average mEGFP fluorescence lifetime
(~2.6 ns, Fig. 3) is shorter than the rotational correlation time
and further slowing down its rotational correlation time as
expected for a high viscosity buffer, measuring its rotational
correlation time becomes more challenging. Such limitation
will also be present when characterising a rotational correlation
time of the dEGFP-TD in a highly viscous environment.

The dEGFP-TD (Fig. 4b) were best fit using a double expo-
nential decay model which accounted for a fast secondary
depolarisation component, presumably resulted from homo-
FRET. Our model assumes that the rotational correlation time
of the dEGFP in the excited state is considerably slower than
the radiative and nonradiative de-excitation rates, therefore the
double exponential decay model accounts for both a slow
Brownian rotational motion and a faster homo-FRET. In PBS
we obtain an increased rotational for dEGFP-TD correlation time
(~23 ns) compared to the monomer. In a dimer two fluorescent
proteins are bound to each other resulting in a bigger structure.
The slower rotation is observed up to 25% glycerol after which
our results show high uncertainty (i.e., standard deviation) with
rotational correlation times that overlap those obtained for the
monomer (Table 2).

Overall, the rotational correlation time for both mEGFP and
dEGFP-TD increased as the glycerol concentration increased.
However, at the same time, the error values in rotational
correlation times analysed by exponential curve fitting also
increases casting doubt on the accuracy in analysing rotational
correlation times from anisotropy decay curves in a viscous
environment. The homo-FRET component in the dEGFP-TD is
similar amongst the glycerol concentrations at ~1 ns time
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Fig. 2 The steady-state absorption and emission spectra. Absorption (dotted lines) and emission spectra (solid lines) of (a) mEGFP and (b) dEGFP-TD in
PBS at a range of glycerol concentrations. Each absorption and emission curve corresponds to the glycerol concentration of 0% (blue), 10% (red), 25%
(green), 50% (purple), and 75% (orange), respectively. The emission spectra were obtained from 450 nm to 600 nm using 440 nm excitation.
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Fig. 3 Normalised fluorescence decay curves of 1 uM mEGFP (a) and dEGFP-TD (b) in PBS in a range of glycerol concentrations (blue 0%, red 10%, Green
25%, purple 50%, and orange 75%). Excitation was achieved at 444 4+ 5 nm with a 16 ps temporal step. The fluorescence emission was detected within
509 + 5 nm. Each decay curve represents the average of 9 fluorescence decay curves from three preparations, each with three technical replicates.
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Fig. 4 Anisotropy decay curves. Anisotropy decay curves of 1 uM mEGFP (a) and dEGFP-TD (b) in PBS in a range of glycerol concentrations (blue 0%, red
10%, green 25%, purple 50% and orange 75%). Each decay curve represents the average of 9 anisotropy curves from three preparations, each with three

technical replicates.

Table2 The measured anisotropy amplitude A and time constant ¢ from a single-exponential for mEGFP and a double-exponential decay fit for dEGFP-

TD. The glycerol percentages are given by volume

mEGFP dEGFP-TD
% glycerol in PBS A, £ SD o, (ns) = SD A, £ SD A, £ SD g, (ns) £ SD g, (ns) £ SD
0% 0.36 £ 0.00 15.92 £ 0.06 0.26 £ 0.02 0.03 £ 0.01 22.70 £ 2.36 1.31 £ 0.21
10% 0.36 + 0.00 21.69 £+ 0.1 0.27 + 0.02 0.03 + 0.01 28.15 + 2.94 1.27 + 0.34
25% 0.36 £ 0.01 35.07 £ 0.28 0.29 £ 0.03 0.03 £ 0.01 44.49 + 5.54 1.24 £ 0.30
50% 0.36 £ 0.01 104.39 + 2.23 0.30 £ 0.03 0.03 £ 0.01 92.78 £ 29.63 1.30 = 0.44
75% 0.37 £ 0.01 192.89 + 7.93 0.32 £ 0.03 0.03 £ 0.02 136.51 + 62.17 0.93 £ 0.22

constant which manifests as the decay time for homo-FRET
(Table 2).

TRFA limiting anisotropy, which is the anisotropy immediately
after excitation and presumably before molecular rotation, has
been widely used to study the dimerisation of various fluorescent
proteins, including GFP.*" Limiting anisotropy can be used to
determine the extent of dimerisation of proteins. When two
proteins form a dimer, the fluorescence anisotropy of each protein
can change because of energy transfer between the two proteins.

19536 | Phys. Chem. Chem. Phys., 2023, 25,19532-19539

mEGFP had statistically identical limiting anisotropies
across all glycerol concentrations (Table S1, ESIT). The limiting
anisotropy r(0) was measured as the maximum anisotropy value
after pulse excitation. In contrast, the dEGFP-TD showed a
pronounced increase in limiting anisotropy with increased
glycerol, indicating that there is another depolarisation
dynamics happened which was faster than our instrument
response function (84 ps; Fig. S1, ESIT). These results suggest
ultrafast homo-FRET in these samples. This behaviour was
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Fig. 5 Effect of glycerol hydrophobicity on limiting anisotropy. The limiting
anisotropy from dEGFP-TD was subtracted from that of mEGFP under the
same conditions to obtain the differential limiting anisotropy.

previously observed in the yellow fluorescent protein, Venusase,
dimers and was demonstrated to be caused by ultrafast energy
transfer.>> We observe the lowest limiting anisotropy (r, = 0.30 &
0.02) in PBS 0% glycerol where the hydrophobic patch in the FP
B-barrels can presumably interact (as it does under physiological
conditions), forming dimers that can optimize Coulombic dipole-
dipole coupling. As the glycerol concentration was increased, the
limiting anisotropy also increased which is attributed to B-barrel
hydrophobic interactions weakening. Making use of this beha-
viour we were able to calculate the differential limiting anisotropy
(Fig. 5) which allowed for the study the environmental hydro-
phobicity (Glycerol %) effect on the dEGFP-TD ultrafast dynamic
behaviour.

Discussion

Fluorescence depolarisation that can be accounted for as a drop
in the limiting anisotropy or a decrease in the time-resolved
anisotropy is typically caused by instrumental factors, molecular
rotation, and energy transfer dynamics."” For fluorescence aniso-
tropy decays of fluorescent proteins, molecular rotation typically
manifests as a slow decay of anisotropy. Our TRFA measurements
revealed that the rotational correlation time of dEGFP-TD in PBS
(22.70 + 2.36 ns) is slower than that of mEGFP (15.92 + 0.06 ns).
This is presumably because an increased hydrodynamic volume
of dEGFP-TD hindered rotational diffusion of molecule in con-
sistent with the projected volume difference between mEGFP
and dEGFP-TD. Fluorescence correlation spectroscopy (FCS)
that can determine the fluorophore lateral diffusion coefficient
is required to carry out for further analysis about the project
volume difference.*

In Fig. 2, we observed changes in absorbance at around
400 nm for both mEGFP and dEGFP-TD as the glycerol concen-
tration increased. This result is inconsistent with the measured

This journal is © the Owner Societies 2023
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excitation spectra of mEGFP and dEGFP-TD, shown in Fig. S5
(ESIT). This peak is attributed to an increase of the neutral
(protonated) chromophores states.>*> These results suggest
that the dEGFP-TD has a higher proportion of neutral chromo-
phore than the mEGFP. We speculate that the absorbance
decrease of the neutral chromophore is caused by the change
of solvent polarity as described for wild-type GFP in ref. 36
However, the main absorption across all concentrations came
from the anionic chromophore with an absorption maximum
at 490 nm. As excitation was achieved with a 440 nm wave-
length, we can assume that we were primarily exciting the
anionic chromophore. This is reflected in the fluorescence
emission spectra as shown in Fig. 2, both constructs showed
indistinguishable emission spectra.

Fig. 3 shows the effect of the refractive index on the fluores-
cence lifetime. It was experimentally observed that the average
mEGFP and dEGFP-TD fluorescence lifetime data in solution were
found to be inversely proportional to the square of the refractive
index. This effect on refractive index is in good agreement with
the theoretical prediction of the radiative lifetime estimated from
the Stricker-Berg formula®” and the previous study.>® This result
leads us to conclude that dimerisation state does not affect the
emission spectra nor the average time the fluorophore remains in
its excited state (i.e. fluorescence lifetime).

The most prominent photophysical differences between the
mEGFP and dEGFP-TD appeared when we looked at the TRFA
decay curves. While the only changes observed for the mEGFP
with increasing glycerol concentration was a longer rotational
correlation time as previously observed in the literature,*® in
contrast the dEGFP-TD displayed three unique depolarisation
dynamics: (1) an ultrafast drop (faster than our IRF), (2) a fast
Homo-FRET decay component (with a ~1 ns decay constant),
and (3) a much slower depolarisation decay component due to
molecular rotation (Fig. 4). The ultrafast fluorescence depolar-
isation dynamics observed in the dEGFP-TD manifested as an
instantaneous drop in the limiting anisotropy as shown in
Fig. 4b because the dynamics of energy transfer between the
dEGFP fluorophores was faster than the IRF of our TCSPC
system, 84 ps. It is important to note that the drop in the
limiting anisotropy decreased with increasing glycerol concen-
tration, whose amplitude is inversely proportional to the frac-
tion of dEGFP molecules that are dimerised in tandem dimers
in the population. A 2.2 ps anisotropy decay time constant
(corresponding to a 4.4 ps energy transfer time constant) in
enhanced yellow fluorescent protein (EYFP) dimers was mea-
sured by Jung et al.>*> Because the crystal structure of dEGFP is
almost identical with that of EYFP, we assume that this value
applies to dEGFP-TD. In addition, recent studies have shown
that coherent excitonic coupling between two chromophores in a
homodimer of the yellow fluorescent protein, Venus, is possible
at room temperature.'®>® Thus, we speculate that energy transfer
between dEGFP fluorophores in tandem dimers occurs via both
homo-FRET and excitonic coupling.

To understand these results, we need to consider the physical
properties of glycerol and how it can affect time-resolved aniso-
tropy measurements. Glycerol is a simple triol compound, that
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when added to water (or in our case PBS) can influence three
physical properties of our buffer, refractive index, viscosity and
hydrophobicity. The refractive index of an optical media is a
dimensionless quantity that indicates the medium’s capacity to
bend light. The refractive index describes how much light is
bent, or refracted, as it enters a material at an angle. Since a
fluorophore’s fluorescence lifetime, as well as energy transfer
mechanisms, can both be modulated by the refractive index of
the environment, changes in refractive index might alter time-
resolved anisotropy decays of monomeric fluorescent protein as
well as for a tandem dimer that can homo-FRET. Viscosity is a
measure of the internal friction in a fluid, therefore an increase
in viscosity should attenuate the rate of molecular rotation.
Thus, changes in viscosity are expected to alter the anisotropy
decays of both mEGFP and dEGFP-TD. Hydrophobicity is a
measure of the polarity of the solvent and its ability to form
hydrogen bonds with polar components. Since glycerol is less
polar than water, increasing concentrations of glycerol should
reduce the probability of hydrophobic binding interactions
between fluorescent proteins. Vis-a-vis changes in hydrophobi-
city, we expect the addition of glycerol to have little effect on
mEGFP but might disturb the binding of dEGFP molecules in
the dEGFP-TD.

Overall, the effect of glycerol addition on mEGFP resulted in
a decrease in lifetime, increase in rotational correlation time
whilst the limiting anisotropy remained the same. The decrease
in fluorescence lifetime is due to the increase in refractive index
as explained in the literature.>*”° The increase in rotational
correlation time is affected by the viscosity of the medium as a
higher internal friction of glycerol hinders the movement of the
molecules. However, it was observed that the limiting anisotropy
in mEGFP is insensitive to increasing glycerol concentrations.

When we compare the anisotropy decay of mEGFP with that
of dEGFP-TD, a similar behaviour in fluorescence lifetime
dependency and an increase in rotational correlation time were
observed (Fig. 3(a) and Fig. S3, ESIt). However, unlike mEGFP,
the limiting anisotropy in the dEGFP-TDs increases in response
to an increase of glycerol concentration. The difference in limit-
ing anisotropy between mEGFP and dEGFP-TD at 0% glycerol is
attributed to ultrafast fluorescence depolarisation dynamics in
the dEGFP-TDs occuring faster than the IRF of our TRFA system.
We hypothesize that the decrease in polarity (increase in hydro-
phobicity) caused by addition of glycerol disrupts the dEGFP-TD
hydrophobic patch, the ultrafast dynamics start disappearing,
the subunits start behaving as monomers leading to an increase
limiting anisotropy and approaches the limiting anisotropy of
the monomers.

We note that despite the experimental similarity (444 vs.
467 nm excitation) our results for the dEGFP-TD shows noticeable
differences compared to the results by Teijeiro-Gonzalez et al.*°
where they used TRFA to study EGFP-TD. They studied the effect
of increasing glycerol concentration such that the rotational
correlation time and Homo-FRET decay were obtained but a
limiting anisotropy drop was not present. There are two possible
explanations for these results: (1) the 15 aa linker they used in
their study is too short to support antiparallel dimerisation or (2)
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they used mEGFP for the construction of their TD. It is likely that
the latter is more plausible as it would also explain why they
observed similar rotational correlation time for the EGFP-TD and
the mEGFP at low glycerol concentrations. This suggests that they
might have been measuring the rotation of each monomer in
their TD system and would explain their configurational illustra-
tion and TD molecular dynamics.

In this study we proposed and demonstrated a new sensing
method based on ultrafast fluorescence depolarisation resulted
from changes in ultrafast energy transfer dynamics within the
dEGFP-TD as a function of environment hydrophobicity.

Conclusion

We have studied ultrafast energy transfer and homo-FRET of
the dEGFP-TDs using a 33 amino acid flexible linker that
ensures proper antiparallel dimerisation. The steady-state
absorption and emission spectra of the mEGFP and dEGFP-TD
showed that their ground and excited state energy levels do not
change depending on the environment. Using TCSPC measure-
ments, we observed the lifetime refractive index dependency
in the mEGFP and dEGFP-TD. TRFA was used to characterise
the 1 ns homo-FRET decay for the dEGFP-TD and showed an
ultrafast fluorescence depolarisation. The use of glycerol to
disrupt this process allows for the first use of ultrafast energy
transfer dynamics to probe hydrophobicity of the environment.
We envisage that genetic encoding of our hydrophobic environ-
ment sensitive probes can be used as a quantitative means of
studying the dynamics and formation of biomolecular conden-
sates, which play an important role in diverse cellular processes.®
Because our experimental results were limited by the IRF of
our anisotropy system (84 ps), transient absorption spectroscopy
and fluorescence upconversion spectroscopy techniques
with a sub-100 fs time resolution are required to investigate
further details on the chromophore collective vibrations and
the oligomerisation behaviour of the EGFP*>* that might be
responsible for such ultrafast fluorescence depolarisation in the
dEGEP-TD.
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