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ABSTRACT Förster resonance energy transfer (FRET) is a powerful tool to investigate the interaction between proteins in
living cells. Fluorescence proteins, such as the green fluorescent protein (GFP) and its derivatives, are co-expressed in cells
linked to proteins of interest. Time-resolved fluorescence anisotropy is a popular tool to study homo-FRET of fluorescent proteins
as an indicator of dimerisation, where its signature consists of a very short component at the beginning of the anisotropy decay.
In this work we present an approach to study GFP homo-FRET via combination of time-resolved fluorescence anisotropy, the
stretched exponential decay model and molecular dynamics (MD) simulations. We characterise a new FRET standard formed by
two enhanced GFPs (eGFPs) and a flexible linker of 15 aminoacids (eGFP15eGFP) with this protocol, which is validated by
using an eGFP monomer as a reference. An excellent agreement is found between the FRET efficiency calculated from the
fit of the eGFP15eGFP fluorescence anisotropy decays with a stretched exponential decay model (〈�4G?

�'�)
〉 = 0.25 ± 0.05)

and those calculated from the MD simulations (〈�"�
�'�)

〉 = 0.18 ± 0.14). The relative dipole orientation between the GFPs is
best described by the orientational-factors 〈^2〉 = 0.17 ± 0.16 and 〈|^ |〉 = 0.35 ± 0.20, contextualised within a static framework,
where the linker hinders the free rotation of the fluorophores and excludes certain configurations. The combination of time and
polarisation-resolved fluorescence spectroscopy with molecular dynamics simulations is shown to be a powerful tool for the
study and interpretation of homo-FRET.

SIGNIFICANCE A new FRET standard based on a GFP dimer is described, useful for reference when investigating
homo-FRET in cells, e.g. when studying protein dimerisation, or when using homo-FRET based biosensors. Since FRET
depends on the donor and acceptor fluorophore separation and orientation, its heterogeneity for the GFP dimer may yield
a multi-exponential time-resolved fluorescence anisotropy decay. For this reason, we explore the stretched exponential
decay model to interpret time-resolved fluorescence anisotropy decay data. With it and the support of molecular dynamics
simulations, we are able to calculate the distribution of orientation factor ^ (and ^2) and the range of distances of the two
GFP fluorophores, crucial for accurately processing the experimental data.

INTRODUCTION
The green fluorescent protein (GFP) was first extracted and purified from the jellyfish Aequorea victoria, whose discovery and
development led to the Chemistry Nobel Prize in 2008(1). X-ray crystallography studies revealed that GFP (27 kDa, made
of 238 aminoacids) is a barrel-shaped protein, with a length of 4.2 nm and diameter of 2.4 nm(2, 3). The fluorophore of the
protein lies at the centre of the structure, where 4 aminoacids are responsible for the fluorescence emission. The complex
photophysics of this protein and its variants have been widely studied, and protonated and deprotonated absorption bands
have been identified(4–8). Nowadays, this protein and its genetically encoded variants are extensively used in many biological
applications, e.g. fluorescence microscopy to image cells, monitor gene expression, act as sensors for calcium, copper or other
ions, locate proteins, study their interactions and describe their dynamics(9, 10).

The fluorescence decay of GFP is sensitive to the refractive index of its environment(11), which can be exploited in
fluorescence lifetime imaging (FLIM) to map environmental changes associated with the refractive index such as protein
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concentration.(12, 13) The combination of GFP and its spectral variants in donor and acceptor pairs for Förster Resonance
Energy Transfer (FRET) allows the detection of protein interaction(14) via the donor’s fluorescence decay. In addition,
biosensors have been designed according to this principle: For example, in the calmodulin calcium sensor cameleon, Ca2+ ions
bind to the structure and induce a conformational change which is identified via FRET between a cyan and yellow fluorescent
protein(15, 16).

Polarisation-resolved fluorescence lifetime measurements allow time-resolved fluorescence anisotropy studies. In fluo-
rescence anisotropy studies, the rotational mobility of the fluorophore is described by the rotational correlation time, which
accounts for the time it takes the fluorophore to rotate by 1 radian(17). This property is sensitive to viscosity(18), which can be
imaged via time-resolved fluorescence anisotropy imaging (tr-FAIM).(19)

Due to its small Stokes shift and significant overlap of absorption and emission spectra, GFP is an ideal candidate for
homo-FRET, an energy transfer phenomenon where donor and acceptor are identical. The GFP Förster distance '0, i.e. the
distance at which the FRET efficiency is 50%, was reported as 4.65 nm ± 0.09 nm(20). Moreover, due to GFP’s large volume,
its Brownian rotational diffusion is slow compared to its excited state lifetime, and it is clearly distinguishable from fast FRET.
In addition, a GFP fluorescence quantum yield of 0.6 and peak extinction coefficient of 55,900 M−1 cm−1 (1, 10) make GFP
and its derivatives highly suitable for homo-FRET studies - much more so than small organic dyes, as their fast rotational
Brownian motion in fluid environments obscures homo-FRET. When FRET occurs among identical proteins in homo-FRET
pairs, the transfer of non-radiative energy of one protein to the other is a reversible process. The transfer rate constants in both
directions are identical if the fluorophores are in the same environment. This leads to no change in the overall emission spectrum
and fluorescence lifetime(17), which is the reason why FLIM cannot be employed to study homo-FRET for GFP. Conversely,
time-resolved fluorescence anisotropy can detect FRET between identical fluorescent proteins. In fact, this technique has
been used in living cells to study the effect of protein dimerisation and aggregation on the cell functioning(19, 21–23). While
oligomerisation in the biological milieu may involve a mixture of monomers and dimers as well as higher order oligomers, at
various distances and orientations, and does not typically involve a covalent linker, the short FRET component in the anisotropy
decay is a qualitative tell-tale sign of the occurrence of oligomerisation. The advantage of this approach is that it can be
established with a single type of fluorescence label, emitting in a single well-defined spectral region, and no two-colour labelling
for hetero-FRET is needed.

Several hetero-FRET constructs - where donor and acceptor are not identical - have been described and established as
FRET standards (24, 25). Unlike homo-FRET, hetero-FRET is an irreversible transfer of excited state energy from the donor to
the acceptor. Since it represents a de-excitation pathway for the donor, it shortens the donor decay, and it can thus be studied
by observing the fluorescence decay of the donor. This is best done via time-correlated single photon counting (TCSPC), as
this approach provides the lowest experimental uncertainty in the FRET efficiency (26). For example, Matthews et al. (24)
investigated the fluorescence lifetime of dimers of eGFP and the monomeric red fluorescent protein 1 (mRFP1) with different
linker-lengths, where eGFP and mRFP1 were donor and acceptor, respectively. They proved that when the linker length was
shorter, FRET between proteins increased, yielding a decrease of the donor fluorescence lifetime and acceptor anisotropy(24).
Likewise, in the work by Koushik et al., Cerulean, Venus and Venus. 67� constructs were investigated using fluorescence
lifetime measurements, sensitised acceptor emission and spectral imaging: their results presented an excellent agreement(25).
The unique characterisation of these constructs enabled their introduction as FRET standards.

In order to establish FRET standards for homo-FRET studies, parameters other than the fluorescence lifetime must be
employed. One example is the combination of fluorescence polarisation and fluctuation analysis (FPFA) developed in Vogel’s
group to study homo-FRET in Venus FRET constructs(27).

Single and double exponential decay models are extensively used for the interpretation of the time-resolved fluorescence
anisotropy decays in the presence of FRET(28–30). However, due to its apparent more complicated form, very little has been
reported on the application of the stretched exponential decay model as a FRET indicator(31, 32). Here, we present a new
anisotropy FRET standard formed by two eGFPs tethered by a linker of 15 aminoacids (eGFP15eGFP), and describe a new
protocol based on the combination of the stretched exponential decay model and molecular dynamics (MD) simulations as a
tool to study homo-FRET.

MATERIALS AND METHODS
Sample preparation
eGFP is a mutant of the wild-type GFP, with mutations of serine to threonine at position 65 (S65T) and phenylalanine to leucine
at position 64 (P64L). DNA for double eGFP with a (GGGGS)3 linker, where G refers to glycine and S to serine, was synthesised
as a double stranded DNA gBlock (Integrated DNA Technologies), and cloned into pET151 according to manufacturer’s
instructions (ThermoFisher). eGFP alone was also cloned into pET151. This vector adds an N-terminal 6xHis and V5 tag, and a
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TEV cleavage site, giving an extra 33 amino acids on the N-terminus of the protein. The constructs and mutations were verified
by sequencing (Eurofins Genomics). Both eGFP constructs were provided by the Protein Production Facility of King’s College
London. For expression, the constructs were transformed into BL21 Star (DE3) E. coli (ThermoFisher). Colonies were used to
inoculate a starter culture in Luria broth containing 100 `g/ml ampicillin, and left shaking at 37◦C for 5 hours. This was used to
inoculate 100 ml ZYP-5052 autoinduction media (33) and the culture grown at 18◦C shaking for 65 hours. The bacteria were
harvested by centrifugation at 4000 g and frozen at -80◦C. Pellets were thawed and EDTA Complete protease inhibitor tablets
added (Roche) then the E. coli were lysed using BugBuster (Merck Millipore) according to the manufacturer’s instructions. The
protein was found in the soluble fraction and was purified by passing over a 1 ml Histrap ff crude column (GE Healthcare)
using a Biorad NGC system. The column was washed with 30 column volumes of 10 mM sodium phosphate, 500 mM NaCl,
20 mM imidazole pH 7.4 and the bound protein eluted with 10 mM sodium phosphate, 500 mM NaCl, 500 mM imidazole
pH 7.4. Fractions containing proteins were then pooled and concentrated (Amicon Ultra 15, Merck Millipore), then further
purified using size exclusion chromatography. Using a Gilson HPLC system, samples were run on a Superdex 200 increase
10/300 GL column in phosphate buffered saline (PBS) at pH 7.4 (OXOID). Fractions corresponding to monomer for each
construct were pooled, and concentrated as required, resulting in different amounts of stock solution for GFP monomer and
GFP dimer. For the measurements, the concentrations [�] for monomer and dimer were [�]<>=><4A = 0.89 `M and [�]38<4A
= 0.34 `M, respectively, in 0%, 5%, 10%, 15%, 20%, 25%, 30% and 35%, 45% and 50% (v/v) glycerol in PBS solutions. This
corresponds to an average nearest neighbour distance 3 = 57 nm between the GFP monomers, and 3 = 79 =< between the
dimers, with 3 = 0.55/[�]1/3, with [�] quoted in fluorophores per volume (34, 35). With an average decay time g of 2.6 ns, the
diffusion length ;, i.e. the average distance travelled in the excited state, given by ; =

√
6�g, with � the diffusion coefficient

(���% = 0.87 × 10−10<2/B (36)) is l = 1.2 nm. This is much shorter than the nearest neighbour distance, and interaction
between the constructs is thus insignificant at the concentrations used in this work.

Steady-State Spectra
Steady-state polarisation-resolved excitation and emission spectra were obtained on a luminescence spectrometer (Perkin-Elmer
LS-5) using a 1 cm pathlength quartz cuvette. Four measurements were taken per experiment using two polarisers, one located
between the excitation source and the sample and the second between the sample and the emission detector: �++

(
_
)
, �+ �

(
_
)
,

���
(
_
)
and ��+

(
_
)
, where subscript + refers to the vertical and � to the horizontal polarisation for excitation and emission,

respectively. Measurements were taken from _4G2 = 350 nm to _4G2 = 520 nm, in 2 nm steps. Fluorescence emission was
detected at 530 nm. The data analysis was carried out as described previously, taking into account the spectral sensitivity of the
spectrometer(37). The emission spectrum was recorded on the same setup without polarisers. The excitation wavelength was
_4G2 = 450 nm. Fluorescence emission was detected from _ = 460 nm to _ = 660 nm, every 2 nm.

The absorption spectrum was obtained by using an absorption spectrometer (Hitachi U-4100 dual beam spectrometer),
with a 1 cm pathlength quartz cuvette. The absorption spectrum was recorded from 330 to 560 nm in 2 nm steps and the
solvent (buffer) absorption spectrum was subtracted. The spectral overlap � (_) between the absorption and emission spectra
was calculated via the a|e - UV-Vis-IR Spectral Software(38), where the GFP peak extinction coefficient at 488 nm, n488 =
55,900 M−1cm−1, was introduced as an input(10).

Time-resolved fluorescence anisotropy measurements
Single fluorescence decays were measured on an inverted confocal microscope (Leica TCS SP2). Excitation was provided
by a 467 nm diode laser (Hamamatsu PLP-10 470) at a repetition rate of 20 MHz with an average power in the microwatt
region. Time-resolved fluorescence anisotropy experiments were performed with two TCSPC (Time-Correlated Single Photon
Counting) cards (SPC-150 Becker & Hickl) connected to two hybrid detectors (Becker & Hickl HPM-100-40). Fluorescence
emission, passed through a 514/30 bandpass filter, was separated into two orthogonal polarisation components by a polarising
beam splitter cube (Edmund Optics) before reaching the hybrid detectors. The acquisition time was 5 minutes and the TCSPC
time resolution was 4096 bins of 12 ps each. We calculated the fluorescence anisotropy decays and also the fluorescence decays
from these measurements. In addition, the fluorescence lifetime measurements were performed without polarising beam splitter
cube and using a single detector and one TCSPC card only for solutions up to 30% glycerol. A sample volume of 250 `l was
measured in a 8-well coverslip-bottom plate (ibidi) at room temperature. The schematic of the setup is presented in Figure 1.

Refractive index measurements
The refractive index was measured using an Abbe refractometer at room temperature. A tungsten lamp (visible range) was used
and the system was calibrated with water, whose value is very well known (n = 1.336 at _ = 589 nm and T = 20◦C)(39). Three
readings were averaged per measurement.
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Figure 1: Schematic of the experimental setup. M stands for mirror, L for lens, P for pinhole, D for dichroic and PL for polariser.

Molecular dynamics simulations
The model of the GFP monomer was created from a X-ray structure solved at 0.19 nm resolution (protein data bank entry:
1GFL)(3). The internal fluorophore was taken from the eGFP protein data bank entry 2Y0G(40) and inserted in the homologous
GFP model using the software Yasara(41). To build the GFP15GFP dimer, we duplicated the monomer structure, and translated
the copy so that the two monomers were separated from each other by about 2 nm. This two-domain template was then uploaded
in the modelling server SWISS-MODEL(42–46) to build a linker of sequence GGGGSGGGGSGGGGS. The resulting structure
of this linker was characterised by a certain degree of folding due to the distance between the two monomers. Both the monomer
and the dimer were solvated with a 1.2 nm water buffer in a truncated octahedral periodically repeated supercell. Na+ ions were
added to neutralise the charge of the system, as each monomer contains 21 negative charges. Overall, the monomer system
contains 29,922 atoms while the dimer system contains 123,999 atoms. Simulations were performed with the wild-type GFP,
while the experiments were carried out using eGFP with a cleavable HIS-tag. The structure of these types of GFP is identical,
only the fluorophores are slightly different, and we do not expect the Brownian rotation of the protein to be affected by this
distinction.

The AMBER ff14sb force-field(47) was used for both the monomer and the dimer. The internal fluorophore was parametrised
with the General AMBER force field, and its partial charges were assigned according to the AM1-BCC charge scheme(48, 49).
As in previous simulation studies of fluorescence anisotropy(50), it was assumed that the ground state interaction potential
can also be representative of the excited states. The proteins were solvated in water, which has a similar viscosity to PBS,
used in the experiment. The commonly used TIP3P(51) water model was chosen. The low value of the viscosity of this water
model with respect to experiments(52, 53) was taken into account by a suitable rescaling procedure when calculating rotational
correlation times, as described in the Results section. The rotational correlation time is related to the solution viscosity via the
Stokes-Einstein-Debye relationship(17):

\ =
[+

:�)
(1)

where :� is the Boltzmann constant, ) the absolute temperature, [ the environmental viscosity and + is the volume of the
fluorophore.

Molecular dynamics simulations of the GFP monomer and dimer were carried out with AMBER 12 (PMEMD)(54). The
SHAKE algorithm was used to restrain bonds containing hydrogens, and a time step of 2 fs was used (except that for the
NPT equilibration, for which a time step of 1 fs was used), and a cutoff of 1 nm was used for the non-bonded interactions.
Long-range electrostatic interactions were evaluated with Particle Mesh Ewald. The system was first minimised by restraining
the protein with a harmonic potential of spring constant 103 kcal mol−1 nm−2 and then without any restraint. It was then heated
in the canonical (NVT) ensemble for 1 ns (0.5 ns in the case of the monomer) from 0 to 300 K by means of the weak-coupling
Berendsen algorithm with a time constant of 0.5 ps(55), keeping the protein restrained. It was equilibrated at 1 bar in an
isothermal-isobaric (NPT) ensemble for 5 ns (2 ns in the case of the monomer) by means of a Langevin thermostat with
collision frequency of 2.0 ps−1 and a Berendsen barostat with time constant of 0.5 ps. Finally, a production of 500 ns in the
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microcanonical (NVE) ensemble was carried out. The NVE ensemble was chosen as it is does not disrupt diffusion processes,
such as the the rotational diffusion we are interested in.

The fluorescence anisotropy decay can be represented by the auto-correlation function (ACF) of the normalised transition
dipole moment direction(50, 56–59), which is defined as a single unit vector for each fluorophore. There is one for the monomer,
and two for the dimer(50); in the latter case the anisotropy is calculated as the average of the anisotropies of each of the two
monomers.

The fluorescence anisotropy decay of a rotating unit is given by the following expression:

A (C) = 2
5

〈
3( ®̀(C0) · ®̀(C0 + C))2

2
− 1

2

〉
C0

(2)

where ®̀(C) is a given normalised transition dipole moment as a function of time, and the brackets indicate an average over
every possible initial time C0. A discreet version of equation 2, that can be implemented for the post-production of an MD
simulation trajectory, is given by:

A (C8) ≈
2
5

1
)C>C − C8

)C>C−1−C8∑
C′
9
=0

3( ®̀(C ′
9
) · ®̀(C ′

9
+ C8))2 − 1

2
(3)

where C8 and C ′9 are the 8-th and 9-th time steps respectively, and )C>C is equal to the number of time steps in the MD
trajectory. In the case of GFP, ®̀ can be defined as the normalised average of the vector connecting atoms C6 and O5, and the
one connecting atoms C3 and N1 in the fluorophore (as shown in Figure 2 a)(60, 61).

Under the assumption of ergodicity, we divided the 500 ns-long trajectories into 10 trajectories of 50 ns each. The ACF,
with a time resolution of 10 ps, was then computed on the last 9 and averaged, while the first was discarded for equilibration
reasons. This way of dividing the trajectory was chosen to provide large enough statistics for averaging the ACF, while at the
same time providing a long enough time window for the average ACF to be fitted over.

From the MD trajectories, the FRET orientation factor ^2 is calculated as(60):

^2 = (( ®� · ®�) − 3( ®� · ®') ( ®� · ®'))2 (4)

where ®� and ®� are the normalised transition dipole moments of the donor and acceptor fluorophores, respectively, and ®' is
the normalised distance vector between the two fluorophores. Here this was calculated as the average of the four vectors linking
the coordinates of four atoms in the donor fluorophore (the surrogate GFP benzylidene C1 and C2 and imidazolone N3 and C4)
with their corresponding ones within the acceptor fluorophore, as shown in Figure 2 a (60).

Equation 4 can be rewritten as a function of the angle between vectors:

^2 = (cosU) − 3 cosU� cosU�)2 (5)

where U) , U� and U� are the angles between ®� and ®�, ®� and ®', and ®� and ®', respectively.

The FRET efficiency was calculated from the relative dipole orientation between the two GFPs through ^2 and their
separation ' as(17):

��'�) =
1(

'
'0

)6
+ 1

(6)

where '0 contains ^2 and is the so-called Förster distance at which the energy efficiency due to FRET is half. It is given by(17):

'0 = 0.021(^2=−4Φ� (_)) 1
6 [nm] (7)

where Φ is the quantum yield of the donor in the absence of the acceptor, = is the refractive index of the environment where the
FRET takes place and � (_) is the overlap integral of the absorption spectrum of the acceptor and the emission spectrum of the
donor.
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Figure 2: Illustration of the GFP15GFP dimer configuration and the linker. (a) The fluorophore responsible for the fluorescence emission is
shown in the enlarged image, where the atoms used for defining the transition dipole moment and the distance between proteins are indicated.
The transition dipole moment ®̀ is represented as a red arrow, and its direction is that of the average of the two vectors that link atoms C6-O5

and C3-N1 (dashed black arrows). (b) Representative GFP15GFP configuration. Donor ( ®�) and acceptor ( ®�) transition dipole vectors are
shown in red. The distance ®' between the fluorophores is shown in yellow (while the four atoms whose centre of mass is used for each of the
two ends of ®' are shown in yellow in the enlarged image in (a)). The angles between the vectors are U� (between ®� and ®'), U� (between ®�
and ®') and U) (between ®� and ®�). The flexible linker that connects the two GFPs is shown in blue.

Data analysis
The parallel and perpendicular fluorescence intensity decays, � ‖ (C) and �⊥ (C) respectively, were used to produce the experimental
time-resolved fluorescence anisotropy decay using the following equation(17):

A (C) =
� ‖ (C) − ��⊥ (C)
� ‖ (C) + 2��⊥ (C)

(8)

where � corresponds to the efficiency ratio between detection paths.

The fluorescence anisotropy decay of monomeric eGFP was fitted with a single exponential decay model:

A (C) = A04
−C/\ (9)

where A0 is the initial anisotropy and \ is the rotational correlation time(17). The eGFP15eGFP fluorescence anisotropy decay
was fitted with double(28–30) and stretched exponential(32, 62) decay models. The stretched exponential decay model was
given by the following expression, in the static regime where the donor’s fluorescence decay in the presence of an acceptor is
much shorter than its rotational rate:

A (C) = A04
−WBC C X (10)

where X is the dimensionality of the system. If the system is 3-dimensional, then X = 1/2, and for 2 dimensions, X = 1/3.
(31, 63)

WBC is given by:

WBC =

√
c

2g
2

(
3
2

)1/2
〈|^ |〉 (11)
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where 〈|^ |〉 accounts for the mean of the absolute value of the orientational-factor ^, g is the fluorescence lifetime of the donor
in the absence of any acceptor and 2 is a dimensionless parameter that accounts for the number of fluorophores within a space
of radius '0.

The FRET energy efficiency, calculated from the application of the stretched exponential decay model to the anisotropy
decay, is given by(32, 64, 65):

��'�) =
√
cH4H

2 [1 − erf(y)] (12)

where H =
√
g

2 WBC and 4A 5 is the error function.

Additional information about the derivation and relationship between parameters of the stretched exponential decay model
is provided in the Supplementary Material.

An alternative model to interpret the eGFP15eGFP anisotropy decay is the double exponential function, where one
component accounts for rotational motion, and one component accounts for homo-FRET:

A (C) = A014
−C/\ + A024

−C/q (13)

where \ is the rotational correlation time, q the inverse FRET rate constant and A01 and A02 the initial anisotropy.

For a homo-FRET dimer, the single-step energy transfer rate :) occurs in both ways identically. For this reason, the
relationship between q and :) is given by :) = 1/2q(22, 66). Knowing this relationship and that :) depends on the sixth-power
of the separation between fluorophores ' (:) = g−1 ('0/')6(64)), equation 6 can be rewritten as follows:

��'�) =
:)

g−1 + :)
(14)

where g is the fluorescence lifetime of the isolated donor, i.e. the average time it takes for the excited fluorophore to return
to its ground state.

In order to obtain the FRET efficiency using equation 14, the average fluorescence lifetime of the monomeric eGFP was
calculated from the denominator of equation 8 (� (C) = � ‖ (C) + 2��⊥ (C)) and fitted with a double exponential decay model,
which was convoluted with the instrument response function (IRF)(17, 67):

� (C) = �'� ~ (�14
−C/g1 + �24

−C/g2 ) (15)

where �8 corresponds to the fluorescence intensity contribution of each fluorescence lifetime g8 .
The intensity-averaged lifetime g0E6 was calculated as(68):

g0E6 =
�1g

2
1 + �2g

2
2

�1g1 + �2g2
(16)

The dependence of the average eGFP and eGFP15eGFP fluorescence lifetime on its environmental refractive index was
assessed using the Strickler-Berg formula(69):

:A = 2.88 × 10−9=2

∫
� (ã)3ã∫

� (ã) ã−33ã

∫
n (ã)3ã
ã

(17)

where :A is the radiative rate constant and is related to the fluorescence lifetime g and the non-radiative rate constant :=A by
g = 1

:A+:=A . � is the fluorescence emission, n the extinction coefficient and ã is the wavenumber (ã = 1
_
, with _ wavelength).

Fluorescence decays were analysed and plotted with a home-built MATLAB script, where the Levenberg-Marquardt
algorithm was employed to fit the data via the non-linear least squares method.

The viscosity of each solution was calculated by the method developed by Nian-Sheng Cheng(70), which takes into account
the water/glycerol ratio of the solution and its temperature.

Simulated fluorescence anisotropy decays calculated from an autocorrelation function were fitted with a single exponential
decay model equation 9 and hindered rotation decay model

A (C) = (A0 − A∞)4−C/\ + A∞ (18)
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where A∞ accounts for a hindered rotation)(17), for GFP and GFP15GFP, respectively. The ratio A∞
A0

can be used to calculate the
semicone angle \2 in the wobble-in-a-cone model (71, 72)

A∞
A0
=

1
2
2>B\2 (1 + 2>B\2) (19)

From the rotational correlation time, the solution viscosity was calculated using the Stokes-Debye-Einstein relationship
(equation 1).

The trajectories post-production were analysed with MDAnalysis (73, 74) and CPPTRAJ (75). VMDwas used for visualising
the trajectories(76). All simulated data were plotted in MATLAB and, similarly to the experimental data, the fits were performed
using the non-linear least squares method and the Levenberg-Marquardt algorithm.

RESULTS AND DISCUSSION
Red-edge excitation of eGFP15eGFP confirms homo-FRET
Figure 3 a shows the absorption and emission spectra of eGFP in PBS. The overlap spectrum � (_) in equation 7 was calculated
to be � (_)=8.7 × 1014 M−1cm−1nm4. Using the static random average ^2 of 0.692, a quantum yield Φ=0.6 and refractive
index ==1.336, we obtain a Förster radius '0 for GFP-GFP homo-FRET of 4.34 nm from the spectra, and with ^2=2/3, we
obtain 4.59 nm, in excellent agreement with the 4.65 nm ± 0.09 nm quoted by (20), also using ^2=2/3. Homo-FRET can
be investigated by steady-state anisotropy at the red edge, where the fluorophore is excited with the lowest energy. At the
red excitation edge, homo-FRET is suppressed. Steady-state anisotropy measurements of eGFP and eGFP15eGFP in PBS
as a function of excitation wavelength are shown in Figure 3 b. The steady-state fluorescence anisotropy for monomer and
dimer increased with the excitation wavelength. Both registered their lowest steady-state anisotropy values at lower excitation
wavelengths in the ultra-violet region. The monomer featured higher steady-state anisotropy values compared to the dimer. This
is consistent with the presence of homo-FRET for the dimer configuration, as homo-FRET provides an additional pathway for
depolarisation after excitation, which results in lower anisotropy values. The anisotropy response reached is maximum for
the monomer from 440 to 490 nm, while that corresponding to the eGFP dimer remained well below this, consistent with
homo-FRET. The dimer anisotropy is rising towards longer wavelengths, and at the red-edge (∼ 510-520 nm), it is the same as
that of the monomer - which is an indication of suppression of homo-FRET due to red-edge excitation.

Figure 3: (a) Absorption and emission spectra of eGFP in PBS. (b) Steady-state anisotropy measurements at different excitation wavelengths
for eGFP monomer and dimer in PBS.

8 Manuscript submitted to Biophysical Journal



Biophysical Journal Template

The inverse average fluorescence lifetime of GFP monomer and dimer scale linearly with the
refractive index of their environment
Fluorescence intensity decays were measured in a glycerol/PBS concentration range from 0% to 30% glycerol with a single
detector, and fitted with a double exponential decay model, as a single exponential decay model did not fit well, in terms of
residuals and j2

'
(j2
'
>1.5). In Figure 4 a and b, two representative intensity decays for monomer and dimer solutions in 25%

glycerol/PBS are presented. Two fluorescence lifetimes were determined for each of the samples: 2.04 ns (39%) and 2.77 ns
(61%) for the eGFP monomer; 2.07 ns (44%) and 2.74 ns (56%) for the eGFP dimer. The percentages in brackets denote the
fluorescence intensity contributions per fluorescence lifetime component. The j2

'
resultant from the fits were 1.17 and 1.07,

respectively. Detailed data can be found in Supplementary Material (Table S1). The two fluorescence lifetimes determined in
this work can be attributed to two different deprotonated excited states identified in the absorption spectrum(11, 77–79).

Figure 4: Representative fluorescence intensity decays for eGFP (a) monomer and (b) dimer in a PBS/glycerol solution with 25% glycerol.
For each plot, the data is presented along with the IRF, fit and residuals. (c) A plot of the inverse average fluorescence lifetime against the
square of the refractive index of the solution for GFP monomer and dimer. The data for both samples are fitted showing a linear relationship
as established by the Strickler-Berg formula equation 17.

The Strickler-Berg formula was validated by plotting the reciprocal average fluorescence lifetime of each eGFP construct
against the square of its environmental refractive index = (Figure 4 c). For both eGFP monomer and dimer and all the fractional
solutions, the inverse average fluorescence lifetime was shown to scale linearly with the square of the refractive index. (80)
(This is also the case for the individual lifetimes from the double exponential fit, as shown in Figure S13 in the SI, albeit with a
larger experimental uncertainty.) This phenomenon has been used as a proxy for protein concentration when observed over
the cell cycle (12, 13), and has shortened the GFP fluorescence decay of GFP-labelled transmembrane proteins compared to
GFP-labelled proteins in the cytoplasm (81). This effect has also been used to study aerosol droplets (82).

The eGFP dimer fluorescence lifetime was slightly and consistently lower than the monomer fluorescence lifetime across
the varying refractive index solutions. While the monomeric eGFP only probed the solvent surrounding it, the dimeric eGFP
probed its surrounding solvent and the nearby eGFP monomer along with the linker. These have a higher refractive index than
the solvent, yielding a slightly shorter GFP fluorescence decay. (80, 83)

Time-resolved fluorescence anisotropy measurements
eGFP monomer and dimer time-resolved fluorescence anisotropy decays
Time-resolved fluorescence anisotropy measurements were performed on eGFP dimers and eGFP monomers. Representative
parallel and perpendicular fluorescence intensity decays for both monomeric eGFP and the dimer construct are displayed in
Figure 5 a and b. Figure 5 c shows the time-resolved fluorescence anisotropy decays of the eGFP monomer in solutions of
varying viscosity, and Figure 5 d shows the corresponding time-resolved fluorescence anisotropy for the dimer. As expected, the
eGFP monomer time-resolved fluorescence anisotropy decays follow a single exponential decay model, depicted in Figure 6
a, as fluorescence depolarisation only occurs through Brownian rotational motion. For eGFP in PBS, we found a rotational
correlation time of 16.46 ns ± 0.20 ns which agrees well with previous studies(18, 36, 60, 79, 84–91). As glycerol was added,
the Brownian rotational motion slowed, and the rotational correlation time increased, up to 123 ns ± 6 ns in 50% glycerol.
As the average fluorescence lifetime of eGFP is shorter than the rotational correlation time (and even decreases slightly as
glycerol is added, see Figure 4 c and Table S1), it became increasingly difficult to measure it, and the experimental uncertainly
of eGFP’s rotational correlation time increased.

The eGFP dimer time-resolved fluorescence anisotropy decays were not appropriately fitted with a single exponential
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decay model, as a very short component was identified at the beginning of the decay, a typical signature of homo-FRET
between fluorescent proteins(27). In order to fit the eGFP dimer anisotropy data, two decay models were used: a double
exponential (equation 13) and a stretched exponential (equation 10) (Figure 6 b and c). Both models assume that the protein
configuration is isotropic and randomised, without any preferential orientation within the solution(29, 30, 32, 62) and A∞ = 0.
The double exponential decay model accounts for a slow Brownian rotational motion (with the rotational rate of the protein in
the excited state much lower than the radiative and non-radiative de-excitation rates) and fast homo-FRET(29, 30). The stretched
exponential decay model accounts for a distribution of rate constants for depolarisation (32, 62). The double exponential decay
model has six free fitting parameters (background, shift, two pre-exponential factors, two decay times) whereas the stretched
exponential only has five (background, shift, pre-exponential factor, dimensionality, stretched factor).

Figure 5: Representative parallel and perpendicular intensity decays for (a) eGFP monomer and (b) dimer. Time-resolved fluorescence
anisotropy decays in different PBS/glycerol mixtures for (c) eGFP monomer and (d) eGFP dimer, with the glycerol content indicated.

The double exponential decay model fails to explain the eGFP dimer dynamics
The rotational correlation times calculated from the fit of the eGFP dimer anisotropy data with the double exponential decay
model (equation 13) and in solutions of varying viscosities were compared with those from the eGFP monomer (Figure 6 d
and Table S2). The rotational correlation times of the monomer (green squares) were plotted versus the solution viscosity and
fitted with a straight line. The gradient is 18.1 ns/cP, and going through zero as demanded by equation 1. From the fit, the
hydrodynamic radius of the eGFP was calculated: 'ℎ = 2.46 nm ± 0.01 nm. This is in good agreement with values previously
reported(92–95).

The rotational correlation times of the eGFP dimer were shown to follow a similar trend for low viscosity values, up to ∼2
cP (Figure 6 d and Table S3), but then levelled off for viscosity values larger than 2 cP and showed an apparent lower rotational
correlation time in comparison to the monomer (red data points). The shorter FRET inverse rate q presented no correlation
with viscosity (Figure 6 e). A shorter rotational correlation time of the dimer compared to the monomer would imply that the
dimer rotates faster than the monomer in a solvent of the same viscosity. This is impossible as its radius of gyration is larger.

This means that the fit parameter associated with the long rotational correlation time appears to include a combination of
Brownian rotational motion and FRET. The rotational correlation time of eGFP15eGFP should be larger than the corresponding
one for the monomer - as shown by the MD simulations discussed below.

FRET efficiency heterogeneities between eGFPs can produce multi-exponential anisotropy decays
The logic used behind the application of the stretched exponential decay model lies in considering a distribution of distances
and orientations between the FRET pairs. In the dynamic averaging regime where the rotational rate of the fluorophore in the
excited state is much higher than its fluorescence decay rate, the average orientation per FRET pair is given by 〈^2〉. However,
here, for a fluorophore as large as GFP, 〈|^ |〉 determines the average orientation between the transition dipole moments of
the donor and acceptor, when the system behaves in the static averaging regime and where the protein’s fluorescence decay
in its excited state is much shorter than its rotational rate. Thus, each eGFP separation and orientation per FRET pair would
contribute as a single component within the time-resolved fluorescence anisotropy decay, yielding a multi-exponential decay.

The eGFPs are considered to be motionless during the time scale of the fluorescence decay, since the fluorescence lifetime of
eGFP is much shorter (≈ 2.5 ns(11, 77–79), Table S1) than its rotational correlation time (≈ 15 ns in water(18, 36, 60, 79, 84–91),
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Table S2). Therefore, the fluorescence anisotropy is assumed to be exclusively determined by the process of energy transfer.
Because the sample consists of a diluted solution of eGFPs, we can model it as a spatially isotropic and disordered system.
Moreover, the concentration of proteins is sufficiently low that the probability of multi-migration processes is negligible and all
the pairwise interactions between the excited donor and acceptor are independent. In addition, the initially excited eGFP (donor)
is considered to be the major contributor to the anisotropic response and a 3-dimensional solution was initially considered by
setting X = 1/2 in equation 10(31, 32, 62, 63). This reduced the number of free fitting parameters to four, the same as for a
single exponential anisotropy decay, equation 9. The fit of the eGFP dimer anisotropy data with the stretched exponential decay
model yielded two fit parameters: A0 and WBC . The fit parameter WBC , given by equation 30, decreased with the solution viscosity
(Figure 6 f), while A0 presented no correlation (not shown).

Figure 6: (a) Representative time-resolved fluorescence anisotropy decay, fit and residuals for the eGFPmonomer. The equivalent time-resolved
anisotropy decay corresponding to the eGFP dimer fitted with a (b) double and (c) stretched exponential decay model. The solvent is 10%
glycerol and 90% PBS. (d) Rotational correlation time plotted against viscosity for monomer and dimer. The monomer data are fitted with a
straight line passing through the origin according to equation 1, with a gradient of 18.1 ns/cP. This yields a hydrodynamic radius 'ℎ for the
monomer of 'ℎ = 2.46 nm ± 0.01 nm. (e) FRET inverse rate q and (f) WBC and 2 parameters plotted against sample composition in % glycerol.

From equation 11, W is expected to vary slightly with the refractive index of the solution, due to its dependence on the
lifetime which is a function of the refractive index but not quite as much as we observe. According to theory, when the system is
isotropic and 3-dimensional and behaves within a static regime, the orientational-factor |^ | can be averaged to 0.69(63, 96) and
is thus constant. The dimensionless parameter 2 should also be constant, but varies too, as shown in (Figure 6 f), with the
difference between W and 2 due to the refractive index effect on the average GFP lifetime. One possible explanation for the
larger decrease of WBC than expected, and the variation of 2, could be related to a small contribution from Brownian rotational
motion, which depolarises the emission and is not fully accounted for in the stretched exponential model. In the low viscosity
region, depolarisation due to rotational motion will be added to depolarisation due to homo-FRET, and thus inflate these values.
This is less of an effect in higher viscosity regimes.

In order to validate X = 0.5, the anisotropy data were also fitted with the stretched exponential decay model, letting X be a
floating fit parameter. Values of X very close to 0.5 were found across all the varying viscosity solutions, see Figure 7 and Table
S4, which confirms that considering the system as 3-dimensional is a sensible approach.

On an additional note, it is worth mentioning that the goodness of the stretched exponential decay fit given by j2
'
was the

same for the double exponential decay model, which has more fitting parameters, even when X not fixed at 0.5 and is a floating
fit parameter. Thus, the double exponential decay model is not a statistically justified model.
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Figure 7: The dimensionality parameter X from the stretched exponential decay model (equation 10), allowed to float freely in the fit, plotted
against the solution viscosity. X = 0.5, which indicates a 3-dimensional system, is given by the cyan continuous line.

Experimental ��'�) per eGFP dimer anisotropy model

FRET theory was applied to calculate the FRET efficiencies (equations 12 and 14), when the anisotropy data were interpreted
via stretched exponential(31, 32) and double exponential(30) decay models. For this purpose, the experimental fluorescence
lifetime g of the single eGFP monomer was employed. Detailed data are given in Supplementary Material (Table S5).

Figure 8 a shows that the FRET efficiencies calculated from the double exponential decay model (equation 14) were located
within a narrow range above 0.5 (between 0.617 ± 0.002 and 0.723 ± 0.001, in 50% glycerol solution and PBS, respectively).
No correlation between FRET efficiencies and solution viscosities were encountered. This was an expected result since the
fluorescence lifetime only varied by about 9% (between 2.65 ns ± 0.01 ns in PBS, and 2.41 ns ± 0.02 ns in 50% glycerol
solution) across solutions (Table S5) and the FRET inverse rate q showed no correlation with the solution viscosity (Figure 6).

The FRET efficiencies calculated from the stretched exponential decay model (equation 12) were below 0.5 (between 0.18
± 0.01 and 0.32 ± 0.01, in 50% glycerol solution and PBS, respectively) and within a much wider range of values, presenting a
correlation with the solution viscosity, in the same way as the WBC parameter (higher values were associated with low viscous
solutions and lower values with high viscous solutions) (Figure 8 b). As pointed out in the previous section, the WBC parameter
should remain largely unchanged, which would result in a narrower range of FRET efficiencies. However, residual Brownian
motion may contribute to depolarisation which may inflate FRET efficiencies, particularly in the lower viscosity regime, and
spread out the FRET efficiency range.

Since the distance between proteins and their relative orientations cannot be separated experimentally, molecular dynamics
(MD) simulations were performed in order to investigate these parameters independently.

Figure 8: (a) Boxplots of the calculated FRET efficiencies between the two eGFPs of the dimer for each anisotropy decay model: double
and stretched exponential. The horizontal red line in the boxplot corresponds to the median, and the bottom and top blue edges of the box
correspond to the 25Cℎ and 75Cℎ percentiles. The whiskers extend to the most extreme data points not considered outliers, and the outliers are
plotted individually using the ’+’ symbol. (b) Relationship between ��'�) and the solution viscosity.
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Molecular dynamics simulations
Molecular dynamics simulations: orientational-factors

FRET efficiencies were calculated from the MD simulation trajectories (^2 and '), by combining equations 6 and 7, with
� (_)=8.7 × 1014 M−1cm−1nm4, n = 1.336 and Φ = 0.6.

The distributions of ' and ^2 obtained from the last 450 ns of the MD simulations, are shown in Figure 9 a and b, respectively.
In the inset plots, their temporal evolutions are shown, where the red dashed line indicates the starting point for collecting
statistics for the corresponding distribution. ' was approximately constant over time and a Gaussian fit of its distribution (red
line) yielded 〈'〉 = 4.56 nm ± 0.07 nm (Figure 9 a). However, ^2 presented an asymmetric and broad distribution, while its
temporal evolution showed a well-defined and repetitive pattern (Figure 9 b). Because ' is approximately constant, the variation
in ^2 is mirrored by the variation in ��'�) (Figure 9 c).

The ^2 histogram shows a range of values between 0 and 0.9180, with a peak at ^2 = 0, gradually dropping to zero for ^2 =
1. ^2 = 1 implies that the transition dipole moments of both monomers belong to parallel planes and are perpendicular to the
vector that define their separation, ®'. Since the transition dipole moment is defined within a plane perpendicular to the main
axis of the GFP V-barrel (Figure 2), the two monomers would be perfectly stacked on top of each other. The rest of the ^2

distribution (0 ≤ ^2 < 1) was due to tumbling and rotation around the previously described aligned orientation. Since most ^2

values within this range were closer to 0 than to 1, the preferred configuration of the two GFPs was with the two transition dipole
moments almost perpendicular to each other. For ^2 between 0 and 1, two broad peaks can be observed around approximately
0.1 and 0.45. These populations are easier to discern in the FRET efficiency probability distribution, which extends from 0 to
almost 0.6 (Figure 9 c). A rapid rotation took place in the first 50 ns, supported by the decrease on the fluorophore separation ',
with a concomitant twist of the linker (Figure 9 a).

From the first 50 ns onward, the fluorophore separation remained approximately constant and U) oscillated around the
perpendicular configuration, U) = 90◦ (Figure 9 d). Specifically, the probability distribution of the angle U) was fitted with
a double Gaussian-function, centred at 72◦ ± 8◦ (green line) and 94◦ ± 10◦ (black line), where a greater amount of events
was found in the second peak. Additionally, a smooth tumbling and rotation were supported by the calculation of the angles
U� and U�, whose values were in close proximity to 90◦, either above (U�) or below (U�) this value (Figure 9 e and f). Like
the U) probability distribution, the correspondent to the angle U� was fitted with a double Gaussian-function, with a second
predominant peak of events. The two Gaussian functions were centred at 98◦ ± 4◦ (green line) and 108◦ ± 4◦ (black line).
The angle U� distribution was fitted with a single Gaussian-function, with ` and f equal to 67◦ and 5◦, respectively (red
line). For the first two angular distributions (U) and U�), the convolution of the two Gaussian fit-functions is shown as a red
envelope. To visualise the ^2 and angular distributions analysis, a movie of the temporal evolution of the two GFPs tethered by
the 15-aminoacids linker is available in the Supplementary Material, together with scatter plots showing the relative orientation
of the two GFPs transition dipole moments (Figure S14).

The low magnitude of ^2 (<0.8, Figure 9 b)) indicates that the two proteins arrange themselves such that they do not fully
and homogeneously explore all possible orientations. This is not unexpected, as the linker restricts the full range of all possible
orientations available to the two GFPs. The broad and asymmetric distributions of ^2 and ��'�) have a large standard deviation
in agreement with other work(97), which along with their mean values, were given by 〈^2〉 = 0.17 ± 0.16 and 〈��'�) 〉 = 0.18
± 0.14, respectively. Because the vast majority of the FRET efficiencies calculated from the MD simulations lie below 0.5, the
results obtained from the stretched exponential decay model (equation 12) are in closer proximity to the MD simulations than
the calculated ones via the double exponential decay model (equation 14) (Figure 8 a).

The ^ distribution obtained from the simulations was calculated and is shown in Figure 10 a, where the inset plot corresponds
to its temporal evolution over the duration of the simulation. The distribution was calculated from the data points after the
dashed vertical red line at t = 50 ns. Equation 4 was employed to calculate ^, except for the square exponent. Three predominant
populations of ^ were discernible from its distribution from around -0.4 to 1.1. The most frequent values were at around 0.4 and
formed the central peak of the distribution, with a smaller peak at 0.05, and a shoulder at 0.6. The majority of ^ values were
located above 0, with very few in the negative range of the distribution. Therefore, ^ and |^ | mean values are expected to be
almost identical. The mean of the absolute value of ^ was calculated, yielding 〈|^ |〉 = 0.35 ± 0.20. Since this result is well
below the theoretical 0.69 for the static random averaging regime, (63, 96) this further shows that the two proteins are not
exploring all the available 3-dimensional space, with the 15-aminoacid linker restricting their mobility.

Moreover, the distance from end to end of the linker was investigated over time. This is presented in Figure 10 b, where the
data oscillates around a mean value of 1.45 nm ± 0.34 nm (red dashed line), from 0.49 nm and 2.59 nm (bottom and top green
dashed lines). Since the linker is approximately 6 nm long when fully stretched, and the graph places its end-to-end mean value
around 1.45 nm, the linker is significantly coiled. It seems reasonable to think that the flexibility of the linker is an intrinsic
property of itself, instead of considering any dependence with the viscosity of the medium. Thus, we assumed that the different
orientations established by the two GFPs and given by the orientational factor ^2 would be invariant in outcome but enriched
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Figure 9: Distributions and temporal evolution (inset) from MD simulations with sampling every 10 ps of (a) fluorophore separation ', (b)
relative dipole orientation ^2 between GFP monomers, (c) FRET energy efficiency ��'�) calculated from equation 6 with '0 = 4.65 nm,
(d) angle between GFP monomers U) , (e) angle between one GFP monomer and the vector ®', and (f) angle between the other GFP monomer
and ®'. Single and double-Gaussian functions were used to fit the separation and angular distributions, with further details given in the main
text. Dashed vertical red lines shown in the inset plots define the starting point to generate the distributions.

from a statistical point of view with a decrease in the environmental viscosity, collecting the same ^2 data in a shorter amount
of time. Even if this was not the case, we would not be able to prove it experimentally due to the short fluorescence lifetime
associated with these slow-motion fluorophores. Nonetheless, we believe that ^2 should depend on the linker length rather than
on the solution viscosity. A longer linker should confer a wider distance range on this FRET pair, and most likely also a wider
^2 range. Conversely, some restriction of the linker may lead to a stronger restriction of the ^2 orientations and thus to a more
pronounced skewness of its distribution in comparison to randomly orientated GFPs(97).

It is worth mentioning, however, that a longer simulation time may in principle reveal a more complex behaviour of the
linker. By construction, the configurations characterised by a fully stretched linker would not be accessible due to its initial
folding and the subsequent system solvation and unit cell definition, although they would be expected to be rare events. While
we are not able to assess with certainty that no other metastable energetic minima could be observed at unexplored points in the
space defined by ^2 and ', the tendency of the linker to fold, that dragged the two monomers close to one another within the
first 50 ns, allows us to reasonably assume that the configuration observed beyond 50 ns is the absolute energetic value.

Overall, under the assumption that the MD simulations represent the absolute energetic minimum in the space defined
by the orientational angles U, orientational factor ^ and the separation between the fluorophores ®', the system would be in a
highly restricted static averaging regime. The agreement between anisotropy decay analysis based on the stretched exponential
function and simulation may constitute an a-posteriori validation of the initial assumption.

Time-resolved anisotropy decays of GFP and GFP15GFP in water from molecular dynamics simulations
In order to assess the rotational mobility of the GFP monomer and the GFP15GFP dimer, individual auto-correlation curves
- which represent fluorescence anisotropy decays - were generated every 50 ns with a time resolution of 10 ps according to
equation 3, averaged and fitted. Figure 11 a shows nine individual anisotropy decays for the GFP monomer, from nine 50 ns
time windows of the 500 ns simulation, and b and c correspond to nine anisotropy decays for each GFP in the GFP15GFP dimer.
An average anisotropy decay for the GFP monomer is shown in panel d, and the equivalent for the dimer in e. Both average
anisotropy decays were fitted under the assumption that the anisotropy depolarisation was strictly governed by the Brownian
rotational motion, where no FRET was present.

For the GFP monomer, the average time-resolved anisotropy decay was very well fitted with a single exponential decay
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Figure 10: (a) Distribution and temporal evolution (inset) from MD simulations with 10 ps sampling of the orientational-factor ^. The dashed
vertical red line in the inset indicates the start of the distribution. (b) Temporal evolution of the end-to-end linker length, where the horizontal
dashed red line corresponds to the mean value (1.45 nm), and the bottom and top dashed green lines refer to the minimum and maximum
values (0.49 nm and 2.59 nm, respectively).

model (Figure 11 d), which assumes that the protein is freely rotating and its shape can be modelled as a sphere. In order to
assess how good this spherical approximation was, the anisotropy decay was also fitted with a double exponential decay model,
giving rise to two identical rotational correlation times (not shown). This means that reducing the structure of GFP to a sphere
is a valid approach. The rotational correlation time extracted from the single exponential decay fit was 4.60 ns ± 0.04 ns, with a
goodness of fit of '2=0.98. This low value for the rotational correlation time in comparison with the experimental rotational
correlation time in Figure 6 d (16.5 ns ± 0.2 ns) is due to the TIP3P water model used in the MD simulations. In fact, the
viscosity of TIP3P water is 0.321 cP at room temperature(51–53), considerably lower than the experimental water viscosity
(1 cP). Although the experiments were measured in PBS buffer, its viscosity was considered to be identical to water(98, 99).
With this information and applying the Stokes-Einstein-Debye equation (1), the actual rotational correlation time of the GFP
monomer in water can be re-calculated by multiplying the result of the simulation by a scaling factor 1/0.321, which yields
14.3 ns ± 0.1 ns. This scaled value is in reasonable agreement with the experimentally measured rotational correlation time, \ =
16.5 ns ± 0.2 ns(18, 84–86).

For the GFP15GFP case, the data were initially fitted with a double exponential decay model, where one component
presented a much longer rotational correlation time compared to the other. Then the contribution of this component was reduced
to A∞ yielding a hindered rotation model or the so-called wobble-in-a-cone model. The fit parameters and goodness of fit were
found to be A0 = 0.398 ± 0.001, A∞ = 0.0604 ± 0.0003, \ = 9.62 ns ± 0.05 ns and '2=0.98. A∞

A0
= 0.152, and the interpretation of

this model according to equation 19 is that each GFP wobbles around a common axis with a cone semi-angle of 59.03◦(71, 72),
while the entire entity (GFP15GFP) rotates slowly. The GFP dimer tumbling in such a restricted way is consistent with the
narrow distribution of the orientational factor ^2 in the FRET simulations, and is analogous to a fluorophore with restricted
rotation in an ordered lipid bilayer(71). The scaled rotational correlation times of the two GFP constructs in PBS are: 30.0
ns and 14.3 ns, for dimer and monomer, respectively. These results confirm the GFP dimer rotates slower than the monomer
and thus rules out the validity of the double exponential decay model to interpret the experimental time-resolved fluorescence
anisotropy data.

In experiments, when the fluorescence lifetime of a large and thus slowly rotating protein is very short, the calculation of
its rotational correlation time can be very challenging and inaccurate. This is why for large proteins, a probe with a longer
fluorescence lifetime should be employed(100). We note that since MD simulations only account for dynamical properties
via the autocorrelation in equation 3, and do not involve any fluorescence emission, there is no restriction coming from the
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Figure 11: (a) Individual simulated anisotropy decays of the GFP monomer and (b,c) each GFP monomer of the GFP15GFP dimer, in water.
(d) Average simulated anisotropy decay (solid black line) of the monomeric GFP, with fit (dashed red line). (e) Average simulated anisotropy
decay of the GFP15GFP dimer with fit. The blue area of (d) and (e) are error bars that account for the calculated standard deviation per data
point. The legend of the nine individual anisotropy decays from the 500 ns simulation of (a), (b) and (c) is located in the lower right corner.

fluorescence lifetime. In general, this allows the rotational correlation to be calculated independent of the fluorescence properties
of the probe.

CONCLUSIONS
In the present work, we studied homo-FRET using a new homo-FRET standard, eGFP15eGFP, formed by two eGFPs tethered
by a linker of 15 aminoacids (Figure 2). Steady-state anisotropy with red-edge excitation shows that homo-FRET occurs, and
time-resolved fluorescence anisotropy experiments, analysed with a stretched exponential decay model, allow to calculate a
FRET efficiency of around 25% for the construct. The fluorescence decays of both the GFP monomer and dimer are a function
of the refractive index of their environment, as observed previously(11).

While in experimental FRET work, the distance and orientation of the fluorophores cannot be separated, MD simulations
allow the distinction between distance and orientational contributions in the FRET efficiency. MD simulations revealed the
distribution of the orientational factor ^ via the angular distributions of the vectors separating the fluorophores (U) , U� and U�,
as defined in Figure 2), as shown in Figure 9 b, d, e and f. The two GFPs orientate themselves within a constrained frame, where
tumbling and in-axis rotation of each individual GFP V-barrel equally contribute to the restricted range of orientational angles,
and thus of ^ and ^2. The fluorophore distance does not show significant variations, see Figure 9 a, and together with ^2, this
allows us to calculate a FRET efficiency of 〈��'�) 〉 = 0.18 ± 0.14, from equation 6, which agrees well with the experimental
data. Moreover, the autocorrelation of the tumbling motion enables us to calculate the equivalent of a fluorescence anisotropy
decay, which also agrees well with the experimental data.

Thus, the combination of time-resolved fluorescence anisotropy and MD simulations allows us to gain detailed insight
into the behaviour of the GFP dimer. We propose this construct as a homo-FRET standard, to be used for comparison with
homo-FRET-based biosensors (101), and potentially as a reference when studying dimerisation processes in cells via FRET
between GFP.
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SUPPLEMENTARY MATERIAL
Theoretical background of the stretched exponential decay model
Although the derivation of the stretched exponential decay model has been covered in the literature, we briefly outline it since
the procedure gives insight into the modelling of the system.

In solutions with motionless fluorophores during their excited state (g � \), the fluorescence anisotropy depolarisation can
be thought to be exclusively dependent on FRET, whose rate decreases when increasing the separation between fluorophores
(31).

When the fluorophores are identical, in addition to direct excitation of the donor (initially excited fluorophore), there is
also a probability of re-excitation of the donor by the acceptor. The initially excited fluorophore is known to be the major
contributor to the fluorescence anisotropy, since the fluorescence emission of excited fluorophores due to FRET depolarises
nearly completely. The probabilities of these events to happen and contribute to the fluorescence anisotropy depolarisation are
determined by the probability H(t)(32). Thus, the fluorescence anisotropy takes the form:

A (C) = A0� (C) (20)

where A0 is the initial anisotropy at time t = 0. The probability H(t) was calculated applying the Huber-Hamilton-Barnett
method(62). In order to determine it, one must start from the excitation probability of the initially excited fluorophore (donor)
as a combination of rate equations:

3%: (C)
3C

= −
∑
;

l(')
(
%: (C) − %:′ (C)

)
(21)

where the radiative decay term given by the fluorescence lifetime g is omitted from the right-hand side as the overall fluorescence
lifetime remains invariant due to homo-FRET. %: (C) is the probability of the donor to be excited at time t and %:′ (C) is the
probability of an acceptor to be excited by the donor at time t. The term l(') refers to the transfer of energy among fluorophores
(FRET rate constant), identical in both directions (l(')::′ = l('):′: ) and is given by the following expression:

l(') = 1
g

3
2
^2 (Ω)

('0
'

)6
(22)
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where g is the isolated donor fluorescence lifetime, '0 corresponds to the Förster distance, distance at which the energy
efficiency due to FRET is half, and ^2 (Ω) describes the dipole interaction between donor and acceptor as a function of their
relative orientation.

The first term on the right-hand side of equation 21 describes the loss of non-radiative energy of the initially excited
fluorophore (donor) via FRET. The second term describes the re-excitation of the initially excited fluorophore (donor) due to
the back transfer from the acceptor(17, 62).

Let’s now consider the case of a single donor and a single acceptor. The donor will be designated with the subscript 1 (k→
1, from equation 21) and the acceptor with the subscript 2 (k’→ 2). Setting the initial conditions %1 (0) = 1 and %2 (0) = 0,
equation 21 can be solved for both fluorophores (donor and acceptor). The solution for the donor, which is the one we are
interested in, is as follows:

%1 (C) =
1
2
(
1 − 4−2l (')C ) (23)

When the system consists of an array of fluorophores (donors and acceptors), the total fluorescence anisotropy will be given
by all the donors’ contributions. For this reason, the donor’s excitation probability given by equation 23 must be expanded over
the entire system, which gives rise to the configurational average H(t).

If the system is spatially conformed by an ordered array of fluorophores, such as a lattice, the transfer of energy will be
identical everywhere. However, if this array is not ordered, the transfer of energy via FRET will depend on the local fluorophore
concentrations and thus on the fluorophore separations. A spatial disorder, such as a diluted system, is modelled in such way
that the donor occupies a central position at the origin and only independent pairwise interactions (donor and acceptor) are
assumed to take place. If the fraction of sites occupied at random by fluorophores is given by ? and the fraction of unoccupied
sites as 1 − ?, then the configurational average � (C) takes the following form(62, 63):

� (C) =
#∏
8=1
[?%8 (C) + (1 − ?)] = 4G?

( #∑
8=1

;=[1 + ?(%8 (C) − 1)]
)

(24)

where %8 (C) corresponds to the 8Cℎ donor’s excitation probability over the # lattice sites. This expression immediately implies
that two fluorophores cannot occupy the same lattice site.

To indicate that the number of fluorophores within the lattice is low, the approximation ? � 1 is introduced in equation 24.
This approximation neglects the possibility of encountering two donors in the same neighbourhood. Thus, equation 24 can be
rewritten as follows(62, 63):

� (C) ≈ 4G?
(
− ?

#∑
8=1
(1 − %8 (C))

)
(25)

If we introduce the excitation probability of each individual donor %8 (C) (equation 23) in equation 25, and the summation over
sites is replaced by an integration over space, in a logarithmic scale, � (C) takes the form(32, 63):

;=� (C) ≈ − d
2

∫ ∞

0

(
1 − 4−2l (')C

)
D(')3' (26)

where the probability ? becomes a number density d and D(') represents a continuous/uniform spatial distribution. In a
3-dimensional scenario D(') = 4c'2.

When the rotational rate of the fluorophore is much higher than the FRET rate between fluorophores, the fluorescence
anisotropy of the overall system can still be assumed to decay only due to FRET. The fluorophores are still in the same position
(no translational diffusion) and due to rapid rotation, the rotational correlation time \ is too small to be taken into account in the
fluorescence anisotropy decay. In this case the system is said to be in the dynamic averaging regime and ^2 (Ω) can be averaged
as follows(63, 96):

〈^2〉 =
∫
Ω

^2 (Ω)a(Ω)3Ω (27)

where a(Ω) is the angular distribution for an isotropic system(63).
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Thus, ^2 (Ω) is replaced by 〈^2〉 in the transfer rate expression (equation 22). If we solve equation 26 for a 3-dimensional
scenario and introduce in equation 20, the fluorescence anisotropy takes the following form:

A (C) = A04
− d

2
4c
√
c

3

√
2'6

0 C
g

(
3
2

)1/2
〈^2 〉1/2 (28)

Now, let’s define two new parameters, 2 and W3:
2 =

4c
3
d'3

0 (29)

W3 =

√
c

2g
2

(
3
2

)1/2
〈^2〉1/2 (30)

The dimensionless parameter 2 refers to the number of fluorophores within the 3-dimensional sphere volume of radius '0.

Sincewe are describing a 3-dimensional isotropic system in the dynamic averaging regime, 〈^2〉 is replaced by 2/3(63, 96, 102).
Thus W3 turns into W3 =

√
c

2g 2. Introducing equations (29 and 30) in equation 28, the emission anisotropy is given as
follows(31, 32, 103):

A (C) = A04
−W3 C1/2 (31)

If we refer to the exponent of C in equation 31 as X, we can see that for a 3-dimensional spatial distribution given by
D(') = 4c'2, X=1/2. If this distribution was assessed in a 2-dimensional scenario (D(') = 2c'), X would be equal to
1/3(31, 63).

In the previous analysis, the orientational factor ^2 was averaged to 2/3 due to the rapid rotation of the fluorophore in
comparison to its FRET rate constant. The system was said to be in the so-called dynamic averaging regime. However, when the
fluorophores are strictly frozen during their fluorescence lifetime (g � \), the system is said to be in the static averaging regime.
In this case, the orientational factor ^2 (Ω) has to be averaged over the angular distribution given by a(Ω) as follows(63):

;=� (C) ≈ − d
2

∫ ∞

0

∫
Ω

(
1 − 4

−2 3
2

1
g

(
'0
'

)6

^2 (Ω)C )
D(')3'a(Ω)3Ω (32)

Applying the same method as the applied for the dynamic averaging system, the fluorescence anisotropy takes the following
form:

A (C) = A04
−
√

c
2 2

(
3
2

)1/2
〈 |^ | 〉 ( C

g
)1/2 = A04

−WBC C1/2 (33)

where:
〈|^ |〉 =

∫
Ω

[^2 (Ω)]1/2a(Ω)3Ω (34)

and the new W is:

WBC =

√
c

2g
2

(
3
2

)1/2
〈|^ |〉 (35)

Therefore, we see that the parameter W in the dynamic and static averaging regimes differs in a scaling factor `:

` =
WBC

W3
=
〈|^ |〉
〈^2〉1/2

(36)

Thus, the fluorescence anisotropy of the system in the dynamic regime is dictated via W by the orientational factor 〈^2〉,
while 〈|^ |〉 dictates the fluorescence anisotropy decay of a static averaging system. We know that for a dynamic averaging
3-dimensional system, 〈^2〉 can be reduced to 2/3. In the static limit, when the system is isotropic and 3-dimensional, and the
orientational factor describes a 3-dimensional distribution, 〈|^ |〉 can be calculated, yielding 〈|^ |〉 = 0.6901. This is the same
as saying that 〈

√
^2〉2 = 0.69012 = 0.4762, with ` = 0.8452. If the space is the same but the orientational factor describes a

2-dimensional distribution, then 〈|^ |〉 = 0.7397, where 〈 3√
^2〉3 = 0.73973 = 0.4047 and with ` = 0.8468(63, 96).

An identical method to calculate the FRET efficiency of the entire system in either of the two regimes, dynamic or static, is
now described. Let’s define the fluorescence intensity decay of the contribution of all initially excited fluorophores (donors) in a
system as follows:

� (C) = �04−C/g� (C) (37)
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where �0 is the fluorescence intensity at C = 0 and g is the fluorescence lifetime of the fluorophore. Because � (C) does not take
into account the finite fluorescence lifetime g, an additional exponential term with the fluorescence lifetime is added in the
equation. Since the initial excited fluorophores contribute predominantly to the fluorescence anisotropy, a relationship between
their fluorescence steady-state anisotropy A and quantum yield Φ can be established(32):

A

A0
=
Φ

Φ)
(38)

where A0 is the fluorescence anisotropy of the system in the absence of FRET and Φ) is the total quantum yield.

If we consider the fluorescence intensity of the entire system �) (C) to decay as a single exponential function (an average
fluorescence lifetime may be also introduced as an approximation), equation 38 takes the form(32, 65):

A

A0
=
Φ

Φ)
=

∫ ∞
0 3C� (C)∫ ∞

0 3C�) (C)
=

1
g�0

∫ ∞

0
3C� (C) = 1

g

∫ ∞

0
3C4−C/g� (C) (39)

Introducing the explicit expression of the probability � (C) within equation 39, the result is(32):

A

A0
=

1
g

∫ ∞

0
3C4−C/g� (C) = 1 − 5 (H) (40)

where
5 (H) =

√
cH4H

2 [1 − 4A 5 (H)] (41)

4A 5 (H) = 2
√
c

∫ H

0
3C4−C

2
(42)

H =

√
g

2
W (43)

The FRET efficiency of the donor fluorophores will be given by 5 (H):

��'�) = 5 (H) =
√
cH4H

2 [1 − 4A 5 (H)] (44)

This expression (equation 44) is equivalent to ��'�)= 1 - Φ, where the quantum yield of the entire system is Φ) = 1.

Table S1: Fit parameters extracted from the fluorescence decays of a eGFPmonomer and dimer (eGFP15eGFP) in solution. A double
exponential decay model was used to fit the decays, measured with a single detector, according to equation 15 and the average fluorescence
lifetime was calculated using equation 16. The average fluorescence lifetime and its reciprocal, per eGFP construct and refractive index
solution =, are given by g0E and g−1

0E . The goodness of the fit is given by j2
'
. The results are graphically shown in Figure 4 c.

eGFP monomer eGFP dimer
% glycerol n ± 0.001 n2 ± 0.001 g0E (=B) j2

'
g−1
0E (=B−1) g0E (=B) j2

'
g−1
0E (=B−1)

0 1.336 1.784 2.59 ± 0.02 1.34 0.386 ± 0.003 2.52 ± 0.06 1.42 0.396 ± 0.010
5 1.353 1.829 2.54 ± 0.01 1.34 0.394 ± 0.001 2.52 ± 0.01 1.26 0.398 ± 0.001
10 1.358 1.843 2.53 ± 0.01 1.30 0.395 ± 0.001 2.50 ± 0.01 1.42 0.401 ± 0.001
15 1.366 1.865 2.52 ± 0.02 1.29 0.396 ± 0.002 2.49 ± 0.02 1.08 0.402 ± 0.003
20 1.372 1.881 2.52 ± 0.01 1.25 0.398 ± 0.001 2.45 ± 0.02 1.28 0.408 ± 0.003
25 1.378 1.898 2.50 ± 0.01 1.26 0.401 ± 0.001 2.45 ± 0.01 1.17 0.409 ± 0.002
30 1.383 1.911 2.46 ± 0.01 1.17 0.407 ± 0.002 2.38 ± 0.04 1.19 0.420 ± 0.007

Δ=2 =
√

2= Δ=
Presented errors are associated to standard deviations of average values
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Figure S12: (a) Simplified graphical representation of the model described by Huber-Hamilton-Barnett(62) to quantify homo-FRET in a
3-dimensional diluted solution between identical fluorophores. The volume is divided in different regions determined by local concentrations
and thus distances between fluorophores (R1, R2, R3 and R4). In each region a donor fluorophore is located in the middle and surrounded
by acceptor fluorophores differently oriented. At time C a single interaction between donor and nearby acceptor takes place. The large
arrow between donor and acceptor describes the transfer of energy via FRET from donor to acceptor. The short arrow represents the
donor’s re-excitation due to the transfer of energy via FRET from acceptor to donor. The pairs of arrows linking regions and crossed out
in red represents the non-possibility of transferring energy via FRET between fluorophores of different regions. (b) Simplified graphical
representation of the sample studied in this work, formed by a diluted solution of eGFP15eGFPs (two monomeric eGFPs (green) tethered by a
linker of 15 aminoacids (blue)). This system corresponds to an analogy to (a), with the only difference that only two fluorophores (donor and
acceptor at time t) are encountered for each region.

Table S2: Fit parameters derived from time-resolved fluorescence anisotropy measurements of a eGFP monomer in solution. A
representative time-resolved fluorescence anisotropy decay along with the fit model are shown in Figure 6 a. The sample composition is given
by its percentage of glycerol and viscosity [. The fit parameter A0 corresponds to the initial anisotropy, \ is the rotational correlation time and
the goodness of the fit is given by j2

'
. The relationship between the rotational correlation time \ and the solution viscosity [ is depicted in

Figure 6 d in green square data points and a dashed black line, with a fit model whose gradient is 18.1 ns/cP.

% glycerol [ (cP) A0 \ (ns) j2
'

0 0.98 0.322 ± 0.002 16.46 ± 0.20 1.15
5 1.06 0.337 ± 0.001 21.42 ± 0.42 1.18
10 1.25 0.331 ± 0.000 23.36 ± 0.26 1.20
15 1.48 0.335 ± 0.010 27.60 ± 2.00 1.17
20 1.78 0.334 ± 0.001 38.60 ± 1.34 1.11
25 2.15 0.342 ± 0.001 41.90 ± 1.46 1.13
30 2.65 0.343 ± 0.000 47.39 ± 0.55 1.17
35 3.30 0.327 ± 0.003 67.89 ± 2.00 1.12
45 5.41 0.346 ± 0.002 97.62 ± 5.55 1.13
50 7.13 0.342 ± 0.001 122.56 ± 5.52 1.19
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Table S3: Fluorescence parameters extracted from the fit of time-resolved anisotropy measurements of a eGFP dimer in solution
using a double exponential and a stretched exponential decay model. The fit parameters for the double exponential decay model (equation
13) are: rotational correlation time \, the inverse FRET rate constant q and initial anisotropy values associated with each exponential, A01 and
A02. Figure 6 d shows the dependence of the eGFP dimer rotational correlation time \ with the solution viscosity [ (red square data points).
The dependence of the inverse FRET rate constant q on the viscosity [ is shown in Figure 6 e. For the stretched exponential decay model
(equation 10), the fit parameters are: the initial anisotropy A0 and the static WBC parameter found within the exponential. The dimensionality
parameter X was fixed at 0.5. The dimensionless parameter 2 was calculated from WBC with 〈|^ |〉 = 0.69, and the goodness of both fits is
indicated by j2

'
. The dependence of WBC and 2 on viscosity [ is shown in Figure 6 f.

Double exponential Stretched exponential
% glycerol A01 \ (ns) A02 q (ns) j2

'
A0 WBC j2

'
c

0 0.254 ± 0.007 17.16 ± 1.06 0.047 ± 0.003 0.51 ± 0.05 1.15 0.311 ± 0.002 0.229 ± 0.012 1.17 0.351 ± 0.012
5 0.249 ± 0.004 22.12 ± 1.20 0.054 ± 0.000 0.77 ± 0.11 1.20 0.315 ± 0.005 0.211 ± 0.005 1.21 0.323 ± 0.006
10 0.254 ± 0.004 23.94 ± 1.63 0.054 ± 0.006 0.78 ± 0.23 1.20 0.316 ± 0.004 0.198 ± 0.008 1.22 0.301 ± 0.010
15 0.245 ± 0.002 26.35 ± 1.29 0.050 ± 0.006 0.74 ± 0.11 1.20 0.302 ± 0.003 0.185 ± 0.006 1.21 0.279 ± 0.008
20 0.253 ± 0.003 28.40 ± 2.08 0.053 ± 0.005 0.70 ± 0.13 1.15 0.310 ± 0.003 0.177 ± 0.007 1.17 0.265 ± 0.009
25 0.263 ± 0.001 31.30 ± 1.16 0.055 ± 0.004 0.76 ± 0.09 1.16 0.321 ± 0.002 0.168 ± 0.003 1.17 0.251 ± 0.004
30 0.269 ± 0.004 33.10 ± 2.99 0.045 ± 0.003 0.68 ± 0.17 1.12 0.317 ± 0.002 0.147 ± 0.003 1.14 0.218 ± 0.004
35 0.264 ± 0.001 37.86 ± 0.23 0.045 ± 0.002 0.78 ± 0.04 1.16 0.313 ± 0.004 0.140 ± 0.004 1.16 0.207 ± 0.006
45 0.267 ± 0.001 44.01 ± 2.37 0.044 ± 0.004 0.72 ± 0.04 1.14 0.313 ± 0.002 0.125 ± 0.004 1.18 0.181 ± 0.006
50 0.266 ± 0.000 48.15 ± 1.96 0.042 ± 0.003 0.75 ± 0.15 1.13 0.310 ± 0.002 0.120 ± 0.004 1.18 0.181 ± 0.005

Table S4: The dimensionality parameter X from the stretched exponential decay model (equation 10) when allowed to float freely in
the fit of the GFP dimer anisotropy decays.

% glycerol [ (cP) X

0 0.98 0.71 ± 0.12
5 1.06 0.58 ± 0.01
10 1.25 0.60 ± 0.01
15 1.48 0.34 ± 0.04
20 1.78 0.50 ± 0.10
25 2.15 0.60 ± 0.07
30 2.65 0.70 ± 0.07
35 3.30 0.88 ± 0.18
45 5.41 0.59 ± 0.02
50 7.13 0.69 ± 0.12

Table S5: FRET energy efficiency ��'�) of the eGFP dimer in solution and calculated from the fit parameters derived from
time-resolved fluorescence anisotropy measurements. The double exponential decay model and stretched exponential decay models
were applied. The fluorescence decays of the monomeric GFP were created from the parallel and perpendicular decays according to the
denominator in equation 8. Equation 14 was applied to calculate the FRET efficiency when the anisotropy data was fitted with a double
exponential decay model. For the stretched exponential decay model, ��'�) was calculated according to equation 12. The fluorescence
lifetime of eGFP monomer in the absence of the acceptor is given by g (equation 16). The results are presented graphically in Figure 8.

Double exponential Stretched exponential
% glycerol [ (cP) n ± 0.001 g (ns) ��'�) ��'�)

0 0.98 1.336 2.65 ± 0.01 0.723 ± 0.001 0.316 ± 0.010
5 1.06 1.353 2.63 ± 0.00 0.631 ± 0.000 0.303 ± 0.005
10 1.25 1.358 2.60 ± 0.00 0.624 ± 0.000 0.286 ± 0.009
15 1.48 1.366 2.56 ± 0.04 0.634 ± 0.003 0.269 ± 0.008
20 1.78 1.372 2.52 ± 0.02 0.644 ± 0.002 0.259 ± 0.009
25 2.15 1.378 2.51 ± 0.03 0.624 ± 0.003 0.247 ± 0.004
30 2.65 1.383 2.46 ± 0.02 0.645 ± 0.002 0.219 ± 0.004
35 3.30 1.389 2.47 ± 0.01 0.612 ± 0.001 0.210 ± 0.006
45 5.41 1.403 2.39 ± 0.01 0.625 ± 0.001 0.187 ± 0.006
50 7.13 1.407 2.41 ± 0.02 0.617 ± 0.002 0.184 ± 0.006

No error associated with viscosity [
Presented errors are associated with standard deviations of average values
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Figure S13: The short and long fluorescence lifetime of the GFP monomer and dimer from a double exponential fit to their fluorescence
decays plotted versus the square of the refractive index. (a) Inverse of the shorter fluorescence lifetime plotted against the square of the
refractive index. (b) Inverse of the longer fluorescence lifetime plotted against the square of the refractive index.

Figure S14: Scatter plots of (a) U� , U� and U) , and (b) ^2, fluorophore separation ' and ��'�) of the GFP dimer (GFP15GFP). The
GFP Förster distance '0 as a function of ^2 according to equation 7 is indicated by a line which follows the orange ��'�) = 0.5 shading.
(c) Representative orientations of the two proteins from the differently coloured squares in the scatter plots in (a) and (b). The red arrows
correspond to the GFP transition dipole moment ®̀, which indicates the fluorophore orientation of the protein.
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