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Abstract

Light harvesting in nature is one of the most important processes, starting with the absorption of
light by chromophores within proteins and the transfer of energy from one another via the Forster
resonance energy transfer (FRET) mechanism. If the energy is transferred between identical
chromophores, the resulting is Homo-FRET. Here, we introduce an artificial system that allows us
to control the number of chromophores within a certain protein and to decipher the mechanism of
Homo-FRET in proteins in ways not possible in biological systems. We follow Homo-FRET by
ultrafast fluorescence anisotropy measurements. We show that for solvated proteins, the mechanism,
rate, and efficiency of Homo-FRET are highly dependent on the number of chromophores within
the protein. However, in the solid protein matrix, the mechanism remains the same as the number of
chromophores increases, but the solid matrix allows long-range Homo-FRET, resulting in full
depolarization. The observed higher-than-ideal Homo-FRET contribution to the observed
fluorescence anisotropy decay together with the reduction in the limiting anisotropy suggest a mixed

coherent-incoherent mechanism of energy transfer.
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Forster resonance energy transfer (FRET) occurs when excited-state energy from a donor
fluorophore is transferred nonradiatively to an adjacent acceptor fluorophore in its ground state.
FRET has two distinct categories. The first involves the participation of two fluorophores with
differing emission spectra as the donor and acceptor, known as Hetero-FRET. The second
classification of FRET, referred to as Homo-FRET, pertains to scenarios where both the donor and

acceptor consist of the same type of fluorophore with identical spectra.t 2

Homo-FRET has a substantial role in various biological systems, with the most notable example
being the photosynthesis apparatus. When fluorophores such as chlorophyll are densely and
effectively aligned within a protein structure, they can transfer energy with nearly perfect
efficiency.>® Due to the importance of this process for life on Earth, multiple theories have been
proposed to explain the mechanism behind this remarkably efficient excitonic energy transfer.* "2
One of the limiting factors in exploring Homo-FRET across fluorophores within proteins is our
inability to manipulate the chemical nature of the fluorophore in a facile manner or induce any
alterations in the density of fluorophores in natural protein systems. In this work, we explore how
energy is transferred between identical fluorophores in artificial protein systems, which gives us
much freedom in controlling the number of fluorophores in the system and the environment of the

system.

Here, we used the bovine serum albumin (BSA) protein as the host protein for the incorporation of
fluorophores both into solvated proteins and within a solid-state protein matrix that was prepared
using BSA. To construct a BSA-based solid matrix, we used the known ability of BSA to undergo
electrospinning®® and to make a solid mat capable of large water uptake.'* ¥ Another important
property of BSA in our study is its ability to tightly bind a variety of molecules at many binding
sites, and as discussed below, in this study, we bound fluorophores to BSA. Importantly, it was also
shown that the BSA protein within the solid electrospun matrix can also retain the ability to strongly

bind small molecules even though the protein is partially unfolded within the solid matrix.

https://doi.org/10.26434/chemrxiv-2024-xqb4g ORCID: https://orcid.org/0000-0003-1543-5333 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-xqb4g
https://orcid.org/0000-0003-1543-5333
https://creativecommons.org/licenses/by-nc/4.0/

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

For Homo-FRET to occur, the separation between donor and acceptor fluorophores typically needs
to be within the range of less than 10 nm. Furthermore, the fluorophore should exhibit a small Stokes
shift, ensuring that its absorption spectrum overlaps with its emission spectrum.! Several dyes are
known for their ability to promote Homo-FRET under suitable conditions. A recent discovery
indicated that the aggregation of fluorescein (Flu) in a solution can also sustain this form of energy
transfer.® In this study, we chose Flu as the fluorophore within the BSA protein for mediating the
expression of Homo-FRET. We chose Flu mainly because of its absorption and emission spectral
overlap, although it also has other significant advantages, such as its high water solubility and high

binding efficiency to the BSA protein.!’

One of the most convenient experimental approaches for exploring Hetero-FRET systems is to
measure the quenching of the donor's fluorescence lifetime in the presence of an acceptor. However,
for Homo-FRET, this approach is far more challenging, as the involvement of identical fluorophores
implies that there will be no change in the fluorescence lifetime even when energy transfer occurs.
Accordingly, to explore Homo-FRET, one can use time-resolved anisotropy measurements. 2 1819
In this experimental method, polarized light is utilized for excitation, and the resulting fluorescence
is measured in both parallel and perpendicular orientations relative to the electric field of the incident
light.? 2! The optimal conditions for excitation occur when a fluorophore transition dipole is aligned
parallel to the exciting light electric field?2. Following excitation, the orientation of the fluorophore's
transition dipole may evolve over time, consequently impacting the emitted fluorescence and
creating depolarization. The predominant mechanism driving temporal orientation changes is
molecular rotational motion. FRET-type energy transfer between an excited fluorophore and a
neighboring fluorophore with a different transition dipole orientation can also cause significant
orientation shifts.> 2® Accordingly, fluorescence anisotropy measurements can detect these

orientation shifts and, thus, can be used as a tool to measure Homo-FRET.%°
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1 To test the feasibility of Homo-FRET between Flu molecules, we first measured the absorption and
2 emission spectra of the molecule. Figure 1 shows the spectral overlap between the absorption and
3 emission spectra of Flu, suggesting that the Homo-FRET process may occur between nearby
4 molecules. Energy transfer occurs with a probability of 50% when the distance referred to as the
5 average Forster radius (Ro) is reached. We calculated the average Forster radius for Flu to be 5.03

6 nm using Equation 1%*:

(1)

, 6 _ 9000(In10)x2Q,
0 12815 Nn*

8 where Qp is the Flu quantum yield (Qp = 0.92)% and x? is taken as 2/3 assuming that the
9  orientation of the fluorophore is random.?* N is Avogadro constant and n is the refractive index of
10  water (n =1.333). The overlap integral (J) represents the overlap of the Flu emission (Fp) and

11  absorption spectra (ea) calculated using the measured spectra, giving J:

12 J = f Fp(MDes(M)A*dA =9.74 - 10* M~ 1em™nm* (2)
0

1.0 Absorption
Emission

© o o
> (@)} (0¢]
1 1 1

Intensity [a.u.]

©
N
1

0.0+

400 450 500 550 600
Wavelength [nm]
13 Figure 1. Absorption and emission spectra (Aex=480 nm) of Flu in water.
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Once we established the possibility of Homo-FRET between Flu molecules, we followed this
process using fluorescence anisotropy measurements. When subjected to vertically polarized light
excitation, the anisotropy value is calculated using the following expression:

I —G-1,

_hzGh 3
T2, )

I, and I, denote the intensities of polarized and depolarized emission, respectively, with factor G
serving to rectify variations in the instrument detection efficiency for different emission

polarizations.

Before diving into the experiment, we should first explain what we expect to observe. For a freely
rotating fluorophore in a non-viscous solution, the emission dipole of the molecule upon excitation
also freely rotates, thus resulting in rapid depolarization of the molecule (Figure 2a, top panel). This
fast depolarization should result in a fast fluorescence anisotropy decay. However, if fluorophore
motion is inhibited, e.g., by binding to a protein, we expect to observe a slow anisotropy decay
resulting from the restricted motion of the fluorophore within the protein and the slow movement of

the protein (Figure 2a, bottom panel).
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Figure 2. (a) Schematic of the rotation of fluorescence emission dipoles (pink arrows) over time,
causing rapid depolarization after light excitation (top). Limited mobility within a large protein
limits the fluorophores, significantly reducing depolarization over time (bottom). (b) Time-resolved
anisotropy decays of Flu in water and in the Flu-BSA complex. (¢) Schematic of the fluorescence
emission dipoles (pink arrows) without Homo-FRET (top) or with (bottom) after introducing a
neighboring fluorophore, causing fast depolarization after light excitation. (d) Time-resolved
anisotropy decays of different numbers of Flu molecules inside each BSA protein. The excitation

and emission wavelengths in (b) and (d) are 490 and 520 nm, respectively.

In our experiments, we first examined the anisotropy of free Flu molecules in an aqueous solution
(Figure 2b, purple curve). The figure shows how the anisotropy rapidly decays as the Flu molecules
freely rotate in water, i.e., a nonviscous solvent, as described above. As stated, we used BSA as the
chosen protein for the binding of the Flu molecule. Indeed, following the binding of a single Flu
molecule to each BSA protein (on average), which has the same Flu concentration as that used

without BSA, we observed a very slow anisotropy decay (Figure 2b, yellow curve), which
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corresponds to the restriction of the molecule’s movement within the protein.?* The major change

in the measured anisotropy is also proof of the successful binding of the fluorophore to BSA.

For a Homo-FRET process to occur, the molecules must be packed at a distance that allows
interaction. For our measurements of solvated Flu molecules in water, the low density of the
molecules prevents energy transfer. For this reason, decreasing the distance between molecules is
essential for obtaining Homo-FRET. In this study, we used the BSA protein as a platform for binding
multiple Flu molecules, thus fixing their position at a distance of less than 10 nanometers from each
other. As mentioned, we used fluorescence anisotropy measurements to examine whether or not
Homo-FRET happened. If Homo-FRET occurs between two neighboring fluorophores, the energy
transfer from one fluorophore to the other results in a rapid change in the emission dipole orientation,

which is much faster than the restricted movement of the fluorophores themselves (Figure 2c).

In our experiments, the presence of several binding sites within BSA enabled us to increase the
quantity of Flu molecules attached to each BSA molecule. At this stage, it was of utmost importance
to verify that all the Flu molecules bound to the BSA protein and did not remain solvated in solution.
Accordingly, we used filtering membranes to remove any excess unbound Flu molecules that could
have been left in our system. Interestingly, we found that up to 10 Flu molecules can bind (on
average) to a single BSA protein. The next step was to follow the change in the fluorescence
anisotropy decay at different ratios of BSA to Flu molecules (Figure 2d). Already from the ratio of
BSA:Flu of 1:2, we observed a faster decay component of the anisotropy compared to the BSA:Flu
ratio of 1:1. Importantly, we noticed that adding more Flu molecules to one BSA protein resulted in
a faster decay component of its anisotropy (Figure 2d), thus indicating an increase in the Homo-
probability and rate of Homo-FRET. As an important control experiment, we also used another
fluorophore, chlorophyll, which cannot bind to BSA molecules in quantities similar to those of the
Flu molecule. This fluorophore showed a completely different trend in the anisotropy measurements

as a function of the chlorophyll molecules in solution. In these control experiments, we observed a
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‘dip-and-rise’ behavior in the anisotropy measurements, thus indicating that some of the
fluorophores were bound to the BSA protein and that some were not?? 2+ 26: 2 hound to the BSA

protein (Figure S1 and text within).

To describe the anisotropy decay for a spherical complex (i.e., a protein) having two or more close

fluorophores, we used the following equation:

t t
r(t) =71, (aFRET e Tt ap e TZ) (4)

where 1, is the limiting anisotropy, 7, is the Homo-FRET correlation time, azggr is the fractional
amplitude of the Homo-FRET decay component, 7, is the rotation correlation time, and a,.,; is the

fractional amplitude of the rotational decay component.

As shown in our results (Figure 2d), when Homo-FRET occurs, we observe initial rapid decay,
which corresponds to the energy transfer process, followed by a slow component, which corresponds
to the restricted motion of the fluorophore in our system. Accordingly, we fitted the decay curves
with a double exponential fitting (Table 1, 7, and 7, values). For the protein sample containing a
single Flu molecule, the data were fitted using a single exponent since no rapid component
associated with Homo-FRET was observed. When two Flu molecules are within the protein, we can

determine the efficiency of Homo-FRET using the following equation:

Kt

E=——— (5)

T 1+ Kkp

where Kk is the FRET transfer rate, which equals k; = % for a pair of fluorophores, assuming an
1

identical transfer rate in both directions, T is the mentioned Homo-FRET correlation time, and t =
3.97 ns (Figure S2) is the radiative fluorescence lifetime decay of a single Flu bound to BSA in an
aqueous environment. Using Eq. (5), we calculated an efficiency of E = 0.9 for Homo-FRET

between a pair of Flu molecules within solvated BSA proteins. Using the efficiency value, we can
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also calculate the separation distance between the Flu molecules as r = 3.4 nm by using the following

equation:

r6 = RS (é - 1) (6)

When more than 2 Flu molecules were within the BSA protein, we observed a gradual increase in
the Homo-FRET decay rate and an increase in the magnitude of the Homo-FRET (agggr). The
sample containing 10 Flu molecules within each BSA did not conform to a double exponential fit

due to complete depolarization resulting from Homo-FRET.

What does it mean a complete depolarization? To answer this question, we introduce the term
‘cluster size’ for the fluorophores within the protein. Adding more molecules to the cluster enhances
the depolarization by inducing randomness in the orientation vector of the dipoles. Once energy
exchange through Homo-FRET has reached a state of equilibrium within the cluster, the likelihood
of photon emission becomes uniform across all fluorophores within the group. Thus, complete
depolarization means that at the end of the Homo-FRET process, there is no preferred direction for

the emission dipole within the cluster. When dealing with a cluster of size N, the anisotropy value
following the Homo-FRET process is expected to decrease by % of the initial r, value.?® Hence,

estimating the cluster size can be achieved by measuring the time-resolved anisotropy.?° However,
this estimation holds under specific circumstances: 1) The fluorophores are randomly oriented. 2)
The depolarization resulting from rotation is considered to be negligible. 3) The energy transfer rate
exceeds the fluorescence time. In our experiment, the fluorophores exhibit random orientations. The
interaction with the large protein significantly extends the rotational time, and the lifetime of the Flu
bound to the protein is 3.97 ns; hence, the energy transfer rate is much faster. Since our system
conforms to all the criteria, we can examine how Homo-FRET contributes to the decay of anisotropy
across various cluster sizes. This Homo-FRET contribution can be calculated by the percentage

reduction in the anisotropy value following the fast Homo-FRET component compared to the initial

10
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sample (BSA 1:1 Flu), which does not contain Homo-FRET (essentially, r,). Ideally, this value
(ArreT) should theoretically decrease to 50%, 67%, 75%, 80%, 85%, and 90% when 2, 3, 4, 5, 7,
and 10 Flu molecules are within BSA (Table 1). However, as shown in Table 1, our obtained values
are in line with the theoretical values only when less than 4 Flu molecules were inside the BSA, and
when more Flu molecules were inside the protein, the contribution of Homo-FRET was greater than
expected. Our observation of a greater contribution of Homo-FRET than ideal for a large number of
Flu molecules within the protein is highly interesting and unexpected in light of a previous work
that showed a lower than theoretical contribution of Homo-FRET.2® We claim here that the
delocalization of energy across several fluorophores within BSA can explain this higher-than-ideal
contribution from Homo-FRET. A further indication that might support the delocalization claim is
the reduction in the ro values upon the addition of more Flu molecules to the protein. In the absence
of any other incoherent Homo-FRET, i.e., the excitation energy hopping process that we observe,
this limiting anisotropy should not change. However, if a very fast depolarization process occurs on
a timescale below the resolution of the anisotropy experiments, it should result in a decrease in ro.*°
This fast process can be ascribed to an energy transfer mechanism among closely situated and
aligned fluorophores, leading to energy delocalization.®! Above a certain ratio of BSA:Flu (>1:3),
we ‘saturate’ the contribution of coherent processes, as can be observed by the constant ro from this
point, which also indicates the point that we have started to observe the deviation of the contribution
of Homo-FRET from the ideal values.

Table 1. Fitted rotation and Homo-FRET correlation time within solvated BSA proteins as a
function of the number of Flu within the protein.

T1(ns) T2(ns) To apper Arrer  ATheor.
BSA 1:1 Flu --- 28.2+0.94 0.23 --- --- ---
BSA 1:2 Flu 0.19 +0.03 28.9+1.64 0.17 0.3 48 50
BSA 1:3 Flu 0.17 £ 0.02 2203+1.79 0.14 0.5 70 67
BSA 1:4 Flu 0.149+£0.008 20.28+2.02 0.14 0.73 83 75
BSA 1:5 Flu 0.136 £0.008 19.32+4.15 0.14 0.85 92 80
BSA 1:7 Flu 0.133+0.007 17.7x9 0.13 0.94 96 85
BSA 1:10 Flu 0.119+0.005 --- 0.13 1 ~100 90

11
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In the second part of our work, we switched from solvated proteins to solid-state protein matrices.
While Homo-FRET between a cluster of fluorophores situated within a solvated protein is restricted
by the size of the protein, Homo-FRET between fluorophores situated within macroscopic protein
matrices does not have this restriction, thus enabling long-range distances within the matrix to be
reached. To do so, we used the BSA protein to form a free-standing matrix by electrospinning®®
(Figure 3a). As stated, since the matrix platform is composed solely of proteins, it enables us to
explore Homo-FRET within proteins across many proteins and not be confined to a single protein.
Like the solvated BSA protein, the BSA matrix can also easily bind various small molecules from
the solution in a molecular doping process by simply placing the matrix in the solution of the
dopant®? 33 (Figure 3b). By varying either the concentration of the dopant (fluorophore) in the doping
solution or the duration of the doping process, we can easily control the final doping efficiency
within the BSA matrix, i.e., the average distance between the fluorophores within the matrix. In line
with the first part, we doped the BSA mat with Flu molecules at various concentrations of
fluorophores, resulting in mats possessing distinct doping densities. We used UV—vis absorption

spectra analysis to determine the resulting doping density in each sample (Table 2).

12
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1 Figure 3. (a) Schematic of the doping process. (b) SEM image of the BSA mat; the scale represents 50

2 um. (c) Time-resolved anisotropy decays for different Flu doping densities inside the BSA mat. The

3 excitation and emission wavelengths are 490 and 520 nm, respectively.

4  Table 2. Fitted rotation and Homo-FRET correlation time for solid BSA mats with different doping

5 densities of Flu.

Doping density

lem-3] o ArRer T3
1.1x10" 19688 003997 0.12737 +0.035
4.6 x10' (17830 006804 0.12473+0.028
2.5x10' 1573 006706 0.11797 +0.024
9.4x10" 12635 012201 0.12132+0.012
3.8x10" (00102 028047 0.12824 +0.006

7  As above, we measured the time-resolved anisotropy decay of these mats at different doping

8 densities (Figure 3c). The results show a rapid decay in the measured anisotropy for all the doped

9  mats. In contrast to the measurements taken with solvated proteins, where the slow rotation of the
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protein resulted in a slow time component following the Homo-FRET process (z, in Table 1), in the
solid matrix, we do not expect to see any depolarization due to slow rotation events. Indeed, the
results show a rapid decay, followed by a constant anisotropy. This finding also validates our
assertion that Flu molecules are strongly bound to the protein matrix and not leached to water (the
BSA mat has a water content of up to 150 wt.%) within the protein matrix.** > Furthermore, the
anisotropy measured for the wet matrix was highly similar to that of a dry matrix (Figure S3); thus,
the results demonstrated that the presence of Homo-FRET between fluorophores situated within the

proteins in the matrix was what we observed.

We can treat our results of the time-resolved anisotropy curve for samples experiencing heavily
restricted rotation in a solid platform as a transition from an initial anisotropy value ro to a non-zero

asymptote, denoted as 7,,:

7(t) = 1o + Apger e_(%) (7)

The fitting parameters are summarized in Table 2. As the dopant density increases, the decay
amplitude (Apggr) increases, indicating the increased involvement of Flu molecules that exchange
energy. A similar finding was found in a study where the concentration of labeled proteins within
amyloid fibrils was increased.* At the highest concentration tested, referred to as 'full doping', we
achieved complete depolarization, as can be observed by the nil anisotropy value. In other words,
when the surface was excited with a beam of a specific polarization, the emitted light polarization
was uniformly received from all directions. This phenomenon occurs because elevating the
concentration of fluorophores results in a broader distribution of fluorophores with diverse spatial

orientations and proximity, thus giving rise to efficient energy transfer.

Two intriguing findings from the anisotropy measurements of the doped surfaces are 1) a similar
anisotropy starting value (which we refer to above as ro) for all doping densities and 2) a similar

energy transfer decay (z3) for all doping densities. These findings imply that a similar Homo-FRET

14
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mechanism is shared among all our solid matrix samples. However, these findings contrast with the
measurements performed with the solvated protein, whereas we observed a decrease in ro and a
decrease in the decay value as a function of the concentration of the Flu molecule within a single
protein. Nevertheless, it is important to note that the similar decay observed for the Homo-FRET
process within the protein matrix (z5) for all doping densities is similar to the value obtained for the
Homo-FRET process within the solvated proteins but only at ratios above BSA 1:4 Flu (z, in Table
1). Moreover, above this BSA:Flu ratio, we also did not observe a change in ro as a function of the
ratio. This similarity indicates that the mechanism of action of Homo-FRET within the protein
matrix, regardless of the doping density, is likely similar to the mechanism involving solvated
proteins at large copy numbers of the fluorophores. Hence, we suggest here that regardless of the
doping density, the delocalization of energy occurs over several fluorophores, and increasing the
density further does not improve this process. However, increasing the doping density allows more
fluorophores to participate in the hopping process, eventually resulting in the full depolarization

observed in the fully doped matrix.

In summary, we followed the Homo-FRET process between Flu molecules situated within the BSA
protein either in its freely solvated form or in a solid protein matrix using fluorescence anisotropy
measurements. For the solvated protein, we showed that the number of Flu molecules within the
protein strongly influenced all the parameters of the Homo-FRET process, including the rate of
energy transfer and its amplitude. We observed two unexpected findings: 1) a reduction in the
limiting anisotropy and 2) a greater-than-ideal contribution of Homo-FRET to the measured
fluorescence anisotropy. Our observations might suggest that coherent energy transfer processes are
involved in the observed Homo-FRET; thus, a mixed coherent-incoherent (hopping) mechanism is
suggested. Unlike the measurements with solvated protein, the Homo-FRET anisotropy
measurements within the solid protein matrix showed similar anisotropy decay and limiting

anisotropy for all the different concentrations of Flu within the matrix, and only the long timescale
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anisotropy was slowly reduced to approximately zero at high doping densities. The similar values
of both the anisotropy decay and the limiting anisotropy to the values obtained with the solid protein
matrix suggest a similar mechanism regardless of the doping density. The reduction in the long
timescale anisotropy might imply that the delocalization spreads over longer distances within the

solid matrix at high doping densities.

Supporting Information

Experimental Section and Supporting Figures (Figures S1-S3) can be found online.
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