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Macromolecular crowding affects many cellular processes such as diffusion, biochemical reaction
kinetics, protein—protein interactions, and protein folding. Mapping the heterogeneous, dynamic crowd-
ing in living cells or tissues requires genetically encoded, site-specific, crowding sensors that are
compatible with quantitative, noninvasive fluorescence micro-spectroscopy. Here, we carried out time-
resolved 2P-fluorescence measurements of a new mEGFP-linker-mScarlet-I macromolecular crowding
construct (GE2.3) to characterize its environmental sensitivity in biomimetic crowded solutions (Ficoll-
70, 0-300 g L™Y via Forster resonance energy transfer (FRET) analysis. The 2P-fluorescence lifetime of
the donor (MEGFP) was measured under magic-angle polarization, in the presence (intact) and absence
(enzymatically cleaved) of the acceptor (mScarlet-1), as a function of the Ficoll-70 concentration.
The FRET efficiency was used to quantify the sensitivity of GE2.3 to macromolecular crowding and
to determine the environmental dependence of the mEGFP-mScarlet-| distance. We also carried out
time-resolved 2P-fluorescence depolarization anisotropy to examine both macromolecular crowding
and linker flexibility effects on GE2.3 rotational dynamics within the context of the Stokes-—Einstein
model as compared with theoretical predictions based on its molecular weight. These time-resolved
2P-fluorescence depolarization measurements and conformational population analyses of GE2.3 were
also used to estimate the free energy gain upon the structural collapse in crowded environment. Our
results further the development of a rational engineering design for bioenvironmental sensors without
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DOI: 10.1039/d3cp04733d the interference of cellular autofluorescence. Additionally, these results in well-defined environments
will inform our future in vivo studies of genetically encoded GE2.3 towards the mapping of the crowded

rsc.li/pccp intracellular environment under different physiological conditions.

measurement of macromolecular crowding is therefore critical
for improving our understanding of this complex environmental
milieu.

Several macromolecular crowding sensors have been
designed by Boersma and co-workers.'®* These sensors are

1. Introduction

Macromolecular crowding has attracted increasing scrutiny
over the past few decades for its importance in the regulation
of cellular processes.'™ Cells are known to be approximately

40% macromolecules by volume, equivalent to a concentration
of 300-400 g L™ in E. coli.”*””” Crowding has been observed to
alter protein-protein interactions, equilibria, protein folding,
diffusion and transport, and reaction kinetics."”~° Due to the
dynamic nature of macromolecular crowding, understanding the
role of crowding in living cells remains a challenge. Designing
site-specific, non-toxic, and well-characterized probes for

“ Department of Chemistry and Biochemistry, Swenson College of Science and
Engineering, University of Minnesota Duluth, Duluth, MN 55812, USA.
E-mail: aaheikal@d.umn.edu; Tel: +1-218-726-7036

b Cellular Protein Chemistry, Bijvoet Centre for Biomolecular Research, Faculty of
Science, Utrecht University, Utrecht, The Netherlands

This journal is © the Owner Societies 2024

composed of cyan fluorescent proteins (CFPs: mCerulean3,
mTurquoise2, and mTurquoise2.1) as donor molecules paired
with a yellow fluorescent protein (YFP: mCitrine) as an
acceptor.”® > In these sensors, the donor-acceptor pairs are
tethered together via a flexible linker region of varying
amino acid sequence (ie., different length and flexibility). The
environmental sensitivity of these donor-acceptor pairs can be
characterized quantitatively by measuring the corresponding
Forster resonance energy transfer (FRET) from the donor to
the acceptor.'®"® Using time resolved one-photon excitation
fluorescence measurements®™ > as well as time-resolved
fluorescence depolarization anisotropy®**® and fluorescence cor-
relation spectroscopy’’, we have characterized the impact of
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Fig.1 The chemical structure and steady-state spectroscopy of GE2.3
construct. (A) GE2.3 consists of a donor (MEGFP) and acceptor (mScarlet-1)
that are tethered together via neutral double a-helices [-(GSG)sA(EAAA-
K)6A(GSG)6A(EAAAK)cA(GSG)g-] in the linker region. We hypothesize that
the conformations (stretched and collapsed) of the donor—acceptor pair in
GE2.3 will reach an equilibrium in a crowded environment, which leads to
enhanced FRET for the collapsed structure. (B) The normalized absorption
and emission spectra of GE2.3 in PBS buffer exhibits two major absorption
peaks (solid line), one at 490-nm (MEGFP, donor: D) and another at 570-
nm (mScarlet-1, acceptor: A). The emission of the donor (dashed curve)
peaks at 505 nm as compared with the 590 nm emission peak of the
acceptor (dotted curve). The asterisk indicates the 2P pulsed excitation
(900 nm) of the donor at twice the indicated wavelength (450 nm) on the
steady-state absorption. The horizontal dashed arrow around 520/60-nm
indicates the detection filter used for time-resolved 2P-fluorescence at
magic angle detection (54.7°). However, the dashed arrow (555-690 nm)
indicates the detection emission filter used for polarization (parallel and
perpendicular) analysis for rotational and FRET-induced depolarization
experiments. Depolarization analysis due to rotational dynamics of GE2.3
alone were carried out under the 2P-excitation (900 nm) and detection
(520/60 nm) of the donor’s emission.

donor identity and linker design on the FRET sensitivity of these
sensors to macromolecular crowding using controlled in vitro
solutions.?*?426283% oyr studies have indicated that a short,
flexible linker region, composed of two electrostatically neutral
o-helices, is highly sensitive to macromolecular crowding.>*?*
Crowding sensors with CFPs as donors, however, are excited
using near-UV lasers (375-475 nm), which can have negative
impacts on cells, and may not be accessible in every microscopy
lab. The corresponding emission of these CFP donors also
requires specialized optics and is not ideal for traditional optical
microscopes. Additionally, the emission spectra of many CFPs
(450-550 nm) overlaps with the intrinsic autofluorescence of
flavins such as NADH and FAD.***’

To overcome these challenges, Boersma et al. recently intro-
duced a new macromolecular crowding sensor, namely a
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mEGFP-linker-mScarlet-I construct (or GE2.3)."* This sensor
contains two electrostatically neutral o-helices in the linker
region (Fig. 1A) between the donor (mEGFP) and acceptor
(mScarlet-I), which has been shown to be a promising probe
to macromolecular crowding.>**® Importantly, the maximum
absorption (490 nm) and emission (505 nm) of mEGFP in the
GE2.3 sensor (Fig. 1B) would allow for minimum interference
with the cellular autofluorescence (e.g., intrinsic NADH and
flavins) for reliable imaging of site-specific cellular crowding in
living cells or tissues.

In this contribution, we investigate a novel mEGFP-linker-
mScarlet-I macromolecular crowding construct (GE2.3; Fig. 1A)
to characterize its environmental sensitivity in biomimetic
crowded solutions (Ficoll-70, 0-300 g L") using time-resolved
2P-fluorescence measurements of the donor (mEGFP) in the
presence and absence (enzymatic cleavage) of the acceptor
(mScarlet-I). The mEGFP of this GE2.3 construct has an absorp-
tion peak around 488 nm (accessible laser wavelength for most
optical microscopy laboratories) and emits fluorescence near
510 nm (Fig. 1B), which rules out potential interference from
cellular autofluorescence. The environmental sensitivity of
these sensors is correlated with the measured FRET efficiency
and the donor-acceptor distance. Two different modalities of
2P excitation (single-point versus laser-scanning mode as in 2P-
FLIM) were also compared to examine the sensitivity of the
estimated FRET efficiency (i.e., environmental sensitivity) to the
employed method for lifetime measurements. We also carried
out time-resolved 2P-fluorescence depolarization anisotropy to
examine both macromolecular crowding and linker flexibility
effects on GE2.3 rotational dynamics within the context of
the Stokes-Einstein model as compared with theoretical pre-
dictions based on its molecular weight. In addition, these
2P-depolarization analyses of GE2.3 were used to determine
the equilibrium constant (K) and the Gibbs free energy changes
(AG®) associated with the structural conformations in response
to environmental crowding.

2. Materials and methods
2.1. Materials

The plasmids encoding the donor-linker-acceptor GE2.3
constructs™® in the pRSET A host vector were transfected into
the E. coli strain BL21(DE)pLysS (Invitrogen). The GE2.3 con-
struct (Fig. 1A) was purified via nickel resin affinity chromato-
graphy (ProBond, Life Technologies), and the peak fraction was
dialyzed against 1X PBS before being aliquoted and flash frozen
in liquid nitrogen for storage at —80 °C until use. Here we
assume that both the donor (mEGFP) and acceptor (mScarlet-I)
in the purified GE2.3 sample from E. coli are matured concern-
ing both the integrity of the B-barrel and the embedded
chromophore. This assumption is based on the observed
steady-state spectroscopy and the fact that the embedded
chromophore is unlikely to absorb light or emit fluorescence
without the intact f-barrel and the surrounding amino acids
(in either mEGFP or mScarlet-I) of the GE2.3 sensor. As a
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control, enzymatic cleavage of the linker region using the serine
protease Proteinase K was used to investigate the excited-state
dynamics of the donor molecule in the absence of the acceptor
under the same experimental conditions. For this cleavage
reaction, 0.56 ng of proteinase K was added per pmol of
purified probe and was allowed to react for one minute at
25 °C. The cleavage reaction was quenched after one minute
using 20 pmol PMSF per mg of proteinase K. SDS-PAGE analysis
with Coomassie staining was used to ensure complete cleavage
of the linker region. The crowding agent (namely, Ficoll-70) was
dissolved in 1X PBS at different concentrations (0-300 g L)
and combined with intact or cleaved sensors at a concentration
of ~8 uM for two-photon (2P) excited state dynamics studies.
No significant background signal was observed for blank Ficoll-
70 solutions.

2.2. Methods and data analysis

The experimental setup for time-resolved fluorescence mea-
surements, using time-correlated single-photon counting
(TCSPC), has been detailed elsewhere.>***** Briefly, the
infrared laser pulses (900 nm, 76 MHz, Mira 900-F, Coherent)
were generated using a titanium-sapphire laser followed by a
pulse picker for reducing the repetition rate of the laser pulses
(4.2 MHz, Mira-900, Coherent). The laser pulses were condi-
tioned and steered toward a laser-scanning unit (FV300, Olym-
pus) prior to an inverted microscope (IX-81, Olympus), a dichroic
mirror (690DMSP), and then the microscope objective (1.2NA,
Olympus UPlanApo IR, water immersion, 60x) for sample
(a droplet on a coverslip) excitation. The epifluorescence from
the donor, in the presence and absence of the acceptor, was
filtered using a band-pass filter (520/60) and detected using a
microchannel plate photomultiplier tube (R3809U, Hamamatsu)
at the theoretical magic-angle polarization (54.7°) setting of a
Glan-Thomson polarizer. It is worth noting that our laser beam
waist was smaller than the diameter of the back aperture of the
microscope objective (ie., the NA is less than 1.2) and the
fluorescence beam entering the Glan-Thomson polarizer is not
exactly collimated, which might skew the exact magic-angle
polarization.*® However, the setup was calibrated using a fluoro-
phore with known fluorescence lifetime under the same experi-
mental conditions for both cleaved and intact GE2.3 sensor
measurements. For time-resolved 2P-anisotropy, the epifluores-
cence of mostly the acceptor’s emission (555-690 nm) was split
into parallel and perpendicular polarizations using a polarizing
beam splitter and detected simultaneously using two micro-
channel plate photomultiplier tubes. The 2P-fluorescence signal
was then amplified and routed toward a synchronized SPC-150
module (Becker & Hickl) for TCSPC detection. The system was
calibrated using rhodamine-110 and rhodamine B (RhB), respec-
tively, as reference fluorophores, and the acquired fluorescence
lifetime data deconvoluted (SPCImage software, Becker & Hickl)
with the measured system response function (full-width half-
maximum of ~45 ps), generated using second harmonic gen-
eration from sodium phosphate dibasic crystal powder. Using
SPCImage, a maximum likelihood estimation (MLE) fitting
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model provided a better fitting quality as compared with a
weighted least-squares (WLS) model.

The time-resolved 2P-fluorescence of the donor (mEGFP) or
cleaved GE2.3 can be satisfactorily described as a single expo-
nential following complete cleavage reaction. In the presence of
the acceptor (ie., intact sensors), however, the fluorescence
decay of the donor molecule is described as a biexponential
such that:>*?*>°

F(1) = aye Fer i)t g o= ()1 (1)

where the first fast component (with an amplitude o,) describes
a subpopulation (e.g., collapsed conformation) of GE2.3 that
decays via the sum of the energy transfer rate (kgy) and the
donor’s fluorescence decay rate (k). The second slow compo-
nent (with an amplitude o,) represents a second subpopulation
(e.g., stretched conformation) of the sensor that does not
undergo (or negligible) FRET, where its fluorescence decays at
arate k. The amplitude fractions of the observed biexponential
2P-fluorescence decays are normalized (i.e., o + o = 1).
Under the same experimental conditions of time-resolved 2P-
fluorescence of GE2.3 (i.e., exciting the donor at 900 nm and
detecting its fluorescence emission), the background signal
from the blank Ficoll solutions was negligible.

To distinguish between changes in the average fluorescence
lifetime of GE2.3 due to FRET and the environmental refractive
index (n), we measured both cleaved and intact sensor under the
same environmental conditions prior to the energy transfer effi-
ciency calculations. When the concentration of enzymatically-
cleaved GE2.3 was too low to measure the cleaved sample under
all Ficoll concentrations, we used the Strickler-Berg equation to
predict the changes of the excited-state fluorescence lifetime due to
the refractive index of a given Ficoll-70 solution as compared with

buffer, where:*°
70
n; = N, /? 2)
1

where 7, is the refractive index of the /™ Ficoll solution as compared
with the PBS buffer (n, = 1.33). The corresponding 2P-fluorescence
lifetime in a buffer (z,) and in the /™ Ficoll solution (t;) were
measured directly.

The FRET efficiency of GE2.3 was calculated using the
observed 2P-fluorescence lifetime of intact (1ps) and cleaved
(tp) sensor such that:**>*2940

E(%) = <1 _’ﬂ) % 100 3)
™D

In this case, the average 2P-fluorescence lifetime of the
intact (tps) was used to calculate the ensemble-averaged FRET
efficiency. When possible, the 2P-fluorescence lifetime of the
cleaved GE2.3 (i.e., the donor alone) were measured in the same
Ficoll solutions under the same experimental conditions to
account for the refractive index effect on the observed fluores-
cence decay rates. Due to low concentration of the enzymati-
cally cleaved GE2.3, however, we used the fluorescence decay
rate of cleaved GE2.3 in a buffer with and without the refractive
index correction using Strickler-Berg equation (eqn (2)) to
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highlight its effect on the FRET analysis. We also compare our
estimated FRET efficiency using eqn (3) with another model
using the fast and slow decay components (eqn (1)) that is
routinely used in 2P-fluorescence lifetime imaging microscopy
(2P-FLIM) studies for FRET analyses. This model (eqn (4))
reports the FRET efficiency of the subpopulation undergoing
energy transfer, which is expected to be larger than the ensem-
ble averaged FRET efficiency. In this alternative method of data
analysis, the energy transfer efficiency (E) is calculated accord-
ing to:*!

E(%) = (1 fﬂ) % 100 (4)

Tslow

The time-resolved 2P fluorescence depolarization anisotropy
of GE2.3 was also determined for both rotational dynamics
(when exciting and detecting mEGFP) and FRET analysis (when
exciting mEGFP and detecting the polarization analysis of
mostly the acceptor’s emission). In these measurements,
time-resolved fluorescence with parallel, I;(¢), and perpendi-
cular, I, (¢), polarizations were recorded simultaneously using
beam-splitter and two channel detection, where the time-
resolved anisotropy can be calculated such that*’:

_ IH(I‘) + GIL(I‘)

(1) = 1,() + 2G1. (1)

()
where G is a geometric factor of our experimental setup that
corrects for any polarization-biased detection of the fluores-
cence of GE2.3 sensor.

When exciting and detecting the fluorescence polarization
of mEGFP, the observed time-resolved anisotropy (depolariza-
tion) reflects the rotational dynamics of the sensor with a
flexible linker such that:**>*2%

0 = roe’(“’il)t (6)

where the rotational time (¢) is related to both the rotational
diffusion coefficient (¢ = 1/6D) and the hydrodynamic volume
(¢ = nViksT) according to the Stokes-Einstein model, at a given
environmental viscosity (1), temperature (7), and Boltzmann
constant (kg). The estimated hydrodynamic volume (V) using
the measured rotational time can be approximately compared
with the Perrin equation prediction:**

V(nm?®) = AN/[—: x (10*'nm? /cm?) (7)

where V is the hydrodynamic volume (nm?®), M is the molecular
weight (Da), v is the specific volume (0.73 cm® mol ). Eqn (7)
was corrected to include protein hydration with an estimated
0.3 g H,0/g protein.*” The corresponding hydrodynamic radius
can then be calculated using the estimated hydrodynamic
volume, assuming a spherical shape of the protein.

When exciting mEGFP and detecting the fluorescence polar-
ization analysis of mostly the acceptor’s emission, the observed
2P-anisotropy (depolarization) decays as a biexponential due to
both FRET (first term with an amplitude f;) and rotational
dynamics (second term with an amplitude f,) such that;>*2%2%
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M) = e 0+ 0 0k oo (®)

where kgr is the energy transfer rate and ¢ is the rotational time
of the flexible sensor. The summation of the amplitudes in this
equals the initial anisotropy (i.e., i1 + ff» = ry). Generally, the
initial anisotropy (r,) of a given fluorophore under 2P-excitation
has a theoretical value of 0.57.** The average energy transfer
efficiency can then be calculated using the estimated energy
transfer rate (kgr) weighted by the amplitude fractions (8, & f8,)
such that:*%?®

w00 = (i v (i) oo O

Once the energy transfer efficiency (E-value) is determined
using either time-resolved fluorescence or depolarization, the
corresponding donor-acceptor distance (Rp,) can be calculated
using the following equation®®** as a function of the surround-

ing environment:
o/l — E
RDA == R() T (10)

where R, is the Forster distance for a given FRET pair, equal to
the donor-acceptor distance at which the energy transfer
efficiency is 50%, with an estimated value of ~5.7 nm for
mEGFP-mScarlet-1 pair based on steady-state spectroscopy
measurements.*” It is worth noting that the Férster distance
(Ro) might change with the refractive index of the crowded
solutions,>* which might impact the estimated donor-acceptor
distance based on the calculated energy transfer efficiency.

3. Results and discussion

3.1. 2P-Fluorescence lifetime and FRET analysis of GE2.3
in crowded solutions

We hypothesize that GE2.3 in a crowded environment (i.e.,
high Ficoll concentration) would favor a collapsed conforma-
tion due to steric hinderance, which brings mEGFP (donor) and
mScarlet-I (acceptor) closer to each other and therefore
enhances the FRET efficiency. To test this hypothesis, we
measured the sensitivity of the excited-state dynamics (detected
at magic-angle 54.7° polarization to rule out rotational motion)
of GE2.3 to the surrounding environment using time-resolved
2P-fluorescence measurements of the cleaved and intact sensor
as a function of Ficoll-70 concentration (0-300 g L™"). Due to
our laser-system limitations, the 900-nm laser pulses were used
to excite the 2P-fluorescence (520/60) of the donor (mEGFP), in
the presence (intact GE2.3) and absence (cleaved GE2.3) of the
acceptor (mScarlet-I) in PBS buffer as a function of the Ficoll-70
concentration. The 2P-fluorescence of the cleaved GE2.3
(i.e., mEGFP) in PBS buffer decays satisfactorily as a single
exponential with an estimated excited-state lifetime of 2.75 +
0.05 ns, which is in reasonable agreement with the literature
values (2.6 £ 0.1 ns) using 2P-excitation.”®™® In contrast, the
2P-fluorescence of intact GE2.3 decays as a biexponential
(Fig. 2) under the same conditions with 2.1 £+ 0.05 ns (50%)
and 3.0 + 0.05 ns (50%) time constants (i.e., an estimated
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Fig. 2 The time-resolved 2P-fluorescence of the intact GE2.3 decays as a
biexponential in PBS buffer. (A) Exciting (900-nm) and detecting (520/
60 nm) the donor in the presence of the acceptor, the observed fluores-
cence decays are best described as biexponential (dotted gray curve)
under magic-angle detection (54.7°) to rule out the effects of rotational
mobility of the donor on the observed excited state dynamics. In addition
to the »2 the residuals for both single and double exponential fitting
are also shown (top). The instrument response function (full width half
maximum of ~50 ps) was measured (A: gray solid curve) daily for
deconvolution fitting using the second harmonic of sodium phosphate
dibasic crystal powder. Similar measurements on GE2.3 were carried out in
different Ficoll solutions (0 — 300 g L™Y. Under the same experimental
conditions, the fluorescence of mMEGFP (cleaved GE2.3) decays as a single
exponential with an estimate lifetime of 2.75 ns (not shown).

average lifetime of 2.57 ns). The observed biexponential decays
of intact GE2.3 (Fig. 2) are attributed to the presence of
an ensemble of two subpopulations, one undergoing FRET
(collapsed conformation) and another with negligible FRET
(stretched conformation). Fig. 2 shows a normalized 2P-
fluorescence decay of intact GE2.3 in PBS, deconvoluted with
the measured instrument response function (IRF) and the
corresponding residuals of single and double exponential decay
fittings are shown. Similar measurements also show that as the
Ficoll concentration (crowding) increases, the average fluores-
cence decay time constant decreases, which is attributed to
FRET since both the cleaved and intact GE2.3 were measured
under the same environmental refractive indices.

As a control, we used the measured 2P-fluorescence lifetime
of both cleaved and intact GE2.3 in a PBS buffer (n = 1.33) and
Ficoll-70 solutions (with known refractive indices) under the
same experimental conditions to assess the refractive index
effect on the observed excited state lifetime. We concluded that
the observed fluorescence lifetime of the intact GE2.3 was
shorter by about 10% due to FRET as compared with the
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Fig. 3 The energy transfer efficiency of GE2.3 increases as the Ficoll
concentration increases. The measured 2P-fluorescence decays of the
donor (MEGFP) in the presence (Fig. 2) and absence of the acceptor
(mScarlet-1) were used to calculate the FRET efficiency as a measure of
its sensitivity to crowding. The corresponding FRET efficiency of GE2.3 in
each environment (0-300 g L™! Ficoll-70) was calculated using egn 3.
Curve(l) represents the observed of FRET efficiency of GE2.3 (solid black
spheres), where the 2P-fluorescence decays of both cleaved and intact
sensor were measured in the same Ficoll solution (i.e., refractive index
effect on the excited-state lifetime and therefore FRET efficiency can be
ruled out). Due to the low concentration of cleaved GE2.3, we also
calculated the FRET efficiency of GE2.3 (curve 2, gray solid squares) in
Ficoll solutions using the 2P-fluorescence lifetime of the donor alone
(cleaved sensor). The dashed line shown here is for eye guidance only with
no theoretical significance.

projected change due to the refractive index according to the
Strickler-Berg equation (eqn (2)).*°

Using the fitting parameters of the observed 2P-fluorescence
decays of both cleaved and intact GE2.3, we calculated the
energy transfer efficiency using several methods traditionally
employed in literature for both single-point*®***° and 2P-
FLIM"*?> measurements. Fig. 3, for example, shows the FRET
efficiency of GE2.3, calculated using the average 2P-fluorescence
lifetime of the intact GE2.3, as a function of the Ficoll concen-
tration (0-300 g L™ "). The only difference between curves 1 and 2
(Fig. 3) is the fluorescence lifetime of the cleaved counterpart for
FRET analysis. Since the cleaved GE2.3 concentration was too low
to measure directly at different concentrations of Ficoll-70, we
used the Strickler-Berg equation (eqn (2)) to predict the corres-
ponding change in the fluorescence lifetime of cleaved GE2.3
(buffer) at different Ficoll-70 concentrations of known refractive
indices (Fig. 3, curve 1). Accordingly, the refractive index effect on
the excited state lifetime of the donor in both cleaved and intact
GE2.3 can be ruled out in our energy transfer efficiency calcula-
tions (Fig. 3, curve 1, solid black spheres). To test the refractive
index effect on the estimated FRET efficiency, however, we also
calculated the energy transfer efficiency (Fig. 3, curve 2, gray solid
squares) using the measured 2P-fluorescence lifetime of intact
GE2.3 as a function of Ficoll concentration and the fluorescence
lifetime (2.75 ns) of the cleaved counterpart in buffer (Fig. 3, curve
2). The difference between curve 1 and curve 2 (Fig. 3) indicates
the importance of refractive index in FRET studies of hetero-FRET
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systems such as GE2.3. The observed trends remain the same (i.e.,
the energy transfer efficiency increases as the Ficoll concentration
increases, which supports our hypothesis); however, the environ-
mental refractive index influences the dynamic range of the FRET
efficiency per 1 g L' of the crowding agent (Ficoll-70).

Using the estimated energy transfer efficiency shown in
Fig. 3, we also calculated the corresponding donor-acceptor
distance of GE2.3 (with an estimated Forster distance of ~5.7 nm)
in response to Ficoll crowding (Fig. 4, curves 1 and 2). In PBS
buffer, the donor-acceptor distance using ensemble averaging
(eqn (3)) is 7.5 nm (eqn (10)) as compared with 6.5 nm for the
FRETing subpopulation alone (eqn (4)). As the concentration of
Ficoll-70 increases (0-300 g L"), the donor-acceptor distance
decreases (Fig. 4) in support of our stated hypothesis.

These results indicate that GE2.3 is sensitive to Ficoll
crowding over a 0-300 g L™' concentration range with an
estimated dynamic range of 10 + 2% after ruling out the
refractive index effect (Fig. 3, curve 1) as compared with 16 +
2% if we used the fluorescence lifetime of the cleaved counter-
part (i.e., donor) in a buffer only (Fig. 3, curve 2). The estimated
sensitivity of GE2.3 is relatively comparable with previous
crowding sensors such as GE*! and GE2.0°° with similar linker
design, but different donor-acceptor pairs.'®'> GE2.3 also has a
different spectral overlap (~3.1 x 10" M ' em ' nm?) as
compared with GE (~2.08 x 10> M~" em™' nm*)*, which
should impact the observed FRET efficiency. For future geneti-
cally encoded GE2.3 in living cells or tissues, the donor’s
emission is clearly separated from the cellular autofluorescence
emitted by NAD(P)H or flavins®*"** for in vivo FRET studies.

These FRET analyses are in general agreement with other
crowding sensors with somewhat similar linker amino acid
sequence, but different donor-acceptor pairs, such as GE
(mCerulean3-linker-mCitrine)*>** and mTurquoise2.1-linker-

7.5 \i**‘\\§\*\\i\~
.y
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(2)

6.5 T T T T T
0 50 100 150 200 250 300
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Fig. 4 The donor—acceptor distance of GE2.3 decreases as the Ficoll
concentration increased. The estimated FRET efficiency of GE2.3 (Fig. 3,
curves 1 and 2) as a function of the Ficoll concentration was used to
calculate corresponding donor—acceptor distance (egn (10)) shown here.
In these calculations, we used steady-state spectroscopy of GE2.3 (Fig. 1)
and the refractive index of the Ficoll solutions to estimate the Forster
distance (Ro). The dashed line shown here is for eye guidance only with no
theoretical significance.
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mCitrine (GE2.1)*° using complementary time-resolved 1P-
fluorescence measurements.

During the preparation of this manuscript, Lecinski et al
(2022)*® have also reported the use of one-photon (488 nm) time-
resolved spectroscopy to investigate crGE2.3 (same as GE2.3)
in vitro (glycerol, Ficoll-70, and Ficoll-400 over the range of
0-50% w/v) as well as in living cells of budding yeast Saccharo-
myces cerevisiae.>® The authors observed a decrease in the average
fluorescence lifetime as the concentration of Ficoll-70 and Ficoll-
400 increased, which agrees with our 2P-fluorescence results in
Ficoll-70. However, neither the energy transfer efficiency nor the
donor-acceptor distance of crGE2.3 in those environments were
reported by Lecinski and co-workers.® Using 50-MHz pulsed
excitation at 488 nm in a cuvette and 0-50 ns observation window,
the authors have reported a triple exponential decay of crGE2.3
with an estimated average fluorescence lifetime of 5.36 ns in
10 mM NaPi buffer at pH 7.4 as compared with our biexponential
2P-fluorescence decays with an average lifetime of 2.58 ns in PBS
(pH 7.4). Such disagreement could be attributed to the excitation
wavelength (488 nm versus 900 nm), the different buffers
(NaPi versus PBS), the time window (0-50 ns versus 0-24 ns),
and the sample preparation (a cuvette versus a droplet) used in
both studies. As a control, Lecinski et al.>® also used mGFP as
compared with our mEGFP using the enzymatically cleaved
GE2.3, where the fluorescence lifetime of mEGFP is known to
be approximately 2.6 ns,’*™° in relative agreement with our
estimated 2P-fluorescence lifetime of 2.75 ns in enzymatically
cleaved GE2.3.

3.2. Different modalities of 2P laser excitations of GE2.3 for
FRET analysis

Laser-scanning, 2P-fluorescence lifetime imaging microscopy
(FLIM)***° is typically used for cellular and tissue studies to
exploit the inherent spatio-temporal resolution of both the non-
linear excitation and the sensitivity of the excited state fluores-
cence lifetime of a given probe to the surrounding environment
as well as protein-protein interactions. Towards that goal, we
compared the above-mentioned findings using single-point (no
laser scanning) time-resolved 2P-fluorescence with 2P-FLIM on
GE2.3 in a solution droplet of either PBS buffer or Ficoll
solutions. This is important since each modality (single point
versus FLIM) has its own advantages and limitations.

Fig. 5A shows a representative histogram of the frequency of
FRET efficiency (eqn (4)) in each 2P-FLIM image (maximum
binning of 10) of a droplet of GE2.3 in PBS (solid curve, panel A)
and 300 g L' Ficoll solutions (dashed curve, panel A). The
results show distinct histograms of 2P-fluorescence lifetime
distributions for the FRET efficiency of GE2.3 in Ficoll-crowded
as compared with a buffer at room temperature. Similar mea-
surements were carried out as a function of Ficoll concen-
tration and the mean values of FRET efficiency (eqn (4)) as well
as the full-width-half-maximum (as a standard deviation) of
each histogram (Fig. 5B). It is worth noting that both the single-
point and 2P-FLIM measurements of the 2P-fluorescence life-
time of GE2.3 were deconvoluted (MLE fitting model) with the
measured system response function (FWHM ~45 ps), which
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Fig. 5 Comparative assessment of single-point and laser-scanning (FLIM)
modalities of 2P-fluorescence lifetime measurements of GE2.3 in Ficoll
crowded solutions. (A) 2P-laser scanning FLIM of GE2.3, in both PBS buffer
(solid curve) and 300 g L™ Ficoll solution (dashed curve), yield distinct
histograms (i.e., normalized pixel frequency versus FRET efficiency), where
the FRET efficiency was calculated using the fast and slow decay compo-
nents of the observed biexponential fluorescence decay parameters per
pixel (egn (4)). (B) The estimated average FRET efficiency per 2P-FLIM
image (solid gray spheres, curve 2) as compared with the corresponding
single-point (solid black squares, curve 1) measurements of GE2.3 as a
function of the Ficoll concentrations. Both single-point (4.2 MHz) and 2P-
FLIM (76 MHz) measurements were carried out under 900 nm pulsed
excitations and 520/60 nm detection wavelength window. The error bars
on the 2P-FLIM results (curve 2) reflect the full-width-half maximum of the
observed histogram per lifetime image of GE2.3 droplet. The dashed lines
shown here (panel B) is for eye guidance only with no theoretical
significance.

was recorded under the same experimental conditions. Impor-
tantly, the FRET efficiency of both measurements was analyzed
using the fast and slow decay time constants (eqn (4)), which
rules out the refractive index effect among the FRETing (fast
decay component) and non-FRETing (slow decay component)
subpopulations. Our results show that both single-point and
2P-FLIM measurements of GE2.3 yield similar trends, where
the FRET efficiency increases with the Ficoll concentration
(Fig. 5B). However, the estimated values of the FRET efficiency
of GE2.3 using single-point excitation (no laser scanning) yield
a larger dynamic range (by a factor of ~3.4) as compared with
2P-FLIM over the 0-300 g L' Ficoll concentration range
(Fig. 5B).

The observed difference in Fig. 5B can be attributed to the
following inherent differences between single-point (no laser
scanning measurements) and laser-scanning FLIM. Single-
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point 2P-fluorescence lifetime measurements, which lack the
spatial resolution of 2P-FLIM, have high temporal resolution
(e.g., 1024-time bins per decay, 24.4 ps per time bin in each
decay) and are carried out at a low repetition rate (e.g., 4.2 MHz
and 238 ns between pulses) such that the excited molecules
have enough time to fully relax to the ground electronic state.
In contrast, 2P-FLIM provides the spatial resolution needed for
cellular mapping, but usually suffers from low signal-to-noise
level fluorescence decays per pixel and is usually done at a high
repetition rate (e.g., 76 MHz and 13.2 ns between pulses) to
minimize laser exposure time and reduce the data acquisition
time during our 2P-FLIM (e.g., 256 x 256 pixels and 256 time
bins per decay per pixel) measurements. For the same reasons,
the time bins per pixel is also lower (48.8 ps per time bin in
each recorded fluorescence decay per pixel). Importantly, while
we used magic-angle detection here for both our single-point
and FLIM measurements for significant comparison, many
published FLIM studies do not report the use of magic-angle
detection. Such omission is a means to enhance the fluores-
cence detection efficiency by ruling out the loss of photons
introduced by the Glan-Thompson polarizer for magic-angle
detection. Finally, high binning may be used in FLIM data
analysis to enhance the signal-to-noise ratio per decay, which
inherently reduces the spatial resolution.

Taken together, the modality of the 2P-fluorescence lifetime
measurements of GE2.3 has a negligible effect on the observed
trends of the FRET efficiency as a function of crowding using
single-point and FLIM measurements, although the absolute
values (or excitation-mode dependent sensitivity) may differ.
It is also conceivable that the difference between single-point
and FLIM may be attributed to the low FRET efficiency of the
GE2.3 sensor.

3.3. Time-resolved 2P-Fluorescence depolarization of GE2.3
due to rotational dynamics alone

Fluorescence depolarization of donor-linker-acceptor con-
structs, due to the rotational dynamics alone, can also be
probed under the excitation (900 nm) and detection (520/
60 nm) of the donor’s emission in the presence and absence
of the acceptor. These measurements allow us to elucidate the
role of segmental mobility and molecular weight on the rota-
tional time of this construct (non-spherical with a flexible
linker and in a crowded, heterogeneous viscosity) and whether
the rotational diffusion coefficient still obeys the Stokes-Ein-
stein model for a spherical molecule in a heterogenous viscosity
(i.e., Ficoll-crowded solutions).>®"®°

Fig. 6 shows representative time-resolved anisotropy decays
of the donor in the presence of the acceptor in GE2.3 as a
function of the Ficoll concentration (0-300 g L™"). Under the
excitation (900 nm) and detection (520/60 nm) of the donor
(mEGFP) in intact GE2.3 (PBS, pH 7.4), the time-resolved aniso-
tropy can be described satisfactorily as a single-exponential
decay. In addition, the initial anisotropy (~ 0.47) is smaller than
the theoretical value (r, = 0.57) for 2P-excitation,*® which is
usually attributed to faster non-radiative processes beyond our
temporal resolution. The overall rotational time of the intact
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Fig. 6 Time-resolved 2P-fluorescence depolarization (anisotropy) of
intact GE2.3 due to rotational dynamics alone (no FRET). Exciting (900-
nm) and detecting (520/60 nm) the 2P-fluorescence depolarization of the
donor (MEGFP) in intact GE2.3, the time-resolved 2P-anisotropy decays as
a single exponential with an overall rotational time that increases as the
concentration of Ficoll increases (vertical arrow) due to enhanced bulk
viscosity. These measurements were used to test the validity of Stokes—
Einstein model in describing the rotational dynamics of GE2.3 in crowded
Ficoll solutions (Fig. 7). Under the same experimental conditions, the G-
factor of our experimental setup was measured (G = 1.559) using the time
resolved anisotropy of Rh110 and tail-matching approach.?%7374

GE2.3 is relatively slower than the cleaved counterpart due to the
difference in the molecular weight and perhaps the flexible
linker region (i.e., potential segmental mobility). For example,
the measured rotational time constants of cleaved (~ 32 kDa)
and intact (63.5 kDa) GE2.3 in PBS at room temperature are
14.9 ns and 16.8 ns, respectively. Under the same experimental
condition, the 2P-anisotropy of rhodamine-110 (in water) decays
as a single exponential with a rotational time of 159 ps and an
initial anisotropy of 0.37. Using the Stokes-Einstein model, we
estimate a hydrodynamic volume of 64 4 5 nm® and 75 + 5 nm®
for cleaved and intact GE2.3 sensor in PBS buffer at room
temperature (295 K). Although the signal to noise ratio in these
time-resolved anisotropy decays is relatively high, these rota-
tional time constants are longer than the corresponding excited
state lifetimes (2.75 ns and 2.58 ns, respectively) and therefore
these hydrodynamic volumes should be considered as a lower-
limit approximation. Using the Perrin equation (eqn (7)), we also
calculated an approximate hydrodynamic volume of cleaved
(50.4 nm?) and intact (100.0 nm?) GE2.3 based on their mole-
cular weights.

As the Ficoll concentration (i.e., heterogeneous viscosity)
increases, the overall rotational time of intact GE2.3 also
increases due to the enhanced bulk viscosity (Fig. 6). Using
these results, we also plotted the rotational diffusion coefficient
(D = 1/6¢) ratio (Dy/D.) of GE2.3 in a buffer (Dy,) with respect to
rotational diffusion in Ficoll crowded solutions (D.) as a func-
tion of the bulk viscosity ratio (y./n,) of the crowded solution
(7c) to buffer (17,) at room temperature (Fig. 7). The objective
here is to see whether the rotational diffusion on the nanose-
cond time scale of this flexible construct follows the Stokes-
Einstein model in polymer-crowded, heterogeneous solutions.
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Our results indicate that the relative rotational diffusion of
GE2.3 in a Ficoll-crowded, heterogeneous bulk viscosity
solution deviates from the Stokes-Einstein model predictions
(dashed straight line in Fig. 7). Similar trends have been
reported previously using NMR**%'"%* and fluorescence corre-
lation spectroscopy® studies of different proteins and crowded
environments. The observed deviation of GE2.3 rotational
dynamics on this time scale could be attributed to confinement
in crowded spaces, steric hinderance, and/or possible weak
interactions with the crowding agent (Ficoll-70 is a neutral
polymer). Potential entanglement of the Ficoll polymer with
the linker region of GE2.3 could also cause retardation of the
rotational mobility of the sensor. However, this is not sup-
ported by our studies of Ficoll-70 effects on the FRET efficiency
using the same time-resolved fluorescence depolarization when
exciting the donor and detecting mostly the acceptor’s emission
(see below).

Complementary time-resolved 2P-anisotropy measurements
on GE2.3 were carried out under 900-nm excitation of the donor
and polarization analysis of 520/60 nm emission of the donor
as a function of glycerol (0-300 g L"), a homogenous bulk
viscosity in contrast with the heterogeneous Ficoll solutions.
A single-exponential fitting model was satisfactory for describing
the observed 2P anisotropy decays of both cleaved and intact
GE2.3, where the corresponding rotational time increases as the
glycerol concentration increased (data not shown) as expected
according to the Stokes-Einstein model.

3.4. Time-resolved 2P-fluorescence depolarization of GE2.3
due to both FRET and rotational dynamics

Recently, we have developed an experimental approach for
investigating the wavelength-dependent time-resolved one-
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Fig. 7 The rotational dynamics of intact GE2.3 deviates from the Stokes—
Einstein model in Ficoll-crowded solutions. Exciting (900-nm) and detect-
ing (520/60 nm) the 2P-fluorescence depolarization of the donor (MEGFP)
in intact GE2.3, the measured rotational time (¢) of GE2.3 in different Ficoll
solutions was used to calculate the corresponding rotational diffusion
coefficient (D = 1/6¢). The rotational diffusion coefficient ratio (Dp/D.)
versus the viscosity ratio (4./n,) of Ficoll solutions deviates from the
Stokes—Einstein model prediction (dashed line). The dashed straight line
is the projected trend according to the Stokes—Einstein model.

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d3cp04733d

Published on 08 January 2024. Downloaded on 1/15/2026 2:37:36 AM.

PCCP

photon (1P) fluorescence depolarization of hetero-FRET (donor-
linker-acceptor) constructs.>***?® In this approach, we used
pulsed laser 1P-excitation of the donor and the time-resolved
fluorescence polarizations (parallel and perpendicular with
respect to the laser polarization) of mostly the acceptor’s
emission (with some overlap with the donor’s emission)
of these constructs detected simultaneously. The observed
biexponential time-resolved depolarization (anisotropy) of the
intact sensor was attributed to the presence of both FRET from
the donor to the acceptor as well as the rotational
dynamics.>>?®*® Here we examined the time-resolved 2P-
fluorescence depolarization of GE2.3 due to FRET and rota-
tional diffusion (eqn 8) as a function of Ficoll-70 concentration.
In these experiments, the donor was excited at 900 nm and the
time-resolved 2P-fluorescence polarization of mostly the accep-
tor (555-690 nm) was analyzed and used to calculate the
corresponding anisotropy decays for FRET analysis (eqn (8)
and (9)) using the estimated energy transfer rate (kgr).

Fig. 8 shows representative time-resolved 2P-fluorescence
(555-690 nm) depolarization of GE2.3 (PBS, pH 7.4) excited in
the presence (curve 2) and absence (curve 1) of the acceptor. In
these measurements, the parallel and perpendicular polariza-
tions were separated at right angles using a polarizing beam
splitter and detected simultaneously to rule out the effects of
potential laser intensity fluctuations during data acquisition.
The time-resolved 2P-anisotropy of the cleaved counterpart (i.e.,
the donor alone) decays as a single exponential with a rota-
tional time of ¢ = 12.05 £ 0.26 ns (r, = 0.44 £ 0.005) due to the

0.5

2P-Anisotropy, r(t)

Time (ns)

Fig. 8 The time-resolved 2P-fluorescence depolarization (anisotropy) of
GE2.3 (PBS buffer) is sensitive to the presence of the acceptor. Exciting the
donor (900-nm), the time-resolved 2P-fluorescence of mostly the accep-
tor (555-690 nm) was analyzed as parallel and perpendicular polarizations
and used to calculate the corresponding anisotropy decays. The observed
2P-anisotropy of the intact GE2.3 decays as a biexponential (curve 2) due
to FRET as a compared with a single-exponential decay for the cleaved
counterpart (curve 1) due to rotational dynamics alone (no FRET). In these
measurements, the parallel and perpendicular polarizations were sepa-
rated at right angles using a polarizing beam splitter and detected simulta-
neously to rule out potential laser intensity fluctuations. Under the same
experimental conditions, the G-factor of our experimental setup was
measured (G = 1.594) using the time resolved anisotropy of RhB and
tail-matching approach.#%7374
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rotational dynamics alone (i.e.,, no FRET). In contrast, the
observed 2P-anisotropy of the intact GE2.3 (PBS, pH 7.4) decays
as a biexponential (8, = 0.076 & 0.009, ¢, = 0.89 + 0.21 ns, 8, =
0.328 £ 0.007, ¢, = 9.25 £+ 0.21 ns) in the presence of FRET.
The fast decay component of the time-resolved anisotropy of
the intact GE2.3 was used to calculate the energy transfer rate
(1.02 ns™") and efficiency (14%, eqn (8) and (9)) as well as the
donor-acceptor distance in a buffer at room temperature as
described above.

The observed difference between the rotational time of
cleaved (single exponential, 12.05 ns) and intact (the slow
component, 9.25 ns, of a biexponential decay) seems counter-
intuitive. However, it is worth remembering that the estimated
rotational time constants for cleaved and intact GE2.3 are
relatively larger than the excited state fluorescence lifetime,
during which the rotational dynamics is monitored (i.e., larger
uncertainty).*® In addition, the relatively small amplitude of the
second, slow rotational time constant of the intact GE2.3 might
yield a larger uncertainty as well. The observed time-resolved
fluorescence depolarization due to both the rotational
dynamics and FRET is likely to contribute to the apparent short
rotational time of the intact GE2.3 sensor as compared with the
cleaved counterpart. It might be conceivable that the observed
fluorescence depolarization in the presence of FRET under our
experimental design (exciting the donor and detecting mostly
the acceptor’s polarization-analyzed emission) could encom-
pass a contribution of segmental mobility due to the flexible
linker region. Similar observation has been reported previously
on homo-FRET studies of GFP dimers.*®

We also examined the effects of crowding (i.e., Ficoll concen-
tration) on the time-resolved 2P-fluorescence depolarization
(anisotropy) of intact GE2.3 (Fig. 9A) under the same experi-
mental conditions of excitation (900 nm) and polarization
detection wavelengths (555-690 nm) as in Fig. 8. The time
constant of the fast component in the observed anisotropy
decay of the intact GE2.3 remains unchanged as the Ficoll
concentration increases, though the population-normalized
fast component amplitude increases, resulting in increasing
FRET efficiency in crowded environments (Fig. 9A). The time
constant of the slow component of the anisotropy decays of
GE2.3, however, increases slightly due to the enhanced overall
rotational time as the bulk viscosity of the crowded environ-
ment increases. As the Ficoll concentration increases, the
estimated FRET efficiency also increases (Fig. 9B) using these
Ficoll-dependent anisotropy decays, which is a similar trend to
that observed using the time-resolved 2P-fluorescence of the
donor in the presence of the acceptor under magic-angle
detection (Fig. 3). Using time-resolved 2P-depolarization mea-
surements, the estimated dynamic range of FRET efficiency
response Ficoll crowding (0-300 g L™'; Fig. 9B) was slightly
smaller (7.9%) using time-resolved fluorescence depolarization
(anisotropy) than our estimated value (10.3 £+ 2.1%) using
refractive index corrected 2P-fluorescence lifetime measure-
ments (Fig. 3, curve 1).

Complementary time-resolved 2P-anisotropy measurements
on GE2.3 were carried out under 900-nm excitation and
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Fig. 9 The time-resolved 2P-fluorescence depolarization (anisotropy) of intact GE2.3 is sensitive to the concentrations of Ficoll-70 (heterogeneous viscosity) and
glycerol (homogeneous viscosity). Exciting the donor (900-nm), the time-resolved 2P-fluorescence of mostly the acceptor (555-690 nm) was analyzed as parallel
and perpendicular polarizations and used to calculate the corresponding anisotropy decays as function of the environment. (A) As the Ficoll concentration
increases, the time constant of the fast decay component decreases (downward arrow) due to FRET, while the time constant of the slow decay component
increases (upward arrow) due to overall rotation in crowded environment (bulk viscosity). (B) The estimated FRET efficiency (%) (solid squares) of GE2.3 using the
observed biexponential anisotropy decays (egn (9)) as a function of Ficoll concentration. (C) As the homogeneous viscosity (glycerol concentration) increases,
however, both the time constants of both the fast and slow anisotropy decay components increases in contrast with Ficoll-crowding (A). (D) The estimated FRET
efficiency (%) (solid spheres) of GE2.3 using the observed biexponential anisotropy decays (egn (9)) as a function of glycerol concentration.

555-690 nm fluorescence polarizations detection as a function
of glycerol (0-300 g L', Fig. 9C) for homogeneous versus
heterogeneous (Ficoll-70, Fig. 9A) viscosity assessment. A biex-
ponential fitting model was satisfactory for describing the
observed 2P anisotropy decays of the intact GE2.3, where both
the fast and slow decay components were sensitive to glycerol
concentrations. As the glycerol concentration increased, the
corresponding rotational times of GE2.3 increased, but the
corresponding energy transfer efficiency slightly decreases
(Fig. 9D), which contrasts the observed trend associated with
the crowding effect in Ficoll solutions.

3.5. Chemical equilibria analysis of GE2.3 conformations in
crowded environment

The observed biexponential of the 2P-fluorescence anisotropy
decays of the intact GE2.3 was attributed to the presence of two
subpopulations of collapsed (FRETing, enhanced depolarization)
and stretched (non-FRETing, negligible depolarization) conforma-
tions at equilibrium. We hypothesize that both collapsed and
stretched conformations of GE2.3 coexist at equilibrium such that:

Stretched (S) = Collapsed (C)

and we hypothesize that increasing macromolecular crowding
will increase the thermodynamic favorability of the collapsed

3936 | Phys. Chem. Chem. Phys., 2024, 26, 3927-3940

conformation. The amplitude fractions of the fast and slow
decay components of the 2P-anisotropy decays of GE2.3 in
Ficoll solutions were used to investigate the thermodynamics
equilibrium between collapsed and stretched conformations
(Fig. 1A) of this sensor in response to crowding. When exciting
the donor and detecting mostly the 2P-fluorescence depolariza-
tion of the acceptor, the proposed stretched conformation of
GE2.3 due to ensemble thermal fluctuation excludes copies of
the sensor where the acceptor is in a dark (non-fluorescent)
electronic state or immature FRET pairs (see above). The
excited-state 2P-fluorescence lifetime is fast (nanoseconds) as
compared with the known blinking time constant (ps-ms) of
intrinsically fluorescent proteins observed using single-
molecule studies.®””"*® We used the normalized amplitude frac-
tions, f; = fi/(B1 + B.), of the fast (i = 1) and slow (i = 2) anisotropy
decays of intact GE2.3 to calculated the corresponding equili-
brium constant (eqn (11)) and the Gibbs free energy changes
(eqn (12), 295 K) as follows:*®
K:Eﬂg]i (11)
[S] /2

where f + f, = 1. According to our working hypothesis (Fig. 1A),
the collapsed conformation of GE2.3 is favorable in crowded
environments due to steric hindrance. In these approximate
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Fig. 10 Crowding effect on the Gibbs free energy changes of GE2.3
conformational equilibrium. Using the observed biexponential anisotropy
decays of the intact GE2.3 in each Ficoll solution (Fig. 9), we estimated the
corresponding equilibrium constant (egn (11)) and the Gibbs free energy
change (AAG®, egn (13)) for stretched-to-collapsed conformational equi-
librium. As the Ficoll concentration increases (0 — 300 g L™, the AAG®
value decreased in the and the negative values suggest that crowding
facilitate the spontaneous conformational changes of GE2.3. The dashed
line shown here is for eye guidance only with no theoretical significance.

calculations of the thermodynamic equilibrium, we assumed
that the concentration of each conformation is proportional to
the normalized amplitude fractions of the observed time-
resolved fluorescence depolarization (anisotropy). Ideally, these
amplitude fractions should be corrected for the difference in
the fluorescence photons emitted by each conformation in
these polarization-dependent analyses. The corresponding
change in the Gibbs free energy (AG°) of GE2.3 in each
environment can then be calculated at room temperature (T =
295 K, R = 8.314 ] mol ') according to:

AG° = RT In(K) (12)

To elucidate the crowding effect, we also calculate the Ficoll-
dependent change of AG® with respect to that of the PBS buffer
(AAG®) such that:

AAG® = AG°(Ficoll) — AG°(PBS) (13)

Fig. 10 shows AAG® as a function of the Ficoll concentration
(0-300 g L™"). Our results indicate that as the crowding (i.e.,
Ficoll-70 concentration) increasing, the AAG®-value decreases
to reach —1.4 kJ] mol™" at 300 g L™" Ficoll concentration.
Although the observed interaction energy changes are relatively
small for a single protein, it can be quantified using time-
resolved 2P-fluorescence depolarization. Importantly, such
interaction energy changes of GE2.3 in crowded Ficoll solutions
are significantly different from that in the homogeneous buffer.
These results are in general agreement with recent studies by
Groen et al. on another crowding sensor (namely, mseCFP-
linker-cp173mVenus) using a different approach.”® The nega-
tive AAG-values suggest spontaneous conformational change
to the favorable collapsed form of GE2.3 in a crowded environ-
ment (Fig. 10). These approximate calculations suggest that
the thermodynamic equilibrium analyses support the stated
working hypothesis and the notion that the energy transfer
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efficiency (i.e., sensitivity) of GE2.3 is higher in a crowded
environment. The results also agree with previous analysis of
the thermodynamics equilibrium of another crowding sensor,
namely mCerulean3-linker-mCitrine (G12) using time-resolved
1P-fluorescence measurements.”! Similar thermodynamic analy-
sis can be carried out using the amplitude fractions of fast and
slow decay components of donor-linker-acceptor constructs in
response to environmental crowding or ionic strength.”*

4. Conclusions

Towards the development of a rational design for donor-linker-
acceptor constructs, we examined different structural aspects
(linker amino acid sequence and donor-acceptor FRET pair) of
environmental sensors and their influence on environmental
sensitivity. The construct studied here, mEGFP-linker-mScarlet-
I (GE2.3), is a newly developed macromolecular crowding
sensor, where the donor (mEGFP) has a peak absorption
around 488 nm, which is compatible with the capabilities of
most research laboratories. GE2.3 also has an enhanced spec-
tral overlap between the mEGFP-mScarlet-I FRET pair com-
pared with previous environmental sensors. Importantly, both
the absorption and emission of mEGFP in GE2.3 are distinct
from the autofluorescence in cells or tissues due to NAD(P)H
and flavins.

In addition, the FRET efficiency (i.e., the sensitivity) of
GE2.3 increases as the concentration of Ficoll-70 increases
(0-300 g L™"). Our results are also in general agreement with
Lecinski et al. qualitatively on the same sensor (crGE2.3) in
Ficoll-crowded NaPi buffer.”®> We also demonstrated that the
outcome of these studies seems independent of the 2P-
excitation mode of GE2.3 (i.e., single-point versus laser scan-
ning FLIM mode). Such control experiments are rather impor-
tant since 2P-FLIM is compatible with future 2P-FLIM studies
in cultured living cells or even thick tissues as a better model
for in vivo studies for mapping the correlation between macro-
molecular crowding and diseased conditions.

Our complementary wavelength-dependent, time-resolved
2P-fluorescence depolarization anisotropy of cleaved and intact
GE2.3 enabled us to examine (1) the experimental design for
FRET analysis, (2) the role of rotational dynamics and FRET on
the depolarization mechanisms, and (3) the linker flexibility
effects on the rotational dynamics within the context of the
Stokes-Einstein model as compared with theoretical predictions
based on molecular weight. Supported by the traditional time-
resolved 2P-fluorescence, these time-resolved 2P-depolarization
anisotropy measurements offer a new experimental approach
for FRET and protein-protein interactions studies. In addition,
the fitting parameters of the observed 2P-fluorescence anisotropy
of intact GE2.3 were used to determine the equilibrium constant
(K) and the Gibbs free energy changes (AAG®) associated with the
structural conformations in response to environmental crowding.

Our results on the GE2.3 crowding sensor represent
another aspect of donor-linker-acceptor protein engineering
design, where we compare a different FRET pair (i.e., mEGFP-
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mScarlet-I) in GE2.3 with previous mCerulean3-linker-mCitrine
constructs.”>* These results also complement another crowding
sensor (namely, mNeonGreen-linker-mScarlet-I, or CRONOS),
which has recently been designed by Miyagi et al. with mNeon-
Green as a donor.”” It was demonstrated that the CRONOS
sensor was also sensitive to Ficoll-70 crowding and with negli-
gible sensitivity to homogeneous viscosity in bp-glucose or
PEG300 using ratiometric FRET from fluorometry.”

Our previous studies on other families of crowding sensors
(e.g., G12, G18, E6G2, and GE) indicate that a short and flexible
linker region enhances the sensitivity (i.e., the FRET efficiency)
to macromolecular crowding.”**® Accordingly, we would sug-
gest combining the advantages of the shorter linker -(GSG);,~
or -(GSG),g- as in G12 or G18 sensors, respectively, with the
desirable spectroscopic properties of mEGFP-Scarlet-I FRET pair
in GE2.3 towards a more versatile crowding sensor design. For
significant comparison, we are currently investigating the FRET
efficiency and translational diffusion of GE2.3 at the single
molecule level using fluorescence correlation spectroscopy to
complement these ensemble, ultrafast studies outlined in this
report. Additionally, these results in well-defined environments
will inform our future in vivo studies of genetically encoded
GE2.3 towards the mapping of crowded intracellular environ-
ments under different physiological conditions.
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