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Abstract: Fluorescent labels, especially FRET probes, are promising tools for studying a number of
biochemical processes. In this paper, we promoted 2 important applications of FRET probes
(MUTMAC-R6G and FITC-R6G): i) the formation of micelles from surfactants of various natures
and polymers (chitosan — fatty acid), as well as ii) monitoring of enzymatic activity with improved
parameters (increased analytical signal and improved selectivity due to shift to the long-wavelength
region). The formation of micelles is accompanied by the convergence of fluorophores in the
hydrophobic micelle core by a distance closer than in the buffer solution, thus r/Ro (where Ro —
Foerster radius) is chosen as an analytical signal of micelle formation, including critical micelle
concentration (CMC) and critical pre-micelle concentration (CPMC). The CMC values calculated
using FRET probes are in a good agreement with literature data. At the same time, the r/Ro function
provides valuable information about the nature and mechanism of micelle formation. With the
second analytical application of FRET probes, we considered the optimization of techniques for
studying enzymatic activity. The enzyme catalyzes the reaction with the release of a fluorescent
product, the signal from which may not be enough for detection, or it may be quenched, for
example, in the reverse micelles (AOT-octane). Here we have proposed a solution — a FRET probe
containing a rhodamine 6G (R6G) acceptor, which allows us to monitor the enzymatic reaction
selectively (in the red region, 550-600 nm), and obtain a significantly higher fluorescence yield
(potentially from 10 to 250 times). Thus, we have demonstrated a high potential for the FRET probes
application as indicators of micelle formation as well as for the study of the enzyme catalytic activity.
In the future, the method developed has prospects for application in the visualization of the enzyme
functioning in cells due to the shift of the fluorescence signal to the long-wavelength region with an
increase in the signal selectivity to suppress autofluorescence.

Keywords: FRET probes; rhodamine 6G; reversed micelle; surfactants; enzyme activity

1. Introduction

Last decade Forster resonance energy transfer (FRET) between fluorophore molecules, have
been actively developing as quantitative approach to determine a number of biochemical parameters
in real time [1]. This approach turned out to be advantageous, providing high sensitivity and
selectivity, since the FRET effect reflect the specific molecular organization in the system. In addition,
changes in the FRET signal can be monitored online upon supramolecular assembles self-
organization process, which is an undoubted advantage over other methods such as electron
microscopy, radioactive tagging and dynamic light scattering. It is worth noting that the FRET signal
can be used to create powerful sensors in the biological research and medical applications.

FRET can be observed when the emission spectrum of the donor overlaps with the excitation
spectrum of the acceptor, and the distance of energy transfer can occur is limited to ~10 nm. The
quantum yield of this energy-transfer transition, FRET efficiency (E) is determined by the donor-to-
acceptor distance r [1-6]:

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202312.0409.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2023

E=1/(1+ (r/Ro)®), 1)

where Ro is the Forster distance of the given pair donor-acceptor, which can range from 10 to 100 A.

Since even small changes in the donor-acceptor distance (r/Ro) crucially affect FRET efficiency,
FRET-based approach can be considered as a powerful tool for the studies involving accurate
estimation of the inter- and intramolecular distances, in the molecular dynamics assays, molecular
interactions and binding events. In this paper we investigated the role of the micelles formation in
FRET phenomenon, where FRET- effect is expected to be increased due to concentration and
convergence of the donor-acceptor agents caused by its specific hydrophobic-hydrophilic phase
distribution in micelles. So, two main applications of FRET probes are considered: 1) determination
of the micelles formation, 2) improved method of the enzymatic activity detection in the model
biologically related systems.

In the case of classical micelles the spontaneous formation of spherical particles associates of
surfactant molecules (SDS, Triton X-100, etc) leads to the loading of the aromatic fluorophore
molecules into the hydrophobic micelle core, which can be used in the observation of FRET during
micelle formation [2]. Recently we suggested the approach where FRET was used as an effective tool
for monitoring the formation of polymeric micelles [3] or micro-/nano-gels [1]. The study of micelle
formation is important from the point of view of creating smart delivery systems for antibacterial and
antitumor drugs [4-17].

FRET can be useful for tracking drug release and it is potentially applicable for determining the
drug localization and cells permeability, for example, in cytostatic effect studies on a tumor cells [18].
In addition, FRET is applicable for studying the formation of various types of nanoparticles based on
polymers (chitosan, chitosan-PEG) and proteins (ovalbumin, casein, etc.) [19]. Nanoparticles, along
with micelles, deserve special attention as promising drug carriers [20-33].

In this work, we used FRET probes to study the activity of enzymes of different class
(chymotrypsin, asparaginase, phosphatase) in a system of reversed micelles in which fluorophore
molecules are close to each other due to the small volume of the aqueous phase in comparison with
an aqueous solution system. An interesting phenomenon based on the FRET effect is observed: the
enzyme catalyzes a reaction in which a fluorophore- donor is released, providing the ignition of
fluorescence of a fluorophore-acceptor (rhodamine 6G with its fluorescence at 550-600 nm), which
has a 1-2 orders of magnitude higher fluorescence emission coefficient. Thus, this allowed us to
observe the reaction in the red region selectively and with much higher signal value.

This approach can be used both to study the catalytic activity of enzymes in micelles, (as relevant
model of biomembrane system) and further it can be applied to visualize the enzyme functioning in
the living cells in the condition of their localization in specific cellular structures with for example
CLSM technique, where fluorescent probes in the visible area are required with high resolution and
signal selectivity (to exclude the autofluorescence).

2. Materials and Method

2.1. Reagents

Surfactants SDS (sodium dodecyl sulfate), Triton X-100 and zephirol (N-benzoyl-N,N-
dimethyldodecan-1-ammonium chloride) were purchased from Reachim (Moscow, Russia). The
fluorophores rhodamine 6G (R6G), fluorescein isothiocyanate (FITC), 4-methylumbelliferyl p-
trimethylammoniocinnamate chloride (MUTMAC), 4-methylumbelliferyl phosphate (MUmb-
phosphate), 4-methylumbelliferone (MUmb), L-aspartic acid [-(7-amido-4-methylcoumarin),
chitosan oligosaccharide lactate 5 kDa (Chit5), lipoic acid (LA), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich (St Louis,
USA).

Enzymes: a-chymotripsin from bovine pancreas (EC 3.4.21.1, 240 units/mg protein), acid
phosphatase (EC 3.1.3.2), alkaline phosphatase (EC 3.1.3.1) — were purchased from Sigma-Aldrich (St.
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Louis, MI, USA). The enzyme Erwinia carotovora asparaginase (EwA) was isolated and purified as
described by us earlier [34,35]. The activity of asparaginase was checked using the method of circular
dichroism spectroscopy on device J-815 CD spectrometer (Jasco, Tokyo, Japan).

2.2. Synthesis of chitosan grafted with lipoic acid (Chit5-LA)

The synthesis of modified chitosan was carried out as described by us earlier with some
modifications [36-38]. Chitosan was dissolved in 1 mM HCI solution (10 mg/mL) and then the pH
was adjusted to 7.4 using 0.1 M phosphate buffer. Lipoic acid was dissolved in PBS/EtOH (50/50 v/v)
to a concentration of 20 mg/mL. NHS and EDC were dissolved in EtOH (50 mg/mL). The crosslinking
reaction was carried out using a carbodiimide approach, for which the solutions described above
were mixed so as to obtain the Chit5 / LA / EDC / NHS mass ratios =1/0.33 / 3 / 1. The mixture was
incubated for 6 hours at a temperature of 50 °C. The product was then purified by three-stage dialysis
against water (12hx3, cut-off 3.5 kDa). The polymer was freeze-dried at —70 °C.

2.3. Characterization of chitosan grafted with lipoic acid (Chit5-LA)

The characterization of chitosan grafted with lipoic acid (Chit5-LA) was carried out by the
methods of FTIR, 'H NMR spectroscopy, atomic force microscopy and circular dichroism
spectroscopy.

FTIR spectra of Chit5, LA, Chit5-LA were recorded using a FTIR microscope MICRAN-3 and
Bruker Tensor27 spectrometer equipped with a liquid-nitrogen-cooled MCT (mercury cadmium
telluride) detector, as described earlier [36,39]. The Chit5 and LA chemical conjugation was confirmed
by shifts of the absorption band of carboxylic acid group (1730-1770 cm™) of lipoic acid to the low-
frequency region due to the formation of amide bonds between chitosan NH: group and COOH
group of LA: 1500-1600 cm™ (amide -NH-) and 1640-1720 cm™ (-C(=O)-).

TH NMR spectroscopy was confirmed chemical structure of Chit5-LA conjugate. Chemical shifts
(d, ppm) for Chit5 were observed: 4.22 (H1), 3.23 (H2), 3.79, 3.96 (H3, H4, H5, H6, H¢'), 2.11 (NH-
C(=0)-CHs). Chit5-LA-20 '"H NMR spectra contain signals of chitosan indicated above, increased
signals at 2.0-2.3 ppm, 1.25 ppm that were assigned to N-alkyl groups of LA, and signals of 3.64 ppm
(C—H near the dithiolane fragment) and 2.3 ppm (3-H with relation to the carboxyl group) assigned
to LA in polymer [36].

Circular dichroism spectroscopy was used to calculate the degree of deacetylation in Chit5,
which amounted to 92%.

Atomic force microscopy (AFM microscope NTEGRA II) was used to visualize polymeric
micelles based on grafted chitosan and compare it in terms of shape and size with non-modified
chitosan.

2.4. FRET probes for determination of CMC for micelles formed from surfactants and Chit5-LA

FRET probes are two pairs of fluorophores FITC-R6G and MUTMAC-R6G, where both R6G is
acceptor. We chose surfactants zephirol, Triton X-100, SDS and chitosan grafted with lipoic acid
(Chit5-LA) as amphiphilic compounds for studying micelles formation.

The excitation and emission spectra of fluorescence were recorded on the device Varian Cary
Eclipse fluorescence spectrometer (Agilent Technologies, Santa Clara, CA, USA). For FRET probe 1
(MUTMACHR6G) Aexci = 360 nm, Aemi = 450 nm (donor) and 550 nm (acceptor) were used. For FRET
probe 2 (FITC+R6G) Aexci = 460 nm, Aemi = 520 nm (donor) and 550 nm (acceptor) were used.

The final concentration of fluorophores was 1 ug/mL. Fluorophore emission and excitation
spectra were recorded for each separately and for a donor+acceptor mixture in a buffer solution (PBS
0.01M, pH 7.4) in the absence of surfactants and in its presence of various amounts.

FRET efficiency E was calculated as E = 1 - Fpa/Fp (2) for MUTMAC+R6G pair and as E = Fap/Fa
— 1 (3) for FITC+R6G pair. Where Foa and Fp — the intensities of donor fluorescence in the presence

doi:10.20944/preprints202312.0409.v1


https://doi.org/10.20944/preprints202312.0409.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2023 doi:10.20944/preprints202312.0409.v1

and absence of the acceptor, respectively; Fap and Fa — the intensities of acceptor fluorescence in the
presence and absence of the donor, respectively.

The ratio r/Ro was calculated as an analytical signal of micelle formation; r/Ro = (1/E — 1)"(1/6)
(4), where r is the distance between donor and acceptor and Ro is Forster radius. Critical micelle
concentration (CMC) was estimated using x-coordinate of a point on the right branch of the graph
(r/Ro versus surfactant concentration) with the value r/Ro equal to the initial one (for a pair of
fluorophores in a buffer solution without surfactants).

The formation of S-S bonds between Chit5-LA polymeric chains was studied using FRET probes,
registering their fluorescence as described above. First, dithiothreitol was added to the self-assembled
Chit5-LA samples (0.05 mg/mL) to the final concentration of 0.2 mg/mL, incubated for 30 minutes at
37 °C, followed by oxidized glutathione GSSG addition to the final concentration of 2-5 mg/mL. The
fluorescence values were recorded before and after the addition of each component.

2.5. Enzyme studies

To make a solution of reversed micelles with a given hydration degree (Wo), a certain amount of
PBS buffer solution (Vaq) was added to 1 mL of micellar solution (Vmic) based on the formula Vaq
=18 *Caor*Wo (uL), where Caoris the concentration of AOT equal to 0.1 M. The resulting mixture was
vigorously shaken until a homogeneous optically transparent solution was formed.

The catalytic activity of enzymes was determined fluorometrically on the device Varian Cary
Eclipse fluorescence spectrometer (Agilent Technologies, Santa Clara, CA, USA). The reaction rate
was measured by the accumulation of the fluorescent reaction product and R6G FRET agent: specific
parameters are indicated in the captions to the tables and figures.

3. Results and Discussion

3.1. Article design

The present work is aimed at studying the applications of the FRET effect as a selective indicator
of a number of bio-chemical events. We consider the formation of micelles from surfactants of
different structure (cationic, anionic and neutral) and modified polymers (chitosan grafted with fatty
acid), where FRET occurs between two fluorophores pairs (R6G with MUTMAC or FITC) due to their
convergence in the core of the micelle. Second aspect under consideration is that micellar enzymology
is interesting areas in which the FRET could help to modify existing techniques or to monitor the
certain reaction mechanisms in a new way. So, we propose to determine the enzymatic activity using
FRET technique: the enzyme catalyzes a reaction where a fluorophore donor is released (MUmb).
Due to the FRET this provides the ignition of fluorescence of a fluorophore — acceptor (R6G), which
has a 1-2 orders of magnitude higher fluorescence emission coefficient, which allowed us to observe
the reaction in the red region selectively and with high the value of the signal. Thus, it could provide
more selective visualizing the enzyme functioning in cells compartments and cellular structures
visualization for example with confocal laser scanning microscope technic.

Objects of research (Figure 1): i) two pairs of fluorophores FITC-R6G and MUTMAC-R6G; ii)
surfactants zephirol, Triton X-100, SDS; iii) Chitosan grafted with lipoic acid, iv) enzymes:
chymotrypsin, acid and alkaline phosphatase, L-asparaginase catalyzing the hydrolysis reaction of
the MUmb- or coumarin- derivatives with the formation of fluorophores - donor, which could
increase the fluorescence of the R6G (acceptor) due to FRET.
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Figure 1. (a) Experiment design: FRET as an indicator of micelle formation from surfactants. (b)
Emission fluorescence spectra of MUTMAC, R6G alone and its mixtures 1 to 1 (mol/mol) in PBS buffer
solution (0.01M, pH 7.4) and in the presence of 1 mg/mL of the surfactant zephirol. The excitation
wavelength is 360 nm. The insert shows the excitation and emission spectra of these fluorophores in
PBS. () The dependences of r/Ro (MUTMAC-R6G) on the surfactants’ concentration. r is the distance
between donor and acceptor and Ro is Forster radius. (d) The excitation and emission spectra of FITC
and R6G fluorophores in PBS at excitation wavelength 460 nm. (e) The dependence of r/Ro
(MUTMAC-R6G) on the surfactants’ concentration. r is the distance between donor and acceptor and
Ro is Forster radius. T =22 °C.

3.2. FRET as an indicator of micelle formation in surfactants solution

As pairs of fluorophores with the FRET function, we chose MUTMAC-R6G and FITC-R6G
(Figure 1a). The first pair is appropriate in terms of the ratio of the fluorescence intensities of the
donor and acceptor (approximately 1 to 1), as well as the visual separation of emission peaks. The
second pair: visually the fluorescence peaks are not well resolved into components due to the close
location of the bands of donor emission and acceptor absorption, however, this determines the high
efficiency of FRET (E value (eq. 1)). Such variability (spatial resolution) / (FRET efficiency) was
studied here to select the optimal pair of fluorophores with the FRET function.

3.2.1. MUTMAC - R6G pair

Figure 1b shows the excitation and emission fluorescence spectra of MUTMAC (donor) and R6G
(acceptor). The main components are the fluorescence peak of the donor at 450 nm and the acceptor
- at 550 nm. The excitation wavelength was 360 nm, so that, both MUTMAC and partially R6G will
be excited, which makes it possible to monitor the fluorescence of both fluorophores. To quantify the
formation of micelles from surfactants, it is necessary to select the target signal: the most pronounced
is FRET efficiency (E value — equations 1-3) and the ratio r/Ro (eq. 4), characterizing the distance
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between two molecules of the fluorophore-donor and acceptor. r/Ro is directly related to the
formation/disaggregation of micelles: 1) the addition of small amounts of surfactant to the system
leads to the increasing the donor-acceptor molecules distance (Figure 1c); 2) the formation of micellar
structures is reflected in the convergence of fluorophores due to its incorporation into the
hydrophobic core of micelles, enhancing with the increase in surfactants concentrations. So, the
dependences of r/Ro on surfactants’ concentrations has a maximum, which means initial process of
the surfactant molecule aggregation (pre-micelles). The critical pre-micelle concentration (CPMC) can
be determined from the position of the maximum curve. However, another analytically significant
parameter is the critical micelle concentration (CMC). In this case, the CMC corresponds to a point
on the right branch of the graph with the value r/Ro equal to the initial one (for a pair of fluorophores
in a buffer solution without surfactants) — Figure 1c.

3.2.2. FITC - R6G pair

Figure 1d shows the excitation and emission fluorescence spectra of FITC (donor) and R6G
(acceptor) separately from each other in a buffer solution. The main components are the fluorescence
maximum for the donor is observed at 520 nm and at 550 nm for the acceptor. The excitation
wavelength was 460 nm — for the selective observation of the FITC emission peak. In this system, it
is most informative to determine the r/Ro ratio by the igniting of the acceptor (R6G) fluorescence
intensity. Similarly to MUTMAC — R6G pair considered above, the dependences of r/Ro on Csurfactant
with a maximum are obtained for FITC — R6G pair. Graphically the points corresponding to CMC are
marked on the Figure le.

3.2.3. Comparison of CMC obtained using two FRET probes and literature data

Based on the plots given in Figure 1b,d (distances between the fluorophore-donor and acceptor
plotted on the concentration of surfactants’), the CMC values were graphically determine (the results
are presented in Table 1). The data obtained using two FRET probes coincide within the margin of
error and satisfy the literature data. This means that the technique of FRET probes allows us to study
the mechanisms of micelle formation and determine not only CMC, but also CPMC, which was
previously available only by NMR spectroscopy.

Table 1 shows the CMC values determined using the FRET probe technique. The highest CMC
value is typical for surfactants with a low molecular weight — SDS, an order of magnitude lower CMC
values are typical for surfactants with a high molecular weight: Triton X-100 and Zephirol — due to
multipoint interactions. The effect of the surfactants charge on the CMC is rather pronounced: the
smallest CMC values are characteristic for uncharged surfactants. At the same time, the Triton X-100
is characterized by a higher aggregation degree of 143 versus 50 for SDS [40,41]. This is reflected in
increase in the sharpness of the peak r/Ro vs Csurfactant, which indicates the sensitivity of the presented
FRET probes.

However, the question of the quantitative distribution of fluorophores inside and outside the
micelles remains open: the answer will be given when using enzymatic techniques in section 3.3.

Table 1. Critical micelle concentrations (CMCs), critical pre-micelle concentrations (CPMCs) for
surfactants determined using FRET probes in comparison with the literature data. PBS (0.01M, pH

7.4). T=22°C.
Surfactan CP CMC, mM
t MC
’ FRET FRET Litera
uM probe 1: probe ture
MUTMAC 2: data

+R6G
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FITC+

R6G
SDS 15+ 3.4+0.2 3.240.2 3.32+0
(sodium 4 .01
dodecyl [42]
sulfate)
Triton X- 16+ 0.39+0.06 0.27+0. 0.30.
100 3 04 01

[42]

Zephirol 4+1 0.6+0.1 0.7+0.1 0.02%
(benzalko (0.6
nium mM)
chloride) [43]

3.2. Formation of polymeric micelles with indicated by FRET probes

To show the versatility of FRET approach to determine CMC, in addition to surfactants micelles
we studied polymeric micelles based on the chitosan (5 kDa) grafted with lipoic acid (Chit5-LA,
Figures S1 and S2). Figure 2a shows the distance between the fluorophores pair (donor-acceptor)
plotted as a function of the grafted chitosan molecules concentration. The CMC calculated for Chit5-
LA is 16 nM, which is in a good agreement with the data described earlier for similar systems [36].

The developed FRET-based approach is further applied to study of the mechanism and the
kinetics of polymer micelles formation. Of particular interest is the aspect of the formation of the
polymeric micelles (as a smart drug delivery system), where the kinetics data of
formation/destruction of S-S bonds are of great importance. This can be considered as the basis for
creating stimulus-sensitive drug delivery systems to tumor cells, where drug molecules will be
selectively released due to the higher glutathione level in cancer cells [36,38].

So, based on chitosan-lipoic acid conjugates (Figure 2a) we studied the kinetics of the polymeric
micelles formation stabilized by covalent S-S bonds. Upon thiol-disulfide exchange reaction lipoic
acid residues forms intermolecular S-S inside the micelles (it was shown using NMR spectroscopy
[38]) accompanied by the particles compactization (the particle size is decreases from 310-330 nm to
240-280 nm), indicating to increased thermodynamic stability (this is a consequence of the decline of
the critical micelles concentration). Such micelles compactization results in strengthening of
MUTMAC-->R6G FRET (Figure 2b). An appropriate analytical signal here is the Isso/lsso index
(acceptor fluorescence / donor fluorescence) - the effectiveness of FRET effect. The kinetic curve of
this Isso/Iss0 index shows a minimum at 3-5 minutes (Figure 2b insert), corresponding to the ignition
of the donor (MUTMAC in the hydrophobic environment of micelles, and subsequent linear growth
up to 1 hour of observation, due to inclusion of FRET probes in the micelle core and prolong process
of compactification of micelles during the formation of disulfide bonds

Thus, we have presented 2 pairs of FRET probes that allow us to monitor the formation of
micellar structures from surfactants or the kinetics of polymers self-assembling in real time.

doi:10.20944/preprints202312.0409.v1
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Figure 2. (a) The dependence of r/Ro (MUTMAC-R6G) on the Chit5-LA self-assembled molecules
concentration. r is the distance between donor and acceptor and Ro is Forster radius. The excitation
wavelength is 360 nm. PBS buffer solution (0.01M, pH 7.4). (b) Kinetic fluorescence curves of FRET
probe components in buffer solution and during the formation of S-S bonds between crosslinking
molecules of Chit5-LA. T =37 °C.
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3.3. Determination of the fluorophore inclusion degree in micelles by enzymatic activity

A complementary approach to FRET probes technique to determine the fluorophore loading
degree into the micelles and also the micelle formation (CMC also) is by enzyme catalytic activity. o-
Chymotrypsin (proteinase) catalyzes the hydrolysis reaction of MUTMAC to 4-methylumbelliferon
(MUmb) (Figure 3) accompanied by the ignition of fluorescence at 450 nm (MUmb fluorescence).
Upon formation of the micellar structures from Zephirol, MUTMAC gets inside, into the hydrophobic
core, therefore it becomes inaccessible for enzymatic reactions. Thus, with an increase in the
surfactant concentration, there would observe a decrease in the apparent reaction rate due to a
decrease in the effective concentration of the substrate in aqueous phase.

According to the values of the fluorescence intensity changes at 450 nm (initial splash, which
corresponds to the release MUmb product), and in comparison, with an aqueous solution it is
possible to judge the amount of fluorophore loaded into the micelle core: 20% of the fluorophore was
screened by the surfactant at Czephirol 0.01 mg/mL, and 65% was loaded in the micelles at Czephiro =0.1
mg/mL. The estimated CMC value calculated using the enzyme technique is 0.25 mM (=0.1 mg/mL),
close to those given in Table 1 obtained using FRET probes approach (R6G with MUTMAC and FITC).
It is worth noting that the surfactant can cause denaturation of the enzyme after 1-2 min (in the case
of Chymotripsin) (Figure 3), therefore, the initial reaction rate can be used as relevant analytical signal.
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Figure 3. (a) Experiment design: determination of the fluorophore inclusion degree in micelles by
enzymatic activity. (b) Kinetic curves of MUTMAC (0.1 mM) hydrolysis in the presence/absence of
chymotrypsin (0.4 uM) and various concentrations of zephirol. Aexi = 360 nm, Aemi = 450 nm. PBS
(0.01M, pH 7.4). T = 37 °C. The reaction rate was determined by the initial spike in the fluorescence
intensity of the product, and not by the tangent of the tilt angle, since the enzyme is partially
denatured. The purple vertical line indicates >10% denaturation of the enzyme.

3.4. Studying of the enzyme catalytic activity using FRET probes

FRET probes are further applied to study the enzymatic activity in the membrane-like systems
such as reverse micelles. While in classical surfactant micelles, enzymes tend to denature, the use of
reversed micelles makes it possible to solubilize enzymes while maintaining or even enhancing their
catalytic activity [44—48].

Reverse micelles spontaneously form in a tertiary system containing surfactant, water and non-
polar organic solvent. The size of the inner cavity of micelles where protein molecules and other
hydrophilic molecules can be entrapped can be strictly controlled by varying the surfactant hydration
degree (Wo), which represents the molar ratio of water to surfactant. Reverse micelles can be
considered as a “nanoreactor” of molecular size where one can obtain the desired supramolecular
form of the protein or its complexes by controlling of the micellar inner cavity size. The method
therefore provides the modulation of the enzyme activity and oligomeric composition, as it has been
demonstrated for a number of enzymes of different classes [44—48].

This approach is perspective to study the membrane enzymes functioning details and to
determine the influence of the membrane lipid compositions on the catalytic activity. For example,
the reverse AOT micelles are relevant models of mitochondrial membranes. It is known that the
mitochondrial membranes contain non-bilayer lipid structures consisting of associates of lipid
molecules arranged as reverse micelles incorporated between monolayers of the bilayer membrane.
Water-AOT—-isooctane is one of the most intensively studied reverse micellar systems for membrane-
protein studying [44-48]. Additionally, reversed AOT-octane micelles are often used to study
enzymatic activity to investigate catalytic processes in non-aqueous media and to synthesize or
analyze hydrophobic substances. However, in such complex systems due to high background level,
low fluorophore quantum yield, unsuitable observation wavelength that interferes with other


https://doi.org/10.20944/preprints202312.0409.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2023 doi:10.20944/preprints202312.0409.v1

13

components of the system, special conditions are required to selective product detection, such as high
sensitivity and signal selectivity. This can be achieved with FRET approach developing here. With
this in mind, we applied FRET approach to study the enzyme activity in reverse micelles. Here we
consider chymotrypsin, acid and alkaline phosphatase and L-asparaginase as model enzymes
catalyzing MUmb or coumarin derivatives with the release of MUmb/coumarin - fluorophores.

FRET is observed in aqueous solution for between MUmb- derivative and R6G, but the FRET
effect is rather weak (Figure 1a—c), since the donor and acceptor molecules separated from each other
in the volume of the solution. A different situation is observed for reverse micellar system, where the
enzyme and the reaction components are located in a limited volume of the aqueous phase of the
inner cavity of the micelles.

Convenient for a number of enzymes, the fluorescent substrate based on the MUmb derivatives.
During their enzymatic hydrolysis, the fluorescent product MUmb is released, which is reflected in
an increase in fluorescence (at 450 nm). This effect can be visualized and amplified by FRET. Le., the
enzymatic reaction can be monitored not only by product (used here as the controle system), but by
ascending fluorescence of rhodamine (aceptor) — at 550 nm wavelength. In reversed micelles, FRET
is expected to be more pronounced, due to concentration of the enzyme and the reaction components:
MUmb will be closer to the acceptor R6G, 1/Ro is decreased, the effectivity of the FRET (E) is greater.

3.4.1. FRET enhancing due to Chymotrypsin activity in AOT-octane reverse micelles

The enzymatic activity of chymotrypsin in reversed micelles by accumulation of the initial
product (MUmb) and by increase in the fluorescence intensity of R6G- acceptor due to FRET effect
was studied. In AOT-octane reversed micelles, an optimum activity (determined by the enzyme
molecule size) for chymotrypsin is observed at the degree of hydration Wo = 11 [46]. Chymotrypsin
catalyzes the hydrolysis reaction of MUTMAC to MUmb (Figure 4) in the reversed micellse. It turned
out that the enzymatic activity at a wavelength of 450 nm (assigned to MUmb) characterized by low
sensitivity, since the fluorescence of the product is strongly quenched in octane. If the FRET effect is
realized by including of fluorophore acceptor R6G in the reversed micelles, the sensitivity of the
signal increases sharply due to the high quantum yield in the case of R6G. This is due to more than
an order of magnitude higher molar emission coefficient of R6G compared to MUmb. Figure 4 shows
kinetic curves: hydrolysis of MUTMAC in the presence of R6G compared to background of R6G. The
rate of the enzymatic reaction (the tangents of the slope angles of the linear sections of the kinetic
curves) are shown in Figure 4 (right insert). The background (without MUTMAC) is about 0.05
units, and the target signal is 0.23, and increased with increasing the R6G concentration., Such a bright
FRET effect (an increase in the rhodamine signal) was not observed in control queous buffer solution
system. In reversed micelles, a 3-4-fold increase in the initial reaction rate (dl/dt) (by R6G fluorescence
signal) upon enzymatic MUmb (donor) release was observed as compared to aqueous system (Figure
4 right insert).
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Figure 4. Kinetic curves of MUTMAC (0.2 mM), R6G (2 uM) and its mixture (100/1 mol/mol)
hydrolysis in the presence of chymotrypsin (1.5 UM). Aexc =360 nm, Aemi =550 nm. AOT/octane reverse
micelles. Wo=11. PBS (0.01M, pH 7.4). T =37 °C. Insert on the right: increase in the initial reaction rate
(dI/dt) (by R6G fluorescence signal) upon enzymatic MUmb (donor) release is observed for
AOT/octane reverse micelles compared to aqueous system.

3.4.2. Acid phosphatase activity in buffer solution and in AOT-octane reverse micelles

It is interesting to explore this phenomenon of the enhancement of FRET effect in the reversed
micelles system for a membranotropic enzyme that functions in interaction with a micellar matrix
compared with aqueous solution. Therefore, we chose acid phosphatase (membrane enzyme,
hydrolase) as a model enzyme, which also (as chymotrypsin) releases the product MUmb during the
enzymatic reaction. forming a donor-acceptor pair with R6G.

The dependence of the maximum rate of hydrolysis of 4-methylumbelliferyl phosphate (MUmb-
phosphate) catalyzed by acid phosphatase in the system of reversed AOT cells on the degree of
hydration of surfactants is a profile with two optima of enzyme activity at hydration degrees Wo =20
and 23-25 (Figure 5a). According to the principle of geometric correspondence, the optima of catalytic
activity correspond to the coincidence of the size of the protein of the inner cavity of the micelle.
Sedimentation analysis of the micellar system showed that at the degree of hydration 20, the enzyme
functions as a monomer (48 kDa), and at Wo =24 as a dimer (98 kDa). At Wo = 40, acid phosphatase
can form tetramers and complexes with large organic molecules [45].

Figure 5 shows the profiles of phosphatase activity of acid phosphatase in the acetate buffer and
in reversed micelles with hydration degrees Wo = 20, 24 and 40. Detection was carried out by
increasing the fluorescence of the initial reaction product (MUmb-phosphate -> MUmb) and by using
the FRET- acceptor agent - R6G.

In an aqueous solution, there is no special need for R6G: the rraction rate dI/dt = 240 (Figure
5b,c), and only marginal energy is transmitted to R6G, that is, about 4% (Figure 5c). But in reversed
micelles (Wo = 40), the product signal (MUmb at 450 nm) is strongly extinguished, on the contrary
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R6G fluoresces intensively. With a decrease in the hydration degree (micellar size), the fluorescence
of MUmb decreases to about 10 times due to quenching, but FRET effect is still pronounced.

The observed rate of the enzymatic reaction tracked by R6G depends on the size of the reversed
micelles. At Wo =20 or 24, about 10% of the fluorescence signal (velocity dI/dt) passes to R6G, and at
Wo = 40, about 13% of velocity is transferred to rhodamine. This is due to optimal size of the inner
aqueous phase in the micelles: including places for enzyme, substrate and R6G. Thus, the observed
dependence of the energy transfer efficiency to R6G on the product has a minimum at Wo 38-42. With
high hydration degrees, we gradually approach to the situation in an aqueous solution, and with low
degrees of hydration, the micelles have too small an internal cavity to accommodate the optimal
amount of substrate and FRET agent (R6G)

It is worth noting here that the FRET agent is used in a deficit (100-500 fold) to obtain comparable
fluorescence values. It is possible to increase the amount of R6G, thereby significantly increasing the
analytical signal and reducing the required amounts of substrate and enzyme. With an increase in
the concentration of rhodamine by 5 and 20 times, the observed rate of enzymatic reaction tracked
by rhodamine increases by 2.5 and 6 times, respectively. In addition, the shift to the long-wavelength
region increases the selectivity of the signal.
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Figure 5. (a) The dependence of the catalytic activity (Vmax) of acid phosphatase (1 uM) on the
hydration degree of AOT (W) in the reversed micelles system. KOAc/HOAc (0.01M, pH 4.9). T =37
°C. (b) Phosphatase activity profiles curves of acid phosphatase (1 uM) in relation to MUmb-
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phosphate (0.8 mM) with FRET agent R6G-acceptor (2 uM). Aexci = 360 nm, Aemi = 450 (substrate —
MUmb-phosphate and product - MUmb), 550 (R6G) nm. AOT/octane reverse micelles. Wo = 20, 24,
40. KOAc/HOAC (0.01M, pH 4.9). T = 37 °C. (¢) Tangents of the initial linear sections of phosphatase
profiles, the ratio of the initial “velocities” of the observed signals for the product and for the FRET
agent R6G.

3.4.3. Catalytic activity in a two-enzyme system: alkaline phosphatase and asparaginase

Acid phosphatase functions at slightly acidic pH values (about 5.0 — jvdel for the tumor cells
microenvirinment), but it is important to study the FRET effect also in neutral — weakly alkaline pH
(normal cells model). To do this, we used alkaline phosphatase and asparaginase with pH optimum
of about 8.0. Further FRET probe was used to study the catalytic activity in a two-enzyme system.

Indeed, in the research practice in biochemistry there is often a need to study enzymatic reactions
in two-enzyme systems: to increase the sensitivity of the signal, to study the mutual influence in the
composition of enzyme complexes, to study successive enzymatic reactions, the effect of inhibition
in biochemistry, etc. We suggest to study such reactions using FRET approacj developed here. This
may be the parallel accumulation of one fluorophore donor or the accumulation of two consecutive
fluorescence donors.

We chose asparaginase and alkaline phosphatase as model enzymes. For example, it would be
useful to follow the asparaginase avtivity by rhodamine when analyzing the activity of asparaginase
in the blood serum samples of patients in the treatment of leukemia. Asparaginase hydrolyzes the
fluorescent substrate L-aspartic acid (-(7-amido-4-methylcoumarin) to aspartate and coumarin
derivative, and alkaline phosphatase hydrolyzes MUmb-phospate to MUmb (Figure 6a). The activity
of the enzymes was studied in two enzyme systems with a hydration degree Wo = 40, since both
enzymes are quite active at such a Wo, and can be located in one micelle.

Figure 6 shows the kinetic curves of the enzymatic activity of asparaginase, alkaline phosphatase
and their mixed system. The initial linear sections are identified, from which the initial reaction rate
can be determined (dlI/dt), by inital products as well as by R6G fluorescense increase. Table 2 shows
the parametr dI/dt of the initial linear region of kinetic curves.

In the case of asparaginase, approximately 20% of the (dI/dt)product passes to R6G. For alkaline
phosphatase, this FRET characteristic is a bit lower and equal to about 15%. In a two-enzyme system,
the efficiency of FRET is in the range of 15-20%. Thus, we were able to monitor the enzymatic
reactions of hydrolysis using R6G. In general, the obtained data are promising for practical
applications in enzymological studies and visualization of processes in the cell using confocal
microscopy to reduce autofluorescence.
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Figure 6. (a) Experiment design: Catalytic activity in a two-enzyme system: alkaline phosphatase and
asparaginase. (b) Activity profiles curves of alkaline phosphatase (1 uM), asparaginase (1 uM) in
relation to MUmb-phosphate (0.2 mM) and L-Aspartic acid p-(7-amido-4-methylcoumarin) (0.2 mM),
correspondingly, with FRET agent R6G-acceptor (2 uM). Aexi = 360 nm, Aemi = 450 nm (product 1 —
MUmb), 465 (product 2 —coumarin derivative), 550 nm (R6G — FRET agent). AOT/octane reverse
micelles, Wo = 40. Na-phosphate buffer (0.02M, pH 8.2). T =37 °C.

Table 2. Initial tangents of the linear fragments of asparaginase and phosphatase kinetic profiles.
AOT/octane reverse micelles, Wo = 40. Na-phosphate buffer (0.02M, pH 8.2). T =22 °C.

L. Initial tangent, 1/min
Enzyme / Emission -
wavelength 450 nm (MUmb > 465 nnMCoumarm > 550 nm
coumarin) Umb) (R6G)
Asparaginase 50+1 39+1 7.940.3
Alkaline phosphatase 57+4 48+4 8.4+0.5
Asparaginase + Alkaline
PR osphatase 82+6 105+7 1641

Thus, using the examples of four enzymes, we have shown that it is possible to study catalysis
using a FRET probe (R6G-acceptor), which makes it possible to significantly increase the anatomical
signal and enhance its selectivity by shifting to the red region. In addition, the proposed methods are
promising for use as visualizers of cellular structures and on-line reactions.

4. Conclusions

In this paper, we proposed the use of the FRET probe technique (R6G with FITC or
methylumbelliferon derivatives) as an indicator of micelle formation from surfactants, chitosan
grafted with fatty acid, as well as to study enzymatic activity by fluorescence signal from R6G
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obtained by FRET. In relation to surfactants (anionic SDS, cationic Zephirol and non-ionic Triton X-
100), the FRET probe technique provides valuable information about the distance of the donor and
acceptor fluorophores r/Ro, which can be used to study the mechanism of micelle formation and
determine the composition of the system (individual molecules/pre-micelles/micelles), and there is
also calculation of CMC. Using a FRET probe, we determined the kinetics of S-S crosslinking
formation, which is important in the field of stimulus-sensitive drug delivery systems in tumors. The
most interesting application of the FRET probe technique turned out to be the possibility of studying
the enzymatic activity not by product, but by the FRET between the product of the enzymatic reaction
and the R6G acceptor. We have shown that the efficiency of FRET varies from 5 to 20% depending on
the composition of the system and the type of enzyme. 4 model enzymes were studied: acidic and
alkaline phosphatases, asparaginase and chymotrypsin in aqueous media and systems of reversed
AOT-octane micelles. The obtained data are promising in the field of enzymology, as well as
visualization of processes in living cells using fluorescent microscopy to increase selectivity and
signal intensity.

Supplementary Materials: Figure S1. The scheme of synthesis grafted chitosan with lipoic acid — Chit5-LA.
Figure S2. (a) AFM image of Chit5-LA particles and (b) the corresponding section along the blue line in height,
respectively.
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— 4-methylumbelliferyl p-trimethylammoniocinnamate chloride; R6G — rhodamine 6G; SDS — sodium dodecyl
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