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Permittivity is a very important physical parameter for a detailed understanding of interactions in a biological
system. However, at the moment no common experimental method is available for measuring the dielectric
constants of a microenvironment or on a local level, and one has to rely on theoretical simulations. In this
work we can demonstrate that it is experimentally possible to estimate the dielectric constant of the active site of
the enzyme acetylcholinesterase, based on the spectroscopic properties of the laser dye N, N-dimethyl(4-pyren-1-
ylphenyl)amine. It was found that the dye specifically attaches to the active site of acetylcholinesterase and
therefore inhibits its functionality. The microenvironmental dielectric properties, which are spectroscopically
sensed, and enzymatic functionality can be combined and might potentially be developed to a biosensing

element.

Introduction

Sensors in the biomedical or chemical field can be defined
broadly as devices that detect specific molecules or biological
processes and convert this information into a signal. In recent
years considerable effort has been undertaken to optimize such
sensing devices by optimizing the used sensing technique, by
miniaturization processes'™ or by expanding their area of
activity including new biochemical sensor systems.>’

In this work, we introduce a target system, which spectro-
scopically monitors the dielectric properties of a microenviron-
ment of a protein and might therefore potentially be used in
the development of biosensors. The biological role of a pro-
tein, and therefore its role in the complexity of cellular action
and recognition depends highly on the interaction with other
biomolecules. The specificity and efficiency of these inter-
actions are determined through van der Waals forces, hydro-
gen bonding and electrostatic interactions. The latter are
determined by Coulomb interactions, which are a function of
the dielectric constant. Changes in the dielectric constant influ-
ence the extent of binding between ligand and biomolecules
and can even affect the reaction pathway.

Normally, biochemical reactions are investigated in aqueous
solutions. Consequently, the dielectric constant of water is used
for the description of these reactions. Very often, however, the
dielectric properties of the specific protein binding site differ
from those of water due to the characteristics of the (apolar
and/or aromatic) residues which form the binding sites in
the protein.

By choosing an appropriate molecular system as a target
molecule, we can demonstrate that it is possible to link directly
and in a unique way biological activity and functionality of
a system with the spectroscopic features of the chemical
target. As spectroscopic sensor system we used the laser
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dye N,N-dimethyl(4-pyren-1-ylphenyl)amine (PyDMA), a sub-
stance that can probe the microenvironmental properties of
the protein binding site. As a model protein the enzyme
acetylcholinesterase (AChE) was chosen. Also other proteins
or enzymes might be considered, as long as the protein pro-
vides a similar substrate specificity as AChE and PyDMA
(steric and chemical interaction possibilities with the active
site). AChE is an enzyme that hydrolyses the neurotransmitter
acetylcholine in the synaptic cleft. The active site is in the bot-
tom of a narrow gorge, which has 14 aromatic residues (Fig.
6(a)). The amine group of the acetylcholine interacts with the
anionic subsite,® and the acetate group binds to the esteratic
subsite.”

Because of the pivotal role of acetylcholinesterase in the
nervous system, the enzyme has long been an attractive target
for the rational design of mechanism-based inhibitors. For
example, carbamates, physostigmine and neostigmine are
useful therapeutic agents in the treatment of glaucoma and
myasthenia gravis, respectively.'® The inhibitor tacrine is widely
used against Alzheimer’s disease.!! In order to predict correctly
the properties of biomolecular systems, a detailed description
of the enzyme is required, including parameters such as the
local dielectric constant of the active site. However, an actual
problem of rational design is, that in most cases the local dielec-
tric constant or the dielectric constant of the active site in the
microenvironment is unknown and has to be assumed theore-
tically from continuum models or MD simulations.

In this work we can show that, because of the spectroscopic
characteristics of PyDMA, information on the microenviron-
mental dielectric properties of AChE (local permittivity) can
be given. On the other hand, based on the analysis of AChE
enzyme kinetics according to the Michaelis-Menten model,
we elucidated the influence of the PyDMA molecule on the
activity of AChE and found a competitive inhibition of the
enzyme-supported hydrolysis. Therefore it is possible to com-
bine spectroscopic signalling of the laser dye with the enzyme
activity in order to characterize the local permittivity of the
active site.
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Experimental section

Materials

Achetylcholinesterase type V-S from Electrophorus electricus
was purchased from Sigma, purified as described previously,'?
concentrated in Vivaspin concentrator, membrane 10000
MWCO (Vivascience) and stored in 4 mM potassium phos-
phate buffer, pH 8.0 at 7= —20°C. The used solvents were
purchased from Merck (spectroscopic grade): acetylacetone,
acetonitrile, benzene, chlorobenzene, chloroform, dichloro-
ethane, diethylene glycol, diethyl ether, dimethylethane,
dimethylformamide, DMSO, ethyl acetate, ethylene glycol,
ethanol, formamide, 1-hexanol, 3-hexanol, methanol, n-hep-
tane, n-hexane, l-pentanol, 1-propanol, tetrahydrofuran,
toluene. N,N-Dimethyl(4-pyren-1-ylphenyl)amine (PyDMA)
was prepared as described earlier.!* 5-5-Dithio-bis(2-nitro-
benzoic acid) (DTNB) was purchased from Sigma.

Methods

Enzymatic assay. The AChE activity was determined
according to the method of Ellman ez al.'> The assay consists
of 4 mM potassium phosphate buffer pH 8.0, 10~'° M AChE,
1.25-600 pM enzymatic substrate acetylthiocholine (AcSCh)
and 0.67-71.2 uM PyDMA. PyDMA was pre-dissolved in
dimethylformamide and added to the assay mixture as 0.1%
(v/v). The reaction was monitored by the change of the absor-
bance at 412 nm in a Cary SE (VARIAN) spectrometer with
a detector counting frequency of 30 Hz and an accumulation
time of ca. 60 s. The experiments were carried out at 25°C.
The concentrations of the product, from which the kinetic con-
stants of the enzyme are derived, are calculated on the basis of
the extinction coefficient of the DTNB-derived anion 5-thio-2-
nitrobenzoic acid (14150 M~ cm™1).1¢

Fluorescence spectra. The fluorescence spectra were mea-
sured with a Fluorolog 3-22 (Jobin Yvon-Spex). The emission
spectra were taken in 0.5 nm steps at a fixed excitation wave-
length of 337 nm. The slits were adjusted to 1 nm bandwidth
for both excitation and emission. The recorded spectra were
automatically corrected for the wavelength dependence of
the lamp intensity, monochromator transmission and photo-
multiplier response. For the experiments in aqueous solution,
107> M PyDMA was dissolved in DMF and 0.5% (v/v) of this
solution was added to the buffer without enzyme. The sensor
activity of PyDMA was measured with a solution containing
44.5 nM PyDMA, 0.5% (v/v) DMF and 11.2 uM AChE in
the buffer.

Refraction index. A Carl Zeiss refractometer with controlled
temperature settings (20 °C) was used to measure the refraction
index of the buffer solution containing 44.5 nM PyDMA, 0.5%
(v/v) DMF and 11.2 pM AChE.

Computational treatment. The data were treated using the
software package ORIGIN 7.0. The software Swiss PDB
viewer,!” Rasmol 2.0'® and Hyperchem were used for structure
visualization and representation of the protein.'*?

Results and discussion

Investigations on the microenvironmental dielectric
properties of AChE

Lippert—Mataga plot. The concept developed in this article is
based on the observation that the spectral response of a chemi-
cal system such as N,N-dimethyl(4-pyren-1-ylphenyl)amine
(PyDMA) dissolved in different solvents strongly depends on
the dielectric properties of its environment.'**> As sketched
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Fig. 1 Photophysical reaction scheme of N,N-dimethyl(4-pyren-1-
ylphenyl)amine (PyDMA) for different solvents; ¢ is the solvation
coordinate. Inset: Structure of PyYDMA.

in Fig. 1 an electron is transferred from the electron donor
N,N-dimethylamino group to the electron acceptor pyrene
during or shortly after optical excitation in PyDMA, leading
to the formation of an intramolecular charge transfer (ICT)
state. The ICT state is characterized by a high dipole moment
of about 20 Debye to which the solvent surrounding reacts
with reorganization. The stabilization of the transient CT state
depends on the dielectric properties of the solvent and leads to
a solvent-dependent bathochromic shift of the CT fluorescence
spectra. The red-shift of the fluorescence spectra increases with
increasing dielectric constant. In the scheme, the solvation of
the ICT state is presented by the solvation coordinate o. Actu-
ally, the bathochromic shift of the PyDMA fluorescence is visi-
ble by eye, depending on the dielectric properties of the solvent
used to dilute PyDMA. In solvents with low dielectric con-
stant, the fluorescence of the sample with daylight is blue,
and as the dielectric constant increases with changing solvent,
the colour of the fluorescence can be tuned from blue via
yellow and green to red.

Mathematically, this proportionality is described by the
so-called Lippert-Mataga plot, where the gradient of the CT
emission band maximum 7,,,, with respect to the solvent fac-
t(;r F3 = fles,n) — 0.5f" (&5 ,n) is proportional to the dipole factor
w/p” by

- N 2442
Vmax = ngx - W f(857n)

S| W
Here, 70 is the emission band maximum for zero solvent fac-
tor, p is the dipole moment of the fluorescing species and p is
the radius of the molecule, /2 is Planck’s constant, ¢ is the speed
of light in a medium, & is the dielectric constant of the solution
and n is its refraction index.

Using the spherical approach for the shape of PyDMA
molecules the following solvent factor might be used:

-1 -1
e +2 22417

F = f(eon) 3 /(o) @)
The Lippert-Mataga plot is used generally to estimate the
dipole moment of a fluorescing CT species. Fig. 2 presents
the Lippert-Mataga plot of PyDMA derived for solvents with
a dielectric constant ranging from ¢, = 1.4 (n-hexane) to & =
78.3 (0.5% (v/v) DMF-water mixture). For the calculation
of the solvent factor, the dielectric constants and refraction
indices of the several solvents were taken from ref. 21.
Taking the gradient of the line plot, for PyDMA a dipole
moment of pct (PyDMA) = 21-22 D (+5 D) is calculated if
one assumes a molecular volume Vo = pfn olee F 7393 A3 1422
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Fig. 2 Lippert-Mataga plot for PyDMA in several solvents (H). The
aqueous solutions contain 0.5% (v/v) DMF. The F = f— 1/2f" para-
meter of the solution with AChE-PyDMA complexes (averaged ratio
of the complex = 252:1) was calculated from the linear fit (A).

Note, that the scatter of the experimental values around the
Lippert-Mataga plot (eqn. (2)) results from both the error
bar of the experimental values and the limitations concerning
the models to calculate the molecular volume of PyDMA. Both
influences have been intensively discussed in refs. 14 and 22.

In this work, we use a reversed procedure and apply the
known Lippert-Mataga plot of PyDMA to the elucidation
of the unknown microenvironmental dielectric properties of
the binding site(s) of AChE with PyDMA by measuring the
red-shift of the PyYDMA fluorescence. PyDMA is an ideal can-
didate for such a detection scheme, first, because of the high
transient dipole moment and, second, because of its high fluor-
escence quantum yield of about unity, independent of the sol-
vent. Thus, one can state that, within the errors of the applied
approximations, models and measurements, PyYDMA is a sui-
table sensor for monitoring the microenvironmental dielectric
properties of AChE, with the known Lippert-Mataga plot as
the calibration curve.

Dielectric properties of the active site of AChE. Fig. 3 sum-
marises the red-shift of the PyYDMA fluorescence in different
solvents and in aqueous solution in the presence of AChE.

0.8

0.6

04 |

Normalized Intensity

0.2 4

"

0.0 4

T L] T L) T T T L T '
500 550 600 650 700

Wavelength/nm

T T
400 450
Fig. 3 Fluorescence emission spectra of PyDMA in different sol-
vents. (1) 107> M PyDMA in benzene; (2) 44.5 nM PyDMA, 11.2
uM AChE in a 0.5% (v/v) DMF-water mixture; (3) 25 uM PyDMA
in 0.5% (v/v) DMF-water; (4) 107°M PyDMA in DMF.
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In pure benzene, PyDMA fluoresces at 442.5 nm (22560
em™ ') (spectrum 1). The PyDMA fluorescence in buffer solu-
tion and in the presence of 11.2 uM AChE in an H,O0-0.5%
(v/v) DMF mixture is ca. 20 nm red-shifted (450 nm, 22176
em™!) (spectrum 2) while the PYDMA emission maximum is
at 483.5 nm (19960 cm ') in an H,0-0.5% (v/v) DMF mix-
ture (spectrum 3) and at 523.5 nm (19130 cm™') in absolute
DMF (spectrum 4). The present bathochromic shift shows that
the fluorescence of PyDMA attached to AChE does not reflect
the dielectric properties of water or DMF-water mixtures, but
surprisingly those of benzene or toluene which are aromatic-
containing solvents.

The spectral data were quantitatively evaluated by fitting the
profile of the fluorescence band with a log-normal function as
defined in ref. 14. The linear regression of the Lippert-Mataga
plot (see Fig. 2) results in y = A+ Bx with the fitting para-
meters A = 24110£360 cm 'and B = —6360+630 cm ..
Note that according to eqn. (1) 4 and B are defined as
A =17"  and B = 24*/hcp®. For y = 22176 cm™ ', as found
for the PyDMA-AChE system, a solvent constant of
F = 0.30491 was found. Substituting in eqn. (2), with a mea-
sured refraction index of n = 1.3331 and hence (n°— 1)/
(2n*+1) = 0.170642, a microenvironmental dielectric con-
stant of &5 = 3.72 has been found which is slightly higher than
the dielectric constant of toluene (¢; = 2.38), but far away
from that of DMF-water mixtures (g = 78.3).

Two approximations mainly limit the presented method:
first, in the used model the molecule is treated as a point dipole
in the center with no three-dimensional expansions. It is possi-
ble to describe the charge distribution in PyDMA more realis-
tically by correcting the data for a cigar-shaped dipole.
However, using this model does not improve the dipole
moment error dramatically. Here, it should be pointed out
that eqn. (1) originally was derived for sandwich-like donor—
acceptor complexes and therefore all corrections on the shape
will not improve the dipole moment determination by orders
of magnitude. Second, the method of dipole moment determi-
nation is based on the classical treatment of the solvent as
a dielectric continuum. Thus, the determination of the dielec-
tric constant from the Lippert-Mataga plot will always give
a microenvironmental dielectric constant which is an average
over a sum of unknown local dielectric constants. However,
it is possible to treat a microenvironment around a PyDMA
dye in a dielectric continuum model. This has been successfully
applied to the studies on the microstructure of preferential
solvation by these kinds of pyrene dyes.”

Analysis of the enzymatic reaction: competitive inhibition of
AChE by PyDMA

Data analysis. The interaction of an enzyme E with its
substrate S and a competitive inhibitor I can be described as
ko ka
E+S——ES——P

ki

+
1

1T Ki
EI (3)

where k; is the rate constant of the enzyme—substrate complex
formation, k_; is the rate constant of the enzyme-substrate
complex decomposition, k, is the catalytic rate constant and
K; is the inhibition constant, which is an equilibrium constant.
In our system, E is AChE, S is AcSCh, ES is the enzyme-sub-
strate complex and I is the inhibitor PyDMA, which acts
simultaneously as a microenvironmental sensor. Taking into
account the steady-state approach d[ES]/dz = 0, the rate con-
stants of the enzymatic reaction were calculated according to
the Michaelis—Menten equation.



The inhibition reaction of the enzyme can be characterized
as competitive, non-competitive or uncompetitive by analysing
the Lineweaver—Burk plot.?* In the present work, competitive
inhibition was found (Fig. 4) with a reaction rate of>*

Vinax[S]
w(-0)

Here V is the observed rate of reaction, V. is the maximal
rate of reaction and [S] is the substrate concentration. [I] is
the inhibitor concentration, K; the inhibition constant and
Ky, = (ko +k_1)/k, the Michaelis-Menten constant.

In the Lineweaver—Burk plot in Fig. 4 the maximal rate con-
stant Vpax is kept constant whereas the Michaelis constant K,
increases. Since a competitive inhibitor is defined as an inhibi-
tor which combines with the free enzyme in such a way that
substrate binding is prevented, ie., the inhibitor and the sub-
strate are mutually exclusive, the results of Fig. 4 lead to the
conclusion that PyDMA combines with free AChE in such a
way, that substrate binding is prevented.

The inhibition constant K; can be determined from the
dependence of the Michaelis constant K., for increasing
inhibitor concentration versus the inhibitor concentration [I]:

V= 4)

Kn' = Ko + %m (5)

Here, K, is the Michaelis constant in the absence of the
inhibitor, and the x-intercept corresponds to —K;.>*

The results from treating the data according to eqn. (5) are
summarized in Fig. 5. An inhibition constant of K; = 50.97
uM was found.

Location of PyDMA in the active site of AChE. The finding
that PyDMA, a sensor which is sensitive to the dielectric prop-
erties of the microenvironment, acts as a competitive inhibitor
suggests that PyDMA docks at the active site of AChE or in
the gorge. This finding is consistent with studies on other inhi-
bitor systems with dimethyl or trimethylamino groups, which
were found to be able to interact with the active site of the
anionic subsite. In comparison to the natural substrate acetyl-
choline, compounds with quaternary ammonium, e.g. acet-
hylthiocholine and acethylselenocholine, have an increased
relative catalytic efficiency of 1.58 and 3.56, while in
compounds with trimethylamino-like N,N-dimethylamino-
ethyl acetate a decreased efficiency of 0.076 was found.
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Fig. 4 Competitive inhibition of AChE by PyDMA shown in the
Lineweaver—Burk plot; V represents the rate of the enzymatic reaction.
The different inhibitor concentrations are in pM.
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Fig. 5 Plot of apparent K, (= K',,,) versus PyYDMA concentration
[I]. The x-axis intercept corresponds to —K;, so that K; = 50.97 uM.

Methylamino- and amino-containing substrates as N-methyl-
aminoethyl acetate and aminoethyl acetate have a relative cata-
Iytic efficiency of 3 x 107 and 1.6 x 107> With increasing
number of methyl substitutions on the nitrogen, steric effects
play an important role and the activity increases by orders of
magnitude. Crystal structures of AChE with inhibitors also
suggest that the amino groups favour to dock on the anionic
subsite of the active site, where they can interact.?®>’

Based on these data we propose that the N,N-dimethyl-
amino group of PyDMA also attaches to the anionic site. In
this position the apolar and aromatic pyrene is able to interact
with the aromatic moieties of the AChE gorge, additionally
stabilizing the inhibitor-enzyme complex. This orientation of
PyDMA in the AChE gorge would also explain the found
microenvironmental dielectric constant of AChE which is
similar to that of aromatic solvents like toluene or benzene.

This hypothesis is also supported by computer simulations
based on an AMBER forcefield optimization.'”?® For the
simulations, the amino acids of the active site were kept rigid
in a surrounding continuum and PyDMA was attached to
and in the hole of the active site. For the energy minimization,
the whole molecule PyDMA was rotated in the hole of
the active site and a convergence of the energy minimization
was found only for the configuration shown in Fig. 6(b).
Similar to the systems described above, this configuration
allows the N,N-dimethylamino moiety of PyYDMA to interact
with the anionic site and the pyrene group with the aromatic
residues of the gorge (Fig. 6(b) and (c)). The distance between
the pyrene group and the closest amino acid of the gorge,
Phe 338, is about 3.70 A (Fig. 6(d)). Excimer formation,
which would quench the fluorescence of PyDMA, has not
yet been explicitly investigated and will be a topic of future
studies.

Conclusion

The laser dye N,N-dimethyl(4-pyrene-1-ylphenyl)amine
(PyDMA) can be used to detect the permittivity of the micro-
environment of the binding site in the active site of AChE
enzyme. The determination of microenvironmental dielectric
properties by the quantitative treatment of the bathochromic
shift of the PyDMA fluorescence spectra according to the
Lippert-Mataga plot was applied. The analysis of the kinetics
of the enzyme showed a competitive inhibition of the activity
in the presence of PyDMA.

Both the results obtained by spectroscopy and the results
obtained by kinetic analysis support the structure model,
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Fig. 6 Structure of acetylcholinesterase, free and complexed with the sensor and competitive inhibitor PyDMA: (a) AChE structure according to
the crystal structure in ref. 28, with the amino acids of the gorge by a stick representation and the active site (esteratic subsite) in blue by ball and
stick representation; (b) AChE gorge structure complexed with PyDMA, the active site and gorge are presented by sticks and PyDMA by ball and
stick representation; (c) interaction of the N,N-dimethylamino group of PyDMA and the amino acids of the anionic site; (d) interaction of the

pyrene group of PyDMA with the aromatic residues of the gorge.

where PyDMA is located in the active site oriented in such
a way that the pyrene moiety can interact with the aromatic
residues of the gorge and the amino moiety points to the
anionic subsite. These findings are also supported by force-
field calculations of the PyYDMA-AChHE complex.

Based on the present work we suggest that PyDMA, or laser
dyes with similar spectroscopic properties and chemical com-
ponents, has the potential to be developed as a biosensing ele-
ment for dielectric properties of AChE enzyme or enzymes
with similar substrate specificity.
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