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Abstract

Fast Voltage Sensitive Fluorescent Dyes are membrane-bound, optical probes of membrane
potential. They are used to measure voltage transients in nerve cells. Recording signals from
individual cells in tissue requires selective staining of these cells. In this work, a novel
approach to this unsolved issue is presented. It relies on non-binding dye precursors that are
locally activated to bind to cell membranes by the hydrolytic action of a selectively

overexpressed, membrane bound enzyme.

Based on the structure of the common voltage sensitive hemicyanine dye Di-4-ASPBS, a
number of dyes with additional alcohol residues were synthesized. These were introduced
either at the hydrophilic headgroup appendix or at the lipophilic tail of the amphiphilic dyes.
By further reaction of the alcohol moieties to phosphate groups, potential dye precursors for
enzyme induced binding were obtained.

It was shown that phosphorylation of the headgroup appendix reduced membrane binding
by a factor of 16 to 22 for various dyes. Phosphorylation at the lipophilic tail reduced binding
drastically by a factor of 1000 to 10000.

An enzymatic assay revealed that all phosphate containing dyes were quantitatively
hydrolysed to the respective alcohols by Alkaline Phosphatase from the Human Placenta
(PLAP). Using this reaction, fluorescent dye binding activation to model membranes was
studied with soluble PLAP and small lipid vesicles, giant lipid vesicles or red blood cells.

To obtain a membrane-bound and plasma-membrane targeted construct of PLAP, the gene
of a fusion protein of soluble PLAP and an artificial membrane anchor was cloned. This
construct was overexpressed in the adherent mammalian cell lines HEK293 and MDCK, and
its correct targeting and functionality was ascertained by immunocytochemical and
histochemical methods.

Incubation of phosphatase expressing cells with dye precursors led to staining of their cell
membrane by enzymatic activation of dye binding. Selective staining of phosphatase-
expressing cells was successfully implemented when transfected and non-transfected cells
were cultured together and incubated with precursor dye.

In accordance with a theoretical model of the reaction, the prerequisites of selective staining
were a very strong membrane binding of the produced dye and a sufficiently large difference

in binding strength compared to the precursor dye.
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1 Introduction

1.1 Current Neurobiology

The study of the human brain’s function is undoubtedly one of the most fascinating fields of
science today. Finding out why human beings act the way they do has always been a
fundamental question. In the last decades, however, the -elucidation of complex
neurobiological processes seems to have come into grasp. The truly multidisciplinary effort of
all natural sciences, engineering and informatics has helped us to understand the basic
neuronal principles of sensory transduction, perception and motion. The experimental size
scale under study ranges from single proteins to cells, to areas of the brain or even the whole
nervous system. Naturally, the methods employed have to be well adapted to the studied
problem, and new insights have been gained by the development of new methods and their
application in neurobiology. Prominent examples are the patch-clamp technique, positron
emission tomography and the modern techniques of molecular and cell biology. Although
much has been learned, more complex problems such as memory, learning or behavior are
still not well understood. The development and the improvement of techniques that allow the

study of neuronal ensembles is therefore a necessary and promising task.

1.2 Voltage Sensitive Dyes — A Tool in Need of Improvement

Voltage Sensitive Fluorescent Dyes are powerful probes to directly study neuronal
processes. Signal transmission in nerve cells takes place by the unidirectional propagation of
changes in the cell’s membrane potential. Due to their amphiphilic nature, the so-called “fast”
class of voltage sensitive dyes integrates into cell membranes and exhibits a change in
fluorescence that reflects changes in the local membrane potential. The exceptionally large
charge shift in the chromophore of these dyes upon excitation (and emission) interacts with
the electric field across the membrane, leading to electrochromic (“Stark effect”) shifts in the
dye spectra.'* For most dyes, the fluorescence is also modulated by solvatochromic effects.’

Prominent examples of Fast Voltage Sensitive Dyes are depicted in Figure 1. The most
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sensitive dye known so far is ANNINE 6. Using two-photon excitation, it shows fractional
changes in fluorescence of up to 70 % for a 100 mV change in membrane potential.’

Voltage Sensitive Fluorescent Dyes have been successfully used in cultured nerve cells and
nerve tissue.*® The main advantage of these optical recording probes over classical
electrophysiological techniques is their high spatial resolution. The number of electrodes that
can be placed in a neuron or a tissue preparation is limited by the available space — let alone
the difficulty in handling multiple electrodes. The spatial resolution that is achieved with
voltage-sensitive dyes is, in principle, only limited by the resolution and sensitivity of the
dyes, optics and recording equipment.

Although Voltage Sensitive Dyes have been known for many years, their decisive
breakthrough has yet to come. The first exemplary measurement was published as early as
1968 by Tasaki and coworkers’ which used the dye 8-Anilinonaphtalenesulfonate (8-ANS,
Figure 1). In the following decades, the groups of Cohen, Grinvald, Loew and Fromherz
improved the dye sensitivity and recording technique, and the origin of fluorescent voltage

d."**'* However, Voltage Sensitive Dyes are still not established as a

sensitivity was elucidate
standard, widely used technique, in contrast to the alternative method of Calcium-Imaging.
This is due to limitations of the technique imposed by pharmacological side effects and
phototoxicity, sensitivity, photoinstability, and unselective staining.

The latter limitation originates from the fact that common extracellular application of the
dyes leads to the staining of all cells in a preparation. As a consequence, voltage transients of
individual neurons in tissue cannot be measured. It is technically infeasible to resolve the

membrane fluorescence of the widely ramified structure of a single neuron closely
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Figure 1. Fast Voltage Sensitive Fluorescent Dyes.



1.3 ENZYME INDUCED SELECTIVE STAINING

surrounded by other stained cells. Significant progress would be achieved if a satisfactory
method for selective staining of individual neurons or groups of neurons were available. So

far, intracellular application of dyes has been considered.'>'

With this method, however,
intracellular structures are stained with the concomitant effects of background fluorescence
and phototoxicity. In addition, slow intracellular diffusion may lead to incomplete staining.
Attempts using genetically encoded fluorescent proteins with intrinsic voltage sensitivity have

had modest success hitherto.'”'8

1.3 Enzyme Induced Selective Staining

In this thesis, a completely novel technique for selective staining is proposed and explored.
The envisaged method relies on extracellular application of an organic precursor dye and its
local activation at a selected cell by a genetically encoded enzyme. Such activation could rely
on an induction of fluorescence quantum yield, of voltage sensitivity or on an induction of the
interaction with the membrane. The latter approach is particularly attractive because the
crucial chemical structure of the voltage-sensitive chromophore would not be affected by
enzymatic activation. In the envisaged concept shown in Figure 2, a nerve cell in brain tissue
is genetically induced to express a membrane-bound enzyme with its active site facing the
extracellular space. This ectoenzyme cleaves off a polar group of a weakly binding, water
soluble precursor dye such that the overall lipophilicity of the dye is enhanced. As a

consequence, the voltage-sensitive dye binds selectively to the adjacent cell membrane.

A

Figure 2. Concept for enzyme induced selective staining of cells. (A) The two components are a voltage
sensitive dye derivatized with an enzymatically cleavable polar group (represented by gray circles) and an
ectoenzyme expressed on the surface of a selected cell in a tissue symbolized by two cells. The polar headgroup
of the dye is depicted as a white circle. (B) The dye is hydrolysed by the ectoenzyme. Upon cleavage of the polar
group, the dye binds to the membrane. (C) Cleaved dye accumulates in the membrane of the cell where it was
produced.
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1.4 Thesis Overview

The feasibility of enzyme induced selective staining has been tested in detail. The main
results of the work are described in Chapters 2-5. As far as possible, the chapters are
organized as independent subunits of the work. For this reason, every chapter contains its own
Materials and Methods section.

Chapter 2 deals with the synthesis and physicochemical properties of dye precursors that
could exhibit enzymatically inducible membrane binding. In the test system, the simple
voltage sensitive styryl hemicyanine Di-4-ASPBS (cf. Figure 1) was modified by the addition
of one or more phosphate groups. A number of new dye phosphates and their corresponding
hydrolysis products, the dye alcohols, were examined with regard to spectroscopy, membrane
binding and membrane permeation.

Chapter 3 describes enzyme induced membrane binding with soluble enzyme. First, the
susceptibility of the dye precursors to hydrolysis by soluble alkaline phosphatase from the
human placenta (PLAP) was explored. Exploiting the increase in the dyes’ membrane binding
strength upon enzymatic hydrolysis, enzyme induced binding in solution was implemented
with liposomes. Then, the staining method was tested with individual giant lipid vesicles and
red blood cells.

In Chapter 4, the genetic targeting and stable anchoring of PLAP at the extracellular side of
the plasma membrane of transfected cells is described. To that end, a special DNA construct
encoding a 22 Leucine membrane targeting signal and anchor was fabricated by gene
synthesis. The construct, termed ArtPlasMA, additionally contains standard epitope tags to
facilitate immunochemical detection, and a multiple cloning site that allows the construction
of sandwich fusion proteins. Such a fusion protein or chimera was produced with PLAP, and
the resulting protein ArtPlasMA AP was overexpressed in HEK293 cells and characterized in
regard to size, subcellular localization and activity by immunochemical, histochemical and
spectroscopic methods.

In Chapter 5, all previously described elements are combined to implement Genetically
Targeted Staining of Cells with Voltage Sensitive Dyes using an Ecto-Enzyme. Tail modified
dye precursors were incubated with cells stably or transiently transfected with ArtPlasMA AP,
and the hydrolysis reaction taking place at the plasma membrane was followed by
fluorescence microscopy. The time course of staining was rationalized with a reaction-

diffusion model.
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1.4 THESIS OVERVIEW

In the final Chapter 6, conclusive remarks and a detailed outlook to further optimization of
the method, as well as its possible applications, are presented.

The appendix contains tables, abbreviations, vector maps and an expanded background
section with additional information on Lipids and Vesicles and Alkaline Phosphatases.

In addition, two sections in the appendix describe additional work performed, of which the
first deals with the origin of mutations in gene synthesis and the second describes further
experiments with the membrane anchor construct ArtPlasMA and a slightly modified
construct termed AsglypMA, which contains a natural targeting signal in place of the 22

Leucine sequence.

This work relied on many helping hands, and the last page gives credit to the invaluable
cooperation and advice that I received. I want to especially emphasize that the synthesis of the
dyes was performed by Gerd Hiibener and his assistants. Still, the synthetic routes to the dyes
are crucial to this work and are therefore included in the Materials and Methods section of

Chapter 2.

Parts of this work have been published prior to completion of the thesis."






2 Modified Voltage Sensitive Dyes and
their Membrane Interaction

In this section, the syntheses, spectroscopic properties and binding to lipid membranes of
several voltage sensitive dyes of the hemicyanine type are described. These are derivates of
Di-4-ASPBS"*® (for nomenclature, cf. section 7.7.1) which have been modified by the
addition of one or more polar hydroxyl or phosphoric acid ester residues. The phosphate
containing dyes are potential precursors for the enzyme induced staining of membranes. The
phosphate residue was chosen for two reasons: (i) It possesses a high polarity due to its two
negative charges in moderately alkaline solution, with acidity constants of phosphate

monoesters being pK, ~1 and pK, , ~6 2! A strong decrease in membrane binding strength

should depend on a strong polarity of the introduced residue. (ii) Activation, i.e. conversion
into the more strongly membrane bound form, could rely on alkaline phosphatase. This
enzyme has a broad range of substrate specifity,” increasing the chance that it might accept
modified voltage sensitive dyes as substrates. Furthermore, it has been found that alkaline
phosphatase can be overexpressed in transgenic mice without obvious toxic effects.”

The additional aspects of membrane permeation, solubility and orientation in the membrane

are also addressed shortly. Results and discussion are provided together in each subsection.

2.1 Synthesis and Spectroscopic Properties

Dyes used in this work. The parent compound of all the dyes synthesized for this work is
Di-4-ASPBS (Figure 3, dye 1). Di-4-ASPBS was either modified at the polar head group or at
the hydrophobic tail. In both cases, also the length of the aliphatic chains at the lipophilic tail
was varied. At the polar head, the sulfonate group of Di-4-ASPBS was exchanged by one or
two alcohol groups (dyes 2, 5, 7) to which phosphate groups (dyes 3, 6, 8) or a diphosphate
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Figure 3. Dyes synthesized for and used in the presented thesis. The dyes are derivates of the voltage sensitive
hemicyanine Di-4-ASPBS (dye 1). They were modified at the hydrophilic headgroup appendix (dyes 2 to 8) or at
the lipophilic tail (dyes 9 to 15). An alcohol group was introduced serving as a linker to a polar phosphate or
diphosphate group. The relatedness of the dyes is indicated by brackets. The dyes are numbered consecutively.
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Their short names are oriented towards the nomenclature in ref.' (see also section 7.7.1).




2.1 SYNTHESIS AND SPECTROSCOPIC PROPERTIES

group (dye 4) were coupled. At the terminus of each of the aliphatic chains at the tail of the
dyes an alcohol moiety was introduced (dyes 9, 10, 12, 14). Further derivatization led to the
respective monophosphoric acid esters (dyes 11, 13, 15).

In general, the dyes containing the alcohol functions were made in analogy to the synthesis
of Di-4-ASPBS.?" 4-bromoaniline was doubly alkylated at the aniline-nitrogen with the
appropriate alkyl or hydroxyalkyl moiety and coupled to 4-vinylpyridine in a Palladium-
catalyzed Heck reaction. Subsequently, the headgroup was introduced. Finally, the dye
alcohols were further reacted to the corresponding phosphate compounds. The synthesis of
the dyes was carried out by Dr. Gerd Hiibener and his assistants, and it is described in detail
in the Materials and Methods section.

The identity and purity of the dyes was proven by Nuclear Magnetic Resonance (NMR) and
mass spectrometry and for most dyes also by elementary analysis.

Spectroscopy. An example of fluorescence excitation and emission spectra in aqueous
solution and when bound to lipid is shown for Di-4-ASPPA and Di-4-ASPPP in Figure 4. The
spectroscopic properties of the dyes are analogous to their parent compound Di-4-ASPBS as
summed up in Table 1.

The maxima of absorption in aqueous buffer were around 480 nm (fluorescence emission
around 630 nm) with an extinction coefficient around 3.9 x 10* M'em™. In the less polar
solvent ethanol, the maxima of absorption were red-shifted to around 495 nm. This
solvatochromism originates from a change of the molecular dipole moment upon electronic
excitation and its interaction with the polarizable environment, i.e., the solvent. With
increasing solvent polarity, all hemicyanine dyes exhibit a symmetrical blue-shift of
excitation energies and red-shift of emission energies.** This symmetrical shift has led to the
deduction that in bulk solvents, the solvation energies of ground and excited state are nearly
equal.?* This is not true for dyes bound to membranes, since in that case the dyes are located
at the membrane/water interface and the solvent shell exhibits a strongly anisotropic polarity.
The solvation energy of the ground state is high, since the positive charge is located close to
the polar interface. The excited state is destabilized by poor solvation compared to solvation
in water, since the charge is shifted into the apolar interior of the lipid membrane. This is
reflected by the spectroscopic data of lipid-bound dyes, which compared to the measured
values in water exhibit similar fluorescence excitation, but strongly blue-shifted fluorescence
emission (600 nm) maxima.

Some of the dyes showed deviations in some of the spectroscopic properties:
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Figure 4. Fluorescence excitation and calibrated emission spectra (Z:ggnm ) for Di-4-ASPPA (solid lines) and

Di-4-ASPPP (broken lines). Excitation spectra were recorded with emission wavelengths of 630 nm in aqueous
solution and 600 nm in lipid suspension, respectively. A. Spectra in aqueous solution at 5 uM dye concentration.
B. Spectra in lipid suspension at 0.5uM dye concentration. The lipid concentrations were 22 mM for Di-4-
ASPPP and 1 mM for Di-4-ASPPA.

aclnm] G solubitity e [nm] ot lnm] 2 [nm] A (nm] 2] [nm]

HO  |mlem'] at4°C EtOH [Mlem’] H,0 H,0 lipid lipid
Di-4-ASPBS® 478 3 8uM 495 5 - 635 465 597
Di-4-ASPPS® 482 4 492 5 - 635 467 595
Di-6-ASPPS® 468 4 496 6 - 635 467 595
Di-4-ASP Dicat 495 - >ImM 506 - - 640 - -
Di-4-ASPPP 479 4.0 >1mM 492 4.7 490 629 464 601
Di-4-ASPPA® 482 3.9 ~1mM 499 53 490 631 475 604
Di-6-ASPPP 479 >lmM 493 5.0 492 627 466 599
Di-6-ASPPA 469 - 35uM 498 5.2 489 632 470 600
Di-4-ASPiHP, 476 3.7 >1mM 486 4.3 488 627 458 605
Di-4-ASPiHA, 481 39 02mM 499 5.1 490 630 475 606
Di-6A-ASPBS® 482 - <lmM - 490 630 477 610
Di-8P-ASBPS® 484 - >IlmM 492 - 491 630 - -
Di-8A-ASPBS 483 - 6uM 505 - 491 632 478 608
Di-10P-ASBPS 485 4.1 >ImM 493 - 491 631 480 608
Di-10A-ASPBSY 456 - 3uM 496 n.d. 460° 634 475 606
Di-12P-ASPBS 485 >1mM 496 494 630 465 604
Di-12A-ASPBS! 454 <0.1uM 496 457" 690 459 597

Table 1. Spectroscopic properties of Di-4-ASPBS and derivates. Extinction coefficients are given for the dyes
where elementary analyses were obtained and solubility in the respective solvent was sufficient. Lipid
concentrations were adjusted to guarantee dye binding (cf. Table 2). “Data from ref.'2. "Exact solubility could not
be determined since dye particles did not sediment. “Spectra in 22 mM lipid suspension were identical to spectra
in aqueous environment, indicating no binding of the dye. “The fluorescence excitation spectra were very broad.
°In ethanol, the fluorescence excitation and emission maxima of Di-12P-ASPBS and Di-12A-ASPBS were
identical with fluorescence excitation at 494 nm and emission at 630 nm.
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2.1 SYNTHESIS AND SPECTROSCOPIC PROPERTIES

The dyes Di-6-ASPPS, Di-6-ASPPA, Di-10A-ASPBS and Di-12A-ASPBS exhibited a
blue-shift of the absorption maximum in aqueous buffer by up to 25 nm. For Di-12A-ASPBS,
the fluorescence emission maximum of the dye in water was changed as well: It was
dramatically red-shifted to 690 nm and the spectrum was broadened (not shown). Both
absorption and fluorescence changes were very likely due to the formation of dimers or higher
aggregates, since all of the affected dyes are only very scarcely water soluble. In ethanol,
these dyes are well soluble, and no relevant spectral shifts relative to the more water-soluble
dyes occured (Table 1).

In general, while absorption spectra (not shown) were of an “ideal” shape following a log-
normal-distribution® with a single maximum, this was not the case for excitation spectra
(Figure 4A). These either exhibited shoulders or were very broad, indicative of the spectra
being a superposition of subspecies with slightly differing fluorescence excitation behaviour.

It is noteworthy that in aqueous buffer and ethanol, the absorption as well as the
fluorescence emission maxima of the dyes were dependent of the charge z at the headgroup of
the dye (Figure 5). The spectra were increasingly blue shifted in the order Di-4-ASP-
propyl(trimethyl-)ammonium (Di-4-ASP Dication, z = +1), Di-4-ASPPA/Di-4-ASPiHA,
(both z =0), Di-4-ASPBS (z = —1), Di-4-ASPPP (» = -2) and Di-4-ASPiHP; (z = —4).
With the exception of Di-4-ASP Dication, the shifts were linearly dependent on headgroup
charge. In the relatively unpolar solvent ethanol, the shifts were much more prominent than in
aqueous buffer. Fluorescence emission was less affected than absorption.

Within the framework of the monopole-dipole model of solvatochromism,** the observed
spectral shifts can be ascribed to an intramolecular Stark effect. In this model, the
solvatochromism of hemicyanine dyes is described by the interaction of only the
chromophore with the solvation shell. The solvation of the charged headgroup is not changed
upon excitation or emission. However, the headgroup of charge ze, interacts with the dipole
moments of ground and excited state u = ¢,6 /2 (0 distance of charge shift upon excitation, ey
elementary charge). According to eq 1, the energy E of the interaction is dependent on the
distance d between the charge and the dipole, and it is dependent on the permittivity &; of the
medium, relative to the permittivity of the vacuum g,. In this equation, £ is expressed in
wavenumbers (V = E/ hc, with h Planck’s constant, ¢ speed of light in the vacuum).

ze,xo0e, 1

Av, =X 1 1
St Axe g,d* he )

11
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Figure 5. Intramolecular Stark effect. Absorption (A) and fluorescence emission (B) maxima of dyes with
different headgroup charges in ethanol (circles) and aqueous buffer (triangles). The following dyes were
investigated: Di-4-ASPiHP, (z = -4), Di-4-ASPPP (z = -2), Di-4-ASPBS (z = -1), Di-4-ASPiHA,, Di-4-ASPPA
(both z=0) and Di-4-ASP propyl(trimethylammonium) (z = +1). The solubility of Di-4-ASPBS in water was
not sufficient to reliably obtain data. Absorption maxima were evaluated by the proprietary software of the
spectrometer. Fluorescence emission maxima were obtained from a log-normal® fit of the spectra. The data was
fitted according to an intramolecular Stark effect (eq 1) and the obtained shifts were plotted relative to the
absorption and fluorescence maxima of Di-4-ASPPA (solid lines).

For Di-4-ASPBS, § = 0.217nm as obtained by quantum chemical calculations.** The

observed spectral shifts of absorption in water (g, = 80) and ethanol (e, = 25) were in good

H,0
d(Lbs

accord with eq 1 inserting a distance between charge and dipole moment of = 0.7nm and

diio" = 0.85nm , respectively. The calculated charge shifts are plotted in Figure 5A relative to
the absorption maximum of Di-4-ASPPA which contains an uncharged headgroup (solid
lines). The obtained distances are within a very reasonable range: For the fully stretched Di-4-
ASPBS, the calculated distance between the sulfonate and the centre of the chromophore
amounts to d ~ Inm using characteristic bond lengths and angles. Smaller distances are
possible due to the flexibility of the spacer between pyridinium and the charged headgroup
appendix.

The shifts in fluorescence emission maxima were decreased compared to the shifts in
absorption (Figure 5B). Using d as the free parameter, the experimental data was in accord
with eq 1 for both solvents at d,, = 1.1nm (Figure 5B, solid lines). This implies that the
distance between the charged headgroup and the dipole in the excited state increases after
excitation and relaxation of the solvent shell, e.g. by stretching the linker to its full length.

The red shifts of excitation and emission observed with Di-4-ASP Dication are far too large
to be explained by an intramolecular Stark effect in terms of the monopole-dipole model.
Obviously, changes in the intramolecular and solvent reorganization energies as well as

changes in solvation energies are dominant for this dicationic derivate.
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2.2 L1rID BINDING

For the tail modified dyes, there is no clear trend in absorption maxima between those
containing phosphate and those containing alcohol groups, indicating that there is no specific
interaction between the chromophore and the phosphate groups in this case.

Solubility. The solubility in aqueous buffer of voltage sensitive dyes is an important
parameter, since the notorious insolubility of the larger dyes like ANNINE 6 or Di-8-
ANEPPS makes it difficult to obtain reproducible and strong membrane stainings. In addition,
good solubility is the prerequisite for the application in intracellular staining methods. Tris-
NaCl buffer was given to each dye in order to obtain 1 mM solutions, and in the cases where
the dye did not dissolve completely at 4°C, the amount of dye in solution was measured by
UV/Vis-Spectroscopy. According to the data in Table 1, all dyes containing phosphate
moieties as well as the doubly positively charged Di-4-ASP Dication are soluble >1 mM. The
non-phosphorylated dyes were much less soluble, and the solubility decreased with the length
of the alkyl chain and it was increased when the dye carried a net charge. For example, the
solubility of the tail-modified dyes decreased from 0.5mM for Di-6A-ASPBS to <0.1uM for
Di-12A-ASPBS, and the cationic Di-4-ASPPA exhibited a vastly higher solubility than the
zwitterionic Di-4-ASPBS.

2.2 Lipid Binding

The basic structural component of cell membranes are double layers of amphiphilic lipids
like the phosphatidylcholines (cf. section 7.3.1 Lipids and Vesicles). Due to their amphiphilic
nature, Voltage Sensitive Dyes of the styryl hemicyanine type insert into lipid membranes. It
has been found that the binding of such dyes to lipid membranes follows a partitioning law,
in agreement with the membrane binding of amphiphiles in general.*’” For dyes carrying a net
charge, an additional consideration of electrostatic effects that can be treated by the Gouy-

Chapman theory™*

is necessary. For low dye concentrations and/or low binding constants
electrostatic effects are negligible, and they will be omitted here, but this issue will be treated
in section 2.3.

There are quite a number of methods available to assess the binding strength of proteins,
peptides or small organic molecules to lipid bilayers, most important of which are Isothermal
Titration Calorimetry,”®>? Gel Filtration®®, Ultracentrifugation methods of Sucrose Filled

Lipid Vesicles,™ Quenching™ and other spectroscopic methods (cf. the extensive review by

Santos et al.’®). The favourite model system for water/membrane transfer is n-octanol/water
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2 MODIFIED VOLTAGE SENSITIVE DYES AND THEIR MEMBRANE INTERACTION

partitioning,”” which, however, has the disadvantage that it is not applicable without
restrictions to charged (cf. e.g.*®) and amphiphilic (cf. e.g.*) compounds.

Spectroscopic methods are to be preferred if the (macro-)molecule of interest exhibits a
change in spectroscopic properties upon binding, such as a change in fluorescence intensity,
lifetime or anisotropy. When styryl hemicyanines bind to lipid bilayers, their quantum yield
of fluorescence is enhanced. Di-4-ASPBS, for example, shows a 36-fold increase in
fluorescence quantum yield upon transfer from water to lecithin membranes.*® This is the
basis for the technique used in this work, namely fluorescence titration.*

Theory. With respect to the overall concentrations in the dispersion cpp and cp ¢ of bound
and free dye, the partition equilibrium can be expressed in terms of the lipid concentration ¢
and a binding constant of the dye Kp as CD,b:KDCLCD,f.26 Note that this relation has the form of
a mass action law, but does not imply that there is a 1:1 molecular association of dye and lipid

molecules.*® With the total dye concentration cp = cpy+cp ¢ one obtains eq 2.

1
Cpp =———C ()

o 1+(1/KDCL) ?

In fluorescence lipid titration, a constant, low amount of dye is given to various
concentrations of a dispersion of large lipid vesicles (& ~100nm) and fluorescence is
measured. According to eq 2, the relative amount of bound dye increases with the lipid
concentration. Due to the increased fluorescence of bound dye, the overall fluorescence of the

dispersion increases. With the low and high specific fluorescence intensities f,, . and f,, of
free and bound dye, the total fluorescence intensity is Fj, = f, ¢, + ( Jos=JIos )CD,b .

Considering eq 2, it increases with the concentration of lipid according to eq 3.%°

fD,b _fD,f } (3)

F,o=c =l
’ D|:ijf 1 + (I/KDCL)

Dispersions of large lipid vesicles (& =~100nm) were made from palmitoyl-oleoyl-
phosphatidylcholine (POPC) with lipid concentrations ranging over five orders of magnitude.
Dye was generally added to a concentration of 0.5 M and fluorescence was measured. Figure

6 shows typical measurements for the types of dyes mainly used in this work. These are Di-4-

ASPPP and Di-4-ASPPA, modified at the hydrophilic head (Figure 6A), and Di-10P-ASPBS
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2.2 L1rID BINDING

and Di-10A-ASBPS, modified at the lipophilic tail (Figure 6B). For comparison, the binding
curve for the parent compound Di-4-ASPBS is included in Figure 6A. Other dyes examined
include variants of these dyes with different aliphatic chain lengths as well as those with
branched headgroups or diphosphoric acid ester residues (cf. Figure 3). The data was fitted

with eq 3 as shown in Figure 6 assuming that only the outer vesicle monolayer is stained,

using an effective lipid concentration ¢, , =c, /2. Asymmetry of staining was demonstrated

for Di-4-ASPBS in black lipid membranes where it was a prerequisite for voltage sensivity.*!
The results of the fits are summed up in Table 2 for all dyes.

Limitations. Before proceeding to a discussion of the data, the limitations of the technique
of fluorescence lipid titration shall be briefly mentioned. Note that the reproducibility of the
measurement of high binding constants is rather poor. This probably originates from
competing processes like lipid solubilization and aggregation/disaggregation of the dyes, as
well as from adsorption of the lipid to the reaction and storage vessels’® which is not
negligible at low lipid concentrations. Since equilibration is generally slow with strongly
binding dyes, long incubation times and ultrasonication are necessary.”® This possibly
intensifies negative side effects of lipid solubilization and adsorption. Also, the concentration
ratio of bound dye and lipid is high at large binding constants, possibly leading to
fluorescence quenching. The data of Di-12A-ASPBS was therefore obtained at a reduced dye
concentration of 50 nM. For weakly binding dyes such as Di-10P-ASPBS, only a limited
amount of data points can be obtained and the data is possibly influenced by light scattering
of the turbid sample at high lipid concentrations. The fitted binding constants of weakly
binding dyes must therefore be considered as approximate (Figure 6B).

Note also that fitting the lipid titration data for the charged Di-6-ASPPA with eq 3 leads to
a large underestimation of the true binding constant due to the strong influence of electrostatic
effects (cf. section 2.3). This dye is therefore not included in the discussion of this section.

Phosphate at the headgroup. Let us first take a look at the binding constants of the dyes
Di-4-ASPPP and Di-4-ASPPA with the modification at the headgroup appendix and at Di-4-

ASPBS for comparison. The average binding constants are K, =17920+360M ' for the
alcohol (n=5), K, = 7500+ 440M ' for the sulfonate (n=2) and K, =1140+140 M~ for the

phosphate (n=7). The binding constant decreases when the dye bears a negatively charged
headgroup.
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Figure 6. Fluorescence Titration with lipid. The ratio F/cp of fluorescence intensity and total concentration of
dye versus the logarithm of the lipid (POPC) concentration cp in a dispersion of lipid vesicles. (A) Typical
measurements for Di-4-ASPBS (1), Di-4-ASPPP (2) and Di-4-ASPPA (3); (B) Typical measurements for Di-
10A-ASPBS (13) and Di-10P-ASPBS (12). The data are fitted by a partitioning equilibrium with a molecular
binding constant Kp, and specific fluorescence intensities fp ¢ and fp, of free dye in water and bound dye in lipid.

For the sake of clarity, the data were normalized to fp;, = 1 for each dye.

Dye Kp [M]

standard

n
deviation

Di-4-ASPBS 7500 440 2
FM1-43% 11500 -
Di-4-ASPB Dication 10400 1
Di-4-ASPPA 17920 360 5
Di-4-ASPPP 1140 140 7
Di-4-ASPP(PP) 890 - 1
Di-6-ASPPA® 190000 22000 2
Di-6-ASPPP 26200 19200 3
Di-4-ASPBiHA, 15600 650 2
Di-4-ASPBiHP, 700 40 2
Di-6A-ASPBS 280 80 2
Di-8A-ASPBS 10000 2800 2
Di-8P-ASPBS <10 n.a. 2
Di-10A-ASPBS 250000  1.0x10° 3
Di-10P-ASPBS 27 14 2
Di-12A-ASPBS® 3000000  1.5x10° 2
Di-12P-ASPBS 2100 240 2

Table 2. Binding constants for a variety of Di-4-ASPBS derivates measured by fluorescence lipid titration.
Experiments were made at 0.5 pM dye concentration. The data for each dye was fitted by eq 3. *Data from ref.*.
®The true binding constant at infinite dilution is severely underestimated due to strong electrostatic influence (cf.

section 2.3). “The measurements were made with a dye concentration of 50 nM (cf. text).
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There is an increment of the binding energy between sulfonate and alcohol of

A(AGSA):—RTln(KS/KA):2.2kJ/moI as well as for phosphate and alcohol

A(AGSA):—RTln(KP/KA):6.8kJ/mol. This effect can be assigned to a changed

resolvation of the polar headgroup when the dye binds to the membrane. The polar headgroup
i1s brought into the water/membrane interface with its lower polarity as compared to bulk
water.” It may be expected that thereby its solvation energy is reduced and that this effect is
more significant for a headgroup bearing a net charge. Neglecting as a first approximation the

resolvation of dipoles and of higher multipoles in the headgroup, the increment of resolvation

energy AG™*" of the charged moiety is compared to the result of the Born relation.** This

won

relation yields the resolvation energy for an ion of radius a and charge ze, that is brought
from bulk water (dielectric constant &, =80) to the interfacial region with an effective

dielectric constant ¢; (eq 4).

2 2
AGrs = Z G [LL) @)
rnegal € €,

When the experimental increment of the binding energy is identified with the Born energy

A(AGS y ) = AG**", one may estimate the local polarity. For the sulfate group with z=1 and

won

a=0.28nm given by atomic ion radii,” an effective dielectric constant g, =47 1s obtained,
and for the phosphate with z=2, a =0.29nm a value of ¢, =51. These values agree well

with each other and indicate that indeed the charge plays the dominant role in the change of
the binding constants, and that the contributions of the pyridinium and the headgroup
appendix charge are independent and not mutually cancelled out. This view is supported by
the binding constants of FM1-43 taken from ref.** and the measured value of the similar dye
Di-4-ASP Dication; Both of these dyes are derviates of Di-4-ASP, with a positively charged
propyl(triethyl-)amonnium (FM1-43) or propyl(trimethyl-)ammonium headgroup (Di-4-ASP
Dication), respectively. Although these dyes are doubly positively charged, their binding

constants are close to the value for the zwitterionic Di-4-ASPBS.
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The relatively high polarities, as compared to a value of & =32 found for lipoid pH

indicators,” indicate a rather peripheral location of the charged groups at the membrane/water
interface.

The dye Di-4-ASPiHP, has two phosphate appendices attached to a symmetrical, branched
dye headgroup. The measured binding constants of the dyes are K, =15600+650 M !

(n=2) and K, =700+£40 M "' (n=2), corresponding to an increment in binding energy of

A(AGP2 4, ) =7.7kJ I mol . According to the Born model with &, =51, the differences in the

energy of resolvation A(AGP2 4 ) =AG*"" would have been expected to be about twice the

won

difference between Di-4-ASPPP and Alcohol, ie. 2x6.8 kJ/mol =13.6 kJ/mol. This
discrepancy could be explained by a more peripheral localization of the charged appendices
due to the longer aliphatic chain (~ 0.2