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Available online 25 January 2014 In the review article presented here, we demonstrate that the connective tissue is more than just a matrix
for cells and a passive scaffold to provide physical support. The extracellular matrix can be subdivided into pro-
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Syndecan/perlecan physicochemistry and (hyaluronan). Our main focus rests on the anionic biopolyelectrolytes of the perlecan/syndecan superfamily

molecular biology

)  DIOI0E] which belongs to extracellular matrix and cell membrane integral proteoglycans. Though the extracellular domain
Lipoprotein binding receptor

of the syndecans may well be performing a structural role within the extracellular matrix, a key function of this
Blood flow sensor . .
Smooth and heart muscle rhythmogenesis class of membrane intercalated proteoglycans may be to act as signal transducers across the plasma membrane
Cation binding and thus be more appropriately included in the group of cell surface receptors. Nevertheless, there is a continuum
Tumour invasion and metastasis in functions of syndecans and perlecans, especially with respect to their structural role and biomedical significance.
HS/CS proteoglycans are receptor sites for lipoprotein binding thus intervening directly in lipid metabolism. We
could show that among all lipoproteins, HDL has the highest affinity to these proteoglycans and thus instals a
feedforward forechecking loop against atherogenic apoB100 lipoprotein deposition on surface membranes
and in subendothelial spaces. Therefore, HDL is not only responsible for VLDL/IDL/LDL cholesterol exit but also
controls thoroughly the entry. This way, it inhibits arteriosclerotic nanoplaque formation. The ternary complex
‘lipoprotein receptor (HS/CS-PG) - lipoprotein (LDL, oxLDL, Lp(a)) - calcium’ may be interpreted as arterioscle-
rotic nanoplaque build-up on the molecular level before any cellular reactivity, possibly representing the arterio-
sclerotic primary lesion combined with endothelial dysfunction. With laser-based ellipsometry we could
demonstrate that nanoplaque formation is a Ca?"-driven process. In an in vitro biosensor application of HS-PG
coated silica surfaces we tested nanoplaque formation and size in clinical trials with cardiovascular high-risk pa-
tients who underwent treatment with ginkgo or fluvastatin. While ginkgo reduced nanoplaque formation (size)
by 14.3% (23.4%) in the isolated apoB100 lipid fraction at a normal blood Ca®* concentration, the effect of the
statin with a reduction of 44.1% (25.4%) was more pronounced. In addition, ginkgo showed beneficial effects
on several biomarkers of oxidative stress and inflammation.
Besides acting as peripheral lipoprotein binding receptor, HS/CS-PG is crucially implicated in blood flow sensing.
A sensor molecule has to fulfil certain mechanochemical and mechanoelectrical requirements. It should possess
viscoelastic and cation binding properties capable of undergoing conformational changes caused both mechani-
cally and electrostatically. Moreover, the latter should be ion-specific. Under no-flow conditions, the viscoelastic
polyelectrolyte at the endothelium — blood interface assumes a random coil form. Blood flow causes a
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conformational change from the random coil state to the directed filament structure state. This conformational
transition effects a protein unfurling and molecular elongation of the GAG side chains like in a ‘stretched’ spring.
This configuration is therefore combined with an increase in binding sites for Na™ ions. Counterion migration of
Na™ along the polysaccharide chain is followed by transmembrane Na™ influx into the endothelial cell and by
endothelial cell membrane depolarization. The simultaneous Ca?* influx releases NO and PGI,, vasodilatation
is the consequence. Decrease in flow reverses the process. Binding of Ca?™ and/or apoB100 lipoproteins
(nanoplaque formation) impairs the flow sensor function.

The physicochemical and functional properties of proteoglycans are due to their amphiphilicity and anionic
polyelectrolyte character. Thus, they potently interact with cations, albeit in a rather complex manner. Utilizing
23Na* and *° K™ NMR techniques, we could show that, both in HS-PG solutions and in native vascular connective
tissue, the mode of interaction for monovalent cations is competition. Mg?* and Ca®" ions, however, induced a
conformational change leading to an increased allosteric, cooperative K™ and Na™ binding, respectively. Since ex-
tracellular matrices and basement membranes form a tight-fitting sheath around the cell membrane of muscle
and Schwann cells, in particular around sinus node cells of the heart, and underlie all epithelial and endothelial
cell sheets and tubes, a release of cations from or an adsorption to these polyanionic macromolecules can tran-
siently lead to fast and drastic activity changes in these tiny extracellular tissue compartments. The ionic currents
underlying pacemaker and action potential of sinus node cells are fundamentally modulated. Therefore, these

polyelectrolytic ion binding characteristics directly contribute to and intervene into heart rhythm.
© 2014 Elsevier B.V. All rights reserved.
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“Als Gott das Universum schuf, war seine geringste Sorge, es so zu your life and scientific work. You went and go as always to the
schaffen, dal8 wir es verstehen.” understanding of things. In science, that may be relatively simple.

[Albert Einstein] Origins, causalities, correlations, and associations must be explored.
Nowadays we say, mechanistic explanations have to be found. In
spite of all these supreme efforts much remains hidden from us.

1. Preface This, we have to bear. It seems much more difficult to come to a

self-conception which is the prerequisite of understanding others.

Dear Bjorn, this is a Festschrift in your honour. The statement by Often, that takes years. During a one-year sabbatical 1976 in your

Einstein provides a premise according to which you have aligned institute in Lund, I was lucky to experience this intellectual field



G. Siegel et al. / Advances in Colloid and Interface Science 205 (2014) 275-318 277

of tension and way of thinking that had a lasting impact on my own
scientific development until today.

When years later, walking in Fontane's footsteps we visited castle
“Rheinsberg” [1], where the young Prussian crown prince Friedrich
(Frederick II, the Great) spent his happiest and most carefree years, and
we subsequently roamed through meadows and forests in the March of
Brandenburg, we strenuously discussed how one could investigate
the viscoelastic properties and conformation of the biopolyelectrolyte
perlecan flow- and ion-dependently. Your suggestion, first to begin
with ellipsometry, led me to Martin Malmsten, first to Stockholm
(Ytkemiska Institutet), then to Uppsala (Biomedical Center). Viewed
from a distance, the outcome appears quite good. By a closer look we
have to concede that fundamentals in our understanding are still missing.

We hope for your further help, since you directly and indirectly
contributed to everything that I am dealing with on the following
pages. For all this, I would like to express my appreciation to you, and
also for the many years of friendship.

2. Introduction

Building upon that time, in which we investigated for the first time
the ion binding properties of CS-P with 22Na* Fourier transform NMR,
it shall be specially highlighted that the quadrupole relaxation method
can constitute a very general experimental approach to the problem
of ion binding in biological systems [2]. CS-P belongs to the group
of glycoconjugates of the extracellular matrix which again can be
subdivided into the components structural glycoproteins and proteo-
glycans. The extracellular space around the cells occupies a considerable
portion of tissue volume. In the structured meshwork of the extracellu-
lar matrix there are three basic forms of complex macromolecules. The
texture of the interstitial connective tissue is composed of proteins,
glycoconjugates, and carbohydrate polymers, among which collagens,
structural glycoproteins, and proteoglycans have been identified
as major components. Proteoglycans, GAGs (essentially HA), and struc-
tural glycoproteins form a large group of polysaccharide-rich and/or
protein-rich macromolecules that are located in the strongly hydrated
matrix ground substance, in basement membranes, at the cell surfaces,
and even in subcellular compartments. Some are of importance for cell-
matrix interactions and their changes in pathological processes, such as
invasion and tumour metastasis [3]. The main components of the fibre
proteins, collagen and elastin, are embedded in the hydrated polysac-
charide gel of the ground substance. They are responsible for biome-
chanical stability and elasticity as well as for tissue development. A
remarkable diversity in form and function of the different tissues arises
from the large variability in their macromolecular organization [4]. The
matrix can calcify and thus form bones and teeth; as a rope-like struc-
ture it can impart tensile strength to tendons; and as a transparent cor-
nea it forms the front of the eye. The matrix thus plays an active role in
the behaviour of the cells with which it interacts. It affects and controls
development, generation, motion, form, and metabolic functions [5].

While in vertebrates proteins such as collagen serve as structure-
forming biopolymers, in arthropodes and plants this function is as-
sumed by the polysaccharides chitin and cellulose. The fibrils of these
polymers are virtually embedded as “reinforcements” into a matrix,
which in the vertebrate body is represented by GAGs usually linked co-
valently to protein in the form of proteoglycans, and in plants by pectins,
alginic acids, and carrageenans, being likewise acidic polysaccharides
[6]. Within the composite “connective tissue”, these acidic polysaccha-
rides are designated as intercellular ground and cement substance.
They are copolymers of hexuronic acid residues, therefore having a
common glycan backbone. The plant products are used in medicine,
chemistry, and the food industry as bacterial growth media, in gel elec-
trophoresis and chromatography, in the production of ice cream, jam,
and pudding as well as in emulsifiers and thickeners.

In the present review, we would like to restrict ourselves to proper-
ties and functions of the syndecan/perlecan superfamily of extracellular

matrix, merely not to extend the topic too much. On the other hand, the
fact shall be taken into account that these polyanionic macromolecules
belong to the best conserved proteins ever and - due to their strategic
location in cell membrane, endo- and epithelial basement membrane
and in the extracellular matrix - are involved in all important life func-
tions. Furthermore, they play a decisive role in microevolutionary and
molecular biological development of life-threatening diseases such as
tumourigenicity. Therefore, in the following we will focus - besides on
general physicochemical and molecular biological properties — in an
overview on their significance for ion binding, as flow sensor and lipo-
protein receptor in the circulation as well as their participation in carci-
nogenesis and metastasization.

3. Molecular structure, functional diversity and self-assembly of
proteoglycans: an overview

The physicochemical behaviour of the syndecan/perlecan super-
family as compared to neutral polysaccharides is essentially changed
through the carboxyl group in C-6 typical of uronic acids. In the cell
and basement membrane, they act as ion exchangers on account of
their polyelectrolyte nature; furthermore, they influence the trans-
membrane ion transport and membrane potential [7]. Their high degree
of polymerization causes an exceptional hygroscopicity and swelling
capacity, so that they can take up several times their weight in water.
Thus, they regulate the water content of connective tissue. In the liquid
state, GAG molecules have an extended conformation through the
electrostatic repulsion of their carboxylated and sulfated groups. As pro-
teoglycans, they produce very viscous solutions that are converted into
gels depending on the concentration in free acid groups, pH value, and
cationic strength and valency [6]. When there are numerous free,
unesterified acid groups, divalent ions such as Ca®* can elicit gelatiniza-
tion through physical cross-linking of adjacent chains. Gel formation is
additionally promoted by the hydrophobic interaction of methyl groups
of neighbouring chains and by esterification of the polysaccharides
at C-4 and C-6 with sulfuric acid. The hydrated polysaccharide gels
are characterized mechanically by a high compressive strength, and
the interspersed collagen fibres by a high tensile strength. Therefore,
the physiological properties of GAGs and their proteoglycans include
[7-11]:

* A high hydrodynamic volume,
* The ability to bind cations,
* The specific interaction with partner molecules.

The pathobiochemical importance of proteoglycans is expressed in
changes of their macromolecular structure and tissue distribution pat-
tern during [5,12,13]:

* Progression of age,
» Connective tissue diseases,
* Genetic defects of their metabolism.

After several biophysical properties of proteoglycans had been
attributed to the GAG chains, the sequence analysis of protein cores at
the cDNA and protein level proved that specific functional features are
conferred by distinct protein and carbohydrate domain structures. All
core proteins contain GAG substitution domains that may vary from
one to more than a hundred. Many proteoglycans carry two types
of side chains, and their size and ratio may change with development,
ageing, or disease [13,14]. Different variants of the same proteoglycan
are expressed in cells at different developmental stages. Additional
functional domains of the protein core mediate a linkage to the cell
surface either by a transmembrane domain or a GPI anchor, to matrix
macromolecules, or to other interrelative proteins such as growth fac-
tors and CAMs. Interactions with the extracellular matrix regulate the
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activities of growth factors and restrict their diffusion and range of
action [3]. The manifold biological roles of proteoglycans include:

« Simple mechanical support functions,

» Modulation of diffusion, activity, and stability of various cytokines,
« Effects on cell adhesion, motility, and proliferation,

* Influence on differentiation and tissue morphogenesis.

The binding of protein ligands to GAG chains causing this variety of
processes depends upon charge interactions and high-affinity binding
sites of specific saccharide recognition sequences [14,15]. It should be
emphasized, however, that only the concerted action of both GAG and
protein moiety culminates in the entire function.

3.1. Classification and macromolecular structure

In proteoglycans a central protein core, the molecular mass of which
can be anything between 10 and 600 kDa, is associated with a variable
number of GAG side chains in covalent binding to a macromolecule.
Proteoglycans found ubiquitously associated with cell surfaces, intracel-
lularly in secretory granules, and incorporated into extracellular matri-
ces are classified by their post-translationally modified GAG moiety.
In contrast to the ramified N- and O-linked oligosaccharides found
on secreted and cell surface glycoproteins, GAGs are unbranched poly-
saccharide chains consisting of disaccharide repeat units. These are
composed of two types of monosaccharides such as GIcN or GalN and
either GlcA or IdoA or galactose units (in KS) that are arranged in a
strictly alternating fashion constituting linear polymers [3]. Since GAG
components can be variably N- and O-sulfated, and C-5 epimerized
from GIcA to IdoA during post-translational modifications, these
copolymers reveal substantial sequence heterogeneity both within
and between individual polysaccharide chains [15]. Additionally,
the modification process may be interrupted at various stages. The
openness of proteoglycan structures, especially their GAG chains, to
extensive modulation during cellular expression provides versatile se-
quences that can encode considerable information. Little is currently
known about the significance of GAG sequences, but it appears that se-
lect sequences vary during cellular responses to suit different biological
needs [3,14]. Sulfation and/or carboxylation of amino and simple sugars
condition the strongly negative charge of GAGs and proteoglycans, their
acidic reaction and anionic polyelectrolyte character.

The biosynthesis of HS/heparin is accomplished through polymeriza-

. . . 31,4 . 14
tion of [3-D-glucuronic acid BUL N-acetyl-3-D-glucosamine =5 1.
disaccharides that then undergo the following chemical modifications to
a variable extent:

* N-deacetylation/N-sulfation,

(-5 epimerization of GIcA to IdoA,
 2-O-sulfation of IdoA,

* 3-0-and/or 6-0O-sulfation of GIcN,
* 2-0- or 3-O-sulfation of GIcA.

The final GAG chains are highly diverse and comprise 30 different di-
saccharide sequences [15]. In HS, extended block structures of GIcNAc
and GlcA units with no or little sulfate alternate with N-sulfated,
copiously modified sequences, resulting in a particularly extensive ver-
satility [16]. The identification of the antithrombin IlI-binding sequence
found on heparin containing a pentasaccharide with a unique pattern of
epimerization and sulfation demonstrated the functional importance of
a selected motif within a GAG chain [15]. This structure is important for
the anticoagulant and antiproliferative activity of heparin/HS. HS differs
from heparin in that it is less modified and thus less sulfated. Further-
more, HS is found in all tissues and linked to various core proteins,
while heparin is a constituent of the single proteoglycan serglycin in
mast cells. The X-ray diagrams of the HS Na™ and Ca?™ salts differ
from each other. From the layer plane spacing it follows that the Na™

salt is a left-handed 2:-helix with an identity period of 1.86 nm, where-
by a disaccharide unit has a height of 0.93 nm projected onto the axis
[17]. Thus, it is a very extended conformation. The axial advance
can be diminished through a conformational change induced by Ca?™
ions, so that the pitch of turns becomes shorter [18]. Numerous
intrachain hydrogen bonds between neighbouring saccharide rings
stabilize the helix. Heparin also exhibits a 2;-helix conformation with
an identity period of 1.68 nm [6]. The twofold-screw conformation
represents the mean conformation of these biopolymers. The very
tight arrangement of sulfate groups along the heparin molecule strongly
supports ionic interactions. Therefore, the potent basic protamine is its
antagonist.

CS and DS are both derived from the parent polymer of [(3-D-

.., P13 . B14 .
glucuronic acid — N-acetyl-3-p-galactosamine — |, the disac-
charides of which may be subjected to 2-O-sulfation of GlcA and 4-O-
or 6-O-sulfation of GalNAc. Since the GalNAc residues remain acetylated,
the structural diversity is limited to nine different disaccharide units
[14,15]. Generally, in a CS chain, regions with 4-O-sulfation are
succeeded either by regions with 6-O-sulfation, sections with no
sulfate, or domains with both 4-0- and 6-O-sulfation. DS is peculiar in
that some GIcA residues are C-5 epimerized to IdoA, which may then
be 2-0-sulfated. The glycosidic bond is also changed to a(1 — 3). The
GAG is called DS if one or more IdoA residues are interspersed in a CS
chain. Ordered conformations from the Na™ salts of CS and DS were
obtained by X-ray diffraction showing a layer-line spacing of 2.88 nm
(32-helix) and 2.82 nm (3,-helix), respectively [17,19]. The difference
in axial rise can be attributed to the C-5 epimeric L-IdoA carboxyl
group, which in DS is no longer equatorially but axially positioned. The
altered conformation may be responsible for the higher cation-binding
affinities in DS chains, as substantiated by measuring relaxation rates
with NMR methods [9].

3.2. Functions of proteoglycans

The biological role of proteoglycans is diverse with regard to their
structures and functions. The functional properties of protein cores
and GAG chains are expressed in specific interactions between these
moieties and other macromolecules. In principle, several operational
mechanisms of GAGs and proteoglycans can be differentiated:

« Self-association and allo-association into aggregates,

« Electrostatic binding to positively charged protein domains,

* Specific binding to proteins via GAG or protein consensus sequences,

« Concerted actions of GAG and protein moieties in matrix binding, cell
adhesion, and cytoskeleton reorganization.

It has only been possible to partly trace back the molecular basis for
the various functions to distinct modular protein and carbohydrate
structures. The interaction between the core protein of the small inter-
stitial matrix proteoglycan decorin and collagen affects collagen
fibrillogenesis [20-22]. Both decorin and biglycan bind fibronectin
as well as TGFR [23], the latter being a pleiotropic cytokine involved in
tissue development, remodelling, and wound repair. Furthermore, the
core proteins of the HS class, including the large basement membrane
proteoglycan perlecan, can associate with fibronectin-binding domains
[24]. The ability of aggrecan, versican, and CD44 to bind HA designates
a further core protein-mediated function. Versican may constitute
a link between extracellular matrix HA and the cell membrane. Its
N-terminal G1 domain interacts with HA, and its C-terminal CAM-like
region with the cell surface [25,26].

The polyanionic and hydrophilic GAG chains, on the other hand,
have a strong influence on tissue hydration and elasticity, i.e., they
dominate the physical properties of the proteoglycans. Their negative
fixed charges attracting countercations, especially Na*, provide for
osmotic hydration of the matrix. Negatively charged molecules are re-
pulsed by the GAG chains, forming porous hydrated gels. These exclude
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other macromolecules from the water-filled compartments, which can,
however, be permeated by low molecular solutes and migrated by cells.
Thus, pericellular compartments with concentrated proteoglycans and
ions may influence spatiotemporally controlled reaction rates and
concentration-dependent interactive physical processes [7,14]. Under
physiological ion concentrations and pH, the specific binding of GAGs
to proteins such as

« proteases and antiproteases,

« growth factors and other cytokines,
» matrix proteins and glycoconjugates,
« cell adhesion molecules,

« lipoproteins, and lipases

allows proteoglycans to intervene in cell and tissue development in nu-
merous ways [3,15,27]. For some GAG-binding proteins, high-affinity
constants of log K, 6-9 L/mol were determined.

The potent anticoagulant activity of heparin/HS through the prote-
ase inhibitor antithrombin III (ATIII) is based upon thrombin inhibition,
which is more efficient in the presence of the GAG. The anticoagulant ef-
fect of DS functions in a similar way via heparin cofactor II [28], which
binds tightly to DS via the GAG hexasaccharide [—IdoA(2-0S03)-
GalNACc(4-0S0s)-]3 consensus sequence [15]. ATIII binding requires
the pentasaccharide recognition sequence [ — GIcNAc(6-0S03)-GIcA-
GIcNSO3(3-0S03)-IdoA(2-0S053)-GIcNSO3(6-0S03)-| in heparin, where-
by the GlcN 3-O-sulfate group is selectively incorporated as a marker
component into the ATIII-binding region through a specific 3-0O-
sulfotransferase [29,30]. The other sulfate groups shown in bold type
also promote the interaction between heparin and antithrombin. The
strong reaction acceleration is supported by the simultaneous presence
of both protease and protease inhibitor on the same scaffolding GAG
chain. The antiproliferative effect is achieved by various HS/heparin-
related GAGs with differing chain lengths and degrees of N-acetylation/
sulfation which interfere at different sites. While nuclear HS oligosaccha-
rides are involved in the regulation of transcription factor activity and
gene expression reducing cell division [31,32], the antiproliferative influ-
ence of heparin on vascular smooth muscle cells and of HS, synthesized
by vascular endothelial cells and associated with ATIII, may additionally
result in a nonthrombogenic blood vessel surface [33].

Many growth and differentiation factors are bound and modulated
by proteoglycans, such as syndecan/perlecan, decorin, and CD44-like
molecules. Both GAG and core protein moieties participate in these
interactions [34]. The growth factors and other cytokines are

« complexed with cell surface-binding proteins on endothelial cells,
promoting leukocyte extravasation in inflammation (MIP-1f3; IL-8)
[35],

« stored and sequestered on extracellular matrices available for rapid
release during matrix injury or tissue repair (TGF3; FGF; PDGF; LIF;
IL-1) [36], or

* localized to stromal cell layers in bone marrow-stimulating hemato-
poiesis (GM-CSF; IL-3; SCF) [37].

Since many growth factors contain basic domains interacting with
GAG chains, the extracellular matrix entraps and stores these molecules
as they are secreted by cells [3]. The storage provides a spatially con-
trolled source of these factors, restricting their diffusion and effective
range [27]. The potency of cytokines to affect

« cell proliferation, differentiation, and movement,
« leukocyte migration and function,

» hematopoietic cell numbers,

* temperature regulation,

« acute phase responses,

« tissue remodelling and cell survival

in nano- to picomolar concentrations requires a strict regulation of cyto-
kine production and action on the level of gene expression, processing

of precursor forms, sequestration, and receptor modulation. Thus, many
cytokines and prostaglandins act to inhibit the production of other cyto-
kines and their receptors, e.g., TGFp, which is a broad-spectrum inhibi-
tor of cytokine expression [38]. The interaction of TGF3 with the decorin
core protein neutralizes the activity of the TGF@ [23]. The homologous
proteoglycan biglycan binds to TGF3 as well modulating the subsequent
association of this growth factor with signal-transducing receptors [39].
Since TGF3 promotes expression of decorin/biglycan core proteins and
regulates biosynthesis of the GAG side chains, the ability of decorin to
block this action is indicative of its potential role in this negative feed-
back control. Basic FGF, readily bound to the HS chain of proteoglycans
and sequestered in the extracellular matrix and basement membrane, is
thought to be involved in the modulation of cell proliferation, motility,
differentiation, and angiogenesis as well as in the protection from pro-
teolytic plasmin degradation [40-42]. Plasmin, plasminogen activator,
heparin, and tissue heparitinases can release matrix-bound bFGF in a
form that is still biologically active [42,43]. Moreover, association of
bFGF with cell membrane syndecan is essential for bFGF to bind to
and activate its transmembrane cell surface receptor tyrosine kinase
[44]. Without activation by HS side chains, bFGF exists in a conformation
that cannot interact with its high-affinity receptor. Association with HS
proteoglycan on the cell surface converts bFGF to a receptor-compatible
configuration, giving it the ability to bind to the receptor (Fig. 1).
Syndecan does not operate itself as the signal-transducing receptor,
but as a coreceptor for bFGF. Thus, modulation in HS expression of this
proteoglycan is an essential form of FGF receptor activity regulation.
Moreover, the HS component has been shown to bind different growth
factors including bFGF, aFGF, GM-CSF, IL-3, and IFN<y [34].

Matrix assembly and cell adhesion to multidomain matrix proteins
and glycoconjugates bearing specific GAG recognition sequences can
be mediated by secreted and cell surface proteoglycans via their GAG
chains. The presence of IdoA units substantiates the superior HS over
CS binding ability. While HS/heparin proteoglycans, including the
small core protein forms, interact with laminin-binding sites in the
basement membrane [27], the hybrid HS/CS syndecans bind to tenascin.
Both heparan/heparin and heparan/chondroitin sulfate classes can asso-
ciate with the fibronectin-binding domains FN-C/H LIl at N-terminal FNI
or C-terminal FNIII repeats [45]. Binding of CS chains, however, sterically
hinders the interaction of the fibronectin cell attachment site with its
cell surface receptor VLA-5 [46]. Vitronectin is a cell-adhesive glycopro-
tein found in blood plasma and the extracellular matrix that modulates
coagulation and complement processes [47]. A polycationic stretch with
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Fig. 1. Interactions of heparan sulfate/heparin-binding growth factor (HSBGF) with
membrane-integrated proteoheparan sulfate (syndecan) and of HSBGF associated with a
member of the protein tyrosine kinase receptor superfamily (PTKR-SF), according to the
Yayon model [44]. Syndecan serves as a low-affinity receptor for HSBGF, having different
binding sites at the glycosaminoglycan (GAG) moiety for HSBGF and certain matrix pro-
teins (collagen, fibronectin, thrombospondin, tenascin). HSBGF bound to the low-affinity
receptor is presented to the signal-generating, high-affinity PTK receptor (from [5,265]).
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a highly charged basic domain is located at the C-terminal portion of the
molecule and constitutes the major HS/heparin-binding domain at the
hemopexin tandem repeat II. This basic consensus sequence supporting
strong ionic interactions provides the epitope for GAG binding.
Vitronectin, which undergoes a profound conformational transition
when it interacts with heparin, prevents this GAG from catalysing the
thrombin-antithrombin Il complex formation [48]. Proteoglycans
mediate the adhesion between platelet and extracellular matrix glyco-
protein thrombospondin and cells. Its globular heparin high-affinity
binding domain PARP at the N terminus constitutes the ligand to
cell surface syndecan [49-51]. This module has been implicated in
thrombospondin-conferred disruption of focal contacts and regulation
of proliferation through actin cytoskeleton reorganization by the inte-
gral membrane core protein of syndecan [52]. Two heparin-binding re-
gions are located on von Willebrand factor, a large multimeric plasma
glycoprotein. Epitope mapping yielded collagen, proteoglycan, and two
platelet receptor-binding domains (GPIb-IX and GPIIb-Illa) mediating
platelet aggregation and linkage to the subendothelium at sites of vascu-
lar injury [53]. Finally, GAG-binding matrix proteins include the fibrillar
and nonfibrillar collagen types I-VI. Whereas basement membrane col-
lagen type IV associates with heparan and heparin sulfate proteoglycan
[54], collagen types I and II preferably interact with the protein cores of
decorin and fibromodulin [55].

The function of homophilic cell-cell adhesion molecules, such as
NCAM and MAG, can be regulated by binding to other molecules
on the same cell surface [56]. For CAM-mediated overall membrane-
membrane apposition of neural and non-neural cell types to occur, a
distinct heparin-binding site on the NCAM Ig-2 domain must be occu-
pied by syndecan [57]. This association induces a conformational change
in the NCAM adheron through interaction with the proteoheparan sul-
fate GAG chains, which in turn promotes the adhesion of the homophilic
binding domain. L1 interacts with NCAM in an assisted homophilic-
binding mechanism which potentiates the adhesive properties of L1 in
a carbohydrate-dependent manner [58].

Several lipoproteins and lipases involved in uptake and catabolism
can associate with integral membrane HS/CS proteoglycans. Cholesterol
and other lipids are transported in the body fluids by lipoproteins to
their target sites. Hepatocytic syndecan has a twofold effect on the cell
surface [3]:

* Facilitation of lipoprotein binding via apolipoprotein B and E
interactions,

» Immobilization of the soluble enzymes lipoprotein and hepatic/
pancreatic triglyceride lipases.

Atheroma formation in the vascular wall is preceded by endothelial
dysfunction (primary lesion) [59] and extracellular preatheromatous
lipid deposition (“fatty streak”) in the intima and inner media. Physio-
logically, small and smallest lipoproteins, such as VLDLs, IDLs, LDLs,
and HDLs, are steadily transported from the blood into the vascular
interstitium within large endothelial transport vesicles [60]. This
transendothelial lipoprotein transport is the prerequisite for a primarily
extracellular lipidosis [61]. LDL and IDL known to be especially athero-
genic are concentration-dependently stored in extracellular matrices
and basement membranes of the intima. With progressive intima
sclerosis, the amount of CS/HS proteoglycans identified as essential
LDL-binding components increases [62,63]. Stretches of basic amino
acid-rich residues within apoB and apoE constituting the predominant
protein moiety of LDL display a high electrostatic binding affinity to
proteoglycans [64,65]. LDL binding to proteoglycans, to which primary
atherogenic importance is attached, is inhibited by HDL.

3.2.1. Perlecan

Perlecan and related proteoglycans are ubiquitous and integral base-
ment membrane components. This modular proteoglycan has evolved
from ancient ancestors by gene duplication and exon shuffling [66].
Perlecan consists of an elongated multidomain and multiglobular

protein core and three N-terminally attached HS side chains. Proteogly-
can structure is diversified by post-translational modifications in the
GAG chains that vary in size depending on the cell source. HS binding
to laminin and collagen type IV, core protein binding to entactin, and
limited self-assembly mediated by NCAM-like sequences help perlecan
integrate into basement membranes [27]. Perlecan functions include
cell adhesion via 3;-integrins, control of charge-selective glomerular
ultrafiltration, storage of growth factors (cf. Chapter 3.2 and Fig. 1),
and binding of serine protease inhibitors [67]. Moreover, incorporation
of perlecan into basement membranes endows a high negative charge
density to the microenvironment in close vicinity to excitable cell mem-
branes (see Chapter 5.1.5.2).

Stretches of basic amino acid-rich residues within apoB, apoA and
apoE constituting the predominant protein moiety of LDL and HDL dis-
play a high electrostatic binding affinity to proteoglycans. The large pro-
tein core of perlecan — with a molecular mass of 467 kDa and a length of
80 nm - carries three HS chains of 30-70 kDa which are 100-170 nm in
length and covalently attached to Ser-Gly consensus sequences clus-
tered at the N terminus [68]. (Other studies favour a C-terminal location
[69]). This major HS-attachment domain I is considered to be a putative
lipoprotein binding site for reasons of electrostatic attraction [5].
Perlecan belongs to the low buoyant density class of HS proteoglycans
with high protein content (75-80%). Electron microscopy after rotary
shadowing revealed six large globular domains with small connecting
rods resembling pearls (“perles”) on a string. The perlecan core protein
displays a remarkable homology to sections in the laminin A chain and
can be divided into five distinct domains composed of five protein re-
peats in different combinations [70,71] (Fig. 2). Domain I at the N termi-
nus is considered to be the major HS-binding site. Immediately adjacent
to domain I, domain II contains four copies of LDL receptor repeats and
one Ig repeat (NCAM module) [27]. Also such motifs in perlecan are
thought to mediate LDL binding for reasons of core protein receptor
module — lipoprotein ligand interactions [ 72]. Interestingly, the expres-
sion of the proteoglycan in endothelial cells is modulated by LDL [73].

These membrane and subendothelial LDL binding sites in the con-
nective tissue matrix are preferential locations for the generation of
arteriosclerotic plaques, particularly when free oxygen radicals induce
lipid peroxidation to oxLDL. Full-blown arteriosclerotic plaques as clin-
ically detected by spiral computer tomography and magnetic resonance
imaging basically contain lipoproteins associated with proteoglycans of
high diversity and versatility and complexly aggregated with high
amounts of calcium [74]. Therefore, the replica in nanoscale dimensions
of the heterotrimeric aggregational complex consisting of proteoglycan
receptor, lipoprotein and calcium presumably portrays the very earliest
stages of an arteriosclerotic plaque, which remains undiscovered
even with the most up to date clinical diagnostics. This so-called prima-
ry lesion impresses merely as endothelial dysfunction. The formation of
the proteoglycan - lipoprotein - calcium complex (Figs. 5,6,9) may be
initiated by cooperative Ca®>*-binding to the proteoglycanic GAG
chain inducing a diminution of the axial rise of its left-handed 2,-helix
through a conformational change, so that the pitch of turns is compressed
[17,75,76]. Simultaneously, the cooperativity of this dual complex may be
amplified by allosteric lipoprotein docking to that shortened conforma-
tion supported by the higher charge density and fitting stereospecificity.
Thus, the heterotrimeric complex would become rather stable.

Domain III of perlecan exhibits marked homology to the laminin
short arms [55]. It is composed of 14 eight-Cys EGF repeats that can be
divided into three subdomains, each starting with a globule. Domain
IV includes 21 consecutive Ig repeats with a low NCAM homology. The
C-terminal domain V resembles the C-terminal G domain of the laminin
A chain. Two six-Cys EGF repeats are each interspersed among three ho-
mologous globular repeats (GR-1,2,3) that may provide a cell-binding
site recognized by [3,-integrins [27]. Moreover, the asterisks at domain
V of Fig. 2 denote approximate positions of further putative HS attach-
ment sites and thus additional locations for lipoprotein binding. This
domain classification suggests that the perlecan core protein is one of
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Fig. 2. Domain structure, core protein modules, and disaccharide sequence in an HS side chain of the large basement membrane proteoglycan perlecan. A. Major domains are identified by
Roman numbers and subdomains by Arabic numbers. Asterisks denote approximate positions of putative HS attachment sites. The protein modules include low-density lipoprotein (LDL)
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laminin A chain. B. HS chains are covalently bound to the protein core via a Xyl-Gal-Gal-GIcA polysaccharide-protein linkage region. The size of the domains rich and poor in sulfate,

respectively, was experimentally determined (from [5]).

the most versatile single-chain multidomain polypeptides. cDNA clones
hybridize to a 14-kb mRNA message encoding this core protein. Restric-
tion fragment length polymorphism patterns indicated a single-copy
gene. It has been localized to human chromosome 1p35-36.1 [77].

3.2.2. Syndecan

Syndecan is a polymorphic, membrane-intercalated, HS/CS hybrid
proteoglycan abundant on epithelial and induced mesenchymal cells
during embryogenesis and in adult tissues [78]. Through its HS side
chains it binds extracellularly to various interstitial matrix components
and to bFGF [79]. Syndecan can alter the conformation and presentation
of the growth factor to its FGF receptor protein [44,80]. Its intracellular
domain interacts with the actin cytoskeleton (see chapter 6.3), resulting
in the formation or elimination of focal cell adhesions [15]. Therefore,
syndecan is involved in the cellular regulation of shape and tissue orga-
nization [3,79].

The syndecan core protein (33 kDa) contains a large N-terminal,
cysteine-free ectodomain, a hydrophobic transmembrane domain, and
a short C-terminal cytoplasmic domain (Fig. 3) [81]. Several isoforms
have been identified, but their transmembrane and cytoplasmic
domains are highly conserved between the four family members
(Table 1). The cytoplasmic domains of all syndecan family members

HS
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CS
Chains

Syndecan protein core

Ectodomain

Integrin-mediated ™

cell adhesion

can be divided into three regions: a membrane proximal constant
(C1) region, a variable (V) region, and a carboxyl-terminal constant
(C2) region. The C2 region has a consensus sequence for binding pro-
teins with class Il PDZ domains and such an association would result
in the formation of an adhesive/signalling complex [82,83].

The ectodomain of the syndecan family contains a characteristic
protease-susceptible basic dipeptide adjacent to the cell membrane.
Five potential GAG linkage sites are found in extracellular regions
close to and distant from the cell membrane carrying two to four HS
and CS chains in variable composition. TGF( effects expression of a
CS-rich syndecan that results both from a higher number of chains
and from an increase in chain length [84]. While thrombospondin fails
to bind syndecan with a regular complement of HS and CS, the CS-rich
syndecan is specifically bound. These results demonstrate that ligand
specificity is encoded in the GAG substitution pattern. This pattern is
recognized by a variety of extracellular ligands that cross-link and asso-
ciate with syndecan: collagen types I, III, and V, fibronectin, laminin, and
thrombospondin [79,85]. Furthermore, cytokines modulate the GAG
pattern during differentiation and tissue development. Information
about the actual microenvironment of a cell can be transferred via the
binding of matrix elements to the cell surface. Since the cytoplasmic
tail contains three conserved tyrosine residues [78], which provide
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Fig. 3. Domain structure of the syndecan protein core. TM, transmembrane domain; C1 and C2, conserved regions of the cytosolic domain; V, variable region of the cytosolic domain

(from [13,87]).
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Table 1

Main proteoglycans of basement and cell surface membranes. Acronyms and chromosomal location refer to human genes (from [13,55,82]).

Proteoglycan location Proteoglycan type Acronym (access to gene bank) MW [kDa] core protein GAG chain Chromosomal location
Type Number
Basement membrane Collagen XVIII COL-18A1 2451 aa” HS 2 21q22.3
Perlecan HSPG2 470 HS 3 1p35-36.1
Cell surface Syndecan-1 SDC1 32 HS/CS 3/2 2p24.1
Syndecan-2 SDC2 22 HS 3 8q22-24
Syndecan-3 SDC3 46 HS/CS 4/2 1p22.3
Syndecan-4 SDC4 22 HS/CS 311 20q12-13

¢ Number of amino acids.

potential phosphorylation sites for protein kinases, syndecan has been
called a coreceptor collaborating with integrins in signal transduction
[14]. Chromosomal locations of human syndecans are presented in
Table 1 [82,86].

Examples of the various functions of syndecans include [13]:

Syndecans can immobilize ligands, present them to a specific recep-
tor, prevent their degradation, and contribute to the dimerization
of growth factors [87]. The interaction between FGF-2 and HS is
required for binding of FGF-2 to its high-affinity tyrosine kinase
receptor FGFR-1 [88].

Syndecans bind lipoproteins and can mediate uptake, lysosomal
delivery and degradation of the lipoproteins independent of specific
lipoprotein receptors [88].

Syndecans are crucially involved in the regulation of circulation. Based
on their viscoelastic and ion binding properties they are implicated in
flow-dependent vasodilatation conditioned by shear stress-induced
conformational changes [89,90].

Syndecans bind proteases and protease inhibitors. The interaction of
the protease thrombin and its inhibitor ATIII that controls blood
coagulation is implicated in wound healing processes [91,92].

The protein core of syndecans can promote the adhesion of fibroblasts
and B-lymphoid cells. Furthermore, the SDC4 cytoplasmic domain
may be involved in the activation of Rho kinases.

Syndecans are shed from the cell surface membrane by enzymatic
cleavage of the core protein [88]. The enzyme responsible was identi-
fied as a TIMP-3 sensitive MMP. Shedding can be accelerated by exog-
enous proteases like thrombin and plasmin. Shed syndecans have
been found in serum and in body fluids during wound healing and
cancer [93].

Syndecans supply attachment sites for viruses.

3.3. Supramolecular matrix organization and functional heterogeneity

In the following sections, the functional heterogeneity of extracellu-
lar matrix structures is discussed in the light of some examples, the
focus of which are basement membranes with their supramolecular
organization occurring ubiquitously in the body [94]. Whether we con-
sider the control of extracellular ion concentrations close to the cell
membrane or the molecular filtration processes in the kidney, it is al-
ways the physicochemical or cell biological scaffolding and recognition
properties of the basement membrane which play the decisive func-
tional role, with alternating accentuation of the physiological versatility
of this complex structure. The basement membrane is also the strategic
site at which cells traverse this surface, subbase, and interfacial struc-
ture: In inflammatory processes they do so under complete control,
and in tumour invasion and metastasis they do so by avoiding and
excluding the control systems.

3.3.1. Basement membrane

We have already discussed the basal lamina as an archetypal example
of extracellular matrix, common to practically all multicellular animals
and an essential feature of epithelial tissues. Basement membranes or

basal laminae are specialized extracellular matrices with tissue support,
molecular sieving, and cell regulatory functions [54,66]. They play a deci-
sive role not only in cell differentiation during embryogenesis and
wound repair, but also in cell behaviour and in hereditary and acquired
diseases. Between tissue compartments, they function as passive selec-
tive molecular sieves and impede the pervasion of inflammatory and
metastatic tumour cells. Basement membranes are produced by epithe-
lial, endothelial, and mesenchymal cells. They underlie all epithelial
and endothelial cell sheets and tubes, and they surround muscle, fat,
and Schwann cells [95]. Even though their composition varies in different
tissues, major constituents of these flexible thin mats (40-120 nm thick)
sandwiched between a cell layer and a thick collagenous stroma are the
following:

« Various forms of type IV collagen,

* The large HS proteoglycan perlecan,
* The glycoprotein laminin,

« The glycoprotein entactin.

The supramolecular architecture of these matrices is created by self-
assembly processes and specific heterophilic interactions between the
protein, glycoprotein, and proteoglycan protomers [27] (Fig. 4). The
primary polygonal network is formed by N-terminal, C-terminal, and
lateral association of type IV collagen chains; the secondary polymer
meshwork is self-assembled by laminin through terminal-domain asso-
ciations. Entactin and perlecan moor and stabilize the framework. While
entactin bridges the laminin centre and type IV collagen triple-helical
regions, the HS proteoglycan binds laminin and type IV collagen via its
GAG chains. Furthermore, perlecan self-assembly through core protein
interactions polymerizes dimers and oligomers. The primary supramo-
lecular structure and shape can be modified and regulated by variations
in composition, isoform substitution, and exogenous heparan/heparin
sulfate to meet different developmental, tissue-specific, and physiolog-
ical needs [54]. While most basement membranes underlay epithelial
cells with an electron-lucent (lamina lucida) and an electron-dense
(lamina densa) layer connected to the underlying stroma through an-
choring fibrils of type VII collagen [96], the corneal endothelial base-
ment membrane lacks a lamina lucida and contains hexagonal lattices.

3.3.1.1. Molecular self-assembly. Basement membrane self-assembly
from its components polymerizes protomers to homologous oligo-
and polymers, involving covalent stabilizations and cross-links. Type
IV collagen can assemble into a stable three-dimensional network
using the following mechanisms:

« Unification of C-terminal globule pairs to form linear dimers [97],

 Binding of four N-terminal ends to each other to form an end-
overlapped 7S domain [98],

 Dimer self-interaction by lateral associations with superhelix forma-
tion [99].

In the dimeric globular domain, corresponding cysteines of the mono-
mers are completely disulfide exchanged. Tetramer size complexation of
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Fig. 4. Three-dimensional model of basement membrane architecture. The basement membrane is formed by specific interactions between the proteins type IV collagen, laminin, and
entactin as well as the proteoglycans perlecan (low-density heparan sulfate proteoglycan, HS-PG) and high-density HS-PG. Type IV collagen and laminin constitute double polymer
networks. Entactin bridges collagen and laminin with additional laminin-to-collagen interactions. HS-PG complexes, anchored in the network, interact with laminin and collagen through

its polyanionic chains (from [5]).

the 7S domain overlap formation requires maximal hydrophobic contact
of the four ends, resulting in antiparallel interactions of correct axial and
azimuthal orientation [100]. Finally, lateral associations forming an irreg-
ular polygonal network necessitate the presence of dimeric C-terminal
globular domains. After assembly, the collagen C and N termini with su-
perhelix formation become stabilized by covalent cross-links, and the
superhelices by covalent end interactions of their laterally associated
filaments.

The different structural domains of laminin serve different archi-
tectural functions, cell attachment, spreading, growth, and differentia-
tion [101]. Furthermore, functional multiplicity is guaranteed by
laminin diversity. Laminins are a family of large glycoproteins that
are distributed ubiquitously in basement membranes [55]. Above a crit-
ical concentration (60 nmol/L), laminin forms polymers through a coop-
erative nucleation/propagation-type assembly. An initial temperature-
dependent oligomer-forming step is followed by a Ca>"-dependent
polymer-forming step [54]. A Ca>*-induced conformational change
in laminin activates the polymerization [102]. End-to-end interactions
between short arms and long arms are essential for laminin aggregation
into dimers and oligomers (Fig. 4). In basement membranes, the fol-
lowing conditions are fulfilled, giving laminin polymers important ar-
chitectural features [54]:

* Laminin concentration is high enough to permit arm contacts
between all neighbouring molecules.

» Laminin shows gelation properties that are similar in the absence or
presence of other matrix components.

» Laminin-rich basement membranes lacking collagen exist and are
produced by tumours.

Antibody studies have provided evidence for proteoglycans specific
for basement membranes and clearly distinguishable from proteogly-
cans bound to the cell membrane. The distinction is significant, since
both types of proteoglycans are predominantly substituted with HS
chains and occur simultaneously in adjacent anatomic compartments
[27]. A low-density (large-core protein) and high-density (small-core
protein) HS proteoglycan and proteoglycans carrying either HS and/or
CS side chains are typically found in basement membranes. The protein
core of the most prominent, low-density proteoglycan perlecan can
also self-assemble into dimers and oligomers [54]. At physiological pH
and ionic strength, the C-terminal poles opposite the HS linkage site

can bind to each other, forming larger structures of dimers and trimers
(Fig. 4). The anionic biopolyelectrolyte chains confer charge-dependent
selective filtration properties to basement membranes [103].

3.3.1.2. Heterophilic interactions and supramolecular architecture. Com-
plex protein, glycoprotein, and proteoglycan protomer associations
with each other form the heterologous supramolecular architecture of
basement membrane matrices. Strong protomer interactions result in
high local concentrations of matrix components, allowing weaker inter-
actions to contribute to the final structure and to meet functional needs
[54]. Thus, the two major polymeric arrays of type IV collagen and
laminin are interwoven by entactin high-affinity bridges and by low-
affinity direct interactions between the ends of laminin arms and the
type IV collagen chain 140 nm proximal to its C-terminal globule
[104]. Both perlecan and HS small-core proteoglycan bind laminin at
high-affinity, long-arm and low-affinity, short-arm binding sites. The
binding to laminin and collagen IV occurs through HS chains, whereas
the association with the central globular domain of entactin results
from interaction of the perlecan core protein [105]. Ternary complexes
can also form between laminin, entactin, and type IV collagen contrib-
uting to the final basement membrane architecture [106]. Proteoglycan
linkage with type IV collagen has been localized to the globular NC1
domain and two collagen chain regions. Furthermore, locally secreted
HS can modulate and rearrange both polyanionic charge distribution
and laminin/collagen IV polymerization.

The tight arrays of perlecan and several other proteoglycan
polyanionic chains surrounded by a hydrational mantle provides
a size- and charge-selective permeability barrier. Early permeation
models treated the basement membrane as a sheet penetrated by
pores 5-10 nm in diameter. In contrast to the pore concept, later inves-
tigations on glomerular basement membranes, which are thought
to act as a compressible ultrafilter separating the blood from the uri-
nary space, confirmed the fibre matrix hypothesis with quasi-elastic
heteropolymeric mesh-like architecture [107,108]. Permeant mole-
cules are hindered by collisions with the matrix fibres rather than
being constrained by the rigid dimensions of pores. Even though the
type IV collagen and laminin mesh does not contribute a sieve tight
enough to exclude proteins, the HS chains enveloped in a hydrational
shell provide selective charge sieving in that they leave only a minor
space of free water for the molecular passage [54]. Clarification of the
molecular mechanism of this process calls, however, for a great effort.
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Diabetic nephropathy and autoimmune glomerulonephritis indicate the
correlation between a reduction in perlecan mRNA and an impaired
filtration control associated with proteinuria [103,109]. Furthermore,
high glucose levels decrease the proteoglycan synthesis in mesangial
cells [110], which underscores the prominent role of proteoglycans in
filtration.

4. Lipoprotein binding

After this overview of the essential physicochemical and molecular
biological properties of syndecan-perlecan proteoglycans, examples of
certain specific functions shall be presented, starting with lipoprotein
binding (cf. chapter 3.2) and its clinical relevance. At the beginning,
we would like to specially emphasize that arteriosclerotic plaque forma-
tion, which together with its clinical sequelae cardiac infarction and
stroke amounts to still 50% of all deaths, does not so much depend
upon the absolute blood lipoprotein concentrations of LDL and HDL
but rather on their ratio LDL/HDL [111]. A quotient above four increases
mortality dramatically. Even more decisive, mainly based on their
strongly aggregational features, are the concentrations of oxLDL and
Lp(a). Therefore, the ratio oxLDL/LDL as well as Lp(a) levels should be
in the focus of future treatment targets. But first of all, we would like
to devote ourselves to the protection of the vascular wall by HDL.

4.1. HDL, a feedforward forechecking loop

The polyanionic and hydrophilic GAG chains dominate the physical
properties of proteoglycans such as endothelial and vascular smooth
muscle cell membrane syndecans and vascular matrix and basement
membrane perlecan. Both these macromolecules belong to a class of
transmembrane and interfacial matrix polyelectrolytes that control
and regulate the transendothelial and paracellular trafficking of blood
lipids at the strategic boundary layers of blood-cell (glycocalyx), cell-
cell (paracellular adhesive ground and cement substance) and cell-
matrix (basal lamina and subbase matrices) barriers, almost exclusively
in the high pressure system of the peripheral arterial vascular tree [5].
HDL, on the other hand, is the counter partner in this system of internal-
ization and diffusion control for lipoprotein entry into the vascular wall.
Based on stereochemical and chiral conformity with its proteoglycan
receptor, HDL owns by far a higher affinity compared with LDL, and
thus mounts, together with the proteoglycan pattern, an effective and
fussy forechecking impediment. The mode of interaction among the
lipoproteins at the receptor site is thought to be dominated by competi-
tion [112].

Under pathophysiological conditions, e.g., high LDL or low HDL con-
centrations, even at physiological Ca>* levels, this feedforward loop
may be sensitively impaired allowing the initiation of an increased LDL
binding and thus the formation of an extracellular pre-atheromatous
lipid deposition on the endothelial cell, in the intima and inner media.
This can calcify and build up the first stages of an arteriosclerotic
nanoplaque [113]. This ternary complex ‘lipoprotein receptor (HS-PG) -
LDL - calcium’ may be interpreted as arteriosclerotic nanoplaque for-
mation on the molecular level before any cellular reactivity, possibly
responsible for the arteriosclerotic primary lesion [114]. On the one
hand, nanoplaque deposition on endothelial and vascular smooth
muscle cell membranes may constitute primary lesion formation
responsible for endothelial dysfunction correlated with blunted NO
and PGI, production. On the other hand, it could interfere with the
communication both between cells and between extracellular and in-
tracellular space. Signals can be transferred by direct cell-cell contact,
by diffusible factors, and also through interactions between cells
and extracellular matrices. Extracellular nanoplaque deposition at the
transmembrane proteoglycan receptor ligand-binding part may induce
a conformational change in the intracellular receptor domain, which
forwards the signals from the outside either through direct contacts
with the cytoskeleton or through the activation of signalling cascades

(see chapter 3.2). Such signals can influence almost every aspect of
cellular motility, differentiation and functional phenotype.

Thus, the interfacial behaviour of lipoproteins and their protein
components is of interest in numerous biophysical and biochemical
processes, as well as in biomedical applications. The deposition of lipo-
proteins, notably LDL, at the surface of endothelial cell membranes and
connective tissue matrices in blood vessels constitute one of the initial
steps in arteriosclerosis [115,116]. Not only LDL, but also modified
LDL, VLDL, IDL and Lp(a) are known risk factors for arteriosclerosis, par-
ticularly at high Ca®>* concentrations [117-119]. In contrast, HDL has
not only been shown to be able to prevent arteriosclerosis, but also to
reverse it [120]. Naturally, arteriosclerosis is much more complex than
this and after the initial lipoprotein deposition, numerous processes,
such as oxidation, glycosylation, calcification, post-translational modifi-
cation, and bacterial or viral infection may occur, involving not only the
endothelium, monocytes and smooth muscle cells, but also cell surfaces
and extracellular matrices [5,16,114,121]. Nevertheless, the initial depo-
sition step is a surface-related phenomenon.

In order to learn more about the interfacial behaviour of lipopro-
teins, we performed investigations on the adsorption of lipoproteins at
two different surfaces, i.e., one hydrophobic, and one where the hydro-
phobic surface was further modified through adsorption of HS-PG, the
latter substrate thus mimicking the surface receptors exposed to lipo-
proteins in the blood stream or on their paracellular pathway (Fig. 5)
[116,122]. In order to obtain information of some biological relevance,
an important aspect of the present investigations was to perform these
experiments at close to in vivo conditions. The results obtained with
this simple model are correlated to the role of lipoproteins in the clinical
situation. Furthermore, the use of the model system for screening of
candidate drugs to arteriosclerosis in a biosensor application was tested
for statins, ®3 fatty acids and antioxidants [112,114,123,124].
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Fig. 5. Monomolecular coating of a methylated silica surface with proteoheparan sulfate
molecules and their interaction both with Ca?* and Na* ions and lipoprotein particles
in blood substitute solution (not to scale). Furthermore, the influence also of pharmaceu-
ticals can be tested in this laser-based biosensor model (EP 0 946 876) (from [134]).
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4.2. Adsorption of lipoproteins at HS-PG modified surfaces

Shown in Fig. 6 is the adsorption of LDL at methylated silica coated
with HS-PG. As can be seen, the adsorption is limited in the absence of
Ca%™, at least for a considerable time. In the presence of the physiolog-
ical serum concentration of Ca?*, on the other hand, the deposition is
strongly accelerated. Parallel studies on the colloidal stability of LDL in
the presence of Ca®™" indicated that deposition at the proteoglycan-
coated surface is not due to Ca?"-induced flocculation of LDL [125],
but rather due to some other mechanism, e.g., partial screening of repul-
sive lipoprotein - lipoprotein and lipoprotein - surface interactions of
an electrostatic nature [126], or formation of lipoprotein - polyanion —
metal ion aggregates, known to form in this type of system, and indeed
used practically for isolation of serum proteins.

The interaction between HDL and the adsorbed proteoglycan layer is
somewhat complex, as the total adsorbed amount actually decreases
slightly upon the addition of HDL. This could mean that the proteogly-
can is displaced to some extent by HDL and that the latter adsorbs at
the methylated silica surface to a smaller extent than the proteoglycan.
Another possibility could be that part of the preadsorbed proteoglycan
is effectively solubilized by the HDL, presumably through the hydropho-
bic anchoring moiety of the former. The solubilization of hydrophobic
solutes by HDL is indeed part of its physiological role and is well docu-
mented [127]. However, given the very fast kinetics of the process
(=500 s), it seems unlikely that there are any major reorganizations
of the adsorbed layer, since these usually take much longer times
(=hours) for mixed protein systems [128]. Instead, most of the proteo-
glycan is likely to remain adsorbed, whereas the amount HDL present in
the mixed adsorbed layer is more uncertain.

However, it is suggested from Fig. 6 that HDL is indeed present in the
adsorbed layer, and more importantly, that it is able to at least partially
hinder any further LDL deposition, even at high Ca?* and LDL concen-
trations. This is a very interesting observation as it matches expectations
from clinical investigations, the latter showing the beneficial effect of
HDL on arteriosclerosis [120,129]. Therefore, an interpretation of the re-
sults is that HDL removes some of the preadsorbed HS-PG, presumably
by solubilization, and also binds to the proteoglycan, thereby preventing
the binding (attractive interaction) between the polysaccharide chains
and LDL. Indeed, such a high-affinity binding site for HDL has been

suggested from previous investigations [130]. From these experiments
we could conclude that HDL has a four times higher affinity constant
to HS-PG as compared to LDL. Translated into practical medicine this
means that a person whose HDL blood concentration is 50 mg/dL
could cope with an LDL concentration of 200 mg/dL without needing
medication, if this person has no further cardiovascular risk factors
(e.g., smoking, diabetes, etc.).

Lipoprotein binding to HS-PG preadsorbed from a Ca®*-free Krebs
solution at methylated silica resulted in a reduction of the adsorbed
amount when HDL was added (Figs. 6,7). This effect may involve com-
petitive adsorption or desorption of some of the HS-PG molecules, pos-
sibly by a hydrophobic interaction between the hydrophobic protein
domain of the latter and the HDL hydrophobic domain. Furthermore,
HDL binding to HS-PG was only slightly increased by stepwise additions
of Ca®™" ions. The adsorbed layer thickness (&) showed no change upon
addition of HDL to the preadsorbed proteoglycan receptor (Fig. 7B).
Maybe that after the strong interaction between HS-PG and HDL a com-
paction of the proteoglycan — HDL building blocks takes place, which
appears in combination with a simultaneous fall in adsorbed amount
(Fig. 7A). Therefore, in contrast to LDL, there were no indications of a
Ca®"-induced aggregational effect [122]. The adsorbed layer thickness
practically did not change upon Cal and Ca2 additions, although in
the absence of proteoglycan coating, particle size and adsorbed amount
significantly increased with Ca2 incubation [112]. In the presence of
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Fig. 6. Comparison of the Ca?"-induced LDL deposition at methylated silica coated with
HS-PG in the absence (O) and presence (A) of HDL addition (0.75 mmol/L) prior to the
LDL addition (1.5 mmol/L). At time zero, proteoheparan sulfate (0.1 mg/mL) was
adsorbed at hydrophobic silica from a Ca?*-free Krebs solution (O, A). The arrows indicate
addition of 1.25 mmol/L LDL, 2.52 mmol/L Ca** (Cal) and 7.56 mmol/L Ca®>* (Ca2),
respectively (O) or of 0.75 mmol/L HDL, 1.5 mmol/L LDL, 2.52 mmol/L Ca?* (Cal),
7.56 mmol/L Ca®" (Ca2) and 1.5 mmol/L LDL, respectively (A). The pH was 7.30 (from
[112,116,125]).

0 7000

14000

Time [s]

Fig. 7. (A) Total adsorbed amount versus time. At time zero, proteoheparan sulfate
(0.1 mg/mL) was adsorbed at hydrophobic silica from a Ca?"-free Krebs solution. The ar-
rows indicate the addition of 0.75 mmol/L HDL, 2.52 mmol/L Ca®* (Ca1) and 7.56 mmol/L
Ca®* (Ca2), respectively. The pH was 7.28. (B) Adsorbed layer thickness versus time for
proteoheparan sulfate (0.1 mg/mL) at methylated silica from Ca®*-free Krebs solution.
The arrows indicate the addition of 0.75 mmol/L HDL, 2.52 mmol/L Ca?* (Cal) and
7.56 mmol/L Ca®* (Ca2), respectively. The pH was 7.28 (from [112]).
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proteoglycan coating, specific effects could not be observed with Ca®™
additions lower than 17.64 mmol/L. Thus, this experiment clearly high-
lights the antiatherogenic effect of HDL.

Given the fact that Lp(a) is a known risk factor for arteriosclerosis
[131], it is interesting to study its adsorption at a surface coated with
HS-PG. As can be seen from Fig. 8, there is indeed an additional adsorp-
tion upon the addition of Lp(a) after HS-PG preadsorption. Quantitative-
ly, this additional adsorption is relatively small, but this could be
expected from the flexible nature of the proteoglycan coating, which
in turn, could be expected to result in a weaker attractive adsorption
driving force of hydrophobic and van der Waals nature, and at the
same time partially oppose the adsorption through a steric repulsive in-
teraction. Naturally, the interpretation of these results in terms of abso-
lute adsorbed amounts of the two components is precluded by the
absence of information as to the interfacial exchange caused by the
Lp(a) postadsorption. This can, at least in principle, be investigated,
e.g., with TIRF spectroscopy as done previously by the authors for a
number of systems and conditions [ 132]. However, this means labelling
of the components, which can hardly be done without destroying these
sensitive systems. On the other hand, since previous studies have
shown the interfacial exchange to be limited for protein adsorption at
the presently used hydrophobic surface for a number of systems
[132,133], the extent of interfacial exchange is expected to be rather
limited. This is also supported to some extent by the fast adsorption
upon the addition of Lp(a).

Lipoprotein binding to HS-PG preadsorbed from a Ca?*-free Krebs
solution at methylated silica resulted in no additional adsorbed amount
for LDL during the first 20 min (cf. also Fig. 6). Thereafter, with LDL
aggregation, the adsorbance could increase to 14 mg/m? within 1.5 h.
In contrast, oxLDL steadily reduced the adsorbed amount of the HS-
PG/oxLDL complex to 0.7 mg/m? within 2 h [122,134,135]. Furthermore,
it was striking that after oxLDL addition, the scatter in the measurement
rose significantly. Possibly by its intervention as an oxygen free radical,
oxLDL seems to bind strongly to HS-PG and to alter its polyanionic
GAG binding sites through breaking up the linkage B-p-glucuronic
acid (1 — 4) to N-acetyl-3-p-glucosamine as well as to change its pro-
tein backbone through peroxidation. The consequence is a dramatic in-
crease in smaller, negatively charged particles (rise in scattering) that
desorb from the silica surface. Altogether, this experiment impressively
illustrates how sensitive this biosensor assay functions, also as useful
approach for further risk stratification in arteriosclerosis. Furthermore,
the strong risk factors oxLDL and Lp(a) show immediate nanoplaque
build-up upon slightest Ca®>* additions.
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Fig. 8. Adsorption of proteoheparan sulfate at methylated silica from Krebs solution as
well as subsequent adsorption of lipoprotein(a) at the proteoglycan-coated surface
(from [125]).

4.3. Clinical trials in cardiovascular high-risk patients

In a number of investigations [116,123,131,134,136-139], a good
correlation has been observed between in vivo biomarkers and risk
factors, on one hand, and lipoprotein risk factor deposition to HS-PG
under accelerated in vitro conditions [114]. While the latter could
most realistically be performed with endothelial cells adhered to
methylated silica surfaces for ellipsometry and microscopy, analogous
results were found and already described with simpler and more robust
endothelial model surfaces, in which HS-PG was simply adsorbed to
methylated silica surfaces (cf. Fig. 5) [140]. With a study in metabolic
syndrome patients treated with Ginkgo biloba (EGb 761: R6kan novo®,
Spitzner Arzneimittel, Ettlingen; Tebonin®, Schwabe Pharmaceuticals,
Karlsruhe, Germany), we wanted to evaluate the applicability of the
molecular model for nanoplaque formation in the clinical situation. Al-
though there was no change in bulk lipid concentrations after ginkgo
medication in the patients, it is demonstrated in Fig. 9 how nanoplaque
generation can be reduced. The lipid docking mechanism to HS-PG
changed after drug treatment, and the figure shows how the first grad-
ual and then steep increase in nanoplaque formation and size was large-
ly blocked by treatment with ginkgo. Since nanoplaque formation is a
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Fig. 9. Total adsorbed amount (A) and layer thickness (B) versus time. At time zero, HS-PG
(0.1 mg/mL) was adsorbed on hydrophobic silica from a Ca?*-free Krebs solution. The
first arrow indicates the addition of the plasma VLDL/IDL/LDL fraction at its in vivo concen-
tration from a metabolic syndrome patient either untreated (O, black curve) or after
2 months treatment with daily 2 x 120 mg Ginkgo biloba extract (O, red curve). Total
Ca®™" concentrations in solution are indicated at the arrows. The thick, solid lines were
computed by an iterative parameter fit of the nonlinear allosteric-cooperative, simple
saturative or exponential kinetics to the experimental points using an algorithm for
least-squares estimates [215]. The pH was 7.38 (O) and 7.20 (O), respectively (from
[114,137]).
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Ca?™ driven process, a complete Ca®™ titration curve was measured. As
one can easily see, the stepwise increase in adsorbed amount and layer
thickness upon Ca®* additions of 10.08 and 17.64 mmol/L in the base-
line measurement is strongly reduced after ginkgo treatment. Calculat-
ing the percent reduction in nanoplaque formation and size at each
Ca?™ concentration used, the mean value of all experimental points dur-
ing the Ca®™ period in question was related to the mean value of all ex-
perimental points during the VLDL/IDL/LDL binding period ([Ca®™] =
0 mmol/L). The extent of average inhibition in nanoplaque formation
(nanoplaque size) was for the different Ca>* concentrations [mmol/L]:
2.52 -14.3%; p < 0.004 (—23.4%; p <0.001); 5.04 -16.2%; p < 0.001
(—30.4%; p <0.001); 7.56 -20.0%; p < 0.001 (—34.0%; p < 0.001);
10.08 -26.7%; p < 0.001 (—43.2%; p < 0.001); 17.64 -54.1%; p < 0.001
(—71.1%; p < 0.001).

In the present metabolic syndrome study, changes in nanoplaque
formation were well correlated to changes in oxLDL/LDL ratio
(r = 0.83; p < 0.0210). That is why we searched for further biomarkers
and actuators of oxidative stress and inflammation which could
evoke changes in oxLDL/LDL ratio and nanoplaque formation. Before
discussing specific correlations between the biomarkers, their aver-
aged changes after ginkgo therapy shall be provided: SOD +17.7%
(p < 0.009), GPx +11.6% (p < 0.001), oxLDL/LDL —21.0% (p < 0.002),
MPO —29.6% (p < 0.013), 8-is0-PGF,,, —39.8% (p < 0.002), IL-6 —12.9%
(p <0.041), Lp(a) —26.3% (p < 0.001), hs-CRP —39.3% (p < 0.004),
ALP —14.8% (p <0.003), CREA —11.3% (p < 0.001), URAC —10.6%
(p < 0.004), insulin —9.4% (p < 0.042), HOMA-IR — 14.0% (p < 0.024).
Since AoxLDL/LDL is strongly correlated with A8-iso-PGF,, (r = 0.99;
p < 0.0001), which is a potent vasoconstrictor besides MPO [141] and
which is likewise tightly correlated to AMPO (r = 0.90; p < 0.0003), an
association between blood pressure and oxLDL/LDL was to be expected.
In fact, Fig. 10 shows that changes of the diastolic and systolic blood pres-
sure are closely coupled with changes of the oxLDL/LDL quotient.

Previous clinical trials reported a blood pressure lowering effect of
statins in hyperlipidemic hypertensive patients who were not taking
any antihypertensive drugs [142] and who had already received antihy-
pertensive therapy [143-145]. The mechanisms of the reduction of
blood pressure by statins in these patients included the activation of
endothelial nitric oxide synthase [146], the downregulation of angio-
tensin Il type 1 receptors [147], and a reduction in the vascular produc-
tion of ROS [59]. ROS generation does not only play a decisive role in
hypertension, but also in lipid peroxidation [148], inflammation [149],
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atherogenesis [150] and cardio-cerebro-vascular events [124,151-153].
Therefore, we found that changes in BPgi,s and BPsys were closely linked
to changes in oXLDL/LDL ratio (Fig. 10). Moreover, BPg;.s was lowered
significantly by 5.2 4+ 2.3 mmHg (p < 0.0479), while BPs did not
change. The correlations depicted in Fig. 10 show significant positive
linearities allowing for 17 mmHg regulation breadth. This means that
in the oxLDL/LDL range concerned here, the metabolic syndrome pa-
tients could in principle have varied their oxLDL/LDL quotient and thus
their blood pressure by 17 mmHg in total through simple measures
like lifestyle changes [114].

In the next study, we will demonstrate how nanoplaque genera-
tion can be prohibited or blunted, and furthermore that we can use
this model in a high throughput screening of possible candidate
drugs against arteriosclerosis in a biosensor application. Within a
large clinical trial we tested the lipid fractions of high-risk patients
with dyslipoproteinemia and type 2 diabetes mellitus before and after
a long-term medication (two months) with fluvastatin (Locol®,
Novartis Pharma, Niirnberg, Germany), an HMG-CoA reductase inhibi-
tor and therefore a lipid lowering substance. Here, the results with the
whole lipoprotein fraction of VLDL/IDL/LDL in its natural blood concen-
tration of the patients are presented. Fig. 11 shows nanoplaque forma-
tion (A) and size (B), averaged from seven high-risk patients, in
function of the Ca®>* concentration, where the initial amounts for the
dimeric complex of proteoglycan receptor and VLDL/IDL/LDL in Ca®*-
free solution were normalized to common starting values. On a first
glance one recognizes a clear reduction both in nanoplaque formation
and size after long-term fluvastatin therapy for all Ca>* concentrations
used. Importantly, with normal blood serum Ca®* of 2.52 mmol/L,
nanoplaque build-up (size) increased by +43.8% (4 26.0%), whereas
it was significantly reduced after fluvastatin medication by —19.0%
(—6.5%) in relation to the 0 mmol/L Ca?" starting value. These reduc-
tions are represented quantitatively in Fig. 12. In normal Ca>* concentra-
tion, new plaques were formed to a roughly 45% less extent, nanoplaque
size was reduced by 25% [154]. That nanoplaque formation and build-up
are Ca®*-driven processes is underscored by the fact of a steadily in-
creasing reduction with rising Ca>* concentration.

Summiarizing, it shall be stated that the pleiotropic effects of statins
described so far, such as plaque stabilization [117], antiinflammatory ef-
fects [155], reduction of thrombus formation [156] and removal of en-
dothelial dysfunction [157], is joined by a further pleiotropic effect,
that possibly has decisive prophylactic and therapeutic importance for
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Fig. 10. Significant correlations between changes in BPq;,s (A) as well as BPgys (B) and changes in oxLDL/LDL ratio from metabolic syndrome patients treated with ginkgo extract for two

months (from [114]).
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Fig. 11. Nanoplaque formation and size in seven high-risk patients before (blue curve) and
after 2-month fluvastatin therapy (red curve). Total adsorbed amount (A) and adsorbed
layer thickness (B) are presented in dependence on the Ca>* concentration of the Krebs
solution. Adsorbed amounts and layer thicknesses were normalized to a common mean
value of the VLDL/IDL/LDL incubation periods (zero Ca?™ concentration). Symbols reflect
the mean values of all experimental points during the Ca®* period in question of either
untreated patients (O) or after 2 months treatment with daily 80 mg fluvastatin ()
(from [154]).

the lowering of cardiovascular risk under fluvastatin with respect
to myocardial infarction and stroke. According to our conception,
fluvastatin could acutely intervene in the deranged control circuit at
the blood - endothelium - matrix interface and assist HDL in its
vasculoprotective effect from an increased LDL uptake and formation
of ternary proteoglycan receptor - lipoprotein - calcium nanoplaques
[123]. Therefore, both HDL and fluvastatin are able not only to prevent
the build-up of the heterotrimeric complex but also to partly disinte-
grate such a primary lesion nanoplaque. Concluding, we believe
that the presented model system can be of some use in clinical investi-
gations to estimate the potency of substances against arteriosclerotic
nanoplaque formation, as well as in a high throughput screening of
candidate drugs against arteriosclerosis in a biosensor application.
With respect to the lipoprotein fractions used in our experiments,
the question arises whether these concentrations are relevant within
the scenario studied. On the one hand, HS-PGs are integral constituents
of the plasma membrane of endothelial cells (e.g., syndecans) and, on
the other hand, of the extracellular matrices (e.g., perlecan, fibroglycan).
In the first case, our model is adequately suited because we used the
lipoprotein fractions at their natural patient blood concentration, and
these could interact with the proteoglycan receptor. For the second
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Fig. 12. Reduction in Ca?*-induced changes of adsorbed amount (A) and layer thickness
(B) by fluvastatin as derived from the curves in Fig. 11. The reductions upon application
of the VLDL/IDL/LDL fractions taken from the same patients treated with one fluvastatin
tablet for two months daily intake (O) were calculated in ratio to the control values of
the untreated patients (from [154]).

case, it should be critically mentioned that the lipoprotein ratio applied
probably does not correspond to the in vivo relations in the extracellular
matrix of the vessel wall. Based on different sizes of the lipoprotein par-
ticles and since molecular sieving takes place at the endothelial barrier,
the lymph/plasma concentration ratios vary from 0.03 for VLDL sized
particles to 0.3 for HDL sized particles [158]. These ratios indicate that
blood concentrations are likely to be much higher than concentrations
in the extracellular matrix of the vessel wall. Since we wanted to exem-
plarily show with our experiments that nanoplaque formation and size
can be restricted by ginkgo and fluvastatin treatment, the results should
be correlated with the in vivo situation.

5. Flow sensing, rhythmogenesis and self-oscillations in the
cardiovascular system

After this section on lipoprotein binding, further pleiotropic effects of
proteoglycans shall be discussed. Within the following paragraph, atten-
tion is expressly paid to the flow- and shear stress-dependent conforma-
tional changes of syndecan/perlecan and their importance for blood flow
regulation as well as cardiovascular rhythmogenesis and autorhythmicity
(see chapter 3.2). The introduction is opened by some general consider-
ations of the autonomic and biochemical regulation of blood vessels.

5.1. Vascular susceptibility to physical factors

Sympathetic neuroeffector transmission by the release of noradren-
aline causes a tonic depolarization and closure of inward-rectifier K™
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channels in arterioles. Therefore, in vivo blockade of the sympathetic
nerve impulses results in some membrane hyperpolarization. Removal
of the vascular endothelium, on the other hand, leads to smooth muscle
depolarization of several millivolts and to vasoconstriction. The basal
tone can thus be influenced by the release of vasoactive substances
from the endothelium [159,160]. These effects are amplified when
physical factors directly change membrane ionic conductances and se-
cretory activities of endothelial cells [161]. For example, the release of
dilative PGI; increases significantly with pulsatile transmural pressure
or the occurrence of hypoxic conditions. This reaction is enhanced in
response to an increase in blood flow with associated shear stress. How-
ever, the rise in shear forces reduces the release of the potent constrictor
endothelin, thus promoting vasodilatation. Therefore, the response
of vascular smooth musculature to physical effector influences is a
balanced interplay between hyperpolarizing-vasodilatory (PGI,, NO)
and depolarizing-vasoconstrictory factors (noradrenaline, endothelin)
superimposed on blood vessel basal tone.

5.1.1. Endothelium-derived relaxing factor (NO)

Furchgott and Zawadzki [162] observed an acetylcholine-induced
vasorelaxation mediated by a factor released from the endothelium
(EDRF). As well as acetylcholine, the vasoactive substances noradrena-
line, angiotensin II, serotonin, histamine, bradykinin, adenine nucleo-
tides, thrombin, arachidonic acid, and leukotrienes can release EDRF
after interaction with their endothelial receptor. EDRF is a short-lived
radical with a half-life counted in seconds and has been identified as NO.

NO is formed in endothelial and smooth muscle cells from L-arginine
or arginine derivatives by a NADPH-dependent, Ca®*-activated enzyme.
Endothelium-derived NO directly stimulates a soluble guanylyl cyclase
in smooth muscle and platelets augmenting intracellular cGMP. This
leads, on the one hand, to a relaxation of vascular smooth musculature,
and on the other hand to an antiaggregatory and antiadhesive activity
for platelets.

5.1.2. Prostacyclin

Both effects are shared by the eicosanoid PGI,, which is formed in
endothelial and vascular smooth muscle cells from membrane-bound
arachidonic acid by the enzyme cyclooxygenase. PGI; is also chemically
unstable (t;,, approximately 3 min) following cleavage of its furan ring
with subsequent formation of 6-keto-PGF;4, which is excreted in
the urine. PGI, generation is stimulated by a number of substances in-
cluding the following:

Bradykinin

Choline esters

Arachidonic acid

Thrombin

Trypsin

Platelet-derived growth factor
Epidermal growth factor
Interleukin-1

Adenine nucleotides.

PGI, generation is inhibited by:

Glucocorticosteroids
Lipocortin
Low-density lipoproteins.

Unlike EDRF, PGI, displays its vasodilating and platelet-inhibiting
effect by activation of adenylyl cyclase. Both substances behave con-
certedly and synergistically and are coreleased from the endothelial
and vascular smooth muscle cells. This coupled release is mediated
by a PLC-linked common transduction mechanism and activation of
PKC. Additionally, an increase in cytosolic Ca®* is required. Endothelin
also causes the release of PGI, and EDRF, thereby restricting its own
vasoconstrictor and pressor activity.

5.1.3. Stimulation of adenylyl and guanylyl cyclase

PGI; and EDRF/NO relax vascular smooth muscle cells by an elevation
of the cyclic nucleotides cAMP and cGMP, respectively. In analogy to the
effect of adrenaline on the 3,-adrenoreceptor, PGI, stimulates adenylyl
cyclase after interaction with its specific membrane receptor [159].
While EDREF released to the vascular lumen is inhibited by haemoglobin
blocking guanylyl cyclase, the abluminal EDRF/NO diffusion to the
subendothelial muscle cell layer leads directly to the stimulation of
guanylyl cyclase. The therapeutic relaxant effect of the NO-containing
agents sodium nitroprusside and nitroglycerin is also mediated by this
enzyme. The increase in either cAMP or cGMP activates cA-PK or cG-
PK, respectively, which phosphorylate at least Ca>* (inhibition) and
Kca channels (activation) and the sarcolemmal Ca>* pump (stimulation)
[163,164]. The signal transduction chain begins with the elevation
in cyclic nucleotides and is identical in all steps to the effect of ;-
receptor agonists, whereby membrane hyperpolarization with a closure
of voltage-sensitive Ca?>" channels can be considered as the chief cause
of vasodilatation. Since it was shown that NO free radicals cause a hyper-
polarization of vascular smooth muscle, suggesting that they activate K™
conductances, the demand for another EDRF which brings about vasodi-
latation exclusively via hyperpolarization seems to be hardly necessary
(EDHF). The observation that cGMP by itself and via cG-PK-induced
phosphorylation acts on Kc, channel gating supports this view.

5.1.4. Pressure and shear stress

Driven by the cardiac muscle, the blood flow through the arterial tree
of conduit and resistance arteries results in both pressure and shear
stress, which influence the vascular wall. Shear stress is a tangential
force that is generated by friction between the blood and the endothelial
cell membrane [165]. While pressure effects membrane depolarization,
the response an endothelial cell makes to shear stress is generally the
opposite one, i.e. hyperpolarization with activation of the inward-
rectifier K™ channel. Experimentally, intraluminal saline infusion may
cause either a decrease or an increase in the active wall tone of resistance
arteries and of small veins. When wall tone is high, the predominant vas-
cular response is dilatation or a decrease in tension. When wall tone is
low, the response is contraction or an increase in tension. Consequently,
intraluminal flow does not change wall force at an intermediate tension
level. Thus, flow tends to shift active wall tone towards this intermediate
set point [166]. The balance point is the result of the interaction of these
dilator and constrictor responses to flow modified by a variety of other
influences. Electrophysiologically, the set point of the vascular smooth
muscle cells was determined to be approximately —52 mV. With a
more positive membrane potential, the voltage response to shear stress
was hyperpolarization, and with a more negative membrane potential,
depolarization. It has been shown experimentally that the membrane
potential varies between —53 mV and — 23 mV when the blood pres-
sure is altered within the range of 40-120 mmHg [167]. Since in arterial
blood vessels with normal blood pressure values of the membrane po-
tential of about —48 mV or more positive were found, flow dilatation
is the commonly observed response [168].

Flow-dependent dilatation is reduced after removal of the endothe-
lium. As already mentioned, shear stress leads to an increase in K+ con-
ductance of the endothelial cells and thus to their hyperpolarization.
Hyperpolarization raises the inward driving force (V-Ec,) for Ca®™ ions,
which pass the endothelial cell membrane through a nonselective cation
channel and stimulate NO synthase [161]. EDRF/NO and coreleased PGI,
diffuse to the subjacent vascular smooth muscle cells and elicit here the
cascade of ¢cG-PK- and cA-PK-dependent reactions, including a mem-
brane hyperpolarization of the muscle cells. The resulting flow dilatation
can be so powerful that it reverses the wall force increase caused by
stretch, noradrenaline, histamine, serotonin, PGF,, or AVP.

5.1.5. Flow sensor function
Increase in blood flow induces vasodilatation, decrease in blood
flow effects vasoconstriction, a fundamental circulation law reads.
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Superimposed to this, an increase in blood pressure causes a trans-
membrane Ca®" inward current via depolarization of the vascular
smooth muscle cell membrane which leads to contraction. In a nega-
tive feedback circle, the Ca?" influx effects a stimulation of the Ca®*-
activatable K* channel, the open state probability of which increases.
The resulting membrane hyperpolarization produces vasorelaxation.
This smooth muscle relaxation is supported by the blood flow velocity
augmented through the preceding vasoconstriction. Via enhanced
shear forces at the blood-endothelium interface, the increased flow
rate leads to a flow-dependent vasodilatation. All the three mecha-
nisms are feedback-coupled and adapt the vascular width to the actual
circulation demands. The heart as a pump supplies the driving force for
the variation in flow.

As yet the mechanochemical and mechanoelectrical signal transduc-
tion pathway which causes hyperpolarization of the endothelial cell
membrane in reply to shear stress has not been determined. Shear
stress results from the surface drag of the flowing blood on the intimal
surface. At this strategic point, polyanionic macromolecules such as pro-
teoglycans and acidic glycoproteins of the endothelial and smooth mus-
cle cell membrane, in the glycocalyx, and/or the extracellular matrix
seem to assume a flow sensor function [169,170]. Based upon their
viscoelastic properties, flow can induce a “mechanical distortion” in
the form of a conformational change of these specific surface molecules,
which is again reversed with a decrease in flow. Support comes from the
observation that flow dilatation occurs only above a distinct mechanical
threshold of shear stress (7, 1.3 N/m?) [171]. Therefore, it requires a
certain energy to accomplish the conformational change of the sensor
molecules. Moreover, they are polyanions as a result of their sulfated,
carboxylated, or sialic acid-containing residues. These flow sensor
molecules are thus endowed with a high and also specific cation-
binding capacity (Na™, Ca®™), which is apparently involved in the elec-
trical transformation of the signal [ 170]. Finally, it should be emphasized
that these biopolyelectrolytes are multiply anchored in basement mem-
branes, extracellular matrix, and cytoskeleton.

5.1.5.1. Proteoglycan viscoelasticity. Since the Na*-dependence of flow-
induced dilatation in resistance arteries was reported, such a sensor
molecule has to fulfil certain mechanochemical and mechanoelectrical
requirements [172]. It should possess viscoelastic and cation binding
properties capable of undergoing conformational changes caused
both mechanically and electrostatically. Moreover, the latter should be
ion-specific.

Viscoelasticity is not restricted to a few macromolecular substances,
rather it is a property which all such substances attain above their
specific softening temperature, provided that they have not already
disintegrated. The anionic biopolymers of proteoglycans that are
found in vascular connective tissue, and also in the cell membrane of en-
dothelial and smooth muscle cells, belong to this group of substances
[173,174]. If biopolyelectrolytes are subjected to externally applied
strain for some time, the stretched molecules will gradually shift and as-
sume their inherent shape in their new position. This phenomenon,
whereby the internal stress of the system returns to equilibrium by a
change in places of the molecules, is called relaxation. This happens in
every flowing liquid, only that in normal, low viscosity liquids relaxation
occurs instantaneously so that the elastic recoil is not observed. The
viscoelastic substances may therefore be classified as highly viscous
liquids. Alternatively, they may be considered as liquids with large
relaxation constants because with short periods of deformation they
will exhibit elastic properties and with extended periods of external
pressure they will show flow characteristics. A typical characteristic is
the large difference between the G-moduli of a single substance. The re-
laxation time depends strongly on structural parameters, e.g., minor
changes in the degree of cross linking with any one chain.

The viscoelastic deformation is, in terms of solid body physics, an in-
tramolecular relaxation because it is a flow phenomenon. A cross linked
biopolyelectrolyte can be transformed from a randomly coiled to an

oriented state by stretching it. With increasing shear stress, the intra-
molecular and macroscopic viscosity decreases. This is plausible when
one considers that the external force applied stretches the polymer
chains to a greater or lesser extent (coil deformation). This reduction
in entropy induces elastic recoil. The speed of an unrestricted viscoelas-
tic recoil is a measure of the intramolecular viscosity, which can be cor-
related with this limited flow process consisting of a conformational
change in polymer chains. As such it is dependent on the primary
chain structure and the temperature.

Fig. 13 demonstrates the results of a competition experiment with a
multi-chain chondroitin 4-sulfate-polypeptide complex (CS-P) which
was derived from native connective tissue. In this investigation the
static and dynamic binding properties of Na™ ions were studied. The in-
fluence onR,,, of an increasing Ca®* concentration and of elastic energy
stored and lost per unit volume of the solution under non-stationary
shearing conditions by shaking was measured. It appears that this in-
crease of up to 3.75 mmol/L Ca%* in the solution after it has been
added and shaken does not lead to a reduction in Ry, but regularly to
a fast and drastic elevation. Only with 6.25 mmol/L [Ca® "], competition
behaviour appears. The transverse relaxation rate falls. After the addi-
tion of Ca®™, the ‘envelope curve’ initially shows an increase and
above 3.75 mmol/L [Ca**], a decrease in Ry, [175]. This curve confirms
earlier findings on CS-P [176-178] and native vascular connective tissue
[179]. It could be interpreted as a conformational change of the macro-
molecules which is due to a cross linking between different chains
owing to the strong ability of Ca>* to build complexes. This aggregation
is expected to affect both 7. (reduction of the local mobility) and pgy?
(higher local charge density, increased field gradients). As we have
discussed earlier, not only are Ca* ions bound to the polyanions but
also Na™ ions. These are allosterically-cooperatively bound, in fact to a
specific site. A second binding site remains purely competitive and pre-
vails with higher Ca?>* concentrations (cf. 6.25 mmol/L [Ca®*],) [180].
It is clear therefore, that Na™ ions are only bound within a relatively
small range of [Ca®*],. Above this range they will be released again.
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Fig. 13. Time dependence of >Na™ excess transverse relaxation rate for 0.2 mol/L
(monosaccharide units) CS-P at pH 12.2 with a sodium concentration of 0.3 mol/L. Addi-
tions of Ca® ™ ions and/or shaking of the sample (at the arrows) caused an increase in
R,,, (decrease with 6.25 mmol/L Ca>*) and then a spontaneous decrease in R, (increase
with 6.25 mmol/L Ca®*) (from [169]).
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5.1.5.2. Proteoheparan sulfate as flow sensor at the endothelium-blood
interface. Fig. 13 further shows that with a constant Ca®>* concentration
the simple shaking of the solution leads to an increase of R,,. At these
low excitation frequencies (similar to physiological frequencies),
aggregated CS-P can store much more energy than single-chain pepti-
doglycan monomers. This indicates that aggregation of proteoglycans
greatly enhances network formation. The extent of the network forma-
tion in proteoglycan solutions is augmented by both an increase in con-
centration (0.1 mol/L CS-P) and the proportion of proteoglycan present
as aggregates (Ca®™ ions). However, the initial network organization,
existing in these highly aggregated solutions, is particularly sensitive
to disruption at low shear rates. This means that with increasing shear
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rate (‘shaking’) the CS-P solution showed shear thinning, a decrease in
viscosity which is a macroscopic manifestation of the net loss of the
number of intermolecular interactions during shearing [175]. Thus,
shear thinning involves the disruption of the network structure formed
by aggregates and at the same time an increase of formerly occluded ion
binding sites [181]. Therefore, the ‘shaking’ in Fig. 13 effects an increase
inR,,,, which is also an expression of an augmented Na* binding to the
anionic polyelectrolyte.

From Fig. 14B, the conclusion can be drawn that the sudden changes
of T. induce intra- or intermolecular cross-linking leading to confor-
mational transitions of the polyelectrolytes and to molecular associa-
tions. Such a higher molecular network formation is coupled with an
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Fig. 14. (A) »Na™ excess longitudinal (L]) and transverse relaxation rates (O), Ry, and R,,,, in dependence on different Ca®* concentrations of a normal Krebs solution ([Na*], =
151.2 mmol/L) containing native vascular connective tissue at pH = 7.3. For 0.5 mmol/L < [Ca®*], < 2 mmol/L the ratio Ry, /Ry, is indicative of a conformational transition in the con-
nective tissue polyanions. In addition, the initial rise of the longitudinal relaxation rate signifies allosteric, cooperative Na* binding to the matrix macromolecules. (B) Correlation time
for Na™ ions bound to native vascular connective tissue. The ratioR;,, /R,,, was used in the calculation of 7. (C) pgy?, the product of the fraction of bound Na™ and the squared quadrupolar
coupling constant. (D) The *° K™ excess longitudinal ((7) and transverse relaxation rates (O), R;,, and R,,, in dependence on different Mg?* concentrations of a 1.17 mmol/L K*-Krebs
solution containing native vascular connective tissue at pH = 7.0. For [Mg?*], < 1.38 mmol/L the ratio Ry, /Ry, is indicative of a conformational transition in the connective tissue
polyanions. In addition, the initial rise of the longitudinal relaxation rate signifies allosteric, cooperative K* binding to the matrix macromolecules. (E) Correlation time for potassium
ions bound as a function of the Mg? " concentration of the Krebs solution. The ratio R;,, /R, was used in the calculation of T.. (F) pgy?, the product of the fraction of bound K™ and the
squared quadrupolar coupling constant, as a function of the Mg?* concentration of a 1.17 mmol/L K*-Krebs solution (from [169,180]).
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increased viscosity for solutions with ideal statistic coils according to
the Einstein-Kuhn [182-184] viscosity law

2.5VM
[n}:KO—:K?m\/M (1)
2yl

The degree of the rise in viscosity, (1)l — 1)/c = msp/C, is a function of
the molecular weight M in such systems. This is based on the character-
istic property of coils that their density decreases as their molecular
weight increases. One might conclude from this that the R,,, increase
with elevated Ca®* concentrations (Fig. 14A) could be due to this rise
in viscosity. This, however, is most unlikely because Fig. 13 demon-
strates that the disruption of the network structure with concomitant
shear thinning also leads to a dramatic increase inR,, . Therefore, greater
viscosity cannot be held responsible for the increase in Na™ binding.

The deformation of structures, originating in the intermolecular as-
sociations of macromolecules, by shear stress — just as the creation of
such structures by coil deformation - is an event which can proceed
with different speeds. The time constant derived from Fig. 13 has a
mean value of 4 min. Since R,,, abruptly rises with shaking, this time
constant allows the intervention in cardiovascular control.

The viscoelastic recoil is expressed in the relaxation time, which is a
measure of the viscous retardation effect after a sudden application of a
constant load on a viscoelastic substance. Ideally, elastic solids, with no
internal viscous or frictional dissipations, have zero retardation times.
The mean time constant for R,,, relaxation after the addition of Ca**
ions and shaking, as determined from the protocol in Fig. 13, was
25 min. Since the decrease in R,,, and therefore the energy dissipation
in the solution start once shaking ceases, this property, which is com-
bined with a fall in the bound Na™ fraction, may also be of importance
for cardiovascular control.

In rabbit ear resistance arteries, Bevan and Joyce [160] reported on a
sodium dependent, flow-induced dilatation which is endothelium-
independent and a function of the rate of infusion. The authors hypoth-
esized that this flow-dilatation is the result of a sodium dependent
mechanism in vascular smooth muscle. It seems that their observation
neither involves Na™ pump activity, nor fast Na* channels, nor Na*-
Ca?* exchange nor Na*-H* exchange. HS-PG, a viscoelastic, anionic
polyelectrolyte, has been described as a constituent of the vascular
smooth muscle cell membrane [173,174]. The polymer seems to be lo-
cated at circumscribed sites in the membrane, probably in the vicinity
of the Na™ channel or it takes part in the channel's molecular structure.
The protein core is integrated into the cell membrane while the GAG
side chains protrude into the extracellular space (Fig. 15). It is quite
possible that this proteoglycan, appearing only occasionally (low local
concentration), acts as a flow sensor [185].

In flowing viscous solutions containing molecular coils, these coils
will align with the direction of flow. One of the contributing factors to
this alignment with flow of molecular coils is any deviation from
the perfect sphere. Alignment is more pronounced in diluted solutions
of high molecular polymers. This may contribute to a reduction in vis-
cosity, the effect being greater for a steeper flow gradient. This is be-
cause the coils in the structurally viscous solutions tend to link layers
of flow. Linkage is least when the coils are aligned. When a flow gradient
exists, not only are the coils aligned with the direction of the current but
also they become elongated. Inevitably, this results in a more or less
pronounced parallel orientation of chain segments. These segments
are, of course, not covalently cross-linked but auxiliary valency associa-
tions are formed. This conformational change from a random coil to a
streamlined filament structure, depending on the flow gradient, is ac-
companied by an increase of binding sites for counterions. In blood,
these are predominantly Na™ ions. When the flow is reduced, the visco-
elastic recoil forces become effective which then cause a decrease of
Na* binding due to a conformational change. The corresponding time
constants have already been discussed. Moreover, the 7. values in
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Fig. 15. Schematic representation of proteoheparan sulfate as a flow sensor at the endo-
thelium-blood interface. (A) Under no-flow conditions, the viscoelastic polyelectrolyte as-
sumes a random coil form, whereby most of the polyanionic sites undergo intramolecular
hydrogen bonding. The random coil with only one GAG side chain is shown. This is a left-
handed 2,-helix with an identity period of 1.86 nm, whereby a disaccharide unit has a
height of 0.93 nm projected onto the axis. Thus, it is a very extended conformation. The
height can also be diminished through a conformational change induced by Ca®* ions,
so that the pitch of turns becomes shorter. The protein core of a proteoheparan sulfate
macromolecule has globular and helical domains. The hydrophobic, helical section of the
protein core is anchored in the membrane of an endothelial cell. (B) Blood flow causes a
conformational change from the random coil state to the directed filament structure
state. This conformational transition effects a protein unfurling and molecular elongation
of the GAG side chains, i.e., the pitch of turns increases like in a ‘stretched’ spring. This con-
figuration is therefore combined with an increase in binding sites for Na™ ions. Counterion
migration of Na™ along the polysaccharide chain is followed by transmembrane Na™
influx into the endothelial cell and by endothelial cell membrane depolarization
(from [185]).

Fig. 14B may also be related to counterion migration along a polysaccha-
ride chain or some motion within the chain [176]. If HS-PG is in the im-
mediate vicinity of the Na™ channel, or is involved in its formation, then
not only Na™ binding but also transmembrane Na™ flux is plausible.

5.1.5.3. Sensor conformation and sensitivity to sodium. The finding of a
Ca?"-initiated conformational change in the blood flow sensor was con-
firmed by surface force, ellipsometry and pump-supercontinuum-
probe measurements [18,186-188]. The effects of electrolytes on the
adsorption of HS-PG and HS, the electrolyte-dependent conformation
of HS-PG adsorbed at hydrophobic surfaces and the interaction forces
between such surfaces was investigated. It was found that HS-PG ad-
sorbs at hydrophobic silica surfaces, the adsorbed amount increasing
strongly on addition of CaCl,. HS does not adsorb at either hydrophobic
or hydrophilic silica surfaces, even in the presence of excess salt. Thus,
the adsorption of HS-PG at hydrophobic surfaces occurs via its hydro-
phobic protein moiety, which acts as an anchor for this macromolecule.
At the endothelial cell membrane, the hydrophobic domain of the pro-
tein core is integrated in the hydrophobic interior of the cell membrane,
while the hydrophilic domain of the protein core together with the
polyanionic HS side chains protrudes into the blood stream. Thus, we
have a model for the in vivo scenario, since the orientation of the sensor
macromolecule at the present hydrophobic model surface is expected to
be similar to that in the endothelial cell membrane. In fact, by previous
surface force measurements, we have shown that HS-PG orients at
hydrophobic surfaces in accordance to this conception [18].

In Fig. 16, the forces between HS-PG layers adsorbed at hydrophobic
surfaces are represented in solutions of different cation species. The
force curves observed are composed of one distant slowly decaying re-
gime and one proximal hard wall regime at distances of separation
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Fig. 16. Comparison of the forces obtained between proteoheparan sulfate layers adsorbed
at hydrophobic surfaces as a function of the distance of separation at different excess elec-
trolyte concentrations. The forces were measured on approach in 0.1 mmol/L NaCl (O),
1.25 mmol/L CaCl, ([J), and 2.5 mmol/L CaCl, (A) (from [18,189]).

smaller than 10 nm. The forces in the distant regime were reversible on
approach and separation. On addition of CaCl,, the range of the distant
regime interaction was diminished. The decay length is reduced from
24.8 nm in 0.1 mmol/L NaCl over 8.3 nm in 1.25 mmol/L CaCl, to
7.6 nm in 2.5 mmol/L CaCl,. At these Ca®>* concentrations, the Debye
lengths are 5 and 3.5 nm, respectively. Steric rather than simple
double-layer forces dominate the observed interaction. Electrostatic in-
teractions are still important since they strongly influence the confor-
mation of the HS side chains and thus the range of interlayer forces.
The distance of separation at the onset of the proximal repulsive regime
is reduced with Ca®>" as well. For example, a force of 1000 uN/m is
encountered at 18.04 nm in 0.1 mmol/L Na*, while the corresponding
values at 1.25 and 2.5 mmol/L Ca>* are 7.64 and 8.08 nm, respectively.
These results reflect the displacement of the proximal hard wall
from 8.53 over 7.25 to 7.28 nm on the addition of Ca®*. Although the
screening of the electrostatic repulsion contributes to this decrease, it
cannot account for the whole effect. Instead, as was the case with the
distant force regime, a contraction of the GAG chains in the presence
of Ca®™ ions is likely to cause this effect.

This observation was supported by PSCP experiments in the
280-700 nm spectral range (Fig. 17). We analyzed the results of these
PSCP measurements with femtosecond time resolution to investigate
the ultrafast dynamics of tryptophan as reference substance, HS-PG
Na* salt, and HS-PG after Ca®* addition. The measured broadband tran-
sient absorption spectra revealed indications of excited state absorption,
stimulated emission and resonant energy transfer. The results for tryp-
tophan in Krebs solution confirmed the solvation dynamics reported re-
cently by fluorescence up-conversion measurements, but also provided
novel information about the ESA signal evolution. Comparing the data
obtained with tryptophan to those with HS-PG, qualitative differences
in the broadband absorption features were apparent. An exponential
decay with a time constant of 24 ps attributed to RET, presumably
from tryptophan residues to the GAG side chains, was obtained in addi-
tion to the short term solvation dynamics. Moreover, the difference in
absorption by adding Ca®™ to the probe was investigated. Upon Ca®™
binding to HS-PG, a conformational transition of the protein proven
supplementarily in surface force and ellipsometry measurements, prob-
ably changed the resonant energy transfer and hence the absorption
spectrum [187,188]. A minor decrease of the HS-PG signal was found
that evolved in the minute range after addition, but was blue-shifted
and vanished within 1 ps after the UV excitation. These small but clearly
visible features, which were only visible due to the high spectral
and temporal resolution of the PSCP technique, provide a first insight
into the molecular formation of nanoplaques at blood vessel interfaces.
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Fig. 17. (A) Transient PSCP spectra of tryptophan in Krebs solution for the wavelength
range 280 < \ < 640 nm following laser excitation at 282 nm. Inset: Solvent correlation
function C(t) = (v(t) — v()) / (v(0) — v(=)) produced from the transient optical den-
sity signal, where v(t) is the maximum of the optical density around 350 nm at time t. The
position of the maxima was determined by fitting log-normal functions through the spec-
tra. A two-exponential function was fitted through the points. (B) Analogous PSCP spectra
of HS-PG in Krebs solution. Inset: Solvation correlation function constructed from the
peak evolution, predominately caused by ESA showing only a fast one-exponential
decay (from [188]).

In future, studies on the proteoglycan — lipid interaction utilizing this
approach may enhance our understanding of atherogenesis.

Taking these investigations together, this means that Ca®>™ ions can
influence, via such a conformational change, the extent of Na* binding
to the sensor molecule and thus the signal transduction. Since pre-
sumably less Na™ ions are bound after shortening of the HS chains,
Ca%* ions are apparently able to adjust the sensitivity of the sensor.
These surface force, ellipsometry and femtosecond spectroscopy mea-
surements on native HS-PG, adsorbed at a hydrophobic surface or
in solution, proved to be extremely Ca®*-sensitive in adsorption, con-
formation and Na™ binding [18,186]. First of all, some fundamental
lines of concept on the adsorption of anionic biopolyelectrolytes should
be considered. The adsorption of the sensor macromolecule to a hydro-
phobic silica surface is possible via its hydrophobic protein moiety. It
is supported by electrostatic screening of the highly charged polyelec-
trolyte. Therefore, general electrostatic effects would be expected to
strongly influence the interfacial behaviour of proteoglycans. The ad-
sorption should be higher at a higher electrolyte concentration, since
the electrolyte will screen the electrostatic double-layer interactions,
such as the repulsive image-charge interaction between the proteogly-
can charges and the low dielectric constant hydrophobic surface,
and the intralayer repulsive interactions between similarly charged
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segments of the adsorbed proteoglycan. Since the electrostatic interplay
counteracts adsorption, its screening will promote adsorption.

From Fig. 18, it follows that not only the effects of divalent ions may
be subdivided into an electrostatic and a non-electrostatic contribution.
The same seems to apply for monovalent ions. Both Na™ and K™ result
in an adsorbed amount of HS-PG decreasing with increasing electrolyte
concentration. Furthermore, the effects of the two monovalent cations
are of different magnitude. And finally, while the effect of Na™ is essen-
tially instantaneous (kya+ > 107" s™1), the effect of K™ is much slower
(kx+ = 4.2:1073 s~ 1). These effects of the monovalent cations are not
easy to understand. Although both promote adsorption of HS-PG due
to electrostatic reasons (screening of the repulsive intralayer electro-
static and image — charge interactions), both cause a decrease in the
adsorbed amount at high concentrations in the presence of divalent
cations, thus opposing the effects of the latter. From previous studies,
we have inferred that similar effects occur for the HS chains in the ab-
sence of the protein core [186]. Thus, the GAG moieties are likely to be
responsible for these unexpected electrolyte influences. These cation-
specific effects seem to form the basis for the biological function of
these systems.

HS-PG is able to change its conformation both through intervening
shear forces and through the action of cations. The former mentioned
configurational transition is based upon the viscoelastic properties of
these macromolecules, the latter upon the anionic polyelectrolyte char-
acteristics. Therefore, the coil - helix and helix - coil phase conversions
seem to be tightly linked to the protein moiety, while the fine adjust-
ment of the flow sensor could additionally be determined by the cation
composition of its microenvironment. Hence, this has decisive influence
on signal transduction. In the surface force and ellipsometry investiga-
tions, a contraction by 8.9 nm of the sensor macromolecule appeared
under the influence of a physiological external Ca®>* concentration.
Na™ ions, on the other hand, induced a molecular extension by
13.7 nm. For the following considerations, we take the 2Na™ NMR
results on HS, the GAG side chain, into account [189]. The bound Na™
fraction, pgy?, decreases between 0 and 1.25 mmol/L [Ca®T],, i.e., in
the physiological range of the freely ionized, non-protein-bound Ca®*
fraction in the blood. This would mean that the Ca?*-elicited shortening
of the biosensor leads to a restriction in Na™* binding, while the Na*-
elicited elongation promotes the Na* binding. When a rough estimate
with the Bjerrum length for Na™ is allowed here, 12 Na™ ions would
be released into the blood by tightening of the ‘helical spring’. On
the other hand, stretching of the spring by sodium would make an
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Fig. 18. Adsorption of proteoheparan sulfate from Na™-deficient (32.81 mmol/L) Krebs
solution at methylated silica. The first, second and third arrow indicates addition of Na*
to a final concentration of 72.26 mmol/L, 111.71 mmol/L and 151.16 mmol/L, respective-
ly, corresponding to a Cstor (1:1) of 76.95 mmol/L, 116.40 mmol/L and 155.85 mmol/L,
respectively. Cstor (2:1) was 3.62 mmol/L. The fourth arrow indicates the addition of
Ca®* to a final concentration of 10.08 mmol/L (from [90,189]).

additional binding of 19 Na* ions feasible [177,190,191]. This means
that Na* ions intensify the sensitivity of the flow sensor to Na™ in an au-
tocatalytic process and thus promote the signal transduction [cf. 192].
Ca®™ ions would lower the susceptibility for Na™ to be adsorbed. And fi-
nally, the idea that Na™ ions are primarily sensed by HS-PG is supported
by the determination of a very small time constant for Na*. All the Na™
effects observed occurred practically momentaneously.

5.1.5.4. Flow sensing upon lipoprotein binding. The binding of lipoproteins
to the HS-PG receptor (flow sensor) changed its conformation through
an increased or decreased nanoplaque formation with the result of a
change in polarization of endothelium and vascular smooth muscle
cell membranes and in the smooth muscle cell tension based on modi-
fications of the signal transduction chain elicited by the intracellular
domain of the HS-PG molecule [122]. While LDL led to membrane depo-
larization, vasoconstriction and lowering of cGMP levels in the smooth
muscle cells of human coronary arteries (Fig. 19), the cardiovascularly
protective HDL effected the opposite, thus supporting the flow sensor
activity in its regulating and adapting mechanisms to the requirements
of a functioning circulation. Fig. 19A shows the stepwise decrease in
wall tension with increasing flow rate from 3 mL/min (T = 2.000 g)
to 100 mL/min (T = 1.287 g). The addition of 100 mg/dL LDL to the
blood substitute solution reduced tension from 2.000 g to 1.796 g
when increasing the flow rate (Fig. 19B). This means that in this case
the flow-dependent dilatation was impaired by 71.4% through LDL-
application, or, utilizing the Laplace equation, perfusion would have
been reduced by 48% [185].

After this comment, the importance of a functioning flow sensor for
the regulation of organ perfusion is evident. Disturbances in the electro-
lyte and lipid metabolism, an endothelial dysfunction, hypertension
or arteriosclerosis may affect the sensor properties. For example, the
flow-dependent dilatation reverses to flow-dependent constriction
with increasing degree in arteriosclerosis (Fig. 20). An estimate shows
that the increase of blood flow under in vivo conditions with a medium
grade of arteriosclerosis is reduced to one fifth. This fact has deleterious
consequences especially under hypoxia [193], in bypass operations
and heart transplantations. The hypoxic dilatation, which is normally
further amplified via an increase in blood flow, is restricted in a double
sense in the arteriosclerotic vessel or even completely abolished. The
drastic change of flow-dependent dilatation in arteriosclerosis (Fig. 20)
has presumably three reasons: (i) The diminished NO and PGI, synthesis
and release in endothelial and vascular smooth muscle cells [189], (ii) a
dysfunction of the HS-PG sensor. An oversulfatation in certain domains
of the molecule could result in an augmented Ca®* binding and thus
an impairment of the signal transduction through a Na™ binding re-
duced by Ca?* competition, and (iii) oversulfatation would promote
LDL binding.

5.1.5.5. Flow-dependent vasodilatation and §-potential. The particularly
interesting question arises regarding how the flow-dependent relaxa-
tion comes about. The exact signal transduction pathway is as yet
unknown. It should be pointed out, however, that the shear-stress-
dependent and conformation-dependent Na* binding to HS-PG con-
forms to the strictly serum-Na*-linked flow-induced vasodilatation
[172]. The interaction with Ca®>™ ions also agrees. The following possi-
bilities provide a theory for signal transduction which should ultimately
lead to an influx of Ca®™ ions into the endothelial cell:

(1) The conformational change of HS-PG to the unfurled filament
state, connected with increased Na™ binding, leads to counterion
migration along the polysaccharide chain. Since the flow sensor
is put up like an umbrella over unspecific, voltage-dependent
ion channels in the endothelial cell membrane (mainly
conducting Na™), a transmembrane Na™ passage subsequently
follows. The Na*t inward current depolarizes the endothelial
cell membrane enhancing the Ca?>* permeability [161]. Ca®™
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Fig. 19. (A) Flow-dependent relaxation in a normal human coronary artery segment in Krebs solution. Every 10 min, the flow rate was changed to a higher value (arrows). (B) Flow-
dependent relaxation in a normal human coronary artery segment (same artery as in A) in Krebs solution with 100 mg/dL LDL-cholesterol. Every 10 min, the flow rate was changed to

a higher value (arrows) (from [185]).

ions flowing into the cell stimulate the Ca?*-activated NO-
synthase which produces NO. NO diffuses to the subjacent smooth
muscle cells and relaxes them via membrane hyperpolarization.
Since the polyanion HS-PG is instrumental in the formation of the
cell membrane negative fixed charges (glycocalyx) and/or the
Na* leakage channel, a change in the §-potential is inevitable
when Na' ions are bound (reduction of the negative fixed
charges). The result is a membrane hyperpolarization which, in
turn, leads to a Ca®™ inward current into the cell driven by an
increased electrochemical gradient (V-Ec,) for Ca%* ions. The
following reaction steps are identical to those outlined in (1).

—
\S]
~—

The key to vasorelaxation is the transmembrane Ca®* influx into the
endothelial cells which then synthesize NO. In the second case, a change
in &-potential through Na™ binding to the flow sensor results directly in
a membrane hyperpolarization and thus an increase in the driving force
for Ca®*. This simple possibility will now be discussed in more detail.

An electric potential is usually generated at the boundary between
two phases of electrolytes. The potential at the interface is the Nernst
potential (W) (Fig. 21). When suspended in an electrolytic solvent, a
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Fig. 20. Blood flow-dependent relaxation in normal human coronary arteries (O) and in
arteriosclerotic coronary arteries (A) with a plaque area of around 30%. Coronaries with
a plaque area >50% (['1) show a flow-dependent vasoconstriction (from [185]).

charged particle, such as a living cell, will attract ions of unlike signs
around its membrane. Therefore, a so-called ion atmosphere around
the cell will be created in the immediate vicinity of the cell, where
ions of the opposite sign prevail and ions of the same sign are repulsed.
This electrical double layer is not static but is a diffuse layer because of
the thermal motion. Gouy [194] and Chapman [195] developed a theory
to describe these phenomena (V). It connects the surface potential and
the charge density at the surface using the following equation.

1/2
o= i{ZsosrRTZ Che| €XP(—2, FW /RT)—]]} )

This concept was changed by Stern [196], who introduced a layer of
immobilized ions around the charged particle. In our case the Stern
layer was equivalent to the cell glycocalyx involving the glycoproteins
and the proteoglycan of heparan sulfate. By measuring the electropho-
retic mobility of a charged particle one can derive the potential at
the surface of the shear layer, the §-potential. The Gouy-Chapman po-
tential and the §-potential are almost identical because the shear layer
is not very thick. Thus, surface potential was mostly measured using
electrophoresis.
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Fig. 21. Potential distribution at the cell membrane. Since shear boundary and boundary
of the Stern layer are almost identical, the Gouy-Chapman potential ¥, equals the
¢-potential for a thin zone of shear (from [198]).
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The consequence of all these theories is that the local concentra-
tion of ions around the cell largely depends on the membrane surface
potential.

Co = C.. exp(—zFW,/RT) 3)

The local concentration of ions with opposite signs to the surface po-
tential will be higher than in the bulk solution. For ions with the same
sign the opposite is true. Borst-Pauwels [197] made extensive studies
on yeast cells which confirm this. Although the &-potential is deter-
mined empirically and the molecular bases of the different layers
which result in the potential distribution in Fig. 21 are unknown, pre-
dominantly Na* ions come into question as countercations at the endo-
thelium-blood interface. Their concentration is about 35 times higher
than that of the next cation (K™). These findings support the hypothesis
that proteoglycans, integrated into the cell membrane, fulfil the mecha-
nochemical and mechanoelectrical requirements of a flow sensor [198].
Moreover, the flow sensor can only achieve its function as a signal trans-
ducer if the serum Na™ concentration is maintained. Should this not
be the case, the sensor function and consequently vasodilatation are
limited. A rise in peripheral resistance and hypertension may result.

5.1.6. Coordination of responses

In view of the diverse effector influences present in the complex sce-
nario of vascular regulation, the central role of the membrane potential
of the vascular smooth muscle cells can be prima facie regarded as the
basic mechanism of integration or coordination of the responses. The
level of the membrane potential in vivo is greatly influenced by intra-
mural pressure and the rate of intraluminal flow. Pressure and flow,
which cooperate in an integrative fashion in the myogenic response,
might be regarded as the final vascular effectors ensuring circulatory
homeostasis [199]. During physiological adjustments, the influence
exerted by neurotransmitters, endothelial-derived factors, and other
locally produced and systemically circulating substances may enhance
or diminish the myogenic response. These effector influences will
again be modified by the changes in flow that they cause. Thus, the pri-
mary regulating effect is caused by flow.

5.2. Vascular rhythmogenesis and autorhythmicity

Rhythms and oscillations are an expression of the temporal organi-
zation of living systems. We are familiar with countless rhythmic
phenomena in the living world: yearly and monthly rhythms, day-
and-night rhythms, respiratory and circulatory rhythms, and the
rhythms of rapid-firing neurons, all of which man is subject to. Vascular
smooth muscle, like cardiac muscle, originates ontogenetically from the
vascular muscle tube. Thus, it is not surprising that in principle all vascu-
lar smooth muscle and sinus node cells are capable of rhythmicity,
which manifests itself as periodic alterations of membrane potential
and tone. In the microcirculation, these events are referred to as
“vasomotion”, whereas the term “slow wave activity” [200] is used for
small and conduit arteries, veins, and lymphatic vessels [201]. Sinus
node cells generate “pacemaker potentials” in the frequency range
0.001-0.004 Hz. These expressions designate the same phenomenon.

We can differentiate between two types of genesis for mechanical
oscillations. In vascular smooth muscle, mechanical waves have been
described in terms of electrical oscillations of the membrane potential
(graded de- and hyperpolarization). On the other hand, it was observed
in a few vessels that the depolarized part of a more or less distinct slow
wave with superimposed action potentials can be paralleled by the
phases of an increase in tension [200]. These action potentials are pre-
ceded (genuine pacemaker cells) or not (transmitted excitation) by a
depolarizing prepotential resembling that found in sinoatrial node
cells. This classification involves different ionic bases for slow wave
(pacemaker) and action potential activity. While the wave potentials,
which may not necessarily be slow, are probably due to a periodically

changing cellular metabolism [202], voltage- and time-dependent
ionic channels are responsible for the action potential activity.

5.2.1. Oscillatory diameter changes

In vivo microscopic observations of arterioles practically always re-
veal oscillatory changes in diameter. This vasomotion is responsible
for the periodic variance in spatial blood flow and flow velocity. The ab-
sence of temporal fluctuations is regarded as a pathophysiological state
lacking autoregulation. Therefore, the rhythmogenic properties of vas-
cular smooth muscle are closely coupled to a functioning circulation.
The oscillatory activity is nonrandom, but only seldom exactly periodic.
The spectral analysis of frequencies often shows two or three relatively
broad peaks, which are frequently coordinated as integral multiples to a
basic frequency [202]. At the macroscopic level, these observations are
equivalent to the electrical and mechanical oscillations (slow waves)
in small and more rarely in conduit arteries and in veins (e.g., pial
arteries, portal vein). An exact comparison of the wave crests and
troughs between voltage and tone suggests that periodic changes in
the membrane potential precede the changes in force by 40 ms. This
confirms the existence of a tight electromechanical coupling even
under these nonstationary conditions [203,204]. Oscillations in mem-
brane potential of up to -5 mV allow the open probability of voltage-
sensitive Ca®™ channels to alternate rhythmically. Thus, vascular tone
also varies periodically [205]. However, the finding that the oscillations
can be inhibited by K* and Ca®™ channel blockers does not permit us to
conclude that the origin of the oscillation lies in the interplay between
potential-dependent K* and Ca?>* channels.

5.2.2. Rhythmogenic properties of vascular smooth muscle

Temporal fluctuations in microvascular voltage, diameter, and flow
velocity exhibit characteristics of a low-order, though highly complex,
nonlinear dynamic system [165]. The system may be dominated by
only a few control points [206]:

* Allosteric-cooperative enzymes

* Smooth muscle membrane potential

* Intracellular Ca®* levels

« Contraction kinetics

« Concentrations of extracellular regulatory substances.

The number of dominating processes is not a specific integer. In such
a complex system, there are also secondary control mechanisms. In
the following, three prominent control points shall be exemplarily
discussed which, as negatively feedback-coupled, nonlinear synergetic
order parameters, are functionally interwoven [207,208]: (1) PFK; (2)
Na™/K"-ATPase, and (3) flow sensor (syndecan/perlecan proteoglycan)
conformation.

As early as the 1950s, Edith Biilbring [209] discovered the depen-
dence of the electromechanical properties of intestinal smooth muscle
on the glycolytic metabolism. It has already been known for some
years now that glycolysis, cell respiration, and cellular transport pro-
cesses can be oscillatory. The cause of the oscillations is the periodically
varying effectiveness of regulatory enzymes and transport proteins.
Oscillation is observed when enzymes show nonlinear kinetics, when
the biochemical or biophysical systems are simply or multiply feedback
coupled, and when they are far from equilibrium and thermodynami-
cally open [202].

5.2.2.1. Phosphofructokinase. A great number of feedback coupled pro-
cesses on the cellular and subcellular level might play a causal, a domi-
nating, or only a mediating role in the oscillatory phenomena. We are
already familiar with two of these rather secondary processes, namely
the interaction between potential-dependent K* and Ca®>* channels
and between pressure-induced vasoconstriction and flow-induced va-
sodilatation. In the following a model will be outlined that incorporates
the observations made by Biilbring [209]. Since measurements of
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enzyme activity have shown a high glycolytic capacity of vascular
smooth musculature and cardiac sinus node (Table 2), and since IAA
blocked the electromechanical oscillations completely, PFK might
be a glycolytic entry enzyme which controls the energy-supplying me-
tabolism and has multiple feedback [204,210]. In the upper part of the
glycolytic pathway, the allosteric enzyme PFK converts F6P and ATP to
FBP and ADP, respectively. For an analysis of the regulatory properties
of PFK based upon experimental data, the enzyme system of Fig. 22 is
proposed, where two effectors were considered: FBP as an allosteric
activator and ATP as inhibitor of the enzyme [202]. The sum of ADP
and ATP concentrations was kept constant. For the reconstitution of
ATP from ADP in the lower part of the glycolytic pathway and in other
biochemical cell reactions, an overall rate representing these different
reactions was used and chosen to be equal to the rate of removal of
the product FBP. The input rate for F6P was constant and corresponded
to physiological values in vascular smooth muscle. A computer pro-
gramme [211] designed for solving kinetic problems in chemistry was
utilized for studying the PFK system with the two substrates rate law
formulated for the concerted model of Monod, Wyman, and Changeux
[212].
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Si» P, M; denote substrates, products and modifiers, respectively; gg,
gr are the affinity coefficients for the two possible states of enzyme
configuration.

It has been shown for PFK isolated from vascular smooth and cardiac
muscle of the dog that the enzyme exists as a tetramer [213]. Further-
more, a distinction between the number n of functional subunits
converting substrates to products and the number m of subunits with
identical binding sites for effectors seemed to be reasonable, since it is
known from X-ray diffraction studies on a bacterial PFK that two
protomers are necessary to bind one molecule of substrate, while on
the other hand each of the four subunits seems to be able to bind the ef-
fectors [214]. This led to the assumption n = 2 and m = 4 for our calcu-
lations. The influence of effectors on v was formulated in the term L
under the simplifying hypothesis that the effectors ATP and FBP bind
to different allosteric centres and act independently. This assumption
is justified, as the exact mechanism is not yet known.

The coefficients gg and gr and the ratio q were evaluated by a com-
puter fit from curves as shown in Fig. 23 using an algorithm for least
squares estimates of non-linear parameters [215]. For the subsequent

Table 2
Ratios of enzyme activities in vascular smooth muscle and cardiac muscle (from [202,210]).
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> F6P

Fig. 22. Enzyme model for PFK activity and glycolytic oscillations (from [210]).

simulations the mean values gg = 0.98, gr = 36.97, q = 0.145 of two
independent sets of experimental data on PFK activity were applied.
The rest of parameters was determined by experiments:

L, =26-10°
Krcrepy = 0.08 mM
Krgrepy = 15.00 mM
Kesp) = 0.03 mM
Krcrspy = 6.00 mM

Vimax = 0.050 mM/s
Kreatpy = 0.005 mM
Krcarp) = 0.500 mM
Kreatp) = 4.000 mM
Krcarp) = 0.600 mM

For the substrates:

And for the effectors:

The input rate vi,repy and the rate vouerp) for the removal of the
product were varied in the different computer runs.

In the R state the binding of one ligand has almost no effect on
the binding of the other (gr = 0.98 =~ 1); in the T state the affinity
for the second ligand is decreased by the binding of the first one
(gr = 36.97 > 1). From the dissociation constants Kﬂ(mp) = 0.08 mM
and K‘%(FGP) = 15 mM the association constants K'grsp) = 12.76 mM~!
and K'r¢repy = 0.002 mM ! are obtained. Therefore, in the R state the as-
sociation to the ternary complex is significantly favoured. The maxi-
mum turnover rate Vg max is 6.9 times as high as Vrmax (q = 0.145).

The main characteristics of PFK, such as cooperative substrate satu-
ration and activation or inhibition by allosteric effectors can account
for oscillatory changes in glycolytic flux and ATP concentration. How-
ever, spontaneous glycolytic oscillations appear only within the oscilla-
tory domain, i.e., at definite F6P input/FBP output rates (Fig. 24). Period
durations range from 35 s up to 140 s and concentration amplitudes up
to 0.3 mmol/kg wet wt. The wave-like lines illustrate the time course of
ATP. One sees that via the glycolytic turnover rate, the frequency, ampli-
tude and form of oscillations in metabolite and effector concentrations
can be altered and regulated within relatively wide boundaries. Further-
more, the PFK input and output rates can be modified by the concentra-
tion of many extracellular regulatory substances, e.g., catecholamines,
thyroid hormones, endothelins, histamine, kinins and thrombin. These
mediators frequently change arterial pressure, thus stimulating another
feedback cycle, namely between pressure-induced vasoconstriction
and flow-induced vasodilatation. Finally, allosteric activators (e.g., FBP,
Fru-2,6-P,) and inhibitors (e.g., ATP) directly influence the regulatory
properties of PFK. Under the influence of Fru-2,6-P,, PFK can aggregate
up to the octamer form which can easily attain the frequency range

Vascular smooth muscle

Cardiac muscle

Carotid artery Sinus node Atrium Ventricle
Triosephosphate dehydrogenase 14.04 11.05 722 476
{3-hydroxyacyl-CoA dehydrogenase
Hexokinase 121-1072 219 -1072 038 -1072 0361072
Triosephosphate dehydrogenase
Phosphorylase 1.10 0.21 1.61 5.67
Hexokinase
m-Glycerophosphate dehydrogenase 51-1073 157 -1073 6.0-107° 30-107°

Triosephosphate dehydrogenase
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Fig. 23. Substrate saturation curves of PFK from different muscles of the dog for F6P in
the absence (O) and presence (®) of effector FBP. The PFK activity was determined
using an optical assay system as follows: Imidazole-HCl 0.1 mol/L, F6P 0.5 mmol/L, ATP
5 mmol/L, MgCl, 5 mmol/L, NADH 0.25 mmol/L, FBP aldolase 10 ug/mL, triosephosphate
isomerase 4 pg/mL, glycerol-3-phosphate dehydrogenase 8 ug/mL (pH 6.9, temp. =
25 °C). The reaction rates V were relative to a reference activity (Vreference) determined
at pH 7.6 in the presence of 3 mmol/L F6P and 1.5 mmol/L ATP. The extracts were exten-
sively dialysed against the extraction medium and diluted to about the same reference
activity previous to the experiment. The coefficients gg and the ratio q in the absence of
FBP were evaluated by a computer fit. A. carotis: gg = 1.36, gr = 58.49, ¢ = 0.083;
sinus node: gr = 2.21, gr = 56.37, ¢ = 0 (from [210]).

0.001-0.004 Hz of sinus node cells. This could possibly answer the
seemingly simple question why the heart beats.

5.2.2.2. Adenosine triphosphate concentration changes. A periodically
changing ATP concentration is converted into the operation of the elec-
trogenic ion pump by the Na™/K*-ATPase. This enzyme is also an oscil-
lator [216]. Its reaction sequence consists in a single cycle that includes
at least two reactive states, the Na™ (E;) and K* (E,) conformations
[217]. Na*/K"-ATPase transports three Na™ ions outward per two K*
inward per cycle and thus generates a net movement of one positive
charge per cycle, a small electric current. When the electrogenic pump
acts rhythmically, the membrane becomes hyperpolarized in phases of
increased activity and depolarized in phases of decreased activity. The
electrogenic pump current can generate the observed potential waves
of up to 45 mV. The oscillation in membrane potential is transformed
into rhythmic tension changes via the voltage-sensitive Ca>* channels
[205]. It is the export of Na™ by the Na*/K*-ATPase cycle that moves
the charge. Indeed, in vessels with slow wave activity distinct oscilla-
tions were detected in the 2*Na™ efflux [202]. Due to the electrogenicity
of the pump, the E;/E;-conformational transition is also voltage
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Fig. 24. Oscillatory domain (blue area) of spontaneous glycolytic oscillations for the sys-
tem shown in Fig. 22. The wavelike lines illustrate the time course of the ATP concentra-
tion at the points indicated by the arrows. The period duration (T) of the oscillations is
also given. The red point within the limit cycle represents the Kin(rsp)/Kout(rsp) constellation
used for Fig. 23 (from [222]).

dependent. The E; conformation is stabilized by a more positive mem-
brane potential, and the E, conformation by a more negative membrane
potential [216]. This means that the orientation of a dipole in the en-
zyme is dependent on the transmembrane field gradient.

In simultaneous 2*Na™-#2K™ efflux experiments we could confirm
with a sophisticated mathematical procedure that preferably the active
Na* outward transport oscillates (Fig. 25). Assuming that a random
process X, is composed of an exponential component and a stationary
process like in an efflux curve, then the original data can be transformed
to an approximately stationary random signal. Given a sample of equal-
ly spaced data from this approximately stationary random signal, the
power density spectrum was computed [218,219]. The sample time in-
terval is supposed for the following calculation to be unity. In computing
the power spectrum, it is necessary to reduce the noise. Thus, it is ad-
vantageous to prewhiten the data X, 0 < t < n (t = sample
time, n = total length of record):

Xp=X—p-Xe;, 1<t<n. (5)

If 0.2 < p < 2.0 was chosen, a good prewhitening was obtained
[218]. Even if the data was not prewhitened a distinct periodicity
in the autocovariance function was evident. As a result of this inten-
tional modification of the data the power density spectrum was mul-
tiplied by

g,:l+p2—2‘p‘cos%r. (6)

Next we calculated the mean lagged products (autocovariance)

1 n=r ,
G = n—r X Xeors
t=1

0<r<m<n, (7)
whereby r is the lag time, m is the maximum lag interval and thus the
reciprocal of the bandwidth. The maximum lag interval in our calcula-
tions covered % to ¥5 of the total number of experimental points.
Before calculating the power density spectrum, adjustments can
be made. Here we shall consider only one adjustment for the mean.
For this purpose and in order to estimate the power noise, the function

T

N =p+o-e” 0<r<m 8
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Fig. 25. Autocovariance functions and power spectra of a simultaneous >*Na -2 K* efflux experiment in the canine carotid artery. The left half of the figure is derived from the Na* efflux,
the right half from the K™ efflux. Oscillations with period durations of 45, 62, 87 and 134 s can be seen in the Na™ efflux (from [210]).

was fitted to the data C; according to the Gaussian least square method
[215]. As aresult one finds the three parameters: mean 4, variance o and
cut-off frequency . Estimating the first addend in Eq. (8) by

1
H=230X, ©)
=1

there resulted a re-adjustment of the zero line in the autocovariance
function:

C,=C—u®, 0<r<m (10)

The second addend in Eq. (8) expresses the autocovariance of the
noise. This corresponds to the power density spectrum according to
the Wiener-Khinchin relation

(11)

This function makes possible an estimate of the amount of noise in
the power density spectrum of the random signal. Next we calculated
the raw spectral density function as the Fourier transform of the

autocovariance function C, (Wiener-Khinchin relation)

, m—1 , T ,
U, =Cy+ 2; c, cos(ﬁq) +(=1)C,

q=

0<r<m. (12)

These values of the power density spectrum were then smoothed ac-
cording to the Hanning method as follows

1,1
Vo =5Uo +5Us;
1 1.1 13
Vy=gUrq+5Ur+ 53U, 1<r<m—1; (13)
1 1
Vi =5Un1 +5Up.

These can then be corrected both for prewhitening and for the
corrected mean by forming

Vo

0 g3 n—m’

W, ==L, 1<r<m-—1, (14)
&r
_Va

m g2m71/37

as smoothed estimates of the power density. The smoothing by
Egs. (13) and (14) was also performed on the function R;. Fig. 25 is a
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good example for applying this computation to calculate autocovariance
functions and power spectra.

Since the connection between the periodically changing ATP con-
centration and the oscillation of metabolism-dependent, electrogenic
ion pumps is still uncovered, a physicochemical membrane model in-
volving active pump processes was applied [220]. In this model, the
mean stationary activation energies of an ion species i are given by

) Ayl
Ay (V) = —————=5, (15)
1+ {g(v vb)}

with 0 = 0;and V, = Vy,; for all i, where V is the membrane potential, V},
the potential, for which all supposed “membrane channels” are open,
and oF/RT a proportionality factor including the Faraday constant F,
the gas constant R and the absolute temperature T. A,{ ? are the maxi-
mum activation energies, which are independent of the membrane po-
tential. In the case of a metabolism, which renders energy periodically,
the active outward transport of Na™ ions and the active inward trans-
port of K ions are directly subject to these oscillations by means of
the Na*/K"-ATPase. Therefore, the stationary activation energies had
to be formulated as functions of the rhythmic changes in ATP concentra-
tion ATP(t)

A0 atp(e))

7'()
Ay (v, ATP() = — i
1+ {%(V—Vb)}

(16a)

for the energy used for outward or inward transport, respectively, and
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Fig. 26. (A) Oscillation of Na™, K and total ion current in vascular smooth muscle cells in-
duced by driving the active, electrogenic ion pumps by oscillating ATP(t). The computa-
tions are based on the physicochemical membrane model described above [220].
(B) Corresponding membrane potential oscillation with a period duration of 34 s and an
amplitude of +2.5 mV (from [210]).

for the ATP independent diffusion into the intracellular or extracellular
space with
A0 @atp(e)) =AL) +ay-ATP(t), gy = const. (160)
If the active, electrogenic ion pumps are driven by oscillating ATP(t),
one observes a corresponding rhythm in ionic currents and membrane
potential, which was similar to the experimental findings. Fig. 26A
shows that membrane hyperpolarization is due to a net outward cur-
rent of positive charge carriers (I;). Initially, the outward current is
caused by a strong decrease of the inwardly directed Iy,, later by the re-
versal of the Na™ current in an outward direction. Positive Na* current
means a predominance of the active Na* outward transport over
the passive Na' inward diffusion. Thus, the time course of the Na™
pump current is decisive for the hyperpolarizing phase of the mem-
brane potential oscillation (Fig. 26B), as is also evident from the flux
measurements.

5.2.2.3. Oscillatory control point: flow sensor conformation. Reportedly, we
were successful in investigating the effects of electrolytes on the interfa-
cial behaviour of the flow sensor by ellipsometric techniques [186,221].
Upon application of a 1.25 mmol/L [Ca®*], solution, measuring of
HS-PG yielded a shortening of the macromolecule by 8.9 nm (—23%),
whereas Na™ ions effected a molecular elongation by 13.7 nm (+ 35%)
(Fig. 27). The Ca®"-induced contraction leads to a decrease in Na*
binding, and the Na*-induced extension to a promotion of Na™ binding.
This means that Na™ ions amplify the sensitivity of the flow sensor for
Na™ in an autocatalytic process. On the other hand, Ca>* ions impair
the sensitivity of the sensor to bind Na* [75].

Since both the voltage-gated Na™ channel and the Na*/K™-ATPase
are roofed over as by an umbrella through heparan sulfate proteoglycan
[76,189], the Na* concentration close to the macromolecule may be
changed by an increased activity of the electrogenic ion pump. Such a
‘Na™ jump’ (4 135.4 mmol/L) extends the 110.7 nm long flow sensor
effectively by 10.4 nm (transient change 56.5 nm = 51% of total length),
whereby the viscoelastic helical spring resets itself to the new length
via strongly damped oscillations with a period duration of 47.4 & 5.7 s
(n = 3) (Fig. 28B). When the system is strained through a further
Na™ jump, the period duration of the reactive fluctuations in flow sen-
sor length decreases to 27.9 4+ 1.6 s (n = 3). Thus, ongoing rhythmic
activity of the Nat/K™-ATPase can generate undamped oscillations
in sensor length dependent on Na™ binding, which themselves may
mutually interact with the self-oscillations of the flow sensor and
could transmit rhythmic fluctuations to the vascular tone via a
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Fig. 27. Adsorbed layer thickness for proteoheparan sulfate (0.1 mg/mL) at methylated sil-
ica from a Na*-, Ca®*- and Mg? *-free K*-Krebs solution (pH 7.25). At the time point
identified by the arrow, Na™ in a physiological concentration of 135.40 mmol/L (®) or
Ca®* in a physiological concentration of 1.25 mmol/L (O), respectively, was added
(from [222]).
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Fig. 28. Adsorption (A) and adsorbed layer thickness (B) of proteoheparan sulfate
(0.1 mg/mL) from Na*-deficient K*-Krebs solution at methylated silica (pH 7.25). The
arrows indicate addition of Na™ to a final concentration of 135.40 mmol/L, corresponding
t0 a Csor (1:1) of 155.85 mmol/L. Cgpor (2:1) was 3.62 mmol/L (from [222]).

membrane hyper- or depolarization and an oscillatory stimulation of ni-
tric oxide synthase [222].

Our ellipsometric, surface force and 2>Na™ nuclear magnetic reso-
nance measurements confirmed that the integral membrane, hybrid
HS/CS proteoglycan syndecan of functioning endothelial cells and/or
the basement membrane and matrix HS-PG perlecan of vessel walls
represent the mechanochemical and mechanoelectrical transducer in
shear-stress-dependent vascular regulation (Fig. 15) [18,76]. HS-PG is
able to change its conformation both through intervening shear forces
and through the action of cations. The former configurational transition
is based upon the viscoelastic properties of these macromolecules, the
latter upon the anionic polyelectrolyte characteristics. Therefore, the
coil - helix and helix - coil phase conversions seem to be tightly linked
to the protein moiety, while the fine adjustment of the flow sensor
could additionally be determined by the cation composition of its
microenvironment.

The viscoelastic properties of the syndecan/perlecan proteogly-
cans and their rapid reaction by a conformational change of their poly-
electrolyte moiety to alterations of the microenvironmental Na*
concentration are prerequisites for negatively feedback-coupled intra-
molecular configurational transitions, which control the flow-sensitive
vascular adjustment (Fig. 28). Obviously, this system is also capable of
eigenoscillations. When considering the interference of the feedback-
coupled systems ‘Na®/K*-ATPase’ of the vascular smooth muscle

cell and ‘flow sensor’ of the endothelial cell, rhythmic Na™ outward
pumping causes local Na™ concentration changes in the immediate
vicinity of the sensor macromolecules, which react with more or less
Na™ binding. Dependent on the amount of Na* ions bound, the molec-
ular helical spring of the GAG side chains is more or less stretched.
The greater the extension, the higher the oscillation frequency in sen-
sor length. An intensified Na* outward pumping induces a hyperpolar-
ization of the vascular smooth muscle cell membrane [210]. The
augmented Na™ binding to the flow sensor, with subsequent counterion
migration and passage of the voltage-dependent Na™ channel, effects a
depolarization of the endothelial cell membrane, with an increase in
Ca®* open probability [76,223]. This increase in Ca®>* permeability
elicits a Ca?>* inward current into the endothelial cell, stimulation of
the NO-synthase and an augmented nitric oxide formation [224]. The
hyperpolarization of the smooth muscle cell membrane effected by
the pump current, in association with the increased NO release from
the endothelial cells, initiates relaxation of the vascular smooth muscle
cells. As may be easily realized, the time constants and the phase shift
between the individual processes are of decisive importance for
the resulting oscillation. Finally, the rise or fall in the intracellular
ion concentrations (Na™, Ca?") of endothelial and vascular smooth
muscle cells interacts with the enzymatic activity of PFK. This multiply
feedback-coupled network of rhythmic capable systems can create the
periodic events in the cardiovascular system (slow waves, pacemaker
potential) and, furthermore, provides a plausible explanation for their
causal origin.

5.2.3. Synchronization, conduction, and functional significance of oscillatory
activity

The detection of electromechanical slow waves and vasomotion pre-
supposes synchronization in cellular and subcellular events. Even if the
PFK and Na*/K*-ATPase molecules all oscillate at the same frequency,
their mutual phase relationship has to be synchronous to be able to
collect a uniform signal. Frequency entrainment and phase synchroniza-
tion ensue by varying a force, such as pressure or an electric field [216].
A prerequisite is that both the conformational states of the enzyme
differ in a displacement such as volume or dipole moment. Even the
secondary structure of the oscillator molecules in question can have a
dipole moment.

Dealing with a population of closely interconnected cells, each one of
which is capable of sustained oscillations in membrane potential, the
next question to ask is whether synchronization among the single ele-
ments takes place and what role it plays in intercellular communication.
Using the technique of harmonic balance [225] in the analysis of a set of
mutually coupled, nearly sinusoidal Van der Pol oscillators [226]

X—c(az—xz) X+ oh x=0 (17)

with a small non-linearity parameter c, Linkens [227] presented the
analytical solution. Dealing with a chain of n mutually coupled oscilla-
tors, it is assumed that the kth oscillator in the chain is coupled to the
preceding and succeeding element by a coupling factor \,. Then the
kth oscillator is represented by

. . . 2 .
X+ M Xpewr +Nq X g _Ck(l_xk> (R N X + Ny Xe—)
+op x,=0 (18)

To answer the question of frequency entrainment, Rosenbrock's hill-
climbing routine [228] was applied to the minimizing procedure sug-
gested by Linkens [227]. Drawing the starting values of amplitudes
and frequencies from a normal distribution with means and variances
of physiological significance by a random procedure and dealing
with phase shifts, which are equally distributed, in all cases synchroni-
zation was observed. Table 3 shows the frequency entrainment in a
6-oscillator chain, where the results for frequency, amplitude and
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Table 3

Entrainment in a 6-oscillator chain using hill-climbing routine (from [210]).
Step number 675 (Minimum)
Hill value 03712
Entrained frequency 0.155 rad/s
Oscillator number Frequency [rad/s] Amplitude [mV] Phase angle [rad]

Step no. 370 Step no. 675 Step no. 370 Step no. 675 Step no. 370 Step no. 675

1 0.201 0.155 4415 4335 0.030 0.021
2 0.127 0.154 4951 4.835 0.012 0.007
3 0.178 0.155 2.709 2.623 —0.019 —0.015
4 0.118 0.154 5.920 4.627 0.012 0.011
5 0.212 0.156 4314 4548 —0.028 —0.022
6 0.160 0.155 2913 2.835 —0.015 —0.008

phase angle are summarized in an intermediate step (step no. 370), as
well as in the minimum. The frequency synchronization is excellent,
the phase angle is in the scope of 4-1.3°. Generally, the entrained fre-
quency was found to be in the range of the oscillator with a medium pe-
riod duration in the chain before coupling. In the present case the period
duration after synchronization is 41 s, in agreement with the flux and
potential oscillations in vascular smooth muscle. It remains for future
experimental and theoretical studies to obtain a physiological interpre-
tation of coupling parameter N in terms of both time and space constant,
and cytoplasm and membrane resistance. Only then a complete descrip-
tion of the dynamic membrane properties of obligate spontaneously
rhythmic organs of the cardiovascular system (vascular smooth muscle,
cardiac sinus node) is possible.

Synchronized potential waves spread from one cell to the next via
the gap junctions. If the vascular smooth muscle cells contract synchro-
nously, the blood vessel experiences periodic variations in diameter.
Slow waves or vasomotion are created from a peripheral, functioning
vascular system. What is the significance of this vasomotion? Is it an
epiphenomenon or a crucial point in coordination? The significance
of the oscillatory events in the cardiovascular system is found in the
spatial and temporal synchronization of the cells, in metabolic energy
saving, and in the constant readiness of the vessels to adapt to changing

circulation requirements. The precise control of the resistance vessels
to permit minute changes in flow requires contraction in concert with
adjacent cells. An essential property of vascular smooth muscle cells is
a marked ability to cooperate. Intercellular communication is reflected
by the coordinated, periodic contraction of arterioles, a central aspect
of their behaviour. Cell-cell coupling is the crucial point in this coordi-
nation and perhaps in the adjustment of vascular resistance. Moreover,
periodic vasomotion in terminal arterioles is decrementally conducted
upstream to larger vessels, which integrate input from many branches
[165].

This intervention of vascular rhythmicity in the circulatory regula-
tion through synchronization and conduction is supplemented by the
phase dependence of effector actions, e.g., of an autonomic nervous
impulse (Fig. 29). The result of sympathetic or any effector interference
depends on the phase of the spontaneous contraction-dilatation cycle.
This rhythmicity guarantees a particularly fast vascular reaction within
a few seconds [204] to satisfy both general and local demands in
most situations, predominantly in states of emergency. Adaptation to
changed circulatory requirements can be performed more rapidly
from an oscillating than from a stationary system. Moreover, it has ad-
vantages in terms of metabolic energy cost. From the clinical point of
view, a changed vasomotion might present an additional pathogenetic

15 30
Time[s)

Fig. 29. Oscillations of resistance in an isolated perfused skin area of a dog. (A) Spontaneous fluctuations. (B) During single stimulation of the vasoconstrictor nerve at various phases of
resistance increase. (C) During a short impulse series to the vasoconstrictor nerve of a spontaneously rhythmic vessel (from [204]).
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factor, e.g., in diabetic microangiopathy and arterial hypertension. Large
and small flow motion waves were found in patients with arterial occlu-
sive disease. The prevalence of small waves increases with more severe
ischemia. Thus, the analysis of oscillatory activity may gain diagnostic
and prognostic significance.

In conclusion, it should be emphasized that under normal conditions
the various vascular-regulatory effector influences are interwoven in a
dynamic, and not a static circulatory system. The reaction of a smooth
muscle cell is thus reflected only incompletely by the stationary activa-
tion curve “developed tension versus membrane potential”. The missing
time domain is a reflection of our as yet limited understanding of the
system's behaviour in space and time.

6. Scaffolding basal laminae, an intricate network of the
extracellular matrix

The preceding sections and paragraph 3.3 have shown that proteo-
glycans are biopolymers which participate in the organization of the ex-
tracellular connective tissue matrix and influence the structure
and function of the cell membrane [7,169]. The physicochemical and
functional properties of the proteoglycans are mainly due to their
amphiphilicity and anionic polyelectrolyte character. Proteoglycans
and HA are highly viscoelastic in solution [189], and they have a large
hydrodynamic radius [8]. Furthermore, they interact with cations, albeit
in a rather complex manner. From a physicochemical standpoint, this
interplay is highly complicated and influences fundamental cell and
organ functions.

6.1. Ionic microenvironment of cells

For example, in the vascular wall about 65% of the cations are struc-
turally bound mainly to these biopolyelectrolytes, which comprise
only 1% of the connective tissue. The basic significance of this large,
extracellular cation pool becomes clear not only with respect to tissue
hydration, but also upon consideration of ion activities close to the cell
membrane. These depend on the ion-binding properties of proteogly-
can and free GAG chain polyelectrolytes in the extracellular matrices
and basement membranes that form a tight-fitting sheath around the
plasma membrane of muscle and Schwann cells and underlie epithelial
and endothelial cell sheets and tubes. Under nonstationary conditions, a
release of cations from or an adsorption to the polyanionic macromole-
cules can transiently lead to fast and drastic activity changes in these
tiny extracellular tissue compartments between cell membrane, base-
ment membrane, and the connective tissue fibres. In the discussion of
the time courses, we shall see that in this situation with an unstirred
layer there is no a priori reason for expecting the extracellular cleft K*
concentration [K™]. to be equal to the bulk phase K™ concentration
[K*]o [229]. Ion activity changes in the microenvironment of cells influ-
ence transmembrane ionic currents and membrane potential of these
cells and/or sympathetic nerve endings located in the extracellular
matrices.

6.1.1. Mechanisms of cation binding

The fixed ionized groups of connective tissue structures bind coun-
terions to maintain electroneutrality [230]. Thermodynamic parameters
such as exchange rates and osmotic, activity, or diffusion coefficients are
differently influenced depending on the binding type:

« “Diffuse” or “statistical” binding [231],
« Electrostatic counterion binding [232,233],
* “Specific” ion binding [231].

Diffuse or statistical binding originates from the electrostatic inter-
action of fixed and mobile charges. Polyelectrolytes whose analytical
charge density exceeds a critical value display unique electrostatic

binding phenomena (“free”, “uncondensed”, “condensed” counterions)
[232,233]. The quantitative determination of this polyelectrolyte effect

in statistical-mechanical models is possible for simple systems. Basical-
ly, they allow neither “specific binding” to discrete sites with spatiotem-
poral allocation of the bound cations nor ion selectivity [181,230,234].
Finally, counterions can enter into a complex bond with discrete sites
of polyelectrolytes [231]. Thus, the stereochemical alignment of polar
and ionized groups close to the sites, their concordance with the coordi-
nation geometry favoured by the counterions, and changes in hydration
during binding play a role, as do charge density, distribution of the poly-
electrolytes, and the charge of the counterions. Even distinct neutral
sugars can form complexes of considerable stability with mono- and
divalent inorganic cations when the arrangement of several hydroxyl
groups upon displacement of water molecules from the hydrational
shell of the cation corresponds to the coordination domain of the cation
[235]. This concordance is known for the alignment axial - equatorial -
axial in the pyranose ring and ions with a Pauling crystal radius close to
0.1 nm (Na™, 0.095 nm; Ca®>", 0.065 nm) [236].

6.1.2.22Na™ and ° K™ NMR theory in ion binding

The quadrupole relaxation method for 22Na™ and 3° K™ under ex-
treme narrowing and non-extreme narrowing conditions can constitute
a very general experimental approach to the problem of ion binding
in biological systems [2]. 22Na* and *K™ have a spin quantum number
I = 3/2. In aqueous solution its nuclear magnetic relaxation is domi-
nated by quadrupole effects. Under extreme narrowing conditions
(0Te << 1),22Na™ and 39K rates of relaxation may be written [2]:

2‘1'[2 2

R1:R2:?'X “Te (19)

Here R; and R, are the longitudinal and transverse relaxation rates,
respectively, y (=e?qQ/h) the quadrupolar coupling constant, and T,
the correlation time for the fluctuation of the electric field gradient at
the position of the nucleus.

Normally, the sodium and potassium ions exchange rapidly
(compared to relaxation) between different states in a solution [177].
If only two states are considered, namely free (F) and bound (B) ions,
the observed relaxation rate, Rypq, iS

Robsa = PrRE + PRy (20)

where pg and pg are the fraction of free and bound ions, respectively.
Under certain conditions (for example where pg = 1 or the same molec-
ular motion contributes equally to relaxation in the free and bound
state) pr R may be replaced by Ry, i.e., the relaxation rate in dilute
aqueous solution of a simple electrolyte. In such a case it is useful to de-
fine the excess relaxation as Rex = Ropsq — Ro, and with this notation,
Eq. (20) becomes

Rex = pBRB (21)

In polyelectrolyte systems it has been found that the extreme
narrowing conditions are not always fulfilled. It has been demonstrated
by Hubbard [237] that the time dependence of the magnetization - both
longitudinal and transverse — cannot be described by a single exponen-
tial for nuclei with I > 1. In the case of spin I = 3/2, each magnetization
will decay with two exponentials, for a spin 5/2 with three exponentials
and for a nucleus with spin 7/2 with 4 exponentials [237].

The relaxation equations for non-extreme narrowing conditions for
sodium and potassium (I = 3/2) involved in chemical exchange, have
been worked out by Bull [238]. The general expressions are rather com-
plex and we shall in the following consider only the case where the
chemical exchange is rapid in comparison with the fastest decaying
component of magnetization. Then, in a two state situation the longitu-
dinal magnetization will follow the equation

My (6)=Myo = (ML(0)=My,) - (0.2¢™"" 08¢ ™) (22)
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and the transverse magnetization in a coordinate system rotating at the
resonance frequency follows the equation

M (t) = M7(0) - (o.eefb" + 0.4e*b2‘) (23)
where

@y =P Re+Pp/T1 fast (24)
ay =P Re + Pp/T1 slow (25)
by =pg - Re +Pp/Tofast (26)
by =pr - R+ Pp/Tsiow (27)

The symbols pg, Ry and pg have been defined above and the T's are
given by

2

/T ot = 2% o1/ (14 0™T2) (28)
1T gow = ¥ o e/ (1+40%1) (29)
/T s :";4;(2 7o (141/(1+0%77)) (30)
ULy =5 27 (11 +40°2) 1/ (15 0752)) D)

If o7 is not much greater than unity (in practice < 1.5), then
Egs. (22) and (23) can, through a logarithmic linearization, be approxi-
mated as single exponentials with time constants given by

02 08 ) 32)

R, =pgR _—
! Prete =Py <T1.fast T1.slow

R, = pgR _—
2 pF F+pB <T2.fast T2,slow

06 04 ) 33)

where R{(=1/T;) and Ry(=1/T,) are the longitudinal and transverse
relaxation rates, respectively. The appearance of the high resolution
NMR spectrum under non-extreme narrowing conditions can be ob-
tained by taking the Fourier transform of Eq. (23). The signal is a super-
position of two Lorentzians with the same resonance frequency
but with the line-widths corresponding to the two relaxation rates b,
and b,.

6.1.2.1. Determination of correlation times. When extreme narrowing
conditions are prevalent (w7, < 1) it is not possible to determine the
correlation time from observed relaxation rates of quadrupolar ions un-
less the value of the product pgy? is known. When, however, ot or
rather (wT.)?, is non-negligible in comparison with unity it becomes
possible to determine 7. without knowledge of pgy?. At least three
ways for doing this are practicable. Through an analysis of the decay
of the non-exponential transverse magnetization, or by fitting the
high resolution spectrum to two Lorentzians, the two rate constants by
and b, of Eq. (23) may be obtained. Subtracting R, (or in some cases
PeRr) from each of the rate constants, we can calculate [239]:

bRy 1+1/(1+m2T§)
b,—Ry  1/(1+0?72) +1/(1 + 40?72)

R
ARZ _ 2 fast _ (34)
Rz‘slow
where AR; is a function of only T..
If we are in the region where the decay of magnetization is vir-
tually exponential but the relaxation rates R; and R, are unequal

(i.e., 0.2 < o7 < 1.5) we can use the linearized expressions of
Egs. (32) and (33) to calculate [2]:

1.6 0.4
T\ _Ri—Ry  1+40%12 1+t
A(T_1> “RRy gg, 04 1 (35)
T 1440?72 1+ 0?12

which also is a function only of wT.. After some transformations we
obtain [7,9,169,240]:

1 2 0.8 0.2
R — - —p.R 2 36
17T, PeRE+DPp 5 X TC<1+4032T§+1+0)2T§> (36)

1 T[2 2 1 04
R,—— —p.R — .y .1.[06 37
277, PeRe+pp5 - X c< +1+w273+1+4w2T§> (37)

As the relaxation rates can be measured directly, Ry ,,, can be deter-
mined by means of Eq. (21), and thus the term pgRr can be eliminated
from Egs. (36) and (37). Now, two equations with only two unknown
quantities, pgy? and T, result, which can easily be resolved for 7.
When 7. is known, pgy? can be calculated by renewed insertion in
Egs. (36) or (37). For a separation of pg and y, further considerations
are needed.

6.1.2.2. Affinity and dissociation constants. With continuing dilution,
equal for CS-P and Na™, the 2>Na* relaxation rate decreases until it
reaches the value for free Na™ ions (Fig. 30). The purpose of such a dilu-
tion experiment is to be able to determine the specific Na* affinity con-
stants and relaxation rates [11]. These data are required for a parameter
reduction in the calculation of affinity constants, e.g., for K™ and Ca®™, in
much more complicated competition experiments. The observed 2>Na™
relaxation rate, Ropsq, depends on the relaxation at the various binding
sites which the ligand Na™ can occupy. With a fast exchange between
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Fig. 30. The *Na™ relaxation rate, R, [s~'], as function of the Na™ concentration in
aqueous solutions of CS-P during a dilution experiment (from [11]).
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the binding sites, Rypsq is the weighted average of the individual relaxa-
tion rates; the weighting factors are the fractional concentrations

Ropsa = PERE + Z PiR;, (38)
i

where Rr = relaxation rate of the free ligand; R; = relaxation rate for
binding at site i; pr = fractional concentration of free ligands; p; = frac-
tional concentration of ligand bound to site i. If one takes a mono-
meric unit of CS, then the ligand can associate with the substrate
at two binding sites (carboxylate and sulfate groups) with relaxa-
tion rates Ry and R».

L LS LS
Rapsa = - R + 1) g, 4 (P2 g, (39)
L L L

where [L] = concentration of the free ligand; [LS;], [LS2] = con-
centrations of the ligands bound to sites 1 and 2; ¢, = total concen-
tration of the ligand. The concentrations of the free and bound
ligands are connected through their dissociation equilibria

WS LS
K =Tis o= 40)
and

¢ = [+ [LS,] + [LSy) (41)
¢ = 15,] + [LSy] (42)

These relations can be utilized to find [LS;] and [LS;] as functions of
[L] and the dissociation constants. From these equations one gets an
equation of the third order in [L]

L + [LP{cs + (cs—cp) + (Ky +Ko)} + U] (43)
{(cs—c)(K; +Ky) + KKy} — K K, =0

Writing the solution to this equation as [L] = f(c¢,K,K3) and con-
sidering also that during a dilution experiment the concentration ratio

C . . .
C—S = A remains constant, we arrive at the relaxation rate Ropsq (c1)
L

f(CL7K1;K2)R fle,Kq,Ky) - A
CL P flen K Ky) + K !
f(C]_,K],Kz) A
flen K Ky) + K, 2

Robsd =

(44)

After making a nonlinear least square fit to the curve Rypsq(cL)
in Fig. 30, the ratio of the dissociation constants results as K;: K, =
1:1000. These dissociation constants will be required for the calculation
of K™ and Ca?* dissociation constants in competition experiments.

6.1.2.3. Models for counterion binding to polyelectrolytes. The Debye-
Hiickel theory provides an adequate description of ionic interac-
tions only if each charge is surrounded by charges in spherical sym-
metry and if the electrostatic energy of interaction with a test
charge is much smaller than kT. None of these conditions apply
for extended polyelectrolytes. Several models for counterion bind-
ing to polyelectrolytes have been advanced. Fundamentally, they
are all, with varying degree of sophistication, based on the
Poisson-Boltzmann equation, which provides the means for
obtaining the electrostatic contribution to the total free energy of
the interaction.

In the Manning model [190,232,233], a linear (rodlike) polyelectro-
lyte is approximated by a uniform and continuous line-charge. The key

parameter in the model is the dimensionless linear charge parameter,
defined as

e2

&= €gokTh (45)
where e?/(egokT) is equal to the classical “Bjerrum length”, and b is the
average spacing of the projection of the charged groups on the polyion
onto the axis of the fully extended polyion. The Manning theory states
that for values of € less than €. = |Z| ™!, where |Z| is the valency of
the counterions (corresponding to a b > 0.7135 nm for monovalent
charges in aqueous solution at room temperature), the interaction of
the counterions with the polyion may be treated in the Debye-Hiickel
approximation for dilute solutions. When, however, § exceeds €, the
polyion-counterion interaction will become so strong that counterions
will “condense” on the polyion so as to effectively reduce the value
of € down to ;. The uncondensed counterions may again be treated
in the Debye-Hiickel approximation. The concept of “counterion
condensation” was originally introduced by Imai, Ohnishi and Oosawa
[241,242]. The predictions from the Manning theory in the case of a
polyelectrolyte solution with no added electrolytes are that the fraction
of “condensed” counterions p. (=pg) should be given by

pe =1-1/|Z§ (46)

and the fraction of “free” counterions, pr, correspondingly by
pr=1-p. = (1Z|§)" (47)

In the Oosawa model [243], the electrical potential around a poly-
electrolyte is approximated as a step function, with a high potential
(W) close to the polyion and an outer region where the electrical po-
tential (W) is lowered by a certain amount AW (see Fig. 31B). The dis-
tribution of counterions between the two regions is assumed to be
determined by the Boltzmann equation with the exponent —eAW/kT.

In the approach by Katchalsky et al. [244,245], the polyion is treated
as an infinitely long cylinder with a radius, a, and with the polyion
charges smeared out as a continuous charge density, 0, over the surface
of the cylinder (Fig. 31A). The distribution (in cylindrical symmetry) of
counterions outside the polyion is obtained from the Poisson-
Boltzmann equation. This model allows the calculation of the fraction
of counterions inside any cylindrical shell around the cylinder. As
treated by Wennerstrom et al. [246], this model may take into account
differences in polyion structure (variation of a and 0), differentiate be-
tween different counterions (variation of the closest approach to the
cylinder), and, finally, this model may, without any further assump-
tions, be extended to include the effect of added simple electrolytes to
the polyelectrolyte solution.

Much research in the polyelectrolyte field was devoted to the distri-
bution of counterions around a polyion and the testing of theoretical
models like those briefly outlined above. Other problems in the field
concern the type of binding of the “condensed” ions. Here such models
are used simply to demonstrate qualitatively the principal behaviour of
counterion binding to polyelectrolytes in order to aid in the evaluation
of pg and y from NMR results.

6.1.3. Specific ion binding to extracellular matrices

Specific cation binding to anionic GAGs and proteoglycans has been
demonstrated by spectroscopic methods [231]. Sites with high affinity
and selectivity of cation binding were identified apart from diffuse
binding [221,247]. Fig. 32 shows >Na™ NMR relaxation rates obtained
as a function of the ionization degree of the polyanions DS, CS, and HA
[9]. The investigations indicate the feasibility of the method to establish
changes in counterion binding occurring as a result of both changed de-
gree of ionization and changed chemical structure of the GAGs. Since in
this pH titration experiment the correlation time and quadrupole
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Fig. 31. Illustration of two approaches to the description of the electrostatic potential, ¥, outside a polyion. (A) The solution of the Poisson-Boltzmann equation for the case where the
polyion is treated as an infinite cylinder of radius a. (B) The variation of the potential in the simplified Oosawa model. r is the distance from the centre of the polyion (from [177]).

coupling constant did not vary markedly between the different GAGs,
the changes in the 2>Na™ relaxation rate for the three polyelectrolytes
reflect an increase (decrease) in Na™ binding as the rate rises (falls).
These findings were already raised by Lindman et al. [10] in preliminary
joint 2Na™ NMR experiments with a CS-P peptidoglycan. Fig. 33 shows
the relations between the pH, the degree of neutralization and the
23Na relaxation rate. It is not possible to discuss these results in full
but some interesting observations can be made: i) with the usual fast
exchange assumption it is suggested from comparisons of the R; and
R, results that the change in R; at high o (and pH) values is dependent
on a correlation time change and thus some conformational alteration.
The change in R; at neutral pH and below is at least partly due to a
release of Na™ ions with decreasing pH. ii) Comparisons with corre-
sponding data for the pure CS and DS show that the results of Fig. 33
do not constitute a simple sum of the results of the separated compo-
nents. For the purified CS and DS simple sigmoid titration curves were
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Fig. 32. 2>Na™ excess relaxation rates, R,_, as a function of the ‘stoichiometric’ degree of
neutralization, «, for aqueous solutions of dermatan 4-sulfate (1), chondroitin 4-sulfate
(O) and hyaluronate (A). The concentrations are in monomeric units 0.2, 0.2 and
0.05 mol/L, respectively. The Na™ concentrations are for the first two substances
0.3 mol/L and for the hyaluronate 0.075 mol/L (from [5,180]).

obtained in studies of R; as a function of a.. Apparently, the protein con-
tent has a marked effect on the ionic interactions and probably cooper-
ative effects have to be invoked to explain the differences. It should be
noted that in all cases studied marked variations were observed around
physiological pH values (cf. dashed lines in Fig. 33).

It may be mentioned in connection with these results that only the
carboxylate groups were titrated while the sulfate groups stay ionized
and also that as a result of polarity variations and other factors there
may be a considerable spread in the pK values of the carboxylate groups.
Although these 2>Na™ relaxation studies were far from complete they
demonstrated a novel, specific way of probing into ionic interactions
in ion binding compounds from connective tissues. A determination of
the effects of Ca®>™ and Mg?™ ions on the conformation and the Na™
binding is of particular interest.

Also, the speculations about medical significance are valid still today.
Supposing that the Ca>* binding and releasing properties of in vivo pro-
teoglycans are similar to those described for Na™ in CS-P with changing
pH, then an autoregulatory mechanism can be suggested for local blood
perfusion of a tissue area. Changing the pH to tissue acidosis leads to a
release of a certain amount of Ca®™ ions from the connective tissue,
especially from the basal lamina of vascular smooth muscle and endo-
thelial cells. The released Ca®™ increases the Ca®>* concentration in the
small cleft spaces between cell membrane and basal lamina thus possi-
bly effecting a membrane stabilization. The result is a decrease in Py,
and a relative increase in Py, leading to membrane hyperpolarization.
The hyperpolarization causes relaxation of the vascular smooth muscle
cells via electromechanical coupling [10]. The final step is an increase in
tissue perfusion and local blood supply, changing the pH value of
the tissue to normal. Ca®>* ions will be bound again to the high affinity
binding sites. The inverse argumentation can be applied to alkalosis.
Alternatively, Na™ ions released under changes to acidic pH (Fig. 33C)
can pass the endothelial cell membrane, thus mediating a depolariza-
tion [199]. The depolarization increases Pc,, an augmented Ca®™ influx
via nonselective cation channels results and stimulates NO synthase
[161]. NO and coreleased PG, diffuse to the subjacent vascular smooth
muscle cells and elicit here the cascade of cG-PK- and cA-PK-dependent
reactions, including membrane hyperpolarization of the muscle cells.
The resulting flow dilatation reverses the pH to normal. Both these fun-
damental interpretations may be coupled under in vivo conditions.

6.1.3.1. Monovalent ion binding to vascular connective tissue. Since a tight
electromechanical coupling exists in arterial smooth muscle, even small
shifts of the membrane potential are sufficient to change the vascular
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Fig. 33. The pH (A) and ?>Na* relaxation rate, R, (B), as function of the degree of neu-
tralization, o, for aqueous solutions of CS-P at 0.1 mol/L concentration calculated on
carboxylic acid content. The total Na* ion concentration is 0.3 mol/L. (C) Relaxation
rate, Ry, as a function of pH in the presence of CS-P. Dashed lines indicate characteristic
physiological pH values (from [10]).

lumen. The extracellular H™, Na™, K*, Mg?* and Ca®>* concentrations
are important effectors for the adjustment of the membrane potential.
The ion concentrations in the immediate neighbourhood of the cell
membrane can be influenced by the microdynamic binding properties
of the basal lamina and the surrounding extracellular connective tissue
matrices, which are separated from the vascular smooth muscle cell
membranes by tiny cleft spaces. These structures display a high binding
capacity for small cations which has been ascribed to the presence of

polyanionic proteoglycans [248]. Fig. 34A shows K™ binding curves for
normal and Ca?-free Krebs solutions as well as for a 4.7 mmol/L KCl so-
lution. In a normal Krebs solution, the K* binding increases with in-
creasing pH and attains a maximum at pH = 6.8. Surprisingly, it
decreases in the basic pH range, which is a most remarkable fact for a
pH-dependent cation binding curve [11,248]. Before an explanation
for this behaviour is given, the significance of the K* binding curve
shall be discussed. Following transition from pH 7.3 to 6.8, 0.64 mmol
K*/kg fibre wt. are bound to connective tissue structures, while
1.52 mmol K*/kg fibre wt. are released upon transition from pH 7.3
to 7.8. Application of a simple geometric model, which considers the
narrow cleft spaces between cell membrane, basal lamina and connec-
tive tissue fibres, can lead to a reduction of the K™ concentration in
the cleft spaces to %5 to V2 in the first case, in the latter case to an increase
to the double to triple of its normal value. Extracellular accumulation of
K™ would lead to membrane depolarization of smooth muscle cells
and sympathetic nerve fibres located at the adventitia-media boundary,
and thus to contraction, depletion of K™ to hyperpolarization with
vasodilatation.

The K* binding characteristic in a Ca®>*-free Krebs solution explains
the unusual course of the K* binding curve under normal conditions.
Comparing both curves, one can immediately conclude that the de-
crease of K* binding in the basic pH range for normal Krebs solution
must be attributed to Ca%>* competition. The Ca®>™ competition is least
pronounced between pH 6 and 7. Therefore, the result of a Ca®*-free
Krebs solution is a simple sigmoid K* titration curve. Furthermore, the
regulating role of K* ions on the membrane potential is abolished by
flattening its binding characteristic, since the K* binding at pH = 7.4
has reached a steady state value.

Incubating vascular connective tissue in a 4.7 mmol/L KCI solution,
we found a pH-dependent K* binding characteristic similar in principle
to the K* binding curve in Ca?*-free Krebs solution. Also in this KCl so-
lution, which contains KCl in physiological concentration but is free of
Ca®* and has a considerably diminished ionic strength in comparison
to blood, a sigmoid K* titration curve was determined. Although there
is no competition by other counterions, the binding curve lies distinctly
below that in Ca®*-free Krebs solution. Physicochemically, there is
the possibility of an ‘occlusion’ of unspecific and specific sites by their
steric arrangement within a polyelectrolyte system [181]. Thus, the
site-bearing proteoglycans embedded in a fine collagen and laminin
mesh-work could be excluded from the fast cation exchange with in-
creasing ‘felting’ by aggregation of collagen and laminin molecules
with each other and with the proteoglycans. Increasing macromolecular
interactions with decreasing ionic strength of the incubation medium
are well-known [231,249-251].

Fig. 35 illustrates “?K* washout curves for 0.47 mmol/L and
4.7 mmol/L KCI solutions, respectively. Under the assumption of three
compartments (K™ efflux from tissue water and from two binding
sites) a triple-exponential decay curve has been fitted iteratively
to the measured values with the aid of a nonlinear least square fit
(thin-traced lines) [215]. The three amplitudes and rate constants of
the e-functions were calculated. The same procedure was applied for
calculation of the affinity constants of Na* and Mg?™" ions. For example,
28Mg?* washout curves in a 1.1 mmol/L and 11 mmol/L MgCl, solution
show that the Mg?™ exchange runs slower than the K™ exchange, the
curves are flatter. Amplitudes and rate constants were computed. In a
compartment model, in which the binding sites S; and S, exchange
via tissue water and also directly with the washout fluid, the quantity
of the compartments as well as the kinetic coefficients can be calculated
utilizing the amplitudes and rate constants. With the knowledge of the
compartments and kinetic coefficients the affinity constants for S; and
S, were computed after having solved a set of reaction kinetic equations
which describe the binding of the ligand to these sites. The numerical
results of the 2*Na™, K™ and 2®Mg?" flux experiments are summa-
rized in Table 4 [198,252]. One notices that the log K, values for S;
and S,, respectively, are nearly equal for both the ion species K* and
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Fig. 34. (A) K™ binding of isolated adventitial connective tissue from the canine carotid artery as a function of the pH of a normal (O) and a Ca?*-free Krebs solution ([J) as well as
of a 4.7 mmol/L KCI solution (A). (B) Na™ (O), Mg?* (A) and Ca?* binding ([J) as a function of the K™ concentration in aqueous solutions. (C) Na*™ (O), K* (A) and Ca®>* binding ([)
as a function of the MgCl, concentration in aqueous solutions. (D) K* (O; ®) and Mg?* binding ([]; W) as a function of the pH of Krebs solutions with 0.11 mmol/L (O; [J) or

1.1 mmol/L Mg?* concentration (®@; M) (from [248,252]).

Mg? ™", where S, binds stronger than S;. Thus, these data are in excellent
agreement with competition experiments from NMR investigations
on CS-P.

The competitive effect of K* ions can be demonstrated as clearly in
the 42K™ flux experiments, in which the vascular connective tissue
was incubated in pure KCI solutions for hours, and after which
the ionic concentrations were determined by atomic absorption spec-
troscopy. Fig. 34B illustrates the competitive effect of bound K* on the
remainder ions in the tissue. The Na* binding is reduced strongest
with increasing K concentration. But Mg?™ and Ca?* binding decrease
clearly as well. The competitive effect of increasing the Mg " concentra-
tion on Na™ and Ca?* binding is easily recognizable from Fig. 34C. Na™
and Ca®™ binding curves decrease steadily. After having seen that K™
and Mg?* ions compete for the same binding sites, the significant
increase in K™ binding in correspondence to the increase of Mg2™ is
at first a surprising finding. A cooperative binding of K* ions with
an increase in Mg? ™ binding can be offered as an explanation. Before
one enters into a possible cooperative interaction between Mg2™
and K™ binding, the effect of a normal Mg?* concentration on the

pH-dependent K™ binding had to be investigated. As already men-
tioned, we measured the binding of various cations in Krebs solutions
with Mg?™ concentrations of 0.11 and 1.1 mmol/L, respectively. In
Fig. 34D, the Mg?" and K" binding is represented. An elevation
from 0.11 to 1.1 mmol/L of the Mg?* concentration of the Krebs solu-
tion causes an increase of bound Mg?* as well. Correlated to this, both
an increase of bound K™ over the entire pH range and a flattening of
the K™ binding characteristic were found. This means physiologically
that Mg?™ ions amplify K* binding to the proteoglycans and thereby
accelerate the decrease of the K™ concentration in extracellular
cleft spaces. This leads to hyperpolarization of the smooth muscle
cell membrane and thus to vasodilatation. When we remember the
experiments in a Ca®"-free Krebs solution (Fig. 34A), we can finally
conclude that a rise in K* binding as well as a flattening of the pH-
dependent K* binding characteristic can be effected by a decrease of
the extracellular Ca®>" concentration and/or by an increase of the ex-
ternal Mg?™ concentration. Apparently, in this way the extracellular
K™ concentration in the narrow tissue clefts between cell and base-
ment membranes is carefully controlled by nature.
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Fig. 35. 2K efflux of isolated adventitial connective tissue from canine carotid artery ac-
cording to the direct method. The graph shows the time course of radioactive K* decrease
within the preparation at intervals of 10 s in single experiments for 0.469 mmol/L (®) and
4.69 mmol/L (O) K™ solutions, respectively. The thicker-traced lines represent the opti-
mal triple-exponential functions found by computer fitting (from [248]).

6.1.3.2. Affinity constants of vascular connective tissue. As already
outlined, in order to determine global affinity constants for in vivo vas-
cular connective tissue, tracer efflux experiments were designed, which
would supply us with the amplitudes and rate constants for calculating
affinity constants (cf. Fig. 35). Isolated adventitial connective tissue was
used as a polyelectrolyte, and 2*Na™, 42K or 28Mg?™ as counterions in
three different concentrations [248]. Each series of flux experiments
with one cation species resulted in equal and mutually uniform kinetic
coefficients for the slower exchange fractions. The kinetic coefficients
are an expression of the exchange deceleration by chemical binding
and the affinity of binding sites. The homogeneity of the kinetic coeffi-
cients under the various experimental conditions shows that the nega-
tively charged groups in the preparations after Na*, K™ or Mg?™
accumulation can be subdivided into few classes of binding sites with
uniform intrinsic affinity constants. The result of these flux experiments
is summarized in Table 4. One notices that the log K, values for S;; and
Si.2, respectively, are nearly equal for both the ion species K™ and Mg?™,
where S;, binds more strongly than S;;. Also the total number of
binding sites for K™ and Mg?™ ions is nearly identical. This means that
K* and Mg?" ions with equal affinities strongly compete for the same
molecular sites. In general, the log K, values are between 1.8 and 3.7
indicating binding sites with high affinity and selectivity for cation
binding. Computer models for chain association in proteoglycans [253]

Table 4
Binding site S;j, affinity constant K, and concentration of sites [S;;] of canine arterial
vascular connective tissue for the cation species Na*, K™ and Mg?* (from [252]).

Sij Ka logKa [Si] S[Si]
[L/mol] [mmol/kg fibre wt.] [meq/kg fibre wt.|

SNa1 4522 3.66 0.850 2.176

SNa2 58 1.76 1326

Sk1 365 2.56 13.940 16.068

Sk2 1009 3.00 2.128

Smg1 559 2.75 6.407 15.672

Smg2 3177 3.50 1429

define binding sites formed by several ionized and hydroxyl groups,
with a striking structural analogy to crown ethers [231]. These are
strong and selective complexing agents whose affinity constant for K
is typically between log Ka 0.6 and 2.2 [254].

Affinity constants of logKx 1.5-2 L/mol were found for Ca®>* com-
plexes of uronic acid monomers, whereby the galacturonate com-
plexes are more stable than the glucuronate complexes [255,256].
The behaviour of these proteoglycan units can be observed again in
isolated anionic polysaccharides in aqueous solutions. Alginates, poly-
meric compounds of b-mannuronic and L-guluronic acid, have a high
binding affinity and selectivity for alkali metal and alkaline earth
metal ions [235]. The content of L-guluronic acid that contains an ax-
eq-ax configuration of hydroxyl groups is decisive for cation binding
favouring Na* and Ca®*. The analogy to the cation binding being stron-
ger in DS than in CS is striking (see Fig. 32), the C-5 epimeric uronic acid
moieties (L-iduronic acid versus p-glucuronic acid) of which correspond
to the C-2 epimers of L-guluronic acid versus p-mannuronic acid
[247,249]. Since DS and CS have different cylinder radii due to the
axial and equatorial carboxylates, respectively, the Katchalsky approach
confirms the different counterion binding in the two substances [245]. It
may be recalled that both DS and CS have one ionizable group on each
monosaccharide unit and that these are alternatively sulfate and car-
boxylate groups in different positions. HA, which has much longer
chains than the others, has a carboxylate group on every second mono-
saccharide unit and no sulfate group.

Ion binding with high affinity and specificity to the extracellular
matrix polyanions is intricately dependent on secondary and tertiary
structure [253,257,258]. An electrostatic interaction according to statis-
tical binding with or without polyelectrolyte effect (counterion con-
densation) between the cations and the anionic moieties fixed on
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Fig. 36. K™ (O) [n = 8] and Mg " ([) [n = 9] of isolated adventitial connective tissue of
the canine carotid artery after a 3 h incubation in pure aqueous MgCl, solution at pH 7.0
(from [252]).
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connective tissue structures cannot completely account for the high af-
finity. Unlike collagen and elastin, the proteoglycans are available for
complexation with small cations. lonized and polar groups of several
GAG chains can participate in the formation of single sites when mobile
cations shield the negative fixed charges and thus allow their chains to
be approached [259,260]. Thus, chain association in proteoglycans can
form binding sites of distinctive structural analogy to crown ethers
bounded by several hydroxyl and ionized groups [231,258]. These
macrocyclic polyethers are strong and selective complexing agents.

6.1.3.3. Divalent ion binding to vascular connective tissue. Investigating
the mode of interaction of various counterions (Na™, K*, Mg?*, Ca?*)
with native polyanionic vascular connective tissue in dependence on
the concentration of a single cation species, competition is found in all
cases but two: a rise of the external Mg?* (Ca?™) concentration leads
not only to an enhanced Mg?™ (Ca%™), but also to an increased K™
(Na™) binding. Consequently, the K* binding was inspected more
closely for a wide range of Mg?" concentrations (Fig. 36). In pure
MgCl, solutions the K™ binding increases continuously in a low Mg?™
concentration range [248], then increases steeply between 15 and
20 mmol/L, and finally decreases gradually after saturation. The initial
rise of K* adsorption can be explained by a steady augmentation of
K™ binding sites with increasing ionic strength, and thus a more effec-
tive shielding by mobile cations of the high charge density of fixed an-
ionic groups of GAG chains. This effect promotes an association of GAG
chains whose share in the generation of specific sites of high affinity
was suggested [231,249,253]. However, the steep increment of K+
binding can be attributed only to an allosteric interaction due to further
increasing Mg?* concentrations, the following graded fall probably to a
gradual configurational transition of the macromolecules with
unphysiologic high Mg?* concentrations and ionic strength. Fitting
the measured values to the function

_ a[s]n ) Cmax
Y,(] Fash +b[s]m)+cln[5]+d (48)

results in the following parameters: a = 2.7-10~° (mmol/L)~";
b = 4.5:1073 (mmol/L)™™; ¢ = 0.19 mmol/L; d = 3.61 mmol/L;
n = 6.77; m = 1.07; Cnax = 2.33 mmol/kg. Thus, the HILL coefficient
of cooperative K™ binding is 6.8, the [Mg?™], concentration at half-
maximal velocity S’[0.5] = 18.5 mmol/L (S”[0.5] = 153.7 mmol/L).
When the curves for K™ and Mg?* binding are compared, a distinct
rise of Mg?™ binding is seen already at [Mg?"], = 0.1 mmol/L as well
as a saturation in the same [Mg?*], range, in which the K* binding in-
creases drastically. This relation permits the conclusion that only satu-
ration of all specific Mg?* binding sites leads to the conformational
transitions in the polyanions necessary for a cooperative K* binding.
Finally, it shall be mentioned that the ionic strength of these pure
MgCl, solutions is by no means physiologic. Studies in Krebs solutions
of increasing Mg?™ concentration yielded also cooperative K™ binding
for an [Mg?*], range between 0.3 and 0.8 mmol/L.

Cooperative binding is possible if a conformational change of the
polyelectrolyte takes place via the allosteric effect of a ligand [10].
Monovalent cations are not suitable for such a change of proteoglycan
structure, but rather cations like Mg?* and Ca®* with their two valences
[176]. Stretched in between the side chains of these polyanions, they
can rearrange the whole macromolecular structure. With the help of
NMR techniques, the ability of Mg?* ions in a low concentration range
has been examined to cause such a change in configuration. In Fig. 37,
the 22Na™ excess relaxation rates are plotted versus the Mg?™ concen-
tration of a physiological Krebs solution at pH 7.38 in the presence of a
physiological CS-P concentration. It is highly surprising that R, in-
creases for small additions of MgCl, [cf. 248], and decreases only with
higher Mg?™ concentrations, that is Na™ is expelled from its binding
sites (normal competition). The additional measurement of the longitu-
dinal relaxation rate, R, ,, which exhibits normal competition behaviour,

16 T v
0 2 4 6

Mg?# concentration [mmol/L]

Fig. 37. The >Na™ excess longitudinal ([J) and transverse (O) relaxation rates, Ry, and
R,,,, in dependence on the Mg?™ concentration of a Krebs solution containing 0.1 mol/L
CS-P at pH 7.38. The initial fall of the longitudinal relaxation rate and the initial rise of
the transverse relaxation rate in the range of physiological Mg?* concentrations is indic-
ative of a conformational change of the CS-P macromolecules (from [252]).

gave further evidence for a conformational change of the macromole-
cules, which is indicated by the R,_ increase.

6.1.4. Competitive and allosteric-cooperative binding

Both static and dynamic aspects of reversible binding of mono- and
divalent cations to the polyanions of GAGs, proteoglycans, and connec-
tive tissue matrices have supported the idea of variation in the ionic
microenvironment of cells [7,203]. Changes in physical state variables,
for example, in the pH value, voltage, or osmotic pressure, influence
the bound ion fractions interchanging with the ion concentrations in
the adjacent extracellular crevices. While monovalent cations exert
merely simple competitive behaviour, divalent cations can induce a
conformational transition, specifically changing the affinities for other
ion species. Mg?™ or Ca®* ions cause such a configurational change
in the physiological concentration range which promotes allosteric,
cooperative binding of K* or Na* ions, respectively, to the matrix
polyanions [7,252]. Thus, ion binding in general has to be considered
in terms of concentration, affinity constants, competition, and cooper-
ative effects.

The discussion of mechanisms of cation binding to connective tissue
components abundant in the vascular wall has introduced a completely
new kind of consideration into the field of membrane physiology
of vascular smooth musculature [180]. The ion activities close to
the cell membrane depend on the binding properties of anionic
biopolyelectrolytes of the basement membrane and connective tissue
matrices, which build a tight-fitting sheath around the plasma mem-
brane. Under suitable, non-stationary conditions, a release of cations
from or adsorption to the polyanionic macromolecules can lead to tran-
sient activity changes in these tiny extracellular tissue compartments
between cell membrane, basement membrane and the connective tis-
sue fibres. Such changes may influence transmembrane ionic currents,
membrane potential and mechanical tension development [169].

When the GAGs are bound to their natural protein component
as they are in native vascular connective tissue, then the ion binding
behaviour can be studied under in vivo conditions. 2>Na™ and 3K+
NMR measurements indicate that, while monovalent cations exert
merely competitive interaction, divalent cations induce a conforma-
tional transition changing specifically the affinities for other ion species
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[7,169,176]. Mg2™ or Ca®* ions cause such a configurational change in
the physiologic concentration range which promotes allosteric, cooper-
ative binding of K™ or Na™ ions, respectively, to vascular connective
tissue. In Fig. 14A, the 22Na™ excess relaxation rates are plotted versus
the Ca®* concentration of a Krebs solution at pH 7.3 in the presence of
the counteranions of vascular connective tissue. According to normal
competition, R,,, at first decreases with low Ca®* concentrations up to
0.5 mmol/L. But then R,, increases with further small additions of
CaCl, up to 1.5 mmol/L [180]. Above 1.5 mmol/L Ca>", simple exchange
of bound Na™ with Ca?* was observed. Therefore, as in a CS-P solution,
R, increases drastically, which indicates a conformational change
[176]. The half-maximal conformational transition is observed with
1.15 mmol/L Ca®™, i.e., in the physiologically relevant range, consider-
ing that half of the serum Ca®* of 2.5 mmol/L is bound to proteins.

The increased R,, seen upon Ca?" additions is referred to an in-
crease in the correlation time 7. for bound Na*. This is an approximate
measure of the mobility of a molecule or an ion. A raised 7. value means
less mobility. In Fig. 14B, the T, value for Na™ increases abruptly in the
range 0.5 mmol/L < [Ca%"], < 2 mmol/L and then reaches a plateau
value. The jump in correlation time cannot be explained by a thermic
mobility change of the Na™-matrix macromolecular complex, because
polyanions of the connective tissue should influence the correlation
times only insignificantly due to their molecular size and the ensuing
relative immobility [250,251]. Therefore, the most probable explanation
of the sudden change of 7. remains the induction of intra- or intermo-
lecular cross-linking leading to conformational transitions of the poly-
electrolyte, to molecular associations, or to both [250-252,258].

Besides this conformational transition, the experiment shows an
immediate increase of the longitudinal relaxation rate R;,, at the very
beginning of Ca®™ additions (Fig. 14A). Obviously, Na™ ions are con-
secutively bound at an allosteric site. Would there be an expulsion of
Na™ ions by Ca** ions, then a continuous decrease of R;,, should be
discernible as can be seen in comparable Mg?* competition experi-
ments [180]. With the possession of both relaxation rates and correla-
tion times, the static contribution to relaxation, i.e. the Na™ binding,
can be computed.

Indeed, the calculation of pgy? shows that the Na* binding increases
at once and reaches a maximum of 1.5 times its value with 1.5 mmol/L
Ca®™ concentration, and decreases only slightly with further increasing
Ca®™ concentration (Fig. 14C). Only above values of 1.5 mmol/L Ca®™,
bound Na® ions exchange for Ca?" jons which means normal,
but weak competition. Another explanation of the slight decrease of
pex® would likewise be conceivable remembering the previously raised
finding, that at least two specific binding sites exist for Na* ions in the
proteoglycan. Considering that the allosteric site binds Na™* coopera-
tively due to the Ca®"-induced conformational change, the other site,
however, shows normal competition behaviour, it is merely a question
of the quantification of both simultaneous processes to enable a simula-
tion of the observed course of the bound fraction. This means that we
can state two extraordinary effects of Ca?™: on the one hand a confor-
mational change of the macromolecules of vascular connective tissue
with rising Ca?™ concentration, on the other hand no Na™ competition,
but on the contrary a Na* binding to these polyanions. Therefore, the
elevation of the Ca®" concentration in the blood substitute solution
does not effect an expulsion of Na™ ions from their binding sites, but
it induces allosteric Na* adsorption to the polyanionic macromolecules
of vascular connective tissue. The question of whether the elevated Na™*
binding is caused by a conformational change which increases the
affinity for Na™ ions or the number of binding sites requires further
investigation.

After the astounding observation of a Ca?"-induced, allosteric Na™
binding, the question arises as to the dynamic binding properties of
K™ ions. The assumption of an allosteric K* binding, the prerequisite
of which could be a specific configurational change induced by either
Mg?" or Ca®>* ions, is substantiated by 3°K* NMR competition experi-
ments with native adventitial connective tissue as polyanion. Fig. 14D

is a clear demonstration of an immediate increase in R, at the very be-
ginning of Mg? ™ additions [7,180]. Obviously, K™ ions are consecutively
bound at an allosteric site of the matrix macromolecules and not ex-
pelled from their binding sites by Mg ions. Besides this uncommon ef-
fect, the conformational transition appears as reflected by the increase
in Ry,,. Since a K* adsorption was not observed in CS-P solution to
such an extent as in native connective tissue, the conclusion suggests it-
self that only the entire connective tissue is capable of this binding after
a conformational transition.

The conformational change is again confirmed by calculation of the
correlation time. In Fig. 14E, the 7. value for K* increases abruptly
in the range 0.55 mmol/L < [Mg?*], < 1.1 mmol/L and then reaches a
plateau value. Half-maximal conformational transition is reached at
0.9 mmol/L [Mg?"],, i.e., entirely in the physiological range. Again, the
jump in correlation time cannot be explained by a thermic mobility
change of the K-matrix macromolecular complex, because polyanions
of the connective tissue should influence the correlation times only in-
significantly due to their molecular size and the ensuing relative immo-
bility (see above).

With the possession of both relaxation rates and correlation times,
the static contribution to relaxation, pg)? can be calculated. Besides
the physical constants of the K nucleus, the quadrupolar coupling
constant, x, depends on the magnitude of the electric field gradient at
the nucleus. Hence, ¥ is partly sensitive to the distance between the
small cation and the charges on the polyanion [7]. In this sense y is a
measure of the strength of the interaction between the polyanion
charges and the K™ that reside in the bound state. Values of pgy? for vas-
cular connective tissue in function of [Mg?*"], are given in Fig. 14F. The
increase of this quantity seen in the region from 0 to 0.3 mmol/L Mg?*
primarily corresponds to an increase in the fraction of bound ions
[9,232]. Thus, the calculation of pgy? shows that the K™ binding in-
creases at once and reaches a maximum with 0.8 mmol/L Mg? ™" concen-
tration. Thus, an increase of the Mg?"concentration in the blood
substitute solution does not cause a displacement of K* ions from
their binding sites, but, on the contrary, an allosteric K™ adsorption
to the polyanionic macromolecules of vascular connective tissue.
The K* binding is strongly cooperative as can be inferred from a
HILL-coefficient up to ny = 6.8 [252].

We have seen that a rise of the external Mg?* concentration leads
not only to an enhanced Mg?™, but also to an increased K™ binding as
could be deduced from the behaviour of the 3°K™ excess relaxation
rates and correlation times with small Mg?* additions. Furthermore,
we could demonstrate cooperative K binding to adventitial connective
tissue with increasing Mg?* concentration in measurements with
atomic absorption spectroscopy [180]. While Mg?* ions were progres-
sively bound with increasing concentration of Mg?*, K* ions were not
displaced competitively, but bound cooperatively at an allosteric site
[7]. Half-maximal effect was attained at 0.8 mmol/L [Mg?"],.

6.1.4.1. Medical significance of cation binding characteristics. What does
the binding of monovalent cations to polyanions of the cell membrane
exterior surface and of vascular connective tissue in the immediate
vicinity of the cell membrane mean for vasomotor regulations? The
geometry of narrow tissue clefts in the interstitial compartment of the
vessel wall entails that an increase of extracellular Mg? " (Ca®™) concen-
tration effects a decrease of external K™ (Na™) concentration in the vi-
cinity of vascular smooth muscle cell membranes [7]. Thus, the increase
of a divalent cation concentration causes a transient hyperpolarization
via a fall of the local Na™* and/or K* concentration in the cleft spaces be-
tween cell membrane, basement membrane and connective tissue ma-
trices. Inverse effects could be expected after a decrease of the [Mg? "],
or [Ca®T], concentration. The effect on vascular tone of such a hyper- or
depolarization of vascular smooth muscle cells can easily be demon-
strated in the stationary activation curve tension versus voltage. This
curve shows that depolarization is connected with contraction, hyper-
polarization with relaxation [7]. Therefore, the indirect action of
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divalent effector cations on vascular tone via variations in monovalent
cation concentrations of Na*™ and K* presents additional knowledge
on vasomotor regulations.

We have seen, that an increase in [Mg?™], causes a transient hyper-
polarization and relaxation of smooth muscle cells via a transient
decrease in the local concentration of ionized K™ in the narrow extracel-
lular cleft spaces between cell membrane, basement membrane, and
connective tissue matrices. While interstitial K* ions from the unstirred
layer spaces are bound cooperatively to matrix proteoglycans that have
undergone a Mg?*-induced conformation change, [K*]. can be reduced
to two thirds to one half of its normal value. This event is temporally
limited by K™ diffusion into the depleted region to restore the free con-
centration to equilibrium with its surroundings. Inverse effects appear
after a decrease in the [Mg®*], concentration.

Measurements of pacemaker currents in Purkinje fibres have
demonstrated that changes in [K™]. of 0.2-0.7 mmol/L have time con-
stants for accumulation and decay of 10-30 s and for [K™]. depletion
of up to 70 s [261]. There are also indications that extracellular cleft
and bulk phase K™ concentrations are not equal even in a quiescent
fibre or in sinus node cells embedded in a prominent matrix and
wrapped around by basal laminae [262]. In smooth muscle connective
tissues, the extracellular K™ activity enhanced by Na* competition did
not return to its initial value until after several minutes (see [7]). There-
fore, the indirect action of divalent effector cations on excitable cells via
variations in monovalent cation concentrations provides additional
knowledge on the fundamental mechanisms of their regulation. This
becomes particularly evident in the sinus node cells - rhythm generator
of the heart - which each is enveloped in a basement membrane and,
furthermore, surrounded by a tight connective tissue matrix. Here,
the extracellular cleft space ion concentrations directly contribute to a
modification of heart beat via intervention into the action potential
of the sinus node. The repolarization phase is carried by a K* outward
current, which leads to a [K™]. increase. The latter has two effects:
i) Membrane depolarization of sinus node cells with an increase of per-
meabilities for Na*™ (Pya) and Ca?* ions (Pc,). ii) Competitive release
of Na™ and Ca?* ions from extracellular connective tissue binding
sites (cf. Fig. 34B). Released Na™ and Ca®™* ions are instrumental in pace-
maker and action potential through ir and ica(r,) inward current (cf.
chapter 5.2.2.3). In this feedback control system, the time constants
for accumulation and decay of cleft space ion concentrations are of
special significance.

6.2. Aqueous polyelectrolyte mixtures
The primary constituents of extracellular matrices are aqueous

solutions of charged macromolecules, including protein copolymers
containing both positively and negatively charged domains, as well as
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proteoglycans with highly negatively charged GAG side chains. This sys-
tem also contains an excess of electrolytes, which plays an important
role in the modulation of electrostatic interactions.

Due to the presence of positively charged amino acid residues
[47,263], notably in proteochondroitin sulfate (e.g., aggrecan) and struc-
tural glycoproteins (e.g., vitronectin), as well as the presence of overall
negatively charged polyelectrolytes (e.g., HA), three-dimensional net-
work formation is feasible through electrostatically driven transient
cross-linkages. Due to the electrostatic nature of the network formation,
the gelation is strongly affected by the presence of electrolytes, the con-
centration of which can be regulated according to functional needs.
Hence, the gels formed exhibit considerable physiological versatility.

In addition to the electrostatically driven gelation, other physico-
chemical processes also affect the behaviour of the polyelectrolyte solu-
tions contributing to the extracellular matrix formation. In particular,
polyelectrolytes may display a rich phase behaviour [264]. The latter
is affected by a number of factors, including the concentration, the mo-
lecular weight, and the charge density of the polyelectrolytes. By chang-
ing one of these factors it is possible to switch from a two-phase to a
one-phase system, or vice versa, or to change the relative composition
of the phases. In the connective tissues, system variations may occur
during development, cell proliferation, and differentiation, primarily de-
pending on tissue function. These changes occur during macromolecular
expression and post-translational modification.

The phase behaviour of ternary polymer systems is usually displayed
in the form of triangular phase diagrams (Fig. 38). Each point in the
phase diagram represents a composition of the polymer mixture,
while each corner corresponds to one of the pure components. Mixtures
lying in the areas marked blue represent two-phase systems. Each
phase has a composition corresponding to the intersections of the tie-
line (solid line in two-phase region) and the borderline of the two-
phase area. For example, a sample corresponding to the black circle
(20% polymer 1, 30% polymer 2, 50% water) will separate into two
phases with compositions corresponding to the white circles (phase 1,
48% polymer 1, 2% polymer 2, 50% water; phase 2, 2% polymer 1, 48%
polymer 2, 50% water).

Fig. 38A illustrates the behaviour of a typically segregating ternary
polymer system. Hence, only at low polymer concentrations (high
water content) does the system display a one-phase behaviour. At
higher polymer concentrations, irrespective of polymer composition,
the system phase separates. According to the tie-lines, each phase is
enriched in one of the polymers and depleted in the other. Fig. 38B, on
the other hand, illustrates a system displaying associative phase separa-
tion. For mixtures corresponding to the area marked blue, phase separa-
tion occurs, with one phase enriched in both polymers and the other
consisting essentially of aqueous solution and no polymer. At sufficient-
ly high polymer concentrations, a one-phase behaviour is encountered.

B
.30
50
o Y
/ 70
307
_/
/ 90
10/ \
e S F e T N
90 70 50 30 10
Polymer 2

Fig. 38. Phase diagrams for aqueous mixtures of intrinsically segregating, similarly charged (A) and associating, oppositely charged polyelectrolytes (B) (from [5,264]).
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The most obvious effect of phase separation is a redistribution of
substances present within the system. Thus, an inhomogeneous distri-
bution is generated. Apart from the macromolecules themselves, the in-
homogeneity involves substances that may change their distribution
within the system on phase separation. In particular, the binding of
intermediate and high molecular weight substances such as growth
and differentiation factors depends on the phase concentration of
these factors. Consequently, phase separation may result in either an
increased or a decreased binding to the receptor bearing cells.

Another effect of the phase separation could be a change in the
viscosity of the polyelectrolyte solution. On dispersion of the phase con-
taining the more highly viscous polymer in the other phase, aided by the
low interfacial tension between the phases, a reduction in the viscosity
may be expected in a system with some agitation or flow, e.g., through
basement membranes of capillaries in the circulation or the kidney.
Since the viscosity of such a solution is governed largely by the viscosity
of the continuous phase, and since the latter consists mainly of the
less viscous polymer (segregative phase separation), a reduction in
the system viscosity will be the result.

6.3. Tumour invasion and metastasis

Proteins, glucoconjugates, and carbohydrate polymers are implicat-
ed in extracellular matrix formation and express multifunctionality as
well as high versatility in both physiological and pathological processes,
as for instance cytokine sequestration, basement membrane scaffolding,
and tumour invasion and metastasis. The supramolecular architecture
of basement membranes is largely dominated by self-assembly process-
es and specific heterophilic interactions between type IV collagen,
perlecan, laminin, and entactin. These flexible thin mats are the strategic
sites at which cells traverse this surface, subbase, and interfacial struc-
ture in inflammation and tumour invasion. In inflammatory processes
they do so under complete control, and in tumour invasion and metas-
tasis they do so by avoiding and excluding the control systems [5].
Growth factors and other cytokines stored and cross-complexed at
syndecan/perlecan low-affinity as well as PTKR-SF high-affinity binding
sites interfere into these pathological scenarios (cf. chapters 3.2. and
3.3.).

The three-step development of the invasive phenotype of cancer
cells comprises cell attachment, local proteolysis, and cell migration
[265]. Adhesion is mediated by a contribution pattern of several classes
of cell adhesion molecules such as vitronectin and laminin receptors
amplified and dispersed over the entire cell surface. In addition,
cytokine-inducible members of the immunoglobulin superfamily and
the cell surface hyaluronan receptor facilitate the metastatic process
in serving as tumour cell attachment sites to the vascular or lymphatic
endothelium. Molecules of the cadherin family, however, suppress
tumour invasion. Overexpression of E-cadherin in highly invasive
clones resulted in a loss of invasive potency. Matrix metalloprotein-
ases, constitutively overexpressed or induced by cytokines in tu-
mour cell invasion, promote the extracellular matrix proteolysis.
Growth factors such as EGF, TGFa, and PDGF up-regulate the tran-
scription of interstitial collagenase and stromelysin [266]. Moreover,
the balance of active enzymes and their inhibitors (TIMPs) has
shifted in favour of proteolysis.

Tumour cell motility and metastatic spread are dominated by
chemokinesis, chemotaxis, and haptotaxis [267,268]. Matrix proteolysis
and directional migration are prerequisites for intravasation, extravasa-
tion, and propagation into the target tissue. While the initial stages of
metastasis encompass haptotactic migration over insoluble matrix pro-
teins, chemotactic responses to partially degraded matrix components
characterize the migratory phenotype later [268]. Cell locomotion in
eukaryotic cells resides in the cortical actin cytoskeleton which is inter-
woven with the cytoplasmic syndecan as well as the cell- and matrix-
binding perlecan domains [265]. Therefore, the actin-based cytoskeletal
proteins «-actinin, filamin, and desmin were adsorbed as
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Fig. 39. (A) Amount of cross-linked filamin-desmin (0.05 mg/mL for filamin and desmin,
respectively) adsorbed at hydrophobic silica from a Ca>*-free K™ -Krebs solution as a func-
tion of time (pH 7.27). Arrow D indicates dilution by a factor of 10, arrow E equilibration.
Ca®* additions were 104,103, and 2.52 mmol/L. (B) Adsorbed layer thickness (&;) and
mean adsorbed layer refractive index (ny) versus time (from [265]).

monomolecular layers to a hydrophobic silica surface in order to inves-
tigate the effect of Ca®™ ions by ellipsometry [cf. 269]. Ca®™ ions in a
concentration of 104, 10~ 2 and 2.52 mmol/L had no effect on the
adsorbed amount, refractive index and molecular length of these indi-
vidual intermediate filament proteins.

A completely different picture resulted when a mixed solution of
filamin plus desmin was adsorbed to methylated silica (Fig. 39). The
adsorbed amount was initially only 0.38 mg/m?, doubled with dilution
and decreased again with equilibration. Unlike to HS proteoglycan,
with which Ca?" ions initiate a promotion in adsorption, these ions
caused here a reduction of the primary adsorbed amount by 25% already
in a concentration of 10~4 mmol/L Ca®™, however, by 85% with 103
and 2.52 mmol/L. The effects of Ca?" ions on molecular length and
refractive index of the filamin-desmin aggregates were dramatic
(Fig. 39B). Whereas Ca®™ neither had an effect on the adsorption of
the individual compounds to a hydrophobic silica surface nor on their
conformation and molecular length, 1074, 1073, and 2.52 mmol/L
Ca™" effected a drastic change of refractive index as well as shortening
of the 92.5 nm molecular complex of filamin-desmin by 2.5, 6.7, and
6.5 nm, respectively (—2.6%, —9.9%, —9.7%). The shortening triggered
immediately by the Ca®* addition lasted for 12 min.

In order to elucidate the linkage between the cytoplasmic and cell/
matrix-binding domains of the HS-PGs and the cytoskeleton, the
ellipsometric investigations at issue on the influence of Ca?* ions on
a-actinin, filamin, and desmin were conducted. Actin-based cytoskele-
tal and contractile proteins appear to be distributed in two domains
[199]: (1) longitudinal intermediate filaments free of myosin, but con-
taining desmin, vimentin, filamin, actin, and «-actinin, and (2)
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contractile protein filaments containing actin, myosin, tropomyosin,
and caldesmon. The tension developed by the contractile protein fila-
ments of a myocyte is proportionately transmitted to the cell interior
and exterior by the proteins of intermediate filaments. These latter ap-
pear not only in muscle cells but also in normal and cancerously trans-
formed endo- and epithelial cells, neurons, and fibroblasts. The
intermediate filaments build an intracellular network which is an-
chored in the dense bands and dense bodies corresponding functionally
to the Z discs in obliquely striated musculature [270]. They might be
their phylogenetic precursors since both structures contain o-actinin.
In contrast to the dense bodies, dense bands contain the protein vincu-
lin. As the intermediate filaments link dense bands and dense bodies
throughout the cell, they form an actin-based cytoskeleton. Via vinculin
and talin, but also via fibulin and a-actinin, this cytoskeleton is connect-
ed with transmembrane integrins. Their extracellular domains interact
with proteoglycans (perlecan, decorin) and glycoproteins (laminin, fi-
bronectin) of the basement membrane and extracellular matrices,
which in turn communicate with extracellular collagen and elastin fi-
bres (inside-out signalling) [271].

On the other hand, the cell-surface proteoglycans of the novel gene
family of syndecans (Greek syndein, to bind together) are polymorphic,
membrane-intercalated, proteoheparan/chondroitin sulfates abundant
on epi/endothelial and induced mesenchymal cells during embryogen-
esis and in adult tissues [78,81]. Their highly conserved cytoplasmic
protein sequence contains three tyrosine residues that may provide
phosphorylation sites for protein kinases, which are key enzymes
in many signal transduction pathways, or they may form the sites
for cross-linkage with cytoskeletal elements [14]. This entodomain has
protein-binding activity because the intact proteoglycan can bind di-
rectly or indirectly to F-actin and associates with the actin-containing
cytoskeleton [272] when the ectodomain undergoes a conformational
change whether by shear stress or by cross-linking at the cell surface
(outside-in signalling [271]). Since a cell type can contain both
syndecans and integrins as structurally and functionally distinct re-
ceptors, syndecan has been called a coreceptor collaborating with
integrins in signal transduction [14]. Thus, this manifoldly interwo-
ven structure of copolymers builds up a functional cytoskeletal orga-
nization and mechanical syncytium [199,273]. This aspect appears to
be even more significant, as the dynamic regulation of the assembly
and turnover of intermediate filaments takes place by means of the
phosphorylation of desmin by cAMP-dependent protein kinase or
protein kinase C [274].

The striking observation in our investigations was that Ca®*
ions contracted only filamin-desmin aggregates, whereas they had no
effect on the single elements, i.e., filamin and desmin alone. Appar-
ently, a cross-linkage of both molecules is the prerequisite to this con-
traction. Filamin has been described as a cross-linker and bundling
protein [275,276]. The free Ca?™ concentration in a tumour cell is
about 1077 mol/L. Even this low concentration had a slightly
contracting effect. The physiological elevation of [Ca>"]; by a factor of
10 was followed by a contraction of approximately 10% of the molecular
length on average. Comparably, a vascular smooth muscle cell contracts
maximally with a rise in [Ca®*]; by a factor of 2.5-9 [199]. The
unphysiologic elevation of the Ca?* concentration to its extracellular
value (2.52 mmol/L; factor 2520) revealed no further shortening
of the aggregates. Thus, the contraction curve exhibits saturation be-
haviour in dependence on the Ca®>* concentration. The maximum con-
traction is attained at 1 umol/L Ca®* or lower values. In contrast, the
measurement of the adsorption I' and thickness &.; of a-actinin, filamin
and desmin developed to be Ca?*-independent. This is not surprising
since a-actinin is a constituent of the dense bands and dense bodies,
strategic anchoring sites of intermediate filament proteins. It may be
mentioned that we determined with ellipsometric techniques the mo-
lecular length of ac-actinin in physiological salt solution to be 106.7 nm,
while electron microscopic images have revealed 40 nm long macro-
molecules [277].

Kjellén and Lindahl [15] reported on the functional significance
of the intracellular domain of syndecan that it interacts with the actin
cytoskeleton, resulting in the formation or elimination of focal cell adhe-
sions. Therefore, syndecan is implicated in the cellular regulation
of shape and tissue organization [79]. Structural association of the
entodomain with actin-based intermediate filaments provides a net-
work through which cytoskeletal contractile elements can apply tractile
forces for subsequent cell movement or deformation [278]. Further-
more, the syndecans may participate in a variety of cellular phenomena
as proliferation, differentiation, transformation, migration, and motility
[78]. This multifunctionality might serve to integrate cellular behaviour
in response to physical stimuli (shear stress, electrostatic attractions),
growth factors (bFGF, TGFp, IGF-1) and extracellular matrices (laminin,
fibronectin, thrombospondin) [76,81].

In general, the finding of a Ca?*-dependent contraction of the
cross-linked intermediate filament proteins filamin-desmin stands
for assistance of the contraction mechanisms in muscular cells. But
nonmuscular cells, like tumour cells, can contract in this way as well.
A Ca®™ increase could result in a retraction of the tumour cell via its ef-
fect on the cytoskeleton. Finally, the filamin-desmin contraction could
be a trigger of nonmuscular cell locomotion, for example of the amoe-
boid migration, or the extra- and intravasation in inflammation or
tumour invasion and metastasis.

7. Epilogue

This last section on tumorigenicity in particular will have reminded
the reader that connective tissues are not only a matrix for cells, but
that the extracellular matrix regulates the development and function
of all cells in a multicellular organism. The term “connective tissue”
goes beyond a descriptive static representation of the connections be-
tween tissues. Since it tries to define the cells and their matrices in a
functional dynamic connection and interdependency, it includes the
most important life processes that take place in connective tissue struc-
tures and their biomolecules. Although proteins and polysaccharides,
along with their sequences, conformations, and interactions, are being
discovered at a rapid pace, this plethora of information is still entirely
insufficient to understand these many-body systems that are not simple
but formed by subunits arranged in complexity and hierarchy.
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