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Interaction of Heparins and Dextran Sulfates with a Mesoscopic Protein
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ABSTRACT A mechanism of how polyanions influence the channel formed by Staphylococcus aureus o-hemolysin is
described. We demonstrate that the probability of several types of polyanions to block the ion channel depends on the presence
of divalent cations and the polyanion molecular weight and concentration. For heparins, a 10-fold increase in molecular weight
decreases the half-maximal inhibitory concentration, ICs,, nearly 10*-fold. Dextran sulfates were less effective at blocking the
channel. The polyanions are significantly more effective at reducing the conductance when added to the trans side of this
channel. Lastly, the effectiveness of heparins on the channel conductance correlated with their influence on the {-potential of
liposomes. A model that includes the binding of polyanions to the channel-membrane complex via Ca®"-bridges and the asym-
metry of the channel structure describes the data adequately. Analysis of the single channel current noise of wild-type and site-
directed mutant versions of a-hemolysin channels suggests that a single polyanion enters the pore due to electrostatic forces and
physically blocks the ion conduction path. The results might be of interest for pharmacology, biomedicine, and research aiming to

design mesoscopic pore blockers.

INTRODUCTION

Glycosaminoglycans, structurally heterogeneous polyanions
(PAs), contribute to a wide range of physiological processes
including recognition, adhesion, membrane transport, anti-
bacterial defense, and virus entry (1,2). They interact with
phosphatidylcholine in the presence of Ca’" (3,4) and are
implicated in ion channel and receptor regulation (e.g.,
(5,6)). Moreover, there are reports indicating a size-dependent
interaction of PAs with ion channels and membranes (7,8).
However, the detailed mechanism of PA influence on ion
channel function is poorly understood. To address this issue,
we studied the effects of two types of differently sized PAs on
the ionic conductance of a mesoscopic ion channel formed by
Staphylococcus aureus o-hemolysin («HL) in planar lipid
bilayer membranes. The oHL channel is ideally suited for
these studies because its three-dimensional structure, deter-
mined by x-ray crystallography (9), is consistent with many
different experimental techniques (10,11).

We show here that the ability of the PA to block the «HL
channel conductance depended upon the PA properties (i.e.,
structure, size, and type). The interaction appears to occur in
two steps.

First, PA most likely interacts with the oHL channel-
membrane complex via Ca”"-bridges, resulting in a non-
linear gradient of PA near the complex. Because of the
difference in number of charges and molecular weight, the
PA distribution, close to the channel entrances, depends upon
its size.
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Second, upon occasion, a polyanion, approaching a
channel entrance by diffusion, is forced either into or away
from the pore by the transmembrane electric field.

Linear heparins, which are more flexible (12) than
branched dextran sulfates (DS), were found significantly
more effective than DS of the same molecular weight. The
differences in both the distance between the membrane
surface and the two pore entrances, and the asymmetric
distribution of charges in the two halves of the «HL channel,
determine the strongly pronounced side-dependent differ-
ence in PA effectiveness.

MATERIALS AND METHODS
aHL proteins

Wild-type «HL, which contains no cysteines (13), was purchased from
Calbiochem (San Diego, CA). Point cysteine-substitution «HL mutants
were prepared as previously described (14).

Chemicals

5,5'-Dithio-bis-(2-nitrobenzoic acid) (DTNB); dithiothreitol (DTT);
phosphatidylcholine (PC, Type V-E); poly(ethylene glycol) with average
molecular mass of 35,000 g/mol; bovine serum albumin; cholesterol;
heparin-albumin (H-0403; HepAlb, 4.8 mol heparin coupled to 1 mol bovine
serum albumin); heparins (as Na-salt) from porcine intestinal mucosa with
average molecular mass of 18,000 g/mol (most chains in the range
17,000-19,000 Da, H-9399, Hep); 6000 g/mol (H-5284, Hep6000);
3000 g/mol (H-3400, Hep3000); heparin disaccharides III-S with molecular
mass of 563 g/mol (H9392, HepDi); dextran sulfates with average molecular
mass of 500,000 g/mol (D-6001, DS500); 10,000 g/mol (D-6924, DS10);
and 5000 g/mol (D-7037, DS5); and agarose, CaCl,  EDTA, TRIS, and
HCI, were purchased from Sigma (St. Louis, MO). 1,2-Diphytanoyl-sn-glyc-
ero-3-phosphatidylcholine (DiPhyPC) was purchased from Avanti Polar
Lipids (Alabaster, AL). 2-(trimethylammonium) ethyl methanethiosulfonate

doi: 10.1016/j.bp;j.2009.09.019


mailto:kras@ufpe.br

Polyanion-lon Channel Interactions

(MTSET) was purchased from Toronto Research Chemicals (North York,
Ontario, Canada). All reagents were used as purchased. Milli-Q plus
18 MQ cm deionized water (Millipore, Bedford, MA) was used to prepare
all aqueous buffer solutions. Unless stated otherwise, the solution con-
tained 50 mM CaCl,, | mM EDTA, 10 mM TRIS-HCI, at pH 7.5. Such
composition of the solution was chosen to make the effects of PAs more
expressive.

Electrophysiological measurements

Planar lipid bilayer membranes for multi-channel experiments were formed
via the painting technique (15) from a mixture of PC/Chol (1:1, w/w) across
ahole (~0.3 mm diameter) in a 25-um-thick Teflon partition in a Teflon cell. In
single channel experiments, the bilayers were formed from DiPhyPC by the
solvent-free method (16). The ionic current was measured at room tempera-
ture (25 * 2°C)using an Axopatch 200A amplifier (Axon Instruments, Foster
City, CA) in the voltage-clamp mode. The current was converted to voltage,
filtered by a low-pass eight-pole Butterworth filter, digitized with a sampling
frequency of 0.5 kHz (for multichannel experiments) or 50 kHz (for single
channel recording), stored on a computer and analyzed off-line with the
Whole Cell Electrophysiology Program (WCP V1.7b, J. Dempster, Univer-
sity of Strathclyde, Glasgow, UK) and/or the Electrophysiology software
developed by Dr. M. A. Pustovoit (Petersburg Nuclear Physics Institute,
Gatchina, Russia).

Channels were formed by adding several microliters of the oHL stock
solution (5-50 ug/mL) to one side of the chamber (herein defined as cis).
Each step in current corresponds to the formation of a single, slightly
anion-selective channel (17). The mean value of single-channel insertion
current was 4.8 + 0.3 pA for 50 mM CaCl, and 40 mV applied potential.
The potential was defined as positive when it was greater at the side of
the protein addition. At pH 7.5, o«HL channels are usually in a high conduc-
tance state and rarely switch to low conductance states (18).
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For multichannel experiments, the contents of the cis side were replaced
by aHL-free solution to keep the number of channels constant. To test the
PA blocking effect, the transmembrane voltage was then increased stepwise
from 0 to = 100 mV. Control current traces (i.e., with no PA in the bath)
showed no significant channel closure (Fig. 1, C and D). However, in the
presence of PA, 100 mV applied potential caused relatively rapid current
reduction. The decrease in current is described by a single exponential func-
tion (Fig. 1, C and D). The characteristic time constant of the current decay,
7, was used to estimate the action of the PA on the channel. The half-
maximal inhibitory polyanion concentration was defined as ICsy.

Liposomes

Liposomes were formed by following a standard procedure (19). Briefly,
2 mg PC dissolved in Folch solution was transferred to a round-bottom glass
flask, and subsequently dried with a nitrogen stream to form a thin film. One
milliliter of the aqueous solution was added to the flask and vigorously
shaken to remove the lipid film from the flask wall. Finally, the mixture
was sonicated (Mini-som; Thornton INPEC Eletrénica, Vinhedo, Brazil)
to yield an aqueous vesicle suspension (2 mg/mL), which was used the
same day. The size distribution of the phospholipid vesicles (580 =+
50 nm mean diameter) was measured using a Zetasizer Nano ZS90 (Malvern
Instruments, Malvern, Worcestershire, UK).

The binding of charged species to the membrane alters the surface and the
{-potentials; therefore, measurement of changes in the liposome {-potential
provides a simple and sensitive method to quantitate the binding of inorganic
and organic compounds to the membrane (4,20). The {-potential was deter-
mined directly from the measured electrophoretic mobility with the Zetasizer
Nano ZS90 (Malvern Instruments). The experiments were performed in the
absence of aHL to determine the degree to which PAs bind to the membrane,
and at a low-ionic-strength aqueous solution (3 mM CaCl,, 1 mM Tris-HCI,
at pH 7.5) to enhance the measurement sensitivity.

FIGURE 1 Representations of (A) the o«HL channel,
heparin, and DS used in this work, (B) the charge distribu-
tion at the oHL channel, and (C and D) the side-dependent
heparin effect. (A) Cross section through the «HL channel
(Protein Data Bank, 7AHL.pdb) embedded in membrane.
Structure of the dodecameric heparin (Protein Data Bank,
IHPN.pdb; molecular mass of 3453.64 g/mol) and even-
tual structure of the hexadecameric DS (molecular mass
of 5009.56 g/mol) were built with Chem3D (Cambridge-
Soft). (Abbreviations: Hep, heparin; DS, dextran sulfate.)
The atoms are represented using the following color codes:
O (which possesses a negative charge) in red, C in gray,
H in white, N (which possesses a positive charge) in
blue, and S in yellow. (Green triangles) Levels where the
novel Cys and its charged derivatives are located in the
channel structure. Scale bar is 2 nm. (B) The charge distri-
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bution was calculated using Coulomb calculation method
(Swiss-PDBViewer, Ver. 3.7) assuming solvent ionic
strength of 0.15 mol dm >, equal to that of the 50 mM
CaCl, solution mainly used in this study. The isopotential
contouring values, equal to 1.8 kT/e, are shown (red, posi-
tive potentials; blue, negative potentials). (C and D) The
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channel bilayers in the presence of Hep6000 at the trans
(C) and cis (D) compartments of the experimental chamber.
(Red lines) Best-fit of a single exponential function.
Control traces (no PA) are shown for comparison. Con-
centrations of Hep6000, voltage protocols, current, and
timescales are given in the figure. Note that the current
inhibition is not total. All other conditions for the experi-
ment are described in Materials and Methods.
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Chemical modification

In this set of experiments, the standard solution also included 1-2 mM DTT.
The sulfhydryl-specific reagents used in this study are small water-soluble
substances with fixed positive or negative charges. They react with cysteine
side chains exposed to the aqueous phase. The reagents were usually applied
to both compartments of the planar bilayer chamber at 0.5 mM (DTNB) or
1.0 mM (MTSET) greater than the concentration of SH-groups of DTT. The
reaction of these reagents with a reduced cysteine side chain converts the
—SH group to —SS-R, where R is the charged moiety, —C¢H3NO,COO"
(DTNB) or —CH,CH,N"(CH3); (MTSET).

Artwork

The longitudinal sections of the «HL channel (Protein Data Bank 7AHL.pdb)
were visualized with Swiss-PDBViewer, Ver. 3.7 (21). CS Chem3D Pro
(CambridgeSoft, Cambridge, MA) was used to build the heparin (1HPN.pdb)
and DS structures.

Statistical analysis

Data are reported as the mean = SD obtained in 3-7 independent
experiments.

RESULTS AND DISCUSSION

Structural properties of the channel and
polyanions

The ¢HL channel is ~10-nm long (Fig. 1 A). It is comprised
of both a large cap domain that contains a vestibule with
a maximum diameter of ~4.6 nm and an anti-parallel 8-barrel
stem region that spans the membrane (9). Both ends of the
stem region contain a ring of acidic or basic residues sepa-
rated by a 4-nm section of neutral amino acids. The cap
and stem are separated by a constriction with a diameter of
1.2-1.4 nm (9,11,22). Both entrances of the channel are rela-
tively large (diameter ~2.6 nm). The cis pore entrance
extends 4-5 nm from the membrane surface, whereas the
trans entrance is adjacent to the membrane-solution inter-
face. The channel possesses an asymmetric electrostatic
potential distribution (Fig. 1 B) with excess negative charge
at the trans entrance and positive charge at the cis entrance.

Heparin polymers are composed of disaccharide units that
each contain ~3.5 negative charges (23). Nuclear magnetic
resonance suggests that heparin is a relaxed polymer with
a diameter of ~1.3 nm (24), which is less than that of both
pore entrances to the oHL channel (Fig. 1 A). Thus, heparin
should be able to enter the pore.

Dextran sulfates contain up to three sulfate groups per
glucosyl residue. It is composed of ~95% «-D-(1,6) linkages.
The remaining (1,3) linkages cause branching of the polymer.
Estimates for the branch length vary from <3 (25) to >50
glucose units (26). In low-ionic-strength solutions, electro-
static repulsion of the negatively charged sulfate groups will
cause the branches to be extended. The diameter of a given
branch suggests that it could enter the pore. However, the
branched structure of DS (Fig. 1 A) precludes the entry of
the entire molecule in the pore.
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Multiple channel experiments: sidedness

We previously demonstrated that heparin (Na-salt; Hoff-
mann-La Roche, Nutley, NJ, with a molecular mass between
10,000 and 80,000 g/mol) blockade of the oHL channel is
side- and voltage-dependent, and requires divalent cations
(27). Specifically, the heparin blocked the pore only when
the sign of the applied potential drives negative ions into
the pore. We further explored these findings and found that
it is true for all PAs reported here.

There was a significant difference in PA effectiveness,
depending on the side to which they were added. Fig. 1, C
and D, shows that PA added to the trans side were more
effective at reducing the channel conductance. The time
courses for the current decay were closely similar for
0.1 ug/mL and 60 wg/mL Hep6000 added to the trans and
cis sides, respectively. Similar sidedness effects were ob-
tained with the other used PAs.

Conceivably, the sidedness effect may be due to an
asymmetry in the fixed charge distribution in the channel
(Fig. 1 B). The more positively charged cis entrance and the
more negatively charged frans side, respectively, should be
more attractive or repulsive, respectively, to PA. Thus, one
would conclude that PA should be more effective in blocking
the o«HL channel when added to the cis side. However, the
data suggests otherwise.

There are several possibilities to explain the sidedness.
Because heparin was only effective against the «HL channel
in the presence of divalent cations, we previously suggested
that those cations form bridges between the sulfate groups
of PA and negatively charged side chains in the «HL channel
(27). In this case, the negative electrostatic charges at the trans
entrance may serve as the point of interaction with PA,
making this entrance more sensitive to PA than the positively
charged cis one. Alternatively, the difference in the distance of
the entrances of the «HL channel from the membrane surface
(Fig. 1 A) might be the cause of the sidedness effect (the trans
entrance is much closer to the membrane than is the cis
entrance). The membranes used in our study were made
from the zwitterionic lipid, phosphatidylcholine, and their
surface potential is nearly zero over a large pH range (28).
However, divalent cations (e.g., Ca®") interact with the nega-
tively charged phosphate groups of phospholipids and intro-
duce a positive charge at the membrane surface (29). This
action could provide a Ca®" bridge formation between
phosphate groups of PC and the sulfate groups on the GAG
molecules (30) as well as an increase in concentration of nega-
tively charged PA at membrane-solution interfaces. In turn,
this negatively charged PA concentration-increase should
increase the probability of the channel block by PAs.

Differently sized heparins

To clarify the mechanism of PA influence on o HL channels,
experiments with differently sized heparins and DS were per-
formed. All PAs used demonstrated potent inhibitory
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activities against o«HL channel (Fig. 2). The ability of hepa-
rins to block the channel depended on the side to which they
were added, and such ability increased with their concentra-
tion and size (Fig. 2, A, B, and D and Table S1, which is sum-
marizing the results and published as Supporting Material).
The ICsy values were: 38,600 = 6800 and 1350 =+
150 ng/mL (Hep3000); 6100 = 400 and 19.1 + 6.2 ng/mL
(Hep6000); 330 = 50 and 4.6 = 0.3 ng/mL (Hep); and
52 * 6 and 0.44 = 0.07 ng/mL (HepAlb), added to the
cis and the trans sides, respectively. The smallest heparin,
HepDi, had virtually no effect on the oHL channel current,
even at 2 mg/mL. Thus, despite their lesser diffusion coeffi-
cients, the larger heparins are more effective and caused the
channel current to decay more rapidly. The heparins used in
this study ranked as follows in order of decreasing effective-
ness: HepAlb > Hep > Hep6000 > Hep3000 >> HepDi.
The dependence of the ICs5y on heparin molecular weight
was linear in log-log plot (Fig. 2 C). A 10-fold increase in the
polyanion size increased the polyanion’s effectiveness
>1000-fold. Extrapolation of a linear regression, obtained at the
cis and trans polyanion additions to the experimental value of
IC5( of the HepAlb complex (symbolized as a star in Fig. 2 C),
suggests that HepAlb acts as a polyanion with an effective
molecular mass of 31,000 = 2000 g/mol. This is approxi-
mately twofold greater than the average molecular mass of
a single Hep bound to Alb, but less than the sum all of 4-5
Hep molecules linked to Alb (i.e., 72,000-90,000 g/mol,
assuming an average Hep molecular mass of 18,000 g/mol).
The high effectiveness of HepAlb (IC5o = 52 *= 6 ng/ml;
added to cis) warranted further study. To better understand
its interaction with the channel, additional experiments
were performed in which Hep was not chemically coupled
to Alb but only mixed with it at the same molar ratio. The

H
o

0
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results demonstrate that the Hep-Alb mixture is approxi-
mately eight times less effective in blocking the «HL
channel (ICsy = 2500 =+ 500 ng/mL) than Hep itself
(ICs9 = 330 %= 50 ng/mL), which in turn, is approximately
six times less potent than HepAlb. Thus, Alb when mixed
with Hep even inhibits the latter’s action. This effect of
Alb might be due to its ability to bind heparin electrostati-
cally (31) in a proportion corresponding to 3—4 Alb bound
per Hep molecule, based on a molecular mass of 18,000
g/mol. Alb could bind calcium ions, most likely, via ionized
carboxyl groups (32), and then absorb at lipid bilayers,
possibly via hydrophobic interactions (33). These hydro-
phobic interactions may result in covering of the membrane
surface, thereby preventing its interaction with Hep—which,
in turn, leads to decreased PA concentration near the
membrane surface and decreased effectiveness. Thus, Hep
chemically coupled to Alb does not act as a simple mixture
but as a one-piece heparin with a high molecular weight.
The size of the Alb (5 x 8 x 9 nm, IBMO.pdb) is consider-
ably larger than the size of the aHL channel entrances.
Hence, HepAlb need not be transported completely through
the pore to elicit its effect.

Differently sized dextran sulfates

Other PAs (e.g., DS) also cause the «HL channel current to
decrease (Fig. 2 D). The effectiveness of DS species
increases with their size: the ICsy values were 220.0 =+
30.0 ug/mL (DSS5), 7.2 = 1.5 ug/mL (DS10), and 1.7 =
0.3 ug/mL (DS500). DS have a larger negative charge
density than the heparins, but they were significantly less
effective against the oHL channel. The difference between
PAs topologies most likely accounts for this result.

FIGURE 2 Influence of polyanions on aHL channel
current reduction. «HL channel blockage as a function of
heparin’s concentration in the (A) cis or (B) trans compart-
ment of the chamber. (Solid line) Best-fit of a one-site-
binding equation. (Symbols: O, HepAlb; M, Hep; V,
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olations of the dependences to experimentally established
values of ICsq to HepAlb (x). (Arrow) Apparent molecular
weight of heparin in HepAlb. The value r is a correlation
coefficient. (D) The influence of DS (presented in the cis
compartment of the chamber) on «HL channel blockage.
Effect of the Hep is shown for comparison. (Solid line)
Best-fit of a one-site-binding equation. (Symbols: W,
Hep; A, DS500; @, DS10; and [, DS5.) Data are re-
ported as means + SD obtained in 5-7 independent exper-
iments like those shown in Fig. 1, C and D.
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Specifically, DS are branched polymers, whereas heparins
are linear. In addition, heparins are presumably highly flex-
ible because of the iduronate residues in their structure,
unlike other pyranose rings, can adopt a range of different
ring conformations such as chair, 1C4 or 4C1, or skew-boat,
%S, depending on the nature of adjacent residues and the
microenvironment (34).

Single channel experiments

As it was shown above, all PAs decreased the current
through a membrane containing multiple channels. To better
understand this effect, we performed experiments with single
channels. As an example, Hep3000 reduces the pore conduc-
tance to one much lower conductance state (Fig. 3, A and C).
As expected from the multichannel recordings, the time
constant for PA to block the single channel conductance is
inversely proportional to the applied potential (Fig. 3 B)
and is dependent on PA concentration (i.e., the greater the
concentration, the more likely the channel is in the blocked
state). The amplitude of the current reduction caused by
Hep3000 is side-dependent (Fig. 3 C). Specifically, the
conductance reduction is greater for heparin added to the
trans side. This result is consistent with the channel struc-
ture: the trans region of the pore is narrower than the cis
region. The other PAs used act similarly (data not shown).
The PA-induced «HL channel conductance block resem-
bles the channel gating observed at low pH and higher
applied potential (18). However, there is a significant differ-
ence. The gating caused by pH and high voltages exhibits
several low conductance states. In contrast, the blocked
conductance distribution caused by heparin is unimodal
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(Fig. 3 C). The results above are not consistent with a struc-
tural rearrangement of the channel structure caused by the
transmembrane potential and facilitated by PA. On the
contrary, the results suggest that heparins reduce the channel
conductance by blocking the ion conduction pathway in
the pore.

The data shown in Fig. 3 A demonstrate that heparin mole-
cules interact with the pore at different timescales. Specifi-
cally, there are transient and long-lived current blockades.
We performed a spectral analysis of the current noise (35)
to estimate the dynamics of the more rapid polyanion-
channel interactions. The source of useful signals in this
case would be the random fluctuations in the number of
heparin molecules in immediate proximity to the channel
entrance, i.e., the access resistance (36) and/or in the channel
pore (35). The background and PA signals were the current
of the fully open oHL channel in the absence and presence of
heparins (i.e., excluding the large conductance transients),
respectively (e.g., see the circle in Fig. 3 A). Heparin
increases the aHL current noise (Fig. S1 in the Supporting
Material) and the increase is side- and voltage-dependent.
The effect, albeit not great, suggests that heparin molecules
passed several times in the immediate proximity of the
channel entrance before entering and plugging the pore.

Cysteine-substitution mutants

Our objective was to determine the significance of electro-
static force in a polyanion’s effective ability to block the
aHL channel. Genetically engineered versions of oHL
with novel charges located at the channel entrances were
used for this purpose. Because the primary sequence of

FIGURE 3 Heparin effects at the single channel level.
(A) Single oHL channel. The representative current trace
was recorded at 140 mV. Hep3000 (390 ug/mL) was
placed at the frans side. Recording was performed at
0.02-ms resolution. (Vertical arrow) Channel insertion.
(Rectangle) A single short-blockage-event shown in higher
time-resolution (inset). (Circle) Example of the trace used
in current noise analysis. The respective all-point histo-
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(Solid line) Best-fit of a single normal distribution to the
most probable conductance values for Hep3000 acting
from the trans and the cis entrances of the «HL channel.
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wild-type o«HL has no cysteines, we used two point cysteine
mutants (I7C and T129C, with cysteine located close to the
cis and trans pore entrances, respectively; green triangles
in Fig. 1 A). We subsequently chemically modified these
cysteine side chains with small water-soluble sulthydryl-
specific reagents to add either a full positive or a negative
charge at each cysteine side chain. Because the «HL channel
is a heptamer, these agents added up to seven positive or
negative charges in the pore lumen.

Theoretical considerations suppose that the conversion of
the weak negative charge on cysteine to a strong negative or
positive value, causes significant changes in the electrostatic
potential distribution that is spread evenly at the opposite
channel entrance (Fig. S2 in the Supporting Material). Such
changes in the potential might affect the polyanion concen-
tration near both channel entrances. As a result, the change
in the effectiveness of PA could be expected not only at
the side of the charge addition but at the opposite side as
well.

Experiments showed that when full fixed charges are
added to the channel entrances, the effect of PA on the
channel conductance is markedly altered (Fig. 4). Moreover,
the effect of added charges on the frans side is felt on the
other (cis) side of the channel, and vice versa. For example,
adding a single novel negative charge per monomer at posi-
tion 7 significantly increased the time constant of heparin-
induced channel blockade Hep6000 at the cis side and
—100 mV applied potential (Fig. 4 A). A small, but visible
increase in the time constant was found with Hep6000 added
to the trans side and 4100 mV applied potential (Fig. 4 B).
A novel positive charge at the position causes the opposite
effect, i.e., an increase in heparin’s effectiveness (a decrease
in the time constant) when it was added to the either side
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(Fig. 4, A and B). Qualitatively similar, but stronger effects,
were observed for charges added at the trans entrance, where
the added charges greatly affect the heparin effectiveness
from the frans side and weakly affect them from the cis
(Fig. 4, C and D). Thus, in agreement with the estimated
electrostatic potential distribution (Fig. S2 in the Supporting
Material), the novel charges alter the current blocking effect
of PA not only at the modified «HL channel entrance but
also at the opposite entrance (Fig. 4). The results are not
consistent with Ca>" bridge formation between the nega-
tively charged residues of the pore lumen and sulfate groups
of PA. Instead, they suggest the electrostatic potential, gener-
ated by these charged residues, modifies the effective
concentration of heparin near the pore entrances and that
the last step of the polyanion-channel interaction (blocking)
is electrostatic in nature. Qualitatively similar results were
observed with other PA used (data not shown).

Liposomes

PA appears to enter and occlude the «HL channel. However,
the question of why the larger molecular weight PA is so
effective at reducing the channel conductance (Fig. 2)
remains. It was conceivable that PA accumulates in the
channel access resistance region in a voltage-dependent
manner (37). Because of the difference in diffusion coeffi-
cient and electrophoteric mobility, this Ansatz predicts that
the smaller PAs accumulate more rapidly close to the pore
entrance than do the larger ones. Thus, one could expect
the smaller PA to be more effective in blocking the oHL
channel, which is not consistent with the data.

To explain these results, we determined the interaction
between the PAs and the membrane surface. Phospholipids,

A B
S 0. I7C, -100mV MTSET 100! I7C, +100mV
S -25 DIT  75]
.
£ 50 50 MTSET y .
= DTT FIGURE 4 Influence of the strong positive or negative
S -75- DTNB 251 DTNB charge at the lumen of the channel close to the cis (A
0_100 O and B; I7C) or the trans (C and D; T129C) aHL channel
entrance on the heparin effects. Multichannel lipid bilayers
0 10 20 30 40 O 10 20 were used. Maximal value of the current, seen soon after
Time, S Time, S potential shift from zero mV, was taken as 100 arbitrary
c D units. Hep6000 was used at concentration of ~4 ug/mL at

the cis compartment (A and C) when voltage was switched
from 0 to —100 mV. In experiments with 0-100 mV

S5 0'T1 29C, -100 mVMTSET 100/ T129C, +100 mv voltage switch, Hep6000 was used at a concentration of
© 25 75 DTNB  ~0.4 ug/mL at the trans compartment (B and D). The traces
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§ 50 DTNB 50+ E;? g:agents .used .forhdeéivatization of cysteine (DTNB,
5 75| 25 DTT SET) are given in the figure.
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including PC, interact with PA (e.g., (4,8)). Binding PA with
phospholipids does not occur in the absence of divalent
cations. These cations form bridges between negatively
charged phosphate groups of the phospholipids and the
sulfate groups on PA (8). Phospholipids and PA interact
with divalent cations individually (38,39). This apparently
does not impair the Ca>" bridge formation between phos-
pholipids and PA, most likely because both are in dynamic
equilibrium with free ions in the bulk. Moreover, the data
suggest that PA, and heparin, in particular, continue to
possess a negative net charge even in 100 mM Ca*" solution
(27). Because heparins also require the presence of divalent
cations in the bulk to affect the channel (27), we considered
the possibility that heparins bind to the membrane, in agree-
ment with the calcium-bridge mechanism suggested in the
literature (8,30,41).

Polyanion-binding to liposomes causes a negative
{-potential (4). In particular, the effect of DS is increased
with concentration and molecular weight (8). To verify
whether the same is true for heparins and to quantify the
binding of these PAs to the membrane, we measured the
{-potential of PC liposomes in the absence and presence of
differently sized heparins. This effort might help us in under-
standing the mechanism of PA action, and, in particular, its
sidedness effect at the «HL channel.

We found that heparins decreased the PC liposome
{-potential from slightly positive value (in the absence of
PA) up to ~—24 mV (Fig. 5). The larger heparins were
more active. The dependence of liposome {-potential
(Fig. 5) on heparin concentration resembles that for heparin-
induced ¢HL channel current blockade (Fig. 2). There is
a strong correlation between the effectiveness of heparins
(presented as the ICsg) in these two systems (Fig. 5, inset).
These results suggest that the binding of PA with the
membrane might account for the strong dependence of the

Fo-ommmmm e e - I
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1
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< ~16- 01 10 1000
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N _20-
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FIGURE 5 {-Potential of liposomes in the presence of growing concentra-
tions of heparins and the correlation between equi-effective concentration of
heparins against liposomes and oHL channels (inser). (Symbols: O, Hep-
Alb; B, Hep; OO, Hep6000; and A, Hep3000.) The value r is the correlation
coefficient.
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channel blockade on PA molecular weight. It appears that at
the first step of PA-ion channel interaction, PA binds to
membrane via Ca>-bridges, resulting in higher local concen-
trations on and near the membrane and thus around the HL
pore entrance area. This proximity to the pore entrance
increases the probability that, at the right polarity, the pore-
ion flux would be inhibited by the polyanion.

The results account for the side-differential effectiveness
of PA. The steady-state polyanion concentration decreases
nonlinearly (41) with distance from the surface, down to
their bulk value. As a result, at the same bulk concentration,
the effective steady-state polyanion concentration should be
much higher at the trans (nearly to the membrane surface,
but negatively charged) than cis (far from the membrane
surface, but positively charged) entrance of the channel.
The latter clarifies how the difference in the distance between
the membrane surface and the entrances of the channel may
determine the sidedness in PA effectiveness. Unbound poly-
mer can occasionally approach the channel entrance by
diffusion and then (at the second step of PA/ion channel
interaction) enter the pore in a voltage-dependent manner
and block it.

The lipid bilayer binds PA in a divalent cation-mediated
manner. This leads to two consequences:

First, the binding increases the PA concentration close to
the membrane surface in a molecular-weight-dependent
manner—which, in turn, increases the probability of its
blocking the «HL channel, as demonstrated in this study.

Second, the binding might alter the packing and the phase
transition of lipid chains of membrane phospholipids (40),
which can modify the «HL-membrane interaction (42) and,
most likely, the channel transition between voltage-depen-
dent states of different conductances. This then raises a ques-
tion about the role of the physical state of membranes in the
mechanism of PA action against ion channels—including
those formed by aHL.

Theoretical model

Assuming that the distribution of PA adjacent to the
membrane-solution interface follows the Boltzmann law
(41), the effective polyanion concentration at the channel
entrance, C;, is

Ci = Coe™, (M

where C, is the polyanion concentration in the bulk, z is its
valence, and ; is the dimensionless potential at a channel
entrance (lpCis or wTrans)

We assume that PAs have the same concentration at the
channel entrance, C’; = C”;, to cause the same current block-
ing effect. In that case, the ratio of bulk concentrations of two
PA can be estimated as

/
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or

/

ln% = (Z - ), 3)
o
where C'y and 7z and C”, and 7" are the bulk concen-
tration and valence of two different PAs in the contact
with the same (cis or trans) channel entrance in separate
experiments.

The fit of Egs. 2 and 3 to the dependence of the relative
effectiveness of different heparins in the channel-block on
their charge difference is shown in Fig. 6. The good agree-
ment supports our assumption that the PA concentration
close to surface of the membrane-oHL channel-complex
obeys the Boltzmann law and that, at equal bulk concentra-
tion, the larger PAs have a greater concentration near the
channel entrances. The numerical value of the potential
responsible for the difference in effectiveness of differently
sized PAs could be obtained by extrapolating the experi-
mental dependencies shown in Fig. 6 (inset) to z/— 2/ = 1.
For the experiments with heparins added to the cis side or
the trans side, values of y; were ~1.55 and ~4.45. The result
indicates that the effective potential, which is responsible for
the difference in PA concentration at the oHL channel
entrances, is approximately three times smaller at the cis
than at the trans side.

To clarify the participation of the membrane in determina-
tion of this potential, we used the Debye-Hiickel approxima-
tion, ¥; = Yee X, where k' is the Debye screening length,
and x is the distance between potential at the membrane
surface, ¥,, and potential at the some distance from it, ;.
Comparing the Debye-Hiickel equations for the cis and
trans entrances of the channel, we estimate the ratio of
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Effective charge difference, z,,_ ;.- Z
FIGURE 6 Relative effectiveness of heparins at the cis and the trans
applications against their charge difference is presented in linear and
semi-logarithmic (inset) plot. To build the plots, values of ICs, were taken
in nM. The ratio was defined as ICk™**™ /ICK . The number of charges
per a heparin molecule, z, was taken equal to the number of sulfate groups.
The effective charge difference was defined as Zepaoo0—Zepi- The correla-
tion coefficient between experimental data and theory is >0.99.
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potentials at the cis and trans oHL channel entrances to be
Veis/Vians = € %), where Ay represents the apparent
difference in distance between the cis and frans channel
entrances from the membrane surface. Substituting Ay for
4 nm (based on the available data about «HL channel posi-
tion in lipid bilayer), and taking k' = 0.8 nm (ionic strength
~0.15), we found ¥ /Yyrans Of 0.007, which is ~50 times less
than the experimental value. The result indicates that, in the
absence of electrostatic potential generated by the protein
part of the «HL channel, the sidedness effect of PA should
be remarkably more pronounced. Thus, potential of the
membrane surface alone explains the experimental side-
dependence of polyanion action qualitatively. The protein
channel attenuates the potential generated by lipid
membrane. The resulting effective potential (responsible
for the polyanion concentration at the entrances) is the result
of both constituents of the «HL channel-membrane complex.
The influence of the charged regions of the «HL channel is
electrostatic in nature. The transmembrane potential does
not determine PA concentration close to the channel
entrances (see Supporting Material for a detailed discussion).
The transmembrane potential acts at the second step, where
a polyanion, occasionally approaching a channel entrance by
diffusion, is forced either into or away from the pore by the
transmembrane electric field. Ca®"-bridges mediate the inter-
action of PA with lipid membranes only.

CONCLUSION

Here, we demonstrate that the ability of heparins and DS to
block a«HL channels correlates with their binding to a phos-
pholipid membrane and significantly increases with polyan-
ion size. The effectiveness of PA reported here depends
strongly on the side to which they were added and on the
sign of transmembrane voltage applied. In summary, the
results obtained with wild-type and genetically engineered
channels together with a simplified mathematical analysis of
the data suggested particular mechanisms by which PAs affect
the oHL channel, and perhaps other mesoscopic channels.

The interaction between the channel and PA requires two
steps. First, PAs bind reversibly to the membrane surface via
Ca**-bridges. The distribution of PAs close to the surface is
determined by two factors: an attraction to membrane (which
retains PA at the surface via Ca”"-bridges) and Brownian
diffusion (which tends to equalize their surface and the
bulk concentrations). At equilibrium, the polyanion concen-
tration distribution is greatest close to the surface and
decreases with distance in an exponential manner (41). At
the same bulk concentration, the larger PA is at the larger
concentration in proximity to the surface. Because the two
entrances of the aHL channel are at different distances
from the membrane surface, the effective concentration of
PA at the cis entrance is much smaller than at the trans.
This qualitatively explains the difference in their effective-
ness from the cis and the trans side.
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PAs have a negative net charge even in 100 mM solution
of CaCl, (27). The visible interaction of PAs with «HL chan-
nels occurs at the second step when a polyanion, which occa-
sionally diffuses to the access zone on the front of the
channel entrance, will fall under the influence of the trans-
membrane electric field, preventing or facilitating its
entrance into the channel lumen to plug it. It appears that,
at this step, the interaction of PA with the channel is not
mediated by Ca®"-bridges, and that long-range electrostatic
interactions are important. The conclusion is consistent
with the earlier observed (27) decrease in heparin effective-
ness under the increase in ionic strength of the bulk solution
and the theoretical estimations of blocking of an ion channel
by a highly charged drug (43).

Findings provide a noncontradictory molecular explana-
tion for polyanion/protein-ion channel interactions that
combines all data known to date including the necessity of
divalent cations, voltage-, side-, and size-dependencies of
PA effect on the «HL channel. The results shown here might
be of interest for pharmacology and biomedicine, where
heparins and other PAs are widely used, and are of impor-
tance for understanding the ubiquitous role of PA in cellular
activity. We expect that the results obtained here will be
applicable to other mesoscopic (proteinaceous and synthetic)
water-filled nanopores, and should be helpful in research to
design drugs that might block mesoscopic pores formed by
channel-forming toxins (e.g., (44)).

SUPPORTING MATERIAL

Two figures and one table are available at http://www.biophysj.org/
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The authors are grateful to Dr. C. P. de Melo and Prof. C. A. S. Andrade for
use of the Zetasizer, and C. G. dos Santos (all from Physics Department of
Federal University of Pernambuco) for technical assistance. The authors also
thank Dr. John Kasianowicz (National Institute of Standards and Tech-
nology, Gaithersburg, MD) for editing the manuscript.

This research was supported by the Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico, a Rede de Nanotecnologia Molecular e de Inter-
faces, and Instituto do Milénio de Materiais Complexos (Brazil) and by
the Deutsche Forschungsgemeinschaft Grant SFB 490, project D3.

REFERENCES

1. Olenina, L. V., T. I. Kuzmina, B. N. Sobolev, T. E. Kuraeva, E. F.
Kolesanova, et al. 2005. Identification of glycosaminoglycan-binding
sites within hepatitis C virus envelope glycoprotein E2*. J. Viral Hepat.
12:584-593.

2. Hurst, R. E., R. M. Moldwin, and S. G. Mulholland. 2007. Bladder
defense molecules, urothelial differentiation, urinary biomarkers, and
interstitial cystitis. Urology. 69:5S17-S23.

3. Vannucchi, S., M. Ruggiero, and V. Chiarugi. 1985. Complexing of
heparin with phosphatidylcholine—a possible supramolecular assembly
of plasma heparin. Biochem. J. 227:57-65.

4. Sagrista, M. L., M. Mora, and M. A. De Madariaga. 2000. Surface
modified liposomes by coating with charged hydrophilic molecules.
Cell. Mol. Biol. Lett. 5:19-33.

Biophysical Journal 97(11) 2894-2903

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Teixeira et al.

. Suppiramaniam, V., T. Vaithianathan, K. Manivannan, M. Dhanase-

karan, K. Parameshwaran, et al. 2006. Modulatory effects of dextran
sulfate and fucoidan on binding and channel properties of AMPA recep-
tors isolated from rat brain. Synapse. 60:456-464.

. Van, V. D., D. P. Wall, and K. G. Johnson. 2006. Heparan sulfate

proteoglycans and the emergence of neuronal connectivity. Curr.
Opin. Neurobiol. 16:40-51.

. Chicoine, L. M., V. Suppiramaniam, T. Vaithianathan, G. Gianutsos,

and B. A. Bahr. 2004. Sulfate- and size-dependent polysaccharide
modulation of AMPA receptor properties. J. Neurosci. Res. 75:
408-416.

. Zschornig, O., W. Richter, G. Paasche, and K. Arnold. 2000. Cation-

mediated interaction of dextran sulfate with phospholipid vesicles:
binding, vesicle surface polarity, leakage and fusion. Colloid Polym.
Sci. 278:637-646.

. Song, L., M. R. Hobaugh, C. Shustak, S. Cheley, H. Bayley, et al. 1996.

Structure of staphylococcal a—hemolysin, a heptameric transmembrane
pore. Science. 274:1859—-1866.

Krasilnikov, O. V., P. G. Merzlyak, L. N. Yuldasheva, C. G. Rodrigues,
S. Bhakdi, et al. 2000. Electrophysiological evidence for heptameric
stoichiometry of ion channels formed by Staphylococcus aureus a-toxin
in planar lipid bilayers. Mol. Microbiol. 37:1372-1378.

Movileanu, L., S. Cheley, S. Howorka, O. Braha, and H. Bayley. 2001.
Location of a constriction in the lumen of a transmembrane pore by tar-
geted covalent attachment of polymer molecules. J. Gen. Physiol.
117:239-251.

Ernst, S., G. Venkataraman, V. Sasisekharan, R. Langer, C. L. Cooney,
et al. 1998. Pyranose ring flexibility. Mapping of physical data for idur-
onate in continuous conformational space. J. Am. Chem. Soc. 120:
2099-2107.

Gray, G. S., and M. Kehoe. 1984. Primary sequence of the «a-toxin gene
from Staphylococcus aureus wood 46. Infect. Immun. 46:615-618.

Valeva, A., J. Pongs, S. Bhakdi, and M. Palmer. 1997. Staphylococcal
a-toxin: the role of the N-terminus in formation of the heptameric
pore—a fluorescence study. Biochim. Biophys. Acta. 1325:281-286.

Mueller, P., D. O. Rudin, H. T. Tien, and W. C. Wescot. 1963. Methods
for formation of single bimolecular lipid membranes in aqueous solu-
tion. J. Phys. Chem. 67:534-535.

Montal, M., and P. Mueller. 1972. Formation of bimolecular
membranes from lipid monolayers and a study of their electrical prop-
erties. Proc. Natl. Acad. Sci. USA. 69:3561-3566.

Krasilnikov, O. V., V. L. Ternovsky, R. Z. Sabirov, R. K. Zaripova, and
B. A. Tashmukhamedov. 1986. Cation-anion selectivity of staphylo-
toxin channels in lipid bilayer. Biofizika. 31:606—610.

Krasilnikov, O. V., P. G. Merzlyak, R. Z. Sabirov, V. I. Ternovsky, and
R. K. Zaripova. 1988. Influence of pH on the potential-dependence of
staphylococcal toxin channels functioning in phosphatidylcholine
bilayer. Ukr. Biokhim. Zh. 60:60—66.

Szoka, F., and D. Papahadjopoulos. 1980. Comparative properties and
methods of preparation of lipid vesicles (liposomes). Annu. Rev. Bio-
phys. Bioeng. 9:467-508.

Ruso, J. M., L. Besada, P. Martinez-Landeira, L. Seoane, G. Prieto,

et al. 2003. Interactions between liposomes and cations in aqueous solu-
tion. J. Liposome Res. 13:131-145.

Guex, N., and M. C. Peitsch. 1997. SWISS-MODEL and the Swiss-
PDBViewer: an environment for comparative protein modeling. Elec-
trophoresis. 18:2714-2723.

Krasilnikov, O. V., P. G. Merzlyak, L. N. Yuldasheva, and M. F. Cap-
istrano. 2005. Protein electrostriction: a possibility of elastic deforma-
tion of the a-hemolysin channel by the applied field. Eur. Biophys. J.
34:997-1006.

Rabenstein, D. L. 2002. Heparin and heparan sulfate: structure and
function. Nat. Prod. Rep. 19:312-331.

Mulloy, B., M. J. Forster, C. Jones, and D. B. Davies. 1993. NMR and

molecular-modeling studies of the solution conformation of heparin.
Biochem. J. 293:849-858.


http://www.biophysj.org/biophysj/supplemental/S0006-3495(09)01465-9
http://www.biophysj.org/biophysj/supplemental/S0006-3495(09)01465-9

Polyanion-lon Channel Interactions

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

Larm, O., B. Lindberg, and S. Svensson. 1971. Studies on length of side
chains of dextran elaborated by Leuconostoc mesenteroides Nrrl B-512.
Carbohydr. Res. 20:39-48.

Bovey, F. A. 1959. Enzymatic polymerization. 1. Molecular weight and
branching during the formation of dextran. J. Polym. Sci. 35:167-182.

Krasilnikov, O. V., P. G. Merzlyak, L. N. Yuldasheva, C. G. Rodrigues,
and R. A. Nogueira. 1999. Heparin influence on a-staphylotoxin formed
channel. Biochim. Biophys. Acta. 1417:167-182.

Bangham, A. D. 1968. Membrane models with phospholipids. Prog.
Biophys. Mol. Biol. 18:29-95.

Davenport, J. B. 1971. Physical chemistry of lipids. /n Biochemistry
and Methodology of Lipids. A. R. Johnson and J. B. Davenport, editors.
Wiley-Interscience, New York. 47-83.

Huster, D., and K. Arnold. 1998. Ca®*-mediated interaction between
dextran sulfate and dimyristoyl-sn-glycero-3-phosphocholine surfaces
studied by H-2 nuclear magnetic resonance. Biophys. J. 75:909-916.

. Hattori, T., K. Kimura, E. Seyrek, and P. L. Dubin. 2001. Binding of

bovine serum albumin to heparin determined by turbidimetric titration
and frontal analysis continuous capillary electrophoresis. Anal. Bio-
chem. 295:158-167.

Kragh-Hansen, U., and H. Vorum. 1993. Quantitative analyses of the
interaction between calcium ions and human serum-albumin. Clin.
Chem. 39:202-208.

Yokouchi, Y., T. Tsunoda, T. Imura, H. Yamauchi, S. Yokoyama, et al.
2001. Effect of adsorption of bovine serum albumin on liposomal
membrane characteristics. Colloids Surf. B Biointerfaces. 20:95-103.

Mulloy, B., and M. J. Forster. 2000. Conformation and dynamics of
heparin and heparan sulfate. Glycobiology. 10:1147-1156.

De Felice, L. J. 1981. Introduction to Membrane Noise. Plenum Press,
New York.

36.

37.

38.

39.

40.

41.

42.

43.

44,

2903

Hall, J. E. 1975. Access resistance of a small circular pore. J. Gen. Phys-
iol. 66:531-532.

Mangan, P. S., and M. Colombini. 1987. Ultrasteep voltage dependence
in a membrane channel. Proc. Natl. Acad. Sci. USA. 84:4896-4900.

Burger, K., F. Gaizer, M. Pekli, G. T. Nagy, and J. Siemroth. 1984. The
effect of cations on the calcium-ion coordination of heparin. Inorg.
Chim. Acta Bioinorg. Chem. 92:173-176.

Seelig, J. 1990. Interaction of phospholipids with Ca®" ions. On the role
of the phospholipid head groups. Cell Biol. Int. Rep. 14:353-360.

Steffan, G., S. Wulff, and H. J. Galla. 1994. Divalent cation-dependent
interaction of sulfated polysaccharides with phosphatidylcholine and
mixed phosphatidylcholine phosphatidylglycerol liposomes. Chem.
Phys. Lipids. 74:141-150.

McLaughlin, S. 1977. Electrostatic potentials at membrane-solution
interfaces. In Current Topics in Membranes and Transport.
F. Bronner and A. Kleinzeller, editors. Academic Press, New York-
London. 71-144.

Valeva, A., N. Hellmann, I. Walev, D. Strand, M. Plate, et al. 2006.
Evidence that clustered phosphocholine head groups serve as sites for
binding and assembly of an oligomeric protein pore. J. Biol. Chem.
281:26014-26021.

Aguilella-Arzo, M., J. Cervera, P. Ramirez, and S. Mafe. 2006. Block-
ing of an ion channel by a highly charged drug: modeling the effects of
applied voltage, electrolyte concentration, and drug concentration.
Phys. Rev. 73:041914.

Karginov, V. A., E. M. Nestorovich, F. Schmidtmann, T. M. Robinson,
A. Yohannes, et al. 2007. Inhibition of S-aureus a-hemolysin and
B. anthracis lethal toxin by B-cyclodextrin derivatives. Bioorg. Med.
Chem. 15:5424-5431.

Biophysical Journal 97(11) 2894—-2903



	Interaction of Heparins and Dextran Sulfates with a Mesoscopic Protein Nanopore
	Introduction
	Materials and Methods
	alphaHL proteins
	Chemicals
	Electrophysiological measurements
	Liposomes
	Chemical modification
	Artwork
	Statistical analysis

	Results and Discussion
	Structural properties of the channel and polyanions
	Multiple channel experiments: sidedness
	Differently sized heparins
	Differently sized dextran sulfates
	Single channel experiments
	Cysteine-substitution mutants
	Liposomes
	Theoretical model

	Conclusion
	Supporting Material
	Supporting Material
	References


