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Abstract—Transmembrane ion transport, a critical process in providing energy for cell functions, is carried out by pore-
forming macromolecules capable of discriminating among very similar ions and responding to changes in membrane
potential. It is widely regarded that ion channels are exclusively proteins, relatively late arrivals in cell evolution. Here we
discuss the formation of ion-selective, voltage-activated channels by complexes of two simple homopolymers, namely, inor-
ganic polyphosphates (polyPs) and poly-(R)-3-hydroxybutyrates (PHBs), derived from phosphate and acetate, respective-
ly. Each has unique molecular characteristics that facilitate ion selection, solvation, and transport. Complexes of the two
polymers, isolated from bacterial plasma membranes or prepared from the synthetic polymers, form voltage-dependent,
Ca’*-selective channels in planar lipid bilayers that are selective for divalent over monovalent cations, permeant to Ca>*,
Sr**, and Ba®*, and blocked by transition metal cations in a concentration-dependent manner. Recently, both polyP and
PHB have been found to be components of ion-conducting proteins: namely, the human erythrocyte Ca>*-ATPase pump
and the Streptomyces lividans potassium channel. The contribution of polyP and PHB to ion selection and/or transport in
these proteins is yet unknown, but their presence gives rise to the hypothesis that these and other ion transporters are
supramolecular structures in which proteins, polyP, and PHB cooperate in forming well-regulated and specific cation

transfer systems.
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Inorganic polyphosphates (polyPs) and poly-(R)-3-
hydroxybutyrates (PHB) are simple linear polymers that
are found in a wide variety of organisms, ranging from
the most primitive to the most highly evolved [1-17].
Both homopolymers have unique molecular characteris-
tics that make them valuable physiological agents, but
perhaps one of their most serviceable functions is to
assist in the regulation of internal ion concentrations by
serving as vehicles for selective transport of ions across
membranes.

Polyphosphates attract and select for cations by
charge. PolyPs are linear chains of tetrahedral phos-
phate residues linked through common oxygen atoms by
phosphoanhydride bonds (Fig. 1). At physiological pH,
each unit carries a monovalent negative charge. The
resulting high density of charge gives polyPs a large
capacity for cation exchange [18]. Moreover, polyPs
have an inherent capacity to distinguish between mono-
valent and multivalent cations. This faculty is attributa-
ble to the large degree of rotational flexibility about the
P-O-P backbone bond that allows conformational
adjustment to the charge and coordination requirements
of the binding cation (Fig. 1). As a result, unitary nega-

tive charges on adjacent phosphoryl tetrahedra can
approach within 4 A, a distance that leads to a prefer-
ence for binding divalent cations [19]. The stronger elec-
trostatic interaction of divalent cations leads to their
preferential selection by polyPs over monovalent
cations. Binding energy rather than ion size or coordi-
nation geometry is the rationale for the ability of polyPs
to sequester Ca?* and Mg?*, which make them effective
agents in water softening [18, 20, 21]. However, when no
divalent cations are available or when the charge densi-
ty is reduced as, e.g., at low pH, polyPs will efficiently
bind monovalent cations.

Poly-(R)-3-hydroxybutyrates (PHBs) solvate cati-
ons. PolyP chains can form a framework of sufficient
length to cross the bilayer, attract cations, select for
divalent over monovalent cations and, in response to
voltage or concentration gradients, move cations along
its backbone. However, their high charge density creates
a strong electrostatic barrier to penetrating a lipid bilay-
er. Also, polyPs do not distinguish among cations of the
same charge by differences in size or coordination geom-
etry. In order to form effective and selective cation
transporters, polyPs must associate with amphiphilic
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Fig. 1. Molecular structure of inorganic polyphosphates (polyPs)—phosphate residues with monovalent charge joined by flexible phos-
phoanhydride bonds. Rotational flexibility of P-O-P bonds joining the tetrahedral allows the chains to twist into a variety of confor-
mations, depending on the coordination preferences of binding cations.

macromolecules that enable them to span the membrane
and assist them in cation discrimination. Poly-(R)-3-
hydroxybutyrates (PHBs) (Fig. 2) are perhaps the sim-
plest and most primitive macromolecules to associate
with polyP to form ion channels.

PHBs are linear homopolymers of (R)-3-hydroxy-
butyrate, formed from acetyl-CoA in three steps: con-
densation of two acetyl-CoAs to form acetoacetyl-
CoA, reduction by NADPH to form (R)-3-hydroxybu-
tyryl-CoA, and polymerization with release of CoA to
yield PHB [8-10]. PHB was first identified by
Lemoigne in Bacillus megaterium [7] as high-molecu-
lar-weight polymer (from 100 to >1000 kD) deposited
within cytoplasmic granules. This form of PHB has
since been found in a wide variety of archaebacteria
and eubacteria, in which it is presumed to serve as a
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carbon store. PHBs and their homologs, poly-(R)-3-
hydroxyalkanoates (PHAs) have recently become of
commercial interest as biodegradable plastics [22].
More recently, it was discovered that low-molecular-
weight (<14 kD) PHBs are found not only in prokary-
otes, but also in cells, organelles, and intracellular flu-
ids of eukaryotes [11, 13-17]. Low-molecular-weight
PHBs, like polyPs, appear to be universal constituent
of biological cells.

The properties of PHB that are most fundamental
to its role in ion transport is its amphiphilic nature and
its ability to solvate salts. The repeating unit of PHB
contains both hydrophobic methyl groups and
hydrophilic ester carbonyl oxygens, enabling the poly-
ester to act as an intermediary between polyP and the
bilayer (Fig. 2) [14]. This amphiphilic nature allows
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Fig. 2. Poly-(R)-3-hydroxybutyrate (PHB)—polyester chain in which hydrophobic methyl groups alternate with hydrophilic ester car-

bonyl oxygens.

PHB to penetrate hydrophobic regions, such as mem-
branes and hydrophobic pockets of proteins that are
relatively inaccessible to water. Perhaps of even greater
importance is the remarkable capacity of PHB to “dis-
solve” salts. Indeed PHB may be unique among biolog-
ical polymers in having the structural features common
to a small group of polymers, most notably polyethyl-
ene oxides, that form ion-conducting salt complexes
known as polymer electrolytes [23-26]. Important char-
acteristics of this class are flexible backbones, het-
eroatoms (in this case, ester carbonyl oxygens) that
form coordinate bonds with cations, and a suitable dis-
tance between heteroatoms along the backbone to per-
mit multiple coordinate bonds between the polymer
backbone and cations.

The capacity of polymers (>50 units, PHBs) and
oligomers (<50 units, OHBs) of R-3-hydroxybutyrate to
“dissolve” salts has been well established experimental-
ly. Seebach et al. [27] have shown that the triolide of R-
3-hydroxybutyrate forms crown ester complexes with
alkali metals, Blrger and Seebach [28] have shown that
OHBs transport alkali and alkaline earth salts across
methylene chloride layers in U-tubes, Reusch and
Reusch [29] have prepared conducting complexes from
PHB and its homolog, poly-(R)-3-hydroxyvalerate, with
lithium perchlorate, and Fritz and Seebach have demon-
strated concentration-gradient-driven transport of Ca**
into liposomes by OHBs [30, 31]. Finally, as discussed
further below, PHBs and OHBs make membranes per-
meant to ions.

PHBs and OHBs form non-selective ion channels.
The ability of PHBs and synthetic OHBs to conduct
salts across bilayers was examined in a planar bilayer
voltage-clamp setup (Fig. 3) [32, 33]. PHBs of 130-150
units (isolated from E. coli) [34] and unidisperse OHBs
(8, 16, 32, 64, and 96 units), prepared synthetically by an
exponential fragment-coupling strategy [35, 36], were
individually incorporated into planar bilayers of syn-
thetic 1-palmitoyl-2-oleoyl-phosphatidylcholine (16:0,
18:1 PC) [37]. When concentrations of the polymers or
oligomers were 0.1-5% of the phospholipid concentra-
tion, discrete current fluctuations were observed at pos-
itive and negative potentials for chain lengths of 16
monomer units or multiples of 16 units. The conduc-
tance at a given potential was reasonably constant for a
given preparation, but varied for different preparations
of the same oligomer, so that current-voltage relation-

ship could not be established. As expected, the PHBs
and OHBs did not discriminate well among ions. The
current records were similar to those observed with ionic
and non-ionic detergents such as Triton X-100, octyl
glucoside, or sodium dodecyl sulfate [38, 39], and for
pure phosphatidylcholine bilayers at temperatures of the
gel to liquid-crystalline phase transition [40, 41].

If it is assumed that the oligomers in the bilayer pre-
serves the 2, helicity, 6 A pitch determined from fiber X-
ray scattering for the crystalline state of the polymer [42],
then the length of 16 units corresponds closely to the ~50 A
lamellar thickness of synthetic crystalline OHBs (>16
units), as determined from fiber X-ray scattering, trans-
mission electron microscopy, and atomic force
microscopy [43, 44], and to the 48 A width of 16:0, 18:1
PC bilayers, estimated from electrical capacitance meas-
urements [45]. This suggests that the PHB molecules fold
in the 16:0, 18:1 PC bilayer in the same lamellar mor-
phology, 16 residues per turn. It is assumed that each
OHB molecule crosses the hydrophobic region of the
16:0, 18:1 PC bilayer in 16 units per turn, and is stabilized
at cach interface by the formation of hydrogen bonds
from the terminal hydroxyl and carboxyl groups to the
ester groups of the phospholipids (Fig. 4). Ion perme-
ability presumably results from areas of mismatch at the
interfacial regions between islands of lamellar crystallites
of PHBs or OHBs in the bilayer and phospholipids [46].

PolyP and PHB form selective ion channels. PHBs
solvate polyPs salt by encircling them and replacing the
water of hydration about the cations with coordinate
bonds to its ester carbonyl oxygens. The relatively weak
solvating ability of carbonyl ester oxygens (as compared
to the oxygens of water) and the absence of hydrogen
bond donors for solvation of anions means that PHB will
preferentially solvate salts composed of cations with high
solvation energies and anions with diffused charge. As
stated above, critical factors in achieving this solvation
are the flexible backbone of PHB and the optimal dis-
tance between carbonyl oxygens along its backbone [11,
23-25]. The result is a flexible structure of two discrete
polymers bridged together by lanes of cations [11, 34, 47]
(Fig. 5, a and b). Since polyP is fully charged at physio-
logical pH, it will preferentially bind divalent cations.
The major physiological divalent cations are Mg?* and
Ca?*. PolyP does not distinguish between these two
cations, but the geometry of the ligands in the irregular
binding cavities formed by the phosphoryl oxygens of
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Fig. 3. Planar bilayer system. The system consists of two aqueous solutions (labeled cis and trans) separated by a planar lipid bilayer.
External voltage commands are applied to the cis side with the trans side maintained at ground (defined as zero voltage); OSC, oscillo-

scope; VCR, recording tape system [52].

polyP with the ester carbonyl oxygens of PHB strongly
favor Ca®* (Fig. 5¢) [48]. Sr** and Ba*" are not physiolog-
ical cations but they have the same coordination geome-
try as Ca®*: consequently, they are also permeant [34, 48].

Natural polyP/PHB ion channels. PolyP/PHB com-
plexes were first discovered in the plasma membranes of
bacteria [47, 49-52]. The complexes are at low concen-
trations in log-phase cells, substantially higher concen-
trations in stationary-phase cells, and highest concentra-

tions in genetically transformable cells. The channel
activity of the complexes was examined in planar bilay-
ers of 16:0, 18:1 PC between symmetric solutions of 200 mM
CaCl,, 5 mM MgCl,, 10 mM Tris-Hepes, pH 7.4 [34].
The current records at positive and negative potentials
of the complexes in plasma membrane vesicles of com-
petent E. coli vesicles were essentially the same as those
for complexes extracted from competent E. coli cells into
chloroform (crude or HPLC-purified) (Fig. 6).
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Fig. 4. Schematic representation of (R)-3-hydroxybutyrate oligomers (OHBs) of 32 units incorporated into planar phospholipid bilayer

[37].
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Fig. 5. a) Drawing depicting putative relationship between polyP, PHB, and Ca®" in the complexes. The PHB forms a helix with a
lipophilic shell of methyl groups and polar lining of ester carbonyl oxygens surrounding a core helix of polyP with Ca** bridging the two
polymers [11]. b) A view looking down the channel structure [11]. ¢) Coordination of Ca** by polyP and PHB [47]. Ca®* forms ionic

bonds with four phosphoryl oxygens of polyP and coordinate bonds with four ester carbonyl oxygens of PHB to form a neutral com-
plex with irregular cubic geometry.
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Fig. 6. Single channel records of polyP/PHB complexes from
genetically competent cells of E. coli DH5aq, in planar lipid
bilayers. Channels were incorporated into planar lipid bilay-
ers, composed of l-palmitoyl-2-oleoyl-phosphatidylcholine
and cholesterol (5:1w/w), between symmetric bathing solu-
tions of 200 mM CaCl,, 5 mM MgCl,, 10 mM Tris-Hepes, pH
7.4 at 22°C. Channel activities of complexes in plasma mem-
brane vesicles and extracts are essentially similar. Clamping
potential was +80 mV with respect to ground (¢rans side). The
solid triangles at the side of each profile indicate the fully
closed state of the channel. The data was filtered at 1 kHz. a)
Plasma membranes; b) chloroform extract; ¢c) HPLC purifica-
tion.

The physiological role of polyP/PHB complexes has
not been established, but bacterial cells maintain low
internal Ca*" [53-55], and there is increasing evidence
pointing to calcium involvement in a number of impor-
tant cellular functions, such as chemotaxis, cell division,
heat shock, pathogenicity, and differentiation [56-59].
Systems for calcium export have been identified [60, 61],
but mechanisms for calcium entry are less well known,
although an L-type channel was reported in Bacillus sub-
tilis [62, 63], and Jones et al. [55] demonstrated the pres-
ence of two putative Ca" influx channels, one inhibited
by La*" and the other not. It was suggested that the
properties of the former were consistent with the
polyP/PHB calcium channel complexes.

Synthetic polyP/PHB ion channels. To resolve
remaining doubts as to whether the channel activity was
actually effected by trace protein contaminants, Das et
al. [64] performed a total synthesis of the channel com-

BIOCHEMISTRY (Moscow) Vol. 65 No.3 2000

plex from (R)-3-hydroxybutanoic acid, sodium poly-
phosphate and calcium chloride. An exponential frag-
ment-coupling strategy was employed to prepare the
128-mer of R-3-hydroxybutyrate (PHB ) [65]. This
synthetic polymer has a molecular weight of ~11.4 kD,
which is close to that of E. coli PHB (~12 kD). Calcium
polyphosphate was prepared from sodium polyphos-
phate glass (average residue number 65) and calcium
chloride. The size of complexed polyP was determined
by acrylamide gel electrophoresis to be in the same range
(55-65 residues) as that in the E. coli complexes [66]. The
current records of channels formed in planar bilayers by
the synthetic complexes were indistinguishable from
those of polyP/PHB complexes extracted from E. coli
(Fig. 7), and the conductances of the synthetic and E.
coli channels were equivalent, 101 £ 6 and 104 + 12 pS,
respectively (Fig. 8).

Selectivity of polyP/PHB channels. The channels
formed by E. coli or synthetic polyP/PHB, show strong
selectivity for divalent over monovalent cations [36, 64].
The selectivity was examined by determining the reversal
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Fig. 7. Representative single-channel current fluctuations of
synthetic polyP/PHB,5 (a) and E. coli-derived polyP/PHB
complexes (b) at various clamping potentials [64]. Complexes
were incorporated into planar lipid bilayers composed of 1-
palmitoyl-2-oleoyl-phosphatidylcholine and cholesterol (5:1
w/w) between symmetric aqueous solutions of 200 mM CaCl,,
5 mM MgCl,, 10 mM Tris-Hepes, pH 7.4 at 22°C. Bars at side
of each profile indicate fully closed state of channel.
Clamping potentials with respect to ground are indicated at
left (in mV).
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Fig. 8. Current—voltage relations for E. coli polyP/PHB (1)
and synthetic polyP/PHB,,s (2) channels [64]. The conduc-
tance of the channel for Ca*" in symmetric solutions under the
same experimental conditions as in Fig. 7 is 104 £ 12 pS for
the E. coli channels and 101 * 12 pS for the synthetic chan-
nels. The data points represent mean values of ten observa-
tions.
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Fig. 9. Cation selectivity of synthetic polyP/PHB channels.
Selectivity of synthetic polyP/PHB,,s channel complexes for
Ca® over Na* [64]. Single-channel current-voltage relations
in planar lipid bilayers composed of 1-palmitoyl-2-oleoyl-
phosphatidylcholine and cholesterol (5:1 w/w) between asym-
metric aqueous solutions—cis (65 mM CaCl,, 10 mM NaCl,
5 mM MgCl,, 10 mM Tris-Hepes, pH 7.4) and trans (0.1 mM
CaCl,, 200 mM NacCl, 5 mM MgCl,, 10 mM Tris-Hepes, pH
7.4) at 22°C. The equilibrium potentials calculated from con-
centrations were Ec, = -82mV, Eq =+9mV, and Ey, = +76 mV.
Error bars indicate standard deviation from the mean.
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potential (zero-current potential) when the channels
were incorporated into bilayers formed between aque-
ous solutions of unequal ion composition. The reversal
potential was estimated graphically from the single-
channel current-voltage relationships, and this value
was compared with the equilibrium potential (calculated
from concentrations) for each cation in a perfectly selec-
tive channel, calculated from the Nernst equation [67].

The selectivity for divalent cations of E. coli
polyP/PHB complexes was demonstrated in 16:0, 18:1
PC bilayers between unequal solutions of Sr** over Na*.
The reversal potential is —38 mV, close to the equilibri-
um potential for Sr** of 40 mV, whereas the equilibri-
um potential for Na* is nominally plus infinity and the
Cl equilibrium potential is +7 mV. Correspondingly,
selectivity for divalent cations of synthetic polyP/PHB
complexes was established in 16:0, 18:1 PC bilayers
between unequal solutions of Ca** and Na* (Fig. 9). The
reversal potential is —67 mV, close to the equilibrium
potential for Ca** of -82 mV, whereas the equilibrium
potential for Na* is +76 mV and the Cl equilibrium
potential is +9 mV.

Block of polyP/PHB channels. PolyP/PHB channel
complexes are blocked by transition metal cations in a
concentration-dependent manner. The E. coli-derived
complexes were completely blocked by 0.6 mM La**, 1.5 mM
Co**, or 8 mM Cd** [34]; nearly complete blocking of
single-channel currents was observed in the synthetic
complexes at concentrations >0.1 mM La** (0.1% of
Ca®") [64] (Fig. 10). Mg** also has an affect on the cur-
rents. At low concentrations (1% of Ca** concentration),
it appears to increase the stability of the channel com-
plexes and acts as a mild blocker, thus making it easier
to observe channel openings and closures. For this rea-
son, low concentrations of Mg?* are customarily includ-
ed in the buffers. Raising Mg®* concentrations to higher
levels significantly diminished single-current magni-
tudes, and nearly complete blocking of Ca** currents
was observed in the E. coli channels when Mg** was
present in amounts in excess of 10% of Ca*".

Gating of polyP/PHB channels. PolyP/PHB com-
plexes isolated from E. coli and synthetic polyP/PHB
complexes exhibit two distinct gating modes (modes 1
and 2) in planar lipid bilayers. Although either mode can
be observed at both positive and negative potentials,
mode 1 is illustrated at positive potentials and mode 2 at
negative potentials in Fig. 7 [64]. In mode 1, the channels
display long openings of the order of several seconds
with infrequent and brief closures to the fully closed
state [68]. In mode 2, the channel activity is character-
ized by long bursts with flickering between the fully
open state of 87 £ 3 pS and a major subconductance
state of 56 £ 2 pS, interrupted occasionally by closures
to the fully closed state (<0.5% of total time). The chan-
nel exhibits a number of other subconductance states
but with much lower frequency. In both modes, the

BIOCHEMISTRY (Moscow) Vol. 65 No.3 2000



TRANSMEMBRANE ION TRANSPORT BY PolyP/PHB COMPLEXES

100
80 -
i}
oo
° 60 -
] g
m 40
20
&
0 1 1 1
0 100 200 300
[La®], uM

Fig. 10. Block of synthetic polyP/PHB,,; channels by transi-
tion metal cation La’" [64]. The bilayer was composed of 1-
palmitoyl-2-oleoyl-phosphatidylcholine and cholesterol (5:1
w/w) between symmetric aqueous solutions of 200 mM CaCl,,
5 mM MgCl,, 10 mM Tris-Hepes, pH 7.4 at 22°C. After
incorporation of the channel, activities were recorded for 5 min.
Then La** was added to the trans side at the indicated final
concentrations. The bath was stirred and activities were
recorded after 1 min. Data points represent mean values of
the amplitude histograms at -80 mV clamping potential.
Error bars show the standard deviation from the mean.

channel occasionally enters a long closed state of sever-
al seconds duration. Switching between modes 1 and 2 is
observed infrequently. The switching can take place in
either direction—from mode 1 to mode 2 or the reverse.
The factors that determine preference for a specific
mode or effect switching between modes are presently
unknown, but the complex gating kinetics of this chan-
nel may be attributable to the multitude of conductive
conformations that can be adopted by these multi-lane,
multi-binding site amorphous complexes in response to
potential differences.

Several kinetic properties of the channel are volt-
age-dependent, indicating an asymmetry in the channel
structure. For a given single channel, the fraction of time
spent in each conductance level is strongly voltage-sensi-
tive (Fig. 11). A given single channel displayed one of
two voltage-dependent responses that were mirror
images of each other. This suggests two opposite orien-
tations of the complexes in the bilayer. PHB has a car-
boxyl group at the head and hydroxyl group at the tail,
creating a structural asymmetry that permits the com-
plex to assume a head to tail or tail to head alignment
across the bilayer. The importance of end residue struc-
ture was demonstrated by the strong inhibition of ion
transport activity by PHB, itself, when the hydroxyl or
carboxyl end groups were derivatized [37]. Synthetic
tris(macrocycle)-cation channels have also shown
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remarkable sensitivity to structural changes at the distal
ends [69]. In cells, PHB synthesis takes place at the cyto-
plasmic side, thus it is likely that all PHB/polyP channels
in the plasma membrane are oriented in the same direc-
tion and display the same pattern of voltage dependence.

Structure of polyP/PHB ion channels. The detailed
structure of polyP/PHB complexes is unknown.
However, some assumptions can be made concerning
the general organization of the complexes from the
physical properties and sizes of the polymers and the low
dielectric environment they inhabit. It is clear that the
highly polar polyanionic polyP must be shielded from
the hydrophobic region of the bilayer by the amphiphilic
PHB. The two models proposed for the channel com-
plexes by Reusch et al. [34, 65] and Seebach et al. [45, 64]
have this general structure. The former model proposes
that PHB has a coiled conformation such as it displays
in solution [70] (Fig. 12a) while the latter holds that PHB
maintains the folded helix form of its solid state [44]
(Fig. 12b). A consequence of both arrangements is the
formation of multiple parallel lanes between the two
polymers, with multiple cation-binding sites lining each
lane [34, 64]. Normal molecular motions of the poly-
mers, such as twisting or stretching movements, or slid-
ing or rotation of polyP within the homogeneous envi-
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Fig. 11. Voltage-dependence of polyP/PHB channels in mode
2 [68]. Complexes were extracted from E. coli DH5a and
incorporated into planar lipid bilayers composed of 1-palmi-
toyl-2-oleoyl-phosphatidylcholine and cholesterol (5:1 w/w)
between symmetric aqueous solutions of 200 mM CacCl,, 5 mM
MgCl,, 10 mM Tris-Hepes, pH 7.4 at 22°C. The data show
the probability of opening of the channel (Pos) to the fully
open state at indicated clamping potentials. Fit by nonlinear
regression (Boltzman).
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Fig. 12. Diagrammatic representations of polyP/PHB chan-
nels [64]. The central cylinder represents the polyP helix,
which contains pairs of closely spaced monovalent negative
charges that provide a ladder of binding sites for Ca*". The
Ca(polyP) is surrounded and solvated by PHB: a) PHB forms
a helix encircling Ca(polyP); b) PHB forms a 8 sheet type
structure surrounding Ca(polyP).

ronment provided by PHB may alter channel geometry
and effect changes in current amplitude and gating.

It may not be possible to resolve the structure of the
complexes with certainty. In the Reusch model, the com-
plexes have the liquid properties of polymer electrolytes
and this suggests a family of conformations rather than
a single defined structure. In the Seebach model, several
PHB molecules are involved in surrounding polyP. The
individual PHB chains are free to adopt various posi-
tions in the phospholipid lattice; hence a well-defined
structure is again unlikely. Further studies may help to
decide between the two views of the arrangement of
PHB molecules in the complexes and delineate the more
probable conformations.

Putative mechanism of ion conduction by polyP/PHB
channels. The mechanism of ion conduction by
polyP/PHB channel complexes can be rationalized in
terms of the structures and properties of the component
polymers. One view of how the channel may operate in
the cell membrane or planar bilayer follows.

Ca(polyP), surrounded and solvated by PHB, forms
a salt bridge extending from the cytoplasm to the
periplasm. A multi-lane channel is formed between the
two polymers; the outer wall is lined with solvating oxy-
gens, the inner wall is girdled by monovalent, phospho-
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ryl anions. At the outer interface, cations are drawn to
the mouth of the channel by polyP, and divalent cations
are preferentially bound. Most of the binding sites with-
in the channel are occupied by Ca®*, and the strong
bonds between Ca®" and polyP prevent ion movement,
and so the channel is “closed”.

The polyP “wire” of negative charges across the
bilayer acts as a sensor of membrane potential. PolyP
reacts to membrane depolarization (or a voltage step of
sufficient strength) by stretching or sliding within the
PHB pore, thus dislodging the resident Ca** and initiat-
ing an ion flow. Ca®" at the interface then preferentially
permeates into the binding cavities at the end of the
channel by virtue of their well-suited coordination geom-
etry and the relatively rapid rate at which they undergo
replacement of water of hydration. Since binding sites on
polyP are identical and spaced at frequent intervals, there
is no net potential energy cost to cation movement with-
in the channel. Segmental motions of the PHB backbone
and librational movements of ester carbonyl oxygens
carry Ca** from site to site in parallel single-file lanes
until internal concentrations rise to an appropriate level
or the membrane is again polarized. Transition metal
cations, particularly trivalent cations like La**, bind
tightly to polyP at the interface but have difficulty enter-
ing because of their unsuitable coordination preferences,
and consequently they block the ion flow.

PolyP/PHB complexes as calcium pumps. Bacterial
cells, like those of eukaryotes, maintain low internal
Ca”* concentrations. The means by which they do this is
still uncertain, although secondary systems for Ca®*
export have been identified in a number of bacteria [60,
61]. PolyP/PHB complexes have many structural fea-
tures that make them attractive agents for Ca*" extru-
sion. The ionic bond between Ca** and polyP is suffi-
ciently strong to withstand the considerable Ca** gradi-
ent across the membrane, estimated as 2 mM outside
and 0.1 uM inside for E. coli [54]. At the same time, Ca**
is held to PHB only by weak ion—dipole bonds. As a
result, the Ca(polyP) helix can slide within the PHB
envelope in response to an increase in the concentration
or voltage gradient. This organization implies that Ca**
could be transported out of the cell by extending the
polyP chain on the cytoplasmic side of the membrane.
As the appended phosphate units move into the PHB
channel, Ca** would be sequestered from the cytoplasm;
at the outer face of the membrane, Ca(polyP) is export-
ed.

The enzymes required to carry out this mechanism
are known in many organisms [3, 9, 71]. PolyP occupies
an intermediate position in the free energy scale of phos-
phorylated compounds, and can act as both a donor and
acceptor of phosphate groups. It has a free energy of
hydrolysis similar to that of ATP, and in bacterial cells
is formed enzymatically from ATP and other high-ener-
gy phosphates. Polyphosphate kinase, discovered by
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Kornberg et al. [72] in E. coli, catalyzes the reversible
transfer of the y-phosphate of ATP to the end of a
polyphosphate chain. Similar kinases have since been
reported in many other organisms [71]. Phosphorylated
compounds with still higher free energy of hydrolysis,
such as 1,3-diphosphoglycerate, can also donate high-
energy phosphates to polyP [3]. At the periplasmic face,
polyP may be degraded by polyphosphatases [3-6, 73].
The ultimate effect of these reactions is to draw Ca**
from the cytoplasm, and extrude it into the periplasm.

Inasmuch as both PHB and polyP have been con-
served in eukaryotes, as evidenced by their presence in a
wide variety of plant and animal tissues [13-17], the
question arose as to whether PHB/polyP complexes have
also been conserved in eukaryotic calcium transport sys-
tems. Reusch et al. [74] examined the Ca**-ATPase of
the human erythrocyte membrane for the presence of
these two polymers. This protein was the first plasma
membrane enzyme demonstrated to work as a Ca®*
pump [75, 76] and it is the sole transporter of Ca** in the
cell. Moreover, it has subsequently been determined that
the Ca?*-ATPase is ubiquitous in plasma membranes of
a variety of cell types in eukaryotic organisms [77].

The erythrocyte Ca®*-ATPase was purified to
homogeneity by calmodulin affinity chromatography
[78-80]. The presence of PHB in the Ca*-ATPase was
demonstrated by a positive reaction to anti-PHB IgG on
a Western blot (Fig. 13a). PHB was then measured by a
chemical assay in which the polyester is converted via [3-
elimination to its unique degradation product, crotonic
acid, by heating in concentrated sulfuric acid [11, 81, 82].
The crotonic acid is then extracted, separated by HPLC
chromatography, and quantitated by comparison of
peak area with that of standards. Under the conditions
of the assay, no amino acids or homopolymers of amino
acids produce significant amounts of crotonic acid [82].
The presence of polyP in the protein was signaled by its
reaction to the cationic dye, o-toluidine blue [83]. PolyP
causes a shift in the absorption maximum of o-toluidine
blue towards shorter wavelengths, i.e., from a maximum
at 507 nm (blue) to 530 nm (violet-red). The absorption
shift is specific for inorganic polyphosphates inasmuch
as RNA and DNA are stained blue. The identity of
polyP in the Ca’*-ATPase was confirmed, and its quan-
tity determined by an enzymatic assay in which the con-
version of [*C]JADP by polyP to [“C]JATP is measured
in the presence of E. coli polyphosphate kinase [84, 85].
Though only small quantities of the polymers were
found (0.5 pg polyP/mg protein and 1.3 pg PHB/mg pro-
tein), the amounts are likely to be greatly understated,
since both PHB and polyP are subject to extensive chem-
ical and enzymatic hydrolysis during the isolation and
purification procedures. The results have importance in
that they place these two polymers, with proven capaci-
ties to facilitate ion transport, in a human calcium-trans-
porting structure.
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Fig. 13. a) Reaction of Ca’*-ATPase protein to anti-PHB IgG
[74]. Purified Ca**-ATPase protein (8.5 ug per lane) was sep-
arated by electrophoresis on a 10% polyacrylamide gel. /)
Coomassie blue stain of Ca**-ATPase protein; 2) Western
blot of Ca**-ATPase protein probed with rabbit anti-PHB
IgG. b) Phosphorylation of the Ca?**-ATPase by [**P]polyP
[74]. Purified Ca®*-ATPase protein (2 pg) was phosphorylated
at room temperature by [**P]polyP as described in [74] and
separated by electrophoresis on a 10% polyacrylamide gel. /)
Coomassie blue stain of phosphorylated Ca®*-ATPase; 2)
autoradiogram of phosphorylated Ca**-ATPase.

The Ca**-ATPase protein was also shown to have
polyP-ATP transferase and polyP-ADP phosphotrans-
ferase activities. Niggli et al. [78] demonstrated that the
purified Ca?"-ATPase could be phosphorylated by
[y-*PJATP. An acyl phosphoenzyme is generated which
can transfer the phosphoryl group back to ADP and
regenerate ATP [86]:

[y-?PJATP + Ca**-ATPase «
« ADP + Ca**-ATPasel(*’P-PO;).

The ability of polyP to directly phosphorylate the
Ca’*-ATPase was demonstrated by autoradiography
using [**P](polyP) (Fig. 13b):

[**P](polyP) + Ca**-ATPase —
- Ca**-ATPasel(F’P-POy).

Then the capacity of the phosphorylated Ca’*-
ATPase to transfer phosphate to ADP and to generate
[**P]ATP or to extend a polyP chain was confirmed (Fig.
14, a and b):

Ca?*-ATPasel[(?P-PO;) + ADP - [PJATP,

Ca’*-ATPasel(’P-PO;) + (polyP), — [*P](polyP),.,
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Fig. 14. a) Formation of [**P]JATP from [**P]polyP and ADP by Ca’"-ATPase [74]. The [**P]polyP, with average chain length >400
residues, was incubated with 1 mM ADP, 100 mM KCI, 4 mM MgCl,, 0.1 mM CaCl, in 10 mM Hepes-KOH (pH 7.4) and Ca>*-ATPase
for 30 min at 37°C. ADP and ATP (15 nmoles each) were added as carriers, and ADP, ATP, and polyP were resolved by thin-layer chro-
matography on PEI cellulose, visualized by UV, and autoradiographed. Brackets indicate regions of the chromatogram occupied by long
chain polyP, ATP, and ADP standards after development. Right lane, reaction in the presence of Ca>*-ATPase. Over 80% of the radioac-
tive phosphate in the product co-migrated with ATP. The remainder, which appears to be short-chain [**P]polyP resulting from incom-
plete reaction, formed a band between the origin and the ATP band. Left lane, reaction in the absence of Ca**-ATPase. b) Elongation
of polyP; by [y-*P]JATP [74]. PolyP; (10 pg) was incubated with 2 pg Ca2+-ATPase, [y-2PJATP (30 Ci/mmole), 50 mM Hepes-KOH, pH
7.4, 130 mM KCl, 8 mM MgCl,, 0.15 mM C,Eg 20 uM 1-palmitoyl-2-oleoyl-phosphatidylcholine, 1 mM EGTA, 1 mM CacCl,.
Electrophoresis was performed on 20% acrylamide, 7 M urea minigels. PolyPs was selected for this assay because increases in chain
length are more noticeable on gels for short-chain polyphosphates. Standards were polyPs, [**P]P;, xylene cyanol, and bromophenol blue.
The position of the dye markers was calibrated against short-chain polyPs that had been prepared and measured as described by Clark
and Wood [74]. Visualization was with o-toluidine blue and autoradiography. /) PolyPs and [y-**P]ATP in the presence of Ca>*-ATPase
and CaCl, as above; 2) same as lane () except CaCl, was absent and solution contained 10 mM EGTA; 3) same as lane (/) except Ca*-

ATPase was absent.

The manner in which the PHB and polyP interact
with the protein is not known and it remains uncertain
whether they play an active role in the export of Ca?;
however, the presence of these highly conserved poly-
mers and enzymatic activities in the erythrocyte Ca**-
ATPase provides the basis for a hypothetical molecular
mechanism for polyphosphate-aided Ca®* transmem-
brane transport in which the pump transports Ca** out
of the cytoplasm by catalyzing the transfer of phos-
phoryl groups to polyP. The added units attract both
Mg?* and Ca®*; however, Ca*" is preferentially selected
over Mg®* as the hydration shells of the cations are
replaced by the ester carbonyl oxygens of PHB within
the bilayer, perhaps aided by oxygens of strategically
placed amino acid side chains. Factors in the selection
of Ca*" include its larger ion diameter, coordination
geometry, tolerance for variability in bond lengths and
angles, and more rapid hydration kinetics [48]. The net

effect is the coexport of Ca?* and PO? from the cyto-
plasm fueled by ATP. Strict adherence to this mecha-
nism would suggest that two ATP molecules are
required to transport one Ca**, yet the Ca®>"-ATPase
pumps one Ca** per one ATP. This suggests that other
factors such as Ca**/proton exchange must contribute
to the process.

PolyP and PHB in the Streptomyces lividans potassi-
um channel. It is also of interest to determine whether
polyP and/or PHB have been conserved as components
of protein ion channels. The potassium channel of the
Gram-positive soil bacterium, Streptomyces lividans,
(KcsA) was selected for this study since it is the first ion
channel to have its structure analyzed by X-ray crystal-
lography [87]. Although KcsA is a prokaryotic channel,
the structural elements responsible for selectivity and
gating are reasonably conserved among prokaryotes and
eukaryotes. Accordingly, the pore structure and extra-
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cellular entryway of KcsA are comparable to compli-
mentary regions of eukaryotic K* channels such as the
Shaker K* channel from Drosophila and vertebrate volt-
age-gated K* channels [88].

KcsA is a 160 amino acid polypeptide that
oligomerizes in a tetramer to form a highly selective
potassium channel [89-92]. It has been cloned, overex-
pressed, purified to homogeneity, and its stability and
electrophysiological behavior have been examined [89-
96]. Its small size, high levels of expression, and stability
in detergent solutions have made it an excellent candi-
date for structural and biochemical studies. Recently,
Doyle et al. [87] determined the structure of truncated S.
lividans KcsA by X-ray crystallography to 3.2 A resolu-
tion. Analysis of the data revealed that four identical
subunits create an inverted teepee structure in which a
wide vestibule lined with hydrophobic amino acids leads
to a narrow pore at the outer end.

Examination of KcsA channels by Reusch [97]
revealed the presence of both polyP and PHB. PolyP
was detected in KcsA tetramers, but not in monomers,
by its metachromatic reaction on SDS-PAGE gels to o-
toluidine blue stain [83]. A band of free polyP was also
visible, suggesting that polyP is released when tetramers
dissociate. The exopolyphosphatase of Saccharomyces
cerevisiae [98] degraded the free polyP, but tetramer-
associated polyP was not affected, indicating it was
inaccessible to the enzyme. PolyP in KcsA was estimat-
ed by enzymatic assay, using E. coli polyphosphate
kinase to transfer phosphates from polyP to ['“CJADP
yielding ["*C]ATP [83, 84] (Fig. 15a), as ~17 pg/mg
KcsA or ~15 polyP monomer units per tetramer. Loss
of polyP during purification of KcsA could not be esti-
mated.

PHB was detected in both tetramer and monomer
species of KcsA by reaction to anti-PHB IgG on
Western blots (Fig. 15b), and estimated by chemical
assay [82] as 34 ug/mg protein or 28 monomer units PHB
per KcsA tetramer, presumably 7 units per subunit.
PHB is uncharged and does not itself migrate on elec-
trophoretic gels, hence its co-migration with protein
indicates it is tightly bound. Moreover, although PHB is
soluble in chloroform, it was not removed from the pro-
tein by repeated extraction with warm chloroform, sug-
gesting the bonding is covalent.

In transferring KcsA to nitrocellulose membranes,
it was noted that the tetramer transferred in buffers of
pH 8.6 whereas the monomer required buffers of much
higher pH (11.3). This signaled a large difference in the
isoelectric points (pl) of the subunits and the tetramer.
The p! of KcsA subunits could not be determined exper-
imentally because of its insolubility in nonionic deter-
gents, but it was calculated using the ExPAsy Compute
pl/Mw tool (http://www.expasy.ch/tools/pi_tool.html)
[99, 100] as 10.3. This high pl is consistent with the
excess of positively charged residues (19+, 13-), mainly
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arginines, in the protein. Yet it seems curious that four
subunits, each with high positive charge, come together
to form a very stable tetramer. The stability of the
tetramer is demonstrated by its ability to remain undis-
sociated in nonionic detergent for over a month at room
temperature, at least an hour in the ionic detergent,
sodium dodecyl sulfate [91, 92], and on exposure to heat
up to ~60°C for at least 30 min [92]. Also incongruous
is the experimentally determined p/ of the KcsA
tetramer, which is substantially more acidic, i.e., 6.5-
7.5, than that of the subunits (Fig. 15c). These perceived
electrostatic anomalies are explained by the presence of
the polyanion, polyP, in the tetramer. PolyP can attract
and bind together the four basic monomers in a stable
tetramer. At the same time, it converts the net charge of
the channel interior from positive to negative, and pro-
vides an attractive entryway and staircase of negative
charges for K* transport. By drawing the basic residues
inward, it reduces the positive charge at the protein sur-
face.

Neither polyP nor PHB are discernible in the elec-
tron density maps of KcsA recently reported by Doyle et
al. [87]; however, only 60% of the channel residues, com-
prising the most hydrophobic region (residues 23-119),
were imaged. Most of the intracellular entryway (residues
126-158) had been excised and its remaining residues were
disordered. Much of the PHB and polyP may have been
eliminated by this excision, which included the most high-
ly charged region of the protein (15 of 23 residues, 7+,
8-). Even if still present, both polyP and PHB are poly-
morphic and hence disordered and difficult to image.

It is postulated that KcsA protein creates an envi-
ronment in which polyP/PHB is selective for K*. The
polyP acts as a voltage sensor and attracts cations to the
intracellular entryway. Strategic placement of basic
residues of the protein (primarily arginines) attenuates
the negative charge density of polyP, transforming its
cation selectivity from divalent to monovalent.
Discrimination between K* and Na* requires the coop-
eration of all three polymers. PolyP and PHB provide
the oxygen ligands that form the binding cavities, but
protein architecture defines the distance between ligands
of polyP and PHB, and between PHB ligands on neigh-
boring subunits. By attaching a chain of PHB to each
subunit, the discriminating ligands are kept too far apart
to solvate Na*. Transport of K* then proceeds by step-
wise movement up the polyP ladder.

According to the X-ray structure, there is a ~10 A
cavity lined with hydrophobic amino acids in the center
of the channel [28]. Estimates of molecular size based on
van der Waal radii of component atoms indicate that the
width of a PHB chain is ~ 4 A and that of polyP ~3 A.
The Pauling radius of K* is 1.33 A. This implies that a
cavity of ~13.5 A diameter is needed to accommodate a
PHB/polyP/K* complex, though considerably less space
may be required if the methyl groups of PHB are nestled
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Fig. 15. a) Autoradiogram showing formation of ['*C]JATP from [*C]JADP and polyP in KcsA [72]. Samples were incubated with 50 mM
K-Hepes, pH 7.2, 40 mM (NH,),SO,, 4 mM MgCl,, 0.5 mM [*C]JADP, 2,000 units polyphosphate kinase, at 37°C for 45 min. ADP and
ATP (5 mM each) were added as carriers, and ADP and ATP were resolved by thin layer chromatography on PEI cellulose and visual-
ized by UV and autoradiography. Brackets indicate regions of the chromatogram occupied by ADP and ATP standards after develop-
ment with 1 M LiCl, 1 M HCOOH. 7) 0.1 pg polyP (type 45); 2) as in lane (4) but without polyphosphate kinase; 3) native KcsA; 4)
polyP isolated from KcsA as described in [72]. Arrow indicates origin. b) Presence of PHB in KcsA tetramers and monomers: /) 12%
SDS-PAGE gel of partially dissociated KcsA visualized with Coomassie Brilliant Blue stain; 2) Western blot of a similar gel probed with
anti-PHB IgG. Second antibody was conjugated to alkaline phosphatase. Samples were heated for 1 min at 70°C before loading.
Molecular masses of marker proteins in kD on the right are indicated. c) Analytical isoelectric focusing of KcsA. Focusing was carried
out on 0.4 mm gels of 5% acrylamide/bis (33.7:1), 20 mM n-dodecyl-B-D-maltoside, 5% pH 3-10 ampholytes formed on gel support film.
The gel was stained with Coomassie Brilliant Blue R-250, crocein scarlet and destained with 40% methanol, 10% acetic acid. /) p/ stan-
dards; 2) unheated KcsA; 3) KcsA heated for 5 min at 90°C. Molecular masses of marker proteins in kD on the right are indicated.
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within hydrophobic pockets along the protein wall.
Allowing for experimental error, the hydrophobic-lined
cavity could contain a PHB/polyP/K* complex with the
polyP chain trailing down to an arginine-rich region of
the intracellular entryway. It is also possible the poly-
mers are located entirely in the intracellular portion that
was not imaged.

This hypothetical mechanism may not satisfy all
experimental data acquired for this channel; certainly,
more experimental work is needed to clarify the role(s)
of PHB and polyP, and it may be necessary to reevalu-
ate earlier experimental results in the light of this new
information.

Evolutionary aspects and concluding remarks. The
ubiquity of these simple homopolymers suggests they
are fundamental constituents of biological cells and have
physiological role(s) fundamental to life. It is likely that
both polymers were components of the earliest cells and
preceded the development of the RNA world. PolyPs
were present in the prebiotic environment. They are
formed when phosphate salts are subjected to high tem-
peratures or high pressures; accordingly, they are found
in volcanic condensates and near deep-sea thermal vents
[2, 101]. Synthesis of PHBs is more complex and proba-
bly was a later development, but only acetate and reduc-
ing agents are required and both were available in the
primordial milieu.

It is intriguing to speculate that the association
between polyP and PHB formed early in cell evolution
in response to the need for a system to control internal
Ca?", as Ca®* would tend to precipitate organic phos-
phates that were essential to the development of RNAs.
PolyPs could be employed to sequester divalent cations,
but this would also remove Mg**, a critical cation for
many biosynthetic reactions, and would require large
internal concentrations of polyP. The association of
PHB with polyP makes it possible to specifically
sequester Ca*" and transport it out of the cell. Once
positioned across a bilayer, polyP/PHB complexes are
versatile structures and it is possible they were used not
only to store or expel Ca®", but also to transfer infor-
mational polyphosphates, such as DNA [14]. The com-
plexes also provide a means for rapid import of Ca**,
controlled by potential or concentration gradients, and
set the stage for cell signaling later in evolution.

Simpler, more efficient, simpler to produce, easier
to assemble, calcium-selective channels than polyP/PHB
are difficult to imagine. Every atom of both polymers is
critical to the tasks of ion selection and transport. No
deletions or substitutions are conceivable that would
improve the effectiveness of the complexes. As peptides
and proteins evolved, they may have associated with the
channels to support and regulate their activity. At first,
this association may have been noncovalent, and in time
developed into a more secure covalent attachment to
PHB. In this view, many of the channels and pumps of
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prokaryotes and eukaryotes may be supramolecular
structures in which polyP, PHB, and protein have joined
together for efficient regulation of transmembrane ion
transport.
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