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ABSTRACT. Poly-(R)-3-hydroxybutyrate/polyphosphate (PHB/polyP) complexes, whether isolated from the
plasma membranes of bacteria or prepared from the synthetic polymers, form ion channels in planar lipid
bilayers that are highly selective for &aover Na at physiological pH. This preference for divalent over
monovalent cations is attributed to a high density of negative charge along the polyP backbone and the
higher binding energies of divalent cations. Here we modify the charge density of polyP by varying the
pH, and observe the effect on cation selectivity. PHB/polyP complexes, isolatedHraruli, were
incorporated into planar lipid bilayers, and unitary curreviiltage relations were determined as a function

of pH. When C&" was the sole permeant cation, conductance diminished steadily fremgS at pH

7.4 t0 474+ 3 pS at pH 5.5. However, in asymmetric solutions of'Cand Nd, there was a moderate
increase in conductance from 98 4 at pH 7.4 to 124 4 pS at pH 6.5, and a substantially larger
increase to 17& 6 pS at pH 5.6, signifying an increase inNaermeability or disorganization of channel
structure. Reversal potentials point to a sharp decrease in preferencéfasveaNa over a relatively

small decrease in pH. €awas strongly favored over Naat physiological pH, but the channels became
nonselective near thekp of phosphate £6.8), and displayed weak selectivity for Naver C&" at

acidic pH. Evidently, PHB/polyP complexes are versatile ion carriers whose selectivity may be modulated
by small adjustments of the local pH. The results may be relevant to the physiological function of PHB/
polyP channels in bacteria and the role of PHB and polyP irstheptomycesdidanspotassium channel.

The linear homopolymers inorganic polyphosphate the CaATPase pump of human erythrocyt2d)(and the
(polyP) and poly-R)-3-hydroxybutyrate (PHB) are ubiqui-  StreptomycesdidansK* channel 25), suggesting they may
tous constituents of biological cellsl{7). PolyP is a be more versatile and more prevalent ion carriers than
polyanion composed of tetrahedral phosphate units joinedpreviously thought.

by flexible phosphoanhydride bond$,(9). PHB is an The simple molecular structures of PHB and polyP make
amphiphilic polymer ofR-3-hydroxybutyrate 10, 1]) that PHB/polyP channels attractive models for investigating
forms ion-conducting complexes with salts2( 13 and  molecular mechanisms of ion selection. PolyP attracts and
nonspecific ion channels in planar lipid bilayets3). The binds all cations; however, it has a known preference for
two polymers associate to form complexes in the plasma giyalent over monovalent cations, attributed to its high
membranes oEscherichia coliand other bacterial¢—17) density of negative charge at physiological pH, and the higher
that may play a role in C& homostasis¥8, 19. PHB/polyP  pinding energies of multivalent cations,(9). One may
complexes, isolated from bacterial membranes or formed gssume that lowering the pH would reduce the charge density
synthetically, create channels in planar lipid bilayers at of polyP, thereby making the complexes less efficient at
physiological pH that display the salient characteristics of pinding divalent cations and more effective at binding
protein C&" channels, i.e., voltage dependence, selectivity monovalent cations. However, the magnitude of the pH
for divalent over monovalent cations, permeance t6'Ca  change required to significantly alter the selectivity, and the
Se*, and B&", and block by transition metal2@¢—23). effect of pH change on channel structure are unknown.
Recently, PHB and polyP were found to be components of o0 \ye examine the influence of pH on the conductance
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acid: Mes, 4-morpholineethanesulfonic acid: Tris, 2-amino-2-(hy- variations in pH close to physiological values transform PHB/

droxymethyl)-1,3-propanediol; POPC, 1-palmitoyl-2-oleoylphospha- POlyP complexes from channels that are highly selective for
tidylcholine. C&" to channels that are weakly selective for'Na
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EXPERIMENTAL PROCEDURES o0 12,
Media. SOB medium 28): 2% Bacto-tryptone (Difco), 100] ol 97pS
0.5% yeast extract (Difco), 10 mM NacCl, 2.5 mM KCI. 2 80] / )
Transformation buffer: 100 mM KCI, 45 mM Mngl10 > g0l 6] 73pS
mM CaCh in 10 mM Mes neutralized to pH 6.3 with KOH. a0 ]
Preparation of Competent Cells of E. coli DH5E. coli < 5 6 7 3] B 47pS
DHb5a. cells were made genetically competent by a variation £ PH
of the method of Hanaha2§) as previously described ). '§
This procedure has been shown to effect a-$00-fold £ 420 do 4o _A] 40 80 120
increase in the concentration of complexes in the plasma © Y
membranes 16, 17. Briefly, cells were cultured in SOB
medium to an absorbance at 550 nm of ca. 0.4. The cells 6] v pHS.5
were pelleted at low centrifugal speed (§p@or 10 min at o pHE.5
4°C, and gently resuspended in 1/3 volume of transformation o] o pH 7.4
buffer for 30 min at £C. The cells were then collected under :
the same conditions as above. -12]
Extraction of PHB/PolyP Complexes from E. cdlihe
pellet of E. coli competent cells was washed with methanol Potential, mV

(2x), methanol/acetone 1:1 X3, and acetone (2), and the Ficure 1: Unitary current-voltage relationships dt. coli PHB/

dry residue was extracted overnight &iGwith chloroform polyP channels in planar bilayers between symmetric Galutions

(10° cells/mL of CHCH). Since the complexes are sensitive 2t Various pHs. PHB/polyP complexes were isolated fEneoli

to temperature and moisture, all solvents were ice-cold andand incorporated into planar bilayers of synthetic POPC and
. A ) ! cholesterol (7:1 w/w) between symmetric bathing solutions of 200

dried with Molecular Sieves3 A for alcohol and acetone, mm CaCb, 5 mM MgCh, 10 mM buffer at 22°C. Tris—Hepes

and 4 A for chloroform (Aldrich). was used as buffer at pH 7.4, Mes at pH 6.5, and NaOAc at pH
Incorporation of PHB/PolyP Channels into Lipid Bilayer 5.5. All points amplitude histograms were constructed for single

Memb Linid bil b f d channel records at each indicated potential. Data were filtered at 1
embranesLipid bilayer membranes were 10rmed across .,  The points show the mean peak position of Gaussian

an aperture of+150«m diameter in a Delrin cup (Warner  distributions, fit by a simplex least-squares procedure at respective
Instruments) with a lipid mixture of synthetic 1-palmitoyl- clamping potentials. The data shown here are mean amplitudes of
p Y p y i C | ]
2-oleoylphosphatidylcholine (POPC)(Avanti Polar Lipids) the major open state obtained from 3 independent experiments.
and cholesterol (7:1 wiw) in decane. The bilayers were Indicated single channel conductances represent the slope of the

. . . best fit obtained by linear regression. The bars represent the standard
formed between aqueous bathing solutions, the compositiongeyiation of data. Indicated unitary conductances represent the slope
of which is described under Results. All salts used in the of the best fit obtained by linear regression. The inset shows the
bathing solutions were ultrapure-99%) (Aldrich). PHB/ pH dependence of unitary conductang® 6f the PHB/polyP
Ca-polyP complexes were incorporated into the bilayer by channel.
direct addition to the lipids before forming the bilayer; 2 o o
uL of a chloroform solution of the complexes was added to IN individual conductance states were measured by fitting
250uL of decane solution of the above lipids (ratio of PHB multiple Gaussian distributions to {:1II pomt_ amplitude his-
to phospholipid was<1:1000), and after removal of chlo- ograms. The data for asymmetric solutions have been
roform by evaporation with a stream of dry nitrogen gas, corrected for the junction potentiat-Q2 mV).
the solution was used to form a bilayer.

Recording and Data Analysed&Jnitary currents were RESULTS
recorded with an integrating patch clamp amplifier (Axopatch ~ Gating of PHB/PolyP Channel$n planar bilayer mem-
200A, Axon Instruments). The cis solution (voltage com- branes, PHB/polyP channels display two principal modes of
mand side) was connected to the head-stage input, and thgating, which are postulated to originate from two preferred
trans solution was held at virtual ground via a pair of matched conformations of the complexeg2). Under the conditions
Ag—AgCl electrodes. Currents through the voltage-clamped used in our studies, the channel is observeéiD% of the
bilayers (background conductanee pS) were low-pass-  time in mode 2; consequently, we report values for the most
filtered at 10 kHz ¢ 3 dB cutoff, Bessel type response) and frequently observed independent unitary conductance in
recorded on videocassettes after digitization through anmode 2.
analog-to-digital converter (VR 10B, Instrutech Corp.). Using  pH-Dependence of Ga Conductance in Symmetric Solu-
standard voltage conventions, positive clamping potentials tions. We first examined the currentoltage relations of
are quoted as potentials with respect to the ground (transPHB/polyP channels as a function of pH in symmetric
chamber), and positive currents are shown as “upward” solutions containing Ca as the primary conducting cation.
deflections in the traces. PHB/polyP complexes were isolated frdincoli competent

Data were analyzed offline after filtration through an 8 cells and incorporated into planar bilayers of POPC/
pole Bessel filter (902LPF, Frequency Devices)-aRkHz cholesterol (7:1 w/w) between bathing solutions of 200 mM
as mentioned in the figure legends using pClamp software CaCb, 5 mM MgCh, and 10 mM buffer. TrisHepes was
(version 6.0.4, Axon Instruments), with additional standard used as buffer at pH 7.4, Mes at pH 6.5, and NaOAc at pH
nonlinear fitting routines where necessary. Sampling was 5.5.
done using a TL-1 interface (Axon Instruments) atZd Figure 1 summarizes the data from several independent
kHz. Channel amplitudes and the proportion of time spent measurements. The inset shows the linear dependence of
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Ficure 3: Unitary conductance oE. coli PHB/polyP channels
L between asymmetric solutions of €aand Na as a function of
-20L pH. Experimental conditions were the same as in Figure 2 above.
Values for unitary channel conductances represent the slope of the
Potential, mV best fit obtained by linear regression at each pH in asymmetric
. . . solution obtained from 35 independent measurements. The bars
Ficure 2: Current-voltage relationships oE. coli PHB/polyP represent the standard deviation of the data.

channels in planar bilayers between asymmetric solutions &f Ca

and Na at representative pHs. PHB/polyP complexes were isolated L .
from E. coliand incorporated into planar bilayers of synthetic POPC =+ 6 pS when the pH was decreased to 5.6. This increase in
and cholesterol (7:1 w/w) between asymmetric bathing solutions conductance at acidic pH, despite a diminishing®‘Ca

of 65 mM CacC}, 10 mM NaCl, 5 mM MgCj, 10 mM buffer (cis conductance as shown above for symmetric solutions, could
side) and 200 mM NaCl, 1 mM Cab mM MgCh, 10 mM buffer -~ gyise from an increase in N@onductance or disorganization
(trans side) at 22C. Tris—Hepes was used as buffer at pH 7.6, f the ch | struct

7.4, and 7.0; Mes at pH 6.5; and NaOAc at pH 5.6. The data shown Or the channel structure.
have been corrected for the junction potential2 mV). All points pH-Dependence of Cation Seledty. Previous studies
amplitude histograms were constructed for single channel recordshave shown that PHB/polyP channels demonstrate a strong
at each indicated potential. Data were filtered at 1 kHz. The points selectivity for C& over Na at pH 7.4 @0, 21). This

show the mean peak position of Gaussian distributions, fit by a lectivit ined funct fod. R |
simplex least-squares procedure at respective clamping potentialsS€!€CUVILy Was now examined as a function or pH. Reversa

The data shown here are mean amplitudes of the major open statdotentials (Figure 5) and zero currents (Figure 6) were
obtained from 3-5 independent measurements at each of three pH determined from currentvoltage relationships in lipid
values. Indicated single channel conductances represent the slopgjlayers between asymmetric solutions ofCand Na at

of the best fit obtained by linear regression. The error bars representv‘,ﬂriOus pHs as described above. Representative traces near

the standard deviation of the data around the mean amplitude of . . .
the fitted Gaussian distributions. Error bars are not visible when the reversal potential are shown in Figure 4. The Nernst

they are smaller than the symbol size. Symbols are pH®)50H equilibrium potentials calculated from concentrations for this
6.5 (©), and pH 7.4 ). system aréEca = —53 mV, Eqi = +7 mV, andEy, = +76
mv.

channel conductance on pH. The single-channet*Ca
conductance decreased consistently front93 pS at pH
7.4 10 73+ 3 pS at pH 6.5 to 44 3 pS at pH 5.5. This
suggests that the channels become less efficient in bindingfor Ca* over Nd, in agreement with earlier reporta(
and transporting Ca as the charge density on polyP is 21). However, at neutral pH, the reversal potential is close

attenuated. to zero, indicating that the channels are essentially nonselec-

pH-Dependence of Unitary Conductance in Asymmetric tive. A

. . : . Apparently, the complexes undergo a sharp decrease
+

SolutionsNext we determined the total (€ Na") unitary in preference for Cd within a relatively small pH window

conductance of E’HB/ponP asa function qf pH. PHB/polyP near physiological values. Reversal potentials turn moderately

complexes were incorporated into planar bilayer membranes’positive as the pH decreases further, leveling off at pH 6.5.

composeql of POPC an_d cholesterol (7:1 wiw), between 1sin gicates that the channels become weakly selective for

asymmetric bathing solutions O_f 65_ mM CaClo mM NaCl, Na' over C&" at acidic pH, but the preference for monova-

? m"\\/l/l (l\:/lgglz,Sloam béjlffelro(msMsg:ief)f and 200 r.T:jM Na;:zl, lent cations does not significantly improve when the pH is

°CmT . be’ m 9 2&1 rg ” u fr ﬁ“;ng 57' f) atd 70 reduced below 6.5. The zero currents show a strong but
- ITIS—HEpPes was used as bufter at p 7.0, /.4, and 7. ' opposite dependence on pH, decreasing linearly with de-

Mes at pH 6'5.’ and NaOAc at pH 56 . creasing pH, but also leveling off at pH 6.5 (Figure 6).
Representative currenvoltage relationships are shown

for three pH values in Figure 2. The most frequently observed piscussion

unitary gating unit at pH 7.4 had a conductance o498

pS, although rare events were also observed with a smaller The present studies show that the conductance of PHB/
conductance of 25 2 pS. The slope conductances at various polyP channels and their selectivity for Taover Na" are

pH, determined graphically from currentoltage relations,  very sensitive to small variations in pH. PHB/polyP com-
are shown in Figure 3. In contrast to the decrease in plexes in planar bilayers are transformed from strongi€a
conductance observed with declining pH in symmetric selective channels at physiological pH to nonselective
solutions, the conductance of PHB/polyP channels in asym-channels at pH~7.0, and become weakly Naelective
metric solutions remained generally in the same range from channels at pH<7.0. This remarkable shift in preference
pH 7.6 t0 6.5 (98-129 pS), with a minimum at pH 7.4. There from divalent to monovalent cations over a narrow pH range
was, however, a substantial increase in conductance to 17&ear physiological values provides the basis for a molecular

As can be seen in Figure 5, the reversal potential is very
sensitive to pH. At physiological pH, the reversal potential
was —42 mV, close toEc, indicating a strong preference
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Ficure 5: pH-dependence of reversal potentialssofcoli PHB/
polyP channels between asymmetric solutions of"Gand Na.
Experimental conditions were the same as in Figure 2. Reversal
potentials were determined from the intersection of the fitted
current-voltage curves with the potential axis. Each point represents
the data from 35 experiments. The error bars show the 95%
confidence level of the data. For details of analysis, see the legend
of Figure 2 and Experimental Procedures.
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FiGURE 4: Representative current traces near the reversal potential I
of E. coli PHB/polyP channels at various pHs. Experimental 4
conditions were the same as in Figure 2 above. The current traces - H
were filtered through an eight pole Bessel filter at 1 kHz and P
sampled at 10 kHz. The clamping potentials are indicated at the Ficure 6: pH-dependence of zero currents for PHB/polyP channels
left. The bars at the left indicate the position of the baseline. between asymmetric solutions of €aand Na. Experimental

] ) ) ) ~conditions werethe same as in Figure 2 above. Zero currents were
mechanism by which cation transport across biological determined from the intersection of the fitted currembltage curve

membranes may be regulated. with the current axis at 0 mV clamping potential. For details of
The Ca&" and (C&"+Na") conductances were each tge aga'yS'S'E Sehe thet legend tOf thFIgdurf f2 grg( E’?pe”Te”ta'
determined as a functon of pH. I has been demonsiratedfoCedUes. Each poit represents the dta rom @periments
previously that PHB/polyP channels, isolated fr&ncoli
plasma membranes and incorporated into planar lipid bilay- perhaps a less ordered and more open conformation for the
ers, are permeant to &aat physiological pH) 20, 23). This channel.
is confirmed by the data in Figure 1, which show &Ca The results demonstrate clearly that the selectivity of PHB/
conductance, determined from currembltage relationships  polyP channels for Gd vs Na' is decisively modulated by
in symmetric solutions at pH 7.4, of 92 7 pS. When the  pH (Figures 3-6). At physiological pH, PHB/polyP channels
pH was reduced in steps from 7.4 to 5.5, the?'Ca display a strong preference for €aver Na, as evidenced
conductance decreased steadily to#4B pS, signifying a by reversal potentials in the range o#42 pS (Figure 5),
progressive reduction in the permeability of the channels to close to the Nernst equilibrium potential 663 mV. This
C&". On the other hand, (Ea+Na") conductance, deter- preference for Ca subsides within half a pH unit. Evidently,
mined from currentvoltage relationships in asymmetric lowering the pH not only decreases“aonductance but
solutions (Figure 2), exhibited a moderate increase from 98 also abolishes the preference for’Caver Na". At acidic
+ 4 pS at pH 7.4 to 12% 4 pS at pH 6.5 and a more pH, the channels display a weak preference for Haer
substantial increase to 178 6 pS at pH 5.6 (Figure 3).  C&". The reversal potentials suggest that the preference for
Apparently, lowering the charge density on polyP diminishes Na' levels off near pH 6.5 (Figure 6). Further improvement
the ability of PHB/polyP to transport divalent cations, but in selectivity may be prevented by structural disorganization
at the same time makes them somewhat more efficientat low pH. The zero currents (Figure 6) indicate that, given
carriers of monovalent cations. This increase in conductancesimilar ion gradients, membrane depolarization would result
at acidic pH may reflect the lower hydration enthalpy offNa in an inward flow of C&" at pH 7.4, no net ion flow at pH
as compared to Ca (103.5 vs 394 kcal/mol)27, 28 and 7.0, and an outward flow, containing somewhat more Na
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than C&", at pH 6.5. permeability of monovalent cations. Refinement of the
The selectivity of PHB/polyP complexes for Cand Na selectivity for K" over Na could then be accomplished by
is largely attributable to (1) the physical properties of polyP, fine-tuning the size of cation binding cavities within the
in particular its high charge density and conformational channel by adjusting the distance between PHB and polyP.
polymorphism, and (2) cation binding energies. PhosphatesEvidently, PHB/polyP complexes have unique characteristics
are trivalent with Ks approximately 5 units apart at2, that enable them to act in concert with proteins to achieve
6.8, and 12 §); consequently, even after they are linked selective transmembrane transport of specific cations.
together, each subunit bears a negative charge at physiologi-

cal pH. In aqueous solution, polyPs have a titratable strong- REFERENCES

acid hydrogen atom for each subunit and a titratable weak-
acid hydrogen atom corresponding only to the terminal
subunits. In the channel, most of the polyP is enclosed within
a PHB sheath, but its terminal units remain in an aqueous
environment. The cation binding sites on polyP, unlike those
of many chelating agents, do not have rigid ligand geom-
etries. The low energy barrier to rotation about the@>-P
bond connecting the subunits allows the tetrahedra to twist
into a variety of different conformations to correspond to
the binding preferences of approaching catid. Since
there is no advantage to size or coordination geometry,
cations with multiple charges are selected, due to their higher
binding energies. Part of the hydration shell of the cations
is removed on binding to polyP, and the remaining water
molecules may then be replaced by the ester carbonyl
oxygens of PHB, in stepwise fashion, as they enter binding
cavities formed by the phosphoryl oxygens of polyP and the
ester carbonyl oxygens of PHB. When bound cations move
into the channel, size and coordination geometry may become
determining factors. These properties were not significant
in this study since Ca and N& are comparable in size (1.06

A vs 0.98 A) and coordination preferences( 27).

From the above, we can conclude that the striking change
in permeability of the complexes with reduction in pH
observed in this study can be attributed largely to the effects
of pH on the ionization of polyP subunits. When the charge
density of polyP is high, i.e., aboveKp (~6.8), as at
physiological pH, polyP will preferentially bind €aover
Na'. At pH below [K,, a lower charge density reduces the
ability of polyP to bind multivalent cations, effecting an
increased binding of monovalent cations such as.Na

The transformation of PHB/polyP channels from?Ga
selective to Na-permeant carriers over a narrow pH range,
near cellular pH, may have widespread physiological im-
plications. Local pH near polyP termini can be altered in
vivo by a proton flow in close proximity to or through PHB/
polyP complexes, or by strategic placement of basic amino
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