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ABSTRACT. Complexes of poly®)-3-hydroxybutyrate and inorganic polyphosphate (PHB/polyP), isolated
from the plasma membranes Bfcherichia colior prepared synthetically (HBg/polyPss), form C&*-
selective ion channels in planar lipid bilayers that exhibit indistinguishable gating and conductance
characteristics at 2ZC. Here we examine the gating and conductande. @oli and synthetic PHB/polyP
complexes in planar lipid bilayers as a function of temperature from 15 t&C4%E. coli PHB/polyP
channels remained effectively open throughout this range, with brief closures that became more rare at
higher temperatures. Conversely, as temperatures were gradually increased, the open probability of HB
polyPss channels progressively decreased. The effect was fully reversible. Channel conductance exhibited
three distinct phases. Below 26, as PHB approached its glass temperature (caC)&he conductance

of bothE. coliand synthetic channels remained at about the same levell@5pS). Between 25C and

ca. 40°C, the conductance dE. coli and synthetic channels increased gradually with temperature
coefficients Qi) of 1.45 and 1.42, respectively. Above 4G, E. coli channel conductance increased
sharply, whereas the conductance of jbpolyPss channels leveled off. The discontinuities in the
temperature curves f&. coli channels coincide with discontinuities in thermotropic fluorescence spectra
and specific growth rates &. coli cells. It is postulated thd. coli PHB/polyP complexes are associated

with membrane components that inhibit their closure at elevated temperatures.

Poly-(R)-3-hydroxybutyrate (PHB)and inorganic poly-

phosphates (polyP) are ubiquitous constituents of biological o) O HB128

cells (1—10). PHB, a homopolymer ofR)-3-hydroxybu- H H  the 128mer hydroxybutyrate
tyrate, is an amphiphilic molecule with salt-solvating proper- o prepared by fragment coupling
ties (L1—16), which derive from the ester carbonyl oxygens 128

that recur at regular frequent intervals along its flexible

backbone 17—19). PolyP, a polymorphic polyanion com- bilayers at physiological pH and room temperature, tiaith
posed of phosphate residues linked by phosphoanhydridecoli-derived and synthetic complexes form ion channels that
bonds 20), has a high capacity for ion exchange with a display the signal characteristics of protein’Cahannels;
preference for binding multivalent cations, attributed to their i.e., they are selective for divalent over monovalent cations,
higher binding energie2(). permeant to Cd, SP*, and B&", and blocked by L (26,

The collective molecular characteristics and physical 30). The effective selectivity of the channels is apparently
properties of PHB and polyP make them effective mediators dependent on the high negative charge density of polyP at
of ion transport across lipid bilayers. Complexes of PHB physiological pH, sinc&. coli PHB/polyP channels become
(130—140 units) 25—27) and polyP (66-65 units) £8) have nonselective at pH 7.0 and exhibit a slight selectivity for
been isolated from the plasma membrane&stherichia monovalent cations at pH7.0 (31). At physiological pH
coli (22—25), and they have been prepared synthetic&6) ( and room temperatur&. coli and synthetic channels have
from the 128-mer of HB (HBsg) (29) and commercial polyP  similar conductance amplitudes (18412 pS vs 1014+ 6
(average chain length 6)). When incorporated into planar  pS), and both display two gating modes, one mode in which

there are long openings with few complete closures, and a
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and a hydrophilic lining of ester carbonyl oxyger2s,(26, supernatant containing the complexes was filtered with a
30), or columnar structures created bylices folded in Teflon syringe filter (0.2«m) and stored at-20 °C.

16-mer lengthsthe length of PHB chains in lamellar Incorporation of PHB/PolyP Complexes in Lipid Bilayer
crystallites 83) and equal to the bilayer widti26, 34—37). Membranes PHB/polyP complexes, synthetic or isolated
Channels formed in such concentric manners will create from E. coli, were added to a lipid mixture of synthetic POPC
multiple single-file pores that have a large capacity for ion (Avanti Polar Lipids) and cholesterol (7:1 w/w) in decane;
transport. The efficacy of PHB and polyP in facilitating ion 1—2 uL of a chloroform solution of the PHB/polyP
conduction is further demonstrated by their presence in complexes was added to 2&0 of the above lipids (ratio
diverse porins and channels of both prokaryotes and eukary-of PHB to phospholipids was 1:1000). After removal of
otes @7—40). chloroform by evaporation with a stream of dry nitrogen,
For practical reasons, previous planar bilayer studies of the solution was used to form lipid bilayer membranes across
PHB/polyP channels were performed at room temperature.an aperture of~150 um diameter in a Delrin cup (Warner

As stated above, the gating and conductanci.afoli and Instruments). The bilayers were formed between aqueous
synthetic channels were indistinguishable in this environment bathing solutions of 200 mM Cagl4 mM MgCh in 10
(26). However, the channels normally function E coli mM KHepes, pH 7.4. All salts were ultrapure>99%)

between 30 and 4TC, and one may expect that temperature (Aldrich).

would significantly influence the performance of ion channels Temperature Studiesor temperature studies, a special

formed by an amorphous polyester and polymorphic poly- outer chamber made of polymer/graphite mixture was used
phosphate. In this study, we examine the effects of temper-in which a Teflon cuvette was seated. The chamber was fitted
ature on gating and conductancetafcoli PHB/polyP and  on a conductive stage containing a pyroelectric heater/cooler.
synthetic HB2¢polyPss channels in planar lipid bilayers.  Dejonized water was circulated through this stage, fed by
Unexpectedly, we find that the natural and Synthetic Channe'Sgravity to remove the heat generated_ The pyroe|ectric
are clearly differentiated by their divergent responses to heating/cooling stage was driven by a controller (HCC-100A,

elevated temperatures. Dagan Instruments Inc.). The temperature of the bath was
monitored constantly with a thermoelectric monitor in the
EXPERIMENTAL PROCEDURES trans side, i.e., the ground side, of the cuvette. Although there

was a gradient of temperature between the bath solution and
the conductive stage, the temperature within the bath could
be reliably controlled to withint0.5 °C. Once the bilayer

Media SOB medium 40): 2% Bacto-tryptone (Difco),
0.5% vyeast extract (Difco), 10 mM NacCl, 2.5 mM KCI.

Transformatlo.n buffer40): 100 mM KCI, 45 mM MnC}, membrane containing complexes was formed and channels

10 mM CaCt in 10 mM KMes, pH 6.3. were observed, the temperature of the bath was reduced to
Preparation of Competent Cells of E. coli DH5E. coli 15 °C and held constant. The bath temperature was then

DH5a. cells were made competent by the method of Hanahan gradually raised to the designated temperatures.

(41) as previously describe@d). This procedure effects a

50_100'f0|q Increase in the concentration of PHB/polyP recorded with an integrating patch clamp amplifier (Axopatch
complexes irE. coli plasma membranes. Briefly, cells were - 5505 Axon Instruments). The cis solution (voltage com-
cultured in SOB medium to an absorbance of-04 at 1,554 side) was connected to the CV 201A head-stage input,
550 nm. The cells were cooled, pelleted at’@_at low ._.and the trans solution was held at virtual ground via a pair
centrifugal speed (800 g), gently resuspended in one-third ot aiched Ag-AgCl electrodes. Currents through the
volume of transformation buffer at 4C for 30 min, and voltage-clamped bilayers (background conductan6esS)
repelleted. were low-pass-filtered at 10 kHz@ dB cutoff, Besel type
Extraction of PHB/PolyP Complexes from E. coli Com- response) and recorded on videocassettes after digitization
petent Cells.PHB/polyP complexes were extracted from through an analog-to-digital converter (VR 10B, Instrutech
competent cells oE. colias previously describe®Q). The Corp.). Using standard voltage conventions, positive clamp-
pellet of E. coli competent cells was washed consecutively ing potentials are listed as potentials with respect to the
with methanol (%), methanol/acetone (1:1), and acetone ground (trans chamber), and positive currents are shown as
(2x), and the dried residue was extracted overnight &€ 4  upward deflections in the traces.
with chloroform (1 cells/mL of CHC}). All solvents were Data were analyzed offline after filtration through an 8
ice-cold and dried with Molecular Sieves (Aldrich). pole Bessel filter (Q02LPF, Frequency Devices)aRkHz
Preparation of Synthetic HBy/PolyPss ComplexestiBi2s as indicated in the figure legends using pClamp software
was prepared fromR)-hydroxybutyrate by Lengweiler etal.  (version 6.0.4, Axon Instruments) with additional standard
(29). Ca(polyP) was prepared from sodium polyphosphate nonlinear fitting routines where necessary. Sampling was
glass (average residue number 65; Sigma),lBolyPss done using a TL-1 interface (Axon Instruments) atZ®
complexes were formed as previously descrit2&) Briefly, kHz. For constructing amplitude histograms, traces contain-
a chloroform solution of HBs (1 «g/mL) was added to dry,  ing both the fully open and the fully closed states were
finely pulverized Ca(polyP). The chloroform was removed selected manually. In some cases, fully closed states were
by evaporation with a stream of dry nitrogen, and the mixture extremely rare, whereas the opposite was true in others.
was heated in a microwave oven for 30 «x{3A dry, cold Unitary current amplitudes were measured by fitting multiple
chloroform solution of synthetic POPC (1&g/mL) was Gaussian distributions to all point amplitude histograms.
added, and the mixture was sonicated in an ultrasonicationConductance of the channel was then determined by the slope
bath (47 kHz, model 2210, Branson) for ca. 20 min. The of the current-voltage curve passing through zero.

Recording and Data AnalysedJnitary currents were
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CaCh, 5 mM MgClh, in 10 mM Hepes, pH 7.4. The bath
was maintained at selected temperatures in the range 22
43 °C as indicated in Figure 1, using a pyroelectrically
controlled heating cooling bath. Observations could not be
made at lower or higher temperatures. Below@2channel
closures were rare, and brief. Above 43, current ampli-
tudes ofE. coli channels fluctuated widely, and channel
openings of HBgpolyPss were very rare and transitory.
15°C > 40°C 45°C Channel conductance was determined at each selected

Ficure 1: Reversible closure of synthetic hHi/polyPss channels tem.p.erature from .curreﬁt/oltage.relatlons measured at
with temperature. The synthetic complexes were incorporated into POSitive and negative voltages (Figure 2).

POPC/cholesterol bilayers as described in Figure 1 and under As shown in Figure 2A, the single-channel conductance
Experimental Procedures. The bilayer contained at least 11 channelsgf £ ¢glj PHB/polyP channels remained at essentially the

Clamping potential was-80 mV with respect to ground (trans). :
Data shown were filtered at 1 kHz. The temperature of the chambers>3Me level below 25C but, as the temperature was increased

was controlled by a pyroelectric controller (see Experimental (© 35 °C, single-channel conductance increased gradually
Procedures). The temperature in the trans bath (ground) was directlywith a temperature coefficier@io, of ca. 1.45. The synthetic
read out with a thermoelectric junction thermometer which also channels also exhibited little difference in single-channel
served as a point of reference for the pyroelectric controller. conductance below 28C. From 26 to 38C, conductance
RESULTS increased with @i, of ca. 1.42 (Figure 2A). An Arrhenius
plot of the data (Figure 1B) in this range indicates an energy

Effects of Temperature on Gating of E. coli PHB/PolyP of activation,E,, of ca. 5 kcal/mol. Current amplitudes of
and HB¢PolyPss Channels.PHB/polyP complexes, ex-  theE. coliand synthetic channels markedly diverged above
tracted from genetically competeft coli cells or prepared  physiological temperatures. The conductance ofheoli
from HBi1,s and polyP (average residue number 65) as channels increased sharply, whereas the conductance of the
described under Experimental Procedures, were each incorsynthetic channels leveled off.
porated into planar bilayers of 1-palmitoyl-2-oleoylphos-  Representatie Single-Channel Current Traces at Two
phatidylcholine (POPC)/cholesterol (7:1) between aqueous Temperatures.ong continuous single-channel current traces
solutions of 200 mM CaG)5 mM MgCk, in 10 mM Hepes,  of E. coli PHB/polyP channels and HR/polyPss channels
pH 7.4. The gating oE. coli and synthetic channels was in bilayers of POPC/cholesterol (10:1) between aqueous
examined as a function of temperature in the range45 solutions of 200 mM CaGJ 5 mM MgCb, in 10 mM Hepes,
°C by observing current traces during upward and downward pH 7.4, are shown at two selected temperatures in Figure 3
temperature ramps. Within this temperature range, the bilayera p. Figure 3A shows 18 s of current traces for fhecoli
|Ip|dS remain in the quuid—crystalline state, and PHB is above channels at 25 and 4. Figure 3D shows 200 s of current
its glass temperature, estimated as ca’@d41). traces for HB,gpolyPss channels at 24 and 460C. An

The bilayer containing multiple channels<82) of the  expanded 1.5 s of the current records and the corresponding

E. coliand separately of the synthetic preparations was first g||-points histograms are shown f&: coli (Figure 3B,C)
stabilized at a bath temperature of IS using a pyroelectric  and synthetic channels (Figure 3E,F).

heater/cooler (see Experimental Procedures). At this ttm- The traces fofE. coli channels at 25C are similar to

perature, many, likely all, channels were open in the bilayer, {ose of synthetic channels at 2@, though full closures
and bothE. coli and synthetic channels exhibited a large ra more frequent for thE. coli channels. However, there
current. As the bath temperature was gradually increased tojg 5 siriking difference in the current traces for the two
45°C (ca. 1°C/min), E. coli channels remained open, with - channels at 40C. TheE. coli channels are largely open,
full closures becoming mcregsmgly more rare (not shown). they show a wider amplitude distribution, and complete
The response of the synthetic channels was very different. cogures are relatively infrequent. Conversely, the synthetic

As temperatures were gradually increased, the number Ofcpannels are mainly closed with rare sporadic openings.
open channels decreased progressively. By ca’ClOall

channels were essentially closed, and openings were infre-D|SCUSSION
quent and very brief. At 48C, channels were fully closed,
and no further events were observed. A typical upward In this study, we find that C& channels formed b§.
temperature ramp is shown in Figure 1. When the bath coli PHB/polyP complexes and synthetic 3BpolyPss
temperature was then slowly decreased t65he number ~ complexes in planar lipid bilayers can be differentiated by
of open channels gradually increased, and all channels wergheir divergent responses to temperatures near and above
open below 20°C. The traces observed during downward physiological levels. This is the first significant difference
temperature ramps followed essentially the same path as theliscerned in the performance of ion channels formed by the
upward ramps. The process was surprisingly reversible andnatural and synthetic complexes.
could be repeated several times, until the bilayer membrane- PHB/polyP channels are fundamentally polymer electrolyte
ruptured. complexes spanning a lipid bilayer. Due to its amphiphilic
Effect of Temperature on Single-Channel Conductance of nature, PHB has the capacity to solvate polyP salts within a
E. coli PHB/PolyP and HB¢PolyPs;s ChannelsFor these hydrophobic environment. PHB has the characteristic mo-
studies,E. coli PHB/polyP and alternatively HBdpolyPss lecular structure of salt-solvating polymers, i.e., a flexible
single channels were incorporated into bilayers of POPC/ backbone bearing electron-coordinating groups at suitable
cholesterol (7:1; w/w) between agueous solutions of 200 mM intervals along the backbone to replace the hydration shell
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Ficure 2: (A) Effect of temperature on conductancekofcoli and synthetic HB¢polyPss channels. Channels were each incorporated in
bilayers of POPC/cholesterol (7:1) between symmetric aqueous solutions of 200 mi £a®i MgCh, 10 mM Hepes, pH 7.4. Currents

were measured at positive and negative potentials. Synthetigsld8lyPss channels ©) andE. coli PHB/polyP channels®) were each
incorporated into planar lipid bilayers composed of synthetic 1-palmitoyl-2-oleoylphosphatidylcholine and cholesterol (10:1 w/w) between
symmetric solutions of 200 mM Cag£ s mM MgCl, 10 mM Tris—Hepes, pH 7.4. The temperature of the chambers was controlled by a
pyroelectric controller (HCC-100A, Dagan Instruments Inc.). Channel conductance at each temperature was determined froem current
voltage relations (see Experimental Procedures). The graph shows fairly similar behavior of both the synthetic and natural PHB/polyP
channels up to physiological temperatures, but dramatically opposite behavior above physiological temperatures. Synthetic channels were
closed, ancE. colichannels were open. (B) Arrhenius plot of data from (A). Conductance gfdpBlyPss (O) andE. coli PHB/polyP @)

complexes as a function of temperature. The log of conductance is plotted against the inverse of absolute temperature (K).

of cations (7—19). The extremely high conformational structure that PHB/polyP channels would be functional above
flexibility of the PHB backbone has been amply demon- the glass temperature of PHB, and that the conductance
strated by circular dichroism and fluorescence (FRET) amplitude would increase directly with temperature. It should
measurements36), NMR spectroscopy of isotopically be noted that the situation is made somewhat more complex
labeled OHBs43), molecular dynamics simulations of OHB by the bilayer lipids surrounding PHB, since they also may
hexamers44), and NMR analysis of-depsides (oligo-3-  influence segmental motions of its backbone.
alkanoic acid derivatives with alanine, valine, and leucine  The responses d. coliand synthetic channels to gradual
side chains)45). The salt-solvating properties of PHB have temperature increases from 15 to 46 are completely
been well-established by crystal structures of salts of cyclic reversible, indicating that the complexes retain their structural
triesters of R)-3-hydroxybutyrate (triolides)1(), and by integrity throughout this range. The gating and conductance
studies that demonstrate the ability of oligo-HBs to transport of the E. coli and synthetic channels are nearly indistinguish-
cations across methylene chloride layers in U-tulbded, able at room temperature, where all previous studies were
poly-(R)-3-hydroxyalkanoates to form ion-conducting com- conducted, and below room temperature, but surprisingly
plexes with lithium perchloratel@), and oligo-HBs to form they react to more elevated temperatures in divergent
large-conducting nonselective ion channels in planar lipid manners. As temperatures rige coli channels remain open,
bilayers (3) and liposomes1(). In polymer electrolytes, and closures become progressively more brief and rare
cation transport is effected by segmental motions of the (Figure 3A). Conversely, HB¢polyPss tends to shut down;
polymer backbone that carry the cations from one binding closures become more frequent and are of longer duration
site to the nextX7—19). Accordingly, conductance occurs (Figure 3B). The stepwise closure of igpolyPss channels
only above the glass temperature of the polymer, and at increasing temperatures is particularly interesting (Figure
conductance amplitude increases directly with temperature.1). With rising temperature, the proportion of open channels
In PHB/polyP channels, it is postulated that the polyanion, decreases, and all channels are essentially closed above 40
polyP, forms a ladder of closely spaced, negatively charged °C. Channel closure may signify obstruction of ion flow by
binding sites, traversing the bilayer, and fashioning the core increased backbone motions of PHB. When temperature
of the channel. PHB forms a helical grsheet columnar  decreases, the channels progressively reopen.
structure that surrounds the polyP salt, and the ester carbonyl The conductance d&. coli PHB/polyP and HBg/polyPss
oxygens of PHB and the phosphoryl oxygens of polyP create channels in bilayers of POPC/cholesterol (7:1) follows the
binding cavities with a ligand geometry particularly suitable predicted behavior at temperatures up to°87(Figure 2).
for binding calcium ions 25, 26, 30, 33—36, 46, 47). In Below room temperature, as the glass temperature of PHB
effect, calcium ions bridge the polyP and PHB polymers. is approached, the channels appear to stiffen. Full closures
When a voltage pulse or concentration gradient is applied, are rare, making current amplitudes difficult to measure, but
calcium ions flow along the polyP track aided by segmental they remain approximately in the same range. Between room
motions of the PHB backbone and libratory motions of the temperature and physiological temperature, [Etholi and
ester oxygens. One may predict from this hypothetical HB;.¢dpolyPss channels display the expected increase in
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Ficure 3: Current traces oE. coli PHB/polyP channels and synthetic BBpolyPss channels at two temperatures. The complexes were

each incorporated in POPC/cholesterol bilayers as described in Figure 1 and under Experimental Procedures. (A) shows 18 s continuous
current traces foE. coli PHB/polyP, and (D) shows 200 s continuous current traces faed®lyPss channels at the indicated temperatures.

Note the difference in current scale for the recording ofEheoli channel at 4GC. The bilayers were clamped-&80 mV, and were held

at the indicated temperatures using a pyroelectric controller as in Figure 1 (see also Experimental Procedures). The closed state is indicated
by a horizontal bar at the left of each trace. (B) and (E) show 1.5 s current traces at the indicated temperatures under identical conditions.
The amplitude histograms (C and F) at the right were constructed from manually selected stretches of current records.

conductance with temperature (Figure 2) with comparable temperature, the fluorescence of NPN first decreases gradu-
temperature coefficient€,o, of 1.45 and 1.42, a rate that ally with increasing temperature, signifying a steady decrease
correlates with aii, of ca. 5 kcal/mol, close to that expected in membrane viscosity, and then exhibits a sharp increase
for free diffusion. Above 40C, the conductance of synthetic  in intensity from ca. 40 to 56C that is attributed to increased
channels, in their rare and brief openings, remains at membrane viscosity as the complexes become disorganized
approximately the same level, whereBs coli channels and dissociated. The fluorescence spectra are irreversible,
display sharp increases in conductance with wide fluctua- indicating that the complexes suffer complete dissociation
tions. at temperatures 56 °C; however, the data here suggest that
The sharp increase and wide variation in conductance of many if not all the channels can withstand temperatures up
E. coli channels above 48C suggest that the channels are to 45 °C, at least for several minutes. Conductance ampli-
becoming disorganized. Interestingly, this event coincides tudes could not be measured at temperatures abov€ 45
with a discontinuity in thermotropic fluorescence spectra due to system instability. It is also of interest that temper-
observed in membranes of genetically compekeroli cells atures at which discontinuities occur in Arrhenius plots of
(23, 25), using the hydrophobic fluorescence prdbphenyl- E. coli channel conductance (Figure 2), i.e., below room
1-naphthylamine (NPN). It should be noted that the fluo- temperature and above physiological temperature, correlate
rescence spectra are observed in genetically competent cellslosely with temperatures at which discontinuities have been
because the concentration of PHB/polyP complexes in thenoted in Arrhenius plots foE. coli specific growth rates
membranes is 50100-fold higher than in log-phase cells (48). This coincidence and the concurrence of the upper
(23). As temperature is gradually increased above room temperature discontinuity with the thermotropic fluorescence
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curves ofE. coli cells suggest that the channels may have a
significant physiological role.
The failure of theE. coli PHB/polyP channels to close at

17.

18

elevated temperatures (Figures 2 and 3) suggests that the

complexes are shielded from the bilayer by other less flexible
membrane components, most likely proteins. In this regard,
it is notable that extracts of PHB/polyP complexes frBm

coli contain several proteins3(). These proteins were
regarded to be nonassociated or only loosely associated with
the complexes, since they can be separated from them by
nonaqueous size-exclusion chromatography. The PHB/Ca-
(polyP) complexes elute from the column in a fraction
corresponding to molecular mass of 420 kDa. The
proteins, however, are excluded from the column; they
remain at the column entry and may be recovered by
backwash. The ‘protein-free’ PHB/polyP complexes are very
labile, but at physiological pH and room temperature, current
traces obtained in planar bilayers closely resemble those of
the PHB/polyP/protein co-extracts, demonstrating that the
co-extracted proteins are not essential for normal channel
function, at least under these conditions.

The results of our studies, showing higher stability of
native versus synthetic PHB/polyP complexes, may be
rationalized by assuming that one or more of the co-extracted
proteins surround the complexes in the bilayer. The envelop-
ing protein(s) may absorb thermal energy, and hydrophobic
attractions between the methyl groups of PHB and hydro-
phobic amino acids of the associated protein(s) may restrain
backbone segmental motions, thus inhibiting channel closure.
In this manner, protein may moderate the effects of increas-
ing temperature and preclude channel closure in this critical
physiological range. The synthetic complexes, without the
benefit or interference of proteinaceous associates, respond
more sensitively and directly to this environmental change.
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