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Abstract. Nonproteinaceous calcium channel com- Introduction

plexes fromEscherichia coli,composed of poly-(R)-3-

hydroxybutyrate (PHB) and inorganic polyphosphateThere is increasing evidence that calcium signaling is
(polyP), exhibit two distinct gating modes (modes 1 andimplicated in a variety of bacterial functions including
2) in planar lipid bilayers. Here we report the kinetic chemotaxis, cell division, and signal transduction (Lynn
characterization of the channel in mode 2, a mode char& Rosen, 1987; Tisa, Olivera & Adler, 1993; Tisa &
acterized by two well-defined conductance levels, a fullyAdler, 1994; Norris et al., 1996). Although calcium
open state (Bx 3 pS), and a major subconductance stateCh&ﬂﬂEl activity has been identified in cell extracts
(56 + 2 pS). Other subconductance states and full clo{Rosen & McClees, 1974; Matsushita, Hirata & Kusaka,
sures are rare (<0.5% of total time). Several kinetic1989), specific channel proteins have not yet been de-
properties of the channel showed asymmetric V0|tageSCFibed. Albeit, nonproteinaceous Complexes, Composed
dependence indicating an asymmetry in the channe®f poly-(R)-3-hydroxybutyrate (PHB) and inorganic
structure. Accordingly, single channels responded to poPolyphosphate (polyP), were discovered by Reusch et al.
tential change in one of two mirror-image patterns, pos{1983, 1986, 1987, 1988) in the cytoplasmic membranes
tulated to arise from opposite orientations of the asym-0f Escherichia coliand other bacteria. The PHB/
metrical channel complex in the bilayer. The fraction of CapolyP complexes form calcium-selective channels in
time spent in each conductance level was strongly voltPlanar bilayers that display many of the characteristics of
age-sensitive. For channels reported in this study, preProtein calcium channels, i.e., permeability to"G&r”,
sumably all oriented in the same direction, residenceand B&”, selectivity for divalent cations over monova-
time in the fully open state increased as clamping potenlent cations, and blockade by ¥ain a concentration-
tials became more positive whereas residence time in théependent manner (Reusch et al., 1995; Das et al., 1997).
major subconductance state increased at more negativgecently, it was demonstrated that single channel char-
potentials. Analysis of open time distributions revealedacteristics of synthetic PHB/CapolyP complexes in pla-
existence of two kinetically distinct states for each level.nar bilayers were indistinguishable from thosefofcoli

The shorter time constants for both conductance state&mplexes (Das et al., 1997). This provided conclusive
exhibited weak voltage-sensitivity; however, the longerpProof that the observed channel activity was affected
time constants were strongly voltage-sensitive. A kineticsolely by the cooperative behavior of PHB and polyP,

scheme, consistent with the complex voltage dependend#o simple homopolymers that are ubiquitous constitu-
of the channel, is proposed. ents of both prokaryotic and eukaryotic cells (Reusch,

1989; Reusch & Gruhn, 1997).
Both PHB and polyP have molecular characteristics

Key words: Poly-3-hydroxybutyrate — Polyphos- consistent with a role in ion conduction (Reusch, 1992).
phate — Calcium channel — Channel gating — SubconHB has salt-solvating properties that arise from the fre-
ductance — Single channel recording quent and regular recurrence of electron-donating ester

carbonyl oxygens along its flexible backbone (Armand,

1987; Gray, 1992; Reusch, 1992). Accordingly, PHB
I transports cations across methylene chloride layers in
Correspondence toR.N. Reusch U-tubes (Buger & Seebach, 1993), forms ion-con-
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ducting complexes with lithium perchlorate (Reusch & solvents were ice-cold and dried with Molecular Sieves — 3A for
Reusch, 1993), and nonselective ion channels in p|anagdcohol, acetone, and 4A for chloroform (Aldrich, Milwaukee, WI).
lipid bilayers (Seebach et al., 1996 PolyP has a high
density of monovalent negative charges that create &

: : - ETERMINATION OF PHB
large capacity for ion exchange and a greater affinity for

mUItI\_/alem OYer monovalent Cat'IOI’IS (Majllng & Hanic, ]PHB was moded by a modification of the method of Karr, Waters &
1980; Corbrld_ge, 1985)_' Th_e mh_erent preference o Emerich (1983) as previously described (Reusch et al., 1995). Briefly,
polyP for multivalent cations is attributable to the sub-pHg was converted to crotonic acid by heating the dry sample in
stantially higher bonding energies and the low energytoncentrated sulfuric acid at 90°C for 30 min. The crotonic acid was

barrier to rotations about the P-O-P backbone (Cor-extracted, separated by HPLC chromatography (Jasco Chromatography
bridge 1985). System, Easton, MD) on a Bio-Rad Organic Acids Column HPX87H

Polymers capable of solvating salts do so by forming(Hercules, CA), and quantitated by comparison of peak area, measured

. . .~on a Shimadzu C-R3A Chromatopac Integrator (Columbia, MD), with
multiple coordinate bonds between electron donating, .. < - otonic acid standards P 9 ( )

groups on the polymer backbone and salt cations (Ar-

mand, 1987; Gray, 1992). PHB solvates CapolyP by en-

circling it and replacing water of hydration about cal- PuriFicaTioNn oF PHB/POLYP COMPLEXES BY

cium ions by coordinate bonds to its ester carbonylSze-ExcLusioN CHROMATOGRAPHY

oxygens. The result is a flexible structure of two dis-

crete polymers bridged together by parallel lanes of calThe chloroform extract was filtered, using an Qén PTFE syringe
cium ions (Reusch & Sadoff, 1988; Reusch et al., 1995filter (Whatman, Hillsboro, OR), and the filtrate was chromatographed
Seebach et al., 1994, 19@6 Such multi-lane, multi- at 4°C on an HPLC nonaqueous size-exclusion column (Shodex K803;
binding site channels may be expected to have comple§ mm x 300 mm) using chloroform as an eluent at a flow rate of 0.5

ti Kineti In thi | th ingl ml/min. Molecular weight standards were synthetic PHBs (courtesy of
gating kinetics. In this paper, we analyze the sing eD. Seebach, ETH, Zich) and polyisoprenes (Polysciences, Warring-

Channe! gating kinetics oE. coli PHB/Capon_P COM-  ton, PA). Eluent fractions (251 each) were tested for channel ac-
plexes in mode 2, more complex of two gating modestivity as described below.

observed in planar lipid bilayers.

. RECONSTITUTION OFPHB/POLYP CHANNELS IN LiPID
Materials and Methods BILAYER MEMBRANES

Lipid bilayer membranes were formed across an apertut@00 p.m
diameter in a Delrifi cup (Warner Instruments, Hamden, CT) with a

SOB medium (Hanahan, 1983): 2% Bacto-tryptone (Difco, Detroit, lipid mixture of sypthetic .1-palmit'oyl., 2-oleoyl, phosphatidylcholine
MI), 0.5% yeast extract (Difco), 10 mNaCl, 2.5 mi KCI. Transfor- (40 mg/_ml) (Avanti PoIar_Llplds, Birmingham, AL) and choles_terol (E_B
mation buffer (in nm): 100 KCI, 45 MnC}, 10 CaC}, 10 4-morpho- mg/ml) in decane. The bilayer was formed betwe_en symmetric bathing
lineethanesulfonic acid (MES) (Sigma, St. Louis, MO) neutralized to SOlutions of 200 m CaCl, 5 mm MgCl,, 10 mu Tris-Hepes, pH 7.4.
pH 6.3 with KOH. Solution for bilayer measurements (inn 200 AI_I salts used in the bathing solutions were ultrapure (>99%) (Ald_nch,
CaCl, 5 MgCl,, 10 Tris Hepes, pH 7.4. Mllwa_ukee, WI). Plasma membrane vesicles, prepared as prev_lously
described (Reusch et al., 1986), were added to the aqueous solution and
allowed to incorporate into the bilayer spontaneously. PHB/CapolyP
PREPARATION OF COMPETENT CELLS OfE. coLl DH5« complexes were incorporated into the bilayer by direct addition to the
lipids before forming the bilayer; 12| of a chloroform solution of the
E. coli DH5« cells were made genetically competent by a variation of complexes was added to 230 decane solution of the above lipids
the method of Hanahan (1983) as previously described (Reusch et al(fatio of PHB to phospholipid was <1:1000), and after removal of
1986). This procedure has been shown to effect a 50- to 100-foldchloroform by evaporation with a stream of dry nitrogen gas, the so-
increase in the concentration of complexes in the plasma membrandstion was used to form a bilayer. The primary preparations were
(Reusch & Sadoff, 1983; Reusch et al., 1986). Briefly, cells were generally very active. Typically, two or more dilutions of the initial
cultured in SOB medium to an absorbance at 550 nm of ca 0.4. Théreparation with the above lipid solution were required to obtain a
cells were pelleted at low centrifugal speed (800 x g) at 4°C, and genthbilayer with less than 3 channelseFig. 1B). Single channel currents
resuspended iz volume of transformation buffer for 30 min at 4°C. were recorded with an Axopatch 200A integrating patch clamp ampli-
The cells were then collected under the same conditions as above. fier (Axon Instruments, Foster City, CA). Thas solution (voltage
command side) was connected to the CV 201A head-stage input and
the trans solution was held at virtual ground via a pair of matched
EXTRACTION OF PHB-CaLCIUM Ag-AgCl electrodes. Currents through the voltage-clamped bilayers
PoLyPHOSPHATECOMPLEXES (background conductance <6 pS) were low pass filtered at 10 kHz
(-3dB cutoff, Bessel type response) and recorded on videocassettes
The pellet of E. coli competent cells was washed with methanol after digitization through an analog-to-digital converter (VR 10B, In-
(2x), methanol:acetone 1:1 (2x), and acetone (2x), and the dry residustrutech, USA). Using standard voltage conventions, positive clamp-
was extracted overnight at 4°C with chloroform {i@lls/ml CHCL). ing potentials are quoted as potentials with respect to the grdrards(
Since the complexes are sensitive to temperature and moisture, athamber) and positive currents are shown as “upward” traces.

SOLUTIONS AND MEDIA
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SINGLE-CHANNEL RECORDING AND DATA ANALYSES channel conductances observed in plasma membrane
vesicles, crude extracts and HPLC-purified extracts are

At the dilution used for recordings, only one channel was observed i”indistinguishable and the channel gating characteristics
the course of the experiment (2-3 hr), even during long periods ofy o \ ey gimilar. In all three preparations, the channels
recording and at clamping potentials where the open probability of th

e L
channel was very high (>0.7). Recording noise WAs/—1.2 pA peak dempnstrated SeIeCt'V'ty for €aand block by Ld" as
to peak at 1.5 kHz (-3 dB, low pass 8-pole Bessel filter). Data werePreviously reported (Reusch et al., 1995).
analyzed after filtration through an 8 pole Bessel filter (902LPF, Fre- The channel preparations were generally very ac-
quency Devices, Haverhill, MA) at 1-2 kHz as mentioned in the figure tive, and repeated dilutions of the primary preparation
legends using pClamp software (version 6.0.4, Axon Instruments); ad(Materials and Methods) with lipid/decane solutions
ditional standard nonlinear fitting routines were applied where necesyyere required to obtain bilayers with single channels.

sary. Sampling was done using a TL-1 interface (Axon Instruments, i0. 1B shows a representative 75 sec trace of a primar
CA) at 5-20 kHz. Channel amplitudes and the proportion of time spentF g. p P y

in individual conductance states were measured by fiting multiplePreparation containing at least 7 channels (top panel).
Gaussian distributions to all point amplitude histograms. The propor-The lowest closed level observed was 24 pA below the

tion of time spent in individual conductance states was plotted as @aseline, indicating the presence of several more chan-

fraction of histogram area against clamping potential. For analysis ofnels (6 to 8) for which full closures were not observed.
open time distributions, where the nature and extent of low pass fil-

tering were critical, an iterative approach was adopted to determine the
minimum cutoff frequency. Briefly, the filter's =3 dB point for each Two MODES oFGATING
recording was set such that bilayer noise (in the absence of a channel)

just failed to lead to the detection of false “openings” to the lowest P s .
amplitude conductance level (determined after a preliminary amplitud The channel dlsplayed wo prmupal modes of gating at

analysis of a corresponding recording containing a channel; seg., both positive and negative clamping potentials. In mode
Clark, Murray & Ashley, 1997). Under ideal conditions, the shortest 1, the channel exhibited long openings of the order of
directly measureable duration should theoretically have had a rise tim&everal seconds with infrequent and brief closures to the
of 0.3321f,, wheref is the -3 dB point in kHz (Colquhoun & Sig-  fully closed state (Fig. &). In mode 2, the channel ac-
worth, 1983). That is, use of a cutoff frequency of 2 kHz should allow tivity was characterized by long bursts with fast flicker-
the duration of events as short as 0.166 msec to be measured. Thliﬁg transitions between the fully open state and a distinct
with a corner frequency of 2 kHz, corresponding to a rise time of 0.17 . .

msec, the true width of events lasting longer th@n2 msec could be subconductance state, mterruptgd occasionally by clo-
reliably detected. The filter cutoff frequencies and the limits of our sures to the fu”y closed state (Flg§ and 4\) In both
analysis are indicated in the Results and the figure legends. For analynodes, the channel occasionally entered a long closed
sis of open time distribution, data were low pass filtered at 2 kHz usingstate of several seconds duratiogaia not showh

an 8-pole Bessel filter and acquired at 20 kHz. We have chosen t@&witching between modes 1 and 2 was observed but such

display results of kinetic analysis as apparent rates leaving open thgccurrences were infrequent (FigCR
possibility of applying different correction procedures for missed

events caused by frequency response limitations (e.g., Neher, 1983;

Colquhoun & Sigworth, 1983). We have interpreted the results in apjajor SUBCONDUCTANCE STATE OF MODE 2
conservative manner and none of our conclusions is critically depen-

dent on the frequency response. I . litude hi | d .
The open time distribution data were fit using simplex least All points amplitude histograms were analyzed at vari-

square and Levenberg-Marquardt methods, both of which yielded comOUS clamping potentials. The histograms for current
parable values for the kinetic constants. The optimal number of comfecords at +120 and -120 mV are shown in Fig. 3
ponents required to fit each distribution was assessed by graduallihe amplitude histograms at all potentials could be best
increasing‘ the nurnber of _co_mponents from 1 to 6 and assessing ‘thﬁt (simplex least square fitting) by two Gaussian distri-
resultant fit by using f-statistics through a comparison program bu'ltbutions (the components are shown as points and the
into the pClamp software. resultant fits as solid lines in FigA3, e.g., mean ampli-
tudes at +120 mV were 9.7 pA and 6.3 pA. For both
Results conductance states, the current-voltage relationships,
constructed by analysis of all point histograms at indi-
cated potentials, are linear over the range of potentials
AcTiviTy OF E. coll PHB/CapoLYP tested, i.e., +120 to —120 mV (FigBR Conductances of
CHANNEL PREPARATIONS the fully open and subconductance states were respec-

. _ . tively 87 £ 3 pS and 56 = 2 pS.
We first compared the calcium channel activity, under

identical experimental conditions, of PHB/CapolyP com-

plexes in plasma membrane vesicles with that of PHBN OLTAGE-DEPENDENT RESPONSES OFPHB/POLYP

CapolyP complexes extracted from cells into chloroform.SINGLE CHANNELS

In some cases, the extracted complexes were further pu-

rified by nonaqueous size-exclusion chromatographySeveral kinetic properties of PHB/polyP channels
(seeMaterials and Methods). As shown in FigAlthe  showed asymmetric voltage dependence. A given single
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Plasma Membrane

Chloroform Extract

Fig. 1. Single channel records of PHB/polyP complexes, from genetically
competent cells oE. coli DH5q, in planar lipid bilayers: &) Channel
activities of complexes in plasma membrane vesicles and extracts.
Clamping potential was +80 mV with respect to grouftrdifs side). The

solid triangles at the side of each profile indicate the fully closed state

of the channel. Data were filtered at 1 kHB) (Extracts contain many

active channels. Trace showing the presence of several channels in a
bilayer formed with an undiluted channel preparation (Materials and
Methods). Total length of the trace in the top panel is 75 sec. Bottom
panel shows part of the trace in expanded time scale. Note the difference
in amplitude scale. Clamping potential was =100 mV (gain 50) with
respect to groundtr@ns side). Downward transitions indicate opening of a
channel. Data were filtered at 500 Hz. Channels were incorporated into planar lipid bilayers, composed of synthetic 1-palmitoyl, 2-oleoyl,
phosphatidyl-choline and cholesterol (5:1 w/w), between symmetric bathing solutions of2@a@L, 5 mv MgCl,, 10 mm Tris-Hepes, pH

7.4 at 22°C as described in Materials and Methods.

channel displayed one of two voltage-dependent redecreased (Fig.B). At -40 mV, the channel showed
sponses that were mirror images of each other. This inequal residence in the two states. It may be noted that
dicates an asymmetry in the channel structure and sugieither state was empty over time (>150 sec) at any
gests the complexes can assume two opposite orient@otential. Corresponding voltage dependence was
tions in the bilayer. For clarity, we report below the shown by the residence times in each conductance state
voltage-dependent responses of single channels that di§-ig. 4C). The fraction of time spent by the channel in
play one of these patterns, presumably channels in ththe fully open state increased linearly with increase in
same orientation. Channels with the putative reverse orielamping potential, whereas the reverse was true for the
entation show equal but opposite voltage-dependent renajor subconductance state. It is also interesting to note
sponses. that the time spent by the channel in the fully closed state
did not change appreciably with potential and remained

constant at about 0.5% of total time.
V OLTAGE-DEPENDENCE OFALL POINTS AMPLITUDE

HISTOGRAMS AND RESIDENCE TIME
V OLTAGE-DEPENDENCE OFOPEN PROBABILITY

Current traces of the channel showed preference for the

fully open state at positive potentials and for the majorThe probability of openings to the fully open state from
subconductance state at negative potentials (F/. 4 the major subconductance staked, shown in Fig. D,

The relative proportions of fit components, correspond-were calculated by considering the subconductance level
ing to two conductance states in the amplitude histo-as the base level. The monotonic dependence on clamp-
grams, were voltage dependent (Fi@®)4As clamping ing potential reiterates the same trends observed in Fig.
potentials became more positive, the area correspondingB and C. The linear voltage dependence indicates an
to the fully open state increased and that for the substatmcreasing probability of detecting the channel in the
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A Mode 1, +120mV Fig. 2. Gating of the PHB/polyP channel in two
modes: A) Mode 1. B) Mode 2. C) Transition
between modes. Recordings show ion channel

D ARy B b e s :L3= «— t5gs activity of the extracted complexes in two

kinetically distinct modes of gatingAj mode 1

| 4 rws=s  and @) mode 2. Positions of fully closed state,

———— fully open state and the major subconductance

state of mode 2 are indicated as C, O and S,

respectively, on the left side of the tracings.

B. Mode 2, +100mV Note that the vertical bar indicating current scale

is 15 pA for A and 10 pA forB andC. All point

amplitude histograms for selected traces in each
mode are shown at the side of respective traces
with corresponding mean conductancesCin
transitions from mode 2 to mode 1 and back are
indicated by arrows. Clamping potential with
respect to groundtr@ans) was -120 mV forA

and +100 mV forB andC. Data shown were

filtered at 1.5 kHz forA andB and at 1 kHz forC.

Complexes were extracted from competent

C.  Mode Switching, +100mf coli Dh5a and incorporated into planar lipid

bilayers composed of synthetic 1-palmitoyl,

2-oleoyl, phosphatidyl-choline and cholesterol

(5:1 wiw) between symmetric bathing solutions

of 200 nm CaCl,, 5 mm MgCl,, 10 mm

Tris-Hepes, pH 7.4 at 22°C as described in

Materials and Methods.

fully open state at more positive clamping potentials.msec, the true width of events lasting longer than2

Thus the channel (in this orientation) is more likely to be msec could be reliably detected.

in the fully open state at higher positive potentials and in ~ Analysis of the data for various potentials indicates

the major subconductance state at higher negative potetthat the shorter time constants, for both the fully open

tials. and the subconductance states, display only weak sensi-
tivity to voltage change and exhibit a symmetrical re-

ANALYSIS OF GATING KINETICS sponse to increasing positive and nega_tive potentials
(Fig. 6A). On the other hand, the longer time constants

for both states show significant and asymmetric voltage
Due to the very low frequency of occurrence of the fully dependence (Fig.B. The longer time constant for the

closed state, only transitions between the major SUb_Cor}'najor subconductance state decreases as the clamping
g\ucte:)nce S:ﬁte anq the kf)ully ((j)petn Stat? welre examinegy e ntial approaches zero from negative potentials, and
S 3”0]\’% e Imajlor _?ﬁ Coph ut(:j anﬁe tetve (\;vas dcoln5| then shows a marginal increase at positive clamping po-
ere gt atshe evel. ES' de tvve sa}[ets %nth ]f:c:;i'entials. The longer time constant for the fully open state
respond to the major subconductance staté and € IUlly, e 550 steeply with increasing positive clamping po-

open state, respectively. Figure 5 shows the open tim entials and is insensitive to voltage at negative clampin
distributions at +120 and ~120 mV for the fully opeh ( potémials IS Insensitive to voltag gatv ping

andB) and the major subconductance statesa(idD).

At all potentials, the data for both the fully open and
major subconductance states could be best fit with twd”ROPOSEDKINETIC SCHEME

exponentials, indicating the presence of two kinetically

distinct states at each level. The data reported here werk kinetic scheme, consistent with the experimental ob-
obtained by the simplex least square fitting method; Lev-servations, is shown in Fig. 7. States associated with the
enberg-Marquardt fitting routines yielded nearly identi- fully open level are represented ag &d O, and those

cal values for the kinetic time constant.(For the fully ~ with the major subconductance level asehd S, with
open stater values were 0.5 and 3.0 msec at +120 mV,subscripts 1 and 2 referring to shorter and longer time
and 0.4 and 0.6 msec at —120 mV; for the major sub-constants, respectively. States with longer time con-
conductance state;, values were 0.3 and 1.0 msec at stants (Q and S), shown inside the dashed box, display
+120 and 0.4 and 2.2 msec at =120 mV. It should behigher sensitivity to clamping potential than states with
noted that with the corner frequency of 2 kHz used forshorter time constants (Cand S). At high negative
data reported here, corresponding to a rise time of 0.1potentials, $ dominates and nearly all transitions to the
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A. I +120mV . -120mV

(o]
o
w
(@)

P e

0.020

PPN PSP PSS S

(=]

.

o
1

(e}
1
(@)
Aouanbai4 pazijewloN

Normalized Frequency

(@)

. . e
-16.0 -12.0 -8.0 -4.0 5

Amplitude (pA) Amplitude (pA)

w

12 Fig. 3. (A) All points amplitude histograms of conductance stateg.ofoli
] 87pS PHB/polyP channel complexes in Mode 2. All points amplitude histograms

8. a E: of the channel in mode 2 at +120 and -120 mV from 200 sec recordings of

the channel under the experimental conditions described in Fig. 2. The data

- could be best fit by two component Gaussian distributions (shown as dotted
L lines) using simplex least squares fitting procedures. The continuous line

S - shows the resultant fit. The small peaks near the origin of the amplitude

SN T — scale represent baselines with a marginal zero shift. Data were filtered at 2

20 | 30 680 90 120 kHz and acquired at 20 kHzBJ Current-voltage relations for two

. 4 conductance states & coli PHB/polyP channel complexes in mode 2. All
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Current, pA

points amplitude histograms were constructed for traces at each potential
O Fully Open (data filtered at 2 kHz). The points show the mean position of peaks of
-8 ®  Subconductance Gaussian distributions fit by simplex least-square method at respective
] clamping potentials. The best fit in each case was obtained using two
12 distributions, yielding one fully open stat&lf and one subconductance
state @) at the indicated potentials. The vertical bars represent one standard
deviation of each mean. Clamping potentials are with respect to ground
(trans). Experimental conditions were as described in Fig. 2.

Potential, mV

fully open state consist of fast openings tq. @nder  form calcium-selective channels in planar bilayer mem-
these conditions, the kinetic scheme reduces to a simpldsranes with properties resembling those of proteinaceous
schemei.e.,, S~ O; ~ S;. At high positive potentials, calcium channels (Reusch et al., 1995). The complexes
most transitions to the fully open state lead to longerselect for divalent over monovalent cations, are perme-
openings, indicating dominance of,Cand the scheme able to C&*, B&*, and Sf*, and show concentration-
takes the form of a linear Markov chaini.e, @S, -~  dependent block by I34. Here we report that the kinetic
O,. Thus at negative potentials,,ecomes progres- properties of PHB/CapolyP channels display a complex-
sively less accessible from other states, and at increasty similar to that observed in proteinaceous channels
ingly positive potentials, Sbecomes less accessible (Fig. 1).
from other states. This effect is readily observable from  Although this report focuses on the channel activity
the traces shown in Fig. Al At intermediate potentials, in planar bilayers of PHB/CapolyP complexes extracted
transitions from $to O, and Q, from S, t0 O, and O,  from E. coli DH5« cells, the gating behavior in planar
andvice versaare observed. Transitions betweep@d bilayers of PHB/CapolyP complexes B coli plasma
O, or between $and $ may occur but are experimen- memprane vesicles exhibit the same modes and subcon-
tally unobservable. ductance states (Fig. linpublished data
The channel displays two major modes of gating. In

Discussion mode 1, the channel openings are long (of the order of

several seconds) with infrequent brief closures. After a
It has now been established by total synthesis (Das et alperiod of such activity, the channel may close for longer
1997) that PHB/CapolyP polymer electrolyte complexesintervals of the order of several secondiafa not
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Fig. 4. Voltage dependence of PHB/polyP channel complexes in mode 2. Experimental conditions and analysis were as described in Fig. 2. In ¢
cases, analysis was done on traces exceeding 150 sec; the fully closed state made up less than 0.5% of this time. The filtered at 2 kHz and acqu
at 20 kHz. B) Preference for specific conductance states. Representative traces indicating the preference for the fully open state (O) at positi\
potential (+80 mV) and for the major subconductance state (S) at negative potential (-8C indjcates position of the fully closed stat®) (
Normalized areas corresponding to fully open and major subconductance states in the all points amplitude histograms. For each potential, the d
show the proportion of components corresponding to the fully op&nahd subconductancd@] states for best fit of the all points amplitude
histogram. Data were normalized with respect to the total area under the curves, fit by Gaussian distributions at each @oiéortiablized
residence times of thE. coli PHB/polyP channel complexes in the two major conductance states. Data show the average residence time of the
channel in the fully open statd, I and the subconductance stafe, @), at indicated clamping potentials. Results of fitting by linear regression

are shown by solid lines. Dotted lines indicate 95% level of confideri@eOpen probability of the fully open state of mode 2. The data show the
probability of opening of the channé?,gto the fully open state from the subconductance state at indicated clamping potentials. Fit by nonlinear
regression (Boltzman) is shown by the solid line.

showr). In mode 2, the channel opens to a distinct sub-cific mode or affect switching between modes are pres-
conductance state from which fast flickering openings toently unknown. Other subconductance states are also
the fully open state and closures take place (Fig).2 observed but with much lower frequency.

The channel records show occasional full closures from  The molecular structure of PHB/CapolyP channel
this intermediate conductive state. The two modes ofomplexes remains uncertain; however, it is evident from
gating are kinetically connected as switching betweerthe physical properties of these two polymers that the
modes is observedéeFig. 2C). The switching can take polyanionic polyP should be shielded from the hydro-
place in either direction — from mode 1 to mode 2 or thephobic bilayer by the amphiphilic PHB. The models
reverse. The factors that determine preference for a sp@roposed for the channel complexes by Reusch et al.
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Fig. 5. Open time distributions of the channel at +120 mA/andC) and —120 mV B andD). For both the fully openA andB) and the major
subconductance((and D) states, data were best fit by two exponential terms. Curves are shown in conventional binning format. Dotted lines
indicate individual components and the solid line indicates the resultasefifMaterials and Methods). Bin width was 0.05 msec. Experimental
conditions were as described in Fig. 2. In all cases, the total time of recordings analyzed exceeded 150 sec. The time spent by the channel in
fully closed state was less than 0.5%. The filtered at 2 kHz and acquired at 20 kHz. Levenberg-Marquardt and simplex least square fitting metho
yielded nearly identical values for the kinetic constants.

(1988, 1995) and Seebach et al. (1994, 9tve this such as twisting or stretching movements, or sliding or
general structure. The former model proposes that PHBotation of polyP within the homogeneous environment
has a coiled conformation such as it displays in solutionprovided by PHB may alter channel geometry and effect
(Marchessault et al., 1970; Akita et al., 1976) while thechanges in current amplitude and gating. One would ex-
latter suggests that PHB maintains the folded helix formpect that some channel conformations are more stable
of its solid state (Seebach et al., 1896A consequence than others and consequently more probable, e.g., the
of both arrangements is the formation of multiple parallelfully open state of mode 1. The major subconductance
lanes between the two polymers, with multiple cation-state of mode 2 may represent another particularly stable
binding sites lining each lane (Reusch et al., 1995; Das etonformation of PHB/polyP in this bilayer. Accord-
al., 1997). Normal molecular motions of the polymers,ingly, in this multiple-lane channel the rare subconduc-
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A 0.1 A Subconductance

A Fully Open Fig. 7. Kinetic scheme for transitions between fully open and major
e subconductance states. States associated the fully open level are rep-
-120 -80 -40 0 40 80 120 resented as Pand O, and those with the major subconductance level
as § and S, with subscripts 1 and 2 referring to shorter and longer
Potential, mV time constants, respectively. The states with longer time constants,
inside the dashed box, show marked sensitivity towards the clamping
35 potential as indicated by + and - signs. Transitions betweean@ O,
7 and § and S are experimentally not observable.

w

B Subconductance

O  Fully Open . . .
yer the residence time of the channel in each conductance

state (Fig. €); the probability of full openings from the
subconductance state (Fido¥ and the longer time con-
stants for both the states (FigBp We surmise that the
pattern of voltage-dependence exhibited by a given
single channel is determined by the orientation of the
asymmetric PHB/polyP complex in the bilayer. Whereas
polyP is completely symmetrical, the end residues of
PHB differ. PHB has a carboxyl group at the head and
hydroxyl group at the tail, creating a structural asymme-
40 80 120 try t'hat pgrmitg the_complex to assume one of two op-
posite orientations in the bilayer (Fig. 8). The impor-
Potential, mV tance of end residue structure was demonstrated by the
strong inhibition of ion transport activity by PHB chan-
Fig. 6. Vg'tags dfpe”depctgs";;het“me CCBOESta”tS tf_or fully oper andne|s (absent a polyphosphate core), when the hydroxyl or
major subconductance statés:snorter ands. Longer time constants. . .
Tinie constants for exponential components fo? best fit of open timeCarboxyl end gr_oups were denvatlze.d (SeebaCh et al,
distributions are plotted against respective clamping potentialard 199&)' Symhet'c tr'S(maCVOCYF'?) cation channels have
O for the fully open stateA and M for the major subconductance @ISO shown remarkable sensitivity to structural changes
state). Note the difference in the time scale of the axis for time constanat the distal ends (Abel et al., 1997). In cells, PHB syn-
betweenA andB. Experimental conditions were as described in Fig. 2. thesis takes pla_ce at the cytoplasmic side, thus itis |ike|y
Eor both the fully open and the subconductance states, dat_a were begiat all PHB/polyP channels in the plasma membrane are
fit by two exponential components. In all cases, the total time of e griented in the same direction and display the same pat-
cordings analyzed exceeded 150 sec. The time spent by the channel {rém of voltage dependence.

the fully closed state was less than 0.5%. Solid lines indicate fitting of . ! .
data by polynomials of third order. The data were filtered at 2 kHz Since the gating profiles of PHB/polyP complexes
using an 8-pole Bessel filter and acquired at 20 kHz. Note that the'€semble those of protein channels, we have adopted
shorter time constants (triangles) are only weakly sensitive to changesome of the assumptions used for analyses of protein
in clamping potential whereas the longer time constants (squares) arehannel gating, in particular that the observed gating is
strongly voltage sensitive. the net result of random transitions between various ki-
netic states that form a Markov chain (Colquhoun &
tance states may result from less stable conformations ddawkes, 1983; Colquhoun & Sigworth, 1983). The re-
the block of one or more lanes within the conductive corequirement for two exponential functions for best fit of
In mode 2, several kinetic properties of the channelthe open time distributions of the fully open state indi-
displayed asymmetric voltage-dependence: the relativeates that there are at least two kinetically distinct open
contributions of fully open and major subconductancestates of the channel that may be accessed from the sub-
states in the all points amplitude histograms (FiB);4 conductance state. Similarly, the requirement for two
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Fig. 8. Structural formulas showing end group
H —[PO -] —H asymmetry of PHB and end group symmetry of
3 qm polyP.

exponential functions for best fit of the time distribution  cording. B. Sakmann and E. Neher, editors. pp. 135-175. Plenum,
of the major subconductance state indicates the presence New York N o _
of two kinetically distinct states associated with this Colquhoun, D., Sigworth, F.J. 1983. Fitting and statistical analysis of

. L . . single-channel recordi: Single Channel Recording. B. Sakmann
level. Thus, the gating kinetics of this channel in mode 0 Neher, editors. pp. 191263, Plenum, New York

2is quite complex. A kinetic SCheme ConSIS_tenF with theCorbridge, D.E.C. 1985. Phosphorus. An outline of its chemistry, bio-
above experimental observations is shown in Fig. 7. For  chemistry and technologstud. Inorg. Chemg:170-178

a thorough UnderStandmg of .the kinetic scheme, it woultbas, s., Lengweiler, U., Seebach, D., Reusch, R.N. 1997. Proof for a
be useful to know the kinetic constant(s) for the fully  non-proteinaceous calcium-selective channésuherichia colby
closed state; however, full closures were so rare that total synthesis from (R)-3-hydroxybutanoic acid and inorganic

membrane instability made this determination impracti- ~PolyphosphateProc. Natl. Acad. Sci. US84:9075-9079
cal (Fig. 3). Gray, F.M. 1992. Solid Polymer Electrolytes. pp. 1-4. VCH, New York

To summarize, PHB/polyP channels in planar lipid Hanahan,_ D. 1983. Stydles on transformatiorEstherichia coliwith
. . . . plasmids.J. Mol. Biol. 166:557-580
bilayers displayed complex gating characterized by twa,

. r, D.B., Waters, J.K., Emerich, D.W. 1983. Analysis of p@h-
distinct modes, namely mode 1 and mode 2. Under the hydroxybutyrate inRhizobium japonicunbacteroids by ion-

conditions of thiS study, the major gating mpde, mode 2, exclusion high-pressure liquid chromatography and UV detection.

was characterized by the presence of a major subconduc- Appl. Environ. Microbiol.46:1339-1344

tance state from which there were frequent transitions taynn, A.R., Rosen, B.P. 198Tn: lon Transport in Procaryotes. B.P.

the fully open state and rare transitions to the fully closed Rosen and S. Silver, editors. pp. 181-201. Academic Press, New

state. Several kinetic properties of the channel exhibiter({j\4 ,\I_“”kJ Hanic. E. 1980, Ph hemi ¢ condensed bhosoh

asymmetric voltage-dependence. It is suggested that tH&/!ing. J., Hanic, F. 1980. Phase chemistry of condensed phosphates.

y . g . P 99 . Topics in Phosphorus Chemistrj0:341-502

complex gating kinetics of the PHB/polyP channels is a . .
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